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ABSTRACT

Coastal deoxygenation poses a critical threat to tropical coral reefs.
Dissolved oxygen (DO) depletion can cause hypoxia-induced stress
and mortality in scleractinian corals. Coral hypoxic responses are
species-specific and likely modulated by the duration and severity of
low-DO conditions, although the physiological mechanisms driving
hypoxia tolerance are not fully understood. In this study, the
Caribbean corals Acropora cervicornis, Porites astreoides and
Siderastrea siderea were exposed to either severe (1.5 mg1=' DO)
or moderate (3.5 mg |~' DO) deoxygenation or a control treatment
(6 mg1~" DO). All corals survived 2 weeks of deoxygenation but
exhibited sublethal changes to coral metabolism after 1- and 2-week
exposures, compared with controls. Maximum quantum yield (F,/F,)
was suppressed after 1 week in both deoxygenation treatments in A.
cervicornis, and after 2 weeks in S. siderea and P. astreoides
exposed to severe or moderate treatments, respectively. Respiration
rates were lower than controls in A. cervicornis and S. siderea after 1
and 2 weeks of severe deoxygenation. The reduced respiration of P.
astreoides after 1 week of moderate deoxygenation returned to
control levels in week 2. Overall coral metabolic budgets, assessed
by ratios of gross photosynthesis to respiration (Pg:R), were more
autotrophic, or photosynthesis-dominant, after 1 week of severe
deoxygenation in S. siderea and P. astreoides, whereas Py:R was not
significantly different in A. cervicornis between treatments. These
results reveal that some corals shift their metabolism to tolerate low-
oxygen conditions and avoid bleaching or mortality, indicating that
metabolic plasticity is an important aspect of coral resistance to
deoxygenation.

KEY WORDS: Climate change, Oxygen, Coral reef, Caribbean coral
metabolism, Photosynthesis, Respiration, Hypoxia

INTRODUCTION

Anthropogenic-driven changes to the climate are warming the
oceans, altering seawater chemistry and endangering the future of
marine coastal ecosystems (Barnard et al., 2021). As sea surface
temperatures rise and eutrophication becomes more prevalent,
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dissolved oxygen (DO) levels are decreasing owing to lower DO
solubility (Keeling et al., 2010), while microbial blooms elevate
respiratory quotas, resulting in a net depletion of oxygen (Rabalais
et al., 2014). These shifts in oxygen availability pose a particular
threat to tropical coastal ecosystems, where organisms and habitats
already experience extreme fluctuations in oxygen over diel and
seasonal cycles owing to high rates of benthic productivity (Nelson
and Altieri, 2019; Pezner et al., 2023). The effect of deoxygenation
on coastal fauna and flora has been most widely documented
in temperate ecosystems, where a universal characterization
of hypoxic conditions (i.e. the level at which a hypoxic stress
response is detected) has been defined as any DO concentration at or
below 2.8 mg 17! (Diaz and Rosenberg, 2008). However, this one-
size-fits-all estimate is not comprehensive nor inclusive of tropical
marine species, which have demonstrated variable responses to
different levels of deoxygenation (Altieri et al., 2021).

On tropical coral reefs, DO concentrations can fluctuate over
seasonal and diurnal cycles, largely driven by benthic community
metabolism (Cyronak et al., 2018; Pezner et al., 2023). Oxygen
fluxes on coral reefs can cause seawater to vary from near-anoxic to
hyperoxic conditions, sometimes over short periods of time (Nelson
and Altieri, 2019). Therefore, some corals have adaptations that
provide them the capacity to withstand natural cycles of oxygen
depletion (Camp et al., 2017; Hughes et al., 2022). However,
shifting climatic conditions, pollution and eutrophication threaten
the normal patterns of oxygen flux on coral reefs, creating extended
low-DO conditions that may exceed coral adaptive capabilities
(Johnson et al., 2021a).

Over the past decade, reports of catastrophic mortality and
biodiversity loss in coral reef communities have brought to light the
deadly impact of episodic low-oxygen events on tropical coral reefs
(Johnson et al., 2018, 2021a; Kealoha et al., 2020; Lucey et al.,
2023). During these acute events, hypoxic stress can impede coral
physiological function, in some cases leading to partial or complete
mortality of the colony (Johnson et al., 2018). The most extreme
examples of this are reef-scale mass die-offs, resulting in decimated
coral populations and restructuring of benthic communities via a
cascade of ecological impacts (Altieri et al., 2017; Johnson et al.,
2021a). However, coral hypoxic stress responses are highly variable
and species-specific: whereas some corals suffer mortality after just
a few days of exposure to extreme deoxygenation, others tolerate the
same levels of hypoxia for a week, or even longer (Altieri et al.,
2017; Johnson et al., 2021b).

Studies investigating coral tolerance to hypoxia have primarily
assessed terminal stress indicators such as bleaching, tissue loss and
mortality (Alderdice et al., 2021; Johnson et al., 202 1b; Mallon et al.,
2023). However, some corals can oxyregulate to survive low-oxygen
conditions (Dilernia et al., 2024; Hughes et al., 2022), using
physiological mechanisms such as polyp expansion (Dodds et al.,
2007) and ciliary motion to redistribute oxygen within the diffusive
boundary layer (Shashar et al., 1993; Shapiro et al., 2014; Pacherres
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et al., 2020, 2022). Coral hypoxic response is likely modulated by a
hypoxia-inducible factor-mediated hypoxia response system that
elicits a stress-management response to low-DO conditions
(Alderdice et al., 2021). Nevertheless, hypoxia-surviving corals may
still experience stress that hinders their normal biological functions,
impeding processes such as coral growth (Wijgerde et al., 2014;
Deleja et al., 2022) and reproduction (Jorissen and Nugues, 2021,
Alderdice et al., 2022b). These sublethal effects vary across life
history stages (Mallon et al., 2023), species (Johnson et al., 2021b;
Pontes et al., 2023) and colonies (Dilernia et al., 2024), and within
different compartments of the coral holobiont (Swaminathan et al.,
2023). The complex impacts of deoxygenation on corals and their
response to oxygen limitation, although not always lethal, may
compromise optimum physiological function, which when scaled up,
can have significant implications for overall ecosystem function and
efforts to conserve them (Altieri et al., 2017; Hughes et al., 2020).

It is likely that length of exposure and severity of oxygen
depletion are key determining factors of these sublethal responses to
hypoxia, although little is known about the interactive effects of
deoxygenation intensity and duration on corals. In this study, we
simulated two low-DO treatments representing severe (1.5 mg 17!
DO) and moderate (3.5 mg1~! DO) deoxygenation categories as
defined in Pezner et al. (2023), and a control treatment (6 mg 1~
DO). Although all three treatments are within the range currently
experienced on the worlds’ coral reefs (Pezner et al., 2023), this
study does not aim to replicate the most severe deoxygenation
levels, i.e. DO <1 mg1~!, likely to cause rapid mortality (e.g.
Johnson et al., 2021b). The objective of this study was to measure
the sublethal, physiological responses to deoxygenation over 1 to
2 weeks of exposure to better understand the mechanisms
supporting coral hypoxia tolerance and survival.

MATERIALS AND METHODS

Three species of Caribbean coral — branching Acropora cervicornis
(Lamarck 1816), weedy Porites astreoides Lamarck 1816 and slow-
growing Siderastrea siderea (Ellis and Solander 1786) (n=12 per
species) — were exposed to deoxygenation in aquaria over 2 weeks.
DO concentrations were manipulated to create control (6 mg 1=! DO),
moderate (3.5 mg 17! DO) and severe (1.5 mg I~! DO) deoxygenation
treatments with four replicate tanks per treatment. Sublethal effects on
coral physiology were measured after 1 and 2 weeks of exposure:
maximum quantum yield (F,/F,,) was measured in aquaria using an
underwater diving pulse amplitude modulated (PAM) fluorometer,
and corals were placed in respirometry chambers for 1-h incubations to
quantify photosynthetic and dark respiration rates at these time points
(see Table S1 for experiment timeline).

Study organisms

The corals used in this study originated from the Florida Keys
National Marine Sanctuary and were collected for this study under
permits issued by the National Oceanic and Atmospheric
Administration’s Office of National Marine Sanctuaries (see
Table 1). The deoxygenation experiment was conducted in
aquarium facilities at the Smithsonian Marine Station (SMS) in
Fort Pierce, FL, USA (Fig. SIA). Corals were transported from the

source to SMS holding tanks, where they were acclimated to
artificial lighting and aquarium conditions for a minimum of
2 months before being placed into the experimental treatments.
Twelve replicate fragments of each species incorporating multiple
genotypes per species (Table 1) were used for this study. Fragments
were assigned to treatment tanks 1 week before exposure to
treatment conditions and held in ambient control conditions. Each
tank contained one coral fragment in each experimental run, and
each species was exposed and tested separately (Table S1).

Visual assessment of coral healthy tissue

Surface area of each coral was calculated from two-dimensional
(2D) photos taken with a Nikon CoolPix waterproof camera. The
photos were analysed using ImageJ (Schneider et al., 2012) with the
SIOX plug-in (Wang, 2016) to extract surface area measurements.
For P. astreoides and S. siderea, surface arca was measured from
top-down 2D measurements, and for A. cervicornis, 2D surface area
of each branch was calculated from both top-down and side-view
photos (Mallon et al., 2022). Healthy tissue cover was calculated as
a percentage of the overall surface area of the coral (Table 1).
Photographs of each coral were collected pre-exposure, after 1 week
and after 2 weeks of exposure to DO treatments. Throughout the
experiment, corals were monitored daily using visual assessment to
identify any mortality, tissue loss or bleaching, which was reported
as a percentage of original healthy tissue cover for each coral.

Aquarium set-up

The study was conducted at SMS from August through December
2022 in the custom-built multi-stressor aquarium system described in
detail in Johnson et al. (2021b) (Fig. S1A). Briefly, 12 independent,
closed-circulation 40-liter tanks (Aqualogic Systems) were filled
with locally collected seawater that was filtered through a 0.2 um
physical filter and sterilized with UV light (CoralLife UV-filter). In
each tank, seawater was re-circulated via 3 cm diameter plastic
tubing at a flow rate of 650+30 1 h~! (RIO Hyperfow 6HF aquarium
pump) through an individual heat—ool system (Aqualogic, HX-4-
WHC) to maintain constant temperatures of 27+0.5°C, matching
ambient temperatures at the collection site for the time of year
(Johnson et al., 2021b). DO was logged every minute using
Oxyguard robust DO probes linked to an Apex Controller (Neptune
Systems), calibrated twice per week. Measurements of pH were
collected in alternate (6 of 12) tanks using Neptune pH probes
(owing to a limited number of pH probes), logging every 5 min.
The pH probes were two-point calibrated using pH buffers, pH 4
and pH 7, every 24 to 48 h following manufacturer specifications.
Manual checks of seawater parameters were conducted daily using a
handheld YSI ProPlus multiparameter meter to verify temperature,
DO, pH and salinity (full details in Table S2). Lighting was provided
by an aquarium light over each tank (Aquaillumination, Hydra 52),
set to provide a 12 h:12 h light:dark photoperiod, including a 3-h
ramp up/down window each day. Light intensity was adjusted to
simulate a midday peak irradiance of ~300pmol m=2 s7!
photosynthetically active radiation (PAR), reflecting the light
levels of the holding tanks where the corals were maintained prior
to the experiment.

Table 1. Details of study organisms including species, surface area (meants.d.) and sample origin
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Species N Surface area (cm?) Date collected Origin

Acropora cervicornis 12 10.57+£2.67 October 2019 Florida Keys National Marine Sanctuary

Porites astreoides 12 10.43+1.48 Unknown Obtained from Mote IC2R3 land nursery in June 2022
Siderastrea siderea 12 6.77+1.50 January 2019 Obtained from the Key West Coral Nursery
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Deoxygenation treatments

DO concentrations were manipulated independently within each
tank to simulate three oxygen treatments: severe (1.5 mg 1=! DO),
moderate (3.5 mg 1~! DO) and control (6 mg 1=! DO), with four
replicate tanks per treatment. Deoxygenation treatments (1.5 and
3.5 mg 17! DO) were simulated by diffusing nitrogen gas through
the water column inside the tank, and for control treatment tanks
(6 mg 1=! DO), ambient air was diffused using the same method.
The gases were distributed to each tank through air tubing (5 mm
diameter) connected to the outflow of a small circulation pump to
ensure rapid and thorough mixing. The DO level was measured each
minute by an Oxyguard robust DO probe in each tank that relayed to
a central control unit (Neptune), which regulated the flow of gas
(nitrogen or air) via a system of solenoid valves. An aquarium
valve was fitted to the tubing so that gas flow could be controlled,
thus controlling bubble size and mixing. To mitigate changes to
pH caused by secondary expulsion of CO, owing to nitrogen
addition, semi-weekly 50% partial water changes were carried out to
maintain seawater pH buffering. During water changes, organisms
were maintained in treatment water while oxygen levels were
re-established to avoid exposure to fluctuations in seawater
parameters. The daily addition of 500—1000 ml of reverse osmosis
filtered freshwater maintained the salinity within the range
considered normal for Florida coral reefs (35.5+1 ppt).

Maximum quantum yield

Photophysiology was assessed with a red-light diving PAM
fluorometer to measure maximum quantum yield (F,/F,,) as a
metric of photosystem II activity, and a proxy for coral health. Dawn
F,/F,, measurements were collected with the diving PAM on days 0,
7 and 14 of oxygen treatments (weeks 0, 1 and 2). The dark-
adapting probe holder was used with the fiber optic probe to
maintain a consistent distance above the surface of the coral
(~0.3 mm) and placed at a 90 deg angle to colony surface during
measurements. For each coral, measurements were taken from three
adjacent areas of healthy coral tissue, with effort made to ensure the
same area was measured at each time point. The mean of the three
readings was calculated and used in subsequent analyses. PAM
settings were set to optimize initial F' (F) readings between 300 and
500 and are as follows: gain=1, damp=1, saturation intensity=8,
saturation width=0.8, measuring light intensity=6.

Metabolic incubations

To measure metabolic rates, corals were placed in custom-built,
temperature-controlled 450 ml volume respirometry chambers
(Fig. S1B) for ~1-h incubations in dark and light conditions, as
described in Mallon et al. (2022). The incubation apparatus was set
up directly next to the aquaria tanks to facilitate transfer of corals
between aquaria tanks and chambers. Chambers were filled with
seawater from empty aquaria tanks and corals were incubated in the
same treatment they had been exposed to over the previous 1 or
2 weeks. Dark incubations were conducted just before dawn, when
corals had been dark acclimated overnight, and light incubations
were carried out several hours after simulated dawn in the
aquarium tanks to ensure photosynthetic systems were activated.
Respirometry chambers were made from transparent PVC tubing,
fitted with a transparent acrylic lid sealed with a rubber O-ring. Each
chamber had an aquarium light (Nicrew A30 Reef LED) installed
directly above it so that PAR levels in the light incubations were as
close as possible to peak PAR in the aquaria tanks. Light levels were
measured at 316.26£14.81 pmol m~2 s~! PAR (mean=s.d. based on
three repeated measurements of each incubation chamber). The

chambers were placed on magnetic stirrers (HYCC Lab MX-3K)
and a 1 cm stir bar, contained under a small square of egg crate
inside the chamber, generated flow (approximately 800 rpm). A DO
sensor (Firesting O2, Pyroscience) was inserted through a hole in
the lid of the chamber with an O-ring seal, and logged DO
(umol 171 every second for four simultaneous chamber incubations.
Blank incubations were also conducted in the light and dark with
water from the three treatments to quantify background metabolism
owing to water column microbial activity.

Metabolic rates were calculated from both the linear gradient
(slope) of oxygen in each incubation, and the difference between
start and end oxygen values (ADO). The calculated rates were
comparable for both methods (Fig. S2). The ADO rates were used in
all analyses to support direct comparison with other studies.

Changes in the concentration of DO (ADO) during incubations
were used to calculate oxygen produced or consumed via
photosynthesis and respiration, respectively. Rates were
normalized to chamber volume (seawater in liters), incubation
duration (time in hours) and surface area (cm?) of live tissue.
Seawater volume was measured after the coral was placed in the
chamber, thereby accounting for displacement by the coral fragment
and providing an accurate seawater volume for rate normalization.
Net rates of photosynthesis (P,.) were calculated from light
incubations and respiration (R) from dark incubations in
pmol ecm™2 h™! DO as follows:

(ADO x volume)

Py or R = — .
(surface area x duration)

()

Gross photosynthesis (P,) was calculated by adding respiration to
net photosynthesis:

Py =P, +R. (2)

The photosynthesis to respiration ratio (P,:R) describes the energetic
budget of the coral holobiont in terms of carbon consumed (Py) in
relation to carbon produced through respiration (R) (Muscatine and
Porter, 1977). The Py:R ratio was calculated as follows:

P, x 12h
PR =-%58" "
g R x 24h (3)

Data analysis

All analyses were conducted in R (version 4.4.0) with RStudio
(https:/www.r-project.org/) and the packages Tidyverse (Wickham
etal., 2019), Reshape (Wickham, 2007) and Lubridate (Grolemund
and Wickham, 2011) for data wrangling and visualisation.
Measurements of DO were extracted from Firesting txt. files and
auto-rates were plotted and calculated using the package RespR
(Harianto et al., 2019). The effect of deoxygenation on rates of
photosynthesis, respiration and maximum quantum yield were
evaluated with linear mixed models using the package Ime4 (Bates
et al., 2015), where species, oxygen treatment and time point were
interactive fixed factors and tank, coral ID and genotype were
random factors. The function Anova from the package ImerTest
(Kuznetsova et al., 2017) was used to evaluate the significance of
random factors, and models were compared with the base R anova()
function. Post hoc tests using the emmeans package in R (http:/
cran.r-project.org/package=emmeans) were used to determine
significant  differences between timepoints, species and
treatments. Where no significant difference was found between
models, the simplest model (i.e. with the least random factors) was
selected, to reduce over-fitting. P-values were extracted from the
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models using the Anova function from the package car (Fox and
Weisberg, 2011), and goodness of fit was evaluated visually from
QQ plots and histograms of model residuals.

RESULTS

There were no visible signs of mortality, bleaching or tissue loss in
response to deoxygenation over 2 weeks in the Caribbean corals
A. cervicornis, P. astreoides and S. siderea exposed to
deoxygenation in this study. However, coral metabolism was
affected, with species-specific reductions in maximum quantum
yield (F,/F,,) and respiration rates, resulting in changes to overall
coral energetic budgets in some cases. The effects of deoxygenation
on coral metabolism were distinct under different durations (1 or
2 weeks) and severities (1.5 or 3.5 mg I=! DO) of deoxygenation.

Treatment conditions

DO treatments were maintained within £0.69 mg 1=! of target DO
levels. Average daily values (means+s.d.) over the 2 weeks of
exposure were 5.42+0.54 mg1~! for controls, and 3.44+0.53 and
2.05£0.69 mg 17! for deoxygenation treatments, calculated from
two to four measurements per tank per day, averaged across
treatments and species (see Table S2 for means+s.d. by species and
treatment). Variability in DO was primarily due to some
measurements being taken directly after water changes, when
oxygen was still being expelled from the water column in the
treatment tanks. Seawater temperature, salinity and pH were
relatively consistent between treatments and species throughout
the experiment (Fig. 1; Table S2), although pH was an average of
0.1 units higher in the severe deoxygenation treatment than in the
control and moderate treatments (P<0.05; Table S3). Although we
used water changes to minimize impacts on pH, this difference was
likely to do with changes caused by bubbling of nitrogen to the
water column.

Coral survival

Survival was not affected by exposure to deoxygenation treatments
for any of the coral species in this study. Additionally, there were no
visible indicators of stress usually associated with coral mortality,
such as bleaching or tissue loss, in response to the deoxygenation
levels simulated in this study. All but one of the 36 coral fragments
survived throughout 2 weeks of constant exposure to deoxygenation.
Mortality occurred in one A. cervicornis ramet (i.e. one fragment) in
the moderate deoxygenation treatment.

Maximum quantum yield

F,/F,, varied between species, timepoint and oxygen treatment
(Fig. 2; Fig. S3, Table S4). Mixed effect models identified time of
exposure (i.e. 1 or 2 weeks) as a significant factor, with interactive
effects between treatment and the exposure time (Table 2). Overall,
the highest F\/F,,, was in A. cervicornis and S. siderea in the control
treatments (0.51+0.02 and 0.53+0.01, respectively; means.d. over
2 weeks), with F/F,, of P. astreoides consistently lower (0.40+
0.02). Fy/F, of A. cervicornis changed significantly over time in the
deoxygenation treatments and was reduced by an average of 15.2%
after 1 week of exposure to severe deoxygenation, and further
declined after 2 weeks to 74.5+6.1% of the original F\/F,, (Fig. 2).
In P. astreoides, changes were not significant after 1 week, but after
2 weeks of exposure, F\/F,, had dropped by 23.7% in the moderate
but not the severe treatment. F,/F,, in the severe treatment of S.
siderea was significantly reduced by 13.2% of the original value
after 2 weeks.

Metabolic rates

After 1 week of exposure, dark respiration rates were lower in the
severe deoxygenation treatments compared with both controls and
moderate deoxygenation in A. cervicornis and S. siderea (Fig. 3,
Table 3), and remained low after the second week. Mixed models
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Fig. 2. Maximum quantum yield (F,/F,) of Acropora cervicornis, Porites astreoides and Siderastrea siderea measured after 1 h (week 0), 1 week
and 2 weeks of constant exposure to control (6 mg I-"), moderate (3.5 mg I-") or severe (1.5 mg I-") dissolved oxygen (DO) treatments. Large
shapes show meants.e.m. value per species, treatment and timepoint, and lighter-colored shapes show measurements of each coral replicate. Solid dots
show estimated marginal means. Shapes that share a lowercase letter are not significantly different from each other (P>0.05), determined from estimated

marginal means (emmeans) in R.

found that treatment and species drove these differences
independently, and interactions between all three fixed factors
(treatmentxspeciesxweek) also explained variation in respiration
(Table 3). The lowest respiration rate measured was in S. siderea
exposed to severe deoxygenation, and the highest in 4. cervicornis
control treatments (Fig. 3, Table 3; Table S5). The most extreme
response was in S. siderea, with respiration rates 62.62+0.19%
lower than control conditions after 1 week of exposure to severe
deoxygenation. Porites astreoides was the only species affected by
moderate deoxygenation, which lowered respiration by an average
of 58.6% compared with controls after 1 week of exposure but not
after 2 weeks of exposure. No significant effect was noted in the
severe deoxygenation treatment.

Net photosynthesis (P,e) Was not significantly different between
treatments after 1 week of exposure for any of the species, whereas
an increase in Py was observed in P. astreoides after 2 weeks of
exposure to severe deoxygenation (Fig. 4). Treatment, exposure

Table 2. Results from mixed-effects models examining the influence of
treatment on maximum quantum yield (F,/F,)

Factor Chi-square d.f. F P

Treatment 12.78 2 6.48 1.677x1073**
Species 95.58 2 47.35  1.758x10721**
Week 88.27 2 4545  6.81x10720%**
TreatmentxSpecies 0.96 4 0.24 0.92
TreatmentxWeek 17.78 4 4.55 1.36x1073**
SpeciesxWeek 19.36 4 4.97 6.68x10~4***
TreatmentxSpeciesxWeek  13.34 8 1.67 0.10

Fixed effects include treatment (severe, moderate deoxygenation or control)
and week, with coral ID included as a random effect to account for variability
among individual corals. **P<0.01, ***P<0.001.

duration and species were significant interactive factors in our
model (Table 3).

Ratios of gross photosynthesis to respiration (Pg:R) varied
between species, weeks and treatments, with interactions between
factors (Fig. 5, Table 4; Fig. S4). In A. cervicornis, Py:R was almost
always <I, signifying net heterotrophy or consumption of carbon
reserves. In control treatments, P. astreoides was either close to or
slightly under 1 (net heterotrophic), and shifted to Pyg:R>1 (net
autotrophic) after exposure to severe or moderate deoxygenation.
Siderastrea siderea had PR ratios close to 1 in control treatments,
but after a week of exposure to severe deoxygenation Pg:R rose to
2.2840.88, before dropping back down to 1.16+0.15 after a second
week in the severe treatment.

DISCUSSION
The Caribbean corals tested in this study were able to tolerate
deoxygenation with no visible signs of coral stress, such as bleaching
or tissue loss, even after 2 weeks of constant exposure to low oxygen
seawater. The deoxygenation treatments in this study did not simulate
the most extreme conditions that can occur during episodic hypoxia
events (i.e. DO<1 mg 17!), as they are likely to cause coral mortality.
Instead, we measured the sublethal physiological responses of three
coral species over slightly prolonged exposure (2 weeks) to moderate
(3.44+0.53 mg 1I=! DO) and relatively severe (2.06+0.67 mg 1=! DO)
deoxygenation treatments. There were significant changes to coral
metabolism and shifts in coral energetic budgets that appear to underly
the corals’ ability to tolerate these conditions. These metabolic
adjustments were species-specific and influenced by both the duration
(1 or 2 weeks) and severity of deoxygenation exposure.

Although the changes in coral physiology under low oxygen
conditions were significant, the absence of visual stress indicators
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Fig. 3. Dark respiration rates of coral fragments measured from oxygen
consumption during 1-h dark incubations after 1 and 2 weeks of
exposure to either control (6 mg I-"), moderate (3.5 mg I~") or severe
(1.5 mg I-") DO treatments. Respiration was calculated from rates of
oxygen consumption and normalized to coral surface area. The boxplots
display the median (horizontal line within the box), the interquartile range
(IQR, represented by the box edges), and whiskers extending to 1.5 times
the IQR, showing the range of data points within this spread. Bars that share
a lowercase letter are not significantly different from each other (P>0.05),
determined from emmeans in R. Note the different scales on the y-axes.

suggests that, in the field, the detrimental effects of hypoxia on
corals may not always be detected by visual reef monitoring
surveys. Given that severe deoxygenation, categorized here as DO
<2mg 17!, is already experienced on 13% of reefs worldwide
(Pezner et al.,, 2023), and the impact that changes in coral
metabolism may have on coral growth, reproductive success,
long-term survival and resilience to disease or other environmental
stressors (Rinkevich, 1989; Anthony et al., 2002; Hoogenboom
et al., 2006; Fisch et al., 2019), the findings of this study have
implications for coral reef conservation management and restoration
efforts.

Deoxygenation caused species-specific, sublethal shifts in
coral metabolism

In all three species, exposure to deoxygenation resulted in reduced
quantum yield (F,/Fy,) to varying degrees. Overall, A. cervicornis
was the most sensitive to low oxygen treatments, with reduced
F,/F,, after 1 week of exposure to both severe and moderate
deoxygenation treatments, and a further reduction in F,/F,, after
2 weeks in the severe treatment (Fig. 2). Conversely, P. astreoides
did not show reduced F,/F,, in response to severe deoxygenation,

but F,/F, was slightly reduced after 2 weeks of exposure to
moderate deoxygenation. It is possible that fluctuations in F/F,
occurred between the timepoints of this study, or that changes in
P. astreoides were not significant owing to small sample size (n=4).
Although F./F,, did not immediately decrease in response to
deoxygenation in S. siderea, after 2 weeks F,/F,, was significantly
reduced in severe deoxygenation. These differential changes in
F/F, clearly show distinct hypoxic stress thresholds and responses
between species, in agreement with other studies (e.g. Johnson
et al., 2021b; Long et al., 2024; Jain et al., 2023). It is possible that
the variability between species is linked to their relative dependence
on photosynthesis to meet energetic requirements. Suppression of
F,/Fy, is an early indicator of coral stress that may lead to bleaching
(Warner et al., 1999), and it may be that the corals in this study
would have bleached after a longer exposure time.

The reductions in F,/F,, over deoxygenation exposure time were
not reflected in the photosynthetic rates measured from oxygen
production. Net photosynthesis (P,e) did not change between
treatments or over time in A. cervicornis and S. siderea (Fig. 4,
Table 3). However, gross photosynthesis (P,) was reduced after
1 week of exposure to deoxygenation in A. cervicornis and after
2 weeks in S. siderea (Fig. S5). In P. astreoides, P, increased after
2 weeks of exposure to severe deoxygenation. It could be that there
is a delay between the initial damage to the photosynthetic system
and a decrease in oxygen production. It is also possible that low DO
levels influence the redox balance in photosystem II, leading to a
form of ‘dark quenching’ that appears as a decrease in F,/F,
similar to non-photochemical quenching (Warner et al., 1999). This
brings attention to an area that requires further research, as we do not
yet fully understand how low DO conditions impact photosystem 11
function. Additionally, because P, represents the net changes in
oxygen from both photosynthetic and light respiratory processes,
any changes in P, could reflect changes in either respiration or
photosynthesis, or both.

Indeed, dark respiration in A. cervicornis and S. siderea were
36% and 62% lower, respectively, than controls after 1 week in
the severe deoxygenation treatment, and remained low after a
second week of exposure. Nighttime DO levels on coral reefs can
drop when photosynthesis ceases in the dark and oxygen-
consuming respiratory processes dominate. This may lead to
short-term low-oxygen conditions sufficient to induce a hypoxia
response (Altieri et al., 2017; Pezner et al., 2023). During such
short-term low-oxygen exposures, lowered coral respiration rates
may indicate an adaptive mechanism for surviving hypoxia stress
(Gravinese et al., 2022). In the present study, P. astreoides
respiration was lower in moderate deoxygenation after 1 week, but
by the end of week 2 of exposure, P. astreoides respiration rates
were not significantly different between treatments and controls.
This perhaps indicates a particular adaptive capability in this
species, which was further supported by the shifting of P,:R, or
energetic budget, in P. astreoides exposed to severe deoxygenation
(Fig. 5).

By calculating the ratio of gross photosynthesis to respiration
(Pg:R), we can infer whether the organism is net autotrophic
(Pg:R>1) and producing more energy than consumed, or
heterotrophic (P4:R<1), relying on stored energy reserves to meet
metabolic needs (Coles and Jokiel, 1977; Muscatine and Porter,
1977). Coral energetic budgets were distinct between species and
treatments, and over time; P,:R was <1 for 4. cervicornis and
P. astreoides controls and slightly >1 for S. siderea controls.
However, after a week of severe deoxygenation, P,:R increased to
>1 in P. astreoides, indicating a shift to net autotrophy, and
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Table 3. Output statistics from mixed-effects models for net photosynthesis (P,.i: measured rates from light incubation), gross photosynthesis
(Py: measured rate of photosynthesis minus the rate of respiration) and respiration (measured rates from dark incubations)

Factor Chi-square d.f. F P
Pnet
Treatment 2.51 2 0.90 0.28
Species 2.87 2 1.09 0.24
Week 4.1 1 3.49 0.04*
TreatmentxSpecies 11.61 4 4.02 0.02*
TreatmentxWeek 0.41 2 0.17 0.81
SpeciesxWeek 2.58 2 1.10 0.27
TreatmentxSpeciesxWeek 4.03 3 1.14 0.26
PQ
Treatment 6.95 2 3.09 0.03*
Species 1.14 2 0.49 0.56
Week 4.79 1 4.92 0.03*
TreatmentxSpecies 10.50 4 2.63 0.03*
TreatmentxWeek 1.83 2 0.94 0.40
SpeciesxWeek 0.24 2 0.14 0.88
TreatmentxSpeciesxWeek 9.61 3 3.20 0.02*
Respiration
Treatment 31.95 2.00 15.98 1.15%1077***
Species 44.34 2.00 2217 2.35x1Q~10%*
Week 0.27 1.00 0.27 0.60
TreatmentxSpecies 5.99 4.00 1.50 0.20
TreatmentxWeek 0.24 2.00 0.12 0.89
SpeciesxWeek 2.38 2.00 1.19 0.30
TreatmentxSpeciesxWeek 10.36 4.00 2.59 0.03*

Fixed factors include treatment (e.g. severe, moderate deoxygenation or control), species and week. A unique coral identifier was used to control for random

effects of individual corals. *P<0.05, ***P<0.001.

remained autotrophic after a second week of exposure. In S. siderea,
Py:R was significantly higher when exposed to 1 week of severe
deoxygenation, but after 2 weeks P,:R was closer to 1, meaning that
the energy produced through photosynthesis was equal to the
energy consumed through respiration (Fig. 5, Table 4). This shift
between week 1 and week 2 may offer insight into the physiological
mechanisms that help S. siderea survive deoxygenation.
Conversely, in A. cervicornis we did not detect a shift in Pg:R
towards autotrophy as with the other species, which may explain
high mortality in A. cervicornis during hypoxic stress compared
with other species (e.g. Johnson et al., 2021b). However, it is worth
noting here that control data in week 2 were not logged owing to an
electrical fault, and these missing control data could have affected
the outcome of our analysis. There were no significant differences in
PR after exposure to the moderate deoxygenation treatment in any
of the three coral species, which has important implications
for the field, where mild to moderate deoxygenation is a common
occurrence (Pezner et al., 2023). Nutritional supplementation was
not provided for the corals at SMS, thereby removing heterotrophic
feeding from the experiment, a variable that might be examined in
future experiments on coral hypoxia response.

Reef-scale implications

Our results suggest that during moderate deoxygenation events of
up to 2 weeks, coral energetic budgets are unchanged, whereas more
severe low oxygen conditions can trigger a shift to net autotrophy
that could have potential impacts not only on the coral but also
collectively on overall reef benthic community metabolism. These
changes may affect surrounding seawater chemistry, not only in
terms of DO, but also pH, dissolved organic/inorganic carbon and
other related variables, with the potential to influence diel and
seasonal flux patterns. The species examined in this study have
important yet distinct ecological functions on Caribbean coral
reefs (Gonzélez-Barrios and Alvarez-Filip, 2018) reflecting the

differential hypoxia responses measured in this study. Even though
all three species survived exposure to deoxygenation, the changes in
metabolism have the potential to affect longer term survival and
health of the coral (Alderdice et al., 2021, 2022b; Deleja et al., 2022;
Long et al., 2024). Photosynthesis, respiration and F,/F, were less
impacted in P. astreoides than in the other species, which is perhaps
unsurprising given its resilience to other stressors on Caribbean
coral reefs (Green et al., 2008; Eagleson et al., 2023). The shift
towards autotrophy in P. astreoides in response to low DO may be
an indication of one of the physiological mechanisms driving the
resilience of this species to environmental stressors. Porites
astreoides is a weedy opportunistic species, weaker in terms of
carbonate production and ecological service for the reef system;
therefore, altered benthic communities dominated by this more
resilient coral would have negative implications for reef function
(Green et al., 2008; Manzello et al., 2015).

Acropora cervicornis, in contrast, is known for its rapid growth,
carbonate production and reef-building capabilities (Gladfelter
et al., 1978; Carrasco-Pena et al., 2020; Esplandiu et al., 2024). In
A. cervicornis, photosystem II was more sensitive to low
oxygen than in the other species, supporting previous findings
that Caribbean acroporids are particularly susceptible to
deoxygenation-induced stress (Laboy-Nieves et al., 2001;
Johnson et al., 2021b). At the reef scale, reductions to coral
productivity are likely to have an impact on calcification rates for
key reef-building corals as these processes are coupled in some
species, and at the community level (Mallon et al., 2022). The
energetic budget of 4. cervicornis did not shift over the course of the
study, indicating a lack of adaptive capability to low DO. Rapid
growth rates and the large, branching structure formation by A.
cervicornis are energetically demanding, and it may be that a life
history trade-off in this species goes some way in explaining its
lowered tolerance to environmental stressors such as deoxygenation
(Palmer et al., 2010; Mercado-Molina et al., 2015).
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Fig. 4. Box plots of net photosynthesis (P,,.t; measured photosynthesis
after removing respiration) of the three coral species exposed to either
control (6 mg I-"), moderate (3.5 mg I-") or severe (1.5 mg I-1) DO
treatments over a 2-week period. Photosynthesis rates were measured
from oxygen production during 1-h light incubations after 1 and 2 weeks.
Bars that share a lowercase letter are not significantly different from each
other (P>0.05), determined from emmeans in R. The boxplots display the
median (horizontal line within the box), the IQR (represented by the box
edges), and whiskers extending to 1.5 times the IQR, showing the range of
data points within this spread.

In comparison, S. siderea can survive multi-day hypoxia events
(Laboy-Nieves et al., 2001; Johnson et al., 2021a), and P. astreoides
typically withstands environmental stressors more than other
Caribbean coral species (Edmunds, 2010; Eagleson et al., 2023).
In this study, their energetic budgets shifted from net heterotrophy to
autotrophy after a week of exposure to severe deoxygenation.
Moderate deoxygenation did not cause the same shift in energetic
budgets over 2 weeks of exposure, indicating a threshold
somewhere between our severe (2.06+0.67 mgl~! DO) and
moderate (3.44+0.53 mg1~' DO) treatment levels. A return to
heterotrophy in S. siderea after 2 weeks of exposure aligns with this
coral’s ability to survive hypoxia events, and such trophic plasticity
may play an important role in the oxyregulatory processes that allow
this coral species to survive hypoxic conditions (Hughes et al.,
2020).

This study isolated the impact of low oxygen from other seawater
parameters to provide novel insight into the individual effects of
deoxygenation on corals. However, deoxygenation on coral reefs
rarely occurs in isolation from other environmental stressors (Pezner
et al., 2023). Coastal deoxygenation typically coincides with ocean
warming and acidification (Breitburg et al., 2018), and these
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Fig. 5. Ratios of gross photosynthesis to respiration (Pg:R) in corals
exposed to three treatments: control (6 mg I-"), moderate (3.5 mg 1)
or severe (1.5 mg 1="). The dotted gray horizontal line represents the
autotrophy—heterotrophy threshold. Bars that share a lowercase letter are
not significantly different from each other (P>0.05), determined from
emmeans in R. The boxplots display the median (horizontal line within the
box), the IQR (represented by the box edges), and whiskers extending to 1.5
times the IQR, showing the range of data points within this spread.

synergistic environmental stressors are the primary global threat
to contemporary tropical coral reef ecosystems, where water
temperature and chemistry are critical to survival for reef-building
corals (Altieri et al., 2017). By focusing on deoxygenation as a
single stressor, the present study contributes to a baseline
understanding of its metabolic impacts on corals, which is
essential for designing multi-stressor experiments. Future studies
could build on this foundation by incorporating controlled DO—
temperature pairings and pH manipulation via CO, addition to more

Table 4. Results of mixed effects model testing the effects of oxygen
treatment, species and week of exposure on PR ratios

Factor Chi-square d.f. F P

Treatment 17.70 2 7.55 1.43x10-4**
Species 18.00 2 6.89 1.24x 104 **
Week 8.60 1 4.41 0.003**
TreatmentxSpecies 12.43 4 3.09 0.014***
TreatmentxWeek 6.63 2 3.28 0.036*
SpeciesxWeek 15.09 2 7.31 0.001***
TreatmentxSpeciesxWeek 7.16 3 2.39 0.067

Fixed effects were deoxygenation treatment, species and week of exposure
time. Coral ID was included as a random effect to account for natural variability
between replicates. *P<0.05, **P<0.01, ***P<0.001.
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closely simulate climate change scenarios. The use of CO, would
also mitigate secondary effects of nitrogen bubbling, which in this
study caused slightly higher pH in deoxygenation treatments
compared with controls (Fig. 1; Tables S2, S3). Although this small
difference in pH could theoretically influence coral physiology, its
magnitude was minimal, and the buffering effect of slightly elevated
pH is unlikely to have caused any metabolic stress. Together, these
results reinforce the need for multi-stressor approaches to fully
understand the complex and interactive effects of deoxygenation,
acidification and warming on coral reef ecosystems.

Conservation and restoration applications

Until recently, deoxygenation was largely overlooked as a threat to
tropical reefs (Altieri and Gedan, 2015; Altieri et al., 2017), and was
therefore underestimated as an important consideration for coral reef
conservation and restoration science. Hypoxia-inducing oxygen
levels are currently experienced on reefs worldwide and acute
hypoxia events are increasing in many critical coral reef regions, yet
the lack of long-term oxygen data collection, as well as regional
biases, likely underestimates the relevance of deoxygenation for
current and future reef management (Altieri et al., 2017; Pezner
et al., 2023). To improve our understanding of the threat of
deoxygenation for coral reefs, seawater oxygen concentration
should be added to existing monitoring programs to garner long-
term time series of DO and to document the occurrence of acute
hypoxia episodes, as well as coincidence with other environmental
stressors (e.g. marine heatwaves). In addition to capturing extreme
hypoxia events associated with coral mass mortality, consistent
monitoring of seawater DO variability can be used to track the more
moderate levels of deoxygenation such as those in our study that
caused reductions in coral metabolism and could potentially slow
growth and carbonate production at the reef scale.

In this study, we measured the invisible metabolic effects of
deoxygenation on corals, which have important applications for reef
monitoring and conservation efforts. The endangered branching A.
cervicornis has become the most widely propagated coral for reef
restoration efforts (Schopmeyer et al., 2017). The A. cervicornis
fragments exposed to low oxygen in this study did not show any
visible signs of stress, even after 2 weeks, yet metabolism was
substantially affected. Therefore, we infer that even though hypoxic
stress is not always detectable from field monitoring using visual
surveys, the reduction in photosynthetic efficiency and respiration
observed in this study has the potential to impede coral productivity
and growth, thereby impacting reef restoration efforts aimed at
rejuvenating carbonate production.
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