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Abstract

Ocean warming is causing global coral bleaching events to increase in frequency, resulting in
widespread coral mortality and disrupting the function of coral reef ecosystems. However, even
during mass _bleaching events, many corals resist bleaching despite exposure to abnormally high
temperatures. While the physiological effects of bleaching have been well documented, the
consequénces of heat stress for bleaching-resistant individuals are not well understood. In
addition, much'témains to be learned about how heat stress affects cellular-level processes that
may be overlooked at the organismal level, yet are crucial for coral performance in the short term
and ecologiealssuccess over the long term. Here we compared the physiological and cellular
responses of'bleaching-resistant and bleaching-susceptible corals throughout the 2019 marine
heatwave in Hawai‘i, a repeat bleaching event that occurred four years after the previous
regional event. Relative bleaching susceptibility within species was consistent between the two
bleaching events, yet corals of both resistant and susceptible phenotypes exhibited pronounced
metabolic depression during the heatwave. At the cellular level, bleaching-susceptible corals had
lower intracellular pH than bleaching-resistant corals at the peak of bleaching for both symbiont-
hosting andssymbiont-free cells, indicating greater disruption of acid-base homeostasis in
bleaching-susceptible individuals. Notably, cells from both phenotypes were unable to
compensate for experimentally induced cellular acidosis, indicating that acid-base regulation was
significantly impaired at the cellular level even in bleaching-resistant corals and in cells
containing symbionts. Thermal disturbances may thus have substantial ecological consequences,
as even smallreallocations in energy budgets to maintain homeostasis during stress can
negatively affect fitness. These results suggest concern is warranted for corals coping with ocean
acidification alongside ocean warming, as the feedback between temperature stress and acid-base

regulation may. further exacerbate the physiological effects of climate change.

Introduction

Climate change has led to catastrophic losses in live coral cover on reefs around the world as

ocean warming has intensified and marine heatwaves have increased in frequency and severity

(T. P. Hughes, Anderson, et al. 2018; Hoegh-Guldberg et al. 2007). These anomalous thermal
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stress events can trigger coral bleaching, the loss of photosynthetic algal endosymbionts (family
Symbiodiniaceae) from their animal host (Weis 2008; Oakley and Davy 2018). This loss of the
host’s primary food source creates an energetic deficit that often results in mortality
(McClanahan 2004; T. P. Hughes, Anderson, et al. 2018). Mass mortality events associated with
bleaching have.led to drastic declines in coral cover on reefs globally, altering the composition of
the entire reef community and disrupting reef function (T. P. Hughes, Kerry, et al. 2018; Leggat
et al. 2019;Fordyce et al. 2019). Recovery from bleaching is possible, however, and some corals
can compensatefor loss of the autotrophic contribution of their algal symbionts by increasing
heterotrophic feeding and catabolizing endogenous reserves (Grottoli, Rodrigues, and Palardy
2006; A. D, Hughes and Grottoli 2013; Tolosa et al. 2011). Despite this flexibility, as the
frequency ofcoral bleaching increases, the shortened duration between events may be
insufficient for complete recovery of many survivors (Grottoli et al. 2014; Sale et al. 2019;
Schoepf et al. 2015). These energetic or functional deficits during recovery from bleaching can
increase coral susceptibility to subsequent stressors, including but not limited to temperature,
disease, competition, and ocean acidification (Ward, Harrison, and Hoegh-Guldberg 2000;
Muller, Bartels,;and Baums 2018; Brown et al. 2019). Short intervals between heatwaves can
also changesthe relative performance between coral species, as differential investments in
resistance.versus recovery strategies (e.g. (Matsuda et al. 2020)) may enable some species to
withstand single but not repeat bleaching events (Grottoli et al. 2014).

Understanding the diversity of coral heat stress responses both within and between
species is critical,for predicting future coral performance in a changing ocean. While coral
bleaching is‘asdramatic and easily observable heat stress response (Putnam et al. 2017; Bollati et
al. 2020), elevated temperatures can also trigger less visible stress responses in the animal host,
even if the symbiesis remains intact (Radecker et al. 2021). All animals have a range of
temperatures.to.which they are adapted, and once exposed to temperatures beyond this optimal
range, can activate a suite of heat stress responses and divert energetic investment towards
maintenanceprocesses like homeostasis, at the expense of other more immediately expendable
processes like'growth and reproduction (H. Portner 2008). Scleractinian corals live near the
upper edge of their thermal optimum, and even small increases above their typical maximum
summer temperatures can activate molecular heat stress response pathways (Cleves et al. 2020;

Seneca and Palumbi 2015; Bay and Palumbi 2015). At the organismal level, heat stress can also
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lead to metabolic depression in corals even when the symbiosis remains intact (Edmunds,
Cumbo, and Fan 2011; Bernardet et al. 2019; Silbiger et al. 2019). While this metabolic
depression can be important for promoting survival during stress in the short term (H. Portner
2008), it can have long-term negative consequences for energetic status (Grottoli, Rodrigues, and
Palardy 2006).and ecological success (Anthony et al. 2009). For example, in corals, this
reallocation of encrgy use and decreased metabolism during heat stress can lead to reductions in
feeding (Fetrier-Pages et al. 2010), calcification (Cantin and Lough 2014), and reproduction
(Levitan et'al:"2014; Fisch et al. 2019; Baird and Marshall 2002), all critical processes for coral
survival. Furthermore, bleaching exacerbates these energetic deficits, causing more pronounced
effects on organismal performance, with bleaching-susceptible individuals suffering greater
reductions in‘growth, disease resistance and reproduction in the months and years following heat
stress than bleaching-resistant conspecifics (Levitan et al. 2014; Fisch et al. 2019; Matsuda et al.
2020). Therefore, it is important to understand the influence of marine heatwaves on coral
physiology tegardless of bleaching susceptibility, because even bleaching-resistant corals may
suffer energeticlosses, ultimately decreasing coral fitness and overall reef function.

Declinessin metabolic performance due to heat stress can also trigger changes in cellular
processes such as acid-base regulation of intracellular and external body fluids (H. Portner
2008). Maintaining a steady pH is crucial for all living organisms, as nearly all metabolic
processes require a narrow pH range in order to function (Tresguerres et al. 2020). Thus,
characterizing the influence of temperature on acid-base homeostasis mechanisms is essential for
understanding ¢oral physiological responses to a changing climate. In other marine invertebrates,
heat stress canseause declines in intracellular pH (pH;) (i.e. the homeostatic setpoint) and a
decreased ability to maintain the pH setpoints of extracellular body fluids, generally a result of
reduced metabolism, protein synthesis and ion exchange rates (H. Portner 2008). Understanding
the physiological.interactions between temperature stress and acid-base homeostasis is critical
for predicting.coral performance and acclimatization potential in a changing environment.
However, little'is known about how climate change affects acid-base homeostasis in corals. The
potential effeets, of heat stress on acid-base regulation pose a particular challenge for maintaining
coral calcification, as biomineralization is highly pH-dependent (Barott, Venn, et al. 2020; Venn
etal. 2011,2012; McCulloch et al. 2012). Indeed, recent studies have found that temperature

stress alters the pH of the external calcifying fluid and depresses calcification (Schoepf et al.
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2021; Guillermic et al. 2021), highlighting the need to better understand the physiology of coral
climate change responses across biological scales.

In order to assess how marine heatwaves influence the interactions between coral
metabolism, symbiosis and cellular acid-base homeostasis, we characterized the physiological
responses of bleaching-resistant and bleaching-susceptible individuals of two dominant reef-
building corals in Hawai‘i, Montipora capitata and Porites compressa, to a repeat bleaching
event that occurred in Kane‘ohe Bay, O‘ahu in 2019. Coral bleaching susceptibility of these
individuals'was nitially quantified during the previous bleaching event in 2015, when they were
tagged as a'resource for future studies (Matsuda et al. 2020). During the subsequent 2019
heatwave, asuite,of physiological variables was quantified at both the cellular and organismal
level every two weeks throughout the peak of the heatwave and the responses of each species
and phenotype were compared. This study takes an important step towards understanding the
effects of repeat heatwaves on coral physiology across biological scales and helps disentangle
the effects of heat stress versus bleaching on coral physiology by comparing responses between

conspecificdndividuals with contrasting bleaching susceptibilities.

Materials'and Methods

Study site

Coral monitoring and collections took place in Kane‘ohe Bay, O‘ahu, Hawai‘i. Kane‘ohe Bay is
a lagoon that'hatbors a system of coral-dominated patch and fringing reefs protected by a barrier
reef which restriCts circulation and results in temperatures 1-2°C higher than the surrounding
ocean in the summer months (Bahr, Jokiel, and Rodgers 2015), although coral bleaching has
only been observed during anomalous heatwaves (Bahr, Rodgers, and Jokiel 2017). This study
was conducted.at.a coral-dominated patch reef (PR) in the outer lagoon (PR13; 21.4515°N,
157.7966°W),.where the most abundant reef-building corals were Montipora capitata and
Porites compressa. This region of Kane‘ohe Bay is characterized by relatively short seawater
residence times,(<24 hours, Lowe et al. 2009) and diel pH ranges 2 — 3 fold higher than other
regions of the bay with longer residence times (Barott, Huffmyer, et al. 2020; Page et al. 2018).
Hourly sea surface temperatures on the reef from the 2015 and 2019 heatwaves were obtained

from the NOAA temperature sensor on Moku o Lo‘e in Kane‘ohe Bay (Station ID: 1612480).
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Where overlapping data are available, temperatures at this station are representative of those at
PR13 (Fig. S1). Cumulative heat stress in the form of degree heating weeks (DHW) was

calculated from 1 May to 31 December as the hourly accumulation of sea surface temperatures
over the previous,12 weeks above the bleaching threshold (29°C), determined as 1°C above the

local maximum,monthly mean (MMM, 28.0°C; Jury and Toonen 2019; Fig. 1a).

Monitoring of the extent and severity of coral bleaching

Benthic community composition and the extent and severity of coral bleaching was quantified
before the heatwave (28 June 2019), every two weeks during thermal stress (16 September — 30
October 2019)and following the heatwave (4 December 2019). At each time point, 0.33 m?
quadrats were photographed on the benthos at 2 m intervals along a 40 m transect laid parallel to
the reef crest, totaling 20 images per transect. Transects were conducted at both 1 m and 3 m
depths (n=2 per depth), for a total of four transects per time point. Images were taken using an
underwater camera (Olympus TG-5) with size and color standards. The extent of coral bleaching
was determineédusing CoralNet (Beijbom et al. 2015), with 50 random points per image chosen
for benthic identification. Corals were identified to species and categorized as: (1) pigmented/not
bleached, (2).,pale/moderately bleached, or (3) white/severely bleached. Points categorized as
corals weremised to calculate a bleaching index (BI), a measure of the extent of bleaching at the
reef level. BI was calculated as the weighted average of the percentage (P) of observations in
each bleaching category (1-3) with the equation: Bl = (0*P; + 1*P,+ 2*P;)/2, as in
(McClanahan2004).

Identification and collection of bleaching-susceptible and bleaching-resistant corals

During the peak of the 2015 bleaching event, 10 pairs of severely bleached and fully pigmented
individuals ,of M. capitata and P. compressa adjacent to each other on the reef (i.e., each pair
consisted of onebleached and one pigmented colony) were identified and tagged (Fig. 2a,d;
Matsuda et alei2020). These pairs were photographed with size and color standards before the
marine heatwaye (19 July 2019), every two weeks during thermal stress (16 September — 30
October 2019) and following the heatwave (24 January 2020). Bleaching severity, a measure of
individual colony bleaching, was visually determined for each colony as follows: (1) 0%

bleached or pale, (2) <20% bleached (white) or mild paling, (3) 20-50% bleached or moderate
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paling, (4) 50-80% bleached and (5) >80% bleached, as in (McClanahan 2004). For each of the
four time points between September and October, one 4-5 cm fragment from each colony was
also sampled. Fragments were held in individual bags of ambient seawater during transit to the
Hawai‘i Institute of Marine Biology (HIMB), transferred to an outdoor flow-through seawater
table (ambient.seawater sourced from Kane‘ohe Bay) within three hours of collection, and held

there for a maximum of three days until assessment of in vivo coral performance.

In vivo coral péerformance
Dark-adapted photochemical yield (F,/F,,) was measured on each coral fragment using a Diving-
PAM (WalzGmbH, Germany) approximately 1 hour after sunset on the same day of collection.
Measurements were made using the Diving-PAM 5-mm diameter fiber-optic probe at a
standardized 5 mm above the coral tissue after F, stabilized. The Diving-PAM settings were set
to a measuring light intensity of 5, gain of 2, and saturation pulse intensity of 5. Within 3 days of
collection, rates of photosynthesis and light-enhanced dark respiration (LEDR) were
subsequently*measured on each coral fragment by quantifying oxygen evolution and
consumption'asifollows. Each coral fragment was placed in a 250 mL sealed chamber filled with
ambient seawater surrounded by a temperature-controlled water jacket to maintain a constant
temperatugef(ambient: 25-27°C). Seawater in the chambers was constantly mixed using a
magnetic stir bar. Temperature and dissolved oxygen concentrations were measured using a
Pt100 temperature probe and PSt7 oxygen optode (PreSens), respectively, inserted through a port
in the lid of.€achichamber. Oxygen optodes were calibrated on each measurement day with a 0%
oxygen solution(0.01 g mL-' NaSO3) and 100% air saturated seawater. Oxygen evolution rates
were measured at steady increments of light (112—726 umol m s, EcoTech Radion XR30w
Pro), increasing light intensity only after a steady slope was achieved for all fragments for at
least 10 min. After the maximum light level, the lights were turned off and oxygen consumption
rates were measured until a steady slope was achieved for at least 10 minutes to use for LEDR
calculationsFemperature and oxygen data were recorded every 3 seconds by an OXY-10 ST
(PreSens). A'control chamber (seawater only) was analyzed in parallel for each run. Corals were
then snap frozen and stored at -80°C until further processing.

Photosynthetic and respiration rates were calculated from volumetric oxygen production

and consumption rates (i.e., pmol O, L' min'') by multiplying the oxygen concentration changes
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and volume of water in each chamber (chamber volume — coral volume, L) and accounting for
background oxygen flux rates by subtracting the rate of the corresponding seawater-only control
chamber. The volume of each coral fragment was measured via the water displacement method.
Photosynthesis-itradiance (PI) curves (Fig. S2) were generated by curve fitting to the Platt model
(Platt, Galleges,.and Harrison 1980) in order to extract alpha, Ik, and Pmax. LEDR was
calculated from. the dark period following the PI curve maximum step. Metabolic rates were
normalizedto surface area (described below) and gross photosynthetic rates were determined by

subtracting'the"6Xygen consumption rates (LEDR) from oxygen production for each fragment.

Physiological analyses

Tissue was removed from each fragment using an airbrush containing phosphate-buffered saline
(PBS) solution. The resulting tissue slurry was homogenized at 25,000 rpm for 10 seconds using
a tissue homogenizer (Thermo Fisher Scientific) and aliquoted for subsequent assays. For
symbiont cell counts, tissue homogenate was homogenized at 25,000 rpm for 10 seconds
followed byfgedle shearing with a 22-gauge needle. Algal cells were then pelleted by
centrifugation at7,000 g for 5 min and resuspended in 0.1% sodium dodecyl sulfate (SDS) in
0.22 pm filtered seawater (FSW). Symbiodiniaceae concentrations were determined following
(Krediet etzal”2015) using a Millipore Guava flow-cytometer (Guava easyCyte SHT) and
modifications to the methods outlined here. Three technical replicates were quantified for each
sample. Symbiodiniaceae cells were excited with a blue laser (488 nm) and identified by
analyzing forwatd scatter and red autofluorescence in GuavaSoft 3.4 with the same gating for all
samples. Chlerephyll was extracted in 100% acetone. Briefly, tissue homogenate was
centrifuged at 14,000 rpm for 3 min at 4°C and the supernatant was removed. The remaining
pellet was incubated in 100% acetone for 32-48 hr in the dark at -20°C. The samples were then
centrifuged.at.14,000 rpm for 3 min at 4°C. The supernatant was transferred to a 96-well flat
bottom glass.plate and absorbance was quantified in duplicate. The concentrations of chlorophyll
a and ¢, weresdetermined by measuring absorbance at 630 nm, 663 nm and 750 nm on a plate
reader (BioTek PowerWave XS2) and calculated from the equations in (Jeffrey and Humphrey
1975) for dinoflagellates in 100% acetone, correcting for the 0.6 cm path length of the 96-well
quartz plate: Chl a = (11.43(Ags3 - A75¢/PL) — 0.64(As39 — A759/PL))/(mL homogenate); Chl c2 =
(27.09 (Ass39 - A75¢/PL) — 3.63(Ags3 - A75¢/PL))/(mL homogenate).
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Soluble protein content was analyzed in triplicate via the Bradford method using
Coomassie Plus Bradford assay reagent (Pierce Biotechnology). The crude tissue homogenate
was analyzed to obtain a measure of holobiont protein. For the host fraction, symbionts were
removed from the crude homogenate by centrifugation at 10,000 g for 10 min at 4°C, and the
resulting supernatant was analyzed. The samples were mixed with the reagent on a plate shaker
for 30 sec, incubated for 10 min at room temperature and again mixed on a plate shaker for 30
sec. The sampleabsorbance was then measured at 595 nm on a plate reader (BioTek ELx808).
Protein concentration was calculated against a bovine serum albumin (BSA) standard curve run
alongside the samples and normalized to skeletal surface area. Tissue biomass was determined
here as ash-freerdry weight (AFDW). A known volume of each homogenate was dried at 60°C
for 24 hr until aiconstant weight was achieved. After the dry weight was recorded, the
homogenates wete then burned in a muffle furnace at 450°C for 6 hr. The samples were allowed
to cool in the furnace before being weighed and the ash weight recorded. The difference between
the ash weight and the dry weight was calculated to determine the AFDW of each fragment.
Total antioxidant capacity was measured using the OxiSelect Total Antioxidant Capacity (TAC)
Assay Kit (Cell'Biolabs). The tissue homogenate was first centrifuged at 10,000 g for 10 min at
4°C prior tesloading on the 96-well plate. Each sample and uric acid standard was run in two
technical replicates per manufacturer’s instructions. Net maximum absorbance values were
measured at 490 nm on a plate reader (BioTek ELx808) at the initial and final time points and
the difference of those was used to calculate TAC in uM against the uric acid standard curve.
Uric acid equivalents were converted to copper reducing equivalents (CRE) per manufacturer’s
instructions andnormalized to host protein.

After tissue was removed, skeletons were soaked in 10% bleach for approx. 12 h and
then dried at 60°C for approx. 12 h until a constant weight was reached. Surface area was
determined,by.the single wax dipping method (Veal et al. 2010). Each skeleton fragment was
pre-weighed.before being dipped in paraffin wax, after which the final weight was recorded. The
change in weight due to wax addition was compared against a standard curve of dipped wooden

dowels of knewn surface area to calculate the skeletal surface area of each fragment.

Assessment of coral intracellular acid-base homeostasis
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Intracellular pH (pH;) of cells from the bleaching-susceptible and bleaching-resistant M. capitata
colony pairs (N=10 per phenotype) was measured at the peak of the bleaching response (28
September — 2 October 2019) within ~3 days of collection from the field. As a pre-stress
reference, pH; was also measured July 23-31, 2019 (before seawater temperatures had exceeded
the bleaching,threshold; Fig. 1) from a subset of bleaching-susceptible and bleaching-resistant M.
capitata colonies from the same reef (N=5 and N=7, respectively) that had been held in ambient
flow-through'seawater aquaria at HIMB for ~6 weeks. Cellular pH; was measured from all
colonies using'€stablished methods (Barott et al. 2017). Briefly, coral fragments were held in the
dark for 30'min, then cells were removed from the skeleton by gently brushing the tissue while
the fragmentiwas,submerged in 0.45 um filtered seawater (FSW). The resulting cell suspension
was filtered throtigh a 100 um cell strainer to remove skeletal debris, then centrifuged for 4 min
at 500 x g to pellet the cells and remove mucus. Isolated cells were resuspended in FSW, then
loaded with 10 uM SNARF-1 AM, 0.1% DMSO, and 0.01% Pluronic F-27 in filtered seawater
(FSW) for 30 min at 25°C in the dark. Cells were then pelleted and resuspended in either
ambient FSWi(pH 8.0) to measure the pH; setpoint or HCl-acidified FSW (pH 7.4) to measure
their response tofacidosis. Seawater pH was confirmed immediately prior to resuspension
(accupHastpH probe and accumet pH meter, Fisherbrand) and readjusted if needed. All cells
were imaged‘in a glass-bottomed dish using an inverted confocal microscope (Zeiss LSM 710) at
63X magnification (Plan-Apochromat Oil DIC M27 objective, numerical aperture = 1.4). All
samples were excited at 561 nm (DPSS, 2% power, 458/561 main beam splitter). SNARF-1
fluorescencg'emission was acquired in two channels simultaneously at 585 and 640 +/- 10 nm,
using PMT detectors (gain = 500). Images were acquired at 12 bits/pixel using a scan speed of
261.8 Hz. The microscope stage was maintained at 25.0°C in July or 28.5°C in Sept-Oct. A total
of 8—10 cells containing algal symbionts (symbiocytes) and 8—10 cells without symbionts (non-
symbiocytes).were imaged from each coral. To measure acid stress response, SNARF-1-loaded
cells from the same fragment were resuspended in HCl-acidified FSW (pH 7.4), and imaged over
time (5, 20,.305°50, and 70 min after exposure to pHsw 7.4). A total of 5-10 cells of each cell
type were measured per time point from each coral colony. SNARF-1 fluorescence emission was
quantified in ImageJ by drawing two regions of interest (ROI) per cell within the coral
cytoplasm. A region drawn in the surrounding medium was used to subtract background

fluorescence, and each region of interest (ROI) fluorescence ratio was calculated and converted
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to pH using a calibration curve generated as previously described (Venn et al., 2009). Cytosolic
acidification magnitude (i.e. acidosis) was calculated for each coral as the difference between
initial pH; and pH; after 5 minutes of acidification. The pH; recovery rate was calculated for each
coral by regressing pH; measurements of each cell against their corresponding image timestamps
for all times after the first 5 min. Attempts to measure pH; in P. compressa were unsuccessful
due to insufficient loading of SNARF-1 in the cells. Increasing the concentration of SNARF1-
AM during'dyeloading and adding additional wash steps of the isolated cells in autoclaved FSW
to remove dny free esterases from the cell suspension prior to dye loading did not improve the

fluorescence signal in P. compressa cells.

Statistical analyses

All analyses were conducted in R software v3.6.0 (R Core Team, 2020). Differences in reef-wide
bleaching at the peak of the bleaching response, quantified as the bleaching index, between the
2015 and 2019 events and for each species between the two events were tested using unpaired
two-samples=tests. Homogeneity of variance and normality were assessed using residual plots
for all analysessData were also tested for normality and homogeneity through Shapiro-Wilk and
F-tests, respectively. The effects of prior bleaching susceptibility (B, 2 levels: susceptible and
resistant). andtime (T, 4 levels: 16 September 2019, 2 October 2019, 16 October 2019, 30
October 2019) were tested for coral bleaching scores and physiological parameters using linear
mixed effects models (Ime4 package; Bates et al. 2015), with colony pair included as a random
intercept. Thesignificance of fixed effects and their interactions were determined using a Type
IIT ANOV ASignificant interactive effects were followed by pairwise comparison of estimated
marginal means using Tukey adjusted p values (emmeans package, Lenth et al. 2020).
Physiological measurements (gross photosynthesis, respiration, alpha, Iy, dark-adapted yield,
biomass, symbiont density, total protein content, chlorophyll content) were log-transformed to
meet the assumptions of normality. To analyze the pH; time series, ambient pH; setpoint,
acidificationamagnitude, and pH; recovery rate, we used linear mixed effects models with
bleaching suseeptibility (B), cell type (C), and time (T) as fixed effects and colony pair as a
random intercept. The significance of fixed effects and their interactions were determined using a

Type III ANOVA.
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Results

Lower reef-wide bleaching extent in 2019 driven by species-specific differences in bleaching
response between repeat bleaching events.

A marine heatwaye in summer 2019 resulted in sustained temperatures above the local bleaching
threshold (Figsla). Accumulated heat stress peaked at 3.27 DHW in July 2019 and was sustained
through the end of November (Fig. 1a). This was below that of the previous marine heatwave in
2015, which'peaked at 5.84 DHW, yet was shorter in duration than the 2019 heatwave (July-
October; Fig."Ta)" Both heatwaves led to widespread coral bleaching, although the extent and
severity of bleaching across the reef was lower in 2019 than it was in 2015 (Fig. 1b). During both
events, mosticorals had visually recovered by December (Fig. 1b). The two dominant reef-
building speeiesin Kane‘ohe Bay, P. compressa and M. capitata, showed contrasting responses
to the two heatwaves. In 2015, the maximum bleaching index was greater for P. compressa than
M. capitata (Fig. 1c,d), whereas the opposite pattern was observed in 2019 (Fig. 1¢,d). This was
indicated by.a large decrease in the bleaching index for P. compressa during the 2019 bleaching
event relativet6:2015 (p = 0.0004, t-test; Fig. 1d), but no significant difference between the two
bleaching events‘for M. capitata (p = 0.7727, t-test; Fig. 1c¢).

Relative bleaching susceptibility was consistent within but not between species during repeat
bleaching events.

Near the beginning of the 2019 heatwave in July, bleaching-susceptible M. capitata individuals
showed signs"ofmoderate bleaching, whereas individuals with a history of bleaching resistance
appeared fullyspigmented (Fig. 2a-c). At the peak of heatwave in early October, bleaching-
susceptible(M. capitata exhibited severe bleaching while individuals with a history of bleaching
resistance remained pigmented (Fig. 2b,c; ppxr<0.0001, Table 1). Similarly, bleaching-resistant
P. compressa.individuals remained pigmented throughout the 2019 heatwave (Fig. 2d-f; Table
1), while bleaching-susceptible individuals showed significantly more paling (Fig. 2f;
pp=0.0231, ps=0.0279, Table 1).

Performance of bleaching-susceptible vs. bleaching-resistant corals.
Photosynthetic rates for M. capitata were lower in bleaching-susceptible corals, but experienced

a steep decline in both bleaching-susceptible (-56.7%) and bleaching-resistant corals (-63.3%)
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relative to mid-September, followed by a partial recovery in late October (pr<0.0001;
ps=0.0202; Table 2; Fig. 3a). For P. compressa, time, but not bleaching susceptibility, was a
significant factor affecting photosynthetic rates (pr<0.0001; Table 2), which, similar to M.
capitata, also showed a large decline (-43% susceptible, -50.5% resistant) at the beginning of
October (Fig.3b). The initial slope of the PI curve (alpha) declined at peak bleaching for all
corals, yet was steeper for resistant colonies of both M. capitata (pr<0.0001; pg<0.001; Table 2;
Fig. 3c; Fig"S2yand P. compressa (pr<0.0001; pg=0.0415; Table 2; Fig. 3d) while the light half-
saturation point(Iy) increased at peak bleaching for both species (M.capitata pr<0.0001, P.
compressa pr<0.0001; Table 2; Fig. 3e,f). Photochemical yield also declined at this time point
for both bleaching-susceptible and bleaching-resistant colonies of M. capitata (pr<0.0001; Table
2; Fig. 3g) and P. compressa (pr<0.0001; Table 2; Fig. 3h), yet was higher for bleaching-
resistant than suseeptible M. capitata colonies and lower for bleaching-resistant than susceptible
P. compressa _colonies. (M. capitata pg=0.0056, P. compressa pg=0.0446; Table 2). Symbiont
densities were lower in bleaching-susceptible than resistant M. capitata colonies(pg<0.0001;
Table 2; Figi3i): In contrast, symbiont densities in P. compressa were not significantly affected
by either time orbleaching susceptibility (Fig. 3j, Table 2). Chlorophyll content showed similar
patterns as'symbiont densities, as M. capitata chlorophyll content was lower in bleaching-
susceptiblescorals (Fig. 3k) and not influenced by time (py<0.0001; Table 2), while for P.
compressa chlorophyll content was not significantly affected by either time or bleaching
susceptibility (Fig. 31, Table 2).

Similar to, symbiont photosynthetic rates, M. capitata light-enhanced dark respiration
rates (LEDR)declined from September to early October (-76.9% susceptible, -70.8% resistant)
and were generally lower in bleaching-susceptible than resistant corals (pr<0.0001, pg=0.0073;
Table 2; Fig. 3m). P. compressa LEDR experienced a similar decline (-66.2% susceptible, -
69.4% resistant).in early October, and was only affected by time (pr<0.0001; Table 2; Fig. 3n).
Holobiont biomass was not affected by bleaching susceptibility for either species (Fig. 30,p), but
M. capitatq biomass declined from mid-September to early October (-42.5% susceptible, -38.6%
resistant) before slight recovery in late October (p1<0.0001; Table 2; Fig. 30). In contrast, P.
compressa biomass did not change through time (Fig. 3p). Total protein content decreased over
time for both phenotypes and was lower in bleaching-resistant than susceptible M. capitata

(p1<0.0001, pg<0.0001; Table 2; Fig. 3q), but was unaffected by either time or bleaching
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susceptibility for P. compressa (Table 2; Fig. 3r). Total antioxidant capacity was unaffected by
time or bleaching susceptibility for both M. capitata (Fig. S3k) and P. compressa (Fig. S31;
Table S1).

Coral acid-base homeostasis affected by both bleaching status and heat stress.

Coral cells isolated from M. capitata (e.g. Fig. 4a) exhibited lower intracellular pH (pH;)
setpoints‘in‘non-symbiocytes than symbiocytes (pc<0.0001) and lower pH; setpoints in cells
from bleaching=Susceptible colonies than cells of the same type from bleaching-resistant colonies
during the peak of bleaching (pg<0.0001, Table 3; Fig. 4b; Fig. S4a). In contrast, pH; setpoints
did not differ between bleaching-susceptible and bleaching-resistant corals for either cell type
prior to bleaching (Table S2; Fig. S4a). When isolated coral cells were exposed to low pH
seawater (pHsw 7:4), pH; decreased during the first 5 min of exposure for both symbiocytes and
non-symbiocytes from all colonies (Fig. 4b). The magnitude of cytosolic acidification (i.e.
acidosis) was greater for symbiocytes than non-symbiocytes during the peak of bleaching,
although bleaching susceptibility did not influence this response (pc = 0.0068; Table 3; Fig. 4b;
Fig. S4b). Afterthe initial acidification, pH; of both cell types from both bleaching phenotypes
did not recower to the initial pH; setpoint during the peak of bleaching (Fig. 4b), with a pH;
recovery raté at or around zero for the following 65 min (Table 3; Fig. 4b; Fig. S4c). In contrast,
prior to heat stress, both cell types from both bleaching-susceptible and bleaching-resistant
colonies exhibited positive pH; recovery rates (Table S2; Fig. S4c) and were able to recover

completely ffomuacidosis.

Discussion

Changes inrelative bleaching susceptibility between species during repeat heatwaves indicate
possible trade=offs between coral bleaching resistance vs. resilience.

Here we found that relative bleaching susceptibility was consistent within species between two
bleaching events separated by four years, indicating that these species appear to have fixed
differences in relative bleaching susceptibility between individuals of the same species. Patterns
of differential bleaching susceptibility are consistent with the responses of these same two

species to a previous repeat bleaching event (2014 and 2015; Ritson-Williams and Gates 2020)
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and during a simulated marine heatwave (Dilworth et al. 2021). Surprisingly, bleaching-
susceptible individuals of each species in our study responded differently to the second heatwave
(2019), indicating possible differences in acclimatization and recovery dynamics. For example,
bleaching-susceptible M. capitata bleached severely in both events, despite lower levels of heat
stress in 2019.than in 2015, indicating that this species did not show acclimatization. In contrast,
bleaching-susceptible P. compressa exhibited severe bleaching in 2015 but only mild bleaching
in 2019, pethaps corresponding with the lower levels of heat stress in the second event, or as a
result of acclimatization during the first event, making them more resistant to heat stress upon
repeat exposure. That P. compressa performed better than M. capitata in 2019 was unexpected
given that in2018, P. compressa had greater susceptibility to bleaching (both greater severity
and prevalence)ithan M. capitata across the population (Matsuda et al. 2020). However, bleached
P. compressa didrecover more quickly than M. capitata after the 2015 event, and this rapid
recovery in P. compressa corresponded with lower levels of partial mortality in bleaching-
susceptible P. compressa than M. capitata in the two years following the heatwave (Matsuda et
al. 2020). This"is somewhat counterintuitive, as bleaching itself is often predictive of mortality,
and bleaching-susceptible species tend to be the first to be lost from the population (Hughes et al.
2018; McClanahan 2004; Loya et al. 2001; Eakin et al. 2010).

In.the“context of repeat bleaching, the slower recovery of M. capitata than P. compressa
from bleaching observed throughout Kaneohe Bay in 2015 (Ritson-Williams and Gates, 2020;
Matsuda et'al. 2020) likely meant that bleaching-susceptible M. capitata was in worse energetic
standing than"P-"compressa going into the following event in 2019 and thus was more
susceptible tossevere bleaching despite lower levels of heat stress in the second event. Indeed,
even four years following the 2015 bleaching event, bleaching-susceptible colonies of M.
capitata had distinct lipid profiles from bleaching-resistant colonies despite both phenotypes
appearing visually healthy (Roach et al. 2021), supporting the hypothesis that recovery prior to
the 2019 event.was incomplete in this species. A slow energetic recovery has been shown to
make individuals less resistant to bleaching and mortality following repeat exposure to heat
stress in othercoral species (Sale et al. 2019), highlighting a barrier to acclimatization and the
uneven harm of repeat bleaching on different coral species. The tradeoff with greater bleaching
resistance in M. capitata for slower recovery from bleaching relative to P. compressa indicates

that this strategy is only advantageous when heat stress events are far enough apart for complete
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recovery to occur. The downsides of this type of tradeoff are apparent when heat stress is
particularly prolonged (e.g. 10 months), when corals initially more resistant to bleaching no
longer had a survival advantage (Claar et al. 2020). This would indicate that the duration and
magnitude of heat stress, as well as that of the subsequent recovery periods, control the tradeoff
between resistance and recovery, and may be reversing the relative advantages between species
that occur during isolated heat stress events, as has been observed in other reef systems (Grottoli

et al. 2014)!

Metabolic depression occurred in heat-stressed corals regardless of bleaching.

All corals examined here exhibited metabolic depression and a decline in photochemical capacity
during the 2019"marine heatwave irrespective of bleaching phenotype. This decline was
temporary, as metabolic rates for both phenotypes began recovering as soon as 2 weeks
following peak metabolic stress. Metabolic recovery lagged behind symbiont repopulation in
bleaching-susceptible individuals, and the decline persisted in both phenotypes for several weeks
after temperatures dropped below the bleaching threshold. For bleaching-susceptible P.
compressa, which suffered only mild paling, the decline in metabolic performance did not result
in differenees,in overall tissue biomass or protein content, indicating that these physiological
effects weretemporary enough that they did not manifest in significant energetic differences in
tissue reserves. In contrast, bleaching-susceptible M. capitata had lower symbiont abundance and
chlorophyll'content than bleaching-resistant corals, but both phenotypes exhibited declines in
tissue biomass over time. These responses indicate that bleaching-resistant corals were still
stressed evemsthough their symbionts remained, and that both phenotypes may have switched to
meet their énergetic demands by the catabolism of energy-rich biomass (i.e., proteins, lipids, and
carbohydrates; Fitt et al. 1993; Grottoli, Rodrigues, and Palardy 2006; Schoepf et al. 2015;
Réadecker et.al..2021). It is also possible that heat stress led to a reduction in carbon translocation
from the symbiont to the host, as others have observed a switch in metabolic exchanges between
host and symbiont during heat stress that occurs prior to bleaching (Radecker et al. 2021; Baker
et al. 2018). Differences in symbiont loss and biomass reductions in resistant and susceptible M.
capitata could also have been due to differences in symbiont species hosted, as bleaching-
resistant M. capitata colonies in this study hosted mixed communities of symbionts that were

dominated Durusdinium glynnii with some Cladocopium sp., as opposed to the bleaching-
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susceptible individuals, which, with one exception, hosted exclusively Cladocopium sp. at
detectable levels (Dilworth et al. 2021). D. glynnii, while generally more heat tolerant than
Cladocopium spp. (Stat and Gates 2010), is member of a genus that often translocates less
organic carbon to,its host than Cladocopium spp. (e.g. Cunning et al. 2015); however, whether
there is a tradeeff with heat tolerance and symbiont carbon translocation or a relationship
between translocation and temperature for D. glynnii associated with M. capitata remains
unknown. Furthermore, hosts like M. capitata with flexible symbiont associations are often more
susceptibletobleaching than hosts like P. compressa that strictly associate with only a single
symbiont species (Putnam et al. 2012), which may help explain the species specific differences
in repeat heat stress responses.

The ‘energetic deficits incurred during heat stress due to declining symbiont contributions
and reallocations of energy expenditure towards maintenance may come at the cost of ATP-
demanding processes like growth, reproduction, and feeding activity (Sokolova et al. 2012).
While metabolic depression can extend an organism's survival during heat stress (H. Portner
2008), thesg'ehanges in energy allocation have long-term potential consequences for coral fitness
for all individuals exposed to temperatures above historical summer averages, as even small
changes in‘energy balance (e.g. declines in long-term energy stores like lipids or short-term
stores like.ATP) can cause substantial ecological disadvantages (Anthony et al. 2009; H. Portner
2008). In corals, the harmful effects of heat stress can persist for months (A. D. Hughes and
Grottoli 2013; Baumann et al. 2014) to years (Levitan et al. 2014; Cantin and Lough 2014;
Matsuda et al=2020), even after the symbiosis is reestablished and even for corals that never
bleached. Thesharmful effects of bleaching do compound those of heat stress alone, as bleaching-
susceptible/corals have reduced spawning frequency and fecundity than bleaching-resistant
corals of the same species (Levitan et al. 2014; Fisch et al. 2019; Howells et al. 2016). However,
the evident consequences of heat stress could mean that acclimatization to high temperatures that
results in a decline in bleaching during heatwaves does not necessarily equate to resilience, given
that heat stress’substantially reduces coral growth and reproduction even in bleaching-resistant
individuals (Izevitan et al. 2014; Fisch et al. 2019; Howells et al. 2016; Cantin and Lough 2014),

reducing fitness and potentially altering the ecological dynamics of the entire ecosystem.
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Heat stress differentially alters intracellular pH and impairs cellular acidification resilience in
bleaching-resistant and bleaching-susceptible colonies.
Here we found that intracellular pH (pHj;) setpoints were depressed in bleaching-susceptible
corals relative to bleaching-resistant corals during heat stress, even in the absence of external pH
stress. This is.the first observation of differences in pH; setpoints due to thermal stress in a
cnidarian. Because impaired pH; regulation occurred in all coral cell types, including those that
still harberéd symbionts, it appears that changes in symbiont abundance throughout the colony
due to heat'stréss"were sufficient to cause pH; dysregulation throughout the animal. Experimental
tests of intracellular acidification resilience demonstrated that the magnitude of intracellular
acidosis wassgreater in symbiocytes than non-symbiocytes following exposure to pH stress. This
was somewhat surprising, because the higher pH; setpoints of symbiocytes would be expected to
yield greater buffering capacity due to greater passive buffering by bicarbonate (Boron 2004).
The greater acidosis in symbiocytes following acute pH stress could therefore indicate that the
presence of heat-stressed symbionts may be harmful to metabolic activity and homeostatic
functions of thethost cell. Furthermore, because cells from bleaching-susceptible colonies started
at a lower pH; setpoint, the pH; at maximum acidosis was lower than in cells from bleaching-
resistant colenies, indicating a compounding effect of colony sensitivity to heat stress on cellular
pH dysregulation during acidification stress. Previous work in M. capitata has shown a link
between heat stress and cellular acidification, as cells exposed to pH stress exhibited lower pH;
during acidesis as temperatures increased (Gibbin et al. 2015). Here, however, these differences
were obseryed atithe same temperature within a single species, indicating that greater
intracellularaeidosis following exposure to low external pH may be driven by energetic deficits
due to the loss of symbionts, and perhaps energetic reserves, throughout the colony. Indeed,
species-specific differences in symbiont loss during heat stress corresponded with differences in
pH; following.exposure to low pH seawater, where greater symbiont loss led to greater acidosis.
Here, we saw.a.similar pattern within a single species, suggesting that this response may be due
to colony-specific differences and not only species-specific differences in bleaching thresholds.
Sustained exposure to heat stress in situ also impaired coral cells’ ability to recover from
experimentally-induced intracellular acidosis in the dark for both symbiocytes and non-
symbiocytes. This pattern was consistent between cells from bleaching-susceptible and

bleaching-resistant corals, suggesting that heat stress itself was sufficient to sensitize corals to
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acid stress even if they retained their symbionts. This is the first study to our knowledge to
document a lack of compensatory response following acidosis in corals. In the few cnidarian
studies conducted to date, both symbiocytes and non-symbiocytes exposed to low pH seawater
initially acidify, then return to their pH; setpoint within ~75 minutes, as we observed in M.
capitata priorte,the heatwave. Compensation occurs under both light (Gibbin et al. 2014) and
dark conditiens (Laurent et al. 2014; Barott, Barron, and Tresguerres 2017), indicating that
corals have'compensatory mechanisms that are upregulated in response to acidosis (e.g. ion
exchangers; (Eaurent et al. 2014)) and pH; recovery is not solely due to buffering by the
symbiont. The mechanisms by which bleaching and heat stress disrupt cellular pH dynamics in
corals are net well understood. In other marine vertebrate and invertebrate species, metabolic
depression due to thermal stress can cause a decrease in H* excretion that results in decreases in
the pH; setpoint (H. Portner 2008; H. O. Portner and Bock 2000), a mechanism that could
explain the lower pH; setpoints in bleaching-susceptible than bleaching-resistant colonies. Acid-
base homeostasis is energetically expensive, and downregulation of some of these pathways may
help conseryerenergy during stress. Indeed, heat stress decreases coral gene expression of ion
transporters (bicarbonate, H") (Bernardet et al. 2019; Kenkel, Meyer, and Matz 2013), reductions
that correspend with metabolic depression and declines in calcification (Bernardet et al. 2019).
Downregulation of ion transport pathways could also impair the function of the symbiosis, which
is dependent on host bicarbonate and H* transport (Barott, Venn, et al. 2015; Barott, Perez, et al.
2015). In addition, the inability of heat-stressed corals to compensate for cellular acidosis
indicate changesin intracellular acid-base signaling, a regulatory process that is vital for both
photosynthesis«(Barott, Venn, et al. 2015; Barott, Barron, and Tresguerres 2017) and
calcification (Barott, Venn, et al. 2020). More work is needed to understand how pH; regulatory
pathways respond to heat stress, their capacity for acclimatization, and adaptive mechanisms of
resilience between bleaching resistant and susceptible individuals and species.

The nature of the interactions between temperature stress and acid-base homeostasis are
particularly important for corals coping with climate change, as the associated increases in CO,
dissolution insseawater that coincide with ocean warming may lead to hypercapnia within coral
tissues, which itself can alter thermal stress responses in marine ectotherms like corals by
narrowing the range of temperatures they can tolerate (H. Portner 2008). This interaction may

therefore increase the potential for ocean acidification to compound the harm of temperature
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stress on corals and exacerbate bleaching (Dove et al. 2020; Gibbin et al. 2015), especially
because these animals are already living at the upper edge of their thermal tolerance windows.
Furthermore, if pH; in corals is regulated more tightly than extracellular body fluids (pH.) during
stress, as it is in other marine invertebrates (Tresguerres et al. 2020), the interactive effects of
temperature steess and hypercapnia on pH; and pH, regulation may be particularly detrimental for
biomineralization, which occurs in extracellular pockets of fluid located between the coral
epidermis andthe skeleton. Indeed, recent work has found that heat stress impairs coral
regulation of €al€ifying fluid pH, with concurrent declines in calcification (Guillermic et al.
2021; Schoepf etial. 2021), which raises the question of whether coral pH; maintenance may be
occurring atthevexpense of pH, during stress. Because the dynamics and mechanisms of acid-
base regulation differ greatly between species and cell types (Tresguerres et al. 2020, 2017), it is
critical that future work describe the molecular mechanisms that dictate these organismal
responses to_climate change stressors in order to better predict their ability to acclimatize and

adapt to the ongoing climate crisis.

Conclusions:

It is important to understand physiological processes underlying coral heat stress responses, both
independent©f and during bleaching, in order to better predict how corals will respond to global
climate change. Here we uncovered cellular and organismal costs to in sifu heat stress that were
suffered by both bleaching-susceptible and bleaching-resistant corals. Thermal stress coupled
with bleaching exacerbated metabolic stress at the organismal and cellular scales beyond that of
heat stress alone! These results are crucially important, as disruptions in energy balance
following heat stress can persist for years even if the symbiosis remains intact. Accounting for
these changes 1s umportant to avoid underestimating the harmful effects of sub-bleaching heat
anomalies on.ecosystem function and the challenges to coral persistence in a changing ocean.

References

Anthony, Kenneth R. N., Mia O. Hoogenboom, Jeffrey A. Maynard, Andréa G. Grottoli, and Rachael
Middlebrook. 2009. “Energetics Approach to Predicting Mortality Risk from Environmental
Stress: A Case Study of Coral Bleaching.” Functional Ecology 23 (3): 539-50.

Bahr, Keisha D., Paul L. Jokiel, and Ku‘ulei S. Rodgers. 2015. “The 2014 Coral Bleaching and
Freshwater Flood Events in Kane‘ohe Bay, Hawai‘i.” PeerJ 3 (August): e1136.

This article is protected by copyright. All rights reserved


https://paperpile.com/c/DKbPlH/fM4i+0KcG
https://paperpile.com/c/DKbPlH/OuI9
https://paperpile.com/c/DKbPlH/ieII+4oim
https://paperpile.com/c/DKbPlH/ieII+4oim
https://paperpile.com/c/DKbPlH/OuI9+pWIR
http://paperpile.com/b/DKbPlH/Legl
http://paperpile.com/b/DKbPlH/Legl
http://paperpile.com/b/DKbPlH/Legl
http://paperpile.com/b/DKbPlH/BMMf
http://paperpile.com/b/DKbPlH/BMMf

617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650

Bahr, Keisha D., Ku‘ulei S. Rodgers, and Paul L. Jokiel. 2017. “Impact of Three Bleaching Events on the
Reef Resiliency of Kane‘ohe Bay, Hawai‘i.” Frontiers in Marine Science 4.
https://doi.org/10.3389/fmars.2017.00398.

Baird, A. H., and P. A. Marshall. 2002. “Mortality, Growth and Reproduction in Scleractinian Corals
Following Bleaching on the Great Barrier Reef.” Marine Ecology Progress Series 237 (July):
133441.

Baker, David M., Christopher J. Freeman, Jane C. Y. Wong, Marilyn L. Fogel, and Nancy Knowlton.
2018: “Climate Change Promotes Parasitism in a Coral Symbiosis.” The ISME Journal 12 (3):
921-30.

Barott, Katie'L.., Megan E. Barron, and Martin Tresguerres. 2017. “Identification of a Molecular pH
Sensor in Coral.” Proc. R. Soc. B 284 (1866): 20171769.

Barott, Katie L., Ariana S. Huffmyer, Jennifer M. Davidson, Elizabeth A. Lenz, Shayle B. Matsuda,
Joshua R. Hancock, Teegan Innis, Crawford Drury, Hollie M. Putnam, and Ruth D. Gates. 2020.
“Bleaching Resistant Corals Retain Heat Tolerance Following Acclimatization to
Environmentally Distinct Reefs.” bioRxiv. https://doi.org/10.1101/2020.09.25.314203.

Barott, Katie L., Sidney O. Perez, Lauren B. Linsmayer, and Martin Tresguerres. 2015. “Differential
Localization of Ion Transporters Suggests Distinct Cellular Mechanisms for Calcification and
Photosynthesis between Two Coral Species.” American Journal of Physiology - Regulatory,
Integrativesand Comparative Physiology 309 (3): R235-46.

Barott, KatiedzpAlexander A. Venn, Sidney O. Perez, Sylvie Tambutté, and Martin Tresguerres. 2015.
“Coral Host Cells Acidify Symbiotic Algal Microenvironment to Promote Photosynthesis.”
Proceedings of the National Academy of Sciences of the United States of America 112 (2): 607—
12.

Barott, Katie TogAlexander A. Venn, Angus B. Thies, Sylvie Tambutté, and Martin Tresguerres. 2020.
“Regulation of Coral Calcification by the Acid-Base Sensing Enzyme Soluble Adenylyl
Cyclase.” Biochemical and Biophysical Research Communications, February.
https://do1.org/10.1016/j.bbrc.2020.02.115.

Bates, Douglas, Martin Machler, Ben Bolker, and Steve Walker. 2015. “Fitting Linear Mixed-Effects
Models Using lme4.” Journal of Statistical Software 67 (1): 1-48.

Baumannj Justin, Andréa G. Grottoli, Adam D. Hughes, and Yohei Matsui. 2014. “Photoautotrophic and
Heterotrophic Carbon in Bleached and Non-Bleached Coral Lipid Acquisition and Storage.”
Journal of Experimental Marine Biology and Ecology 461 (December): 469—78.

Bay, Rachael A., and Stephen R. Palumbi. 2015. “Rapid Acclimation Ability Mediated by Transcriptome
Changes in Reef-Building Corals.” Genome Biology and Evolution 7 (6): 1602—12.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/WcAq
http://paperpile.com/b/DKbPlH/WcAq
http://paperpile.com/b/DKbPlH/WcAq
http://dx.doi.org/10.3389/fmars.2017.00398
http://paperpile.com/b/DKbPlH/WcAq
http://paperpile.com/b/DKbPlH/h3Ka
http://paperpile.com/b/DKbPlH/h3Ka
http://paperpile.com/b/DKbPlH/h3Ka
http://paperpile.com/b/DKbPlH/LuNs
http://paperpile.com/b/DKbPlH/LuNs
http://paperpile.com/b/DKbPlH/LuNs
http://paperpile.com/b/DKbPlH/3THn
http://paperpile.com/b/DKbPlH/3THn
http://paperpile.com/b/DKbPlH/GeHv
http://paperpile.com/b/DKbPlH/GeHv
http://paperpile.com/b/DKbPlH/GeHv
http://paperpile.com/b/DKbPlH/GeHv
http://dx.doi.org/10.1101/2020.09.25.314203
http://paperpile.com/b/DKbPlH/GeHv
http://paperpile.com/b/DKbPlH/Geys
http://paperpile.com/b/DKbPlH/Geys
http://paperpile.com/b/DKbPlH/Geys
http://paperpile.com/b/DKbPlH/Geys
http://paperpile.com/b/DKbPlH/IhDS
http://paperpile.com/b/DKbPlH/IhDS
http://paperpile.com/b/DKbPlH/IhDS
http://paperpile.com/b/DKbPlH/IhDS
http://paperpile.com/b/DKbPlH/moVg
http://paperpile.com/b/DKbPlH/moVg
http://paperpile.com/b/DKbPlH/moVg
http://paperpile.com/b/DKbPlH/moVg
http://dx.doi.org/10.1016/j.bbrc.2020.02.115
http://paperpile.com/b/DKbPlH/moVg
http://paperpile.com/b/DKbPlH/foAY
http://paperpile.com/b/DKbPlH/foAY
http://paperpile.com/b/DKbPlH/WegZ
http://paperpile.com/b/DKbPlH/WegZ
http://paperpile.com/b/DKbPlH/WegZ
http://paperpile.com/b/DKbPlH/VCjY
http://paperpile.com/b/DKbPlH/VCjY

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684

Beijbom, Oscar, Peter J. Edmunds, Chris Roelfsema, Jennifer Smith, David 1. Kline, Benjamin P. Neal,
Matthew J. Dunlap, et al. 2015. “Towards Automated Annotation of Benthic Survey Images:
Variability of Human Experts and Operational Modes of Automation.” PloS One 10 (7):
e0130312.

Bernardet, C., E. Tambutté, N. Techer, S. Tambutté, and A. A. Venn. 2019. “lon Transporter Gene
Exptession[s Linked to the Thermal Sensitivity of Calcification in the Reef Coral Stylophora
Pistillata.” Scientific Reports 9 (1): 18676.

Bollati, Elena, Cecilia D’ Angelo, Rachel Alderdice, Morgan Pratchett, Maren Ziegler, and Jorg
Wiedenmann. 2020. “Optical Feedback Loop Involving Dinoflagellate Symbiont and
Scleractinian Host Drives Colorful Coral Bleaching.” Current Biology: CB 30 (13): 2433-45.¢3.

Boron, Walter E. 2004. “Regulation of Intracellular pH.” Advances in Physiology Education 28 (1-4):
160-79.

Brown, Kristen T.,;)Dorothea Bender-Champ, Tania M. Kenyon, Camille Rémond, Ove Hoegh-Guldberg,
and Sophie Dove. 2019. “Temporal Effects of Ocean Warming and Acidification on Coral-algal
Competition.” Coral Reefs 38 (2): 297-309.

Cantin, Neal E., and Janice M. Lough. 2014. “Surviving Coral Bleaching Events: Porites Growth
Anomalies on the Great Barrier Reef.” PloS One 9 (2): ¢88720.

Claar, Danielle:€s:Samuel Starko, Kristina L. Tietjen, Hannah E. Epstein, Ross Cunning, Kim M. Cobb,
Andrew CuBaker, Ruth D. Gates, and Julia K. Baum. 2020. “Dynamic Symbioses Reveal
Pathways:to Coral Survival through Prolonged Heatwaves.” Nature Communications 11 (1):
6097.

Cleves, PhillipsAz:Cory J. Krediet, Erik M. Lehnert, Masayuki Onishi, and John R. Pringle. 2020.
“Insights into Coral Bleaching under Heat Stress from Analysis of Gene Expression in a Sea
Anemone'Model System.” Proceedings of the National Academy of Sciences of the United States
of America 117 (46): 28906—17.

Cunning, R., P. Gillette, T. Capo, K. Galvez, and A. C. Baker. 2015. “Growth Tradeoffs Associated with
Thermotolerant Symbionts in the Coral Pocillopora Damicornis Are Lost in Warmer Oceans.”
Coral Reefs 34 (1): 155-60.

Dilworth, Jenna, Carlo Caruso, Valerie A. Kahkejian, Andrew C. Baker, and Crawford Drury. 2021.
“Host Genotype and Stable Differences in Algal Symbiont Communities Explain Patterns of
Thermal Stress Response of Montipora Capitata Following Thermal Pre-Exposure and across
Multiple Bleaching Events.” Coral Reefs 40 (1): 151-63.

Dove, Sophie Gwendoline, Kristen Taylor Brown, Annamieke Van Den Heuvel, Aaron Chai, and Ove

Hoegh-Guldberg. 2020. “Ocean Warming and Acidification Uncouple Calcification from

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/XvYQ
http://paperpile.com/b/DKbPlH/XvYQ
http://paperpile.com/b/DKbPlH/XvYQ
http://paperpile.com/b/DKbPlH/XvYQ
http://paperpile.com/b/DKbPlH/Qf7P
http://paperpile.com/b/DKbPlH/Qf7P
http://paperpile.com/b/DKbPlH/Qf7P
http://paperpile.com/b/DKbPlH/pNcl
http://paperpile.com/b/DKbPlH/pNcl
http://paperpile.com/b/DKbPlH/pNcl
http://paperpile.com/b/DKbPlH/UVmc
http://paperpile.com/b/DKbPlH/UVmc
http://paperpile.com/b/DKbPlH/YiBn
http://paperpile.com/b/DKbPlH/YiBn
http://paperpile.com/b/DKbPlH/YiBn
http://paperpile.com/b/DKbPlH/DgDc
http://paperpile.com/b/DKbPlH/DgDc
http://paperpile.com/b/DKbPlH/mK5X
http://paperpile.com/b/DKbPlH/mK5X
http://paperpile.com/b/DKbPlH/mK5X
http://paperpile.com/b/DKbPlH/mK5X
http://paperpile.com/b/DKbPlH/VVe6
http://paperpile.com/b/DKbPlH/VVe6
http://paperpile.com/b/DKbPlH/VVe6
http://paperpile.com/b/DKbPlH/VVe6
http://paperpile.com/b/DKbPlH/7JlI
http://paperpile.com/b/DKbPlH/7JlI
http://paperpile.com/b/DKbPlH/7JlI
http://paperpile.com/b/DKbPlH/ADR3
http://paperpile.com/b/DKbPlH/ADR3
http://paperpile.com/b/DKbPlH/ADR3
http://paperpile.com/b/DKbPlH/ADR3
http://paperpile.com/b/DKbPlH/fM4i
http://paperpile.com/b/DKbPlH/fM4i

685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717

Calcifier Biomass Which Accelerates Coral Reef Decline.” Communications Earth &
Environment 1 (1): 1-9.

Eakin, C. Mark, Jessica A. Morgan, Scott F. Heron, Tyler B. Smith, Gang Liu, Lorenzo Alvarez-Filip,
Bart Baca, et al. 2010. “Caribbean Corals in Crisis: Record Thermal Stress, Bleaching, and
Mortality in 2005.” PloS One 5 (11): €13969.

Edmunds, Péter J., Vivian Cumbo, and Tung-Yung Fan. 2011. “Effects of Temperature on the
Respiration of Brooded Larvae from Tropical Reef Corals.” The Journal of Experimental Biology
214(16): 2783-90.

Ferrier-Pagés, Christine, Cécile Rottier, Eric Beraud, and Oren Levy. 2010. “Experimental Assessment of
the Feeding Effort of Three Scleractinian Coral Species during a Thermal Stress: Effect on the
Rates’'of Photosynthesis.” Journal of Experimental Marine Biology and Ecology 390 (2): 118-24.

Fisch, Jay, Crawford Drury, Erica K. Towle, Rivah N. Winter, and Margaret W. Miller. 2019.
“Physiological and Reproductive Repercussions of Consecutive Summer Bleaching Events of the
Threatened Caribbean Coral Orbicella Faveolata.” Coral Reefs 38 (4): 863-76.

Fitt, William K., Howard J. Spero, John Halas, Michael W. White, and James W. Porter. 1993. “Recovery
of the Coral Montastrea Annularis in the Florida Keys after the 1987 Caribbean ?bleaching
Event?? Coral Reefs 12 (2): 57-64.

Fordyce, Adlexander J., Tracy D. Ainsworth, Scott F. Heron, and William Leggat. 2019. “Marine
HeatwaveiHotspots in Coral Reef Environments: Physical Drivers, Ecophysiological Outcomes,
and-impact Upon Structural Complexity.” Frontiers in Marine Science.
https://doi.org/10.3389/fmars.2019.00498.

Gibbin, EmmasMs:5zHollie M. Putnam, Simon K. Davy, and Ruth D. Gates. 2014. “Intracellular pH and Its
Response to CO2-Driven Seawater Acidification in Symbiotic versus Non-Symbiotic Coral
Cells?sThe Journal of Experimental Biology, March, jeb.099549.

Gibbin, Emma M., Hollie M. Putnam, Ruth D. Gates, Matthew R. Nitschke, and Simon K. Davy. 2015.
“Species-Specific Differences in Thermal Tolerance May Define Susceptibility to Intracellular
Acidosis 1n Reef Corals.” Marine Biology 162 (3): 717-23.

Grottoli, Andréa G., Lisa J. Rodrigues, and James E. Palardy. 2006. “Heterotrophic Plasticity and
Resiliencedn Bleached Corals.” Nature 440 (7088): 1186-89.

Grottoli, Andréa G., Mark E. Warner, Stephen J. Levas, Matthew D. Aschaffenburg, Verena Schoepf,
Michael McGinley, Justin Baumann, and Yohei Matsui. 2014. “The Cumulative Impact of
Annual Coral Bleaching Can Turn Some Coral Species Winners into Losers.” Global Change

Biology 20 (12): 3823-33.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/fM4i
http://paperpile.com/b/DKbPlH/fM4i
http://paperpile.com/b/DKbPlH/x7UN
http://paperpile.com/b/DKbPlH/x7UN
http://paperpile.com/b/DKbPlH/x7UN
http://paperpile.com/b/DKbPlH/V6lM
http://paperpile.com/b/DKbPlH/V6lM
http://paperpile.com/b/DKbPlH/V6lM
http://paperpile.com/b/DKbPlH/vMHR
http://paperpile.com/b/DKbPlH/vMHR
http://paperpile.com/b/DKbPlH/vMHR
http://paperpile.com/b/DKbPlH/WNpn
http://paperpile.com/b/DKbPlH/WNpn
http://paperpile.com/b/DKbPlH/WNpn
http://paperpile.com/b/DKbPlH/Z7Gy
http://paperpile.com/b/DKbPlH/Z7Gy
http://paperpile.com/b/DKbPlH/Z7Gy
http://paperpile.com/b/DKbPlH/dTuq
http://paperpile.com/b/DKbPlH/dTuq
http://paperpile.com/b/DKbPlH/dTuq
http://paperpile.com/b/DKbPlH/dTuq
http://dx.doi.org/10.3389/fmars.2019.00498
http://paperpile.com/b/DKbPlH/dTuq
http://paperpile.com/b/DKbPlH/E4QC
http://paperpile.com/b/DKbPlH/E4QC
http://paperpile.com/b/DKbPlH/E4QC
http://paperpile.com/b/DKbPlH/0KcG
http://paperpile.com/b/DKbPlH/0KcG
http://paperpile.com/b/DKbPlH/0KcG
http://paperpile.com/b/DKbPlH/SVRF
http://paperpile.com/b/DKbPlH/SVRF
http://paperpile.com/b/DKbPlH/PvV7
http://paperpile.com/b/DKbPlH/PvV7
http://paperpile.com/b/DKbPlH/PvV7
http://paperpile.com/b/DKbPlH/PvV7

718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751

Guillermic, Maxence, Louise P. Cameron, Ilian De Corte, Sambuddha Misra, Jelle Bijma, Dirk de Beer,
Claire E. Reymond, Hildegard Westphal, Justin B. Ries, and Robert A. Eagle. 2021. “Thermal
Stress Reduces Pocilloporid Coral Resilience to Ocean Acidification by Impairing Control over
Calcifying Fluid Chemistry.” Science Advances 7 (2): eaba9958.

Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S. Steneck, P. Greenfield, E. Gomez, C. D. Harvell,
et al. 2007, “Coral Reefs under Rapid Climate Change and Ocean Acidification.” Science 318
(5857): 1737-42.

Howells, Eniily J., Remi N. Ketchum, Andrew G. Bauman, Yasmine Mustafa, Kristina D. Watkins, and
John A. Burt. 2016. “Species-Specific Trends in the Reproductive Output of Corals across
Environmental Gradients and Bleaching Histories.” Marine Pollution Bulletin 105 (2): 532-39.

Hughes, Adam D.;jand Andréa G. Grottoli. 2013. “Heterotrophic Compensation: A Possible Mechanism
for Resilience of Coral Reefs to Global Warming or a Sign of Prolonged Stress?”” PloS One 8
(11): e811%2.

Hughes, T. P., Kristen D. Anderson, Sean R. Connolly, Scott F. Heron, James T. Kerry, Janice M. Lough,
Andrew H. Baird, et al. 2018. “Spatial and Temporal Patterns of Mass Bleaching of Corals in the
Anthropocene.” Science 359 (6371): 80—83.

Hughes, T. P., James T. Kerry, Andrew H. Baird, Sean R. Connolly, Andreas Dietzel, C. Mark Eakin,
Seett:F=Heron, et al. 2018. “Global Warming Transforms Coral Reef Assemblages.” Nature 556
(7702): 492-96.

Hughes, T. Pgdames T. Kerry, Sean R. Connolly, Andrew H. Baird, C. Mark Eakin, Scott F. Heron,
Andrew S. Hoey, et al. 2019. “Ecological Memory Modifies the Cumulative Impact of Recurrent
Climate-Extremes.” Nature Climate Change 9 (1): 40—43.

Jeffrey, S. W:, and\G. F. Humphrey. 1975. “New Spectrophotometric Equations for Determining
Chlorophylls A, B, c1 and c2 in Higher Plants, Algae and Natural Phytoplankton.” Biochemie
Und Physiologie Der Pflanzen: BPP 167 (2): 191-94.

Jury, Christopher P., and Robert J. Toonen. 2019. “Adaptive Responses and Local Stressor Mitigation
Drive Coral Resilience in Warmer, More Acidic Oceans.” Proceedings of the Royal Society B:
BiologicaliSciences 286 (1902): 20190614,

Kenkel, C. D., E.Meyer, and M. V. Matz. 2013. “Gene Expression under Chronic Heat Stress in
Populations of the Mustard Hill Coral (Porites Astreoides) from Different Thermal
Environments.” Molecular Ecology 22 (16): 4322-34.

Krediet, Cory J., Jan C. DeNofrio, Carlo Caruso, Matthew S. Burriesci, Kristen Cella, and John R.
Pringle. 2015. “Rapid, Precise, and Accurate Counts of Symbiodinium Cells Using the Guava
Flow Cytometer, and a Comparison to Other Methods.” PloS One 10 (8): e0135725.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/ieII
http://paperpile.com/b/DKbPlH/ieII
http://paperpile.com/b/DKbPlH/ieII
http://paperpile.com/b/DKbPlH/ieII
http://paperpile.com/b/DKbPlH/FOX4
http://paperpile.com/b/DKbPlH/FOX4
http://paperpile.com/b/DKbPlH/FOX4
http://paperpile.com/b/DKbPlH/x4rI
http://paperpile.com/b/DKbPlH/x4rI
http://paperpile.com/b/DKbPlH/x4rI
http://paperpile.com/b/DKbPlH/lHPn
http://paperpile.com/b/DKbPlH/lHPn
http://paperpile.com/b/DKbPlH/lHPn
http://paperpile.com/b/DKbPlH/sJWF
http://paperpile.com/b/DKbPlH/sJWF
http://paperpile.com/b/DKbPlH/sJWF
http://paperpile.com/b/DKbPlH/9b0o
http://paperpile.com/b/DKbPlH/9b0o
http://paperpile.com/b/DKbPlH/9b0o
http://paperpile.com/b/DKbPlH/Tnfd
http://paperpile.com/b/DKbPlH/Tnfd
http://paperpile.com/b/DKbPlH/Tnfd
http://paperpile.com/b/DKbPlH/pPLb
http://paperpile.com/b/DKbPlH/pPLb
http://paperpile.com/b/DKbPlH/pPLb
http://paperpile.com/b/DKbPlH/eAJw
http://paperpile.com/b/DKbPlH/eAJw
http://paperpile.com/b/DKbPlH/eAJw
http://paperpile.com/b/DKbPlH/5I40
http://paperpile.com/b/DKbPlH/5I40
http://paperpile.com/b/DKbPlH/5I40
http://paperpile.com/b/DKbPlH/kC3c
http://paperpile.com/b/DKbPlH/kC3c
http://paperpile.com/b/DKbPlH/kC3c

752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784

Laurent, Julien, Alexander Venn, Eric Tambutté, Philippe Ganot, Denis Allemand, and Sylvie Tambutté.
2014. “Regulation of Intracellular pH in Cnidarians: Response to Acidosis in Anemonia Viridis.”
The FEBS Journal 281 (3): 683-95.

Leggat, William P., Emma F. Camp, David J. Suggett, Scott F. Heron, Alexander J. Fordyce, Stephanie
Gardner, Lachlan Deakin, et al. 2019. “Rapid Coral Decay Is Associated with Marine Heatwave
Mortality Events on Reefs.” Current Biology. https://doi.org/10.1016/j.cub.2019.06.077.

Lenth, R., H. Singmann, J. Love, P. Buerkner, and M. Herve. 2020. “Emmeans: Estimated Marginal
Means. R Package Version 1.4. 4.” The American Statistician 34 (4): 216-21.

Levitan, D. R, Ws, Boudreau, J. Jara, and N. Knowlton. 2014. “Long-Term Reduced Spawning in
Orbicella.Coral Species due to Temperature Stress.” Marine Ecology Progress Series 515
(Noyember): 1-10.

Lowe, R. J., J'L. Falter, S. G. Monismith, and M. J. Atkinson. 2009. “Wave-Driven Circulation of a
Coastal Reef—lagoon System.” Journal of Physical Oceanography 39 (4): 873-93.

Loya, Y., K. Sakai, K. Yamazato, Y. Nakano, H. Sambali, and R. van Woesik. 2001. “Coral Bleaching:
The'Winners and the Losers.” Ecology Letters 4 (2): 122-31.

Matsuda, Shayle, Ariana Huffmyer, Elizabeth A. Lenz, Jen Davidson, Joshua Hancock, Ariana
Przybylowski, Teegan Innis, Ruth D. Gates, and Katie L. Barott. 2020. “Coral Bleaching
Suseeptibility Is Predictive of Subsequent Mortality within but Not between Coral Species.”
Frontiersiin Ecology and Evolution 8 (178): 1-14.

McClanahanyT=R=2004. “The Relationship between Bleaching and Mortality of Common Corals.”
Marine Biology 144 (6): 1239-45.

McCulloch, Maleolm, Jim Falter, Julie Trotter, and Paolo Montagna. 2012. “Coral Resilience to Ocean
Acidification and Global Warming through pH up-Regulation.” Nature Climate Change 2 (8):
623-27:

Muller, Erinn M., Erich Bartels, and Iliana B. Baums. 2018. “Bleaching Causes Loss of Disease
Resistance within the Threatened Coral Species Acropora Cervicornis.” eLife. September 11,
2018. https://elifesciences.org/articles/35066.

Oakley, C. A., andIS. K. Davy. 2018. “Cell Biology of Coral Bleaching.” In Coral Bleaching: Patterns,
ProcessesgCauses and Consequences, edited by Madeleine J. H. van Oppen and Janice M.
Lough, 189-211. Ecological Studies. Cham: Springer International Publishing.

Page, Heather N., Travis A. Courtney, Eric H. De Carlo, Noah M. Howins, Irina Koester, and Andreas J.
Andersson. 2018. “Spatiotemporal Variability in Seawater Carbon Chemistry for a Coral Reef

1619

Flat in Kane‘ohe Bay, Hawai‘i.” Limnology and Oceanography 9999: 1-22.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/y5Gx
http://paperpile.com/b/DKbPlH/y5Gx
http://paperpile.com/b/DKbPlH/y5Gx
http://paperpile.com/b/DKbPlH/i9XG
http://paperpile.com/b/DKbPlH/i9XG
http://paperpile.com/b/DKbPlH/i9XG
http://dx.doi.org/10.1016/j.cub.2019.06.077
http://paperpile.com/b/DKbPlH/i9XG
http://paperpile.com/b/DKbPlH/Di6k
http://paperpile.com/b/DKbPlH/Di6k
http://paperpile.com/b/DKbPlH/n8WG
http://paperpile.com/b/DKbPlH/n8WG
http://paperpile.com/b/DKbPlH/n8WG
http://paperpile.com/b/DKbPlH/eIaH
http://paperpile.com/b/DKbPlH/eIaH
http://paperpile.com/b/DKbPlH/gcF6
http://paperpile.com/b/DKbPlH/gcF6
http://paperpile.com/b/DKbPlH/eRQP
http://paperpile.com/b/DKbPlH/eRQP
http://paperpile.com/b/DKbPlH/eRQP
http://paperpile.com/b/DKbPlH/eRQP
http://paperpile.com/b/DKbPlH/3Y3v
http://paperpile.com/b/DKbPlH/3Y3v
http://paperpile.com/b/DKbPlH/hTBs
http://paperpile.com/b/DKbPlH/hTBs
http://paperpile.com/b/DKbPlH/hTBs
http://paperpile.com/b/DKbPlH/ZFhQ
http://paperpile.com/b/DKbPlH/ZFhQ
http://paperpile.com/b/DKbPlH/ZFhQ
https://elifesciences.org/articles/35066
http://paperpile.com/b/DKbPlH/ZFhQ
http://paperpile.com/b/DKbPlH/gDnq
http://paperpile.com/b/DKbPlH/gDnq
http://paperpile.com/b/DKbPlH/gDnq
http://paperpile.com/b/DKbPlH/Qocv
http://paperpile.com/b/DKbPlH/Qocv
http://paperpile.com/b/DKbPlH/Qocv

785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818

Platt, T., C. L. Gallegos, and W. G. Harrison. 1980. “Photoinhibition of Photosynthesis in Natural
Assemblages of Marine Phytoplankton.” Journal of Marine Research, 16.

Portner, H. 2008. “Ecosystem Effects of Ocean Acidification in Times of Ocean Warming: A
Physiologist’s View.” Marine Ecology Progress Series 373 (December): 203—17.

Portner, Hans Otto, and Christian Bock. 2000. “A Contribution of Acid-Base Regulation to Metabolic
Deptession in Marine Ectotherms.” In Life in the Cold, 443—-58. Springer Berlin Heidelberg.

Putnam, Hollie M., Katie L. Barott, Tracy D. Ainsworth, and Ruth D. Gates. 2017. “The Vulnerability
and Resilience of Reef-Building Corals.” Current Biology: CB 27 (11): R528-40.

Putnam, Hollie M., Michael Stat, Xavier Pochon, and Ruth D. Gates. 2012. “Endosymbiotic Flexibility
Assogiates with Environmental Sensitivity in Scleractinian Corals.” Proceedings of the Royal
Society of London B: Biological Sciences 279 (1746): 4352-61.

Rédecker, Nils, Claudia Pogoreutz, Hagen M. Gegner, Anny Cardenas, Florian Roth, Jeremy Bougoure,
Paul Guagliardo, et al. 2021. “Heat Stress Destabilizes Symbiotic Nutrient Cycling in Corals.”
Proceedings of the National Academy of Sciences of the United States of America 118 (5).
https://doi.org/10.1073/pnas.2022653118.

R Core Team. 2020. “R: A Language and Environment for Statistical Computing.” R Foundation for
Statistical Computing, Vienna, Austria. https://R-project.org/

Ritson-Williams;:Raphael, and Ruth D. Gates. 2020. “Coral Community Resilience to Successive Years
of Bleaching in Kane ‘ohe Bay, Hawai ‘i.” Coral Reefs 39: 757-69.

Roach, Ty NeFgdenna Dilworth, Christian Martin H, A. Daniel Jones, Robert A. Quinn, and Crawford
Drury. 2021. “Metabolomic Signatures of Coral Bleaching History.” Nature Ecology &
EvolutiongFebruary. https://doi.org/10.1038/s41559-020-01388-7.

Sale, Tayler L., Peter B. Marko, Thomas A. Oliver, and Cynthia L. Hunter. 2019. “Assessment of
Acclimatization and Subsequent Survival of Corals during Repeated Natural Thermal Stress
Events in Hawai‘i.” Marine Ecology Progress Series 624: 65-76.

Schoepf, Verena, Juan Pablo D’Olivo, Cyrielle Rigal, E. Maria U. Jung, and Malcolm T. McCulloch.
2021. “Heat Stress Differentially Impacts Key Calcification Mechanisms in Reef-Building
Corals.” Coral Reefs , January. https://doi.org/10.1007/s00338-020-02038-x.

Schoepf, Verena, Andréa G. Grottoli, Stephen J. Levas, Matthew D. Aschaffenburg, Justin H. Baumann,
Yiohei Matsui, and Mark E. Warner. 2015. “Annual Coral Bleaching and the Long-Term
Recovery Capacity of Coral.” Proceedings. Biological Sciences / The Royal Society 282 (1819).
https://doi.org/10.1098/rspb.2015.1887.

Seneca, Francois O., and Stephen R. Palumbi. 2015. “The Role of Transcriptome Resilience in Resistance

of Corals to Bleaching.” Molecular Ecology 24 (7): 1467—-84.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/vKQv
http://paperpile.com/b/DKbPlH/vKQv
http://paperpile.com/b/DKbPlH/MmGt
http://paperpile.com/b/DKbPlH/MmGt
http://paperpile.com/b/DKbPlH/zdXE
http://paperpile.com/b/DKbPlH/zdXE
http://paperpile.com/b/DKbPlH/oJX8
http://paperpile.com/b/DKbPlH/oJX8
http://paperpile.com/b/DKbPlH/T5j6
http://paperpile.com/b/DKbPlH/T5j6
http://paperpile.com/b/DKbPlH/T5j6
http://paperpile.com/b/DKbPlH/6Hip
http://paperpile.com/b/DKbPlH/6Hip
http://paperpile.com/b/DKbPlH/6Hip
http://paperpile.com/b/DKbPlH/6Hip
http://dx.doi.org/10.1073/pnas.2022653118
http://paperpile.com/b/DKbPlH/6Hip
http://paperpile.com/b/DKbPlH/OQD7
http://paperpile.com/b/DKbPlH/OQD7
http://paperpile.com/b/DKbPlH/xtMv
http://paperpile.com/b/DKbPlH/xtMv
http://paperpile.com/b/DKbPlH/RbSZ
http://paperpile.com/b/DKbPlH/RbSZ
http://paperpile.com/b/DKbPlH/RbSZ
http://dx.doi.org/10.1038/s41559-020-01388-7
http://paperpile.com/b/DKbPlH/RbSZ
http://paperpile.com/b/DKbPlH/dpXt
http://paperpile.com/b/DKbPlH/dpXt
http://paperpile.com/b/DKbPlH/dpXt
http://paperpile.com/b/DKbPlH/4oim
http://paperpile.com/b/DKbPlH/4oim
http://paperpile.com/b/DKbPlH/4oim
http://dx.doi.org/10.1007/s00338-020-02038-x
http://paperpile.com/b/DKbPlH/4oim
http://paperpile.com/b/DKbPlH/4dY3
http://paperpile.com/b/DKbPlH/4dY3
http://paperpile.com/b/DKbPlH/4dY3
http://paperpile.com/b/DKbPlH/4dY3
http://dx.doi.org/10.1098/rspb.2015.1887
http://paperpile.com/b/DKbPlH/4dY3
http://paperpile.com/b/DKbPlH/eE1P
http://paperpile.com/b/DKbPlH/eE1P

819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

Silbiger, Nyssa J., Gretchen Goodbody-Gringley, John F. Bruno, and Hollie M. Putnam. 2019.
“Comparative Thermal Performance of the Reef-Building Coral Orbicella Franksi at Its
Latitudinal Range Limits.” Marine Biology 166 (10): 126.

Sokolova, Inna M., Markus Frederich, Rita Bagwe, Gisela Lannig, and Alexey A. Sukhotin. 2012.
“Energy Homeostasis as an Integrative Tool for Assessing Limits of Environmental Stress
Tolerance in Aquatic Invertebrates.” Marine Environmental Research 79 (August): 1-15.

Stat, Michael, and Ruth D. Gates. 2010. “Clade D Symbiodinium in Scleractinian Corals: A ‘Nugget’ of
Hopg, a Selfish Opportunist, an Ominous Sign, or All of the Above?” Journal of Marine Biology
2011_(October). https://doi.org/10.1155/2011/730715.

Tolosa, 1., C.\Treignier, R. Grover, and C. Ferrier-Pages. 2011. “Impact of Feeding and Short-Term
Temperature Stress on the Content and Isotopic Signature of Fatty Acids, Sterols, and Alcohols in
the Seleractinian Coral Turbinaria Reniformis.” Coral Reefs 30 (3): 763.

Tresguerres, Martin, Katie L. Barott, Megan E. Barron, Dimitri D. Deheyn, David I. Kline, and Lauren B.
Linsmayer. 2017. “Cell Biology of Reef-Building Corals: Ion Transport, Acid/Base Regulation,
and Energy Metabolism.” In Acid-Base Balance and Nitrogen Excretion in Invertebrates, edited
by Dirk Weihrauch and Michael O’Donnell, 193-218. Springer International Publishing.

Tresguerres, Martin, Alexander M. Clifford, Till S. Harter, Jinae N. Roa, Angus B. Thies, Daniel P. Yee,
and:Colind. Brauner. 2020. “Evolutionary Links between Intra- and Extracellular Acid-Base
Regulatiomin Fish and Other Aquatic Animals.” Journal of Experimental Zoology. Part A,
Ecological:and Integrative Physiology 333 (6): 449-65.

Veal, C. J., M. Carmi, M. Fine, and O. Hoegh-Guldberg. 2010. “Increasing the Accuracy of Surface Area
EstimationsUsing Single Wax Dipping of Coral Fragments.” Coral Reefs 29 (4): 893-97.

Venn, Alexander A., Eric Tambutté, Michael Holcomb, Julien Laurent, Denis Allemand, and Sylvie
Tambutté>2012. “Impact of Seawater Acidification on pH at the Tissue—skeleton Interface and
Calgification in Reef Corals.” Proceedings of the National Academy of Sciences of the United
States of America, December. https://doi.org/10.1073/pnas.1216153110.

Venn, Alexander, Eric Tambutté, Michael Holcomb, Denis Allemand, and Sylvie Tambutté. 2011. “Live
Tissue Imaging Shows Reef Corals Elevate pH under Their Calcifying Tissue Relative to
Seawater.’1PloS One 6 (5): €20013.

Venn, A.JE. Tambutté, S. Lotto, D. Zoccola, D. Allemand, and S. Tambutté. 2009. “Imaging Intracellular
pH in a Reef Coral and Symbiotic Anemone.” Proceedings of the National Academy of Sciences

106 (39): 16574-79.

This article is protected by copyright. All rights reserved


http://paperpile.com/b/DKbPlH/lsMC
http://paperpile.com/b/DKbPlH/lsMC
http://paperpile.com/b/DKbPlH/lsMC
http://paperpile.com/b/DKbPlH/F1PW
http://paperpile.com/b/DKbPlH/F1PW
http://paperpile.com/b/DKbPlH/F1PW
http://paperpile.com/b/DKbPlH/a8JV
http://paperpile.com/b/DKbPlH/a8JV
http://paperpile.com/b/DKbPlH/a8JV
http://dx.doi.org/10.1155/2011/730715
http://paperpile.com/b/DKbPlH/a8JV
http://paperpile.com/b/DKbPlH/2bJO
http://paperpile.com/b/DKbPlH/2bJO
http://paperpile.com/b/DKbPlH/2bJO
http://paperpile.com/b/DKbPlH/pWIR
http://paperpile.com/b/DKbPlH/pWIR
http://paperpile.com/b/DKbPlH/pWIR
http://paperpile.com/b/DKbPlH/pWIR
http://paperpile.com/b/DKbPlH/OuI9
http://paperpile.com/b/DKbPlH/OuI9
http://paperpile.com/b/DKbPlH/OuI9
http://paperpile.com/b/DKbPlH/OuI9
http://paperpile.com/b/DKbPlH/JjUN
http://paperpile.com/b/DKbPlH/JjUN
http://paperpile.com/b/DKbPlH/RI6X
http://paperpile.com/b/DKbPlH/RI6X
http://paperpile.com/b/DKbPlH/RI6X
http://paperpile.com/b/DKbPlH/RI6X
http://dx.doi.org/10.1073/pnas.1216153110
http://paperpile.com/b/DKbPlH/RI6X
http://paperpile.com/b/DKbPlH/ilnw
http://paperpile.com/b/DKbPlH/ilnw
http://paperpile.com/b/DKbPlH/ilnw

851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879

Ward, S., P. Harrison, and O. Hoegh-Guldberg. 2000. “Coral Bleaching Reduces Reproduction of
Scleractinian Corals and Increases Susceptibility to Future Stress.” Proceedings of the 9th
International Coral Reef Symposium, 6.

Weis, Virginia M. 2008. “Cellular Mechanisms of Cnidarian Bleaching: Stress Causes the Collapse of
Symbiosis.” The Journal of Experimental Biology 211 (19): 3059-66.

Acknowledgements

We thank Chris Suchocki and Rayna McClintock for help with coral collections, and Crawford

Drury for logistical support. This work was supported by awards NSF-OCE 1923743 to KLB,

Charles E. Kaufman Foundation New Investigator Award to KLB, NIH T32 Predoctoral

Training Grant'in Cell and Molecular Biology GM-07229 to LAW, NSF-OCE 1923877 to CEN,

and NSF-OCE-IQS-EPSCoR 1756623 to HMP. Graphical abstract created with BioRender.com.

Author contributions

Designed the study: KLB, HMP, CEN

Collected and analyzed the data: TI, LAW, WS, KTB, CC, EK, AH, KLB, CEN
Wrote the paper: KLB, TI, LAW, KTB

All authorssedited and approved the final manuscript.

Data accessibility

The datasets analyzed for this study and R scripts can be found in Zenodo:
http://doi.org/10.5281/zenodo.4636819. The raw data supporting the conclusions of this
manuscript will be made available by the authors, without undue reservation, to any qualified
researcher.

Tables

Table 1. Results of statistical analyses of coral bleaching scores from July 2019 - January 2020
using linear mixed effect models. Random intercept= pair. Model class = Imer. df = degrees of
freedom fSignificant effects determined by Chi Squared Type III ANOVA (p<0.05) are indicated
in bold.

Response Variable | Subset Analysis Fixed Effect Chi Squared | df Jo]
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880
881
882
883
884

Bleaching Score

Bleaching 205.444 <0.0001
Montipora capitata | Time 90.222 < 0.0001
Bleaching x Time | 45.889 < 0.0001
Bleaching 5.1636 0.0231
Porites compressa | Time 12.5583 0.0279
Bleaching x Time 2.4862 0.7785

Table 2. Results of statistical analyses of coral performance from September - October 2019

using linearmixed effect models. All data were logl0-transformed. Random intercept = pair.

Model clasg™=/Amer. df = degrees of freedom (Num, Den). Significant effects determined by
Satterthwaite's Type III ANOVA (p<0.05) are indicated in bold.

Response Variable Subset Analysis Fixed Effect SS df F P

Bleaching 0.11329 | 1,63 | 5.6796 | 0.0202
Montipora capitata | Time 1.71062 | 3, 63 | 28.5869 | < 0.0001

Gross Photosynthesis Bleaching x Time | 0.10467 | 3,63 | 1.7491 | 0.1661

-2 1

(Hmol G emr™hr) Bleaching 0.05590 | 1,63 | 2.9911 | 0.0886
Porites compressa | Time 0.78004 | 3,63 | 13.9128 | < 0.0001

Bleaching x Time | 0.05626 | 3,63 | 1.0034 | 0.3973

Bleaching 0.3202 | 1,63 | 7.6755 | 0.0073
Montipora capitata | Time 3.5962 | 3,63 | 28.7356 | < 0.0001

Respirati Bleaching x Time | 0.3001 | 3,63 | 2.3977 | 0.0763

espiration
2 k-t

(Hmol O, em=hr) Bleaching 0.00097 | 1,63 | 0.0294 | 0.8645
Porites compressa | Time 2.34608 | 3,63 | 23.7152 | < 0.0001

Bleaching x Time | 0.13447 | 3,63 | 1.3593 | 0.2634
Bleaching 0.99175 | 1,63 | 18.3635 | < 0.0001
Montipora capitata | Time 1.69871 | 3,63 | 10.4846 | < 0.0001

Bleaching x Time | 0.03932 | 3, 63 | 0.2427 | 0.8662

Alpha

Bleaching 0.15325 | 1,63 | 4.3299 | 0.0415
Porites compressa | Time 2.04907 | 3,63 | 19.2973 | < 0.0001

Bleaching x Time | 0.03029 | 3,63 | 0.2852 | 0.8359
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Bleaching 0.05662 | 1,63 | 3.9361 | 0.0511
Montipora capitata | Time 0.39408 | 3,63 | 9.1315 | <0.0001
Light half-saturation Bleaching x Time | 0.02104 | 3, 63 | 0.4874 | 0.6921
() Bleaching 0.03266 | 1,63 | 25752 |0.1136
Porites compressa | Time 0.53805 | 3,63 | 14.1436 | < 0.0001
Bleaching x Time | 0.01614 | 3,63 | 0.4244 | 0.7362
Bleaching 0.00828 | 1,63 | 8.2413 | 0.0056
Montipora capitata | Time 0.04108 | 3,63 | 13.6201 | < 0.0001
Dark-Adapted Yield Bleaching x Time | 0.00196 | 3, 63 | 0.6511 | 0.5852
(Fu/Fe) Bleaching 0.00633 | 1,63 | 4.2015 | 0.0446
Porites compressa | Time 0.09174 | 3,63 | 20.2987 | < 0.0001
Bleaching x Time | 0.00636 | 3, 63 | 1.4071 0.2490
Bleaching 0.02243 | 1,63 | 0.7988 | 0.3749
Montipora capitata | Time 0.71247 | 3,63 | 8.4591 < 0.0001
Bi Bleaching x Time | 0.03662 | 3,63 | 0.4348 | 0.7288
iomass
2
(mg cm™) Bleaching 0.05549 | 1,63 | 1.8009 | 0.1844
Porites compressa | Time 0.01920 | 3,63 | 0.2077 | 0.8907
Bleaching x Time | 0.00825 | 3,63 | 0.0892 | 0.9657
Bleaching 2.40553 | 1,63 | 20.1717 | <0.0001
Montipora capitata | Time 0.22905 | 3,63 | 0.6402 | 0.5920
Symbiont Density Bleaching x Time | 0.66737 | 3,63 | 1.8654 | 0.1445
-2
(cells cm™) Bleaching 0.08444 | 1,63 | 0.5196 |0.4737
Porites compressa | Time 0.41267 | 3,63 | 0.8465 | 0.4736
Bleaching x Time | 0.07025 | 3,63 | 0.1441 | 0.9331
Bleaching 0.19552 | 1,63 | 9.9098 | <0.0001
Montipora capitata | Time 0.33075 | 3,63 | 5.5878 | <0.0001
Total Proteifi Content Bleaching x Time | 0.05125 | 3,63 | 0.8658 | 0.4636
2
(mg cm™) Bleaching 0.00579 | 1,63 | 0.2456 | 0.6217
Porites compressa | Time 0.00603 | 3,63 | 0.0853 0.9679
Bleaching x Time | 0.04016 | 3,63 | 0.5794 | 0.6304
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885
886
887
888
889

890
891
892

Chlorophyll Content
(ug cm?)

Bleaching 0.91559 | 1,63 | 7.5036 | <0.0001
Montipora capitata | Time 0.71081 | 3,63 | 1.9418 | 0.1319
Bleaching x Time | 0.65168 | 3,63 | 1.7802 | 0.1600
Bleaching 0.00579 | 1,63 | 0.2456 | 0.6217
Porites compressa | Time 0.00603 | 3,63 | 0.0853 | 0.9679
Bleaching x Time | 0.04101 | 3,63 | 0.5794 | 0.6304

Table 3. Results of statistical analyses of Montipora capitata host intracellular pH dynamics in

response to'exposure to seawater pH 7.4 at peak bleaching (Sept 28-Oct 2 2019). Random

intercept = paif. Model class = Imer. df = degrees of freedom (Num, Den). Significant effects

determined by Satterthwaite's IIl ANOVA (p<0.05) are indicated in bold.

Response Variable Fixed Effect SS df F P
Bleaching 1.1218 1, 26.23 25.1185 <0.0001
Intracellular pH
ool Cell type 1.7077 1, 26.23 38.0836 <0.0001
setpoin
P Bleaching x Cell type 0.11391 1, 26.23 2.5507 0.1222
Time 1.1086 1,210.26 | 20.6463 <0.0001
Bleaching 1.6398 1,210.95 | 30.5392 <0.0001
Cell type 1.8066 1,210.85 | 33.6471 <0.0001
Acute pH stress . ]
) i Time x Bleaching 0.0005 1,210.27 | 0.0096 0.9220
time series
Time x Cell type 0.0001 1,210.26 | 0.0023 0.9620
Bleaching x Cell type 0.2699 1,210.85 | 5.0272 0.0260
Time x Bleaching x Cell type | 0.1409 1,210.26 | 2.6242 0.1068
Bleaching 0.0222 1,33 0.2767 0.6024
Acidosis magnitude | Cell type 0.6684 1,33 8.344 0.0068
Bleaching x Cell type 0.0069 1,33 0.0859 0.7713
Bleaching 3.13x 106 | 1, 24.81 0.1671 0.67862
Recovery rate from
— Cell type 3.28x10% | 1,23.96 0.1752 0.6792
acidosis
Bleaching x Cell type 3.36 x 10 | 1, 23.96 0.1792 0.6758
Figure Legends
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Figure 1. Repeat marine heatwaves in 2015 and 2019 led to coral bleaching in Kane‘ohe Bay,
O‘ahu, Hawai‘i. A) Maximum daily temperatures (lines) and accumulated heat stress (DHW;
bars) at the Moku o Lo‘e (Coconut Island) monitoring station. Dashed horizontal line indicates
local maximum monthly mean (MMM). Solid horizontal line indicates local coral bleaching
threshold (MMM+1°C). Bleaching index was calculated from benthic surveys (n=4; mean = SE)
at the B) reef-wide scale and for species of interest, C) Montipora capitata and D) Porites

compressa.

Figure 2. Response of bleaching-resistant and bleaching-susceptible corals to marine heatwaves
in 2015 and2019. Representative images of an Montipora capitata pair during the A) 2015 and
B) 2019 heatwaves. C) Mean bleaching scores of bleaching-susceptible and bleaching-resistant
M. capitata throughout each heatwave (N=10; mean &+ SEM). Representative images of a Porites
compressa pair. during the D) 2015 and E) 2019 heatwaves. F) Mean bleaching scores of
bleaching-susceptible and bleaching-resistant P. compressa throughout each heatwave (N=10;

mean = SEM)rDec 2015 - Feb 2019, N=10 pairs; Sept-Oct 2015, N=3-7 pairs.

Figure 3. Physiological responses of bleaching-susceptible (gray lines) and bleaching-resistant
(black lines)*€olonies of Montipora capitata and Porites compressa during a repeat heat stress
event in 2019. A-B) gross photosynthetic rate (Pmax - LEDR); C-D) alpha (initial slope); E-F) I
(light saturation point); G-H) photosynthetic efficiency (dark adapted yield; Fv/Fm); I-J)
symbiont cell'density; K-L) chlorophyll content; M-N) light-enhanced dark respiration rate
(LEDR); O-P)stissue biomass (AFDW) and Q-R) total protein content. N=10; error bars indicate
SEM. Insets indicate statistical significance of bleaching susceptibility (B*) or time (T*) as
determined from linear mixed effects models (p<0.05). Interactions between fixed effects were

not significant.for any of the metrics.

Figure 4. Effects of heat stress and bleaching on cellular acid-base homeostasis of Montipora
capitata during,the peak of the 2019 bleaching event. A) Fluorescence micrograph of M. capitata
cells containing algal symbionts (symbiocytes) and lacking algal symbionts (non-symbiocytes)
loaded with SNARF1 (orange). Symbiont autofluorescence is shown in red (Alga). B)

Intracellular pH (pH;) of cells from heat-stressed corals following exposure to acidified seawater
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(pH 7.4) for symbiocytes (left) and non-symbiocytes (right). At least 8-10 cells of each cell type
were analyzed per time point from each colony, and used to calculate a mean cellular response
for that colony. The phenotype mean (+ SEM) was calculated from the mean cellular responses
of each colony (N=10 colonies per phenotype). Letters indicate significant factors from a mixed

effects model«(p<0.05; B, bleaching susceptibility; C, cell type; T, time).
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