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Ocean acidification does not prolong
recovery of coral holobionts from natural
thermal stress in two consecutive years

Check for updates

Kerri L. Dobson 1,3 , Christopher P. Jury2, Robert J. Toonen 2, Rowan H. McLachlan1,4,
Jeremy C. Williams1 & Andréa G. Grottoli 1

Under predicted future ocean conditions, corals will experience frequent and intense thermal stress
events while simultaneously being exposed to chronic ocean acidification. Yet, some corals will likely
be more resistant and/or resilient to these predicted conditions than others and may be critical to reef
persistence in the future. Following natural thermal stress in two consecutive years (2014 and 2015),
we evaluated the effects of feeding and simulated ocean acidification on the physiological recovery of
Montipora capitata and Porites compressa sourced from Kāneʻohe Bay and Waimānalo Bay, Hawaiʻi.
Following the 2014 thermal stress event, simulated ocean acidification did not slow recovery of the
holobiont and feeding enhanced recovery. However, feeding did not decrease susceptibility to the
2015 thermal stress event, and simulated ocean acidification did not increase susceptibility. Recovery
strategies employed between species and between sites clearly differed, highlighting that coral reef
restoration and management should consider species-level and site-specific vulnerabilities. Overall,
our findings call attention to the immediate threatwhich oceanwarmingpresents, the lack of additional
stress to the holobiont fromocean acidification, the importance of heterotrophy in coral resilience, and
the potential significance of additional local biotic stressors (i.e., predator outbreaks) for coral
resiliency under annual thermal stress.

Global climate change is leading to increasing sea surface temperatures and
ocean acidification (OA)1, threatening coral reefs worldwide e.g., refs. 2–5.
Mean global ocean temperature is expected to increase by 0.2–3.5 °C by
2100, relative to 1995–2014, depending on the emissions scenario1, but will
most likely reach 1–2 °C above present-day temperatures (or 2–3 °C above
the pre-industrial) given recent global commitments6. As corals already live
close to their upper thermal tolerance limits7, this baseline temperature shift
is increasing the frequency and severity of mass coral bleaching events e.g.,
refs. 4,8,9 resulting in decreased coral health and growth, and increased
mortality e.g., refs. 9–11. Bleaching temperature thresholds vary regionally
e.g., refs. 12–14 while susceptibility, physiological response, and recovery
rate (i.e., resilience) varies among species, within species, and among indi-
viduals e.g., refs. 14–17. With some locations now experiencing thermal
stress events in two or more consecutive years, it is expected that tempera-
tures that result in bleaching among present-day communities will occur
annually in regions like the Caribbean by 2030, and globally by 205018,19.

Concurrently, ocean surface pH is expected to decrease by up to
0.37 pH units by the end of this century, relative to 1995–2014, depending
on the emissions scenario, with the most likely change being a decrease of
0.1–0.2 pH units relative to present-day (or 0.2–0.3 pH units relative to the
pre-industrial) given recent global commitments6. Such changes in the
carbonate chemistry will result in a decrease in aragonite saturation state.
Under OA, coral skeletal growth (i.e., calcification) appears to be energeti-
cally costly20, resulting in decreased calcification rates in many e.g.,
refs. 21–23, but not all corals e.g., refs. 23–26, and slowing reef accretion e.g.,
refs. 27–30. Previous studies on the combined effects of elevated tempera-
ture and OA on coral calcification have produced varying results among
species e.g., refs. 5,14,23,31,32 andmay depend on the experiment duration.
Studies of two-months duration or less suggest that OA can increase
bleaching susceptibility in some corals e.g., refs. 23,33–35 while studies of
longer duration do not e.g., refs. 25,26,31,36,37. However, it is unknown if
OA prolongs coral recovery following bleaching, or if OA increases the
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Fig. 1 | Experimental design. AMap of the two collection sites around the island of
Oʻahu; Moku o Loʻe reef (21°26’06” N, 157°47’12”W) in Kāneʻohe Bay, and Wai-
mānalo Bay (21°19’36”N, 157°40’54”W).BEnvironmental conditions in situ on the
reef and in the experimental tanks. Mean weekly sea surface temperature (SST) for
Moku o Loʻe reef in Kāneʻohe Bay (dark gray line; data sourced from NOAA
National Ocean Service Station MOKH1) andWaimānalo Bay (light gray line; data
sourced from PacIOOS Station 51202), showing seasonal temperature variability
in situ between August 2014 and December 2015. The Coral Reef Watch Bleaching
Watch (yellow shading), BleachingWarning (green shading), and the 2014 and 2015
bleaching events (Alert Levels 1 and 2; red shading) are also shown (https://
coralreefwatch.noaa.gov/product/5km/index_5km_baa-max-7d.php). The bleach-
ing threshold sea surface temperature (SST) for the Hawaiian Archipelago is 28 °C
(horizontal dashed orange line). Average weekly experimental tanks temperature
(black line) and pHT in situ (Control and Fed treatments = solid blue line; OA and
OA+Fed treatments = solid red line) throughout the experiment. All means are
plotted ±1 standard deviation. Tank temperature SDs are smaller than the line and

not visible. pH in the ambient and simulated OA tanks was significantly different
over the course of the experiment (chi-squared = 297.17, df = 1, p < 2.2e−16).
C Experimental design schematic: twelve ramets were collected from each of six
initially non-bleached and six bleached parent colonies of Montipora capitata and
Porites compressa from Kāneʻohe Bay andWaimānalo Bay (HI, USA) in November
2014. These ramets were distributed among all eight experimental tanks (two tanks
per treatment). Treatments included: 1) Control (ambient seawater of pH 7.96 and
unfed), 2) Fed (ambient seawater of pH 7.96 and fed), 3) OA (acidified seawater of
pH 7.73 and unfed), and 4) OA+Fed (acidified seawater pH 7.73 and fed). Tanks are
illustrated in ordered blocks for clarity, but in reality they were randomly positioned.
One ramet from each parent colony of each bleaching status, species, site, and
treatment were randomly removed from the experiment in December 2014, June
2015, and November 2015 for non-destructive and destructive physiological ana-
lysis. In total, 96 ramets (i.e., 1 ramet × 6 parent colonies × 2 health status
states × 2 sites × 4 treatments) were assigned per time-point per species.
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bleaching susceptibility of corals experiencing thermal stress in con-
secutive years.

Heterotrophic feeding can mitigate many of the negative effects of
thermal and/or OA stress on corals, including mitigating declines in the
carbon budget e.g., refs. 33,38–44. Following bleaching, heterotrophically
derived carbon is the primary fixed carbon source for tissue repair and lipid
synthesis45–47. Corals with high feeding rates and/or the capacity to increase
their feeding rate or those with large lipid reserves to catabolize during
thermal stress, bleaching, and recovery, will likely be more resilient e.g.,
refs. 23,42,43,48,49. Therefore, providing corals with zooplankton post-
bleaching could supplement the coral’s nutritional needs, promote the
retention and/or synthesis of new lipid reserves, minimize mortality,
accelerate recovery rates, and may also mitigate any negative effects of OA
on corals.

The aim of this study was to experimentally evaluate the potential
effects of simulated OA and zooplankton availability (termed “feeding”) on
two dominant Hawaiian coral species50 (Montipora capitata and Porites
compressa) sourced from two locations around Oʻahu, Hawaiʻi (Moku o
LoʻewithinKāneʻoheBay, andWaimānaloBay; Fig. 1A) following the 2014
thermal stress event. Coincidentally, our experiment also captured a second,
unexpected thermal stress event in 2015. To the best of our knowledge, this
is the first study to capture the impact of natural thermal stress in two
consecutive years (2014 and 2015) and to evaluate the effects of simulated
OAand feeding on long-term coral recovery following bleaching. Following
the 2014 heat-stress event, we hypothesized that OA prolonged recovery of
corals, but that heterotrophic feeding on zooplanktonmitigated thenegative
effects of OA on recovery from bleaching. Following the unexpected 2015
heat-stress event, a posteriori we hypothesized that OA increased the
bleaching susceptibility of corals, but that feeding mitigated the negative
effect of OA-induced bleaching susceptibility. Following both heat-stress
events, we hypothesized that the coral responses were species- and site-
specific.

Results
Over the duration of the experiment, the mean pH (±SD; reported on the
total hydrogen ion scale) of the Control and Fed treatment tanks was pH
7.96 ± 0.04 and the mean pH of the OA and OA+Fed treatment tanks was
pH 7.73 ± 0.10 (Fig. 1B; Table 1). Average ambient and simulated OA
seawater pH significantly differed over the duration of the study (Fig. 1B,
Table 1, chi-squared = 297.17, df = 1, p < 2.2e−16). This difference in pHwas
maintained when tanks were measured daily during the physiological
measurements (Supplementary Fig. 1; December 2014, chi-squared =
41.393, df = 1, p = 1.245e−10; June 2015, chi-squared = 57.912, df = 1,
p = 2.74e−14; November 2015, chi-squared = 33.802, df = 1, p = 6.103e−09)
and over the course of three 24-h measurement periods (Supplementary
Fig. 2; December 2014, chi-squared = 47.262, df = 1, p = 6.212e−12; March
2015, chi-squared = 47.262, df = 1, p = 6.212e−12; June 2015, chi-squared =

47.263, df = 1, p = 6.208e−12). The average pH difference between the
ambient and simulated OA treatments was 0.2 (Table 1).

Mean tank temperature was 25.9 °C ± 1.8 °C over the course of the
12-month study, ranging from 20–30 °C (Fig. 1B, Table 1), and reflected
both the diurnal and seasonal variability on the reef and the 2015 thermal
stress event (Fig. 1B; Table 1). Weekly mean tank temperature did not
statistically differ from the weekly mean reef temperature in Kāneʻohe Bay
(at 18:00 h; t = 0.19, df = 106, p = 0.85). Salinity averaged 34.4 ± 0.5 ppt
across tanks over the duration of the experiment (Table 1).

Effect of simulated OAand feeding on coral physiology following
the 2014 thermal stress event
Ninety-eight percent of all experimental corals survived to December 2014
(Supplementary Table 1). While 98% of remainingM. capitata survived to
June 2015 (Supplementary Table 1), predation by Phestilla sp. increased
mortality such that only 68% of remaining P. compressa survived to that
point (Supplementary Table 1).

Montipora capitata from Kāneʻohe Bay. In November 2014, one
month after 2014 peak thermal stress, bleached parent colonies on the
reef were visibly pale, had lower endosymbiont cell density, but similar
tissue biomass and lipids compared to non-bleached parent colonies
(Supplementary Fig. 3A–C; Supplementary Table 2). By December 2014,
bleached and non-bleached parent colonies no longer differed from each
other (Supplementary Fig. 3D–F; Supplementary Table 2).

In the experimental tanks, the physiological profiles of bleached and
non-bleached ramets differed from each other in all treatments except the
OA treatment by December 2014 (Table 2). Bleached ramets had lower
endosymbiont cell density and calcification than non-bleached ramets,
irrespective of OA and feeding, but did not differ in tissue biomass, CTAR,
nor the underlying traits of CTAR (Fig. 2A–D and Supplementary
Fig. 4A–E; Supplementary Tables 3 and 4). Total lipids were lower in
bleached corals than in non-bleached corals when fed (Fig. 2E; Supple-
mentary Table 3). By June 2015, after seven months in the experimental
tanks, the physiological profiles of bleached and non-bleached ramets dif-
fered in all treatments except the OA+Fed treatment (Table 2). Bleached
ramets in all treatments still had lower endosymbiont cell density compared
to non-bleached ramets, coupled with higher lipids (Fig. 2F–J; Supple-
mentary Table 3). While feeding capacity and CHAR increased in bleached
ramets compared to non-bleached ramets in the Fed treatment, this was not
the case in the OA+Fed treatment (Supplementary Fig. 4I–J; Supplemen-
tary Table 4). CTAR was, however, higher in the bleached ramets and in
corals under OA, when fed (Fig. 2G; Supplementary Table 3).

Montipora capitata from Waimānalo Bay. In November 2014, one
month after 2014 peak thermal stress, bleached parent colonies on the
reef were visibly pale though their endosymbiont cell density, tissue

Table 1 | Experimental tank parameters

Tank Treatment pH in situ Total alkalinity (mEq L−1) Temperature (°C) Salinity (ppt)

1 Control 7.95 ± 0.04 (54) 2164.94 ± 29.20 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

8 Control 7.96 ± 0.03 (54) 2161.11 ± 29.59 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

2 Fed 7.95 ± 0.03 (54) 2164.94 ± 31.24 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

5 Fed 7.96 ± 0.04 (54) 2161.94 ± 31.93 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

3 OA 7.73 ± 0.11 (54) 2166.36 ± 32.74 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

6 OA 7.73 ± 0.10 (54) 2163.25 ± 28.55 (54) 25.9 ± 1.8 (105) 34.4 ± 0.5

4 OA+Fed 7.73 ± 0.10 (54) 2165.49 ± 28.33 (54) 25.9 ± 1.9 (105) 34.4 ± 0.5

7 OA+Fed 7.74 ± 0.08 (54) 2164.03 ± 28.22 (53) 25.9 ± 1.8 (105) 34.4 ± 0.5

Mean (±1 SD) pH, total alkalinity, and temperature for the eight experimental tanks: Control (ambient seawater of pH7.96 andunfed), Fed (ambient seawater of pH7.96 and fed),OA (acidified seawater of pH
7.73andunfed), andOA+Fed (acidifiedseawaterpH7.73 and fed). For each tank, pH in situ and total alkalinityweremeasuredweekly at 18:00 h,while temperaturewasmeasured twiceweekly at 18:00 h for
the duration of the experiment. N for each mean is in parentheses.
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biomass, and total lipids did not differ from that of non-bleached parent
colonies (Supplementary Fig. 5; Supplementary Table 5).

In the experimental tanks, the physiological profiles of bleached and
non-bleached ramets did not differ from each other within any treatment in
December 2014 and June 2015 (after one and seven months in the experi-
mental tanks, respectively) (Table 2).While there was a trend (p = 0.002) of
lower endosymbiont cell density in bleached compared to non-bleached
ramets in December 2014, irrespective of OA and feeding (i.e., bleaching
effect was significant, but the overall model was not) (Fig. 3A; Supple-
mentary Table 6), there were no other significant differences between
bleached and non-bleached ramet physiological traits (Fig. 3A–E and
Supplementary Fig. 6A–E; SupplementaryTables 6 and 7). By June 2015, no
significant effects were detected in any of the measured physiological traits
(Fig. 3F–J and Supplementary Fig. 6F–J; Supplementary Tables 6 and 7).

Porites compressa from Kāneʻohe Bay. In November 2014, one
month after 2014 peak thermal stress, bleached parent colonies on the
reef were visibly pale, had lower endosymbiont cell density, but similar
tissue biomass and total lipids, compared to non-bleached parent colo-
nies (Supplementary Fig. 7A–C; Supplementary Table 8). By December
2014, all measured physiological traits (endosymbiont cell density, tissue
biomass, and total lipids) were significantly lower in the bleached com-
pared to the non-bleached parent colonies (Supplementary Fig. 7E–H;
Supplementary Table 8), but no longer differed by June 2015 (Supple-
mentary Fig. 7I–L; Supplementary Table 8).

In the experimental tanks, the physiological profiles of the bleached
ramets differed from the non-bleached ramets in the Fed and OA treat-
ments, but not in the Control or OA+Fed treatments in December 2014
(Table 2). Across all treatments, endosymbiont cell densities, calcification,
and total lipids were significantly lower in bleached than in non-bleached
ramets (Fig. 4A–E, Supplementary Table 9). Calcification was also lower in
fed ramets than in non-fed ramets (Fig. 4C; Supplementary Table 9). In the
Fed treatment only, CTAR was higher in bleached compared to non-
bleached ramets (Fig. 4B; Supplementary Table 9), due to higher CZAR

(Supplementary Fig. 8C; Supplementary Table 10). Finally, tissue biomass
was lower in bleached compared to non-bleached ramets in the Fed andOA
treatments (Fig. 4D; Supplementary Table 9). By June 2015, after seven
months in the experimental tanks, the physiological profiles of surviving
experimental ramets no longer differed betweenbleached andnon-bleached
ramets (Table 2), although endosymbiont cell density was still lower in
bleached compared to non-bleached ramets (Fig. 4F; Supplementary
Table 9). No other measured physiological trait differed (Fig. 4G–J and
Supplementary Fig. 8F–J; Supplementary Tables 9 and 10).

Porites compressa from Waimānalo Bay. In November 2014, one
month after 2014 peak thermal stress, bleached parent colonies on the
reef were visibly pale, had lower endosymbiont cell densities and total
lipid concentrations compared to non-bleached parent colonies, while
tissue biomass did not differ (Supplementary Fig. 9; Supplementary
Table 11).

In the experimental tanks, the physiological profiles of the bleached
and non-bleached ramets differed within all treatments in December
2014 (Table 2). Endosymbiont cell density and total lipids were lower in
bleached compared to non-bleached ramets (Fig. 5A, E; Supplementary
Table 12). At the same time, CTAR was higher in bleached compared to
non-bleached ramets (Fig. 5B; Supplementary Table 12) due to higher
CZAR (Supplementary Fig. 10C; Supplementary Table 13). CZAR was
also higher in ramets under OA treatments compared to those in
ambient pH treatments (Supplementary Fig. 10C; Supplementary
Table 13) and CHAR was higher in bleached ramets compared to non-
bleached ramets (Supplementary Fig. 10E; Supplementary Table 13).
Calcification was higher in theOA treatment than in all other treatments
irrespective of bleaching status (Fig. 5C; Supplementary Table 12) and
there was no difference in tissue biomass across treatments (Fig. 5D;
Supplementary Table 12). By June 2015, after seven months in experi-
mental tanks, physiological profiles no longer differed between bleached
and non-bleached ramets in the fed treatments (Table 2), though there
were insufficient survivors to determine if physiological profiles differed

Table 2 | One-wayANOSIMcomparing physiological profiles of non-bleachedandbleached coral rametswithin each treatment
for each species-site combination in December 2014, June 2015, and November 2015

Species, site Date Overall model Control non-bleached
vs. bleached

Fed non-bleached vs.
bleached

OA non-bleached vs.
bleached

OA+Fed non-bleached
vs. bleached

Montipora capitata
Kāneʻohe Bay

Dec 2014 R = 0.094
p = 0.022

R = 0.268
p = 0.040

R = 0.276
p = 0.008

R = 0.020
p = 0.341

R = 0.252
p = 0.040

June
2015

R = 0.307
p = 0.001

R = 0.397
p = 0.009

R = 0.654
p = 0.002

R = 0.368
p = 0.016

R = 0.144
p = 0.145

Nov
2015

R = 0.085
p = 0.158

R = 0.091
p = 0.286

R =−0.026
p = 0.518

R = 0.185
p = 0.143

R =−0.208
p = 0.821

Montipora capitata
Waimānalo Bay

Dec 2014 R =−0.054
p = 0.875

R = 0.152
p = 0.143

R =−0.044
p = 0.627

R = 0.000
p = 0.444

R =−0.169
p = 0.929

June
2015

R = 0.068
p = 0.057

R = 0.183
p = 0.076

R =−0.141
p = 0.922

R = 0.170
p = 0.063

R =−0.099
p = 0.751

Nov 2015 R = 0.283
p = 0.005

R = 0.855
p = 0.048

R =−0.148
p = 0.800

R = 1.000
p = 0.250

R = 0.241
p = 0.200

Porites compressa
Kāneʻohe Bay

Dec 2014 R = 0.237
p = 0.001

R = 0.031
p = 0.365

R = 0.525
p = 0.016

R = 0.519
p = 0.016

R = 0.417
p = 0.057

June
2015

R = 0.072
p = 0.087

* R = 0.139
p = 0.110

R =−0.067
p = 0.589

R = 0.291
p = 0.030

Nov 2015 * * * * *

Porites compressa
Waimānalo Bay

Dec 2014 R = 0.301
p = 0.001

R = 0.481
p = 0.016

R = 0.446
p = 0.018

R = 0.336
p = 0.032

R = 0.513
p = 0.040

June
2015

R = 0.076
p = 0.164

* R =−0.231
p = 0.839

* R = 0.313
p = 0.214

Nov 2015 * * * * *

ANOSIMmodels included total lipids, endosymbiont cell density, Contribution of Total carbon to Animal Respiration (CTAR), calcification, and tissue biomass. R = global R value. * = sample size too small
(due to mortality; see Supplementary Table 4) for ANOSIM. All models were run with 999 permutations.
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between bleached and non-bleached ramets in the unfed treatments. It
was possible to conduct univariate analyses with the small sample sizes
and calcification was higher in bleached ramets compared to non-
bleached counterparts (Fig. 5H; Supplementary Table 12), while there
was no difference in endosymbiont density, CTAR, biomass, or total
lipids (Fig. 5A–B, I-J; Supplementary Table 12).

Effect of simulated OA and feeding onM. capitata physiology
after the 2015 thermal stress event
Parent colonies ofM. capitataon theKāneʻoheBay reef that hadbleached in
2014, bleached again in 2015 and the non-bleached colonies remained non-
bleached in 2015 (Supplementary Fig. 11; Supplementary Table 14).
Bleached colonies had lower endosymbiont cell densities but similar total

Fig. 2 | Physiology of Montipora capitata from
Kāneʻohe Bay in December 2014 and June 2015.
Physiological measurements of Kāneʻohe Bay
Montipora capitata experimental ramets in
December 2014 (A–E) and June 2015 (F–J) for
ramets that were originally non-bleached (solid gray
bars) or bleached (open white bars) at the time of
collection in November 2014. Mean (±1 SE) (A, F)
endosymbiont cell density, (B, G) Contribution of
Total carbon to Animal Respiration, CTAR, (C, H)
calcification, and (D, I) tissue biomass, and (E, J)
total lipids are shown for ramets thatwere kept in the
Control (ambient seawater of pH 7.96 and unfed),
Fed (ambient seawater of pH 7.96 and fed), OA
(acidified seawater of pH 7.73 and unfed), and OA
+Fed (acidified seawater pH 7.73 and fed) treat-
ments. The dotted line in B and G indicates 100%.
Sample sizes for eachmean are indicatedwithin each
bar. Measurements were not made on ramets that
were dead or nearly dead (i.e., <25% live tissue).
Significant ANOVAmain effects are listed in the top
right corner of each panel. Letters indicate sig-
nificant differences within each panel. Full ANOVA
details are in Supplementary Table 3. The under-
lying data used to calculate CTAR (i.e., photo-
synthesis, respiration, feeding capacity, CZAR, and
CHAR) are in Supplementary Fig. 4 and accom-
panying statistics are in Supplementary Table 4.
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lipid concentrations and tissue biomass as the non-bleached parent colonies
(Supplementary Fig. 11A–C; Supplementary Table 14).

In the experimental tanks, 79% and 56% of remaining M. capitata
ramets fromKāneʻohe Bay andWaimānalo Bay survived, respectively, until
November 2015 (SupplementaryTable 1).However, likely in part due to the
Phestilla outbreak, survivorship ofP. compressawas very low,with only 25%

and 21% surviving from Kāneʻohe Bay and Waimānalo Bay, respectively
(Supplementary Table 1), oftenwith very little remaining live tissue, and no
additional physiological analyseswereperformed.Thephysiological profiles
of the surviving bleached and non-bleached ramets ofM. capitata originally
sourced from Kāneʻohe Bay did not differ from each other within any
treatment (Table 2). However, bleached ramets had lower endosymbiont

Fig. 3 | Physiology of Montipora capitata from
Waimānalo Bay inDecember 2014 and June 2015.
Physiological measurements of Waimānalo Bay
Montipora capitata experiment ramets in December
2014 (A–E) and June 2015 (F–J) for ramets that were
originally non-bleached (solid gray bars) or
bleached (solid white bars) at the time of collection
in November 2014. Mean ( ± 1 SE) (A, F) endo-
symbiont cell density, (B, G) Contribution of Total
carbon to Animal Respiration, CTAR, (C, H) calci-
fication, and (D, I) tissue biomass, and (E, J) total
lipids are shown for ramets that were kept in the
Control (ambient seawater of pH 7.96 and unfed),
Fed (ambient seawater of pH 7.96 and fed), OA
(acidified seawater of pH 7.73 and unfed), and OA
+Fed (acidified seawater pH 7.73 and fed) treat-
ments. The dotted line in B and G indicates 100%.
Sample sizes for each mean indicated within each
bar. Full ANOVA details are in Supplementary
Table 6. The underlying data used to calculate CTAR
(i.e., photosynthesis, respiration, and feeding capa-
city, CZAR, and CHAR) are in Supplementary Fig. 6
and accompanying statistics are in Supplementary
Table 7.
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cell densities compared to non-bleached ramets (Fig. 6A; Supplementary
Table 15), but did not differ in CTAR, calcification, tissue biomass, or total
lipids (Fig. 6B–E; Supplementary Table 15). Under ambient pH, CTARwas
lower in Control ramets compared to all other treatments irrespective of
bleaching status, due to lower CZAR levels (Fig. 6B and Supplementary
Fig. 12C; SupplementaryTables 15 and 16). The physiological profiles of the

surviving bleached and non-bleached ramets of M. capitata originally
sourced from Waimānalo Bay only differed within the Control treatment
(Table 2). However, bleached ramets had lower endosymbiont cell density
compared to non-bleached counterparts, irrespective of treatment (Fig. 6F;
Supplementary Table 15) and higher calcification in OA treatments
(Fig. 6H; Supplementary Table 15).

Fig. 4 | Physiology of Porites compressa from
Kāneʻohe Bay in December 2014 and June 2015.
Physiological measurements of Kāneʻohe Bay Por-
ites compressa experimental ramets in December
2014 (A–E) and June 2015 (F–J) for ramets that were
originally non-bleached (solid gray bars) or
bleached (solid white bars) at the time of collection
inNovember 2014.Mean (±1 SE) (A) endosymbiont
cell density, (B) Contribution of Total carbon to
Animal Respiration, CTAR, (C) calcification, and
(D) tissue biomass, and I total lipids are shown for
ramets that were kept in the Control (ambient sea-
water of pH 7.96 and unfed), Fed (ambient seawater
of pH 7.96 and fed), OA (acidified seawater of pH
7.73 and unfed), and OA+Fed (acidified seawater
pH 7.73 and fed) treatments. The dotted line in
B andG indicates 100%. Sample sizes for each mean
indicated within each bar. Significant ANOVAmain
effects are listed in the top right corner of each panel.
Letters indicate significant differences within each
panel. Full ANOVA details are in Supplementary
Table 9. The underlying data used to calculate CTAR
(i.e., photosynthesis, respiration, and feeding capa-
city, CZAR, and CHAR) are in Supplementary Fig. 8
and accompanying statistics are in Supplementary
Table 10.
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Discussion
Effect of simulated OA on bleaching recovery and susceptibility
Simulated OA did not prolong the recovery of overall coral holobiont
physiology of either species from either site following the 2014 bleaching
event (Table 2), as evidenced by the similarity between bleached ramets in

theControl andOA treatments for almost every variable, species, and site in
December 2014 and June 2015 (Figs. 2–5 and Supplementary Figs. 3–10;
Table 2). Furthermore, simulated OA did not increase physiological sus-
ceptibility to annual bleaching in survivingM. capitata experimental ramets
from both sites (Fig. 6). The absence of any systematic negative OA effects

Fig. 5 | Physiology of Porites compressa from
Waimānalo Bay inDecember 2014 and June 2015.
Physiological measurements of Waimānalo Bay
Porites compressa experimental ramets in December
2014 (A–E) and June 2015 (F–J) for ramets that were
originally non-bleached (solid gray bars) or
bleached (solid white bars) at the time of collection
in November 2014. Mean (±1 SE) (A, F) endo-
symbiont cell density, (B, G) Contribution of Total
carbon to Animal Respiration, CTAR, (C, H) calci-
fication, and (D, I) tissue biomass, and (E, J) total
lipids are shown for ramets that were kept in the
Control (ambient seawater of pH 7.96 and unfed),
Fed (ambient seawater of pH 7.96 and fed), OA
(acidified seawater of pH 7.73 and unfed), and OA
+Fed (acidified seawater pH 7.73 and fed) treat-
ments. The dotted line in B and G indicates 100%.
Sample sizes for each mean indicated within each
bar. Significant ANOVA main effects are listed in
the top right corner of each panel. Letters indicate
significant differences within each panel. Full
ANOVA details are in Supplementary Table 12. The
underlying data used to calculate CTAR (i.e., pho-
tosynthesis, respiration, and feeding capacity,
CZAR, and CHAR) are in Supplementary Fig. 10
and accompanying statistics are in Supplementary
Table 13.
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observed here supports a growing body of literature suggesting that tem-
perature is of greater concern thanOAfor thepersistence of coral reefs in the
future e.g., refs. 5,14,23,25,31,36,37,51.

Despite this, some nuanced effects of OA were observed during the
recovery of the bleached ramets forM. capitata fromKāneʻoheBay. By June
2015 simulated OA depressed heterotrophic plasticity in bleached ramets

(Supplementary Fig. 4I, J) and depressed CZAR and CTAR irrespective of
bleaching status unless fed (Supplementary Figs. 4H and 2G respectively;
Supplementary Tables 3 and 4). Elevated temperature52 and pCO2

53 alone
decrease feeding rates in some coral species, though bleached M. capitata
has been shown to increase feeding rate following thermal stress42. Our
results suggest that the combination of elevated temperature and OA

Fig. 6 | Physiology of Montipora capitata from
Kāneʻohe Bay and Waimānalo Bay in Novem-
ber 2015. Physiological measurements ofMon-
tipora capitata experimental ramets from Kāneʻohe
Bay (A–E) and Waimānalo Bay (F–J) in November
2015 following the second heat-stress event in this
study, for ramets that were originally non-bleached
(solid gray bars) or bleached (solid white bars) at the
time of collection in November 2014. Mean (±1 SE)
(A, F) endosymbiont cell density, (B, G) Contribu-
tion of Total carbon to Animal Respiration, CTAR,
(C, H) calcification, and (D, I) tissue biomass, and
(E, J) total lipids are shown for ramets that were kept
in the Control (ambient seawater of pH 7.96 and
unfed), Fed (ambient seawater of pH 7.96 and fed),
OA (acidified seawater of pH 7.73 and unfed), and
OA+Fed (acidified seawater pH 7.73 and fed)
treatments. The dotted line in B and G indicates
100%. Sample sizes for each mean indicated within
each bar. Significant ANOVAmain effects are listed
in the top right corner of each panel. Letters indicate
significant differences within each panel. Full
ANOVA details are in Supplementary Table 15. The
underlying data used to calculate CTAR (i.e., pho-
tosynthesis, respiration, and feeding capacity,
CZAR, and CHAR) are in Supplementary Fig. 12
and accompanying statistics are in Supplementary
Table 16.
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predicted in future oceansmay ultimately affect the resiliency of this species
and that feeding will be important for maintaining carbon budgets even
when heterotrophic plasticity is affected.

It is particularly notable that simulated OA did not prolong recovery of
calcification following temperature stress for either species within this study.
Calcification may be energetically costly54,55 and therefore is often reduced
under physiologically stressful conditions, presumably to conserve energy
e.g., refs. 5,40,56–58. Here, while both species from Kāneʻohe Bay decreased
calcification in response to bleaching, bleached corals fully recovered calci-
fication in parallel with other measured physiological traits (CTAR, tissue
biomass, and total lipids) within 8months of initial bleaching, irrespective of
treatment. This calcification recovery rate is consistentwith previousfindings
for bleachedM. capitata under ambient pH but is faster than that previously
reported for bleached P. compressa57, supporting our finding thatOA did not
prolong recovery frombleaching.Our findings suggest that within this study,
either: 1) corals were able to sustain sufficiently high rates of photosynthesis,
the primary source of fixed carbon for calcification46, and offset any possible
negative OA effects on calcification; 2) corals were able to take up additional
dissolved or particulate organic carbon to sustain metabolic demand49,59 and
support calcificationunder simulatedOAconditions; or that 3) simulatedOA
was not physiologically stressful to these corals. Corals in this study sustained
photosynthesis rates under OA (Supplementary Figs. 4, 6, 8, 10). While
particulate organic carbon can be pivotal for meeting metabolic demand in
bleached corals44, it was not measured here. In a 22-month experiment,
calcification of surviving M. capitata and P. compressa was unaffected by
OA26. Thus, it is likely that modest OA is not physiologically stressful, par-
ticularlywhencoral symbionts arephotosynthesizing efficiently and/or corals
have access to heterotrophic feeding.

Effect of heterotrophic feeding on bleaching recovery and
susceptibility
While no systematic negative effects of simulated OA on coral bleaching
recovery were observed within this study, our results support the growing
body of evidence that heterotrophic feeding is important for coral recovery
frombleaching e.g., refs. 15,42,45,52,60–63. For example,whencompared to
their non-bleached counterparts, surviving bleached P. compressa sourced
from Kāneʻohe Bay in the Fed treatment exhibited enhanced CTAR in
December 2014 (Fig. 4B), bleachedM. capitata sourced fromKāneʻohe Bay
in the Fed treatment had double the feeding rate in June 2015 (Supple-
mentary Fig. 4I), and bleached P. compressa sourced fromWaimānalo Bay
in the OA+Fed treatment had double the calcification in June 2015
(Fig. 5H). BothM. capitata and P. compressa are known to rely heavily on
heterotrophy to meet metabolic demand following bleaching15,43, for
rebuilding tissues and total lipids for at least 11 months post-bleaching45–47,
and to net-translocate heterotrophically fixed carbon from the host to the
endosymbiotic algae when bleached46. Our findings suggest that the
importance of heterotrophy also includes enhancing calcification in some
populations of bleached corals.

In Kāneʻohe Bay, in situ bleached parent colonies recovered all mea-
sured physiological parameters (i.e., endosymbiont cell density, tissue bio-
mass, and total lipids) prior to their experimental counterparts in the Fed
treatments (note, data was not available for the in-situ parent colonies from
Waimānalo Bay). BleachedM. capitata andP. compressa parent colonies on
the reef in Kāneʻohe Bay recovered all measured parameters within
2months and 8months, respectively, while their experimental counterparts
in the Fed treatments recovered their tissue biomass and total lipids but not
their endosymbiont densitywithin 8months. This suggests that the number
of zooplankton provided to the Fed corals in this study may have been
insufficient compared to the zooplankton availability on the reef. Thus, our
estimates of the impact of feeding on coral physiological responses to single
andannualbleaching are likely conservative and it is possible that the impact
of feeding on coral physiology is much greater in situ than what is reported
from this study. We acknowledge that recovery rate of corals in the field
could also be due to parameters not evaluated (i.e., presence of grazers)

or measured (i.e., contribution of particulate organic carbon) within the
experiment.

Feeding, however, did not decrease the susceptibility ofM. capitata to
annual bleaching. Genets that had bleached in 2014 bleached again in 2015,
irrespective of feeding treatment or site of origin (Fig. 6A, F; Supplementary
Table 15). However, feeding stimulated CZAR, which bolstered CTAR in
repeat bleached M. capitata from Kāneʻohe Bay (Fig. 6B, Supplementary
Fig. 12C), andmay optimize recovery from annual bleaching inM. capitata.
Any boost to CZAR was not reflected in CHAR as feeding rates did not
increase in response to repeat bleaching in the Fed treatments (Supple-
mentary Fig. 12D, E, I, J). A loss of heterotrophic plasticity following repeat
bleaching has been previously reported for three species of Caribbean
corals44, making it harder to predict resistance to annual bleaching events15.

Resilience varies by species and location
The physiological profiles of each species-site combination responded dif-
ferently throughout the experiment (Tables 2, 3, and Supplementary
Table 17), with each employing a different recovery strategy (Figs. 2–6).
Following the 2014 heat-stress event, M. capitata appeared more resilient
than P. compressa. By June 2015, M. capitata displayed four distinct
advantages over P. compressa. First, while both species catabolized lipid
reserves when bleached, non-bleached and bleached M. capitata had 76%
and 236%more total lipids than did P. compressa, respectively (Figs. 2J and
3J compared to Figs. 4J and 5J), which is consistent with previous studies on
these species in Hawaiʻi48,64. Higher lipids are known to be associated with
higher resilience in corals48,65,66. Second, bleached M. capitata
from Kāneʻohe Bay increased feeding in response to bleaching at ambient
pH (Supplementary Fig. 4I). Montipora capitata switches between auto-
trophy andheterotrophy and is thusmore heterotrophically plastic42,43. Both
high baseline feeding and heterotrophic plasticity in response to bleaching
are associated with coral resilience e.g., refs. 42,44. Third, endosymbiotic
algae associated withM. capitata include bothCladocopium (C31 and C21)
and the thermally tolerantDurisdinium (D1 andD4), whereas P. compressa
associates almost exclusively with Cladocopium (C15)67–71. Following heat-
stress, the proportionate contribution of Durisdinium (D4 and D1) in M.
capitata from Kāneʻohe Bay increases significantly among colonies that
were less susceptible to bleaching16,71, which may increase the probability of
persistence of this species under climate change conditions. At the same
time, the endosymbiont community in P. compressa remains virtually
unchanged following heat-stress, which may increase the sensitivity of this
species to future climate change conditions71. Finally, M. capitata is not
susceptible to predation by nudibranchs of the genus Phestilla that are
specialists on Porites corals72,73. Phestilla infestation is at least partially
responsible for the disproportionate mortality of P. compressa (Supple-
mentary Table 1).We acknowledge, however, that in the field, P. compressa
would likely have fared better as Phestilla infestations are minimized in the
presence of fish and crustacean predators74.

While the physiological recovery rates of survivors were faster in corals
of both species fromWaimānaloBay compared toKāneʻoheBay (Fig. 2 vs 3,
and 4 vs 5), the benefits of these faster recovery rates are overshadowed by
the higher survivorship among corals from Kāneʻohe Bay, especially fol-
lowing the 2015 heat-stress event (Supplementary Table 1). The cumulative
negative effects of repeated bleaching have also been observed in Caribbean
and Hawaiian corals15,51 and annual bleaching can lead to selection for
thermally tolerant corals75. Indeed, coral resilience can be a function of
acclimation26, or selection for more stress tolerant individuals leading to
thermal adaptation76,77. In Kāneʻohe Bay, summer seawater temperatures
are naturally 1–2 °C higher14,78,79 and pH is 0.1–0.2 units lower14,79,80 than in
Waimānalo Bay. Thus, corals from Kāneʻohe Bay are preconditioned to
withstand higher temperatures and lower pH conditions than conspecifics
fromWaimānalo Bay14,26,51,81, which may in part explain these survivorship
findings.

Previous studies have also found M. capitata to be more resilient
than P. compressa to heat-stress e.g., refs. 42,48,57,82 and future climate
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change scenarios31. However, this contrasts with results of a field survey of
the corals in Kāneʻohe Bay following the 2015 bleaching event showing that
P. compressa recovered more quickly83,84 and a long-term experimental
study showing that M. capitata suffered higher mortality, though these
corals had been deprived of zooplankton26. Therefore, location and coral
species composition will likely affect the outcomes of annual bleaching on
reefs, globally.

Conclusions
Overall, we find that OA does not prolong coral holobiont recovery fol-
lowing thermal stress nor does it increase susceptibility to annual bleaching.
Our results clearly support previous findings that increasing temperatures
are more stressful to coral holobiont physiology than OA and suggest that
while bleaching resistant phenotypes ofM. capitata andP. compressa can be
found inKāneʻohe Bay andWaimānalo Bay16,17,78,M. capitata ismore likely
to persist onHawaiian reefs than P. compressa under predicted future ocean
conditions. We were also able to demonstrate the advantages of hetero-
trophy under OA conditions, even when heterotrophic plasticity is nega-
tively impacted, particularly for enhancing calcification and CTAR in some
cases, further supporting previous findings40. It is clear fromour results, and
those of previous studies e.g., ref. 15, that the conditions resulting in one
species, or population of a species, performing physiologically better than
another following thermal stress depends on very nuanced circumstances
(e.g., local biotic stressor, environmental pre-conditioning), and that this is
even more so the case under annual thermal stress. Therefore, we suggest
that coralmanagers create recovery plans on a species-specific and site basis,
and that land-based nurseries should provide corals with supplemental
zooplankton during bleaching and recovery to promote survival. Finally,
while substantial mortality occurs during such long-term, multiple stressor
experiment, it behooves us to run such experiments evenwith these risks, as
that it what the future holds for coral reefs.With the frequency and intensity
of heat-stress events predicted to increase over the coming decades,
understanding the long-term responses of corals to chronic and punctuated
stressors is critical.

Methods
2014 and 2015 Hawaiian Archipelago thermal stress events
Thermal stress events in two consecutive years, 2014 and 2015, were the
largest ever recorded for the Hawaiian Archipelago and resulted in mass
coral bleaching throughout the region51,85. In 2014, theCoralBleachingAlert
for theHawaiianArchipelago reachedAlert Level 1 between 11–25October,
while in 2015 the Hawaiian Archipelago again reached Alert Level 1 on
4 September 2015, increased to Alert Level 2 on 19 September 2015, and
returned to a Watch on 29 October 2015 (Fig. 1B86). These sustained
increases above mean monthly maximum temperature resulted in 4.5- and
12.5-Degree Heating Weeks in 2014 and 2015, respectively87, with mass
coral bleaching across the entire length of theHawaiianArchipelago in both
years9. At our collection sites, Degree Heating Weeks were 2.6 and 3.7 in
Kāneʻohe Bay, 0.2 and 2.9 in Waimānalo Bay (Fig. 1A) in 2014 and 2015
respectively. Sea surface temperature (SST) atMokuo Loʻe reef inKāneʻohe
Bay was obtained from Station MOKH1, owned and maintained by the
National Oceanographic and Atmospheric Administration’s (NOAA)
National Ocean Service, while SST for Waimānalo Bay was obtained from
Station 51202, owned and maintained by the Pacific Islands Ocean
Observing System (PacIOOS).

Sample collection
Between 10–12November 2014, threeweeks following the peak of the 2014
thermal stress event (Fig. 1B), six visibly non-bleached and six visibly
bleached parent colonies of M. capitata and P. compressa were collected
[SAP 2015-48, SAP 2016-69] from 1–3m depth from the fringing reefs
surrounding Moku o Loʻe in Kāneʻohe Bay (centered at 21°26’6” N,
157°47’12”W) and inWaimānalo Bay (centered at 21°19’36”N, 157°40’54”
W) using a hammer and chisel. In Kāneʻohe Bay, bleached and non-
bleached parent colonies were paired (<2m apart), whereas in Waimānalo

Bay the colonies were more dispersed due to the less-even distribution of
corals at this site. Selected parent colonies were tagged with numbers on
waterproof paper attached with zip-ties to enable repeated sampling peri-
odically throughout the experiment (i.e., in situ reef controls). Unfortu-
nately, the tags in Waimānalo Bay went missing shortly after initial
collection. Thus, we were only able to track Kāneʻohe Bay parent colonies
for both species. One ramet from each colony was immediately placed in a
−20 °C freezer to evaluate the initial physiology of the parent colonies prior
to experimental manipulation. An additional twelve ramets were collected
from each parent colony of each species from each location (totaling 576
fragments) and mounted on pre-labeled plastic tiles for use in the manip-
ulative experiment. The designation of bleached or non-bleached refers to
the visual status of the parent colony, determined qualitatively by expert
opinion at the timeof the rametcollections inNovember2014.Wemaintain
this nomenclature throughout the text, even when the ramets that were
originally bleached regained pigmentation during recovery so that the ori-
ginal status on the reef in November 2014 is preserved.

Experimental design
All experimental ramets were returned to the Hawaiʻi Institute of Marine
Biology (HIMB, Moku o Loʻe in Kāneʻohe Bay; Fig. 1A) and allowed to
recover under ambient seawater conditions in outdoor, unfiltered, flow-
through seawater tanks for three days. Natural light levels were reduced
using 40% neutral density shade cloth such that photosynthetically active
radiation levels mimicked that at collection depth as estimated from pre-
vious work e.g., ref. 88.

On 15 November 2014, ramets were equally divided among eight
outdoor, 38 L experimental tanks supplied with unfiltered, flow-through
seawater. Though the incoming seawater was unfiltered, virtually no zoo-
plankton is delivered to experimental tanks at HIMB due to scouring of the
inflowing seawater by in-line invertebrates26. Two experimental tanks were
randomly assigned to each of the following four treatments: 1) Control
(ambient pH and unfed), 2) Fed (ambient pH and fed), 3) OA (simulated
OA and unfed), and 4) OA+Fed (simulatedOAand fed) (Fig. 1C; Table 1).
Three ramets from three bleached and three non-bleached colonies of each
species (M. capitata and P. compressa) from each site (Kāneʻohe Bay and
Waimānalo Bay) were placed within each tank (72 ramets per tank).

Target pH range for simulated OA was 0.2 pH units lower than
ambient pH as this represents the most likely change in pH, relative to
present day, given recent global commitments6. The seawater pH was
reduced in the simulatedOA treatments by bubblingCO2 gas into the tanks.
To ensure tanks remained within target pH range, all tanks were spot-
checked with a calibrated pH probe every 1–2 days throughout the
experiment. This data was recorded during periods when physiological
measurements were beingmade (Supplementary Fig. 1). Small adjustments
to the CO2 bubbling rate were made as needed to maintain the desired
0.2 pH offset between ambient and simulated OA treatments. Weekly, pH
and total alkalinitymeasurements weremade on seawater samples collected
from each tank at 18:00 h. Total alkalinity was measured using a modified
Gran titration and checked for accuracy and precision (~5 µmol kg−1) using
certified reference materials obtained from A. Dickson (Scripps Institution
ofOceanography)89. pHwasmeasured spectrophotometrically at 25 °Cwith
m-cresol purple (precision ~0.002 pH units)89. These parameters were then
entered into CO2Sys90 to calculate pH in situ (Fig. 1b). The CO2 bubbling
rate was then adjusted as necessary, pH was measured again using a cali-
brated pH probe, and any further adjustments were made until the desired
pH was consistently read. In December 2014, March 2015, and June 2015,
diel cycle chemistry was measured over a 24-hour period across all tanks
using the same method (Supplementary Fig. 2).

In addition, air was bubbled into all experimental tanks to provide
intra-tank water flow speeds of ~5 cm s−1, to assist with oxygenation, and
generate water motion within the tanks. Tank in-flow rate was adjusted to
1.5 ± 0.5 Lminute−1 twice per week, and 100% tank turnover occurred
approximately every 25min. Temperature was not manipulated, and tanks
temperatures reflected reef seawater temperatures throughout the
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experiment, including natural diurnal and seasonal temperature and the
thermal stress event of 2015 (Fig. 1B). As the experimental tanks were
outdoors, light levels also varied diurnally and seasonally. Tank temperature
and salinity were measured twice per week with a YSI multi-meter at
18:00 h. Nutrient concentrations were not measured. However, the flow-
through seawater source was the same for all tanks providing confidence
that nutrient concentrations of the inflowing seawater was the same in
all tanks.

Corals in the Fed andOA+Fed treatments were provided fresh-caught
zooplankton for one hour twice a week. Zooplankton were caught by sus-
pending a 50 µm mesh plankton net, fitted with a dive torch to attract
zooplankton, at 1.5 m depth near the adjacent reef for 15minutes, one hour
after local sunset. After capture, zooplankton were re-suspended in 1 L
seawater, a 40ml subsample was collected and preserved in Formalin for
plankton concentration determination, and the remainder was evenly
divided among fed treatment tanks. This resulted in zooplankton densities
of 0.47 ± 0.38 zooplankton ml−1 in the tanks (Supplementary Table 18).
While this is much higher than natural zooplankton densities on the reef
e.g., refs. 43,91, corals on the reef can feed for several hours per night every
night whereas corals within the experiment could only feed for the single
hour twice per week. Experimental tank seawater in-flow and CO2-dosing
was suspended during the one hour of feeding to maximize zooplankton
retention in the tanks, whereas air bubbling was continued to maintain
water circulation.

Tanks and ramet tiles were cleaned twice weekly at which time ramet
positions within each tank were adjusted randomly to minimize positional
effects within the tanks. Ramets which were 100% dead were removed and
discarded throughout the experiment (Supplementary Table 4). Prior to
measurements conducted in June 2015, a parasitic nudibranch (Phestilla
sp.) outbreak in the experimental tanks inMarch 2015 ultimately resulted in
the mortality of 10% (28) non-bleached and 7% (19) bleached P. compressa
ramets over the course of the experiment.

Coral physiology
Coral holobiont physiologywas assessed for parent colonies (i.e., in situ reef
controls) and a subset of experimental corals in December 2014 (2 months
after 2014 peak thermal stress; 1 month in experimental tanks), June 2015
(8 months after 2014 peak thermal stress; 7 months in experimental tanks),
and November 2015 (onemonth after 2015 peak thermal stress; 13months
in experimental tanks), according to methods described below. Each
species-site combination initially had 36 ramets within each treatment
(three from each of 12 parent colonies per site), with the plan to remove,
measure, and sacrifice 192 ramets at each of the three time-points. Twelve
ramets (each from a different parent colony) were removed from the
experiment at each time-point for physiological trait measurements (n = 6
that were initially bleached and n = 6 that were non-bleached in November
2014). However, if the selected ramet had <50% live tissue, it was not
possible to make accurate photosynthesis, respiration, and zooplankton
feeding capacitymeasurements due to the interference of filamentous algae.
At the first time point (December 2014), physiological trait measurements
in thefieldwere only conductedonfiveof the six sampled ramets (n = 5) due
to time constraints. Additionally, due to the nature of the experiment, severe
tissue loss and/or mortality occurred over time resulting in smaller sample
sizes at the later time points.

Assessments of the parent colonies served to document coral in situ
responses to both thermal stress events. Ramets were collected from the
parent colonies of both species on the reef fromWaimānalo Bay at the time
of collection, and fromKāneʻoheBay at all timepoints, and frozen at−20 °C
prior to shipment on dry ice to The Ohio State University. On arrival, they
were stored at −80 °C for endosymbiont cell density, tissue biomass, and
total lipids analysis as described below.

Live physiological trait measurements (calcification, photosynthesis,
respiration, zooplankton feeding rate capacity) were conducted on a subset
of the experimental ramets over a 10-day period at each time point. In brief,
calcification was measured using the buoyant weight technique92,

photosynthesis and respiration rate were measured according to methods
modified from Rodrigues and Grottoli48, and zooplankton feeding rate
capacity was measured according to methods modified from Ferrier-Pages
et al.93 and Dobson et al.41. Photosynthesis, day respiration, and night
respiration rates were used to calculate the Contribution of Zooxanthellae
(Symbiodiniaceae) to Animal Respiration (CZAR)94. Zooplankton feeding
capacity was used to calculate Contribution of Heterotrophy to Animal
Respiration (CHAR) fromfeedingonArtemianauplii according tomethods
modified from Grottoli et al.15. To characterize the total carbon budget,
CZARandCHARwere summed to yieldContributionofTotalfixed carbon
to Animal Respiration (CTAR)15. To minimize the risk of overestimating
CTAR, the calculated CTAR values for corals in Fed treatments are only
representative of days on which they were fed. Additional details of the live
measurements and subsequent calculations can be found in the Supple-
mentary Methods.

Upon completion of the live physiological measurements, the same
experimental ramets were frozen at −20 °C, transported on dry ice to The
Ohio State University, and stored at −80 °C awaiting further analyses
(endosymbiont cell density, tissue biomass, and total lipids). Live mea-
surements were not conducted on any ramets in the subset which were
partially dead (>50%), but these ramets were still frozen and transported for
further analyses and the dead portions cut off with a wet-cutting circular
saw. In some cases, there was not enough sample to complete all analyses
(resulting in smaller samples size in some of the Figures). Surface area of
each frozen coral ramet was measured using the aluminum foil method95.
Each ramet was then individually homogenized using a mortar and pestle,
and sub-sampled for endosymbiont cell density, tissue biomass, and total
lipids. Endosymbiont cell density was measured according to methods
modified from Rodrigues and Grottoli48 and standardized to surface area
(cells cm−2). Tissue biomass was quantified according to methods in
McLachlan et al.96. Total lipids were extracted according to methods in
McLachlan et al.97, converted to Joules98, and normalized to tissue biomass
(g g−1 ash free dry weight).

Statistical analyses
Kruskal–Wallice chi-squared tests were run to determine if pH values sig-
nificantly differed between ambient and simulatedOA tanks over the course
of the experiment.

Differences in the physiological profiles (including endosymbiont cell
density, CTAR, calcification, tissue biomass, and total lipids) between spe-
cies, sites, and siteswithin specieswas assessedwith amultivariate analysis of
similarity (ANOSIM). Since all multivariate comparisons resulted in sig-
nificant differences (Supplementary Table 3), downstream analyses were
conducted separately on each species-site combination (see details below).
To evaluate the effect of bleaching status on in situ parent colonies of both
species from both sites in November 2014, univariate analyses of variance
(ANOVA) were performed for each physiological trait. The same was done
for Kāneʻohe Bay parent colonies of both species in December 2014 and
June 2015, and justM. capitata in November 2015.

To test the first hypothesis, the physiological profiles of the experi-
mental ramets in December 2014 and June 2015 were evaluated using both
multivariate and univariate analyses. The responses of the bleached and
non-bleached holobionts to OA and feeding was assessed on the physio-
logical profile for each species-site combination at these time-points using
ANOSIM. Next, three-way Type III univariate ANOVA were run
(bleaching status, OA, feeding) and used in interpretation of the data.

Due to almost complete loss of all P. compressa ramets following the
2015 thermal stress event, the second hypothesis could only be evaluated for
M. capitata in December 2015. Again, the responses of the bleached and
non-bleached holobionts to OA and feeding was assessed on the physio-
logical profile for each species-site combination using ANOSIM, and
ANOVA were used to evaluate the effect of bleaching status, OA, and
feeding on each physiological trait of each species-site combination.

All multivariate analyses were conducted using the software package
Primer v699. All univariate parametric statistics were generated using SAS
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software, Version 9.3 of the SAS System forWindows. Additional details for
all statistics performed are described in the Supplementary Methods.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All metadata and data that support the results of this study are available at
BCO-DMO under accession number https://doi.org/10.26008/1912/bco-
dmo.914498.1.
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