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Abstract
The future of coral reefs in a warming world depends on corals’ ability to recover from bleaching, the loss of their symbiotic 
dinoflagellate algae (Symbiodiniaceae) during marine heatwaves. Heat-tolerant symbiont species can remain in symbiosis 
during heat stress, but often provide less photosynthate to the host than heat-sensitive species under ambient conditions. 
Understanding how heat stress changes the dynamics of this tradeoff between stress tolerance and mutualism contribution 
is crucial for predicting coral success under climate change. To test how symbiont resource allocation affects coral recovery 
from heat stress, we exposed the coral Montipora capitata hosting either heat-sensitive Cladocopium C31 (C) or heat-tolerant 
Durusdinium glynnii (D) to heat stress. D regained symbiont density and photochemical efficiency faster after heat treat-
ment than C, but symbiont recovery did not restore coral biomass or calcification rates to pre-bleaching levels in the initial 
recovery period. D populations also contributed less photosynthate to the host relative to C, even during heat stress. Further, 
higher-density symbiont populations of both species retained more photosynthate than lower-density populations, and corals 
receiving less photosynthate exhibited reduced calcification rates and lower intracellular pH. This is the first evidence that 
symbiont density and carbon translocation are negatively related, and the first to establish a link between Symbiodiniaceae 
carbon translocation and coral cellular homeostasis. Together, these results suggest the energy demand of symbiont regrowth 
after bleaching reduces their mutualism contribution and can thus delay host recovery. Reestablishing a beneficial endos-
ymbiosis imposes additional costs as holobionts overcome stress, and may explain latent mortality among coral populations 
after alleviation of heat stress in the field.
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1 Introduction

Microbial endosymbiosis is a ubiquitous way of life that 
supports many key ecosystems (Gilbert et al. 2012; McFall-
Ngai et al. 2013). However, the benefits of many symbioses 
are context-dependent, with both environmental conditions 
and partner identity determining whether a particular asso-
ciation improves or impairs host fitness (Bronstein 1994; 
Chamberlain et al. 2014; Hoeksema and Bruna 2015). For 
example, while some endosymbionts have a neutral or nega-
tive effect on host fitness during stress, other symbiont spe-
cies can confer stress tolerance on their hosts (e.g. (Russell 
and Moran 2006; Rodriguez et al. 2008; Bénard et al. 2020)). 

Yet these hardy symbionts can also cost host fitness in the 
absence of that specific stress, such as bacteria that improve 
aphid heat tolerance but also reduce host fecundity relative 
to other bacterial strains (Dunbar et al. 2007), or fungal 
endophytes that enhance drought tolerance at the expense 
of host growth (Cheplick 2007). These patterns suggest that 
stress tolerance (defined here as symbiont and host survival) 
may come at the expense of mutualistic function. This can 
produce a “hardiness-benefit” tradeoff, where symbionts that 
improve host fitness during stress provide less fitness benefit 
than other stress-intolerant symbionts in the absence of that 
particular stressor. As global climate change outpaces evolu-
tionary adaptation for many species (e.g. (Kelly et al. 2012; 
Diniz-Filho and Bini 2019)), it is crucial to better understand 
how environmental disturbances impact the persistence and 
function of mutualisms.

Reef-building corals rely on endosymbiotic dinoflagel-
late algae (Symbiodiniaceae) to survive, and variation in the 
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environmental sensitivity of this association may produce 
such a hardiness-benefit tradeoff. Under normal conditions, 
coral animals use energy gained from photosynthate released 
by their dinoflagellate symbionts (Muscatine and Porter 
1977) to secrete the massive calcium carbonate skeletons 
that sustain reefs’ iconic biodiversity, including a staggering 
25% of all marine species (Fisher et al. 2015). However, at 
just 1-2ºC above mean summer temperatures, the coral-dino-
flagellate mutualism can break down in a process known as 
coral bleaching (Glynn 1996; Hoegh-Guldberg et al. 2007; 
Hughes et al. 2017). Some corals host Symbiodiniaceae 
species that remain in hospite despite high temperatures, 
possibly because these algae can maintain higher photo-
chemical efficiency under heat stress than more thermosen-
sitive symbionts ((Rowan 2004; Berkelmans and van Oppen 
2006; Cunning et al. 2018; Carballo-Bolaños et al. 2019); 
but see (Silverstein et al. 2017)). Corals with these thermo-
tolerant algae are more likely to survive heat stress events 
(e.g. (Matsuda et al. 2020; Claar et al. 2020; Palacio-Castro 
et al. 2021)), likely as a result of receiving similar (Mat-
thews et al. 2020) or more photosynthate-derived metabo-
lites (Hoadley et al. 2021) than corals with heat-sensitive 
algae during stress. However, these thermotolerant algae 
often provide less photosynthate to their hosts under ambi-
ent conditions, limiting host growth (e.g. (Little et al. 2004; 
Stat et al. 2008; Jones and Berkelmans 2010; Lesser et al. 
2013; Cunning et al. 2015a; Pettay et al. 2015; Wall et al. 
2020)). Coral symbionts may therefore exhibit a functional 
tradeoff between thermotolerance and nutritional benefit. It 
is critical to understand the consequences of this tradeoff 
for coral persistence as severe marine heatwaves increase in 
frequency and severity (Frölicher et al. 2018).

The energetic costs of recurrent bleaching may shift 
both the costs and benefits of symbiosis, potentially grant-
ing a crucial survival advantage to corals hosting thermo-
tolerant symbionts despite their tendency to provide less 
fixed carbon to the host (Cunning et al. 2015a, 2018). Reef 
futures depend on corals’ ability to withstand increasingly 
frequent bleaching events (Hughes et al. 2017; Matsuda 
et al. 2020)), as bleached corals can starve within weeks 
if they do not regain their symbionts (e.g. (Thornhill et al. 
2011; Hughes et al. 2017; Matsuda et al. 2020)), leaving 
reefs vulnerable to erosion (Perry and Morgan 2017; Leg-
gat et al. 2019) and consequent biodiversity loss (Pratchett 
et al. 2011). But while bleaching recovery requires the 
symbiont population to regrow (Jones and Yellowlees 
1997; Putnam et al. 2017), host costs of symbiosis main-
tenance increase with both temperature and symbiont 
density (Hoogenboom et al. 2010; Cunning et al. 2015b) 
thus destabilizing symbiont cooperation (Tremblay et al. 
2016; Baker et al. 2018; Rädecker et al. 2021). Moreover, 
though colonization studies in coral juveniles suggest that 

thermotolerant symbionts grow faster than thermosensitive 
symbionts in hospite (Yuyama and Higuchi 2014), we do 
not know whether this rapid growth supports symbionts’ 
ability to sustain host nutrition (Wooldridge 2013) or how 
these dynamics play out in adult colonies recovering from 
bleaching. Therefore, there is an urgent need to better 
understand Symbiodiniaceae photosynthate provisioning 
and use during bleaching recovery in adult corals.

In order to examine how population recovery of differ-
ent Symbiodiniaceae species affects host physiology after 
bleaching, we used a ‘living library’ of bleaching-suscep-
tible and bleaching-resistant colonies of the reef-building 
coral Montipora capitata in Kāne’ohe Bay, Hawai’i (Mat-
suda et al. 2020). These colonies have exhibited consistent 
bleaching phenotypes across multiple heatwaves (Matsuda 
et al. 2020; Innis et al. 2021), and bleaching resistance 
has been attributed to the proportion of the thermotolerant 
symbiont Durusdinium glynnii (LaJeunesse et al. 2004; 
LaJeunesse and Thornhill 2011; Wham et al. 2017) pre-
sent: bleaching-resistant M. capitata tend to host primar-
ily D. glynnii (D-colonies), while bleaching-susceptible 
individuals host primarily Cladocopium C31 (C-colonies) 
(Cunning et al. 2016; Dilworth et al. 2021). Isotopic sig-
natures indicate that C-colonies assimilate more auto-
trophic carbon than D-colonies at ambient temperatures 
(Wall et al. 2020), suggesting that Cladocopium C31 are 
more generous symbionts than D. glynnii, which matches 
trends observed for these two genera in other host spe-
cies (e.g. (Little et al. 2004; Cunning et al. 2015a; Pettay 
et al. 2015)). In addition, a recent heatwave (2019) led to 
acidification of the intracellular pH  (pHi) of C-colonies 
but not D-colonies, suggesting greater physiological stress 
in C-colonies during heat stress (Innis et al. 2021). We 
hypothesize that these changes in cellular homeostasis may 
be due to reductions in coral carbon assimilation in C-col-
onies during heat stress, which could be driven by disrup-
tions in carbon translocation from the symbiont (Tremblay 
et al. 2016; Baker et al. 2018; Rädecker et al. 2021), and/
or the loss of symbionts from the colony (Dilworth et al. 
2021; Innis et al. 2021). However, what benefits corals 
hosting different symbiont species receive during and 
after heat stress remains unknown. Here we investigated 
how heat stress and recovery influence the energetic con-
tribution of Cladocopium C31 vs. D. glynnii-dominated 
symbiont communities to the coral host (M. capitata), 
and whether variability in this contribution due to spe-
cies-specific symbiont heat stress responses affects coral 
cellular homeostasis. This study is a novel and important 
step in understanding energy dynamics of different coral 
holobionts during bleaching recovery, and advances our 
understanding of how symbiotic partners allocate benefits 
in nutritional symbioses under stress.
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2  Materials and methods

2.1  Field collections

Between June 7–10, 2019, six fragments per genet (N = 60 
fragments total) were sampled from previously identified 
bleaching-susceptible and bleaching-resistant depth-
matched neighboring pairs of M. capitata colonies on 
Patch Reef 13, Kāne'ohe Bay, HI (Matsuda et al. 2020), 
confirmed July 9, 2019 to host either predominantly Cla-
docopium C31 (mean = 100% ± 0 SE) or Durusdinium 
glynnii (mean = 91.8% ± 3.33 SE) (Table S1; (Dilworth 
et al. 2021)). Corals were then transported to the Hawai'i 
Institute of Marine Biology (HIMB) in coolers containing 
ambient seawater. Immediately on arrival at HIMB, cor-
als were placed in outdoor flow-through seawater tables. 
Water tables were semi-shaded to allow light levels similar 
to those on the reef (diel maximum of ~ 450 µmol  m−2  s−1 
at 12:00). Each coral fragment was glued to a plastic plug 
using non-toxic ethyl cyanoacrylate (CorAffix, Two Little 
Fishies Inc., Miami Gardens FL, USA). After two days 
of acclimation, corals were distributed among 6 indoor 
flow-through seawater tanks (25 gal) (Table S2). Specifi-
cally, fragments from each genet were randomly allocated 
to either the ambient or high-temperature treatment, then 
randomly assigned to 1 of 3 tanks within the 2 temperature 
treatments and rotated weekly within treatments to mini-
mize tank effects. All fragments were illuminated to levels 

of photosynthetically active radiation similar to those 
on the reef (~ 400 µmol/m2/s) (EcoTech Radion XR30w 
Pro, EcoTech Marine, Bethlehem PA, USA). Tanks were 
cleaned every two days to prevent algal overgrowth.

2.2  Incubation

All tank temperatures were monitored and adjusted automat-
ically at 15 min intervals for the duration of the experiment 
(APEX Controllers, Neptune Systems, Morgan Hill CA, 
USA) (Fig. 1A). All tanks were programmed to include a 
diel fluctuation of 1ºC to mimic in situ conditions (Table S2). 
Ambient tanks ranged from 27º at night to 28º at midday so 
that daily averages remained well below the region’s coral 
bleaching threshold (28 + 1ºC) throughout the experiment, 
incurring no experimental degree heating weeks (eDHW; 
sensu (Leggat et al. 2022)); this temperature range was also 
similar to the diel range in Kāne’ohe Bay from the preceding 
month (Innis et al. 2021). For the heat stress treatment, the 
maximum daily tank temperature was increased by 1ºC per 
day to a maximum of 31ºC. After one week at a daily maxi-
mum of 31ºC, an additional degree was added to the heat 
stress treatment so that the daily maximum was 32ºC for one 
more week, for a total of 5.45 eDHW. After this two-week 
acute heat stress period, half the corals in each treatment 
were sampled and the heat treatment tanks were returned to 
ambient temperatures (Fig. 1A). The experiment continued 
for an additional 4.5 weeks, during which all remaining cor-
als were kept at ambient temperatures (~ 28ºC). Corals were 

Fig. 1  Experimental heating induced early bleaching signs in Monti-
pora capitata. (A) Water temperatures in heated (N = 3 tanks, dotted 
lines) and ambient (N = 3 tanks, dashed lines) mesocosms, recorded 
in each tank every 15  min. Pink shading, acute stress period; gray 
shading, initial recovery period. Gray filled triangles (Jun 27, Jun 
28, Jul 30, and Jul 31) indicate timepoints when fragments were 
weighed and samples were frozen for physiology, while open trian-
gles (Jun 27, Jul 8, and Jul 21) indicate timepoints when fragments 
were photographed. (B) Images of representative ambient (top) and 
heat-treated (bottom) coral fragments after the acute stress (left) and 
initial recovery (right) periods. Fragments both hosted D. glynni and 

had representative red intensity values relative to the dark red stand-
ard (lower left square of the standard in each image) (ambient Frag-
ment 127: 1.05 on Jun 27 and 1.01 on Jul 21; heat-treated Fragment 
55: 1.01 on Jun 27 and 0.85 on Jul 21). (C) Color scores calculated 
from red channel intensity relative to dark red standard (B) for heat-
treated (dashed line) and ambient-temperature (solid line) corals. 
Insets show results of linear model with time point (Time) and tem-
perature (Temp) (** = p < 0.01, *** = p < 0.001); a separate model 
including symbiont species as a factor did not find it to be significant 
(p = 0.848) and was outperformed by this model
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sampled at the end of this time period, the recovery time 
point (Fig. 1A).

2.3  In vivo coral performance

Dark-adapted photochemical yield  (Fv/Fm) was measured 
for each coral daily throughout the heat treatment period, 
and weekly throughout the initial recovery period.  Fv/
Fm measurements were taken ~ 1 h after sunset using a 
Diving-PAM (Walz GmbH, Effeltrich, Germany) 5-mm-
diameter fiber-optic probe as described (Innis et al. 2021). 
Corals were photographed after the heat treatment period, 
10 days into initial recovery, and at the end of the initial 
recovery period (Olympus Tough TG-4, Tokyo, Japan), 
and coral color was quantified as the measured red chan-
nel intensity relative to a color standard (DKC-Pro White 
Balance & Color Calibration Chart, DGK Color Tools, 
Boston MA, USA; Genuine WhiBal, Michael Tapes 
Design, USA). At each sampling point (acute stress 
and initial recovery), oxygen evolution of 20 fragments 
(N = 10 from each temperature history) was measured to 
calculate photosynthetic rate and light-enhanced dark res-
piration rate (LEDR) as previously described (Innis et al. 
2021) (Fig. S2). Fragments were chosen haphazardly so 
that each coral genet under both temperature regimes was 
represented.

2.4  Stable isotope tracer experiment

After each respirometry experiment, those 10 frag-
ments per temperature per time point (N = 40 fragments 
total) were placed upright on a rack in clear 10-gallon 
tubs of filtered seawater with pumps for circulation. 
99%  NaH13CO3 (Cambridge Isotope Labs, Tewksbury 
MA, USA) was added to non-limiting concentrations 
(31.2  µM; atom % enrichment  NaH13CO3 = 2.678%). 
During this pulse, tubs were covered with plastic wrap 
to minimize 13CO2 offgassing and maintained at their 
experimental temperatures using an external water bath. 
After 7 h in the light to incorporate the tracer, fragments 
were rinsed in a bucket of clean seawater and transferred 
to a darkened flow-through tank for a 12-h chase period. 
Corals were then snap-frozen at -80ºC until further 
processing.

2.5  Physiological analyses

The 40 pulse-chase fragments were thawed on ice and air-
brushed using filtered seawater (FSW) to remove all tis-
sue. The resulting slurry was homogenized at 25,000 rpm 
for 10  s using a tissue homogenizer (Fisherbrand 850 
Homogenizer, Fisher Scientific, Waltham MA, USA) 
and aliquoted for subsequent assays. Symbiodiniaceae 

concentrations were determined in triplicate within 6 h 
of airbrushing using a flow-cytometer (Guava easyCyte 
5HT, Luminex, Austin TX, USA) as described (Krediet 
et al. 2015; Innis et al. 2021). If symbiont density could 
not be measured on the day of airbrushing, it was meas-
ured using a hemocytometer to avoid undercounting after 
chlorophyll deterioration. Chlorophyll a and c2 were 
extracted in acetone and measured on a spectrophotom-
eter (BioTek PowerWave XS2, Agilent, Santa Clara CA, 
USA), and total concentrations were calculated (Jeffrey 
and Humphrey 1975) all as described (Innis et al. 2021). 
Protein concentration in the host fraction was measured 
on a spectrophotometer (BioTek ELx808, Agilent) using 
the Bradford method. Total host lipids were measured col-
orimetrically on a spectrophotometer (BioTek PowerWave 
XS2, Agilent) as described (Baumann et al. 2021). Surface 
area was determined by the single wax dipping method 
(Veal et al. 2010).

For 13C analysis, sample homogenates were separated 
by differential centrifugation into coral and dinoflagel-
late fractions at 7000 × g for 5 min. The supernatant was 
removed as the host fraction, after which the pellet was 
washed in FSW and spun down again. The supernatant 
was again added to the host fraction. The symbiont frac-
tion was then resuspended in FSW. Separated samples 
were then dried to stable weight (48 h at 50ºC), enclosed 
tightly in tin capsules (EA Consumables, Marlton, NJ), 
and sent for 13C enrichment analysis by continuous-
flow Isotope-Ratio Mass Spectrometry (UC-Davis Sta-
ble Isotope Facility, Davis CA, USA). Two technical 
replicates were included for eight symbiont and host 
fractions. 13C atom percent excess (APE) was calcu-
lated by subtracting published baseline non-enriched 
Kane’ohe Bay M. capitata summer mean 13C atom-% 
(host mean at-% = 1.0888, SD = 0.0012; symbiont mean 
at-% = 1.0887, SD = 0.0012; Wall et al. 2020) from our 
enriched 13C atom-% values (host mean at-% = 1.0989, 
SD = 0.0036;  symbiont  mean at-% = 1.121866, 
SD = 0.0106) (Slater et al. 2001).

2.6  Coral intracellular pH measurements

For the initial recovery time point, one fragment per genet 
within each treatment was used to measure intracellular pH 
 (pHi). Coral cells were isolated from each fragment and 
loaded with the pH-sensitive dye SNARF1-AM (Thermo 
Fisher Scientific) as described (Barott et al. 2017; Innis et al. 
2021; Brown et al. 2022). Cells were pelleted, resuspended 
in filtered seawater, and imaged at 25ºC in a glass-bottomed 
dish using an inverted confocal microscope (LSM 710, Zeiss, 
Oberkochen, Germany) with image acquisition settings iden-
tical to ref. (Innis et al. 2021). At least eight gastrodermal 
cells containing dinoflagellate symbionts (symbiocytes) were 
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imaged from each coral. Corals lacking sufficient stained 
symbiocytes due to bleaching were excluded from the data-
set. SNARF-1 fluorescence ratios within coral cytoplasm were 
quantified in ImageJ, normalized to background fluorescence, 
and converted to pH using a species-specific calibration curve 
generated on the same microscope, as described ((Innis et al. 
2021); Fig. S2).

2.7  Statistical analysis

To test whether heat treatment caused bleaching, we 
modeled coral color with time point and treatment tem-
perature history as fixed effects and genet as a random 
intercept (Fig. 1C) using a linear model followed by pair-
wise comparison of estimated marginal means using the 
emmeans package (Lenth et al. 2017) with Tukey HSD 
adjust p-values. This model was selected by compari-
son with several other models using corrected Akaike 
Information Criterion weights (MuMIn package (Bar-
ton 2015)). To test how corals responded to heat treat-
ment, we generated linear mixed effects models (lme4 
package (Bates et al. 2014)) for each physiological vari-
able as a function of symbiont species (C and D) and 
treatment temperature history (28, 31), again using genet 
as a random intercept. To avoid overfitting models given 
our population size, we generated separate models for 
both the acute and initial recovery experimental time-
points (Fig. 1, Table S3). To assess coral health over time, 
we modeled each physiological variable as a function of 
symbiont species and timepoint (acute stress and initial 
recovery), with genet as a random effect, generating 
separate models for both temperature histories (Fig. 1, 
Table S4). We examined each model’s Q-Q and residual 
plots to check that model residuals met assumptions of 
normality and constant variance. Where data were heavy-
tailed, we used the LambertW package to Gaussianize the 
distribution. Significance of fixed effects and their inter-
actions were determined using Satterthwaite’s Type III 
ANOVA. To explore whether coral accumulation of sym-
biotic photosynthate affects host physiological function 
across treatments, we ran linear regressions (Pearson’s 
product-moment correlation) comparing host photosyn-
thate accumulation with intracellular pH and calcifica-
tion. To explore how symbiont population dynamics and 
energy provisioning affected coral physiology, we mod-
eled relationships between symbiont population traits 
and host physiology across treatments using either linear 
regressions, generalized additive models, or general lin-
ear models with quasibinomial distribution (where host 
response variables followed a non-linear distribution). 
All analyses were run in RStudio version 4.0.2 (R Core 
Team 2012) and graphs were produced using the package 
ggplot2 (Wickham 2016).

3  Results and discussion

3.1  Coral symbiont thermotolerance confers 
no nutritional advantage to hosts during heat 
treatment

Experimental heat treatment caused coral bleaching 
symptoms and colony stress regardless of symbiont spe-
cies (Figs. 1B-C, 2). Coral color decreased significantly 
in heat-treated corals relative to ambient corals at all time 
points following heat treatment (Tukey HSD, p < 0.01) 
(Fig. 1C). Symbiont photochemical efficiency (p < 0.0001) 
and chlorophyll a concentration (p = 0.002) also decreased 
for heat-treated corals relative to ambient, confirming that 
bleaching occurred, and heat-treated corals also displayed 
lower light sensitivity of photosynthesis (α) (Fig. 2A, C, 
E; p = 0.011). Although heat treatment did not significantly 
decrease symbiont cell density (p = 0.096, Fig. 2B), gross 
photosynthesis (p = 0.178, Fig. 2D), or fixed carbon incor-
porated into the symbiont fraction (13C atom % excess, 
APE) (p = 0.095, Fig. 2F), heated corals assimilated less 
photosynthetically fixed carbon (p < 0.001; Fig. 2K). This 
deficiency signals lower photosynthate translocation from 
the symbiont population to the coral host after heat stress, 
consistent with previous empirical (Tremblay et al. 2016; 
Baker et al. 2018; Rädecker et al. 2021) and theoretical 
(Detmer et al. 2022) studies. Possibly as a result, heat-
treated coral colonies also calcified less than ambient 
corals (p = 0.044, Fig. 2J) (Fig. 2B). However, regardless 
of treatment, corals hosting Cladocopium C31 (hereafter 
C-colonies) incorporated more fixed carbon overall than 
corals hosting Durusdinium glynnii (hereafter D-colonies) 
(p = 0.018; Fig. 2K). This was surprising given that carbon 
benefits to corals hosting Cladocopium spp. can be lost at 
higher temperatures in other host species (Cunning et al. 
2015a). Our results suggest that during the early stages of 
heat stress, M. capitata hosting Cladocopium C31 retain 
a photosynthate incorporation advantage over D-colonies.

3.2  Health of host and symbiont population are 
uncoupled during initial bleaching recovery

Cladocopium C31 continued to decline in photochemi-
cal efficiency and cell density one month after cessation 
of heat stress  (Fv/Fm ~ Timepoint * Symbiont, p = 0.046; 
Symbiont Density ~ Timepoint * Symbiont, p = 0.034; 
Fig. 3A-B), and heat-stressed C-colonies still had fewer 
symbionts (Temperature * Symbiont, p = 0.014) and less 
chlorophyll (Temperature * Symbiont, p = 0.008) than 
ambient C-colonies (Fig.  S3B-C). However, while D. 
glynnii maintained steady photochemical efficiency and 
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Fig. 2  Experimental heating caused bleaching and physiologi-
cal stress in Montipora capitata regardless of symbiont association. 
A-F) Heat decreased symbiont photochemical efficiency  (Fv/Fm) (A), 
chlorophyll (C), and light sensitivity (ɑ) (E) though it did not affect 
symbiont areal density (B), gross photosynthesis (D), or net carbon 
fixation (F). G-K) Heat decreased coral calcification (J) and net 
fixed carbon assimilation (13C atom %) (K) although it did not affect 
photosynthesis:respiration (G), or total host protein (H) or lipids (I). 

Coral photosynthate assimilation (host.13C atom-% excess, APE) also 
was higher for C-corals than for D-corals regardless of temperature 
(K). Error bars = SEM. N = 5 genets per group. Insets show results 
of linear mixed effects models with temperature (Temp) and sym-
biont (Sym), with coral genet as a random intercept (* = p < 0.05, 
** = p < 0.01, *** = p < 0.001). Full model results are reported in 
Table S3

Fig. 3  Symbiont and host physiology trajectories are uncoupled 
during the month following heat stress. A-F) Thermotolerant and 
thermosensitive symbionts responded differently after heat stress: 
thermotolerant Durusdinium retained or improved photochemical 
efficiency  (Fv/Fm) (A) and symbiont density (B) over initial recov-
ery (‘Recov’) after acute stress (‘Stress’), whereas thermosensitive 
Cladocopium continued to lose both. Cladocopium also lost more 
chlorophyll (C) than Durusdinium did. Gross photosynthesis (D), 
light sensitivity of photosynthesis (E), and symbiont carbon fixation 

(F) were unaffected by timepoint or symbiont species. G-K) Durus-
dinium thermotolerance did not improve host physiology following 
heat stress: symbiont species did not affect photosynthesis:respiration 
(G), total host protein (H) or lipids (I), or calcification (J), or photo-
synthate assimilation (K). Error bars = SEM. N = 5 genets per group. 
Insets show results of linear mixed effects models with time point 
(Time) and symbiont (Symb), with coral genet as a random inter-
cept (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). Full model results 
reported in Table S4
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began returning to normal cell densities within the host 
at this same time point, this early D. glynnii recovery did 
not confer D-colonies greater P:R, protein, lipids, calcifi-
cation, or host carbon assimilation relative to C-colonies 
(p ≥ 0.210; Figs. 3G-K, S3G-K). Instead, neither group 
of corals had recovered to their initial growth or carbon 
assimilation rates at this time, suggesting that 4 weeks is 
still early in recovery. These results also contradict our 
hypothesis that the faster-recovering D. glynnii offers cor-
als an advantage after heat stress relative to those hosting 
Cladocopium C31.

Delayed host recovery following the end of heat stress is 
consistent with observations that Symbiodiniadeae popula-
tions recover faster than the host during the initial stages 
of bleaching recovery (Fitt et al. 1993, 2000; Levas et al. 
2018). In our study, host lipids continued to deplete after 
heat stress abated (p = 0.027, Fig. 3I), which is consistent 
with prior evidence that corals remain energetically lim-
ited during bleaching recovery (Leinbach et al. 2021), and 
in particular that M. capitata catabolize lipids to survive 
bleaching (Grottoli and Rodrigues 2011) and require at least 
6 weeks to replenish energy reserves (Rodrigues and Grottoli 
2007). Given that M. capitata can also compensate for lost 
symbionts by increasing heterotrophy (Grottoli et al. 2006; 
Hughes and Grottoli 2013), the lack of feeding during the 
experiment may have contributed to their slow early recov-
ery. Furthermore, even ambient-treated corals experienced 
physiological stress in our mesocosms, displaying declines 
in photochemical efficiency (p < 0.0001, Fig. S4A), chlo-
rophyll concentration (p = 0.002, Fig. S4C), calcification 

rates (p < 0.0001, Fig. S4J), and host carbon assimilation 
(p < 0.001, Fig. S4K), possibly due to sub-bleaching heat 
stress in situ prior to sampling and/or during the experiment: 
Kāne’ohe Bay was already anomalously warm by the time 
of collection in June 2019 (Dilworth et al. 2021; Innis et al. 
2021), causing ambient tank temperatures to peak above 
29ºC (these corals’ projected bleaching threshold) several 
times during the experiment (Fig. 1A). However, as all cor-
als were exposed to these conditions, they do not alter our 
result that faster-recovering D. glynnii symbionts were not 
sufficient to restore M. capitata carbon assimilation, bio-
mass, or skeletal growth rates after early bleaching.

3.3  Coral intracellular pH and calcification depend 
on symbiotic benefits

The effect of heat stress on coral intracellular pH  (pHi) 
depended on symbiont species. Specifically, D-colonies 
recovering from heat stress exhibited decreased  pHi rela-
tive to ambient corals (p = 0.018; Fig. 4A). This is con-
sistent with evidence from other marine invertebrates that 
metabolic depression following thermal stress decreases 
 H+ extrusion, leading to intracellular acidification (Pörtner 
and Bock 2000; Pörtner 2008). However, C-colonies did 
not exhibit acidification, and instead maintained normal 
 pHi during early bleaching recovery (Temperature * Sym-
biont, p = 0.036; Fig. 4A). Since D-colonies tend to be more 
bleaching-resistant (Cunning et al. 2016; Silverstein et al. 
2017; Matsuda et al. 2020), and coral species’ bleaching sus-
ceptibility predicts the degree of  pHi dysregulation after heat 

Fig. 4  Assimilated carbon from symbiosis predicts coral calcifica-
tion and intracellular pH after heat stress. A) Symbiont thermotoler-
ance affects how temperature alters coral symbiocyte intracellular pH 
 (pHi) during bleaching recovery. Inset shows result of linear mixed 
effects model with symbiont species (Symb) and temperature treat-
ment (Temp), with coral genet as a random intercept (* = p < 0.05). 
Error bars = SEM. Full model results reported in Table S3. B) Host 

fixed carbon assimilation is positively correlated with symbiocyte 
 pHi. Gray line, linear correlation; inset, linear regression p-value 
(t = 2.3506, df = 14,  R2 = 0.2830). C) Host fixed carbon assimilation 
predicts colony calcification rates. inset, linear correlation p-value 
(t = 2.438, df = 35,  R2 = 0.1452). Black lines show linear regressions; 
gray area = 95% confidence interval
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stress (Gibbin et al. 2015), we had expected D-colonies’  pHi 
to be more resilient to heat treatment. Instead, C-colonies 
in this study may have had a  pHi regulatory advantage over 
D-colonies because Cladocopium C31 continued translocat-
ing more fixed carbon than D. glynni to their hosts despite 
acute heat stress (Fig. 2K), providing the host with the 
energy needed to maintain acid–base homeostasis. Indeed, 
we found that host carbon assimilation from the symbionts 
was positively correlated with intracellular pH  (pHi) across 
experimental groups  (R2 = 0.283, p = 0.034; Fig. 4B), sug-
gesting corals deriving more energy from symbiosis are 
better able to maintain acid–base homeostasis. While it is 
also possible that endosymbiont metabolism led to  pHi dif-
ferences, as dinoflagellate photosynthesis can increase host 
cell  pHi (Laurent et al. 2013; Gibbin et al. 2014; Gibbin and 
Davy 2014; Barott et al. 2017), corals in this experiment 
were dark-adapted prior to measuring  pHi, minimizing any 
residual differences in  pCO2 and  pHi due to symbiont pho-
tosynthesis. In addition, there was no correlation between 
per-alga photosynthetic rate and host  pHi (Fig. S5). There-
fore, D-colony cellular acidification following heat stress 
was more likely a result of organismal-level deficiencies in 
energy provisioning.

Interestingly, the greater acidification we observed here in 
D-colonies is inverse to the pattern observed for these same 
corals during an in situ marine heatwave, when C-colonies 
had more acidic  pHi than D-colonies (Innis et al. 2021). We 
attribute this discrepancy to the greater severity of bleaching 
during the heatwave than in the present study: C-colonies 
had 54.3% fewer symbionts (374,806 ± 85,644 cells  cm−2) 
at peak bleaching in situ than did heat-treated C-corals at 
the end of this experiment (820,710 ± 296,699 cells  cm−2), 
likely due to the greater duration of heat stress (~ 3 months 
in the field vs. 14 days in our mesocosms). In contrast, 
in situ D-colonies still had 864,905 ± 98,103 cells  cm−2 at 
the peak of bleaching (Innis et al. 2021). The greater sever-
ity of symbiont loss in C-colonies in situ thus likely erased 
any energetic advantage they had during early heat stress 
over D-colonies. Therefore, the relative benefits of hosting 
certain symbionts clearly depends on both the duration and 
severity of heat stress. Additional studies directly relating 
photosynthate assimilation to coral  pHi regulation are nec-
essary to determine how this fundamental cellular process 
will respond to increasingly frequent and severe marine 
heatwaves.

Similar to  pHi, coral calcification rate was directly related 
to host photosynthate assimilation (p = 0.020,  R2 = 0.134, 
Fig. 4C), suggesting that corals receiving more carbon from 
their symbionts can maintain higher skeletal growth rates. 
However, despite the parallel correlation between symbio-
cyte  pHi and host photosynthate assimilation (Fig. 4B), coral 
calcification was not related to  pHi (p = 0.792,  R2 = 0.005, 
Fig. S6). This was surprising, because corals use similar 

mechanisms to control  pHi (Barott et al. 2017) and pH of the 
extracellular calcifying medium  (pHECM) (Barott et al. 2020), 
and we had expected corals with acidified  pHi to be less 
able to maintain alkaline  pHECM and thus calcification. One 
possibility is that because thermal stress decreases marine 
invertebrate cellular  H+ efflux (Pörtner and Bock 2000), 
heat treatment might have led to accumulation of protons 
within host cells specifically, decreasing  pHi without affect-
ing extracellular pH. Alternatively, since these corals were 
early in recovery (Rodrigues and Grottoli 2007; Leinbach 
et al. 2021) and still showing signs of accumulated meta-
bolic stress (Fig. 3I-J), they likely had limited available ATP 
for pH regulation to simultaneously maintain homeostasis 
 (pHi) and elevated  pHECM for calcification. Corals might thus 
prioritize maintaining  pHi at the expense of  pHECM during 
bleaching recovery, perhaps by altering ion transporter activ-
ity, expression or localization (Barott et al. 2015a), compli-
cating between-colony comparisons of total pH regulatory 
capacity. This ‘preferential pH regulation’ has been observed 
in air-breathing fishes that rapidly regulate  pHi in response to 
 CO2 stress while allowing extracellular pH to remain acidic 
(Harter et al. 2014; Shartau et al. 2020), although further 
research is needed to explore the possibility that cnidarians 
also use preferential  pHi regulation to balance the multiple 
acid–base challenges they face, including dinoflagellate pho-
tosynthesis, cellular respiration, environmental acidification, 
and calcification (Putnam & Barott et al. 2017).

3.4  Symbiont growth-mutualism tradeoff

Surprisingly, dinoflagellate density within host tissue failed 
to predict host physiology across Symbiodiniaceae species 
and temperature treatments. We originally hypothesized 
that corals retaining more symbionts during and after heat 
stress would assimilate more photosynthate (Hughes and 
Grottoli 2013). Because symbiont photosynthesis provides 
most of these corals’ energy (Wall et al. 2020), we tested for 
correlations between symbiont cell density and host per-
formance. Higher symbiont density did not correlate with 
greater host carbon assimilation  (R2 = 0.030, p = 0.289; 
Fig. 5A), lipid content (p = 0.292; Fig. S8A) or calcifica-
tion rate  (R2 = 0.088, p = 0.064; Fig. S8B). Instead, Sym-
biodiniaceae cell density was directly correlated with the 
amount of labeled carbon that symbionts retained instead 
of translocating to the host (p = 0.017,  R2 = 0.141; Fig. 5B), 
a measure of symbiont photosynthate ‘selfishness’ (Baker 
et al. 2018). We obtained a similar result calculating sym-
biont cell density areally (p = 0.012, Fig. S7A), confirming 
that the effect was not an artifact of differences in host pro-
tein content (Cunning and Baker 2012, 2014) and that the 
amount of photosynthate retained by a symbiont population 
was directly related to its density. It is also possible that 
that higher-density symbiont populations translocated less 
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fixed carbon in response to symbiont self-shading (Hoogen-
boom et al. 2010; Cunning et al. 2015b, 2017). However, 
light-limited symbionts typically upregulate chlorophyll 
to compensate (Falkowski and Dubinsky 1981; Iglesias-
Prieto and Trench 1997), and we instead found that per-
symbiont chlorophyll was lowest at high symbiont densities 
(p < 0.0001; Fig. S8C). Furthermore, colony gross photosyn-
thesis was not sufficient to predict coral carbon assimilation 
 (R2 = 0.003, p = 0.743, Fig. S9), so differences in total sym-
biont productivity cannot account for symbiont cell density 
increasing photosynthate retention. Another alternative is 
that corals hosting more symbionts respired more during 
the pulse-chase experiment (e.g. (Hoogenboom et al. 2010; 
Cunning and Baker 2014; Cunning et al. 2015b, 2017); but 
see (Krueger et al. 2020)), resulting in lower host carbon 
assimilation. But while total colony respiration increased 
with symbiont density  (R2 = 0.107, p = 0.042; Fig. S8D), 
we found no correlation between total colony respiration 
and photosynthate retained by dinoflagellates  (R2 = 0.012, 
p = 0.517, Fig. S7B), indicating the density-photosynthate 
retention relationship is not simply because increased res-
piratory burden decreases host carbon assimilation. Finally, 
symbionts at higher densities kept a larger proportion of the 
total assimilated photosynthate than those at lower densities 
(p = 0.039, Fig. S10). Therefore, symbionts at higher densi-
ties sequestered a greater share of the carbon they fixed.

Our finding that multiple species of Symbiodiniaceae 
retain more (Fig. 5B) and a greater proportion (Fig. S10) of 
photosynthate at high cell densities (Fig. 5B) is consistent 
with theory suggesting that symbionts remaining in hospite 
after coral bleaching can adjust their energy allocation in 

response to changes in density (Wooldridge 2013). If Sym-
biodiniaceae can divert photosynthate from the mutualism to 
their own cell division, recovering to normal dinoflagellate 
density may prompt a corresponding decrease in mutualistic 
behavior (Fig. 6). At ambient conditions, corals invest ATP 
in regulating inorganic nitrogen and carbon inside the sym-
biosome to promote algal photosynthesis (Wooldridge 2009; 
Barott et al. 2015b; Thies et al. 2022), while the symbiont 
translocates most resulting photosynthate back to the coral 
(Muscatine and Porter 1977) (Fig. 6A). After bleaching, 
however, algae appear to prioritize their own recovery by 
translocating less fixed carbon to the coral host (Figs. 2K, 
5B, 6B). Such a change in resource allocation coming at 
the expense of the coral could explain why energetic losses 
from bleaching can persist for months (e.g. (Leinbach et al. 
2021)), and why sexual reproduction (a costly process) can 
suffer even years after colonies regain normal symbiont 
populations (e.g. (Levitan et al. 2014; Johnston et al. 2020)).

While some symbionts are known to provide less mutualistic 
benefit at high densities (e.g. in the Branchiobdellid-crayfish 
cleaning symbiosis (Brown et al. 2012)), this study is to our 
knowledge the first evidence suggesting a mutualistic nutritional 
endosymbiont could maintain or achieve higher densities during 
stress by diverting resources away from cooperation. It may also 
help explain observations that corals benefit most from interme-
diate symbiont densities (Hoogenboom et al. 2010; Cunning 
and Baker 2014; Cunning et al. 2015b). Existing symbiont-
density-dependent coral bleaching frameworks focus mainly on 
symbiont light- and  CO2-limitation and increased respiratory 
costs at high densities; they assume each symbiont population 
translocates a constant proportion of the photosynthate they fix. 

Fig. 5  During and after heat stress, symbiont population growth 
increases selfishness. A) Symbiont density in host tissue does not 
predict host fixed carbon accumulation. Inset shows result of linear 
regression (t = 1.075, df = 38,  R2 = 0.0295). B) Symbiont density is 
positively correlated with selfishness. Selfishness was calculated 

by subtracting 13C enrichment (13C APE) in the host fraction from 
13C APE in the symbiont. Inset shows result of linear regression 
(t = 2.5018, df = 38,  R2 = 0.1414). Black lines show linear regressions; 
gray areas = 95% confidence intervals
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Our results instead add to the evidence that corals’ optimal sym-
biont abundance also depends on how the algae allocate their 
fixed carbon (e.g. (Rädecker et al. 2021; Detmer et al. 2022)). 
Therefore, symbiont nutrient exchange strategy may itself be 
a dynamic regulator of bleaching susceptibility. High symbi-
ont cell densities can increase bleaching risk (e.g. (Cunning 
and Baker 2012; Cornwell et al. 2021); but see (Hoadley et al. 
2021)), a phenomenon thought to result from increased reactive 
oxygen species accumulation following symbiont photostress 
(e.g. (Nesa and Hidaka 2009; Wooldridge 2009; Silverstein et al. 
2015)). However, heat can cause bleaching in cnidarians with-
out increases in reactive oxygen (Dungan et al. 2022), oxidative 
damage (Nielsen et al. 2018), or even photostress (Tolleter et al. 
2013). The positive relationship we found between symbiont 
density and photosynthate retention provides an alternative 
mechanism by which large symbiont populations could increase 
bleaching likelihood when bleaching is frequent: diminished 
but fast-regrowing symbiont populations may leave recovering 
corals carbon-deprived, poorly equipped to face the energetic 
demands of heat stress, and thus even more vulnerable to the 
carbon limitation theorized to cause bleaching (Wooldridge 
2009, 2013; Cunning et al. 2017; Rädecker et al. 2021; Detmer 
et al. 2022). Future bleaching recovery research should correlate 
symbiont in vivo regrowth rates with carbon translocation to 
better validate this framework.

3.5  Implications for holobiont survival 
under climate change

Though immediately costly to the coral, subsidizing dino-
flagellate regrowth could be a viable strategy for long-term 
fitness: the faster a host regains equilibrium symbiont den-
sity, the sooner it will restore its full autotrophic potential 

(e.g. (Hughes and Grottoli 2013)). However, with some 
reefs predicted to bleach annually by 2043 under the cur-
rent emissions scenario (van Hooidonk et al. 2016), even 
corals that recover all their symbionts quickly after bleach-
ing (e.g. (Rodrigues and Grottoli 2007; Matsuda et al. 2020)) 
may no longer be able to sustain stressful cycles of symbi-
ont regrowth, complicating attempts to predict which cor-
als could be ‘climate-proof’ (Grottoli et al. 2014; Putnam 
et al. 2017; Morikawa and Palumbi 2019; Drury et al. 2022; 
Brown and Barott 2022). It is therefore crucial to prioritize 
resilient and sustainable mutualism function in research aim-
ing to support coral conservation. While assisted evolution 
of Symbiodiniaceae in vitro to increase thermotolerance 
(e.g. (Chakravarti and van Oppen 2018)) or colonization 
(e.g. (Buerger et al. 2020)) is a promising new approach, 
future work should test that the experimentally evolved algae 
still provide enough nutritional benefits to the coral host. In 
fact, artificial selection for endosymbiont mutualistic traits 
can endanger mutualism stability when selection is per-
formed outside of the host (Morran et al. 2016). As the most 
thermotolerant coral holobionts appear to rely on extensive 
coral-dinoflagellate coevolution rather than symbiont shuf-
fling (Howells et al. 2020), future coral bleaching recovery 
studies must go beyond measuring dinoflagellate growth 
and instead measure partner traits that favor the functional 
stability of this critical mutualism (van Woesik et al. 2022).

More broadly, predicting mutualisms’ resilience to cli-
mate change requires understanding the actual function 
of the interaction under stress. We found that deficiencies 
in symbiotic nutrient exchange uncouple partner recovery 
trajectories during mutualism reestablishment. Researchers 
must therefore distinguish between the separate processes 
of symbiont regrowth and mutualism recovery when one 

Fig. 6  Model of symbiont resource reallocation. A) Without stress, 
coral investment in symbiont photosynthesis and growth (lower gray 
arrow) produces returns in photosynthetically fixed carbon translo-
cated to the coral (top gray arrow). B) After a bleaching event reduces 
symbiont population density, symbionts may invest in their own cell 

division and regrowth (larger green arrow) at the expense of trans-
locating fixed carbon to the coral (smaller gray arrow). The coral is 
left with fewer resources (smaller orange box) for its own growth 
and recovery (smaller orange arrow) while maintaining a smaller but 
growing symbiont population (gray arrow)
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or more partners can withhold resources to favor reproduc-
tion over cooperation. Finally, reestablishing a beneficial 
endosymbiosis can itself be costly for holobionts surviving 
stress, highlighting the need for more mechanistic study of 
how mutualisms recover from stress in our current era of 
unprecedented environmental change.
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