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Mass bleaching events are predicted to occur annually later this century.

Nevertheless, it remains unknown whether corals will be able to recover

between annual bleaching events. Using a combined tank and field exper-

iment, we simulated annual bleaching by exposing three Caribbean coral

species (Porites divaricata, Porites astreoides and Orbicella faveolata) to elevated

temperatures for 2.5 weeks in 2 consecutive years. The impact of annual

bleaching stress on chlorophyll a, energy reserves, calcification, and tissue

C and N isotopes was assessed immediately after the second bleaching

and after both short- and long-term recovery on the reef (1.5 and 11

months, respectively). While P. divaricata and O. faveolata were able to recover

from repeat bleaching within 1 year, P. astreoides experienced cumulative

damage that prevented full recovery within this time frame, suggesting

that repeat bleaching had diminished its recovery capacity. Specifically,

P. astreoides was not able to recover protein and carbohydrate concentrations.

As energy reserves promote bleaching resistance, failure to recover from

annual bleaching within 1 year will likely result in the future demise of

heat-sensitive coral species.
1. Introduction
Climate change is one of the main threats to coral reefs today [1], and mass

bleaching events due to periods of elevated ocean surface temperatures have

increased in frequency over the past decades [2,3]. Furthermore, annual

severe bleaching is expected to occur worldwide later this century, putting

more than 90% of reefs at risk of long-term degradation [4]. In the Caribbean,

this is projected to occur as early as 2040 [5]. Yet, the effects of annually recur-

ring bleaching on coral physiology, recovery capacity and resilience remain

largely unstudied.

There is mounting evidence that thermal history has strong impacts on coral

bleaching susceptibility [6–8]. However, the first study to experimentally

address annual coral bleaching was Grottoli et al. [9], which showed that bleach-

ing stress occurring in 2 consecutive years can dramatically alter the thermal

tolerance of coral, and that while some species were able to acclimate rapidly

to repeat bleaching events, others became more susceptible. Although this

study was a major step forward, it did not address the impacts of annual

bleaching on long-term recovery (i.e. more than 1.5 months). It is currently

unknown if corals can recover between annual bleaching events, or if their

recovery capacity is overwhelmed by such frequent bleaching stress.

During bleaching, corals lose a significant portion of their algal endosym-

bionts (Symbiodinium spp.) and/or photosynthetic pigments, giving the colony

a pale (hence bleached) appearance [10,11]. As healthy corals typically meet

most of their daily energy requirements via photosynthesis by their endosymbio-

tic algae (e.g. [12]), bleaching results in severe reductions in algal photosynthesis
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and translocation of photosynthate to the coral host

accompanied by dramatic changes in physiology. Thus,

bleached corals typically decrease calcification (e.g. [13,14])

and catabolize energy reserves (e.g. [15–17]), and some

species may increase heterotrophy [18]. Generally, the size of

energy reserves (i.e. lipids, protein, carbohydrates), endosym-

biont type, as well as heterotrophic capacities are critical in

promoting bleaching resilience and recovery [9,18–21].

In addition to physiological measurements, coral tissue

isotopes can be useful indicators of bleaching recovery.

Specifically, the carbon isotopic composition of the animal

host (d13Ch) and endosymbiont (d13Ce) track changes in the

allocation of auto- and heterotrophically derived C to the tis-

sues, whereas their nitrogen isotopic composition (d15Nh and

d15Ne) records sources and rate of nitrogen incorporation into

coral tissues during bleaching and recovery [14,22–24].

Detailed physiological measurements coupled with isotopic

analyses are therefore powerful tools to study the short- and

long-term recovery from annual coral bleaching.

This study is the first to assess short- and long-term

recovery from annual coral bleaching in three Caribbean

corals using both physiological and biogeochemical methods.

We conducted a 2-year-long study to determine (i) if the

coral holobiont can recover from annually recurring bleach-

ing within 1 year, and (ii) which traits are associated with

short- and long-term recovery.
2. Material and methods
(a) Repeat bleaching experiment
A detailed description of this experiment can be found in

Schoepf et al. [25], and a flow diagram of the experimental

design is shown in the electronic supplementary material,

figure S1. Briefly, coral fragments of Porites divaricata, Porites
astreoides and Orbicella faveolata were collected in July 2009 near

Puerto Morelos, Mexico (208500 N, 868520 W region; see [9] for

details). Peak sea surface temperatures (SST) at this location typi-

cally occur in August/September with the maximum monthly

mean (MMM) SST being 29.08C; the bleaching threshold SST is

therefore 30.08C (MMM þ 18C, NOAA Coral Reef Watch Virtual

Station Puerto Morelos, Mexico). Corals were then buoyantly

weighed, and allowed to recover in shaded outdoor flow-

through seawater tanks for 5 days. In mid-July, temperature in

half of the tanks was gradually raised to 31.5+ 0.208C (single

bleaching treatment) over 7 days and then maintained at the

elevated temperature, while the remaining tanks received ambi-

ent reef water (controls; 30.6+0.248C). After 15 days, all corals

were placed on the reef in a random arrangement for 1 full

year at ambient reef temperatures (electronic supplementary

material, figures S1 and S2). During the time on the reef, corals

were considered naturally fed but were not artificially fed

during the tank portion of the study.

In late July/early August 2010, the experiment was repeated

(repeat bleaching treatment) and the treatment corals from the

previous year were exposed to elevated temperatures again

(31.6+ 0.248C) while the control fragments from 2009 were

maintained at ambient temperature (30.4+ 0.238C) (electronic

supplementary material, figures S1 and S2). After 17 days,

coral fragments were visually assessed for their health status

[17] (see definition of each health status category in the electronic

supplementary material, figure S3), buoyantly weighed and then

one third of all fragments were frozen for physiological and

isotopic analyses (i.e. 0 months on the reef ). The remaining

fragments were placed back on the reef in a random arrangement
at ambient reef temperatures (electronic supplementary material,

figures S1 and S2). To assess short- and long-term recovery

from repeat bleaching, half of the remaining fragments were

collected after 1.5 and 11 months on the reef, respectively. Frag-

ment health status was visually assessed, they were buoyantly

weighed and then frozen for physiological and isotopic analyses

(see below).

Seawater temperatures during the tank and field portion of

the study are shown in the electronic supplementary material,

figure S2. On average, treatment corals were exposed to esti-

mated heat stress levels of 3–4 degree heating weeks (DHW),

which is similar to those recorded in the Caribbean in 1998 but

much lower than during the severe regional bleaching event in

2005, where up to 16 DHW were recorded in some locations [26].

(b) Physiological and isotopic analyses
Chlorophyll a was determined according to Jeffrey & Humphrey

[27] and standardized to surface area [28]. Chlorophyll a values

at 0 and 1.5 months on the reef following repeat bleaching are

from Schoepf et al. [29]. Total soluble lipids, animal soluble

protein and animal soluble carbohydrate were determined on

ground, frozen coral fragments using established methods

[17,30] and then converted to Joules per gram ash-free dry

weight [31] (see the electronic supplementary material for more

information). Net calcification was determined using the buoyant

weight technique [32] and standardized to surface area. Calcifica-

tion rates at 0 and 1.5 months on the reef following repeat

bleaching are from Grottoli et al. [9].

Tissue C and N isotopic analyses were performed on separ-

ated animal host and endosymbiont fractions using established

methods [14,33]. The difference between d13Ch and d13Ce (i.e.

d13Ch2e) was calculated to determine the relative contribution

of photoautotrophic versus heterotrophic carbon to the coral

[14,23]. Repeated measurements of commercial standards

(USGS-24, IAEA-N2) had a standard deviation of +0.04‰ for

d13C (n ¼ 55) and +0.11‰ for d15N (n ¼ 51).

(c) Statistical analyses
Multivariate one-way analysis of similarity (ANOSIM) was used

to test whether the overall bleaching and recovery response dif-

fered significantly between the three species. As there was a

significant species effect (see Results), two-way ANOSIMs were

conducted individually for each species to test for treatment (con-

trol, treatment) and time (0, 1.5 and 11 months on the reef ) effects.

Furthermore, SIMPER analyses were conducted to determine

which variables contributed most to the observed physiological

changes due to treatment and time effects. Non-metric multi-

dimensional scaling (NMDS) was used to graphically represent

relationships between response variables, species and treatments

in multidimensional space. In order to prevent bias from including

all five isotopic variables, only d13Ch2e and d15Ne were included in

the multivariate analyses along with chlorophyll a, lipid, protein,

carbohydrate and calcification.

Univariate three-way analysis of variance (ANOVA) was then

used to test the effects of temperature, time and genotype for

each species individually for all physiological and isotopic vari-

ables. Post hoc slice tests (e.g. tests of simple effects [34])

determined if the control and treatment averages differed signifi-

cantly within each time interval and species. If a variable was

significantly different between treatment and control averages

at 0 and/or 1.5 months of recovery but no longer differed at

1.5 and/or 11 months on the reef, it was deemed to be fully

recovered from repeat bleaching. Conversely, if one or more vari-

ables still had significantly lower treatment averages than the

control after 11 months on the reef, this was deemed indicative of

impaired long-term recovery capacity. More detailed information

is provided in the electronic supplementary material.



Table 1. Results from two-way ANOSIMs testing the effects of temperature and time on the reef on the overall bleaching and recovery response of each of the
three study species following repeat bleaching. Significant p-values ( p � 0.05) are highlighted in bold.

global R-statistic p-value
possible no.
permutations

actual no.
permutations

no. permuted
statistics � global R

Porites divaricata

temperature 0.173 0.020 20 490 624 999 19

time 0.504 0.001 large number 999 0

Porites astreoides

temperature 0.567 0.001 large number 999 0

time 0.387 0.001 large number 999 0

Orbicella faveolata

temperature 0.108 0.041 large number 999 40

time 0.395 0.001 large number 999 0
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3. Results
(a) Multivariate analyses
Over the entire 11 months following repeat bleaching, all

three species significantly differed from each other (one-

way ANOSIM R ¼ 0.39, p ¼ 0.001). Porites divaricata was

most distinct from the other two species (P. d. versus

O. f.: R ¼ 0.70; P. d. versus P. a.: R ¼ 0.39; P. a. versus O. f.:
R ¼ 0.19; all p , 0.05), consistent with the NMDS results

(electronic supplementary material, figure S3 and table S2).

For each species, significant treatment and time effects

were also observed (table 1). Only P. astreoides showed clear

separation of the treatment and control groups (R ¼ 0.567;

table 1; electronic supplementary material, figure S3), which

was largely driven by lower chlorophyll a concentrations,

higher d15Ne and lower calcification rates in the treatment

corals (electronic supplementary material, table S1 and

figure S3). In contrast, P. divaricata showed the greatest

change in responses over time (R ¼ 0.504; table 1), largely

due to differences in chlorophyll a concentration (0 versus 2

months), d15Ne and carbohydrate concentration (0 versus 11

months), as well as lipid concentration (2 versus 11 months

and 2 versus 11 months) (electronic supplementary material,

table S1). In O. faveolata, significant overlap among treatment

and time groups was observed (R , 0.5; table 1; electronic

supplementary material, figure S3); thus the response of

each variable is best assessed individually for each time

point (see below).

(b) Physiology following repeat bleaching
(i) Porites divaricata
Chlorophyll a concentrations of treatment corals were 42%

lower immediately after repeat bleaching, but had fully recov-

ered after 1.5 months on the reef (figure 1a; electronic

supplementary material, table S3) [29]. Lipid concentrations

of treatment corals did not differ from controls immediately

after repeat bleaching, but were 30% lower at 1.5 months on

the reef and had fully recovered after 11 months (figure 1b;

electronic supplementary material, table S3). Protein and

carbohydrate concentrations were the same for both treat-

ment and controls in the year following repeat bleaching,

though carbohydrate concentrations increased steadily

(figure 1c,d; electronic supplementary material, table S3).
Calcification rates were the same for both treatment and con-

trol corals throughout the 11 months following repeat

bleaching (figure 1e; electronic supplementary material,

table S3) [9].

(ii) Porites astreoides
Chlorophyll a concentrations of treatment corals were 75%

and 76% lower than in controls after both 0 and 1.5 months

on the reef, respectively [29], but were fully recovered after

11 months (figure 1f; electronic supplementary material,

table S3). Lipid concentrations were the same for both

treatment and control corals throughout the 11 months follow-

ing repeat bleaching (figure 1g; electronic supplementary

material, table S3). In contrast, protein concentrations of treat-

ment corals were 52% and 54% lower after 1.5 and 11 months

on the reef, respectively (figure 1h). Carbohydrate concen-

trations of treatment corals were initially 64% higher than

in controls, but then were 27% and 35% lower than in controls

after 1.5 and 11 months on the reef, respectively (figure 1i;
electronic supplementary material, table S3). Thus, neither

protein nor carbohydrate concentrations were fully recovered

by the end of the study. Calcification rates of treatment corals

were the same as in controls immediately following bleach-

ing, but were 69% lower after 1.5 months on the reef

(figure 1j; electronic supplementary material, table S3) [9].

Although calcification rates were still 46% lower in the treat-

ment corals after 11 months on the reef, this was not

statistically significant due to high variability between frag-

ments ( p , 0.43) (figure 1j; electronic supplementary

material, table S3).

(iii) Orbicella faveolata
Chlorophyll a concentrations were 52% and 28% lower in

treatment corals compared with controls after 0 and 1.5

months on the reef, respectively [29], but had fully recovered

after 11 months (figure 1k; electronic supplementary material,

table S3). Chlorophyll a also showed seasonal variability with

higher concentrations after 1.5 months than at the other two

sampling points. Lipid concentrations were 29% lower in

treatment than control corals immediately after repeat bleach-

ing, but were fully recovered after 1.5 months on the reef

(figure 1l; electronic supplementary material, table S3).

Protein and carbohydrate concentrations did not differ
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between treatment and control corals at any point following

repeat bleaching (figure 1m,n; electronic supplementary

material, table S3), though carbohydrate concentrations

varied over time. In contrast, calcification rates of treatment

corals were significantly compromised (2212%) and net

skeletal dissolution was observed immediately after repeat

bleaching (figure 1o; electronic supplementary material,

table S3) [9]. However, calcification rates had fully recovered

1.5 months later [9] and remained no different from the

controls after 11 months (figure 1o).

Results from the visual assessment of health status at each

time point are given in the electronic supplementary material,

Additional results and figure S4. Lipid, protein and carbo-

hydrate values in gram per gram ash-free dry weight are

shown for each species in the electronic supplementary

material, figure S5 to facilitate comparison with other

studies.

(c) Tissue isotopes following repeat bleaching
Results for tissue C and N isotopes for all three species

(figure 2; electronic supplementary material, table S4) are

detailed in the electronic supplementary material, Additional

results.
4. Discussion
(a) Evidence for impaired long-term recovery capacity

after repeat bleaching in Porites astreoides
Mounding P. astreoides has recently increased in abundance

throughout the Caribbean, possibly in part due to its history

of high thermal tolerance [35] and the ability to survive

disturbance better than other species [36]. This is consistent

with previous published findings that P. astreoides was only

modestly impacted by single bleaching stress and had fully

recovered from single bleaching within 1.5 months [9]. In

stark contrast, P. astreoides was much more severely affected

by repeat bleaching [9] (table 2) and did not fully recover

all variables within 11 months (figures 1h–j, 2h; electronic

supplementary material, figure S4b). This is further corrobo-

rated by the multivariate analyses showing that the overall

physiology of treatment P. astreoides strongly differed from

the controls for the 11 months following repeat bleaching

(table 1; electronic supplementary material, figure S3). As

annual bleaching significantly increased the bleaching

susceptibility of this species [9], it is therefore not surprising

that the resulting cumulative damage overwhelmed its

capacity to recover within 1 year.
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Overall, treatment P. astreoides was characterized by a com-

bination of lower chlorophyll a, protein and carbohydrate

concentrations, lower calcification rates and higher d15Ne

values (electronic supplementary material, table S1 and

figure S3). Critically, both protein and carbohydrate concen-

trations were still 54% and 35% lower than in the controls

after 11 months on the reef (figure 1h,i), respectively, and

had thus not fully recovered within the study period. In con-

trast, Grottoli et al. [9] showed that P. astreoides did not

catabolize total energy reserves in response to single bleaching

stress. Similarly, calcification rates declined by 69% after repeat

bleaching and showed a trend of still being lower (246%) than

the controls after 11 months on the reef (figure 1j ). Further, the

relative contribution of heterotrophic versus photoautotrophic

C (d13Ch2e) indicated that treatment P. astreoides was incorpor-

ating a disproportionate amount of heterotrophic C into its

tissues even after 11 months on the reef (figure 2h), suggesting

that they needed additional energy to promote the ongoing

recovery process. This is consistent with findings from single

bleaching studies that showed that heterotrophic C can play

a vital role in the long-term recovery of tissue and energy

reserves from bleaching [39,40].
Grottoli et al. [9] suggested that the increased bleaching

susceptibility of P. astreoides was due to a combination of a

low flexibility to associate with different genetic types of

Symbiodinium and low overall total energy reserve concen-

trations compared with the other species studied. Here, we

show that the low overall energy reserves were due to

lower concentrations of lipid reserves compared with the

other two species (figure 1b,g,l) and also the failure to recover

protein and carbohydrates during the 11 months of recovery

on the reef. As lipids have the highest energetic value when

compared with protein and carbohydrates [31], their low con-

centrations in P. astreoides have a disproportionate effect on

total energy reserves. We hypothesize that the low baseline

levels of lipids in this species force it to catabolize protein

and carbohydrates when bleached. The low lipid levels

could be related to the reproductive cycle of P. astreoides,

which is a brooder with a long reproductive season lasting

from January through September [41]. Consequently, lipid

levels are expected to be lowest towards the end of this

period, which coincides with peak SST at our study site.

Such unfortunate timing likely influences resistance to heat

stress [19] and may contribute to the increased bleaching



Table 2. Months after single and repeat bleaching when response variables no longer differed significantly between treatment and control corals of Porites
divaricata (P. d.), Porites astreoides (P. a.) and Orbicella faveolata (O. f.). The capacity to recover from annual bleaching was defined as impaired if one or more
variables were not fully recovered within 11 months after repeat bleaching. The symbol ‘ – ’ denotes no statistically significant difference between treatment and
control corals at any time and ‘.11’ indicates that bleached corals had not recovered by 11 months.

variable

single bleaching repeat bleaching

P. d. P. a. O. f. P. d. P. a. O. f.

symbiont density (cells cm22)a 1.5 1.5 1.5 — 11 1.5

chlorophyll a (mg cm22)b 1.5 11 11

calcification (mg day21 cm22)c 1.5 1.5 11 — 11f 1.5

total energy reserves (J gdw21)d 11 — — — .11 1.5

d13Ch2e (‰)e 1.5 .11 1.5

d15Ne (‰)e 1.5 11 —

capacity to recover from annual bleaching not impaired impaired not impaired
a0 and 1.5 months data from [9], 11 months data from [37].
b0 and 1.5 months data from [29] (figure 1a,f,k).
c0 and 1.5 months data from [9]; 11 months data single bleaching from [38] (figure 1e,j,o).
d0 and 1.5 months data from [9], 11 months data single bleaching from [38] (figure 1).
eFigure 2.
fTreatment corals not statistically significant from controls but still 46% lower after 11 months on reef (figure 1j ).
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susceptibility and impaired recovery capacity of this species

in response to annual bleaching.

These findings highlight that following repeat bleaching,

recovery of the animal can take much longer than the recovery

of the endosymbiont. Both chlorophyll a concentrations and

endosymbiont densities of treatment P. astreoides were fully

recovered 11 months after repeat bleaching (this study; [37]),

which is also reflected in the N isotopic data (figure 2d,e).

d15Nh and d15Ne typically increase in bleached and/or reco-

vering corals as the remaining endosymbionts are released

from nitrogen limitation and take up more dissolved inor-

ganic nitrogen to promote growth and chlorophyll a
recovery [15], thus leading to less discrimination against 15N

during uptake [14]. This trend was generally observed in treat-

ment corals of P. astreoides as well as the other two coral

species (figure 2; electronic supplementary material, figure

S3 and table S1), although it was not always statistically sig-

nificant, and is thus consistent with other studies showing

d15N enrichment in singly bleached corals [14,24,42].

Overall, this suggests that even when translocation of

photosynthetic carbon to the animal has been restored, recov-

ery of energy reserves and possibly also calcification rates

often requires additional time and energy or even depends

on additional factors. This is consistent with other, single

bleaching studies from the Caribbean and the Pacific

[14,15,17,43]. Therefore, in a future with annual bleaching

stress, failure to fully recover energy reserves and calcification

within a year could negatively affect coral reproduction (e.g.

[44]), compromise resistance to further stress events (e.g. [19])

and diminish a coral’s capacity to compete for space.
(b) Evidence for sustained long-term recovery capacity
after repeat bleaching in Porites divaricata and
Orbicella faveolata

In contrast to P. astreoides, branching P. divaricata and mound-

ing O. faveolata were both able to fully recover from repeat
bleaching stress within 11 months (figures 1 and 2), consist-

ent with their response to single bleaching [9] (table 2). This

is corroborated by the multivariate analyses showing that

repeat bleaching affected the overall physiology of these

two species much less than that of P. astreoides (table 1; elec-

tronic supplementary material, figure S3). Porites divaricata
was particularly distinguished due to its high resistance

to repeat bleaching and consequent rapid recovery (elec-

tronic supplementary material, figure S3). Nevertheless,

the underlying mechanism of their recoveries was quite

different and highlights the species-specific recovery

from annual bleaching stress (electronic supplementary

material, figure S3).

P. divaricata was barely affected by repeat bleaching, only

showing declines in chlorophyll a immediately after repeat

bleaching and declines in lipid at 1.5 months on the reef

(figure 1a,b). Further, both chlorophyll a and lipid were

fully recovered after 1.5 and 11 months on the reef, respect-

ively (figure 1a,b). A substantial shift in Symbiodinium
dominance from C47 to A4 coupled with high total energy

reserve concentrations appeared to be the underlying

mechanism for this rapid acclimation and recovery [9]. Inter-

estingly, all three energy reserve pools were higher in this

species compared with P. astreoides or O. faveolata
(figure 1b–d; electronic supplementary material, figure S3),

possibly because peak reproductive output in this brooding

species occurs in spring [45], thus leaving time to rebuild

lipid reserves before water temperatures reach their maxi-

mum. Overall, it is likely that the remarkable acclimation

and recovery capacity of this species will make P. divaricata
significantly more competitive than many other species in a

future of annual bleaching events.

Orbicella faveolata also showed a remarkable capacity to

recover from repeat bleaching, especially since Grottoli et al.
[9] showed that this species was much more severely affected

by repeat bleaching compared with single bleaching stress.

Even so, O. faveolata recovered most variables within the

first 1.5 months and the remainder after 11 months on the
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reef (figures 1k–o and 2k–o). For example, calcification

stopped completely immediately after repeat bleaching result-

ing in net dissolution of skeletal material but had fully

recovered only 1.5 months later (figure 1o). Similarly, lipids

declined by 29% immediately after repeat bleaching, but

were fully recovered 1.5 months later (figure 1l ). High lipid

levels at the time of the repeat bleaching (late July/early

August) may have contributed to the remarkable recovery

capacity and were probably linked to the reproductive

cycle of this species, which typically spawns in August/Sep-

tember [41] and thus when water temperatures reach their

maximum.

Only chlorophyll a levels took up to 11 months on the reef

to fully recover (figure 1k). This was also evident in the d13Ce

values, which were systematically lower than in the controls

for large parts of the study (figure 2l; electronic supplemen-

tary material, table S4). Decreases in d13Ce are typically

indicative of a reduction in the photosynthetic rate and/or

the incorporation of photosynthetically derived C into the

endosymbiont cells [14,23]. Although all measured variables

of treatment O. faveolata were fully recovered by the end of

the study, these systematically lower values could indicate

that their endosymbionts (incl. a higher prevalence of Symbio-
dinium trenchii [46]) had associated physiological trade-offs

compared with the original A and B types [9,47,48]. Thus,

although O. faveolata overall appears to be able to recover

from repeat bleaching within 1 year, additional studies are

needed to fully test this over several years of annual bleaching.

(c) Importance of energy reserves and heterotrophy
for long-term recovery from annual bleaching

Resilience to and recovery from coral bleaching may be pro-

moted by heterotrophic plasticity, shifts in endosymbiont

type and the size of energy reserves [9,18–21]. This study

confirms that high levels of energy reserves play an impor-

tant role in long-term recovery from annual bleaching

stress as the species with the highest energy reserves,

P. divaricata, was only minimally affected by repeat bleaching

and was able to recover rapidly (table 2). However, it also

highlights that location-specific, seasonal dynamics of differ-

ent reproductive strategies and cycles, lipid levels and SST

interact and significantly influence how species recover

from bleaching. Additionally, the specific energy reserve

pool catabolized during recovery from repeat bleaching

appears to be highly species-specific with P. astreoides exclu-

sively catabolizing protein and carbohydrates (figure 1g–i)
and P. divaricata and O. faveolata catabolizing only lipid

(figure 1b,l). This demonstrates that coral lipids are not

necessarily the most important source of energy reserves

as is often assumed, which has important implications for

coral energy budgets.

In contrast to the size of energy reserves, heterotrophic

plasticity did not play an important role in promoting

short-term recovery from annual bleaching in these corals.

None of the three species increased zooplankton feeding

rates immediately after repeat bleaching, and zooplankton

feeding of treatment corals contributed less than 10% to

daily animal respiration [9]. Although corals may have

accessed other sources of heterotrophic carbon such as bac-

teria and dissolved and particulate organic matter (e.g.
[24,49,50]), this was probably not a significant contribution to

the fixed carbon pool given the positive d13Ch2e values for all

treatment corals at 0 months on the reef (figure 2c,h,m)

indicating that autotrophic C was preferentially incorporated

into tissues.

However, heterotrophy appears to play an important role

in the long-term recovery from annual bleaching as observed

in d13Ch2e of P. astreoides 11 months after repeat bleaching

(figure 2h). Increased heterotrophy for up to 11 months

post-bleaching has also been observed in singly bleached

corals [39,40], and it has been debated whether this is a

sign of prolonged stress and impaired recovery or indicates

acclimation and increased resistance to future bleaching

[39]. The current study is the first to show that this mechan-

ism likely indicates prolonged stress, at least in repeat

bleached P. astreoides given its incomplete recovery 11 months

after repeat bleaching.

(d) Implications for the future of coral reefs
Overall, this study highlights that annually recurring bleach-

ing events will disproportionately affect the long-term

recovery of different coral species (table 2), which will

likely change future coral community composition, diversity

and reef functioning. It is encouraging that two of the species

studied here were able to fully recover within a year, and

acclimation combined with the capacity to recover between

annual bleaching events will likely result in significantly

fewer severe bleaching events and coral mortality by 2100

(e.g. [51]). However, it needs to be cautioned that the temp-

erature treatments in this study simulated short bleaching

events relative to naturally occurring events and that one of

the species studied here nevertheless experienced cumulative

damage and impaired long-term recovery capacity. The resi-

lience of corals to future annual bleaching could also depend

on potential interactive effects of heat and pCO2 stress

although recent evidence suggests that ocean acidification

does not affect bleaching susceptibility [52]. Importantly,

models should integrate a range of trajectories to account

for species-specific responses to annual bleaching (e.g. unal-

tered versus impaired recovery capacity) to provide more

realistic predictions of future coral mortality, reef degradation

and occurrence of mass bleaching events.
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