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Summary

Coral holobionts (i.e., coral-algal-prokaryote symbio-

ses) exhibit dissimilar thermal sensitivities that may

determine which coral species will adapt to global

warming. Nonetheless, studies simultaneously investi-

gating the effects of warming on all holobiont

members are lacking. Here we show that exposure to

increased temperature affects key physiological traits

of all members (herein: animal host, zooxanthellae and

diazotrophs) of both Stylophora pistillata and Acrop-

ora hemprichii during and after thermal stress. S.

pistillata experienced severe loss of zooxanthellae

(i.e., bleaching) with no net photosynthesis at the end

of the experiment. Conversely, A. hemprichii was more

resilient to thermal stress. Exposure to increased tem-

perature (1 68C) resulted in a drastic increase in

daylight dinitrogen (N2) fixation, particularly in A. hem-

prichii (threefold compared with controls). After the

temperature was reduced again to in situ levels, diazo-

trophs exhibited a reversed diel pattern of activity, with

increased N2 fixation rates recorded only in the dark,

particularly in bleached S. pistillata (twofold compared

to controls). Concurrently, both animal hosts, but par-

ticularly bleached S. pistillata, reduced both organic

matter release and heterotrophic feeding on pico-

plankton. Our findings indicate that physiological

plasticity by coral-associated diazotrophs may play an

important role in determining the response of coral

holobionts to ocean warming.

Introduction

Scleractinian corals are the fundament of tropical reef eco-

systems. These animals owe their high productivity and

growth to the symbiosis with dinoflagellate photosynthetic

algae of the genus Symbiodinium (hereafter referred to as

zooxanthellae), which provide the coral host with essential

carbon (C) that can sustain up to 100% of its daily ener-

getic requirements (Falkowski et al., 1984; Dubinsky and

Jokiel, 1994). Zooxanthellae also take up and retain essen-

tial nutrients (such as nitrogen, N and phosphorous, P)

from the surrounding seawater (Falkowski et al., 1993;

Grover et al., 2002; Godinot et al., 2009) and transfer them

to their host (Kopp et al., 2013). Thus, the photoautotrophic

partner plays a key role in sustaining both the energy and

nutrient requirements of the coral host. Nonetheless, cor-

als are also active heterotrophs (reviewed by Houlbrèque

and Ferrier-Pagès, 2009), and heterotrophy can account

for up to 66% of the fixed C incorporated into their skele-

tons (Muscatine et al., 1989; Grottoli and Wellington, 1999)

and for more than half the zooxanthellae N demand

(Rahav et al., 1989; Tanaka et al., 2015).

In recent decades, global warming (i.e., the increase in

sea surface temperatures caused by greenhouse gas

emissions) has pushed reef-building corals to their thermal

limits (Hoegh-Guldberg et al., 2007). Thermal stress can

cause the breakdown of the coral-algal symbiosis with the

loss of zooxanthellae (i.e., coral bleaching) having severe

consequences for the fitness and survival of the coral host

(Brown, 1997; McClanahan et al., 2009; Plass-Johnson

et al., 2015). Mass bleaching events are predicted to occur

more frequently as a result of global warming and can

result in high coral mortality over wide areas, threatening
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the stability of coral reef ecosystems worldwide (Hughes

et al., 2003; Kwiatkowski et al., 2015).

In the absence of zooxanthellae (i.e., when bleaching

occurs), corals are deprived of their main energy supply and

must rely on alternative sources to meet their metabolic

needs. To maintain stable metabolism, bleached corals can

acquire more C and nutrients by increasing their feeding

rates, a process known as heterotrophic compensation

(Grottoli et al., 2006; Hughes and Grottoli, 2013). However,

whereas some corals (e.g., Montipora capitata) are able to

withstand thermal stress and bleaching meeting all their met-

abolic demands through heterotrophy (Grottoli et al., 2006;

Palardy et al., 2008), others (e.g., Porites compressa and

Stylophora pistillata) cannot (Palardy et al., 2008; Ferrier-

Pagès et al., 2010; Tremblay et al., 2012). Thus, many

bleached corals have no other strategy during bleaching

than to deplete their energy reserves (i.e., lipids, proteins,

carbohydrates; Fitt et al., 2000; Grottoli et al., 2004).

In the latter context, an enrichment in inorganic N (in the

form of ammonium) helped the coral Turbinaria reniformis

to withstand thermal stress in a similar way to heterotro-

phic feeding (B�eraud et al., 2013). Primary productivity in

tropical reef environments is typically nutrient limited (Del-

gado and Lapointe, 1994; Larned, 1998; Furnas et al.,

2005; Cardini et al., 2015), which suggests that the avail-

ability of inorganic nutrients (mainly N and P) may play a

key role in determining coral resistance and resilience

(comprising both resistance and recovery) to thermal

stress. Zooxanthellae densities generally increase under N

and P replete conditions (Stambler et al., 1991; Fabricius,

2005), and the addition of these nutrients can reduce coral

susceptibility to seasonal bleaching (McClanahan et al.,

2003). However, N or P enrichment can also make corals

more vulnerable to thermal stress (Vega Thurber et al.,

2014). For example, if these nutrients are only available to

the zooxanthellae in unfavourable N:P ratios that prevent

‘chemically-balanced’ growth (Wiedenmann et al., 2013).

Besides their zooxanthellae, corals are also associated

with a vast diversity of microorganisms (referred to as the

microbiota, Thompson et al., 2015). It is increasingly rec-

ognized that the functioning of the association among all

partners (together called the coral holobiont) determines

the competitive ability of hard corals to act as the primary

ecosystem engineers of tropical coral reefs (Barott and

Rohwer, 2012). Over the last decade, a vast number of

studies have characterized the diversity of the coral micro-

biota using molecular tools (reviewed by Thompson et al.,

2015). Several of these studies have demonstrated that

microbial communities found in healthy corals can provide

beneficial functions to the holobiont (for reviews, see

Rosenberg et al., 2007; Krediet et al., 2013). Concurrently,

biological, chemical, or physical stressors can impair the

functional stability (i.e. homeostasis) of the partnership by

influencing the coral microbiota composition and activity

(e.g., Bourne et al., 2007; Littman et al., 2011). Nonethe-

less, we still have a limited understanding of the roles of

specific microbial groups and of the mechanisms involved

to maintain holobiont homoeostasis.

Several studies found dinitrogen (N2) fixing bacteria (i.e.,

diazotrophs) to be common partners in the coral holobiont

(Shashar et al., 1994; Lesser et al., 2004; Lesser et al.,

2007; Olson et al., 2009; Cardini et al., 2015). Diazotrophic

assemblages in corals are similar among different reef

locations, are coral-specific, and are established in the

early life history stages of their coral host (Lema et al.,

2012; 2014a, b). The unrivalled capability of these bacteria

to fix molecular N2 may be functionally important for corals

thriving in oligotrophic tropical environments (Cardini et al.,

2015). More importantly, the association with diazotrophs

may be beneficial for the nutritional status of the holobiont

during periods of increased temperatures, when the loss of

zooxanthellae may impair nutrient uptake by the holobiont

(Cardini et al., 2014). Conversely, thermal stress may

potentially destabilize the coral-dinoflagellate symbiosis if a

nutrient imbalance (i.e., unfavourable N:P ratio) is triggered

by diazotrophs (R€adecker et al., 2015).

Here, we investigated the response of two common hard

coral holobionts (herein: animal host, zooxanthellae and

diazotrophs) from the northern Red Sea, Acropora hempri-

chii and S. pistillata, to a thermal stress event in a

manipulative experiment that lasted 3 weeks. The aims of

this study were to characterize, quantify and compare the

main ecological traits of the coral host (feeding, calcification,

organic matter release), the associated zooxanthellae (pri-

mary productivity) and the associated diazotrophs (N2

fixation) in the two holobionts in response to thermal stress.

Importantly, the northern Red Sea is characterized by coral

communities with exceptionally high bleaching thresholds,

and has thus been suggested to serve as a reef refuge from

global warming (Fine et al., 2013). Here, we used a compar-

ative approach among two coral species that showed

different bleaching susceptibilities. This allowed assessing

the physiological interactions among the remaining partners

once the photosynthetic algae were lost from the associa-

tion (i.e., bleaching occurred). These data provide the

capacity to link the different functional roles of the partners

of the coral holobiont to better evaluate their significance in

determining the response of corals to global warming.

Results

Thermal response: Zooxanthellae-mediated processes

The two coral species responded differently to the thermal

stress experiment. Stylophora pistillata suffered significant

bleaching with zooxanthellae density and areal chlorophyll

a content decreasing by more than 90% in the thermal

treatment compared with the controls (P< 0.05 and

P< 0.001, respectively, PERMANOVA with pair-wise
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comparisons; Fig. 1A and B and Supporting Information

Table S1). Zooxanthellae cell chlorophyll a content also

significantly decreased (P< 0.05, PERMANOVA with pair-

wise comparisons; Fig. 1C and Supporting Information

Table S1). Conversely, A. hemprichii did not show any sig-

nificant loss of zooxanthellae, nor of chlorophyll a

(P>0.05, PERMANOVA with pair-wise comparisons;

Fig. 1A–C and Supporting Information Table S1). In S. pis-

tillata, the loss in zooxanthellae and chlorophyll a was

triggered by the exposure of treated nubbins to the peak

temperature of 348C, while no colour loss was observable

during earlier exposure to 318C. These visual observations

were consistent with measurements of gross photosynthe-

sis (PG), which remained stable in S. pistillata at day 13,

but dropped significantly at day 21 (P<0.01, PERMA-

NOVA with pair-wise comparisons; Fig. 1E and Supporting

Information Table S2). Concurrently, a significant decrease

in net photosynthesis to dark respiration (PN:RD) ratio was

observed over the course of the experiment (P< 0.01,

PERMANOVA with pair-wise comparisons; Fig. 1D and

Supporting Information Table S2). In A. hemprichii, the

PN:RD ratio decreased significantly at day 13, but

increased again at the end of the experiment (P<0.05,

PERMANOVA with pair-wise comparisons; Fig. 1D and

Supporting Information Table S2). Conversely, PG was sig-

nificantly lower at day 21 compared with day 0 and to the

controls (P< 0.05, PERMANOVA with pair-wise compari-

sons; Fig. 1E and Supporting Information Table S2).

Thermal response: microbe-mediated processes

A significant increase in daylight N2 fixation was detected

for both corals when exposed to 318C (P<0.05, PERMA-

NOVA with pair-wise comparisons; Fig. 2A and Supporting

Information Table S2). This increase was particularly rele-

vant in A. hemprichii, with daylight N2 fixation rates that

were threefold higher compared with mean values at day 0

for both treatments. Conversely, daylight N2 fixation rates

at the end of the experiment were not different from day 0

and from the controls for both coral species. In the dark,

N2 fixation remained constant at day 13 (318C), but

increased significantly in treated coral nubbins at day 21

(P< 0.05, PERMANOVA with pair-wise comparisons; Fig.

2B and Supporting Information Table S2), particularly in S.

pistillata (twofold compared to mean values at day 0 for

both treatments). Concurrently, in the water surrounding

treated corals, microbial respiration of released coral

mucus decreased significantly (P< 0.001, PERMANOVA

with pair-wise comparisons; Fig. 2C and Supporting Infor-

mation Table S1).
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Fig. 1. Zooxanthellae-mediated processes.

A. Zooxanthellae density (cells cm22).

B. Areal chlorophyll a (mg cm22).

C. Zooxanthellae chlorophyll a (pg cell21).

D. Net photosynthesis versus dark respiration (PN:RD).

E. Gross photosynthesis (PG, nmol O2 cm22 h21).

Values are means 6 s.e.m. and different letters indicate a significant full interaction term (P< 0.05, PERMANOVA with pairwise tests). Grey

bars, ambient temperature; dark bars, 318C exposure; diagonal line pattern, ambient temperature after exposure to 348C. Results of the

PERMANOVAs are reported in Supporting Information Table S1 and S2.
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Thermal response: coral-mediated processes

Coral daylight calcification in both S. pistillata and A. hem-

prichii tended to decrease under high temperature at day

13, albeit this change was not significant (P> 0.05, PER-

MANOVA; Fig. 3A and Supporting Information Table S2).

At the end of the experiment, a significant decrease in

coral mucus release (as particulate organic carbon, POC)

was measured in S. pistillata (P<0.001, PERMANOVA

with pair-wise comparisons; Fig. 3B and Supporting Infor-

mation Table S2) but not in A. hemprichii. Dissolved

organic carbon (DOC) release was highly variable with no

significant differences between treatments (P> 0.05, PER-

MANOVA; Supporting Information Fig. S1a and Table S2),

and total organic carbon (TOC) release rates decreased at

the end of the experiment in all coral nubbins, regardless

of the treatment (P< 0.05, PERMANOVA with pair-wise

comparisons; Supporting Information Fig. S1b and Table

S2). There was a negative effect of thermal stress on pico-

plankton feeding, and picoeukaryotes removal rates were

significantly lower in treated nubbins compared to control

nubbins in both coral species (P< 0.001, PERMANOVA

with pair-wise comparisons; Fig. 3C and Supporting Infor-

mation Table S1). Picoeukaryotes and cyanobacteria

growth rates tended to be higher in incubation chambers

with treated corals and in seawater controls than in cham-

bers in which the control nubbins were incubated

(Supporting Information Fig. S2A and B). However, differen-

ces were deemed not significant by the statistical test

(P> 0.05, PERMANOVA; Supporting Information Table S1).

Discussion

This is the first study focusing on the physiological response

of coral-associated diazotrophs to thermal stress while

simultaneously measuring the effects of warming on all

members of the coral holobiont. Our results demonstrate

that for each member, the main physiological parameters

that determine the overall functioning of the holobiont, such

as photosynthesis, mucus release, heterotrophic feeding

and N2 fixation were all affected by thermal stress. The

results also show a coral-specific response to thermal stress

with regard to zooxanthellae loss and organic matter

release.

The resistance of the coral-algal symbiosis in the
northern Red Sea

Several earlier studies have demonstrated the susceptibil-

ity of the coral-algal symbiosis to high temperatures (e.g.,

day 0
day 0

day 0
day 0

day 21

day 13

day 21

day 21

day 13

day 21

0.2

0.4

0.6

0.0

0.2

0.4

0.6

0.8

0.8

M
ic

ro
bi

al
 c

or
al

-a
ss

oc
ia

te
d 

N
2 f

ix
at

io
n

(n
m

ol
 C

2H
4 c

m
-2
 h

-1
)

ctrl treat ctrl treat
A. hemprichiiS. pistillata

0

5

10

15

20

25

M
ic

ro
bi

al
 re

sp
ira

tio
n 

of
 re

le
as

ed
 c

or
al

 m
uc

us
(n

m
ol

 O
2 c

m
-2
 h

-1
)

ctrl treat ctrl treat

S. pistillata A. hemprichii

(a)

(b)

(c)day 13 ≠ day 0, day 21

day 21: ctrl ≠ treat
treat: day 21 ≠ day 0, day 13

ctrl ≠ treat
S. pistillata ≠ A. hemprichii

Fig. 2. Microbe-mediated processes.

A. Daylight coral-associated N2 fixation (nmol C2H4 cm22 h21).

B. Dark coral-associated N2 fixation (nmol C2H4 cm22 h21).

C. Microbial respiration of released coral mucus (nmol O2 cm22 h21) in coral-surrounding water at the end of the experiment.

Values are means 6 s.e.m. and pairwise comparisons for significant factors (P< 0.05, PERMANOVA) are indicated on the top right corner of

each graph. Grey bars, ambient temperature; dark bars, 318C exposure; diagonal line pattern, ambient temperature after exposure to 348C.

Results of the PERMANOVAs are reported in Supporting Information Table S1 and S2.
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Jokiel and Coles, 1990; Fitt et al., 2001). Consequently,

coral reef ecosystems are endangered in global warming

scenarios that may result in mass coral bleaching and sub-

sequent mortality over wide reef areas (Donner et al.,

2005; Hoegh-Guldberg et al., 2007). During our experi-

ment, both species were highly resistant to thermal stress,

showing no evident sign of bleaching at temperatures of

318C (68C above ambient) which were maintained for 4

days. These temperatures are 28C above the theoretical

bleaching threshold for the Gulf of Aqaba (Fine et al.,

2013) and are reported to cause bleaching in several coral

species from the Caribbean to the Indo-Pacific (Winter

et al., 1998; Marshall and Baird, 2000; Manzello et al.,

2007). The resistance to thermal stress by the two coral

species in our experiment is in line with the findings by

Fine et al. (2013) who have shown that corals from the

northern Red Sea are highly resistant to thermal stress

since they originate from coral genotypes of the central

Red Sea, where temperature often exceeds 328C. Thus, in

the Gulf of Aqaba these corals live well below their physio-

logical bleaching threshold (Fine et al., 2013). During our

experiment, S. pistillata endured an almost complete loss

of zooxanthellae after being exposed to temperatures of

34.58C for 5 h, while no bleaching occurred in A. hempri-

chii. These results highlight the exceptional resilience to

thermal stress of A. hemprichii, a major reef-builder that

dominates shallow reef slopes of the Red Sea (Guzner

et al., 2007). In S. pistillata, the loss of zooxanthellae did

not result in any significant tissue loss at the end of the

experiment, polyps were open at night and the coral tissue,

although bleached, appeared intact (Supporting Informa-

tion Fig. S3) suggesting potential for recovery. Bleaching

susceptibility has been linked to the different zooxanthellae

clades that are found associated with corals (LaJeunesse

et al., 2010), with clade D known to be more temperature

tolerant than others (Berkelmans and van Oppen, 2006).

However, this cannot explain the striking difference in ther-

mal tolerance of the two coral species in this study. In fact,

the examined species host either clade A or C in the Gulf

of Aqaba, where the heat-tolerant zooxanthellae clade D

has never been recorded (Fine et al., 2013). Therefore,

other mechanisms might explain the differential response
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A. Coral daylight calcification (mmol CaCO3 cm22 h21).

B. Coral mucus release (mg POC cm22 h21).

C. Picoeukaryotes removal by the corals (cells cm22 h21).

Values are means 6 s.e.m. and pairwise comparisons for significant factors (P< 0.05, PERMANOVA) are indicated on the top right corner of

each graph (n.s., not significant) or as different letters for a significant full interaction term. Grey bars, ambient temperature; dark bars, 318C

exposure; diagonal line pattern, ambient temperature after exposure to 348C. Results of the PERMANOVAs are reported in Supporting
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of these two coral species to thermal stress, which may

involve the activity of their associated diazotrophic

members.

The role of diazotrophs in holobiont resilience

The functioning of the microbial community in the coral hol-

obiont was strongly affected by thermal stress, as

indicated by our results for N2 fixation by coral-associated

diazotrophs. While the importance of coral-associated bac-

teria at the onset of thermal bleaching has been

established in several studies (Bourne et al., 2007; Rosen-

berg et al., 2009; Vega Thurber et al., 2009), little is known

about how these microorganisms contribute to the func-

tioning of the coral holobiont under stress. Diazotrophic

bacteria may play an important role for the coral by provid-

ing bioavailable N in otherwise nutrient-depleted tropical

waters (Cardini et al., 2015). However, climate change

may reshape their functioning. In fact, recent studies found

coral-associated diazotroph abundance and diversity to

increase at increased temperature (Santos et al., 2014),

while their activity decreased under high pCO2 conditions

(R€adecker et al., 2014). Our results demonstrate for the

first time that diazotrophic microbes may play a key role

during periods of high temperatures as well as during post-

stress recovery of the holobiont. Under high temperature

conditions, an increase in daylight N2 fixation by over

threefold as opposed to controls was detected in A. hem-

prichii, while a minor increase was also measured in S.

pistillata. If we assume a theoretical 3:1 molar ratio of

C2H4:N2 (Lesser et al., 2007) and a 12 h:12 h light:dark

photoperiod, the daily N input from daylight and dark N2 fix-

ation at day 13 may have accounted for ca. 0.10 and 0.06

mg N cm22 d21 in A. hemprichii and S. pistillata, respec-

tively. This is low compared with the N input from

heterotrophic feeding, which has been estimated as high

as 3.7 mg N cm22 d21 for S. pistillata (Houlbrèque and

Ferrier-Pagès, 2009). However, N2 fixation may be relevant

during a thermal stress event, particularly if heterotrophic

feeding is impaired as reported here and in other studies

(Ferrier-Pagès et al., 2010; Tremblay et al., 2012). It is

increasingly recognized that the nutrient status of the holo-

biont impacts its susceptibility to coral bleaching (Ferrier-

Pagès et al., 2010; Wiedenmann et al., 2013). An imbal-

anced supply of N (resulting for example from terrestrial

runoff) can result in P starvation of the symbiotic algae,

thereby having a detrimental effect on the coral resistance

to thermal stress (Wiedenmann et al., 2013). Conversely, a

moderate N enrichment (3 lmol L21 in the form of ammo-

nium) benefited the coral T. reniformis, which showed

increased photosynthetic and photoprotective pigment

contents and sustained rates of photosynthesis and calcifi-

cation during thermal stress (B�eraud et al., 2013).

Interestingly, in the latter study, N-enriched corals also

showed a decreased organic C release potentially result-

ing from its higher utilization, together with the additional

N, to form molecules of interest such as proteins (B�eraud

et al., 2013). Similarly, in our study, the decreased POC

and TOC release as observed particularly in S. pistillata

may have been strategic to preserve carbon. The addi-

tional N input by coral-associated diazotrophs may have

helped A. hemprichii to maintain constant chlorophyll a lev-

els and to prevent dramatic decreases in photosynthesis.

Also, N from N2 fixation may have indirectly boosted mole-

cule repair and photoprotective pigment synthesis further

preventing bleaching (B�eraud et al., 2013). On the con-

trary, the increase in N2 fixation may not have sufficed for

the metabolic needs of S. pistillata, resulting in the onset of

bleaching. Further evidence is needed to confirm the

importance of N2 fixation in providing N that is then incor-

porated into the different compartments of the coral

holobiont (Lesser et al., 2007; Grover et al., 2014), and to

verify whether the additional N is beneficial or detrimental

to the coral symbiosis exposed to thermal stress (B�eraud

et al., 2013; R€adecker et al., 2015), as findings and hypoth-

eses up to now are conflicting. Notwithstanding, the

functional association with diazotrophs may play an impor-

tant role in the selection of coral species ‘winners’ and

‘losers’ when confronted with climate change.

At day 13, the increase in daylight N2 fixation activity in

our coral nubbins under increased temperature (potentially

resulting from increased enzymatic activity) was concomi-

tant with sustained photosynthesis, thus suggesting that

nitrogenase – the oxygen-sensitive enzyme responsible for

N2 fixation (Berman-Frank et al., 2003) – was protected

from oxygen inhibition. Conversely, at day 21, when the

coral-algal symbiosis was impaired (particularly in S. pistil-

lata), we measured higher N2 fixation in the dark,

concomitant with higher oxygen consumption by the ani-

mal respiration. The reversed pattern of daily N2 fixation

activity in recovering corals suggests a scenario in which

contrasting N2 fixation strategies (e.g., temporal or spatial

separation of oxygenic photosynthesis and N2 fixation) pre-

vail in coral-associated diazotrophs confronted with

dissimilar environmental and host health conditions. The

increase in dark N2 fixation at day 21 may have been a

consequence of a shift in diversity of the diazotrophic com-

munity, similarly to what was reported in corals under

increased temperature (Santos et al., 2014), or of an

adjustment of nitrogenase activity by the diazotrophs

exposed to the newly-arisen host conditions. In a recent

study, two bacterial types were identified as intracellular in

the zooxanthellae and in the dinoflagellates-containing

coral cells (Actinomycelates and Ralstonia, respectively)

using fluorescent in situ hybridization (Ainsworth et al.,

2015). Both phylotypes are known to form N2-fixing symbi-

otic associations in other photosynthetic systems (Chen

et al., 2003; Sellstedt and Richau, 2013). If zooxanthellae
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(i.e., the photosynthetic members in the symbiosis) play a

role in modulating diazotrophic activity in a similar fashion

to what is found in other N2 fixation symbiotic systems –

e.g., in leguminous plants, where the plant is responsible

of carrying oxygen to the diazotrophs without inhibiting

nitrogenase (Ott et al., 2005) – remains an open question.

Future studies addressing these mechanisms and the

potential role of zooxanthellae in regulating the partnership

of corals with diazotrophs will propel our understanding of

the evolution of symbiotic N2 fixation and of coral holobiont

ecology.

The outcome for the coral animal host

The main coral-mediated processes were impacted during

(day 13) or after the thermal stress (day 21). Daylight calci-

fication was the least affected among the physiological

processes investigated. The response of hard coral calcifi-

cation to thermal stress is highly variable, with some

species (e.g., Montastrea annularis, M. capitata and P.

compressa) showing decreased calcification during

bleaching (Leder et al., 1991; Rodrigues and Grottoli,

2006), while other (e.g., Porites corals) do so immediately

after zooxanthellae are lost (Suzuki et al., 2003). Under

predicted warming trends, Porites spp. are expected to

show an almost complete cessation of calcification, while

other species (e.g., Montastrea spp.) may be less affected

(Carricart-Ganivet et al., 2012). During our study, calcifica-

tion showed a decreasing trend under the high

temperature at day 13, but was similar to the controls at

day 21 for both corals. These results suggest that these

two species are capable of skeletal accretion even during

thermal anomalies and bleaching events. However, they

may lose this capability if exposed to repeated thermal

stress events that reduce their fitness and recovery poten-

tial (Grottoli et al., 2014).

Heterotrophic picoplankton feeding was reduced after

the thermal stress event in both coral species, regardless

of whether the coral lost its photosymbionts or not. Hetero-

trophic plasticity in response to bleaching appears to be

highly species-specific, as some species are able to adapt

and increase their feeding rates, while others cannot (Grot-

toli et al., 2006; Palardy et al., 2008; Ferrier-Pagès et al.,

2010; Tremblay et al., 2012). In this context, the relevance

of pico- and nanoplankton feeding in corals has been high-

lighted in previous studies (Houlbrèque et al., 2004;

Tremblay et al., 2012). Our findings of decreased picoeu-

karyotes removal by treated corals stand in contrast to a

previous study that found bleached S. pistillata to have

increased picoplankton grazing rates in the dark (Tremblay

et al., 2012). However, in the same study, the total amount

of C gained through pico- and nanoplankton grazing was

severely decreased for the following 6 weeks after the end

of the thermal stress event. Importantly, our study investi-

gated coral feeding on picoeukaryotes and cyanobacteria

under natural prey concentrations and in the daylight.

Overall, our study reveals that the daylight picoplankton

feeding capacity of A. hemprichii and S. pistillata in their

natural environment may be impacted following thermal

stress events. Given the importance of heterotrophic C

inputs when the photosynthetic apparatus of the holobiont

is impaired, our results have strong implications for the

understanding of the consequences of global warming on

coral resilience. However, our results are also associated

with high colony-specific variability (as shown by the stand-

ard errors in Fig. 3). Colony-specific variability in

heterotrophic feeding has been observed before for other

coral species, and may indicate an adaptive mechanism of

individual coral colonies for sustained growth (Teece et al.,

2011).

In this study POC release significantly decreased in

bleached S. pistillata nubbins while the thermal stress did

not affect POC release by A. hemprichii. By contrast, other

authors have found increased organic matter release by

scleractinian corals in response to thermal bleaching (Niggl

et al., 2009; Tremblay et al., 2012). In these studies, the

increased production of mucus, which was detected at the

very beginning of the heat stress, may represent a host

strategy to limit photoinhibition of zooxanthellae during the

early stages of thermal bleaching (Wooldridge, 2009;

Tremblay et al., 2012). Conversely, in our study, mucus

release rates were quantified at day 21, when the thermal

stress ceased. Thus, our results may indicate that recover-

ing corals (and particularly bleached S. pistillata having

lost its photosymbionts) retained their energy reserves

reducing the production and regeneration of their mucus

surface layer and its concomitant release as organic mat-

ter. Given the importance of coral mucus in the

biogeochemical cycling and functioning of coral reef eco-

systems (Wild et al., 2004), the consequences of

decreased mucus release following bleaching events may

be significant (Wild et al., 2011). This hypothesis is further

supported by our results of microbial respiration of

released coral mucus, which decreased significantly at day

21 as a result of the decreased mucus release. On an eco-

system scale, bleaching events may therefore negatively

impact the microbial regeneration of nutrients in the water

column and in the reef benthos.

Concluding remarks

Global climate change is expected to cause increases in

the frequency and severity of thermal stress events to

which corals will be exposed. While this manuscript is writ-

ten, one of the most dramatic global coral bleaching

events to date is underway and is expected to grow worse

in coming months (Witze, 2015). It is thus fundamental to

understand the biological mechanisms behind the
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response of corals to thermal stress, which may result

either in adaptation or in the demise of coral reefs (Logan

et al., 2014). Several molecular ecology studies, looking at

changes in the diversity of coral-associated microbial

assemblages, demonstrated that microbes play an impor-

tant role in coral health (Bourne et al., 2007; Rosenberg

et al., 2009; Vega Thurber et al., 2009). Zooxanthellae

have been shown to acquire N from coral-associated bac-

teria (Ceh et al., 2013) and coral productivity has been

found to positively correlate with N2 fixation activity in oligo-

trophic waters (Cardini et al., 2015). However, the

consequences of thermal stress for the physiology of the

coral-associated microbial community are insufficiently

investigated. The simple approach proposed here,

although limited in scale, experimentally detected impor-

tant physiological effects on the activity of diazotrophic

members within the holobiont exposed to stressful condi-

tions. It is plausible that N2 fixation played a role in

determining the different outcome of thermal stress for the

two investigated coral species. Whether the input of N

from N2 fixation is beneficial for the coral holobiont under

thermal stress or not, and which diazotrophic species are

involved, remains to be resolved, and should be a focus of

future studies looking at the potential role of microbial-

driven processes on the functioning of the coral holobiont

exposed to stressful conditions. Moreover, further research

on other pathways of the nitrogen cycle that have received

so far little attention in corals, such as nitrification and deni-

trification (see R€adecker et al., 2015 for a review), will help

to understand the role of the microbiota in the holobiont.

Nonetheless, it appears clear that the physiological and

metabolic interconnections among the different partners of

the coral-algal-prokaryote symbiosis determine the fate of

the holobiont facing climate change.

Experimental Procedures

Sample collection and maintenance

Acropora hemprichii and S. pistillata nubbins were collected

haphazardly at 10 m water depth from coral colonies along

the slope of the fringing reef in front of the Marine Science

Station (MSS) Aqaba, Jordan (298270 N, 348580 E) in Septem-

ber 2013. Branches of 6–8 cm in height were cut from mother

colonies (at least 5 m apart) using bone cutters, placed in

plastic bags and transported back to the laboratory taking

care not to cause any tissue abrasion. Sixteen fragments per

species (32 in total) were subsequently attached to ceramic

tiles with glue (Reef Construct, Aqua MedicVR ) and allowed to

recover for 2 weeks before starting the manipulation experi-

ment. Coral nubbins were randomly assigned and maintained

in two 100 l aquaria (8 nubbins per species) directly supplied

with untreated reef water from 10 m water depth (� 6 l min21)

and covered with layers of black mesh to simulate natural lev-

els of light intensity at the sampling location. Temperature and

light in the aquaria (and in situ) were monitored at 1 min fre-

quency using pre-calibrated HOBO data loggers (HOBO U22-

001 and UA-002-64; temperature accuracy: 6 0.28C, spectral

detection range: 150–1200 nm, Onset Computer Corporation,

Bourne, MA, USA). Measurements of light intensity were also

performed using a quantum sensor (Model LI-192SA; Li-Cor,

Lincoln, Nebraska, USA) parallel to data loggers (Long et al.,

2012) to allow conversion from light intensity (LUX) to photo-

synthetically active radiation (PAR, lmol photons m22 s21,

wavelength 400–700 nm). A slope of the best-fit line (LUX 5

PAR 3 52.0, r2 5 0.83, n 5 353) was calculated that was simi-

lar to the one given by Valiela (1984). Inorganic nutrient

concentrations were analysed once per week. For each inor-

ganic nutrient analysis, samples of 50 ml (n 5 4) were

collected in the two aquaria and in situ (using SCUBA, 1 m

above the benthos) and gently filtered through cellulose ace-

tate membrane filters (nominal pore size: 0.45 mm).

Immediately after filtration, inorganic nutrient concentrations

(ammonium – NH1
4 , phosphate – PO32

4 , nitrate – NO2
3 , nitrite

– NO2
2 ) were measured using established standard methods

(Murphy and Riley, 1962; Strickland and Parsons, 1972;

Holmes et al., 1999). NH1
4 was determined fluorometrically

using a Trilogy fluorometer (Turner Designs), while all other

inorganic nutrients were measured spectrophotometrically

with a V-630 UV-Vis Spectrophotometer (Jasco Analytical

Instruments). Detection limits for NH1
4 , PO32

4 , NOx and NO2
2

were 0.09, 0.01, 0.02 and 0.005 mM, respectively. For environ-

mental variables measured during the experiment see details

in Supporting Information Table S3.

Thermal stress experiment

We tested the response of S. pistillata and A. hemprichii to

thermal stress by exposing coral nubbins in one of the two

aquaria to increasing water temperatures at a rate of 18C

every 2 days (Supporting Information Fig. S4). Temperature

changes were made to correspond with daily natural peak

temperature (14.30–16.30). Once at 31.3 6 0.68C, corals were

kept at this constant temperature for 4 days before exposing

them to a peak of 34.3 6 0.38C for 5 h. Subsequently, temper-

ature was decreased at a rate of 28C per day until it reached

the control temperature again. Control nubbins received sea-

water with no temperature manipulation (temperature

throughout the experiment 5 24.9 6 0.48C).

The absence of treatment replications can result in unex-

plainable ‘aquarium’ effects, and variability between replicates

have already been reported in coral mesocosm studies (Jokiel

et al., 2008). This variability is due to differences in the chemi-

cal–physical environment in each aquarium caused by the

development of algal/bacterial biomasses and accumulation of

detritus (Martin and Gattuso, 2009). However, in our experi-

ment signs of bleaching occurred exclusively in the thermal

treatment aquarium. The flow-through aquaria (with � 6 l

min21 renewal rate of natural reef water) were cleaned twice a

week to prevent any development of epiphytes and accumula-

tion of detritus, and inorganic nutrient concentrations were

stable between treatments, with conditions not different from

in situ (Supporting Information Table S3). Finally, all physiolog-

ical rates presented in this manuscript were measured in

single specimen incubation chambers. Coral fragments were

thus independent replicates in all respects during the incuba-

tion measurements.
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Incubation experiments took place at the following sam-

pling times: day 0 (2 days prior to the start of the

manipulation treatment), day 13 (at which point treated nub-

bins had been exposed to 318C for 36 h), and day 21 (in

which the treatment was back to control temperature since

48 h). PN, RD, N2 fixation and POC and DOC release of

the coral nubbins were measured in their respective treat-

ment aquarium to ensure maintenance of stable

temperatures in the individual chambers. At each sampling

time, incubations for each coral species were always per-
formed in the same order (over the course of 3 days): RD,

PN, dark N2 fixation, daylight N2 fixation, mucus release

(except at day 13 when mucus release was not measured).

Immediately prior to the start of the incubations, ceramic

tiles were cleaned of sediment and epibionts with a fine

brush. Bleached nubbins had polyps open at night, and

only nubbins without any sign of tissue loss were used in

the incubation experiments. Incubation water was taken

from the respective treatment aquarium, and nubbins were

allowed to adjust to chamber conditions for at least 15 min

prior the start of the incubations. A stir bar powered by a

submersible magnetic stirrer (600 rpm, Cimarec i Telesys-
tem Multipoint Stirrers, Thermo Scientific) ensured water

mixing (and gas equilibration with the headspace, if applica-

ble) in the chambers (except during mucus release

quantification, when chambers were unstirred). A data log-

ger was placed in an additional chamber to monitor

temperature and light intensity during the incubations. Dis-

solved oxygen (DO) concentration was measured in each

chamber following the incubations to verify that oxic condi-

tions were maintained. All physiological parameters were

normalized to skeletal surface area of the coral nubbins,

measured using the advanced geometry protocol (Naumann

et al., 2009).

Zooxanthellae density and chlorophyll a content

At the end of the experiment, tissue was removed from the

skeleton of the coral nubbins using a jet of pressurized air
and 0.2 mm-filtered seawater. The resulting tissue slurry

(50 ml) was homogenized using a vortex, and one 9 mL of

aliquot was subsequently subsampled, fixed with formalde-

hyde (final concentration 4%) and preserved at 48C until

zooxanthellae density analysis. The subsample was subse-

quently centrifuged at 5000 rpm for 5 min, the supernatant

removed, and the pellet resuspended with a known volume

of 0.2 mm-filtered seawater. The number of zooxanthellae

was counted using an Neubauer-improved haemocytometer

(Pillay et al., 2005). A second 5 ml of subsample was taken

from each homogenate, immediately centrifuged at

5000 rpm for 5 min, and the supernatant discarded. The
pellet was frozen at 2208C overnight to break the cells and

subsequently resuspended in 10 ml of 90% acetone for

24 h in the dark at 48C. After another centrifugation run,

chlorophyll a was measured using the non-acidification fluo-

rometric method (Welschmeyer, 1994) on a Trilogy

fluorometer equipped with the non-acidification chlorophyll

module (CHL NA #046). Visual analyses to monitor

changes in coral coloration as an indicator of health during

the experiment were performed using a color reference

card (Siebeck et al., 2006).

Zooxanthellae primary productivity

PN and RD were measured by DO fluxes in closed-cell respiro-

metric glass chambers (1 l) at day 0, 13 and 21. PN was

measured during the most stable light conditions of the

day (12:00–14:00), and RD was measured in the dark

(21:00–23:00). DO fluxes were assessed as differences

between salinity corrected DO concentrations (incubation time

� 90 min) measured with a DO optode sensor and salinity

probe (MultiLineVR IDS 3430, WTW GmbH, Weilheim, Ger-

many). PG was calculated (PG 5 PN 1 |RD|) for each

specimen, and should be considered a conservative estimate

(Al-Horani et al., 2003). The PN:RD ratio was also calculated

to determine the effect of thermal stress on coral metabolism.

Unfiltered seawater and unfiltered seawater plus the mounting

tile were also incubated as controls (n 5 8). Differences in DO

concentration were subsequently corrected for control signals

and normalized to incubation period and nubbin surface area.

Coral calcification

Coral daylight calcification was determined during the incuba-

tion for PN (at day 0, 13 and 21) using the alkalinity anomaly

technique (Chisholm and Gattuso, 1991). Samples (50 ml) for

total alkalinity were collected from each chamber at the begin-

ning and end of the incubations and immediately filtered

through 0.45 mm cellulose acetate membrane filters into falcon

tubes. Samples were subsequently poisoned with 0.02% mer-

cury chloride and preserved at 48C in the dark until

measurement. Total alkalinity was determined by open cell

potentiometric titration with a TitroLine alpha 05 plus (SI Ana-

lytics). The analytical precision of the measurements was

determined with three standards across each measurement

run [0.5 N NS2CO3 alkalinity standard ampoules (HACH

14278-10) diluted to 2500 lmol kg21] and was less than 6 5

mmol kg21. Changes in inorganic nutrient concentrations can

also affect total alkalinity (Wolf-Gladrow et al., 2007). There-

fore, samples for phosphate and ammonium concentrations

were taken from the coral chambers, but no measurable differ-

ences were detected during the incubations. Calcification

rates were finally normalized to incubation period and nubbin

surface area.

Coral mucus release

Coral mucus release was quantified using the established

beaker incubation method (Wild et al., 2005; Naumann et al.,

2010) at day 0 and 21. Coral nubbins and unfiltered seawater

controls were incubated for 6 h during the day (10:00–16:00 h)

in open chambers (1 l) covered with transparent cellophane to

prevent the input of airborne particles, leaving small side

openings for air exchange. Chambers were not stirred to allow

for comparisons with previous studies (Naumann et al., 2010)

and to rule out the influence of water currents on mucus

release and fractionation. Samples for DOC and POC were

collected at the start and end of the 6 h incubation period. Ini-

tial samples (n 5 3) for POC were collected from the ambient

aquarium water, while simultaneously filling the chambers. At

the end of the incubation, coral nubbins were carefully

removed from the incubation chambers with clean tweezers,

and the remaining incubation water was filtered for POC, after
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collecting water samples for measurements of DOC, pico-

plankton concentrations and microbial respiration of released

coral mucus (see respective method sections). The volume of

the incubation water was measured and the water was

vacuum-filtered onto pre-combusted (4508C, 4 h) GF/F filter

(VWR, diameter: 25 mm, nominal pore size 0.7 mm). Filters

were dried for 48 h at 408C, and stored dry until analysis. POC

filters were acidified (0.1 N HCl) prior to analysis, and C con-

tent of the dried filters was measured using a EuroVector

elemental analyser (EURO EA 3000). C contents were

derived from calculations using elemental standards (OAS

187560; analytical precision�0.1% of the standard value). At

the beginning and end of the incubation, samples for DOC

(30 ml) were collected with an acid-washed 50 ml polycarbon-

ate syringe from each chamber and gently vacuum-filtered

(max. suction pressure 20 kPa) through a pre-combusted GF/

F filter directly into acid-washed 30 ml HDPE sample bottles.

DOC samples were immediately acidified with 80 ml of 18.5%

HCl and stored in the dark at 48C until analysis. Samples were

analysed by the high-temperature catalytic oxidation method

on a Shimadzu TOC-VCPH TOC analyser. The instrument was

calibrated before the analyses with a 10-point calibration curve

of serial dilutions from a potassium hydrogen phthalate

certified stock solution (1000 ppm Standard Fluka 76067-

500ML-F). Consensus reference material provided by DA

Hansell and W Chan of the University of Miami (Batch 13, Lot

#08-13, 41-45 mmol C l21) was used as positive control

between every 10 samples. Each sample was measured with

five replicate injections, and analytical precision was<3% of

the certified value. POC and DOC concentration differences

measured between the incubation start and end of each coral

chamber were corrected by the average control signal (n 5 6)

and normalized to the incubation volume, incubation period

and nubbin surface area. For the calculation of mucus release

rates, TOC release was calculated as the sum of POC and

DOC release for each coral nubbin.

Coral picoplankton feeding

Flow cytometry samples for quantification of picoplankton

feeding were collected at the beginning and end of the coral

mucus release incubation at day 21 only. Initial samples

(n 5 3) were collected from the ambient aquarium water, while

simultaneously filling the chambers. Final samples were col-

lected from each chamber (treated nubbins, control nubbins

and seawater without nubbins) at the end of the incubations.

Seawater controls were used to estimate the autogenic

changes in picoplankton concentrations resulting from internal

grazing, natural death or growth. Samples (2 ml) for flow

cytometry analysis were fixed with 0.1% paraformaldehyde

(final concentration) for 30 min at room temperature, frozen

with liquid nitrogen and stored at 2808C until analysis. Syne-

chococcus sp., Prochlorococcus sp. and picoeukaryotes were

quantified with a flow cytometer (FACSCalibur, Becton Dickin-

son, 488 nm excitation laser). Synechococcus sp.,

Prochlorococcus sp. and picoeukaryotes were analysed at a

flow rate of � 0.06 ml min21 for 2 min and gated on a dot plot

of orange fluorescence versus red fluorescence using the pro-

gram CellQuestPro. The instrument flow rate was calibrated

gravimetrically according to Current Protocols in Cytometry

(Robinson et al., 1997). Growth rates of picoeukaryotes and

cyanobacteria (Synechococcus sp. 1 Prochlorococcus sp.)

and coral grazing on picoeukaryotes (ingestion rates per nub-

bin surface area, expressed as removal rate) were

subsequently calculated using the equations from Houlbrèque

et al. (2004).

Microbial coral-associated N2 fixation

N2 fixation was quantified using an adapted acetylene (C2H2)

reduction technique (Capone, 1993; Wilson et al., 2012) at

day 0, 13 and 21. One litre glass chambers were filled with

800 ml of natural seawater, whereof 10% was replaced with

C2H2-saturated seawater. The chamber was immediately

sealed gas-tight and 10% of the 200 mL headspace was

replaced with C2H2 gas through a gas-tight rubber stopper

equipped with a push-button syringe valve with Luer lock

(SGE Analytical Science). C2H2 and the C2H2-saturated sea-

water were freshly prepared � 10 min prior to use. N2 fixation

incubations lasted for 6 h and were repeated during the night

(23:00–5:00) and during the day (11:00–17:00) to quantify

dark and daylight N2 fixation rates. Gas samples (1 ml) were

withdrawn from the headspace after time intervals of 0, 1 and

6 h and collected in glass vials with grey butyl stoppers (CS-

Chromatographie Service GmbH) previously filled with deion-

ized water. Vials were stored frozen upside-down until

analysis to prevent any leakage via the septa. Prior to analy-

sis, vials were thawed, and water and gas phases in the vials

were equilibrated at room temperature by vigorous shaking.

Ethylene (C2H4) concentration in the vials’ headspace was

measured using a reducing compound photometer (RCP;

Peak Laboratories) fitted with a 10 ml sample loop

(accuracy, 6 100 ppb). The instrument was calibrated using

serial dilutions of a 200 ppm (6 2%) C2H4 standard in air

(Restek, Bellefonte, PA, USA). Differences in C2H4 concentra-

tion between the time intervals of the incubation period were

converted into hourly C2H4 evolution rates according to the

equations by Breitbarth et al. (2004) and Capone (1993) for

endpoint assays. C2H4 concentrations were corrected for the

signal of unfiltered seawater controls (n 5 8) and normalized

to incubation time and surface area of the specimens in order

to calculate C2H4 production rates. Additional controls for 0.2

mm filtered seawater (n 5 6), unfiltered seawater and ceramic

tile (n 5 6), and unfiltered seawater with substrate samples,

but no addition of C2H2 (natural C2H4 production, n 5 6),

showed negligible C2H4 production. Results are presented as

C2H4 production rates, in nmol C2H4 cm22 h21.

Microbial respiration of released coral mucus

To measure planktonic microbial respiration of the released

coral mucus (Haas et al., 2011) in treated and control coral

nubbins and in seawater controls, samples of 60 ml were col-

lected from all incubation chambers at the end of the coral

mucus release incubation at day 21, after homogenizing the

water volume. The subsamples were transferred to ground-

glass stoppered bottles (Wheaton BOD), and initial oxygen

concentration in each bottle was determined with an DO

optode sensor (MultiLineVR IDS 3430, WTW GmbH, Weilheim,

Germany). Samples were kept airtight in the dark at in situ

temperature. After 24 h, DO values were measured again to
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assess microbe mediated oxygen fluxes. Hourly differences in

DO concentrations were corrected by the average control sig-

nal (n 5 6) and normalized by the mucus release incubation

period, chamber volume and nubbin surface area.

Statistical analysis

Differences in each parameter were assessed using univariate

distance-based permutational nonparametric analyses of var-

iance (PERMANOVA) (Anderson, 2001). A fully crossed

design with three fixed factors (species, treatment, time) was

used to test for differences in PN:RD ratio, PG, N2 fixation, calci-

fication and mucus release rates. Concurrently, a design with

two fixed factors was used to test for differences in zooxanthel-

lae density, areal and zooxanthellae chlorophyll a content,

picoeukaryotes and cyanobacteria growth, picoeukaryotes

removal and microbial oxygen consumption between species

and treatments. Datasets with negative values were made pos-

itive by constant addition, and absolute values were used in

the case of RD. Subsequently, data were square root trans-

formed, and analyses were based on Bray Curtis similarities.

As sample size was in some cases unbalanced due to meth-

odological reasons, type III (partial) sum of squares was used

with 9999 unrestricted permutations of raw data, and pair-wise

tests were carried out if significant differences occurred

(P<0.05). PERMANOVA tests were performed using the

homonymous routine included in the software PRIMER 61.
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Houlbrèque, F., Tambutt�e, E., Richard, C., and Ferrier-Pagès,

C. (2004) Importance of a micro-diet for scleractinian corals.

Mar Ecol Prog Ser 282: 151–160.

Hughes, A.D., and Grottoli, A.G. (2013) Heterotrophic com-

pensation: a possible mechanism for resilience of coral

reefs to global warming or a sign of prolonged stress?

PLoS One 8: e81172.
Hughes, T.P., Baird, A.H., Bellwood, D.R., Card, M., Connolly,

S.R., Folke, C., et al. (2003) Climate change, human impacts,

and the resilience of coral reefs. Science 301: 929–933.

Jokiel, P., and Coles, S. (1990) Response of Hawaiian and

other Indo-Pacific reef corals to elevated temperature. Coral

Reefs 8: 155–162.

Jokiel, P., Rodgers, K., Kuffner, I., Andersson, A., Cox, E., and

Mackenzie, F. (2008) Ocean acidification and calcifying reef

organisms: a mesocosm investigation. Coral Reefs 27:

473–483.
Kopp, C., Pernice, M., Domart-Coulon, I., Djediat, C.,

Spangenberg, J.E., Alexander, D.T.L., et al. (2013) Highly

dynamic cellular-level response of symbiotic coral to a sud-

den increase in environmental nitrogen. mBio 4: e00052-

13.
Krediet, C.J., Ritchie, K.B., Paul, V.J., and Teplitski, M. (2013)

Coral-associated micro-organisms and their roles in pro-

moting coral health and thwarting diseases. Proc R Soc B

280: 20122328.
Kwiatkowski, L., Cox, P., Halloran, P.R., Mumby, P.J., and

Wiltshire, A.J. (2015) Coral bleaching under unconventional

scenarios of climate warming and ocean acidification. Nat

Clim Change 5: 777–781.
LaJeunesse, T.C., Smith, R., Walther, M., Pinz�on, J., Pettay,

D.T., McGinley, M., et al. (2010) Host–symbiont recombina-

tion versus natural selection in the response of coral–

Microbial dinitrogen fixation in stressed corals 2631

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 2620–2633



dinoflagellate symbioses to environmental disturbance.

Proc R Soc Lond B: Biol Sci 277: 2925–2934.
Larned, S.T. (1998) Nitrogen- versus phosphorus-limited

growth and sources of nutrients for coral reef macroalgae.

Mar Biol 132: 409–421.
Leder, J., Szmant, A., and Swart, P. (1991) The effect of pro-

longed “bleaching” on skeletal banding and stable isotopic

composition in Montastrea annularis. Coral Reefs 10: 19–27.
Lema, K.A., Willis, B.L., and Bourne, D.G. (2012) Corals form

characteristic associations with symbiotic nitrogen-fixing

bacteria. Appl Environ Microbiol 78: 3136–3144.
Lema, K.A., Willis, B.L., and Bourne, D.G. (2014a) Amplicon

pyrosequencing reveals spatial and temporal consistency in

diazotroph assemblages of the Acropora millepora micro-

biome. Environ Microbiol 16: 3345–3359.
Lema, K.A., Bourne, D.G., and Willis, B.L. (2014b) Onset and

establishment of diazotrophs and other bacterial associates

in the early life history stages of the coral Acropora mille-

pora. Mol Ecol 23: 4682–4695.
Lesser, M.P., Mazel, C.H., Gorbunov, M.Y., and Falkowski,

P.G. (2004) Discovery of symbiotic nitrogen-fixing cyano-

bacteria in corals. Science 305: 997–1000.
Lesser, M.P., Falcon, L.I., Rodriguez-Roman, A., Enriquez, S.,

Hoegh-Guldberg, O., and Iglesias-Prieto, R. (2007) Nitro-

gen fixation by symbiotic cyanobacteria provides a source

of nitrogen for the scleractinian coral Montastraea caver-

nosa. Mar Ecol Prog Ser 346: 143–152.

Littman, R., Willis, B.L., and Bourne, D.G. (2011) Metage-

nomic analysis of the coral holobiont during a natural

bleaching event on the Great Barrier Reef. Environ Micro-

biol Rep 3: 651–660.

Logan, C.A., Dunne, J.P., Eakin, C.M., and Donner, S.D.

(2014) Incorporating adaptive responses into future projec-

tions of coral bleaching. Glob Change Biol 20: 125–139.

Long, M.H., Rheuban, J.E., Berg, P., and Zieman, J.C. (2012)

A comparison and correction of light intensity loggers to

photosynthetically active radiation sensors. Limnol Ocean-

ogr: Methods 10: 416–424.

Manzello, D.P., Berkelmans, R., and Hendee, J.C. (2007)

Coral bleaching indices and thresholds for the Florida Reef

Tract, Bahamas, and St. Croix, US Virgin Islands. Mar Pollut

Bull 54: 1923–1931.
Marshall, P.A., and Baird, A.H. (2000) Bleaching of corals on

the Great Barrier Reef: differential susceptibilities among

taxa. Coral Reefs 19: 155–163.
McClanahan, T.R., Sala, E., Stickels, P.A., Cokos, B.A.,

Baker, A.C., Starger, C.J., and IV, S.H.J. (2003) Interaction

between nutrients and herbivory in controlling algal com-

munities and coral condition on Glover’s Reef, Belize. Mar

Ecol Prog Ser 261: 135–147.
McClanahan, T.R., Weil, E., Cort�es, J., Baird, A.H., and

Ateweberhan, M. (2009) Consequences of coral bleaching

for sessile reef organisms. In Coral Bleaching. van Oppen,

M.H., and Lough, J. (eds). Berlin Heidelberg: Springer, pp.

121–138.
Martin, S., and Gattuso, J.P. (2009) Response of Mediterra-

nean coralline algae to ocean acidification and elevated

temperature. Glob Change Biol 15: 2089–2100.
Murphy, J., and Riley, J. (1962) A modified single solution

method for the determination of phosphate in natural

waters. Anal Chim Acta 27: 31–36.

Muscatine, L., Falkowski, P.G., Dubinsky, Z., Cook, P.A., and

McCloskey, L.R. (1989) The effect of external nutrient

resources on the population dynamics of zooxanthellae in a

reef coral. Proc R Soc Lond B: Biol Sci 236: 311–324.
Naumann, M.S., Niggl, W., Laforsch, C., Glaser, C., and Wild,

C. (2009) Coral surface area quantification - evaluation of

established techniques by comparison with computer

tomography. Coral Reefs 28: 109–117.
Naumann, M.S., Haas, A., Struck, U., Mayr, C., El-Zibdah, M.,

and Wild, C. (2010) Organic matter release by dominant

hermatypic corals of the Northern Red Sea. Coral Reefs

29: 649–659.

Niggl, W., Glas, M., Laforsch, C., Mayr, C., and Wild, C. (2009)

First evidence of coral bleaching stimulating organic matter

release by reef corals. In Proceedings of the 11th Interna-

tional Coral Reef Symposium. Riegl, B. (ed). Ft. Lauderdale,

FL: International Society for Reef Studies, pp. 905–910.
Olson, N.D., Ainsworth, T.D., Gates, R.D., and Takabayashi,

M. (2009) Diazotrophic bacteria associated with Hawaiian

Montipora corals: diversity and abundance in correlation

with symbiotic dinoflagellates. J Exp Mar Biol Ecol 371:

140–146.
Ott, T., van Dongen, J.T., Gu€nther, C., Krusell, L.,

Desbrosses, G., Vigeolas, H., et al. (2005) Symbiotic leghe-

moglobins are crucial for nitrogen fixation in legume root

nodules but not for general plant growth and development.

Curr Biol 15: 531–535.

Palardy, J.E., Rodrigues, L.J., and Grottoli, A.G. (2008) The

importance of zooplankton to the daily metabolic carbon

requirements of healthy and bleached corals at two depths.

J Exp Mar Biol Ecol 367: 180–188.
Pillay, R.M., Willis, B., and Terashima, H. (2005) Trends in the

density of zooxanthellae in Acropora millepora (Ehrenberg,

1834) at the Palm Island group, Great Barrier Reef, Aus-

tralia. Symbiosis 38: 209–226.

Plass-Johnson, J.G., Cardini, U., van Hoytema, N.,

Bayraktarov, E., Burghardt, I., Naumann, M.S., and Wild, C.

(2015) Coral bleaching. In Environmental Indicators.

Armon, R.H., and H€anninen, O. (eds). Netherlands:

Springer, pp. 117–146.
R€adecker, N., Meyer, F.W., Bednarz, V.N., Cardini, U., and

Wild, C. (2014) Ocean acidification rapidly reduces dinitro-

gen fixation associated with the hermatypic coral Seriato-

pora hystrix. Mar Ecol Prog Ser 511: 297–302.

R€adecker, N., Pogoreutz, C., Voolstra, C.R., Wiedenmann, J.,

and Wild, C. (2015) Nitrogen cycling in corals: the key to

understanding holobiont functioning? Trends Microbiol 23:

490–497.
Rahav, O., Dubinsky, Z., Achituv, Y., and Falkowski, P.G. (1989)

Ammonium metabolism in the zooxanthellate coral, Stylo-

phora pistillata. Proc R Soc Lond B: Biol Sci 236: 325–337.
Robinson, J.P., Darzynkiewicz, Z., Dean, P., Orfao, A.,

Rabinovitch, P., Stewart, C., et al. (1997) Current Protocols

in Cytometry. New York: Wiley.

Rodrigues, L.J., and Grottoli, A.G. (2006) Calcification rate

and the stable carbon, oxygen, and nitrogen isotopes in the

skeleton, host tissue, and zooxanthellae of bleached and

recovering Hawaiian corals. Geochimica et Cosmochimica

Acta 70: 2781–2789.
Rosenberg, E., Koren, O., Reshef, L., Efrony, R., and Zilber-

Rosenberg, I. (2007) The role of microorganisms in coral

2632 U. Cardini et al.

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 2620–2633



health, disease and evolution. Nat Rev Microbiol 5:
355–362.

Rosenberg, E., Kushmaro, A., Kramarsky-Winter, E., Banin,

E., and Yossi, L. (2009) The role of microorganisms in coral
bleaching. ISME J 3: 139–146.

Santos, H.F., Carmo, F.L., Duarte, G., Dini-Andreote, F.,
Castro, C.B., Rosado, A.S., et al. (2014) Climate change
affects key nitrogen-fixing bacterial populations on coral

reefs. ISME J 8: 2272–2279.
Sellstedt, A., and Richau, K.H. (2013) Aspects of nitrogen-

fixing Actinobacteria, in particular free-living and symbiotic
Frankia. FEMS Microbiol Lett 342: 179–186.

Shashar, N., Cohen, Y., Loya, Y., and Sar, N. (1994) Nitrogen-

fixation (acetylene reduction) in stony corals - evidence for
coral-bacteria interactions. Mar Ecol Prog Ser 111: 259–264.

Siebeck, U.E., Marshall, N.J., Kl€uter, A., and Hoegh-
Guldberg, O. (2006) Monitoring coral bleaching using a col-
our reference card. Coral Reefs 25: 453–460.

Stambler, N., Popper, N., Dubinsky, Z., and Stimson, J. (1991)
Effects of nutrient enrichment and water motion on the coral
Pocillopora damicornis. Pac Sci 45: 299–307.

Strickland, J., and Parsons, T. (1972) A Practical Handbook of

Seawater Analysis. Ottawa: Bulletin Fisheries Research
Board of Canada.

Suzuki, A., Gagan, M.K., Fabricius, K., Isdale, P.J., Yukino, I.,
and Kawahata, H. (2003) Skeletal isotope microprofiles of
growth perturbations in Porites corals during the 1997–

1998 mass bleaching event. Coral Reefs 22: 357–369.
Tanaka, Y., Grottoli, A.G., Matsui, Y., Suzuki, A., and Sakai, K.

(2015) Partitioning of nitrogen sources to algal endosym-
bionts of corals with long-term 15N-labelling and a mixing
model. Ecol Model 309–310: 163–169.

Teece, M.A., Estes, B., Gelsleichter, E., and Lirman, D. (2011)
Heterotrophic and autotrophic assimilation of fatty acids by
two scleractinian corals, Montastraea faveolata and Porites
astreoides. Limnol Oceanogr 56: 1285–1296.

Thompson, J.R., Rivera, H.E., Closek, C.J., and Medina, M.

(2015) Microbes in the coral holobiont: partners through
evolution, development, and ecological interactions. Fron-
tiers in Cellular and Infection Microbiology 4: 176.

Tremblay, P., Naumann, M.S., Sikorski, S., Grover, R., and

Ferrier-Pagès, C. (2012) Experimental assessment of
organic carbon fluxes in the scleractinian coral Stylophora
pistillata during a thermal and photo stress event. Mar Ecol
Prog Ser 453: 63–77.

Valiela, I. (1984) Marine Ecological Processes. New York and

Heidelberg: Springer-Verlag.
Vega Thurber, R., Willner-Hall, D., Rodriguez-Mueller, B.,

Desnues, C., Edwards, R.A., Angly, F., et al. (2009) Metage-
nomic analysis of stressed coral holobionts. Environ Micro-
biol 11: 2148–2163.

Vega Thurber, R.L., Burkepile, D.E., Fuchs, C., Shantz, A.A.,
McMinds, R., and Zaneveld, J.R. (2014) Chronic nutrient
enrichment increases prevalence and severity of coral dis-
ease and bleaching. Glob Change Biol 20: 544–554.

Welschmeyer, N.A. (1994) Fluorometric analysis of chlorophyll

a in the presence of chlorophyll b and pheopigments. Lim-
nol Oceanogr 39: 1985–1992.

Wiedenmann, J., D’Angelo, C., Smith, E.G., Hunt, A.N.,
Legiret, F.-E., Postle, A.D., and Achterberg, E.P. (2013)
Nutrient enrichment can increase the susceptibility of reef
corals to bleaching. Nature Clim Change 3: 160–164.

Wild, C., Huettel, M., Klueter, A., Kremb, S.G., Rasheed,
M.Y.M., and Jorgensen, B.B. (2004) Coral mucus functions
as an energy carrier and particle trap in the reef ecosystem.
Nature 428: 66–70.

Wild, C., Rasheed, M., Jantzen, C., Cook, P., Struck, U.,
Huettel, M., and Boetius, A. (2005) Benthic metabolism and
degradation of natural particulate organic matter in carbon-
ate and silicate reef sands of the northern Red Sea. Mar
Ecol Progr Ser 298: 69–78.

Wild, C., Hoegh-Guldberg, O., Naumann, M.S., Colombo-
Pallotta, M.F., Ateweberhan, M., Fitt, W.K., et al. (2011)
Climate change impedes scleractinian corals as
primary reef ecosystem engineers. Mar Freshw Res 62:
205–215.

Wilson, S.T., B€ottjer, D., Church, M.J., and Karl, D.M. (2012)
Comparative assessment of nitrogen fixation methodolo-
gies, conducted in the oligotrophic north Pacific Ocean.
Appl Environ Microbiol 78: 6516–6523.

Winter, A., Appeldoorn, R., Bruckner, A., Williams, E., Jr, and
Goenaga, C. (1998) Sea surface temperatures and coral
reef bleaching off La Parguera, Puerto Rico (northeastern
Caribbean Sea). Coral Reefs 17: 377–382.

Witze, A. (2015) Corals worldwide hit by bleaching. Warm
ocean waters combine with El Ni~no to turn reefs a stark
white. Nature News 08 October 2015. doi:10.1038/
nature.2015.18527.

Wolf-Gladrow, D.A., Zeebe, R.E., Klaas, C., K€ortzinger, A.,
and Dickson, A.G. (2007) Total alkalinity: the explicit con-
servative expression and its application to biogeochemical
processes. Mar Chem 106: 287–300.

Wooldridge, S.A. (2009) A new conceptual model for the
enhanced release of mucus in symbiotic reef corals
during ’bleaching’ conditions. Mar Ecol Prog Ser 396:
145–152.

Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Dissolved (DOC) and total (TOC) organic carbon
fluxes of the coral nubbins at different times during the
experiment.
Fig. S2. Picoeukaryotes growth and cyanobacteria growth
in coral-surrounding water versus seawater controls at the
end of the experiment.
Fig. S3. Stylophora pistillata after the exposure to 348C,
with open polyps at night.
Fig. S4. Temperature profiles for the two thermal treat-
ments with which Stylophora pistillata and Acropora hempri-
chii nubbins were exposed.

Table S1. Results of two-factorial PERMANOVAs.
Table S2. Results of three-factorial PERMANOVAs.
Table S3. Dissolved inorganic nutrients and light intensity
over the course of the manipulation experiment.

Microbial dinitrogen fixation in stressed corals 2633

VC 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 2620–2633

info:doi/10.1038/nature.2015.18527
info:doi/10.1038/nature.2015.18527

