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events are often poorly observed, models 

can fail to represent them adequately, and 

their relationship with climate variability 

and change is often not well understood (4). 

Improved climate models, observational data 

sets, and theoretical understanding will be 

needed to improve the reliability of attribu-

tion findings for such events. 

Recent initiatives, including the Euro-

pean project EUCLEIA (European Climate 

and Weather Events: Interpretation and 

Attribution) and the World Weather Attri-

bution effort, seek to develop the science of 

event attribution. For such science to help 

societies become more resilient to climate 

variability and change, event attribution 

results need to be credible and relevant 

(10). Further improvements are needed in 

techniques for analyzing extreme events, 

tools to evaluate and communicate the ro-

bustness of event attribution results (11, 12), 

and methodologies to link the effects of ex-

treme events to their meteorological drivers 

(13). A model-based result by itself does not 

guarantee its utility (3). A convincing physi-

cally based storyline describing the event 

and its effects is also needed to support the 

legitimate use of such information for ro-

bust decision-making (14). 

The increasingly routine nature of some 

temperature-based studies points the way 

toward an operational attribution capabil-

ity in which trusted providers issue routine 

updates on recent events (15). The National 

Academies of Science recommended that 

such a capability be linked to the provision 

of probabilistic forecasts of extreme events 

at lead times of days to seasons or longer 

(4). Placing recent extreme events in the 

context of past and future climate variabil-

ity and change would enhance the ability of 

societies to manage weather and climate-

related risks.  j
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Corals’ microbial sentinels
The coral microbiome will be key to future reef health

By Tracy D. Ainsworth1 and Ruth D. Gates2

I
n 2005, Pandolfi et al. (1) asked whether 

U.S. coral reefs would in the future be 

overgrown and dominated by algae as 

a result of rapid change in the marine 

environment. Over a decade later, an 

increasing number of reefs worldwide 

have declined, and severe and lasting envi-

ronmental changes are altering the compo-

sition of coral reefs that were once pristine 

and resilient. In the past 2 years, many 

reefs around the world have suffered from 

repeated bleaching (see the photo) as a re-

sult of high water temperatures caused by 

a strong El Niño event combined with cli-

mate change. Corals that survive the mul-

tiple impacts of climate change and local 

disturbance will form the basis of future 

reefs that will differ in fundamental ways 

from those considered healthy today (2). 

Changes to the coral microbiome on these 

reefs will play a vital part in future coral 

reef health (see the figure).

Microbial communities play central roles 

in animal health and ecosystem stability. 

Factors such as nutritional status, stress 

response, and disease are linked to shifts 

in the taxonomic composition of—and the 

interactions between—microbiomes and 

their hosts (3). There are also correlations 

between an organism’s life span and its 

microbial complexity, structure, and func-

tion (4). Corals form integral and function-

ally important symbioses with prokaryotic 

microbes (forming a core symbiotic micro-

biome) (5). The implications of altered pro-

karyotic microbial partnerships for coral 

reefs are difficult to predict 

because little is known about 

the functional complexity of 

the undisturbed coral micro-

biome. However, knowledge 

from other systems suggests 

that altered microbiomes, rep-

resenting a new stable state 

after disturbance, impair the 

host’s metabolic state, disease 

resistance, and functional 

capacity (6).

One of the most extreme 

examples of the impacts of 

environmental stress on coral 

function is bleaching. Tem-

perature stress of only 1∞C 

above the physiological upper 

limit, as seen on coral reefs 

worldwide in the past 3 years, 

causes tropical reef corals to 

bleach. Bleaching reflects a 

reduced density of endosym-

biotic algae (belonging to the 

dinoflagellate genus Symbio-

dinium) in the coral tissues. 

When these nutritionally 

beneficial endosymbionts are 

lost, coral health suffers and 

nutritional resources are de-

pleted. These effects continue 

as long as adverse tempera-

ture conditions persist and 

can ultimately lead to the 

death of the coral. 

In corals that bleach but 

survive, external conditions 

Microbiome

Historic coral state

The health of a highly 
diverse reef ecosystem 
is supported by a 
complex microbiome.

Degraded state

After disturbance, 
diversity of corals, 
fsh, and microbiome 
is reduced, lowering 
resilience.

Alternate algal state

An algal-dominated 
ecosystem without 
living corals has a 
diferent microbiome.

Algae

Microbiome shifts 
The shifting microbial complexity indicates the impact of climate 

change on the coral microbiome, host health, and population stability 

on coral reefs. The challenge to coral research is to understand the 

microbial contribution to alternate stable states on coral reefs.
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must return to normal for the repopulation 

of endosymbiotic algae and regeneration 

of the host tissue to occur. The drastic im-

pact of bleaching on the coral animal and, 

ultimately, its microbiome can influence 

the immune system, alter the metabolic 

capacity, and impair the stress resistance 

of the surviving corals. Maintaining and/

or reestablishing crucial functional contri-

butions from the prokaryotic microbiome 

after events such as bleaching are key to 

coral survival, recovery, and prevention of 

disease. A microbial signature dominated 

by pathogens has been associated with 

bleaching mortality (7, 8), whereas in corals 

that survive bleaching, there is no rise in 

primary pathogens (8, 9). For example, of 

over 25,000 bacterial phylotypes identified 

on surviving Acroporid corals, only 14 bac-

teria of the pathogenic Vibrio genera were 

found; these pathogens were associated 

with just 2 of the 63 corals analyzed (10). 

A shift toward a phylogenetically and 

functionally less diverse core symbiotic 

microbiome after bleaching, and in cata-

strophic stress survivors, would indicate 

the formation of a new metaorganism. As 

seen in other systems, new stable-state 

metaorganisms have altered functional ca-

pacity that can influence life history. In cor-

als, the loss of beneficial bacteria has been 

linked to the development of lesions and 

tissue necrosis (11, 12). Such changes to the 

surviving adult coral microbiome are likely 

to have far-reaching implications, includ-

ing intergenerational impacts, as has been 

found in other organisms (13). As outlined 

by Pandolfi et al. (1), many factors shift the 

balance between survival and mortality on 

reefs. The influence of these environmen-

tal factors on the coral microbiome is not 

yet accounted for in estimates of coral re-

sponse to climate change (14, 15). 

The coral microbiome is a critical ele-

ment to the health of the corals that can 

influence the reef-wide response to growing 

environmental pressures. The emergence 

of new ecosystem norms on coral reefs will 

be underpinned by changes to the micro-

biome and the microbial contribution to 

organism health and stress resistance, un-

der new environmental norms. Account-

ing for the influence of microbes in coral 

ecosystem stability will require an advance 

in our fundamental understanding of the 

establishment, diversity, and complexity of 

prokaryotic symbioses. Differentiating the 

elements of the microbiome that signify a 

loss of functional redundancy, altered stress 

resistance, mortal states (such as the rise of 

opportunistic microbes and primary patho-

genesis), and disease will be crucial.  j
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“The emergence of new 
ecosystem norms on coral 
reefs will be underpinned by 
changes to the microbiome….”
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Stress response. The past 

2 years have seen widespread 

bleaching in coral reefs 

around the world, as shown 

here in the Maldives.
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