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Foreword Eileen Claussen, President, Pew Center on Global Climate Change
Coral reefs represent some of the most biologically diverse ecosystems on Earth, providing critical

habitat to approximately 25 percent of marine species. In addition, these ecosystems provide economic
benefits through tourism and fisheries. One recent estimate valued the annual net economic benefits of 
the world’s coral reefs at $30 billion. However, human activities including development in coastal areas,
over-fishing, and pollution have contributed to a global loss of over 10 percent of these valuable ecosys-
tems. An additional 15 percent have been lost due to warming of the surface ocean, and climate change
will further contribute to coral reef degradation in the decades ahead. 

Coral Reefs and Global Climate Change is the tenth in a series of Pew Center reports examining the
potential impacts of climate change on the U.S. environment. It details the likely impacts of climate
change over the next century to coral reef ecosystems both in U.S. waters and around the world. Report
authors Drs. Robert W. Buddemeier, Joan A. Kleypas, and Richard B. Aronson find:

• Increases in ocean temperatures associated with global climate change will increase the number of
coral bleaching episodes. High water temperatures stress corals leading to “bleaching” — the
expulsion of colorful, symbiotic algae that corals need for survival, growth, and reproduction.
While coral species have some capacity to recover from bleaching events, this ability is dimin-
ished with greater frequency or severity of bleaching. As a result, climate change is likely to
reduce local and regional coral biodiversity, as sensitive species are eliminated. 

• Increases in atmospheric concentrations of carbon dioxide (CO2) from fossil fuel combustion will
drive changes in surface ocean chemistry. The higher the concentration of CO2 in the atmosphere,
the greater the amount of CO2 dissolved in the surface ocean. Higher dissolved CO2 increases
ocean acidity and lowers the concentration of carbonate which corals and other marine organisms
use, in the form of calcium carbonate, to build their skeletons. Thus, continued growth in human
emissions of CO2 will further limit the ability of corals to grow and recover from bleaching events
or other forms of stress.

• The effects of global climate change will combine with more localized stresses to further degrade
coral reef ecosystems. Although climate change itself will adversely affect coral reefs, it will also
increase the susceptibility of reef communities to degradation and loss resulting from natural 
climate variability such as El Niño events as well as disease, over-fishing, disruption of food
webs, and pollution from neighboring human communities. 

• Multiple environmental management strategies, from local to global, will be necessary to ensure the
long-term sustainability of the world’s coral reef ecosystems. Efforts to reduce emissions of green-
house gases that contribute to global climate change can reduce the risk of future bleaching
events and moderate changes in ocean chemistry. Meanwhile, the establishment of marine pro-
tected areas may help protect coral reefs from non-climate stresses as well as enable coral reefs
to better adapt to the effects of global climate change. 

The authors and the Pew Center gratefully acknowledge the input of Drs. Janice Lough and Peter
Glynn on this report. The authors thank Drs. Laurie Richardson and Terry Done for additional reviews and
comments and Mark Schoneweis for figure preparation. The Pew Center also thanks Joel Smith of Stratus
Consulting for his assistance in the management of this Environmental Impacts Series.
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Executive Summary
Coral reefs are striking, complex, and important features of the marine environment. Reefs are

geologic formations constructed from the accumulated skeletons of limestone-secreting animals and

plants. The intimately linked plant-animal communities that create them are representative of an 

ecosystem that occurs in tropical and subtropical waters across the planet, most commonly in shallow

oceanic water, and often close to land. Coral reefs have the highest biodiversity of any marine ecosystem,

and they provide important ecosystem services and direct economic benefits to the large and growing

human populations in low-latitude coastal zones.

The natural habitat of coral reefs near the junction of land, sea, and air is both varied and variable,

and is a potentially stressful environment. Reef organisms have evolved adaptations over hundreds of millions 

of years to cope with recurring disturbances: damage or destruction, followed by recovery or regrowth. These 

are natural features of coral reef history. However, recent global increases in reef ecosystem degradation and

mortality (the “coral reef crisis”) appear to be sending a clear message that the rate and nature of recent envi-

ronmental changes are frequently exceeding the adaptive capacity of coral reef organisms and communities.

The coral reef crisis is almost certainly the result of complex and synergistic interactions among

local-scale human-imposed stresses and global-scale climatic stresses. Both can produce direct and indi-

rect chronic and acute stresses, leaving few, if any, parts of the ocean truly hospitable for healthy coral

reef communities. Documented human stresses include increased nutrient and sediment loading, direct

destruction, coastal habitat modification, contamination, and the very important chronic indirect effects

of overfishing. The major climate change factor that is becoming increasingly important for coral reefs is

rising ocean temperatures, which have been implicated in chronic stress and disease epidemics, as well 

as in the occurrence of mass coral bleaching episodes. Also of concern are the effects of increasing 

atmospheric carbon dioxide (CO2) on ocean chemistry, which can inhibit calcification—the deposition 

of the calcium carbonate minerals that are the structural building materials of coral reefs.

Coral reef communities usually recover from acute physical damage or coral mortality if chronic

environmental stresses (such as reduced water quality) are weak, and if the acute stresses are not strong

or overly frequent. Coral reefs also withstand chronic stresses in the absence of acute stresses. The com-

bination of acute and chronic stress, however, often results in the replacement of the coral reef communi-

ty by seaweeds or some other nonreef system. Such ecosystem shifts are well advanced in the Caribbean

region, where two of the major reef-building coral species have been devastated by disease. In the Indo-

Pacific region, the repeated and lethal episodes of “bleaching” associated with unusually high water 

temperature raise concern that reefs cannot sufficiently recover between such events.
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Whereas remote oceanic reefs will be affected primarily by climate change, reefs close to human

populations will continue to be affected by combinations of additional stresses (e.g., reduced water 

quality, physical damage, and overharvesting) that must be considered together to be understood and

managed. Predictions of the future of coral reefs are difficult because current environmental changes 

are leading to a combination of surface ocean chemistry and temperature conditions that have almost 

certainly never occurred over the evolutionary history of modern coral reef systems. 

This report reviews the published literature in an effort to analyze the current state of knowledge

regarding coral reef communities and the potential contribution of future climate change to coral reef

degradation and loss. The major conclusions of the review are summarized as follows:

1) Climate and localized nonclimate stresses interact, often synergistically, to affect the health and

sustainability of coral reef ecosystems. Stresses associated with climate change, such as high-temperature

episodes that promote coral bleaching, reduced calcification, and changes in ocean and atmospheric 

circulation, present one set of challenges to coral reefs. However, these stresses may exacerbate other

stresses not directly related to climate, such as disease, predation, and the cumulative effects of other

nonclimate stresses. Thus, it is difficult to separate the effects of global climate and local nonclimate

influences when considering reef condition or vulnerability.

2) Coral reef alteration, degradation, and loss will continue for the foreseeable future, especially in

those areas already showing evidence of systemic stress. As we enter an unprecedented climatic state,

recent geological and biological history gives us little on which to base predictions regarding the future of

coral reef ecosystems. Key uncertainties include the extent to which human activities will continue to

alter the environment, how climate variability such as the frequency and intensity of El Niño-Southern

Oscillation (ENSO) events will change relative to global temperature, and the biological and ecological

responses of coral reef communities to unprecedented future conditions. However, there is no realistic

doubt that continued climate change will cause further degradation of coral reef communities, which will

be even more devastating in combination with the continuing nonclimate stresses that will almost certain-

ly increase in magnitude and frequency. 

3) The effects of climate change on global coral reef ecosystems will vary from one region to another.

Although climate change has the potential to yield some benefits for certain coral species in specific

regions, such as the expansion of their geographic ranges to higher latitudes, most of the effects of 

climate change are stressful rather than beneficial. Reef systems that are at the intersection of global 

climatic and local human stresses will be the most vulnerable. Remote, deep, or well-protected reef 

communities are more likely to provide reserves and refuges for future generations of coral reef organ-

isms, and aesthetic and scientific resources for future generations of humans. 
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4) While the net effects of climate change on coral reefs will be negative, coral reef organisms and

communities are not necessarily doomed to total extinction. The diversity of coral species comprising existing

reefs, the acknowledged adaptation potential of reef organisms, spatial and temporal variations in climate

change, and the potential for human management and protection of coral reef ecosystems all provide pos-

sibilities for survival. Nevertheless, coral reefs of the future will be fewer and probably very different in

community composition than those that presently exist, and these changes will cause further ecological

and economic losses. 

5) Research into adaptation and recovery mechanisms and enhanced monitoring of coral reef environ-

ments will permit us to learn from and influence the course of events rather than simply observe the decline.

Most local (and some regional) nonclimate stresses have the potential to be mitigated and managed more

readily than global climate change itself. A significant step would be a distributed international network

of coral reef refuges and marine protected areas, selected on the basis of biological and environmental

diversity, connectivity, potential threats, and enforcement feasibility. Yet, even with such efforts, recent

degradation of coral ecosystems combined with future climate change will still pose a significant chal-

lenge to the global sustainability of coral reefs.

v
Coral reefs & Global climate change
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I. Introduction
A. Coral Reefs and Reef Organisms

Coral reefs, and the organisms and communities that build and live on

them, are widely distributed in shallow tropical and subtropical waters of the

world (Figure 1; Box 1). Coral reefs are unique ecosystems in that they are defined by both biolog-

ical (“coral” community) and geological (“reef” structure) components. The reef is constructed of lime-

stone (calcium carbonate) secreted as skeletal material by corals and calcareous algae. Reef-building

corals are colonial animals that house single-celled microalgae, called zooxanthellae, within their body

tissues (Box 1; Figure 2). This symbiotic relationship benefits both partners: the coral obtains food from

the plant photosynthesis, the microalgae benefit from nutrients released as waste by the coral, and the

two have complementary effects on carbon dioxide (CO2) exchange that is believed to account for the

rapid rates of skeletal growth.

Coral reefs offer many values to human society and to the health of the biosphere. Reefs support

fisheries, and reef structures provide natural breakwaters that protect shorelines, other ecosystems, and

human settlements from waves and storms. Humans use reefs and reef products extensively for food,

building materials, pharmaceuticals, the aquarium trade, and other products. Due to their grandeur, 

Figure 1

Worldwide Distribution  of Coral Reefs

General worldwide distribution of coral reefs, with contours indicating the number of genera (clans of related species). 

The area inside the 50 genera contour is essentially the high diversity “coral triangle”—the Southeast Asian center of coral

diversity. The blue area outside of the contour lines represents regions with at least 10 but fewer than 25 genera. 

Source: based on Veron (1995).
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beauty, and novelty, reefs have become prime tourist destinations and, therefore, economic resources. 

Less evident are the multiple “ecosystem services” of coral reefs, such as recycling nutrients and

providing food, shelter, and nursery habitat for many other species. Many of these services are related to

the geologic and biologic structures that create the spatial complexity necessary for the high biodiversity

of reefs. The biodiversity is not all marine; humans, like many seabirds and other air-breathing species,

have colonized island and coastal environments formed by coral reef communities.

All coral reef communities share the characteristics described in Box 1, but the range of varia-

tion makes generalization challenging and risky. The major biological provinces of reef corals are the

Indo-Pacific and the Atlantic (of which the Caribbean is the best-known and most extensive example).

These two ocean basins have very few reef species in common, and the Indo-Pacific accounts for about

2
Coral reefs & Global climate change

Box 1

Corals and Reefs

“Coral reef” is a term used to describe both shallow

limestone formations in tropical and subtropical waters

and the biological communities that create them (Kleypas

et al., 2001). Originally feared by mariners as a hazard to

navigation, coral reefs are now valued for their beauty, bio-

diversity, and the products and services they provide to

human society.

These values, like the reefs themselves, originate

largely from the life histories of a remarkable group of

organisms: reef-building corals. (Many other organisms are

popularly called corals; we discuss only those that con-

tribute substantially to reef building.) These organisms are

distinct from most other animals in two important ways.

First, most of them consist of multiple small, sea

anemone-like organisms called polyps connected by living

tissue into one sheet-like colony. Second, they have

evolved an intimate symbiotic relationship with a group of

microalgae: small plants, called zooxanthellae, that live in

large numbers within the tissue of the coral animals. This

fusion of plant and animal creates a composite organism:

many coral polyps and a much larger number of algal cells

all connected into a single living entity (see Figure 2). In

most cases, the colony can be subdivided into pieces that

will continue to live, much as plant cuttings can be propa-

gated. Although reefs may be found in high-nutrient

waters, the coral colony’s ability to feed as an animal and

photosynthesize as a plant gives it great survival advan-

tages in the nutrient-poor waters where they are often

found: the tropical “deserts” of the ocean. However, this

dependence on light restricts corals, and especially exten-

sive reef-building activity, to shallow depths (from the

intertidal zone to no more than 100 meters) and relatively

clear waters. Most reefs, therefore, occur near land, making

them particularly vulnerable to exploitation by humans, and

to changes on nearby land masses.

Coral skeletons display a bewildering variety of

geometries. The elaborate, three-dimensional structures of

corals and reefs create a diversity of habitats, making

coral reefs the most diverse shallow-water marine ecosys-

tems known. As corals and other limestone-secreting

organisms (especially calcifying, or calcareous, algae)

grow, die, and are replaced, their mineral byproducts are

compacted and cemented into the durable reef formations

that are among Earth’s largest biogenic features (i.e., fea-

tures built by living organisms). Drilling on Enewetak Atoll

in the tropical Pacific in 1952 penetrated 1,267 meters

(4,158 feet) of coral reef materials and related carbonate

deposits—literally an underwater coral reef mountain—

which had accumulated over tens of millions of years and

which is capped by living reef communities that are still

producing carbonate minerals.
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Figure 2

A Typical Reef-Building Coral 

Cross-section diagram of a polyp and the skeleton of typical reef-building coral, illustrating the presence of symbiotic microal-

gae (zooxanthellae). The organism is colonial, with many polyps connected in a single living surface above the limestone skele-

ton. Inset figures show the relationships of the polyp to the colony and of the colony to the reef community.

GULLET

TENTACLES

ZOOXANTHELLAE
(ALGAE)

SKELETON
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85 percent of the world’s reefs and a similar proportion of reef biodiversity (Veron, 1995). The center of

maximum coral diversity is in the Southeast Asian region (Figure 1). Reef communities vary across large-

scale environmental gradients, as reflected in the diversity gradients across both latitude (North-South;

e.g., Harriott and Banks, 2002) and longitude (East-West). At smaller scales, the makeup of reef commu-

nities differs according to the degree of land influence, storm frequency, and combination of other local

and regional factors.

Reef communities produce limestone, which can be well-preserved in the geologic record.

Because reefs and corals have existed in one form or another for hundreds of millions of years, this

record provides a wealth of information about organism and ecosystem evolution and Earth’s environmen-

tal changes through time. Corals have not, however, always been the main reef builders, and comparing

ancient with present-day reefs can be confusing, because the terms “coral” and “reef” have been used to

refer to a wide variety of things. Modern coral reef organisms and communities have evolved over the past

40-55 million years. Present-day reefs have accumulated during the last 10,000 years of the current

interglacial period (the Holocene epoch). The modern reef community is the living veneer over these lime-

stone accumulations that may be tens of meters thick.

B. The “Coral Reef Crisis”

Coral reefs have declined over the course of human history, culminating

in the dramatic increase in coral mortality and reef degradation of the past

20-50 years (Pandolfi et al., 2003). This “coral reef crisis” is well-documented and has stimu-

lated numerous publications on the future of coral reefs (e.g., Hoegh-Guldberg, 1999; Knowlton, 2001;

McClanahan, 2002) and their vulnerability to environmental change (e.g., Bryant et al., 1998; Hughes et

al., 2003). The causes of this crisis are a complex mixture of direct human-imposed and climate-related

stresses, and include factors such as outbreaks of disease, which have suspected but unproven connec-

tions to both human activities and climate factors. By 1998, an estimated 11 percent of the world’s reefs

had been destroyed by human activity, and an additional 16 percent were extensively damaged in

1997–98 by coral beaching (Wilkinson, 2000, 2002). Widespread coral bleaching, unknown before the

1980s, has brought recognition that reefs are threatened by global-scale climate factors as well as by

more localized threats, and that different types of stress may interact in complex ways.

4
Coral reefs & Global climate change
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Although the crisis is widespread, individual reefs and even whole regions exhibit considerable

variation in both health and responses to stress. The Caribbean region has been particularly hard-hit by

problems (Gardner et al., 2003), many of which are well-studied. Caribbean case studies and inter-ocean

contrasts help to illustrate both the consistencies and the variations in coral reef responses to complex

environmental changes.

C. Climate and Environmental Change 

Over the past one to two centuries, human population growth and

development have greatly altered not only local environments, but also the

global environment as a whole. Major systematic changes include rising atmospheric concen-

5
Coral reefs & Global climate change

Box 2

Climate Change Projections  

The Earth's climate system consists of natural

processes that redistribute the sun's energy that is

absorbed and re-emitted by the planet. We tend to think

of climate in terms of its physical manifestations—the

temperature and movements of the oceans and atmos-

phere, and the hydrologic cycle that redistributes water

across the earth's surface. However, chemical, biological,

and geological processes are also integral features of the

climate system.

The Third Intergovernmental Panel on Climate

Change (IPCC) found that the average temperature of the

earth has risen 0.4–0.8°C (approximately 1°F) since the

late 19th century, and attributed a substantial part of that

change to the concurrent increase in greenhouse gas con-

centrations; for example, atmospheric CO2 has increased

from about 280 parts per million by volume (ppmv) to

nearly 370 ppmv (Houghton et al., 2001). Greenhouse

gas concentrations will continue to increase over the next

few decades to centuries—how much depends on future

economic and technological developments. A range of 

scenarios that combined predictions of population growth,

economic growth, and technological advances was used to

arrive at the estimates in Table 1.

Table 1

IPCC global average climate change observations and projections1

280

---

---

---

CO2 (ppmv)

Global mean temp (°C)
(°F)

Tropical SST (°C)
(°F)

Sea level (m)
(ft)

367

+0.4–0.8
(+0.7–1.4)

+0.073–0.154

(+0.23–0.49)

463–623

+0.8–2.6
(+1.4–4.7)

+0.05–0.32
(+0.16–1.0)

478–1,099

+1.4–5.8
(+2.5–10.4)

~+1.0–3.02

(~+1.8–5.4)

+0.09–0.88
(+0.29–2.88)

Variable 1880 2000 2050 2100

Observed Projected
1 Projected values are from
Table TS-1 of the IPCC
Working Group II Technical
Summary (McCarthy et al.,
2001) unless otherwise noted.

2 Estimated from Figure 20 of
IPCC Working Group I
Technical Summary (Albritton
et al., 2001)

3 Cabanes et al., 2001

4 Houghton et al., 2001
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trations of greenhouse gases (GHGs) that influence the earth's energy budget and climate. Climate

changes due to rising GHG levels (the enhanced greenhouse effect) are summarized in Box 2 (previous

page). In addition, the global phosphorus and nitrogen cycles have accelerated because of artificial fertil-

izer use and massive changes in land use, the hydrologic cycle has been altered by river damming and

water diversion as well as climate change, major natural ecosystems have been altered by fishing,

forestry, and agriculture, and the ecological and biogeochemical implications of increased atmospheric

CO2 levels go well beyond the effects on global temperature (Steffen and Tyson, 2001).

Because coral reefs occur near the junction of land, sea, and atmosphere, their natural habitats

experience both the marine and terrestrial results of any climatic change and are vulnerable to human

activities. This report first summarizes the contributions of direct human stress to the coral reef crisis,

then reviews the source and nature of climate change stresses, and finally summarizes the future

prospects for coral reef ecosystems in a rapidly changing world.

We use “acute” and “chronic” to classify various stress factors, discuss their interactions, and inte-

grate their probable combined effects. Acute stresses are those short-term events that cause rapid damage on

a reef (such as from tropical storms), while chronic stresses act over longer terms and are generally associated

with more gradual environmental degradation (such as sediment loading). Although some stresses are not

clearly either acute or chronic, this approach allows us to discuss reef decline as a combination of stresses,

and highlights the need to consider chronic (and usually less apparent) stress as much as acute stress.

6
Coral reefs & Global climate change
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II. Nonclimatic Stresses to Coral Reefs
A. Types and Categories of Stresses and Effects

A wide variety of environmental factors that are not directly related to

changes in the climate system have the potential to stress coral reefs. Reef com-

munities have been described as “disturbance-adapted” ecosystems (Connell, 1997; Hughes and Connell,

1999), but that adaptation is to natural rather than human-enhanced disturbances. Cycles of damage fol-

lowed by recovery are natural aspects of reef persistence, and coral reefs have been described by Done

(1999) as a “shifting steady-state mosaic”—a regional population of reef communities that are diverse and

changing, but in which all of the important types and components are always represented. This pattern

breaks down when reef communities are lost and fail to recover (as appears to be happening worldwide), or

when critical components are lost on a regional scale (e.g., the loss of Acropora species—staghorn and

elkhorn corals—in the Caribbean), causing fundamental change in the larger coral reef ecosystem.

Reef decline, as opposed to change or variation, has two components: the initial damage or mor-

tality and the failure of the ecosystem to recover. Reefs can recover from acute stresses and tolerate

chronic stresses, but chronically stressed reefs are far less likely to recover from acute stress (Kinsey,

1988). As disturbances (acute stresses) become more varied and frequent against a background of deteri-

orating conditions (chronic stresses), components of the original coral reef mosaic are progressively

replaced by noncoral organisms. Environmental alteration and climate change need to be considered

together to predict the future trajectory of coral reef ecosystems, since both can cause chronic and acute

stresses; both also vary across time and space and are likely to have strong interactions. 

Table 2 and the discussion that follows consider the main human-induced stresses on reefs,

whether acute or chronic, and how they interact with climate change and each other. These stresses act

over different spatial scales, which is important to understanding responses and possible remedies.

Coral reefs & Global climate change
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Table 2

Stresses on Coral Reef Ecosystems

Carbonate ion decrease and reduced
calcification

Temperature increase

Overharvesting

Nutrient loading

Introduced/invasive species; diseases1

Ocean/atmospheric circulation change

Coastal and 
watershed alteration

Sedimentation

Acute Stresses

Temperature increase

ENSO1

Diseases1; introduced or invasive
species

Storm frequency & intensity increase

Sedimentation

Urbanization, watershed modification

Commercial and incidental destruction

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

Cooler areas will be stressed first, opposing possi-
ble warming benefit

Gradual increase may be chronic stress in warm
areas, benefit in cool

Fishing – commercial, recreational; fin-fish, others;
souvenir and aquarium trades

Land use – agriculture, sewage treatment, biomass
burning, increased runoff

Increased competition and debilitation by parasites,
predators, or diseases

Specific predictions are difficult

Alteration of circulation patterns, runoff, and land-
ocean coupling

Land use – agriculture, land clearing, construction,
increased erosion and runoff

Transient high-temperature episodes are major
stresses

Linkage to climate change uncertain; major factor
in acute temperature stress

Increased virulence and frequency of disease out-
breaks may be linked to climate change

Major factor in land-ocean coupling

Land use – agriculture, land clearing, construction,
increased erosion, and runoff

Increase in waste, other discharges, alteration of
land-ocean coupling

Transportation, tourism and recreational use, 
mining, dredging, destructive fishing

Stress factor Scale Comments

Chronic Stresses G R L

Stresses are grouped into Chronic or Acute Categories; some factors occur in both categories. Within categories, listing is by

the spatial scale at which the stress functions; G=global, R=regional, L=local, R+L = intermediate. Factors related to climate

change appear in bold; others are of more direct human origin.

1Natural factors that may be triggered or intensified by climate change



+

+

+

Regional stresses typically impact large areas (100-1,000 km) and thus are more likely to 

systematically interact with (and be harder to distinguish from) climate change effects. 

Regional-scale stresses include overfishing and selective removal of species; introduction or inva-

sion of alien species; and changes in land use, water quality, and water and nutrient cycles.

Intermediate-scale stresses (10-100 km) may have manifestations at various levels from the local

coral reef community to the region. Coastal development, land and water resource use (including

modifications to runoff and sedimentation), tourism and recreation, and harvesting for the aquari-

um and live-fish trades often fall into this category.

Local stresses (0.1-10 km) have impacts primarily on specific reefs or parts of reefs, and may

include point source and localized coastal pollution; anchorings and groundings of boats and

ships; destructive fishing practices; and the marine impacts of offshore oil and gas production

and transportation.

B. Terrestrial Inputs

Nutrient Loading and Contaminant Inputs 

The symbiotic relationship between reef-building corals and zooxanthellae

allows them to thrive in the nutrient-poor “marine deserts” of the tropical

oceans. Addition of nutrients to the water may harm corals directly (if concentrations are sufficiently high)

or make the environment less favorable for reefs by promoting growth of phytoplankton (which reduces water

clarity and light availability) and of seaweeds (macroalgae) that compete with corals for space on the reef.

Additional organic production resulting from nutrient loading can also increase populations of bioeroders

that break down coral skeletons and reef structures.

Humans have altered the nitrogen (N) and phosphorous (P) cycles at least as extensively as they

have the carbon cycle, greatly increasing N and P inputs to the world’s oceans and coastal zone (Jickells,

1998; Moffat, 1998). The degree to which rising “background” levels of nutrients in coastal waters are

affecting coral reefs is unclear, but heavy nutrient loading can have marked impacts. In a case study from

Kaneohe Bay, Hawaii, nutrient-rich sewage discharge was clearly responsible for takeover of the coral

communities by algae following storm-related coral kills (Smith et al., 1981; Jokiel et al., 1993).

9
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Unlike nutrients, contaminants are generally human-produced toxic or bioactive materials, which

have no natural source or are highly concentrated. They include heavy metals, pesticides and herbicides,

solvents, fuels, and other compounds. These materials may be part of complex waste streams discharged

to the ocean or adsorbed in sediment. Effects of individual contaminants are difficult to document, trace,

or separate from combined effects.

Sediment Loading

Sediment deposited onto corals interferes with feeding by the polyps and costs the colonies 

energy to remove (Riegl and Branch, 1995). In the extreme, burial by rapid or prolonged sediment 

deposition is fatal to corals and other bottom-dwellers. Sediment accumulation also inhibits the 

establishment of new reefs, because coral communities require hard and stable surfaces. Sediment 

suspended in the water increases turbidity and reduces available light. Reefs that grow in naturally turbid

environments, with organisms that are suited to such conditions, may experience low impacts from 

a moderately increased sediment supply (Larcombe and Woolfe, 1999), but sediment loading on reefs

that are accustomed to low-sediment conditions imposes significant stress (e.g., Cortés, 1994).

Sediment on a coral reef can have two sources: transport of soil particles with freshwater runoff

from land, or resuspension of sediment already on the seafloor. Human activities have reduced some 

sediment sources and increased others. Damming of major rivers has dramatically reduced their sediment

discharge to the ocean (Meade et al., 1990; Vörösmarty and Sahagian, 2000), but large river outflows

represent only a small proportion of the world’s coastline and are usually not near reefs.

In smaller coastal watersheds and offshore, human activity has tended to increase sediment dis-

charge and resuspension in coastal waters. In Southeast Asia, Burke et al. (2002) calculated that more

than 21 percent of all coral reefs are threatened by sedimentation from land-based sources, primarily due

to logging and poor agricultural practices. McCulloch et al. (2003) used coral skeletal records

(1750–1998) to show that sediment delivery to the near-shore central Great Barrier Reef increased five-

to ten-fold with the introduction of European agricultural practices. These findings support the contention

that significant portions of the Great Barrier Reef suffer chronic anthropogenic sediment stress (Wolanski

et al., 2003). Local dumping, dredging, land reclamation, mining, and construction activities can also

result in increased sedimentation or resuspension of sediment in the marine environment. 
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The socioeconomic forces behind increased sediment runoff are difficult to reverse or control,

particularly with rising coastal populations. Once there has been substantial influx of land-derived sedi-

ment to a reef region, the “new” sediment often remains in place, is subject to resuspension, and makes

the substrate where it accumulates less hospitable to corals. Reefs closest to land masses will probably

continue to experience the most intense chronic (and locally acute) sediment stress, and the effects will

be magnified by climatic change in some areas.

C. Overfishing and Resource Extraction

Fishing for food and recreation removes fish and other organisms (e.g.,

giant clams and sea cucumbers), and with them, the ecosystem functions they

perform. Many organisms of all types are also taken for use as souvenirs or decorations (mostly shells,

but also corals), and for the aquarium trade.

Overfishing, the unsustainable fishing or collection of particular organisms, is a global problem

with a long history of impacts across the entire marine ecosystem (Jackson et al., 2001; Pandolfi et al.,

2003). Removal of plant-eating organisms (herbivores) from a reef upsets the competitive balance

between corals and seaweeds, often leading to a fundamental change in the community (Box 3). 
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Box 3

Overfishing: Upsetting the Competitive Balance 

Coral reefs are limited by the availability of hard

seafloor areas of suitable depth. Corals and calcifying algae

must compete with noncalcifying plants (macroalgae, or

seaweeds) for this space, so anything that enhances the

growth of plant material on reefs can also inhibit the

growth of the reef-builders. Plant-eating animals (herbi-

vores) are important controls on seaweeds, and both experi-

mental studies (e.g., Lirman, 2001) and field comparisons

of heavily and lightly fished areas have shown that reduced

herbivore populations tend to result in enhanced seaweed

growth at the expense of coral cover (Littler and Littler,

1997; Williams et al., 2001). 

One of the most dramatic demonstrations of the

effect of herbivory resulted from a gradual loss of herbi-

vores due to overfishing, combined with an acute disease

outbreak. Prior to the 1980s, the most important reef her-

bivores in the Caribbean were parrotfish, surgeonfish, and

the black-spined sea urchin, Diadema antillarum, but in

many areas the fish populations had been greatly reduced

(Hughes, 1994). When a disease outbreak destroyed most

of the Diadema populations throughout the Caribbean in

1983–84 (Lessios, 1988), acute episodes of coral mortali-

ty (due to hurricanes and other factors) combined with the

absence of crucial herbivores to convert coral-dominated

Caribbean reefs to seaweed-dominated communities

(Hughes, 1994; Aronson and Precht, 2000; see also

Carpenter, 1986; Lewis, 1986). 
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The chronic stress of overfishing is often hard to avoid on coral reefs. Although seemingly lush

and teeming with life, reef communities generate only small amounts of sustainably harvestable biomass.

Further, many reef organisms are long-lived and must reach a certain size or age before they reproduce.

Removal of large individuals thus has a disproportionate impact on the species’ reproduction. 

Fishing operations also often have acute destructive effects beyond simple removal of target

species. By-catch (incidentally captured nontarget species) is often wasted, and damage to other reef

organisms and the reef structure itself is common (e.g., from boat anchors or nets). Blast fishing, 

widespread in the Southeast Asian region, destroys habitat and is extremely wasteful in terms of 

incidental kills. Muro-ami (“fishnet”) fishers mechanically smash shallow patch reefs and net the fish

that are driven out. In areas such as the South China Sea, the shallow sea floor is trawled, and chains 

are dragged to destroy corals that would snag the nets (Burke et al., 2002).
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Box 4

Large-Scale Environmental Modification—the South Florida Example 

The Florida Keys were originally a chain of islands

separated by wide passages connecting ocean water with

the waters of Florida Bay. Over the course of the 20th cen-

tury, these islands were progressively connected by bridges

and causeways that blocked or modified the original flow

paths of water. This physical modification was accompa-

nied by growing human population, exploitation of the reef

resources, and major changes in land and water use on

the Florida mainland. All of these changes interacted and

probably contributed to the major decline of the reefs and

other ecosystems in the area by slowing ocean water

exchange and allowing the buildup of land-derived con-

taminants—and by facilitating population growth and

human access.

Society faces the dilemma of deciding on targets for

protection and remediation. Physical systems have been

altered in ways unlikely to be reversed, and ecosystems

have never come to any sort of equilibrium with an environ-

ment constantly undergoing modification by humans. This

is a local equivalent of the global climate change problem:

we are in an unprecedented state, without a baseline or

any system with which to compare the changes that are

occurring. The ecosystems of the Florida Keys, Florida Bay,

and the Everglades can be regarded as the degraded rem-

nants of their predecessors, subject to multiple chronic

and acute stresses. From both a practical and a scientific

standpoint, however, we might also look at them as defin-

ing new, modified baseline conditions for “the ecosystem

as it is” (Jackson, 1997; Jackson et al., 2001).
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D. Coastal Zone Modification and Mining

Human efforts to improve or maintain the coastal zone often have unin-

tended ecological consequences. Dredging, land reclamation, shoreline protection, harbor and

runway construction, and other similar activities can have direct, acute impacts by destroying coral reef

habitats. The impacts of spoil dumping, sediment resuspension, or local contamination may become

chronic and extend well beyond the immediate site. Less apparent is the potential long-term chronic

stress imposed by altering patterns of both marine and fresh water movement, as has occurred in south

Florida (Box 4).

Reef destruction can also result from deliberate mining of nonliving resources. On atolls, reef

islands, and in other coastal areas, sand and reef-rock are the only readily and economically accessible

building material. Although healthy reefs produce enough sand to supply reasonable uses, sustainable

“harvesting” requires careful attention to where and how the material is removed.

E. Introduced and Invasive Species

Introduced or invasive species may be inadvertently brought to a reef

through travel, shipping, or careless disposal (e.g., by the food and aquarium

industries). The worst incidents of species introductions have occurred in terrestrial, fresh water, or

estuarine environments, but there is growing evidence that coral reefs are not immune from the problem

(Ruiz et al., 1997; Coles and Eldredge, 2002). A major concern is that pathogens or parasites will be

transported across natural barriers to new and vulnerable host populations; a possible example is the

Diadema sea urchin die-off in the Caribbean, discussed later (see also Box 3).
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III. Climatic Change Stresses to Coral Reefs

Global climate change imposes interactive chronic and acute stresses,

occurring at scales ranging from global to local, on coral reef ecosystems.

Table 2 summarizes what we know about present and future climate stresses, but prediction of coral reef

response is difficult because there are

no precedents for the expected

changes and conditions in the evolu-

tionary history of modern corals 

(~50 million years). Figure 3 illus-

trates the extraordinary nature of some 

of the changes now in progress.

Gas bubbles preserved in polar

ice caps show that atmospheric CO2 con-

centrations over the past 400,000 years

have oscillated between about 180 and

310 parts per million volume, or ppmv

(Figure 3; Petit et al., 1999); past 

temperature and sea-level variations 

mimic the CO2 fluctuations, with relatively 

constant minimum (glacial period) 

and maximum (interglacial) values. The

human-caused increase in atmospheric

CO2 is the near-vertical line at the present-

day end of Figure 3. Accompanying this

CO2 increase is an observed increase in

temperature (see inset, Figure 3), and a

Coral reefs & Global climate change

Figure 3

Global Temperature and Atmospheric CO2

Projections for 1990-2100 Relative to Past Conditions  
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decrease in pH of the surface ocean (Caldeira and Wickett, 2003). IPCC projections (Box 2 and Figure 3)

show an even greater departure from geologically recent climates by the end of the present century. 

A. Coral Bleaching

The atmosphere and the ocean have warmed since the end of the 19th

century and will continue to warm into the foreseeable future, largely as a

result of increasing greenhouse gas concentrations (Houghton et al., 2001;

Levitus et al., 2000, 2001). El Niño-Southern Oscillation (ENSO) events have increased in fre-

quency and intensity over the last few decades. This combination (warming and intense El Niño events)

has resulted in a dramatic increase in coral bleaching (Glynn, 1993; Brown, 1997a; Wilkinson, 2000).

“Bleaching” describes the loss of symbiotic algae by the coral or other host. Most of the pig-

ments in the usually colorful corals depend on the presence of these plant cells. The living tissue of coral

animals without algae is translucent, so the white calcium carbonate skeleton shows through, producing a

bleached appearance. Bleaching is a general stress response that can be induced in both the field and

the laboratory by high or low temperatures, intense light, changes in salinity, or by other physical or

chemical stresses. Bleaching is the extreme case of natural variation in algal population density that

occurs in many corals (Fitt et al., 2000, 2001).

Three types of bleaching mechanisms are associated with high temperature and/or light: “animal-

stress bleaching,” “algal-stress bleaching,” and “physiological bleaching” (Fitt et al., 2001). Although all

are important to understanding climate-coral interactions, two are particularly relevant to present concerns:

algal-stress bleaching, an acute response to impairment of photosynthesis by high temperature coupled with

high light levels; and physiological bleaching, which reflects depleted reserves, reduced tissue biomass, and

less capacity to house algae as a result of the added energy demands of sustained above-normal tempera-

tures. A rising baseline in warm-season sea-surface temperatures on coral reefs (Fitt et al., 2001; Lough,

2001) suggests that physiological bleaching is at least partly to blame in some bleaching events (e.g., in the

Caribbean in 1987 and on the Great Barrier Reef in 2001). Such chronic temperature stress may also

underlie some less obvious causes of reef decline, such as low rates of sexual reproduction (Mendes and

Woodley, 2002). Box 5 explains these relationships by analogy with drought in terrestrial forests.
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The temperature threshold for bleaching is not an absolute value, but is relative to other environ-

mental variables (especially light) and to the duration and severity of the departure from the normal tem-

perature conditions of a reef (Liu et al., 2003). Bleaching due to thermal stress is not, therefore, limited

to areas of normally high water temperature. However, regions where higher temperatures are the norm

seem likely to be more vulnerable to increased physiological bleaching (Fitt et al., 2001).

Coral bleaching events of greatest concern are acute episodes of high mortality and protracted

debilitation of survivors in the form of diminished growth and reproductive rates (Omori et al., 2001).

Corals with branching growth forms, rapid growth rates, and thin tissue layers appear to be most 

sensitive to bleaching, and usually die if seriously bleached. Slow-growing, thick-tissued, massive corals

appear to be less sensitive and commonly recover from all but the most extreme episodes. Bleaching 

thus selectively removes certain species from reefs and can lead to major changes in the geographic 

distribution of coral species and reef community structures (Hughes et al., 2003).

16
Coral reefs & Global climate change

Box 5

A Coral Reef – Terrestrial Forest Analogy

Forests and reefs are very different, but both are com-

plex ecosystems and both share enough similarities that the

response of forests to severe drought can serve as a useful

analogy for understanding coral reef stress responses.

Trees are the main photosynthesizers in a forest 

and provide the structural complexity that modifies the

environment and creates many habitats on which other

organisms depend. Similarly, corals and marine algae

—the calcareous algae mentioned in Box 1, as well as the

more familiar seaweeds—are the photosynthesizers that

create the reef’s structural and ecological complexity.

Reefs, like tropical rainforests, grow in nutrient-poor 

conditions and have high biodiversity.

Under severe drought, photosynthesis of many trees

is interrupted when they lose their leaves, and some or

most of them may die. Other forest organisms will then

die or migrate elsewhere. Most forests can recover with

the return of suitable weather conditions. Some trees will

regrow leaves, but the energy lost during the drought may

make them vulnerable to disease and less likely to bear

fruit (reproduce) in the short term. Recovery time depends

on factors like the original state of the forest, the extent of

damage, resistance to disease, and whether seeds for new

growth are available in the soil or by wind or animal trans-

port from nearby forests. The nature of some forests may

change permanently if a different ecosystem (e.g., a grass-

land) takes its place.

Coral reef ecosystems have similar responses to

bleaching; stress causes corals to expel their zooxanthellae,

interrupting photosynthesis. Many corals can survive mild

bleaching events, just as trees can recover from the loss of

leaves. However, the longer corals remain bleached, the

more susceptible they become to disease and other 

stresses. The 1997–98 mass bleaching event included

extensive regions where corals and other species suffered

high losses (> 90 percent mortality). Recovery, if it occurs,

will depend on how many corals survive and reproduce,

and whether the geographic placement of the reefs in 

relation to ocean currents provides larvae from elsewhere.
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B. Global Warming and Reef Distribution

The global distribution of reef-building corals is limited by annual 

minimum temperatures of ~18°C (64°F) (Veron, 1995; Kleypas et al., 1999b).

Although global warming might extend the range of corals into areas that are now too cold (Precht and

Aronson, 2003), the new area made available by warming will be small, and the countervailing effects of

other changes suggest that any geographic expansion of coral reefs will be very minor (see Box 6).
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Box 6

Will Global Warming be Good for Reefs? 

About 5,000–6,000 years ago, an earthquake lifted a

coral community out of the sea at Tateyama, Japan, at the

same latitude as Tokyo. That community contained at

least 72 species of corals, compared to the 35 now found

in the vicinity (Veron, 1992, 1995). Tateyama sea-surface

temperature (SST) was 1.2–1.7°C warmer at that time

than at present, because the earth was experiencing a

warm period known as the Altithermal, or Middle Holocene

High (Veron and Minchin, 1992). This suggests that corals

and reef-building could migrate to higher latitudes in

response to global warming. Geographic shifts of reefs

would not mitigate the ecological and economic problems

caused by the loss of tropical reefs, but it would partly

alleviate concerns about global biodiversity loss.

The problem with comparing the effects of

Altithermal warming and future warming is that little

besides temperature would be comparable. Then, any

human settlements in the area were small and primitive,

and the coastline was essentially pristine. Today’s corals

would have to settle and survive in highly populated and

developed areas with intensive agriculture, fishing, pollu-

tion, coastal construction, and other societal artifacts that

make coastal waters inhospitable to coral communities.

When Tateyama reaches the temperature levels of

5,000–6,000 years ago, the chemistry of the water will be

less favorable to coral growth and reef building (Kleypas et

al., 2001; Guinotte et al., 2003; see Box 7). With both

suitable habitat and the potential for coral and reef growth

reduced, future immigrant corals will face very different

prospects than their predecessors.

Figure 4

Global Warming and the Distribution of Coral Reefs   

At present, coral reefs (indicated by asterisks) are limited to the tropics and occur only in waters where temperature

remains warmer than 18°C (64°F) (green). A 2°C (4°F) warming of the oceans will expand the range by a few degrees

latitude (dark blue). Locations within this region that have suitable depth, substrate, and other environmental condi-

tions could potentially support new coral reefs at the higher temperatures.
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Coral reefs require shallow, clear water with at least some hard seafloor, and their propagation

depends primarily on ocean currents. The west coasts of North and South America, Europe, and Africa

experience cool water flowing toward the equator and are thus “upstream” from potential sources, caus-

ing restricted distributions of coral reefs (see Figure 4). In areas such as the southeastern United States

and near the Amazon River, reef expansion along the coast is blocked by muddy coastal shelves, river

deltas, and turbid water. Only southern China, Japan, Australia, and southern Africa present geographical-

ly realistic opportunities for reef expansion. Additionally, sea-surface temperature (SST) gradients are very

steep in the vicinity of 18°C (the annual minimum temperature threshold for coral reef growth), and

ocean model projections (shown in Figure 4) suggest that SST warming associated with doubled CO2 will

only move the 18°C contour by a few hundred kilometers, especially in the critical western boundary

areas (Kleypas et al., 2001). The overall positive effects of warming on habitat availability and ecosystem

distribution will be very minor compared to the overall negative effects.
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Box 7

Effects of CO2 on the Carbonate Chemistry of Seawater 

The chemical behavior of CO2 in water is well under-

stood, but it is complex and counterintuitive. Burning 

fossil fuels increases the concentration of CO2 in the

atmosphere, which drives more of the gas into the surface

layer of the ocean. The top 100 meters of the ocean has

absorbed much of the anthropogenic increase in CO2,

while most of the deep ocean, which mixes with the sur-

face water on about a thousand-year time scale, reflects

primarily the older, unaltered CO2 cycle. When CO2 dis-

solves in water, it forms carbonic acid (H2CO3): 

H2O + CO2 ↔ H2CO3

Carbonic acid is a weak acid that can lose a hydro-

gen ion to form bicarbonate (HCO3–):

H2CO3 ↔ H+ + HCO3–

or further shed the remaining hydrogen ion to form

carbonate (CO32–):

HCO3– ↔ H+ + CO32–

Thus, carbon can occur simultaneously in several

forms: CO2 (dissolved CO2 and carbonic acid), HCO3–, and

CO32–. Increasing atmospheric CO2 drives more CO2 into

the ocean, lowering the pH (making the ocean more

acidic) and changing the relative proportions of the three

forms of carbon (Figure 5). In tropical water of normal

salinity (35 Practical Salinity Units, or PSU), average 

temperature (25°C; 77°F), and preindustrial levels of CO2

(280 ppmv), about 85 percent of the dissolved CO2 in

seawater exists as bicarbonate, and the remaining 15 

percent exists as carbonate ion. Doubling the CO2 concen-

tration in seawater without changing the other conditions

would increase bicarbonate ion concentration to 90 

percent and decrease carbonate ion concentration to 

10 percent. Calcifying organisms combine calcium and 

carbonate ions to build their skeletons (Ca2+ + CO32– ↔

CaCO3), so a reduction in carbonate ion concentration

slows the calcification process.

Figure 5 illustrates how increases in atmospheric

CO2 levels change ocean pH and the relative abundance

of the different inorganic carbon forms in water. The pH of

shallow ocean waters was about 8.15 in the preindustrial

period, when atmospheric CO2 levels were 280 ppmv.

Today, pH is about 8.05. This relatively small change in

pH has caused a large shift in the balance of bicarbonate

and carbonate ions.
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C. Reduced Calcification Potential 

The oceans currently absorb about a third of the anthropogenic CO2

inputs to the atmosphere, resulting in significant changes in seawater 

chemistry that affect the ability of reef organisms to calcify (Houghton et al.,

2001). Photosynthesis and respiration by marine organisms also affect seawater CO2 concentration, but

the overwhelming driver of CO2 concentrations in shallow seawater is the concentration of CO2 in the

overlying atmosphere. Changes in the CO2 concentration of seawater through well-known processes of air-

sea gas exchange alter the pH (an index of acidity) and the concentrations of carbonate and bicarbonate

ions (Box 7; previous page). Surface seawater chemistry adjusts to changes in atmospheric CO2 concen-

trations on a time scale of about a year. Projected increases in atmospheric CO2 may drive a reduction in

ocean pH to levels not seen for millions of years (Caldeira and Wickett, 2003).

Many marine organisms use calcium (Ca2+) and carbonate (CO3
2–) ions from seawater to secrete

CaCO3 skeletons. Reducing the concentration of either ion can affect the rate of skeletal deposition, but

the carbonate ion is much less abundant than calcium, and appears to play a key role in coral calcifica-

tion (Langdon, 2003). The carbonate ion

concentration in surface water will decrease

substantially in response to future atmos-

pheric CO2 increases (Box 7; Figure 5),

reducing the calcification rates of some of

the most important CaCO3 producers. These

include corals and calcareous algae on coral

reefs and planktonic organisms such as 

coccolithophores (Riebesell et al., 2000)

and foraminifera in the open ocean (Barker

and Elderfield, 2002).

In laboratory experiments that sim-

ulate doubled atmospheric CO2 conditions,

coral calcification rates decrease by 11–37

percent, whereas calcareous algae appear to
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Figure 5

Changes in Carbonate Ion Species

The figure above depicts relative changes in carbonate ion species in

response to changes in atmospheric CO2 concentrations. Rising CO2

levels cause a substantial reduction of the carbonate ion concentra-

tion (CO3
2–), which affects the ability of organisms to build calcium

carbonate skeletons. Note: pCO2 refers to the partial pressure of CO2

in the atmosphere, measured in parts per million by volume (ppmv).
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show a stronger reduction of 16–44 percent (reviews by Gattuso et al., 1999 and Langdon, 2003, plus

recent data of Marubini et al., 2003). Calcification of coral reef communities reflects whether the com-

munity is dominated by corals or calcareous algae: the Biosphere2 coral reef mesocosm, which is domi-

nated by calcareous algae, showed a 40 percent reduction (Langdon et al., 2000), while coral-dominated

mesocosms showed a 14–21 percent reduction in their calcification rates (Leclercq et al., 2000, 2002).

Calcification rates of corals also depend on other factors such as temperature. Kleypas et al.

(1999a) estimated an average decline of reef calcification rates of 6–14 percent as atmospheric CO2

concentration increased from preindustrial levels (280 ppmv) to present-day values (370 ppmv). However,

studies have shown that calcification rates of large heads of the massive coral Porites increased rather

than decreased over the latter half of the 20th century (Lough and Barnes, 1997, 2000; Bessat and

Buigues, 2001). Temperature and calcification rates are correlated, and these corals have so far 

responded more to increases in water temperature (growing faster through increased metabolism and the

increased photosynthetic rates of their zooxanthellae) than to decreases in carbonate ion concentration.

In order to boost calcification, however, the temperature increase must remain below the corals’ upper

thermal limit.

A lowered calcification rate means that calcifying organisms extend their skeletons more slowly

and/or form skeletons of lower density. Lower extension rates reduce the ability of corals to compete for

space on a reef. Reduced skeletal density means less resistance to breakage (analogous to osteoporosis in

humans) and greater susceptibility to both physical breakdown and bioerosion.

Reef-building occurs where calcium carbonate precipitation exceeds its removal. The structural

components of reefs (skeletons of corals and algae) are glued together and made more resistant to physi-

cal breakdown by calcium carbonate cements that precipitate within the reef framework, and by the over-

growth of thin layers of calcareous algae. A reduction in CaCO3 precipitation by whatever means (mortality

of reef organisms, lowered calcification rates, or lowered cementation rates) reduces a reef’s ability to

grow and to withstand erosion (Kleypas et al., 2001). Some slow-growing or weakly cemented reefs may

stop accumulating or shrink as carbonate deposition declines and/or erosion increases. Such effects have

been observed in the Galápagos and elsewhere (Eakin, 1996; Reaka-Kudla et al., 1996).
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Future changes in seawater chemistry will not only lead to decreases in calcification rates, but

also to increases in CaCO3 dissolution. Field experiments (Halley and Yates, 2000) indicate that the dis-

solution rate could equal the calcification rate once atmospheric CO2 concentrations reach double the

preindustrial levels. This points to a slow-down or reversal of reef-building and the potential loss of reef

structures in the future.

D. Sea Level

The predicted rise of sea level due to the combined effects of thermal

expansion of ocean water and the addition of water from melting icecaps and

glaciers is between 0.1 and 0.9 meter (4-36 inches) by the end of this century

(Houghton et al., 2001). Sea level has remained fairly stable for the last few thousand years, and

many reefs have grown to the point where they are sea-level-limited, with restricted water circulation and

little or no potential for upward growth. A modest sea-level rise would therefore be beneficial to such

reefs. Although sea-level rise might “drown” reefs that are near their lower depth limit by decreasing

available light, the projected rate and magnitude of sea-level rise are well within the ability of most reefs

to keep up (Smith and Buddemeier, 1992). A more likely source of stress from sea-level rise would be

sedimentation due to increased erosion of shorelines. 

E. El Niño-Southern Oscillation (ENSO) 

Mass bleaching of corals in the past two decades has been clearly

linked to El Niño events (Hoegh-Guldberg, 1999; Glynn, 2000). For example, wide-

spread bleaching events occurred during the El Niños of 1982-83, 1987-88, and 1997-98. During a 

typical El Niño event, regions of unusually warm water develop throughout the Pacific and Indian Oceans.

When these warm water anomalies coincide with seasonal maximum water temperatures, coral bleaching

is very likely. Mean sea level decreases in the western Pacific during an El Niño event, which can expose

shallow reefs, and lead to mass mortalities (Eakin and Glynn, 1996; Eakin, 2001). Coral bleaching has

also occurred during the cold phase of ENSO (La Niña) in regions that tend to have warmer-than-normal

SSTs (e.g., South Pacific Convergence Zone; New Britain during 1998-99).
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El Niño events have increased in frequency, severity, and duration since the 1970s (Stahle et al.,

1998; Mann et al., 2000; Rayner et al., 2000), but longer-term records do not support a link to global

warming (Cobb et al., 2003). Most global climate models do not predict significant changes in El Niño

through the present century, although they do suggest an evolution toward a more “El Niño-like” state

(Houghton et al., 2001). Nonetheless, the severity of bleaching events during El Niño years of the last

two decades presents a “worst case scenario” in predicting the future of coral reef ecosystems, particular-

ly when added to a background of warming sea-surface temperatures.

F. Ocean Circulation Changes

Circulation, from local (wind-driven upwelling) to global (thermohaline)

scales, is likely to change with global climate. Virtually all coral reefs at high latitudes

occur where boundary currents deliver warm waters from tropical regions (e.g., Bermuda near the Gulf

Stream, Lord Howe Island in the East Australia Current, and the Ryukyus of Japan in the Kuroshio

Current). Changes in the path or strength of these currents would impose different temperature regimes

on these reefs. There has been concern that ocean thermohaline circulation (THC) will shut down in the

future due to changes in ocean temperature and freshwater runoff (Manabe and Stouffer, 1993). Recent

modeling predicts a 0–40 percent slowing of THC within this century, but most models do not predict a

complete shutdown (Gent, 2001). A slowing of THC would lead to significant changes in oceanic circula-

tion and upwelling patterns that could potentially affect coral reef ecosystems (Vellinga and Wood, 2002),

but how THC will be affected by global climate change remains uncertain (Broecker, 2003).

G. Precipitation and Storm Patterns

Tropical precipitation has increased over the past century by 0.2–0.3

percent per decade in the 10ºS-10ºN region, and the frequency of intense 

rainfall events is “very likely” (90–99 percent chance) to increase over most

areas (Houghton et al., 2001). Increases in precipitation can lower salinity and increase sedi-

ment discharge and deposition near river mouths, sometimes leading to mass mortalities on nearby coral

reefs (van Woesik et al., 1991; Coles and Jokiel, 1992; Wolanski et al., 2003). The frequency and 

intensity of droughts are also expected to increase, which may cause changes in vegetation cover and

land use that lead to erosion and sediment stress when rains return.
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Tropical cyclones (including hurricanes and typhoons) are a fact of life in many tropical regions,

and although they may limit reef development in a few instances (Macintyre and Adey, 1989), healthy

coral reefs tend to recover from the infrequent damage caused by cyclones. Comprehensive observations

of cyclone activity are limited to the last five or six decades, and these show few trends in cyclone fre-

quency or intensity (Henderson-Sellers et al., 1998). Hurricane models and thermodynamic calculations

indicate that the maximum potential intensity (MPI, or the theoretical limit of cyclone strength) of

cyclones could increase 10-20 percent and surface winds could increase by about 3-10 percent (Knutson

and Tuleya, 2001). There is little evidence that the frequency of cyclones or where they form is likely to

change (Albritton et al., 2001).
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IV. Synthesis and Discussion

The coral reef crisis is a global composite of various interactive 

problems and variable responses and cannot be understood, predicted, or 

mitigated on the basis of separate, individual categories of stresses. The effects

of changes in predator/prey relationships, and especially coral disease, do not fit conveniently into either

the climate change or human stress categories, and they therefore provide an opportunity for considering

interactions and synergism. Outbreaks of disease or intense attacks upon corals by predators can occur

naturally, but they can also result wholly or in part from climate change or human interventions that 

modify the natural balance of ecosystems. Recent outbreaks of disease and predation on reefs have been

attributed to both human activities and climate change. 

The following sections consider coral disease, predation, and synergistic stresses; compare 

conditions and responses in the Caribbean and the Indo-Pacific; and briefly discuss the potential for

adaptation of the organisms to altered conditions.

A. Infectious Diseases

Disease outbreaks and consequent mortality among corals and other

reef organisms have been a major cause of the recent increase in coral reef

degradation (Epstein et al., 1998; Harvell et al., 1999; Bruckner, 2002a;

Rosenberg and Ben-Haim, 2002). Although diseases and syndromes of corals and other reef

organisms remain incompletely characterized (Richardson and Aronson, 2002), they are known to be

caused by both bacterial and fungal agents. These diseases are commonly lethal, but they exhibit a wide

range of rates of progression. Most appear to affect some species more than others, but few, if any, are

species-specific. 
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Two specific outbreaks have radically altered the ecology of Caribbean coral reefs (Richardson

and Aronson, 2002). One disease killed more than 97 percent of the black-spined sea urchin, Diadema

antillarum (Lessios, 1988), some populations of which are now beginning to recover (Aronson and Precht,

2000; Miller et al., 2003). This sea urchin is an herbivore, and its removal contributed substantially to

the transition from coral-dominated to seaweed-dominated surfaces on Caribbean reefs (see Box 3).

Another disease, white band disease (WBD), has killed much of the elkhorn (Acropora palmata) and

staghorn (A. cervicornis) coral throughout the Caribbean. These were dominant reef-building corals in the

Caribbean for tens of thousands to hundreds of thousands of years (Jackson, 1992; Aronson and Precht,

1997; Aronson et al., 2002), but since 1972 WBD has helped reduce these species to candidacy for list-

ing under the Endangered Species Act (Aronson and Precht, 2001a, 2001b; Bruckner, 2002b). Cores

taken from the Belizean barrier reef show that A. cervicornis dominated this coral reef community contin-

uously for at least 3,000 years, but was killed by WBD and replaced by another species after 1986

(Aronson and Precht, 1997; Aronson et al., 2002). WBD caused a similar, unprecedented change in com-

munity structure in the Bahamas (Greenstein et al., 1998). 

Other bacterial diseases of Caribbean corals, including black-band disease, “plague,” and “white

pox,” have caused significant coral mortality (Richardson, 1998; Richardson et al., 1998; Patterson et

al., 2002). A disease caused by a fungus of terrestrial origin, Aspergillus sydowii (Geiser et al., 1998),

has killed large numbers of sea fans and sea whips (Kim and Harvell, 2001).

B. Predation

Although coral diseases appear to be increasing in the Indo-Pacific

region (Richardson and Aronson, 2002), a more significant biological stress 

in parts of the western Pacific has been outbreaks of the crown-of-thorns

starfish, an intense coral predator (Carpenter, 1997). These outbreaks may be natural

events in the crown-of-thorns starfish (Acanthaster planci) population cycle, perhaps associated with river

floods in wet years, but it has been argued that overfishing of starfish predators or elevated nutrients in

freshwater runoff have aided the survival of different life stages of the animal. Like bleaching, Acanthaster

outbreaks are acute stresses on reefs and probably result from a combination of human and natural factors.

Mortality and recovery rates vary among coral species, resulting in shifts in community structure. 
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C. Connections with Global Climate Change and Human Activity

Multiple, concurrent chronic stresses may interact to weaken the resist-

ance of corals and other reef organisms to agents that they might otherwise

withstand. This subtle synergy is nearly impossible to demonstrate conclusively, but it is an explanation

for the apparent downward spiral of coral reef ecosystems that seems to involve many causes and agents.

Climatic warming can increase the virulence of pathogens, since optimal water temperatures for

those infectious agents for which data are available are at least 1°C (2°F) higher than the optima of their

coral hosts (Harvell et al., 2002). Recent increases in the frequency and virulence of disease outbreaks

on coral reefs are consistent with this prediction, suggesting that the trend of increasing disease will con-

tinue and strengthen as global temperatures increase. Elevated temperatures thus can enhance disease

effects by both strengthening the pathogen and weakening the host, and can inhibit recovery by suppress-

ing reproduction (see section III.A). This provides a strong example of potential synergy—and of the diffi-

culty in diagnosing it conclusively.

Two other possible climatic connections to increased coral disease have been proposed. Dust

transported from Africa to the Caribbean is a possible source of pathogens, nutrients, and contaminants

(Shinn et al., 2000; Garrison et al., 2003). Also, land-derived flood plumes from major storms transport

materials from the Central American mainland to reefs that are normally considered remote from such

influences (Andréfouët et al., 2002). Although dust transport and storms are not new phenomena, they

now may be acting as vectors for a greater variety of contaminants.

Human actions can also spread disease to coral reefs. Increasing sediment and waste input to

many coastal areas enhances the potential for introducing pathogens to coral reefs (the Aspergillus sydowii

fungus, for example, is of terrestrial origin), and the alteration of nutrient and salinity regimes of coastal

waters by human activity may facilitate the propagation of pathogens (Bruno et al., 2003). Human involve-

ment is suspected in the spread of the pathogen that killed Caribbean Diadema; the disease began in

Panama, suggesting a possible link to shipping through the Panama Canal (i.e., dumping of ballast water

by ships from the Pacific). Travel, shipping, and the importation of marine species for food or the aquarium

trade all have the potential to cross-contaminate regions with pathogens not previously present.
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D. Regional Comparison

The structure and biodiversity of coral reef communities vary from one

region to another. The vast, environmentally and biologically diverse Indo-Pacific (Figure 1) con-

trasts markedly with the much more compact and less diverse Caribbean. The Indo-Pacific has approxi-

mately 750 species of reef-building corals with 170 in the genus Acropora, compared to about 50 coral

species and only two bona fide species of Acropora in the Caribbean (Veron, 2000). The Caribbean has

been recognized as a potentially vulnerable region for these and numerous other reasons (Smith and

Buddemeier, 1992). This vulnerability has been manifested as a decline in live coral cover on many reefs

in the Caribbean from an average of 50 percent 30 years ago to an average of 10 percent at present

(Gardner et al., 2003).

Recovery times for reefs severely affected by storms and Acanthaster vary from a decade to cen-

turies, depending on the frequency of disturbance and the growth and recruitment rates of the affected

corals. Caribbean reefs generally recover more slowly than Indo-Pacific reefs (Sammarco, 1985; Kojis and

Quinn, 1994; Done, 1999). This may reflect the lower success rate of sexual reproduction in Caribbean

corals, or the small size of the Caribbean; where disturbances have regional-scale effects, availability of

replacement larvae from neighboring reefs upstream will be limited (Connell, 1997; Roberts, 1997).

If Caribbean reef-building corals are unable to recover from their currently depressed state,

reduced herbivory (Box 6), and possibly nutrient loading, will prolong the ability of seaweeds to monopo-

lize space. Under such circumstances, bioerosion—the breakdown of reef framework by limestone-

consuming sponges, clams, and other organisms—and dissolution will exceed the buildup of reef mass.

Vertical and lateral reef growth has probably already slowed or possibly changed to net shrinkage (Lewis,

2002), resulting in a reduction in the extent and variety of reef community habitats.

In the Indo-Pacific, the reefs of Southeast Asia (Indonesia, the Philippines, and surrounding

areas) have been degraded by pollution, sediment-laden runoff from deforested land, destructive fishing

practices, including explosives and cyanide, and other human impacts (Burke et al., 2002). As in the

Caribbean, the added effects of climate change compound these local stresses. However, the Southeast

Asian reefs have several characteristics more favorable for recovery: high levels of biodiversity (Figure 1),

a pattern of large-scale throughflow of Pacific Ocean water, and neighboring reef systems that can supply

coral larvae in close proximity.
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Reefs elsewhere in the Indo-Pacific have generally sustained less intense local and regional dam-

age (e.g., Connell, 1997; Wilkinson, 2000), and climate change is more likely to be the primary source of

stresses affecting these. By contrast, the Caribbean can probably be expected to continue on the course

already started: climate change will reinforce a broad spectrum of stresses resulting in shifts and declines

not attributable to any single cause (Knowlton, 2001).

E. Adaptation 

The environmental adaptability of the symbiotic corals is well-

documented over time scales ranging from weeks to tens of thousands of

years (Brown, 1997b; Buddemeier and Lasker, 1999; Coles and Brown, 2003).

Populations and pigment concentrations of symbiotic algae within the coral tissues adjust to accommo-

date a wide range of light levels. Corals and reef communities in areas such as the Arabian Gulf tolerate

salinity and temperature conditions in excess of any average near-term climate change predictions, condi-

tions that would be lethal if imposed rapidly on the same species in more equable environments (Kleypas

et al., 1999b). The pressing question is not, “can corals adapt?” but rather, “how fast and to what extent

can they adapt?” The recent increases in the frequency and intensity of conditions that contribute to

bleaching (e.g., higher surface ocean temperatures, higher light intensities, and calmer water) may have

outpaced the compensating mechanisms of many corals. In this discussion, we use the word adaptation

in its more general sense, rather than in its strict evolutionary sense of genetic change in populations. 

We combine the more narrowly defined scientific usages of “adaptation,” “acclimation,” and “acclimati-

zation” (Coles, 2001; Coles and Brown, 2003) to make the usage relevant to the processes that may 

operate on decadal time scales of climate change.

One example of a potential adaptive mechanism is known as the adaptive bleaching hypothesis

(ABH; Buddemeier and Fautin, 1993). Corals may host different types of zooxanthellae, either sequentially or

at the same time, and different coral-algal combinations have different environmental tolerances (Baker, in

press). Bleaching may result in the loss of those ill-suited to the applied stress, providing an opportunity for

other, less vulnerable zooxanthellae to dominate in individual hosts and/or the coral community. 
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Over the past 5–10 years, evidence for the diversity of zooxanthellae and environmentally corre-

lated coral-algal partnerships has expanded rapidly, and experiments have shown that the processes

required for adaptation driven by bleaching occur in nature (Baker, 2001; Kinzie et al., 2001).

Buddemeier et al. (in press) review the evidence and conclude that adaptive bleaching is real, but its

operational significance will not be fully known until we have a better understanding of the detailed

mechanisms and of the functional taxonomy of the zooxanthellae (Coles and Brown, 2003).

Field data indicate that coral bleaching on some eastern Pacific reefs was much worse during the

1982-83 El Niño than in 1997-98, although temperature extremes during the two events were similar

(Glynn et al., 2001; Guzmán and Cortés, 2001; Podestá and Glynn, 2001). The difference in responses to

these two comparable events offers some support for the idea that corals or communities can adapt to

higher temperatures over decades, either through adaptive bleaching (Baker, 2003) or through evolutionary

selection for more heat/irradiance-tolerant corals that survive bleaching events (Glynn et al., 2001).
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V. Resources at Risk
A. Socioeconomic Impacts

Coral reefs benefit human society in many ways, but placing an 

economic value on the goods and services provided by reefs is difficult. While

estimating direct economic benefits from fishing and tourism is relatively straightforward, estimating val-

ues of services such as shoreline protection, biodiversity, and aesthetic value is not (e.g., Costanza et al.,

1997), and these services are often omitted from reef valuations. Two recently completed socioeconomic

studies of U.S. reef areas differed in their accounting: a study of reefs of southeast Florida assessed

spending and incomes related to reef use, while a study of Hawaiian reefs focused on economic benefits

from fisheries, the aquarium trade, tourism, and property values. The reef-related economic contributions

to four Florida counties (Palm Beach, Broward, Miami-Dade, and Monroe) totaled US$4.3 billion in sales

and $2 billion in annual income (Johns et al., 2001). Hawaiian reefs produced an estimated total annual

economic benefit of US$363 million (Cesar et al., 2002). Cesar et al. (2003) estimated the global net

economic benefit from reefs to be about US$30 billion/year.

The worldwide coral bleaching events of 1997–98 stimulated a number of socioeconomic evalua-

tions of coral reefs in affected regions (Schuttenberg and Obura, 2001). For example, in the Maldives,

coral bleaching led to an estimated loss in 1998–99 tourism-related revenues of US$0.5–3.0 million

(Westmacott et al., 2001). Palau (an island in western Micronesia), where many reefs suffered at least 50

percent coral mortality in the 1997–98 bleaching event, experienced a 5–10 percent drop in tourism in

the years following the event (Graham et al., 2001).

Nearly 40 percent of the people on Earth live within 100 km (60 mi) of the coastline, and many

local and regional economies are based on goods and services provided by coastal ecosystems.

Environmental degradation both on land (e.g., land clearing, agricultural and urban waste disposal) and in

the ocean (unsustainable and destructive fishing practices) reduces the ability of reefs to support local

economies. This economic loss can lead to even more destructive methods (e.g., blast fishing, cyanide 
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fishing) to extract increasingly scarce resources from the reef and adjacent environments (Cesar et al.,

2003), just as the pressures of climate change may cause even more unsustainable land use. In turn,

decreased socioeconomic value of the reef reduces the standard of living of the society that depends on it.

Similarly, unmanaged increases in scuba diving and other tourist-related activities on reefs (including coastal

development to support tourism) can lead to degradation of the very environment that attracts the tourists.

B. Biological and Ecological Impacts

Coral reefs, which support more biodiversity than any other marine

ecosystem, also alter water energy and circulation in many near-shore 

environments. This shapes other habitats and protects them from wave impact and coastal erosion.

Mangrove systems, for example, often develop in quiet near-shore environments protected by reefs and

are highly productive nurseries for many important marine species. Loss of reefs as both biological and

structural entities would impoverish the marine biota and potentially reduce the large-scale resilience of

tropical and subtropical marine ecosystems. 

C. Protection and Conservation

Growing concerns with human impacts on oceanic ecosystems in 

general have focused attention on the use of marine protected areas (MPAs)

as potentially important practical management tools (Lubchenco et al., 2003).

MPAs can provide refuges for living organisms and serve as sources of larvae for replenishment of harvest-

ed areas outside of the reserve. Such reserves minimize local human impacts and, in the case of coral

reefs, there is growing attention to the concept of siting reserves in locations where the stresses associat-

ed with climate change (especially thermal bleaching) are likely to be less severe (West and Salm, 2003).

Successful implementation of MPAs will require conservation efforts across larger spatial and temporal

scales that match the biogeographic scales of species distributions and life-histories (Hughes et al.,

2003), and this will require design and cooperation at the international level (Wilkinson, 2002).
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VI. Summary and Conclusions

Global climate change poses a broad range of challenges, both acute 

and chronic, to coral reef ecosystems, particularly when climate change is 

integrated with the more localized nonclimate stresses coral reefs are 

currently experiencing. Table 2 summarizes the stress factors in terms of origin (locally human-

induced or global climate change), spatial scale (global, regional, or local), and whether they are predom-

inantly acute or chronic. Most (but not all) of the global factors are of climatic origin, but many stresses

have manifestations at a variety of spatial scales. We have emphasized the ways in which the various

types of stresses interact, as well as the geographic and temporal diversity of reefs, reef organisms, reef

habitats, and environments. Future changes in coral reef condition will reflect this diversity of stresses,

present conditions, and biota, but will almost certainly be in the direction of further loss and degradation. 

Drawing on the information assembled, we offer the following major conclusions:

1) Climate and localized, nonclimate stresses interact, often synergistically, to affect the health and 

sustainability of coral reef ecosystems. Stresses associated with climate change, such as high-

temperature episodes that promote coral bleaching, reduced calcification, and changes in ocean and

atmospheric circulation, present one set of challenges to coral reefs. However, these stresses may

exacerbate other stresses not directly related to climate, such as disease, predation, and the cumula-

tive effects of other nonclimate stresses. Thus, it is difficult to attempt to separate the effects of

global climate and local nonclimate influences when considering reef condition or vulnerability. 

2) Coral reef alteration, degradation, and loss will continue for the foreseeable future, especially in

those areas already showing evidence of systemic stress. As we enter an unprecedented climatic

state, recent geological and biological history gives us little on which to base predictions regarding

the future of coral reef ecosystems. Key uncertainties include the extent to which human activities

will continue to alter the environment, how climate variability such as the frequency and intensity

of El Niño-Southern Oscillation (ENSO) events will change relative to global temperature, and the
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biological and ecological responses of coral reef communities to unprecedented future conditions.

However, there is no realistic doubt that continued climate change will cause further degradation

of coral reef communities, which will be even more devastating in combination with the continuing

nonclimate stresses that will almost certainly increase in magnitude and frequency. 

3) The effects of climate change on global coral reef ecosystems will vary from one region to another.

Although climate change has the potential to yield some benefits for certain coral species in specif-

ic regions, such as the expansion of their geographic ranges to higher latitudes, most of the effects

of climate change are stressful rather than beneficial. Reef systems that are at the intersection 

of global climatic and local human stresses will be the most vulnerable. Remote, deep, or well-

protected reef communities are more likely to provide reserves and refuges for future generations 

of coral reef organisms and aesthetic and scientific resources for future generations of humans. 

4) While the net effects of climate change on coral reefs will be negative, coral reef organisms and

communities are not necessarily doomed to total extinction. The diversity of existing coral species,

the acknowledged adaptation potential of reef organisms, the spatial and temporal variations in

climate change, and the potential for human management and protection of coral reef ecosys-

tems all provide possibilities for survival. Nevertheless, coral reefs of the future will be fewer 

and probably very different in community composition than those that presently exist, and these

changes will cause further ecological and economic losses.

5) Research into adaptation and recovery mechanisms and enhanced monitoring of coral reef 

environments will permit us to learn from and influence the course of events rather than simply observe

the decline. Most local (and some regional) nonclimate stresses have the potential to be mitigated

and managed more readily than global climate change itself. A significant step would be a widely

distributed international network of coral reef refuges and marine protected areas, selected on the

basis of biological and environmental diversity, connectivity, potential threats, and enforcement 

feasibility. Yet, even with such efforts, recent degradation of coral ecosystems combined with future

climate change will still pose a significant challenge to the global sustainability of coral reefs.
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