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Chapter 5  

Vulnerability of coral reefs in the tropical Pacific  
to climate change

Ove Hoegh-Guldberg, Serge Andréfouët, Katharina E Fabricius, Guillermo  
Diaz-Pulido, Janice M Lough, Paul A Marshall and Morgan S Pratchett

 ‘Temperature-related effects of global warming on coral reefs are highly visible, 
well-defined and extensively documented. The more recently recognised effects of 
atmospheric carbon dioxide on ocean acidification will have even more profoundly 
detrimental long-term effects on reefs.’ (Veron et al. 2009)i

i Veron et al. (2009) The coral reef crisis: The critical importance of < 350 ppm CO2. Marine 
Pollution Bulletin 58, 1428–1436. 



252

Contents  Page 

5.1 Introduction 253

5.2 Structure and distribution of coral reefs in the tropical Pacific   254

5.3 Role of coral reefs in supporting fisheries in the tropical Pacific 258

5.4 Critical requirements for coral reefs  260

5.5 Coral reefs in a changing world 262
 5.5.1 Effects of global warming on coral reefs in the tropical Pacific 262
 5.5.2 Additional effects of ocean acidification 264
 5.5.3 Interactions and synergies  266
 5.5.4 Changes to coral reefs over time 266

5.6 Projected vulnerability of coral reefs to climate change  267
 5.6.1 Sea surface temperature 267
 5.6.2 Solar radiation 269
 5.6.3 Ocean acidification 270
 5.6.4 Tropical cyclones and floods 271
 5.6.5 Sea-level rise 273
 5.6.6 Ocean circulation and upwelling 275

5.7  Projected changes: coral reefs under low versus high CO2 emissions 276
 5.7.1 The next two to three decades: coral reefs in 2035 (B1 and A2) 277
 5.7.2  Coral reefs in 2100 (B1) 281
 5.7.3 Coral reefs in 2100 (A2) 282
 5.7.4 Beyond 2100: reef recovery versus complete collapse 283

5.8 Uncertainty, gaps in knowledge and future research 284

5.9 Management implications and recommendations 286

References 289



253

CHAPTER   5

5.1 Introduction

Coral reefs are one of the dominant features of the tropical Pacific Ocean, proliferating 
in shallow, nearshore environments where sediment and nutrient concentrations are 
generally low. Coral reefs form complex habitats that provide critically important 
ecological services such as food, resources for livelihoods and coastal protection1–3. 
They are also culturally significant and play a central role in the lives of the 
Melanesian, Micronesian and Polynesian peoples of the Pacific4,5.

Corals and a number of other calcifying organisms (e.g. crustose coralline 
algae) build coral reefs, incorporating the abundant calcium carbonate from the 
surrounding waters within their tissues to create aragonite structures. Over time, 
the dead skeletons of these organisms accumulate, forming reefs and islands that 
provide habitat for thousands of species. Despite their importance, coral reefs are 
currently threatened by a wide range of local stressors, such as declining water 
quality, pollution, overexploitation and physical destruction1,6, and global stressors, 
such as the warming of the planet and ocean acidification7. Ultimately, these changes 
threaten to destabilise reef-related livelihoods for hundreds of thousands of people 
throughout the region8,9.

In this chapter, we assess the vulnerability of the coral reefs that underpin coastal 
fisheries and aquaculture in the tropical Pacific, by examining the possible effects 
of climate change on coral communities and other reef-building organisms. Our 
analysis draws on the projected changes to the surface climate and ocean of the 
tropical Pacific, described in Chapters 2 and 3, to quantify how coral reefs are likely 
to be exposed to these effects. The results of that analysis were used in the framework 
outlined in Chapter 1 to assess the vulnerability of coral reefs in the region under 
the Intergovernmental Panel on Climate Change (IPCC) B1 and A2 greenhouse gas 
emissions scenarios10. Given the demonstrated potential for local factors to amplify 
the effects of global climate change on coral reefs7,11, factors operating at a local level 
are an important aspect of this analysis.   

We set the scene by describing the structure and distribution of coral reefs in the 
tropical Pacific (25°N and 25°S, 130°E and 130°W), briefly explaining the vital role 
of coral reefs in supporting coastal fisheries and aquaculture in the region, and 
summarising the critical requirements for establishing and maintaining corals. We 
then outline how coral reefs have already been affected by the changing climate 
and assess the projected vulnerability of coral reefs to continuing climate change. 
The chapter focuses primarily on the effects of future changes to sea surface 
temperature (SST), solar radiation, ocean acidity, tropical storms and floods, sea-level 
rise, and ocean circulation and upwelling. We then integrate these assessments into 
projections for the structure and biological complexity of coral reefs under the B1 and 
A2 emissions scenarios for 2035 and 2100. 
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We conclude by identifying the remaining uncertainty and important gaps in 
knowledge, outlining the research required to fill these gaps, and summarising the 
key management responses needed to maintain the important role that coral reefs 
play in supporting coastal fisheries and aquaculture in the Pacific.

5.2 Structure and distribution of coral reefs in the tropical Pacific  

The recent maps of coral reefs from Landsat 7 high resolution (30 m) remote sensing 
images12, and the information from the new ‘Atlas of Pacific Ocean Coral Reefs’, 
provide the most up-to-date picture of the extent, structure and distribution of the 
various types of coral reefs within the 22 Pacific Island countries and territories 
(PICTs)12,13.

The first major pattern to emerge from this information is that, for several PICTs in 
Micronesia and Polynesia, the areas of coral reef habitat greatly exceed the area of 
land (Table 5.1). The second is the hierarchy of diverse reef structures. At the apex 
of the hierarchy, the coral reefs of the region can be divided into ‘continental’ and 
‘oceanic’ reefs (Figure 5.1). Continental reefs are defined by the geological origin of 
their underlying substrates14–16, or the size of associated land masses, and are found 
only in Papua New Guinea (PNG), New Caledonia (on Grande Terre) and Fiji (on Viti 
Levu and Vanua Levu). All other reef areas in PICTs are considered to be oceanic. 

Both continental and oceanic reefs include barrier reefs, fringing reefs and patch reefs, 
but also atolls and banks. However, the oceanic barrier, fringing and patch reefs are 
all attached to oceanic island reef complexes, whereas continental barrier, fringing 
and patch reefs are attached to the continent (Figures 5.1 and 5.2). As a sublevel in the 
hierarchy of continental reefs, continental islands and their associated reefs may also 
occur in close proximity to the continent (e.g. Belep Islands in New Caledonia). Atolls 
and banks are distinguished mainly by the presence/absence of a closing rim, and the 
degree to which their lagoons are closed. Islands differ from atolls and banks in that the 
land mass is not derived from carbonate sediments. Fringing reefs form around islands 
and continental masses, and vary in the way they are exposed to oceanic swells or 
positioned in lagoons and embayments. Barrier reefs are offshore structures, separated 
from the land by lagoons or large sedimentary terraces. Patch reefs are intertidal or 
subtidal constructions of varying sizes, which are not continuous (like barrier reefs) or 
adjacent to land (like fringing reefs). These broad reef types can be divided into finer 
levels (classes) of reef geomorphology, exposure and depth17.

Several PICTs made up of oceanic reefs consist almost entirely of atolls (e.g. Marshall 
Islands, Kiribati, Tuvalu, Tokelau) (Table 5.1). Oceanic reef structures in some 
PICTs are dominated by fringing reefs directly exposed to ocean waves and runoff 
from high island land masses (e.g. Vanuatu). Most of the PICTs with oceanic reefs, 

http://www.spc.int/climate-change/e-book/images/c5table1.png
http://www.spc.int/climate-change/e-book/images/c5fig1.png
http://www.spc.int/climate-change/e-book/images/c5fig1.png
http://www.spc.int/climate-change/e-book/images/c5fig2.png
http://www.spc.int/climate-change/e-book/images/c5table1.png
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however, have a range of islands, banks and atolls of various sizes (e.g. American 
Samoa, French Polynesia, Federated States of Micronesia (FSM), Palau, Niue, Wallis 
and Futuna). At the finest level (class) of reef geomorphology, there is great variation 
among PICTs, ranging from two classes of reef type in Nauru up to > 150 classes in 
New Caledonia, Fiji and PNG (Table 5.1). 

Figure 5.1 The main types of continental (connected to the mainland) and oceanic 
coral reefs.

This diversity of reef types is significant for PICTs because the various categories and 
classes of reef differ in their exposure and sensitivity to disturbance, and presumably 
also to the effects of climate change. The degree to which atolls are ‘closed’ is a pertinent 
example. The closed to semi-closed atolls found in the central Pacific differ from the 
open atolls of the western Pacific in their exposure and sensitivity to hydrodynamic 
change. Hydrodynamic regimes and average residence times of water in lagoons can 
easily be modified by sea level and wind/wave variations on short time scales, and 
presumably also by slowly shifting conditions18,19. Changes that switch semi-closed 
lagoonal waters from being replenished rapidly to being renewed slowly have led 
to planktonic algal blooms, anoxia and mass mortalities of fish and invertebrates20,21. 

http://www.spc.int/climate-change/e-book/images/c5table1.png


256

Table 5.1 Total area (km2) of land and coral reef, and areas of coral reef comprising atolls, 
banks and formations associated with islands, on Pacific Island countries and territories 
(PICTs). Values derived from Landsat 7 images and ‘Atlas of Pacific Ocean Coral Reefs’, 
except for Fiji and Papua New Guinea. Number of reef classes for each PICT is also shown.

Island size also affects the exposure of reefs to disturbance. Barrier reefs on large 
islands and continental land masses are more likely to be exposed to plumes of 
sediments from rivers compared with barrier reefs on small islands. Similarly, 
fringing reefs surrounding large land masses are more likely to be affected by floods 
and rainfall than barrier reefs.  

Overall, the location, spatial organisation and fragmentation of coral reefs influence 
their resilience to perturbations. In particular, reefs on small, isolated islands are less 
likely to be resilient than those on well-connected islands that receive larval coral 
recruits from a variety of sources. On larger islands, the main threats to the resilience 
of coral reefs are land-based sediments and pollution.  

PICT Land Total 
reef Atolla Bankb

Island
No. reef 
classesBarrier 

reef
Patch 
reef

Fringing 
reef

Inter- 
reefalc

Melanesia       
Fiji 18,272 10,000* n/a n/a n/a n/a n/a n/a  > 150
New Caledonia 19,100 35,925 15,466 413 3476 733 790 15,047 163
PNG 462,243  22,200* n/a n/a n/a n/a n/a n/a  > 150
Solomon Islands 27,556 8535 2191 599 1471 645 1328 2301 134
Vanuatu 11,880 1244 22 40 59 28 629 466 58
Micronesia         
FSM 700 15,074 11,859 420 523 21 212 2039 72
Guam 541 238 0 113 19 1 75 30 27
Kiribati 690 4320 3986 114 0 0 0 0 23
Marshall Islands 112 13,930 13,910 20 0 0 0 0 20
Nauru 21 7  7 0  0 0 0 0 3
CNMI 478 250 0 33 25 0 67 125 23
Palau 494 2496 555 17 615 86 163 1060 58
Polynesia         
American Samoa 197 368 11 9 5 0 47 296 16
Cook Islands 240 667 548 5 58 1 17 38 37
French Polynesia 3521 15,126 13,524 35 802 27 178 560 66
Niue 259 56 56 0 0 0 0 0 9
Pitcairn Islands 5 48 17 17 0 0 4 10 17
Samoa 2935 466 0 0 203 7 139 117 28
Tokelau 10 204 204 0 0 0 0 0 8
Tonga 699 5811 47 96 564 377 171 4556 70
Tuvalu 26 3175 3040 135 0 0 0 0 18
Wallis and Futuna 255 932 588 75 95 14 56 104 25

* Estimates only; a = area below high water mark, including ‘drowned’ atolls; b = small area below high water mark, 
including ‘drowned’ banks; c = includes lagoons and sedimentary areas within main island reef types; n/a = data not 
available.
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Figure 5.2 Examples of the main coral reef types in the tropical Pacific Ocean: 
(a) continental barrier reef, protecting lagoonal patch and fringing reefs (Vanua Levu 
Island, Fiji); (b) oceanic barrier reef surrounding a lagoon with fringing and patch reefs 
(Mangareva, French Polynesia); (c) oceanic reef island bank (Malekula Island, Vanuatu); 
(d) oceanic atoll that has been uplifted with a narrow fringing reef (Nauru); (e) closed 
oceanic atoll (Kaukura atoll, French Polynesia); (f) fringing and patch reefs around an 
oceanic island (Malekula Island, Vanuatu); (g) lagoonal patch and fringing reefs (Vangunu 
Island, Solomon Islands).

Regardless of reef size, type and orientation, the location of a reef can also be expected 
to influence the extent of disturbances. Because the southern barrier reef in New 
Caledonia is located near an area of strong and frequent upwelling, for example, it is 
less likely than barrier reefs in Fiji or PNG to be exposed to thermal stress from rising 
SST22. Similarly, reefs located at depths of 30 m or more are unlikely to be severely 
affected by increases in SST and changes in sea level. Such reefs occur commonly 
between American Samoa and Tuvalu, and in FSM. Reef crests located in places flushed 
by oceanic waters often fare better than enclosed basin or lagoonal reef areas during 
periods of high water temperature associated with mass coral bleaching events23.

a)

b) c)

d) e)

f)

g)

15 km

2 km15 km

5 km 20 km
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The location of reef classes within reef types also determines exposure and sensitivity. 
For example, because the fore-reef receives the greatest amount of wave energy, the 
corals there grow faster due to the high rate of water movement, and hence nutrient and 
gas exchange. Differences in light intensity can also have large influences on the extent 
of coral bleaching and mortality24,25, with high islands sometimes shading coral reefs 
and reducing stress, as seen in Palau during 199826. Reef flats and terraces are usually 
sheltered from wave action and have conditions suitable for growth of diverse coral 
communities. However, reef flats, shallow fore-reefs, and reticulated areas are more 
susceptible to physical destruction by tropical cyclones than deep areas of fore-reefs and 
lagoons27. Also, reef crests and high energy reef flats create environments conducive for 
crustose coralline algae, which are susceptible to changes in the pH of sea water28.

In summary, reef types and classes differ in their exposure and sensitivity to 
disturbance, often depending on their location. Consequently, PICTs with a large 
variety of reef structures and types are likely to cope better with the impacts of 
climate change than those with a limited diversity of reefs. 

5.3 Role of coral reefs in supporting fisheries in the tropical Pacific

Coral reefs are the dominant and most readily accessible coastal habitats in virtually 
all PICTs (Table 5.1), and support a wealth of fish and invertebrate species that are 
used for food and as a source of income. The role of coral reefs in providing food 
security across the tropical Pacific is significant – fish provide 50–90% of the animal 
protein in the diet of coastal communities in the region, with the majority of these 
fish caught by subsistence fishing on coral reef habitats3,29–31. The coastal fish and 
invertebrate resources of the tropical Pacific are harvested by the four types of 
fisheries described in Chapter 9 and summarised briefly here.

 ¾ Fisheries for demersal fish: Comprised of bottom-dwelling fish caught mainly 
near coral reefs using handlines, gill nets or by spearfishing. The extensive range 
of species caught are used mainly for food by households, or sold locally to earn or 
supplement incomes30. However, specialised fishing operations have occurred in 
the past in some PICTs to supply large carnivorous reef fish (mainly groupers) to 
the live reef fish trade32,33. A wide range of small colourful species are also caught 
for the tropical marine aquarium market34,35. 

 ¾ Fisheries for nearshore pelagic fish: Based largely on the stocks of skipjack and 
yellowfin tuna that support offshore industrial fishing fleets throughout much of 
the tropical Pacific (Chapter 8). However, these fisheries also capture significant 
quantities of other large pelagic species, such as Spanish mackerel, mahi-mahi, 
wahoo and rainbow runner, and  a broad range of small pelagic species (flying fish, 
scads, mackerel, pilchards and anchovies). The larger species are generally caught 
by trolling along reef edges, but they are also increasingly targeted by fishing 
around anchored fish aggregating devices (FADs) deployed in nearshore waters 
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within ~ 10 km of the coast. Taken together, the large and small pelagic species 
contribute substantially to the food security and income earning opportunities of 
coastal communities throughout the region.

 ¾ Fisheries for targeted invertebrates: Focusing mainly on sea cucumbers and 
trochus (but also giant clams, spiny lobsters, crabs and green snail), which have 
long been an important source of revenue for coastal communities36. Many of these 
species are associated mainly with coral reefs and are harvested by specialised 
fishing operations. Sea cucumbers and trochus, in particular, have been fished 
extensively throughout the tropical Pacific for more than a hundred years, and 
exports of the non-perishable, dried product (bêche-de-mer) from sea cucumbers37, 
and trochus shells, enable even remote communities to earn income30,35. The 
ease of collecting these invertebrate species, and their high market value, has 
led to widespread overfishing in the region35,37. Spiny lobsters, once collected 
opportunistically by free divers, are now the target of commercial fisheries based 
on the use of underwater torches and SCUBA.

 ¾ Fisheries for shallow subtidal and intertidal invertebrates: Involving the 
‘gleaning’ of a wide range of molluscs (giant clams, other bivalves, gastropods and 
octopus) and echinoderms (sea cucumbers and urchins) from coastal areas at low 
tide. These animals are often collected by women and children, and provide an 
important source of household food, especially when weather conditions prevent 
other fishing activities. This fishery is an integral part of the social fabric in many 
PICTs.

Apart from nearshore pelagic operations, all sectors of coastal fisheries are 
fundamentally dependent on healthy coral reefs. Many species of fish and 
invertebrates are found only on coral reefs and, in general, reefs with a wide 
variety of coral formations, and therefore high topographic complexity, support a 
greater abundance and diversity of reef-associated fauna38. Populations of fish and 
invertebrates associated exclusively with coral reef habitats are typically highly 
dependent on the complex biological and physical structure created by scleractinian 
corals. Such populations decline in abundance dramatically after extensive loss or 
degradation of coral caused by temperature-induced coral bleaching and other 
environmental impacts, such as tropical cyclones38–41.

Some fish and invertebrates rely directly on live corals for food, shelter or recruitment, 
although many of these species (e.g. butterflyfish) are not generally harvested39. 
However, corals are important contributors to primary production on reefs, and 
decreases in coral abundance may lead to reduced energy transfer to higher trophic 
levels in ways that could affect important fisheries species42. The growth and 
calcification of reef-building corals and crustose coralline algae need to exceed the 
losses caused by physical and biological erosion, which may take away as much as 
90% of the calcium carbonate laid down by these calcifying organisms7. Otherwise, 
the complex reef frameworks crumble and disintegrate over time, with profound 
implications for the productivity of coastal fisheries and reef-based tourism.
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Human settlements have also had a strong impact on coral reef habitats throughout 
the tropical Pacific. As human population densities increase, fishing activity becomes 
more intense and diverse29,30,43 (Figure 5.3), with the effect that ecologically important 
species such as large predatory, and herbivorous fish, are targeted and depleted 
(Chapter 9). Other activities, such as pollution, sediment and nutrient inputs, 
dumping of rubbish and careless anchoring of boats can lead to localised damage to 
the structural complexity of coral reefs. Collectively, the diverse local effects in many 
PICTs and other developing countries have led to a ‘coral reef crisis’6 – a reduction in 
corals, and a rise in the relative dominance of other organisms such as soft corals and 
seaweeds. Altered reef frameworks and ecological functions in turn lead to reefs that 
support lower populations of fish and invertebrates important for food and income 
(Figure 5.3). Overcoming this crisis is not straightforward, particularly in developing 
countries44, and requires innovative management to prevent the damage occurring in 
the first place and to provide incentives for restoration.

Fishing can also affect sharks, which often have a special importance and value 
to tourism. In countries such as French Polynesia, good populations of sharks are 
attractive to SCUBA divers, and provide a critical advantage for particular locations 
in competitive tourism markets45,46.

5.4 Critical requirements for coral reefs 

Given the importance of reef-building corals to reef structures, it is important to 
understand the conditions corals need for their establishment and growth, and how 
they are likely to respond to climate change. In the Pacific, corals that build reefs are 
found in warm, alkaline and sunlit waters between latitudes 30°N and 30°S. In these 
locations, reef-building corals accumulate calcium carbonate (as calcite or aragonite), 
with their skeletons growing to form the key structural components of coral reefs, 
glued together by chemical precipitation and by other marine calcifiers, such as  
crustose coralline algae. Spaces within the coral framework are then filled in by sand 
and the calcareous skeletons of green algae, such as Halimeda spp., and foraminifera, 
sponges, molluscs and crustaceans. Over time, this accumulation of organisms and 
their skeletons prevails against the forces of physical, chemical and biological erosion, 
and reef structures build up. Eventually, complex three-dimensional reef structures 
are created, which form the habitats for the many fish and invertebrates that provide 
food security and livelihoods across the tropical Pacific. 

The environments in which coral reefs prosper have been explored using a database  
of the physical and chemical conditions for locations where reefs occur47. This analysis 
showed that corals require SST above ~ 18 °C, ample light, and aragonite saturation 
states > 3.3 (a measure of the amount of calcium and carbonate in the water column 
relative to the precipitation point of aragonite – a form of calcium carbonate).   

http://www.spc.int/climate-change/e-book/images/c5fig3.png
http://www.spc.int/climate-change/e-book/images/c5fig3.png
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Figure 5.3 Common coastal fisheries activities in the tropical Pacific for demersal fish, 
nearshore pelagic fish, invertebrates targeted for export and shallow subtidal and 
intertidal invertebrates which occur on/or near coral reefs. In areas with low human 
populations, reefs have a greater abundance of reef-building corals and associated fauna. 
As human populations increase, fisheries resources decrease and reef ecosystems shift 
towards a mixture of seaweeds and corals, with seaweeds increasing as human activities 
become more intense. Lower numbers of demersal fish cause people to focus on other 
resources, such as gleaning invertebrates from shallow subtidal and intertidal areas, and 
nearshore pelagic fish.

While SST, light and concentrations of carbonate ions are the most important 
variables determining the formation of coral reefs, other factors such as river runoff, 
low salinity events and storms also influence the development of reefs. Large rivers 
often deliver substantial amounts of fresh water, nutrients and sediments to coral 
reefs, especially where catchments have been disturbed by agriculture, mining and 
deforestation (Chapter 7). In some cases, corals have been lost in the receiving waters 
of such catchments48,49. Severe rainfall events can lead to local flooding and drainage 
reductions in salinity, ultimately killing corals and other coral reef organisms. In 
the parts of the tropical Pacific prone to cyclones, reefs are also damaged by storm 
surges, which break corals, shift sand, and destroy reef structures. The effects of 
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runoff, salinity and severe storms can also interact. For example, coral reefs affected 
by coastal runoff may not calcify as fast as those in clear and well-mixed waters, and 
may be more susceptible to (or take longer to recover from) wave damage. Sometimes 
greater amounts of particles in the water column may increase the food resources 
for bioeroders, leading to potentially higher erosion rates. These interactions have 
the potential to combine with other stresses, such as overfishing, to produce sudden 
changes (phase shifts) in the structure of coral reefs and the animal and plant 
communities associated with them50,51.

5.5 Coral reefs in a changing world

There is growing evidence that the structure and ecological function of coral reefs 
are undergoing some major changes due to local and global stressors. Studies of coral 
reefs in the tropical Pacific and Southeast Asia show that the percentage of coral cover 
in 2007 was only about half that of the early 1980s52. This decline suggests that coral 
reefs are losing their dominant coral populations at about 1–2% per year. Interestingly, 
coral loss has occurred not only in areas, such as Southeast Asia, under pressure from 
local factors, but has also been observed in some well-managed regions, such as the 
inshore Great Barrier Reef. A systematic survey by the Australian Institute of Marine 
Science showed that although coral cover on offshore reefs of the Great Barrier Reef 
has not declined at the same rate as on inshore reefs, growth and calcification has 
slowed significantly (around 15% since 1990) in long-lived Porites colonies across the 
entire Great Barrier Reef 53. This study suggests that ocean warming and acidification 
are beginning to play a greater role in the demise of coral reefs than local factors, 
such as water quality, destructive practices and overfishing. 

5.5.1 Effects of global warming on coral reefs in the tropical Pacific

One of the key characteristics of reef-building corals is their mutualistic symbiosis 
with populations of dinoflagellates (Symbiodinium). These tiny plant-like organisms 
occupy vacuoles within cells associated with the gastrodermal tissues of corals, 
imparting an overall brown colour to their animal host (Figure 5.4). Symbiodinium 
photosynthesise while they are resident within the cells of the host coral, and produce 
abundant organic carbon. This carbon is transferred to the coral, where it powers 
growth, reproduction and calcification. As a result of this abundant energy, corals 
are able to grow and calcify rapidly, providing in return much-needed inorganic 
nutrients to Symbiodinium, and calcium carbonate to the reef community54.  

The symbiosis between corals and Symbiodinium breaks down under stressful 
situations. Sudden reductions in salinity, or increases in chemical toxins, SST or solar 
irradiance, will cause corals to turn brilliant white, as the brown Symbiodinium cells 
leave their tissues24. This phenomenon is referred to as coral bleaching (Figure 5.4). 
Deprived of their energy source, corals become much more susceptible to competitors, 
such as macroalgae (seaweeds), starvation, disease and death52,55–57.

http://www.spc.int/climate-change/e-book/images/c5fig4.png
http://www.spc.int/climate-change/e-book/images/c5fig4.png
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Figure 5.4 Corals, dinoflagellates and coral bleaching: (a) normally pigmented corals 
(Acropora) shown alongside bleached corals; (b) transmission electron micrograph of a single 
dinoflagellate symbiont (Symbiodinium); (c) light micrograph of dinoflagellate symbionts (S) 
residing within the gastrodermis of a coral polyp (photos: Ove Hoegh-Guldberg).

Coral bleaching has been reported on a local scale (small patches of reef or 
communities of corals) for around 80 years58. Starting in the early 1980s, however, 
entire coral reefs and regions began to experience 'mass' coral bleaching. Investigation 
of the environmental factors associated with mass coral bleaching soon revealed 
a strong causal link to periods of elevated SST, which were often correlated with 
doldrum-like conditions where seas were both warm and still. Elevated SST 
destabilises the symbiosis of corals and Symbiodinium, resulting in a dramatic decline 
in the population density of Symbiodinium in coral tissues59–62. 

Measurement of SST anomalies by satellites reveals strong correlations between 
coral bleaching, and periods when SST exceeds the summer maxima by 1–2 °C for 
3–4 weeks or more, especially during strong El Niño events63,64. The extent of mass 

a)

b) c)

Healthy       Bleached
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5 µm 30 µm
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bleaching and mortality increases as the thermal anomalies in SST intensify and 
lengthen24,65. On a smaller scale, patchiness in bleaching due to local ecological and 
environmental variability complicates the interpretation to some extent66,67.

Coral bleaching has affected coral reefs in the tropical Pacific a number of times since 
large-scale events were first reported in the early 1980s. In each of these worldwide 
events, coral reefs in the region experienced high levels of mortality, albeit lower 
than those recorded in the western Indian Ocean, when about 46% of corals perished 
in 199868. Projections of how SST is likely to change, however, suggest that these 
conditions could occur more frequently on coral reefs in the tropical Pacific over 
the coming decades7,24,69,70. In September 2010, tropical SSTs were the warmest on 
the instrumental record and were widespread, with extensive coral bleaching being 
reported in Southeast Asia and the Caribbean, among other regions. Sea surface 
temperatures are rising in the tropical Pacific at rates of change which exceed even the 
fastest rates estimated to have occurred over the past 420,000 years7 (Chapters 2 and 3). 

5.5.2 Additional effects of ocean acidification

About 25% of the extra carbon dioxide (CO2) injected by human activities into the 
atmosphere is eventually absorbed by the oceans71 (Chapter 3). On entry, CO2 reacts 
with sea water to create dilute carbonic acid, which interacts with carbonate ions, 
turning them into bicarbonate ions72 (Figure 5.5) (Chapter 3). The net effect of this 
process, known as ocean acidification, is a sharp decline in concentration of carbonate 
ions. Because of the importance of carbonate ions for reef calcification, this change 
results in a significant reduction in the calcification rate of reef-building corals and 
other calcifying organisms73. Considerable experimental and field evidence indicates 
that corals may not calcify rapidly enough to keep pace with physical and biological 
erosion if exposed to aragonite saturation states < 3.37,73.

As mentioned in Section 5.3, coral reefs represent a balance between reef calcification 
(by corals and other calcifiers such as crustose  coralline algae) and erosion (by storms, 
dissolution and biological eroders). If the balance is tipped in favour of erosion, 
there will be a loss of reef structure and integrity over time. There is generally a 
close balance between calcification and erosion, with much of the calcium carbonate  
(> 90%) laid down  being removed by biological and physical processes74. The precise 
relationship between reef calcification and erosion, however, depends on a number of 
factors such as water quality, location and latitude.  

There is already considerable evidence that corals on the Great Barrier Reef53,75 and 
in Thailand76 are calcifying at rates that are ~ 15% lower than those before 1990. 
Importantly, this decrease in calcification was unprecedented in the 400 years of 
records examined for the Great Barrier Reef. As well as declining calcification rates, 
reduced carbonate ion concentrations are likely to increase the rate of biological

http://www.spc.int/climate-change/e-book/images/c5fig5.png
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Figure 5.5 Ocean acidification is threatening reef-building corals. Carbon dioxide (CO2) 
from the burning of fossil fuels is entering the ocean at greater rates and is reacting with 
water to produce a weak carbonic acid (upper panel). This reduces the concentration 
of carbonate ions, and makes fewer of them available for coral calcification (see  
Chapter 3 for more details). On healthy coral reefs under low atmospheric concentrations 
of CO2, calcification by reef-building corals and calcareous algae usually exceeds erosion 
caused by wave action and biological eroders, such as boring worms, and grazing fish 
and invertebrates (lower panel). Under such conditions, reefs grow over time. But as CO2 
accumulates in the atmosphere, calcification is expected to decrease below the rates of 
erosion, with the net loss of reef frameworks over time. 
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erosion (via reduced density of coral skeletons and increased dissolution) favouring 
the activities of external bioeroders (e.g. fish and sea urchins) as well as internal bio-
eroders that bore into skeletons (e.g. worms and  sponges)77–79.

5.5.3 Interactions and synergies 

The combination of ocean acidification with other factors that stress corals may also 
lead to compounding effects. For example, the thermal threshold at which some corals 
bleach decreases when they are exposed to more acidic conditions80. The combination 
of high SST and increased acidity also leads to a more dramatic loss of coral reef 
productivity than if each factor acts on its own80. There are also likely to be a number 
of surprises given the complexity of the situation. A potential concern is that coral 
communities and skeletons weakened by bleaching and ocean acidification could be 
damaged more severely by more intense storms if they eventuate (Chapter 2), leading 
to accelerated degradation of reef frameworks.  

Interactions between local factors, such as poor water quality and overexploitation of 
key reef species, and ocean warming and acidification, could also lead to synergistic 
and accelerated impacts. Crustose coralline algae, for example, play a crucial role 
within reef habitats as a settlement cue for a large number of invertebrates (including 
corals) and plants. Recent evidence has suggested that crustose coralline algae may 
be highly vulnerable to ocean acidification80, thereby potentially leading to negative 
impacts on the settlement of corals and other reef-associated organisms, such as sea 
urchins28. Similarly, corals exposed to nutrients, sediments or pathogens are more 
susceptible to thermal bleaching, and less able to survive a bleaching episode81. 
While the precise details of these interactions remain to be documented, they 
appear to have the potential to amplify the individual effects of global warming and 
ocean acidification, leading to a reduced ability of coral reefs to bounce back from 
catastrophic events (i.e. reduced resilience). 

5.5.4 Changes to coral reefs over time

The fossil record provides a strong indication of the changes likely to occur to coral 
reefs under rapid global climate change70. In particular, it shows that the five mass-
extinction events that occurred on the planet were associated with 'reef gaps', which 
typically lasted for at least 4 million years. Coral communities and their associated 
limestone deposition are more or less missing from the palaeontology record at 
these times70. There is also growing evidence that the major extinction events were 
accompanied by changes in atmospheric CO2 which led to global warming and ocean 
acidification. Interestingly, all but one of the extinction events (during the Cretaceous-
Tertiary period 65 million years ago) seem to have occurred at much slower rates 
of change in the Earth's atmosphere and oceans than those observed over the past  
100 years82. These past climate events provide compelling reasons for limiting further 
build-up of CO2 in the atmosphere. 
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Healthy coral reefs are important fish habitats

5.6 Projected vulnerability of coral reefs to climate change 

In this section, we explore the projected vulnerability of coral reefs in the tropical 
Pacific to a changing climate. The approach we use to assess vulnerability is described 
in Chapter 1. This vulnerability framework integrates the exposure of coral reefs 
to climate change with their sensitivity to these changes, and provides a measure 
of the potential impact which may or may not be reduced through the putative  
adaptive capacity of corals and other key components of coral reefs. The same  set of 
variables that determine the vulnerability of coral reefs have been assessed for the 
Great Barrier Reef81,83,84, where the changes appear to be occurring at rates which are 
100–1000 times faster than ice age transitions7, outstripping the ability of corals and 
their Symbiodinium to keep pace. There is also concern that coral reefs in the tropical 
Pacific are unlikely to have the capacity to adapt to the high rates of change in their 
environment.

5.6.1 Sea surface temperature

Exposure and sensitivity

The average annual SST across the tropical Pacific increased by 0.23°C between 1989 
and 2008, relative to average annual SST between 1950 and 1969 (Chapter 2). SST is 
projected to increase by 0.5–1.0°C in 2035 under the B1 and A2 emissions scenarios, 
by 1.0–1.5°C under B1 in 2100, and by 2.5–3.0°C under A2 in 2100, relative to SST 
between 1980 and 1999 (Chapters 2 and 3). 

Photo: Éric Clua
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As discussed in Section 5.5.1, reef-building corals are very sensitive to these levels of 
warming, although there are some limited differences in thermal sensitivity between 
types of corals, and among Symbiodinium. The exposure and sensitivity of corals to 
rising SST have already had large-scale influences on reefs in the tropical Pacific and 
elsewhere in the world, with coral cover declining globally by 1–2% per year52. As 
outlined below, rising SST is expected to have further impacts on coral reefs.  

Potential impact and adaptive capacity

As SST increases, reefs will continue to lose coral cover and may ultimately become 
dominated by macroalgae (Figure 5.6). The impact on corals can be expected to vary 
among species. Indeed, this is already happening under present-day temperature 
and bleaching regimes, which are causing changes in the species composition and 
structure of coral communities85. In particular, differential sensitivity to thermal 
stress between coral genera86–88 is leading to shifts towards the more tolerant species89. 
However, because the differences in sensitivity between genera are generally 
limited to no more than about 2–3°C, shifts in coral communities are expected to be 
characteristic only of the next couple of decades. If SST increases beyond 2°C above 
preindustrial levels, most species of coral are likely to be rare on tropical reefs7,24,81,90,91. 

Figure 5.6 Effects of projected increases in sea surface temperature (SST) and light on coral 
reefs. Under present-day conditions, short periods of warmer-than-average maximum 
SST cause bleaching events. Healthy coral reefs recover from these disturbances and the 
abundance of corals remains high. As SST increases by 1°C or more above preindustrial 
levels, bleaching events are expected to become more intense and frequent, with the loss 
of corals, reef structure, and associated fauna, and increases in macroalgae, over time.  

In addition to the greater tolerance to higher SST, some coral species appear to have 
some additional capacity to adapt to warmer waters. A few colonies within some 
populations of the coral Acropora millipora can increase the proportion of more 
temperature tolerant Symbiodinium in their tissues92. However, this strategy appears 
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to provide an added tolerance to higher SST of up to only 1.5°C, and few of the 
colonies involved actually survived extreme heat stress. Furthermore, the cost that 
corals have to pay for such increased temperature tolerance may be slower growth, 
which is likely to have other negative ecological implications. Thus, this potential 
adaptive mechanism, called ‘symbiont shuffling’, is unlikely to protect reefs from the 
severe and repeated damage projected to occur due to rapid increases in SST.

There has been some discussion about the potential for coral populations to expand 
their distributions to higher latitudes as these areas begin to warm24. Such shifts have 
been reported in the palaeontological record, when coral communities extended their 
range by about 100 km in a poleward direction during periods when SST was slightly 
higher93. Nevertheless, there are limits to how far north or south coral populations 
can shift due to the decrease in pH and carbonate ion concentrations towards the 
poles. Projected increases in atmospheric CO2 above 450 ppm are also expected to 
lead to contraction of suitable conditions for the growth of coral to the small band 
around the equator7 (Section 5.6.3). In short, although waters at higher latitudes are 
expected to be warmer, corals will be unable to adapt by moving poleward.

Vulnerability

All existing information leads to the conclusion that coral reefs have very high 
vulnerability to further increases in SST, and the projected increase in SST in the 
tropical Pacific region of 1–3°C by 2100 will strongly influence the structure and 
function of coral reefs. Effects are expected to be clearly evident by 2035, but given 
the similarity in projected SST between the B1 and A2 emissions scenarios in 2035 
(Chapters 2 and 3), there is little or no difference in the vulnerability of coral reefs to 
changes in SST under these two scenarios in the shorter term. 

5.6.2 Solar radiation

Exposure and sensitivity

Global climate change is altering, and is likely to continue to alter, the weather and 
general circulation patterns, as outlined in Chapter 2. As a result, the distribution of 
clouds is likely to change, potentially affecting the amount of solar radiation reaching 
coral reefs. Climate change is also expected to result in an increase in rainfall in 
equatorial areas, and a decrease in rainfall in the southwest and southeast Pacific 
(Chapter 2).

Coral reefs are sensitive to both photosynthetically active radiation (PAR) and 
ultraviolet radiation (UVR). High levels of PAR will exacerbate coral bleaching24,94, 
whereas high levels of UVR have the potential to increase damage to cellular 
components such as DNA. Sunlit waters without currents and waves amplify the 
effect of thermal stress on corals. In contrast, shading by high islands95,96 or unusually 
cloudy conditions25 reduces the effect of thermal stress on coral reefs.  
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Potential impact and adaptive capacity

Within limits, corals have some capacity to adapt to both high and variable PAR and 
UVR97. Acclimation takes between five and ten days, during which time the coral 
remains physiologically stressed. Corals can also acclimate to lower light levels in 
turbid waters, with turbidity potentially protecting them from bleaching26. The 
events causing turbidity (e.g. heavy rainfall and strong winds), however, appear to 
be unlikely to occur during the hot and still conditions that result in higher levels 
of irradiance. Turbidity is also likely to play a more important role in coastal areas 
where sediments and nutrients (and associated phytoplankton blooms) may reduce 
irradiance during stressful periods.

Vulnerability

On the basis of the capacity of corals to photo-acclimate within days, coral reefs 
appear to have a relatively low vulnerability to the changes in solar radiation expected 
to occur under either the B1 or A2 scenarios over the coming decades and century.

5.6.3 Ocean acidification

Exposure and sensitivity

As with SST, the current rates of change in atmospheric CO2 and ocean acidification 
are believed to be more rapid than during any other period in at least the past  
420,000 years7 (Chapter 3). Ocean pH has already decreased by 0.1 units (representing a 
26% increase in hydrogen ions) since the start of the industrial era and will continue to 
decrease as long as the oceans continue to absorb the increasing concentrations of CO2 in 
the atmosphere (Chapter 3). Under the A2 emissions scenario, the aragonite saturation 
state in tropical surface waters is projected to decrease to 2.4 in 2100 (Chapter 3).

These projected changes will be hostile to coral reefs because the rate of calcification 
of corals and crustose coralline algae is highly sensitive to declining carbonate ion 
concentrations73. Furthermore, processes such as bioerosion are likely to increase 
as the concentration of carbonate ions decreases (Figure 5.7). Indeed, the current 
distribution of corals, together with experimental investigations and now field 
evidence, indicates that the ability of corals and other marine calcifiers to maintain 
a positive reef carbonate balance falls into deficit when atmospheric concentrations 
of CO2 exceed 450 ppm (which translates to carbonate ion concentrations of 
~ 200 µmol per kg of sea water at equilibrium). There is also considerable evidence 
that concentrations of CO2 above 350 ppm may be too much for the maintenance of 
carbonate coral reef systems70.

Potential impact and adaptive capacity

Experimental studies73 and field studies53,75,76 indicate that substantial decreases in 
calcification can be expected to result in more fragile and degraded reef frameworks. 
There is little evidence of calcifying organisms adapting to the lower carbonate ion 
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concentrations likely under ocean acidification. Indeed, although some temperate 
coccolithophores (a prominent member of the marine phytoplankton) may grow 
more quickly98, corals and other tropical calcifying organisms are highly unlikely to 
be able to adapt at rates fast enough to keep up with the rapid acidification of the 
ocean projected under the A2 scenario (Chapter 3).

Figure 5.7 Effects of projected ocean acidification (OA) on coral reefs. The rising 
concentration of carbon dioxide (CO2) in the atmosphere from the burning of fossil 
fuels is acidifying the world’s oceans and decreasing concentrations of carbonate ions  
(Figure 5.5). Reduced calcification of reef-building corals and crustose coralline algae 
when CO2 exceeds 450 ppm is expected to change the balance of reef processes from net 
construction to net erosion, leading to loss of corals and reef frameworks.

Vulnerability

The reduction in calcification rates at low carbonate ion concentrations suggests that 
corals, and the reefs they build, are highly vulnerable to ocean acidification, and 
that increases in atmospheric CO2 above 450 ppm are likely to result in a negative 
carbonate balance (net erosion) of coral reefs throughout the tropical Pacific. This 
outcome will have important implications for ecological services, such as coastal 
fisheries (Chapter 9) and coastal protection.

5.6.4 Tropical cyclones and floods

Exposure and sensitivity

Warming of the tropical Pacific climate may gradually increase the intensity of tropical 
cyclones by 6–12%, equivalent to about half a cyclone category99,100, over the remainder 
of the century (Chapter 2). Any such increases will have severe ecological implications 
because the energy dissipated by a cyclone increases as the cube of its maximum wind 
speed101. In equatorial regions, rainfall is projected to increase by 5–20% in 2035, and 
by 10–20% in 2100 (Chapter 2), increasing the likelihood of flooding.
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Coral reefs are extremely sensitive to local physical damage caused by cyclones 
and storms because, as explained above, this damage escalates non-linearly with 
increasing maximum wind speed102. Reefs will be affected further by the low 
salinity, higher turbidity and nutrient-rich waters associated with floods caused 
by storms49,103,104 (Figure 5.8). Damage from cyclones and storms may also trigger 
ecological ‘phase shifts’, especially when reefs are subject to overfishing of key 
functional groups50.  

Figure 5.8 Effects of stronger cyclones and heavier rainfall on coral reefs, which are 
expected to lead to greater loss and degradation of habitat through damage by more 
powerful waves, reduced salinity and increased turbidity of coastal waters. The effects 
of stronger cyclones and increased rainfall are also expected to interact with higher sea 
surface temperatures (Figure 5.6), increased acidification (Figure 5.7) and local factors, 
such as poor catchment management, to cause severe problems for coral reefs.

Potential impact and adaptive capacity

There are numerous examples of the impact of cyclones and floods on coral reefs 
in the tropical Pacific, as well as evidence of recovery over periods stretching from  
15–50 years.  The effects of intensified cyclones are only just being studied, and can 
be hard to distinguish from background levels of damage from the normal range of 
storms. On the Great Barrier Reef, for example, a hypothetical increase in cyclone 
intensity by half a category is expected to result in a 50–60% increase in the loss of 
coral, and a substantial reduction in the structural complexity of reefs102. 

Projected changes to rainfall patterns may also lead to drying of coastal areas in the 
subtropical southeast and southwest Pacific, exacerbating the problem by loosening 
sediments and nutrients such that they are more easily washed out of coastal 
catchments during episodic high rainfall events (Chapter 7). More intense rainfall is 
also expected to exacerbate runoff from high islands in the equatorial Pacific.
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There are strong regional differences in the past exposure of coral reefs to cyclones, 
with coral reefs in the northwest Pacific experiencing more and stronger cyclones 
than reefs south of the equator (Chapter 2). Coral communities exposed to storms 
are dominated by species with stout growth forms, and by fast-growing species, 
such as Acropora spp. These reefs have had thousands of years to adapt to local storm 
intensity. But no level of adaptation protects coral reefs from severe damage by 
category 4 or 5 cyclones.

Vulnerability

Coral reefs are expected to be moderately vulnerable to increasing cyclone intensities 
in their own right. Against the background of chronic stress from acidification, higher 
SST, unsustainable coastal land use practices and overexploitation of key functional 
groups, such as herbivores, more intense tropical cyclones could, however, also act 
as key agents for change in coral reef habitats. This compounding of threats can lead 
to sudden changes in ecological state50, where any single factor could well cause the 
collapse of coral reefs.

5.6.5 Sea-level rise

Exposure and sensitivity

Average global sea-level rise has accelerated from 1.8 to 3.3 mm per year within the 
last century, and the rate is expected to increase with further thermal expansion of 
the ocean and melting of land ice105,106 (Chapter 3). The unexpectedly rapid decline 
and thinning of Arctic sea ice (which does not affect sea level) and land-based polar 
ice sheets107–109, shows that our current understanding of ice dynamics is still poor. 
Even so, research has shown that the western Antarctic ice sheet is breaking up much 
faster than projected, and that it has broken down at least 60 times over the past  
5 million years when concentrations of CO2 reached 400 ppm110. 

A significant threshold in the rate at which ice melts is expected to occur when 
average global temperatures are 2°C higher than preindustrial temperatures. At this 
point, temperatures above the Greenland ice sheet are projected to reach 3°C, which 
is considered the point at which rapid melting is likely to occur110,111. Based on this 
assumption, many experts recently agreed that sea level could rise by at least 1 m by 
the end of the century, with a possible possible rise of up to 2 m112 (Chapter 3).  

There is evidence that rapid sea-level rise over several decades has caused major, 
albeit short-lived, changes to coral reef communities and the structure of reefs due 
to rapid changes in depth, light and other factors such as wave stress113. However, 
sensitivity of coral reefs to future sea-level rise is expected to depend also on the 
influence of other factors on coral growth rate. In particular, reefs that are heavily 
stressed by global warming and ocean acidification are likely to be much more 
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sensitive to sea-level rise. It is difficult to be more specific about the sensitivity of 
coral reefs to sea-level rise at this stage due to uncertainty about how sea level could 
change over the coming decades106.

Potential impact and adaptive capacity

Healthy shallow-water corals can grow at rates which allow them to keep up with the 
current rate of sea-level rise and to colonise new areas. However, because significant 
increases in the rate of sea-level rise, over and above the conservative estimates reported 
by the IPCC105, seem likely to occur by the end of this century, corals growing in marginal 
environments (e.g. low light or high latitudes, or in lagoons) may be unable to cope. 
This projection is supported by the fact that many reefs have ‘drowned’ throughout 
geological history. If thermal stress and ocean acidification inhibit the ability of corals 
to grow and calcify, rapid changes in the rate of sea-level rise may become a significant 
additional stress factor for coral reefs, even in shallow water (Figure 5.9).

Figure 5.9 Effects of projected sea-level rise on coral reefs. Where corals and other reef 
building organisms are healthy, reefs should keep up with rising sea levels. Unfortunately, 
the combined effects of increased sea surface temperatures (Figure 5.6) and ocean acidity 
(Figure 5.7) are likely to mean that corals in some places will not grow fast enough to 
maintain their positions in the water column with the projected rapid sea-level rise. Some 
coral reefs may ‘drown’ as sea levels increase, but new areas may also be colonised where 
conditions for coral growth remain favourable.

Vulnerability

Coral reefs will vary in their vulnerability to sea-level rise. Corals with reduced 
growth rates due to thermal stress and ocean acidification, or corals with naturally 
slow growth rates in marginal environmental conditions (e.g. deeper water), may 
have a high vulnerability to the accelerating rise in sea level. 
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5.6.6 Ocean circulation and upwelling

Exposure and sensitivity

Ocean circulation patterns are important drivers of the productivity and function of coral 
reefs, and the connectivity of their populations114. The projected decreases in the strength 
of the equatorial branch of the South Equatorial Current (SEC) and the South Equatorial 
Counter Current (SECC), and alterations in the location and magnitude of upwellings 
resulting from these currents (Chapter 3), may therefore lead to changes in the genetic 
structure and connectivity of marine populations. By 2100, under the A2 scenario, the 
flow of the SECC is expected to decrease by up to 60%, and the SEC by ~ 20%.

Reductions in net primary production (NPP) and the density of zooplankton are also 
projected for all ecological provinces described for the tropical Pacific115, except the 
Pacific Equatorial Divergence (Chapter 4). The decline in the availability of nutrients 
is expected to be greatest in the Archipelagic Deep Basins province115, where NPP is 
projected to decrease by 20% in 2100 under the B1 emissions scenario, and by > 30% 
in 2100 under A2 relative to levels in 2000–2010 (Chapter 4). This ecological province 
includes Fiji, PNG, New Caledonia and Vanuatu, i.e. the PICTs with the vast majority 
of the population of the region. 

Changes in currents have implications for the replenishment potential, and 
replenishment rate, of coral communities, and for fisheries management strategies, 
including the design of marine protected areas. Coral reef habitats are also highly 
sensitive to NPP, which in turn depends on mixing of the water column (Chapters 3 
and 4). Increased stratification can be expected to lead to reduced access to nutrients 
by photosynthetic organisms in the photic zone, and reduced availability of food for 
organisms at higher trophic levels. 

Potential impact and adaptive capacity

There are marked regional differences in oceanic currents, thermal stratification, 
upwelling and nutrient availability across the tropical Pacific116 (Chapters 3 
and 4). Although coral reefs and their associated organisms have adapted over 
many thousands of years to such environmental differences, decreases in NPP 
associated with stratification of the water column in tropical areas117,118 (Chapter 4) 
have been associated with disturbances to organisms as diverse as fish, turtles and 
seabirds119. The relatively rapid changes to ocean circulation and upwelling, and the 
projected decreases in NPP, could lead to greater disruptions to the ecology of both 
phototrophic species (e.g. phytoplankton and seaweed) and heterotrophic species 
(e.g. fish and invertebrates) associated with coral reefs.

Vulnerability

Given the projected changes to the strength of the SEC and SECC, and the expected 
increases in nutrient-poor waters across much of the tropical Pacific (Chapters 3  
and 4), coral reefs have a moderate vulnerability to changes in ocean circulation and 



276

upwelling as a result of climate change. Ultimately, the locations of coral reefs will 
have a strong effect on the extent of their vulnerability to changes in currents and 
upwelling – some will receive fewer nutrients, whereas others will receive more. Either 
eventuality is likely to alter the local ecosystem. Coral reefs in the Archipelagic Deep 
Basins province are generally likely to be more strongly affected, although reefs close 
to localised upwelling, and high islands, should continue to receive adequate nutrients.

5.7 Projected changes: coral reefs under low versus high CO2 emissions

The primary intention of this chapter is to establish credible pictures of what coral 
reefs will look like under two distinct CO2 emissions scenarios for this coming 
century. In this respect, we extend the analyses of atmospheric climate and the 
Pacific Ocean undertaken in Chapters 2 and 3, based on the extensive modelling for 
the Special Report on Emissions Scenarios and the IPCC process10,120,121 (Chapter 1), to 
explore the effects of a low emissions (B1) and a high emissions (A2) scenario on coral 
reefs in 2035 and 2100. 

As described above, under these two globally referenced background scenarios, 
SST in the tropical Pacific is expected to increase within the range of 0.5–1.0°C, 
atmospheric CO2 to build up to around 430–450 ppm, and sea level to rise by 
6–10 cm by 2035. Given the short amount of time to this point (~ 25 years), changes 
to the atmosphere and tropical Pacific Ocean under the B1 and A2 scenarios are  
expected to be largely indistinguishable in 2035, diverging only later this century 
(Chapters 2 and 3). By 2100 under the B1 and A2 emissions scenarios, SST is expected  
to be 1.0–1.5°C and 2.5–3.0°C warmer, atmospheric CO2 is projected to reach 
500–600 ppm and 750–800 ppm, and sea level to rise by at least 18–38 cm and  
23–51 cm (but see Section 5.6.5), respectively, relative to 1980–1999 (Chapters 2 and 3). 
In addition, changes to rainfall, ocean circulation and upwelling, and the possibility 
of more intense cyclones, are projected in 2035 and 2100. The relative vulnerability of 
coral reefs to each of these variables (Section 5.6) is summarised in Table 5.2. 

Taken together, these projections define the exposure of coral reefs to the two scenarios 
for the remainder of the 21st century. By combining exposure with the sensitivity and 
adaptive capacity of corals described above, it is possible to provide credible projections 
of how coral reefs are likely to be altered by 2035 and 2100.

Table 5.2 Summary of the vulnerability of coral reefs to the key variables associated with 
increases in carbon dioxide and other greenhouse gases.

Sea surface 
temperature

Solar 
radiation

Ocean 
acidification

Cyclones and 
floods

Sea-level 
rise*

Ocean 
circulation

Very high Low Very high Moderate Low-
moderate Moderate

* There is significant uncertainty regarding the rate at which polar ice will melt (Section 5.6.5), which will 
be an important determinant of the vulnerability of coral reefs to sea-level rise. 
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5.7.1 The next two to three decades: coral reefs in 2035 (B1 and A2)

Conditions under the B1 and A2 scenarios are expected to be similar in 2035  
(Chapters 2 and 3), therefore they are discussed together here. The projected steady 
increase in SST is expected to cause coral bleaching to occur twice as frequently as 
it does today (Figure 5.10). Several episodes of mass coral bleaching are likely to have 
occurred by 2035, equalling or exceeding those of 1998 when coral reefs all over the 
world bleached and 16% of the world’s corals died within 9 months24,68. Coral reefs in 
the Pacific were affected variably by the 1998 bleaching event, with the southwest and 
northeast parts of the region experiencing minimal bleaching, and the southeast and 
northwest Pacific experiencing moderate to severe bleaching68.

Figure 5.10 The future of coral reefs under B1 and A2 emissions scenarios. Note that the 
B1 and A2 trajectories are largely indistinguishable by 2035 but diverge after 2050. Under 
the B1 scenario 2100, coral populations are projected to decrease and reefs are expected 
to be dominated by non reef-building species. Under the A2 scenario in 2100, sea surface 
temperatures and ocean acidity, as well as other factors such as turbidity and possibly 
cyclone intensity, are expected to increase. This is likely to lead to the complete loss of reef-
building corals from reefs. Yellow and red vertical columns correspond to the range of 
years used to model the B1 and A2 emissions scenarios.

http://www.spc.int/climate-change/e-book/images/c5fig10.png
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The steady downward trajectory of coral cover (1–2% lost per year)52 is likely to 
continue until 2035 (Figures 5.10 and 5.11), with loss of another 25–65% of coral 
cover. Given the increased levels of stress, this annual projected rate of loss is 
conservative and is expected to be higher than that reported earlier52. Average 
coral cover throughout the tropical Pacific is projected to be around 15–30% in 2035  
(Table 5.3), compared with 20–40% in 200752, and dominated increasingly by 
more robust species, such as Porites and Favia, and less by branching species, such 
as Acropora and Stylophora (Figure 5.12). Some coral reefs are likely to have been 
significantly affected by more frequent bleaching events, as described above, with 
coral communities disappearing completely from these reef systems. At this time, 
management efforts aimed at reducing local threats, such as overfishing and pollution 
(Section 5.9), will have an important effect on the health of coral reefs, given that reef-
building corals are likely to be struggling to remain as significant members of the 
ecosystem. In particular, effective management interventions should lead to a slower 
decline in coral cover (Figure 5.11).

Figure 5.11 Indicative potential changes in carbon dioxide (CO2) and coral cover over the 
next three centuries in a world which strongly reduces greenhouse emissions under the 
B1 scenario (left panel) or does not and follows the A2 scenario (right panel). The orange 
lines indicate likely changes to percentage coral cover for reefs if they are managed poorly. 
Green lines depict how coral cover is expected to change where strong policies and actions to 
manage and reduce local threats are implemented.

Competition between reef-building corals and non-calcareous macroalgae is expected to 
have intensified by 2035 as coral cover, growth and calcification continue to decrease53,75. 
As a result, macroalgal populations are likely to increase (Table 5.3). The projected 
atmospheric concentrations of CO2 of 430–450 ppm in 2035 are expected to increase 
the acidity of the ocean further. Carbonate ion concentrations in large sections of the 
tropical Pacific Ocean are expected to decrease rapidly towards the levels where growth 
of many coral species cannot be sustained. The calcification of long-lived Porites colonies 
in 2035 is likely to be 50% less than that seen in the early 1990s. Many reef systems in the 
Pacific (especially those at higher latitudes and behind the reef crest or in lagoons) are 
expected to experience physical and biological erosion that exceeds calcification.  
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Figure 5.12 Slight differences exist between different coral species with respect to their 
sensitivity to climate change, particularly increased sea surface temperature (SST). 
Branching corals, like those shown in (a) are more sensitive (by 1–2°C) than encrusting 
and massive corals such as the colony shown in (b). These differences in sensitivity are 
very likely to lead to the reduced presence of branching corals within coral communities 
depicted in (c). There is less certainty when it comes to the response of other organisms 
such as macroalgae, which increase in prominence on reefs that have lost reef-building 
corals, as illustrated in (d). Whether fleshy macroalgae will be able to tolerate future SST of  
2.5–3.0°C is not known (photos: Ove Hoegh-Goldberg).

The reduced structural complexity of coral reefs is projected to begin to affect the 
demersal fish associated with coral reefs. The species composition of this fish 
assemblage is expected to have greater proportions and abundances of herbivores, 
such as surgeonfish (Acanthuridae), rabbitfish (Siganidae) and parrotfish (Scaridae), 
and fewer coral-dependent species, and predatory species (Lethrinidae, Lutjanidae, 
Serranidae), now prized for their food and income value41,66,122 (Chapter 9).

The largest impacts on coral reefs by 2035 are expected to occur along coastlines 
where land use has removed forests and destabilised catchments, causing rivers to 
transport increasing amounts of sediment and nutrients onto struggling coral reef 
habitats (Chapter 7). The problems that coral reefs face from declining water quality 
will be exacerbated where mangroves have been removed or damaged, because 

a) b)

c) d)
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of the reduced capacity to retain sediments (Chapter 6). In such nearshore coastal 
ecosystems, the amount of macroalgae is expected to increase (Table 5.3), potentially 
out-competing corals due to the faster growth rates of macroalgae under higher 
temperatures and nutrient levels. The greater frequency of more intense droughts and 
floods and the possibility of intensified tropical cyclones (Chapter 2) are projected to 
amplify these problems in some parts of the region.  

Table 5.3 Estimated projected changes in the percentage cover of live coral and macroalgae 
on reefs in 2035 and 2100 for the B1 and A2 scenarios under poor and strong management, 
relative to 2010. The expected remaining cover (%) of coral and macroalgae (including 
fleshy algae and algal turfs) is also shown. Likelihood and confidence associated with the 
projections are based mainly on the combined understanding of the expected responses 
of coral and macroalgae.

Year Scenario Management
Coral cover Macroalgal cover

% % decrease % % increase 

2035  B1/A2
Strong 15–30 25–65  40 130  

Poor 15 65  40–60 130–200  

2100

B1
Strong 10–20 50–75  50 > 150  

Poor < 5 > 85  80 > 250  

A2
Strong < 2 > 90  > 95 > 300  

Poor < 2 > 90  > 95 > 300  

In summary, reef-building corals will decrease ~ 25–65% by 2035 (Table 5.3), reducing 
the structural complexity of coral reefs and their ability to provide habitat for fish and 
invertebrates, many of which are currently of great importance to the people of the 
tropical Pacific for food security and livelihoods (Chapter 9). The projected loss of 
reef-building corals is likely to occur given that the current annual reduction in coral 
cover of 1–2%52 will result in such losses within 20–30 years.  

Management actions are likely to reduce the magnitude of the loss, although the 
benefits of management are not expected to differ between the B1 and A2 scenarios 
in 2035. Coral mortality is usually followed by algal colonisation, so that coral reefs 
are also likely to experience a 130–200% increase in benthic algal cover, including 
algal turfs, and non-calcareous macroalgae (Table 5.3), depending on the strength 
of management. An analogy for this type of change is provided by coral reefs in the 
Caribbean, which declined in a similar way50, resulting in < 10% coral cover123. In 2035, 
reef-building corals are likely to have 50% lower rates of calcification than before 1990, 
with large sections of coral reef frameworks starting to crumble and break down. 
However, the deterioration of reef frameworks is only expected to start to become a 

 

 Unlikely  Somewhat likely  Likely  Very likely  Very low  Low  Medium  High  Very high

0%  29%  66%  90% 100%  0%  5%  33%  66%  95%  100%
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problem in 2035 and coral reefs should still provide substantial benefits at this point, 
e.g. coastal barriers to ocean waves, and protection for coastal infrastructure and 
human dwellings. This particular role of coral reefs will grow in importance as sea 
level rises, and if coastal areas experience more intense tropical cyclones.  

5.7.2  Coral reefs in 2100 (B1)

By the middle of this century, the trajectories of the B1 and A2 scenarios diverge 
(Figure 5.10). In the B1 world, growing awareness of the serious implications of 
climate change compels governments to pursue strong international agreements 
for limiting greenhouse gas emissions as formulated under the United Nations 
Framework Convention on Climate Change (UNFCCC). Once adopted, the results of 
these international agreements lead to a major revolution in how energy is generated, 
driven by an energised business sector that responds quickly to new emerging markets 
leading to rapidly declining greenhouse gas emissions in the decades that follow.  

The developed nations rapidly convert to renewable energy sources, such as wind, 
wave, geothermal and solar thermal power, with expansion of nuclear power 
options via next-generation technologies. Similar transitions and innovation occur 
in the emerging economic giants, China and India. Atmospheric CO2, and hence 
global temperature, continues to rise over much of the century, albeit at much lower 
rates than under A2. Perhaps more significantly, CO2 and other greenhouse gases 
begin to stabilise in the atmosphere towards the end of the century (in contrast to 
the A2 scenario under which they do not; Figure 5.11).  The slowing rate of rise in 
temperature and atmospheric CO2 concentrations begins to reduce the rate at which 
coral reefs decline.  

Nevertheless, the projected increase in SST in the tropical Pacific of 1.0–1.5°C relative 
to 1980–1999 is expected to create conditions in which mass coral bleaching occurs 
every 1–2 years. Many branching corals and other sensitive reef fauna are likely to 
disappear from coral reefs, which are instead represented by communities of massive 
coral species, such as Porites, and encrusting species, such as Favia and Favites 
(Figure 5.12). Under strong management of local stressors, total coral populations are 
expected to continue to decline and are likely to fall to 10–20% cover across the region 
(i.e. 25–50% of average coral cover today) (Table 5.3). At the same time, the growth of 
algae (mainly algal turfs) is likely to increase by > 150%. If the management of local 
stressors is poor, coral cover is likely to fall to lower levels (< 5%) and macroalgal 
cover is expected to increase by > 250% to ~ 80% cover (Table 5.3).  

Reef calcification is expected to be 50% of the rate before 1980, and physical and 
biological erosion is likely to dominate the carbonate balance of coral reefs. The 
structural complexity of reefs is also likely to have decreased, removing much of the 
habitat for at least 50% of fish species previously associated with them. Herbivore 
populations may also be reduced due to the ecological requirements of these fish and 
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invertebrate species for structurally complex reefs (Chapter 9), and their dependency on 
other coastal habitats such as mangroves and seagrasses (Chapter 6). Damage to coastal 
ecosystems may also increase due to the possibility of an increase in the number of 
category 5 cyclones in non-equatorial regions, and greater and more fluctuating rainfall 
close to the equator, which is likely to be 10–20% higher than in 1980–1999 (Chapter 2).   

At the end of this century, under the B1 scenario, coral reefs in the tropical Pacific are 
likely to have reduced coral cover (Table 5.3) and to be less diverse. Management of 
these reef systems will have a significant effect and strong intervention should lead to 
healthier reefs under the B1 scenario (Figure 5.11). Calcification rates are not expected 
to keep pace with physical and biological erosion, however, leading to the collapse of 
many reef frameworks and the loss of habitat. As a result, the production of coastal 
fisheries is expected to decrease by 10–20% (Chapter 9). These changes, together with 
the expected rise in sea level, will mean that the coastal protection offered by coral 
reefs is no longer provided. This could have significant consequences for coastal urban 
areas and infrastructure, especially in those PICTs comprised of low-lying atolls124.

5.7.3 Coral reefs in 2100 (A2)

Under the A2 emissions scenario , pressure from special interest groups and a lack of 
effective government leadership result in weak international agreements to address 
climate change. Politicians preside over minimal responses, with the outcome 
that CO2 emissions are reduced by only 30% of 1990 levels by 2050. It is important 
to note, however, that the A2 scenario results in lower emissions of CO2 than the 
present global trajectory, which is adding 2 ppm CO2 to the atmosphere each year 
(Chapter 2). Even under the A2 scenario (here ‘worst case’), atmospheric CO2 is 
expected to increase to > 700 ppm by 2100, driving ocean pH below 7.7 and carbonate 
ion concentrations well below the level needed to maintain coral reefs. Sea surface 
temperatures in the tropical Pacific are projected to rise to 2.5–3.0°C above 1980–1999 
levels (Chapters 2 and 3), creating conditions hostile to reef-building corals and other 
calcifying organisms. 

The changes projected under the A2 scenario are expected to cause many coral 
species to become extinct or extremely rare125. Other coastal habitats in many parts 
of the tropical Pacific may also be affected by sea-level rise and the possibility of 
increasingly strong cyclones (Chapter 6). Many low-lying atoll nations face increasing 
threats from storm damage, coastal inundation and the loss of fresh water supplies as 
coastal aquifers become flooded with sea water9.

By 2100, coral reefs are likely to be dominated by algal turfs and organisms other 
than corals (e.g. cyanobacteria) (Table 5.3) and the few corals present (< 2% of total 
cover) are likely to be very robust extremophiles. Net reef accretion is projected 
to be non-existent and reef structures are expected to break down under physical 
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and biological erosion (Figure 5.10). Demersal fish populations are also likely to be 
fundamentally different, with their productivity projected to be 20–50% lower than 
in 2010 (Chapter 9). No amount of management action to reduce local threats has any 
effect on reef health (Figure 5.11, Table 5.3).  

Coral reef damaged by a severe storm 

5.7.4 Beyond 2100: reef recovery versus complete collapse

In exploring the consequences for coral reefs of choosing a B1 versus A2 future path, 
it becomes important to consider what lies beyond 2100. While seemingly distant, 
the success or failure of efforts to stabilise greenhouse gas concentrations in the 21st 

century will have serious ramifications for the future of reefs, and those who depend 
on them, beyond 2100 (Figure 5.11). 

Strong action on greenhouse gas emissions, and vigorous attempts to reduce the 
effects of local threats such as declining water quality from pollution, overfishing, 
destructive fishing practices and mining, could help coral reefs in the B1 world to 
redistribute and regenerate around the Pacific as conditions stabilise. Over time, 
populations of corals adapted to warm conditions at the equator are expected to 
expand slightly towards higher latitudes. These coral populations will struggle, 
however, to maintain structurally complex carbonate reef systems because of the 
low concentrations of carbonate ions in the oceans of the next century and beyond. 
Nevertheless, these populations should be able to build coral reefs with a degree of 
diversity, similar perhaps to those currently found in the eastern Pacific126. Although 
these reefs are expected to have low biodiversity and no net accretion of carbonate 
structure, they should continue to support substantial fish populations and fisheries.

Photo: Katharina Fabricius
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In contrast, the A2 scenario, with its rapid and continuing changes to SST, ocean pH, 
carbonate ions and sea level, is expected to result in environmental conditions that 
continue to outpace ecological processes for centuries to come. This would lead to 
‘chaotic’, low-productivity coral reefs, with little value for the people of the Pacific. 

5.8 Uncertainty, gaps in knowledge and future research

While there is little doubt that climate change represents a serious threat to coral 
reefs, and the people who depend on them, there are a number of important gaps 
in our current understanding of how coral reefs will change, and how we might 
respond. These important questions and gaps are outlined below.

 ¾ How will the climate change at the scale of individual PICTs and their coastlines? 
Global models for how climate change is projected to affect the tropical Pacific 
must be ‘downscaled’ to provide information which managers and policy makers 
in PICTs can use to respond to the regional and local problems. 

 ¾ How is warming and acidification of the tropical Pacific Ocean affecting the early 
life history stages of corals and other key reef-building organisms? What are the 
knock-on effects of these types of influences on the fundamental biology of coral 
reef organisms?

 ¾ What important synergies might occur between the projected changes to SST and 
ocean acidity, and other factors such as the possibility of more intense cyclones?

 ¾ Is the restoration and remediation of coral reefs damaged by climate change 
feasible, either biologically or economically?  

 ¾ What are the most effective management strategies for reefs that have suffered 
short- and long-term coral bleaching episodes? For example, should a fishing 
closure be put in place until a reef has recovered from a severe bleaching event?

 ¾ Are current monitoring protocols adapted to climate change? What needs to be 
done to monitor reefs and their communities to separate local versus global effects?

 ¾ What are the likely consequences of very rapid rates of sea-level rise (of up to 2 m 
by 2100) for tropical Pacific coral reefs?

 ¾ How should management strategies change as the ecological community 
composition of coral reefs varies from, for example, branching corals to more 
massive corals and macroalgal-dominated seascapes? 

Forming international science partnerships, for example, with the Global 
Environmental Facility Coral Reef Targeted Research Programme, Grand Observatoire 
du Pacifique Sud, Coral Reef Triangle Initiative, Micronesia Challenge, and Pacific 
Oceans Solutions, will assist the Pacific communities to fill these knowledge gaps. 
Such partnerships extend the often limited resources of PICTs, and should help to 
ensure that they understand and address the problems posed by declining health of 
coral reefs.



285

CHAPTER   5

Coral bleaching

To empower PICTs to respond effectively to the challenges facing coral reefs due 
to projected climate change, the following four major research activities need to be 
implemented. 

 ¾ Support the Pacific Climate Change Science Programme initiatives to increase 
understanding of changes to surface climate in the region and the tropical Pacific 
Oceanii.

 ¾ Improve our understanding of how climate change at regional and local scales 
is likely to affect critical features of coral reefs. In particular, we need more 
information on the expected effects on the three-dimensional architecture 
of coral reefs that is so important for fisheries and many other species, and 
what can be done to avoid the worst impacts. Real-time information on how 
environmental stressors, such as SST, vary spatially and temporally will be critical 
to understanding where vulnerabilities within reef systems are likely to arise, 
and how to design appropriate management responses. The satellite products 
provided by the National Oceanic and Atmospheric Administration of the USA 
(NOAA) through its Coral Reef Watch programme127 are valuable tools in this 
respect. The products could be improved further, however, by (1) providing finer-
scale measurements (< 1 km) on the scale needed to manage individual reefs; and 
(2) integrating data on light intensity, pH and turbidity with SST, to assess the 
risks of damaging synergistic effects that may result from changes in SST, even 
though thermal stress (degree heating weeks) does not reach threshold levels.

ii This work is now being done for the tropical Pacific by the Australian Bureau of 
Meteorology, CSIRO and partners, under the Pacific Climate Change Science Programme;  
see www.cawcr.gov.au/projects/PCCSP

Photo: Gary Bell
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 ¾ Assess the interaction between the effects of local stressors to coral reefs and global 
warming and increased emissions of CO2, and explore possible opportunities to 
improve the management of coral reefs under a changing climate. 

 ¾ Map the socio-economic vulnerability of Pacific people to the projected changes in 
coral reefs, and explore how governments can respond today to avoid the losses of 
ecological services and their effects on food security and livelihoods. 

This last priority is discussed further in Chapters 12 and 13. Actions that are taken 
today will generally reduce the potential socio-economic effects and be less expensive 
than waiting to tackle the problems in the future.

5.9 Management implications and recommendations

The difference between the two scenarios discussed here is essentially a world of 
challenging yet largely manageable impacts (B1) versus a world that will have to  
address a series of calamitous and unmanageable outcomes caused by the rapidly 
changing climate (A2). To avoid an A2 world, the international community must 
commit to immediate and deep reductions in CO2 emissions. The most credible 
models recommend that the emission of atmospheric CO2 and other greenhouse gases 
must be reduced by at least 90% compared with 1990 levels by 2050105,128. Not to act on 
emissions is to invite a catastrophic future and to fail future generations and societies.

Even if the most decisive action is taken to reduce emission of greenhouse gases, the 
projected effects of climate change on coral reefs represents a major challenge for PICTs. 
At a minimum, these valuable habitats are expected to be altered by the consequences 
of the emissions that have already occurred (as outlined in Chapters 2 and 3), although 
it is likely to take time for the effects of these emissions to eventuate fully.

In addition to mitigation of the emissions of CO2 and other greenhouse gases, the onus 
is on governments to manage coral reefs in a way that will maximise their natural 
adaptive capacity or ability to cope with future changes (resilience) (Figure 5.13). Key 
recommendations for local management measures are summarised below.  

 ¾ Strategies to limit the flow of nutrients and sediments from rivers and coastal 
catchments on to coral reefs must be implemented. These will involve restoring 
and protecting riparian and coastal vegetation cover, maintaining mangroves and 
seagrass meadows, and implementing a broad range of integrated coastal zone 
management measures, as outlined in Chapters 6 and 7. Such interventions will 
give corals and coral reef organisms threatened by climate change the best chances 
of resisting, and building tolerance to, thermal stress and rapid sea-level rise. 
In relation to sea-level rise, the future potential for growth of corals on existing 
intertidal fringing reefs on high islands will depend on minimising runoff. This 
will require careful planning given the projected increase in rainfall in equatorial 
regions (Chapter 2).
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Figure 5.13 Opportunities for management interventions to improve outcomes under 
increased episodes of mass coral bleaching. Pyramid shows four strategies for responding 
to climate-driven increases in thermal stress and mass coral bleaching on a typical reef 
(a) increasing the resistance of reef-building corals to thermal stress will reduce impacts 
like coral bleaching, which involves minimising local stresses that might weaken the 
physiological resistance of corals to thermal stress; (b) building the tolerance of corals to 
regular bleaching will minimise mortality; (c) once mortality has occurred, promoting the 
recovery of reefs from episodes of mass coral bleaching will be important, for example, 
protecting herbivores on bleached reefs can improve recovery by grazing algae130; and 
(d) improving the adaptive capacity of dependent human populations to withstand the 
loss of key coastal resources is an important strategic response (Chapter 13) (source: 
Marshall and Schuttenberg 2006)129.

 



288

 ¾ Measures to assist corals to resist bleaching, and to recover from bleaching events 
when their thermal tolerances are exceeded124, must be modified to suit PICTs and 
applied across the region. These measures are designed to address the hierarchy 
of effects of thermal stress on corals (Figure 5.13). At one end of the continuum, 
healthy coral reefs support reef-based economies and societies, and at the other, a 
damaged and unhealthy ecosystem leads to serious socio-economic consequences. 
At each point in this hierarchy, different strategies are needed. For example, for a 
relatively healthy reef, reducing the effect of local stressors (environmental factors) 
should help increase the resistance of corals to bleaching. Also, where bleaching 
does occur, considerable evidence has shown that populations of corals will 
recover faster if their ecological resilience is protected and enhanced57. Bleached 
coral reefs, on which grazing fish populations have been maintained to control 
algal growth, illustrate this point well. Such reefs recover three times as fast as 
reefs where grazing fish populations have been removed130.  

 ¾ Activities that damage the three-dimensional structure of coral reefs need to be 
prevented, especially because reef frameworks provide habitats for reef-dwelling 
species, including many fish and invertebrates used for subsistence and livelihoods 
(Chapter 9). Reef barriers also play essential roles in protecting coastal ecosystems 
such as mangroves and seagrass meadows, which are often nursery habitats for 
the juvenile stages of coastal fish species (Chapter 6). Measures that will help 
preserve reef frameworks in the face of climate change are the elimination of 
destructive fishing activities (particularly dynamite fishing), mining of coral rock, 
and damage from boating and tourist operations. 

Assisting human populations to adapt to the loss of coral reefs and their associated 
resources will also be essential. However, the success of management interventions 
designed to enable coastal communities to adapt to the degradation and loss of coral 
reefs will depend largely on understanding that governance in many PICTs is weak. 
Management measures designed for the Great Barrier Reef, for example, will not be 
appropriate for many PICTs, because they rely heavily on reefs for food security and 
lack the resources to implement and monitor compliance with such interventions and 
regulations. A different approach is needed – one that (1) recognises the important 
role of subsistence and commercial fishing, and livelihoods based on the other 
attributes of reefs, for the coastal people of the Pacific, and (2) provides incentives 
for coastal communities to value and nurture coral reefs using simple management 
measures44.  

http://www.spc.int/climate-change/e-book/images/c5fig13.png


289

CHAPTER   5

References

1. Bryant D, Burke L, McManus J and Spalding M (1998) Reefs at Risk: A Map-Based Indicator 
of Threats to the World's Coral Reefs. World Resources Institute, Washington, United States 
of America.

2. Cesar H (2002) Coral Reefs: Their Functions, Threats and Economic Value. Collected Essays 
on the Economics of Coral Reefs, Coral Reef Degradation in the Indian Ocean, Kalmar, 
Sweden.

3. Bell J, Kronen M, Vunisea A, Nash W and others (2009) Planning the use of fish for food 
security in the Pacific. Marine Policy 33, 64–76.

4. Fernandes L, Ridgley M and van’t Hof T (1999) Multiple criteria analysis integrates 
economic, ecological and social objectives for coral reef managers. Coral Reefs 18, 393–402.

5. Moberg F and Folke C (1999) Ecological goods and services of coral reef ecosystems. 
Ecological Economics 29, 215–233.

6. Bellwood DR, Hughes TP, Folke C and Nyström M (2004) Confronting the coral reef crisis. 
Nature 429, 827–833.

7. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS and others (2007) Coral reefs under 
rapid climate change and ocean acidification. Science 318, 1737–1742.

8. Barnett J and Adger WN (2003) Climate dangers and atoll countries. Climatic Change 61, 
321–337.

9. Hoegh-Guldberg O, Hoegh-Guldberg H, Veron JEN, Green A and others (2009) The Coral 
Triangle and Climate Change: Ecosystems, People and Societies at Risk. World Wildlife Fund, 
Brisbane, Australia. www.panda.org/coraltriangle

10. Nakicenovic N and Swart R (2000) Emissions Scenarios 2000 – Special Report of the 
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, United 
Kingdom.

11. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D and others (2007) Phase shifts, 
herbivory and the resilience of coral reefs to climate change. Current Biology 17, 360–365.

12. Andréfouët S, Chauvin C, Kranenburg C, Muller-Karger F and Noordeloos M (2006) Atlas 
of Southeast Papua New Guinea Coral Reefs. Institut de Recherche pour le Développement, 
Nouméa, Nouvelle-Calédonie.

13. Andréfouët S, Chauvin C and Kranenburg C (2009) Atlas of Pacific Ocean Coral Reefs. 
Institut de Recherche pour le Développement, Nouméa, Nouvelle-Calédonie.

14. Battistini R, Bourrouilh F, Chevalier J, Coudray J and others (1975) Eléments de 
terminologie récifale indopacifique. Tethys 7, 1–111.

15. Hopley D (1982) The Geomorphology of the Great Barrier Reef: Quaternary Development of Coral 
Reefs. Wiley, New York, United States of America. 

16. Hopley D, Smithers S and Parnell K (2007) The Geomorphology of the Great Barrier Reef: 
Development, Diversity and Change. Cambridge University Press, Cambridge, United 
Kingdom.

17. Andréfouët S, Cabioch G, Flamand B and Pelletier B (2009) A reappraisal of the diversity 
of geomorphological and genetic processes of New Caledonian coral reefs: A synthesis 
from optical remote sensing, coring and acoustic multibeam observations. Coral Reefs 28, 
691–707.

18. Tartinville B, Deleersnijder E and Rancher J (1997) The water residence time in the 
Mururoa atoll lagoon: Sensitivity analysis of a three-dimensional model. Coral Reefs 16, 
193–203.

www.panda.org/coraltriangle


290

19. Kraines S, Suzuki A, Yanagi T, Isobe M and others (1999) Rapid water exchange between 
the lagoon and the open ocean at Majuro Atoll due to wind, waves and tide. Journal of 
Geophysical Research-Oceans 104, 15,635–15,654.

20. Adjeroud M, Andréfouët S and Payri C (2001) Mass mortality of macrobenthic 
communities in the lagoon of Hikueru atoll (French Polynesia). Coral Reefs 19, 287–291.

21. Dufour P, Andréfouët S, Charpy L and Garcia N (2001) Atoll morphometry controls 
lagoon nutrient regime. Limnology and Oceanography 46, 456–461.

22. Montaggioni L, Le Cornec F, Corrège T and Cabioch G (2006) Coral barium/calcium 
record of mid-Holocene upwelling activity in New Caledonia, South-West Pacific. 
Palaeogeography, Palaeoclimatology, Palaeoecology 237, 436–455.

23. Nakamura T and Van Woesik R (2001) Water-flow rates and passive diffusion partially 
explain differential survival of corals during the 1998 bleaching event. Marine Ecology 
Progress Series 212, 301–304.

24. Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world's 
coral reefs. Marine and  Freshwater Research 50, 839–866.

25. Mumby PJ, Chisholm JRM, Edwards AJ, Andréfouët S and Jaubert J (2001) Cloudy weather 
may have saved Society Island reef corals during the 1998 ENSO event. Marine Ecology 
Progress Series 222, 209–216.

26. West J and Salm R (2003) Resistance and resilience to coral bleaching: Implications for 
coral reef conservation and management. Conservation Biology 17, 956–967.

27. Harmelin-Vivien M (1994) The effects of storms and cyclones on coral reefs: A review.  
In: CHF Finkl (ed) Coastal Hazards: Perception, Susceptibility and Mitigation. Coastal 
Education and research Foundation, Charlottesville, United States of America,  
pp. 211–231.

28. Kuffner LB, Andersson AJ, Jokiel PL, Rodgers KS and Mackenzie FT (2008) Decreased 
abundance of crustose coralline algae due to ocean acidification. Nature Geoscience 1, 
114–117.

29. Adams TJH, Dalzell P and Farman R (1997) Status of Pacific island coral reef fish.  
In: Proceedings of the Eighth International Coral Reef Symposium. Smithsonian Tropical 
Research Institute, Panama, pp. 1977–1980.

30. Dalzell P, Adams TJH and Polunin NVC (1996) Coastal fisheries of the South Pacific 
Islands. Oceanography and Marine Biology: An Annual Review 34, 395–531.

31. Gillett R (2009) Fisheries in the Economies of Pacific Island Countries and Territories. Pacific 
Studies Series, Asian Development Bank, Manila, Philippines.

32. Warren-Rhodes K, Sadovy Y and Cesar H (2003) Marine ecosystem appropriation in the 
Indo-Pacific: A case study of the live reef fish food trade. Ambio 32, 481–488.

33. Sadovy YJ and Vincent ACJ (2002) Ecological issues and the trades in live reef fish.  
In: PF Sale (ed) Coral Reef Fish: Dynamics and Diversity in a Complex System. Academic Press, 
San Diego, United States of America, pp. 391–420.

34. Wabnitz C, Taylor M, Green E and Razak T (2003) From Ocean to Aquarium. United Nations 
Environment Programme World Conservation Monitoring Centre, Cambridge, United 
Kingdom. 

35. SPC (2008) Status Report: Nearshore and Reef Fisheries and Aquaculture. Secretariat of the 
Pacific Community, Nouméa, Nouvelle-Calédonie. www.spc.int/mrd/ministers/2008/
MIN4WP03-coastal-fisheries-status-annex-a.pdf

36. Van Pel H (1961) A Guide to South Pacific Fisheries. South Pacific Commission, Noumea, 
New Caledonia.

www.spc.int/mrd/ministers/2008/MIN4WP03-coastal-fisheries-status-annex-a.pdf
www.spc.int/mrd/ministers/2008/MIN4WP03-coastal-fisheries-status-annex-a.pdf


291

CHAPTER   5

37. Kinch J, Purcell S, Uthicke S and Friedman K (2008) Population Status, Fisheries and Trade 
of Sea Cucumbers in the Western Central Pacific. Food and Agriculture Organization of the 
United Nations Fisheries and Aquaculture Technical Paper 516, Rome, Italy.

38. Pratchett MS, Wilson SK, Graham NAJ, Munday MS and others (2009) Multi-scale 
temporal effects of climate-induced coral bleaching on motile reef organisms. In: M van 
Oppen and  J Lough (eds) Coral Bleaching: Patterns and Processes, Causes and Consequences. 
Springer, Heidelberg, Germany, pp. 139–158.

39. Pratchett MS, Wilson SK and Baird AH (2006) Declines in the abundance of Chaetodon 
butterfly fishes following extensive coral depletion. Journal of Fish Biology 69, 1269–1280.

40. Pratchett MS, Munday MS, Wilson SK, Graham NAJ and others (2008) Effects of climate-
induced coral bleaching on coral-reef fish: Ecological and economic consequences. 
Oceanography and Marine Biology: An Annual Review 46, 251–296.

41. Graham NA, Wilson SK, Jennings S, Polunin NV and others (2007) Lag effects in the 
impacts of mass coral bleaching on coral reef fish, fisheries, and ecosystems. Conservation 
Biology 21, 1291–300.

42. Munday PL, Jones GP, Sheaves M, Williams AJ and Goby G (2007) Vulnerability of fish 
of the Great Barrier Reef to climate change. In: JE Johnson and PA Marshall (eds) Climate 
Change and the Great Barrier Reef: A Vulnerability Assessment. 1st edition, Great Barrier 
Reef Marine Park Authority and Australian Greenhouse Office, Townsville, Australia,  
pp. 357–391.

43. Guillemot N, Léopold M, Cuif M and Chabanet P (2009) Characterization and management 
of informal fisheries confronted with socio-economic changes in New Caledonia (South 
Pacific). Fisheries Research 98, 51–61.

44. Bell J, Ratner B, Stobutzki I and Oliver J (2006) Addressing the coral reef crisis in 
developing countries. Ocean and Coastal Management 49, 976–985.

45. Anderson R and Ahmed H (1993) The Shark Fisheries of the Maldives. Ministry of Food and 
Agriculture, Malé, Maldives, and Food and Agriculture Organization of the United Nations, 
Rome, Italy.

46. Topelko K and Dearden P (2005) The shark watching industry and its potential 
contribution to shark conservation. Journal of Ecotourism 4, 108–128.

47. Kleypas JA, McManus JW and Menez LAB (1999) Environmental limits to coral reef 
development: Where do we draw the line? American Zoologist 39, 146–159.

48. Brodie J, Fabricius K, De’ath G and Okaji K (2005) Are increased nutrient inputs 
responsible for more outbreaks of crown-of-thorns starfish? An appraisal of the evidence. 
Marine Pollution Bulletin 51, 266–278.

49. Fabricius K (2005) Effects of terrestrial runoff on the ecology of corals and coral reefs: 
Review and synthesis. Marine Pollution Bulletin 50, 125–146.

50. Hughes TP (1994) Catastrophes, phase shifts, and a large-scale degradation of a Caribbean 
coral reef. Science 265, 1547–1551.

51. Bruno JF, Sweatman H, Precht WF, Selig ER and Schutte VGW (2009) Assessing evidence 
of phase shifts from coral to macroalgal dominance on coral reefs. Ecology 90, 1478–1484.

52. Bruno JF and Selig ER (2007) Regional decline of coral cover in the Indo-Pacific: Timing, 
extent, and subregional comparisons. PLoS ONE 2, e711.

53. De'ath G, Lough JM and Fabricius KE (2009) Declining coral calcification on the Great 
Barrier reef. Science 323, 116–119.

54. Muscatine L (1990) The role of symbiotic algae in carbon and energy flux in reef corals.  
In: Z Dubinsky (ed) Ecosystems of the World. Elsevier, Amsterdam, The Netherlands, 
pp. 75–87.



292

55. Harvell CD, Kim K, Burkholder JM, Colwell RR and others (1999 ) Emerging marine 
diseases – Climate links and anthropogenic factors. Science 285, 1505–1510.

56. Diaz-Pulido G and McCook LJ (2002) The fate of bleached corals: patterns and dynamics 
of algal recruitment. Marine Ecology Progress Series 232, 115–128.

57. Diaz-Pulido G, McCook LJ, Dove S, Berkelmans R and others (2009) Doom and boom 
on a resilient reef: Climate change, algal overgrowth and coral recovery. PLoS ONE 4(4), 
e5239.1–e5239.9.

58. Yonge CM and Nichols AG (1931) Studies on the physiology of corals: V. The effect of 
starvation in light and in darkness on the relationship between corals and zooxanthellae. 
Scientific Report of the Great Barrier Reef Expedition 1, 177–211.

59. Coles SL and Jokiel PL (1977) Effects of temperature on photosynthesis and respiration in 
hermatypic corals. Marine Biology 43, 209–216.

60. Hoegh-Guldberg O and Smith GJ (1989) The effect of sudden changes in temperature, 
light and salinity on the population density and export of zooxanthellae from the reef 
corals Stylophora Pistillata and Seriatopra Hystrix. Journal of Experimental Marine Biology and 
Ecology 129, 279–303.

61. Glynn PW and D'Croz L (1990) Experimental-evidence for high-temperature stress as the 
cause of El Niño-coincident coral mortality. Coral Reefs 8, 181–191.

62. Lesser M, Stochaj W, Tapley D and Shick J (1990) Bleaching in coral reef anthozoans: 
Effects of irradiance, ultraviolet radiation, and temperature on the activities of protective 
enzymes against active oxygen. Coral Reefs 8, 225–232.

63. Strong AE, Barrientos CS, Duda C and Sapper J (1996) Improved satellite technique for 
monitoring coral reef bleaching. Proceedings of the Eighth International Coral Reef Symposium, 
1495–1497.

64. Toscano M, Liu G, Guch I, Casey K and others (2002) Improved prediction of coral 
bleaching using high-resolution HotSpot anomaly mapping. Proceedings of the Ninth 
International Coral Reef Symposium 2, 1143–1147.

65. Eakin CM, Lough JM and Heron SF (2009) Climate variability and change: Monitoring 
data and evidence for increased coral bleaching stress. In: M van Oppen and  J Lough 
(eds) Coral Bleaching: Patterns and Processes, Causes and Consequences. Springer, Heidelberg, 
Germany, pp. 41–67.

66. McClanahan TR and Graham N (2007) Predictability of coral bleaching from synoptic 
satellite and in situ temperature observations. Coral Reefs 26, 695–701.

67. Van Hooidonk R and Huber M (2009) Equivocal evidence for a thermostat and unusually 
low levels of coral bleaching in the Western Pacific Warm Pool. Geophysical Research Letters 
36, L06705, doi:10.1029/2008GL036288

68. Wilkinson C and Hodgson G (1999) Coral reefs and the 1997–1998 mass bleaching and 
mortality. Nature and Resources 35, 16–25.

69. Donner SD, Knutson TR and Oppenheimer M (2007) Model-based assessment of the role 
of human-induced climate change in the 2005 Caribbean coral bleaching event. Proceedings 
of the National Academy of Sciences of the USA 104, 5483–5488.

70. Veron JEN, Hoegh-Guldberg O, Lenton TM, Lough JM and others (2009) The coral reef 
crisis: The critical importance of < 350 ppm CO2. Marine Pollution Bulletin 58, 1428–1436.

71. Raven J, Caldeira K, Elderfield H, Hoegh-Guldberg O and others (2005). Ocean Acidification 
Due to Increasing Atmospheric Carbon Dioxide. Policy Document 12/05, Royal Society, 
London, United Kingdom. 



293

CHAPTER   5

72. Kleypas JA, Buddemeier RW, Archer D, Gattuso JP and others (1999) Geochemical 
consequences of increased atmospheric carbon dioxide on coral reefs. Science 284, 118–120.

73. Kleypas JA and Langdon C (2006) Coral reefs and changing seawater chemistry.  
In: J Phinney, O Hoegh-Guldberg, J Kleypas, W Skirving  and E Strong (eds) Coral Reefs 
and Climate Change: Science and Management.  American Geophysical Union Monograph 
Series, Coastal and Estuarine Studies, Geophysical Union, Washington, United States of 
America, pp. 73–110.

74. Glynn PW (1997) Bioerosion and coral reef growth: A dynamic balance. In: C Birkeland  
(ed) Life and Death on Coral Reefs. Chapman and Hall, New York, United States of America,  
pp. 68–95.

75. Cooper TF, De 'Ath G, Fabricius KE and Lough JM (2008) Declining coral calcification in 
massive Porites in two nearshore regions of the northern Great Barrier Reef. Global Change 
Biology 14, 529–538.

76. Tanzil JTI, Brown BE, Tudhope AW and Dunne RP (2009) Decline in skeletal growth of the 
coral Porites lutea from the Andaman Sea, South Thailand between 1984 and 2005. Coral 
Reefs 28, 519–528.

77. Hutchings P (1986) Biological destruction of coral reefs. Coral Reefs 4, 239–252.
78. Bak R (1990) Patterns of echinoid bioerosion in two Pacific coral reef lagoons. Marine 

Ecology Progress Series 66, 267–272.
79. Reaka-Kudla M, Feingold J and Glynn W (1996) Experimental studies of rapid bioerosion 

of coral reefs in the Galapagos Islands. Coral Reefs 15, 101–107.
80. Anthony KR, Kline DI, Diaz-Pulido G, Dove S and Hoegh-Guldberg O (2008) Ocean 

acidification causes bleaching and productivity loss in coral reef builders. Proceedings of 
the National Academy of Sciences of the USA 105, 17,442–17,446.

81. Hoegh-Guldberg O, Anthony K, Berkelmans R, Dove S and others (2007) Vulnerability 
of reef-building corals on the Great Barrier Reef to climate change. In: JE Johnson and 
PA Marshall (eds) Climate Change and the Great Barrier Reef: A Vulnerability Assessment. 
1st edition, Great Barrier Reef Marine Park Authority and Australian Greenhouse Office, 
Townsville, Australia, pp. 271–307.

82. Ward P (2007) Under a Green Sky: Global Warming, the Mass Extinctions of the Past, and What 
They Mean for our Future. Smithsonian Books/Collins, New York, United States of America.

83. Fabricius K, Hoegh-Guldberg O, Johnson J, McCook L and Lough J (2007) Vulnerability 
of coral reefs of the Great Barrier Reef to climate change. In: JE Johnson and PA Marshall 
(eds) Climate Change and the Great Barrier Reef: A Vulnerability Assessment. 1st edition, Great 
Barrier Reef Marine Park Authority and Australian Greenhouse Office, Townsville,  
Australia, pp. 515–554.

84. Johnson JE and Marshall PA Climate Change and the Great Barrier Reef: A Vulnerability 
Assessment. 1st edition, Great Barrier Reef Marine Park Authority and Australian 
Greenhouse Office, Townsville, Australia. 

85. Berumen ML and Pratchett MS (2006) Recovery without resilience: Persistent disturbance 
and long-term shifts in the structure of fish and coral communities at Tiahura Reef, 
Moorea, French Polynesia. Coral Reefs 25, 647–653.

86. Hoegh-Guldberg O and Salvat B (1995) Periodic mass-bleaching and elevated sea 
temperatures – Bleaching of outer-reef slope communities in Moorea, French Polynesia. 
Marine Ecology Progress Series 121, 181–190.

87. Marshall PA and Baird AH (2000) Bleaching of corals on the Great Barrier Reef: Differential 
susceptibilities among taxa. Coral Reefs 19, 155–163.



294

88. Loya Y, Sakai K, Yamazato K, Nakano Y and others (2001) Coral bleaching: The winners 
and the losers. Ecology Letters 4, 122–131.

89. Maynard J, Anthony K, Marshall P and Masiri I (2008) Major bleaching events can lead to 
increased thermal tolerance in corals. Marine Biology 155, 173–182.

90. Donner SD, Skirving WJ, Little CM, Oppenheimer M and Hoegh-Guldberg O (2005) 
Global assessment of coral bleaching and required rates of adaptation under climate 
change. Global Change Biology 11, 2251–2265.

91. Done T, Whetton P, Jones R, Berkelmans R and others (2003) Global climate change 
and coral bleaching on the Great Barrier Reef. In: Final Report to the State of Queensland 
Greenhouse Taskforce. Queensland Department of Natural Resources and Minings, 
Brisbane, Australia. www.nrm.qld.gov.au/science/pdf/barrier_reef_report_1.pdf and 
www.nrm.qld.gov.au/science/pdf/barrier_reef_report_2.pdf

92. Berkelmans R and Van Oppen MJ (2006) The role of zooxanthellae in the thermal tolerance 
of corals: A 'nugget of hope' for coral reefs in an era of climate change. Proceedings of the 
Royal Society of London B Biological Sciences 273, 2305–2312.

93. Precht WF and Aronson RB (2004) Climate flickers and range shifts of reef corals. Frontiers 
in Ecology and the Environment 2, 307–314.

94. Jones R, Hoegh-Guldberg O, Larkum A and Schreiber U (1998) Temperature induced 
bleaching of corals begins with impairment to the carbon dioxide fixation mechanism of 
zooxanthellae. Plant, Cell and Environment 21, 1219–1230.

95. Bruno J, Siddon C, Witman J, Colin P and Toscano M (2001) El Niño related coral bleaching 
in Palau, Western Caroline Islands. Coral Reefs 20, 127–136.

96. Fabricius KE, Mieog JC, Colin PL, Idip D and Van Oppen MJ (2004) Identity and diversity 
of coral endosymbionts (zooxanthellae) from three Palauan reefs with contrasting 
bleaching, temperature and shading histories. Molecular Ecology 13, 2445–2458.

97. Anthony KR and Hoegh-Guldberg O (2003) Kinetics of photoacclimation in corals. 
Oecologia 134, 23–31.

98. Iglesias-Rodriguez M, Halloran P, Rickaby R, Hall I and others (2008) Phytoplankton 
calcification in a high-CO2 world. Science 320, 336.

99. Knutson TR, McBride JL, Chan J, Emanuel K and others (2010) Tropical cyclones and 
climate change. Nature Geoscience 3, 157–163.

100. Knutson TR, Tuleya RE and Kurihara Y (1998 ) Simulated increase of hurricane intensities 
in a CO2-warmed climate. Science 279, 1018–1020.

101. Emanuel K (2005) Increasing destructiveness of tropical cyclones over the past 30 years. 
Nature 436, 686–688.

102. Fabricius K, De'ath G, Puotinen M, Done T and others S (2008) Disturbance gradients 
on inshore and offshore coral reefs caused by a severe tropical cyclone. Limnology and 
Oceanography 53, 690–704.

103. McKergow LA, Prosser IP, Hughes AO and Brodie J (2005) Regional scale nutrient 
modelling: Exports to the Great Barrier Reef World Heritage Area. Marine Pollution Bulletin 
51, 186–199.

104. McKergow LA, Prosser IP, Hughes AO and Brodie J (2005) Sources of sediment to the 
Great Barrier Reef World Heritage Area. Marine Pollution Bulletin 51, 200–211.

105. IPCC (2007) Synthesis Report. In: CW Team, RK Pachauri and A Reisinger (eds) Contribution 
of Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. Intergovernmental Panel on Climate Change, Geneva, Switzerland.

www.nrm.qld.gov.au/science/pdf/barrier_reef_report_1.pdf
www.nrm.qld.gov.au/science/pdf/barrier_reef_report_2.pdf


295

CHAPTER   5

106. Rahmstorf S (2007) A semi-empirical approach to projecting future sea-level rise. Science 
315, 368–370.

107. Gregory JM and Huybrechts P (2006) Ice-sheet contributions to future sea-level change. 
Philosophical Transactions of the  Royal Society Series A 364, 1709–1731.

108. Graversen RG,  Mauritsen T, Tjernstrom M, Kallen E and Svensson G (2008) Vertical 
structure of recent Arctic warming. Nature 451, 53–U4.

109. Steffensen JP, Andersen KK, Bigler M, Clausen HB and others (2008) High-resolution 
Greenland ice core data show abrupt climate change happens in few years. Science 321, 
680–684.

110. Naish T, Powell R, Levy R, Wilson G and others (2009) Obliquity-paced Pliocene West 
Antarctic ice sheet oscillations. Nature 458, 322–328.

111. Pollard D and DeConto R (2009) Modelling West Antarctic ice sheet growth and collapse 
through the past five million years. Nature 458, 329–332.

112. Rahmstorf S (2010) A new view on sea-level rise. Nature Reports Climate Change, doi:10.1038/
climate.2010.29

113. Blanchon P, Eisenhauer A, Fietzke J and Liebetrau V (2009) Rapid sea-level rise and reef 
back-stepping at the close of the last interglacial highstand. Nature 458, 881–884.

114. Behrenfeld MJ, O’Malley RT, Siegel DA, McClain CR and others (2006) Climate-driven 
trends in contemporary ocean productivity. Nature 444, 752–755.

115. Longhurst AR (2006) Ecological Geography of the Sea. Academic Press, New York, United 
States of America. 

116. Birkeland C (1988) Geographic comparisons of coral-reef community processes.  
Proceedings of the Sixth Inernational Coral Reef Symosium 1, 211–220.

117. Polovina J, Howell E and Abecassis M (2008) Ocean's least productive waters are 
expanding. Geophysical Research Letters 35, L03618, doi:10.1029/2007GL031745

118. Boyce DG, Lewis MR and Worm B (2010) Global phytoplankton decline over the past 
century. Nature 466, 591–596.

119. Congdon B, Erwin C, Peck D, Baker G and others (2007) Vulnerability of seabirds on the 
Great Barrier Reef to climate change. In: JE Johnson and PA Marshall (eds) Climate Change 
and the Great Barrier Reef: A Vulnerability Assessment. 1st edition, Great Barrier Reef Marine 
Park Authority and Australian Greenhouse Office, Townsville, Australia, pp. 427–463.

120. Bindoff NL, Willebrand J, Artale V, Cazenave A and others (2007) Observations: Oceanic 
climate change and sea level.  In: S Solomon, D Qin, M Manning, Z Chen, M Marquis, 
KB Averyt, M Tignor and HL Miller (eds) Climate Change 2007: The Physical Science Basis. 
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press, Cambridge, United Kingdom, and New 
York, United States of America, pp. 385–428.

121. Meehl GA, Stocker TF, Collins WD, Friedlingstein P and others (2007) Global Climate 
Projections. In: S Solomon, D Qin, M Manning, Z Chen, M Marquis, KB Averyt, M Tignor 
and HL Miller (eds) Climate Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press, Cambridge, United Kingdom, and New York, United States 
of America, pp. 747–845.

122. Pratchett MS, Munday PL, Wilson SK, Graham NAJ and others (2008) Effects of climate-
induced coral bleaching on coral-reef fishes – Ecological and economic consequences. 
Oceanography and Marine Biology: An Annual Review 46, 251–296.



296

123. Wilkinson C (2008) Status of Coral Reefs of the World: 2008. Global Coral Reef Monitoring 
Network and Reef and Rainforest Research Centre, Townsville, Australia.

124. Hoegh-Guldberg O, Hoegh-Guldberg H, Stout DK and Cesar H (2000) Pacific in Peril: 
Biological, Economic and Social Impacts of Climate Change on Pacific Coral Reefs.  Greenpeace, 
Suva, Fiji.

125. Carpenter K, Abrar M, Aeby G, Aronson R and others (2008) One-third of reef-building 
corals face elevated extinction risk from climate change and local impacts. Science 321, 
560–563.

126. Manzello DP, Kleypas JA, Budd DA, Eakin CM and others (2008) Poorly cemented coral 
reefs of the eastern tropical Pacific: Possible insights into reef development in a high-CO2 
world. Proceedings of the National Academy of Sciences of the USA 105, 10,450–10,455.

127. NOAA (2010) Coral Reef Watch. www.coralreefwatch.noaa.gov 
128. Meinshausen M, Meinshausen N, Hare W, Raper S and others (2009) Greenhouse-gas 

emission targets for limiting global warming to 2°C. Nature 458, 1158–1162.
129. Marshall PM and Schuttenberg HZ (2006) A Reef Manager’s Guide to Coral Bleaching. Great 

Barrier Reef Marine Park Authority, Townsville, Australia. 
130. Hughes TP, Baird AH, Bellwood DR, Card M and others (2003) Climate change, human 

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

www.coralreefwatch.noaa.gov



