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Abstract Coral reef ecosystems are among the most bio-
logically diverse ecosystems on the planet. In addition to their
value in terms of biodiversity, coral reefs provide food and
resources for over 500 million people. Despite their impor-
tance, coral reefs are declining at a rapid rate (1-2% per year)
as a result of a range of local (e.g., overexploitation of fish-
eries, declining water quality) and global (e.g., global warm-
ing and ocean acidification) drivers. Extensive experimental
and field evidence suggests that atmospheric carbon dioxide
concentrations of 450 ppm will lead to the loss of coral-
dominated reef systems, with the prospect that dangerous
levels of atmospheric carbon dioxide for coral reefs were
exceeded in 1979 when mass coral bleaching was reported for
the first time. The exact response of coral reefs remains
uncertain although it is highly unlikely that coral-dominated
reef systems will be present in future oceans at the current rate
of warming and acidification of the world’s tropical oceans.
The loss of these important coastal ecosystems will diminish
the resources available to hundreds of millions of people along
tropical coastlines. Understanding the impacts on people and
industry is an imperative if we are to devise effective systems
by which tropical coastal communities are to adapt to rapidly
changing tropical coastal environments. Our current under-
standing of these important issues, however, is in a relatively
undeveloped state and must be a priority of future research.
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Introduction

One of the most persistent features of most small island
states and other tropical/subtropical countries is the pres-
ence of extensive coral reef ecosystems along their coast-
lines. Here, coral reefs provide number of ecosystem
services including food from small-scale fisheries, income
from commercial fishing and tourism, and coastal protec-
tion against the power of oceanic waves. Coral reefs also
play central roles in the history and culture of island pop-
ulations. Taken together, the social, economic, and cultural
benefits of coral reefs are crucially important to island
societies and nations (Spalding et al. 2001).

Even though coral reefs are critically important to many
island economies, they are among the most threatened
ecosystems on the planet. The abundance of coral reefs has
declined by as much as 50% on and Western Pacific coral
reefs and is continuing to decline at the rate of 1-2% per
year (Bruno and Selig 2007). Bruno and Selig’s meta-
analysis of over 6,000 published studies indicated that both
local and global factors were responsible for this decline.
At the local level, coral reefs are being affected by
declining water quality (increasing nutrient and sediments
from disturbed coastlines), over-exploitation of key marine
species, destructive fishing, and pollution from expanding
urban areas (Hughes et al. 2003). This human-driven signal
was particularly evident in regions like South-East Asia.
One of the important insights provided by Bruno and Selig
(2007) was that global factors (i.e., global warming and
acidification) figured strongly in the decline of reef health,
with rapid decline occurring equally rapidly in remote
areas where local impacts were minimal or non-existent.

This paper explores the threats and implications of cli-
mate change and ocean acidification for coral reef eco-
systems with reference to how the projected changes will
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affect small island states as well as many other coastal
societies worldwide. In undertaking this analysis, it
becomes clear that approaching and exceeding 450 ppm
has dire consequences for coastal ecosystems and the
people of many small island nations. These effects arise
primarily because of unusual and rapid changes to coastal
waters and the impacts on millions of coastal dependents
who depend on coral reefs and related tropical coastal
ecosystems for food, income and coastal protection.

Environmental limits to coral reefs

Coral reefs grow in shallow, sunlit waters of tropical
oceans where they often build extensive carbonate reef
systems as a result of the activities of calcifying organisms
that live in and around coral reefs. Some of the most
prominent organisms in this regard are the reef-building
corals, which belong to the order Scleractinia within the
Class Anthozoa and the Phylum Cnidaria. Reef-building
corals form a mutualistic symbiosis with single-celled
plant-like organisms known as dinoflagellates. These tiny
single-cell organisms live inside the gastrodermal cells of
corals where they photosynthesize and pass large amounts
of photosynthetic energy to the coral host. In return for the
energy that they give to the coral host, the symbiotic
dinoflagellates receive access to inorganic nutrients stem-
ming from animal metabolism that are otherwise in low
qualities in the normally clear waters of tropical and sub-
tropical oceans (Muscatine et al. 2005). The photosynthetic
energy derived from the symbiotic dinoflagellates powers
the metabolically expensive process of calcification,
allowing corals (and a range of other symbiotic inverte-
brates such as giant clams) to deposit huge amounts of
calcium carbonate (Hoegh-Guldberg 1999). The close
relationship between corals and symbiotic dinoflagellates
has been in existence for at least 220 million years
(Muscatine et al. 2005) and is largely responsible for the
huge reserves of limestone found in the upper layers of the
earth’s crust. Living carbonate structures on a living coral
reef provide the habitat for over a million species of plant,
animal, fungi, and bacteria, perhaps as much as 90% of
which are currently unknown to science (Reaka-Kudla
1996).

The current global distribution of coral reefs provides
important insight into the environmental conditions nec-
essary for maintaining corals and the reefs that they build
(Kleypas et al. 1999a). Due to the need for abundant light
for their photosynthetic symbionts, corals grow in shallow
seas (depths not exceeding 100 m) in regions within 30°
north or south of the equator. They also do not grow in
regions inundated by sediment laden rivers because the
turbidity prevents light from penetrating far enough for
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significant coral growth. Coral reefs are also dependent on
warm and thermally stable oceans, where temperature does
not decrease below 18°C in the winter (Kleypas et al.
1999a). The third major factor coinciding with the global
distribution of corals is the concentration of carbonate ions,
which is ultimately determined by ocean acidity and
atmospheric carbon dioxide. While the surface waters of
the ocean are currently supersaturated with respect to the
formation of aragonite (a form of crystalline calcium car-
bonate), the degree of saturation varies primarily with
temperature and declines toward the poles. As a result of
these three factors, coral reefs currently thrive in shallow
equatorial coastal regions that are typically warm, sunlit,
and supersaturated with carbonate ions. At higher latitudes,
the development of carbonate reef systems dwindles until
the rate of reef calcification is overwhelmed by the forces
of physical and biological erosion, and carbonate structures
fail to accumulate. At this point, reefs are still important as
unique temperate habitats and communities but, have much
lower levels of biodiversity and prominence as coastal
features.

Rapid climate change and coral-dominated ecosystems

Rapidly expanding human populations along tropical and
subtropical coastlines has put increasing pressure on coral
reefs. As a result, they are among the most threatened
ecosystems, with many coral reefs having approximately
40-50% less coral cover than they had 30 years ago (e.g.,
Bruno and Selig 2007). Some regions, such as many parts
of the Caribbean, have largely lost dominant coral popu-
lations from their reefs (Hughes 1994). This pattern is
repeated throughout the world (Wilkinson 2008), rein-
forcing the fact coral reefs are declining rapidly across the
planet. At a local level, many of these changes are coming
about due to a range of human activities that result in poor
water quality, overexploitation of key species, marine
pollution, and destructive fishing practices (Hughes et al.
2003). Unfortunately, these changes are rapidly being
exacerbated by the added influence of climate change,
which is dramatically changing the circumstances under
which corals have prospered for many millions of years.

Warming seas and mass coral bleaching

The rise of greenhouse gases in the earth’s atmosphere is
driven fundamental changes to its oceans. As a result of
these changes, the average temperature of the tropical
oceans has increased by approximately 0.7°C (IPCC 2007).
These changes in sea temperature combine with the natural
variability of ocean temperatures to bring warmer than
normal years (e.g., due to ENSO and other sources of inter
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Fig. 1 Bleached corals on the southern Great Barrier Reef in January
2006 after water temperatures reached the summer maximum
2 months before the peak of summer. Close to 100% of the corals
bleached and by May, 40% of the corals were dead (Dr. R. Berkel-
mans, Australian Institute of Marine Science, pers comm.). In late
October 2006, a flood reduced salinities in coastal waters killing the
remaining corals in shallow regions and highlighting the important

annual climate variability) to even higher levels, such as
those seen in tropical regions during 1997-1998 (Lough
2000) and following years. These higher temperatures
(which were once part of natural variability) now exceed
the tolerance of reef-building corals undergo a process
referred to as ‘coral bleaching’ (Fig. la—c). Mass coral
bleaching events, affecting thousands of square kilometers
of coral reefs worldwide, have emphasized the major toll
that even mild rates of climate change can have on the
earth’s ecosystems (Hoegh-Guldberg 1999; Hoegh-Guld-
berg et al. 2007).

Coral bleaching is a general response to stress. Corals
will bleach in response to a range of conditions including
sudden changes to light, temperature, and salinity, the
presence of toxins and microbial infections. Bleaching at
small scales (1-500 mz) stresses has been reported for at
least 75 years (Yonge and Nichols 1931). Bleaching across
entire communities and reefs (referred to as ‘mass coral
bleaching’), however, has only been reported in the sci-
entific literature for the past 25 years (since 1979). In this
case, coral bleaching may affect up to 100% of the reef-
building corals across entire reefs, regions, and countries.
The first examples of mass coral bleaching occur in the
scientific literature in the early 1980s (Glynn 1979; Glynn
et al. 1985) with no reports of events entering the scientific
literature prior to that time (Hoegh-Guldberg 1999). Since
the early 1980s, mass coral bleaching has rapidly increased
in frequency, intensity, and geographical extent (Hoegh-
Guldberg 1999; Hoegh-Guldberg et al. 2007), driven by
increasing sea temperatures. The causal relationship
between sea temperature and mass coral bleaching has
been established by experimental (Hoegh-Guldberg and

Macroalgae

"

interactions that can occur between global warming and other
climate-related factors. a Close-up of bleached coral; b General view
of bleached reef in January (Photographs: author); ¢ Same reef in May
2006 showing subsequent overgrowth of dead corals by macroalgae
(Photograph: Dr. Guillermo Pulido Diaz, Centre for Marine Studies,
The University of Queensland)

Smith 1989; Glynn and Dcroz 1990) and field studies in
which mass coral bleaching coincides with warmer than
normal conditions (reviews: Brown 1997; Hoegh-Guldberg
1999). The first realization that this might be connected to
global climate change started to appear in the literature in
the mid 1980s (Glynn 1988, 1991).

The definitive test of this causal relationship is the fact
that mass bleaching events can be predicted from satellites
measurements of sea surface temperature anomalies rela-
tive to summer maxima (Goreau and Hayes 1994; Toscano
et al. 2000) with greater than 95% accuracy. The algorithm
currently used with satellite data predicts bleaching when
temperatures get to 1°C above a regions summer maxima
for 4 weeks. Further increases in the thermal anomaly or
the length of time that coral remain exposed lead to more
severe bleaching and a greater risk of coral death. Other
factors, such as light intensity and the flow rate of water
around corals, can play a role in modifying the intensity of
the response of corals to thermal stress (Jones et al. 1998;
Nakamura and van Woesik 2001). Corals also differ in
their susceptibility to stress, with some corals such as
Staghorn corals (Acropora spp.) being very sensitive as
opposed to corals such as the long-lived massive corals
(Porites spp.) that are less sensitive to thermal stress
(Hoegh-Guldberg and Salvat 1995; Baird and Marshall
1998, 2002). Even so, events such as the 1997-1998 global
mass bleaching event can still eliminate the most tolerant
corals such as Porites (Wilkinson 1999; Hoegh-Guldberg
et al. 2007).

Coral bleaching is not always fatal, and many corals will
recover their dinoflagellate symbiotic populations follow-
ing a bleaching event if the stress conditions are mild and
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short lived. Symbiotic dinoflagellates may take several
months to repopulate the tissues of corals with subchronic
impacts on coral growth and reproduction that may last for
several years (Ward et al. 2002). Corals will, however, die
if conditions are warmer and/or last for long periods of
time. Under these conditions, bleaching may be followed
by spectacular mortalities in which almost all corals on a
reef may die in the space of several months after a thermal
stress event. Some of the most spectacular examples of
mortalities following mass coral bleaching were docu-
mented within the 1997-1998 global mass bleaching event.
Starting in late 1997 in the eastern Pacific, mass coral
bleaching spreads across most coral reefs of the world by
the end of 1998. While some reefs experienced only mild
effects of bleaching and recovered their color within a few
months of the return of cool temperatures, other reefs did
not. In these cases (e.g., the Seychelles, Maldives, Okinawa
and Palau), severe coral bleaching was followed by mass
mortalities that ranged up to and beyond 80% of all of the
corals on these reef systems (Wilkinson and Hodgson
1999). One of the most concerning statistics from the
1997-1998 event is that as estimated 16% of the world’s
reef-building coral populations died in a single 12-month
period, with some regions (e.g., Western Indian Ocean
coral reefs) losing nearly 50% of their coral populations
(Wilkinson and Hodgson 1999). While some of these sites
have recovered to some extent, most of these regions still
have much less coral than they had 8 years ago before the
1998 bleaching event (Wilkinson 2004).
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Fig. 2 Projections of change on coral reefs due to the warming of seas
associated with a doubling of carbon dioxide over pre-industrial levels
(560 ppm by 2100). a Sea surface temperature data for Tahiti,
Thailand, and Jamaica generated by the global coupled atmosphere—
ocean-ice model (ECHAM4/OPYC3, Roeckner et al. 1996). Temper-
atures were generated for each month from 1860 to 2100 and were
forced by greenhouse gas concentrations that conform to the IPCC
scenario 1S92a (Leggett et al. 1992; IPCC 2007). Further details
available in Hoegh-Guldberg (1999). Horizontal line in each panel
indicates the local thermal tolerance threshold over and above which
bleaching begins. b Degree Heating Months (DHM = Anomaly above
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Because of the clear relationship between elevated
temperature and mass coral bleaching and mortality, it has
been possible to project how the incidence of coral
bleaching and mortality is likely to change. The first pro-
jections (Hoegh-Guldberg 1999) foresaw a steady increase
in the frequency and intensity of coral bleaching until it
was an annual event by 2050 (Fig. 2a; Hoegh-Guldberg
1999). The conclusions of the study were confirmed by
analysis (for the Great Barrier Reef) that investigated
regional differences in the thermal tolerance of corals and
calculated the probability of different events returning as
oceans warmed (Done et al. 2003). Taking into account the
growing information on how anomaly size and exposure
time were related to bleaching and mortality led to
improved models of how large-scale mortality as well as
bleaching events might vary within coral populations
(Fig. 2b, c; Hoegh-Guldberg 2004). Based on modeling the
changes, an index composed on anomaly size multiplied by
the exposure time (Degree Heating Weeks or Degree
Heating Months, DHM, Strong et al. 2000), the models
reveal that stresses that surpass the DHM associated with
the mass mortality events of 1997-1998 become annual
events later this century. Based on the fact that coral reefs
take at least 15-25 years to recover from mass mortality
events, the annual return time of these events essentially
means that corals are projected to become remnant on
tropical reef systems toward the end of this century. These
initial models have recently been augmented by increas-
ingly sophisticated models such as that produced by
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thermal tolerance threshold exposure X exposure time in months)
calculated for the climate modeling data shown in A. Lines indicate
DHM values that are known to cause bleaching (DHM = 1-3) and
mass mortality (DHM = 3-5). Values higher than 6 have not been
seen on reefs yet. ¢ Frequency of bleaching events (solid line;
DHM > 1) and mass mortality event (dashed line, DHM > 3).
Assumption is that reefs will degrade significantly when bleaching
events occur 5 times per decade and will no longer have corals on then
when mortality events (DHM > 3) occur more than 5 times a decade.
Panel A was adapted from Fig. 8 in Hoegh-Guldberg (1999), while
Panels B and C were adapted from Fig. 5, Hoegh-Guldberg (2004)
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Fig. 3 a Ocean acidification is a consequence of higher atmospheric
carbon dioxide concentrations. Approximately 30% of the carbon
dioxide emitted by human activities is currently taken up by the World’s
oceans, where it reacts with water to create dilute acid, carbonic acid.
The dissociation of carbonic acid leads to a proton that reacts with
carbonate ions, converting them to bicarbonate. This leads to a decrease
in the availability of carbonate ions (see insert figure showing decrease
in carbonate ion concentration is the functional atmospheric carbon
dioxide) which impacts marine calcifiers such as corals and calcareous

(Donner et al. 2005). Unfortunately, these studies have one
unifying conclusion; when carbon dioxide doubles, coral
reefs are thrust into conditions in which mass coral
bleaching and mortality events become the norm. This
magnitude of stress, however mild in the range of possible
greenhouse futures, leads to the seemingly inescapable
conclusion that future tropical reef systems will have
residual coral cover in a high CO, world (Hoegh-Guldberg
2005; Hoegh-Guldberg et al. 2007).

Ocean acidification and declining of marine
calcification

Several researchers at the end of the 1990s began to argue
that increasing atmospheric carbon dioxide levels should
have a direct effect on the calcification rates of corals and
other calcifying organisms by lowering the availability of
carbonate ions in the world’s oceans (Gattuso et al. 1999,
Kleypas et al. 1999b). More than one-third of the carbon
dioxide that has entered the atmosphere has entered the
ocean where it combines with water to form the dilute acid,
carbonic acid (Raven et al. 2005). Soon after it forms,
carbonic acid dissociates to form a bicarbonate ion and a
proton (Fig. 3a). The proton then combines with carbonate
to produce a second bicarbonate ion and in doing so
decreases the overall oceanic concentration of carbonate.
Given that sea water is supersaturated relative to the pre-
cipitation of calcium carbonate, it might be expected that
marine calcifiers might be able to adjust to the decrease
in carbonate ions in the ocean as atmospheric carbon
dioxide concentrations continue to increase. Extensive
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algae. Changing CO, and pH may have additional impacts. b Temper-
ature, [CO, atm] and carbonate concentrations reconstructed for a
typical coral reef (mean temperature = 25°C) over the past
420,000 years. Carbonate ion concentrations were calculated from
CO, atm and temperature deviations from today’s conditions using
Vostok Ice Core data (Petit et al. 1999). Red arrows indicate pathway to
the future for A1B stabilization at about 750 ppm CO, atm. Further
details of the calculations are presented in Hoegh-Guldberg et al.
(2007). Figure reprinted courtesy of permission of Science Magazine)

experimental studies, however, have shown that the calci-
fying abilities of marine organisms as diverse as cocco-
lithophore (phytoplankton), pteropods (molluscs), and
corals (Raven et al. 2005; Kleypas and Langdon 2006) are
highly dependent on the concentration of carbonate ions in
the water column. Importantly, the net accretion of coral
reefs approaches zero at carbonate ion concentrations of
200 pmol per kilogram (water) or less. This is also evident
from the current worldwide distribution of carbonate coral
reefs, which always occur in areas where the concentration
of carbonate is higher than this value. Critically, this con-
centration of carbonate occurs when CO, atm reaches
450 ppm or more.

Measurements of the carbonate equilibrium in tropical
oceans reveal that the pH and the concentration of car-
bonate ions have decreased (Sabine et al. 2004) which is
enough (if it continues) to reduce the overall carbonate
saturation state of the ocean by 40-50% by the end of the
century. These changes in concert with rising sea temper-
atures are already be having an impact on coral reefs,
probably also a consequence of increasing temperature
stress, with the observation that the calcification of corals
on the Great Barrier Reef (De’ath et al. 2009) and in
Thailand (Tanzil et al. 2009) has decreased by around 15%
since 1990. These changes are significant for two important
reasons. The first is that they are unprecedented in the
400 years of coral record inspected by both of these teams,
and the second is that small decreases in calcification can
cause entire reef systems to fall below the balance between
calcification and erosion. In the latter case, it is important
to note that the calcification of corals and other organisms

@ Springer



$220

O. Hoegh-Guldberg

is almost entirely balanced by biological as well as physical
erosion and that the net equilibrium between these two
forces determines whether reefs are maintained by calcifi-
ers. Rates of erosion on reefs are high, with as much as
90% of the calcium carbonate that is deposited by corals
and other calcifiers being removed by erosion (Odum and
Odum 1955; Smith and Kinsey 1976; Davies and Hopley
1983). Recent work by Silverman et al. (2009) has revealed
field evidence that many coral reefs will begin to dissolve if
at atmospheric carbon dioxide levels double over this
century. Rates may also be influenced by ocean acidifi-
cation although there is little information on how aspects
such as biological erosion will vary with ocean pH and
carbonate ion concentration. It is clear, however, that there
is the potential for these processes to increase as concen-
trations of carbonate ions decrease, and hence that current
assumptions that biological erosion will stay constant may
be optimistic. This said the implications of the changing
carbonate balance of coral reefs are highly significant,
especially when it comes to the role that coral reefs play in
providing coastal protection and other services such as
habitat for the multitude of organisms on coral reefs today.

Rising sea levels

The factors associated with rapid climate change that will
affect coral reefs are not restricted to rising sea tempera-
tures and falling carbonate ion concentrations. Other fac-
tors such as sea level rise, storm intensity, the incidence of
drought, and impacts on sediment flux may play important
though regional roles in their impact on coral reefs.
Global sea level is currently increasing at the rate of
33 mmyr' (Church and White 2006; IPCC 2007),
although it is important to note that the amount varies
geographically and that the overall rate is accelerating. The
fourth assessment report of the IPCC projected that sea
level would increase by between 18 and 59 cm by 2100,
above 1990 levels, excluding future rapid dynamical
changes in ice flow from the ice sheets of Greenland and
Antarctica, for the full range of SRES emission scenarios
(IPCC 2007). There are considerable uncertainties around
this estimate, particularly given the sudden and precipitous
loss of summer Arctic ice over the past 5 years (which
exceeds even the worst case scenario of the IPCC, Cressey
2007; Meier et al. 2007; Zhang et al. 2008). Recent evi-
dence that this is being accompanied by rapid melting and
breakdown of the Greenland (Witze 2008) and Antarctic
(Steig et al. 1998; Steig et al. 2009) ice sheets suggests that
scenarios of how sea level will change will need revision,
especially given the observation that ice sheet melting now
dominates the factors contributing to global sea level rise
(Meier et al. 2007). The potential for several meters of sea
level rise over this century is growing, and our ability to
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estimate this change is improving, as glaciologists under-
stand more about ice dynamics and conclude that abrupt
climate change can happen in a relatively short period of
time (Steffensen et al. 2008).

Current rates of coral growth and reef accretion appear
to be able to keep up with the present rate of sea level rise.
If sea level rise continues to accelerate, this situation may
change, especially if coral growth and calcification has
been compromised by the impacts of thermal stress and
ocean acidification. For example, if the increase in sea
level accelerates to several meters per century, even heal-
thy coral communities and reefs will have difficulty in
keeping up. Add to this, the expectation that coral growth
may be minimal if atmospheric carbon dioxide increases
above 450 ppm, and the specter of drowned coral reefs as
sea levels rise becomes an even greater possibility. Cru-
cially, there is growing evidence of coral reefs being left
behind by rapid sea level rise in the recent past (Grigg and
Epp 1989; Blanchon and Shaw 1995). In the latter case,
timing of a sudden shift in the positioning of coral reefs
along shorelines (‘back-stepping’) such as that which
happened 121,000 years ago suggested that corals had
trouble keeping pace with sea level changes that exceeded
30 mm per year (Blanchon et al. 2009).

Changing weather patterns and storm intensity

Changing weather patterns can play a major influence on
coastal ecosystems such as coral reefs. In this respect, changes
to rainfall and storm intensity can have significant influences
on coastal water quality. For example, long periods of drought
driven by changing rainfall patterns may lead to the loss of
coastal vegetation and the destabilization of soils within river
catchments that flow out into coastal environments. These
problems might also be aggravated by increasing storm
intensities that would lead to huge amounts of water suddenly
becoming available within these catchments, leading to the
extensive efflux of nutrients and sediments into coastal
waters. Warmer seas are likely to drive more intense storms
(Emanuel 2005; IPCC 2007) with the prospect that the extent
to which coral reefs experience physical damage may
increase, both in intensity and frequency. These types of
changes along coastlines may lead to a number of insidious
effects on the health of coastal ecosystems.

Ramifications of the loss of corals for ecosystem goods
and services

The coral-dominated communities a critically important to
the biodiversity and productivity of tropical reef systems
(Hoegh-Guldberg et al. 2007), especially given the central
role that reef-building corals have in providing the three-
dimensional topology that forms the habitat for hundreds of
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thousands of species. Our understanding of these changes is
growing but remains restricted to a handful of organisms
such as fish. In the latter case, the decline of coral-domi-
nated reef structures is associated with the loss of approx-
imately 25-50% of fish species. Species that depend on
corals for recruitment, food, and shelter represent the most
sensitive to the loss of coral communities, while others such
as herbivores may actually increase in number over time
(Graham et al. 2007; Pratchett et al. 2008; Wilson et al.
2008a, b). Our understanding of how other organisms such
as invertebrates and marine algae will change as coral
communities continue to decline is limited (Poloczanska
et al. 2007; Przeslawski et al. 2008). However, given the
tight ecological relationships between corals and many
other species, it is highly likely that the loss of corals will be
accompanied by disappearance of many other species.

It is important to realize that the reefs that are currently
coral dominated will not disappear as reef systems per se.
Ultimately, however, they will be replaced by other
organisms that may have different physiological and eco-
logical characteristics, leading to rapid changes in the
quantity and quality of species suitable for harvesting by
coastal people. There is also the prospect that issues such
as poisoning from toxins such as ciguatera could increase
significantly as benthic communities change from coral-
dominated systems to ecosystems dominated by cyano-
bacteria and other types of organisms. In this regard, Hales
and coworkers have reported a steady increase in the
number of cases of ciguatera in the Pacific over the past
several decades, a trend that appears to be associated with
the loss of coral-dominated reef systems (Hales et al.
1999). Given that our understanding of these types of
interactions is limited, the potential for surprises like that
illustrated by the rise in ciguatera in tropical island com-
munities is considerable.

Interaction and synergies between factors

Many of the key uncertainties within our understanding of
how local and global factors will affect coral reef ecosys-
tems lie in the synergies and interactions between factors.
At the global level, considerable evidence is accumulating
which suggests that global warming and ocean acidification
are likely to interact in a number of ways. Anthony et al.
(2008) recently demonstrated that increasing seawater
acidity lowers a coral’s thermal bleaching threshold, with
bleaching occurring at lower temperatures in acidified
circumstances. This influence of acidification is so strong
that corals will bleach when the pH drops to 7.6, without
being exposed to elevated sea temperatures. This further
emphasizes the idea that projections of the impacts of ris-
ing temperatures on corals are likely to be optimistic
(Hoegh-Guldberg 1999; Done et al. 2003; Donner et al.

2005; Hoegh-Guldberg et al. 2007). Similar interactions
are likely to occur with respect to sea level rise, which may
not be a problem as long as corals are healthy and growing
vigorously. The combination of rapidly increasing sea
temperatures plus slower coral growth, however, intro-
duces the possibility that reefs will be unable to keep pace
with the surface of the ocean and run the risk of becoming
drowned (Blanchon and Shaw 1995; Blanchon et al. 2009).

Similar interactions have been noted between local and
global factors. For example, Hughes et al. (2007) found
that reducing the number of herbivorous fish on the coral
reef reduced the recovery rate of coral communities from
mass coral bleaching by a factor of approximately three.
These interactions between global and local factors also
indicate a number of adaptive strategies, which arise from
the fact that increasing the resilience of coral reefs to
global disturbances may be most effectively done by
reducing local stresses such as poor water quality and the
overexploitation of key functional groups such as herbi-
vores (Hughes et al. 2003; Hoegh-Guldberg et al. 2007).
This opportunity is likely to become a major theme within
strategies aiming to reduce the impacts of climate change
and ocean acidification.

Exceeding the limits to adaptation: is 450-ppm
carbon dioxide too much for coral reefs?

The preceding discussion outlines the evidence that coral
reefs are extremely sensitive to rising ocean temperatures
and acidities, and that major changes can be expected as we
approach atmospheric concentrations of carbon dioxide of
450 ppm. This atmospheric carbon dioxide concentration,
which will conservatively increase sea temperatures by 2°C
and decrease the carbonate ion concentrations of the ocean
to below the critical level of 200 pmol kg™, is likely to
drive coral reefs to a non coral-dominated state. As dis-
cussed below, this has enormous implications for many
thousands of coral-dependent species and ultimately tens if
not hundreds of millions of people that are dependent
directly on coral reefs for their well-being. Hence, the
major conclusion of this chapter is that approaching and
exceeding 450-ppm carbon dioxide by the end of this
century will largely eliminate carbonate coral reefs. This
said it is important to realize that the current decline
reported by Bruno and Selig (2007) plus those of De’ath
et al. (2009) and Tanzil et al. (2009) suggests quite strongly
that even today’s concentrations are presenting a huge
challenge to coral reef ecosystems.

Arguments underpinning the response of many organ-
isms or populations to climate change are generally built on
the assumption that genetic change within the organism
does not occur rapidly enough such that populations in a set
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locations can remain and prosper under the rapid climate
change (Walther et al. 2002; Parmesan and Yohe 2003;
Hoegh-Guldberg et al. 2007). Several authors have chal-
lenged this notion for coral reefs, suggesting that corals and
their symbionts may have unique abilities as far as the
evolution of their thermal tolerance (Buddemeier and
Fautin 1993), even suggesting that “reef corals bleach to
survive (climate) change” (Baker 2001). These character-
istics, if they did exist, could potentially modify the
threshold through which corals and their dinoflagellates
respond to changes in the conditions that surround them.
An upward shifting threshold, for example, that could keep
pace with the rate of climate change would ultimately
remove the problem of changing sea temperatures for
corals and their (Hoegh-Guldberg 2000; Hoegh-Guldberg
et al. 2002; Done et al. 2003; Donner et al. 2005).

The evidence to support the notion of rapid changes in
the tolerance of corals (by changing symbionts) or through
a seemingly mysteriously evolutionary process whereby a
slow-growing, largely asexual organism such as coral can
evolve rapidly is very weak and is largely non-existent (see
discussions of this issue by Hoegh-Guldberg et al. 2002;
Goulet and Coffroth 2003; Hughes et al. 2003; Goulet
2006). As with most other organisms facing one of the
most rapid shifts in climate in recent history, the evolu-
tionary capacity of corals is being outstripped by projected
rates of climate change (Walther et al. 2002; Parmesan and
Yohe 2003). Populations of organisms such as birds and
butterflies are experiencing extinction at lower latitudes,
and are establishing habitats closer to the poles where
habitat is available, populations closer to the poles are
being established (Parmesan and Yohe 2003). Similar
trends, though less well documented, are occurring in the
ocean (Hoegh-Guldberg 2004). Fish that are normally
being found at lower more tropical latitudes are appearing
on reefs at higher latitudes (Holbrook et al. 1997). While
the establishment of more poleward populations may
compensate for local extinction at lower latitudes, the
distribution of many species can be highly dependent on
other physical and biological factors. Corals, for example,
are limited in the extent to which their distributions can
shift in poleward direction, given that the distribution of
carbonate coral reefs is determined by light and carbonate
ion concentrations as well as water temperature (Kleypas
et al. 1999b). These factors decrease naturally at higher
latitudes and are probably more limiting with respect to the
formation of carbonate reef systems than is temperature
alone. Consequently, limits set by declining light levels and
ocean pH as one goes toward the poles dictate that latitu-
dinal expansions of coral reefs is likely to be modest if they
occur at all (Guinotte et al. 2003).

In leaving this discussion of the potential for rapid
adaptation, it is important to note that greenhouse gas
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stabilization is a central requirement to any adaptive
response by life on our planet. Climate change under mid-
to high-range emission scenarios is characterized by con-
tinuously changing climate for many hundreds if not
thousands of years (IPCC 2007). This has important
implications for the expectation of how populations of
corals and other coral reef organisms may change. For
example, if we were to stabilize global temperatures at 2°C
above present-day conditions (i.e., low emission scenarios),
coral populations would see an initial decrease in popula-
tion size as unfit genotypes are eliminated followed by the
proliferation of fit genotypes at the new temperature. We
might also expect the migration of thermally tolerant
lower-latitude genotypes to migrate to more poleward
higher latitude reefs over time (probably over decades) and
for these genotypes to flourish at these higher latitude sites
as conditions stabilized (the influence of ocean acidity set
aside). Without stabilization of greenhouse gas concentra-
tions, however, conditions and therefore the associated
intense selective pressure would continue to operate on
new migrants, preventing their proliferation of across the
more high-latitude locations. Corals and their many
dependents would necessarily remain at low abundances
under these higher emission scenarios.

Implications of the loss of coral-dominated reef
systems for human-dependent societies

The projected changes for coral reefs under a rapidly
changing climate are likely to have important consequences
for coral reef-related industries such as tourism and fish-
eries, as well as the estimated 500 million people that cur-
rent depend on coral reefs for their daily existence. It also
has serious implications for the somewhat delicate and often
narrow nature of the economies of many small island states
(Hoegh-Guldberg 2000). The benefits of coral reefs to the
human societies range from those related to (a) provision-
ing, which includes food, construction materials (e.g.,
limestone) and medicines derived from coral reefs; (b)
regulating, which includes protection of shorelines, the
maintenance of water quality and clean sands; (c) cultural,
which includes traditional spiritual relationships and tour-
ism, and (d) supporting, which includes important yet
indirect benefits such as the supply of oxygen and other
basic life support systems (Millennium Ecosystem Assess-
ment 2005).

Attempts to define the value of reefs in economic terms
are complicated by a number of issues. The direct (con-
servative) benefits have been estimated as lying between
US$ 100,000 and US$ 600,000 per km? (Costanza et al.
1998; Cesar et al. 2003). Industries such as tourism often
form the main driver of coral reef nations, with up to 80%
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of total income dependent on visitors from overseas
(Hoegh-Guldberg and Hoegh-Guldberg 2004). These
industries can also represent millions of dollars of revenue.
National estimates vary widely and depend often on the
size of reef resources and the state of development of the
particular country’s economy. For example, approximately
US$ 90 billion flows into Caribbean economies from
tourism and fishing on their coral reefs (Jameson et al.
1995), while approximately US$ 1.6 billion (Birkeland
1997) has been estimated to flow into US economies each
year. In Australia, net income to the national economy
from the Great Barrier Reef exceeds $US 4 billion per
annum from international tourism alone (Hoegh-Guldberg
and Hoegh-Guldberg 2004; Access Economics 2005). In
Indonesia, where coastal areas such as beaches are a major
draw card for tourism, reefs are estimated to be worth US$
1 million km™", based on the cost of maintaining sandy
beaches when reefs have become degraded. The economies
of countries like the Maldives and the Seychelles are lar-
gely dependent on coral reefs through diving and other
coastal tourism (Wilkinson et al. 1999; Westmacott et al.
2000). Coral reefs in Sri Lanka have been valued have been
valued at between US$ 0.14 and US$ 7.5 million km >
over a period of 20 years (Troéng and Lindén 1998), while
those in American Samoa reefs have an estimated value of
estimated at US$ 0.14 km ™ (Spurgeon and Roxburgh
2005). The direct valuation of reefs is an absolute minimal
value, given that these values do not include many eco-
system services such as gas exchange (CO, uptake and O,
production) or the cultural value of coral reefs. Values are
also restricted to here and now and do not take into account
the fact that these benefits are received each year and will
go on for as long as reefs are in existence.

Our understanding of how reef-dependent economies
would be affected by a decline in reef resources is still in
its infancy. Uncertainties lie in understanding the rela-
tionship between tourism and reef resources and in
understanding how resilient economies that are dependent
on coral reefs may change as a result of changes in the state
of these resources. Coastal communities in North
Queensland, for example, are highly dependent on income
flowing from international tourists that travel to Australia
to visit the Great Barrier Reef. In this regard, over 80% of
income flowing into the coastal economies of these regions
depends on the perception that the Great Barrier Reef is
pristine and is one of the best preserved coral reefs in the
world (Hoegh-Guldberg and Hoegh-Guldberg 2004). This
is seen as a major motivator for tourists to travel from
distant destinations such as Europe and North America as
opposed to traveling to the closer coral reef destinations
such as the Caribbean, where coral reefs are in a relatively
poorer state (Pandolfi 2005). Using scenario modeling,
Hoegh-Guldberg and Hoegh-Guldberg (2004) projected

losses of up to US$ 6 billion over a 19-year period if the
Great Barrier Reef lost its pristine reputation to the inter-
national tourist market. While these types of studies are
rare presently, they are critical to understanding the rela-
tionship and value of coral reefs to regional economies.

How small island states might fare if their coral reefs
resources dwindle has also been examined for 13 Pacific
Island nations (Hoegh-Guldberg et al. 2000). In this study,
arange of physical, demographic, social, economic, export,
and tourism indicators were explored for each of the 13
nations in order to understand the relative vulnerability of
Pacific nations to the projected changes associated with
climate change impacts on their coral reef resources. The
13 nations that were involved in this study separated into
two groups, of which four Melanesian nations on high
mountainous islands were relatively resilient to change
(though still facing major problems), while remaining
mainly Polynesian nations on low lying atoll systems were
generally less resilient and more vulnerable to rapid cli-
mate change. In this case, resilience to the effects of rapid
climate came down to whether the island economies had
alternative livelihoods to those based on healthy coral reef
resources (Hoegh-Guldberg 2000). Not surprisingly, this
analysis showed that the most vulnerable island nations
were Tuvalu and Kiribati, low lying nations islands with
few options under rapid sea level rise and warming and
acidifying seas that might eliminate the coral reef resources
that they almost solely depend.

Clearly, we are in an early stage of our understanding of
how the projected changes to coral reefs will affect the
industries and people that depend on them. It is apparent,
however, that coral reefs are critical to many millions the
people across the planet and that degradation of these
resources will present serious issues for regional economies
and, in some places, food security.

Has article 2 of the United Nations Framework
Convention on Climate Change been violated?

The ultimate goal, Article 2 of the United Nations
Framework Convention on Climate Change (UNFCCC), is
to prevent dangerous interference in the climate system by
“greenhouse gas concentrations in the atmosphere at a
level that would prevent dangerous anthropogenic inter-
ference with the climate system. Such a level should be
achieved within a time frame sufficient to allow ecosys-
tems to adapt naturally to climate change, to ensure that
food production is not threatened and to enable economic
development to proceed in a sustainable manner.” (UN-
FCCC 1992) While the impacts of climate change on
biological, social, and economic systems are mounting
across a broad front, coral reefs provide a clear example of
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how the UNFCCC has been violated. Firstly, the evidence
is overwhelming that the ability of corals and the reefs they
build to keep pace with the current rate of climate change
has been exceeded. The fact that a massive disturbance
such as mass coral bleaching and mortality events are
escalating in frequency and intensity in response to
warming seas underscores this fact. Little evidence exists
that corals or their dinoflagellate symbionts are adapting at
a rate sufficient to counter their extinction as ecosystems.
In this regard, the overwhelming evidence points to a
massive decline in coral-dominated reefs communities
across the planet as their current adapted states are
exceeded (Hoegh-Guldberg et al. 2007). Secondly, the
linkages between coral reefs, food security, and economic
stability for millions of people worldwide are unassailable
realities. Because the current patterns and rates of ocean
warming are driving the rapid degradation of coral reef
resources, food production and the economic security of
these nations (many of these being small island states) are
currently being severely threatened. It is clear from these
two facts that the time frame is not “sufficient to allow
ecosystems to adapt naturally to climate change, to ensure
that food production is not threatened and to enable eco-
nomic development to proceed in a sustainable manner”.
Lastly, taken with the other factors such as ocean acidifi-
cation, sea level rise, and changing storm intensities, the
current rates of changes are likely to increase significantly
leading to further compromise of the intentions and value
of Article 2 of the United Nations Framework Convention
on Climate Change.

Conclusion: what is a safe level of atmospheric CO,
for coral reefs?

Twenty-five years since the first large-scale impacts of
global warming on coral reefs were reported, we face the
stark and inescapable reality that coral reef ecosystems are
highly vulnerable to rapid anthropogenic climate change
and, like polar ecosystems, likely to be lost within the next
few decades and century. Clearly, from the preceding dis-
cussion, 450 ppm exceeds the atmospheric carbon dioxide
concentration required for the ongoing sustainability of
carbonate reef systems. This leads to consideration of what
would be a safe level of atmospheric carbon dioxide for
coral reefs. The de novo occurrence of mass coral bleaching
and its extensive destructive impacts in 1979 (Hoegh-
Guldberg 1999) indicates that conditions conducive to the
long-term survival of coral reefs were exceeded at that
point. The concentration of atmospheric carbon dioxide was
approximately 336 ppm in 1979 (Veron et al. 2009). Given
an optimistic lag between atmospheric carbon dioxide and
sea temperature of 10 years, this would suggest that the safe
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levels of carbon dioxide for coral reefs must be at or below
324 ppm (Royal Society 2009). While this conclusion is
clearly challenging from the point of our ability to return the
earth’s atmosphere and climate to safe levels, it emphasizes
the extreme risks of adding further greenhouse gases to the
atmosphere. The inescapable conclusion from this analysis
is that steep and immediate cuts in greenhouse gas emis-
sions are critically important if we are to avoid seriously
escalating risks to the millions of people, industries, and
entire nations which depend on these critically important
coastal ecosystems.
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