Protection of coral reefs for sustainable livelihoods and development

Input from the IPCC Secretariat based on key findings from the IPCC Fourth Assessment
Report (AR4)

The IPCC produces regular multivolume assessment reports on policy-relevant scientific, technical
and socio-economic information on climate change. IPCC reports are intended to assist
governments and other decision-makers in the public and private sector in formulating and
implementing appropriate responses to the threat of human-induced climate change.

The last comprehensive IPCC assessment, the IPCC’s Fourth Assessment Report (AR4) was
published in 2007. It consists of four volumes — the three Working Group reports and the Synthesis
Report. All volumes contain a Summary for Policymakers (SPM), which has been approved by
governments IPCC Plenary Sessions line by line.

An assessment of current knowledge on coral reefs in the context of climate change and in
particular climate change impacts, adaptation and vulnerability is contained in the Working Group Il
(WGII) contribution to the AR4 “Climate Change 2007 — Impacts, Adaptation and Vulnerability”.

The following quotes and findings are taken from the Working Group Il (WGII) contribution to the
IPCC Fourth Assessment Report (AR4) and from the AR4 Synthesis Report (SYR) which
summarizes and integrates findings from all three Working Groups into a document prepared for
the use of policymakers.

This submission introduces relevant key findings through statements taken from the WG Il SPM,
the SYR and its SPM (SYR SPM). It then provides further details based on the underlying
assessment contained in the full WG 1l report. For this purpose text is taken from the Technical
Summary (TS) of the WG Il report or directly from chapters as indicated.

Most of the IPCC findings relevant to set the context are in section Il of the report outline. The
issue of ocean acidification would lend itself to be included in the last bullet of Section IV.A., last
bullet on new and emerging challenges. Findings about the importance of multi stresses are
relevant for setting the context for protection of coral reefs and related ecosystem as addressed in
section VIl of the report. References in brackets refer to the reports, their SPM, TS or relevant
sections. Underlining has been introduced by the IPCC Secretariat to facilitate tracking of main
topics. The highlighting does not reflect special emphasis resulting from the assessment.

Section II:
Importance of protecting coral reefs and related ecosystems for sustainable livelihoods and
development (incl. Current status and adverse impacts)

A. Impacts of warming and associated increases in atmospheric CO2

The current knowledge about the vulnerability of coral reefs, in particular to thermal stress, and
implications for local resources is summarized in the Summary for Policymakers of the Working
Group Il contribution (WG Il SPM) to the IPCC AR4 as follows:

o In the context of coastal systems and low-lying areas the AR4 states: “Corals are
vulnerable to thermal stress and have low adaptive capacity. Increases in sea surface
temperature of about 1-3°C are projected to result in more frequent coral bleaching events
and widespread mortality, unless there is thermal adaptation or acclimatisation by corals.”
{WG Il SPM, page 12}



In the context of small islands states it states: “Deterioration in coastal conditions, for
example through erosion of beaches and coral bleaching, is expected to affect local
resources, e.g., fisheries, and reduce the value of these destinations for tourism. {WG Il
SPM, page 15}

Another aspect with will be addressed in more detail in the IPCC 5™ Assessment Report (AR5),
based on new and emerging science is ocean acidification due to increased atmospheric CO2
concentrations. In the following the state of knowledge at the time of the completion of the AR4 is
summarized:

These

“The uptake of anthropogenic carbon since 1750 has led to the ocean becoming more
acidic with an average decrease in pH of 0.1 units. Increasing atmospheric CO2
concentrations lead to further acidification. Projections based on SRES scenarios give a
reduction in average global surface ocean pH of between 0.14 and 0.35 units over the 21st
century. While the effects of observed ocean acidification on the marine biosphere are as
yet undocumented, the progressive acidification of oceans is expected to have negative
impacts on marine shell-forming organisms (e.g. corals) and their dependent species.”
{SYR SPM, page 9, SYR 3.3.4, page 52}

findings and their implications for delivery of goods and services from ecosystems are

further described in the Technical Summary (TS).

“Substantial changes in structure and functioning of terrestrial and marine
ecosystems are very likely to occur with a global warming of 2 to 3°C above pre-
industrial levels and associated increased atmospheric CO2 (high confidence).

Major biome changes, including emergence of novel biomes, and changes in species’
ecological interactions, with predominantly negative consequences for goods and services,
are very likely by, and virtually certain beyond, those temperature increases [4.4]. The
previously overlooked progressive acidification of oceans due to increasing atmospheric
CO2 is expected to have negative impacts on marine shell-forming organisms (e.g., corals)
and their dependent species. “{WG Il TS, page 38}

The vulnerability of coral reefs to thermal stress is also noted in the AR4 Synthesis Report (SYR)

under

“reasons for concern”. Under the topic “risks to unique and threatened ecosystems” the

AR4 Synthesis Report states:

“There is new and stronger evidence of observed impacts of climate change on unigque and
vulnerable systems (such as polar and high mountain communities and ecosystems), with
increasing levels of adverse impacts as temperatures increase further. An increasing risk of
species extinction and coral reef damage is projected with higher confidence than in the
TAR as warming proceeds...... Corals are vulnerable to thermal stress and have low
adaptive capacity. Increases in sea surface temperature of about 1 to 3°C are projected to
result in more frequent coral bleaching events and widespread mortality, unless there is
thermal adaptation or acclimatisation by corals. {SYR SPM, page 19}

Further, vulnerability of coral reefs and small islands are included in the list of “robust findings” of
the WG Il report:

Some systems, sectors and regions are likely to be especially affected by climate change.
The systems and sectors are some ecosystems (tundra, boreal forest, mountain,
mediterranean-type, mangroves, salt marshes, coral reefs and the sea-ice biome), low-lying
coasts, water resources in some dry regions at mid-latitudes and in the dry topics and in
areas dependent on snow and ice melt, agriculture in low-latitude regions, and human
health in areas with low adaptive capacity. The regions are the Arctic, Africa, small islands
and Asian and African megadeltas. Within other regions, even those with high incomes,
some people, areas and activities can be particularly at risk. {SYR 6.2, page 72}

Figure TS.6 from the WG Il TS, page 37, and Figure SPM.7 from the AR4 SYR, page 10 illustrate
the vulnerability of coral reefs to temperature increases (Annex 1 and Annex 2).

The WG Il report contains also a specific case study about coral reefs which is contained in
Annex 3.



B. Importance of multiple stresses and coastal protection
The importance of multiple stresses is addressed in a number of conclusions as follows:

In the context of observed effects the AR4 concludes:
“While there is increasing evidence of climate change impacts on coral reefs, separating
the impacts of climate-related stresses from other stresses (e.g. overfishing and pollution)
is difficult. {WGII report 1.3.4.1 (Chapter 1) page 94}

Perspectives of sustainability and the importance of multiple stresses for coral vulnerability are

summarized as follows:
“Vulnerability to climate change can be exacerbated by the presence of other
stresses. Non-climate stresses can increase vulnerability to climate change by reducing
resilience and can also reduce adaptive capacity because of resource deployment to
competing needs. For example, current stresses on some coral reefs include marine
pollution and chemical runoff from agriculture as well as increases in water temperature
and ocean acidification. ...” {WG Il TS 5.4, page 75}

Issues of coastal protection due to sea level rise and coral vulnerability are summarized in the WG

Il TS as follows:
“Coasts are experiencing the adverse consequences of hazards related to climate
and sea level (very high confidence). Coasts are highly vulnerable to extreme events,
such as storms, which impose substantial costs on coastal societies [6.2.1, 6.2.2, 6.5.2].
Annually, about 120 million people are exposed to tropical cyclone hazards. These killed
250,000 people from 1980 to 2000 [6.5.2]. Throughout the 20th century, the global rise of
sea level contributed to increased coastal inundation, erosion and ecosystem losses, but
the precise role of sea-level rise is difficult to determine due to considerable regional and
local variation due to other factors [6.2.5, 6.4.1]. Late 20th century effects of rising
temperature include loss of sea ice, thawing of permafrost and associated coastal retreat at
high latitudes, and more frequent coral bleaching and mortality at low latitudes [6.2.5].”
{Page 40, WG Il TS}

“Coasts are very likely to be exposed to increasing risks in future decades due to
many compounding climate-change factors (very high confidence).

Anticipated climate-related changes include: an accelerated rise in sea level of 0.2 t0 0.6 m
or more by 2100; further rise in sea surface temperatures of 1 to 3°C; more intense tropical
and extra-tropical cyclones; generally larger extreme wave and storm surges; altered
precipitation/runoff; and ocean acidification. [WG1 AR4 Chapter 10; 6.3.2]. These
phenomena will vary considerably at regional and local scales, but the impacts are virtually
certain to be overwhelmingly negative [6.4, 6.5.3]. Coastal wetland ecosystems, such as
salt marshes and mangroves, are very likely threatened where they are sediment starved or
constrained on their landward margin [6.4.1].The degradation of coastal ecosystems,
especially wetlands and coral reefs, has serious implications for the well-being of societies
dependent on coastal ecosystems for goods and services [6.4.2, 6.5.3].”

{WG II TS, page 40}




C. Regional aspects

While impacts can be very site specific, relevant main impacts on regions are summarized
under “main projected impacts on regions”. Sections referring to coral reefs and related
ecosystems are as follows:

Asia:
“Threats to the ecological stability of wetlands, mangroves and coral reefs around Asia
would also increase [10.4.3, 10.6.1].” {WG Il TS, page 49}

“Around 30% of Asian coral reefs are expected to be lost in the next 30 years, compared
with 18% globally under the 1S92a emissions scenario, but this is due to multiple stresses
and not to climate change alone.” {WG Il TS, page 59}

Small Islands:

“Climate change is likely to heavily impact coral reefs, fisheries and other marine-
based resources (high confidence). Fisheries make an important contribution to the GDP
of many island states. Changes in the occurrence and intensity of El Nifio- Southern
Oscillation (ENSO) events are likely to have severe impacts on commercial and artisanal
fisheries. Increasing sea surface temperature and sea level, increased turbidity, nutrient
loading and chemical pollution, damage from tropical cyclones, and decreases in growth
rates due to the effects of higher CO2-concentrations on ocean chemistry, are very likely to
lead to coral bleaching and mortality [16.4.3].” {WG Il TS, pages 57-58}

“New studies confirm previous findings that the effects of climate change on tourism
are likely to be direct and indirect, and largely negative (high confidence). Tourism is
the major contributor to GDP and employment in many small islands. Sea-level rise and
increased sea-water temperature are likely to contribute to accelerated beach erosion,
degradation of coral reefs and bleaching (Table TS.2).” {WG Il TS, page 58}

“Sea-level rise and increased sea-water temperature are projected to accelerate beach
erosion, and cause degradation of natural coastal defenses such as mangroves and coral
reefs. ... {WG II TS, page 63}

Africa
“Mangroves and coral reefs are projected to be further degraded, with additional
consequences for fisheries and tourism.” {WG Il TS Box TS.6., page 59}

Latin America
“Sea surface temperature increases due to climate change are projected to have adverse
effects on ** N [13.4.4]:
- Mesoamerican coral reefs (e.g., Mexico, Belize, Panama);
- the location of fish stocks in the south-east Pacific (e.g., Peru and Chile).”
(Box TS.6., page 61)

A specific reference to the Great Barrier Reef is made under main projected impacts for
systems and sectors as follows:
Loss of corals due to bleaching is very likely to occur over the next 50 years *** C [B4.5,
4.49], especially for the Great Barrier Reef, where climate change and direct
anthropogenic impacts such as pollution and harvesting are expected to cause annual
bleaching (around 2030 to 2050) followed by mass mortality.
{WG I TS, Box TS.5., page 45}



Section ILA
Address new and emerging challenges

The importance of ocean acidification due to an increase of atmospheric CO2 concentration for
shell forming organisms was highlighted already in the AR4. However, limited research results
were available at the time of the completion of the report. During the scoping of the IPCC 5"
Assessment Report (AR5) particular attention was given to oceans and coastal systems which will
be addressed in dedicated chapters in the AR5. Enhanced attention will also be given to aspects of
human well being, food security and other aspects of sustainable development.

Special attention and consideration will also be given to the carbon cycle, including ocean
acidification, which will be addressed as a cross cutting theme. A dedicated workshop was held in
January 2011 in Okinawa to consider, in a multidisciplinary manner, new and emerging science on
ocean acidification and its impacts on coral reefs and other ocean ecosystems.

Section VI
The way forward:

As can be seen from the findings of the IPCC quoted under section I, it will be important for an
efficient coral protection to address the multiple stresses coral and related ecosystems are
exposed to.



Annex |

Figure TS.6 (page 37 of the Technical Summary of the WGII Report)
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Figure TS.6. Compendium of projected risks due to critical climate change impacts on ecosystems for
different levels of global mean annual temperature rise, AT, relative to pre-industrial climate, used as a proxy
for climate change. The red curve shows observed temperature anomalies for the period 1900-2005 [WGI
AR4 F3.6]. The two grey curves provide examples of the possible future evolution of global average
temperature change (AT) with time [WGI AR4 F10.4] exemplified by WGI simulated, multi-model mean
responses to (i) the A2 radiative forcing scenario (WGI A2) and (ii) an extended B1 scenario (WGI
B1l+stabil.), where radiative forcing beyond 2100 was kept constant at the 2100 value [WGI AR4 F10.4, 10.7].
White shading indicates neutral, small negative, or positive impacts or risks; yellow indicates negative
impacts for some systems or low risks; and red indicates negative impacts or risks that are more widespread
and/or greater in magnitude. lllustrated impacts take into account climate change impacts only, and omit
effects of land-use change or habitat fragmentation, over-harvesting or pollution (e.g., nitrogen deposition). A
few, however, take into account fire regime changes, several account for likely productivity-enhancing effects
of rising atmospheric CO2 and some account for migration effects. [F4.4, T4.1]
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SPM.7 (page 10 of the AR4 Synthesis Report SPM)
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Figure SPM.7. Examples of impacts associated with projected global average surface warming. Upper
panel: lllustrative examples of global impacts projected for climate changes (and sea level and atmospheric
CO2 where relevant) associated with different amounts of increase in global average surface temperature in
the 21st century. The black lines link impacts; broken-line arrows indicate impacts continuing with increasing
temperature. Entries are placed so that the left-hand side of text indicates the approximate level of warming
that is associated with the onset of a given impact. Quantitative entries for water scarcity and flooding
represent the additional impacts of climate change relative to the conditions projected across the range of
SRES scenarios A1FI, A2, B1 and B2. Adaptation to climate change is not included in these estimations.
Confidence levels for all statements are high. Lower panel: Dots and bars indicate the best estimate and
likely ranges of warming assessed for the six SRES marker scenarios for 2090-2099 relative to 1980-1999.

{Figure 3.6}
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Annex Il

C2. Impacts of climate change on coral reefs

C2.1 Present-day changes in coral reefs

C2.1.1 Observed changes in coral reefs (Chapter 1,
Section 1.3.4.1)

Concerns about the impacts of climate change on coral reefs
centre on the effects of the recent trends in increasing acidity
(via increasing CO,), storm intensity, and sea surface
temperatures (see Bindoff et al., 2007, Section 5.4.2.3; Trenberth
et al., 2007, Sections 3.8.3 and 3.2.2).

Decreasing pH (see C2.2.1) leads to a decreased aragonite
saturation state, one of the main physicochemical determinants
of coral calcification (Kleypas et al., 1999). Although laboratory
experiments have demonstrated a link between aragonite
saturation state and coral growth (Langdon et al., 2000; Ohde
and Hossain, 2004), there are currently no data relating altered
coral growth in situ to increasing acidity.

Storms damage coral directly through wave action and
indirectly through light attenuation by suspended sediment and
abrasion by sediment and broken corals. Most studies relate to
individual storm events, but a meta-analysis of data from 1977
to 2001 showed that coral cover on Caribbean reefs decreased by
17% on average in the year following a hurricane, with no
evidence of recovery for at least 8 years post-impact (Gardner et
al., 2005). Stronger hurricanes caused more coral loss, but the
second of two successive hurricanes caused little additional
damage, suggesting a greater future effect from increasing
hurricane intensity rather than from increasing frequency
(Gardner et al., 2005).

There is now extensive evidence of a link between coral
bleaching — a whitening of corals as a result of the expulsion of
symbiotic zooxanthellae (see C2.1.2) — and sea surface
temperature anomalies (McWilliams et al., 2005). Bleaching
usually occurs when temperatures exceed a ‘threshold’ of about
0.8-1°C above mean summer maximum levels for at least 4 weeks
(Hoegh-Guldberg, 1999). Regional-scale bleaching events have
increased in frequency since the 1980s (Hoegh-Guldberg, 1999).
In 1998, the largest bleaching event to date is estimated to have
killed 16% of the world’s corals, primarily in the western Pacific
and the Indian Ocean (Wilkinson, 2004). On many reefs, this
mortality has led to a loss of structural complexity and shifts in
reef fish species composition (Bellwood et al., 2006; Garpe et al.,
2006; Graham et al., 2006). Corals that recover from bleaching
suffer temporary reductions in growth and reproductive capacity
(Mendes and Woodley, 2002), while the recovery of reefs
following mortality tends to be dominated by fast-growing and
bleaching-resistant coral genera (Arthur et al., 2005).

While there is increasing evidence for climate change impacts
on coral reefs, disentangling the impacts of climate-related
stresses from other stresses (e.g., over-fishing and pollution;
Hughes et al., 2003) is difficult. In addition, inter-decadal
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variation in pH (Pelejero et al., 2005), storm activity
(Goldenberg et al.,2001) and sea surface temperatures (Mestas-
Nunez and Miller, 2006) linked, for example, to the EI
Nifio-Southern Oscillation and Pacific Decadal Oscillation,
make it more complicated to discern the effect of anthropogenic
climate change from natural modes of variability. An analysis
of bleaching in the Caribbean indicates that 70% of the variance
in geographic extent of bleaching between 1983 and 2000 could
be attributed to variation in ENSO and atmospheric dust (Gill et
al., 2000).

C2.1.2 Environmental thresholds and observed coral
bleaching (Chapter 6, Box 6.1)

Coral bleaching, due to the loss of symbiotic algae and/or
their pigments, has been observed on many reefs since the early
1980s. It may have previously occurred, but has gone
unrecorded. Slight paling occurs naturally in response to
seasonal increases in sea surface temperature (SST) and solar
radiation. Corals bleach white in response to anomalously high
SST (~1°C above average seasonal maxima, often combined
with high solar radiation). Whereas some corals recover their
natural colour when environmental conditions ameliorate, their
growth rate and reproductive ability may be significantly
reduced for a substantial period. If bleaching is prolonged, or if
SST exceeds 2°C above average seasonal maxima, corals die.
Branching species appear more susceptible than massive corals
(Douglas, 2003).

Major bleaching events were observed in 1982-1983, 1987-
1988 and 1994-1995 (Hoegh-Guldberg, 1999). Particularly
severe bleaching occurred in 1998 (Figure C2.1), associated with
pronounced El Nifio events in one of the hottest years on record
(Lough, 2000; Bruno et al., 2001). Since 1998 there have been
several extensive bleaching events. For example, in 2002
bleaching occurred on much of the Great Barrier Reef
(Berkelmans et al., 2004; see C2.2.3) and elsewhere. Reefs in
the eastern Caribbean experienced a massive bleaching event in
late 2005, another of the hottest years on record. On many
Caribbean reefs, bleaching exceeded that of 1998 in both extent
and mortality (Figure C2.1), and reefs are in decline as a result
of the synergistic effects of multiple stresses (Gardner et al.,
2005; McWilliams et al., 2005; see C2.3.1). There is
considerable variability in coral susceptibility and recovery to
elevated SST in both time and space, and in the incidence of
mortality (Webster et al., 1999; Wilkinson, 2002; Obura, 2005).

Global climate model results imply that thermal thresholds
will be exceeded more frequently, with the consequence that
bleaching will recur more often than reefs can sustain (Hoegh-
Guldberg, 1999, 2004; Donner et al., 2005), perhaps almost
annually on some reefs in the next few decades (Sheppard, 2003;
Hoegh-Guldberg, 2005). If the threshold remains unchanged,
more frequent bleaching and mortality seems inevitable (see
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Figure C2.1. Maximum monthly mean sea surface temperature for 1998, 2002 and 2005, and locations of reported coral bleaching (data sources:
NOAA Coral Reef Watch (http://coralreefwatch.noaa.gov/) and Reefbase (http://www.reefbase.org/)).

Figure C2.2a), but with local variations due to different
susceptibilities to factors such as water depth. Recent
preliminary studies lend some support to the adaptive bleaching
hypothesis, indicating that the coral host may be able to adapt or
acclimatise as a result of expelling one clade! of symbiotic algae
but recovering with a new one (termed ‘shuffling’, see C2.2.1),
creating ‘new’ ecospecies with different temperature tolerances
(Coles and Brown, 2003; Buddemeier et al., 2004; Little et al.,
2004; Rowan, 2004; Obura, 2005). Adaptation or acclimatisation
might result in an increase in the threshold temperature at which
bleaching occurs (Figure C2.2b). The extent to which the
thermal threshold could increase with warming of more than a
couple of degrees remains very uncertain, as are the effects of
additional stresses, such as reduced carbonate supersaturation in
surface waters (see C2.2.1) and non-climate stresses (see
C2.3.1). Corals and other calcifying organisms (e.g., molluscs,
foraminifers) remain extremely susceptible to increases in SST.
Bleaching events reported in recent years have already impacted
many reefs, and their more frequent recurrence is very likely to
further reduce both coral cover and diversity on reefs over the
next few decades.

C2.2 Future impacts on coral reefs

C2.2.1 Are coral reefs endangered by climate
change? (Chapter 4, Box 4.4)

Reefs are habitat for about a quarter of all marine species and
are the most diverse among marine ecosystems (Roberts et al.,
2002; Buddemeier et al., 2004). They underpin local shore
protection, fisheries, tourism (see Chapter 6; Hoegh-Guldberg
et al., 2000; Cesar et al., 2003; Willig et al., 2003; Hoegh-
Guldberg, 2004, 2005) and, although supplying only about 2-5%
of the global fisheries harvest, comprise a critical subsistence
protein and income source in the developing world
(Whittingham et al., 2003; Pauly et al., 2005; Sadovy, 2005).

Corals are affected by warming of surface waters (see C2.1.2;
Reynaud et al., 2003; McNeil et al., 2004; McWilliams et al.,
2005) leading to bleaching (loss of algal symbionts; see C2.1.2).
Many studies incontrovertibly link coral bleaching to warmer sea
surface temperature (e.g., McWilliams et al., 2005), and mass
bleaching and coral mortality often results beyond key temperature
thresholds (see C2.1.2). Annual or bi-annual exceedance of

! A clade of algae is a group of closely related, but nevertheless different, types.
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Figure C2.2. Alternative hypotheses concerning the threshold SST at which coral bleaching occurs: (a) invariant threshold for coral bleaching (red
line) which occurs when SST exceeds usual seasonal maximum threshold (by ~1°C) and mortality (dashed red line, threshold of 2°C), with local
variation due to different species or water depth; (b) elevated threshold for bleaching (green line) and mortality (dashed green line) where corals

adapt or acclimatise to increased SST (based on Hughes et al., 2003).

bleaching thresholds is projected at the majority of reefs
worldwide by 2030 to 2050 (Hoegh-Guldberg, 1999; Sheppard,
2003; Donner et al., 2005). After bleaching, algae quickly colonise
dead corals, possibly inhibiting later coral recruitment (e.g.,
McClanahan et al., 2001; Szmant, 2001; Gardner et al., 2003;
Jompa and McCook, 2003). Modelling predicts a phase switch to
algal dominance on the Great Barrier Reef and Caribbean reefs in
2030 to 2050 (Wooldridge et al., 2005).

Coral reefs will also be affected by rising atmospheric CO,
concentrations (Orr et al., 2005; Raven et al., 2005; Denman et
al., 2007, Box 7.3) resulting in declining calcification.
Experiments at expected aragonite concentrations demonstrated
areduction in coral calcification (Marubini et al., 2001; Langdon
et al., 2003; Hallock, 2005), coral skeleton weakening (Marubini
etal.,2003) and strong temperature dependence (Reynaud et al.,
2003). Oceanic pH projections decrease at a greater rate and to
a lower level than experienced over the past 20 million years
(Caldeira and Wickett, 2003; Raven et al., 2005; Turley et al.,
2006). Doubling CO, will reduce calcification in aragonitic
corals by 20%-60% (Kleypas et al., 1999; Kleypas and Langdon,
2002; Reynaud et al., 2003; Raven et al., 2005). By 2070 many
reefs could reach critical aragonite saturation states (Feely et al.,
2004; Orr et al., 2005), resulting in reduced coral cover and
greater erosion of reef frameworks (Kleypas et al., 2001;
Guinotte et al., 2003).

Adaptation potential (Hughes et al., 2003) by reef organisms
requires further experimental and applied study (Coles and
Brown, 2003; Hughes et al., 2003). Natural adaptive shifts to
symbionts with +2°C resistance may delay the demise of some
reefs until roughly 2100 (Sheppard, 2003), rather than mid-
century (Hoegh-Guldberg, 2005) although this may vary widely
across the globe (Donner et al., 2005). Estimates of warm-water
coral cover reduction in the last 20-25 years are 30% or higher
(Wilkinson, 2004; Hoegh-Guldberg, 2005) due largely to
increasing higher SST frequency (Hoegh-Guldberg, 1999). In
some regions, such as the Caribbean, coral losses have been
estimated at 80% (Gardner et al., 2003). Coral migration to

higher latitudes with more optimal SST is unlikely, due both to
latitudinally decreasing aragonite concentrations and projected
atmospheric CO, increases (Kleypas et al., 2001; Guinotte et al.,
2003; Orr et al., 2005; Raven et al., 2005). Coral migration is
also limited by lack of available substrate (see C2.2.2). Elevated
SST and decreasing aragonite have a complex synergy (Harvell
et al., 2002; Reynaud et al., 2003; McNeil et al., 2004; Kleypas
et al., 2005) but could produce major coral reef changes
(Guinotte et al., 2003; Hoegh-Guldberg, 2005). Corals could
become rare on tropical and sub-tropical reefs by 2050 due to the
combined effects of increasing CO, and increasing frequency of
bleaching events (at 2-3 x CO,) (Kleypas and Langdon, 2002;
Hoegh-Guldberg, 2005; Raven et al., 2005). Other climate
change factors (such as sea-level rise, storm impact and aerosols)
and non-climate factors (such as over-fishing, invasion of non-
native species, pollution, nutrient and sediment load (although
this could also be related to climate change through changes to
precipitation and river flow; see C2.1.2 and C2.2.3; Chapter 16))
add multiple impacts on coral reefs (see C2.3.1), increasing their
vulnerability and reducing resilience to climate change (Koop
et al.,, 2001; Kleypas and Langdon, 2002; Cole, 2003;
Buddemeier et al., 2004; Hallock, 2005).

C2.2.2 Impacts on coral reefs (Chapter 6, Section
6.4.1.5)

Reef-building corals are under stress on many coastlines (see
C2.1.1). Reefs have deteriorated as a result of a combination of
anthropogenic impacts such as over-fishing and pollution from
adjacent land masses (Pandolfi et al., 2003; Graham et al., 2006),
together with an increased frequency and severity of bleaching
associated with climate change (see C2.1.2). The relative
significance of these stresses varies from site to site. Coral
mortality on Caribbean reefs is generally related to recent
disease outbreaks, variations in herbivory,> and hurricanes
(Gardner et al., 2003; McWilliams et al., 2005), whereas Pacific
reefs have been particularly impacted by episodes of coral

2 Herbivory: the consumption of plants by animals.
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bleaching caused by thermal stress anomalies, especially during
recent El Nifio events (Hughes et al., 2003), as well as non-
climate stresses.

Mass coral-bleaching events are clearly correlated with rises
of SST of short duration above summer maxima (Douglas, 2003;
Lesser, 2004; McWilliams et al., 2005). Particularly extensive
bleaching was recorded across the Indian Ocean region
associated with extreme El Nifio conditions in 1998 (see C2.1.2
and C2.2.3). Many reefs appear to have experienced similar SST
conditions earlier in the 20th century and it is unclear how
extensive bleaching was before widespread reporting post-1980
(Barton and Casey, 2005). There is limited ecological and
genetic evidence for adaptation of corals to warmer conditions
(see C2.1.2 and C2.2.1). It is very likely that projected future
increases in SST of about 1 to 3°C (Section 6.3.2) will result in
more frequent bleaching events and widespread mortality if
there is no thermal adaptation or acclimatisation by corals and
their symbionts (Sheppard, 2003; Hoegh-Guldberg, 2004). The
ability of coral reef ecosystems to withstand the impacts of
climate change will depend on the extent of degradation from
other anthropogenic pressures and the frequency of future
bleaching events (Donner et al., 2005).

In addition to coral bleaching, there are other threats to reefs
associated with climate change (Kleypas and Langdon, 2002).
Increased concentrations of CO, in seawater will lead to ocean
acidification (Section 6.3.2), affecting aragonite saturation state
(Meehl et al., 2007) and reducing calcification rates of
calcifying organisms such as corals (LeClerq et al., 2002;
Guinotte et al., 2003; see C2.2.1). Cores from long-lived
massive corals indicate past minor variations in calcification
(Lough and Barnes, 2000), but disintegration of degraded reefs
following bleaching or reduced calcification may result in
increased wave energy across reef flats with potential for
shoreline erosion (Sheppard et al., 2005). Relative sea-level rise
appears unlikely to threaten reefs in the next few decades; coral
reefs have been shown to keep pace with rapid postglacial sea-
level rise when not subjected to environmental or anthropogenic
stresses (Hallock, 2005). A slight rise in sea level is likely to
result in the submergence of some Indo-Pacific reef flats and
recolonisation by corals, as these intertidal surfaces, presently
emerged at low tide, become suitable for coral growth
(Buddemeier et al., 2004).

Many reefs are affected by tropical cyclones (hurricanes,
typhoons); impacts range from minor breakage of fragile corals
to destruction of the majority of corals on a reef and deposition
of debris as coarse storm ridges. Such storms represent major
perturbations, affecting species composition and abundance,
from which reef ecosystems require time to recover. The
sequence of ridges deposited on the reef top can provide a
record of past storm history (Hayne and Chappell, 2001); for
the northern Great Barrier Reef no change in frequency of
extremely large cyclones has been detected over the past
5,000 years (Nott and Hayne, 2001). An intensification of
tropical storms (Section 6.3.2) could have devastating
consequences on the reefs themselves, as well as for the
inhabitants of many low-lying islands (Sections 6.4.2 and
16.3.1.3). There is limited evidence that global warming may
result in an increase of coral range; for example, the extension

of branching Acropora polewards has been recorded in Florida,
despite an almost Caribbean-wide trend for reef deterioration
(Precht and Aronson, 2004), but there are several constraints,
including low genetic diversity and the limited suitable
substrate at the latitudinal limits to reef growth (Riegl, 2003;
Ayre and Hughes, 2004; Woodroffe et al., 2005).

The fate of the small reef islands on the rim of atolls is of
special concern. Small reef islands in the Indo-Pacific formed
over recent millennia during a period when regional sea level
fell (Dickinson, 2004; Woodroffe and Morrison, 2001).
However, the response of these islands to future sea-level rise
remains uncertain, and is addressed in greater detail in Chapter
16, Section 16.4.2. It will be important to identify critical
thresholds of change beyond which there may be collapse of
ecological and social systems on atolls. There are limited data,
little local expertise to assess the dangers, and a low level of
economic activity to cover the costs of adaptation for atolls in
countries such as the Maldives, Kiribati and Tuvalu (Barnett
and Adger, 2003; Chapter 16, Box 16.6).

C2.2.3 Climate change and the Great Barrier Reef
(Chapter 11, Box 11.3)

The Great Barrier Reef (GBR) is the world’s largest
continuous reef system (2,100 km long) and is a critical
storehouse of Australian marine biodiversity and a breeding
ground for seabirds and other marine vertebrates such as the
humpback whale. Tourism associated with the GBR generated
over US$4.48 billion in the 12-month period 2004/5 and
provided employment for about 63,000 full-time equivalent
persons (Access Economics, 2005). The two greatest threats
from climate change to the GBR are (i) rising sea temperatures,
which are almost certain to increase the frequency and intensity
of mass coral bleaching events, and (ii) ocean acidification,
which is likely to reduce the calcifying ability of key organisms
such as corals. Other factors, such as droughts and more
intense storms, are likely to influence reefs through physical
damage and extended flood plumes (Puotinen, 2006).

Sea temperatures on the GBR have warmed by about 0.4°C
over the past century (Lough, 2000). Temperatures currently
typical of the northern tip of the GBR are very likely to extend
to its southern end by 2040 to 2050 (SRES scenarios Al, A2)
and 2070 to 2090 (SRES scenarios B1, B2) (Done et al., 2003).
Temperatures only 1°C above the long-term summer maxima
already cause mass coral bleaching (loss of symbiotic algae).
Corals may recover but will die under high or prolonged
temperatures (2 to 3°C above long-term maxima for at least
4 weeks). The GBR has experienced eight mass bleaching
events since 1979 (1980, 1982, 1987, 1992, 1994, 1998, 2002
and 2006); there are no records of events prior to 1979 (Hoegh-
Guldberg, 1999). The most widespread and intense events
occurred in the summers of 1998 and 2002, with about 42%
and 54% of reefs affected, respectively (Done et al., 2003;
Berkelmans et al., 2004). Mortality was distributed patchily,
with the greatest effects on near-shore reefs, possibly
exacerbated by osmotic stress caused by floodwaters in some
areas (Berkelmans and Oliver, 1999). The 2002 event was
followed by localised outbreaks of coral disease, with
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incidence of some disease-like syndromes increasing by as
much as 500% over the past decade at a few sites (Willis et al.,
2004). While the impacts of coral disease on the GBR are
currently minor, experiences in other parts of the world suggest
that disease has the potential to be a threat to GBR reefs.
Effects from thermal stress are likely to be exacerbated under
future scenarios by the gradual acidification of the world’s
oceans, which have absorbed about 30% of the excess CO,
released to the atmosphere (Orr et al., 2005; Raven et al.,
2005). Calcification declines with decreasing carbonate ion
concentrations, becoming zero at carbonate ion concentrations
of approximately 200 ymol/kg (Langdon et al., 2000; Langdon,
2002). These occur at atmospheric CO, concentrations of
approximately 500 ppm. Reduced growth due to acidic
conditions is very likely to hinder reef recovery after bleaching
events and will reduce the resilience of reefs to other stressors
(e.g., sediment, eutrophication).

Even under a moderate warming scenario (AlT, 2°C by
2100), corals on the GBR are very likely to be exposed to regular
summer temperatures that exceed the thermal thresholds
observed over the past 20 years (Done et al., 2003). Annual
bleaching is projected under the A1FI scenario by 2030, and
under A1T by 2050 (Done et al., 2003; Wooldridge et al., 2005).
Given that the recovery time from a severe bleaching-induced
mortality event is at least 10 years (and may exceed 50 years for
full recovery), these models suggest that reefs are likely to be
dominated by non-coral organisms such as macroalgae by 2050
(Hoegh-Guldberg, 1999; Done et al., 2003). Substantial impacts
on biodiversity, fishing and tourism are likely. Maintenance of
hard coral cover on the GBR will require corals to increase their
upper thermal tolerance limits at the same pace as the change in
sea temperatures driven by climate change, i.e., about 0.1-
0.5°C/decade (Donner et al., 2005). There is currently little
evidence that corals have the capacity for such rapid genetic
change; most of the evidence is to the contrary (Hoegh-
Guldberg, 1999, 2004). Given that recovery from mortality can
be potentially enhanced by reducing local stresses (water quality,
fishing pressure), management initiatives such as the Reef Water
Quality Protection Plan and the Representative Areas
Programme (which expanded totally protected areas on the GBR
from 4.6% to over 33%) represent planned adaptation options
to enhance the ability of coral reefs to endure the rising pressure
from rapid climate change.

C2.2.4 Impact of coral mortality on reef fisheries
(Chapter 5, Box 5.4)

Coral reefs and their fisheries are subject to many stresses in
addition to climate change (see Chapter 4). So far, events such
as the 1998 mass coral bleaching in the Indian Ocean have not
provided evidence of negative short-term bio-economic impacts
for coastal reef fisheries (Spalding and Jarvis, 2002; Grandcourt
and Cesar, 2003). In the longer term, there may be serious
consequences for fisheries production that result from loss of
coral communities and reduced structural complexity, which
result in reduced fish species richness, local extinctions and loss
of species within key functional groups of reef fish (Sano, 2004;
Graham et al., 2006).

C2.3 Multiple stresses on coral reefs

C2.3.1 Non-climate-change threats to coral reefs of
small islands (Chapter 16, Box 16.2)

A large number of non-climate-change stresses and
disturbances, mainly driven by human activities, can impact
coral reefs (Nystrom et al., 2000; Hughes et al., 2003). It has
been suggested that the ‘coral reef crisis’ is almost certainly the
result of complex and synergistic interactions among global-
scale climatic stresses and local-scale, human-imposed stresses
(Buddemeier et al., 2004).

In a study by Bryant et al. (1998), four human-threat factors
— coastal development, marine pollution, over-exploitation and
destructive fishing, and sediment and nutrients from inland —
provide a composite indicator of the potential risk to coral reefs
associated with human activity for 800 reef sites. Their map
(Figure C2.3) identifies low-risk (blue), medium-risk (yellow)
and high-risk (red) sites, the first being common in the insular
central Indian and Pacific Oceans, the last in maritime South-
East Asia and the Caribbean archipelago. Details of reefs at risk
in the two highest-risk areas have been documented by Burke et
al. (2002) and Burke and Maidens (2004), who indicate that
about 50% of the reefs in South-East Asia and 45% in the
Caribbean are classed in the high- to very-high-risk category.
There are, however, significant local and regional differences in

Figure C2.3. The potential risk to coral reefs from human-threat factors. Low risk (blue), medium risk (yellow) and high risk (red). Source: Bryant

et al. (1998)
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the scale and type of threats to coral reefs in both continental
and small-island situations.

Recognising that coral reefs are especially important for
many Small Island states, Wilkinson (2004) notes that reefs on
small islands are often subject to a range of non-climate impacts.
Some common types of reef disturbance are listed below, with
examples from several island regions and specific islands.

1. Impact of coastal developments and modification of shorelines:

e coastal development on fringing reefs, Langawi Island,
Malaysia (Abdullah et al., 2002);

e coastal resort development and tourism impacts in
Mauritius (Ramessur, 2002).

2. Mining and harvesting of corals and reef organisms:

e coral harvesting in Fiji for the aquarium trade (Vunisea,
2003).

3. Sedimentation and nutrient pollution from the land:

¢ sediment smothering reefs in Aria Bay, Palau (Golbuua et
al., 2003) and southern islands of Singapore (Dikou and
van Woesik, 2006);

* non-point source pollution, Tutuila Island, American
Samoa (Houk et al., 2005);

e nutrient pollution and eutrophication, fringing reef,
Réunion (Chazottes et al., 2002) and Cocos Lagoon, Guam
(Kuffner and Paul, 2001).

4. Over-exploitation and damaging fishing practices:

e blast fishing in the islands of Indonesia (Fox and Caldwell,
2006);

e intensive fish-farming effluent in Philippines (Villanueva
et al., 2006);

e subsistence exploitation of reef fish in Fiji (Dulvy et al.,
2004);

¢ giant clam harvesting on reefs, Milne Bay, Papua New
Guinea (Kinch, 2002).

5. Introduced and invasive species:

* non-indigenous species invasion of coral habitats in Guam
(Paulay et al., 2002).

There is another category of ‘stress’ that may inadvertently result
in damage to coral reefs — the human component of poor
governance (Goldberg and Wilkinson, 2004). This can
accompany political instability; one example being problems
with contemporary coastal management in the Solomon Islands
(Lane, 2006).
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