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C1. The impact of the European 2003 heatwave
C1.1 Scene-setting and overview
C1.1.1 The European heatwave of 2003 (Chapter 12,
Section 12.6.1)

A severe heatwave over large parts of Europe in 2003 extended
from June to mid-August, raising summer temperatures by 3 to
5°C in most of southern and central Europe (Figure C1.1). The
warm anomalies in June lasted throughout the entire month
(increases in monthly mean temperature of up to 6 to 7°C), but
July was only slightly warmer than on average (+1 to +3°C), and
the highest anomalies were reached between 1st and 13th August
(+7°C) (Fink et al., 2004). Maximum temperatures of 35 to 40°C
were repeatedly recorded and peak temperatures climbed well
above 40°C (André et al., 2004; Beniston and Díaz, 2004).
Average summer (June to August) temperatures were far
above the long-term mean by up to five standard deviations
(Figure C1.1), implying that this was an extremely unlikely event
under current climatic conditions (Schär and Jendritzky, 2004).
However, it is consistent with a combined increase in mean
temperature and temperature variability (Meehl and Tebaldi,
2004; Pal et al., 2004; Schär et al., 2004) (Figure C1.1). As such,
the 2003 heatwave resembles simulations by regional climate
models of summer temperatures in the latter part of the 21st
century under the A2 scenario (Beniston, 2004). Anthropogenic
warming may therefore already have increased the risk of
heatwaves such as the one experienced in 2003 (Stott et al.,
2004).
The heatwave was accompanied by annual precipitation
deficits up to 300 mm. This drought contributed to the estimated
30% reduction in gross primary production of terrestrial
ecosystems over Europe (Ciais et al., 2005). This reduced
agricultural production and increased production costs, generating
estimated damages of more than €13 billion (Fink et al., 2004;
see also C1.2.2). The hot and dry conditions led to many very
large wildfires, in particular in Portugal (390,000 ha: Fink et al.,
2004; see also C1.2.1). Many major rivers (e.g., the Po, Rhine,
Loire and Danube) were at record low levels, resulting in
disruption of inland navigation, irrigation and power-plant cooling
(Beniston and Díaz, 2004; Zebisch et al., 2005; see also C1.2.3).
The extreme glacier melt in the Alps prevented even lower river
flows in the Danube and Rhine (Fink et al., 2004).
The excess deaths due to the extreme high temperatures during
the period June to August may amount to 35,000 (Kosatsky,
2005); elderly people were among those most affected (WHO,
2003; Kovats and Jendritzky, 2006; see also C1.2.4). The
heatwave in 2003 has led to the development of heat health-watch
warning systems in several European countries including France
(Pascal et al., 2006), Spain (Simón et al., 2005), Portugal
(Nogueira, 2005), Italy (Michelozzi et al., 2005), the UK (NHS,
2006) and Hungary (Kosatsky and Menne, 2005).

Figure C1.1. Characteristics of the summer 2003 heatwave (adapted
from Schär et al., 2004). (a) JJA temperature anomaly with respect to
1961 to 1990. (b) to (d) JJA temperatures for Switzerland observed
during 1864 to 2003 (b), simulated using a regional climate model for
the period 1961 to 1990 (c), and simulated for 2071 to 2100 under the
A2 scenario using boundary data from the HadAM3H GCM (d). In
panels (b) to (d): the black line shows the theoretical frequency
distribution of mean summer temperature for the time-period
considered, and the vertical blue and red bars show the mean summer
temperature for individual years. Reprinted by permission from
Macmillan Publishers Ltd. [Nature] (Schär et al., 2004), copyright 2004.

C1.2 Impacts on sectors
C1.2.1 Ecological impacts of the European heatwave
2003 (Chapter 4, Box 4.1)

Anomalous hot and dry conditions affected Europe between
June and mid-August 2003 (Fink et al., 2004; Luterbacher et al.,
2004; Schär et al., 2004). Since similarly warm summers may
occur at least every second year by 2080 in a Special Report on
Emissions Scenario (SRES; Nakićenović et al., 2000) A2 world,
for example (Beniston, 2004; Schär et al., 2004), effects on
ecosystems observed in 2003 provide a conservative analogue of
future impacts. The major effects of the 2003 heatwave on
vegetation and ecosystems appear to have been through heat and
drought stress, and wildfires.
Drought stress impacts on vegetation (Gobron et al., 2005;
Lobo and Maisongrande, 2006) reduced gross primary
845
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production (GPP) in Europe by 30% and respiration to a lesser
degree, overall resulting in a net carbon source of 0.5 PgC/yr
(Ciais et al., 2005). However, vegetation responses to the heat
varied along environmental gradients such as altitude, e.g., by
prolonging the growing season at high elevations (Jolly et al.,
2005). Some vegetation types, as monitored by remote
sensing, were found to recover to a normal state by 2004 (e.g.,
Gobron et al., 2005), but enhanced crown damage of dominant
forest trees in 2004, for example, indicates complex delayed
impacts (Fischer, 2005). Freshwater ecosystems experienced
prolonged depletion of oxygen in deeper layers of lakes during
the heatwave (Jankowski et al., 2006), and there was a
significant decline and subsequent poor recovery in species
richness of molluscs in the River Saône (Mouthon and
Daufresne, 2006). Taken together, this suggests quite variable
resilience across ecosystems of different types, with very
likely progressive impairment of ecosystem composition and
function if such events increase in frequency (e.g., Lloret et
al., 2004; Rebetez and Dobbertin, 2004; Jolly et al., 2005;
Fuhrer et al., 2006).
High temperatures and greater dry spell durations increase
vegetation flammability (e.g., Burgan et al., 1997), and during
the 2003 heatwave a record-breaking incidence of spatially
extensive wildfires was observed in European countries
(Barbosa et al., 2003), with roughly 650,000 ha of forest burned
across the continent (De Bono et al., 2004). Fire extent (area
burned), although not fire incidence, was exceptional in Europe
in 2003, as found for the extraordinary 2000 fire season in the
USA (Brown and Hall, 2001), and noted as an increasing trend
in the USA since the 1980s (Westerling et al., 2006). In
Portugal, area burned was more than twice the previous extreme
(1998) and four times the 1980-2004 average (Trigo et al.,
2005, 2006). Over 5% of the total forest area of Portugal
burned, with an economic impact exceeding €1 billion (De
Bono et al., 2004).
Long-term impacts of more frequent similar events are very
likely to cause changes in biome type, particularly by promoting
highly flammable, shrubby vegetation that burns more
frequently than less flammable vegetation types such as forests
(Nunes et al., 2005), and as seen in the tendency of burned
woodlands to reburn at shorter intervals (Vazquez and Moreno,
2001; Salvador et al., 2005). The conversion of vegetation
structure in this way on a large enough scale may even cause
accelerated climate change through losses of carbon from
biospheric stocks (Cox et al., 2000). Future projections for
Europe suggest significant reductions in species richness even
under mean climate change conditions (Thuiller et al., 2005),
and an increased frequency of such extremes (as indicated e.g.,
by Schär et al., 2004) is likely to exacerbate overall biodiversity
losses (Thuiller et al., 2005).
C1.2.2 European heatwave impact on the agricultural
sector (Chapter 5, Box 5.1)

Europe experienced a particularly extreme climate event
during the summer of 2003, with temperatures up to 6°C above
long-term means, and precipitation deficits up to 300 mm (see
Trenberth et al., 2007). A record drop in crop yield of 36%
846

occurred in Italy for maize grown in the Po valley, where
extremely high temperatures prevailed (Ciais et al., 2005). In
France, compared to 2002, the maize grain crop was reduced
by 30% and fruit harvests declined by 25%. Winter crops
(wheat) had nearly achieved maturity by the time of the
heatwave and therefore suffered less yield reduction (21%
decline in France) than summer crops (e.g., maize, fruit trees
and vines) undergoing maximum foliar development (Ciais et
al., 2005). Forage production was reduced on average by 30%
in France and hay and silage stocks for winter were partly used
during the summer (COPA COGECA, 2003a). Wine
production in Europe was the lowest in 10 years (COPA
COGECA, 2003b). The (uninsured) economic losses for the
agriculture sector in the European Union were estimated at
€13 billion, with the largest losses in France (€4 billion)
(Sénat, 2004).
C1.2.3 Industry, settlement and society:
impacts of the 2003 heatwave in
Europe (Chapter 7, Box 7.1)

The Summer 2003 heatwave in western Europe affected
settlements and economic services in a variety of ways.
Economically, this extreme weather event created stress on
health, water supplies, food storage and energy systems. In
France, electricity became scarce, construction productivity
fell, and the cold storage systems of 25-30% of all food-related
establishments were found to be inadequate (Létard et al.,
2004). The punctuality of the French railways fell to 77%, from
87% twelve months previously, incurring €1 to €3 million
(US$1.25 to 3.75 million) in additional compensation
payments, an increase of 7-20% compared with the usual
annual total. Sales of clothing were 8.9% lower than usual in
August, but sales of bottled water increased by 18%, and of
ice-cream by 14%. The tourist industry in northern France
benefitted, but in the south it suffered (Létard et al., 2004).
Impacts of the heatwave were mainly health- and healthservice-related (see Section C1.2.4); but they were also associated
with settlement and social conditions, from inadequate climate
conditioning in buildings to the fact that many of the dead were
elderly people, left alone while their families were on vacation.
Electricity demand increased with the high heat levels; but
electricity production was undermined by the facts that the
temperature of rivers rose, reducing the cooling efficiency of
thermal power plants (conventional and nuclear) and that flows of
rivers were diminished; six power plants were shut down
completely (Létard et al., 2004). If the heatwave had continued, as
much as 30% of national power production would have been at
risk (Létard et al., 2004). The crisis illustrated how infrastructure
may be unable to deal with complex, relatively sudden
environmental challenges (Lagadec, 2004).
C1.2.4 The European heatwave 2003: health impacts
and adaptation (Chapter 8, Box 8.1)

In August 2003, a heatwave in France caused more than
14,800 deaths (Figure C1.2). Belgium, the Czech Republic,
Germany, Italy, Portugal, Spain, Switzerland, the Netherlands
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(a)

(b)

Figure C1.2. (a) The distribution of excess mortality in France from 1 to 15 August 2003, by region, compared with the previous three years (INVS,
2003); (b) the increase in daily mortality in Paris during the heatwave in early August (Vandentorren and Empereur-Bissonnet, 2005).

and the UK all reported excess mortality during the heatwave
period, with total deaths in the range of 35,000 (Hemon and
Jougla, 2004; Martinez-Navarro et al., 2004; Michelozzi et al.,
2004; Vandentorren et al., 2004; Conti et al., 2005; Grize et al.,
2005; Johnson et al., 2005). In France, around 60% of the
heatwave deaths occurred in persons aged 75 and over (Hemon
and Jougla, 2004). Other harmful exposures were also caused
or exacerbated by the extreme weather, such as outdoor air
pollutants (tropospheric ozone and particulate matter) (EEA,
2003), and pollution from forest fires.
A French parliamentary inquiry concluded that the health
impact was ‘unforeseen’, surveillance for heatwave deaths was
inadequate, and the limited public-health response was due to
a lack of experts, limited strength of public-health agencies,
and poor exchange of information between public
organisations (Lagadec, 2004; Sénat, 2004).
In 2004, the French authorities implemented local and
national action plans that included heat health-warning
systems, health and environmental surveillance, re-evaluation
of care of the elderly, and structural improvements to
residential institutions (such as adding a cool room) (Laaidi et
al., 2004; Michelon et al., 2005). Across Europe, many other
governments (local and national) have implemented heat
health-prevention plans (Michelozzi et al., 2005; WHO
Regional Office for Europe, 2006).
Since the observed higher frequency of heatwaves is likely
to have occurred due to human influence on the climate system
(Hegerl et al., 2007), the excess deaths of the 2003 heatwave
in Europe are likely to be linked to climate change.
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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 CO2), 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 (MestasNunez and Miller, 2006) linked, for example, to the El
Niño-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., 2006).
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, 19871988 and 1994-1995 (Hoegh-Guldberg, 1999). Particularly
severe bleaching occurred in 1998 (Figure C2.1), associated with
pronounced El Niño 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 (HoeghGuldberg, 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 clade1 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.
1

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; HoeghGuldberg, 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 CO2
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
a reduction in coral calcification (Marubini et al., 2001; Langdon
et al., 2003; Hallock, 2005), coral skeleton weakening (Marubini
et al., 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 CO2 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 midcentury (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
2

Herbivory: the consumption of plants by animals.
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higher latitudes with more optimal SST is unlikely, due both to
latitudinally decreasing aragonite concentrations and projected
atmospheric CO2 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 CO2 and increasing frequency of
bleaching events (at 2-3 × CO2) (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 nonnative 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,2 and hurricanes
(Gardner et al., 2003; McWilliams et al., 2005), whereas Pacific
reefs have been particularly impacted by episodes of coral
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bleaching caused by thermal stress anomalies, especially during
recent El Niño events (Hughes et al., 2003), as well as nonclimate 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 Niño 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 CO2 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 sealevel 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 A1, 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 (HoeghGuldberg, 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 CO2
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 µmol/kg (Langdon et al., 2000; Langdon,
2002). These occur at atmospheric CO2 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 (A1T, 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 0.10.5°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 (HoeghGuldberg, 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 (Nyström 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 globalscale 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 SouthEast 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:
• coastal development on fringing reefs, Langawi Island,
Malaysia (Abdullah et al., 2002);
• coastal resort development and tourism impacts in
Mauritius (Ramessur, 2002).
2. Mining and harvesting of corals and reef organisms:
• 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);
• 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:
• blast fishing in the islands of Indonesia (Fox and Caldwell,
2006);
• intensive fish-farming effluent in Philippines (Villanueva
et al., 2006);
• 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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C3. Megadeltas: their vulnerabilities to climate change
C3.1 Introduction
C3.1.1 Deltas and megadeltas: hotspots for
vulnerability (Chapter 6, Box 6.3)

Deltas, some of the largest sedimentary deposits in the world,
are widely recognised as being highly vulnerable to the impacts of
climate change, particularly sea-level rise and changes in runoff,
as well as being subject to stresses imposed by human
modification of catchment and delta plain land use. Most deltas
are already undergoing natural subsidence that results in
accelerated rates of relative sea-level rise above the global
average. Many are impacted by the effects of water extraction and
diversion, as well as declining sediment input as a consequence of
entrapment in dams. Delta plains, particularly those in Asia (see
C3.2.1), are densely populated, and large numbers of people are
often impacted as a result of external terrestrial influences (river
floods, sediment starvation) and/or external marine influences
(storm surges, erosion) (see Figure 6.1).
Ericson et al. (2006) estimated that nearly 300 million people
inhabit a sample of 40 deltas globally, including all the large
megadeltas. Average population density is 500 people/km2, with
the largest population in the Ganges-Brahmaputra delta, and the
highest density in the Nile delta. Many of these deltas and
megadeltas are associated with significant and expanding urban
areas. Ericson et al. (2006) used a generalised modelling
approach to approximate the effective rate of sea-level rise under
present conditions, basing estimates of sediment trapping and

flow diversion on a global dam database, and modifying
estimates of natural subsidence to incorporate accelerated
human-induced subsidence. This analysis showed that much of
the population of these 40 deltas is at risk through coastal
erosion and land loss, primarily as a result of decreased sediment
delivery by the rivers, but also through accentuated rates of sealevel rise. They estimate, using a coarse digital terrain model
and global population distribution data, that more than 1 million
people will be directly affected by 2050 in three megadeltas: the
Ganges-Brahmaputra delta in Bangladesh, the Mekong delta in
Vietnam and the Nile delta in Egypt. More than 50,000 people
are likely to be directly impacted in each of a further nine deltas,
and more than 5,000 in each of a further twelve deltas (Figure
C3.1). This generalised modelling approach indicates that 75%
of the population affected live on Asian megadeltas and deltas,
and a large proportion of the remainder are on deltas in Africa.
These impacts would be exacerbated by accelerated sea-level
rise and enhanced human pressures (see, e.g., C3.2.1). Within
the Asian megadeltas, the surface topography is complex as a
result of the geomorphological development of the deltas, and
the population distribution shows considerable spatial
variability, reflecting the intensive land use and the growth of
some of the world’s largest megacities (Woodroffe et al., 2006).
Many people in these and other deltas worldwide are already
subject to flooding from both storm surges and seasonal river
floods, and therefore it is necessary to develop further methods
to assess individual delta vulnerability (e.g., Sánchez-Arcilla et
al., 2007).

Figure C3.1. Relative vulnerability of coastal deltas as shown by the indicative population potentially displaced by current sea-level trends to 2050
(Extreme = >1 million; High = 1 million to 50,000; Medium = 50,000 to 5,000; following Ericson et al., 2006).
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C3.2 Megadeltas in Asia
C3.2.1 Megadeltas in Asia (Chapter 10, Section
10.6.1, Table 10.10)

There are eleven megadeltas with an area greater than
10,000 km2 (Table C3.1) in the coastal zone of Asia that are
continuously being formed by rivers originating from the Tibetan
Plateau (Milliman and Meade, 1983; Penland and Kulp, 2005)
These megadeltas are vital to Asia because they are home to
millions of people, especially in the seven megacities that are
located in these deltas (Nicholls, 1995; Woodroffe et al., 2006).
The megadeltas, particularly the Zhujiang delta, Changjiang delta
and Huanghe delta, are also economically important, accounting
for a substantial proportion of China’s total GDP (Niou, 2002;
She, 2004). Ecologically, the Asian megadeltas are critical
diverse ecosystems of unique assemblages of plants and animals
located in different climatic regions (IUCN, 2003b; ACIA, 2005;
Macintosh, 2005; Sanlaville and Prieur, 2005). However, the
megadeltas of Asia are vulnerable to climate change and sea-level
rise that could increase the frequency and level of inundation of
megadeltas due to storm surges and floods from river drainage
(Nicholls, 2004; Woodroffe et al., 2006) putting communities,
biodiversity and infrastructure at risk of being damaged. This
impact could be more pronounced in megacities located in
megadeltas, where natural ground subsidence is enhanced by
human activities, such as in Bangkok in the Chao Phraya delta,
Shanghai in the Changjiang delta, Tianjin in the old Huanghe
delta (Nguyen et al., 2000; Li et al., 2004a, 2005; Jiang, 2005;
Woodroffe et al., 2006). Climate change together with human
activities could also enhance erosion that has, for example,
caused the Lena delta to retreat at a rate of 3.6 to 4.5 m/yr
(Leont’yev, 2004) and has affected the progradation and retreat
of megadeltas fed by rivers originating from the Tibetan Plateau
(Li et al., 2004b; Thanh et al., 2004; Shi et al., 2005; Woodroffe
et al., 2006). The adverse impacts of salt-water intrusion on water
supply in the Changjiang delta and Zhujiang delta, mangrove
forests, agriculture production and freshwater fish catch, resulting
in a loss of US$125×106 per annum in the Indus delta, could also
be aggravated by climate change (IUCN, 2003a, b; Shen et al.,
2003; Huang and Zhang, 2004).
Externally, the sediment supplies to many megadeltas have
been reduced by the construction of dams, and there are plans for
many more dams in the 21st century (see C3.1.1; Woodroffe et
al., 2006). The reduction of sediment supplies makes these
systems much more vulnerable to climate change and sea-level
rise. When considering all the non-climate pressures, there is
very high confidence that the group of populated Asian
megadeltas is highly threatened by climate change and
responding to this threat will present important challenges (see
also C3.1.1). The sustainability of megadeltas in Asia in a
warmer climate will rest heavily on policies and programmes
that promote integrated and co-ordinated development of the
megadeltas and upstream areas, balanced use and development
of megadeltas for conservation and production goals, and
comprehensive protection against erosion from river-flow
anomalies and sea-water actions that combines structural with
human and institutional capability-building measures (Du and

Zhang, 2000; Inam et al., 2003; Li et al., 2004b; Thanh et al.,
2004; Saito, 2005; Woodroffe et al., 2006; Wolanski, 2007).
C3.2.2 Climate change and the fisheries of the lower
Mekong: an example of multiple stresses on
a megadelta fisheries system due to human
activity (Chapter 5, Box 5.3)

Fisheries are central to the lives of the people, particularly
the rural poor, who live in the lower Mekong countries. Twothirds of the basin’s 60 million people are in some way active in
fisheries, which represent about 10% of the GDP of Cambodia
and Lao People’s Democratic Republic (PDR). There are
approximately 1,000 species of fish commonly found in the
river, with many more marine vagrants, making it one of the
most prolific and diverse faunas in the world (MRC, 2003).
Recent estimates of the annual catch from capture fisheries alone
exceed 2.5 Mtonnes (Hortle and Bush, 2003), with the delta
contributing over 30% of this.
Direct effects of climate will occur due to changing patterns
of precipitation, snow melt and rising sea level, which will affect
hydrology and water quality. Indirect effects will result from
changing vegetation patterns that may alter the food chain and
increase soil erosion. It is likely that human impacts on the
fisheries (caused by population growth, flood mitigation,
increased water abstractions, changes in land use and overfishing) will be greater than the effects of climate, but the
pressures are strongly interrelated.
An analysis of the impact of climate-change scenarios on the
flow of the Mekong (Hoanh et al., 2004) estimated increased
maximum monthly flows of 35 to 41% in the basin and 16 to 19%
in the delta (lower value is for years 2010 to 2138 and higher value
for years 2070 to 2099, compared with 1961 to 1990 levels).
Minimum monthly flows were estimated to decrease by 17 to 24%
in the basin and 26 to 29% in the delta. Increased flooding would
positively affect fisheries yields, but a reduction in dry season
habitat may reduce recruitment of some species. However,
planned water-management interventions, primarily dams, are
expected to have the opposite effects on hydrology, namely
marginally decreasing wet-season flows and considerably
increasing dry-season flows (World Bank, 2004).
Models indicate that even a modest sea level rise of 20 cm
would cause contour lines of water levels in the Mekong delta to
shift 25 km towards the sea during the flood season and salt water
to move further upstream (although confined within canals)
during the dry season (Wassmann et al., 2004). Inland movement
of salt water would significantly alter the species composition of
fisheries, but may not be detrimental for overall fisheries yields.

C3.3 Megadeltas in the Arctic
Numerous river deltas are located along the Arctic coast and
the rivers that flow to it. Of particular importance are the
megadeltas of the Lena (44,000 km2) and Mackenzie
(9,000 km2) rivers, which are fed by the largest Arctic rivers of
C3.3.1 Arctic megadeltas (Chapter 15, Section 15.6.2)
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Table C3.1. Megadeltas of Asia.
Features

Lena

Huanghe- Changjiang Zhujiang Red River Mekong Chao
Huaihe

Irrawaddy Ganges-

Phraya

Indus

Brahmaputra

Shatt-el-Arab
(Arvand Rud)

Area
(103 km2)

43.6

36.3

66.9

10

16

62.5

18

20.6

100

29.5

18.5

Water
discharge
(109 m3/yr)

520

33.3

905

326

120

470

30

430

1330

185

46

Sediment
load
(106 t/yr)

18

849

433

76

130

160

11

260

1969

400

100

Delta
growth
(km2/yr)

--

21.0

16.0

11.0

3.6

1.2

10.0

5.5 to 16.0

PD30

Climate
zone

Boreal

Temperate Sub-tropical Subtropical

Tropical

Tropical

Tropical Tropical

Tropical

Semiarid

Arid

5.2

2.4

4.2

10

1.6

None

Mangroves None
(103 km2)
Population
(106) in
2000

None

0.000079 24.9 (00)

None

None

76 (03)

42.3 (03)

13.3

15.6

11.5

10.6

130

3.0

0.4

21

21

44

15

28

45

--

--

--

--

--

Karachi

--

Population None
increase by
2015

18

-

176

GDP
(US$109)

58.8 (00)

274.4 (03)

240.8 (03) 9.2 (04)

7.8 (04)

--

Tianjin

Shanghai

Guangzhou --

--

Bangkok --

Dhaka

Ground
None
subsidence
(m)

2.6 to 2.8

2.0 to 2.6

X

XX

--

0.2 to
1.6

--

0.6 to 1.9
mm/a

SLR (cm)
in 2050

10 to 90
(2100)

70 to 90

50 to 70

40 to 60

--

--

--

--

--

20 to
50

--

Salt-water
intrusion
(km)

--

--

100

--

30 to 50

60 to 70

--

--

100

80

--

Natural
hazards

--

FD

CS, SWI, FD CS, FD,
SWI

CS, FD,
SWI

SWI

--

--

CS, FD, SWI

CS,
SWI

--

Area
inundated
by SLR
(103 km2).
Figure in
brackets
indicates
amount
SLR.

--

21.3 (0.3m) 54.5 (0.3m)

5.5 (0.3m) 5 (1m)

20 (1m)

--

--

--

--

--

Coastal
protection

No
Protected
protection

Protected Protected

Protected Protected Protected

Protected

Partial
Protection

Partial
protection

Megacity

None

Protected

--

PD: Progradation of coast; CS: Tropical cyclone and storm surge; FD: Flooding; SLR: Sea-level rise; SWI: Salt water intrusion; DG: Delta growth in
area; XX: Strong ground subsidence; X: Slight ground subsidence; --: No data available

Eurasia and North America, respectively. In contrast to nonpolar megadeltas, the physical development and ecosystem
health of these systems are strongly controlled by cryospheric
processes and are thus highly susceptible to the effects of climate
change.
Currently, advance/retreat of Arctic marine deltas is highly
dependent on the protection afforded by near-shore and landfast sea ice (Solomon, 2005; Walsh et al., 2005). The loss of such
protection with warming will lead to increased erosion by waves
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and storm surges. The problems will be exacerbated by rising
sea levels, greater wind fetch produced by shrinking sea-ice
coverage, and potentially by increasing storm frequency.
Similarly, thawing of the permafrost and ground-ice that
currently consolidates deltaic material will induce hydrodynamic
erosion on the delta front and along riverbanks. Thawing of
permafrost on the delta plain itself will lead to similar changes;
for example, the initial development of more ponded water, as
thermokarst activity increases, will eventually be followed by
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drainage as surface and groundwater systems become linked.
Climate warming may have already caused the loss of wetland
area as lakes expanded on the Yukon River delta in the late 20th
century (Coleman and Huh, 2004). Thaw subsidence may also
affect the magnitude and frequency of delta flooding from spring
flows and storm surges (Kokelj and Burn, 2005).
The current water budget and sediment-nutrient supply for
the multitude of lakes and ponds that populate much of the
tundra plains of Arctic deltas depends strongly on the supply of
floodwaters produced by river-ice jams during the spring freshet.
Studies of future climate conditions on a major river delta of the
Mackenzie River watershed (Peace-Athabasca Delta) indicate
that a combination of thinner river ice and reduced spring runoff
will lead to decreased ice-jam flooding (Beltaos et al., 2006).
This change, combined with greater summer evaporation due to
warmer temperatures, will cause a decline in delta-pond water
levels (Marsh and Lesack, 1996). For many Arctic regions,
summer evaporation already exceeds precipitation and therefore
the loss of ice-jam flooding could lead to a drying of delta ponds
and a loss of sediment and nutrients known to be critical to their
ecosystem health (Lesack et al., 1998; Marsh et al., 1999). A
successful adaptation strategy that has already been used to
counteract the effects of drying of delta ponds involves
managing water release from reservoirs to increase the
probability of ice-jam formation and related flooding (Prowse
et al., 2002).

C3.4 Case study of Hurricane Katrina
C3.4.1 Hurricane Katrina and coastal ecosystem
services in the Mississippi delta (Chapter 6,
Box 6.4)

Whereas an individual hurricane event cannot be attributed
to climate change, it can serve to illustrate the consequences for
ecosystem services if the intensity and/or frequency of such
events were to increase in the future. One result of Hurricane
Katrina, which made landfall in coastal Louisiana on 29 August
2005, was the loss of 388 km2 of coastal wetlands, levees and
islands that flank New Orleans in the Mississippi River deltaic
plain (Barras, 2006) (Figure C3.2). (Hurricane Rita, which
struck in September 2005, had relatively minor effects on this
part of the Louisiana coast which are included in this estimate.)
The Chandeleur Islands, which lie south-east of the city, were
reduced to roughly half of their former extent as a direct result
of Hurricane Katrina. Collectively, these natural systems serve
as the first line of defence against storm surge in this highly
populated region. While some habitat recovery is expected, it is
likely to be minimal compared to the scale of the losses. The
Chandeleur Islands serve as an important wintering ground for
migratory waterfowl and neo-tropical birds; a large population
of North American redhead ducks, for example, feed on the
rhizomes of sheltered sea grasses leeward of the Chandeleur
Islands (Michot, 2000). Historically the region has ranked
second only to Alaska in U.S. commercial fisheries production,
and this high productivity has been attributed to the extent of

coastal marshes and sheltered estuaries of the Mississippi River
delta. Over 1,800 people lost their lives (Graumann et al., 2005)
during Hurricane Katrina and the economic losses totalled more
than US$100 billion (NOAA, 2007). Roughly 300,000 homes
and over 1,000 historical and cultural sites were destroyed along
the Louisiana and Mississippi coasts (the loss of oil production
and refinery capacity helped to raise global oil prices in the short
term). Post-Katrina, some major changes to the delta’s
management are being advocated, most notably abandonment
of the ‘bird-foot delta’, where artificial levees channel valuable
sediments into deep water (EFGC, 2006; NRC, 2006). The aim
is to restore large-scale delta building processes and hence
sustain the ecosystem services in the long term. Hurricane
Katrina is further discussed in C3.4.2 and Chapter 14.
C3.4.2 Vulnerabilities to extreme weather events in
megadeltas in the context of multiple
stresses: the case of Hurricane Katrina
(Chapter 7, Box 7.4)

It is possible to say with a high level of confidence that
sustainable development in some densely populated megadeltas
of the world will be challenged by climate change, not only in
developing countries but in developed countries also. The
experience of the U.S. Gulf Coast with Hurricane Katrina in
2005 is a dramatic example of the impact of a tropical cyclone
– of an intensity expected to become more common with climate
change – on the demographic, social and economic processes
and stresses of a major city located in a megadelta.
In 2005, the city of New Orleans had a population of about
half a million, located on the delta of the Mississippi River along
the U.S. Gulf Coast. The city is subject not only to seasonal
storms (Emanuel, 2005) but also to land subsidence at an
average rate of 6 mm/yr, rising to 10-15 mm/year or more
(Dixon et al., 2006). Embanking the main river channel has led
to a reduction in sedimentation, leading to the loss of coastal
wetlands that tend to reduce storm surge flood heights, while
urban development throughout the 20th century has significantly
increased land use and settlement in areas vulnerable to
flooding. A number of studies of the protective levee system had
indicated growing vulnerabilities to flooding, but actions were
not taken to improve protection.
In late August 2005, Hurricane Katrina – which had been a
Category 5 storm but weakened to Category 3 before landfall –
moved onto the Louisiana and Mississippi coast with a storm
surge, supplemented by waves, reaching up to 8.5 m above sea
level along the southerly-facing shallow Mississippi coast (see
also C3.4.1). In New Orleans, the surge reached around 5 m,
overtopping and breaching sections of the city’s 4.5 m defences,
flooding 70 to 80% of New Orleans, with 55% of the city’s
properties inundated by more than 1.2 m of water and maximum
flood depths up to 6 m. In Louisiana 1,101 people died, nearly
all related to flooding, concentrated among the poor and elderly.
Across the whole region, there were 1.75 million private
insurance claims, costing in excess of US$40 billion (Hartwig,
2006), while total economic costs are projected to be
significantly in excess of US$100 billion. Katrina also exhausted
the federally-backed National Flood Insurance Program (Hunter,
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Figure C3.2. The Mississippi delta, including the Chandeleur Islands. Areas in red were converted to open water during the hurricane. Yellow lines
on index map of Louisiana show tracks of Hurricane Katrina on the right and Hurricane Rita on the left. (Figure source: U.S. Geological Survey,
modified from Barras, 2006.)

2006), which had to borrow US$20.8 billion from the
Government to fund the Katrina residential flood claims. In New
Orleans alone, while flooding of residential structures caused
US$8 to 10 billion in losses, US$3 to 6 billion was uninsured. Of
the flooded homes, 34,000 to 35,000 carried no flood insurance,
including many that were not in a designated flood risk zone
(Hartwig, 2006).
Beyond the locations directly affected by the storm, areas that
hosted tens of thousands of evacuees had to provide shelter and
schooling, while storm damage to the oil refineries and
production facilities in the Gulf region raised highway vehicle
fuel prices nationwide. Reconstruction costs have driven up the
costs of building construction across the southern USA, and
federal government funding for many programmes was reduced
because of commitments to provide financial support for
hurricane damage recovery. Six months after Katrina, it was
estimated that the population of New Orleans was 155,000, with
this number projected to rise to 272,000 by September 2008;
56% of its pre-Katrina level (McCarthy et al., 2006).
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C4. Indigenous knowledge for adaptation to climate change
C4.1 Overview
C4.1.1 Role of local and indigenous knowledge in
adaptation and sustainability research
(Chapter 20, Box 20.1)

Research on indigenous environmental knowledge has been
undertaken in many countries, often in the context of
understanding local oral histories and cultural attachment to
place. A survey of research during the 1980s and early 1990s
was produced by Johnson (1992). Reid et al. (2006) outline the
many technical and social issues related to the intersection of
different knowledge systems, and the challenge of linking the
scales and contexts associated with these forms of knowledge.
With the increased interest in climate change and global
environmental change, recent studies have emerged that explore
how indigenous knowledge can become part of a shared
learning effort to address climate-change impacts and
adaptation, and its links with sustainability. Some examples are
indicated here.
Sutherland et al. (2005) describe a community-based
vulnerability assessment in Samoa, addressing both future
changes in climate-related exposure and future challenges for
improving adaptive capacity. Twinomugisha (2005) describes
the dangers of not considering local knowledge in dialogues on
food security in Uganda.
A scenario-building exercise in Costa Rica has been
undertaken as part of the Millennium Ecosystem Assessment
(MA, 2005). This was a collaborative study in which
indigenous communities and scientists developed common
visions of future development. Two pilot 5-year storylines were
constructed, incorporating aspects of coping with external
drivers of development (Bennett and Zurek, 2006). Although
this was not directly addressing climate change, it demonstrates
the potential for joint scenario-building incorporating different
forms of knowledge.
In Arctic Canada, traditional knowledge was used as part of
an assessment which recognised the implications of climate
change for the ecological integrity of a large freshwater delta
(NRBS, 1996). In another case, an environmental assessment of
a proposed mine was produced through a partnership with
governments and indigenous peoples. Knowledge to facilitate
sustainable development was identified as an explicit goal of
the assessment, and climate-change impacts were listed as one
of the long-term concerns for the region (WKSS, 2001).
Vlassova (2006) describes results of interviews with
indigenous peoples of the Russian North on climate and
environmental trends within the Russian boreal forest.
Additional examples from the Arctic are described in ACIA
(2005), Riedlinger and Berkes (2001), Krupnik and Jolly
(2002), Furgal et al. (2006) and Chapter 15.
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C4.2 Case studies
C4.2.1 Adaptation capacity of the South American
highlands’ pre-Colombian communities
(Chapter 13, Box 13.2)

The subsistence of indigenous civilisations in the Americas
relied on the resources cropped under the prevailing climate
conditions around their settlements. In the highlands of today’s
Latin America, one of the most critical limitations affecting
development was, and currently is, the irregular distribution of
water. This situation is the result of the particularities of the
atmospheric processes and extremes, the rapid runoff in the deep
valleys, and the changing soil conditions. The tropical Andes’
snowmelt was, and still is, a reliable source of water. However,
the streams run into the valleys within bounded water courses,
bringing water only to certain locations. Moreover, valleys and
foothills outside of the Cordillera Blanca glaciers and extent of
the snow cover, as well as the Altiplano, receive little or no meltwater at all. Therefore, in large areas, human activities depended
on seasonal rainfall. Consequently, the pre-Colombian
communities developed different adaptive actions to satisfy their
requirements. Today, the problem of achieving the necessary
balance between water availability and demand is practically the
same, although the scale might be different.
Under such limitations, from today’s Mexico to northern
Chile and Argentina, the pre-Colombian civilisations developed
the necessary capacity to adapt to the local environmental
conditions. Such capacity involved their ability to solve some
hydraulic problems and foresee climate variations and seasonal
rain periods. On the engineering side, their developments
included rainwater cropping, filtration and storage; the
construction of surface and underground irrigation channels,
including devices to measure the quantity of water stored (Figure
C4.1) (Treacy, 1994; Wright and Valencia Zegarra, 2000; Caran
and Nelly, 2006). They also were able to interconnect river
basins from the Pacific and Atlantic watersheds, in the Cumbe
valley and in Cajamarca (Burger, 1992).
Other capacities were developed to foresee climate variations
and seasonal rain periods, to organise their sowing schedules
and to programme their yields (Orlove et al., 2000). These
efforts enabled the subsistence of communities which, at the
peak of the Inca civilisation, included some 10 million people in
what is today Peru and Ecuador.
Their engineering capacities also enabled the rectification of
river courses, as in the case of the Urubamba River, and the
building of bridges, either hanging ones or with pillars cast in the
river bed. They also used running water for leisure and worship
purposes, as seen today in the ‘Baño del Inca’ (the spa of the
Incas), fed from geothermal sources, and the ruins of a musical
garden at Tampumacchay in the vicinity of Cusco (Cortazar,
1968). The priests of the Chavin culture used running water
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Figure C4.1. Nasca (southern coast of Peru) system of water cropping for underground aqueducts and feeding the phreatic layers.

flowing within tubes bored into the structure of the temples in
order to produce a sound like the roar of a jaguar; the jaguar
being one of their deities (Burger, 1992). Water was also used to
cut stone blocks for construction. As seen in Ollantaytambo, on
the way to Machu Picchu, these stones were cut in regular
geometric shapes by leaking water into cleverly made interstices
and freezing it during the Altiplano night, reaching below zero
temperatures. They also acquired the capacity to forecast climate
variations, such as those from El Niño (Canziani and Mata,
2004), enabling the most convenient and opportune organisation
of their foodstuff production. In short, they developed
pioneering efforts to adapt to adverse local conditions and define
sustainable development paths.
Today, under the vagaries of weather and climate,
exacerbated by the increasing greenhouse effect and the rapid
retreat of the glaciers (Carey, 2005; Bradley et al., 2006), it
would be extremely useful to revisit and update such adaptation
measures. Education and training of present community
members on the knowledge and technical abilities of their
ancestors would be the way forward. ECLAC’s procedures for
the management of sustainable development (Dourojeanni,
2000), when considering the need to manage the extreme climate
conditions in the highlands, refer back to the pre-Colombian
irrigation strategies.
C4.2.2 African indigenous knowledge systems
(Chapter 9, Section 9.6.2)

The term ‘indigenous knowledge’ is used to describe the
knowledge systems developed by a community as opposed to
the scientific knowledge that is generally referred to as ‘modern’
knowledge (Ajibade, 2003). Indigenous knowledge is the basis
for local-level decision-making in many rural communities. It
has value not only for the culture in which it evolves, but also for

scientists and planners striving to improve conditions in rural
localities. Incorporating indigenous knowledge into climatechange policies can lead to the development of effective
adaptation strategies that are cost-effective, participatory and
sustainable (Robinson and Herbert, 2001).

C4.2.2.1 Indigenous knowledge in weather forecasting
Local communities and farmers in Africa have developed
intricate systems of gathering, predicting, interpreting and
decision-making in relation to weather. A study in Nigeria, for
example, shows that farmers are able to use knowledge of
weather systems such as rainfall, thunderstorms, windstorms,
harmattan (a dry dusty wind that blows along the north-west
coast of Africa) and sunshine to prepare for future weather
(Ajibade and Shokemi, 2003). Indigenous methods of weather
forecasting are known to complement farmers’ planning
activities in Nigeria. A similar study in Burkina Faso showed
that farmers’ forecasting knowledge encompasses shared and
selective experiences. Elderly male farmers formulate
hypotheses about seasonal rainfall by observing natural
phenomena, while cultural and ritual specialists draw predictions
from divination, visions or dreams (Roncoli et al., 2001). The
most widely relied-upon indicators are the timing, intensity and
duration of cold temperatures during the early part of the dry
season (November to January). Other forecasting indicators
include the timing of fruiting by certain local trees, the water
level in streams and ponds, the nesting behaviour of small quaillike birds, and insect behaviour in rubbish heaps outside
compound walls (Roncoli et al., 2001).
C4.2.2.2 Indigenous knowledge in mitigation and adaptation
African communities and farmers have always coped with
changing environments. They have the knowledge and practices
to cope with adverse environments and shocks. The
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enhancement of indigenous capacity is a key to the
empowerment of local communities and their effective
participation in the development process (Leautier, 2004).
People are better able to adopt new ideas when these can be seen
in the context of existing practices. A study in Zimbabwe
observed that farmers’ willingness to use seasonal climate
forecasts increased when the forecasts were presented in
conjunction with and compared with the local indigenous
climate forecasts (Patt and Gwata, 2002).
Local farmers in several parts of Africa have been known to
conserve carbon in soils through the use of zero-tilling practices
in cultivation, mulching, and other soil-management techniques
(Dea and Scoones, 2003). Natural mulches moderate soil
temperatures and extremes, suppress diseases and harmful pests,
and conserve soil moisture. The widespread use of indigenous
plant materials, such as agrochemicals to combat pests that
normally attack food crops, has also been reported among smallscale farmers (Gana, 2003). It is likely that climate change will
alter the ecology of disease vectors, and such indigenous
practices of pest management would be useful adaptation
strategies. Other indigenous strategies that are adopted by local
farmers include: controlled bush clearing; using tall grasses such
as Andropogon gayanus for fixing soil-surface nutrients washed
away by runoff; erosion-control bunding to significantly reduce
the effects of runoff; restoring lands by using green manure;
constructing stone dykes; managing low-lying lands and
protecting river banks (AGRHYMET, 2004).
Adaptation strategies that are applied by pastoralists in times
of drought include the use of emergency fodder, culling of weak
livestock for food, and multi-species composition of herds to
survive climate extremes. During drought periods, pastoralists
and agro-pastoralists change from cattle to sheep and goat
husbandry, as the feed requirements of the latter are lower (Seo
and Mendelsohn, 2006). The pastoralists’ nomadic mobility
reduces the pressure on low-capacity grazing areas through their
cyclic movements from the dry northern areas to the wetter
southern areas of the Sahel.
African women are particularly known to possess indigenous
knowledge which helps to maintain household food security,
particularly in times of drought and famine. They often rely on
indigenous plants that are more tolerant to droughts and pests,
providing a reserve for extended periods of economic hardship
(Ramphele, 2004; Eriksen, 2005). In southern Sudan, for
example, women are directly responsible for the selection of all
sorghum seeds saved for planting each year. They preserve a
spread of varieties of seeds that will ensure resistance to the
range of conditions that may arise in any given growing season
(Easton and Roland, 2000).

as they relate to hunting and travel, and natural resource
availability (Krupnik and Jolly, 2002). These systems of
knowledge, belief and practice have been developed through
experience and culturally transmitted among members and
across generations (Huntington, 1998; Berkes, 1999). This
Arctic indigenous knowledge offers detailed information that
adds to conventional science and environmental observations,
as well as to a holistic understanding of environment, natural
resources and culture (Huntington et al., 2004). There is an
increasing awareness of the value of Arctic indigenous
knowledge and a growing collaborative effort to document it. In
addition, this knowledge is an invaluable basis for developing
adaptation and natural resource management strategies in
response to environmental and other forms of change. Finally,
local knowledge is essential for understanding the effects of
climate change on indigenous communities (Riedlinger and
Berkes, 2001; Krupnik and Jolly, 2002) and how, for example,
some communities have absorbed change through flexibility in
traditional hunting, fishing and gathering practices.
The generation and application of this knowledge is
evidenced in the ability of Inuit hunters to navigate new travel
and hunting routes despite decreasing ice stability and safety
(e.g., Lafortune et al., 2004); in the ability of many indigenous
groups to locate and hunt species such as geese and caribou that
have shifted their migration times and routes and to begin to
locate and hunt alternative species moving into the region (e.g.,
Krupnik and Jolly, 2002; Nickels et al., 2002; Huntington et al.,
2005); the ability to detect safe sea ice and weather conditions
in an environment with increasingly uncharacteristic weather
(George et al., 2004); or the knowledge and skills required to
hunt marine species in open water later in the year under
different sea-ice conditions (Community of Arctic Bay, 2005).
Although Arctic peoples show great resilience and
adaptability, some traditional responses to environmental change
have already been compromised by recent socio-political
changes. Their ability to cope with substantial climatic change
in future, without a fundamental threat to their cultures and
lifestyles, cannot be considered as unlimited. The generation and
application of traditional knowledge requires active engagement
with the environment, close social networks in communities, and
respect for and recognition of the value of this form of
knowledge and understanding. Current social, economic and
cultural trends, in some communities and predominantly among
younger generations, towards a more western lifestyle has the
potential to erode the cycle of traditional knowledge generation
and transfer, and hence its contribution to adaptive capacity.

C4.2.3 Traditional knowledge for adaptation among
Arctic peoples (Chapter 15, Section 15.6.1)

A series of workshops organised by the national Inuit
organisation in Canada, Inuit Tapiriit Kantami, documented
climate-related changes and impacts, and identified and
developed potential adaptation measures for local response
(Furgal et al., 2002a, b; Nickels et al., 2003). The strong
engagement of Inuit community residents will facilitate the
successful adoption of the adaptation measures identified, such

Among Arctic peoples, the selection pressures for the
evolution of an effective knowledge base have been
exceptionally strong, driven by the need to survive off highly
variable natural resources in the remote, harsh Arctic
environment. In response, they have developed a strong
knowledge base concerning weather, snow and ice conditions
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C4.2.4 Adaptation to health impacts of climate
change among indigenous populations
(Chapter 8, Box 8.6)
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as using netting and screens on windows and house entrances to
prevent bites from mosquitoes and other insects that have
become more prevalent.
Another example is a study of the links between malaria and
agriculture that included participation and input from a farming
community in Mwea division, Kenya (Mutero et al., 2004). The
approach facilitated identification of opportunities for long-term
malaria control in irrigated rice-growing areas through the
integration of agro-ecosystem practices aimed at sustaining
livestock systems within a broader strategy for rural
development.
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