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Abstract Detailed mapping of coral bleaching events
provides an opportunity to examine spatial patterns in
bleaching over scales of 10 s to 1,000 s of km and the
spatial correlation between sea surface temperature
(SST) and bleaching. We present data for two large-scale
(2,000 km) bleaching events on the Great Barrier Reef
(GBR): one from 1998 and another from 2002, both
mapped by aerial survey methods. We examined a wide
range of satellite-derived SST variables to determine
which one best correlated with the observed bleaching
patterns. We found that the maximum SST occurring
over any 3-day period (max3d) during the bleaching
season predicted bleaching better than anomaly-based
SST variables and that short averaging periods (3–
6 days) predicted bleaching better than longer averaging
periods. Short periods of high temperature are therefore
highly stressful to corals and result in highly predictable
bleaching patterns. Max3d SST predicted the presence/
absence of bleaching with an accuracy of 73.2%. Large-
scale (GBR-wide) spatial patterns of bleaching were
similar between 1998 and 2002 with more inshore reefs
bleached compared to offshore reefs. Spatial change in
patterns of bleaching occurred at scales of �10 s km,
indicating that reefs bleach (or not) in spatial clusters,
possibly due to local weather patterns, oceanographic
conditions, or both. Approximately 42% of reefs

bleached to some extent in 1998 with �18% strongly
bleached, while in 2002, �54% of reefs bleached to some
extent with �18% strongly bleached. These statistics
and the fact that nearly twice as many offshore reefs
bleached in 2002 compared to 1998 (41 vs. 21%,
respectively) makes the 2002 event the worst bleaching
event on record for the GBR. Modeling of the rela-
tionship between bleaching and max3d SST indicates
that a 1 �C increase would increase the bleaching
occurrence of reefs from 50% (approximate occurrence
in 1998 and 2002) to 82%, while a 2 �C increase would
increase the occurrence to 97% and a 3 �C increase to
100%. These results suggest that coral reefs are pro-
foundly sensitive to even modest increases in tempera-
ture and, in the absence of acclimatization/adaptation,
are likely to suffer large declines under mid-range
International Panel for Climate Change predictions by
2050.

Keywords Climate change Æ Coral bleaching Æ Great
Barrier Reef Æ Sea-surface temperature Æ Spatial
correlation

Introduction

Mass coral-bleaching events, evident as regional-scale
episodes of stress in reef corals, have occurred over at
least the last two decades. Bleaching events have oc-
curred prior to the 1980s, but it is difficult to gauge the
spatial extent or the relative intensity of these episodes
because of lack of reporting, documentation, and
understanding. The first reported thermal bleaching
event was in 1911 at Bird Key Reef in the Florida
Keys when large numbers of corals were ‘‘injured’’
during unusually hot and calm weather conditions,
which also killed many fish, Diadema, and molluscs
(Mayer 1914). In 1929, a bleaching event was noted at
Low Isles on the GBR, also during hot, calm condi-
tions, which killed many corals on the reef flat (Yonge
and Nicholls 1931). Further bleaching events were not
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recorded until 1961 when bleaching was observed at
Key Largo in the Florida Keys (Shinn 1966). Since
1979, the number, scale, and intensity of reported coral
bleaching events has grown dramatically and this trend
has been linked to climate change (e.g., Hoegh-Guld-
berg 1999). To better understand the link between
coral bleaching and climate change, and the implica-
tions of climate change for coral reefs, it is important
to document large-scale bleaching events in detail. In
doing so, we improve our knowledge of the nature,
dynamics, contributing factors, and impact of such
disturbances. This knowledge will, in turn, help us to
better assess the future risk to reefs from climate
change at regional scales.

Mass coral-bleaching events do not necessarily affect
all reefs in a reef province during a bleaching episode
and rarely are bleached reefs affected equally severely.
An aerial survey of coral bleaching on the Great Bar-
rier Reef during the 1998 event, the worst on record up
to that time, showed that up to 72% of surveyed reefs
offshore and 13% inshore remained unbleached
(Berkelmans and Oliver 1999). In addition, bleaching
severity ranged from moderate (1–10% of cover) to
extreme (>60% of cover) with all reefs in the latter
category occurring on inshore fringing and patch reefs
and none occurring offshore (Berkelmans and Oliver
1999). Documentation is important because it provides
a context for repeated bleaching episodes and allows
reef managers to target the worst affected reefs for
special management efforts to ensure that their recov-
ery is not hindered by additional anthropogenic stres-
ses. Understanding spatial patterns, or ‘‘patchiness,’’ in
coral bleaching events is also important because it can
help shed light on causal relationships, especially when
environmental data are available at suitable spatial
scales and can be related to observed bleaching
patterns.

Although bleaching is a generalized stress response
by zooxanthellate organisms (e.g., Glynn 1993), mass
coral bleaching events are most often correlated with
temperature stress in conjunction with high light levels
(e.g., Dennis and Wicklund 1993; Drollet et al. 1994;
Winter et al. 1998; Hoegh-Guldberg 1999; McField
1999; Berkelmans 2002). However, correlating bleaching
events with temperature and other environmental data
have until now only ever been undertaken with temporal
data from one, or a few, specific locations. The spatial
correlation of temperature to bleaching remains to be
investigated and the capacity of satellite-derived, sea-
surface temperatures (SSTs) to predict bleaching is lar-
gely untested.

In January and February 2002, the Great Barrier
Reef experienced another large-scale coral-bleaching
event. We present the results of a dedicated aerial survey
to document this event and compare it to the 1998 event
that was surveyed in the same manner. We examine the
relationship between SST and bleaching, the predictive
capacity of SST, and assess the spatial patterns associ-
ated with each bleaching event.

Methods

Aerial surveys

A dedicated aerial survey was conducted to document the spatial
extent and intensity of bleaching on the Great Barrier Reef in the
austral summer of 2002. This survey was conducted after early
warnings of coral-bleaching conditions were received from several
sources: reports from automatic weather stations (Berkelmans et al.
2002; Hendee and Berkelmans 2002); field observations of coral
bleaching at sites visited regularly during the summer (Magnetic
Island, 19�05¢S, 146�52¢E, and Davies Reef, 18�30¢S, 147�23¢E); and
numerous bleaching reports from reef visitors. This survey was
identical to that conducted in 1998 using fixed-wing aircraft to
cover a latitudinal distance of >3,000 km (Berkelmans and Oliver
1999). Surveys were conducted at a flying height of �160 m over
11 days between 3 March and 20 March 2002 and covered a total
of 641 reefs. This compared with 654 reefs surveyed in 1998, al-
though for logistical reasons, the same reefs were not necessarily
surveyed in both years. The timing of the surveys was a compro-
mise between ensuring that bleaching on reefs was as advanced as it
was likely to be during the summer, but before major mortality had
a chance to set in. The surveys were conducted soon after the
hottest period was over, so most reefs that ultimately bleached are
likely to have been recorded as such. Substantial recovery of reefs
from bleaching prior to the surveys is unlikely; however, it is
possible that there has been some mortality prior to the surveys at
some of the worst affected reefs. Overall, it should be noted that the
aerial surveys generally give an underestimate of the true extent and
severity of bleaching because substantial whitening of corals has to
take place before it can be seen from the air (Andréfouët et al. 2002;
Berkelmans and Oliver 1999). Reefs were classified into five
bleaching categories based on the proportion of coral cover that
appeared white in a zone covering the reef crest and upper reef
slope. To conform to convention, the category labels were changed
from the 1998 survey (Berkelmans and Oliver 1999), but the cate-
gory bins remain the same. The categories used were 0 (<1%
bleached), 1 (1–10% bleached), 2 (10–30% bleached), 3 (30–60%
bleached), and 4 (>60% bleached).

SST data

Spatial sea surface temperature (SST) data were derived from ad-
vanced high resolution radiometer sensors aboard the NOAA14
and NOAA16 satellites at a spatial resolution of 1 km (Skirving
and Guinotte 2001). Data were processed using the National
Oceanic and Atmospheric Administration (NOAA) non-linear SST
algorithm, which is designed to give an estimate of SST at a depth
of 1 m (Barton 1995; Skirving et al. 2002). SST data used in this
analysis for 1998 and 2002 covered the period 20 December to 7
March and included the austral summer and the warmest SSTs on
the GBR. Data were averaged to give means for 25 consecutive 3-
day periods. Data for 2002 appeared �2–3 �C higher than for 1998
due in large part to calibration problems associated with the change
from NOAA14 to NOAA16 satellites in November 2001. Because
relative SSTs within years are the primary focus of this study, be-
tween-year variation did not present a problem. Nevertheless, to
enable a visual comparison of bleaching and SST patterns to be
made between bleaching events, the 1998 and 2002 data sets were
aligned by applying an offset based on weather station data.1

1 In situ temperature data were collected using high-precision
(0.02 �C) data loggers (Dataflow Systems) at 1- and 6-m depths at
Magnetic Island and an automatic weather station at Davies Reef
at 2-m depth. Logger and weather station sensors were calibrated/
corrected to an accuracy of ±0.1 �C.
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Statistical analysis

The presence–absence of bleaching in 1998 and 2002 was modeled
in terms of temperature characteristics derived from the satellite
SST data and spatial location. The latter was based on relative
distance across and along the GBR (Fig. 1), in preference to lati-
tude and longitude. This coordinate system results in isoclines that
are typically orthogonal or parallel to the physical structures and
prevailing currents of the GBR. The directions of the isocline axes
generally correspond to maximum (or minimum) rates of change of
biophysical measures and, thus, more effectively account for
changes in ecosystem properties (Fabricius and De’ath 2001). In
this system, ‘‘inshore reefs’’ typically lie within the first 30% of the
shelf width whereas ‘‘offshore reefs’’ typically lie within the last
70% of shelf width. Analyses were based on generalized additive
models (Hastie and Tibshirani 1990). These models are an exten-
sion of generalized linear models in that they can include smoothed
relationships between the response and the predictor variables.
Smoothers such as regression splines and local regression smoo-
thers can be used, and this enables more general and complex
relationships to be modeled. Together with variograms, these
models were used to assess (1) the potential of the various tem-
perature-based predictors; (2) the relationship between bleaching
and non-temperature based predictors, such as relative distance
across and along the GBR, year (1998 or 2002), and other cova-
riates; and (3) the spatial correlation between bleaching events.

A number of SST-based variables were used to assess which one
best predicted the 1998 and 2002 bleaching events. These included
maxima and various quantiles of temperature distributions over
periods varying from 3 days to 1 month. Measures of cloud cover

were also used based on counts of missing data observations in the
SST data. Cloud cover is the most usual reason for these missing
values. Other covariates were included in the predictive models
including area, perimeter, geomorphological reef type (Hopley
1982), and depth of surrounding waters (Lewis 2001). Spatial
correlation was modeled by including a Gaussian covariance term
in the error component of all models.

The bleaching status was predicted for all GBR reefs in order to
quantify overall bleaching levels for 1998 and 2002. This was
necessary because many reefs surveyed in 1998 were not surveyed in
2002 and vice-versa. Predictions were made using nearest-neighbor-
analyses. Based on cross validation, three nearest neighbors were
most effective. Bleaching was predicted as a three-level response
(none, moderate, heavy) and a two-level response (no/yes).

All analyses were conducted using S-Plus software (Statistical
Sciences 1999).

Results and discussion

In-situ bleaching observations in 2002

Bleaching in 2002 was widespread and occurred in pat-
ches over most of the 2,000-km length and 300-km width
of the GBR. Environmental conditions were monitored
throughout the summer. These data, together with
those from field observations and anecdotal reports,

Fig. 1 Illustration of the
across–along coordinate
system. The response variable
modeled in terms of across–
along is bleaching in 2002
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confirmed that extensive in-situ bleaching was indeed
occurring and helped optimize the timing of the aerial
surveys (e.g., Berkelmans and Willis 1999). The first field
evidence of coral bleaching in 2002 was noted on 7
January 2002 at Magnetic Island, an inshore reef in the
central GBR off Townsville (Fig. 2). No corals were
bleached 17 days earlier. On 7 January, species in ther-
mally sensitive genera such as Acropora and Montipora
had started to pale, but few if any colonies were white
(C. Smith, personal communication). Water tempera-
tures at this time had exceeded the 20-day threshold of
30.3 �C by 5 days and the 10-day threshold of 30.8 �C
by 3 days (Fig. 3a; Berkelmans 2002). By 8 February,
bleaching had intensified and up to 30% of hard corals
on the reef crest were estimated to be white with another

50% pale. These bleaching observation are approxi-
mately 3 weeks earlier than in 1998 at an equivalent
bleaching intensity (Berkelmans and Oliver 1999).

At Davies Reef, a mid-shelf reef off Townsville, no
appreciable bleaching was noted on 14 January 2002.
Most pocilloporids and a few Acropora sp. colonies
were slightly pale on top, but not more than the pig-
ment reduction often noted in non-bleaching summers
(e.g., Fitt et al. 2000). Water temperatures had been
above 29.1 �C for 15 days, still 5 days short of the 20-
day limit at this temperature (Fig. 3b; Berkelmans
2002). Six weeks later, on 28 February, approximately
10–15% of corals were assessed as white with another
60–70% pale in the lagoon. Bleaching on the reef
front was less intense. Temperatures at this stage had

Fig. 2 Raw aerial survey results
of coral bleaching in 1998 and
2002 overlaid on the maximum
3-day SST for every pixel
during the warmest austral
summer months (December–
March)
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exceeded the 20-day threshold for this site by 10 days
and the 10-day threshold of 29.5 �C by 1 day
(Fig. 3b).

Satellite SSTs and correlation with bleaching

To investigate the relationship between bleaching and
SSTs, it was first necessary to establish which satellite-
derived SST variable best matched the observed
bleaching patterns. Preliminary analyses showed the
majority of information lay in the dichotomy of
bleaching (bleaching categories 1–4) versus no bleaching
(category 0). Subsequent analyses dealt only with pres-
ence–absence of bleaching. Analyses based on general-
ized additive models showed that the best predictor of
presence–absence of bleaching for the years 1998 and
2002 was the maximum temperature over any 3-day
period (max3d SST) in the ‘‘bleaching window’’ of mid-
Dec to early March. The timing of max3d SSTs varied
from location to location on the GBR with some reefs in
the far-northern GBR experiencing the warmest tem-
peratures in late December whereas reefs in the central

and southern GBR generally experienced the warmest
temperatures in early-mid-February. Other SST-based
predictors were assessed, including maximum and vari-
ous quantiles of temperature distributions over periods
varying from 3 days to 1 month (Table 1). High quan-
tiles (>90%) over short to moderate periods (3–6 days)
were typically the best predictors with little to choose
between some of them. Several anomaly-based variables,
based on deviation from fixed reference temperatures of
28, 29, and 30 �C with varying periods of time averag-
ing, were also tried. These predictors generally per-
formed less well, with accuracies of �68–69% over short
averaging periods (Table 1). ‘‘Degree-days’’ above
thresholds of 28, 29, and 30 �C indicated that these
variables were marginally worse than max3d SST (Ta-
ble 1). Although the ‘‘hotspot’’ anomaly of Goreau and
Hayes (1994) and Strong et al. (1997) and the ‘‘degree-
heating-weeks’’ index of Gleeson and Strong (1995)
could not be replicated due to calibration problems be-
tween early and later years in our data set, our analyses
do suggest that the ‘‘degree-heating weeks’’ index should
perform better than ‘‘hotspots’’ (based on monthly
means), simply because of the shorter time-averaging

Fig. 3 Temperatures and
timing of onset of bleaching at
a Magnetic Island (Nelly Bay)
and bDavies Reef in early 2002.
Magnetic Island temperatures
measured with an in-situ
temperature logger and the
mean calculated over a 10-year
period with a 14-day smoothing
function applied. Davies Reef
temperatures from an
automatic weather station and
the mean calculated over a 15-
year period with a 14-day
smoothing function applied

Table 1 Summary statistics of
the accuracy of the four main
classes of sea surface tempera-
ture measures used in predicting
the presence–absence of
bleaching in 1998 and 2002
during the ‘‘bleaching window’’
mid-December to early March.
Temporal averaging of pixels in
two category ranges: 3–9 and
9–30 days

% accuracy (±SD) % accuracy (±SD)
Averaging period:
3–9 days

Averaging period:
9–30 days

1. High temp: e.g., max., >90 percentile 73 (2) 64 (3)
2. Moderate temp: e.g., 50–90 percentile,
mean, median

66 (2)

3. Days above threshold: 28, 29, 30 �C 69 (3) 62 (4)
4. Degree-days above threshold: 28, 29, 30 �C 68 (3) 65 (4)
5. Spatial adjustment of temps by long-term
average to 1–4 above: average change in prediction

)2 (3) )1 (2)
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period. In fact, a consistent feature of our analysis is that
prediction accuracy deteriorated as the period lengths
were increased. This suggests that short periods of high
temperature are highly stressful to corals and are more
likely to produce an unequivocal bleaching response
than other SST indices.

Predictors were also adjusted for long-term SST
averages (latitudinal gradient), but this did not improve
the presence–absence predictions. This result was unex-
pected. The bleaching curves of Berkelmans (2002)
indicate that substantial latitudinal variation exists in

bleaching curves, suggestive of long-term adaptation in
coral communities. However, two factors probably
contribute to this lack of improved prediction. First, the
bleaching curves indicate that at high temperatures and
short exposures (e.g., 3 days), the latitudinal variation
from the far northern to the southern GBR is <1 �C,
less than the amount of the spatial adjustment of long-
term means (�2 �C). Second, the presence–absence
bleaching predictions in this study are essentially a
function of the spatial structure in the SST data. This
spatial structure essentially separates out ‘‘no bleaching’’

Fig. 4 Patterns of bleaching
and 3-day maximum
temperature (the best predictor
of bleaching) for a 1998 and
b 2002. The patterns are
modeled with spatial smoothers
based on relative distance
across and along the reef, and
do not take into account spatial
correlation
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in the blue areas (<28 �C) from ‘‘bleaching’’ in the
yellow/orange/red areas of the maps (>29.5 �C, Fig. 2).
These relatively large SST (and bleaching) differences
occurred over small spatial scales (10 s km) in both the
northern and southern GBR during 1998 and 2002, and,
thus, mask any smaller systematic variation in bleaching
thresholds from north to south.

The relationship between the presence–absence of
bleaching and max3d SST did not depend on year
(1998–2002) or location on the GBR. There was also no
dependence of bleaching status on reef characteristics
such as area, perimeter, type of reef, or depth of sur-
rounding waters. Wooldridge and Done (2003) found
that a weighted distance from the 100-m isobath
(‘‘cost100’’) was a good predictor of bleaching using
Bayesian Belief Networks. Since this is a proxy for the
potential of mixing with cooler oceanic water, this may
have been a better variable to include in the model than
depth of surrounding water per se. Cloud cover was
estimated by the missing pixels for 2002 (not possible for
1998 due to missing data from causes other than cloud).
Although this looked promising with more cloudy days
suggesting less bleaching, insufficient data from the 1998
data set were available to make a strong inference. As
more data on cloud cover and perhaps other environ-
mentally relevant parameters (e.g., turbidity, chloro-
phyll, salinity, wind stress, etc.) become available during
future bleaching events, further improvement in predic-
tion of bleaching may be possible.

Based solely on max3d SST, 73.2% of reef status
(bleached or not bleached) was correctly predicted.
This compares with 56.7% by ‘‘informed guessing,’’
i.e., guessing all reefs bleached, and 50% by ‘‘blind
guessing.’’ Thus, high-resolution (1 km) satellite-

derived SST data can provide a generally reliable
spatial overview of the extent of bleaching during a
‘‘bleaching year.’’ These spatial overviews can be
undertaken at the scale ‘‘reefs’’ or even below, which is
the scale of most relevance to reef managers concerned
with resource state and disturbance. Given an inter-
nally consistent time-series of spatial data (i.e., accu-
rate between years), the extent of bleaching can also be
hind-cast from past years with relatively high confi-
dence.

Bleaching patterns

As with 1998, inshore reefs in 2002 generally had higher
levels of bleaching than offshore reefs. Reefs with >60%
of coral cover bleached occurred predominantly inshore
whereas only a few offshore reefs were classed in this
category (Fig. 2). Modeling of these bleaching patterns
with spatial smoothers based on relative distance across
and along the reef (without accounting for spatial cor-
relation) confirmed that there was a strong inshore–
offshore effect in 1998 (Fig 4a) and a somewhat weaker
one in 2002 (Fig. 4b). In both years, there was also a
strong offshore bleaching pattern in the central GBR,
with bleached reefs covering slightly more latitude in
2002 than 1998.

Apart from broad along and across similarities,
there were also many smaller scale (10 s km) differ-
ences in the bleaching patterns between 1998 and 2002.
Reefs in the Princess Charlotte Bay area, for example,
suffered major bleaching in 2002, but not in 1998. In
contrast, many inshore reefs north of Princess Char-
lotte Bay bleached in 1998, but not in 2002 (Fig. 2).

Table 2 Summary statistics
showing predicted levels of
bleaching for 1998 and 2002
based on numbers of reefs in A
two categories (presence-
absence) and B three categories
(none-moderate-heavy). In the
three-category predictions,
category 1 = aerial survey
category 0; category 2 = aerial
survey categories 1 and 2; and
category 3 = aerial survey
categories 3 and 4

1998 2002

Bleach Pred. # reefs (%) Pred. # reefs (%)

A. Two category (presence–absence) prediction
Whole GBR No 1,697 57.6 1,368 46.5

Yes 1,248 42.4 1,577 53.5
Total 2,945 2,945

Inshore GBR No 305 25.7 331 27.9
Yes 881 74.3 855 72.1
Total 1,186 1,186

Offshore GBR No 1,392 79.1 1,037 59.0
Yes 367 20.9 722 41.0
Total 1,759 1,759

B. Three category (none–moderate–heavy) prediction
Whole GBR 1 1,705 57.9 1,383 47.0

2 709 24.1 1,040 35.3
3 531 18.0 522 17.7
Total 2,945 2,945

Inshore GBR 1 308 26.0 343 28.9
2 378 31.9 426 35.9
3 500 42.2 417 35.2
Total 1,186 1,186

Offshore GBR 1 1,397 79.4 1,040 59.1
2 331 18.8 614 34.9
3 31 1.8 105 6.0
Total 1,759 1,759
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Similarly, the Capricorn Bunker Group in the southern
GBR had major bleaching in 1998, but not in 2002.
Also, a group of reefs in the southeast Swains Reefs
area, protruding into the Coral Sea, showed moderate
to heavy bleaching in 2002, but not in 1998 (Fig. 2).
Thus, small-scale patterns are not consistent across
years. The spatial correlation of bleaching between
closely located reefs within years was moderately
strong. Changes in patterns of bleaching occurred at
scales of �10 s km, suggesting that reefs tend to
bleach (or not) in spatial clusters. The scale of this
spatial correlation was estimated in terms of relative
distance across and along the reef. The correlation was
negligible for reefs separated by >15% of the width

and/or length of the GBR. For reef managers, these
results mean that there may be consistent broad-scale
patterns between bleaching events with inshore reefs
generally more susceptible to bleaching than offshore
reefs. This may be due to the fact that shallow inshore
waters generally exhibit greater extremes in tempera-
ture during summer compared with offshore reefs,
especially in bleaching years (Berkelmans 2001).
However, at the scale of reefs or reef clusters, the
cause of patchiness is more difficult to define. It may
be simply due to variation in local weather conditions
or a combination of weather, bathymetry, current
patterns, and coral community type (e.g., Wooldridge
and Done 2003).

Fig. 5 Three-level (none-
moderate-heavy) predictions of
bleaching for all reefs in a 1998
and b 2002 based on nearest-
neighbor classification. The size
of each colored shape
represents actual drying reef
area for each reef. Bleaching
categories as for Table 2b
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Quantitative comparison of 1998 and 2002

To enable a quantitative comparison of bleaching be-
tween 1998 and 2002 on all GBR reefs to be made (not
just those surveyed), the bleaching status of reefs was
predicted as two-level (presence-absence) and three-level
(none-moderate-heavy) responses. Error rates for two-
level bleaching were �10% and for three-level responses
�19% for both 1998 and 2002. Over the whole GBR,
approximately 54% of reefs bleached in 2002 compared
to 42% in 1998 (Table 2, Fig. 5). Inshore reefs showed
higher bleaching rates (>70%) compared to offshore
reefs in both 1998 and 2002, many of them to high
intensity (42% in 1998 and 35% in 2002). The major
difference between events, however, is the occurrence of
bleaching on offshore reefs with around 21% of offshore
reefs bleached in 1998 compared with �41% in 2002.
The incidence of high intensity bleaching on offshore
reefs was also slightly greater with 6% of reefs in cate-
gory 3 in 2002 compared with 2% in 1998. Thus, the
2002 bleaching event has eclipsed the 1998 event as the
worst on record for the GBR.

Bleaching-rate predictions

An examination of the parameter estimates of the model
provides insights into the sensitivity of reefs to climate
change (Fig. 6). The simple probability model used in
this analyses is:

P ¼ 1= 1þ e �a�bxð Þ
� �

where b is the slope. Therefore,

Odds ¼ P= 1� Pð Þ ¼ e aþbxð Þ

Thus, a change of 1 unit in x corresponds to a change
of e(b) in the odds of a bleaching event occurring.

Since the slope of the regression in the models is 1.76
(Fig. 6), the odds of a reef bleaching increase by a factor
of 5.8 (95% CI=2.7, 12.7) for each 1 �C increase in
maximum temperature. Because �50% of reefs bleached
in 1998 and 2002, a 1 �C increase on 1998/2002 tem-
peratures would raise the bleaching occurrence to 82%.
Extending this further, a 2 �C increase would raise the
proportion of bleached reefs to 97%, whereas a 3 �C
increase would see 100% of reefs bleached. These pre-
dictions may be conservative since the regression slope
would be steeper if two outliers, representing reefs that
had very high temperatures and bleaching, were re-
moved from the model (Fig. 6). Alternative models that
were smooth, rather than linear, and therefore ‘‘better’’
accommodated these two points, did not perform better
overall. Therefore, although the two outliers do have
high leverage, they do not have an undue effect on the
model. These bleaching sensitivities are consistent with
independent modeling approaches by Hoegh-Guldberg
(1999) and Done et al. (2003) on future bleaching sce-
narios that indicate that coral reefs are likely to be
greatly impacted by climate change. Because average
GBR temperatures are expected to rise by 1.2–1.9 �C
by 2050 (Done et al. 2003, based on mid-range IPCC
scenarios) and short-term (days–weeks) extremes will
probably rise by more, substantial autonomous adap-
tation/acclimatization of coral communities will be re-
quired over the next few decades to avoid a highly
depressed state of coral abundance by the middle of the
21st century.

In summary, this study contributes a greater
understanding of coral bleaching patterns over small
(km) to large (1,000 s km) scales covering two mass
bleaching events on the GBR. These patterns are un-
derpinned by high SSTs, some measures of which (e.g.,
max3d SST) can be used with relatively high accuracy
to now- or hind-cast presence–absence of bleaching.
Patterns of bleaching indicate that inshore reefs have so
far been more vulnerable to bleaching than offshore
reefs. While the 2002 bleaching event surpassed the
previous worst bleaching event of 1998 on the GBR in
terms of numbers reefs and intensity of bleaching, this
may be nothing compared to bleaching and mortality
levels we are likely to see when temperature extremes
increase just 1 or 2 �C above current levels as our cli-
mate warms.
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