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Executive Summary 

Anecdotal evidence from numerous sources has suggested that physical factors can protect 
local areas from coral bleaching within a regional warm anomaly. These include physical factors 
that:  

1. reduce temperature stress,   
2. enhance water movement and thereby flush toxins produced during bleaching,  
3. decrease light stress,   
4. predispose corals to tolerate bleaching  

These we refer to as ‘the four bleaching resistance hypotheses’. 

An opportunity to investigate the potential contribution of these factors to coral survival came 
about in the summer of 2001-2, when the Great Barrier Reef was exposed to a regional warm 
anomaly. 

To this end, the Australian Institute of Marine Science (AIMS) undertook a systematic 
assessment of bleaching impacts in places that demonstrated a wide range of these physical 
factors. 

By making use of existing oceanographic and remotely sensed data, broad-brush aerial surveys, 
detailed ecological assessments, spatial statistics, Bayesian networks and Geographic 
Information System tools, AIMS was able to: 

• Investigate environment-impact relationships in an ‘information-rich’ context 

• Understand the relative strengths of cause-effect relationships 

• Address the development of guidelines to identify places most likely to survive best in future 
bleaching years, for both ‘information – rich’ and ‘information-poor’ coral reef areas globally. 

The overall approach and main findings were as follows: 

One kilometre resolution satellite sea-surface temperature (SST) maps that tracked the 
development of the anomaly through the summer period in three-day intervals were created. 

These maps showed the summertime heating to be patchy, and allowed us to identify relatively 
‘cooler’ and ‘warmer’ patches covering tens to hundreds of square kilometres.  

Taxonomically detailed, in-water assessments of bleaching impacts were conducted in June to 
August 2002, some months after the peak bleaching period. These were done in shallow reef 
areas (the upper10 m) at 154 sites on 33 reefs spread over 1000k km across and along the 
central and southern parts of the Great Barrier Reef, and into the Coral Sea. 

A number of our observations were in accordance with bleaching resistance hypothesis 1 
(amelioration of heating though cooling). 

• There was a moderately strong relationship between the severity of indices of bleaching 
and coral mortality, and the location of the large (10s – 100s of square kilometres) 
cooler and hotter patches 

• Coral bleaching impacts were generally highest in the hottest areas.    
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• In large cool areas, especially on the outer margins of the Great Barrier Reef, coral 
survival was generally high.  

However other places escaped major impact despite their being located in hotter regional 
patches. 

• Factors purported to decrease ‘light stress’ (hypothesis 3) appeared to be of secondary 
importance compared to those that affected mixing (hypotheses 1 and 2).  There was 
only a weak suggestion of reduced impact with increased depth in clear waters, but also 
some suggestion of reduced impact on horizontal reef flat sites.     

• The explanation for increased resistance in large warm patches was more consistent with 
the hypothesis that finer scale mixing can lead to cooling (hypothesis 1) and/or flushing 
of toxins (hypothesis 2) that can ameliorate the impact. 

However mixing alone was insufficient to fully explain the observed patterns. 

Our capacity to explain and predict likely impact levels was significantly improved if we 
introduced ‘factors that predispose high tolerance in corals’ (hypothesis 4). These were 
ecological and historical environmental information: i.e.  

• The broad class of coral community at each site (derived from hard coral species inventories 
compiled during the assessment).  We recognized four broad classes of coral community 
that we also viewed as proxies for all reef-associated biodiversity, not just corals. 

• The local coral community’s history of acclimatization (constructed from AIMS’ 1990s 
archive of sea-surface temperatures). 

Different combinations of factors appeared to be more or less effective in predisposing different 
community types to tolerate heat stress: 

• 1990s acclimatization in warmer waters appeared to predispose higher survival in 
offshore reef-flat communities (‘type 3) 

• 1990s acclimatization in cooler waters appeared to predispose higher survival in 
nearshore fringing reef communities (‘type 4’), though it did not prevent the occurrence 
of significant bleaching. 

• 1990s acclimatization – neither warmer nor cooler – had any ameliorating effect on 
survival of slope communities (types ‘1’ and ‘2’) on heat-stressed offshore reefs. The only 
offshore slopes that had ‘low’ impact were those that occurred in cool patches. 

For other reef regions globally, the full range of data accessible to the AIMS team may not be 
necessary to predict the location of likely low-impact areas. 
 
Preliminary work suggests that for areas where the highly effective 1 km SST data are not 
available, helpful proxies might be developed by combining public domain information such as 
NOAA-NESDIS ‘hotspots’, and data on local bathymetry and tides. 
 
To summarise, we developed proxies for each of the hypothesized factors that reflected their 
likely mode of action and geographic propagation. They had better explanatory power used in 
combination than when tested singly. Great insights were gained by adopting a Bayesian 
approach that built on the prior beliefs and assisted learning of interrelations from our diverse 
data.  The prior beliefs included those that were embedded within both the bleaching 
hypotheses and the proxies. 
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Recommendations for identification of highly protected areas in MPAs: 

 MPA practitioners should consider the initial identification of prospective reefs for 
inclusion as a risk-spreading process. 

 Aim for a comprehensive representation of coral reef biodiversity in the ecoregion of 
interest. 

 Use heat stress indicators derived from sea-surface temperature (SST) maps for known 
bleaching years to identify those places that were relatively ‘cooler’ as that may have a 
better chance of escaping heating anomalies in future 

 Within these ‘cooler’ areas, select reefs that include replicated representation of all the 
classes of coral reef biodiversity for the ecoregion.   

 Look to field assessments, longer-term data and local knowledge to seek to include 
biodiversity not represented in the ‘cooler’ areas. 

 To maximise both the inclusion of all biodiversity and the potential for acclimatization to 
increasing temperatures, include reefs that have historically been exposed to both 
relatively warmer and relatively cooler waters for that part of the world. 
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Introduction 

The protection of the marine biodiversity of coral reefs is based primarily on Marine Protected 
Areas (MPAs), which range in size from thousands of square metres to thousands of square 
kilometres (Kelleher 1999; Salm et al. 2000). The idea of MPAs is that their configuration should 
be designed and environments, habitats and biological populations and processes managed in 
ways that secures their long-term viability and resilience (Sala et al 2002).  For any given MPA, 
management actions include: precautionary management of fishery stocks, ranging from 
complete ‘no take’ to some lesser limitation of effort and total catch; prohibition or limitation of 
destruction of habitat; limitation of land- or maritime based pollution, including sedimentation, 
fertilizer runoff, sewage pollution, oil spills, shipping accidents, and the like.   
 

Unmanageable pressures and the design of Marine Protected Areas 

Even the best managed MPAs are exposed to some quantifiable level of risk of exposure to 
unmanageable events such as flood plumes, storm waves or predator outbreaks that cause 
immediate negative impacts on the biodiversity that the MPA is intended to protect (Done 
1995).  Any given hectare will have a profile of probabilities of exposure to such hazards, and 
what this profile will look like will depend on just where that hectare is: which ocean; what 
latitude; its proximity to and direction from major rivers; its local oceanographic setting; its 
surrounding bathymetry, and that of the reef of which it is a part; its recent history of 
disturbance; its current ecological state.   Where the geographic footprint of a given 
unmanageable event is large compared to the size of the protected area, the event can 
completely undermine the area’s biodiversity conservation effectiveness. Where the area is large 
compared to the footprint, a well-designed network of protected areas should effectively 
conserve biodiversity.  The design of new networks of coral reef protected areas for the first 
decade of the 21st Century might ideally be guided by knowledge of both the profiles of 
unmanageable risks for all reefs within an area, and the ecological responses that they cause. 
 
These days, ‘proneness of corals to bleach and die’ – another phenomenon that is 
geographically non-uniform (Goreau and Hayes 1994) –needs to be added to the risk profiles.  
‘Coral bleaching’ is shorthand for perhaps the most insidious of unmanageable hazards faced by 
coral reefs: environmentally stressed corals become pale or bleach white through expulsion of 
damaged zooxanthellae, through reduction in the photosynthetic pigments within the 
zooxanthellae or both (Glynn 1996; Brown 1997).  Coral bleaching is a generalized stress 
response caused by prolonged exposure to anomalous environmental conditions: in particular, 
sea temperatures that are around 1oC or more higher than the long-term mean summer maxima 
for the place in which the individual coral lives (Goreau and Hayes 1994).  Different coral 
species have different susceptibilities (Marshall and Baird 2000), suggesting the potential for 
both biodiversity loss, and local adjustments in the composition of coral communities. As global 
temperatures rise, the incidence of coral bleaching is likely to increase in severity and 
geographic range (Hoegh-Guldberg 1999). 
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Physical basis of resistance 

Salm et al. (2001) singled out areas of relatively high coral survival amidst generally badly 
affected areas for special protection in MPAs.  They made two main points: the critical 
importance of MPAs as sources of larvae to drive the recovery and survival of biological 
populations of coral and associated communities that do succumb to bleaching or other 
stresses;, the value of replicating protected areas to spread the risk of bleaching and other 
stresses.   This raises the scientific challenge of how we recognize such places. 1) Which places, 
by virtue of geography and oceanography, are unlikely to be exposed to an anomaly capable of 
causing a bleaching and mortality response?  2) Which places can resist an anomaly, on account 
of being well adapted – i.e. occupied by a suite of heat-resistant coral and zooxanthellae species 
and/or genotypes? 
 
West (2001) and West and Salm (2003) note that a number of environmental factors have been 
suggested to help coral communities resist bleaching, and framed them as a series of testable 
hypotheses (Table 1).  In 2002, the Great Barrier Reef suffered a widespread, but very patchy, 
coral bleaching event on reefs scattered over many thousands of square miles.  This event, and 
this very patchiness, offered a timely opportunity for a retrospective study to test these 
hypotheses.  The test took the form of a detailed assessment of ecological impacts over a large 
geographic area and in a broad range of habitats and heat-stress settings. We then investigated 
the efficacy of various proxies for the factors in Table 1 to refine our capacity to recognize those 
sites likely to reliably resistant to bleaching, as opposed to those that were ‘lucky this time’. 
 

TABLE 1. Agreed list of factors that may correlate with coral bleaching resistance 

A. Physical factors 
that reduce 
temperature stress 
 

B. Physical factors 
that enhance water 
movement and flush 
toxins 

C. Physical factors 
that decrease light 
stress 
 

D. Physical factors 
that correlate with 
bleaching tolerance 
 

 Exchange (warm 
water replaced 
with cooler 
oceanic water) 

 Upwelling 

 Areas adjacent to 
cooler deep 
water 

 Wind-driven 
mixing 

 Fast currents 

 Topography 
(peninsulars, 
points, narrow 
channels) 

 High wave 
energy 

 Tidal range 

 Wind 

 Shade (high 
island shadow, 
reef structural 
complexity) 

 Aspect relative to 
sun 

 Steep slope 

 Turbidity 

 Cloud cover 

 Temperature 
variability 

 Emergence at 
low tide 

 Stable salinity 

 

Genetic basis of resistance 

The associations between strains of the zooxanthellae Symbiodinium and their coral hosts 
appear to be related to environmental factors. For example, light-related patterns of zooxanthella 
distribution have been documented in several Caribbean corals (Rowan and Knowlton 1995; 
Rowan et al. 1997; Baker et al. 1997) and similar patterns related to the physiology of the 
holobiont have been observed in Indo-Pacific corals (Rodriguez-Lanetty et al. 2001; van Oppen 
et al. 2001). Baker (2001) observed a significant change in symbiont communities after stress-
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induced bleaching (increased irradiance) following transplantation of corals from deep to 
shallow water. Moreover, Glynn et al. (2001) showed that far-eastern Pacific corals harboring 
symbionts of a particular genotype (clade D) had suffered less from the 1998 coral bleaching 
event than those that associated with symbionts of a different genotype.  It was thus important 
that we look for evidence of such genetically based resistance in our study.  
 

Summer 2001-2 

In the summer of December 2001 to March 2002, a combination of elevated air temperatures 
and frequent low winds produced sea surface temperatures (SSTs) of ≥1oC above the 20-year 
average for two periods, each lasting several weeks.  Low-resolution maps (50 km pixels) 
showed the SST anomaly to be much more widespread in 2001-2 than in the previous bleaching 
year on the Great Barrier Reef of 1997-8 (Fig. 1).  Access to AIMS’ daily high-resolution SST data 
and maps (1 km pixels – Skirving et al. 2002) allowed us to map SST anomalies at the sub-reef 
scale in the Great Barrier Reef and Coral Sea, and to seek correlations between SST and the 
impact of bleaching on different types of coral communities in a range of depths and habitats.   
 
To learn from the 1997-8 and 2001-2 bleaching years, we needed to try to distinguish among 
those places that did not bleach because they were in a place that was not exposed to a 
temperature anomaly, and those that did not bleach despite exposure to a temperature anomaly 
(Fig. 2). Both classes of place may be very important reservoirs of abundance and biodiversity in 
coming decades. 
 

Overall approach 

The overall approach of the study was as follows: 

• Use high-resolution (1 km) daily satellite sea-surface temperature (SST) records to 
develop maps of summertime heating of the entire Great Barrier Reef.  

• Use the maps to select a large series of reefs in relatively warmer and cooler areas for 
assessment of bleaching impacts. 

• Undertake these assessments at detailed levels of coral taxonomy (Appendix 1), reef 
habitat and depth zone, and express them as indices of ‘coral bleaching’ and ‘coral 
mortality’. 

• Complement the ecological assessments with a series of ‘site descriptors’ recorded in 
the field  that capture the local settings pertaining to the factors in Table 1. 

• Look for direct predictive relationships between indices of summertime heating at each 
site and their corresponding ecological impact indices. 

• Try to determine indirect predictive relationships between the geographic and physical 
settings that have moderating or enhancing effects on summertime heating through 
mechanisms in Table 1. 

• Organize our predictive capacity into a set of guidelines to assist identification of sites 
likely to survive best in future bleaching years. 
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• Investigate the potential utility of inclusion of some derivative of the widely available 
NOAA-NESDIS ‘hot-spots’ (50 km resolution) in the guidelines or decision support tools, 
as an alternative to the more detailed but less accessable1 km product.  

• Look for genetic strains of zooxanthellae that may be associated with places of high and 
low bleaching impact 

 
Through this approach, we improved our understanding of the relationship between the pattern 
of seawater heating and the pattern of coral bleaching in the Great Barrier Reef in 2002. For 
those places that survived in regionally hot areas, we were able to differentiate those that 
survived due to local physical factors that caused local cooling, and those that survived despite 
their being located in areas exposed to heat stress.   
 
We see this work as an initial step in a longer-term effort that we believe will assist marine 
protected area practitioners identify areas likely to be bypassed by (or avoid) future intense 
warming, and areas where the reefs themselves may have some resistance to bleaching or a 
strong capacity to recover if they succumb (resilience). Areas that have good prospects for 
survival by virtue of one or more of these three attributes - avoidance, resistance or resilience - 
need to be differentiated from each other, and to be factored into plans for protection from 
anthropogenic threats such as pollution, sedimentation and overfishing that would otherwise act 
as additional stressors. 

FIGURE 1. ‘Hot spot’ anomaly maps, indicating differences between 1998 and 2002 in the extent and 
duration of the anomaly in the vicinity of the Great Barrier Reef. These images were cut from the NOAA-
NESDIS web-site http://orbit35i.nesdis.noaa.gov/orad/. 
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FIGURE 2. Diagram differentiating the types of local areas (i.e. B. and C) that are most likely to have a 
relatively higher coral survival rate as regional sea temperatures rise (Source: Done 2001). 
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Methods 

Overview 

To identify the reefs that had been exposed to the greatest physical stress (i.e. highest 
temperature anomalies), the AIMS remote sensing team created 3-day average satellite sea 
surface temperature (SST) maps with a resolution of 1 km2 for the period from 1 December 
2001 to 4 April 2002 for the entire Great Barrier Reef World Heritage Area and adjacent Coral 
Sea (> 500,000 km2).  A composite ‘whole of summer’ map was produced that indicated the 
numbers of days that each 1-km2 pixel exceeded its long-term average by more than one 
standard deviation, thus identifying patterns of relative summer over-heating at 1 km resolution. 
This allowed us to choose for field assessment, reefs in relatively hotter and cooler reef waters, 
and moreover, relatively hotter and cooler habitats within hotter and cooler reefs.  
 
We undertook three cruises over a total of about 30 days, surveying 154 on thirty three reefs 
from the southern to the central Great Barrier Reef (a distance of around 1000 km, and from less 
than a kilometer from the coast, to > 200 km out into the Coral Sea.   We wanted a sample of 
sites that encompassed reefs subjected to a range of heat stresses, and developed two 
indicators: one ‘anomaly’ index (the ‘whole of summer’ measure of cumulative stress described 
above), and one ‘maximum temperature’ index (a measure of maximum stress).  We also 
developed a map of average summertime maxima for more ‘normal’ years, as an indicator of the 
conditions to which different places may be expected to have acclimatized. 
 

Mapping of heat stress: identification of relative ‘hotter-spots’ and  
‘cooler-spots’ in summer 2001-2 

Three-day mean SST’s were computed for all GBR-Coral Sea pixels for the period 1 December 
2001 to 4 April 2002 using AIMS archives.  The two indices of 2002 heat stress and the one for 
more normal temperatures were then developed as follows: 

a) Cumulative number of days of high heat anomaly as measure of heat stress  

The anomaly for each pixel and three day period is ti - t90s, where  

ti  is the three day mean, for each 3 day period commencing 1 December 2001, and  
t90s is the mean of the equivalent fortnight for the 1990s (excluding 1998) plus 2000. 
(The year 1998 was excluded because it was an anomalously hot year).  

For each three day period, we generated a frequency distribution of the anomaly values for all 
500,000 or so pixels in the scene, and accumulated the score of the number of time each pixel was 
> 1 standard deviation above the mean anomaly score.  This value was multiplied by three to allow 
us to refer to the index as the number of days of anomaly. In relative terms, the higher this score, the 
hotter the pixel over the entire summer, and the lower, the cooler.  The cumulative score was 
mapped in ArcView GIS with reef outlines, and used to select a range of ‘hotter’ and ‘cooler’ sites for 
ecological characterization and bleaching impact assessments.  By use of ArcView’s zooming facility, 
we could identify both large scale patchiness (10s to 100s of square kilometres), and ‘meso-scale’ 
patchiness (one to a few kilometres) in the value of the index (Fig. 3B,C). We also used this index of 
‘cumulative heat stress’ for summer 2001-2 in our data analysis as follows: low cumulative heat stress 
= < 45 days, medium = 45 – 60 days, high = > 60 days.    
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FIGURE 3 Great Barrier Reef study area.  A. The figure indicates the meaning of the terms inner-, mid- and 
outer-shelf reefs, and the Great Barrier Reef lagoon. Note that most reefs are surrounded by waters 
ranging in depth between 15 and 150 m.  B. Map of cumulative temperature anomaly during summer of 
2001-2. Red indicates warmer, blue cooler. Boxes indicate locations of study reefs.  C (next page). Close 
up view from ArcView GIS, showing information available for site selection at local scale.  Pixels are 1 km 
per side. (Locations of bleaching assessment sites are shown in Figs. 8 – 12).  
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b) Maximum three day temperature as a second measure of heat stress 

A second analysis using results from aerial surveys of bleaching during summers of 1998 and 
2002 indicated that maximum temperature estimated from the satellite SST maps was a good 
indicator of heat stress. R. Berkelmans and G. De’ath (unpublished) compared various measures 
from the SST data with bleaching impacts assessed from low flying aircraft in 1998 and 2002.  A 
total of 1216 reefs was used in the analyses; 576 from 1998 and 640 from 2002.  They found 
that the best predictor of the presence or absence of bleaching for both years was the maximum 
temperature (max3day) over any 3-day period in the "bleaching window" of mid-December to 
the end of February (see Results). Numerous other temperature-based predictors were assessed, 
including maximum and various quantiles of temperature distributions over periods varying from 
3 days to 1 month. High quantiles (>90%) over short to moderate periods 3-6 days were 
typically the best predictors with little to choose between some of them. For some of our 
analyses, we categorized ‘maximum heat stress’ for summer 2001-2 as follows: low heat stress = 
< 310 C, medium = 31 – 32.90 C, high = > 32.9 0 C.   
 
c) Average 1990s temperatures as a measure of ‘normal’ summertime temperatures  

Each site was characterized by an index that we consider to be a proxy for the thermal 
environment in which the site’s corals acclimatized during the 1900s. We used a Principal 
Components Analysis of the mean monthly maximum temperatures for January, February and 
March to classify Great Barrier Reef waters according to their ‘normal’ summertime temperature 
regimes in recent years. Classes of water defined as five subdivisions the scores for the first 
Principal Component of mean monthly summer maximum SST (i.e. Dec-Feb, 1990-2000, 
excluding 1998, which was an exceptionally hot year).  The map of these classes indicates the 
different thermal environments to which the reefs in the study area had been exposed in the 
decade preceding the study.   
 

Ecological characterizations and bleaching impact assessments 

We undertook assessments of bleaching impact and coral mortality on coral communities of 
154 sites at 54 locations on 33 reefs between June 25 and August 1 2002.  Reefs and locations 
within reefs were selected to include a range of heat stress anomaly scores from 24 to 78 days.  
At the majority of locations, assessments were conducted by three observers: on the reef flat 
(TD - meandering swim through an area of ~ 100 – 200m2); on the adjacent reef slope at depths 
of ~ 3 m and ~9 m below the reef flat (ET and MW - each a meandering swim of around 80 – 
100 m). Reef flats were surveyed on snorkel, and reef slopes on SCUBA. All slope surveys were 
conducted to a maximum depth of 9 m in order to maximize the number of sites we could 
survey within no decompression limits. We undertook a 20-30 minute survey during which time 
we compiled a taxonomic inventory of hard and soft corals (Table 2A), at the same time noting a 
bleaching impact category or categories observed within each taxon.  At the end of the survey, 
we completed the data sheet as follows: 
 

1) Each bleaching category within each taxon (Fig. 4A), subjectively rated on a 5-point scale 
according to its contribution to overall hard coral cover.  Notional equivalents are:  1 = 
1-2 colonies only; 2 = <5%; 3 = 5–30%; 4 = 31–75%: 5 = >75%. Common species were 
listed on prepared underwater data sheets (Table 2A), and these were updated as 
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necessary during the cruises.  Taxonomic sources were Veron (2000) and Wallace 
(1999). 

2) Each site was described according to a series of descriptors, such as depth range, slope, 
aspect, rugosity, reef development, and subjective estimates of percentage cover of live 
(Fig 4A) and dead-standing (Fig. 4B) hard coral, other benthos, and non-living substrata, 
as defined in Table 2B. Note that the percentage cover of dead hard coral referred only 
to that which we judged to have taken place in the summer of 2001-2, and that we 
attributed to the coral bleaching episode. (For example, we excluded from the estimate 
dead coral that we attributed to crown-of-thorns starfish during 2001-2 that we observed 
at one reef). 

3) For each site, we also made extra topographic assessments to codify the local 
topographic context, as it may affect the hypotheses in Table 1: 

• Exposure (from 1 = sheltered to 4 = maximum wave exposure) 

• Reef Development (from 1 = negligible to 4 = maximum). 

• Compass orientation. Coded in field as compass bearing in degrees, then 
categorized for analysis into nearest compass point, North, East, South or West (for 
reef slopes), or Horizontal (for reef flats).  For a small number of slope sites that 
circumnavigated reef outcrops or had other major variability in orientation, it was 
apportioned among these categories 

• Topographic relief: 

o Coarse Rugosity  (from 0 = flat and < 0.5 m undulations to 4 = 4 m vertical relief) 

o Surface Rugosity  (from 0 = smooth and < 0.1 m undulations to 4 = 0.5 m vertical 
relief. 

• Deep slope (estimate of the angle of the slope below our deepest survey site) 

• Maximum depth (estimate of the depth of the sea floor adjacent to the reef base) 
 

Bleaching impact indicators and diagnostic variables 

To assist our investigation of the four resistance hypotheses, we developed a number of 
additional variables for each site, based on both the field data and on other sources.  
 

BLEACHING IMPACT INDICATORS 

For each site, we calculated two indices of ‘bleaching impact’ (where ∑ signifies the column 
totals for the indicated category in Table 2A). 

1. Bleaching index = (1*∑shadow+ 2*∑blotchy + 3 * ∑white + 4*∑partial 
dead)/4*(∑OK+∑shadow+∑blotchy+∑white+∑partial dead) 

2. Coral mortality = [% dead coral / (% dead coral + % live hard coral)] x 100. 
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COMMUNITY TYPES 

We derived ‘coral community types’, with potentially differing susceptibilities to heat stress, from 
the lists of hard corals weighted by abundance but excluding bleaching scores. We used the 
technique of  ‘k-mean clusters’ (Statistical Sciences 1995), which calculates the Euclidean 
distance between all sites and produces groups by an iterative method that minimizes distances 
within the groups and maximizes them between groups.  
 

FIGURE 4.  Schematic representation of coral categories. A. Colour categories of living hard coral, including 
colours used in graphics.  B. The dead standing coral category, with dark colour indicating fouling by algal 
communities. 
 
 

HABITAT CLASS 

We assigned each site to a habitat class. For the mid- and outer shelf reefs, these classes outer 
slope, lagoon, back-reef, or channel.  For the inner, coastal reefs, we used the single class 
‘fringing reef’.  
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TABLE 2A  Underwater data sheet. Page for taxonomic assessment of bleaching state of each site.  
Abbreviations are included for common taxa, and spaces left to pencil in species not on the list. Columns 
for each category of bleaching (5 point scale), and for colony size classes (proportion of local population). 

SITE Name: Date: Time: Obs:
Lat: long: Depth: Vis: Tide: T sea: air:
taxa ok sh blt wh p/d 10 50 + taxa ok sh blt wh p/d 10 50 + taxa ok sh blt wh p/d 10 50 +
Pdam Astreop FAVITES
Pver  Fabd
Shys Fcompl
Spist PORITES Fflex

Pmass Fpent
Pcyl

Mencr Plich GONIAST
Maeq Pmayeri Gedw
Mdan Pnigr Gpec
Mefflor Prus Greti
Mgris
Mhisp Goniop PLATYGYRA
Mhoff Pdae
Minf Psammocora Plam
Mmon Pdig Ppin
Mpelt Phaim Psin
Mstel Pniers
Mtub Leptoria
Mturg Pavona
Mturt Pduer Montastrea
Mund Pexpl Mannul

Pvar Mcurta
Pven

Pvers
Acropora Leptoseris D. heliop
Aabrt Lexpl Leptastrea
Aacul Lscab Lprui
Aanth Lpurp
Aasp Gardenoser Ltrans
Aaus Coeloser Cyphastrea
Abrug Fungia Cmicrp
Acer Fconc Cser
Aclath Ffung Echinopora
Acun Fpoum Egem
Acyth Elam
Adig
Adivaric Ctenactis Euphyllia
Aech Podobac Eanc
Aelseyi Eglab
Aflor Galax Pyhsogyra
Aform Echinophyl
Agem Mycedium Turbinaria
Agrandis MUSSIDS Tmes
Ahum Treni
Ahya Aech Tstel
Alat Ahemp
Alist Millepora
Alor Lcoryymb Lobophytum
Alongicy Lhemprich Mexesa
Alutk Srect Mplaty
Amicrp Sagaricia Mtenella
Amill Tmus
Amontic FAVIDS Sarco
Anas H. exesa Sinul
Anob Hmicr Xenia
Apal Hrigida
Apan Mamp Palyth
Arob Zoanthus
Asarm Favia Sponge
Asec Ffav Ascid
Asubl Fliz Tridacn
Aten Fpal Hhypopus
Avalid Frotm
Ayon Frotd Chlorodesmis

Fspec Sargas
Fstel Halim
Ftrunc Caulerpa
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TABLE 2 B. Underwater data sheet. Page for site descriptive data. 

 

EFFECTIVE DISTANCE FROM THE 100 M ISOBATH 

Waters below the thermocline are important sources of cooling for shallow water corals if they 
can be mixed up into surface waters.  As a proxy measure for the ‘ease’ of access of shallow 
corals to this cool water, we calculated the cost surface for all points from the 100 m isobath, 
which borders Great Barrier Reef and Coral Sea.  A ‘cost surface’ map was developed in GIS. 
This map represents a proxy that is an indicator of the ease of connection of points to deep, 
potentially cooling ocean water.  Thus, it ‘costs’ a point at the 100 m isobath nothing to 
connect; it costs little for a reef within a strong current flow that leads to and from the 100 m 
isobath, and it costs a lot for a reef that is at a great distance and has no current connection.  
The greater the cost, the less the cooling potential from this source.  
 
Hydrodynamic predictions of tidal current strength were available at a resolution of 0.5km2 
within the study region (C.R. Steinberg pers. comm.). To generate the cost surface, the range of 
currents within the study region were normalised between 0 and 1; the higher the number the 
larger the strength of currents (i.e. lower flow resistance). In travelling from the 100m isobath, 
the linear sum of all 0.5km2 pixels encountered in reaching any point constituted its effective 
“cost”. Since the dominant water movement from the prevailing seas is from the south-east, the 
linear sum was calculated for a north-westerly direction of travel. The final “accumulated” cost 
surface was then also normalised to lie in the range 0 to 1. 
 

SITE Name: Date: Time: Obs:

Lat: long: Depth: Vis: Tide: T sea: air:
Profile/map

max min slp HS HC SC MA TA CA DC CP LB SB RBL SN SLT

EXP RD RLF ORN dslp mxd

Notes
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MIXING INDEX AND MAP 

Water movement is one of the prime factors suggested to ameliorate bleaching, either though a 
cooling effect or through flushing of toxins (Table 1).   A GIS ‘mixing map’ layer using modeled 
current speeds and bathymetry was made accessible to the project by  C.R. Steinberg.  
 

LOW-RESOLUTION THREE DAY MAXIMUM TEMPERATURE 

The NOAA-NESDIS SST ‘hotspots’ product (50 km resolution) is widely available on the internet 
(http://orbit35i.nesdis.noaa.gov/orad/ ).  If we could develop protocols to use hotspot data 
to predict spatial pattern in bleaching impacts in our Great Barrier Reef data-set, these may be 
applicable to other areas. We therefore used our 1 km resolution data to create a 50 km version 
of our map of 3-day maximum temperature, which we show below to be the best predictor of 
bleaching at 1 km resolution. 
 

Genetics of zooxanthellae of selected coral species 

We made major collections of selected species for genetic analysis of their zooxanthellae, 
among which certain types are known to confer greater heat tolerance to the coral-plant 
symbiosis.  The coral species chosen were Stylophora pistillata, Acropora milleproa and Acropora 
tenuis.  We collected specimens at ‘cool’ and ‘warm’ reefs, and in various bleaching states. 
Details of laboratory methods are provided in Appendix 2. 
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Results 

Patchiness in the thermal environment 

HEAT STRESS INDICES FOR SUMMER OF 2001-2. 

A) CUMULATIVE STRESS. The temperature anomaly map (Fig. 5A) shows that the highest stress 
areas in terms of days of anomaly (reds, oranges) were mostly coastal, whereas the least stressed 
areas (blues) were mainly small patches in the outer reef tract.   Cartographically, moderately 
stressed areas (greens) appear as a background against which the more and less stressed areas 
are set.  This map, which was produced prior to the fieldwork, provided the basis for selection of 
the reefs for bleaching impact assessment. The expectation was that the degree of bleaching 
impact should be broadly predicted by the value of the anomaly, and this was borne out to 
some extent: the least affected reefs were in the dark blue, and the most were in the red.  
However there were numerous exceptions, suggesting influences from local scale environmental 
factors. 
 
B) MAXIMUM STRESS. Unlike the anomaly map, which is an indicator of cumulative stress, the map 
of the three-day maximum temperature (max3day - Fig. 5B) is an indicator of the highest stress. 
This map – produced after the fieldwork - indicates that very hot water (reds, oranges) bathed 
many reefs in the study area, right across the reef tract from coast to Coral Sea. On the other 
hand, it also indicates how much of the outer reef tract escaped exposure to even a brief period 
of hot water (blues).   
 
This indicator is a good predictor of the presence or absence of bleaching during the height of 
the event (i.e. mid to late summer) (R. Berkelmans and G. De’ath unpubl.).  Based solely on 
max3day, 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".  Using this relationship, 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 (Fig. 6). The relationship 
between the presence-absence of bleaching and max3day did not depend on year or location 
and, surprisingly, adjustment for long-term spatial variation of average SST did not improve the 
performance of temperature-based predictors.  I.e. it was absolute temperature, and not the 
anomaly compared to the long-term mean that was the better predictor of bleaching.  
 
In the present study, our observations of coral bleaching differed from those that were the basis 
of this relationship in three ways: 1) they were more detailed, underwater observations (not 
aerial), 2) they were quantitative (not presence-absence), and 3) they were made in mid-winter 
some 5 – 7 months after the peak bleaching period.  
 

ACCLIMATIZATION TEMPERATURES IN THE 1990S  

How well the corals on a given reef cope with a particular extreme temperature may depend on 
the long-term conditions to which the corals are acclimatized.  Fig. 5C shows that during the 
1990s (with the exception or 1998), coastal reefs were exposed to average summer maximum 
temperatures around 29 o C, whereas those reefs that escaped extremely high temperatures in 
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2002 (dark blue in 5B) are routinely exposed to relatively cooler temperatures (zone 1 waters – 
average summer maximum of around 26.3 o C.  On the other hand, the blotches of warm to hot 
waters that extended to the outer reefs in 2002 (red and orange in Fig. 5B) have ‘normal’ 
summer maxima of below 25.5 o C (light green in Fig. 5C).  
 

LOW RESOLUTION THREE DAY MAXIMUM TEMPERATURE 

Figure 7A shows the low resolution (50 km) version of the hottest three days of summer. A 
similar product could be derived from the NOAA-NESDIS ‘hotspot’ database for any area of 
interest in the world.  For the present, we simply contrast the extra spatial resolution that we had 
available to us for this study. Later, we use the data for Fig. 7A to investigate how it might 
contribute to understanding local scale bleaching impacts, when used in combination with other 
information (physical and ecological). 
 

EFFECTIVE DISTANCE FROM THE 100 M ISOBATH. 

For most of the length of the study area, the effective distance from the 100 m isobath along the 
outer edge of the Great Barrier Reef is strongly correlated to the actual distance (Fig. 7B): the 
nearer to the coast, the greater the ‘cost’ (or in other words, the lower the likelihood) of having 
cool deep coral sea waters mix with the shallow reef waters to ameliorate heat stress. Likewise, 
the nearer to the Coral Sea, the higher the likelihood.  However the exceptions are instructive.  
First, there are waters around the Whitsunday Islands and within Broadsound and Shoalwater 
Bay whose strong current regime appears to connect them more strongly to the 100 m isobath 
than closer areas with weaker currents. Second, there are the pockets of dark blue (lowest cost, 
strongest connection) within the reef tract towards the south. This reflects strong tidal currents in 
the vicinity of shallow reefs rising from moderately deep waters. (See also next section). 
 

STRENGTH OF MIXING 

East Australia’s highest tidal range (to 6 m) is centered on the two bays two thirds of the way 
down the coastline in Figure 7. In Fig. 7C, the dark blue sections in these bays and on the outer 
reefs to their north indicate shallow areas with strong tidal currents.  On the outer reefs, where 
depths surrounding the shallow reefs are > 70 m, the blue in Fig. 7C represents potentially 
greatest cooling effects, as cooler deep waters are mixed up into surface waters, presumably to 
the benefit of shallow water corals.  However in the bays, where depths surrounding the reefs 
are very shallow (< 15 m), the dark blue represents strong mixing without a cooling effect. This 
may, nevertheless be beneficial through its action to flush away toxic products associated with 
coral bleaching (Nakamura and Van Woesik 2001; West and Salm 2003). These bays are a large 
lineal and effective distance from the cooling waters (represented in proxy by the 100 m 
isobath).   
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FIGURE  5.  Primary indices of temperature in the Great Barrier Reef study area. A.  Heat stress anomaly 
(number of days more than 1 standard deviation above 1990s mean) range is from 24 (blue) to 78 days 
(red). B. Maximum three-day temperature (max3day). Range is from <30°C (blue) to >30°C (red). 
C. Normal’ maximum summertime temperatures. Classes of water (PCA zones) are based on principal 
components analysis of 1990s monthly mean maxima (excluding 1998). Inset shows SST means, 25 to 
75% percentiles (coloured boxes), and ranges, for each PCA zone). 
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FIGURE 6. Effect of maximum temperature on bleaching for 1998-2002. The odds of bleaching increase by 
a factor of 5.8 (95% CI = 2.7, 12.7) for each degree increase in maximum temperature. 
 
 

The study reefs and their thermal environments 

The study reefs chosen represented a broad range of habitats and summer 2001-2 heating 
regimes (Figs. 8 to 12).  Note that the colour scheme in these figures represents an anomaly  
(number of days > 1 standard deviation above the long term mean), not an absolute 
temperature. (Absolute temperatures in summer 2001-2 were warmer in the north than the 
south by about 1-2 0C.)  
 
In the northern part of our study area (Fig. 8 - around 19 0S), the reefs were all offshore and 
tended to lie in moderate temperatures, there being few extreme ‘hot’ or ‘cool’ patches with 
coral reefs. 
 
Around 200S, we were able to survey reefs in cooler and hotter patches – both offshore (Fig. 9) 
and nearshore (Fig. 10). Note in particular (Fig. 9) the dark blues (cool) of Stucco, Girder and 
UN 19-165, and the hot patch on Dingo and Charity Reefs. At the coastal reefs (Fig. 10), most 
reefs were in moderately to very hot patches. 
 
At around 210S (Fig. 11), we surveyed our hottest offshore reef (Credlin – note intense red spot), 
where the heating was apparently caused by ponding due to the reef’s high rim and high tidal 
amplitude. The other reefs here were more moderate in their anomaly index.  
 
Finally, at around 220S (Fig. 12), we assessed the moderately warm Keppel Islands as well and 
the very warm Mumford Island, which lies in the turbid waters and strong tidal flows of 
Shoalwater Bay.   
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FIGURE 7.  Second order indices of temperature and mixing in the Great Barrier Reef study area. 
A. Maximum three-day temperature for 2002 scaled down to a 50 km grid from the 1 km version 
to its right (See also Fig. 3B).  B. ‘Cost100’. Effective distance from 100 m isobath from 0 (dark blue) 
to 1 (red). C. Strength of tidal mixing (which is a direct function of strength of tidal flow and inverse 
function of depth.  Blues indicate greatest mixing, reds the least. 
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FIGURE 8. Offshore reefs – northern part of study area. Location of study sites on Landsat 7 images of reefs 
(above) and location of reefs in relation to map of cumulative summertime temperature index (below) 
with cooler to warmer signified as dark blue – light blue – green – yellow – orange – red.  
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FIGURE 9. Offshore  reefs – central part of study area. Caption as for Figure 8  
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FIGURE 10. Nearshore  reefs – central part of study area. Caption as for Figure 8 
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FIGURE 11. Offshore – southern part of study area. Caption as for Figure 8  
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FIGURE 12. Coastal reefs – southern part of study area. Caption as for Figure 8  
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We thus have a series of measure of the complex environmental setting of our study reefs.  We 
also have our field assessment of bleaching impacts, coral mortality, and a record of the 
assemblages of corals at each sites.  The next step is to examine the extent to which our proxies 
for geographic and environmental settings, and our field data on coral community types and 
genetic traits, can predict a place’s vulnerability to bleaching and coral mortality. 
 

The ecological response- sites 

A signal of the summer bleaching (January-March 2002) was still evident at the time of our 
surveys (June-August 2002).  In Fig. 13, a few sites (bars mainly blue) had relatively little sign of 
bleaching, and most (all other colours) had substantial signs. On reef flat sites, most of the 
impact was manifest as ‘partially dead’ (Fig. 13 – left column), whereas on both upper and lower 
slopes, there was a much greater representation of the ‘blotchy’ and ‘white’ categories.  Many of 
the corals scored as ‘OK’ (normal colour), would have bleached in January-March, and regained 
their colour by June-August. This timing of our survey means that the values of our bleaching 
index would be somewhat lower than it would had we surveyed a few months earlier.   
  
The level of the bleaching index on the reef flat was generally similar to that recorded on the 
adjacent upper slope (Fig. 14A).  Thus, an assessment of bleaching impact on the reef flats 
provided a fair indication of bleaching impact on the immediately adjacent upper slope to a 
depth of 3 – 5 m.  However there was very little relationship between bleaching estimates on 
the lower slope (5-10 m depth) and those on either the nearby reef flat (Fig. 14B) or the 
immediately adjacent upper slope (Fig. 14C).  Thus – we had no way of predicting the state of 
bleaching on the lower slope from knowledge of bleaching on the upper slope or reef flat (at 
least when surveys are well past the peak of the bleaching event, as in this study). 
 
By contrast, the coral mortality index that we attributed to bleaching was much more consistent 
among depth zones (Fig. 14D,E.F).  Thus, one may gain from a post-bleaching assessment of the 
reef flat, a much better estimate of the likely relative coral mortality on the adjacent reef slope 
that is attributable to that bleaching event. This lends itself to rapid assessments on snorkel and 
less dependence on scuba. 
 
Before we examine the geographic distribution and environmental settings of sites with different 
levels of impact, we look briefly at the responses of different coral species. 
 

The ecological response - species 

In all families, we scored a majority of colonies in the ‘OK’ category (predominance of blue in 
Fig. 15), though in some individual species, the ‘OK’ category was smaller than the sum of the 
bleaching categories. We recorded the strongest signal of bleaching on coral species in the 
genus Montipora (Fig. 15B) and the weakest in the family Fungiidae (Fig. 15F).  The genus 
Acropora (Fig. 15C), which is the most diverse and abundant on our reefs, was among the lesser-
impacted groups.  Based on our observations on some of the same reefs in January and May, it 
is clear that many of the Acropora colonies and thickets we scored as ‘OK’ or ‘partially dead’ in 
June-August would have been pale, shadowed or white had we done our assessments earlier. 
For the Pocilloporidae (Fig. 15A), which is reputed to be among the most sensitive families, we 
noted in some places a good survival rate in places with otherwise quite marked bleaching or 
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bleaching induced mortality.  In the diverse and ubiquitous family Faviidae (Fig. 15D), there were 
many colonies that were still white or blotchy, or had injured areas we confidently attributed to 
the summer bleaching   
 
 

FIGURE 13.  Bleaching status of sites – June-July 2002.  Length of each bar is the sum of each category as a 
percentage of the sum of all categories. 
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FIGURE 14. Scatterplots of the coral bleaching (A,B,C) and coral mortality (D,E,F) at each site. A and D - 
reef flat versus upper slope. B and E - reef flat versus lower slope: C and F - upper slope versus lower 
slope. 

 

R2 = 0.414

0

0.2

0.4

0.6

0.8

0 0.5

Reef flat

U
pp

er
 s

lo
pe

R2 = 0.1301

0

0.2

0.4

0.6

0 0.5

Reef flat

Lo
w

er
 s

lo
pe

R2 = 0.0146

0

0.2

0.4

0.6

0 0.2 0.4 0.6

Upper slope

Lo
w

er
 s

lo
pe

R2 = 0.5081

0.00
0.20
0.40
0.60
0.80
1.00

0.00 0.50 1.00

Reef flat

U
pp

er
 s

lo
pe R2 = 0.4312

0.00
0.20
0.40
0.60
0.80
1.00

0.00 0.50 1.00

Reef flat

Lo
w

er
 s

lo
pe

R2 = 0.7162

0.00
0.20
0.40
0.60
0.80
1.00

0.00 0.50 1.00

Lower slope

U
pp

er
 s

lo
pe

A. B. C.

F.E.D.

Coral bleaching

Coral mortality



THE 2002 GREAT BARRIER REEF BLEACHING – TEST OF RESISTANCE HYPOTHESES 

 30

 
FIGURE 15. Levels of bleaching grouped by hard coral families. Impact is indicated as the sum of scores for 
each bleaching category as a percentage of total score for that species over all sites. (Fig. 15 continued 
next page). 
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FIGURE 15 (continued). Levels of bleaching impact indicated as the sum of scores for each category as a 
percentage of total score for that species over all sites.  
 
 

INDICATORS OF BLEACHING AND MORTALITY  

There was a moderately strong relationship between our independent indicators for bleaching 
and coral mortality for each site (Fig. 16), the latter usually higher than the former. This is 
because by the time of this survey (June to August), some corals that bleached in February 
would have died, and others would have regained normal colour. The ‘partially dead’ category 
contributes to both the bleaching index and the coral mortality index, whereas re-coloured 
corals actually subtract from the value that the bleaching index would likely have reached during 
the height of bleaching (summer). 
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Bleaching index v coral mortality
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Figure 16. Scatter plot of bleaching index and estimate of coral mortality  
(dead standing hard coral /(live + dead standing hard coral). 

 

Patterns of impact in relation environmental stress 

To gain a synoptic view of how the reefs responded, we categorized the pattern of 
environmental stress and ecological response or impact as follows: 
 
A. the summer of 2001-2 heat stress at each of our study sites:  

• low cumulative stress  ≤ 45 days anomaly; medium to high cumulative stress > 45days 
anomaly, or:  

• low maximum stress ≤ 30.9oC; medium to high maximum stress, ≥ 31oC  
 
B. the bleaching impact on the coral communities as follows: 

• low impact – bleaching index ≤ 0.15, medium to high impact, bleaching index > 0.15 
• low impact – coral mortality ≤ 0.25, medium to high impact, coral mortality > 

0.25. 
 
The level of bleaching impact was broadly consistent with both our estimates of summertime 
heat stress (Fig. 17).  The odds of a site having a low impact from summer of 2002 were strongly 
related to the temperature stress indicators.  Four to seven times more sites in warm areas 
(medium-high temperature stress) had medium to high bleaching signal and mortality impacts 
than had low values.  By contrast, proportionately many more sites in cool (low stress) areas had 
a low bleaching signal.  Twice as many had low coral mortality when stress was measured 
according to the maximum three-day temperature, and an equal number when it was measured 
according to the temperature anomaly indicator. Thus, in the absence of any other information, 
selection of sites in areas of low temperature stress derived from interpretation of 1 km satellite 
SST data would greatly improve the odds of including low impact sites. The low-impact reefs’ 
locations and habitats are considered in more detail later. 
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FIGURE 17.  Levels of bleaching and coral mortality at sites on reefs classified by temperature stress 
according to three day maximum (plain text) and anomaly (italics).  Histograms show numbers of sites 
with ‘low’ or ‘medium-high’ impact on bleaching and coral mortality, with cut-off points between ‘low’ and 
‘medium-high’, of 0.10 (bleaching index) and 0.15 (coral mortality). 
 
 

Relationship between habitat and bleaching impacts  

No particular habitat type was immune to coral mortality (Fig. 18A) or bleaching (Fig. 18B). Not 
surprisingly, habitat alone was not a good predictor of our bleaching or coral mortality 
indicators, although the contrasts between ‘back reef’ (relatively many low impacts) and lagoon 
(relatively few low impacts) is instructive: the relative shelter of lagoonal areas may be 
detrimental to coral survival during hot still weather. On outer slopes, there were mostly 
medium to high indicators.  There was no strong signal that channel communities were 
particularly vulnerable or invulnerable.  Fringing reefs had many more medium to high impacts 
than low impacts, by both indicators. 
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Shading: effects of aspect (orientation of site) on coral bleaching and mortality 

The ‘aspect’ of a site pertains to two of the hypothesized physical factors affecting bleaching 
resistance (Table 1): sun angle (thus irradiance and shading) and water motion (the southern half 
of the reefs being most exposed to the prevailing seas, which are from the south-east). Our data 
suggest that aspect had no significant ameliorating effect on bleaching impact on medium-high 
stress reefs (Fig. 19 C, D). On these reefs, the number of medium-high bleaching (index > 0.15) 
or mortality sites (> 15% of live + dead standing hard coral) exceeded low impact sites in the 
order of 5 to 1 and more, irrespective of compass bearing. On low stress reefs (with no stress to 
ameliorate - Fig. 19 A, B), low impact sites outnumber medium-high impact in all directions. 
(Note – south facing slope sites were not assessed on low stress reefs due to time constraints 
and access difficulties during rough weather).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 18.  Levels of bleaching and coral mortality. A. Coral mortality at sites 
classified according to habitat type. B. Bleaching signal at sites classified 
according to habitat type. C. Relationship between coral mortality and 
bleaching signal. 

 
Inter-tidal or shallow sub-tidal reef flat sites – by virtue of shallow depth and periodic exposure 
to air during low tides - may be relatively more sun-hardened and/or heat-hardened than reef 
slope sites. On reef flat sites, ‘low’ bleaching index and coral mortality outnumbered ‘medium-
high’ impacts by at least 3 to 1 at both low and high heat stress reefs (Fig. 19 – pie diagrams). 
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FIGURE 19. Orientation of sites having different bleaching and mortality levels.  Radar diagrams show 
scores of sites in that quarter with indicated impact. (Slope sites were assigned a score of 1.0 to the 
relevant cardinal bearing. A small number of sites with sections oriented in all directions were assigned 
0.25 to each cardinal bearing). Pie diagram shows numbers of horizontal reef-flat sites with impact 
indicated. A. Bleaching index in low heat stress sites. B. Bleaching index in medium to high stress sites. C. 
Coral mortality in low heat stress sites. D. Coral mortality in medium to high stress sites. 
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Which reefs had low impacts in cooler areas, and which in warmer areas? 

The low-impact reefs in cooler areas (low stress) are listed in Table 3 and those in warmer 
(medium-high stress) areas are in Table 4. The seven reefs listed in Table 3 all displayed little 
evidence of bleaching or coral mortality. This is presumably because they are in areas that had 
low temperature stress in summer 2002 (< 31 oC or < 45 days anomaly).  They are all mid- and 
outer-shelf reefs, and low impacts were observed on all habitats of those reefs: outer slopes, 
lagoons, back-reefs and channels. (Note, however, that other mid- and outer-shelf reefs did suffer 
medium to high impacts).  The low impact sites classified in areas classified as ‘medium-high’ 
temperature stress were located on 19 reefs (Table 4).  These are especially interesting, as they 
may indicate an ameliorating effect on impact caused by local topography or coral community 
type, or genetic composition of the zooxanthellae. 
 

TABLE 3 A. Sites with 'low' bleaching index in low stress area (by Maximum 3 day temperature) 

Site 
Coral 

community type 
Max. temp  

(deg. C) Name 
Mean  
depth Slope 

 
28.1 3 30.5 Stucco  Outer slope 1.25 5 
28.3 1 30.5 Stucco  Outer slope 7 20 
29.1 3 30.3 Stucco  Lagoon 1.25 0 
29.2 1 30.3 Stucco  Lagoon 3 50 
30.1 3 30.1 Girder  Back Reef 1.2 0 
30.3 1 30.1 Girder  Back Reef 7 40 
31.1 3 29.9 Girder  Back Reef 1.2 0 
31.2 1 29.9 Girder  Back Reef 3.25 30 
31.3 1 29.9 Girder  Back Reef 7 55 
32.1 3 30.1 U/N 19-165  Channel 1 0 
32.2 1 30.1 U/N 19-165  Channel 3 80 
32.3 1 30.1 U/N 19-165  Channel 7 50 
33.1 3 30.1 U/N 19-165  Back Reef 0.45 0 
33.2 1 30.1 U/N 19-165  Back Reef 3 30 
33.3 1 30.1 U/N 19-165  Back Reef 7 50 
51.1 3 30.8 U/N 20-344  Back Reef 2.5 2 
51.4 1 30.8 U/N 20-344  Back Reef 6 30 
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TABLE 3 B. Sites with 'low' coral mortality in low stress area (by Maximum 3 day temperature) 

Site 
Coral 

Community type 
Max. temp  

(deg. C) Name 
Mean  
depth Slope 

 
28.1 3 30.5 Stucco  Outer slope 1.25 5 
28.3 1 30.5 Stucco  Outer slope 7 20 
30.2 1 30.1 Girder  Back Reef 3.75 25 
30.3 1 30.1 Girder  Back Reef 7 40 
31.1 3 29.9 Girder  Back Reef 1.2 0 
31.3 1 29.9 Girder  Back Reef 7 55 
32.1 3 30.1 U/N 19-165  Channel 1 0 
32.2 1 30.1 U/N 19-165  Channel 3 80 
32.3 1 30.1 U/N 19-165  Channel 7 50 
33.1 3 30.1 U/N 19-165  Back Reef 0.45 0 
33.2 1 30.1 U/N 19-165  Back Reef 3 30 
33.3 1 30.1 U/N 19-165  Back Reef 7 50 
51.1 3 30.8 U/N 20-344  Back Reef 2.5 2 
51.4 1 30.8 U/N 20-344  Back Reef 6 30 
52.2 1 30.8 Bowden  Back Reef 1.75 5 

 
 

TABLE 3 C. Sites with 'low' bleaching index in low stress area (by temperature anomaly) 

Site 
Coral 

community type 
Anomaly  

(days) Name 
Mean  
depth Slope 

 
11.2 3 42 L. Broadhurst  Channel 3 30 
15.2 1 36 Darley  Back Reef 2.75 40 
18.2 2 39 Darley  Back Reef 3 40 
28.1 3 24 Stucco  Outer slope 1.25 5 
28.3 1 24 Stucco  Outer slope 7 20 
30.1 3 36 Girder  Back Reef 1.2 0 
30.3 1 36 Girder  Back Reef 7 40 
31.1 3 42 Girder  Back Reef 1.2 0 
31.2 1 42 Girder  Back Reef 3.25 30 
31.3 1 42 Girder  Back Reef 7 55 
32.1 3 33 U/N 19-165  Channel 1 0 
32.2 1 33 U/N 19-165  Channel 3 80 
32.3 1 33 U/N 19-165  Channel 7 50 
33.1 3 33 U/N 19-165  Back Reef 0.45 0 
33.2 1 33 U/N 19-165  Back Reef 3 30 
33.3 1 33 U/N 19-165  Back Reef 7 50 
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TABLE 3 D. Sites with 'low' coral mortality in low stress area (by temperature anomaly) 

Site 
Coral community 

type 
Anomaly  

(days) Name 
Mean  
depth Slope 

 
28.1 3 24 Stucco  Outer slope 1.25 5 
28.3 1 24 Stucco  Outer slope 7 20 
30.2 1 36 Girder  Back Reef 3.75 25 
30.3 1 36 Girder  Back Reef 7 40 
31.1 3 42 Girder  Back Reef 1.2 0 
31.3 1 42 Girder  Back Reef 7 55 
32.1 3 33 U/N 19-165  Channel 1 0 
32.2 1 33 U/N 19-165  Channel 3 80 
32.3 1 33 U/N 19-165  Channel 7 50 
33.1 3 33 U/N 19-165  Back Reef 0.45 0 
33.2 1 33 U/N 19-165  Back Reef 3 30 
33.3 1 33 U/N 19-165  Back Reef 7 50 
 

TABLE 4 A. Sites with 'low' bleaching index in medium to high stress area (by Maximum 3 day 
temperature) 

Site 
Coral community 

type 
Maxt 
mp Name 

Mean  
depth Slope 

58.2 4 36.8 Hideaway Bay  Fringe 4.5 30 
12.1 1 35.0 L. Broadhurst  Back Reef 1.9 0 
12.3 1 35.0 L. Broadhurst  Back Reef 7 60 
52.3 3 34.9 Bowden  Back Reef 7.5 55 
56.4 1 34.9 Wheeler  Back Reef 12 70 
65.2 3 34.7 Wheeler  Back Reef 3 15 
65.1 3 34.7 Wheeler  Back Reef 1.5 0 
11.2 3 34.7 L. Broadhurst  Channel 3 30 
15.2 1 34.2 Darley  Back Reef 2.75 40 
60.3 4 34.0 St Bees  Fringe 5.5 20 
64.2 3 33.8 Keeper  Back Reef 3 50 
62.3 4 33.5 Allonby Island  Fringe 5.25 10 
63.3 4 33.4 Daydream Island  Fringe 5.9 20 
23.1 3 32.2 Charity  Back Reef 1.5 0 
47.1 4 32.1 Sloping Island  Fringe 2.5 15 
38.3 4 31.7 Credlin East  Lagoon 5.8 2 
18.2 2 31.1 Darley  Back Reef 3 40 
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TABLE 4 B. Sites with 'low' coral mortality in medium to high stress area (by Maximum 3 day 
temperature) 

Site 
Coral community 

type 
Maxt 
mp Name 

Mean  
depth Slope 

52.3 3 34.9 Bowden  Back Reef 7.5 55 
56.4 1 34.9 Wheeler  Back Reef 12 70 
65.2 3 34.7 Wheeler  Back Reef 3 15 
65.1 3 34.7 Wheeler  Back Reef 1.5 0 
64.1 3 33.8 Keeper  Back Reef 1.2 0 
63.3 4 33.4 Daydream Island  Fringe 5.9 20 
3.1 1 33.2 Myrmidon  Outer slope 1.5 0 
27.2 3 33.0 Hayman Island  Fringe 3.5 25 
50.2 4 32.9 Great Keppel Island  Fringe 3.5 2 
50.3 4 32.9 Great Keppel Island  Fringe 6.25 5 
49.3 4 32.9 Great Keppel Island  Fringe 6.5 5 
22.1 3 32.6 Charity  Lagoon 1.5 0 
46.1 4 32.6 North Keppel Island  Fringe 3.5 5 
46.2 4 32.6 North Keppel Island  Fringe 3.5 2 
46.3 4 32.6 North Keppel Island  Fringe 5 3 
23.2 1 32.2 Charity Back Reef 3 10 
23.1 3 32.2 Charity Back Reef 1.5 0 
47.3 4 32.1 Sloping Island Fringe 6.75 10 
43.1 3 31.6 Paul Back Reef 2 5 
17.2 1 31.4 Darley Back Reef 3 20 
2.2 3 31.1 Davies Lagoon 2 80 
 

TABLE 4 C. Sites with 'low' bleaching index in medium to high stress area (by days of anomaly)   

Site 
Coral community 

type 
Anomaly 

(days) Name 
Mean 
depth Slope 

58.2 4 72 Hideaway Bay  Fringe 4.5 30 
62.3 4 69 Allonby Island  Fringe 5.25 10 
38.3 4 66 Credlin East  Lagoon 5.8 2 
63.3 4 63 Daydream Island  Fringe 5.9 20 
52.3 3 60 Bowden  Back Reef 7.5 55 
60.3 4 60 St Bees  Fringe 5.5 20 
23.1 3 60 Charity  Back Reef 1.5 0 
47.1 4 60 Sloping Island  Fringe 2.5 15 
51.4 1 57 U/N 20-344  Back Reef 6 30 
51.1 3 57 U/N 20-344  Back Reef 2.5 2 
12.1 1 51 L. Broadhurst  Back Reef 1.9 0 
12.3 1 51 L. Broadhurst  Back Reef 7 60 
56.4 1 48 Wheeler  Back Reef 12 70 
29.2 1 48 Stucco  Lagoon 3 50 
29.1 3 48 Stucco  Lagoon 1.25 0 
65.2 3 48 Wheeler  Back Reef 3 15 
65.1 3 48 Wheeler  Back Reef 1.5 0 
64.2 3 45 Keeper  Back Reef 3 50 
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TABLE 4 D. Sites with 'low' coral mortality in medium to high stress area (by days of anomaly)   

Site 
Coral community 

type 
Anomaly 

(days) Name 
Mean 
depth Slope 

50.2 4 66 Great Keppel Island  Fringe 3.5 2 
50.3 4 66 Great Keppel Island  Fringe 6.25 5 
22.1 3 66 Charity  Lagoon 1.5 0 
63.3 4 63 Daydream Island  Fringe 5.9 20 
52.3 3 60 Bowden  Back Reef 7.5 55 
23.1 3 60 Charity  Back Reef 1.5 0 
52.2 1 60 Bowden  Back Reef 1.75 5 
46.1 4 60 North Keppel Island  Fringe 3.5 5 
46.2 4 60 North Keppel Island  Fringe 3.5 2 
46.3 4 60 North Keppel Island  Fringe 5 3 
23.2 1 60 Charity  Back Reef 3 10 
47.3 4 60 Sloping Island  Fringe 6.75 10 
51.4 1 57 U/N 20-344  Back Reef 6 30 
51.1 3 57 U/N 20-344  Back Reef 2.5 2 
49.3 4 57 Great Keppel Island  Fringe 6.5 5 
27.2 3 54 Hayman Island  Fringe 3.5 25 
43.1 3 54 Paul  Back Reef 2 5 
3.1 1 51 Myrmidon  Outer slope 1.5 0 
17.2 1 51 Darley  Back Reef 3 20 
2.2 3 51 Davies  Lagoon 2 80 
56.4 1 48 Wheeler  Back Reef 12 70 
65.2 3 48 Wheeler  Back Reef 3 15 
65.1 3 48 Wheeler  Back Reef 1.5 0 
64.1 3 45 Keeper  Back Reef 1.2 0 
 

Effects of coral community type on bleaching impact 

The type of coral community at a site does appear to affect the severity of the bleaching and 
coral mortality impact to some extent. We recognized four ‘community types’ (described below) 
that performed differently from each other, depending on stress category. The low impact reefs 
that we recorded in cool areas (low stress) had coral communities that were almost exclusively 
types 1 and 3 (Fig. 20). For low impact sites in warm areas (medium to high stress) it was a 
different story: A small minority of low impact sites were found in all habitats (Table 4) including 
fringing reefs. Interestingly, there was only one site with community type 2 that had a low 
bleaching index (Fig. 20 A), and none with a low mortality index (Fig. 20 B).  In other words, at 
least 29 of the 30 survey sites inhabited by community type 2 suffered medium to high impact 
regardless of stress level.  
 

The coral communities and their main habitats 

Our ‘community types’ comprise four broad classes of coral communities. These are 
characterized by overlapping species lists in different orders of relative abundance. The 
community types characterize four distinct groups of sites generated by k-means clustering (Fig. 
21A).  Types 1,2 and 3 were offshore (‘mid-shelf’, outer shelf and Coral Sea reefs), whereas Type 
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4 communities were coastal (Fig. 22).  A synoptic analysis reflects the relationship between coral 
community type and bleaching impacts (Fig. 21B).  
 
The four community types may be thought of as proxies for ‘coral reef biodiversity’ – not just of 
the hard coral used to define them, but also the habitats of which they are a part, and the other 
sedentary and motile organisms that live with them.  Importantly, since the communities 
apparently have different sensitivities to potentially bleaching conditions, we may need to learn 
how to prescribe different requirements for their conservation.  They also give a basis for a post-
hoc checking that a comprehensive range of biodiversity units is represented within protected 
areas. 
 
Four is a tractable number for analysis of the bleaching phenomenon over this large geographic 
area, but the community types themselves are high-level entities of biodiversity variability.  Each 
‘type’ (Table 5) comprises a subset from fifteen ‘coral communities’ defined for the central Great 
Barrier Reef by Done (1982). (There were another two communities that occur in reef flat areas, 
distant from reef margins, that we did not assess in this study).  The species compositions and 
relative abundances that define the 17 community types in Done (1982) more closely represent 
the composition and relative abundance likely to be recorded in individual sites. Each of our four 
community ‘types’ thus include a diversity of  ‘real’ communities, which themselves, though 
each possessing characteristic species inventories, also overlap somewhat in their inventories.  
The community types are thus fuzzy high-level site-groupings of convenience.  They were very 
useful groupings when their bleaching responses were analysed in relation to environmental 
stresses and past acclimatization.  
 

TABLE 5:  Equivalence of ‘community type’ groupings of the present study, with coral communities defined 
by Done 1982 for the central Great Barrier Reef (which is the northern part of the present study area). 

‘Types’ of coral 
communities – 
this study 

Main habitats  Coral communities –  
Done 1982 

‘Classes’ of Coral 
Communities –  
Done 1982 
 

 
Type 1 

 
Reef slopes – all 
habitats of offshore 
reefs 

 
6. Acropora palifera/Porites 
7. Porites/Diploastrea 
8. Porites ‘massive/branching’ 

 
II – ‘semi-exposed to 
sheltered’ 

Type 2 Reef slopes – all 
habitats of offshore 
reefs 

9. Ispopora/Seriatopora 
10. Acropora ‘staghorn’ 
11. Acropora ‘tabulate/branching’ 
12. Acropora ‘tabulate’  

II – ‘semi-exposed to 
sheltered’ 

Type 3 Reef flat margins – all 
habitats of offshore 
reefs 

1. Acropora palifera/humilis –  
A. palmerae variant 
2. Acropora palifera/humilis –  
A.hyacinthus variant 
3. Acropora palifera/humilis – 
A. digitifera variant 

I – ‘wave-exposed’ 

Type 4 All habitats – inshore 
fringing reefs 

13. Acropora splendida/divaricata 
14. Montipora/Pachyseris 
15. Galaxea 
16. Montipora 
17. Goniopora 

III – ‘sheltered’ 
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• Two of the communities (types 1 and 2) were mostly confined to reef slopes (Fig. 22,23) of 
mid-shelf and outer reef.  

• One (type 3) was primarily of reef-flats and upper slopes of mid- and outer-shelf reefs.  

• One (type 4) was mostly found on coastal fringing reefs (see lower part of Fig. 22).   
 
We used 52 of the 338 hard coral species recorded in the survey (Appendix 1) to differentiate 
among the four community types. While all had a similar composition of coral genera and 
families (Fig. 24 A to E) they were distinguished from each other primarily on total species 
richness, an on differences in the relative abundance of different  species in the families Faviidae 
and Mussidae and the genus Acropora. 

 
FIGURE 20.  Types of coral communities subjected to low and medium-high impacts in low and medium-
high stress areas. A. Bleaching impact. C. Coral mortality. 
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FIGURE 21A.  K-mean clusters defined by species composition and relative  
abundance of hard corals. 

 
 

 
FIGURE 21B. A second projection of the k-mean clusters showing 95% confidence  
limits (ellipses), and a relationship between community type, species richness and  
bleaching impact in 2002. 
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Figure 22. Distribution of the four types of coral communities.  Sets of three boxes represent reef flat, 
upper slope and lower slope respectively.  Colours represent coral communities as indicated. 
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FIGURE 23.1. ‘Type 1’ coral communities.  High diversity, primarily occupying the slopes of offshore reefs.  
Acropora, Faviidae and Mussidae diverse and conspicuous (see Fig. 24). A. Seriatopora (foreground) and 
Acropora (background).  B. Large Porites head among Acropora, Pocillopora and Sinularia (soft corals). 
C and D. Partially dead Platygyra corals with ‘blotchy’ (C) and bleached (D) living tissue. E. Acropora 
thicket – mixture of bleached (white) and dead (dark – algal turf covered). F. Lagoonal slope and floor 
with Acropora and Porites prominent. 



THE 2002 GREAT BARRIER REEF BLEACHING – TEST OF RESISTANCE HYPOTHESES 

 46

 
 
FIGURE 23.2.  ‘Type 2’ coral communities. Moderate diversity coral communities, primarily occupying the 
slopes of offshore reefs. Faviidae and Mussidae diverse and conspicuous (see Fig. 24). A. Favia lizardensis 
(above) and Montipora corals.  B. ‘OK’ coloured Porites lobes and a bleached Pavona. C. Bleached 
Goniopora on slope. D. Mainly dead encrusting corals covered in silt.  E. Porites cylindrical. G. Bleached 
Montipora on slope. Top has dead Stylophora and ‘OK’ Porites 
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FIGURE 23.3. ‘Type 3’ coral communities of reef flats and shallow slopes of outer reefs. Low diversity 
Acropora/Faviidae (see Fig. 24). A,B and D – typical reef-flat margin in moderately sheltered habitats, 
showing Stylophora pistillata (pink), Acropora palifera (lobes) and Favvidae (small massive corals). 
C. Acropora robusta in moderate wave environment. E. Wave-exposed outer reef flat.  F. ‘Shadow’ 
bleaching of Goniastrea retiformis. G and H. Wave-exposed outer reef flat, with most of the corals dead 
and encrusted with algal turfs (dark). Lighter colours are encrusting coralline algae.   
 



THE 2002 GREAT BARRIER REEF BLEACHING – TEST OF RESISTANCE HYPOTHESES 

 48

 
FIGURE 23.4. ‘Type 4’ coral communities. Low diversity coastal assemblages with characteristic Acropora, 
sometimes with Acanthastrea and Turbinaria common. (see Fig. 24). A and D. Wave exposed rocky shore 
swith unusually large Porites and Acropora plates (A) and encrusting Acropora (D). B, C and E. More 
sheltered areas, with bleached Acropora. F. Diver above bleached Montipora.  G,H and I. Coral growing 
directly on rocky substrata. 
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FIGURE 23.5. Community types and their distributions among habitats and depths. 

 
 

COMMUNITY TYPE 1 (48 SITES – FIGS. 23.1,  24).   

High diversity Acropora/Faviid/Mussid community of reef slopes. Characteristic species: 
Acropora tenuis, Echinopora gemmacea and Mycedium elephantotus. 
 
Of the 173 species recorded at least once in this group (Fig. 25A), about one third were never 
reported as bleached, half averaged low to moderate bleaching index (the middle two 
categories), and one sixth were on average in the ‘high’ bleaching category (bleaching index of > 
0.25). 
 

COMMUNITY TYPE 2 (30 SITES - FIGS. 23.2, 24).   

Moderate diversity Faviid/Mussid community of reef slopes.  
Characteristic species: Acropora grandis, Leptastrea spp., Lobophyllia spp., and Astreopora 
myriopthalma. 
 
The apportionment of the 101 species in the different bleaching categories was essentially the 
same as for community type 1 (Fig. 25B).  
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COMMUNITY TYPE 3 (45 SITES – FIGS .23.3, 24).   

Low diversity Acropora/Faviid community of reef flats and shallow slopes. Characteristic species:  
Acropora digitifera, Acropora robusta, Goniastrea retiformis and Porites mayeri. 
 
This community type (21 species) was severely affected by bleaching, with about two-thirds of 
species with average bleaching indices in the upper two categories (Fig. 25C). 
 

COMMUNITY TYPE 4 (32 SITES - FIGS.32.4, 24).  

Low diversity coastal assemblage. Characteristic species: Acropora glauca, Acropora solitariensis, 
Goniastrea favulus, Plesiastrea versipora, Acanthastrea spp. and Turbinaria spp. 
 
This community type (49 species) was least affected by bleaching, with about two-thirds of 
species with average bleaching indices in the lower two categories (Fig. 25D). 
 
 

 
 
FIGURE 24.  Overview of four community types represented as clusters in Fig. 21A.  A. Genus Acropora: B. 
Family Faviidae: C. Family Mussidae; D. Genus Porites: E. Various genera.    F. Distribution of community 
types by depth. 
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FIGURE 25.  Differences among coral community types in bleaching impact. Each species is represented 
just once in each of the community types in which it was recorded, grouped by average bleaching impact, 
and ordered by the proportion of sites in which it occurred. 
 
 

Relationships among community type, species richness, habitat and bleaching impact 

The data fail to reveal any simple relationships among species richness, depth and bleaching 
impact (Fig. 26). Fig. 26A shows that the lowest average bleaching impacts were on the species 
rich reef slope communities (type 1) and the relatively species poor coastal communities (type 4  
- low species richness). But the highest bleaching impacts were also found in relatively species 
rich slope communities (type 2) and the very species poor reef flat communities (type 3). The 
consistency of the association of lower impact with community types 1 and 4 is clearer when 
bleaching impact is plotted in order from lowest to highest (Fig. 26B).  
 
Within the two less bleaching-impacted communities, there were significant depth effects (Fig. 
26A): in community 1 (clear mid-shelf and outer reefs), lower slope sites bleached least; in 
Community 4 (nearshore reefs, where water is often turbid), shallowest sites bleached most.  In 
most reef slope cases (left half of Fig. 26C), the lower the richness, the higher the impact. 
 
The bleaching vulnerability of ‘type 2’ communities (Figs. 27 and 28) may have implications for 
the development of criteria for site selection. Viz., if we are looking for lagoons and back reefs 
likely to be most ‘bleach-proof’, should we look for those with community types 1 (on the 
slopes) and 3 (on the flats)?   Below, we look at the influence of zooxanthellae genetics and the 
1990s acclimatization regime to further explore criteria. 
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FIGURE 26. Species richness and bleaching impact of the four community types. A. Ordered by community 
type. B. Ordered by bleaching impact. C. Ordered by species richness. 
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FIGURE 27. Coral mortality . Distribution by habitats and community type. 
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FIGURE 28. Coral bleaching. Distribution by habitats and community type. 
 

GENETICS 

We made large collection coral specimens of selected species in conjunction with the field 
assessments (Table 6).  This aspect of the study provided some important new information on 
broad scale distribution of zooxanthellae genotypes, but few new insights into their contribution 
to resistance. 
 
The zooxanthellae of 136 colonies of Stylophora pistillata,  115 Acropora millepora and 121 
Acropora tenuis had genotypes as indicated in Table 6. The majority of colonies harboured clade 
C Symbiodinium. 

• Acropora tenuis, harboured solely clade C zooxanthellae. Previous studies also 
exclusively observed clade C in A. tenuis (van Oppen et al., unpubl.), suggesting that 
some specificity of the coral-algal symbiosis exists and that A. tenuis is unable to form a 
stable symbiosis with clade D zooxanthellae.  

• Of the S. pistillata colonies, all colonies harboured clade C zooxanthellae, and one 
hosted both clade G and clade C symbionts.  

• A. millepora is the only species that was found to host clade D zooxanthellae. 
Nevertheless, clade C was the most common symbiont in this species (91.2 % of 
colonies).  Almost 8 % of the A. millepora colonies harbour clade D zooxanthellae, while 
1.8% of the colonies harbour both clade C and clade D simultaneously. One colony was 
found with clade A zooxanthellae.  
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In a previous survey of 168 Acropora samples, van Oppen et al. (2001) detected strain A in only 
a single isolate of Acropora longicyathus, having never before observed it in A. millepora. There 
are other precedents for the rareness of clade A Symbiodinium in coral hosts in the Indo-Pacific 
(eg. Loh et al. 1998).  Note that, in the Caribbean, clades A and B are common in scleractinian 
corals (Rowan and Powers 1991a,b).  The distribution of zooxanthellae belonging to clade D is 
also consistent with our previous observations of its absence from mid-shelf and outer reefs (van 
Oppen et al. 2001). 
 
Recently, AIMS researchers (unpublished) carried out experiments that demonstrated a 
correlation between heat stress tolerance and the genotypes of the zooxanthellae. Acropora 
millepora coral colonies with clade D zooxanthellae on a warm inshore reef (Magnetic Island) 
were more heat-stress resistant than colonies with clade C zooxanthellae on cool inshore reef 
and a mid-shelf reef (Berkelmans and van Oppen, in prep.). In the present (2002) study, two of 
the three A. millepora populations we found harbouring clade D zooxanthellae were located at 
the Keppel Islands, where there was a high incidence of clade D (Table 6). Before the 2002 
bleaching event, these populations harboured mainly clade C zooxanthellae. However, there 
was a low background presence of clade D zooxanthellae (Berkelmans and van Oppen, in 
prep.). This suggests that the shift to a higher abundance and more common occurrence of 
clade D zooxanthellae in this area may be a consequence of the 2002 bleaching event. 
 
We observed no correlation between level of bleaching of individual colonies and zooxanthellae 
genotype. This was unlike other studies that have shown a correlation between the presence of 
clade D zooxanthellae and thermo-tolerance of the host coral.  The A. millepora colony 
harbouring Symbiodinium A was healthy, while the S. pistillata colony with clade G was affected 
by bleaching. Similarly, some of the A. millepora colonies with clade D had white tips or were 
partially dead, whereas others were unaffected. Possibly, some of the colonies that had bleached 
had already recovered. Work from Berkelmans and van Oppen (in prep.) and Toller et al. (2001) 
suggests that some sort of quorum sensing mechanisms exists, and that zooxanthella densities 
need to drop below a threshold level for the adult coral colony to be able to take up new alga 
symbionts. Hence, some bleached colonies may recover with their own algal strain, while others 
may be able to take up new strains. This is still very hypothetical and further studies are required 
to substantiate this idea. 
 
This genetic analysis of just three species provides few insights into the bleaching vulnerability of 
the complex communities of which they are part.  The dominance of clade C was quite uniform 
against the heterogeneous patterns of heat stress, coal bleaching and coral mortality (Figs. 29 – 
33). The confirmation of the exclusively coastal distribution of more heat-resistant clade D 
zooxanthellae in one Acropora species raises interesting questions about the capacity of heat-
resistant clades to increase in abundance and diversity as sea temperatures rise.  But for the 
present, we cannot see a role for screening of zooxanthellae genotypes as a criterion for 
bleaching resistance in coal communities. 
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TABLE 6. Symbiodinium genotypes observed in three species of hard corals collected from several 
inshore and mid-shelf reefs along a north-south gradient of the Great Barrier Reef 

Location Zooxanthella phylogenetic clade based on ribosomal DNA 

 C D A G (sensu 
Pawlowski et 

al. 2001) 
Stylophora pistillata    
     
Chicken Reef 23/23    
Darley Reef 26/26    
Dingo Reef 22/22    
Charity Reef 24/24    
Girder Reef 10/10    
Credlin Reef 15/15    
UN 21-056 4/4    
Mumford Island 9/9    
Brampton Island 3/3   1/3 
     
Acropora millepora    

Chicken Reef 3/3     
Darley Reef 23/23    
Dingo Reef 1/1    
Charity Reef 17/18  1/18  
UN 19-165 2/2    
Credlin Reef 11/11    
UN 21-056 3/3    
Keppel Is. - Ray's Bay 10/10 2/10   
Keppel Is. - Miall 5/9 4/9   
Stone Island 4/9 5/9   
Keswick Island 10/10    
Brampton Island 3/3    
Allonby Island 7/7    
Daydream Island 6/6    
     
Acropora tenuis    
     
Chicken Reef 13/13    
Darley Reef 11/11    
Dingo Reef 21/21    
Girder Reef 10/10    
Credlin Reef 17/17    
UN 21-056 10/10    
Paul Reef 2/2    
Keppel Is. - Miall 6/6    
Stone Island 9/9    
Keswick Island 1/1    
Brampton Island 1/1    
Allonby Island 10/10    
Daydream Island 10/10    
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Overview of findings: temperature stress, ecological impacts and genetics 

Here we provide an overview of the major results so far in Figures 29 – 33 and briefly 
summarise them from north to south. 
 
Around 190S (Fig. 29), all except Davies Reef were classified as ‘warm’ (medium-high stress).  Of 
these warm reefs, all except Chicken Reef and much of Myrmidon Reef, had sites that did well 
by one of our impact measures: Keeper and Wheeler had both low bleaching and low mortality 
sites: Myrmidon outer slope sites had low mortality despite medium to high bleaching impact, 
and Little Broadhurst had low bleaching but medium to high mortality. 
 
On offshore reefs at around 200S  (Fig. 30), the ‘cool’ reefs of Stucco, Girder and UN 19 – 165 
all had low bleaching and mortality, while the cool western end of Darley had low bleaching but 
medium to high mortality.  All the warmer reefs except Dingo had at least one site that survived 
the bleaching quite well, with low scores for both bleaching and coral mortality:  i.e. Bowden, 
Charity and the eastern end of Darley.   With one exception, all reefs sampled for genetics were 
characterized by zooxanthellae genotype ‘C’ across the three coral species: Only at the warmer 
Charity Reef did we score  type A  zooxanthellae in 1 specimen of Acropora millepora. 
 
On coastal fringing reefs at around 20 0S (Fig. 31), all except one site at Daydream Island had 
medium to high mortality resulting from their exposure to warm temperatures.  Some reefs had 
‘low’ bleaching, but this may be because formerly bleached corals had died before we did our 
surveys. The area is interesting genetically in the high incidence of the heat resistant 
zooxanthellae strain D at Stone Island (5 out of 9 specimens of A. millepora), and the presence 
of two genotypes of zooxanthellae in a single specimen of Stylophora pistillata at Brampton 
Island. 
 
On offshore reefs at around 210S (Fig. 32), the one cool reef had low impacts (bleaching and 
mortality) and warm reefs generally had medium to high impacts. Only type C genotypes were 
found in the badly impacted Credlin Reef (43 specimens form 3 species).  
 
At the Keppels (around 220S – Fig. 33), where corals survived well despite warm summer 
temperatures, types C and D zooxanthellae were common.  At very warm Mumford Island 
(medium to high bleaching and mortality), only type C zooxanthellae were recorded (9 
specimens of one species).   
 
To summarise, the clearest relationship was, not unexpectedly, that between cool waters, low 
bleaching and good survival.  There was no strong genetic correlation, though the good survival 
of some sites with clades other than C may be significant.   
 
Next, we further explore factors that may explain these patterns further. 
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FIGURE 29. Summary of findings against map of 2002 heat stress (cumulative days > 2 SD above mean).  . 
Bleaching impacts (left ), coral mortality (right ).  - solid = ‘low’ impact in cooler (blue) or warmer 
(orange) waters.  Broken =  ‘medium-high’ impact.  Text in white boxes = zooxanthellae genotypes as in 
Table 5. 
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FIGURE 30. Summary of findings.  Symbols as for Fig. 29. 
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FIGURE 31. Summary of findings.  Symbols as for Fig. 29. 
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FIGURE 32. Summary of findings.  Symbols as for Fig. 29.
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FIGURE 33. Summary of findings.  Symbols as for Fig. 29. 
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Towards predicting the locations of low impact sites 

PREDICTING THE LOCATION OF LOW IMPACT SITES USING LOW RESOLUTION SST DATA. 

Access to the AIMS high resolution (1 km) 2002 SST database greatly improved our ability to 
identify locations with low bleaching impact and low coral mortality (Fig. 17).   If we were trying 
to select areas with high survival prospects, we would, by avoiding medium to high stress areas, 
avoid medium to high impact sites at a rate of 5-7 to 1 compared to low impact sites.  However, 
the 1 km resolution SST maps not broadly available at present, in contrast to the NOAA-NESDIS 
hotspots, which are widely available on the Internet. We therefore tested the relationship 
between our 2002 three day maximum index down-scaled to a resolution of 50 km.  We found 
(Fig. 34) that these 50 km indices for both 2002 and 1998 ‘cooler’ and ‘warmer’ waters, had a 
very similar spatial correlation with the distribution of low and medium-high impact reefs, when 
compared to the same split based on the 2002 three day maximum index at 1 km resolution.  
 
In other words, if we only had access to low-resolution three day maximum data for 2002, we 
could have predicted many of the reefs and habitats that we hindcast with the ‘best’ dataset: the 
2002 1 km maps (Tables 7 and 8).  The low resolution maps of both 2002 and 1998 failed to 
include 3 of the 7 reefs that we found to be ‘low bleaching and low mortality in cool waters’ 
based on the 2002 1 km maps (Table 7).  But for ‘low bleaching and low mortality in warm 
waters’ (Table 8), the low resolution maps correctly identified all except one reef (Hideaway Bay 
– bleaching).  Moreover, the low resolution maps ‘picked up’ some sites that were not picked 
up by the high resolution maps: for low bleaching – Darley back reef, St Bees fringing reef, and 
UN 20-344 back reef; for low mortality – Davies Reef lagoon, and UN 20-344 back reef.  So one 
could say that the broad spatial smoothing across many pixels (50 x 50 = 2500) embodied by 
the low resolution maps may, surprisingly, provide a better representation of the environment 
than the finer resolution maps (one pixel).  
 
This finding suggests there is some prospect of using the database for the NOAA-NESDIS 
hotspots during past hot years to improve our capacity to identify reefs with a better than even 
chance of improved survival in future hot summers. Below, we investigate using this approach in 
conjunction with information on community type determined in ecological field assessments.   
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FIGURE 34.  Distribution of low versus medium to high impact sites in relation to the categorization of sites 
using: A. a low resolution (50 km) index of heat stress for summer 2002, and ; B. a low resolution index of 
heat stress based on 1998 satellite SST data. 
 

 
     
     
     
     
     
     
     

     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     
     

Medium -High

Medium – High
impact

Low 
impact

Medium – High
impact

Low 
impact

Temperature stress

Low

Coral bleaching Coral mortality

A. Stress based on 2002 3 day max (50 km)

15 17
12

17

3

94

6

94

0
10
20
30
40
50

Low                                    Med - High Low                                    Med - High

N
o.

 S
ite

s

B. Stress based on 1998 3 day max (50 km)

17 1514 15
3

98

6

98

0
10
20
30
40
50

Low                                    Med - High Low                                    Med - High

N
o.

 S
ite

s

94        94

98        98

Low                   Med – High Low                   Med – High 

Low                   Med – High Low                   Med – High 



THE 2002 GREAT BARRIER REEF BLEACHING – TEST OF RESISTANCE HYPOTHESES 

 65

 

TABLE 7.  Low impact sites in low stress areas. Table includes all sites that were assessed as ‘low 
impact’ at least once for either coral bleaching (index < 0.11) or coral mortality (index < 0.16). Stress 
areas defined by three-day maximum satellite sea-surface temperature in 1998 and 2002. Boxes 
indicate sites ‘missed’ by the low-resolution maps. 

 Bleaching impact Coral mortality 

Year and resolution of satellite 
SST 
 

2002 
3 km 

2002 
50 km 

1998 
50 km 

2002 
3 km 

2002 
50 km 

1998 
50 km 

       
Davies  Lagoon    X   
Darley  Back Reef X      
Girder  Back Reef X X X X X X 
Girder  Back Reef X X X X X X 
Girder  Back Reef X X X X X X 
Girder  Back Reef X X X X X X 
Girder  Back Reef X X X    
North Keppel Island  Fringe    X   
North Keppel Island  Fringe    X   
North Keppel Island  Fringe    X   
Sloping Island  Fringe    X   
St Bees  Fringe X      
Stucco  Lagoon X X X    
Stucco  Lagoon X X X    
Stucco  Outer slope X X X X X X 
Stucco  Outer slope X X X X X X 
U/N 19-165  Back Reef X X X X X X 
U/N 19-165  Back Reef X X X X X X 
U/N 19-165  Back Reef X X X X X X 
U/N 19-165  Channel X X X X X X 
U/N 19-165  Channel X X X X X X 
U/N 19-165  Channel X X X X X X 
U/N 20-344  Back Reef X  X X  X 
U/N 20-344  Back Reef X  X X  X 
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TABLE 8. Low impact sites in medium-high stress areas.  Table includes all sites that were assessed at 
least once as ‘low impact’ for either coral bleaching (index < 0.11) or coral mortality (index < 0.16). 
Stress areas defined by three day maximum satellite sea-surface temperature in 1998 and 2002. 
Boxes indicate sites ‘missed’ (one site) or ‘picked up’ (5 sites) by the low-resolution maps. 

 Bleaching impact Coral mortality 

Year and resolution of satellite 
SST 
 

2002 
3 km 

2002 
50 km 

1998 
50 km 

2002 
3 km 

2002 
50 km 

1998 
50 km 

       
Allonby Island  Fringe X X X    
Bowden  Back Reef    X X X 
Bowden  Back Reef X X X X X X 
Charity  Back Reef    X X X 
Charity  Back Reef X X X X X X 
Charity  Lagoon    X X X 
Credlin East  Lagoon X X X    
Darley  Back Reef  X X    
Darley  Back Reef X X X X X X 
Davies  Lagoon     X X 
Daydream Island  Fringe X X X X X X 
Hideaway Bay  Fringe X      
Hayman Island  Fringe    X X X 
Keeper  Back Reef X X X X X X 
Myrmidon  Outer slope    X X X 
L. Broadhurst  Back Reef X X X    
L. Broadhurst  Back Reef X X X    
L. Broadhurst  Channel X X X    
St Bees  Fringe  X X    
Paul  Back Reef    X X X 
U/N 20-344  Back Reef  X   X  
U/N 20-344  Back Reef  X   X  
Wheeler  Back Reef X X X X X X 
Wheeler  Back Reef X X X X X X 
Wheeler  Back Reef X X X X X X 
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Effects on bleaching impacts of water motion per se, ease of mixing with cooler 
waters, and 1990s acclimatization 

WATER MOTION PER SE 

As noted among the hypotheses (Table 1), water motion per se may ameliorate beaching 
potential by flushing away of toxins (Nakamura and Van Woesik 2001).  It should follow, then, 
that the more the water is mixed, the more likely the site would have had a low bleaching index 
and low coral mortality. This was indeed the case. About two thirds of all sites that we scored as 
‘low’ impacts were in the ‘extreme’ mixing category: for bleaching (Fig. 35 A) and for coral 
mortality (Fig, 35B). Interestingly, the effect of mixing is not necessarily mediated by cooler 
temperatures.  Note that where mixing was ‘extreme’ (left of Fig. 35), there were just as many 
‘low’ impacts for bleaching and coral mortality in warm as in cool waters.  So it appears that 
mixing per se can be beneficial for a coral community’s survival prospects. 
 

EASE OF MIXING WITH COOL WATERS 

This conclusion is clarified by a look at the effects on coral impacts of ‘cost’ of mixing with cool 
waters (Fig. 36 - the lower the cost, the easier and more likely it is).  Where these costs are ‘low’ 
(right side of Fig. 36), low bleaching and low coral mortality are much more strongly related to 
the presence of cool waters.   Where the cost is ‘medium’ or ‘high’, virtually all the low impact 
sites occur in ‘warm’ waters. (Indeed, there were no ‘cool’ waters where these costs are high or 
extreme).  This is consistent with the idea that at moderate levels of mixing, some of its 
beneficial effect is indirect: through toxin flushing (as above) or through its effect on coral 
community composition. 
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FIGURE 35. Effect of water mixing index on coral bleaching and mortality in 2002 scored as number of 
sites with low or medium-high impact in low stress areas (‘cool’) or medium-high stress areas (‘warm’). 
A. Bleaching. B. Coral mortality.  
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FIGURE 36. Effect of ‘cost of mixing with cool waters’ on coral bleaching and mortality in 2002 scored as 
number of sites with low or medium-high impact in low stress areas (‘cool’) or medium-high stress areas 
(‘warm’). A. Bleaching. B. Coral mortality.  ‘Cost’ is a combination of distance from the 100 m isobath, and 
mixing. 
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1990S ACCLIMATIZATION  

Knowledge of a site’s 1990s acclimatization – i.e. the average summer maxima in which it 
acclimatized during the 1990s - added to our understanding of its vulnerability to the 2002 hot 
water anomaly. When exposed to the 2002 ‘warm’ anomaly (3 day max ≥ 31 oC), only about 
one quarter as many ‘cool adapted’ sites (PCA class 2) as ‘warmer adapted’ sites (PCA class 3) 
escaped with ‘low’ bleaching (Fig. 37A), suggesting that the warmer adapted corals have some 
advantage in terms of tolerance to unusual higher temperatures. However this was not 
translated to a reduction in coral mortality. PCA class 3 sites had only marginally more than PCA 
2 sites that escaped medium to high mortality (Fig. 37B).   It thus seems likely that if 1990s 
acclimatization regime has any effect, it will be in combination with other factors. 
 

An exploratory multi-factorial analysis 

In recognition that bleaching or failure to bleach may come about for various reasons (Fig. 2), 
we adopted novel methods to explore our data sets in an integrated way.  Initially, we used the 
dependency analysis algorithm of Cheng et al. (2002) to search for structural dependency 
relations among the information contained within our spatial ecological data, remotely sensed 
satellite sea surface temperature (SST) measurements, ocean current predictions, and 
bathymetry data.  To aid the dependency analysis process, we imposed the following “expert” 
domain knowledge (based on the beliefs about bleaching resistance in Table 1, and refined in 
this study): 

• ‘cost100’ (our proxy for mixing with cool deep Coral Sea water), ‘mixing’ (a proxy for 
currents, whether cooling or not), and ‘habitat’ are externally determined drivers that 
cannot be affected by anything else in the coral reef system  

• ‘community type’ has a direct dependency on ‘habitat’, and 

• ‘bleaching’ and ‘coral mortality’ indices are outcomes, which can potentially accept 
dependency linkages from all system variables. 

 
To aid in interpretation, as well as to provide a decision support framework, the identified 
dependency structure, along with the associated strength of the linkages, was used to construct 
a Bayesian Belief network (BBN – Fig. 38 and Appendix 3). Graphically, it can be seen that the 
state of the heat stress variable ‘max3day’ had a dependency on ‘cost100’, while it in turn 
provides a level of dependency for the states of the ‘bleach’ and ‘dead’ variables. The variable 
‘community’ also has some level of dependency on ‘cost100’ along with its enforced 
dependency on ‘habitat’, potentially reflecting how Great Barrier Reef coral community types 
‘track’ water motion and wave impact gradients to a large extent – Done 1982). No link was 
established between ‘community’ and ‘bleach’, but a direct linkage was found between the 
‘community and ‘dead’ variables, (perhaps highlighting that the information content of the 
‘bleach’ variable is a little confounded due to the lateness of the survey). 
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FIGURE 37. Effect of ‘1990s acclimatization’ on coral bleaching and mortality in 2002 scored as number of 
sites with low or medium-high impact in low stress areas (‘cool’) or medium-high stress areas (‘warm’). A. 
Bleaching. B. Coral mortality. Average summer maxima for reefs located in  PCA classes 1 to 3 are 
indicated at top. 
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FIGURE 38. Bayesian Belief Network (BBN) depicting dependencies among factors that influence the 
likelihood of low, medium and high coral bleaching and morality observed in our field surveys. ‘Cost 100’ 
is the degree of difficulty of advection of cool waters from the 100 m isobath along the Coral Sea – Great 
Barrier Reef margin.  ‘Habitats’ are as indicated.  In ‘community’, KM1, 2, 3 and 4 correspond with 
‘community types’ 1, 2, 3 and 4 respectively. ‘Max3day’ is the highest three day maximum temperature in 
the summer of 2001-2. ‘Bleach’ refers to quantiles of the bleaching index/ ‘Dead’ refers to the coral 
mortality index. 
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As shown in Table 9, when used as a predictive decision support tool, the identified BBN 
correctly assigns 106/150 sites (predictive rate 71%) to their actual observed coral mortality 
class. Essentially equal predictive ability was achieved for low, medium and high levels of coral 
mortality. 
 

TABLE 9:  Comparison of predicted versus observed (bold) coral mortality when 
community type is included as a predictor. 

Predicted Coral Mortality Observed Predictive Rate 
Low Medium High   
26 7 3 Low 26/36=0.72 
11 46 9 Medium 46/66=0.70 
1 13 34 High 34/48=0.71 

 
To highlight the importance of the information provided by the ‘community type’ variable in 
correctly classifying coral mortality, we developed a new BBN in which the ‘dead’ variable (coral 
mortality) had no dependency on ‘community’. The strengths of the remaining conditional 
linkages were then re-learnt from the original database. As shown in Table 10, for the new BBN, 
only 91/150 sites (predictive rate 61%) were correctly assigned to their observed coral mortality 
class. Interestingly, the majority of the loss in predictive capacity can be apportioned to the 
inability to correctly predicting the low coral mortality class (36% compared with 72% with the 
‘community’ variable included). This is significant, since given that our fundamental objective is 
to correctly identify areas with low coral mortality potential, we would actually desire to be 
strongest in predicting this quantity.  
 

TABLE 10: Comparison of predicted versus observed (bold) coral mortality when 
community type is excluded as a predictor. 

Predicted Coral Mortality Observed Predictive Rate 
Low Medium High   
13 18 5 Low 13/36=0.36 
6 46 14 Medium 46/66=0.70 
1 15 32 High 32/48=0.67 

 
Interestingly, of the 15 occasions when low mortality was observed in conjunction with medium-
high heat stress conditions, the BBN with community type included was able to correctly predict 
9 of them, whereas the BBN community type excluded was unable to correctly predict any of 
them.  The result clearly highlights the potential for differential mortality responses to heating 
stress based on the resident community type.  
 
The predominantly reef-flat community type 3 was the most common community type when the 
BBN correctly predicted low mortality given medium-high heat stress conditions. This appears to 
support the proposition in Table 1 that periodic emergence at low tide confers a level of heat-
tolerance to those corals.   
 
To look further at the more general notion that ‘physical factors’ correlate with tolerance of 
exposure to high temperature anomaly, we now revisit the idea that the temperature regime in 
which the coral communities acclimatized during the 1990s may have some influence on the 
bleaching and coral mortality outcomes. 
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1990S ACCLIMATIZATION AFFECTS COMMUNITY TYPES DIFFERENTLY 

The 1990s acclimatization regime did appear to influence the responses of the different 
community types to the hot summer of 2001-2, but each relationship was different. (In this 
figure, compare the relative heights of low and medium-high bars within each community type 
and across PCA classes). Recall community types 1, 2 and 3 were mostly on the mid- and outer-
shelf reefs, whereas community type 4 was mostly on nearshore fringing reefs.  

• Type 1 communities (high diversity slope communities) only escaped with little 
bleaching when they were in cool areas in 2002 (Fig. 39A,C).  Most sites in warm 
areas (Fig. 39 B, D) did poorly, regardless of whether they had acclimatized in cooler 
(PCA 1) or warmer (PCA 2) waters. 

• Type 2 communities (moderate diversity slope communities) only occurred warm 
areas in 2002 (Fig. 39 B, D) and they did badly there, regardless of the temperatures 
to which they had acclimatized in the 1990s (i.e. no difference if PCA 2 or PCA 3).  

• Type 3 (mostly reef-flat) communities did well in cool areas in 2002 (Fig. 39 A, C). 
There were no warmer acclimatized sites (PCA 3) exposed to the cooler patches in 
2002, but many exposed to warmer patches (Fig. 39B, D). This worked to their 
advantage, as they both bleached less (Fig. 39B) and survived better (Fig. 39D) than 
their cooler acclimatized counterparts. i.e. relatively more PCA 3 sites had low 
bleaching and low mortality impacts than did PCA 2 sites (Fig 39B, D).  

• Type 4 communities (fringing reefs) only occurred in warmer areas in 2002 (Fig 39B, 
D). They bleached badly if acclimatized in cooler temperatures (PCA 2), and not 
quite so badly if acclimatized in warmer temperatures (PCA 3).  But relatively more 
of these warmer acclimatized sites (PCA 3) had medium-high mortality. By contrast, 
those that had acclimatized in PCA 2 waters bleached more (Fig. 39B) but died less 
compared to counterparts in PCA 3 waters (Fig. 39D). This is a paradoxical finding 
that we cannot explain yet. 
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FIGURE 39.  Effect of acclimatization history (1990s) on impact in different summer of 2002 heat stress 
settings. A. Coral bleaching – low heat stress. B. Coral bleaching – medium-high heat stress. C. Coral 
mortality – low heat stress.  D. Coral mortality – medium-high heat stress.  Numbers is bars indicate 
number of sites in indicated category. 
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Towards guidelines for conserving biodiversity through highly protected areas in 
MPAs 

Collectively, the four community types contain the full range of coral biodiversity (species 
composition and diversity, and habitat types).  We suggested earlier that they might also be 
thought of as proxies for all associated biodiversity.  Were all these community types to be 
included in highly protected zones of MPA, a decision tree (Fig. 40) could be used as a guide, 
given the proviso that we do have the capacity to predict hotter and cooler areas, and given 
also the 1990s acclimatization regime.  Thus, we could protect (i.e. improve the odds for ‘low’ 
bleaching-related mortality) for community types 1 and 2 only by knowing in advance the 
location of cooler areas.  For types 3 and 4, we could insure somewhat against medium to high 
impact through knowledge of their 1990s temperature regimes: choose type 3 communities in 
the historically warmer of such areas, and type 4 communities in the cooler of such areas.   
 
We showed earlier (Fig. 34), that low-resolution maps (50 km) of the coolest quartile in both 
2002 and 1998 included 4 out of 7 reefs low impact reefs in cooler waters in 2002 (1 km 
resolution – Table 7), virtually all the low impact reefs in warmer waters, plus some that 2002 1 
km did not include.  This was a surprising but useful finding. It allows us now to make specific 
spatial recommendations to choose a selection of reefs most likely to include some having low 
bleaching impact, and thus to protect the full biodiversity and ecosystem processes represented 
in proxy by our coral community types 1 to 4.  

• Community types 1 and 2:  Select mid- and outer-shelf reef slopes (all habitats) within 
the coolest quartile of hotspots (blue areas in Fig. 41 A – D). 

• Community type 3. Select mid- and outer-shelf reef flats (all habitats) in blue areas as 
above, and also within white areas that are ‘warm acclimatized’ (green or orange in Fig. 
41 E).  

• Community type 4. Select inner-shelf reefs (all habitats) in blue areas as above, and also 
within white areas that are ‘cool acclimatized’ (light or dark blue in Fig. 41 E). 

 

Predicting impact using public domain and geographic information alone 

The forgoing advice assumes the existence of high-resolution maps of relatively cooler local 
patches in regionally warming seas.  This is not routinely available globally, we showed above 
that the 50 km product was quite effective in predicting the low impact sites (Tables 7 and 8). 
Here we use a modified BBN that retains the lessons learnt in Fig. 38 to create a derived 1 km 
SST (Fig. 42). It includes: 

• SST data for 2002 at a resolution of 50 km (Fig. 7A);  

• Our ‘cost of cooling’ index as defined previously (page 18, Fig. 7B).  

These two are combined to predict the 1 km SST for 2002 from the 50 km SST for 2002, using 
the relationships learnt from 1998’s 1 km and 50 km SSTs. 

• Our broad classification of reef habitats and community types. 
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FIGURE 40.  Summary of relationships and basis for selecting places with likely lowest impact, given 
knowledge of 1990s acclimatization regimes and capacity to predict location of relatively cooler and 
warmer areas. Parentheses signify that the ‘cooler’ environments was not observed in the present study 
for inshore fringing reefs (community type 4). 
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FIGURE 41.  Key temperature parameters for identifying reefs with best prospects of low mortality in 
bleaching years. A to D.  Coolest 3-day maximum temperatures (lowest quartile) for 2002 and 1998 at 1 
km and 50 km resolution, as indicated. E. Average monthly maxima for 1990-2000, excluding 1998. 
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FIGURE 42. Bayesian Belief Network, in which ‘max3day’ (50km) for 2002 and ‘cost100’ predict the value 
of the 1 km heat index ‘max3day’ (1 km). 
 
 

Testing this approach on about 2000 reefs on the Great Barrier Reef, we found that the 1998 
50 km SST when combined with cost100 only correctly predicted the 2002 1 km SST category 
at 54% of locations. The proxy ‘strength of mixing’ (page 18, Fig 7C) was less effective and is not 
considered here. This relative lack of correspondence may not surprise, given the broad-scale 
differences in heating between 1998 and 2002, shown in Fig. 1. Applied to our study sites (Table 
11), they were somewhat better at predicting 2002’s ‘low’ and ‘high’ SST categories (~ 60%), 
and coral mortality categories. Using ‘cost 100’ and 2002 50 km SST in the BBN in Fig. 42, we 
achieved a predictive rate of 59% of sites correctly assigned to their observed coral mortality 
class. This represents a loss of only 12% predictive capability compared to using the true (i.e. 
2002 observed) values of max3day (1km).  In the context of all the complexity and uncertainty 
of this system, we believe this result points to a surprisingly good prospects for using low 
resolution SST data as an input to the process of identifying reefs at lower risk of bleaching 
impact.   

 

TABLE 11:  Observed (bold) and predicted coral mortality categories for the survey sites, 
based the BBN shown in Fig. 42.  

Predicted Coral Mortality Observed Predictive Rate 
Low Medium High   
20 12 4 Low 20/36=0.56 
9 41 16 Medium 41/66=0.70 
0 20 28 High 28/48=0.67 
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Summary 

The Great Barrier Reef contains the world’s largest and most diverse assemblage of coral reefs, 
in the world’s most diverse range of environments.  In this study we worked to both understand 
patterns of coral bleaching in relation to the environmental stress in this region in 2002, and to 
look for generalities and ways of investigation that may help us to understand the phenomenon 
elsewhere in tropical seas.  Such understanding is the best basis for coral reef conservation into 
the 21st Century. 

We aggregated the enormous biodiversity of Great Barrier Reefs into just four broad classes, 
based on coral communities.  We found they differed in their responses to thermal patchiness, 
and by codifying these differences, produced a set of guidelines for identifying locations that 
appear to have the best prospects of resisting heat stress as global temperatures rise. To do this, 
we made use of oceanographic and remotely sensed data, broad-brush aerial surveys, detailed 
ecological assessments, spatial statistics, Bayesian networks and Geographic Information System 
tools and resources. 

We used a new 1 km resolution database of satellite sea surface temperatures to identify the 
pattern of relatively ‘cooler’ and ‘warmer’ patches that covered tens to hundreds of square 
kilometres. Based on taxonomically detailed, in-water assessments, we found that a number of 
our observations were in accordance with bleaching resistance hypothesis 1 (amelioration of 
heating though cooling). That is, there was a moderately strong relationship between the 
severity of indices of bleaching and coral mortality, and the location of these large patches (10s 
– 100s of square kilometres) of relatively cooler and hotter water: coral bleaching impacts were 
generally highest in the hottest areas, and lowest in the cooler areas.   

However other places escaped major impact despite their being located in hotter regional 
patches. The explanation of these exceptions was also consistent with the hypothesis that finer 
scale mixing within the larger scale patches can lead to cooling (hypothesis 1) and/or flushing of 
toxins (hypothesis 2) that can ameliorate the impact. 

But mixing alone was insufficient to fully explain the observed patterns. Our capacity to explain 
and predict likely impact levels was significantly improved when we introduced ‘factors that 
predispose high tolerance in corals’ (hypothesis 4). These were ecological and historical 
environmental information: i.e. the class of coral community at each site, and its history of 
acclimatization. 1990s acclimatization in warmer waters appeared to predispose higher survival 
in offshore reef-flat communities (‘type 3), while, paradoxically, acclimatization in cooler waters 
appeared to predispose higher survival in nearshore fringing reef communities (‘type 4’), even 
though it did not prevent the occurrence of significant bleaching. For reef slope communities 
(types 1 and 2), 1990s acclimatization – neither warmer nor cooler – had any ameliorating 
effect. The only offshore slopes that had ‘low’ impact were those that occurred in cool patches. 
We gathered an invaluable collection of material for genetic analysis, but for the present, could 
find no strong relationship between zooxanthellae genotypes and bleaching impacts. 

For other reef regions globally, the full range of data accessible to the AIMS team may not be 
necessary to predict the location of likely low-impact areas. Preliminary work suggests that for 
areas where the highly effective 1 km SST data are not available, helpful proxies might be 
developed by combining public domain information such as NOAA-NESDIS ‘hotspots’, and data 
on local bathymetry and tides. 
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Conclusion & Recommendations 

Living and standing coral communities provide habitat for complex and diverse associated 
biodiversity that is not provided by dead and collapsed coral communities. This study has 
addressed an important challenge in the establishment of effective networks of marine protected 
areas to protect reef biodiversity during a period of global warming, namely, to learn to predict 
specific places at higher and lower risk of coral mortality due to heat-wave conditions.  A 
summary of the main findings as tests of the four bleaching resistance hypotheses is included in 
Table 12.  The factors did account for some of the variability we saw in the bleaching impacts: 
bleaching and coral mortality. But our ability to explain our observations was greatly enhanced 
by the inclusion of biological elements and by attention to interactions among factors – See 
Table 12. 
 
Our analysis reaffirms the existing understanding that cooler areas are less bleaching prone.  It 
adds new insights into how the location of cooler places may be postulated in the absence of 
detailed instrumentation or fine resolution satellite imagery, and what sorts of additional 
information should be gathered to strengthen our capacity to differentiate between more and 
less bleaching prone areas. 
 
In conclusion, we now have a very substantial data base and genetic collection that we expect 
will enable us to develop a much greater capacity to recognize likely winners and losers among 
potential candidates for marine protected areas in coming decades.  We are hopeful that the 
relationships that we discover within the vast area and complex setting of the Great Barrier Reef 
will prove to be widely applicable to similar questions of MPA planning in other coral reef 
settings globally.  AIMS and CRC Reef are very grateful to The Nature Conservancy and the 
David and Lucile Packard Foundation for supporting this work. 
 
Recommendations for identification of MPAs: 

 MPA practitioners should consider the initial identification of prospective reefs for 
inclusion as a risk-spreading process, where identified sites have an enhanced chance of 
being bleaching resistant, rather than one that will insure that each identified site will be 
bleaching resistant  

 Aim for a comprehensive representation of coral reef biodiversity in the ecoregion of 
interest by subdividing the coral communities along and across it into a number of classes, 
and/or reef types and habitats. 

 If possible, acquire satellite SST maps for known bleaching years, and identify those places 
that were ‘cooler’ – i.e. in the lower quartile of summertime three day-maximum SST - as 
places most likely to escape heating anomalies in future.  

 Field assessments of bleaching impact, should they exist, may suggest a subdivision of SST 
that is narrower or broader that a quartile. 

 Within these cooler areas, select reefs that include replicated representation of all the 
classes of coral reef biodiversity that have been defined for the ecoregion.  A systematic 
representation across continental shelves or archipelagos at various latitudes of the 
ecoregion should also serve this purpose. 
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 There may be cases where not all classes of biodiversity are represented in what were the 
‘cooler’ areas in past events. Then look to longer term data or local knowledge to seek to 
include that missing biodiversity by identification of some reefs areas that, in the longer 
term, have been in relatively warm waters for that part of the world (e.g. in shallow 
waters; poor currents), and some in relatively cooler waters (in deeper waters; stronger 
currents).  

 In the absence of any environmental data at all, a systematic representation across 
continental shelves or archipelagos at various latitudes will be the best strategy, but it may 
require a greater number of protected areas to ensure a given number are actually 
bleaching resistant. 

 

TABLE 12. Findings from the present study as tests of bleaching resistance hypothesis presented in Table 
1. Note that many of the factors interact in their influence on bleaching resistance (high or low – See 
row F). 

A.  COOLING: PHYSICAL FACTORS THAT REDUCE TEMPERATURE STRESS 

• Exchange (warm water replaced with 
cooler oceanic water) 

• Upwelling 
• Areas adjacent to cooler deep water 
• Wind-driven mixing 

The outer-shelf location of most relatively cooler areas 
with low bleaching impacts is consistent with 
exchange (tidal currents) and upwelling, due to low 
cost of advection of cool waters.  No specific areas 
preferentially protected by wind-driven mixing.  

B.  FLUSHING: PHYSICAL FACTORS THAT ENHANCE WATER MOVEMENT AND FLUSH TOXINS 

• Fast currents 
• Topography (peninsulars, points, 

narrow channels) 
• High wave energy 
• Tidal range 
• Wind 

Good survival of some study sites in relatively warm 
waters was consistent with fast currents per se. High 
wave energy zones were not preferentially protected 
in extreme warm waters. Wave energy may influence 
bleaching resistance indirectly through effects on type 
of coral community present. High tidal range can 
exacerbate bleaching impacts where reef morphology 
promotes reef-flat ponding, and ameliorate them 
through flushing, and where it generates turbidity. 
Wind as above.  

C.  SHADING: PHYSICAL FACTORS THAT DECREASE LIGHT STRESS 

• Shade (high island shadow, reef 
structural complexity 

• Aspect relative to sun 
• Steep slope 
• Turbidity 
• Cloud cover 

 

No ameliorating effect of shading, aspect or slope 
observed on slopes of warm reefs in clear waters. 
Some reef flat species may be sun-hardened.  Role of 
turbidity per se inconclusive.  No specific areas likely 
to have been preferentially protected by elevated 
cloud cover in this study area, but it may be effective 
in wet-tropics.  

D.  ACCLIMATIZATION: PHYSICAL FACTORS THAT CORRELATE WITH BLEACHING TOLERANCE 

• Temperature variability 
• Emergence at low tide 
• Stable salinity 

A normal regime of high temperature variability and 
periodic emergence is likely implicated with moderate 
to good post-bleaching survivorship in most intertidal 
reef-flat areas. Offshore areas (more stable salinity) 
were no less susceptible to bleaching than inshore 
reefs (less stable salinity). 
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E.  BIOLOGY 

• Coral community type and habitat 
• Zooxanthellae genotype 
• Acclimatization regime 

Survival prospects of different types of coral 
communities are conditioned in different ways by their 
prior acclimatization regimes. No strong genetic basis 
for resistance of communities. 

F.  INTERACTIONS AMONG HYPOTHESIZED FACTORS 

• Cooling 
• Flushing 
• Shading 
• Acclimatization 
• Biology 

Proxies for each of the hypothesized factors that 
reflected their likely mode of action and geographic 
propagation were central to the analysis. They had 
better explanatory power used in combination than 
when tested singly. Great insights were gained by 
adopting a Bayesian approach that builds on the prior 
beliefs and assists learning of interrelations from 
diverse data.  The prior beliefs tested included those 
embedded within the bleaching hypotheses and in the 
proxies.  
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Appendix 1. Species list indicating number of sites in which 
each was recorded 

Species name No. of sites 
 
Acanthastrea bowerbanki 3 
Acanthastrea echinata 58 
Acanthastrea hemprichii 15 
Acanthastrea hillae 13 
Acanthastrea lordhowensis 9 
Acanthastrea regularis 2 
Acanthastrea rotundoflora 1 
Acanthastrea subechinata 1 
Acropora abrotanoides 17 
Acropora aculeus 60 
Acropora acuminata 2 
Acropora anthocercis 13 
Acropora aspera 13 
Acropora austera 25 
Acropora brueggemanni 29 
Acropora carduus 8 
Acropora caroliniana 8 
Acropora cerealis 102 
Acropora clathrata 29 
Acropora cuneata 33 
Acropora cytherea 53 
Acropora digitifera 45 
Acropora divaricata 53 
Acropora donei 5 
Acropora echinata 1 
Acropora elizabethensis 1 
Acropora elseyi 21 
Acropora florida 43 
Acropora formosa 83 
Acropora gemmifera 58 
Acropora glauca 18 
Acropora grandis 48 
Acropora granulosa 6 
Acropora horrida 28 
Acropora humilis 94 
Acropora hyacinthus 114 
Acropora insignis 6 
Acropora kirstyae 1 
Acropora latistella 22 
Acropora listeri 16 
Acropora lokani 1 
Acropora longicyathus 47 
Acropora loripes 62 
Acropora lovelli 2 
Acropora lutkeni 28 
Acropora microclados 11 
Acropora microphthalma 22 
Acropora millepora 72 

Acropora mirabilis 1 
Acropora monticulosa 25 
Acropora multiacuta 3 
Acropora nana 3 
Acropora nasuta 70 
Acropora nobilis 75 
Acropora ocellata 1 
Acropora palifera 83 
Acropora palmerae 3 
Acropora paniculata 3 
Acropora polystoma 7 
Acropora pulchra 9 
Acropora robusta 22 
Acropora rosaria 5 
Acropora samoensis 12 
Acropora sarmentosa 76 
Acropora secale 52 
Acropora selago 30 
Acropora seriata 1 
Acropora solitaryensis 22 
Acropora spathulata 46 
Acropora speciosa 2 
Acropora spicifera 2 
Acropora subglabra 1 
Acropora subulata 25 
Acropora tenuis 78 
Acropora torresiana 3 
Acropora tortuosa 1 
Acropora valenciennesi 16 
Acropora valida 62 
Acropora vaughani 9 
Acropora verweyi 4 
Acropora willisae 21 
Acropora yongei 45 
Alveopora allingi 4 
Alveopora catalai 1 
Alveopora spongiosa 2 
Alveopora tizardi 1 
Astreopora cucullata 2 
Astreopora gracilis 7 
Astreopora listeri 10 
Astreopora moretonensis 1 
Astreopora myriophthalma 80 
Astreopora ocellata 7 
Astreopora randalli 1 
Australogyra zelli 9 
Barabattoia amicorum 7 
Caulastrea furcata 10 
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Coeloseris mayeri 34 
Coscinaraea columna 68 
Coscinaraea exesa 13 
Ctenactis albitentaculata 7 
Ctenactis crassa 2 
Ctenactis echinata 25 
Cyphastrea agassizi 1 
Cyphastrea chalcidicum 8 
Cyphastrea decadia 15 
Cyphastrea japonica 1 
Cyphastrea microphthalma 43 
Cyphastrea serailia 73 
Diploastrea heliopora 45 
Echinophyllia aspera 17 
Echinophyllia echinata 1 
Echinophyllia echinoporoides 1 
Echinophyllia orpheensis 10 
Echinopora gemmacea 63 
Echinopora hirsutissima 4 
Echinopora horrida 26 
Echinopora lamellosa 67 
Echinopora mammiformis 30 
Echinopora pacificus 10 
Euphyllia ancora 5 
Euphyllia cristata 4 
Euphyllia divisa 4 
Euphyllia glabrescens 1 
Euphyllia paradivisa 1 
Favia danae 15 
Favia favus 77 
Favia laxa 31 
Favia lizardensis 49 
Favia maritima 18 
Favia matthai 61 
Favia maxima 8 
Favia pallida 80 
Favia rosaria 8 
Favia rotumana 6 
Favia rotundata 40 
Favia speciosa 60 
Favia stelligera 77 
Favia truncatus 20 
Favia veroni 5 
Favites abdita 94 
Favites bestae 2 
Favites chinensis 6 
Favites complanata 57 
Favites flexuosa 90 
Favites halicora 49 
Favites micropentagona 1 
Favites pentagona 32 
Favites russelli 26 
Favites vasta 1 
Fungia concinna 54 

Fungia corona 1 
Fungia danai 11 
Fungia fungites 36 
Fungia granulosa 5 
Fungia horrida 28 
Fungia klunzingeri 6 
Fungia moluccensis 1 
Fungia paumotensis 11 
Fungia repanda 5 
Fungia scutaria 11 
Galaxea acrehelia 6 
Galaxea astreata 54 
Galaxea fasicularis 45 
Galaxea horrescens 22 
Galaxea paucisepta 2 
Gardineroseris planulata 12 
Goniasatrea aspera 14 
Goniasatrea australensis 80 
Goniasatrea edwardsi 86 
Goniasatrea favulus 27 
Goniasatrea pectinata 103 
Goniasatrea ramosa 1 
Goniasatrea retiformis 80 
Goniopora albiconus 1 
Goniopora columna 20 
Goniopora djiboutiensis 11 
Goniopora fruticosa 2 
Goniopora lobata 25 
Goniopora minor 31 
Goniopora pandoraensis 1 
Goniopora pendulus 4 
Goniopora somaliensis 3 
Goniopora sp. 5 
Goniopora stokesi 4 
Goniopora stutchburyi 6 
Goniopora tenuidens 34 
Halomitra pileus 6 
Heliofungia actiniformis 19 
Herpolitha limax 29 
Hydnophora exesa 82 
Hydnophora grandis 5 
Hydnophora microconos 40 
Hydnophora rigida 49 
Leptastrea inaequalis 8 
Leptastrea pruinosa 36 
Leptastrea purpurea 44 
Leptastrea transversa 37 
Leptoria irregularis 4 
Leptoria phrygia 78 
Leptoseris explanata 5 
Leptoseris foliosa 1 
Leptoseris mycetoseroides 10 
Leptoseris yabei 7 
Lithophyllum mokai 2 
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Lobophyllia corymbosa 35 
Lobophyllia dentatus 2 
Lobophyllia flabelliformis 11 
Lobophyllia hataii 11 
Lobophyllia hemprichii 65 
Lobophyllia pachysepta 53 
Lobophyllia robusta 36 
Merulina ampliata 59 
Merulina scabricula 10 
Micromussa amakusensis 3 
Montastrea annuligera 3 
Montastrea colemani 5 
Montastrea curta 92 
Montastrea magnistellata 30 
Montastrea multipunctata 1 
Montastrea valenciennesi 36 
Montipora aequituberculata 38 
Montipora altasepta 1 
Montipora calcarea 1 
Montipora caliculata 18 
Montipora confusa 5 
Montipora corbetensis 3 
Montipora crassituberculata 17 
Montipora danae 48 
Montipora digitata 1 
Montipora efflorescens 5 
Montipora effusa 1 
Montipora encrusting 96 
Montipora floweri 3 
Montipora foliosa 9 
Montipora foveolata 8 
Montipora grisea 32 
Montipora hispida 24 
Montipora hoffmeisteri 32 
Montipora incrassata 5 
Montipora informis 19 
Montipora mactanensis 1 
Montipora millepora 4 
Montipora mollis 10 
Montipora monasteriata 20 
Montipora nodosa 8 
Montipora peltiformis 9 
Montipora spongodes 6 
Montipora spumosa 5 
Montipora stellata 4 
Montipora tuberculosa 16 
Montipora turgescens 6 
Montipora turtlensis 2 
Montipora undata 14 
Montipora venosa 6 
Montipora verrucosa 2 
Montipora vietnamensis 2 
Moseleya latistellata 10 
Mycedium elephantotus 68 

Oulastrea crispata 1 
Oulophyllia bennettae 7 
Oulophyllia crispa 45 
Oxypora glabra 4 
Oxypora lacera 36 
Pachyseris rugosa 13 
Pachyseris speciosa 29 
Palauastrea ramosa 5 
Paraclavarina triangularis 9 
Pavona cactus 1 
Pavona decussata 17 
Pavona duerdeni 10 
Pavona explanulata 14 
Pavona maldivensis 11 
Pavona minuta 1 
Pavona varians 48 
Pavona venosa 13 
Pectinia alcicornis 11 
Pectinia lactuca 17 
Pectinia paeonia 19 
Physogyra lichtensteini 36 
Platygyra acuta 10 
Platygyra contorta 5 
Platygyra daedelea 96 
Platygyra lamellina 57 
Platygyra pini 59 
Platygyra ryukyuensis 15 
Platygyra sinensis 29 
Platygyra verweyi 49 
Platygyra yaeyemaensis 1 
Plerogyra sinuosa 4 
Plesiastrea versipora 11 
Pocillopora damicornis 128 
Pocillopora danae 4 
Pocillopora eydouxi 26 
Pocillopora kelleheri 1 
Pocillopora meandrina 1 
Pocillopora verrucosa 53 
Podabacia crustacea 25 
Polyphyllia talpina 5 
Porites annae 10 
Porites cylindrica 47 
Porites densa 1 
Porites evermanni 3 
Porites heronensis 16 
Porites lichen 47 
Porites massive 120 
Porites mayeri 14 
Porites monticulosa 4 
Porites murrayensis 1 
Porites nigrescens 6 
Porites rus 6 
Porites vaughani 27 
Psammocora contigua 8 
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Psammocora digitata 24 
Psammocora explanulata 1 
Psammocora haimeana 3 
Psammocora nierstrazi 3 
Psammocora obtusangulata 2 
Psammocora profundacella 4 
Psammocora superfacialis 10 
Sandalolitha robusta 17 
Scapophyllia cylindrica 10 
Scolymia vitiensis 23 
Seriatopora caliendrum 10 
Seriatopora hystrix 47 
Stylocoeniella armata 2 
Stylocoeniella guentheri 3 

Stylophora pistillata 102 
Stylophora subseriata 1 
Symphyllia agaricia 20 
Symphyllia radians 17 
Symphyllia recta 90 
Symphyllia valenciennesi 7 
Tubastrea micrantha 11 
Turbinaria frondens 18 
Turbinaria mesenterina 23 
Turbinaria patula 12 
Turbinaria peltata 10 
Turbinaria reniformis 36 
Turbinaria stellulata 27 
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Appendix 2. Genetics methods 

Collection of samples for genotyping of zooxanthellae 

A small piece (2-5 cm) of living material was snapped off individual colonies and preserved in 
90-100% Ethanol.  

 

DNA-extraction and PCR amplification 

DNA was extracted from a tiny piece of ground-up coral using the DNeasy™ Tissue Kit (Qiagen) 
following the manufacturer’s protocol. DNA was eluted from the Qiagen column twice with 150 
ml elution buffer.  

 

To distinguish between zooxanthella strains, the nuclear ribosomal DNA ITS1 region was 
amplified as described in van Oppen et al. (2001). Dinoflagellate-specific primers were designed 
based on sequences available in the database: symITSFP (5’-CTCAGCTCTGGAC 
GTTGYGTTGG-3’) and symITSRP (5’-TATCGCRCTTCRCTGCGCCCT-3’).  The PCR profile was: 
one cycle of 3 min at 94°C, 30 cycles of 30 s at 95°C, 30 s at 59°C and 30 s at 72°C, followed 
by 5 min at 72°C.  PCR was carried out in 25 ml volumes and consisted of 1ml of each primer 
(10 mM), 2.5 ml 10x buffer (Fisher Biotech), 2.5 ml dNTP (2 mM), 2 ml MgCl2 (25 mM), 0.13 ml 
Taq polymerase (5.5 u / ml; Fisher Biotech), 14.87 ml H2O and 1 ml DNA (second elution). The 
forward primer was fluorescently labeled with HEX or TET for detection on the GelScan2000 
system (Corbett Research) using Single-Stranded Conformational Polymorphism (SSCP) analysis. 

 

SSCP analysis 

One ml of PCR product was mixed with (1-7 ml, depending on the yield) formamide gel-loading 
dye (Sambrook et al. 1989). Samples were denatured for 3 minutes at 95oC and snap-cooled on 
ice. One ml of each sample was loaded onto a 4% non-denaturing TBE-polyacrylamide gel (20 
cm). Approximately 15 ml solution was used for each gel (1.5 ml 40% acrylamide (37:1 
bisacrylamide:acrylamide), 12.225 ml ddH2O, 0.9 ml 10 x TBE (Amresco), 0.375 ml 80 % 
glycerol). Thirty ml of TEMED and 75 ml 10% ammonium persulfate was added to start 
polymerisation prior to pouring the gel. Gels were run on the Gelscan2000 (Corbett research) 
for approximately 40 minutes (1200 Volts, 22oC) with 0.6x TBE buffer.  SSCP profiles were 
scored manually from the gel-picture produced by the Gelscan2000. 

 

Cloning and sequencing 

When new SSCP profiles were observed or when SSCP profiles were not well resolved, the PCR 
product was either directly sequenced (in the case on one SSCP band) or cloned and then 
sequenced (in the case of multiple SSCP bands). PCR products were mixed with 5 ml Orange G 
loading Dye and loaded on a 1% agarose-TAE gel, along with a 1Kb size marker. PCR products 
were excised from the gel and spun through a No. 1 Whatman paper filter for 1 minute at 5,000 
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rpm in a bench top Eppendorf centrifuge. These purified products were either sequenced 
directly or cloned into a pGEM-T and pGEM-T Easy Vector Systems (Promega). White colonies 
were amplified using vector primers, run on an agarose gel and spun through Whatman paper 
as described before. Products were quantified and sequenced on an ABI 310 Genetic Analyzer 
(Perkin Elmer) or a CEQ2000 sequencer (Beckman Instruments Inc.). 

 

Data analysis 

Sequences were proof-read and aligned in Sequencher 4.1 (Gene Codes Corporation). 

Bayesian phylogenetic analyses were performed in Mr. Bayes (Huelsenbeck and Ronquist, in 
press) under the HKY85 model of sequence evolution.  Neighbour-joining distance analyses 
were conducted in PAUP* 4.0b10 (Swofford 1999). Bootstrap analysis was performed with 
1000 replicates. 
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Appendix 3. Bayesian Belief Networks 

 
 
A BBN encodes the dependency relationships between particular variables that describe our 
sites and are represented as nodes. Individual nodes have a finite number of mutually exclusive 
states (e.g. high, medium, low). Nodes are connected by arcs (dependency links), which point 
from parent nodes (causes) to child nodes (effects), as shown in Fig. 38. The absence of a link 
between two variables indicates independence between them. The strength (i.e. certainty) of the 
causal link between a parent and child nodes is specified through a conditional probability 
distribution usually in the form of a conditional probability table (CPT). The CPT specifies the 
conditional probability of the child node being in a particular state, given the states of all its 
parents: P(childparent1, parent2,….parentN). Should a node have no parents, the table reduces to 
an unconditional one: P(child).  Given the structure of the BBN, and the associated conditional 
probabilities, it is possible to determine the likelihood of different states in each child, given the 
likelihood of different states in its parent(s).  The power of the BBN comes to light whenever we 
change the likelihood of parent states, based on field evidence or expert opinion. The effects of 
the evidence or opinion are propagated throughout the dependence-structured network via a 
‘probabilistic inference algorithm’, and the resulting probabilities of the affected nodes updated. 
 
 
 



 

 

 


