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Abstract 

Title: Coral Bleaching: A Global Analysis of Bright Spots 

Author: Shannon Elizabeth Sully 

Advisor: Robert van Woesik, Ph.D. 

Thermal-stress events associated with climate change cause coral bleaching 

and mortality that threatens coral reefs globally. Yet coral bleaching and coral 

cover patterns vary spatially and temporally, and few studies have identified bright 

spots where corals have the potential to survive through climate change. This study 

synthesizes over 10,000 field observations globally of coral bleaching and coral 

cover from 1997 to 2017 and uses a suite of environmental and temperature metrics 

to analyze coral bleaching and coral cover patterns. The objectives of this 

dissertation are to (1) identify the environmental variables that constitute bright 

spots for coral reefs, and (2) identify where these bright spots and potential refugia 

are around the world. 

The study found that coral bleaching was most common in localities 

experiencing high intensity and high frequency thermal-stress anomalies. Coral 

bleaching was significantly less common in localities with a high variance in sea 

surface temperature (SST) anomalies, and in areas with turbidity levels between 
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0.080 and 0.127 Kd490. Geographically, the highest probability of coral bleaching 

occurred at tropical mid-latitude sites (15–20˚ north and south of the Equator), 

despite similar thermal stress levels at equatorial sites. In the last decade, the onset 

of coral bleaching has occurred at significantly higher SSTs (∼0.5 °C) than in the 

previous decade, suggesting that thermally susceptible genotypes may have 

declined and/or corals that survived have adapted, such that the remaining coral 

populations now have a higher thermal threshold for bleaching. Coral cover was 

greatest in areas with a high maximum historical SST. Coral cover was lowest at: 

(i) high latitudes, (ii) where cyclone frequencies and human populations are high, 

(iii) sites with a high mean SST, and (iv) sites that have experienced recent thermal 

stress (i.e., high degree-heating weeks).  

The study also projected coral cover into the years 2050 and 2100 using the 

Bayesian models developed on modern reefs and projected temperatures from 

global climate models. Coral cover was projected to decrease less on reefs with 

high turbidity than on reefs with low turbidity under both Representative 

Concentration Pathways (RCP) 4.5 and RCP8.5. We project future dark spots for 

coral reefs in eastern Africa and northwestern Madagascar, the Marshall Islands, 

Micronesia, Northern Mariana Islands, west Sumatra, and the northern Caribbean. 

We project future bright spots for coral reefs in New Caledonia, Papua New 

Guinea, the Sulu Sea, Northern Sulawesi and eastern Indonesia, the Greater Sunda 

Islands, Southern Red Sea, Lakshadweep Islands, and French Polynesia.  



 

v 

Table of Contents 
Abstract ................................................................................................................... iii 

List of Figures ........................................................................................................ vii 

List of Tables ...................................................................................................... xviii 

List of Exchanges ................................................................................................. xix 

Acknowledgement .................................................................................................. xx 

Dedication ............................................................................................................. xxi 

Chapter 1 Introduction ............................................................................................ 1 
Rationale and General Research Questions .................................................................. 1 
Climate Warming and Coral Bleaching ........................................................................ 3 
Mechanisms of Coral Bleaching ..................................................................................... 4 
Moderating Effects of Turbidity on Coral Bleaching .................................................. 6 
Spatio-temporal Variability in Coral Bleaching and Coral Cover ............................. 8 
Bright and Dark Spots .................................................................................................. 11 
Regional and Global Studies ........................................................................................ 12 
Climate Projections ....................................................................................................... 16 
Intergovernmental Panel on Climate Change ............................................................ 17 
Big Data Challenges ...................................................................................................... 18 
Research Objectives ...................................................................................................... 19 

Chapter 2 Datasets and Analytical Approach ..................................................... 22 
Introduction ................................................................................................................... 22 
Reef Check Dataset ....................................................................................................... 23 
Ecoregions and Diversity Dataset ................................................................................ 25 
Historical Sea-Surface Temperature Dataset ............................................................. 28 
Modern Environmental Datasets ................................................................................. 29 
Modern Temperature Datasets .................................................................................... 30 
Future Temperature Datasets ...................................................................................... 32 
Data Availability ............................................................................................................ 32 
Data Analysis with Bayesian Statistics ........................................................................ 33 

Chapter 3 A Global Analysis of Coral Bleaching Over the Past Two Decades 35 
Abstract .......................................................................................................................... 35 
Introduction ................................................................................................................... 36 
Methods .......................................................................................................................... 39 
Biological and Environmental Data ............................................................................. 39 
Data Analysis ................................................................................................................. 40 
Results and Discussion .................................................................................................. 49 

Chapter 4 Turbid Reefs Moderate Coral Bleaching Under Climate-Related 

Temperature Stress ................................................................................................ 58 
Abstract .......................................................................................................................... 58 



 

vi 

Introduction ................................................................................................................... 59 
Methods .......................................................................................................................... 61 
Biological and Environmental Data ............................................................................. 61 
Data Analysis ................................................................................................................. 63 
Turbidity Thresholds .................................................................................................... 66 
Results ............................................................................................................................ 72 
Discussion ....................................................................................................................... 75 

Chapter 5 A Global Analysis of Coral Bleaching Over the Past Two Decades 80 
Abstract .......................................................................................................................... 80 
Introduction ................................................................................................................... 81 
Methods .......................................................................................................................... 84 
Field Data ....................................................................................................................... 84 
Data Analysis ................................................................................................................. 87 
Bright Spot and Dark Spot Analysis ............................................................................ 91 
Results ............................................................................................................................ 93 
Discussion ..................................................................................................................... 107 

Chapter 6 Synthesis ............................................................................................. 114 
What environmental variables affect coral bleaching and coral cover? ................ 114 
Where are the coral reef bright spots and dark spots? ............................................ 118 

References ............................................................................................................. 120 

Appendix A Supplementary Information for Chapter 2 .................................. 139 

Appendix B Supplementary Information for Chapter 3 .................................. 140 

Appendix C Supplementary Information for Chapter 4 .................................. 160 

Appendix D Supplementary Information for Chapter 5 .................................. 169 
 



 

vii 

List of Figures 

Figure 1.1 Coral bleaching in the Philippines. Note the coral under the main 

bleached colony is only partially bleached whereas the same species 

(Seriatopora hystrix) is fully bleached in direct sunlight (photo by R. van 

Woesik) .............................................................................................................. 6 

Figure 1.2. Global mean turbidity (Kd490) globally calculated at a 1-km monthly 

resolution. Data were provided by NASA, Goddard Space Flight Center, 

Ocean Ecology Laboratory, Ocean Biology Processing Group, SeaWiFS (Sea-

viewing Wide Field-of-view Sensor) Ocean Color Data 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Monthly/4km/Kd_490/). ............................................................ 8 

Figure 1.3. Standard deviation of Sea-Surface Temperature (SST) during the 2015–

2017 ENSO calculated at a 4-km monthly resolution. Data were provided by 

The Group for High Resolution Sea Surface Temperature (GHRSST) and the 

US National Centers for Environmental Information, available at 

(https://data.nodc.noaa.gov/cortad/Version6/). .................................................. 9 

Figure 2.1. Percent coral bleaching. Percent coral bleaching as determined from 

Reef Check surveys from years 1997–2017..................................................... 25 

Figure 2.2. Percent coral cover. Percent coral cover as determined from Reef Check 

surveys from years 1997–2017. ....................................................................... 25 

Figure 2.3. Ecoregions of the world. Ecoregions of the world boundaries as defined 

by Veron et al. (2015). Colors do not indicate a value. Rather, colors were 

randomly generated for each of the 150 ecoregions to help distinguish 

ecoregion boundaries. ...................................................................................... 26 

Figure 2.4. Ecoregions and coral diversity. Diversity is displayed as the number of 

coral species confirmed present in each ecoregion ranging from 0 (white) to 

567 (dark red). .................................................................................................. 27 

Figure 3.1. Number of surveys in each ecoregion. .................................................. 38 

Figure 3.2. Number of study sites by latitude and longitude. .................................. 38 

Figure 3.3. Covariate correlations. Correlation plot of variables. Blue indicates that 

variables are positively correlated, magenta indicates no correlation, and 



 

viii 

yellow indicates that variables are negatively correlated. Shade of the color 

and size of the circles indicate the strength of the correlation between variables

 .......................................................................................................................... 41 

Figure 3.4. Model variable coefficients. Relationship between the percentage of 

coral colonies bleached and environmental variables within a Bayesian 

framework with mean values (circles) and 95% credible intervals (the thin 

black horizontal lines) as well as 50% credible intervals (the thick black 

horizontal lines). All definitions are outlined in detail in Table B.1. Red dots 

show a positive relationship with bleaching likelihood, blue dots show a 

negative relationship with the likelihood of coral bleaching, and white dots 

show no significant relationship with bleaching likelihood. ............................ 44 

Figure 3.5. Standard deviation of sea surface temperature from 1997 to 2017. The 

value of each ecoregion is displayed as the number of standard deviations it 

differs from the mean of all ecoregions. Positive values are displayed in 

yellow and negatives values are displayed in blue........................................... 45 

Figure 3.6. Standard deviation of thermal stress anomaly degree heating weeks 

from 1997 to 2017. The value of each ecoregion is displayed as the number of 

standard deviations it differs from the mean of all ecoregions. Positive values 

are displayed in yellow and negatives values are displayed in blue. ............... 45 

Figure 3.7. Standard deviation of frequency of sea surface temperature anomalies. 

Standard deviation of frequency of sea surface temperature anomalies 

(SSTA_Freq_stdev), for data from 1997 to 2017. The value of each ecoregion 

is displayed as the number of standard deviations it differs from the mean of 

all ecoregions. Positive values are displayed in yellow and negatives values 

are displayed in blue......................................................................................... 46 

Figure 3.8. Standard deviation of frequency of thermal stress anomalies from 1997 

to 2017. The value of each ecoregion is displayed as the number of standard 

deviations it differs from the mean of all ecoregions. Positive values are 

displayed in yellow and negatives values are displayed in blue. ..................... 46 

Figure 3.9. Annual rate of sea surface temperature change from 1997 to 2017. The 

value of each ecoregion is displayed as the number of standard deviations it 

differs from the mean of all ecoregions. Positive values are displayed in 

yellow and negatives values are displayed in blue........................................... 47 

Figure 3.10. Frequency of thermal stress anomalies from 1997 to 2017. The value 

of each ecoregion is displayed as the number of standard deviations it differs 



 

ix 

from the mean of all ecoregions. Positive values are displayed in yellow and 

negatives values are displayed in blue. ............................................................ 47 

Figure 3.11. Sea surface temperature (SST) from 1997 to 2017. The value of each 

ecoregion is displayed as the number of standard deviations it differs from the 

mean of all ecoregions. Positive values are displayed in yellow and negatives 

values are displayed in blue. ............................................................................ 47 

Figure 3.12. Frequency of sea surface temperature anomalies from 1997 to 2017. 

The value of each ecoregion is displayed as the number of standard deviations 

it differs from the mean of all ecoregions. Positive values are displayed in 

yellow and negatives values are displayed in blue........................................... 48 

Figure 3.13. Sea surface temperature anomaly degree heating weeks from 1997 to 

2017. The value of each ecoregion is displayed as the number of standard 

deviations it differs from the mean of all ecoregions. Positive values are 

displayed in yellow and negatives values are displayed in blue. ..................... 48 

Figure 3.14. Bleaching prevalence by latitude. Bleaching prevalence by latitude, 

where the blue indicates no bleaching, purple is mild bleaching (1–10% 

bleached), peach is moderate bleaching (10–50% bleached), and yellow is 

severe bleaching (>50% bleached). ................................................................. 49 

Figure 3.15. Bleaching prevalence by longitude. Bleaching prevalence by 

longitude, where the blue indicates no bleaching, purple is mild bleaching (1–

10% bleached), peach is moderate bleaching (10–50% bleached), and yellow 

is severe bleaching (>50% bleached). .............................................................. 50 

Figure 3.16. Percent and probability of coral bleaching from 2002 to 2017. The 

boxplots are of the percent coral bleaching, which is measured on the left y-

axis. The center line is the mean percent bleaching, the bounds of the boxes 

are the interquartile range (25% and 75%), and the whiskers are the 95% 

range. The red line is the probability of coral bleaching over time, measured 

on the right y-axis, and the shaded red region is the 95% confidence interval.

 .......................................................................................................................... 54 

Figure 3.17. Probability density distributions of coral bleaching from 1997 to 2006 

(blue shade) and from 2007 to 2017 (peach shade), the mauve shade is where 

the distributions overlap; the blue and red lines show the best-fit Weibull 

probability density distributions (for the 1997 to 2006 data, the Weibull shape 

is 18.895 and the scale is 28.622, whereas for the 2007 to 2017 data the 

Weibull shape is 19.346, and the shape is 29.413). The change in coral 



 

x 

bleaching at sea surface temperature is significantly different (Likelihood ratio 

test, Pr(>χ2) =0.001) between decades. ........................................................... 55 

Figure 3.18. Proportion of surveys with bleaching at temperature. The proportion of 

surveys at a given temperature that found coral bleaching during the 2010 

global bleaching event compared to the 2014–2017 global bleaching event. 

Bin size is 1 °C, and each bin was required to have 60 surveys to be included. 

Blue dots indicate the 2010 bleaching event, and magenta dots indicate the 

2014–2017 bleaching event.............................................................................. 56 

Figure 4.1. Coral bleaching severity distribution. Severity of coral bleaching 

categorized according to the percentage of the coral assemblage that bleached 

at survey. .......................................................................................................... 64 

Figure 4.2. Nonlinear regression of the width of each reef flat and mean Kd490 

value for 42 reef flats on the inner Great Barrier Reef from 2002 to 2017. Gray 

shading indicates the 95% confidence interval. ............................................... 67 

Figure 4.3. Case study locations on the Great Barrier Reef. Reefs in the Great 

Barrier Reef follow a turbidity gradient. We examined 42 reefs along this 

gradient, examining reef flat width and turbidity. Specific islands are 

identified in Figures 4.4–4.6. Map data: Google Earth, GBRMPA CNES / 

Airbus Data SIO, NOAA, U.S. Navy, NGA, GEBCO. ................................... 68 

Figure 4.4. Northern section of the Great Barrier Reef turbidity gradient. Reefs at 

twelve islands were examined. Hayman Island (1 reef), Langford Island (1 

reef), Hook Island (3 reefs), Border Island (2 reefs), North Molle Island (1 

reef), Whitsunday Island (2 reefs), Hamilton Island (1 reef), Pine Island (1 

reef), Shaw Island (2 reefs), Keyser Island (1 reef), and Thomas Island (3 

reefs). Map data: Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, 

U.S. Navy, NGA, GEBCO. .............................................................................. 69 

Figure 4.5. Middle section of the Great Barrier Reef turbidity gradient. Reefs at 

five islands were examined. Goldsmith Island (2 reefs), Carlisle/Bramptom 

Island (3 reefs), Cockermouth Island (2 reefs), Scawfell Island (2 reefs), 

Penrith Island (1 reef). Map data: Google Earth, GBRMPA CNES / Airbus 

Data SIO, NOAA, U.S. Navy, NGA, GEBCO. ............................................... 70 

Figure 4.6. Southern section of the Great Barrier Reef turbidity gradient. Reefs at 

five islands were examined. Prudhoe Island (3 reefs), Digby Island (2 reefs), 

Curlew Island (3 reefs), Middle Island (3 reefs), South Island (3 reefs). Map 

data: Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, U.S. Navy, 

NGA, GEBCO. ................................................................................................ 71 



 

xi 

Figure 4.7. Ordinal regression model variable coefficients showing the 

relationships between the coral bleaching severity levels and the two 

environmental variables (i.e., SST and turbidity) and their interaction within a 

Bayesian framework with mean values (circles) and 95% credible intervals 

(the thin black horizontal lines) as well as 50% credible intervals (the thick 

black horizontal lines). Red dots show a positive relationship with bleaching 

severity, blue dots show a negative relationship with bleaching severity. All 

definitions are outlined in detail in Table C.1. ................................................. 72 

Figure 4.8. Gamma probability densities of Kd490 values (at 3,694 sites, using 

8,797 Reef Check surveys in 81 countries, from 2002 to 2017), fit to data 

points from Reef Check surveys displaying no bleaching (blue), mild 

bleaching (orange; 1%–10% bleaching), moderate bleaching (red; >10%–50% 

bleaching) and severe bleaching (black; >50% bleaching). Dashed vertical 

lines indicate the mean Kd490 value for surveys in each bleaching category. 73 

Figure 4.9. Percentage of coral reefs worldwide within the “moderating turbidity 

range” (of 0.080 − 0.127 Kd490) per marine ecoregion (which are outlined by 

fine blue lines). Data were obtained at 3,694 sites, using 8,797 Reef Check 

surveys in 81 countries, from 2002 to 2017. .................................................... 75 

Figure 5.1. Annual cyclone frequency calculated from data available from the 

International Best Track Archive for Climate Stewardship (IBTrACS) from 

1964–2014 at a 9 km resolution. ...................................................................... 84 

Figure 5.2. Percent coral cover as determined from Reef Check surveys from the 

years 1997–2017. ............................................................................................. 86 

Figure 5.3. Pearson’s correlation of coefficients for ecological variable and 

temperature metric descriptions and sources. Ecological variables and 

temperature metrics were used to predict coral cover across reefs worldwide. 

Variables and their data sources are listed in Table D.1. ................................. 88 

Figure 5.4. Maximum TSA DHW and coral cover for low-turbidity reefs and for 

high-turbidity reefs. The coral cover observed at a reef relative to the 

maximum TSA DHW of the three years prior to the survey. Low-turbidity 

reefs (5236 surveys) have mean Kd490 values less than 0.075, and high-

turbidity reefs (2500 surveys) have mean Kd490 values of greater than or 

equal to 0.075. .................................................................................................. 89 

Figure 5.5. A. Low-turbidity (< 0.075 Kd490) model variable coefficients. B. High-

turbidity (≥ 0.075 Kd490) model variable coefficients. Relationship between 

the percent coral cover and the environmental variables within a Bayesian 



 

xii 

framework with mean values (circles) and 95% credible intervals (thin black 

horizontal lines) as well as 50% credible intervals (thick black horizontal 

lines). Blue dots show a positive association with coral cover, red dots show a 

negative association with coral cover, and white dots show no significant 

association with coral cover (95% credible interval crosses zero). ................. 94 

Figure 5.6. Present-day observed and expected coral cover. The observed mean 

percent coral cover versus the expected mean percent coral cover as 

determined from the fitted beta model. Gray circles indicate sites for which the 

observed mean percent coral cover was within 1.5 standard deviations (29%) 

of expected mean coral cover. Yellow circles indicate bright spots. Black 

circles indicate dark spots.. The gray line indicates y=x. Red lines indicate 

differences of 1.5 standard deviations from the line y=x. The r-squared value 

is 0.80. .............................................................................................................. 95 

Figure 5.7. The sites of present-day bright spots and dark spots. Gray circles are the 

locations of surveys for which the observed percent coral cover was within 1.5 

standard deviations (29%) of expected coral cover. Yellow circles are bright 

spots. Black circles are dark spots.................................................................... 96 

Figure 5.8. Relative change in coral cover in 2100 under climate change scenarios 

RCP4.5 and RCP8.5. Brown circles indicate sites with high-turbidity levels (≥ 

0.075 Kd490), and blue circles indicate sites with low-turbidity levels (<0.075 

Kd490). ............................................................................................................. 97 

Figure 5.9. Projected relative change in coral cover at Reef Check sites. The 

relative difference between modern expected coral cover and future expected 

coral cover at Reef Check sites around the world. Change in coral cover by the 

years 2050 and 2100 for RCP4.5 and RCP8.5. ................................................ 99 

Figure 5.10. The projected future mean coral cover for each of 2953 sites. A) Year 

2050 for RCP4.5 B) Year 2100 for RCP4.5 C) Year 2050 for RCP8.5 and D) 

Year 2100 for RCP8.5. ................................................................................... 100 

Figure 5.11. The effect of climate change mitigation policy at the Reef Check sites 

by year 2050 and 2100. This is the relative percent coral cover at each Reef 

Check site that can be saved by the world adhering to policies that allow for 

scenario RCP4.5 as opposed to RCP8.5. ....................................................... 102 

Figure 5.12. Projected relative change in coral cover globally. The relative 

difference between modern expected coral cover and future expected coral 

cover on reefs around the world. Change in coral cover by the years 2050 and 

2100 for RCP4.5 and RCP8.5. ....................................................................... 104 



 

xiii 

Figure 5.13. Modern extrapolated coral cover at 6 m depth globally. ................... 105 

Figure 5.14. Future projected coral cover at 6 m depth extrapolated to reefs 

globally, in years 2050 and 2100 according to the RCP4.5 and RCP8.5 climate 

scenarios. ........................................................................................................ 106 

Figure B.1. Sea-surface temperature anomalies (SSTA), which is the weekly sea 

surface temperature minus the weekly climatological sea surface temperature, 

by latitude. The thick center line is the median value, the bounds of the box 

are the interquartile range (25% and 75%), the whiskers are the 95% range, 

and open circles are surveys falling outside the 95% range. .......................... 149 

Figure B.2. Degree heating weeks by latitude. The sum of the previous 12 weeks, 

or Degree Heating Weeks (DHW) when SSTA ≥ 1 °C, where SSTA is the 

weekly sea surface temperature minus weekly climatological sea surface 

temperature, by latitude. The thick center line is the median value, the bounds 

of the box are the interquartile range (25% and 75%), the whiskers are the 

95% range, and open circles are surveys falling outside the 95% range. ...... 150 

Figure B.3. The frequencies of sea surface temperature anomalies (SSTA), where 

SSTA is the weekly sea surface temperature minus weekly climatological sea 

surface temperature, by latitude. The thick center line is the median value, the 

bounds of the box are the interquartile range (25% and 75%), the whiskers are 

the 95% range, and open circles are surveys falling outside the 95% range. 151 

Figure B.4. The standard deviations of the frequencies of sea surface temperature 

anomalies (SSTA), where SSTA is the weekly sea surface temperature minus 

weekly climatological sea surface temperature, by latitude. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 152 

Figure B.5. Sea-surface temperatures in ˚ Celsius by latitude. The thick center line 

is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling 

outside the 95% range. ................................................................................... 153 

Figure B.6. The standard deviations of sea surface temperatures by latitude. The 

thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. ......................................... 154 



 

xiv 

Figure B.7. Thermal stress anomaly (TSA), which is the weekly sea surface 

temperature minus the maximum weekly climatology, by latitude. The thick 

center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are 

surveys falling outside the 95% range. .......................................................... 155 

Figure B.8. The frequency of thermal-stress anomalies, which is the number of 

times over previous 52 weeks that the thermal stress anomaly (TSA) ≥1 °C, 

and where TSA is the weekly sea surface temperature minus the maximum 

weekly climatological sea surface temperatures, by latitude. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 156 

Figure B.9. The standard deviations of thermal-stress anomaly (TSA) Frequency 

(TSA_Frequency is the number of times over previous 52 weeks that TSA ≥ 1 

°C), over the entire time period (1997–2017), by latitude. The thick center line 

is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling 

outside the 95% range. ................................................................................... 157 

Figure B.10. Standard deviation of thermal stress anomaly degree heating weeks by 

latitude. Thermal Stress Anomaly (TSA) Degree Heating Weeks (DHW) 

Standard Deviation, by latitude. The thick center line is the median value, the 

bounds of the box are the interquartile range (25% and 75%), the whiskers are 

the 95% range, and open circles are surveys falling outside the 95% range. 158 

Figure B.11. Sea Surface Temperature (SST) annual rate of change, which is 

calculated from the mean SST of 1984 and the mean SST of 2017, by latitude. 

The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. ......................................... 159 

Figure C.1. Kd490 values per marine ecoregion. Ecoregions are arranged by 

longitude along the x-axis. Thick black bars indicate the mean Kd490 value, 

thin black box edges indicate the 25% and 75% percentiles. The upper 

whiskers indicate either the maximum Kd490 value or the 75% percentile plus 

150% of the interquartile range, whichever is smaller. The lower whiskers 

indicate either the minimum Kd490 value or the 25% percentile minus 150% 

of the interquartile range, whichever is larger. Open circles indicate Kd490 

values beyond the whiskers of the plot. Of the 80 marine ecoregions graphed 

above, 62 had reef area that fell within the ‘moderating turbidity’ range of 

0.080−0.127 Kd490 that reduced coral bleaching during thermal-stress events. 



 

xv 

No portion of the coral reefs in 18 of the 80 ecoregions fell within the 

‘moderating turbidity’ range. ......................................................................... 160 

Figure D.1. Mean coral cover relative to annual cyclone frequency for all surveys. 

The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. ......................................... 169 

Figure D.2. The mean coral cover relative to the reef depth for all surveys. The 

thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. ......................................... 170 

Figure D.3. Mean coral cover relative to historical SST maximum for all surveys. 

The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. ......................................... 171 

Figure D.4. Mean coral cover relative to the human population size within a 10 km 

radius of each survey. The thick center line is the median value, the bounds of 

the box are the interquartile range (25% and 75%), the whiskers are the 95% 

range, and open circles are surveys falling outside the 95% range. ............... 172 

Figure D.5. Mean coral cover relative to latitude for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 173 

Figure D.6. Mean coral cover relative to longitude for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 174 

Figure D.7. Mean coral cover relative to SST mean for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 175 

Figure D.8. Mean coral cover relative to the standard deviation of SSTA for all 

surveys. The thick center line is the median value, the bounds of the box are 

the interquartile range (25% and 75%), the whiskers are the 95% range, and 

open circles are surveys falling outside the 95% range. ................................ 176 



 

xvi 

Figure D.9. Mean coral cover relative to the maximum frequency of SSTA for all 

surveys. The thick center line is the median value, the bounds of the box are 

the interquartile range (25% and 75%), the whiskers are the 95% range, and 

open circles are surveys falling outside the 95% range. ................................ 177 

Figure D.10. Mean coral cover relative to the standard deviation of the frequency of 

SSTA for all surveys. The thick center line is the median value, the bounds of 

the box are the interquartile range (25% and 75%), the whiskers are the 95% 

range, and open circles are surveys falling outside the 95% range. ............... 178 

Figure D.11. Mean coral cover relative to maximum TSA for all surveys. The thick 

center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are 

surveys falling outside the 95% range. .......................................................... 179 

Figure D.12. Mean coral cover relative to maximum TSA degree heating weeks for 

all surveys. The thick center line is the median value, the bounds of the box 

are the interquartile range (25% and 75%), the whiskers are the 95% range, 

and open circles are surveys falling outside the 95% range. .......................... 180 

Figure D.13. Mean coral cover relative to turbidity for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. ........................................................................ 181 

Figure D.14. Relative change in coral cover in 2050 under climate change scenarios 

RCP4.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). ................ 187 

Figure D.15. Relative change in coral cover in 2100 under climate change scenarios 

RCP4.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). ................ 188 

Figure D.16. Relative change in coral cover in 2050 under climate change scenarios 

RCP8.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). ................ 189 

Figure D.17. Relative change in coral cover in 2100 under climate change scenarios 

RCP8.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). ................ 190 



 

xvii 

Figure D.18. Probability densities of the change in coral cover. Probability 

densities of the change in coral cover projected under RCP4.5 and RCP8.5 for 

years 2050 and 2100....................................................................................... 191 

Figure D.19. Probability densities of the relative change in coral cover at 

extrapolated sites at 6 m depth. Probability densities of the change in coral 

cover projected under RCP4.5 and RCP8.5 for years 2050 and 2100. .......... 192 



 

xviii 

List of Tables 

Table B.1. Ecological variable and temperature metric descriptions and sources. All 

CoRTAD variables are provided on a grid cell basis, of approximately 4-km 

resolution. The study time frame for CoRTAD data is from 1982–2017, with 

time units of 1 week. Rate of SST change is calculated using years 1984 and 

2017. Depth, latitude, and year were recorded by divers when each Reef 

Check study was conducted. .......................................................................... 140 

Table B.2. Number of surveys in each ecoregion. 8797 Reef Check studies were 

located within ecoregion boundaries. All other Reef Check surveys (418 

surveys at 153 sites) that were not located within the ecoregion boundaries 

were not included in this table. ...................................................................... 143 

Table B.3. Kolmogorov-Smirnov test results comparing bleaching probabilities at 

latitudes 15–20° north and south with bleaching probabilities at other latitudes.

 ........................................................................................................................ 148 

Table C.1. Model variables. Sea-surface temperature (SST) was provided on a grid 

cell basis, of approximately 4-km resolution, available from 1982–2017, with 

a time unit of 1 week. Turbidity, measured as Kd490, was provided on a grid 

cell basis, of approximately 4-km resolution from 2002–2017, with a time unit 

of 1 month. ..................................................................................................... 161 

Table C.2. The percent (%) of coral reefs within the Kd490 range that moderates 

bleaching in each marine ecoregion, and the area (km2) of coral reefs within 

the Kd490 range that moderates bleaching in each marine ecoregion. The 150 

marine ecoregions are arranged by estimated area supporting ‘moderating 

turbidity’ (from greatest to least km2). Gray shading identifies the 80 

ecoregions for which we had Reef Check data. No shading identifies the 70 

ecoregions with no Reef Check data. * identify the 16 marine ecoregions 

within the Coral Triangle. .............................................................................. 161 

Table D.1. Ecological variable and temperature metric descriptions and sources 

used to predict coral cover across reefs worldwide All CoRTAD variables are 

provided on a grid cell basis, of approximately 4 km resolution. The study 

time frame for CoRTAD data is from 1982–2017. Depth and latitude were 

recorded by divers when each Reef Check study was conducted. ................. 182 

Table D.2. Search criteria for accessing historical SST data from https://esgf-

node.llnl.gov/search/cmip6/ ........................................................................... 193 



 

xix 

List of Exchanges 

Exchange A.1. The following email exchange took place with a graduate student in 

the United Kingdom. Name, university, and email have been redacted for 

privacy. ........................................................................................................... 139 

 



 

xx 

Acknowledgement 

Thank you to my mentors: Rob van Woesik, Mark Bush, Lee Gorrell, Jim 

Berkson, and Semen Köksal.  

Rob, thank you for giving me the chance to conduct research in your lab, 

for your support, your time, and your patience. 

Chelsey Kratochwill, thank you for your outstanding database management. 

Sandra van Woesik, thank you for all your valuable editorial comments on 

our manuscripts. 



 

xxi 

Dedication 

I dedicate this dissertation to Reef Check. Thank you to the volunteer 

scientists and citizen scientists who collected data for Reef Check on thousands of 

dives over decades. 



1 

 

Chapter 1 

Introduction 

Rationale and General Research Questions 

Coral reefs are the world’s most diverse marine ecosystems, although they 

cover less than 1% of Earth’s surface (Bryant et al. 1998, Burke et al. 2011). Coral 

reefs provide over $3.4 billion annually in economic value to the U.S. economy 

through recreational opportunities, coastal protection, and as nurseries for 

commercial and recreational fisheries. They also provide aesthetics and welfare 

associated with the existence of diverse natural ecosystems (Brander & van 

Beukering 2013). Globally, the economic value of coral reefs reaches over $36 

billion annually, and in some regions, such as the Maldives, Palau, and Bonaire, 

coral reefs are an integral component of society and contribute over 10% of the 

entire GDP (Spalding et al. 2017). Yet contemporary climate change is causing an 

increase in thermal-stress events in the oceans. Recent thermal-stress events 

associated with climate change are increasing the frequency and intensity of coral 

bleaching events globally, which are causing coral mortality, loss of coral cover, 

and changes to community structure (Hughes et al. 2018, Stuart-Smith et al. 2018). 
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Some studies suggest that corals are already living near their thermal limits 

and that increases in SST from climate change will annihilate all coral reefs, 

suggesting that few coral species will survive past the end of the century (Hoegh-

Guldberg et al. 2007, Frieler et al. 2013). However, many studies and models that 

examine coral bleaching and mortality use a coarse-grained approach that ignores 

individual fitness, species-specific responses, local heterogeneity, and spatial 

variability. Satellite data and field studies show that coral reefs are not equally 

exposed to thermal stress events.  

Even under similar thermal-stress conditions there is species specific, local, 

and regional variability in the coral bleaching response (McClanahan & Maina 

2003, van Woesik et al. 2012, Safaie et al. 2018). Understanding the spatio-

temporal variation in coral bleaching and coral assemblages allows scientists to 

understand why some coral reefs do better than others. The development of models 

that accurately predict the response of corals to climate change are therefore critical 

as climate change continues to intensify. This dissertation focuses on the 

development of models with high-resolution environmental data to capture fine-

scale spatial variability and heterogeneity. However, this dissertation does not 

capture species-specific responses or changes in community composition because 

species data are unavailable at the reef site resolution. As species distribution data 

are unavailable, this dissertation does not account for scenarios in which reefs 

maintain coral cover but lose community complexity. Even if reefs lose complexity 
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but maintain coral cover, this would be received as a promising scenario because 

some current models project much worse scenarios, such as annual severe 

bleaching on 90% of reefs by 2055 (van Hooidonk et al. 2014). 

This dissertation will help to identify coral reef ‘bright spots’ and ‘dark 

spots’, where coral bleaching and coral cover are significantly more than or 

significantly less than expected, respectively. This dissertation will also help to 

identify coral-reef refugia where reefs will likely lose the least coral cover through 

climate change. This research should be useful for policy makers and managers and 

help them allocate funding strategically and conservation resources efficiently, to 

preserve reef corals into the future. The goals of this dissertation were to answer the 

following general research questions: 

1) What environmental variables are associated with coral reef ‘bright 

spots’? 

2) Where are the coral reef ‘bright spots’ and potential refugia around the 

world? 

Climate Warming and Coral Bleaching 

The greatest threat to coral reefs worldwide is thermal stress, which leads to 

coral bleaching. Under normal conditions, coral polyps and Symbiodinium, a 

unicellular dinoflagellate, have a mutualistic relationship. Symbiodinium live as 

endosymbionts within the coral tissue, receiving protection and essential nutrients. 
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In return, Symbiodinium provide the coral with energy from photosynthesis (van 

Oppen & Lough 2009). However, under conditions of thermal stress, corals expel 

the Symbiodinium, causing a loss of pigment and an inability to photosynthesize. 

The resultant white coral appears ‘bleached,’ and this may lead to coral mortality 

from starvation if Symbiodinium do not reestablish themselves within the coral 

host. Although some coral species can survive on zooplankton for months without 

symbionts, most coral species need symbionts for their survival. Extensive coral 

bleaching affecting reefs was first described by Glynn (1983), and with climate 

change causing increases in SST coral bleaching has been increasing over the most 

recent decades and is anticipated to increase in the future. 

Mechanisms of Coral Bleaching 

One major obstacle to understanding the mechanisms of coral bleaching is 

the difficulty of separating the response of the coral host from the response of the 

Symbiodinium because of complex interactions (Fitt et al. 2001, Abrego et al. 2008, 

Fitt et al. 2009, Jones & Berkelmans 2010, Aagren Nielsen et al. 2018). A key 

process in coral bleaching, first suggested by Sandeman (1988) and then by Lesser 

et al. (1990), is the leakage of reactive oxygen species (ROS) from the 

Symbiodinium to the host, overwhelming the host's antioxidant capacity (Downs et 

al. 2002, Weis 2008, Krueger et al. 2015). 
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According to the oxidative theory of coral bleaching, ROS are produced 

through the activity of damaged photosystem II (PSII) in the Symbiodinium, which 

compromises photosynthesis. The ROS leak into the coral cell where they damage 

the host tissue (Sandeman 1988, Lesser et al. 1990, Downs et al. 2002, Aagren 

Nielsen et al. 2018). Additionally, high ROS and reactive nitrogen species (RNS) 

in the coral can potentially activate apoptotic processes (Perez & Weis 2006, Dunn 

et al. 2007, Hawkins et al. 2013, Krueger et al. 2015). By expelling the 

Symbiodinium, the source of excess ROS, the coral minimizes physiological 

damage (Smith et al. 2005, Weis 2008), but it also means the coral does not receive 

the energy from symbiont photosynthesis. If the thermally stressful conditions do 

not pass and the Symbiodinium are not able to reestablish themselves in the coral, 

the coral may die from starvation. As a result, extensive coral bleaching can lead to 

a loss of coral densities. 

It is important, however, to understand what causes the buildup in ROS 

under thermal stress. Experimental studies have shown that thermal stress is 

actually a secondary factor in the bleaching process. Bleaching requires first that 

high-light intensity initiates photoinhibition (Warner et al. 1999), which occurs 

when the rate of light-energy absorption exceeds the rate of light-energy 

consumption (Takahashi & Murata 2008), suppressing the rate of repair of the 

photo-damaged light-harvesting reaction centers (Murata et al. 2007). High light, 

therefore, induces photoinhibition in the symbionts, and high temperature 
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exacerbates that photoinhibition, resulting in coral bleaching (Figure 1.1). A study 

by Takahashi et al. (2004) showed that corals only bleach under both high light and 

high temperature but not under low light and high temperature. Several subsequent 

studies have shown that reducing incoming light on heated corals reduces 

photoinhibition and bleaching (Takahashi et al. 2004). Several field observations 

(van Woesik et al. 2012, Teixeira et al. 2019) have also noted less bleaching on 

turbid nearshore reefs than in clearer waters.  

 

 

Figure 1.1 Coral bleaching in the Philippines. Note the coral under the main 

bleached colony is only partially bleached whereas the same species (Seriatopora 

hystrix) is fully bleached in direct sunlight (photo by R. van Woesik). 

 

Moderating Effects of Turbidity on Coral Bleaching 

While light is required for photosynthesis, high light levels and high 

temperatures force corals to bleach. Therefore, variables that reduce, but not 

eliminate, incident light may shelter corals from bleaching under thermal stress 
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conditions (van Woesik et al. 2012). Turbid waters are one such variable that 

reduces light by i) the temporary suspension of sediment particles in the water 

column through wave action on a shallow shelf (Larcombe & Woolfe 1999), ii) a 

seasonal occurrence in the form of spring phytoplankton blooms (May et al. 2003) 

and river discharge events (Brown et al. 2017), or by iii) persistent tidal forces over 

shallow habitats that influence marine systems for thousands of years (Kleypas 

1996, van Woesik & Done 1997). While turbidity, measured as sediment load per 

volume of water, is most frequently considered detrimental to corals because of 

reduced light and tissue abrasion, several coral species have adapted to turbid 

environments, and feed on suspended particulate matter, which may cover up to 

half of the carbon and a third of the nitrogen requirements for tissue growth 

(Anthony 1999). 

Indeed, a recent study along the nearshore reefs of the Great Barrier Reef, in 

the summer of 2015/2016, showed that Acropora, a coral genus that is reported as 

highly susceptible to thermal stress (Loya et al. 2001), and bleached extensively in 

clear water (Hughes et al. 2017), bleached less during the thermal anomaly at 

turbid sites (Morgan et al. 2017). Turbidity is spatially heterogeneous and tends to 

be greatest nearshore (Figure 1.2). 
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Figure 1.2. Global mean turbidity (Kd490) globally calculated at a 1-km monthly 

resolution. Data were provided by NASA, Goddard Space Flight Center, Ocean 

Ecology Laboratory, Ocean Biology Processing Group, SeaWiFS (Sea-viewing 

Wide Field-of-view Sensor) Ocean Color Data 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Monthly/4km/Kd_490/). 

 

Spatio-temporal Variability in Coral Bleaching and Coral Cover 

Thermal-stress events are not uniform across the oceans (Sully et al. 2019). 

In the central tropical Pacific Ocean, there has been a recent disproportionally high 

heat absorption, which, when combined with El Nino Southern Oscillation (ENSO) 

events, lead to an increase in the frequency of more extreme ENSO events. For 

example, the Marshall Islands have experienced frequent (3–5 years) thermal-stress 

events for the past few decades, but western Micronesia has experienced less 

frequent (~ 50 years) thermal-stress events (Thompson & van Woesik 2009). The 

variability of SST during ENSO events also differs globally. For example, the 

standard deviation of SST on a monthly time scale during the 2015–2017 ENSO is 

nonuniform (Figure 1.3). 
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Figure 1.3. Standard deviation of Sea-Surface Temperature (SST) during the 2015–

2017 ENSO calculated at a 4-km monthly resolution. Data were provided by The 

Group for High Resolution Sea Surface Temperature (GHRSST) and the US 

National Centers for Environmental Information, available at 

(https://data.nodc.noaa.gov/cortad/Version6/). 

 

In the Coral Triangle, the long-term SST trends vary spatially across the 

region with higher warming rates around the Philippines and north of Irian Jaya and 

Papua New Guinea, compared with the southernmost Coral Triangle areas (below 

5˚ S) where warming rates are significantly lower (Peñaflor et al. 2009). Thermal 

stress anomalies and ENSO events in the Coral Triangle are also all spatially 

variable. In general, northern reefs of the Coral Triangle are more likely to 

experience bleaching than other reefs in the Coral Triangle during strong ENSO 

events. Additionally, eastern reefs of the Coral Triangle are experiencing 

significantly greater increases in thermal stress events than western reefs (Peñaflor 

et al. 2009). 

The rate of ocean warming has more than doubled since 1993, and marine 

heatwaves have doubled in frequency since 1982 while also increasing in intensity 
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(IPCC 2019). Coral bleaching and changes in coral cover and coral assemblages 

have coincided with the increasing intensity and frequency of heat waves. Site-level 

studies have shown small-scale differences in coral cover, and some sites recover 

relatively quickly from disturbances. For example, after suffering severe declines in 

coral cover during the 1998 global coral bleaching event, reefs in Palau 

experienced coral cover increases of 40% in 6 years (Golbuu et al. 2007). By 

contrast, after suffering severe declines in coral cover and 94% reductions in larval 

supply during the same 1998 global coral bleaching event, isolated reefs in 

northwestern Australia recovered significantly more slowly (~35% in 12 years) 

(Gilmour et al. 2013). Reefs have also shown differing trajectories in the 

Seychelles (Graham et al. 2015), with highest recovery on structurally complex 

reefs and reefs in deeper water, and where juvenile coral density and herbivorous 

fish densities were relatively high, and where nutrient loads were low (Graham et 

al. 2015). 

On a regional scale, modeling in the Coral Triangle by McManus et al. 

(2020) projected future temperature and coral cover. They found that coral cover 

was largely dependent on increases in absolute and inter-annual variation in 

temperature. Because of these spatio-temporal differences in thermal stress, coral 

bleaching, and coral cover, it is imperative to develop ways to accurately determine 

the factors that influence coral bleaching to predict the locations where corals are 

likely to survive. 
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Bright and Dark Spots 

Bright spots are places where corals bleach less and have higher coral cover 

than expected given the thermal stresses to which they are exposed. Along a similar 

line, refugia are localities in which the environment and the climate (or 

microclimate in microrefugia) are both very stable and very different from those of 

the surrounding habitat or region (Mosblech et al. 2011). If a species is present, 

even at a small population size in a small area, under future climate conditions the 

species can persist in, and potentially propagate out from, refugia (Keppel et al. 

2012). Because of the nonuniformity in thermal stresses globally, we must seek 

ways to determine the factors that influence why and where these localities exist. 

Predictive models based on coarse‐grained approaches ignore microrefugia 

and lead to overestimates of extinction risk. For example, in terrestrial ecosystems, 

mapping of ancient plant pollen distributions during the Pleistocene in North 

America and Europe were statistically cut off when pollen levels were very low 

(Huntley & Birks 1983, Webb 1987, Shuman et al. 2002). Problems with this 

approach were found because the spatial presence of the species over time would 

have required migration rates up to five times faster than was possible (Clark et al. 

2001). This highlights both the importance of high-resolution modeling and 

mapping, as well as the role refugia play in species preservation through changing 

climates. Historic refugia are present in marine ecosystems as well. For example, 
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Casazza (2017) identified Pleistocene refugia in the Gulf of Aqaba and southern 

Red Sea that allowed for the persistence of coral communities across glaciation 

events. Smith et al. (2014) suggest a potential depth refugia on a millennial 

timescale in the Gulf of Chiriquí, where evidence from the subfossil record shows 

M. intricata populations survived in shallow water from 5000 years ago through 

severe ENSO events to modern day.  

Climate refugia should not be confused with temporal refuges, pristine 

habitats, adaptation, and acclimatization (Kavousi & Keppel 2018). For example, a 

temporary refuge could be a location where a storm provides cooler waters, 

reducing coral mortality during a single bleaching event (Carrigan & Puotinen 

2014). Pristine locations on remote coral reefs, or in marine protected areas that 

have been impacted very little by humans, may not necessarily constitute climate 

change refugia because they may not provide any protection from long-term 

climate change (Kavousi & Keppel 2018). Indeed, some modern bright spots may 

have higher coral cover than expected because they are temporary refuges, not 

climate refugia, so this dissertation examines both modern bright spots and future 

climate refugia.  

Regional and Global Studies 

Studies on the regional and global scale have been performed to identify 

some of these environmental variables that characterize bright spots. For example, 
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regional studies have shown that small daily temperature ranges were a strong 

metric for predicting bleaching occurrence (Safaie et al. 2018). Locations with a 

high SST variability have a lower probability of coral bleaching compared with 

sites with low SST variability (McClanahan & Maina 2003, McClanahan et al. 

2007). Latitude has been identified as another variable related to bright spots. Both 

fossil evidence and modern evidence show that, under climate change and 

increasing temperatures, the ranges of staghorn corals will extend toward higher 

latitudes (Precht & Aronson 2004, Greenstein & Pandolfi 2008, Yamano et al. 

2011). However, Muir et al. (2015) have shown that light will be limiting 

particularly in winter months, and will limit the potential increase in latitudinal 

range, and van Hooidonk et al. (2014) have also shown that future changes in 

ocean acidification may offset the potential benefits of high latitudes. 

Thermal history also impacts the probability of modern bleaching 

(Thompson & van Woesik 2009, Donner 2011). Reefs with high historical 

temperatures have less chance of experiencing modern bleaching, possibly because 

they may have given corals time for adaptation and evolution. This is apparent in a 

study by Hughes et al. (2003) in which they modeled bleaching susceptibilities and 

showed a change in the probability of mortality over time as a result of phenotypic 

and genetic responses to SST. Similarly, Maynard et al. (2008) found that corals on 

the Great Barrier Reef exhibited higher thermal tolerance in 2002 than in 1998, 

which was most likely a consequence of losing more thermally-susceptible 
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colonies. Similarly, during a global thermal-stress event, corals at sites with a high 

frequency of historical temperature anomalies were found to experience less 

bleaching than corals at sites with a low frequency of historical temperature 

anomalies (Thompson & van Woesik 2009). Additionally, Guest et al. (2012) 

found that sites in Southeast Asia with differing thermal histories had significantly 

different modern bleaching responses. Indeed, thermal history is one of the most 

significant threat measures examined in reef assessments (Beyer et al. 2018).  

In addition to studies identifying environmental variables that are associated 

with modern coral bleaching, some studies have identified reef sites that may serve 

as refugia to corals through climate change. For example, in a regional study, 

Sheppard (2003) forecast SST in the Indian Ocean to identify geographic patterns 

of when bleaching thresholds would be regularly crossed. They found that corals at 

Lakshadweep were projected to survive toward the end of the century with 

significantly lower probabilities of repeatedly crossing bleaching thresholds 

compared with other sites in the Indian Ocean. In another regional study, a model 

of the Coral Triangle by McManus et al. (2020) showed that coral cover was found 

to be largely dependent on increases in absolute and inter-annual variation in 

projected temperature. The Philippines were projected to experience a more severe 

decline in coral cover than Papua New Guinea and northern Australia. 

Beger et al. (2015) identified reefs in the Coral Triangle that could provide 

high conservation benefit using categories ranging from turtle protection to less 
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coral mortality from climate change impacts. Beger et al. (2015) identified southern 

Sulawesi, northern Indonesia, western Papua, and some parts of western Sumatra as 

potential refugia. Another regional projection of the Indo-Pacific by Cacciapaglia 

& van Woesik (2015) predicted 12 potential shallow-water climate-change refuges. 

These potential refuges included Madagascar, multiple locations in Indonesia, 

Vanuatu, French Polynesia, the Maldives, the Chagos Archipelago, western 

Australia, the Seychelles, Micronesia, the Marshall Islands, the southern Great 

Barrier Reef, and the Solomon Islands. In 2015, they also suggested that the Great 

Barrier Reef was unlikely to fare well under ocean warming, which is already being 

observed (Hughes et al. 2018). The predictions for the Chagos Archipelago were 

less accurate, however, as Sheppard et al. (2020) have shown minimal recovery 

from recent thermal-stress events. 

Deep water reefs (>30m) likely cannot serve as refugia and a source of 

propagules for shallow reefs. There are significant differences in the timing of 

spawning between shallow and deep reefs (Shlesinger et al. 2018). Additionally, 

deep reefs have been found to have significantly lower fecundity and oocyte size 

than shallow reefs (Shlesinger et al. 2018). 

Global studies are less common than regional studies. One such global 

study by Beyer et al. (2018) identified reefs that could be ideal candidates for 

conservation because of their abilities to maintain coral cover through climate 

change. Beyer et al. (2018) used modern portfolio theory, treating reefs as 
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investments, to identify a set of investments that might maximize returns while 

reducing variance in those returns (Markowitz 1952). These bright spot locations 

included the reefs of Kalimantan in Indonesia, French Polynesia, the Red Sea, and 

eastern Africa. 

Identifying modern coral reef bright spots would help identify areas for 

potentially high conservation status. In this dissertation, it is hypothesized that the 

environmental variables contributing to coral reef bright spots include high 

historical SST (Beyer et al. 2018), high modern SST variability (Safaie et al. 2018), 

and have turbidity levels that reduce some incoming light without preventing 

photosynthesis (Takahashi et al. 2004). 

Climate Projections 

Coral bleaching and coral cover projections through climate change do not 

just require an understanding of the associations between coral bleaching, coral 

cover, and modern and historical environmental variables. Coral bleaching and 

coral cover projections also require spatial predictions of those environmental 

variables into the future. These global predictions of temperature changes are 

complex. The rate of SST change has increased more than twofold since 1993, and 

ocean heatwaves have intensified and doubled in frequency since 1982 (IPCC 

2019). Cyclones, which can physically damage reefs, but also dissipate heat, are 

expected to decrease or remain constant in frequency, but increase in intensity, 
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lifetime length, precipitation, and chance of landfall because of climate change 

(IPCC 2019). Global mean ocean circulation has substantially accelerated in the 

past two decades, and this trend is likely to continue into the future (Hu et al. 

2020). Indeed, the tropical ocean temperatures and the environments by the end of 

the century will differ from the modern seascape, but considerable effort has 

already been made toward projecting these variables (van Hooidonk et al. 2016, 

Lawrence Livermore 2020). 

Intergovernmental Panel on Climate Change 

The Intergovernmental Panel on Climate Change (IPCC), the United 

Nations’ body for assessing the science related to climate change, provides regular 

assessments of the scientific basis of climate change, its impact and future risks, 

and options for adaptation and mitigation (IPCC 2020). The IPCC’s objective is to 

provide governments at all levels with scientific information that they can use to 

develop climate policies. The climate change scenarios described by the IPCC in 

the assessment reports are frequently used in research when projecting changes. In 

the most recent IPCC report, the 5th Assessment Report (AR5), the IPCC lays out 

four potential climate change scenarios. These future climate scenarios are the 

Representative Concentration Pathways (RCPs) RCP2.6, RCP4.5, RCP6.0, and 

RCP8.5, which have radiative forcing values for year 2100 of 2.6 W/m2, 4.5 W/m2, 

6.0 W/m2, and 8.5 W/m2 respectively. Radiative forcing, which is a perturbation to 
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the radiative energy budget of the Earth’s climate system, in these scenarios is 

measured relative to preindustrial conditions defined at 1750 and are expressed in 

Watts per square meter (W/m2) (IPCC 2013). 

The RCP climate projections are the standard climate scenarios used in 

recent modeling research. Modeling groups examine these RCP scenarios and 

create spatio-temporal climate rasters that show the projected climate globally from 

present-day into the future. These projections include thousands of variables 

(Juckes et al. 2015) such as SST, air pressure at mean sea level, rainfall flux, 

specific humidity, and wind speed. Many of the standard modeling projections of 

the thousands of variables are available as Coupled Model Intercomparison 

Projections (CMIPs) (https://esgf-node.llnl.gov/search/cmip6/) with a new 

generation of data available as assessment reports. 

Big Data Challenges 

With each Assessment Report more climate modeling work is done and the 

CMIP data continue to grow. This has begun to highlight some of the benefits and 

drawbacks of big data. The World Climate Research Programme (WCRP)’s 

Working Group on Climate Modeling (WGCM) Infrastructure Panel (WIP) was 

founded to find solutions for the increase in size and complexity of CMIP 

generations between CMIP3 (2005–2006) and CMIP5 (2011–2012) (Balaji et al. 

2018). One issue that CMIP datasets have is that the community involved, 
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including modelers, software developers, and downstream users, are very diverse 

and have differing skillsets. The longitudinal resolution of projections has increased 

from an average of 200 km in CMIP5 to 100 km in CMIP6 (Balaji et al. 2018). The 

high resolution is useful because scientists and policymakers now have projections 

of more variables than before and at a finer scale, allowing for global and local 

projections, but WIP has had to identify more effective and efficient ways to store 

the data. 

Despite the difficulties, these large datasets are beneficial for modeling, 

particularly because of their fine spatio-temporal resolution. Additionally, spatial 

climate data models can also be downscaled to increase the resolution of climate 

data even further and obtain climate projections at a local scale. These advances 

made in global data downscaling and in climate projections allow studies to 

examine relationships between coral bleaching, coral cover, and environmental 

variables. If scientists can identify and quantify the environmental variables that 

create modern bright spots and potential refugia regarding both coral bleaching and 

coral cover, then reefs around the globe that have these characteristic environments 

and temperatures could receive conservation priority. 

Research Objectives 

This dissertation research addresses the following four research questions: 
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1: Are there predictable geographical differences in the response of corals to 

similar thermal-stress events on a global scale? 

2: Have reef corals adjusted to thermal stress in the past two decades? 

3: In what turbidity range does turbidity modulate coral bleaching, yet still 

allow corals sufficient light to grow? 

4: Do thermal-stress anomalies predict the response in coral cover on a 

global scale over the past two decades? 

 

Specifically, this doctoral research used complementary research methods 

to (1) identify the environmental variables that constitute bright spots for coral 

reefs, and (2) identify where these bright spots and potential climate-change refugia 

are around the world. First, a hierarchical Bayesian model of coral bleaching was 

constructed to determine the association between environmental variables and 

percentage coral bleaching (Chapter 3). Second, the probability density 

distributions of coral bleaching were examined for differences between decades, 

from 1997 to 2006 and from 2007 to 2017 (Chapter 3). Third, a Bayesian 

hierarchical ordinal regression model was developed to model coral bleaching and 

examine the effects of two environmental variables, SST and turbidity, and their 

interactions on the severity of coral bleaching (Chapter 4). Fourth, a case study was 

performed along a turbidity gradient on the inner reefs of the Great Barrier Reef to 

estimate an upper turbidity threshold beyond which reef functionality is below 
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optimum because of consistently low light (Chapter 4). Fifth, a hierarchical 

Bayesian beta model was developed to determine the association between 

environmental variables and percentage coral cover (Chapter 5). Finally, 

projections of future SST through climate change were substituted into the beta 

model to create projections of future coral cover to identify potential climate-

change refugia (Chapter 5). Chapter 6 synthesizes the results and identifies reefs 

around the world that can be considered as bright spots and dark spots, and 

potential climate-change refugia. 
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Chapter 2 

Datasets and Analytical Approach 

Introduction 

This dissertation uses multiple large datasets to examine the association of 

coral bleaching and coral cover with environmental variables. Coral bleaching and 

coral cover data come from the Reef Check dataset (www.reefcheck.org). 

Historical temperature data come from the Coupled Model Intercomparison Project 

(Lawrence Livermore 2020). Modern temperature data come from the Coral Reef 

Temperature Anomaly Database and NOAA’s Earth Systems Research Laboratory 

Physical Sciences Division (NOAA 2020). Future temperature data come from 

NOAA’s Coral Reef Conservation Program (van Hooidonk et al. 2016). Turbidity 

data come from NASA’s Goddard Space Flight Center — Ocean Ecology 

Laboratory — Ocean Biology Processing Group and SeaWiFS (Sea-viewing Wide 

Field-of-view Sensor) Ocean Color Data (Office for Coastal Management 2019). 

Human population data come from NASA’s Earth Observing System Data and 

Information System’s Socioeconomic Data and Applications Center (SEDAC) 

(Center for International Earth Science Information Network 2017, Gao 2017, Gao 

2020). Cyclone frequency data come from NOAA's International Best Track 

Archive for Climate Stewardship (Knapp et al. 2018). Diversity and ecoregion data 

were provided by J.E.N. Veron (Veron et al. 2015). 
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Reef Check Dataset 

All coral bleaching (Figure 2.1) and coral cover (Figure 2.2) data, as well as 

latitude, date of survey, and depth, that were analyzed in this dissertation come 

from the Reef Check dataset (www.reefcheck.org), which consists of over 10,000 

underwater transect surveys from 1997 to the present. The Reef Check Tropical 

program was designed carefully and specifically for volunteers in 1995, approved 

by a group of about 20 coral-reef scientists, peer-reviewed during a multi-day 

workshop in 1998, and peer-reviewed again in 2004 (Hodgson 1999, Hodgson 

personal communication 2020). The Reef Check protocol was based on using easy-

to-identify, proxy indicators of coral reef health. Reef Check teams collect four 

types of data: 1) a description of each site using 30 measures of environmental and 

socio-economic conditions and ratings of human impacts, 2) a quantitative point 

sample survey of the percentage of seabed covered by 10 substrate types on four 20 

m sections of a 100 m transect placed on the reef in two depth zones 0–5 m and 6–

12 m. Each section is separated by a 5 m gap, 3) counts of 7 to 9 invertebrate 

indicators along the same four sections of transect but using a 5 m wide belt. 4) 

Counts of 7 to 9 fish indicators using the same belt and adding the water column 5 

m above the transect.  

Over 60% of Reef Check’s data were collected by research teams 

comprised entirely of Master’s or PhD level professional marine biologists who are 
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affiliated with research institutes, national survey teams, or marine protected area 

(MPA) teams. Most of the data collectors who are not professional scientists are 

experienced dive professionals such as dive masters and dive instructors. 

Depending on their initial knowledge level, the volunteers undergo a four to five-

day training course in both the classroom and field, use a 100-page instruction 

manual, and must pass classroom-based and field-based tests including tests of 

substrate analysis of corals, fish, and invertebrates/algae. All teams are led by at 

least one professional marine biologist with a Master’s or PhD who has taken a 

Training of Trainers course and who checks the data as they are being collected and 

reviewed (Hodgson et al. 2006). 

The end product of such a thorough approach is the world’s most extensive 

coral reef dataset that spans the globe, covers more than two decades, and has been 

collected with a standardized protocol. The dataset is comprised of over 10,000 

surveys at more than 3,000 reef sites globally beginning in 1997. The mean 

frequency for field sampling was 2.75 (standard deviation = 3.17) times over the 

sampling period. Coral bleaching (Figure 2.1) and coral cover (Figure 2.2) are 

recorded as percent. This allows for more types of analyses, as opposed to some 

other coral reef protocols that report only ordinal bleaching data — ordered 

categories such as ‘mild bleaching’, ‘moderate bleaching’, and ‘severe bleaching.’ 
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Figure 2.1. Percent coral bleaching. Percent coral bleaching as determined from 

Reef Check surveys from years 1997–2017. 

 

Figure 2.2. Percent coral cover. Percent coral cover as determined from Reef Check 

surveys from years 1997–2017. 

 

Ecoregions and Diversity Dataset 

Diversity and ecoregion data were provided by J.E.N. Veron, the world’s 

foremost expert in coral diversity. According to Veron et al. (2015), based on coral 

species, an ecoregion is an area that has a known internal consistency and 

significant external differences from other ecoregions. This geographical 

organization system was initiated in 1997 and has been used extensively for coral 

distribution and diversity mapping (Veron et al. 2015, Figure 2.3). 
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Figure 2.3. Ecoregions of the world. Ecoregions of the world boundaries as defined 

by Veron et al. (2015). Colors do not indicate a value. Rather, colors were 

randomly generated for each of the 150 ecoregions to help distinguish ecoregion 

boundaries. 

Coral diversity is measured as the number of species confirmed to be 

present in an ecoregion (Veron et al. 2015) and are presented in Figure 2.4. The 

ecoregions and diversity values were found through original surveys, 

biogeographic-, taxonomic- and related- literature review, a thorough review of 

museum and photographic collections worldwide, and extensive inter-personal 

communications (Veron et al. 2015). Diversity is highest in the equatorial region in 

the Indo-Pacific Ocean. This epicenter of marine biodiversity is known as the Coral 

Triangle and includes 16 ecoregions. 
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Figure 2.4. Ecoregions and coral diversity. Diversity is displayed as the number of 

coral species confirmed present in each ecoregion ranging from 0 (white) to 567 

(dark red). 

 

Diversity (Figure 2.4), because it is measured at the ecoregion level, is 

incorporated at a much larger scale than the other variables examined in this 

dissertation. The ecoregion is the basis for the hierarchical nature of the models 

developed in this dissertation. When modeling a response (coral bleaching or coral 

cover) relative to environmental variables, a ‘random effect of site’ is also 

incorporated because some sites are sampled repeatedly over time in the Reef 

Check database. The random effects for sites within an ecoregion are treated as 

more similar to each other than they are to the random effects for sites in other 

ecoregions. 
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Historical Sea-Surface Temperature Dataset 

Historical SST and measures of historical thermal stress anomalies have 

effects on modern coral bleaching and coral cover (Hughes et al. 2003, Maynard et 

al. 2008, Thompson & van Woesik 2009, Donner 2011, Guest et al. 2012, Beyer et 

al. 2018). This dissertation includes data from the most recent generation of models 

describing historical SST that contribute to the IPCC Assessment Reports. These 

data are available from the Coupled Model Intercomparison Project (CMIP) Phase 

6 (CMIP6), which was coordinated and promoted by the World Climate Research 

Programme’s Working Group on Coupled Modelling (https://esgf-

node.llnl.gov/search/cmip6/, Lawrence Livermore 2020). Over 100 modeling 

simulations of global climate from over 40 institutions and organizations 

worldwide have contributed to the CMIP6 (Lawrence Livermore 2020), each of 

whom use their own approach for hindcasting, but all span the period of extensive 

instrumental temperature measurements from 1850 to the present, and all model 

performances are evaluated against present climate and observed climate change 

(Eyring 2020). To account for slight differences in the simulations from different 

modeling groups, historical SST in this dissertation is incorporated as the mean 

from all CMIP6 simulations that are available on a 1˚ latitude by 1˚ longitude 

resolution. 
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Modern Environmental Datasets 

There are multiple ways to measure turbidity. Some common measures, 

such as Nephelometric Turbidity Units or Formazin Turbidity Units, were not 

selected for use in this dissertation because those measurements are only available 

from field sampling. As this dissertation examines a global coral reef dataset, 

Kd490, a measure positively associated with turbidity, was selected because it is 

available globally from satellite data at a 4-km resolution (Office for Coastal 

Management 2019, Figure 1.2). Kd490 is the rate at which light at the 490 nm 

wavelength (for reference, this is similar to cyan) is attenuated with depth (Office 

for Coastal Management 2019, Figure 1.2). These Kd490 data were provided by 

NASA (National Aeronautics and Space Administration), Goddard Space Flight 

Center, Ocean Ecology Laboratory, Ocean Biology Processing Group, and the 

SeaWiFS (Sea-viewing Wide Field-of-view Sensor) Ocean Color Data. 

Human population data were also incorporated into the analyses in this 

dissertation. Modern human population as well as projections of human population 

were provided by NASA’s Earth Observing System Data and Information System 

(EOSDIS)’s Socioeconomic Data and Applications Center (SEDAC), hosted by 

Columbia University (https://sedac.ciesin.columbia.edu/). The population datasets 

had been statistically downscaled to a 1-km resolution but were only available on a 

decadal scale. The Reef Check dataset has a date associated with each survey, so to 
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obtain an estimate of the human population in the year during which each survey 

occurred, linear interpolation was performed between the human population 

datasets at each decade. There are multiple projections of human population 

through 2100, but for this dissertation only SEDAC’s ‘middle of the road’ scenario 

of human population growth was used for projections (Gao 2017, Gao 2020) 

because differences in projections of coral cover in this dissertation focused on 

temperature scenarios (i.e. RCP4.5 and RCP8.5) rather than differing human 

population growth scenarios. 

NOAA's International Best Track Archive for Climate Stewardship 

(IBTrACS) provided cyclone data. The cyclone data were available at a 9-km 

resolution from 1964 to 2014 and were used to determine annual cyclone frequency 

globally in a study by Cacciapaglia & van Woesik (2020). That annual cyclone 

frequency was used in this dissertation when modeling projections of coral cover 

into the future. 

Modern Temperature Datasets 

Modern SST and related temperature measurements were obtained from the 

global Coral Reef Temperature Anomaly Database (CoRTAD Version 6), which is 

a database developed specifically for coral reef ecosystem applications, particularly 

to address questions concerning the relationship between coral disease and 
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bleaching and temperature stress (NOAA 2020). The database is run by the 

National Oceanic and Atmospheric Administration's (NOAA) National Centers for 

Environmental Information (NCEI) (https://pathfinder.nodc.noaa.gov). These SST 

data are derived from the Advanced Very High Resolution Radiometer (AVHRR) 

Pathfinder Version 5.3 sensor. The data have a 4-km resolution on a weekly time 

scale from 1982 through 2017, which is the highest resolution covering the longest 

time period of any satellite-based ocean temperature dataset (NOAA 2020).  

To analyze coral cover and make projections of coral cover for the years 

2050 and 2100, the modern SST from the CoRTAD dataset were converted from a 

weekly resolution to a monthly resolution because the available dataset of SST 

projections were available in a monthly resolution. The conversion of the large 

(>40 GB) CoRTAD dataset was performed using Climate Data Operator (CDO) 

(https://code.mpimet.mpg.de/), software that consists of a collection of many 

operators for standard processing of climate and forecast model data and which 

performs conversions through UNIX command line operations.  

The modern rate of change in SST was also examined in one of the studies 

in this dissertation. NOAA’s Earth Systems Research Laboratory (ESRL), Physical 

Sciences Division (PSD) 

(https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html) provided the 

SST data necessary for the calculation of rate of SST change. These data were 
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available monthly from 1982 through present at a 1-km resolution. Rate of change 

was calculated as the mean annual rate of change from 1984 to 2017. The year 

1984 was selected as the beginning year even though the SST record began in 1982 

because 1982–1983 had strong ENSO events. The year 2017 was elected as the 

ending year because the Reef Check data used in this dissertation ended in 2017.  

Future Temperature Datasets 

Temperature projections for the climate change scenarios RCP4.5 and 

RCP8.5 were obtained from NOAA’s Coral Reef Conservation Program and have a 

monthly resolution from 2020 to year 2100. NOAA developed these projections 

based off CMIP5 data and statistically downscaled the data to a 4-km resolution 

(van Hooidonk et al. 2016). This fine-scale resolution matches the fine-scale 

resolution of modern SST data from CoRTAD. 

Data Availability 

 Most of the datasets used in this dissertation are publicly available. 

Similarly, the R code and summarized data used and developed in this dissertation 

were made publicly available after publication of scientific papers. This allows 

other researchers to check the results of this research, conduct follow-up studies, 

and ultimately advance this scientific field quickly as time is of the essence for 

climate change matters. Considerable effort has been put into making the code 
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easily readable and accessible on GitHub 

(https://github.com/InstituteForGlobalEcology). At this point in history, the global 

COVID-19 pandemic, the availability of the data and code has allowed other 

researchers to continue studying climate change despite being unable to travel to 

conduct fieldwork (Appendix A). Additionally, Google Earth files for the Reef 

Check data have been shared with Reef Check. These files, as well as the coral 

cover projections have been made publicly available as kml files. This data format 

allows others to view the data on a global scale as well as use the option to zoom in 

to examine coral cover on a local scale. 

Data Analysis with Bayesian Statistics 

Bayesian statistics is about reallocating plausibility across a given set of 

parameter values (Kruschke 2013). The core of Bayesian statistics is Bayes’s rule:  

𝑝(𝛽1|𝐷) ∝ 𝑝(𝛽1) 𝑝(𝐷|𝛽1)    (Expression 2.1) 

where p(𝛽1|D) is the posterior distribution, p(𝛽1) is the prior distribution, and 

p(D|𝛽1) is the likelihood. The posterior probability is the probability of the 

parameters given the evidence: p(𝛽1|D), and the likelihood is the probability of the 

evidence given the parameters: p(D|𝛽1). The posterior distribution is proportional 

to the product of the prior distribution and the likelihood (König & van de Schoot 

2018). The prior distribution can be uninformative or can be used to elicit previous 
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information. An advantage of Bayesian statistics over frequentist statistics is that 

prior distributions can be continuously updated as new data become available.  

Hierarchical Bayesian models, also known as multilevel Bayesian models, 

have parameters that vary at multiple levels (Gelman & Hill 2007). Hierarchical 

models can be used for inference, prediction, and descriptive modeling, and are 

generally applicable to structured data, not limited to just clustered data or nested 

designs (Gelman & Hill 2007). Some datasets, including the Reef Check dataset, 

are collected with an inherent hierarchical structure. Therefore, in this dissertation, 

hierarchical Bayesian models are used because they can capture the structure of the 

sampled data. Hierarchical Bayesian models with fixed and random effects are used 

in this dissertation. Neighboring sites are more similar to each other than they are to 

distant sites and some are repeatedly sampled through time. Therefore ‘site’ is 

consistently treated as a random effect in the multiple models developed in this 

dissertation. Additionally, coral diversity is only known at the ecoregion level, not 

the site level, and with a hierarchical approach the effect of diversity on coral cover 

and coral bleaching can be included at the appropriate level of the model. The open 

source R-package JAGS (Just Another Gibbs Sampler; Plummer 2016), is used for 

running the models in this dissertation. 
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Chapter 3 

A Global Analysis of Coral Bleaching Over the Past 

Two Decades 

Abstract 

Thermal-stress events associated with climate change cause coral bleaching 

and mortality that threatens coral reefs globally. Yet coral bleaching patterns vary 

spatially and temporally. Here we synthesize field observations of coral bleaching 

at 3351 sites in 81 countries from 1997 to 2017 and use a suite of environmental 

covariates and temperature metrics to analyze bleaching patterns. Coral bleaching 

was most common in localities experiencing high intensity and high frequency 

thermal-stress anomalies. However, coral bleaching was significantly less common 

in localities with a high variance in SST anomalies. Geographically, the highest 

probability of coral bleaching occurred at tropical midlatitude sites (15–20˚ north 

and south of the Equator), despite similar thermal stress levels at equatorial sites. In 

the last decade, the onset of coral bleaching has occurred at significantly higher 

SSTs (∼0.5 °C) than in the previous decade, suggesting that thermally susceptible 

genotypes may have declined and/or adapted such that the remaining coral 

populations now have a higher thermal threshold for bleaching. 
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Introduction 

Coral reefs are the world’s most diverse marine ecosystems. They provide 

billions of dollars in economic value through coastal protection, food, tourism, and 

pharmaceuticals from the sea (Costanza et al. 2014). Rapid increases in SSTs are 

increasing the frequency and intensity of coral bleaching events (Hoegh-Guldberg 

et al. 2007, Thompson & van Woesik 2009, Pandolfi et al. 2011, IPCC 2013, 

Hughes et al. 2018), during which corals lose their endosymbiotic algae ─ a 

primary energy source for most reef corals. Coral bleaching can cause coral 

morbidity and mortality, which leads to losses of coral cover, dramatic changes to 

coral community composition, and even rapid reorganization of coral-reef-fish 

communities (Loya et al. 2001, Stuart-Smith et al. 2018). 

Most studies that examine coral response to coarse-grained global 

atmospheric-ocean circulation models predict that within the next 80 years few 

coral reefs will survive in tropical oceans (Frieler et al. 2013). The 2014–2017 

global coral-bleaching event, the third in the last 20 years, killed corals and other 

reef organisms over thousands of square kilometers (Hughes et al. 2017, Stuart-

Smith et al. 2018). Yet, both satellite data and local field studies show that not all 

coral reefs are equally exposed to severe temperature stress events (Hughes et al. 

2017). Even where they are, corals show local and regional variation and species-

specific responses to thermal stress (McClanahan & Maina 2003, McClanahan et 
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al. 2007, van Woesik et al. 2012, Safaie et al. 2018). Together, these studies show 

that the relationship between anomalously high SSTs and coral bleaching varies 

over space and time. Compared with coarse-grained global models that predict 

minimal coral survival in the tropical oceans within the next 100 years, recent field 

work shows considerable geographic variability in both temperature stress and 

coral survival (McClanahan & Maina 2003, McClanahan et al. 2007, van Woesik et 

al. 2012, Safaie et al. 2018). This mismatch between global models and field 

results underscores the urgent need to develop better models that accurately predict 

the geographical heterogeneity of coral bleaching as corals respond to ocean 

warming. 

We take a spatially explicit approach to examine the response of coral 

communities to thermal stress events at 3351 sites in 81 countries (Figure 2.1, 

Figures 3.1–3.2). Importantly, the coral community bleaching response was 

recorded using the same standardized protocol at each site across a suite of 

changing environmental variables from 1997 to 2017. The environmental variables 

encompassed several high thermal-stress events, including El Niño conditions, 

during which large parts of the tropical oceans were warmer than usual ─ 

increasing the probability of coral bleaching. Degree Heating Weeks (DHW) has 

become a standard global predictor of bleaching (Gleeson & Strong 1995), with 1 

DHW defined as 1 °C above the long-term climatology for the warmest month at a 
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given locality. Severe bleaching is common at 8 DHW and above (Donner et al. 

2005).  

 

Figure 3.1. Number of surveys in each ecoregion. 

 

 

Figure 3.2. Number of study sites by latitude and longitude. 

 

We construct a generalized linear mixed model in a Bayesian framework to 

predict the probability of coral bleaching by including DHW and other temperature 
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metrics (Table B.1), latitude, depth, and coral diversity. Our aim is to improve coral 

bleaching predictions and obtain a more comprehensive understanding of 

geographic differences in the coral response to thermal stress. We show that coral 

bleaching was more prevalent in localities with high SST, both in absolute degrees 

and in DHW, and in localities with frequently high SST anomalies. Coral bleaching 

was also higher in areas with high rates of change in SST but lower in areas with 

high variability in SST. Bleaching probability was highest at mid-latitude sites 

despite equivalent thermal stress at equatorial sites. 

Methods 

Biological and Environmental Data 

The coral bleaching data were composed of the Reef Check dataset 

(reefcheck.org), collected by a mixture of professional scientists (56%) and trained 

and certified citizen-scientists (44%) using a standardized transect protocol 

(Hodgson 1999). The Reef Check data are the only field-based coral reef data 

collected on a global scale using a standardized methodology and have been used in 

numerous global and regional analyses (Hodgson 1999, Done et al. 2017). The 

validity of Reef Check data has been well documented (Done et al. 2017). The data 

comprised 9215 data points, for 3351 sites (Figures 3.1–3.2, Table B.2), from 81 

countries, collected from 1997 to 2017. The mean frequency for field sampling was 
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2.75 (standard deviation = 3.17) times over the sampling period (see Appendix B 

for more details on sampling effort). In addition to a suite of temperature metrics, 

ecological data, and coral diversity data obtained from J.E.N. Veron (Veron et al. 

2015, Figure 2.4, Table B.1), the dataset includes counts of the number of coral 

colonies showing bleaching (i.e., the percent of reef corals that were recorded as 

bleached), which was classified as site-wide bleaching. There was also a 

categorized estimate of the percentage of each coral colony that was bleached (i.e., 

per colony bleaching) at each site during each sampling period. Here we used the 

data pertaining to the site-wide bleaching, which was expressed as a percentage. 

We also examined the prevalence of coral bleaching per coral ecoregion (as defined 

by Veron et al. 2015). We used the global Coral Reef Temperature Anomaly 

Database (CoRTAD Version 6) from the National Oceanic and Atmospheric 

Administration (https://data.nodc.noaa.gov/cortad/Version6/) to predict coral 

bleaching prevalence and intensity across reefs worldwide. All CoRTAD variables 

were weekly data provided on a grid cell basis, of ~4-km resolution, from 1982 to 

2017 (Table B.1). 

Data Analysis 

The covariates that we used in the analysis are summarized in Table B.1; a 

Pair-wise Pearson’s correlation of coefficients was used to determine which 

covariates were highly collinear (Figure 3.3). We conservatively discarded 14 
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predictor variables whose correlation coefficients were >0.65 with co-occurring 

predictors.  

 
Figure 3.3. Covariate correlations. Correlation plot of variables. Blue indicates that 

variables are positively correlated, magenta indicates no correlation, and yellow 

indicates that variables are negatively correlated. Shade of the color and size of the 

circles indicate the strength of the correlation between variables. 

 

One-hundred and fifty-three sites (4%) were removed that had missing data 

for the environmental variables or fell outside of ecoregion boundaries. We used 

generalized linear mixed models (GLMM), within a Bayesian framework, to 
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examine the influence of the covariates on coral bleaching. We standardized each 

covariate to improve the stability of our model. Some sites were repeatedly 

surveyed and therefore site was treated as a random effect. Using a GLMM, as 

opposed to a simple linear regression for example, allowed us to use both fixed and 

random effects, and it also allowed us to take a hierarchical approach for the analysis. The 

GLMM incorporated ‘site’ as a random effect, and we nested sites hierarchically within 

ecoregions. Diversity was only known at the ecoregion level, so it was incorporated at that 

level in the model. We used a negative binomial distribution which appropriately 

captures zero-inflated data, such as the Reef Check bleaching dataset that has 

surveys when coral bleaching was absent. Coral bleaching for a given observation 

(oi) was assumed to follow a series of Bernoulli processes (pi,) captured as a 

negative binomial distribution (Zuur & Leno 2016) using a log-link function, since 

the data were zero-inflated, 

oi ~ negative binomial (pi, k),       (Equation 3.1) 

Expected (oi) = pi,       (Equation 3.2) 

Variance (oi) = pi + pi
2/k,      (Equation 3.3) 

log(pi) = b0 + γ1((covariatei,1 - mean covariate1)/sigma covariate1) + … γn xi,n + ai,s, 

        (Equation 3.4) 

ai ~ norm(Rr, τ),       (Equation 3.5) 
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Rr ~ norm(gr, Τ),       (Equation 3.6) 

gr = μ + bdiv dr,       (Equation 3.7) 

 

where b0 is the intercept, γ are coefficients, x are environmental covariates, a are 

random effects of site (s), which hierarchically follow a normal distribution (norm) 

from the random effect (R) of ecoregion (r) with mean gr, bdiv is the coefficient for 

diversity (dr) introduced at the ecoregion level, μ is the overall mean, and τ and Τ 

are variance across site and ecoregion, respectively. Covariates were modeled with 

flat normal priors. The Bayesian model was implemented in R (R Core Team 2007) 

and run through the rjags package that calls JAGS35, with 3 chains, a burn-in of 

4000, and 5000 iterations. The trace plots were examined for convergence, and 

posterior predictions were compared with simulated values from the same model 

(Hobbs & Hooten 2015). 

Posterior predictive checks were used to assess evidence of lack of fit 

between model estimates and data. A Bayesian P-value based on the mean was ill-

suited for the zero-inflated model, therefore we examined the fit to the mean for 

only nonzero bleaching values and obtained a P-value of 0.503. A separate 

posterior check was undertaken for the zero bleaching values, to compare simulated 

data and observed zero bleaching, which indicated that the simulated data correctly 
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estimated zero coral bleaching 50% of the time, and 3.4% (standard deviation 

4.4%) coral bleaching when the simulated data was an overestimate. 

To spatially examine the environmental variables that potentially impact 

coral bleaching, we determined the mean value of each variable whose credible 

intervals did not cross zero (Figure 3.4), per ecoregion. The value of the variable in 

an ecoregion is then reported as the number of standard deviations from the 

variable’s mean over all ecoregions. To be included in this analysis, an ecoregion 

was required to have had at least 10 surveys over the 1997 to 2017 sampling period 

(Figures 3.5–3.13). 

 

Figure 3.4. Model variable coefficients. Relationship between the percentage of 

coral colonies bleached and environmental variables within a Bayesian framework 
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with mean values (circles) and 95% credible intervals (the thin black horizontal 

lines) as well as 50% credible intervals (the thick black horizontal lines). All 

definitions are outlined in detail in Table B.1. Red dots show a positive relationship 

with bleaching likelihood, blue dots show a negative relationship with the 

likelihood of coral bleaching, and white dots show no significant relationship with 

bleaching likelihood. 

 

 
 

Figure 3.5. Standard deviation of sea surface temperature from 1997 to 2017. The 

value of each ecoregion is displayed as the number of standard deviations it differs 

from the mean of all ecoregions. Positive values are displayed in yellow and 

negatives values are displayed in blue. 

 

 

 

Figure 3.6. Standard deviation of thermal stress anomaly degree heating weeks 

from 1997 to 2017. The value of each ecoregion is displayed as the number of 

standard deviations it differs from the mean of all ecoregions. Positive values are 

displayed in yellow and negatives values are displayed in blue. 
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Figure 3.7. Standard deviation of frequency of sea surface temperature anomalies. 

Standard deviation of frequency of sea surface temperature anomalies 

(SSTA_Freq_stdev), for data from 1997 to 2017. The value of each ecoregion is 

displayed as the number of standard deviations it differs from the mean of all 

ecoregions. Positive values are displayed in yellow and negatives values are 

displayed in blue. 

 

 

Figure 3.8. Standard deviation of frequency of thermal stress anomalies from 1997 

to 2017. The value of each ecoregion is displayed as the number of standard 

deviations it differs from the mean of all ecoregions. Positive values are displayed 

in yellow and negatives values are displayed in blue. 
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Figure 3.9. Annual rate of sea surface temperature change from 1997 to 2017. The 

value of each ecoregion is displayed as the number of standard deviations it differs 

from the mean of all ecoregions. Positive values are displayed in yellow and 

negatives values are displayed in blue. 

 

 

Figure 3.10. Frequency of thermal stress anomalies from 1997 to 2017. The value 

of each ecoregion is displayed as the number of standard deviations it differs from 

the mean of all ecoregions. Positive values are displayed in yellow and negatives 

values are displayed in blue. 

 

 

Figure 3.11. Sea surface temperature (SST) from 1997 to 2017. The value of each 

ecoregion is displayed as the number of standard deviations it differs from the 
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mean of all ecoregions. Positive values are displayed in yellow and negatives 

values are displayed in blue. 

 

 

 

Figure 3.12. Frequency of sea surface temperature anomalies from 1997 to 2017. 

The value of each ecoregion is displayed as the number of standard deviations it 

differs from the mean of all ecoregions. Positive values are displayed in yellow and 

negatives values are displayed in blue. 

 

 

 

Figure 3.13. Sea surface temperature anomaly degree heating weeks from 1997 to 

2017. The value of each ecoregion is displayed as the number of standard 

deviations it differs from the mean of all ecoregions. Positive values are displayed 

in yellow and negatives values are displayed in blue. 
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Results and Discussion 

Significantly more coral bleaching occurred at mid-tropical latitude sites, 

between 15 and 20° north and south of the Equator than in the equatorial regions, 

where coral diversity is highest (Figure 3.4, Figure 3.14–3.16, Table B.3). Notably 

there was no correlation (Spearman’s rho = 0.313, p-value = 0.297) between 

bleaching prevalence and the number of study sites. The clustering of coral 

bleaching at 15–20° north and south of the Equator was not, however, a 

consequence of higher thermal anomalies at those latitudes than elsewhere (Figures 

B.1–B.11).  

 

Figure 3.14. Bleaching prevalence by latitude. Bleaching prevalence by latitude, 

where the blue indicates no bleaching, purple is mild bleaching (1–10% bleached), 

peach is moderate bleaching (10–50% bleached), and yellow is severe bleaching 

(>50% bleached). 
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Figure 3.15. Bleaching prevalence by longitude. Bleaching prevalence by 

longitude, where the blue indicates no bleaching, purple is mild bleaching (1–10% 

bleached), peach is moderate bleaching (10–50% bleached), and yellow is severe 

bleaching (>50% bleached). 

 

Our finding of less coral bleaching in equatorial regions, where coral 

diversity is the highest on a global scale, contrasts with other studies at the regional 

scale, which showed that the most extensive bleaching occurred at the most diverse 

reefs in the Commonwealth of the Northern Mariana Islands (Heron et al. 2016). 

Unless there was less thermal stress in the low-latitude tropics than elsewhere, 

which we did not detect in this study, our results lead to several hypotheses that 
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potentially explain differential coral bleaching among latitudes. We hypothesize 

that the low-latitude tropics bleached less because: (i) of the geographical 

differences in species composition, (ii) of the higher genotypic diversity at low 

latitudes, which include genotypes less susceptible to thermal stress, and (iii) some 

corals were preadapted to thermal stress because of consistently warmer 

temperatures at low latitude prior to thermal stress events. These hypotheses are not 

mutually exclusive and several of these mechanisms could be operating in concert, 

resulting in less coral bleaching at low latitudes. 

Coral bleaching was also significantly lower in localities with a high 

variance in temperature anomalies, taken over weekly intervals (Figures 3.–3.7). 

We also note that coral bleaching was negatively related to the standard deviation 

of thermal stress events (Figure 3.4). We found that the global correlation between 

lower coral bleaching and higher SST variance, at weekly scales, corroborates 

previous regional studies that showed a small daily temperature range was 

consistently the best metric for predicting bleaching prevalence, with greater SST 

variability reducing the odds of coral bleaching (McClanahan & Maina 2003, 

McClanahan et al. 2007, Hughes et al. 2018, Safaie et al. 2018). Our results 

suggest that localities that commonly experience large daily, weekly, or seasonal 

SST ranges may harbor corals, and strains of coral symbionts, that are more 

resistant to SST extremes (LaJeunesse et al. 2010). Further research should 
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untangle this spatial heterogeneity in SST variance and determine to what extent 

acclimation versus adaptation is contributing to reduced coral bleaching prevalence. 

The results that coral bleaching was less common in the equatorial regions, 

with high coral diversity (Veron et al. 2015), agree with paleoecological studies 

that show greatest stability and lowest extinction in the tropics through rapid 

climate change (Penn et al. 2018). Furthermore, recent studies show that marine 

taxa track climate velocity (Pinsky et al. 2013), which is the rate and direction that 

the climate shifts across the seascape. The predicted climate velocities in the oceans 

show that the lowest variance in species-range shifts are occurring within ten 

degrees latitude of the Equator (Burrows et al. 2014). Although the tropics may be 

potentially more stable through climate changes than elsewhere, several modeling 

studies have nevertheless predicted high species loss near the Equator with 

increasing temperatures (Burrows et al. 2014, Molinos et al. 2016). Yet, to make 

such predictions, these modeling studies only consider the narrow thermal range of 

modern equatorial organisms, and do not consider the role of species or genotypic 

diversity in driving the differences in thermal responses, or the potential of the 

genetic standing stock to adapt to thermal stress. 

We suggest that future statistical modeling research approach global 

patterns in coral bleaching with a hurdle model. A hurdle model consists of two 

parts. This first step would be the ‘hurdle’, which would determine a binary 
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response of whether or not bleaching is present. If bleaching is present, a second 

step would then be to determine the probability of non-zero values (the percent 

bleaching). The Reef Check dataset, or another dataset that contains a large portion 

of surveys with zero coral bleaching, could be used in a hurdle model. This would 

exclude some datasets that only contain surveys with observed bleaching. 

In concordance with the global predictions (Hoegh-Guldberg 1999, Hughes 

et al. 2003, Sheppard 2003), in the last decade, coral bleaching has increased in 

frequency and intensity (Figure 3.16). Yet, in the last decade, the onset of coral 

bleaching has occurred at significantly higher SSTs (~0.5 °C) than in the previous 

decade (Figure 3.17). At the thousands of sites surveyed, the mean SST recorded 

during coral bleaching in the first decade of the dataset, from 1997 to 2006, was 

28.1 °C, whereas the mean SST recorded during coral bleaching in the second 

decade, from 2007 to 2017, was 28.7 °C. This change in coral-bleaching 

temperature is significantly different (Likelihood ratio test, Pr(>χ2) = 0.001) 

between decades (Figure 3.17). The increase in over half a degree Celsius in coral-

bleaching temperature suggests that past bleaching events may have culled the 

thermally susceptible individuals, resulting in a recent adjustment of the remaining 

coral populations to higher thresholds of bleaching temperatures (Hughes et al. 

2003, Donner 2009, Coles et al. 2018, Figure 3.18). Coral communities also may 

have acclimatized to increasing SSTs, highlighting the need for further research to 
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understand the context dependencies of this trend towards a greater temperature 

threshold. 

 

Figure 3.16. Percent and probability of coral bleaching from 2002 to 2017. The 

boxplots are of the percent coral bleaching, which is measured on the left y-axis. 

The center line is the mean percent bleaching, the bounds of the boxes are the 

interquartile range (25% and 75%), and the whiskers are the 95% range. The red 

line is the probability of coral bleaching over time, measured on the right y-axis, 

and the shaded red region is the 95% confidence interval. 
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Figure 3.17. Probability density distributions of coral bleaching from 1997 to 2006 

(blue shade) and from 2007 to 2017 (peach shade), the mauve shade is where the 

distributions overlap; the blue and red lines show the best-fit Weibull probability 

density distributions (for the 1997 to 2006 data, the Weibull shape is 18.895 and 

the scale is 28.622, whereas for the 2007 to 2017 data the Weibull shape is 19.346, 

and the shape is 29.413). The change in coral bleaching at sea surface temperature 

is significantly different (Likelihood ratio test, Pr(>χ2) =0.001) between decades. 
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Figure 3.18. Proportion of surveys with bleaching at temperature. The proportion of 

surveys at a given temperature that found coral bleaching during the 2010 global 

bleaching event compared to the 2014–2017 global bleaching event. Bin size is 1 

°C, and each bin was required to have 60 surveys to be included. Blue dots indicate 

the 2010 bleaching event, and magenta dots indicate the 2014–2017 bleaching 

event. 

 

Our model showed that rates of change in SST are strong predictors of coral 

bleaching with faster rates of change correlating with higher levels of bleaching 
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(Figure 3.4, Figure 3.9). Global models predict a mean increase in SST of 0.027 °C 

per year from 1990 to 2090 (Bopp et al. 2013), which is almost double the rate 

(0.015 °C per year) of the previous 30 years. As SSTs continue to increase more 

rapidly, more localities are likely to experience coral bleaching. We show that coral 

bleaching is predictable, at large scales, by the intensity and the variance in 

frequency of extreme, high-SST events. We demonstrated that equatorial areas and 

areas with greater exposure to short-term SST fluctuations may be more resilient to 

high temperature events, and therefore may be important targets for conservation 

given their increased likelihood of persisting into the future (Beyer et al. 2018). 

Coral bleaching has had unprecedented negative effects on coral populations 

worldwide, and immediate action globally to reduce carbon emissions is necessary 

to avoid further declines of coral reefs. 
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Chapter 4 

Turbid Reefs Moderate Coral Bleaching Under 

Climate-Related Temperature Stress 

Abstract 

Thermal-stress events that cause coral bleaching and mortality have recently 

increased in frequency and severity. Yet few studies have explored conditions that 

moderate coral bleaching. Given that high light and high ocean temperature 

together cause coral bleaching, we explore whether corals at turbid localities, with 

reduced light, are less likely to bleach during thermal-stress events than corals at 

other localities. We analyzed coral bleaching, temperature, and turbidity data from 

3,694 sites worldwide with a Bayesian model and found that Kd490, a measurement 

positively related to turbidity, between 0.080 and 0.127 reduced coral bleaching 

during thermal-stress events. Approximately 12% of the world's reefs exist within 

this “moderating turbidity” range, and 30% of reefs that have moderating turbidity 

are in the Coral Triangle. We suggest that these turbid nearshore environments may 

provide some refuge through climate change, but these reefs will need high 

conservation status to sustain them close to dense human populations. 
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Introduction 

Coral reefs provide coastal protection and other goods and services for 

millions of people globally. Yet, coral reefs have recently experienced an increase 

in the frequency and intensity of thermal-stress events that are associated with 

climate change (IPCC 2013, Hoegh-Guldberg et al. 2014). These thermal-stress 

events lead to coral bleaching, which is the loss of pigment from coral 

endosymbionts, or in extreme cases result in the expulsion of coral symbionts 

(Gates et al. 1992). Coral bleaching can lead to coral mortality, which causes 

changes in the composition of coral communities, changes in total coral cover, 

declines in structural reef complexity, and loss of habitat for reef fishes. While we 

know that high intensities of thermal stress cause coral bleaching (Hughes et al. 

2018), and that coral bleaching is spatially and temporally variable (Sully et al. 

2019), we know little about other environmental conditions that reduce coral 

bleaching, particularly over large regional scales. 

Corals vary in their tolerance to thermal stress (Loya et al. 2001), which can 

be a consequence of the types of endosymbionts within corals (LaJeunesse et al. 

2009) or of the thermal tolerance of the coral host (Baird et al. 2009). Coral 

bleaching occurs under high temperature conditions, but only when there is high 

light (Takahashi et al. 2004). Experimental studies show that high-light intensity 

initiates coral paling through photoinhibition (Iglesias-Prieto et al. 1992, Warner et 
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al. 1999, Lesser & Farrell 2004). Photoinhibition occurs when the rate of light 

energy absorption exceeds the rate of light energy conversion to chemical energy 

(i.e., ATP and NADPH) for use in carbon fixation (Takahashi & Murata 2008, 

Suggett & Smith 2019). Chronic photoinhibition occurs when high light and high 

temperature uncouple photosynthetic electron transport from ATP synthesis 

(Gorbunov et al. 2001), leading to the formation of radical oxygen species (Lesser 

2006, Lesser 2011, Roberty et al. 2014, Roberty et al. 2015). These cascading 

events suppress the rate of repair of the photo-damaged light-harvesting reaction 

centers, further accelerating photoinhibition (Murata et al. 2007). High light, 

therefore, induces photoinhibition, and high temperatures exacerbate that 

photoinhibition, culminating as coral bleaching. Several studies have shown that 

reducing incoming light on heated corals reduces photoinhibition (Iglesias-Prieto et 

al. 1992, Takahashi et al. 2004, Lesser 2019). 

The reciprocity between light and temperature may explain some field 

observations that show reduced bleaching of corals in turbid waters. For example, 

there was less bleaching on turbid nearshore reefs than on other reefs during 

thermal-stress events in Palau (van Woesik et al. 2012) and in Brazil (Teixeira et 

al. 2019). Similarly, Acropora, a coral genus that is highly susceptible to thermal 

stress (Loya et al. 2001), bleached extensively in clear-water sites during recent 

thermal-stress events on the Great Barrier Reef (Hughes et al. 2017), but did not 
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bleach in turbid sites (Morgan et al. 2017). Therefore, based on the outcome of 

physiological experiments on corals and on several field studies, we hypothesize 

that turbidity, the opaqueness of water resulting from suspended particles, is likely 

to reduce incident light and therefore reduce coral bleaching during thermal-stress 

events. 

Indeed, some studies have shown that turbidity moderates bleaching at a 

local scale (van Woesik et al. 2012, Teixeira et al. 2019), or have used turbidity 

and temperature to predict regional climate-change refuges (Cacciapaglia & van 

Woesik 2016), but no studies have quantified the moderating effects of turbidity on 

reducing coral bleaching on a global scale. We examine the relationship between 

thermal stress and turbidity at a global scale at 3,694 sites, using 8,797 Reef Check 

surveys in 81 countries, from 2002 to 2017. 

Methods 

Biological and Environmental Data 

The coral bleaching data used in this study were derived from 3,694 sites 

using 8,797 Reef Check surveys in 81 countries, from 2002 to 2017 (Figure 2.1). 

The Reef Check dataset (reefcheck.org) was collected by scientists and trained 

citizen-scientists using a standardized protocol (Hodgson 1999, Sully et al. 2019). 

The validity of the Reef Check dataset is well documented (Done et al. 2017), and 
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the data have been used in several global analyses (Hodgson 1999, Sully et al. 

2019). In each survey, the percentage of the coral populations experiencing 

bleaching was recorded. The latitude–longitude coordinates and the date of each 

survey were also recorded, which allowed us to find the corresponding 

environmental variables at time of field survey from other datasets and combine 

them with the Reef Check data. 

The extent of wave exposure of every study site was determined through 

manual examination of the latitude–longitude coordinates in Google Earth, 

examining island and reef geomorphology and aspect, and overlaying prevailing 

wind patterns. We used the global Coral Reef Temperature Anomaly Database 

(CoRTAD Version 6), which has a weekly resolution of ~4-km, from the National 

Oceanic and Atmospheric Administration 

(https://data.nodc.noaa.gov/cortad/Version6/) to model SST. 

To derive a measurement of turbidity, we used NASA's (National 

Aeronautics and Space Administration's) Earth Observing System Data and 

Information System (EOSDIS) Modis-Aqua satellite database (https ://ocean 

data.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km/Kd_490/), which has a 

4-km resolution beginning in mid-2002 through to December 2017 (Figure 1.2, 

Figure C.1). Turbidity was considered to be positively related to the diffuse 

attenuation coefficient of light at the 490 nm wavelength (Kd490), or the rate at 
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which light at 490 nm is attenuated with depth (Office for Coastal Management 

2019). For example, a Kd490 value of 0.1 m−1 means that light intensity is reduced 

by one natural-log value within 10 m of water. High values of Kd490, therefore, 

represent high attenuation and hence high turbidity. While other measurements of 

turbidity, such as Nephelometric Turbidity Units or Formazin Turbidity Units, are 

more commonly used to describe turbidity, these data are typically only available 

using field sampling, and not available over a large scale, for example, from 

satellite data. Kd490 measurements are, however, directly related to the presence of 

scattering particles in the water column and are available globally at a 4-km 

resolution (Office for Coastal Management 2019, Figure 1.2). 

Data Analysis 

A Bayesian hierarchical ordinal regression approach (Lunn et al. 2012) was 

used to model coral bleaching and the effects of two environmental variables (i.e., 

SST and turbidity) and their interactions on coral bleaching severity. This model 

was created with the intent of being applied to multiple datasets in the future, which 

only have ordinal data. For example, ReefBase.org contains tens of thousands of 

coral bleaching surveys from different datasets, but the majority of the data are 

ordinal. Data can be converted from a very fine resolution to a coarser resolution, 

but not the other way around, so we built an ordinal model that can be applied to 

many datasets. Coral bleaching was measured as the percentage of the coral 
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populations in each Reef Check survey experiencing bleaching, and was 

categorized into four levels: no bleaching, mild bleaching (1%–10%), moderate 

bleaching (>10%–50%), and severe bleaching (>50%, Figure 4.1).  

 

Figure 4.1. Coral bleaching severity distribution. Severity of coral bleaching 

categorized according to the percentage of the coral assemblage that bleached at 

survey. 

 

Notably, ordinal data are discrete data with a natural ordering, and in 

modeling we can generally assume they represent underlying continuous data 

(Lunn et al. 2012). The model incorporated standardized SST, turbidity, and the 

interaction of SST and turbidity. The following equations define the model system: 

Yi ~ dcat(pi, 1:R)      (Equation 4.1), 

pi,1 = 1-Qi-1       (Equation 4.2a), 

pi,r = Qi,r-1 - Qi,r , for r in 2 through R-1    (Equation 4.2b), 

pi,R = Qi,R-1       (Equation 4.2c), 

logit(Qi,r) = γ1((Xi,1- �̅�1)/σ1) +… + γn((Xi,n- �̅�n)/σn) - cr + ai,s,  
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for r in 1 through R-1     (Equation 4.3), 

dci ~ dunif(0,100), for i in 1 through R-1   (Equation 4.4), 

c1 = dc1       (Equation 4.5), 

ci = ci-1 + dc, for i in 2 through R-1    (Equation 4.6), 

as ~ norm(Ge, τ)      (Equation 4.7), 

Ge ~ norm(μ, T)      (Equation 4.8), 

where Y i is the coral bleaching level for survey i on an ordinal scale, ranging from 

no bleaching to mild bleaching to moderate bleaching to severe bleaching; dcat is a 

categorical distribution, dunif is a uniform distribution; R is the number of 

bleaching categories (4 in this study); pi,1:4 is the probability of survey i being in 

each of the four bleaching categories; γ are coefficients; X are environmental 

covariates; σ are the standard deviations of the environmental covariates; n is the 

number of covariates; ‘a’ are random effects of site (s), which hierarchically follow 

a normal distribution (norm) from the random effect (G) of ecoregion (e) with 

mean μ; τ is variance across site; Τ is variance across ecoregion; Qi,r is the 

cumulative probability of having a score of r or more; cr is a cut point for each 

category r; dcr is the difference between the cut points (Lunn et al. 2012). The 

covariates were modeled with flat normal priors. The Bayesian hierarchical ordinal 

regression model was implemented in R and run through the “rjags” package 

(Plummer 2016) that uses JAGS (Just Another Gibbs Sampler), with three chains, a 

burn-in of 4,000 and 5,000 iterations. 
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Turbidity Thresholds 

Following the primary analysis above, we also sought to determine the 

values at which turbidity reduced bleaching severity. We fit gamma probability 

densities to the Kd490 frequencies for each level of bleaching (i.e., no bleaching, 

mild bleaching, moderate bleaching, and severe bleaching). The lower turbidity 

threshold, below which coral bleaching was not moderated, was defined as the 

Kd490 value at which the probability density of no bleaching to mild bleaching 

became greater than the probability density of moderate to severe bleaching. We 

used the likelihood ratio test (Equation 4.9) and a chi-square test to compare the 

model maximized over the entire parameter space with the different bleaching-level 

models. 

LR = -2*ln(L0/L1)        (Equation 4.9), 

where LR is the likelihood ratio, an assessment of the goodness-of-fit of two 

competing models, L0 is the likelihood of the model maximized over the entire 

parameter space, and L1 is the likelihood of the model with different bleaching 

levels. 

We also sought to find the “breakpoint” where turbidity remains beneficial 

by reducing light stress on corals, but beyond which turbidity becomes detrimental 

because it deprives the corals of sufficient light for photosynthesis. To estimate this 
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upper turbidity threshold, beyond which reef functionality is below optimum 

because of consistently low light (Figure 4.2, see Appendix C), we performed a 

case study along a turbidity gradient on the inner reefs of the Great Barrier Reef. At 

42 islands along the turbidity gradient (Figures 4.3–4.7), we gathered the Kd490 

values from NASA's Earth Observing System Data and Information System 

(EOSDIS) Modis-Aqua satellite database, and we measured the width of the reef 

flats using Google Earth. We then fit a nonlinear least squares regression to the 

Kd490 values and the width of the reef flat. The Kd490 value at which the 95% 

confidence interval crossed zero was defined here as the upper turbidity threshold. 

 

Figure 4.2. Nonlinear regression of the width of each reef flat and mean Kd490 

value for 42 reef flats on the inner Great Barrier Reef from 2002 to 2017. Gray 

shading indicates the 95% confidence interval. 
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Figure 4.3. Case study locations on the Great Barrier Reef. Reefs in the Great 

Barrier Reef follow a turbidity gradient. We examined 42 reefs along this gradient, 

examining reef flat width and turbidity. Specific islands are identified in Figures 

4.4–4.6. Map data: Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, 

U.S. Navy, NGA, GEBCO.  
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Figure 4.4. Northern section of the Great Barrier Reef turbidity gradient. Reefs at 

twelve islands were examined. Hayman Island (1 reef), Langford Island (1 reef), 

Hook Island (3 reefs), Border Island (2 reefs), North Molle Island (1 reef), 

Whitsunday Island (2 reefs), Hamilton Island (1 reef), Pine Island (1 reef), Shaw 

Island (2 reefs), Keyser Island (1 reef), and Thomas Island (3 reefs). Map data: 

Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, U.S. Navy, NGA, 

GEBCO. 
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Figure 4.5. Middle section of the Great Barrier Reef turbidity gradient. Reefs at 

five islands were examined. Goldsmith Island (2 reefs), Carlisle/Bramptom Island 

(3 reefs), Cockermouth Island (2 reefs), Scawfell Island (2 reefs), Penrith Island (1 

reef). Map data: Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, U.S. 

Navy, NGA, GEBCO. 
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Figure 4.6. Southern section of the Great Barrier Reef turbidity gradient. Reefs at 

five islands were examined. Prudhoe Island (3 reefs), Digby Island (2 reefs), 

Curlew Island (3 reefs), Middle Island (3 reefs), South Island (3 reefs). Map data: 

Google Earth, GBRMPA CNES / Airbus Data SIO, NOAA, U.S. Navy, NGA, 

GEBCO. 

 

We also sought to identify the proportion of reefs in each marine ecoregion 

of the world that fell within the “moderating turbidity” range. Shapefiles of the 

coral reefs of the world overlaid with the turbidity values identified reefs that fell 

within the moderating turbidity range. To partition the reefs of the world in 

accordance with marine ecoregions, shapefiles from ecoregions of the world 

(Veron et al. 2015) were overlaid with shapefiles of coral reefs of the world and the 

mean Kd490 raster file (Figure 1.2). For each marine ecoregion, we randomly 

sampled 10,000 points that fell within reef boundaries and determined the 
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probability density of Kd490 values for reefs within each ecoregion. Additionally, 

we determined the total area (km2) of reefs in each marine ecoregion that fell within 

the turbidity range where coral bleaching was moderated. 

Results 

The Bayesian hierarchical ordinal regression model showed that when 

considering the interaction between both elevated SSTs and turbidity, coral 

bleaching was reduced. By contrast, inputting either elevated SSTs or turbidity 

alone both increased the likelihood of coral bleaching (Figure 4.7). 

 

Figure 4.7. Ordinal regression model variable coefficients showing the 

relationships between the coral bleaching severity levels and the two environmental 

variables (i.e., SST and turbidity) and their interaction within a Bayesian 

framework with mean values (circles) and 95% credible intervals (the thin black 
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horizontal lines) as well as 50% credible intervals (the thick black horizontal lines). 

Red dots show a positive relationship with bleaching severity, blue dots show a 

negative relationship with bleaching severity. All definitions are outlined in detail 

in Table C.1. 

 

The gamma model that treated the four bleaching levels separately (i.e., 

none, mild 1%–10%, moderate >10%–50%, and severe >50%) had a significantly 

(p < .0001) better fit than the null gamma model that was maximized over the 

entire parameter space (Figure 4.8). These results suggest that during thermal-stress 

events, coral bleaching was more likely on clear-water reefs than on turbid reefs. 

 

Figure 4.8. Gamma probability densities of Kd490 values (at 3,694 sites, using 

8,797 Reef Check surveys in 81 countries, from 2002 to 2017), fit to data points 

from Reef Check surveys displaying no bleaching (blue), mild bleaching (orange; 

1%–10% bleaching), moderate bleaching (red; >10%–50% bleaching) and severe 

bleaching (black; >50% bleaching). Dashed vertical lines indicate the mean Kd490 

value for surveys in each bleaching category. 
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The turbidity value at which water was too turbid for coral reef growth was 

found from performing a nonlinear least squares regression on a turbidity gradient 

in the inner Great Barrier Reef. The turbidity value at which the 95% confidence 

interval crossed zero was found to be 0.127 Kd490. We use 0.127 Kd490 in this 

study only as an indicator of high turbidity where light is limiting, and are cautious 

applying this value too rigidly, across all coral reefs that vary in coral species 

composition (Figure 4.2). Globally, coral bleaching was reduced from moderate 

and severe bleaching levels to mild bleaching or no bleaching levels when Kd490 

values were between 0.080 and 0.127. 

Thirty-one percent of the “moderating turbidity” reefs worldwide were 

found in the Coral Triangle, including reefs in the Sulu Sea, the Banda Sea and 

Molucca Islands, the South-east Philippines, and Milne Bay Papua New Guinea 

ecoregions (Figure 4.9, Table C.2). The Torres Strait and far northern Great Barrier 

Reef ecoregion also encompassed a large reef area (2,370 km2) that experienced 

“moderating turbidity” (Figure 4.9, Table C.2) on 18% of its coral reefs. Notably, 

26% (688.64 km2) of the coral reefs of the southern Red Sea ecoregion, and 25% 

(681.78 km2) of the coral reefs of the Kenya and Tanzania ecoregion were located 

in the turbidity range that moderates coral bleaching. 
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Figure 4.9. Percentage of coral reefs worldwide within the “moderating turbidity 

range” (of 0.080 − 0.127 Kd490) per marine ecoregion (which are outlined by fine 

blue lines). Data were obtained at 3,694 sites, using 8,797 Reef Check surveys in 

81 countries, from 2002 to 2017. 

 

Discussion 

Our results show that “moderating turbidity” between 0.080 and 0.127 

Kd490 can reduce coral bleaching during thermal-stress events. These results agree 

with physiological experiments that show reducing light under thermal stress 

reduces bleaching by allowing the repair of the light-harvesting reaction centers in 

the endosymbionts (Takahashi et al. 2004). Our results also agree with recent field 

studies that observed reduced bleaching in turbid nearshore environments, even 

where temperatures were elevated (van Woesik et al. 2012, Oxenford & Vallès 

2016, Morgan et al. 2017, Teixeira et al. 2019). Interestingly, although the northern 

Great Barrier Reef was extensively bleached in 2016, reports showed that 

chlorophyll-a concentrations, which effectively reduce light, were negatively 

related to coral bleaching, indicating that localities with high chlorophyll-a 
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concentrations experienced reduced coral bleaching in comparison to localities with 

low chlorophyll-a concentrations (Hughes et al. 2017). In addition, Acropora 

corals, renowned for their thermal susceptibility, bleached extensively in clear 

Great Barrier Reef waters during thermal stress (Hughes et al. 2017), but did not 

bleach at turbid sites, which also experienced temperature stress (Morgan et al. 

2017). We suggest that future analyses use this ordinal regression model on other 

ordinal coral datasets. The framework of the model would not need to change, so 

datasets could be directly input into the R code and model. 

We selected a turbidity gradient along the inner Great Barrier Reef, between 

the latitudes 20 and 22 °S, which has previously been shown to have long-term 

effects on lateral reef progradation (Kleypas 1996). Extremely high and persistent 

turbidity through the past 5,000 years or more, a consequence of a 10 m 

semidiurnal tidal range at the head of Broad Sound, has prevented reef growth 

adjacent to Broad Sound (Kleypas 1996), and has influenced coral composition, 

colony size, and coral-colony morphologies on modern reefs (van Woesik & Done 

1997). We used this gradient analysis to determine a potential turbidity threshold, 

beyond which reefs will be unable to grow (Kleypas et al. 1999). Although we 

fully acknowledge that regional thresholds will vary depending on coral 

community composition, we do expect a universal threshold of turbidity beyond 

which corals will not be able to function effectively. 
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Turbidity is most frequently considered detrimental to corals because of 

reduced light and tissue abrasion, with excess turbidity leading to a reduced 

euphotic zone (Kleypas 1996) and reef shutdown under extreme conditions 

(Tomascik et al. 1993). Yet, some turbid reefs fare well through thermal-stress 

events, and several coral species can feed on suspended particulate matter to derive 

carbon and nitrogen requirements (Anthony 1999). Moreover, paleo studies suggest 

that reef corals spent considerable time in turbid environments through glacial 

periods (Potts & Jacobs 2000), and glacial conditions prevailed through the 

Quaternary (Colinvaux 1987, Lisiecki & Raymo 2007). Therefore, turbid reefs, not 

clear-water oligotrophic reefs, may be the norm through history, as turbid 

environments were common habitats during sea-level and climatic fluctuations of 

the Quaternary (Potts & Jacobs 2000). Our study suggests that turbid environments 

may continue to provide refuge for reef-building corals as the oceans warm. 

Still, differential bleaching across habitats may not be simply a consequence 

of lower light conditions caused by turbidity, as nearshore corals may also support 

different symbionts than offshore corals (Fabricius et al. 2004), and nearshore 

corals may be locally adapted to more extreme temperature conditions (Kenkel & 

Matz 2016). In addition, not all kinds or causes of turbidity affect coral bleaching 

similarly. For example, turbidity can be seasonal, in the form of spring 

phytoplankton blooms (Bell & Tomascik 1993) and river discharge events (Brown 
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et al. 2017). While periodic turbidity may provide intermittent relief from thermal 

stress, episodes of high turbidity may be decoupled from the timing of thermal-

stress events, and therefore provide no stable refuge for reef corals. By contrast, 

persistent turbidity, for example, turbidity driven by tidal forces over shallow 

habitats, continuously influences marine systems (Larcombe & Woolfe 1999) and 

can do so for thousands of years (Kleypas 1996, van Woesik & Done 1997). Such 

persistent turbidity may indeed provide refuge for reef corals from climate-change 

induced thermal-stress events (Cacciapaglia & van Woesik 2016). 

In conclusion, the equatorial region in the Indo-Pacific Ocean has a third of 

coral reefs within the Kd490 range where turbidity may moderate coral bleaching 

(Figure 4.9, Table C.2). This area known as the Coral Triangle is also the epicenter 

of marine biodiversity. We suggest that, as in the geological past, nearshore turbid 

reefs, not clear-water oligotrophic reefs, are most likely to provide refuge for corals 

through climate fluctuations. However, nearshore turbid reefs are also most 

vulnerable to local pollution and land-use change. Although less aesthetically 

appealing than clear-water oligotrophic reefs, nearshore turbid reefs will need 

particularly high conservation status not only because they are acting as modern 

climate-change refuges and are diversity repositories but also because they are 

close to human settlements. As climate change continues to threaten coral reefs 

globally, it is imperative to know where climate-change refuges are located. This 
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knowledge can help policy makers and managers plan and adapt to perennial 

change by focusing conservation efforts and resource planning on localities that 

will likely survive through thermal-stress events, including many nearshore 

equatorial coral reefs. 
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Chapter 5 

A Global Analysis of Coral Bleaching Over the Past 

Two Decades 

Abstract 

Thermal-stress anomalies associated with climate change cause coral 

bleaching and changes in species composition and coral cover. Yet, few studies 

have identified bright spots, where corals have the potential to survive through 

climate change. We examine coral cover from 7736 surveys at 2953 sites from 76 

countries from 1997–2017 and use a suite of environmental and temperature 

metrics in a hierarchical Bayesian model to examine geographical patterns in coral 

cover. We use downscaled Coupled Model Intercomparison Project (CMIP5) data 

corresponding to scenarios RCP4.5 and RCP8.5, at a resolution of 4 km, to predict 

where most change is likely to occur for the years 2050 and 2100. Coral cover was 

highest at sites with a high historical maximum sea-surface temperature (SST) and 

was lowest at sites with a high mean SST and where cyclone frequencies are high. 

Coral cover on low-turbidity reefs (< 0.075 Kd490) was negatively associated with 

maximum thermal stress anomaly (TSA) degree heating weeks (DHW), whereas 

coral cover on high-turbidity reefs (≥ 0.075 Kd490) was not associated with 

maximum TSA DHW. We project that reefs in high-turbidity locations will lose 

less coral cover than reefs in low-turbidity locations under climate change scenarios 
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RCP4.5 and RCP8.5. Future coral cover is projected to be highest in New 

Caledonia, the Lakshadweep Islands, northern Sulawesi, eastern Indonesia, the 

Greater Sunda Islands, and French Polynesia. Future coral cover is projected to be 

lowest in Madagascar, the Marshall Islands, Micronesia, and Northern Mariana 

Islands, west Sumatra, and the northern Caribbean. 

Introduction 

Tropical coral reefs are the world’s most diverse marine ecosystems that 

also provide billions of dollars in economic value through coastal protection, food, 

tourism, and other goods and services (Costanza et al. 2014). Yet most coral reefs 

are increasingly under threat from local and global disturbances (Hoegh-Gulberg et 

al. 2007, Halpern et al. 2008, Anthony et al. 2011, Hughes et al. 2017). For 

example, over the last three decades coral cover has declined at three quarters of 

the reefs monitored in the Caribbean (Jackson et al. 2014). Similarly, the Great 

Barrier Reef (GBR) has recently lost 30% of its coral cover (Hughes et al. 2018). 

The recent global decline in coral cover is primarily a consequence of the 

increasing intensity and frequency of thermal-stress events, along with over-

fishing, pollution and disease.  

Thermal-stress events are not however uniform across the globe (IPCC 

2013, IPCC 2019) and in the last two decades have been most severe for reef corals 
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at mid-tropical latitudes (Sully et al. 2019). The frequency of temperature 

variability can also influence the response of corals to thermal-stress events 

(Thompson & van Woesik 2009, Safaie et al. 2018). For example, Thompson & 

van Woesik (2009) showed that during marine heat waves, corals at sites with a 

high frequency of historical temperature anomalies experienced less bleaching than 

corals at sites with a low frequency. Similarly, Guest et al. (2012) and Safaie et al. 

(2018) found that contrasting reefs with thermal histories had significantly different 

bleaching responses, and Chapter 3 showed that coral bleaching was less common 

at sites with a high variance in sea-surface temperature (SST) anomalies. Yet even 

where corals are exposed to similar temperature stresses the responses can vary 

locally and regionally (McClanahan & Maina 2003, McClanahan et al. 2007, van 

Woesik et al. 2012, Safaie et al. 2018). Coral populations may be also adjusting to 

thermal-stress events through differential mortality of more susceptible genotypes 

(Maynard et al. 2008) and potentially through adaptation (Dixon et al. 2015, 

Kenkel & Matz 2016). For example, Maynard et al. (2008) found that corals on the 

GBR exhibited higher thermal tolerance in 2002 than in 1998, and Chapter 3 

showed that the onset of coral bleaching had occurred at 0.5˚C higher from 2007–

2017 than from 1997–2006. 

The rate of ocean warming has more than doubled since 1993, and similarly 

marine heatwaves have intensified and doubled in frequency since 1982 (IPCC 
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2019). Given the climate change predictions and the changes in coral responses, it 

is important to identify geographical bright and dark spots (Cinner et al. 2016). 

Many of the bright spots were well managed, hence better management could 

improve conservation of the remaining coral reefs. 

A regional model by McManus et al. (2020) projected future temperature 

and coral cover in the Coral Triangle (CT). They found that coral cover was largely 

dependent on increases in absolute and inter-annual variation in temperature. The 

Philippines were projected to experience a more severe decline in coral cover than 

Papua New Guinea and northern Australia. An Indo-Pacific wide projection by 

Cacciapaglia & van Woesik (2015) predicted 12 potential climate-change refuges 

and suggested that the GBR was unlikely to fare well under ocean warming, a 

prediction that was correct (Hughes et al. 2018). Here we use high-resolution 

temperatures from global climate models for two different scenarios of future 

greenhouse gas emissions (IPCC 2019) — representative concentration pathways 

(RCP) scenarios 4.5 and 8.5 — to predict future coral cover globally. The 

objectives of the study were to (1) identify reefs that are present-day coral-cover 

bright and dark spots, and (2) predict coral cover under the climate-change 

scenarios RCP4.5 and RCP8.5 for the years 2050 and 2100. 
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Methods 

Field Data 

The coral cover data were collected by scientists and trained and certified 

citizen-scientists following a standardized transect protocol of Reef Check 

(Hodgson 1999). These data are the only field-based coral-reef data collected 

annually on a global scale using a standardized methodology. The validity of the 

Reef Check data has been well documented (Done et al. 2017), and the data have 

been used in numerous global and regional analyses (Schutte et al. 2010, Obura et 

al. 2019, Sully et al. 2019). The data, collected from 1997 to 2017, comprised over 

5000 sites. The number of surveys included in the present study was filtered down 

to 7736 surveys at 2953 sites based on the availability of other environmental data 

(i.e., turbidity, modern and historical sea surface temperatures) (Figure 5.1, Figures 

D.1–D.13). 

 

Figure 5.1. Annual cyclone frequency calculated from data available from the 

International Best Track Archive for Climate Stewardship (IBTrACS) from 1964–

2014 at a 9 km resolution.  
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The dataset includes a quantitative measure of the coral cover for each 

survey, and a suite of temperature metrics, ecological data, and coral diversity data 

obtained from Veron (Veron et al. 2015) (Figure 2.4, Figure 5.2, Table D.1). We 

used the global Coral Reef Temperature Anomaly Database (CoRTAD Version 6) 

from the National Oceanic and Atmospheric Administration 

(https://data.nodc.noaa.gov/cortad/Version6/) to derive temperature data for each 

survey period at each site. All CoRTAD variables were weekly data provided on a 

grid cell basis of approximately 4-km resolution, which extend from 1982 to 2017 

(Table D.1), except for mean SST and maximum SST which we converted to 

monthly data to be comparable with the temperature projection datasets that had a 

monthly resolution. We used NASA’s (National Aeronautics and Space 

Administration’s) Earth Observing System Data and Information System 

(EOSDIS) Modis-Aqua satellite database to derive turbidity data, which has a 4-km 

resolution beginning in mid-2002 through to December 2017 

(https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Monthly/4km/Kd_490/) (Figure 1.2). Turbidity was measured as 

Kd490 values, which is the diffuse attenuation coefficient of light at the 490 nm 

wavelength (NASA Goddard Space Flight Center 2010). 
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Figure 5.2. Percent coral cover as determined from Reef Check surveys from the 

years 1997–2017. 

 

Historical SST data were derived from the World Climate Research 

Program (WCRP) Coupled Model Intercomparison Project Phase 6 (CMIP6) 

(https://esgf-node.llnl.gov/projects/cmip6/). We used data with a 1x1 degree 

monthly resolution, averaged from 20 model outputs that were made available from 

Community Earth System Model (CESM) (Table D.2). From these data we 

calculated historical SST mean, historical SST maximum, and historical SST 

standard deviation from the years 1870–1980 because these years are pre-global 

bleaching years. Cyclone frequency data were calculated from International Best 

Track Archive for Climate Stewardship (IBTrACS; 

http://www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs-data), available at a 9-

km resolution from 1964 to 2014 (Figure 5.1). The future SST data were gathered 

from van Hooidonk et al. (2016). RCP4.5 projected emissions to have leveled off 

by mid-century, whereas RCP8.5 projected a high emissions scenario and 

continued increases in greenhouse gas concentration. RCPs 4.5 and 8.5 were used 
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because these data were statistically downscaled to a 4-km resolution (see van 

Hooidonk et al. 2016 for methods and models), which was the same resolution as 

the CoRTAD and turbidity data. 

Modern human population data were derived from the Socioeconomic Data 

and Applications Center (SEDAC; https://sedac.ciesin.columbia.edu/) at a 1-km 

resolution on a decadal scale (CIESIN 2017). The human population was converted 

to an annual resolution by interpolating between decades. The human population 

corresponding to each Reef Check survey site was calculated as the human 

population within a 10-km radius of the reef for the year of reef survey. Human 

population projections were derived from SEDAC (Gao 2017, Gao 2020), and the 

‘middle of the road’ scenario of human population growth for years 2050 and 2100 

were used for projections. 

Data Analysis 

We used 35 covariates in the analysis that are summarized in Table D.1. A 

pair-wise Pearson’s correlation of coefficients was used to determine which 

covariates were highly collinear (Figure 5.3) and we discarded 24 predictor 

variables whose correlation coefficients were > 0.67 with co-occurring predictors. 

Modern coral cover has been observed to withstand thermal stress anomalies of 

greater than 30-degree heating weeks, but only in locations with turbidity levels 

greater than 0.075 Kd490 (Figure 5.4).  
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Figure 5.3. Pearson’s correlation of coefficients for ecological variable and 

temperature metric descriptions and sources. Ecological variables and temperature 

metrics were used to predict coral cover across reefs worldwide. Variables and their 

data sources are listed in Table D.1.  
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Figure 5.4. Maximum TSA DHW and coral cover for low-turbidity reefs and for 

high-turbidity reefs. The coral cover observed at a reef relative to the maximum 

TSA DHW of the three years prior to the survey. Low-turbidity reefs (5236 

surveys) have mean Kd490 values less than 0.075, and high-turbidity reefs (2500 

surveys) have mean Kd490 values of greater than or equal to 0.075. 
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Indeed, previously we showed that turbidity can moderate coral bleaching 

and reduce the impact of thermal stress (Chapter 4), and therefore for the present 

study we split the data into two groups according to turbidity level (ie., < 0.075 

Kd490 and ≥ 0.075 Kd490). There were 5236 datapoints from reefs with low 

turbidity and 2500 datapoints from reefs with high turbidity. These datasets were 

analyzed sperately. 

We used a generalized linear mixed model (GLMM) within a Bayesian 

framework to examine the influence of the covariates on coral cover. We 

standardized each covariate to improve the stability of our model. Using a GLMM, 

as opposed to a simple linear regression for example, allowed us to use both fixed 

and random effects, and it also allowed us to take a hierarchical approach. The 

GLMM incorporated ‘site’ as a random effect, and we nested sites hierarchically 

within ecoregions. Diversity was only known at the ecoregion level, so it was 

incorporated at that level in the model. Beta distributions are defined on the 

continuous interval from 0 to 1, and they are suitable distributions for percentages. 

Coral cover for a given observation (oi) was assumed to follow a beta distribution 

using a log-link function as follows:  

 oi~ beta(shape1i, shape2i)     (Equation 5.1), 

 shape1i = θ*pi       (Equation 5.2), 

 shape2i = θ*(1-pi)      (Equation 5.3), 

        Expected (oi) = pi        (Equation 5.4), 
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        Variance (oi) = pi * (1-pi) / (θ+1)    (Equation 5.5), 

        log(pi) = γ0 + γ1((covariatei,1 – mean covariate1)/sigma covariate1) + … γn xi,n + 

ai,s        (Equation 5.6), 

        as~norm(Rs, τ)        (Equation 5.7), 

        Rr~norm(μ + γdiv*dr, Τ)      (Equation 5.8), 

where γ0 was the intercept, γ1:n were coefficients, x were environmental covariates, 

a were random effects of site (s), which hierarchically followed a normal 

distribution (norm) from the random effect (R) of ecoregion (r), γdiv was the 

coefficient for diversity (d) introduced at the ecoregion level, μ was the overall 

mean, and τ and Τ were variance across site and ecoregion, respectively. Covariates 

were modeled with flat normal priors. The Bayesian model was implemented in R 

(R Core Team 2007) and run through the rjags package that calls JAGS (Plummer 

2016), with 3 chains, a burn-in of 4000, and 5000 iterations. The trace plots were 

examined for convergence, and posterior predictions were compared with simulated 

values from the same model (Hobbs & Hooten 2015). 

Bright Spot and Dark Spot Analysis 

oi – expi > 1.5*σ  indicate bright spots  (Equation 5.9a) 

oi – expi < -1.5*σ  indicate dark spots  (Equation 5.9b) 
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Bright spots are defined as locations in which survey observations showed 

coral cover at levels of at least 1.5 standard deviations (29% coral cover) greater 

than expected by the fitted beta model (Eqn 5.9a). Conversely, dark spots are 

defined as locations in which survey observations showed coral cover at levels of at 

least 1.5 standard deviations less than expected by the fitted beta model (Eqn 5.9b). 

Future cover coral at the Reef Check sites was projected by using the beta 

coefficients derived from the beta model fitted to present-day coral-cover data. 

Mean SST values for the years 2050 and 2100, obtained from the RCP4.5 and 

RCP8.5 future SST datasets, were substituted for modern mean SST values. Future 

maximum thermal stress anomaly degree heating weeks (maximum TSA DHW), 

obtained from the RCP4.5 and RCP8.5 future SST datasets, were substituted for 

modern maximum TSA DHW. Future human population data, obtained from 

SEDAC, were substituted for modern human population values. The model was run 

to project coral cover for years 2050 and 2100. 

Future coral cover was also projected at non-Reef Check sites. Global reef 

shapefiles were overlaid with the environmental variable rasters. Five-hundred 

coordinate points (i.e., longitude and latitude points) were sampled on reefs per 

ecoregion, and the corresponding environmental variables were extracted from the 

rasters at each coordinate point and were substituted into the beta model. The 

random effect of site was incorporated at each coordinate point as the mean random 

effect of site in each corresponding ecoregion.  
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The R scripts used in the analysis are available at: 

https://github.com/InstituteForGlobalEcology/modern_and_future_bright_spots_on

_coral_reefs. 

Results 

Maximum historical sea surface temperature (SST) was the only variable in 

the Bayesian model that was positively associated with coral cover across all study 

sites for both low-turbidity reefs and high-turbidity reefs (Figure 5.5). Diversity, 

the standard deviation of sea surface temperature anomalies (SSTA_stdev), and 

maximum thermal stress anomalies (TSA max) were positively associated with 

coral cover for low-turbidity reefs (Figure 5.5A). Maximum frequency of sea 

surface temperature anomalies (SSTA_freqmax) and turbidity were positively 

associated with coral cover for high-turbidity reefs (Figure 5.5B). The variables 

that were negatively associated with coral cover for both low-turbidity reefs and 

high-turbidity reefs were mean SST and cyclone frequency (Figure 5.5). For low-

turbidity reefs, latitude, human population, turbidity, and maximum thermal stress 

anomaly degree heating weeks (TSA_dhwmax) were also negatively associated 

with coral cover. For high-turbidity reefs, depth and the standard deviation of the 

frequency of sea surface temperature anomalies (SSTA_freqstdev) were negatively 

associated with coral cover. 
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Figure 5.5. A. Low-turbidity (< 0.075 Kd490) model variable coefficients. B. High-

turbidity (≥ 0.075 Kd490) model variable coefficients. Relationship between the 

percent coral cover and the environmental variables within a Bayesian framework 

with mean values (circles) and 95% credible intervals (thin black horizontal lines) 

as well as 50% credible intervals (thick black horizontal lines). Blue dots show a 

positive association with coral cover, red dots show a negative association with 

coral cover, and white dots show no significant association with coral cover (95% 

credible interval crosses zero). 

 

The beta model accurately estimated modern coral cover (Figure 5.6). 

However, some study sites had significantly higher (i.e., bright spots) or 

significantly lower coral cover (i.e., dark spots) than was expected by the model. 

Modern-day bright spots were most apparent in southeastern Asia (Figure 5.7), 

particularly in eastern Malaysia, central Philippines, south Sulawesi, New 

Caledonia, and the Maldives. The southern islands of Japan, the eastern Andaman 

Sea, the Maldives, the Persian Gulf, the central Philippines, New Caledonia, south 

and southeast Sulawesi in Indonesia, Maui in Hawaii, and Jamaica and British 

Virgin Islands in the Caribbean all had bright spots with no adjacent dark spots. 
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Dark spots were most apparent in the Java Sea, and western Malaysia, as well as 

northwestern Madagascar, eastern Africa, and the northern Great Barrier Reef 

(Figure 5.7). Additionally, future projections of coral cover show that reefs with 

high turbidity are expected to lose less coral cover than reefs with low turbidity 

under both climate change scenarios RCP4.5 and RCP8.5 by year 2100 (Figure 

5.8). 

 

 

Figure 5.6. Present-day observed and expected coral cover. The observed mean 

percent coral cover versus the expected mean percent coral cover as determined 

from the fitted beta model. Gray circles indicate sites for which the observed mean 

percent coral cover was within 1.5 standard deviations (29%) of expected mean 

coral cover. Yellow circles indicate bright spots. Black circles indicate dark spots.. 

The gray line indicates y=x. Red lines indicate differences of 1.5 standard 

deviations from the line y=x. The r-squared value is 0.80. 
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Figure 5.7. The sites of present-day bright spots and dark spots. Gray circles are the 

locations of surveys for which the observed percent coral cover was within 1.5 

standard deviations (29%) of expected coral cover. Yellow circles are bright spots. 

Black circles are dark spots. 
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Figure 5.8. Relative change in coral cover in 2100 under climate change scenarios 

RCP4.5 and RCP8.5. Brown circles indicate sites with high-turbidity levels (≥ 

0.075 Kd490), and blue circles indicate sites with low-turbidity levels (<0.075 

Kd490). 
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Under the RCP4.5 scenario in the year 2050, we project a decrease in coral 

cover of 1–20% on most reefs globally (Figures D.14–D.18). We project a decrease 

of 20–40% on some reefs in the Java Sea, the northeastern Caribbean, northern 

Madagascar, some reefs in the Maldives, the Northern Mariana Islands, and the 

Marshall Islands (Figures 5.9–5.10). We project little to no change on some reefs in 

the Persian Gulf, eastern and western Malaysia, the central Philippines, northern 

Sulawesi, Lakshadweep, the northern Red Sea, Japan, New Caledonia, and Fiji 

(Figures 5.9–5.10). By the year 2100 we project decreases in coral cover of 1–40% 

on most reefs globally (Figure 5.9, Figures D.14–D.18). The relatively small 

decreases of 1–10% are projected in the southeastern Caribbean, Fiji, New 

Caledonia, southern Sulawesi, eastern and western Malaysia, the central 

Philippines, Japan, a reef in Lakshadweep, and the Persian Gulf. The larger 

decreases of over 30% are projected to occur in western Sumatra, Hawaii, northern 

Sulawesi, the northern Caribbean, the Northern Mariana Islands, Micronesia, and 

the Marshall Islands (Figures 5.9–5.10). 
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Figure 5.9. Projected relative change in coral cover at Reef Check sites. The 

relative difference between modern expected coral cover and future expected coral 

cover at Reef Check sites around the world. Change in coral cover by the years 

2050 and 2100 for RCP4.5 and RCP8.5. 
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Figure 5.10. The projected future mean coral cover for each of 2953 sites. A) Year 

2050 for RCP4.5 B) Year 2100 for RCP4.5 C) Year 2050 for RCP8.5 and D) Year 

2100 for RCP8.5. 

 

By the year 2050, under a RCP8.5 scenario, we project spatially variable 

changes in coral cover, with decreases of 1–10% projected in Brazil, eastern and 

western Malaysia, central Philippines, south and southeast Sulawesi, Taiwan, the 
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Persian Gulf, Maldives, New Caledonia, and Fiji. We project decreases in coral 

cover of greater than 40% in western Sumatra, the Northern Mariana Islands, 

eastern Micronesia, the Marshall Islands, Hawaii, and the western Caribbean 

(Figure 5.9–5.10). By year 2100, under a RCP8.5 scenario, we project decreases in 

coral cover of more than 40% on most reefs globally. The smallest decreases of 1–

10% are projected in the Persian Gulf, a reef in the Maldives, some reefs in eastern 

and western Malaysia, some reefs in southern Japan, some reefs in central 

Philippines, and reefs in New Caledonia. The largest decreases of over 50% are 

projected in the Caribbean, Hawaii, the Northern Mariana Islands, the Marshall 

Islands, Micronesia, western Sumatra, northern Sulawesi, the northern Red Sea, 

and eastern Africa (Figures 5.9–5.10). The difference between the projections for 

RCP4.5 and RCP8.5 in year 2050 and in year 2100 show the effect that policies 

limiting carbon emissions to the RCP4.5 scenario would have at the Reef Check 

sites (Figure 5.11). By year 2100, policy would have helped save upward of 30% of 

coral cover on reefs globally, as opposed to the ‘business-as-usual’ scenario 

RCP8.5. Over 40% of coral cover on reefs in the Caribbean would be saved by 

policies limiting carbon emissions to RCP4.5. 
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Figure 5.11. The effect of climate change mitigation policy at the Reef Check sites 

by year 2050 and 2100. This is the relative percent coral cover at each Reef Check 

site that can be saved by the world adhering to policies that allow for scenario 

RCP4.5 as opposed to RCP8.5. 

 

For the sites where we extrapolated future coral cover under a RCP4.5 

scenario in year 2050, we project a 1–20% decrease in coral cover on most reefs 

globally (Figures 5.12–5.14, Figure D.19). We project little to no change on reefs 

in Lakshadweep, the Maldives, the Solomon Islands, Sulawesi, and the Persian 

Gulf. We project decreases of 1–10% in the Red Sea, central Philippines, Fiji, and 

southwestern and southeastern Caribbean. We project 10–20% decreases on most 

other reefs globally (Figures 5.12–5.14). By year 2100, we project a 1–40% 

decrease in coral cover on most reefs globally. We project decreases of 1–10% on 

reefs in the southern Red Sea, the Persian Gulf, the Maldives, Sri Lanka, central 
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Philippines, the Solomon Islands, northern Fiji, southwestern and southeastern 

Caribbean. We project decreases of 20–40% on reefs in eastern Africa and 

Madagascar, Sumatra, southern Japan, the Java Sea, northeastern Australia, Papua 

New Guinea, Northern Mariana Islands, Micronesia, the Marshall Islands, New 

Caledonia and Vanuatu, some reefs in Fiji, French Polynesia, and the northern 

Caribbean (Figure 5.12). 
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Figure 5.12. Projected relative change in coral cover globally. The relative 

difference between modern expected coral cover and future expected coral cover on 

reefs around the world. Change in coral cover by the years 2050 and 2100 for 

RCP4.5 and RCP8.5. 
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Figure 5.13. Modern extrapolated coral cover at 6 m depth globally. 
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Figure 5.14. Future projected coral cover at 6 m depth extrapolated to reefs 

globally, in years 2050 and 2100 according to the RCP4.5 and RCP8.5 climate 

scenarios. 

 

For sites at which we extrapolated future coral cover under a RCP8.5 

scenario in the year 2050 we project a 1–40% decrease in coral cover on most reefs 

globally (Figures 5.12–5.14, Figure D.19). We project little to no change in the 
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Persian Gulf and the Maldives. We project decreases of 1–10% in coral cover in the 

southern Red Sea, Sri Lanka, central Philippines, Solomon Islands, northern Fiji, 

and the southeastern and southwestern Caribbean. We project decreases in coral 

cover of 10–40% in eastern Africa and Madagascar, the Java Sea, northwestern 

Australia, the Marshall Islands, Northern Mariana Islands, Micronesia, French 

Polynesia, and the northern Caribbean. Under a RCP8.5 scenario in year 2100, we 

project decreases of 20–100% in coral cover on reefs globally. We project 

decreases of 20–40% on reefs in the Persian Gulf, the southern Red Sea, eastern 

Africa, the Maldives, Central Philippines, the Gulf of Thailand, Papua New 

Guinea, and the southeastern and southwestern Caribbean. We project decreases of 

40–100% in coral cover in western Madagascar, the southern islands of Japan, 

Australia, the Northern Mariana Islands, Micronesia, the Marshall Islands, New 

Caledonia, some reefs in Fiji, French Polynesia, and in the northern Caribbean 

(Figure 5.12). 

Discussion 

Climate change continues to exacerbate thermal stress on coral reefs, but 

these thermal stresses are ‘sensed’ differently by reef corals in localities with high 

and low turbidity (van Woesik et al. 2012, Morgan et al. 2017, Sully & van Woesik 

2019). Some modern reefs experience thermal stress above 30-degree heating 

weeks (DHW) and maintain coral cover, but these reefs exclusively occur in turbid 
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locations (Figure 5.4). Splitting the dataset into two groups based on turbidity level 

showed some key differences between the effects of temperature on coral cover. 

Coral cover was negatively associated with thermal stress anomalies on low-

turbidity reefs but not on high-turbidity reefs.  

Coral cover on both high- and low-turbidity reefs were negatively 

associated with modern mean SST and with cyclone frequency, and both reef types 

were positively associated with maximum historical SST. The strong negative 

association of coral cover with modern mean SST was expected. We know that 

high intensities of thermal stress cause coral bleaching (Hughes et al. 2018) and 

that coral reefs have recently experienced, and are projected to continue 

experiencing, an increase in the frequency and intensity of thermal-stress events 

that are associated with climate change (IPCC 2013, Hoegh-Guldberg et al. 2014). 

SST changes are spatially variable however, as are coral responses to SST. For 

example, Sheppard (2003) forecast SST in the Indian Ocean and identified regions 

where bleaching thresholds would be regularly crossed. Corroborating our results, 

Sheppard (2003) projected that corals at Lakshadweep would survive toward the 

end of the century with significantly lower probabilities of repeatedly crossing 

bleaching thresholds compared with other sites in the Indian Ocean. 

The strong negative association of coral cover with cyclone frequency in the 

present study was also expected because cyclones can physically damage reefs, 
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resulting in a loss in coral cover (Heron et al. 2007, Gouezo et al. 2015). Cyclones 

are also expected to change in intensity, frequency, and in their trajectories because 

of climate change (IPCC 2013), so we can anticipate that coral cover will decrease 

in localities where cyclones were historically infrequent, such as in the lower 

latitudes (Gouezo et al. 2015). 

The strong positive association of coral cover with historical maximum SST 

could indicate that corals have adjusted to high SSTs over time. Hughes et al. 

(2003) suggested that bleaching susceptibilities may change over time as a result of 

phenotypic and genetic responses to SST. Thompson & van Woesik (2009) found 

that reefs which historically experienced frequent thermal anomalies were less 

likely to bleach during recent thermal stress events. Additionally, Chapter 3 found 

that the onset of coral bleaching has occurred at 0.5 ˚C higher over the last decade 

than in the previous decade. Another study by Middlebrook et al. (2008) on the 

GBR found that coral nubbins pre-exposed to elevated temperatures later 

experienced less Symbiodinium loss when experimentally subjected to thermal 

stress. Prior heat stress has also been found to reduce the impact of subsequent heat 

stress at Palmyra Atoll (Williams et al. 2010), and on reefs in the GBR (Maynard et 

al. 2008). However, we do not know the upper limit of corals’ ability to adjust to 

the rising temperatures. By the end of the century SSTs may rise by more than 3 ˚C 

under climate change scenario RCP8.5 (IPCC 2013). 
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Interestingly, the response of coral cover differed with turbidity. Low-

turbidity reefs had a negative relationship with coral cover and high-turbidity reefs 

had a positive relationship with coral cover (Figure 5.5). The positive relationship 

with turbid reefs is of particular interest and agrees with physiological studies that 

show that reducing incoming light on heated corals reduces photoinhibition and 

bleaching damage (Iglesias-Prieto et al. 1992, Takahashi et al. 2004, Lesser 2019). 

Indeed, turbidity reduces incident light and in turn reduces photoinhibition stress 

(Warner et al. 1999). These physiological studies are corroborated by field studies 

that show lower bleaching and higher survival of corals in turbid reefs during 

thermal-stress events (van Woesik et al. 2012, Morgan et al. 2017, Teixeira et al. 

2019). Additionally, a negative association between maximum-thermal-stress 

degree-heating weeks (i.e., TSA_dhwmax) and coral cover was expected because 

degree heating weeks can drive coral bleaching (Liu et al. 2003, Hughes et al. 

2018), which can lead to a loss of coral cover. However, this negative association 

was only apparent for the low-turbidity reefs and not for high-turbidity reefs. We 

suggest that the turbidity on these reefs shields the corals from the effects of high 

thermal stress. Clearly, turbid reefs need special protection because they may be 

climate-change refuges and are particularly susceptible to land-use change and 

pollution effects because they are generally close to human populations.  
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Beyer et al. (2018), using modern portfolio theory (Markowitz 1952), also 

identified high priority reefs for conservation near Kalimantan (Indonesia), the 

Philippines, Malaysia, French Polynesia, and the southern Red Sea. According to 

modern portfolio theory, these reefs were identified as part of a collection of reefs 

that would likely provide a high probability of coral survival through climate 

change compared with other reefs. Coordinating conservation efforts and strategic 

planning such as these can reduce the risk of widespread failure at a global scale 

(Beyer et al. 2018). Another study, by Beger et al. (2015), identified many reefs in 

the Coral Triangle with high conservation value. While the objectives of Beger et 

al. (2015) differed from our objectives, we nonetheless identified some specific 

locations that overlapped, including south Sulawesi, northern Indonesia, western 

Papua, and northeastern Malaysia. Our study projected that the Coral Triangle 

region, in general, will have higher coral cover under future climate change 

scenarios than other reefs in the Indo-Pacific (Figure 5.10, Figures 5.12–5.14, 

Figure D.19), making the Coral Triangle a potential climate-change refuge, a region 

of particular interest for conservation. 

We note that the only variables projected to change in our beta model were 

mean SST, maximum TSA DHW, and human population density. In reality, other 

changes on reefs may also occur and influence future reefs. For example, corals 

may shift with depth, although the deeper corals may be less fecund (Shlesinger et 
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al. 2018). Reef corals may also shift in latitude. For example, there is fossil and 

modern evidence that the distributional range of staghorn corals in the Caribbean 

extend in latitude with increases in SST (Precht & Aronson 2004, Greenstein & 

Pandolfi 2008, Yamano et al. 2011). However, Muir et al. (2015) have shown that 

local daily winter insolation will limit increases in the latitudinal range shift of 

corals that may result from SST increases. Notably, van Hooidonk et al. (2014) 

also showed that future changes in ocean acidification may offset any potential 

benefits that reefs may have at high latitudes. Cyclones are also anticipated to 

change because of climate change, both in intensity and frequency (IPCC 2013). 

Additionally, our projections do not account for any rate of adaptation or 

acclimation, for a reduction in recovery time between bleaching events in the 

future, or for changes in regional ocean current patterns and weather (e.g. number 

of cloudy days, wind direction, and speed). All these factors could have a major 

influence on bleaching and mortality.  

Under both RCP4.5 and RCP8.5, coral cover is projected to decrease 

globally, but high-turbidity reefs are projected to lose less coral cover than low-

turbidity reefs (Figure 5.8). Coral cover is projected to be highest in the Coral 

Triangle region by the year 2100 (Figures 5.9–5.10, Figures 5.12–5.14). Under 

future climate change scenarios, reefs in the Coral Triangle region should receive 

particular conservation attention as they may be the most likely to survive through 
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climate change. The fine resolution (~4 km) of the projected SSTs under RCP4.5 

and RCP8.5 and our corresponding results from our beta model should encourage 

managers and policymakers to develop and apply management solutions at the 

local level for reefs. 
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Chapter 6 

Synthesis 

Climate change is causing an increase in thermal-stress events in the 

oceans, which is leading to increases in the frequency and intensity of coral 

bleaching events globally. These coral bleaching events in turn are causing coral 

mortality, loss of coral cover, and changes to community structure (Hughes et al. 

2018, Stuart-Smith et al. 2018). However, coral reefs are not equally exposed to 

thermal stress, and even where they are equally exposed there are coral responses 

that are species-specific, and locally and regionally variable (McClanahan & Maina 

2003, van Woesik et al. 2012, Safaie et al. 2018). This dissertation quantified the 

complex relationships of coral bleaching and coral cover with environmental 

variables to identify the variables characterizing bright spots, which suffer low 

levels of coral bleaching and maintain high levels of coral cover. This dissertation 

also mapped the global distribution of coral reef bright spots and dark spots, as well 

as projected future coral cover under climate change RCP4.5 and RCP8.5 for years 

2050 and 2100 to identify potential climate-change refugia. 

What environmental variables affect coral bleaching and 

coral cover? 

 Latitude was found to be positively associated with the probability of coral 

bleaching (Figure 3.4). However, this increased bleaching probability was not a 
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consequence of greater thermal stress anomalies at high latitudes (Figures B.1–

B.11). This dissertation presented several hypotheses including that the low-latitude 

tropics bleached less because: (i) of the geographical differences in species 

composition, (ii) of the higher genotypic diversity at low latitudes, which include 

genotypes less susceptible to thermal stress, and (iii) some corals were preadapted 

to thermal stress because of consistently warmer temperatures at low latitude prior 

to thermal stress events. These hypotheses can serve as avenues for potential future 

studies that delve into this relationship. 

 Previous studies have shown that turbidity moderates bleaching at a local 

scale (van Woesik et al. 2012, Teixeira et al. 2019), but this dissertation confirmed 

this pattern at a global scale (Figure 4.7). It also identified a turbidity range (0.080–

0.127 Kd490) at which incoming light is reduced enough to limit photoinhibition 

but not so much that the corals have insufficient light (Figure 4.8, Figure 4.2). 

Reefs within the moderating turbidity range are close to shore and therefore have a 

greater chance of being near human populations, so these reefs may need 

particularly high conservation status. Approximately 12% of the world's reefs exist 

within this moderating turbidity range, and 30% of reefs that have moderating 

turbidity are in the Coral Triangle (Figure 4.9). Additionally, high-turbidity reefs 

are projected to lose less coral cover than low-turbidity reefs under both RCP4.5 
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and RCP8.5 scenarios for year 2050 and 2100 (Figure 5.8), making high-turbidity 

reefs potential refugia. 

 Diversity was found to be positively associated with coral cover for low-

turbidity reefs (Figure 5.5). It is possible that with greater genotypic diversity and 

greater species diversity, some corals are less susceptible to thermal stress. 

Diversity is also highest in the Coral Triangle (Figure 2.4). 

Cyclone frequency was found to be negatively associated with coral cover 

on a global scale for both low-turbidity and high-turbidity reefs (Figure 5.5). This 

association was not surprising, as cyclones can cause damage to reefs, but the 

relative association of cyclones with coral cover compared to the association of 

other variables with coral cover was quantified for the first time on a global scale in 

this dissertation (Figure 5.5) 

 SST, rate of SST change, and the frequency and intensity of thermal stress 

anomalies had a positive association with coral bleaching (Figure 3.4). 

Additionally, SST had a negative association with coral bleaching (Figure 5.5). 

Global models predict a mean increase in SST of 0.027 °C per year from 1990 to 

2090 (Bopp et al. 2013), which is almost double the rate (0.015 °C per year) of the 

previous 30 years. This means that not only SST, but also the rate of SST change 

and the frequency and intensity of thermal stress anomalies continue to increase. 
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Variability in thermal stress anomalies, however, was found to have a 

negative association with coral bleaching (Figure 3.4). The global correlation 

between lower coral bleaching and higher SST variance, corroborated previous 

regional studies showing that daily temperature range was negatively associated 

with coral bleaching (Safaie et al. 2018). This correlation between lower coral 

bleaching and higher SST variance suggests that locations with greater exposure to 

SST fluctuations may be more resilient to high temperature events, although further 

studies would be necessary to determine to what extent acclimation versus 

adaptation contributes to reduced coral bleaching prevalence. Vasseur et al. (2014) 

however, have found that the interactive effects of mean and variance of daily 

temperatures from climate change created a wide range of outcomes for different 

species of invertebrate ectotherms, so we do not rule out the possibility that 

different species of coral react differently to changes in temperature variance. Coral 

species data are difficult to obtain and often unavailable, so large-scale studies of 

species-specific responses to temperature variance are currently not feasible. We 

acknowledge that the lack of species data in our analyses does not allow us to draw 

conclusions about any changes in coral community composition that will likely 

occur on reefs worldwide. 

Historical SST, from pre-recorded bleaching years 1870–1980, was found to 

have a positive association with coral cover for both low-turbidity reefs and high-
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turbidity reefs (Figure 5.5). We suggest the possibility that corals in localities with 

high historical SSTs have had the opportunity to acclimate, adapt, and evolve to 

high SSTs, making them more tolerant to high temperatures and thermal stress 

today.  

Where are the coral reef bright spots and dark spots? 

 In general, coral reef bright spots are characterized by low latitude, turbidity 

values of 0.080–0.127 Kd490, high diversity, small or absent nearby human 

populations, low cyclone frequency, high maximum historical SST, high 

climatological variability in thermal stress anomalies, low present-day SST 

(absolute degrees, and degree heating weeks), and a low rate of SST change. 

Specific bright spot locations include New Caledonia, Papua New Guinea, 

the Sulu Sea, Northern Sulawesi and eastern Indonesia, the Greater Sunda Islands, 

Southern Red Sea, Lakshadweep Islands, and French Polynesia. Specific dark spot 

locations include eastern Africa and northwestern Madagascar, the Marshall 

Islands, Micronesia, and Northern Mariana Islands, west Sumatra, and the northern 

Caribbean. Future coral cover is expected to decrease the least in the Red Sea, 

Lakshadweep Islands, the Maldives, Sri Lanka, central Philippines, eastern and 

western Malaysia, New Caledonia, the Persian Gulf, and the Solomon Islands, 

indicating these reefs as potential climate-change refugia. 



119 

 

Given their increased likelihood of persisting into the future, climate- 

change refugia and bright spots may be important targets for conservation funding 

and efforts. This research can help policy makers and managers when making 

decisions to allocate funding strategically and conservation resources efficiently to 

preserve coral reefs into the future. 
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Appendix A 

Supplementary Information for Chapter 2 

Exchange A.1. The following email exchange took place with a graduate student in 

the United Kingdom. Name, university, and email have been redacted for privacy. 

Sent: Wednesday, July 15, 2020 7:39 AM 

Email Subject: Global analysis of coral bleaching & turbid reefs papers 

 

Dear Professor van Woesik, 

 

I am just writing to say the two papers in your lab group led by Shannon Sully 

(turbid reefs and global analysis of coral bleaching) are fantastic papers that have 

had a massively positive impact on my PhD. If you would please pass this message 

on to Shannon Sully it would be greatly appreciated. 

 

For some background, I’m a first-year PhD student at [University redacted for 

privacy] researching the functional ecology and biodiversity of coral reefs, with all 

my data collection being entirely fieldwork-based. However, due to the 

‘unprecedented times' we find ourselves in, my PhD like many others, has been 

severely impacted. 

 

Reading your two papers and really getting to grips with the methods was a 

fantastic use of my time and has led to (hopefully) a paper that will contribute to a 

chapter in my PhD. The quality of the papers and the reproducibility of the codes 

on GitHub were fantastic and helped me get through the worst of the lockdown 

over here in the UK. 

 

Once again, many thanks, and I hope you are all keeping safe. 

 

Best, 

[Name Redacted] 

PhD Researcher 

[University redacted for privacy] 
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Appendix B 

Supplementary Information for Chapter 3 

Table B.1. Ecological variable and temperature metric descriptions and sources. All 

CoRTAD variables are provided on a grid cell basis, of approximately 4-km 

resolution. The study time frame for CoRTAD data is from 1982–2017, with time 

units of 1 week. Rate of SST change is calculated using years 1984 and 2017. 

Depth, latitude, and year were recorded by divers when each Reef Check study was 

conducted. 

 

Variable Metric Description Metric Source 

Climatological SST 

(ClimSST) 

Climatological sea surface 

temperature (SST) based on 

weekly SSTs from 1982–2017, 

created using a harmonics 

approach. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

Depth Provided in meters. Reef Check 

DHW (Degree 

Heating Weeks) 

Defined as 1 °C above the 

long-term average for the 

warmest month in a 

climatology. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

Diversity The number of coral species 

confirmed present in an 

ecoregion. 

J.E.N Veron 

(personal 

communication) 

and at 

www.coralsofthewo

rld.org/page/home/ 

Rate_of_SST_change The average annual rate of sea 

surface temperature change in 

°C. 

NOAA Optimum 

Interpolation (OI) 

Sea Surface 

Temperature (SST) 

V2. 

https://www.esrl.no

aa.gov/psd/data/gri

dded/data.noaa.oiss

t.v2.html 
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SST Mean sea surface temperature 

on a weekly basis. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SST_Max Maximum sea surface 

temperature value from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SST_Mean The mean SST value over the 

climatology. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SST_stdev The standard deviation of the 

weekly SST from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA (Sea Surface 

Temperature 

Anomaly) 

Sea Surface Temperature 

Anomaly: weekly SST minus 

weekly climatological SST. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_DHW Sea Surface Temperature 

Degree Heating Weeks: sum of 

previous 12 weeks when 

SSTA≥1 °C. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_DHW_Max 

 

The maximum SSTA_DHW 

from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_DHW_Mean 

 

The mean SSTA_DHW from 

1982–2017. 

 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_DHW_stdev 

 

The standard deviation 

SSTA_DHW from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_Frequency 

(SSTA_Freq) 

Sea Surface Temperature 

Anomaly Frequency: number 

of times over the previous 52 

weeks that SSTA ≥ 1 °C. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_Frequency_Ma

x (SSTA_Freq_Max) 

The maximum 

SSTA_Frequency from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_Frequency_std

ev 

(SSTA_Freq_stdev) 

The standard deviation of 

SSTA_Frequency from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 
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SSTA_Max The maximum SSTA from 

1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_Mean The mean SSTA from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

SSTA_stdev The Standard Deviation of 

weekly SST Anomalies from 

1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA (Thermal Stress 

Anomaly) 

Thermal Stress Anomaly: 

Weekly sea surface 

temperature minus the 

maximum of weekly 

climatological sea surface 

temperature. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_DHW Thermal Stress Anomaly 

(TSA) Degree Heating Week 

(DHW): Sum of previous 12 

weeks when TSA ≥ 1 °C. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_DHW_stdev The standard deviation of 

TSA_DHW from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_DHW_Max The maximum TSA_DHW 

from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_DHW_Mean The mean TSA_DHW from 

1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_Frequency 

(TSA_Freq) 

Thermal Stress Anomaly 

Frequency: number of times 

over previous 52 weeks that 

TSA ≥1 °C. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_Frequency_stde

v (TSA_Freq_stdev) 

The standard deviation of 

frequency of thermal stress 

anomalies from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_Frequency_Max 

(TSA_Freq_Max) 

The maximum 

TSA_Frequency from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 
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TSA_Frequency_Mea

n (TSA_Freq_Mean) 

The mean TSA_Frequency 

from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_Max The maximum TSA from 

1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_Mean The mean TSA from 1982–

2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 

TSA_stdev The standard deviation of TSA 

from 1982–2017. 

https://data.nodc.no

aa.gov/cortad/Versi

on6/ 
 

 

Table B.2. Number of surveys in each ecoregion. 8797 Reef Check studies were 

located within ecoregion boundaries. All other Reef Check surveys (418 surveys at 

153 sites) that were not located within the ecoregion boundaries were not included 

in this table.  

 

Ecoregion Name Number of 

Surveys 

North and central Red Sea 230 

South Red Sea 9 

Gulf of Aden 26 

North-west Arabian Sea 2 

Gulf of Oman 120 

Persian Gulf 17 

Socotra Archipelago 7 

East Somali coast 0 

Kenya and Tanzania coast 30 

North Mozambique coast 1 

South Mozambique coast 0 

Eastern coast South Africa 3 

Mayotte and Comoros 73 

Northern Seychelles 0 

Southern Seychelles 0 
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North Madagascar 11 

South Madagascar 25 

Mascarene Islands 135 

Chagos Archipelago 0 

Maldive Islands 161 

Lakshadweep Islands 2 

Gulf of Kutch, India 0 

South and west India coast 0 

South Sri Lanka 0 

North Sri Lanka and east India 3 

North Myanmar and Bangladesh 2 

Gulf of Martaban, Myanmar 0 

Andaman Sea 150 

Andaman Islands 0 

Nicobar Islands 0 

West Sumatra 26 

Strait of Malacca 6 

Java Sea 52 

South Java 7 

Lesser Sunda Islands and Savu Sea 121 

Makassar Strait, Indonesia 40 

Gulf of Tomini, Indonesia 5 

Banda Sea and Molucca Islands 161 

North Arafura Sea Islands 0 

Coastal south-west Papua 0 

Cenderawasih Bay, Papua 6 

Birds Head Peninsula, Papua 1 

Halmahera, Indonesia 0 

Celebes Sea 67 

Sulu Sea 579 

South-east Philippines 630 

North Philippines 76 

South China Sea 5 

Sunda Shelf, south-east Asia 929 

Gulf of Thailand 221 

South Vietnam 132 
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Central Vietnam 0 

North Vietnam 34 

Hainan, South China Sea 0 

Hong Kong 278 

Taiwan and coastal China 98 

South Ryukyu Islands, Japan 72 

North Ryukyu Islands, Japan 28 

South-east Kyushu, Japan 0 

North Kyushu and South Korea 0 

Shikoku, Japan 28 

Honshu, Japan 14 

Ogasawara Islands, Japan 4 

Okinotorishima, Japan 0 

Marianas 8 

Palau 12 

Helen Reef 0 

Yap Islands, Micronesia 0 

Caroline Islands, Micronesia 2 

Pohnpei and Kosrae, Micronesia 70 

Marshall Islands 12 

Gilbert Islands, west Kiribati 2 

Bismarck Sea, New Guinea 45 

Solomon Islands and Bougainville 57 

Milne Bay, Papua New Guinea 2 

Gulf of Papua, Papua New Guinea 0 

Torres Strait and far northern Great Barrier 

Reef 
0 

Central and northern Great Barrier Reef 378 

Coral Sea 11 

Pompey and Swain Reefs, south-east Great 

Barrier Reef 
0 

Southern Great Barrier Reef 58 

Moreton Bay, eastern Australia 183 

Solitary Islands, eastern Australia 0 

Central New South Wales, south-eastern 

Australia 
0 

South-east Australia 0 
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Lord Howe Island, east Australia 0 

Elizabeth and Middleton Reefs, eastern 

Australia 
0 

Norfolk Island 0 

Recherche Archipelago, south-west Australia 0 

Geographe Bay, south-west Australian coast 0 

Direction Bank, south-west Australian coast 0 

Houtman Abrolhos Islands, west Australia 1 

Shark Bay, west Australia 0 

Ningaloo Reef and coastal north-west 

Australia 
1 

Rowley Shoals, west Australia 0 

Scott Reef, west Australia 0 

Kimberley Coast, north-west Australia 0 

Ashmore Reef, north-west Australia 0 

Darwin, north Australia 0 

Arnhem Land, north Australia 0 

Arafura Sea 0 

Timor Sea 0 

Joseph Bonaparte Gulf, north-west Australia 0 

Gulf of Carpentaria, northern Australia 0 

Christmas Island, Indian Ocean 20 

Cocos Keeling Atolls, Indian Ocean 32 

New Caledonia 201 

Vanuatu 161 

Kermadec Islands, south Pacific 0 

Phoenix Islands, central Kiribati 0 

Fiji 373 

Samoa, Tuvalu and Tonga 1 

Cook Islands, south-west Pacific 20 

Austral Islands, French Polynesia 5 

Society Islands, French Polynesia 516 

Western Tuamotu Archipelago, central 

Pacific 
44 

Pitcairn and south-east Tuamoto Archipelago 0 

Line Islands, south-east Kiribati 0 

Marquesas Islands, French Polynesia 0 
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Line Islands, north-east Kiribati 0 

Johnston Atoll, north central Pacific 0 

North-west Hawaii 0 

Eastern Hawaii 64 

Easter Island, south central Pacific 0 

Gulf of California 0 

Western Mexico and Revillagigedo Islands 0 

Clipperton Atoll, eastern Pacific 0 

Guatemala, El Salvador and Nicaragua, 

Pacific coast 
0 

Costa Rica and Panama, Pacific coast 18 

Colombia, Ecuador and Chile, Pacific coast 0 

Isla de Malpelo, Colombia 0 

Cocos Island, Costa Rica 0 

Galapagos Islands 0 

Flower Garden Banks, Gulf of Mexico 0 

Bay of Campeche, Yucatan, Gulf of Mexico 0 

Belize and west Caribbean 420 

Netherlands Antilles and south Caribbean 173 

Hispaniola, Puerto Rico and Lesser Antilles 581 

Jamaica 344 

Cuba and Cayman Islands 25 

Bahamas and Florida Keys 176 

North Florida to North Carolina 0 

Bermuda 0 

Brazil 148 

Central Atlantic 0 

Gulf of Guinea to Sierra Leone 6 

Cape Verde Islands 0 

Canary Islands 0 

Madeira and Azores Islands 0 

Mediterranean 0 
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Table B.3. Kolmogorov-Smirnov test results comparing bleaching probabilities at 

latitudes 15–20° north and south with bleaching probabilities at other latitudes. 

Latitudes in 

comparison 

Bleaching levels 

in comparison 

D p-value 

15–20˚ N & S, 

compared with all 

others 

bleaching vs 

nonbleaching 

0.10736 <0.001 

15–20˚ N & S, 

compared with all 

others 

mild bleaching vs 

moderate or severe 

bleaching 

0.0059019 1 

15–20˚ N & S, 

compared with all 

others 

mild or moderate 

bleaching vs 

severe bleaching 

0.019203 0.9913 

15–20˚ N & S, 

compared with 

10–15˚ N & S 

bleaching vs 

nonbleaching 

0.096466 <0.001 
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Figure B.1. Sea-surface temperature anomalies (SSTA), which is the weekly sea 

surface temperature minus the weekly climatological sea surface temperature, by 

latitude. The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range.  
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Figure B.2. Degree heating weeks by latitude. The sum of the previous 12 weeks, 

or Degree Heating Weeks (DHW) when SSTA ≥ 1 °C, where SSTA is the weekly 

sea surface temperature minus weekly climatological sea surface temperature, by 

latitude. The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. 
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Figure B.3. The frequencies of sea surface temperature anomalies (SSTA), where 

SSTA is the weekly sea surface temperature minus weekly climatological sea 

surface temperature, by latitude. The thick center line is the median value, the 

bounds of the box are the interquartile range (25% and 75%), the whiskers are the 

95% range, and open circles are surveys falling outside the 95% range. 
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Figure B.4. The standard deviations of the frequencies of sea surface temperature 

anomalies (SSTA), where SSTA is the weekly sea surface temperature minus 

weekly climatological sea surface temperature, by latitude. The thick center line is 

the median value, the bounds of the box are the interquartile range (25% and 75%), 

the whiskers are the 95% range, and open circles are surveys falling outside the 

95% range. 
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Figure B.5. Sea-surface temperatures in ˚ Celsius by latitude. The thick center line 

is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range.  
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Figure B.6. The standard deviations of sea surface temperatures by latitude. The 

thick center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range.  
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Figure B.7. Thermal stress anomaly (TSA), which is the weekly sea surface 

temperature minus the maximum weekly climatology, by latitude. The thick center 

line is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range. 
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Figure B.8. The frequency of thermal-stress anomalies, which is the number of 

times over previous 52 weeks that the thermal stress anomaly (TSA) ≥1 °C, and 

where TSA is the weekly sea surface temperature minus the maximum weekly 

climatological sea surface temperatures, by latitude. The thick center line is the 

median value, the bounds of the box are the interquartile range (25% and 75%), the 

whiskers are the 95% range, and open circles are surveys falling outside the 95% 

range.   
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Figure B.9. The standard deviations of thermal-stress anomaly (TSA) Frequency 

(TSA_Frequency is the number of times over previous 52 weeks that TSA ≥ 1 °C), 

over the entire time period (1997–2017), by latitude. The thick center line is the 

median value, the bounds of the box are the interquartile range (25% and 75%), the 

whiskers are the 95% range, and open circles are surveys falling outside the 95% 

range. 
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Figure B.10. Standard deviation of thermal stress anomaly degree heating weeks by 

latitude. Thermal Stress Anomaly (TSA) Degree Heating Weeks (DHW) Standard 

Deviation, by latitude. The thick center line is the median value, the bounds of the 

box are the interquartile range (25% and 75%), the whiskers are the 95% range, and 

open circles are surveys falling outside the 95% range. 
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Figure B.11. Sea Surface Temperature (SST) annual rate of change, which is 

calculated from the mean SST of 1984 and the mean SST of 2017, by latitude. The 

thick center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. 
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Appendix C 

Supplementary Information for Chapter 4 

 

 

Figure C.1. Kd490 values per marine ecoregion. Ecoregions are arranged by 

longitude along the x-axis. Thick black bars indicate the mean Kd490 value, thin 

black box edges indicate the 25% and 75% percentiles. The upper whiskers indicate 

either the maximum Kd490 value or the 75% percentile plus 150% of the 

interquartile range, whichever is smaller. The lower whiskers indicate either the 

minimum Kd490 value or the 25% percentile minus 150% of the interquartile 

range, whichever is larger. Open circles indicate Kd490 values beyond the whiskers 

of the plot. Of the 80 marine ecoregions graphed above, 62 had reef area that fell 

within the ‘moderating turbidity’ range of 0.080−0.127 Kd490 that reduced coral 

bleaching during thermal-stress events. No portion of the coral reefs in 18 of the 80 

ecoregions fell within the ‘moderating turbidity’ range. 
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Table C.1. Model variables. Sea-surface temperature (SST) was provided on a grid 

cell basis, of approximately 4-km resolution, available from 1982–2017, with a 

time unit of 1 week. Turbidity, measured as Kd490, was provided on a grid cell 

basis, of approximately 4-km resolution from 2002–2017, with a time unit of 1 

month. 

Variable Metric Description Metric Source 

SST Sea-surface temperature °C https://data.nodc.noaa.gov/cortad/

Version6/ 

Turbidity Kd490, the diffuse 

attenuation coefficient of 

light at the 490 nm 

wavelength 

https://oceandata.sci.gsfc.nasa.go

v/MODIS-

Aqua/Mapped/Monthly/4km/Kd_

490/ 

Severity Bleaching severity, as 

ordinal data. The four 

levels include no 

bleaching, mild bleaching 

(1–10%), moderate 

bleaching (>10–50%), and 

severe bleaching (>50%) 

www.reefcheck.org 

 

 

Table C.2. The percent (%) of coral reefs within the Kd490 range that moderates 

bleaching in each marine ecoregion, and the area (km2) of coral reefs within the 

Kd490 range that moderates bleaching in each marine ecoregion. The 150 marine 

ecoregions are arranged by estimated area supporting ‘moderating turbidity’ (from 

greatest to least km2). Gray shading identifies the 80 ecoregions for which we had 

Reef Check data. No shading identifies the 70 ecoregions with no Reef Check data. 

* identify the 16 marine ecoregions within the Coral Triangle. 

Ecoregion Percent of 

reefs within 

‘moderating 

turbidity’ 

range (%) 

Area of reefs 

within 

‘moderating 

turbidity’ range 

(km2) 

Number 

of species 

present 

Torres Strait and far 

northern Great Barrier 

Reef 

18.34 2370.00 411 

*Sulu Sea 24.00 1961.96 567 
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*Banda Sea and 

Molucca Islands 

25.48 1190.19 561 

South Red Sea 26.11 687.64 299 

Kenya and Tanzania 

coast 

24.82 680.78 347 

*South-east 

Philippines 

17.07 678.33 553 

Cuba and Cayman 

Islands 

21.11 644.94 59 

North and central Red 

Sea 

9.68 576.67 310 

Central and northern 

Great Barrier Reef 

6.43 562.30 403 

Pompey and Swain 

Reefs, south-east 

Great Barrier Reef 

10.58 531.91 318 

Belize and west 

Caribbean 

12.04 440.86 60 

South Madagascar 32.12 424.04 342 

*Milne Bay, Papua 

New Guinea 

12.09 404.46 523 

Bahamas and Florida 

Keys 

11.04 348.30 62 

North Mozambique 

coast 

17.77 340.42 327 

North Madagascar 22.21 337.00 385 

Persian Gulf 48.95 307.36 77 

Maldive Islands 11.25 306.72 292 

Sunda Shelf, south-

east Asia 

19.97 281.05 503 

Kimberley Coast, 

north-west Australia 

36.23 273.00 319 

*Makassar Strait, 

Indonesia 

9.77 239.17 550 

Java Sea 20.98 229.16 493 

North Myanmar and 

Bangladesh 

63.43 227.54 35 

*North Arafura Sea 

Islands 

15.07 222.54 526 
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Netherlands Antilles 

and south Caribbean 

29.75 217.01 52 

Hainan, South China 

Sea 

84.54 199.27 319 

*North Philippines 9.36 197.72 530 

Fiji 6.46 192.06 395 

East Somali coast 61.01 172.11 225 

*Birds Head 

Peninsula, Papua 

18.07 158.19 567 

*Lesser Sunda Islands 

and Savu Sea 

11.72 149.43 544 

Southern Great Barrier 

Reef 

14.38 148.82 308 

Andaman Sea 54.92 132.94 383 

West Sumatra 7.36 131.82 340 

Ningaloo Reef and 

coastal north-west 

Australia 

26.10 128.15 289 

*Cenderawasih Bay, 

Papua 

8.25 111.10 545 

Gulf of Aden 33.32 107.43 266 

Brazil 17.48 105.14 16 

New Caledonia 3.26 102.08 439 

Gilbert Islands, west 

Kiribati 

6.22 101.28 316 

*Bismarck Sea, New 

Guinea 

4.00 100.78 538 

Taiwan and coastal 

China 

30.53 95.64 381 

Arafura Sea 21.04 94.88 270 

Costa Rica and 

Panama, Pacific coast 

51.87 89.96 23 

Arnhem Land, north 

Australia 

28.00 84.74 223 

Southern Seychelles 6.32 81.02 359 

Andaman Islands 10.19 69.18 340 

*Coastal south-west 

Papua 

47.22 64.47 552 
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Darwin, north 

Australia 

13.98 64.30 211 

Gulf of Thailand 33.13 61.63 417 

South China Sea 1.77 59.07 481 

Hispaniola, Puerto 

Rico and Lesser 

Antilles 

3.22 55.70 59 

*Solomon Islands and 

Bougainville 

1.97 54.27 516 

North Sri Lanka and 

east India 

25.54 53.79 241 

Strait of Malacca 6.30 47.67 408 

Bay of Campeche, 

Yucatan, Gulf of 

Mexico 

11.99 45.09 49 

South and west India 

coast 

26.53 42.47 77 

Northern Seychelles 13.75 41.99 348 

South Vietnam 31.79 40.70 462 

Galapagos Islands 30.42 38.41 19 

Mascarene Islands 5.27 37.43 311 

*Halmahera, 

Indonesia 

4.02 27.41 564 

Mayotte and Comoros 3.28 26.82 343 

Lakshadweep Islands 2.91 23.71 211 

Palau 5.15 22.06 415 

*Celebes Sea 3.97 18.87 563 

Scott Reef, west 

Australia 

11.94 18.08 285 

Gulf of Papua, Papua 

New Guinea 

3.73 15.74 334 

Eastern Hawaii 1.89 14.88 58 

Central Vietnam 37.14 13.79 408 

Houtman Abrolhos 

Islands, west Australia 

5.51 13.42 200 

South Ryukyu Islands, 

Japan 

3.83 12.36 396 

Gulf of Carpentaria, 

northern Australia 

19.46 11.55 282 
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South Mozambique 

coast 

49.69 11.51 153 

Nicobar Islands 6.86 10.57 331 

North-west Arabian 

Sea 

5.34 9.52 121 

South Sri Lanka 85.44 9.18 298 

Shark Bay, west 

Australia 

6.15 8.45 97 

Helen Reef 10.01 8.18 388 

Vanuatu 0.68 7.79 391 

Jamaica 1.62 7.12 59 

Pohnpei and Kosrae, 

Micronesia 

1.84 6.90 384 

Line Islands, south-

east Kiribati 

7.30 6.44 112 

Moreton Bay, eastern 

Australia 

54.97 5.90 181 

South Java 10.74 5.76 400 

Rowley Shoals, west 

Australia 

4.49 5.05 262 

Colombia, Ecuador 

and Chile, Pacific 

coast 

22.43 4.31 21 

North Vietnam 5.86 2.62 204 

Solitary Islands, 

eastern Australia 

100.00 2.43 101 

Samoa, Tuvalu and 

Tonga 

0.08 2.13 313 

Caroline Islands, 

Micronesia 

0.06 1.53 395 

*Gulf of Tomini, 

Indonesia 

0.40 1.33 546 

Gulf of Martaban, 

Myanmar 

6.01 0.51 233 

Gulf of Oman 0.00 0.00 126 

Socotra Archipelago 0.00 0.00 279 

Eastern coast South 

Africa 

0.00 0.00 104 

Chagos Archipelago 0.00 0.00 296 
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Gulf of Kutch, India 0.00 0.00 50 

Hong Kong 0.00 0.00 91 

North Ryukyu Islands, 

Japan 

0.00 0.00 369 

South-east Kyushu, 

Japan 

0.00 0.00 218 

North Kyushu and 

South Korea 

0.00 0.00 161 

Shikoku, Japan 0.00 0.00 167 

Honshu, Japan 0.00 0.00 115 

Ogasawara Islands, 

Japan 

0.00 0.00 186 

Okinotorishima, Japan 0.00 0.00 112 

Marianas 0.00 0.00  

Yap Islands, 

Micronesia 

0.00 0.00 324 

Marshall Islands 0.00 0.00 309 

Coral Sea 0.00 0.00 378 

Central New South 

Wales, south-eastern 

Australia 

0.00 0.00 18 

South-east Australia 0.00 0.00 7 

Lord Howe Island, 

east Australia 

0.00 0.00 97 

Elizabeth and 

Middleton Reefs, 

eastern Australia 

0.00 0.00 177 

Norfolk Island 0.00 0.00 31 

Recherche 

Archipelago, south-

west Australia 

0.00 0.00 10 

Geographe Bay, 

south-west Australian 

coast 

0.00 0.00 30 

Direction Bank, south-

west Australian coast 

0.00 0.00 26 

Ashmore Reef, north-

west Australia 

0.00 0.00 294 

Timor Sea 0.00 0.00 260 
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Joseph Bonaparte 

Gulf, north-west 

Australia 

0.00 0.00 252 

Christmas Island, 

Indian Ocean 

0.00 0.00 186 

Cocos Keeling Atolls, 

Indian Ocean 

0.00 0.00 112 

Kermadec Islands, 

south Pacific 

0.00 0.00 16 

Phoenix Islands, 

central Kiribati 

0.00 0.00 178 

Cook Islands, south-

west Pacific 

0.00 0.00 178 

Austral Islands, 

French Polynesia 

0.00 0.00 153 

Society Islands, 

French Polynesia 

0.00 0.00 177 

Western Tuamotu 

Archipelago, central 

Pacific 

0.00 0.00 117 

Pitcairn and south-east 

Tuamoto Archipelago 

0.00 0.00 104 

Marquesas Islands, 

French Polynesia 

0.00 0.00 23 

Line Islands, north-

east Kiribati 

0.00 0.00 194 

Johnston Atoll, north 

central Pacific 

0.00 0.00 37 

North-west Hawaii 0.00 0.00 58 

Easter Island, south 

central Pacific 

0.00 0.00 13 

Gulf of California 0.00 0.00 16 

Western Mexico and 

Revillagigedo Islands 

0.00 0.00 23 

Clipperton Atoll, 

eastern Pacific 

0.00 0.00 10 

Guatemala, El 

Salvador and 

Nicaragua, Pacific 

coast 

0.00 0.00 24 
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Isla de Malpelo, 

Colombia 

0.00 0.00 11 

Cocos Island, Costa 

Rica 

0.00 0.00 18 

Flower Garden Banks, 

Gulf of Mexico 

0.00 0.00 27 

North Florida to North 

Carolina 

0.00 0.00 6 

Bermuda 0.00 0.00 20 

Central Atlantic 0.00 0.00 6 

Gulf of Guinea to 

Sierra Leone 

0.00 0.00 11 

Cape Verde Islands 0.00 0.00 10 

Canary Islands 0.00 0.00 3 

Madeira and Azores 

Islands 

0.00 0.00 4 

Mediterranean 0.00 0.00 4 

 
 

 

 

 



169 

 

Appendix D 

Supplementary Information for Chapter 5 

 

 
 

Figure D.1. Mean coral cover relative to annual cyclone frequency for all surveys. 

The thick center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. 
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Figure D.2. The mean coral cover relative to the reef depth for all surveys. The 

thick center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. 
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Figure D.3. Mean coral cover relative to historical SST maximum for all surveys. 

The thick center line is the median value, the bounds of the box are the interquartile 

range (25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. 
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Figure D.4. Mean coral cover relative to the human population size within a 10 km 

radius of each survey. The thick center line is the median value, the bounds of the 

box are the interquartile range (25% and 75%), the whiskers are the 95% range, and 

open circles are surveys falling outside the 95% range. 
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Figure D.5. Mean coral cover relative to latitude for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range. 
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Figure D.6. Mean coral cover relative to longitude for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range. 
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Figure D.7. Mean coral cover relative to SST mean for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range. 
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Figure D.8. Mean coral cover relative to the standard deviation of SSTA for all 

surveys. The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. 
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Figure D.9. Mean coral cover relative to the maximum frequency of SSTA for all 

surveys. The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. 
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Figure D.10. Mean coral cover relative to the standard deviation of the frequency of 

SSTA for all surveys. The thick center line is the median value, the bounds of the 

box are the interquartile range (25% and 75%), the whiskers are the 95% range, and 

open circles are surveys falling outside the 95% range. 
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Figure D.11. Mean coral cover relative to maximum TSA for all surveys. The thick 

center line is the median value, the bounds of the box are the interquartile range 

(25% and 75%), the whiskers are the 95% range, and open circles are surveys 

falling outside the 95% range. 
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Figure D.12. Mean coral cover relative to maximum TSA degree heating weeks for 

all surveys. The thick center line is the median value, the bounds of the box are the 

interquartile range (25% and 75%), the whiskers are the 95% range, and open 

circles are surveys falling outside the 95% range. 
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Figure D.13. Mean coral cover relative to turbidity for all surveys. The thick center 

line is the median value, the bounds of the box are the interquartile range (25% and 

75%), the whiskers are the 95% range, and open circles are surveys falling outside 

the 95% range. 
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Table D.1. Ecological variable and temperature metric descriptions and sources 

used to predict coral cover across reefs worldwide All CoRTAD variables are 

provided on a grid cell basis, of approximately 4 km resolution. The study time 

frame for CoRTAD data is from 1982–2017. Depth and latitude were recorded by 

divers when each Reef Check study was conducted. 

 

Variable Metric Description Metric Source 
Cyclone The mean annual cyclone 

frequency from 1964 to 

2014 at a 9 km resolution. 

A raster file was created 

based on data from 

International Best Track 

Archive for Climate 

Stewardship (IBTrACS; 

http://www.ncdc.noaa.gov/i

btracs/index.php?name=ibtr

acs-data). 

Depth Provided in meters. Reef Check 

DHW (Degree Heating 

Weeks) 

Defined as 1 °C above the 

long-term average for the 

warmest month in a 

climatology. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

Diversity The number of coral 

species confirmed present 

in an ecoregion. 

J.E.N Veron (personal 

communication) and at 

www.coralsoftheworld.org/

page/home/ 

Future mean SST for 

year 2050 

The mean SST calculated at 

a monthly resolution from 

January 2047–December 

2049 at a 4 km resolution. 

van Hooidonk et al. (2016) 

Future mean SST for 

year 2100 

The mean SST calculated at 

a monthly resolution from 

January 2097–December 

2099 at a 4 km resolution. 

van Hooidonk et al. (2016) 

Historical_SST_Max The maximum annual SST 

from years 1870–1980, 

which were pre-recorded-

bleaching years, at a 1° 

Latitude/Longitude 

resolution. 

Calculated as the mean of 

the Historical_SST_Max 

from all 20 models of the 

Coupled Model 

Intercomparison Project 

version 6 (CMIP6) that are 

available at a 1° 

Latitude/Longitude 

resolution. Search criteria 

are listed in Table D.2. 
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Historical_SST_Mean The mean annual SST from 

years 1870–1980, which 

were pre-recorded-

bleaching years, at a 1° 

Latitude/Longitude 

resolution. 

Calculated as the mean of 

the Historical_SST_Mean 

from all 20 models of the 

Coupled Model 

Intercomparison Project 

version 6 (CMIP6) that are 

available at a 1° 

Latitude/Longitude 

resolution. Search criteria 

are listed in Table D.2. 

Historical_SST_sd The standard deviation of 

monthly SST from years 

1870–1980, which were 

pre-recorded-bleaching 

years, at a 1° 

Latitude/Longitude 

resolution. 

Calculated as the mean of 

the Historical_SST_sd from 

all 20 models of the 

Coupled Model 

Intercomparison Project 

version 6 (CMIP6) that are 

available at a 1° 

Latitude/Longitude 

resolution. Search criteria 

are listed in Table D.2. 

Human_pop The sum of the human 

population within a 10 km 

radius of a reef site. 

Calculated from SEDAC 

Gridded Population of the 

World, 2010 data at 30 

arcsec 

(https://sedac.ciesin.columb

ia.edu/data/set/gpw-v4-

population-count- 

rev11). 

Latitude Degrees The number of degrees 

north or south (absolute 

value) of the equator. 

Reef Check 

SST Mean sea surface 

temperature with a monthly 

resolution. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SST_Max Maximum SST value in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SST_Mean The mean SST value in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SST_Min The minimum SST value in 

the three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 
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SST_stdev The standard deviation of 

the SST in the three years 

prior to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA (Sea Surface 

Temperature Anomaly) 

Sea Surface Temperature 

Anomaly: weekly SST 

minus weekly 

climatological SST. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_DHW SSTA Degree Heating 

Weeks: sum of previous 12 

weeks to a survey when 

SSTA≥1 °C. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_DHW_Max 

 

The maximum 

SSTA_DHW in the three 

years prior to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_DHW_Mean 

 

The mean SSTA_DHW in 

the three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_DHW_stdev 

 

The standard deviation of 

SSTA_DHW in the three 

years prior to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Frequency 

(SSTA_Freq) 

SSTA Frequency: number 

of times over the previous 

52 weeks that SSTA ≥ 1 

°C. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Frequency_Max 

(SSTA_Freq_Max) 

The maximum 

SSTA_Frequency in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Frequency_Mean 

(SSTA_Freq_Mean) 

The mean 

SSTA_Frequency in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Frequency_stdev 

(SSTA_Freq_stdev) 

The standard deviation of 

SSTA_Frequency in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Max The maximum SST in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_Min The minimum SSTA in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

SSTA_stdev The standard deviation of 

weekly SST Anomalies in 
https://data.nodc.noaa.go

v/cortad/Version6/ 
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the three years prior to a 

survey. 

TSA (Thermal Stress 

Anomaly) 

Thermal Stress Anomaly: 

SST minus the maximum of 

weekly climatological SST. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_DHW Thermal Stress Anomaly 

(TSA) Degree Heating 

Week (DHW): Sum of 

previous 12 weeks when 

TSA ≥ 1 °C. 

https://data.nodc.noaa.go

v/cortad/Version6// 

TSA_DHW_Max The maximum TSA_DHW 

in the three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_DHW_Mean The mean TSA_DHW in 

the three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_DHW_stdev The standard deviation of 

TSA_DHW in the three 

years prior to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Frequency 

(TSA_Freq) 

Thermal Stress Anomaly 

Frequency: number of 

times over previous 52 

weeks that TSA ≥1 °C. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Frequency_stdev 

(TSA_Freq_stdev) 

The standard deviation of 

frequency of thermal stress 

anomalies in the three years 

prior to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Frequency_Max 

(TSA_Freq_Max) 

The maximum 

TSA_Frequency in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Frequency_Mean 

(TSA_Freq_Mean) 

The mean TSA_Frequency 

in the three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Max The maximum TSA in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

TSA_Mean The mean TSA in the three 

years prior to a survey. 
https://data.nodc.noaa.go

v/cortad/Version6/ 
TSA_Min The minimum TSA in the 

three years prior to a 

survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 
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TSA_stdev The standard deviation of 

TSA in the three years prior 

to a survey. 

https://data.nodc.noaa.go

v/cortad/Version6/ 

Turbidity_Max Maximum Kd490, the 

diffuse attenuation 

coefficient of light at the 

490 nm wavelength, at a 4 

km resolution calculated 

from 2002–2017 with a 

time unit of 1 month. 

https://oceandata.sci.gsfc.na

sa.gov/MODIS-

Aqua/Mapped/Monthly/4k

m/Kd_490/ 

Turbidity_Mean Mean Kd490, the diffuse 

attenuation coefficient of 

light at the 490 nm 

wavelength, at a 4 km 

resolution calculated from 

2002–2017 with a time unit 

of 1 month. 

https://oceandata.sci.gsfc.na

sa.gov/MODIS-

Aqua/Mapped/Monthly/4k

m/Kd_490/ 

Turbidity_Min Minimum Kd490, the 

diffuse attenuation 

coefficient of light at the 

490 nm wavelength, at a 4 

km resolution calculated 

from 2002–2017 with a 

time unit of 1 month. 

https://oceandata.sci.gsfc.na

sa.gov/MODIS-

Aqua/Mapped/Monthly/4k

m/Kd_490/ 
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Figure D.14. Relative change in coral cover in 2050 under climate change scenarios 

RCP4.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). 
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Figure D.15. Relative change in coral cover in 2100 under climate change scenarios 

RCP4.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). 
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Figure D.16. Relative change in coral cover in 2050 under climate change scenarios 

RCP8.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). 
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Figure D.17. Relative change in coral cover in 2100 under climate change scenarios 

RCP8.5. The relative change in coral cover for reefs with high-turbidity levels 

(≥0.075 Kd490), reefs with low-turbidity levels (<0.075 Kd490). 
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Figure D.18. Probability densities of the change in coral cover. Probability 

densities of the change in coral cover projected under RCP4.5 and RCP8.5 for 

years 2050 and 2100.  
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Figure D.19. Probability densities of the relative change in coral cover at 

extrapolated sites at 6 m depth. Probability densities of the change in coral cover 

projected under RCP4.5 and RCP8.5 for years 2050 and 2100. 
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Table D.2. Search criteria for accessing historical SST data from https://esgf-

node.llnl.gov/search/cmip6/ 

Search Criteria 

Activity: CMIP 

Nominal Resolution: 1x1 degree 

Grid Label: gr  

Experiment ID: historical 

Frequency: mon 

Variable: tos 

 
 


