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Tropical reef systems are transitioning to a new era in which the interval between
recurrent bouts of coral bleaching is too short for a full recovery of mature assemblages.
We analyzed bleaching records at 100 globally-distributed reef locations from 1980 to 2016.
The median return-time between pairs of severe bleaching events has diminished steadily
since 1980, and is now only six years. As global warming has progressed, tropical sea
surface temperatures are warmer now during current La Nifia conditions than they were
in El Nifio events three decades ago. Consequently, as we transition to the Anthropocene,
coral bleaching is occurring more frequently in all EI Nifio Southern Oscillation phases,

increasing the likelihood of annual bleaching in coming decades.

The average surface temperature of our planet has risen by close to 1°C since the 1880s (1), and
global temperatures in 2015 and 2016 were the warmest since instrumental records began in the
19" century (2). Recurrent regional-scale (>1000 km) bleaching and mortality of corals is a
modern phenomenon caused by anthropogenic global warming (3-10). Bleaching prior to the
1980s was recorded only at a local scale of a few tens of kilometres, due to small-scale stressors
such as freshwater inundation, sedimentation, or unusually cold or hot weather (3-5). The
novelty of regional-scale bleaching is also evident from the growth bands of old Caribbean
corals: synchronous distortions of skeletal deposition (stress bands) along a 400 km stretch of the
Mesoamerican Reef are only found following recent hot conditions, confirming that regional-
scale heat stress is a modern phenomenon caused by anthropogenic global warming (10).
Bleaching occurs when the density of algal symbionts, or zooxanthellae (Symbiodinium spp.), in
the tissues of a coral host diminishes due to environmental stress, revealing the underlying white
skeleton of the coral (8). Bleached corals are physiologically and nutritionally compromised, and

prolonged bleaching over several months leads to high levels of coral mortality (11, 12). Global
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climate modelling and satellite observations also indicate that the thermal conditions for coral
bleaching are becoming more prevalent (13, 14) leading to predictions that localities now

considered to be thermal refugia could disappear by mid-century (15).

Although several global databases of bleaching records are available (notably ReefBase,
reefbase.org), they suffer from intermittent or lapsed maintenance, and from uneven sampling
effort across both years and locations (7). The time-spans of five earlier global studies of coral
bleaching range from 1870-1990 (3), 1960-2002 (4), 1973-2006 (5), 1980-2005 (6), and 1985-
2010 (7). Here, we compiled de novo the history of recurrent bleaching from 1980-2016 for 100
globally-distributed coral reef locations in 54 countries, using a standardized protocol to examine
patterns in the timing, recurrence and intensity of bleaching episodes, including the latest global
bleaching event in 2015-2016 (Supplementary Table S1). This approach avoids the bias of
continuous addition of new sites in open access databases, and retains the same range of spatial
scales through time (Supplemental Figure S1). A bleaching record in our analysis consists of
three elements: The location from 1-100, the year, and the binary presence or absence of
bleaching. Our findings reveal that coral reefs have entered the distinctive human-dominated era
characterized as the Anthropocene (16-18), in which the frequency and intensity of bleaching
events is rapidly approaching unsustainable levels. At the spatial scale we examined
(Supplementary Figure S1), the number of years between recurrent severe bleaching events has
diminished five-fold in the past four decades, from 25-30 years in the early 1980’s to once every
5.9 years in 2016. Across the 100 locations, we scored 300 bleaching episodes as severe, i.e.
>30% of corals bleached at a scale of 10s to 100s of kilometres, and a further 312 as moderate
(<30% of corals bleached). Our analysis indicates that coral reefs have moved from a period

prior to 1980 when regional-scale bleaching was exceedingly rare or absent (3-5), to an
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intermediary phase beginning in the 1980s when global warming increased the thermal stress of
strong El Nifio events, leading to global bleaching events. Finally, in the past two decades many
additional regional-scale bleaching events are also occurring outside of EI Nifio conditions,

affecting more and more former spatial refuges and threatening the future viability of coral reefs.

Increasingly, climate-driven bleaching is occurring in all EI Nifio Southern Oscillation (ENSO)
phases, because as global warming progresses, average tropical sea surface temperatures are
warmer today under La Nifia conditions than they were during El Nifio events only three decades
ago (Fig. 1). Since 1980, 58% of severe bleaching events have been recorded during four strong
El Nifio periods (in 1982-1983, 1997-1998, 2009-2010 and 2015-2016) (Fig. 2A), with the
remaining 42% occurring during hot summers in other ENSO phases. Inevitably, the link
between EIl Nifio as the predominant trigger of mass bleaching (3-5) is diminishing as global
warming continues (Fig. 1) and as summer temperature thresholds for bleaching are increasingly

exceeded throughout all ENSO phases.

The 2015-2016 bleaching event affected 75% of the globally-distributed locations we examined
(Fig. 2A, Fig. 3), and is therefore comparable in scale to the then-unprecedented 1997-1998
event, when 74% of the same 100 locations bleached. In both periods, sea surface temperatures
were the warmest on record in all major coral reef regions (2, 19). As the geographic footprint of
recurrent bleaching spreads, fewer and fewer potential refuges from global warming remain
untouched (Fig. 2B), and only six of the 100 locations we examined have escaped severe
bleaching so far (Fig. 2B, Supplementary Table S1). This result is conservative, due to type 2

errors in our analyses, where bleaching could have occurred but was not recorded.
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Following the extreme bleaching recorded in 2015-16, the median number of severe bleaching
events experienced across our study locations since 1980 is now three (Fig. 2C). Eighty-eight
percent of the locations that bleached in 1997-1998 have since bleached severely at least once
again. Since 1980, 31% of reef locations have experienced four or more (up to nine) severe
bleaching events (Fig. 2C), as well as many moderate episodes (Supplementary Table S1).
Globally, the annual risk of bleaching (both severe and more moderate events) has increased by a
rate of approximately 3.9% per annum (Supplementary Fig. S2), from an expected 8% of
locations in the early 1980s to 31% in 2016. Similarly, the annual risk of severe bleaching has
also increased, at a slightly faster rate of 4.3% per annum, from an expected 4% of locations in
the early 1980°s to 17% in 2016 (Supplementary Fig. S2). This trend corresponds to a 4.6-fold
reduction in estimated return-times of severe events, from once every 27 years in the early 1980s
to every 5.9 years in 2016. Thirty-three percent of return-times between recurrent severe

bleaching events since 2000 have been just one, two or three years (Fig. 2D).

Our analysis also reveals strong geographic patterns in the timing, severity and return-times of
mass bleaching (Fig. 4). The Western Atlantic, which has warmed earlier than elsewhere (13,
19), began to experience regular bleaching early, with an average of 4.1 events per location prior
to 1998, compared with 0.4 to 1.6 in other regions (Fig. 4, Supplementary Fig. S2). Furthermore,
widespread bleaching (affecting >50% of locations) has now occurred seven times since 1980 in
the Western Atlantic, compared to three times for both Australasia and the Indian Ocean, and
only twice in the Pacific. Over the entire period, the number of bleaching events has been highest
in the Western Atlantic, with an average of 10 events per location, 2-3 times more than other

regions (Fig. 4).
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In the 1980s, bleaching risk was highest in the Western Atlantic, followed by the Pacific, with
the Indian Ocean and Australasia having the lowest bleaching risk. However, bleaching risk
increased most strongly over time in Australasia and the Middle East, at an intermediate rate in
the Pacific, and slowly in the Western Atlantic (Fig. 4, Supplementary Fig. S3B, Supplementary
Tables S2 and S3). The return-times between pairs of severe bleaching events are declining in all
regions (Supplementary Fig. S3C), with the exception of the Western Atlantic where most

locations have escaped a major bleaching event from 2010 — 2016 (Fig. 2D).

We tested the hypothesis that the number of bleaching events that have occurred so far at each
location is positively related to the amount of post-industrial warming of sea surface
temperatures that has been experienced there (Supplementary Fig. S4). However, we found no
significant relationship for any of the four geographic regions, consistent with each bleaching
event being caused by a short-lived episode of extreme heat (12, 19, 20) that is superimposed on
much smaller long-term warming trends. Hence, the long-term predictions of future average
warming of sea surface temperatures (13) are also unlikely to provide an accurate projection of

bleaching risk or the location of spatial refuges over the next century.

In coming years and decades, climate change will inevitably continue to increase the number of
extreme heating events on coral reefs, and further drive down the return-times between them.
Our analysis indicates that we are already approaching a scenario where every hot summer, with
or without an EI Nifio event, has the potential to cause bleaching and mortality at a regional
scale. The time between recurrent events is increasingly too short to allow a full recovery of
mature coral assemblages, which generally takes 10-15 years for the fastest growing species and
far longer for the full complement of life histories and morphologies of older assemblages (21-

24). Areas that have so far escaped severe bleaching are likely to decline further in number (Fig.
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2B), and the size of spatial refuges will diminish. These impacts are already underway with close
to 1°C of global average warming. Hence, 1.5°C or 2°C of warming above pre-industrial
conditions will inevitably contribute to further degradation of the world’s coral reefs (14). The
future condition of reefs, and the ecosystem services they provide to people, will depend
critically on the trajectory of global emissions and on our diminishing capacity to build resilience
to recurrent high-frequency bleaching through management of local stressors (18), before the

next bleaching event occurs.
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Fig. 1. Global warming throughout ENSO cycles. Sea surface temperature anomalies from
1871-2016, relative to a 1961-1990 baseline, averaged across 1,670 1-degree latitude by
longitude boxes containing coral reefs between latitudes of 31°N and 31°S. Data points
differentiate EI Nifio (red triangles), La Nifia (blue triangles) and EIl Nifio Southern Oscillation
neutral periods (black squares). Ninety-five percent confidence intervals are shown for non-
linear regression fits for years with El Nifio and La Nifia conditions (red and blue shading,

respectively).
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Fig. 3. The global extent of mass-bleaching of corals in 2015-2016. Symbols show 100 reef
locations that were assessed: red — severe bleaching affecting >30% of corals; orange — moderate
bleaching affecting <30% of corals; blue circles — no significant bleaching recorded. See

Supplementary Table 1 for further details.
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268  Fig. 4. Geographic variation in the timing and intensity of coral bleaching, from 1980-2016.
269  (A) Australasia (32 locations). (B) Indian Ocean (24 locations). (C) Pacific Ocean (22 locations).
270 (D) The Western Atlantic (22 locations). For each region, black bars indicate the percentage of
271  locations that experienced severe bleaching, affecting >30% of corals. White bars indicate the

272 percentage of locations per region with additional moderate bleaching affecting <30% of corals.
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Materials and Methods

Temperature Data, 1871-2016

We calculated the long-term amount of global warming throughout El Nifio-Southern
Oscillation (ENSO) phases (El Nifio, La Nifia and ENSO-neutral) for all 1,670 1-degree
latitude by longitude boxes containing tropical coral reefs, between 31°N to 31°S.
Monthly values of the Nifio 3.4 SST index of ENSO were obtained from the HadISST
data set (25) and the NOAA Climate Prediction Center

(http://www.cpc.ncep.noaa.gov/data/indices/), from 1871-2016. The warming of the

tropical oceans documented in the HadISST data set is also well-supported by tropical
SST reconstructions (67% variance in common) developed from the skeletons of massive
corals (26) which are not biased by data uncertainties in the instrumental SST records.
We identified 23 EIl Nifio periods when the index was more than one standard deviation
above the mean; 24 La Nifia episodes when the index was < 1 SD below the mean; and
24 ENSO-neutral intervals when the index was + 0.14 SD of the mean. For each of these
three phases of ENSO cycles, thermal anomalies in maximum summer temperatures were
compared to a 1961-1990 baseline (Fig. 1). Non-linear regressions of thermal anomalies
versus year (Fig. 1) were produced in R (version 1.0.44), fitting generalized additive
models (GAMSs) to El Nifio, ENSO-neutral and La Nifia phases, using 3 splines

(smoothing parameters).

To examine the relationship between the amount of global warming and the number of
bleaching events per location, we also extracted monthly sea surface temperatures from

the HadISST data set, for 1871-2016 (25), for a 1-degree latitude by longitude box


http://www.cpc.ncep.noaa.gov/data/indices/

centred on each of the 100 reef locations. The summer maximum temperature at each
location was regressed against year to calculate the total amount of warming since the
pre-industrial period. The level of warming at each location was then regressed against
the number of severe (and total) bleaching events, separately for the locations in each of
the four geographic regions (Fig. 4, Supplementary Tables S2 and S3). The results for
severe and total bleaching events were virtually identical. Similarly, omitting high
latitude reefs (sixteen locations north or south of 23.5° that have warmed more than

average) did not affect the regression results.

Global analysis of coral bleaching, 1980-2016

We gathered information on coral bleaching for 100 well-studied locations, for each year
between 1980 and September 2016. Because the number of locations in our analysis is
fixed at 100, we avoided the potential bias in open access databases arising from the
continuous addition through time of new sites, and of oversampling at well-studied or
more accessible locations. Furthermore, the spatial scale of the locations we examined is
fixed through time, allowing us to test for scale-dependency in the number of observed
bleaching events. To constrain the size of more extensive reef systems, such as
continental coastlines and large countries (e.g. Australia, Indonesia), we recorded
bleaching at multiple locations (e.g. the northern, central and southern Great Barrier Reef,
and separately for four major reef systems along the 3000 km coast of tropical and
subtropical Western Australia). The size of each location is recorded in Supplementary
Table S1 which presents the raw, binary data on bleaching records necessary to duplicate

our results in Figures 2-4.



Each record was assessed using three sources: 349 publications that document bleaching
events, our own observations at 70 of the locations, and communications with 43
colleagues who have expert knowledge of the history of specific locations (see sources
cited for each location in Supplementary Table S1). The possibility of a type 2 error (a
false negative) always exists in any analysis of this sort. Unlike any earlier compilation of
bleaching records, we have sought to minimize this possibility by fixing the number of
locations and compiling all of the available information for them. By making the
Supplemental Table of 700 records available, we hope it will encourage any corrections
and facilitate updates of future bleaching. We checked whether Reefbase (reference #258
in Supplemental Table S1) reports any additional bleaching events at our 100 study
locations, up to 2010. This source accounts for 6 of our 613 bleaching records, of which 5
were minor. To compare locations, geographic regions and years, we standardized the
severity of bleaching for each record into two categories, severe and more moderate, with
roughly equal sample sizes. We defined bleaching as severe at each location if >30% of
colonies bleached at replicate sites, at a scale of 10 to 100s of kilometres. We also
recorded more moderate bleaching, defined as 1-30% of colonies affected at multiple
sites. The thirty percent cut-off distinguished 300 severe versus 312 more moderate
bleaching records at a global scale across the whole 1980-2016 period. We used the
same 30% cut-off in our field studies of recurrent bleaching along the east and west coast
of Australia, in the western Pacific and eastern Indian Ocean (20). Furthermore, mortality

of corals increases steeply when more than 30% of corals are bleached (11).

To test for differences in the trajectory of bleaching events among geographic regions, we

compared 22 locations in the Indian Ocean (including the Middle East), 32 in Australasia



(Australia, south-east Asia and the Coral Triangle), 24 in the Pacific, and 22 in the
Western Atlantic. This classification also facilitated comparison with historical and

projected changes in sea surface temperatures among major coral reef regions (13,14,19).

To test for scale-dependency in the frequency of bleaching, we plotted the number of
bleaching records against the area of coral reefs at each of the 100 locations (27), as well
as reef areas of regions that were larger, and individual reefs that were smaller in size
than the 100 locations (Fig. S1). The larger regions were the Indian Ocean, Australasia,
the Pacific, Western Atlantic, and the summed global total. The smaller individual reefs
(n =91) were all <10 sq km in size and located on the northern, central and southern
Great Barrier Reef. Each of them bleached 0-3 times in three severe bleaching events
from 1980-2016 (20). Across the full spectrum of reef areas, the number of severe
bleaching records was strongly scale-dependent (Fig. S1, Adjusted R-squared = 0.610, p
< 0.0001). However, there was no relationship between the number of bleaching events
and the size of the 100 locations alone (severe bleaching events, p = 0.952; total number

of bleaching events, p = 0.415)

Statistical analyses

We used a Generalized Linear Mixed Model (GLMM) with a binomial error structure to
examine spatial and temporal trends in bleaching, treating the four geographic regions
and year (1980-2016) as fixed effects, and location within region as a random effect. The
error was modelled as binomial, for two analyses (based on unbleached versus bleached
records, or severely bleached versus not severely bleached). For the unbleached versus
bleached analysis, we fit the GLMM using maximum likelihood, as implemented by the

function glmer() in the R library Ime4 (28). For the severely bleached vs not severely



bleached analysis, the maximum likelihood estimation failed to converge, so we used
instead the penalized quasi-likelihood method implemented by the function glmmPQL()
in the R library MASS (29). Time is measured as the number of years since 1980 (the
start of the time series), and is an ordinal value. To facilitate ecological interpretation of
the model’s coefficients, the model has been parameterized such that the model’s
intercept, and the main effect of time, are fixed at zero. Thus, the fixed effect of region
gives the log-odds of a location within that region bleaching in 1980, and the interaction
between time and region gives the annual rate of change in the log-odds of bleaching for
that region. A significant interaction between time and region indicates that the log-odds
of bleaching changes significantly over time for that region.
To calculate the predicted cumulative number of bleaching events in each of the four
geographic regions, we estimated the number of bleached reefs each year by summing the
probability of bleaching across all locations within that region. The predicted cumulative
number of bleaching events globally was calculated in the same fashion, by summing the
predicted number of bleaching events across all regions. To estimate the rate of increase
in bleaching risk per annum, we used the equation:
B(t) = B(0)e™

where B(t) is the estimated frequency of bleaching events per location in year t, and r is
the exponential rate of increase in bleaching frequency. After log-transformation, we
have:

In(B(t)) = In(B(0)) + rt
We then used a linear model to fit the log bleaching frequencies (the left-hand side of the

formula above) to the number of years since 1980 (i.e., t=0 in 1980).
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Fig. S1.

A test for scale-dependency in bleaching frequency, across a spectrum of location
sizes. The orange symbols represent 91 individual reefs from the Great Barrier Reef, each
smaller than 10 sg km in size. The green symbols are the 100 global locations (Fig. 3,
Supplementary Table S1), the pink symbols are larger regions (the Indian Ocean,
Australasia, the Pacific, and Western Atlantic) and the single purple symbol shows the
global total area of coral reefs. The y-axis is the number of recorded severe bleaching
events from 1980-2016. A linear regression for the 100 locations was not significant,
either for severe or total number of bleaching events.
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the GLMM fits. See Fig. 2B for the global trajectory of severe and total bleaching events.
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Fig. S3

Escalating frequency of bleaching. Proportion of locations that experienced bleaching
each year since 1980. (A) total bleached and severely bleached for all locations, (B)
bleached by region, and (C) severely bleached by region.
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Table S1

Global bleaching database 1980 — 2016. Coral bleaching history from 1980 — 2016 at
100 fixed global locations. Latitude and longitude refer to centroids of locations.

Bleaching events are recorded as either minor-moderate (M; 1-30% bleached) or severe
(S; >30% bleached).
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Size QI |IN|M IS VIO IMN|OIDICQ|TINIMIFIVLVIOINMN| I DICQ|ITIN|MIT IV IOIN]|O O ‘Q_ : g 2 : 2 S References and Pers_
# Location Lat | Long 1|12 [2|18|2[22|2|2[S|2]|S |22 (221222818 (2[2|18|8|s|5|5]|5(5]5 |5 (
Australasia
334, 236, 237, 216, 19, 58,
H 0 0
1 |Australia, Coral Sea Northern | 16.5°S| 149.8°E | 1165 S S M S 280, 156, (JR), TB, HH
2 |Australia, Coral Sea Southern | 20.0°S| 153.0°E | 231 m [236: 58, 248, 156, TB, HH, MP,
AH, AB
3 |Australia, GBR Central 19.5°S| 148.5°E | 7735 | M M M M M S S S 63, 232, 173,151, 36, 205, 35,
216, 156, AB, MP, MH, GT
4 |Australia, GBR Northern 11.5°S| 145.3°E | 9319 | M M S S S 63, 141, 35, 216, 156, AH, MP,
AB, TH, GT
369, 63, 35, 216, 156, MH, TH,
H (] o]
5 |Australia, GBR Southern 23.5°S| 150.1°E | 6872 S S M M JK, KA, TB, MP
221, 281, 238, 156, (DW), (AL),
6 |Australia, Kimberly Coast 21.5°S| 115.4°E | 688 S [(DB), (DW), (JF), (CP), (JB),
(AH), (AM), (DO), VS
. 142, 84, 85, 156, AB, AH, MP,
7 |Australia, Lord Howe Island 31.5°S| 159°E 12 M S|M|M M TH
8 |Australia, Morton Bay 27.4°S| 153.5°E - M M M| M M|1586, (I1B), (MB), JP
9 [Australia, Ningaloo Reef 22.5°S| 113.7°E | 120 S M 58, 221, 87, 156, (D), (GS),
(PB), (TE), (RB), SW, RL
Australia, Pilbara (Dampier, 221, 189, 260, 156, (DT),
10 19.5°S| 119.9°E | 316 S S|M
Montebello, Onslow) (MM), (RM), (RE), (RB), SW
. . 339, 97, 58, 84, 76, 156, (MB),
11 |Australia, Solitary Island 30.0°S| 153.3°E - S MM MMM M| S
ustralia, Solitary Islan (WF), (SD), (HM), AB, JP
12 |Australia, South West Rocks |30.5°S| 153.1°E| 2 M S [156, (WF), (SD), (HM), (MB)
13 Australia, Southwest (Shark 29.0°s| 114.0°E | 385 s 313, 221, 1, 291, 156, (TF),
Bay, Abrohlos, Rottnest) SW, RL
14 |Australia, Torres Strait 9.0°S | 142.0°E | 3735 S S |28, 317, 156, (TS), AB, TH, JK
15 |Indonesia, Aceh 4.8°N| 98.9°E | 344 S S |322, 133, 158, 157, AB
16 |Ind ia, Bali/Lombok 8.5°S | 115.4°E | 152 S S M| S S 305, 154, 61, 322, 158, 313,
ndonesia, Bali/Lombo| . . 157, 174, 164, AB
17 |Indonesia, Central Sulawesi 0.5°S | 122.3°E | 170 S S M|154, 61, 322, 157
18 |Indonesia, Java 6.4°S | 108.9°E | 343 S S S S |339, 44, 305, 61, 322, 158, 157
19 |Indonesia, Kalimantan 2.9°S | 110.6°E 14 S M S |313, 157, 246




Size QI |N ™M IV | OINMNIO IO I T IN M|V O~ DI ITIN OIS |IVIOINMNOIDDIC|T N |T |V o
Location Lat | Long 213212 13(213(212(181213(212(2(8|5(3|2|S(S|SIEISIEIS|S (SIS (B I |5]5 | (5 (T o [Reterences fand Pers.
(kmz) sl === === ||| || [N ||| [ |Q[Q|Q|Q|§ |§ [ |Q|Q |Q |[Comm.)
Indonesia, North
20 . 1.5°N | 124.8°E | 325 S S S S |154, 61, 322, 190, 157, TH, DB
Sulawesi/Manado
21 [Indonesia, South Sulawesi 5.6°S | 120.0°E | 90 S S |339, 322, 157, 138, 145
Indonesia, South-East
0 (o]
22SuIawesi/Wakatobi 5.7°S | 123.5°E | 715 M S S [158, 157, 174
Indonesia, West/South 61, 322, 158, 157, 174, 200
23 1.8°S | 100.8°E | 899 S S S
Sumatra 225
24 |Japan, Kyushu 32.5°N| 130.5°E | 43 S M S 179, 327, 180, 178, (JR)
175, 319, 339, 197, 278, 327
25 |Japan, Ryukyu Islands 26.5°N| 128.0°E | 993 |M MM M M S M MIM|M|S|M[M[M S 1178, 82, 153, 258, 346, 316,
156, AB
26 [Malacca Strait 1.4°N [ 103.1°E | 230 S S S [305, 60, 62, 133, 157, AB
o7 Papua New Guinea, Kimbe 5008 [ 151008 | 72 mlsImlimlim M S 339, 170, 41, 57, (MB), (GJ),
Bay TH, AB
28 |Philippines, Central/Southern| 9.4°N | 120.0°E | 7690 M M M| S |M[M M M S M| M| S 22’221’ 8,322, 99,258, 312,
29 [Solomon Islands 9.7°S | 160.6°E | 2835 S M| S S|M 225‘9’57‘94’256’258‘TH‘
30 |Taiwan, Southern 23.7°N| 121.0°E | 191 M| S|S S S|S|M M S 339,297, 179, 180, 83, 188,
310, 64, 56
. . 10.0 43, 340, 322, 313, 241, 347
1 |Thail If of Thail 8%E | 1 : ’ ’ ’ ’ ’
3 ailand, Gulf of Thailand oN 99.8 86 S S S S S S 307, 219, 311
32 | Vietnam, Con Dao 14.3°N| 109.3°E | 17 S S S s [320, 129, 61, 124, 296, 321, 86
Archipelago
Indian Ocean/ Middle East
33 |Australia, Ashmore Reef 12.3°S| 123.0°E | 70 M M M M|216, 149, 54, 156, JG
34 |Australia, Christmas Island 10.5°S| 105.6°E 5 S S M M S [37, 130, 301, 156, J-PH
) 216, 25, 156, (SE), (DM), J
35 |Australia, Cocos Island 12.2°S| 96.8°E | 518 M M M M PH
36 |Australia, Rowley Shoals 17.4°S| 119.2°E | 113 M M|308, 156, (LS), (AH), JG
37 [Australia, Scott Reef & 14.0°8| 121.5%€ | 150 s Ml |m s [340, 202, 111, 156, 4G
Seringapatam Reef
38 |Chagos Archipelago (UK) 6.0°S | 72.°E | 1822 S S|S|M S | S 1288, 286, 255, 309, 17, 94
39 |Comoros 11.5°S| 43.3°E | 518 S S S S|7,251, 73, 245, 74
40 |Egypt, Red Sea, Hurghada  [27.3°N| 33.8°E | 2240 S|S M 182, 218, 183, (MK), MB
41 [india, Lakshadweep 83N | 73.1°€ | 827 s s s s s [340: 23, 24, 255, 309, 231,

333, 187, 16, 219, 222




# Location Lat | Long glzlzl2|Z|2(2 (22|22 |2 (2 (22|22 |2|2(2|S|S|s|S (S lE(E]e|e|e | (s |a | |a [g [References (and Pers.
(kmz) sl === === ||| || [N ||| [ |Q[Q|Q|Q|§ |§ [ |Q|Q |Q |[Comm.)
42 |Kenya 3.5° | 40.0°€ | 510 s s ml [s| [m s m (339, 230, 124, 208, 223, 73,
207,74
43 |La Reunion (France) 21.1°8| 555E | 12 M s s M M| M M| M g 339, 340, 67, 324, 68, 7, 208,
284, 346, (PC), (LB)
44 |Madagascar, Southwest 20.5°S| 46.5°E | 1374 S M{M|M S S S [340, 124, 231, 73, 74
90, 340, 129, 255, 124, 283,
45 |Maldives 1.9N | 73.5°E | 2714 S s M| M M S M| s [317, 42, 228, 335, 94, 346,
(CP), MP
46 |Mauritius (France) 20.3°s| 57.6°E | 720 M MIM|Mm| s M| s s [340, 322, 7, 209, 206, 38, 94
47 |Mayotte (France) 12.5°5| 455°E | 296 S S s s|m s (339, 251, 6, 245, 207, 74, 75
48 [Mozambique 21.9°5| 35.6°E | 2103 S s s [230, 231, 285, 73, 74
Saudi Arabia, Red Sea, Al
49 Lif:' rabia, Red >ea 19.8°N| 39.9°E | 975 s s| |ss, 182, 106, 198, MB
50 |Saudi Arabia, Red Sea, 22.3°N| 39.1E | 1705 s s s| |es, 182, 106, 198, 94, MB
Thuwa
51 |Seychelles 4.7°s | 555 | 1482 s M| M s g 340,298, 7,192, 132, 131,
242, (CM-P), (UE), NG
52 |Seychelles, Aldabra 95°s | 46.3°E | 78 S s s |7, 90, 287, 302, (KC-S), NG
53 |South Africa, St Lucia 28.4°5| 32.4% | 2 Ml [m[m M 73,55, 262, 101, 282, 285, 74
54 |Sri Lanka 7.3°N| 8oes | 122 s s| |m|m s M| s [163 254, 255, 124,72, 93, 92,
(NP), (CM)
55 |Tanzania 7.9°s | 39.5%€ | 2126 s M s |230, 124, 73, 207, 74
56 Unltgd Arab Emirates, 24.5N| 54.4E | 129 s s S s{mlm mls|m 110, 261, 262, 259, 199, 263,
Arabian Gulf 66, 289, (JB), MB
Pacific
57 |American Samoa 14.3°S|170.7°W | 45 S M MISIM|{M|[M[M S 128,129, 2, 80, 123, 39, 57,
346, (DB), TH
58 |Colombia (Pacific) 5.1°N | 77.40W | 19 s s M| [117, 115, 339, 328, 243, (F2)
Commonwealth of the
59 : 15.2oN | 145.8°E | 82 Mim| |m|s M| |s M s s|s|s|sl2 123 57, 194, 94, 70
Northern Mariana Islands
60 |Cook Island 21.3° [159.8°w | 255 s S M| |s M M s 128, 81, 152, 57, 273, 98
61 |Costa Rica (Pacific) 8.7°N | 839w | 55 s s s|m s (1J3C5)'115'134’108’161'162'
62 |Ecuador (mainland) 0.5°N | 80.4°W - S 116, 243, (FR)
63 |Fiji, Southeast & Southwest | 17.7°s| 178.°E | 2325 s| |s M g [206, 81, 152, 195, 196, 57,

346, 94




# Location Lat | Long A EA AR A R E A E A A A A A A A A R A I R A A I E E I I I E i s (
(kmz) sl === === ||| || [N ||| [ |Q[Q|Q|Q|§ |§ [ |Q|Q |Q |[Comm.)
French Polynesia, Societ 63, 339, 275, 128, 113, 276,
64 | qiands ynesia, Yo 17.708]|149.4w | 416 s S S S M[m M[s|s s| |s s |129, 124, 331, 240, 4, 57, 249,
318, 94, TH, MP
65 |Galapagos 0.5°S | 90.8°W | 126 S S S (1;2‘)63‘116‘ 201,203, 118,
66 [Guam 13.4oN | 144.5°€ | 138 s| |s s|s mim[m[s|s|[s|s ?(3)9'1‘21;1247’ 48, 57,194, 94,
o 169, 104, 168, 103, 57, 304
67 [H land 19.5°N| 155.5°W | 788 M[s|m s S M s|s » 194, 106, 119, of, 5U4,
awaii (main islands) 194, 346, 94, 26, 264
68 |Hawaii (North West Islands) |25.5°N|171.4°w | 2567 s| |s| [m s|s| |5, 104,105, 168, 177, 194, 94
69 [Johnston Atoll (USA) 16.3°N| 169.5E | 76 s 65, 168, (BV-A)
70 |Kiribati, Gilbert Islands 1.5°S | 176.5°E | 1718 S S 89, 51, (SD)
Kiribati, Kiritimati (Christ
74 |Kiribati, Kiritimati (Christmas | | oo\ | 127 sop | 464 s s| 129,276, 94, uB, DC
Island)
72 [New Caledonia, Southwest  [21.5°S| 165.6°E | 833 M e M s |339, 337, 57, 120, 50, 346, 94
73 |Palau 7.5°N | 134.5°E | 510 Ml [s]|m S 40, 46, 2,122,123, 121, 57,
326, (YG)
74 |Panama (Gulf of Chiriqui) 8.1°N | 82.0°W | 50 S S S ;1?’116’ 337, 243,213, 94,
75 |[Panama (Gulf of Panama) | 8.5°N | 79.1E | 84 S M M 115, 116, 243, 211
76 Eleapn“dﬂ'w“he Marshall 11.5°N | 166.8°E | 2005 VIRY, s|{M[m|Mm[m s| M| [239, 2, 32, 57,215, 94, 147
77 |[Samoa (Western) 13.6°S|172.4°W | 201 S S S S 339, 2,94
78 [Vanuatu 15.28 167.2°E | 711 s|s s{m|m s |256, 57, 257, 127
West Atlantic
79 [Bahamas 24.5°N| 77.8°w | 2236 M e M{Mm[M|M[m[m S Ml |m M m| [339 191,20, 333, 212, 202,
341, 95, 45, 159, 229
233, 234, 95, 159, 226, 235,
80 [Barbados 13.2°N| 59.5°W | 31 S S s|m S M NH)
113, 303, 224, 210, 186, 22,
81 |Belize 17.5°N| 88.1°w | 877 s|{M|m|s|Mm|Mm Ml [m] |Im[m| |m M| |49, 341, 52, 95, 172, 1509, 33,
185
69, 339, 220, 113, 339, 343,
82 [Bermuda 32.2°N| 64.7°w | 530 M s| |m|s|m Ml [m|m| [m Ml [m M M| [171, 341, 95, 293, 345, 34,
159, 167
83 [Bonaire 12.2°N| 68.3°wW | 22 M S M M M M| (339, 341, 299, 45, 159, 229




# Location Lat | Long glzlz|2 |2 (222|122 |2 (2 (22|22 |2|2 (2|5 |s|S (S (2(2]S|e|e | (s |a | (T [g [References (and Pers.
(kmz) S A A B G e A A S B A S S B A A A A B A R B A B B B A S B A A A R G (oo T e
84 |British Virgin Islands 18.4°N| 64.6°W | 138 s s s 181, 339, 155, 341, 95, 159
85 |Cayman Islands 19.3°N| 81.3°w | 188 s|m s s|m|m| [m[m[m]s]| [m| [s]|m g | [146: 339,340,129, 343, 62,
y : : 341, 95, 325, 45, 323, 159, 229
114, 348, 339, 294, 295, 339,
86 |Columbia (Caribbean) 9.6°N | 75.9°w | 922 s MiM| [m Ml M| m[m M|M|s M| M M| |108, 328, 268, 269, 95, 329,
31, 159, (VP)
87 |Costa Rica (Caribbean) 10.2°N| 83.1°w | 15 s s s M M ;?’114’108'160' 77,159, (AR
88 |Cuba 220N | 78.8°W | 2854 s M| M Mim|s| [wm]s M s s|s|m|m|m[m]s f‘11'3'11°' 341, 95,12, 13, 159,
89 |curacao 12.2oN| 69.00w | 47 s s Ml | m M 214, 339, 27, 341, 330, 159,
(MJAV)
90 |Dominican Republic 18.9°N| 69.6°W | 518 s M M|IM|s|s M| M M| |339, 340, 341, 95, 159, 229
100, 53, 143, 91, 279, 202,
91 |Florida Keys 24.8°N| 80.90w | 750 | M s| |m| |s| [wm]|s s|s|m|m MIM|M|M[m M M|s| |[341, 95 333 159, 204, 29,
229, 112, 339
92 Gulf of Mexico (Texas Flower 27.9°N| 93.80w 3 M Mimlm Ml wm MM s|m S M 339, 137, 53, 18, 150, 341, 95,
Gardens) 166, 159, 165
136, 339, 184, 184, 139, 124
H 16.1°N| 86.8°w | 831 M M| M
93 |Honduras 6 86.8 83 s s S S 274, 52,102, 159, 185, 265
94 |Jamai 18.0°N| 77.3°w | 439 Mls|m|s|s|m M s|m|m M| |s M|l |s 125,109, 126, 113, 343, 171,
amaica : ' 341, 95, 79, 159, TH
. 339, 184, 300, 341, 95, 159
95 |Mexico (Yucatan 19.8°N| 87.4°w | 532 M s| [m]s MMl s|m|m|m|m] [m , 164, 390, 541, 95, 155,
xico (Yucatan) 148, 176, 185 (AR-S)
96 |Panama (Caribbean) 9.3°N | 82.0°w | 501 s s M| M M s M 1;‘3" 2?2’108’ 95, 159, 227,
97 [Puerto Rico 18.3°N| 66.50w | 159 | M| M| M| M s|m| |s s s{m| [m| [s] |s s m| [339 119,191, 342, 53,107,
341, 95, 45, 159, 229
339, 181, 250, 53, 270, 18,
98 |St Croix & US Virgin Islands  |17.7°N| 64.8ow | 33 MiM| [m M s|m s|m s 202, 341, 217, 271, 95, 272,
96, 159
99 |Tobago 11.2oN| 60.7°W | 32 M S M s Ml |s| [m[m ?ggﬁgo,mo, 201, 95, 159,
100[Venezuela 11.2oN| 66.9w | 349 M M M M| m s 191, 267, 266, 30, 159

Personal Communications List: Aldabra: KC-S=K. Chong-Seng; Arabian Gulf: JB=J. Burt; Barbados: NH=N. Hassell; Cocos Island: SE= S. Evans, DM= D. McKinney; Columbia Pacific: FZ= F. Zapata; Columbia Caribbean: VP=V.
Pizarro, Coral Sea North: JR= J. Rumney; Costa Rica (Caribbean): AR-S= A. Rivera-Sosa; Costa Rica Pacific: JC= J. Cortés; Curacao: MJAV=M.J.A Vermeij; Ecuador (Mainland) and Galapagos: FR=F. Rivera; Gilbert Islands:
SD=Simon Donner; Japan Northern: JR= J. Reimer; Johnston Atoll: BV-A=B. Vargas-Angel; Kimberly Coast WA: DW=D. Williams, AL=A. Lewis, DB=D. Barrow, DW=D. Woods, JF=J. French, CP=C. Piggot, JB=J Brown, AH=A.
Halford, AM=A. McCarthy, DO=D. Oades; La Reunion: PC=P. Chabanet , LB=L. Bigot; Ningaloo: DT=D. Thomson, GS=G. Shedrawi, PB=P. Barnes, TE=T. Edgecombe; Palau: PICRC= Palau International Coral Reef Centre;
Papua New Guinea: MB= M. Bonin, GJ=G. Jones; Pilbara: DT= D. Thomson, MM=M. Morhing, RM=R. Marshall, RE=R. Evans; Red Sea (Hurghada Egypt):MK=M. Khalil; Rowley Shoals, WA: LS= L. Smith, AH=A. Halford;

Seychelles: CM-P= C. Mason-Parker, UE= U. Engelhardt; Sri Lanka: NP= N. Perera, CM=C. Manfrino; SW Western Australia: TF=T. Foster
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Table S2.

Bleaching probability since 1980. Results of a generalized linear mixed model fit by
maximum likelihood (Laplace Approximation) showing the bleaching probability (bleached
or not bleached) for different regions, and for years since 1980.

Region and years Estimate Std. Error z value Pr(>|z|)
Australasia -3.675661 0.26823 -13.703 2.00e-16
Indian Ocean/Middle East -3.776389 0.309041 -12.220 2.00e-16
Pacific -2.728397 0.259412 -10.518 2.00e-16
West Atlantic -1.335086 0.194862 -6.851 7.31le-12
Years since 1980 (Australasia) 0.076119 0.009823 7.749 9.26e-15
Years since 1980 (Indian
Ocean/Middle East) 0.087404 0.011227 7.785 6.96e-15
Years since 1980 (Pacific) 0.043760 0.009936 4.404 1.06e-05

Years since 1980 (West
Atlantic) 0.017479 0.007540 2.318 0.0204




Table S3

Bleaching severity probability since 1980. Results of a generalized linear model fit by
maximum likelihood with simple random effects structure via Breslow and Clayton’s PQL
algorithm, showing probability of bleaching status (severe or not severe) for different regions,
and for years since 1980.

Region and years Estimate Std. Error t-value p-value
Australasia -4.685643  0.3691068 -12.694545 0.0000
Indian Ocean/Middle East -4.025899  0.3511802 -11.463911 0.0000
Pacific -3.172498  0.2872635 -11.043858 0.0000
West Atlantic -2.276737 0.2360508 -9.645112 0.0000

Years since 1980 (Australasia) 0.092086 0.0134598  6.841573 0.0000

Years since 1980 (Indian
Ocean/Middle East) 0.072645 0.0133423  5.444755 0.0000

Years since 1980 (Pacific) 0.044698 0.0116927  3.822747 0.0001

Years since 1980 (West
Atlantic) -0.000773  0.0110730 -0.069850 0.9443
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