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22 Abstract

23 Increasingly frequent marine heatwaves have escalated the prevalence and extent of mass 

24 coral bleaching events. When marine heatwaves impact reef areas across all tropical ocean 

25 basins within a common period, global-scale coral bleaching can unfold. Here, we elaborate 

26 previous analyses to define set of objective criteria for defining a Global Coral Bleaching 

27 Event. Using this definition, we describe and compare the extent, intensity, and duration of 

28 accumulated heat stress contributing to each of the declared Global Coral Bleaching Events. 

29 In both global- and basin-scale analyses, the ongoing fourth Global Coral Bleaching Event is 

30 unprecedented in the extent and intensity of accumulated heat stress, which, based on our 

31 definition, has continued for a record duration of over six years. While the comprehensive 

32 ecosystem impacts resulting from the fourth Global Coral Bleaching Event are yet to be 

33 determined, verified field observations have confirmed coral bleaching from 83 countries 

34 spanning the northern and southern hemispheres of all ocean basins. However, an analysis of 

35 satellite-based heat stress accumulation patterns indicates that bleaching has likely impacted 

36 at least 97 of the 101 countries containing coral reefs. Following our objective analyses, there 

37 were only 175 days between the end of the third and the estimated start of the fourth Global 

38 Coral Bleaching Event; therefore the world has been experiencing global-scale coral 

39 bleaching-level heat stress for nearly the entirety of the last decade. 

40 Introduction

41 Coral bleaching occurs when elevated surface ocean temperatures disrupt the endosymbiosis 

42 between the coral host and its endosymbiotic algae (Symbiodiniaceae), leading to an 

43 expulsion and/or mortality of the algal symbionts [1]. Anomalously high warm season ocean 

44 temperatures can result from local mechanisms, which persist for days to weeks [2], and may 
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45 interact with synoptic-scale warming mechanisms (of 1,000 km or more), which persist for 

46 many weeks and months [3]. Local mechanisms can cause patchy bleaching at the scale of 

47 individual reefs to small regions and are usually sub-lethal. In contrast, synoptic-scale 

48 mechanisms are the only known cause of mass coral bleaching, characterised by reef-wide 

49 bleaching that typically encompasses entire reef systems or geographic realms [1], often 

50 resulting in significant levels of mortality. Mass coral bleaching is a relatively recent, though 

51 increasingly frequent, phenomenon that is related to global ocean warming and has only been 

52 documented since the 1980s [4,5]. 

53 Sublethal bleaching adversely affects coral growth, fecundity and population trajectories 

54 [6,7], and increases the risk of coral disease [8]. When heat stress is prolonged or particularly 

55 severe, widespread coral mortality will occur [9]. Whilst posited during the 1982-1983 period 

56 [10], the first record of multiple regional-scale mass coral bleaching events occurring 

57 simultaneously or subsequently throughout the Atlantic, Indian and Pacific Oceans during a 

58 single continuous period was in 1998, marking the first documented global-scale coral 

59 bleaching event (GCBE1) [11,12]. Additional GCBEs have been documented in 2010 

60 (GCBE2) and 2014-2017 (GCBE3), each more widespread, enduring and consequential than 

61 the last [13]. In April 2024, the U.S. National Oceanic and Atmospheric Administration 

62 declared the fourth global event (GCBE4) [14], resulting from unprecedented synoptic-scale 

63 marine heatwaves in all three tropical ocean basins. 

64 Here, we describe the geographic extent, duration and intensity of accumulated heat stress 

65 during GCBE4, measured using satellite-derived Degree Heating Weeks (DHWs, ˚C-weeks), 

66 the most commonly used bleaching predictor, incorporating the duration and severity of heat 

67 stress [15]. While the coral bleaching threshold to accumulated heat stress among reef 

68 locations can vary greatly, often due to differing thermal histories and/or species 

69 compositions [16–23] along with a coarse spatial resolution of satellite data relative to the 
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70 size of individual reefs, a DHW threshold of 4˚C-weeks has been used as a reliable general 

71 indicator of significant bleaching at large spatial scales, globally [24–28]. A recent analysis 

72 has shown 4˚C-weeks to be a largely conservative threshold for predicting bleaching 

73 occurrences globally [29]. Regardless, it is important to note that we do not assume that a 

74 heat stress accumulation threshold of 4˚C-weeks is always indicative of bleaching during 

75 GCBE4 or any previous event. Rather, this heat stress accumulation threshold is used as a 

76 consistent and inter-comparative tool for describing and comparing a valid measure of known 

77 and documented thermal stress among GCBEs as well as during non-GCBE time periods.  

78 Field observations of confirmed mass coral bleaching among the 101 identified countries 

79 containing coral reefs were collated throughout the GCBE4 period. A set of quality control 

80 procedures (see Methods) was used to verify observations within each region of ‘mass coral 

81 bleaching’ in a region, defined as bleaching events that 1) are related in time and geographic 

82 area by a common cause or mechanism [30], 2) involve a mechanism that occurs over 

83 synoptic scales (> 1,000 km) [31], and 3) are ecologically significant (≥ 20% reef area 

84 bleached) [32]. Given that we relied primarily upon qualitative observations, we used the 

85 benchmark of 20% in the third criterion to ensure confidence in our inferences of mass 

86 bleaching. As the reef areas of some countries are relatively small, the categorisation of ‘mass 

87 bleaching’ must be taken within the context of the entire reef system (e.g., the reefs of Israel 

88 as part of the northern Gulf of Aqaba reef system), as well as the scale of the driving 

89 mechanism. 

90 An analysis of unprecedented or extreme heat stress accumulations of ≥ 12˚C-weeks provides 

91 evidence of likely bleaching in countries in which surveys were not available. Given that this 

92 is a 3-fold higher amount of heat stress than what has been repeatedly shown in field and lab 

93 studies to elicit bleaching (reviewed in [29]), we utilise this threshold to conservatively infer 

94 countries lacking in-water surveys have also likely undergone significant and widespread 
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95 (mass) coral bleaching during GCBE4. The results that follow show the heat stress 

96 accumulated on reefs during GCBE4 to be unprecedented by every investigated metric.

97 Methods

98 Satellite data

99 All sea surface temperature (SST) and heat stress metric data were derived from the daily 

100 global 5 km NOAA CRW Heat Stress Monitoring Product Suite version 3.1 dataset, covering 

101 1st Jan 1985 to present day. A reef pixel dataset (i.e., reef mask) was overlayed onto the SST 

102 or heat stress metric datasets to identify pixels that contain coral reefs. The reef mask 

103 obtained from Skirving et al. [24] did not have reef pixels populated for Cabo Verde and 

104 Easter Island; these pixels were manually added for this analysis following Heron et al. [33]. 

105 The reef mask was divided into the three ocean basins, the boundaries of which were 

106 obtained from Skirving et al. [24]. Individual masks of the 101 reef-containing geopolitical 

107 regions were developed on a 5 km global grid and used in tandem with the reef mask for 

108 analysis of heat stress within countries. 

109 Identification and monitoring

110 A global-scale coral bleaching event (GCBE) must first be clearly defined to identify and 

111 monitor global coral bleaching risk. The first objective definition of a GCBE, proposed by 

112 Skirving et al. [24], references the worldwide bleaching event of 1998 as a baseline; this is 

113 widely recognised as the first GCBE [11,12]. The following definition applies logical 

114 extensions, including a minimum length of time with persistent global heat stress [34] and the 

115 calculation of the metric over a 365-day period, both of which are in keeping with the 

116 intentions of the original GCBE definition. The primary metric utilised for our determination 

117 of a GCBE is the percentage of 5 km (0.05˚  0.05˚) reef-containing satellite pixels that had 
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118 experienced ≥ 4˚C-weeks in a 365-day period, calculated daily and encompassing data up to 

119 and including the given date. We termed this the ‘annual bleaching stress extent’, which can 

120 be calculated for the global oceans, individual ocean basins, or distinct marine regions. By 

121 encompassing a full year period, the annual bleaching stress extent is accounting for recent 

122 heat stress affecting both Northern and Southern hemisphere, or global, reefs. 

123 As in Skirving et al. [24], the characteristics of the first global event in 1998 (GCBE1) were 

124 used as a definitive baseline to identify the presence of subsequent GCBEs [24]. During 

125 GCBE1, our analysis shows that the annual bleaching stress extent in the Atlantic, Indian and 

126 Pacific Ocean basins reached a maximum coverage of 34.5%, 35.4% and 12.5% of reef 

127 pixels, respectively. The annual bleaching stress extent was 12% or more in all three ocean 

128 basins for a period of 219 days. Lastly, the maximum annual bleaching stress extent globally 

129 (across all three ocean basins) during this period was 20.2%. Therefore, by rounding these 

130 values achieved during GCBE1 down to the nearest percent and nearest week, the required 

131 criteria for a GCBE are set forth as: 

132 (A) each of the three tropical ocean basins (Atlantic, Indian and Pacific) must 

133 simultaneously have an annual bleaching stress extent of 12% or more. 

134 (B) the conditions of the first criterion must remain consistently present for a period 

135 of at least 217 consecutive days (31 weeks). 

136 (C) the extent of the annual bleaching stress extent across all reef pixels globally 

137 must reach 20% or more within the period of the second criterion. 

138 Under these criteria, the heat stress contributing to every subsequent GCBE is at least as large 

139 and lasting as GCBE1. Once a GCBE has been identified, the duration of the event can be 

140 determined (termed the ‘total event period’). Since each daily metric is totalled over 365 days 

141 (i.e., the number of days used to calculate the annual bleaching stress extent), the start date is 
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142 364 days prior to the date of meeting criterion (A). The total event period is therefore the 

143 number of days during which criteria (A) are satisfied plus 364 days, totalling a minimum of 

144 581 days (217 days + 364 days). The assigned start date of each total event period is a general 

145 approximation of the event’s initiation, as this is when accumulated heat stress begins being 

146 factored into the GCBE metric. The cumulative bleaching stress extent of a GCBE is 

147 determined and calculated as the total global percentage of reef pixels that accumulated ≥ 

148 4˚C-weeks during total event period.

149 Collation of bleaching observations

150 In addition to satellite data of heat stress over coral reefs, we have compiled initial 

151 observations of in situ coral bleaching during the total event period of the fourth Global Coral 

152 Bleaching Event (GCBE4). Here, we attempt to identify which political states or countries 

153 (among those which contain coral reefs within their political boundaries) were likely affected 

154 by GCBE4. In classifying these, reef areas of some countries were split into multiple regions 

155 if they occupied different ocean basins (e.g., Pacific and Atlantic reefs of Panama). As some 

156 countries govern or oversee multiple separate territories, these were included under the single 

157 overarching federal government only in the cases of non-self-governing territories (as defined 

158 under the Charter of the United Nations), overseas departments and special municipalities. 

159 Alternatively, those classified as an independent state, overseas collectivity, constituent 

160 country, or internally self-governing state were listed and analysed as individual entities. We 

161 identify 101 distinct countries that contain coral reefs within their established boundaries.  

162 Instances of observed mass coral bleaching within the total event period of GCBE4 (August 

163 2018 to June 2025; see Results) were acquired for each country by requesting submission of 

164 in situ bleaching surveys from researchers and managers, direct communication with local 

165 contacts with experience observing bleaching events, searching through published literature 
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166 and media reports, and by the voluntary submission of observations to the National Oceanic 

167 and Atmospheric Administration’s (NOAA) Coral Reef Watch (CRW) program from several 

168 international stakeholders (S1 Table). Quality control measures were implemented to 

169 validate these observations. The reliability of the observation was assessed by categorising 

170 the expertise of the data submitter. Coral reef researchers and managers, who conduct regular 

171 scientific monitoring/assessments of coral reefs, were considered ‘reliable’ observers. 

172 Observations from untrained surveyors (e.g., recreational divers, tourists, journalists) were 

173 considered ‘less reliable’ observers. However, three or more independent observations on the 

174 same reef area from ‘less reliable’ observers were considered sufficient to classify the 

175 declaration of mass bleaching in that location as reliable. 

176 Additionally, it was necessary to develop and apply methods to establish that observations of 

177 bleaching included in the analysis were those from an ecologically significant and widespread 

178 bleaching event (i.e., ‘mass bleaching’; as defined in the main text), as opposed to minor or 

179 localised bleaching, such as driven by local factors (e.g., freshwater runoff) or coral disease 

180 mistakenly identified as bleaching. Photo and/or video evidence was used as a crucial tool to 

181 establish a confirmation of coral bleaching in the instances where the estimated percent cover 

182 bleached was not provided. When photos were assessed, we considered them with reference 

183 to the above criteria before inferring if a reported event truly corresponded to mass bleaching.  

184 Geopolitical analysis of heat stress

185 Some countries had no available surveys of coral reefs during or after the periods of heat 

186 stress throughout GCBE4, often due to socio-economic limitations and/or impediments to 

187 open communication (e.g., Yemen). However, over the total event period of GCBE4, the 

188 annual (within one calendar year) maximum Degree Heating Week (DHW) was calculated 

189 for each reef pixel and the greatest 80th percentile yearly value among those within the 
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190 political bounds of each country was identified. By using records of extreme satellite heat 

191 stress within the corresponding region, we could confidently infer that bleaching likely 

192 occurred in many areas that lacked in situ observations. Mass bleaching in a country lacking 

193 in situ surveys was inferred with high confidence when the corresponding 80th percentile 

194 maximum DHW value had achieved 12˚C-weeks or greater, 3-fold above the typical DHW 

195 threshold of 4˚C-weeks. If the 80th percentile maximum DHW value was 8˚C-weeks or 

196 greater (but less than 12˚C-weeks), mass bleaching was inferred if this was an all-time high 

197 within the satellite record. 

198 Results

199 Global coral heat stress

200 Using the updated satellite-based SST criteria to define a Global Coral Bleaching Event 

201 (GCBE) [24], we found that GCBE4 was unprecedented by every investigated metric. 

202 GCBE4 had an estimated start in August 2018 and continues to the present, lasting more than 

203 six years. All results that follow are those as of 1st June 2025. During GCBE4, bleaching-

204 level heat stress (DHW  4˚C-weeks) [24] had impacted > 85% of the world’s reef locations 

205 (defined as 0.05˚  0.05˚, or ~5 km, satellite pixels containing coral reefs) at least once. All 

206 three ocean basins have had DHW ≥ 4˚C-weeks accumulated in over 80% of their reef 

207 locations since August 2018 (Table 1). The total event period of each GCBE has become 

208 progressively longer, with GCBE1 lasting for 1.6 years, compared to 6.8 years so far for 

209 GCBE4. The gap between GCBE3 and GCBE4 was merely 175 days, roughly 6 months. The 

210 global maximum annual bleaching stress extent (i.e., the greatest global extent of DHW  4 

211 within a 365-day period) during GCBE4 has affected 78.5% of reef locations (20th February 

212 2024 – 18th February 2025), nearly four times that achieved during GCBE1 (Fig. 1); the 
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213 annual bleaching stress extent in each of the individual ocean basins during GCBE4 has also 

214 been record-setting (Table 1). Previous annual bleaching stress extent records were set 

215 during GCBE3, apart from the Atlantic Ocean basin where the previous record was set during 

216 GCBE2 (54%). At least 99.9% of Atlantic Ocean reef locations during GCBE4 have 

217 experienced bleaching-level heat stress within 365 days (6th September 2023 – 4th September 

218 2024). During GCBE4, the maximum annual bleaching stress extent during GCBE4 in the 

219 Indian and Pacific Oceans were 83.5% and 74.1%, respectively.

220

221 Table 1. Global Coral Bleaching Event statistics. 

Event Event Dates (estimated) Event 

Duration

Global 

Extent

Atlantic 

Extent

Indian 

Extent

Pacific 

Extent

GCBE1 22nd Sep 1997 – 27th Apr 1999 583 days 

(1.6 years)

20.6% 

(20.2%)

34.8% 

(34.5%)

35.7% 

(35.4%)

12.8% 

(12.5%)

GCBE2 23rd Jun 2009 – 5th Nov 2011 866 days 

(2.4 years)

37.2% 

(35.2%)

55.7% 

(54.0%)

37.1% 

(36.7%)

33.8% 

(31.8%)

GCBE3 28th Aug 2014 – 19th Feb 2018 1,272 days 

(3.5 years)

68.2% 

(56.1%)

56.8% 

(44.0%)

74.7% 

(71.4%)

68.1% 

(58.9%)

GCBE4 13th Aug 2018 – 1st June 2025* 2,485 days 

(6.8 years)

86.8% 

(78.5%)

99.9% 

(99.9%)

89.1% 

(83.5%)

83.5% 

(74.1%)

222 The estimated start and end dates of each event define the duration (number of days) of each 

223 global coral bleaching event (time in years in parentheses). The extent (i.e., cumulative 

224 percentage of reef locations exposed to DHW  4˚C-weeks, at least once) for the total event 

225 period of each Global Coral Bleaching Event (GCBE), with these metrics being presented 

226 globally as well as for individual ocean basins (bold values). Additionally, values listed in 
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227 parentheses signify the maximum annual bleaching stress extent (the maximum percentage of 

228 reef locations accumulating DHW  4˚C-weeks within a 365-day period) achieved during 

229 each GCBE, globally and for each individual ocean basin. *GCBE4 is ongoing at the time of 

230 writing; values are not final.

231

232 Fig. 1. Global annual bleaching stress extent. Daily values (25th March 1986 – 1st June 

233 2025) of the annual bleaching-level heat stress extent, showing the percentage of reef 

234 locations globally that had accumulated ≥ 4˚C-weeks in the previous 365 days (solid black 

235 line). Sections under this line shaded in red depict the total event periods during which 

236 accumulated heat stress contributed towards a GCBE (see Methods). Sections shaded in blue 

237 depict periods during which accumulated heat stress did not contribute to a GCBE. Black 

238 dashed line shows the percentage of reef locations globally that had accumulated ≥ 8˚C-

239 weeks in the previous 365 days.

240

241 The severity of heat stress during GCBE4 has also been unprecedented. Among all reef 

242 locations during each global event, the median of peak DHW values increased with each 

243 subsequent event, from 1.4˚C-weeks during GCBE1 to 8.5˚C-weeks during GCBE4 (Fig. 2). 

244 Further, by examining the annual extent of heat stress accumulation with a higher threshold 

245 of 8˚C-weeks, a DHW level often associated with coral mortality [23,35], the extent during 

246 GCBE4 is also unprecedented in both global- and basin-level comparisons. The maximum 

247 global extent of reef locations experiencing DHW ≥ 8˚C-weeks within a 365-day period, 

248 45.9%, is more than double the previous maximum extent (20.6%) during GCBE3. During 

249 GCBE4, the record-high maximum annual extents at the 8˚C-weeks threshold within the 

250 individual ocean basins are 96.0%, 45.1% and 40.4% for the Atlantic, Indian and Pacific, 
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251 respectively (see S2 Table). The global extent of coral mortality during GCBE4 is currently 

252 undetermined, and these results do not aim to estimate them.  

253

254 Fig. 2. Distribution of heat stress accumulation among GCBEs. The percentage of global 

255 reef locations at each DHW value (rounded to the nearest 0.1˚C-weeks), for each GCBE. 

256 Distribution curves on each graph are smoothed using a running average of 31 points along 

257 the horizontal axis. The vertical dashed line on each graph shows the median DHW value 

258 among all reef locations within the total event period. 

259

260 The international extent of GCBE4

261 To begin to understand the extent of socio-economic impacts of GCBE4, we investigated 

262 confirmations and likelihoods of mass bleaching from all coral reef-containing countries (or 

263 political states). Reliable observations of mass bleaching (see Methods) were sourced from 

264 83 of the 101 reef-containing countries (Fig. 3). Further analysis shows that 71 countries 

265 accumulated  12˚C-weeks on at least 20% of their reef locations, a heat stress level 

266 corresponding to a high probability of severe bleaching and multi-species mortality [36]. 

267 Among the 18 countries that did not have reliable in situ observations of mass bleaching, 12 

268 experienced ≥ 12˚C-weeks on 20% or more of their reef area, and an additional two countries 

269 (Myanmar and Somalia) had at least 20% of their reef locations experiencing ≥ 8˚C-weeks, 

270 with these being an all-time high within the 40-year satellite record, giving us high 

271 confidence that a mass bleaching event had affected these regions as well [27]. Three of the 

272 remaining four countries (Tonga, Chile [Easter Island], and Timor-Leste) accumulated 

273 between 5.5 and 11.5˚C-weeks on at least 20% of their reef locations. As previous heat stress 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


13

274 accumulations in these locations had exceeded this, we considered this insufficient to infer 

275 the presence of mass bleaching with high confidence. Niue remains the only country with an 

276 80th percentile DHW below the bleaching-level threshold (2.04˚C-weeks), indicating that 

277 mass bleaching here during GCBE4 is unlikely. Based on conservative logical deduction, 

278 using these thresholds of extreme and/or unprecedented heat stress accumulations, we 

279 conclude that no fewer than 96% of all reef-containing countries have been substantially 

280 affected by the ongoing GCBE4 (Table 2). As the scale of reef areas of different countries 

281 are highly varied (e.g., Papua New Guinea as compared to Nauru), it is important to note that 

282 the goal of this analysis was not to compare the ecological impacts of GCBE4 among these 

283 locations, but to identify the extent of likely impacts to human societies and governments 

284 globally. 

285

286 Fig. 3. Map of confirmed in situ observations of coral bleaching. Global map (40˚N – 

287 40˚S) of maximum DHW accumulation throughout the total event period of GCBE4 (13th 

288 August 2018 – 1st June 2025). White stars signify reliable observations of confirmed mass 

289 bleaching in the general region during GCBE4. Location of stars do not correspond to exact 

290 coordinates of observations and not all observations during GCBE4 are represented within 

291 this map. 

292

293 Table 2. Heat stress and assessment of mass coral bleaching in reef-containing 

294 countries.

Ocean Basin Country/State
Reef area 
(5 km reef 

pixels)

GCBE4 
80th 

Percentile 
DHW

Date of 
peak 

GCBE4 heat 
stress

All-time 
maximum 

DHW event

Assessment of 
significant 
bleaching

**Antigua and Barbuda 32 22.60 7/11/24 GCBE4 ObservedAtlantic Aruba 27 23.01 3/12/24 GCBE4 Observed
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**Bahamas 1815 19.13 22/10/23 GCBE4 Observed
**Barbados 17 23.22 12/11/24 GCBE4 Observed
**Belize 270 18.70 18/10/24 GCBE4 Observed
Brazil 288 20.44 10/5/24 GCBE4 Observed
**Cabo Verde 120 20.09 5/11/23 GCBE4 High confidence
Caribbean Netherlands 57 21.59 8/11/24 GCBE4 Observed
Colombia (Atlantic) 114 17.71 13/10/24 GCBE4 Observed
Costa Rica (Atlantic) 13 17.73 17/11/23 GCBE4 Observed
**Cuba 1090 18.53 22/9/23 GCBE4 Observed
Curaçao 30 22.70 2/12/24 GCBE4 Observed
**Dominica 21 21.20 17/11/24 GCBE4 High confidence
**Dominican Republic 211 18.65 27/10/23 GCBE4 Observed
France (Atlantic) 96 21.74 13/11/24 GCBE4 Observed
**Grenada 28 22.53 7/11/24 GCBE4 Observed
**Haiti 255 20.83 29/10/23 GCBE4 High confidence
Honduras 97 15.38 24/10/24 GCBE4 Observed
**Jamaica 161 21.23 13/11/23 GCBE4 Observed
Mexico (Atlantic) 292 19.26 17/10/23 GCBE4 Observed
Nicaragua 400 23.58 11/11/23 GCBE4 High confidence
Panama (Atlantic) 227 20.01 17/11/23 GCBE4 Observed
Puerto Rico 155 20.70 31/10/24 GCBE4 Observed
St. Barthelemy 7 21.45 7/11/24 GCBE4 Observed
**St. Kitts and Nevis 24 21.35 9/11/24 GCBE4 High confidence
**St. Lucia 19 22.25 13/11/24 GCBE4 High confidence
**St. Vincent and the Grenadines 28 22.45 9/11/24 GCBE4 Observed
St. Martin 8 17.78 24/10/23 GCBE4 Observed
**São Tome and Principe 1 12.27 1/5/24 GCBE4 High confidence
Sint Maarten 8 21.60 7/11/24 GCBE4 Observed
**Trinidad and Tobago 27 22.49 7/11/24 GCBE4 Observed
United Kingdom (Atlantic) 441 17.80 26/10/23 GCBE4 Observed
United States (Atlantic) 331 20.85 10/11/24 GCBE4 Observed
Venezuela 144 24.50 26/11/24 GCBE4 High confidence

Australia (Pacific) 5289 9.67 7/3/24 GCBE4 Observed

Brunei 41 7.76 29/6/24 GCBE4 Observed

Chile (Easter Island) 1 5.49 27/3/25
Regional 

(2000) Low confidence
China 204 15.99 8/9/20 GCBE4 Observed
Colombia (Pacific) 10 20.83 24/7/23 GCBE4 Observed
**Cook Islands 152 12.13 20/5/24 GCBE3 Observed
Costa Rica (Pacific) 47 17.64 8/4/24 GCBE4 Observed
Ecuador (Galapagos) 74 17.33 9/5/23 GCBE1 Observed
El Salvador 6 13.63 27/9/23 GCBE4 Observed
**Federated States of Micronesia 967 14.20 22/10/24 GCBE4 Observed

**Fiji 1328 8.38 19/2/23
Regional 

(2014) Observed
France (Pacific) 1075 10.83 21/3/22 GCBE3 Observed
French Polynesia 1261 7.27 9/4/24 GCBE4 Observed
Indonesia 9369 6.96 1/1/24 GCBE3 Observed
Japan 460 17.43 14/9/24 GCBE4 Observed
**Kiribati 382 15.54 1/11/23 GCBE4 Observed
Malaysia 823 7.39 11/6/24 GCBE4 Observed
**Marshall Islands 793 7.64 5/11/24 GCBE4 Observed
Mexico (Pacific) 26 17.99 20/10/23 GCBE4 Observed
**Nauru 5 15.70 7/11/19 GCBE3 High confidence

**Niue 16 2.04 6/4/24
Regional 

(1988) Unlikely
**Palau 142 9.16 22/10/24 GCBE4 Observed
Panama (Pacific) 90 14.30 8/10/23 GCBE4 Observed
**Papua New Guinea 3439 17.16 6/1/23 GCBE4 Observed
Philippines 5051 8.36 13/7/20 GCBE4 Observed
**Samoa 88 15.27 19/5/24 GCBE4 Observed
**Singapore 374 5.04 16/6/24 GCBE2 Observed
**Solomon Islands 1400 11.46 21/2/25 GCBE4 Observed
Taiwan 153 18.67 16/9/24 GCBE4 Observed
Thailand 430 12.70 7/6/24 GCBE4 Observed

Pacific

**Timor-Leste 183 6.19 3/1/20 GCBE4 Low confidence
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**Tonga 323 11.52 7/3/23
Regional 

(2000) Low confidence
**Tuvalu 58 13.38 3/6/24 GCBE4 Observed
United States (Pacific) 650 10.02 1/11/19 GCBE3 Observed
**Vanuatu 476 9.99 15/3/24 GCBE4 Observed
Vietnam 210 12.32 4/6/24 GCBE4 Observed
Wallis and Futuna 35 15.25 13/5/24 GCBE4 Observed

Australia (Indian) 1237 20.95 6/3/25 GCBE4 Observed

Bahrain 189 10.16 7/9/21
Regional 

(1986) Observed
**Comoros 86 6.30 14/4/24 GCBE4 Observed
Djibouti 98 12.35 12/10/23 GCBE4 Observed
Egypt 674 26.64 28/9/24 GCBE4 Observed
Eritrea 452 18.89 16/10/23 GCBE4 High confidence
France (Indian) 17 16.98 6/4/2025 GCBE3 Observed
India 395 12.02 21/5/20 GCBE4 Observed
Iran 106 8.93 1/8/24 GCBE4 Observed
Israel 5 23.66 17/9/24 GCBE4 Observed
Jordan 5 23.66 17/9/24 GCBE4 Observed
Kenya 127 12.89 16/4/24 GCBE4 Observed
Kuwait 29 22.26 12/9/24 GCBE4 Observed
Madagascar 865 14.17 5/5/24 GCBE4 Observed
**Maldives 1024 5.93 15/5/24 GCBE3 Observed
**Mauritius 129 13.22 13/4/25 GCBE3 Observed
Mayotte 104 9.59 22/4/24 GCBE4 Observed
Mozambique 430 9.83 14/4/24 GCBE4 Observed
Myanmar 425 9.43 4/6/24 GCBE4 High confidence
Oman 74 14.31 2/8/24 GCBE4 Observed

Qatar 15 6.75 3/9/21
Regional 

(1986) Observed
Saudi Arabia 1095 23.68 17/9/24 GCBE4 Observed
**Seychelles 273 15.25 26/4/24 GCBE4 Observed
Somalia 79 8.50 17/4/24 GCBE4 High confidence
Sri Lanka 123 8.70 17/5/24 GCBE3 Observed
Sudan 227 13.77 13/10/23 GCBE4 High confidence
Tanzania 529 13.48 5/4/24 GCBE4 Observed

United Arab Emirates 277 5.66 7/9/23
Regional 

(1986) Observed
United Kingdom (Indian) 500 6.27 16/4/24 GCBE3 Observed

Indian

Yemen 203 14.29 20/10/23 GCBE4 High confidence

295 Coral reef-containing countries, organised by ocean basin, with the number of reef-containing 

296 5 km pixels within their jurisdiction, the greatest annual 80th percentile maximum DHW 

297 value among reef locations within the corresponding political boundaries during GCBE4, the 

298 date of peak GCBE4 heat stress accumulation (based on the 80th percentile annual maximum 

299 DHW), the global or regional event corresponding with all-time maximum heat stress 

300 accumulation, and the assessment of mass coral bleaching during GCBE4. Assessments of 

301 mass coral bleaching are categorised as ‘Observed’ when there are reliable in situ reports of 

302 widespread bleaching, ‘High confidence’ when observed bleaching was absent but there was 

303 either extreme heat stress accumulation (DHW ≥ 12˚C-weeks) within the region or an all-

304 time high accumulation of heat stress ≥ 8˚C-weeks, and ‘Low confidence’ when accumulated 
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305 heat stress during the GCBE4 period was ≥ 4˚C-weeks on at least 20% of the country’s reef 

306 locations. ‘Unlikely’ signifies that there is no expectation that mass bleaching occurred in that 

307 country during GCBE4. Countries listed with a double asterisk are identified as sovereign 

308 Small Island and Developing States (SIDS). 

309

310 Discussion

311 Reefs facing new and repeated extremes

312 Corals can exhibit increased thermal tolerance after repeated exposure to marine heatwaves 

313 [22,37]; however, the ability of reefs to genetically adapt at a rate and scale necessary to 

314 combat the current and projected rate of warming has not been demonstrated [38–40]. In 

315 addition to advantageous thermal and adaptive histories, some coral colonies, with the aid of 

316 heat-tolerant symbionts, food availability, and/or favourable oceanography, demonstrate a 

317 capacity to recover from heat stress capable of causing mortality under alternate 

318 circumstances [41,42]. There is, however, an expected heat stress accumulation threshold for 

319 near-complete, reef-wide coral mortality of  20˚C-weeks [43–45], albeit with one known 

320 exception in the northern Red Sea [46]. This level of heat stress accumulation was surpassed 

321 on more than 26% of reef locations within the Atlantic Ocean basin during GCBE4 (primarily 

322 in 2023), a region that has already experienced multiple devastating disturbance events over 

323 the past 40-50 years [47,48]. From 2023 to the time of writing, nearly 30% of reef locations 

324 globally experienced higher SST, and nearly 60% accumulated higher DHW, than at any 

325 prior time within the satellite record (1985-2022). The most extreme heat exposures occurred 

326 in the Caribbean, southern Atlantic, Red Sea, Persian Gulf, and the eastern and western 

327 Pacific. Reports of observed bleaching were relatively fewer from 2020–2022 than in the 
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328 remainder of the GCBE4 period, likely influenced by reduced monitoring efforts during the 

329 COVID-19 pandemic. Government lockdowns and other COVID-19-related restrictions left 

330 many reefs around the world unmonitored upwards of 61 weeks at a time [49]. The satellite 

331 data shows a continuous period of global coral heat stress despite reduced monitoring over 

332 this period. 

333 The increased frequency of repeated exposure to heat stress is threatening the long-term 

334 persistence of reef systems. Since the start of GCBE3 (mid-2014), there was only a roughly 

335 six-month gap during which GCBE conditions were not met; it is currently uncertain when 

336 GCBE4 might end. More than half of the world’s reef locations experienced multiple 

337 bleaching-level heat stress events during GCBE4. By the end of GCBE3, the average time 

338 between severe bleaching events globally was only 6 years [5]. Within the 6.8-year duration 

339 of GCBE4 thus far, 63% of the world’s reef locations accumulated  4˚C-weeks at least 

340 twice, whereas over 25% experienced this level of heat stress four times or more. Further, 

341 nearly one-third of the world’s reef locations experienced  8˚C-weeks at least twice during 

342 this period. One of the most notable examples of repeated heat stress and mass bleaching 

343 occurred on the Great Barrier Reef, Australia, the world’s largest continuous coral reef 

344 ecosystem, which experienced mass coral bleaching in at least five of the first seven austral 

345 summers during GCBE4 (2020, 2021, 2022, 2024 and 2025) [50–52], with a trend of an 

346 increasingly early onset of heat stress [53]. Among other reef systems, mass coral bleaching 

347 was observed during at least three of the GCBE4 boreal summers in both the Caribbean 

348 (2019, 2023 and 2024) and in the Red Sea (2020, 2023 and 2024) (see S1 Table). Repeated 

349 heat stress events can have long-lasting and species-specific effects, even in those colonies 

350 that appear healthy visually, raising concerns about the capacity for reef resilience under 

351 future marine heatwaves [54]. With an expectation of longer-lasting heat stress events and 

352 potentially annual marine heat extremes [5], corals will face increased pressure for 
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353 genetically driven adaptation and, if unable to do so, their survival under accelerating 

354 warming is increasingly unlikely [55,56].

355 Most reef-containing nations likely experienced mass coral bleaching during GCBE4. Some 

356 countries observed mass bleaching for the first time on important reef systems that would 

357 have previously been considered ‘thermal refugia’ (e.g., reef locations within Solomon 

358 Islands, southern Great Barrier Reef) [57]. This illustrates that the predicted loss of local-

359 scale refugia [56] is well underway, as the global number of recorded bleaching events 

360 continues to rapidly increase [5].

361 Mass coral bleaching and mortality effects are not restricted to just the immediate marine 

362 ecosystem but extend to the socio-economic systems that rely on them. The value of 

363 ecosystem services provided by coral reefs globally has been estimated to be roughly US$10 

364 trillion [58], including US$109 billion in coastal protection [59]. The global costs of coral 

365 bleaching, with effects on fisheries, tourism, coastal protection, biodiversity and more, has 

366 been estimated to be tens of billions of US dollars [60]. Mass coral bleaching and mortality 

367 can be variably detrimental to the populations within [61] and socio-economic status of an 

368 individual political states, with some countries being more vulnerable than others [62,63]; 

369 most notable are those categorised by the United Nations as ‘Small Island and Developing 

370 States’ (SIDS), which face unique social, economic and/or environmental vulnerabilities. 

371 Coral reefs are key ecosystems for sustaining the socio-economic status of SIDS as a source 

372 of economic growth, food, and coastal protection [64], with 94% of their total population 

373 living within 100 km of a coral reef [65]. Of the 101 coral reef-containing countries 

374 identified, 36 are SIDS (Table 2). 

375 The world has been in a chronic state of bleaching-level stress since August 2018, affecting 

376 nearly all reef locations globally. Whilst future work is essential to assess the resulting 
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377 ecological impacts (coral bleaching, mortality and disease) during GCBE4 and to understand 

378 the follow-on effects of these upon social and economic systems, the record extent and 

379 severity of observed heat stress suggests that these are likely to be dire.

380

381 Acknowledgements 

382 The scientific results and conclusions, as well as any views or opinions expressed herein, are 

383 those of the author(s) and do not necessarily reflect the views of NOAA or the Department of 

384 Commerce.

385

386 References

387 1. Brown BE. Coral bleaching: causes and consequences. Coral Reefs. 1997;16: 129–138. 
388 doi:10.1007/s003380050249

389 2. Vogt L, Burger FA, Griffies SM, Frölicher TL. Local drivers of marine heatwaves: a 
390 global analysis with an earth system model. Frontiers in Climate. 2022;4: 847995. 
391 doi:10.3389/fclim.2022.847995

392 3. McGregor G. Modes of climate variability. Heatwaves. Cham: Springer International 
393 Publishing; 2024. pp. 169–206. doi:10.1007/978-3-031-69906-1_5

394 4. Hoegh-Guldberg O, Cai R, Poloczanska ES, Brewer PG, Sundby S, Hilmi K, et al. The 
395 Ocean. Climate change 2014: Impacts, adaptation, and vulnerability Part B: Regional 
396 aspects. Cambridge, UK and New York, NY, USA: Cambridge University Press; 2014. 
397 pp. 1655–1731. 

398 5. Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, et al. Spatial and 
399 temporal patterns of mass bleaching of corals in the Anthropocene. Science. 2018;359: 
400 80–83. doi:10.1126/science.aan8048

401 6. Edmunds PJ. The effect of sub-lethal increases in temperature on the growth and 
402 population trajectories of three scleractinian corals on the southern Great Barrier Reef. 
403 Oecologia. 2005;146: 350–364. doi:10.1007/s00442-005-0210-5

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


20

404 7. Johnston EC, Counsell CWW, Sale TL, Burgess SC, Toonen RJ. The legacy of stress: 
405 Coral bleaching impacts reproduction years later. Hopkins W, editor. Functional 
406 Ecology. 2020;34: 2315–2325. doi:10.1111/1365-2435.13653

407 8. Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, et al. Thermal stress and 
408 coral cover as drivers of coral disease outbreaks. PLoS Biology. 2007;5: e124. 
409 doi:10.1371/journal.pbio.0050124

410 9. Veron JEN, Hoegh-Guldberg O, Lenton TM, Lough JM, Obura DO, Pearce-Kelly P, et al. 
411 The coral reef crisis: The critical importance of <350 ppm CO2. Marine Pollution 
412 Bulletin. 2009;58: 1428–1436. doi:10.1016/j.marpolbul.2009.09.009

413 10. Coffroth MA, Lasker HR, Oliver JK. Coral mortality outside of the Eastern Pacific 
414 during 1982-1983: Relationship to El Niño. Elsevier Oceanography Series. 1990;52: 
415 141–182. doi:10.1016/S0422-9894(08)70035-7

416 11. Wilkinson CR. Global and local threats to coral reef functioning and existence: review 
417 and predictions. Marine and Freshwater Research. 1999;50: 867–878. 
418 doi:10.1071/MF99121

419 12. Goreau T, McClanahan T, Hayes R, Strong A. Conservation of coral reefs after the 1998 
420 global bleaching event. Conservation Biology. 2000;14: 5–15. doi:10.1046/j.1523-
421 1739.2000.00011.x

422 13. Eakin CM, Sweatman HPA, Brainard RE. The 2014–2017 global-scale coral bleaching 
423 event: insights and impacts. Coral Reefs. 2019;38: 539–545. doi:10.1007/s00338-019-
424 01844-2

425 14. Leslie J, Rodgers K. NOAA confirms 4th global coral bleaching event. 15 Apr 2024 
426 [cited 5 Mar 2025]. Available: https://www.noaa.gov/news-release/noaa-confirms-4th-
427 global-coral-bleaching-event

428 15. Skirving WJ, Marsh B, De La Cour J, Liu G, Harris A, Maturi E, et al. CoralTemp and 
429 the Coral Reef Watch Coral Bleaching Heat Stress product suite version 3.1. Remote 
430 Sensing. 2020;12: 3856. doi:10.3390/rs12233856

431 16. Carilli J, Donner SD, Hartmann AC. Historical temperature variability affects coral 
432 response to heat stress. Voolstra CR, editor. PLoS ONE. 2012;7: e34418. 
433 doi:10.1371/journal.pone.0034418

434 17. Mollica NR, Cohen AL, Alpert AE, Barkley HC, Brainard RE, Carilli JE, et al. Skeletal 
435 records of bleaching reveal different thermal thresholds of Pacific coral reef 
436 assemblages. Coral Reefs. 2019;38: 743–757. doi:10.1007/s00338-019-01803-x

437 18. McClanahan TR, Maina JM, Darling ES, Guillaume MMM, Muthiga NA, D’agata S, et 
438 al. Large geographic variability in the resistance of corals to thermal stress. Glob Ecol 
439 Biogeogr. 2020;29: 2229–2247. doi:10.1111/geb.13191

440 19. Liu B, Foo SA, Guan L. Optimization of thermal stress thresholds on regional coral 
441 bleaching monitoring by satellite measurements of sea surface temperature. Front Mar 
442 Sci. 2024;11: 1438087. doi:10.3389/fmars.2024.1438087

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


21

443 20. van Hooidonk R, Huber M. Quantifying the quality of coral bleaching predictions. Coral 
444 Reefs. 2009;28: 579–587. doi:10.1007/s00338-009-0502-z

445 21. Berkelmans R. Time-integrated thermal bleaching thresholds of reefs and their variation 
446 on the Great Barrier Reef. Mar Ecol Prog Ser. 2002;229: 73–82. 
447 doi:10.3354/meps229073

448 22. Hughes TP, Kerry JT, Connolly SR, Álvarez-Romero JG, Eakin CM, Heron SF, et al. 
449 Emergent properties in the responses of tropical corals to recurrent climate extremes. 
450 Current Biology. 2021;31: 5393–5399. doi:10.1016/j.cub.2021.10.046

451 23. Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, et al. Global 
452 warming transforms coral reef assemblages. Nature. 2018;556: 492–496. 
453 doi:10.1038/s41586-018-0041-2

454 24. Skirving WJ, Heron SF, Marsh BL, Liu G, De La Cour JL, Geiger EF, et al. The 
455 relentless march of mass coral bleaching: a global perspective of changing heat stress. 
456 Coral Reefs. 2019;38: 547–557. doi:10.1007/s00338-019-01799-4

457 25. Eakin CM, Morgan JA, Heron SF, Smith TB, Liu G, Alvarez-Filip L, et al. Caribbean 
458 corals in crisis: Record thermal stress, bleaching, and mortality in 2005. PLoS ONE. 
459 2010;5. doi:10.1371/journal.pone.0013969

460 26. Liu G, Strong AE, Skirving W, Arzayus LF. Overview of NOAA Coral Reef Watch 
461 program’s near-real-time satellite global coral bleaching monitoring activities. 
462 Proceedings of 10th International Coral Reef Symposium. 2006; 1783–1793. 

463 27. Kayanne H. Validation of degree heating weeks as a coral bleaching index in the 
464 northwestern Pacific. Coral Reefs. 2017;36: 63–70. doi:10.1007/s00338-016-1524-y

465 28. Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG, Anderson KD, Baird 
466 AH, et al. Global warming and recurrent mass bleaching of corals. Nature. 2017;543: 
467 373–377. doi:10.1038/nature21707

468 29. Whitaker H, DeCarlo T. Re(de)fining degree-heating week: coral bleaching variability 
469 necessitates regional and temporal optimization of global forecast model stress metrics. 
470 Coral Reefs. 2024;43: 969–984. doi:10.1007/s00338-024-02512-w

471 30. Williams EH, Bunkley-Williams L. The world-wide coral reef bleaching cycle and 
472 related sources of coral mortality. Atoll Research Bulletin. 1990;335: 1–71. 

473 31. Glynn PW. Coral reef bleaching: facts, hypotheses and implications. Global Change 
474 Biology. 1996;2: 495–509. doi:10.1111/j.1365-2486.1996.tb00063.x

475 32. Lachs L, Bythell JC, East HK, Edwards AJ, Mumby PJ, Spady BL, et al. Fine-tuning 
476 heat stress algorithms to optimise global predictions of mass coral bleaching. Remote 
477 Sensing. 2021;13: 2677. 

478 33. Heron SF, Maynard JA, Van Hooidonk R, Eakin CM. Warming trends and bleaching 
479 stress of the world’s coral reefs 1985-2012. Scientific Reports. 2016;6: 38402. 
480 doi:10.1038/srep38402

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


22

481 34. Little CM, Liu G, De La Cour JL, Eakin CM, Manzello D, Heron SF. Global coral 
482 bleaching event detection from satellite monitoring of extreme heat stress. Front Mar 
483 Sci. 2022;9: 883271. doi:10.3389/fmars.2022.883271

484 35. Donner SD, Skirving WJ, Little CM, Oppenheimer M, Hoegh-Gulberg O. Global 
485 assessment of coral bleaching and required rates of adaptation under climate change. 
486 Global Change Biology. 2005;11: 2251–2265. doi:10.1111/j.1365-2486.2005.01073.x

487 36. Hsu P-C, Macagga RAT, P. Raj R. Assessment of the impacts of rapid Marine 
488 Heatwaves and cumulative thermal stress on cold-water upwelling coral refugia. 
489 Geomatics, Natural Hazards and Risk. 2025;16: 2448240. 
490 doi:10.1080/19475705.2024.2448240

491 37. Lachs L, Donner SD, Humanes A, East HK, Mumby PJ, Guest JR, et al. Emergent 
492 increase in coral thermal tolerance reduces mass bleaching under climate change. Nature 
493 Communications. 2023;14: 4939. doi:10.1038/s41467-023-40601-6

494 38. Crabbe MJC. Adapting to extreme environments: can coral reefs adapt to climate 
495 change? Osborn D, editor. Emerging Topics in Life Sciences. 2019;3: 183–195. 
496 doi:10.1042/ETLS20180088

497 39. Carballo-Bolaños R, Soto D, Chen CA. Thermal stress and resilience of corals in a 
498 climate-changing world. Journal of Marine Science and Engineering. 2019;8: 15. 
499 doi:10.3390/jmse8010015

500 40. Hoegh-Guldberg O, Skirving W, Dove SG, Spady BL, Norrie A, Geiger EF, et al. Coral 
501 reefs in peril in a record-breaking year. Science. 2023;382: 1238–1240. 
502 doi:10.1126/science.adk4532

503 41. Connolly SR, Lopez-Yglesias MA, Anthony KRN. Food availability promotes rapid 
504 recovery from thermal stress in a scleractinian coral. Coral Reefs. 2012;31: 951–960. 
505 doi:10.1007/s00338-012-0925-9

506 42. Romero‐Torres M, Acosta A, Palacio‐Castro AM, Treml EA, Zapata FA, Paz‐García 
507 DA, et al. Coral reef resilience to thermal stress in the Eastern Tropical Pacific. Global 
508 Change Biology. 2020;26: 3880–3890. doi:10.1111/gcb.15126

509 43. Vargas-Ángel B, Huntington B, Brainard RE, Venegas R, Oliver T, Barkley H, et al. El 
510 Niño-associated catastrophic coral mortality at Jarvis Island, central Equatorial Pacific. 
511 Coral Reefs. 2019;38: 731–741. doi:10.1007/s00338-019-01838-0

512 44. Baum JK, Claar DC, Tietjen KL, Magel JMT, Maucieri DG, Cobb KM, et al. 
513 Transformation of coral communities subjected to an unprecedented heatwave is 
514 modulated by local disturbance. Science Advances. 2023;9: eabq5615. 

515 45. Glynn PW. Widespread coral mortality and the 1982–83 El Niño warming event. 
516 Environmental Conservation. 1984;11: 133–146. doi:10.1017/S0376892900013825

517 46. Osman EO, Smith DJ, Ziegler M, Kürten B, Conrad C, El‐Haddad KM, et al. Thermal 
518 refugia against coral bleaching throughout the northern Red Sea. Global Change 
519 Biology. 2018;24: 474–484. doi:10.1111/gcb.13895

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


23

520 47. Jackson JBC, Donovan MK, Cramer KL, Lam V. Status and trends of Caribbean coral 
521 reefs: 1970-2012. Global Coral Reef Monitoring Network, IUCN, Gland, Switzerland. 
522 2014. 

523 48. Cramer KL, Donovan MK, Jackson JBC, Greenstein BJ, Korpanty CA, Cook GM, et al. 
524 The transformation of Caribbean coral communities since humans. Ecology and 
525 Evolution. 2021;11: 10098–10118. doi:10.1002/ece3.7808

526 49. Montano S, Dehnert I, Seveso D, Maggioni D, Montalbetti E, Strona G, et al. Effects of 
527 the COVID ‐19 lockdowns on the management of coral restoration projects. Restoration 
528 Ecology. 2022;30: e13646. doi:10.1111/rec.13646

529 50. Great Barrier Reef Marine Park Authority, Australian Institute of Marine Science, 
530 CSIRO. Reef Snapshot: Summer 2023-24. Great Barrier Reef Marine Park Authority, 
531 Townsville. 2024. 

532 51. Great Barrier Reef Marine Park Authority, Australian Institute of Marine Science, 
533 CSIRO. Reef Snapshot: Summer 2024–25. Great Barrier Reef Marine Park Authority, 
534 Townsville. 2025. 

535 52. Spady BL, Skirving WJ, Geiger EF, Cantin NE, Liu G, De La Cour JL, et al. Satellite-
536 based analysis of an unverified mass coral bleaching event on the Great Barrier Reef in 
537 2021. Coral Reefs. 2025; 1–11. doi:10.1007/s00338-025-02690-1

538 53. Spady BL, Skirving WJ, Liu G, De La Cour JL, McDonald CJ, Manzello DP. 
539 Unprecedented early-summer heat stress and forecast of coral bleaching on the Great 
540 Barrier Reef, 2021-2022. F1000Research. 2022;11: 127. 
541 doi:10.12688/f1000research.108724.3

542 54. Brown KT, Lenz EA, Glass BH, Kruse E, McClintock R, Drury C, et al. Divergent 
543 bleaching and recovery trajectories in reef-building corals following a decade of 
544 successive marine heatwaves. Proc Natl Acad Sci USA. 2023;120: e2312104120. 
545 doi:10.1073/pnas.2312104120

546 55. Hoegh-Guldberg O. Climate change, coral bleaching and the future of the world’s coral 
547 reefs. Marine and Freshwater Research. 1999;50: 839–866. doi:10.1071/MF99078

548 56. Dixon AM, Forster PM, Heron SF, Stoner AMK, Beger M. Future loss of local-scale 
549 thermal refugia in coral reef ecosystems. PLOS Clim. 2022;1: e0000004. 
550 doi:10.1371/journal.pclm.0000004

551 57. Cacciapaglia C, Van Woesik R. Reef‐coral refugia in a rapidly changing ocean. Global 
552 Change Biology. 2015;21: 2272–2282. doi:10.1111/gcb.12851

553 58. Costanza R, De Groot R, Sutton P, Van Der Ploeg S, Anderson SJ, Kubiszewski I, et al. 
554 Changes in the global value of ecosystem services. Global Environmental Change. 
555 2014;26: 152–158. doi:10.1016/j.gloenvcha.2014.04.002

556 59. Burke L, Spalding M. Shoreline protection by the world’s coral reefs: Mapping the 
557 benefits to people, assets, and infrastructure. Marine Policy. 2022;146: 105311. 
558 doi:10.1016/j.marpol.2022.105311

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


24

559 60. Conservation International. Economic values of coral reefs, mangroves, and seagrasses: 
560 A global compilation. Center for Applied Biodiversity Science, Conservation 
561 International, Arlington, VA, USA. 2008. 

562 61. Ainsworth TD, Leggat W, Silliman BR, Lantz CA, Bergman JL, Fordyce AJ, et al. 
563 Rebuilding relationships on coral reefs: Coral bleaching knowledge‐sharing to aid 
564 adaptation planning for reef users: Bleaching emergence on reefs demonstrates the need 
565 to consider reef scale and accessibility when preparing for, and responding to, coral 
566 bleaching. BioEssays. 2021;43: 2100048. doi:10.1002/bies.202100048

567 62. Siegel KJ, Cabral RB, McHenry J, Ojea E, Owashi B, Lester SE. Sovereign states in the 
568 Caribbean have lower social-ecological vulnerability to coral bleaching than overseas 
569 territories. Proceedings of the Royal Society B: Biological Sciences. 2019;286: 
570 20182365. doi:10.1098/rspb.2018.2365

571 63. Westmacott S, Cesar HSJ, Pet-Soede L, Lindén O. Coral Bleaching in the Indian Ocean: 
572 Socio-Economic Assessment of Effects. Collected essays on the economics of coral 
573 reefs. Kalmar, Stockholm: CORDIO, Department for Biology and Environmental 
574 Sciences, Kalmar University; 2000. 

575 64. Hafezi M, Sahin O, Stewart RA, Connolly RM, Mackey B, Ware D. Adaptation 
576 strategies for coral reef ecosystems in Small Island Developing States: Integrated 
577 modelling of local pressures and long-term climate changes. Journal of Cleaner 
578 Production. 2020;253: 119864. doi:10.1016/j.jclepro.2019.119864

579 65. Sing Wong A, Vrontos S, Taylor ML. An assessment of people living by coral reefs 
580 over space and time. Global Change Biology. 2022;28: 7139–7153. 
581 doi:10.1111/gcb.16391

582

583 Supporting information captions

584 S1 Table. Select sources of confirmed bleaching during GCBE4.

585 The select publications, reports, organisations, and/or individuals (personal communications 

586 or media statements) that were used to conclude a reliable confirmation of observed mass 

587 bleaching for each country (and the corresponding year) during GCBE4. 

588

589 S2 Table. Annual extent of DHW ≥ 8˚C-weeks. 

590 The maximum annual extent of mortality-level heat stress (the maximum percentage of reefs 

591 accumulating DHW  8˚C-weeks within a 365-day period) achieved during each GCBE, 
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592 globally and for each individual ocean basin. *GCBE4 is ongoing at the time of writing; 

593 values are not final.

594
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