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 49 

Ecosystems worldwide are under increasing threat. We applied a standardized method 50 

for assessing the risk of ecosystem collapse, the IUCN Red List of Ecosystems, to coral 51 

reefs in the Western Indian Ocean (WIO), covering 11,919 km2 of reef (about 5% of the 52 

global total). Our approach combined indicators of change in historic ecosystem extent, 53 

ecosystem functioning (hard corals, fleshy algae, herbivores and piscivores), and 54 

projected sea temperature warming. We show that WIO coral reefs are Vulnerable to 55 

collapse at the regional level, while in eleven nested ecoregions they range from 56 

Critically Endangered (islands, driven by future warming) to Vulnerable (continental 57 

coast and northern Seychelles, driven by fishing pressure). Responses to avoid coral reef 58 

collapse must include ecosystem-based management of reefs and adjacent systems 59 

combined with mitigating and adapting to climate change. Our approach can be 60 

replicated across coral reefs globally to help countries and other actors meet 61 

conservation and sustainability targets set under multiple global conventions – 62 

including the Convention on Biological Diversity’s post-2020 global biodiversity 63 

framework and the United Nations’ Sustainable Development Goals.  64 

 65 

 66 
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The collapse of an ecosystem signifies its ‘extinction’ in functional terms, when the 67 

characteristics and functions that define it are transformed 1,2. The risk of collapse in multiple 68 

ecosystems has increased in the Anthropocene, as human impacts have changed fundamental 69 

aspects of biosphere functioning 3. Of particular concern is where ecosystem collapse results 70 

in permanent loss of evolutionary history through raising the risk of species extinction, loss 71 

of ecological functions critical for ecosystem recovery and avoiding collapse, and loss of 72 

ecosystem services vital for peoples’ livelihoods, income and wellbeing. Coral reef 73 

ecosystems are among the most biodiverse and societally important ecosystems globally, but 74 

up to 50% of the world’s coral reefs are already degraded 4, and the weight of evidence 75 

suggests that increasing local (fishing, pollution, coral diseases, cyclones) and global 76 

(warming, acidification) stressors, and their cumulative and synergistic interactions 5, give a 77 

window of only several decades 6–8 before collapse of these flagship ecosystems.  78 

 79 

The global status of reefs is well known because one key indicator, live coral cover, is both 80 

conceptually straightforward and accessible to measure, thus becoming a leading indicator of 81 

ecosystem health in the ocean 9. However, while live coral cover provides a basic measure of 82 

the presence and status of a coral reef ecosystem, it lacks information on composition of the 83 

coral community, algae, other invertebrates and fish 10,11. All these groups contribute to a 84 

reef’s properties, ecological functioning and potential services to people, and these attributes 85 

may vary across all scales from local to regional and global. Transition of coral reefs to 86 

alternative ecological states, and possible ultimate collapse, depends on the status and trends 87 

in many of these components and functions 2,12,13. Many regional and global studies have 88 

assessed coral reef trends at these scales, shedding light on drivers of decline, status of reefs 89 

and management options. However differences in their methods and datasets, and in 90 

interpretation of results, limit their direct application in supporting regional and global policy, 91 

as well as application within individual countries. 92 

 93 

The Red List of Ecosystems (RLE) was designed to provide a uniform, easily-understood 94 

classification of the risk of ecosystem collapse across all ecosystems and across multiple 95 

scales 14,15. Defining ecosystem collapse is operationalized for the RLE by setting thresholds 96 

for key variables describing the ecosystem (Table 1, SI2.6). The RLE enables integration of 97 

multiple variables of varying coverage and quality across different ecosystem components, 98 

and has direct application to policy 16. Building on the Red List of Threatened Species 17, the 99 

RLE integrates multiple variables into five broad criteria, and a standard output comprising 100 
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an ordered set of unthreatened to threatened categories, from Least Concern to Collapsed (fig. 101 

1). This study assesses the current status of coral reefs in the Western Indian Ocean using the 102 

global Millennium coral reef layer, an extensive regional dataset on coral reefs recently 103 

compiled from multiple data contributors that includes hard coral, fleshy algae and fish 104 

abundance data 18, as well as projected sea surface temperatures 19. 105 

 106 

WIO coral reefs are at risk of collapse 107 

Western Indian Ocean coral reefs, covering 11,919 km2 and comprising about 5% of the 108 

global total (fig. 1, Table S1), are Vulnerable (VU) to ecosystem collapse. We assessed four 109 

of five criteria of the RLE, based on available data to parametrize a coral reef ecosystem 110 

model (fig. 2a) over a 50-year time span: decline in ecosystem extent (Criterion A), 111 

vulnerability due to restricted geographic distribution (B), and ecosystem disruption resulting 112 

from decline in the quality of abiotic (C) and biotic factors (D) (Table 1). Two criteria (C, D) 113 

returned a result of VU (Table 2) based on future warming using a likely pathway for global 114 

greenhouse gas emissions (Criterion C, RCP 6.0), and biotic disruption based on reduction in 115 

piscivorous fishes linked to fishing (D). The other two criteria (A, B) returned a result of 116 

Least Concern (LC). The RLE assigns the most threatened result (VU) as the final status 15.  117 

 118 

At a finer geographic scale, there was considerable variation in risk of ecosystem collapse 119 

among coral reef ecoregions within the WIO (Table 2). The highest levels of risk were scored 120 

for seven ecoregions (four Critically Endangered (CR) and three Endangered (EN)) due to 121 

future warming, in the island ecoregions spread across Madagascar, the Comoros, the outer 122 

Seychelles and the Mascarene Islands (Mauritius and Reunion) (fig. 1). The remaining four 123 

ecoregions were assessed as VU. Of these, reefs in the large continental ecoregions (N. 124 

Tanzania-Kenya and N. Mozambique-S. Tanzania) were vulnerable based on declining 125 

populations of piscivorous fishes, whereas reefs in Seychelles North and Delagoa (southern 126 

Mozambique - northern South Africa) were vulnerable due to decline in reef areal extent, and 127 

in Delagoa due to limited geographic distribution of reefs (Table 2, SI3-6). 128 

 129 

Climate vulnerability 130 

The dominant threat to coral reef ecosystems in the WIO is future increase in thermal stress, 131 

as indicated in the 7 island ecoregions rated CR and EN, over the next 50 years. Earlier onset 132 
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of catastrophic heat stress in island than mainland locations is largely consistent with prior 133 

studies 6,19,20. We selected emissions scenario RCP 6.0 as the basis for our analysis as current 134 

trends in carbon emissions are more consistent with RCP 6.0 than higher or lower emissions 135 

pathways 21, and the results for RCP 6.0 provided a closer fit to observed bleaching among 136 

ecoregions in recent years (SI5.2). However, interpreting thermal stress to corals from 137 

projected temperatures must be done with caution as variance of temperature within the large 138 

grid cells in climate models is very attenuated compared to variance of empirical 139 

observations, affecting calculations of exceedance of thermal thresholds 19,22. A possible 140 

illustration of this is that our analysis showed a result of Least Concern (LC) for RCP 2.6 141 

over the next 50 years (Table S6) despite empirical records of up to 30% coral declines in the 142 

1998, and substantial mortality in the 2016, mass coral bleaching events 18,23. In the section 143 

on policy and management options we focus our interpretation on the comparative risk 144 

among ecoregions to warming temperatures. 145 

 146 

Ecological integrity and biotic collapse 147 

Ecological integrity is complex and includes functional, compositional, structural and spatial 148 

components 24. Developing a conceptual ecosystem model as required for the RLE (SI2.5) 149 

provides an explicit hypothesis of ecological integrity, and by extension, collapse. Arguably, 150 

as one of the most diverse, complex and variable ecosystems in the world, coral reefs present 151 

challenges to specifying a realistic model. Percentage coral cover is a primary measure for 152 

coral reef health 11, but is insufficient for describing integrity 10. Our data did not include 153 

taxonomic or functional sub-classes of corals, thus this analysis could not distinguish shifting 154 

composition of coral 10, which might show a decline in coral functional diversity and thus 155 

greater risk of collapse within the coral compartment and thus initial step in our algorithm, 156 

than we found using just total hard coral cover alone (Tables S2, S18).  157 

 158 

Our dataset did, however, include fleshy algae cover and two trophic groups of fishes 159 

(herbivores and piscivores, fig. 2e,f) as additional components of integrity (SI2.5). Standard 160 

RLE practice has been to assign the maximum threat level across alternative indicators within 161 

each criterion 15,25. However, in complex ecosystems with multiple biotic compartments, 162 

interactions between them of different strengths, and functional redundancies 26,27, it is not 163 

clear that in all cases where any one compartment is at high risk, the whole ecosystem should 164 

be at that risk level (SI2.6). In this study, coral cover was assessed LC in three ecoregions 165 
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(North Tanzania-Kenya, North Mozambique-South Tanzania, Comoros; Table S15) where 166 

piscivores were EN-CR; we judged that it was not credible that the entire reef systems across 167 

the four countries within these ecoregions be rated EN-CR on the basis of one fish group.  168 

 169 

To resolve this issue we developed a structured algorithm for assessing ecological integrity 170 

and risk of collapse based on hierarchical interactions between ecosystem compartments 171 

(SI2.6, Table S2), and tested it against two alternatives with less structure (SI6.1.4, 6.3.1). 172 

The algorithm started with assigning the coral risk level, then the risk level was increased 173 

incrementally if risk was higher in the algae, then herbivore (parrotfish), then piscivore 174 

(grouper) compartments. In the examples in the prior paragraph, this resulted in final risk 175 

levels in all three ecoregions of VU, in each case stepped up twice by higher risk levels in 176 

any two of the algae, herbivore and piscivore compartments (Table S15). This final status 177 

reflects the importance of piscivores in the top-down control of prey populations with direct 178 

and indirect impacts on reef ecology (SI6.1), but avoids undue inflation of overall risk where 179 

other compartments may be in a good state. Applying this algorithm would result in the 180 

findings for both Meso-American 25 and Colombian 28 coral reef RLEs being the same as 181 

reported in those studies, because in both cases the coral compartments were at the highest 182 

levels of risk, either equal to, or higher than, other ecosystem compartments they assessed. 183 

The value of this algorithm will emerge with increasing application of the RLE where data to 184 

parametrize the model and the importance of different compartments may vary, effecting 185 

greater standardization and consistency among studies. This algorithm may be also 186 

appropriate to other ecosystems which have a defining biogenic architectural compartment 187 

such as forests on land 29, and other marine ecosystems such as oyster reefs, mangroves, 188 

seagrasses, and kelp forests.  189 

 190 

The dominant biotic signal of ecosystem collapse, decline in piscivore populations, was 191 

assessed as EN-CR in four of the seven ecoregions with sufficient data (fig. 3). Grouper are 192 

vulnerable to the loss of coral structure 30 and their life histories make them especially 193 

vulnerable to fishing 31. The lower risk level of parrotfish, our indicator of herbivore 194 

populations, concurs with studies where parrotfish responded positively to coral degradation 195 

in Tanzania 32,33, the Chagos Archipelago 34, and in Seychelles, masking fishing effects 35. 196 

The RLE thus distinguishes signals from multiple ecological components – among biotic 197 

compartments in Criterion D, and across area and integrity components among the criteria – 198 
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in assessing collapse or loss of ecological integrity, and whether they are responding to global 199 

or local threats.  200 

 201 

Regional and global comparisons 202 

The RLE has previously been applied to coral reefs in three studies. The first assessed 203 

Caribbean reefs 14, comprising 6.7% of the world’s coral reefs, as EN-CR. This higher risk 204 

level than WIO reefs is consistent with broad evidence that Caribbean reefs have experienced 205 

greater decline than those in the Indo-Pacific, due to a variety of intrinsic (e.g. coral and algal 206 

dynamics) and extrinsic (land-based impacts, connectivity) factors 18,36–38. The second 207 

assessed the Meso-American Barrier Reef 25, also an ecoregion in the same classification 208 

used in this study 39 and one of the healthiest coral reef regions in the Caribbean 38, as CR on 209 

the basis of both coral and piscivore compartments in a quantitative model. This compares 210 

with corals being LC to VU and piscivores NT (Near Threatened) to EN-CR in the WIO 211 

(Table S15). A recent assessment of Colombian Caribbean coral reefs 28 used a similar 212 

spatially hierarchical approach as used here, though extending from a scale comparable to our 213 

ecoregions (national and ‘ecoregional’ in their study) down to individual reef areas. Its two 214 

ecoregions, ‘continental’ and ‘oceanic’, were VU and EN respectively, while at the larger 215 

national level reefs were VU.  216 

 217 

The RLE method provides a consistent result across the above studies and the present one, 218 

however differences in selection of variables, thresholds and how they are parametrized 219 

introduces uncertainties in comparisons among them, even within the same ecosystem type. 220 

More broadly, the RLE has been critiqued on consistency in identification and definition of 221 

ecosystem units, the meaning of ‘collapse’ for an ecosystem, and specifics of the categories 222 

and criteria used 40. Many of these critiques have been addressed over time 2,41, and growing 223 

acceptance of the RLE is shown by its application globally 42, exploration of its use in 224 

multiple policy domains 16,42 and its acceptance as an indicator in the monitoring frameworks 225 

of the Convention on Biological Diversity and the Sustainable Development Goals 41,43. To 226 

further strengthen applicability of the RLE to coral reefs globally and to support national 227 

commitments under these conventions, we developed an approach that strengthens 228 

standardization of application of the RLE to coral reefs regions, in five ways: a) we used a 229 

consistent biogeographic and ecosystem framework, based on the Marine Ecoregions of the 230 

World 39, a global ecosystem typology developed for the RLE 44 and the established Global 231 
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Coral Reef Monitoring Network (GCRMN) regional structure 11, all based on the Millennium 232 

coral reef layer maintained by the World Conservation Monitoring Centre (UNEP-WCMC); 233 

b) we used globally-consistent real-time datasets from: i. collaborative networks on reef 234 

health compiled through the GCRMN as the global aggregator of Essential Ocean Variables 235 

for coral reefs 9,11, and ii. on projected thermal stress 19; c) we formulated a basic ecosystem 236 

model applicable to a) and b) with scope for additional variables if relevant and if data 237 

availability allows (SI 2.5, fig. 2a); d) we developed a structured algorithm for assessing risk 238 

of biotic disruption based on dominant interactions affecting coral reef ecosystem integrity 239 

(SI2.6, 6.1.4, 6.3) that allows for data gaps that are inevitable given the resources and 240 

capacities available in most coral reef countries 11; and e) we generated a Git-based 241 

repository and R code for all steps of the analysis (SI3-6) to facilitate tailored application in 242 

other regions. 243 

 244 

Management and policy implications 245 

Uncertainty in the climate trajectory that will eventuate, and variance at many scales in how 246 

corals and reefs may respond to warming 45 and other threats, mean that varied policy and 247 

management responses (Table 3) need to be considered 46. This includes a spectrum of 248 

actions addressing climate mitigation and adaptation to those addressing local threats. The 249 

multiple criteria and broad evidence-base of the RLE enable structured consideration among 250 

these 16. In those ecoregions on the mainland coast less threatened by future warming, local 251 

management actions will have greater scope to maintain or improve reef health, particularly 252 

those targeting alleviating fishing pressure and promoting coral recovery after thermal stress 253 

events. Some of these ecoregions (North Mozambique-South Tanzania and to a lesser extent 254 

Seychelles North) show strong levels of larval supply to more vulnerable ecoregions 47, and 255 

may play a key role in the recovery of corals from mass mortalities through larval 256 

connectivity, so managing them as central nodes in a connectivity network will be an 257 

important element of resilience-based management across the entire region. In addition, 258 

protecting climate refugia – reefs demonstrating lesser impact from thermal stress events, 259 

whether on scales from 100s of meters to 100s of kilometres – must be a key platform for 260 

extending protection 6 through marine protected areas or other effective conservation 261 

measures. 262 

 263 
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However, even for the ecoregions threatened by warming, it will be important to reduce local 264 

reef threats and reef vulnerability to address three ‘no regrets’ objectives: a) to maintain 265 

ecosystem function and resilience to buy time for coral populations to potentially adapt to 266 

warmer conditions through compositional shifts and/or genetic changes, b) to sustain the 267 

valuable economic and livelihood benefits coral reefs provide on a daily basis for as long as 268 

possible into the future 46, and c) as part of broader integrated and ecosystem-based 269 

management of coastal and marine ecosystems that can facilitate positive biotic transitions 270 

with a changing climate (IPCC/IPBES, in review).  271 

 272 

Reporting on international and national policies addressing biodiversity 48, climate 8,49 and 273 

people’s dependence on nature 4, have relied solely on mean percentage hard coral cover as a 274 

primary indicator of coral reef status. Current consultations on new ecosystem targets for the 275 

Convention on Biological Diversity (CBD) strongly recommend separate measures of area 276 

and integrity for quantifying ecosystem health 24, to guide actions to protect or restore 277 

ecosystems effectively. The RLE is well suited for this purpose, as ecosystem area is 278 

addressed in Criteria A and B, and ecosystem integrity in Criteria C and D, incorporating 279 

multiple variables in addition to coral cover. As an indicator in the proposed monitoring 280 

framework for the post-2020 Global Biodiversity Framework (GBF), the RLE can support a 281 

broader assessment of the ecosystem component of biodiversity, and thereby also benefits 282 

supplied to people 4,50,51. Extending coverage of the RLE for coral reefs to global levels can 283 

strengthen application of global policies for coral reef conservation and sustainability 52. 284 

 285 

While coral reefs are distributed globally, the regional scale provides a spatial unit where reef 286 

function and connectivity match scales of ocean governance processes 53. Applying the RLE 287 

at this scale supports both intra- and inter-regional comparisons, informing policy and action 288 

across scales. The Western Indian Ocean region corresponds to the scope of the Nairobi 289 

Convention, one of the ten UNEP Regional Seas that contain coral reefs. At this scale, and 290 

with nested ecoregional analyses, the RLE can support coherent intra-regional policy 291 

processes among countries. However, to inform management at national and smaller scales, 292 

the ecoregional scale applied here is too broad. Including more localized data to address more 293 

aspects of the reef model (fig. 2a), and setting analysis within national policy frameworks, 294 

can guide management down to local scales 16 adding to the wide variety of detailed studies 295 

already contributing to reef management at these scales. 296 

 297 
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 298 

Methods  299 

We assessed the risk of ecosystem collapse of coral reefs at a regional level for the Western 300 

Indian Ocean (WIO) as well as in 11 ecoregions within it (Table S1, fig. 1), applying the 301 

IUCN Red List of Ecosystems methodology15,54. The coral reef ecosystems assessed 302 

correspond to distinctive reef areas based on global 39,55 and regional 56 analyses, and level 4 303 

in the IUCN Global Ecosystem Typology 44 (SI2.1) (Table 1). We developed a conceptual 304 

ecosystem model to structure the assessment based on recent syntheses of coral reef status 305 

and resilience (SI2.5), focused on the primary interactions between hard corals, fleshy algae 306 

and two trophic groups of fish, herbivores and piscivores (fig. 2a). Based on the literature, we 307 

identified fishing (extraction) and climate change (increasing thermal stress) as the two 308 

dominant pressures on coral reefs of the WIO (SI2.4). Following the RLE guidelines we 309 

evaluated all criteria, focussing on these two pressures, although there were insufficient data 310 

to evaluate criterion E. The SI contains full details of the methods, including a synthesis of 311 

data limitations (SI7.1).   312 

 313 

Coral reef ecosystem model. The RLE requires a cause-effect conceptual model to be 314 

developed for an ecosystem 54. The coral reef ecosystem model we developed (fig. 2a) is 315 

based on key interactions on coral reefs and builds on earlier coral reef applications of the 316 

RLE (SI2.5,6.1). It involves corals, fleshy algae and functional interactions of herbivorous 317 

and piscivorous fish, and the influence of external pressures14,25. The model incorporates 318 

understanding of coral reef community dynamics and transitions between states 13,57–59 and 319 

reef resilience dynamics 59–61. Corals are recognized as the ecosystem engineers, affected by 320 

competitive interactions with fleshy algae and cascading effects of top-down consumers 321 

through the trophic ecology of multiple taxonomic groups. The algae community is the 322 

primary ‘alternate’ space occupier on coral reefs competing with corals 62, here represented 323 

by turf, macro and calcareous algae summed together. Herbivorous fishes (here represented 324 

by parrotfish) have strong mediating effects on algae and corals 63–65, while piscivorous fishes 325 

(represented by groupers) play a key functional role in nutrient cycling, biomass production 326 
27,66, transfer of energy and material 67. These comprise the four main compartments in our 327 

coral reef ecosystem model, and correspond to available and consistent data across the whole 328 

region for parametrizing the model (SI6.1) 18.  329 

 330 
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Aspects of the ecosystem model that we could not include in the assessment included: direct 331 

data on fishing pressure on coral reefs – data were not available among countries and at 332 

regional levels, and we determined that direct abundance data for groupers, which are 333 

sensitive to fishing pressure (see Criterion D below), provided a more reliable metric than 334 

indirect measures based on human population or market proximity 68. Sedimentation and 335 

eutrophication pressure were not assessed; though indices and proxies can be derived for 336 

these from remotely sensed water-leaving radiances 69,70, it is difficult to parametrize 337 

thresholds at local scales for reef collapse for WIO reefs 71, and data were not available for 338 

the required 50 years (see SI2.4). However, these variables may be more appropriate at finer 339 

scales within countries where datasets may be available to enable filling such gaps. 340 

 341 

RLE Criteria. The RLE evaluates risk in five broad criteria: reduction in geographic 342 

distribution of an ecosystem (Criterion A), risks associated with small size or restricted 343 

geographic distribution (B), risks from environmental degradation or abiotic factors (C), risks 344 

from biotic disruption or changes among ecosystem compartments (D), and quantitative 345 

ecosystem dynamics modelling (E). All criteria must be evaluated, returning a result of Not 346 

Evaluated (NE) if analysis is not possible (fig. 1), or a threatened or unthreatened status from 347 

the highest risk identified among the criteria evaluated. 348 

 349 

Criterion A – Reduction in geographic distribution of coral reefs. Decline in the extent of 350 

an ecosystem is a direct measure of its disruption and collapse (SI3). Coral reefs combine two 351 

features – the geomorphological biogenic substratum, and dominance of hard corals that 352 

build the reef and provide habitat for diverse ecological interactions. Given the lack of data 353 

on change in the geographic extent of coral-dominated habitat over time, we developed a 354 

proxy indicator representing the extent of functioning coral reef. The literature on coral reefs 355 

is converging on a value of 10% coral cover as a threshold below which insufficient 356 

calcification and carbonate deposition occurs for the maintenance of a coral reef ecosystem 357 
72. Site-based coral cover data used in Criterion D were used to identify the proportion of 358 

sites within an ecoregion currently below the critical coral cover threshold for reef accretion. 359 

In this criterion, 10% coral cover relates to reef accretion in terms of the maintenance of the 360 

substratum for potential coral colonisation, whereas in Criterion D, a lower threshold of 5% 361 

coral cover is used as a limit for collapse in relation to recovery of the coral population 362 

(Table 1, SI3.1). We evaluated recent decline over 50 years (Criterion A1), but could not 363 

evaluate future (A2a, A2b) or longer term historical (A3) declines.  364 
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 365 

Criterion B – Restricted geographic distribution. Limited geographic distribution is a key 366 

determinant of ecosystem vulnerability, as any given major threat may affect a large 367 

proportion of the overall ecosystem extent. We used the Millennium coral reef layer 73 368 

maintained by the World Conservation Monitoring Centre (UNEP-WCMC) to derive the 369 

Extent of Occurrence (EOO, the minimum convex polygon within which all ecosystem units 370 

in the ecoregion are located) and Area of Occupancy (AOO, the number of 10x10-km grid 371 

cells of which at least 1% of their area was coral reef) of coral reefs, and compare these to the 372 

standard RLE thresholds, to assess Criteria B1 and B2 respectively (Table 1, SI4.1). We were 373 

able to apply two of the three possible sub-criteria for B1 and B2: a(iii) “a measure of 374 

disruption to biotic interactions appropriate to the characteristic biota of the ecosystem” and b 375 

“observed or inferred threatening processes that are likely to cause continuing declines in 376 

geographic distribution, environmental quality or biotic interactions within the next 20 years” 377 

(SI2.2-2.4). 378 

 379 

Criterion C – Environmental Degradation. Abiotic degradation reduces the capacity of an 380 

ecosystem to sustain its characteristic biota. Sea surface temperature (SST), supporting 381 

calculation of an index of thermal stress, was the only abiotic variable with adequate 382 

temporal and spatial coverage to assess Criterion C, and is the dominant environmental stress 383 

affecting coral reefs in the WIO (SI2.4) 74,75. Sedimentation and eutrophication (using 384 

chlorophyll-a as a proxy) were investigated but had insufficient historical timeseries and no 385 

clear thresholds for collapse to enable their analysis (SI5.1). Historical SST timeseries did not 386 

span the required 50 years, thus, we assessed Criterion C2a, using SST projections 50 years 387 

into the future 19. We did not assess hindcasted SST from the same climate models because 388 

historical changes in coral cover provide a more direct measure of risk. 389 

 390 

Future thermal stress was assessed using two critical thresholds for bleaching, 8 and 12 391 

Degree Heating Weeks (DHW) per annum, 76, across four greenhouse gas emission scenarios 392 

(RCPs 2.6, 4.5, 6.0 and 8.5) (SI5.1). A threshold of two major bleaching events per decade 393 

(i.e. two annual exceedances of the DHW threshold) was used as the threshold for ecosystem 394 

collapse 25, calculated using decades spanning the fifty-year period from 2020 (2015–2024) 395 

to 2070 (2065–2074). Final analysis was based on the following critical thresholds (see SI5.2 396 

for more detail, as well as the discussion): 397 
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DHW 12 is associated with more severe warming impacts to corals, and less likely to be 398 

within the adaptative capacity of corals to thermal stress, and   399 

RCP 6.0 presents a more plausible scenario, provides greater differentiation among 400 

ecoregions and matches conditions observed to date of coral bleaching (see SI5.2 and 401 

section ‘Climate vulnerability’). 402 

 403 

Criterion D – Biotic disruption. Disruption of biotic processes and interactions leads to loss 404 

of function in an ecosystem and its potential collapse, particularly for important processes 405 

and/or organisms playing key functional roles. We assessed four main compartments in the 406 

ecosystem model (SI6.1, fig. 2a) with the following indicators: hard coral cover, fleshy 407 

algae:coral cover ratio, parrotfish abundance and grouper abundance. Data were obtained 408 

from a regional dataset 18,23 generated through a collaborative process and globally consistent 409 

methods established by the Global Coral Reef Monitoring Network 11,77,78 and applying best 410 

practices established for global biodiversity and ocean observing systems 9,79,80.  411 

 412 

Monitoring sites were spread unevenly across ten ecoregions (fig. S3), with varying sample 413 

sizes for different variables due to characteristics of each contributing monitoring programme 414 

(Tables S7, S8, S9). Given the consistency in survey sites in shallow fore reef and lagoon 415 

patch reefs across the WIO 18, we grouped all sites to represent coral reef habitats as a whole 416 

(SI6.1). Data were sufficient to assess coral cover and algae-coral ratio for 10 of the 11 417 

ecoregions, but for parrotfish and grouper abundance, only for 6 and 7 ecoregions, 418 

respectively (SI6.1.1). Variables used included: 419 

● percent hard coral cover; 420 

● percent fleshy algae cover, as the sum of turf algae, macroalgae and articulated 421 

calcareous algae (e.g. Halimeda), when available. Note that some programmes use 422 

‘fleshy’ and ‘macro’ as synonyms, but here, ‘fleshy’ algae is a broader group than 423 

macroalgae, in agreement with emerging usage in the GCRMN and for consistency 424 

with EOV definitions for coral reefs 11,81; 425 

● abundance of parrotfish and abundance of groupers, as representatives of herbivorous 426 

and piscivorous fish, respectively. Although biomass data are often considered a more 427 

sensitive indicator 35, much of the regional GCRMN survey data 18 do not include fish 428 

size, therefore biomass could not be calculated. Several studies support abundance as 429 

an important fish metric in ecological function (e.g. 82,83) .  430 

 431 
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We evaluated Criterion D1, for change over the last 50 years, using data from 2013–2019 to 432 

estimate current conditions. Data were not available from 50 years ago, so we extrapolated 433 

initial values from available historical data (SI6.1.1): for coral and algae cover, based on sites 434 

known to be in healthy condition prior to the 1998 mass coral bleaching event, and for fish 435 

abundance, based on reference sites that are remote, well protected for at least 10 years 436 

and/or uninhabited. This gave mean and variance estimates for initial values (SI6.1.1) based 437 

on which we randomly sampled initial values to calculate relative severity of decline for all 438 

sites, and repeated this 750 times to derive an aggregate result (SI6.1.3). Collapse thresholds 439 

for each indicator were set at 5% for hard coral cover, 0.83 for algae-coral ratio, and 10% and 440 

20% of initial population values for parrotfish and grouper abundance, respectively (Table 1). 441 

These collapse thresholds were based on different factors for each variable (SI6.1.2); for 442 

corals and algae, on expectations of potential recovery of corals from low levels, and relative 443 

proportions of algae to coral cover that might affect coral recovery. For the fish indicators the 444 

thresholds represent severe biotic disruption to the reef ecosystem, based on reef fish 445 

productivity – biomass relationships 84 and stock productivity modelling in tropical fisheries 446 
85, though for longer lived species such as groupers, 30% is generally recommended 31.  447 

 448 

Given there are multiple compartments to the model, whether all of them need to have 449 

crossed collapse thresholds for the system to be collapsed, or just one, or several, needs to be 450 

considered. Current RLE practice assigns the highest risk category across indicators within 451 

and across criteria to the overall ecosystem risk, however in complex ecosystems with 452 

multiple compartments and interactions of different hierarchy and strength, this may not 453 

provide the most effective representation of risk. Further, with variation in data availability 454 

being a real constraint, both within an assessment as here, or between assessments, the 455 

inclusion or exclusion of compartments would influence results too strongly to allow 456 

comparisons if the highest risk category across compartments is applied (SI6.1.4).  457 

 458 

Based on our ecosystem model and the compartments used (fig. 2a), we constructed an 459 

algorithm that considers each compartment in sequence, and relative risk levels from LC to 460 

CR. In this algorithm, percentage coral cover is the ‘root variable’ for setting the base state of 461 

the ecosystem, then the following interactions are considered in sequence – first competition 462 

with algae, then top-down control of algae by parrotfish, and finally apex predator 463 

interactions by groupers. For each step in this sequence, the initial risk status may be raised a 464 

single step in the sequence VU-NT-VU-EN-CR, based on the following logic: 465 
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1. If the risk status of the next compartment is the same as, or less than, that of the prior 466 

compartment(s), the current risk status is conserved; 467 

2. If the risk status of the next compartment is higher than that of the prior 468 

compartment(s), the current risk status is increased by one step, irrespective of the gap 469 

in status between the two. 470 

Thus, the coral risk status sets the initial risk level, then first algae:coral ratio, then parrotfish 471 

then grouper status might increase the aggregate level of risk by a single category at each step 472 

(Table S2). We tested this algorithm of biotic collapse (SI2.6) against two alternatives, each 473 

incorporating less biological structure, to evaluate potential uncertainties and their 474 

implications (SI6.1.4, SI6.3.1). Based on these findings we selected the structured model as 475 

most appropriately reflecting ecological interactions and stages in biotic collapse.  476 

 477 

Criterion E – Quantitative model. Criterion E was Not Evaluated (NE) due to lack of a 478 

quantitative model for WIO coral reef ecosystems. 479 

 480 

Overall risk of collapse. Following standard RLE guidance 15,54, overall risk of collapse for 481 

each ecoregion was determined by selecting the highest risk level among criteria A–D. We 482 

also assessed risk of collapse for the WIO region as a whole, for each criterion, by weighting 483 

each ecoregion’s score by its area of coral reefs (SI2.7,3.2,5.2,6.2).  484 

 485 

Strengths and weaknesses. Data gaps for some threatening processes, spatial coverage of 486 

data, lack of disaggregation by reef zone, the length and robustness of time series, and actual 487 

thresholds for collapse, influence confidence in some inferences about risk of collapse 488 

(SI7.1). Nonetheless, the RLE assessment protocol requires a comprehensive and critical 489 

review of the key processes and available data to diagnose those processes most important to 490 

ecosystem viability, using multiple approaches. As a result, despite the limitations, this RLE 491 

assessment of WIO coral reefs has produced five important advances: i) an up-to-date 492 

regional-scale analysis of reefs most at risk; ii) a diagnosis of the dominant threats among 493 

these; iii) increased robustness and relevance of decision-support for coral reef management 494 

and policy; iv) an updated coral reef database compiled by the Global Coral Reef Network’s 495 

(GCRMN) regional network under the Coral Reef Task Force (CRTF) of the Nairobi 496 

Convention, with an improved understanding of data gaps, and v) introduced a novel 497 

assessment approach that can be adapted to other coral reef regions globally, as well as other 498 

critical ecosystems, such as mangroves and seagrass beds. 499 
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Data availability 505 

The study utilised existing and available data and did not involve any 506 

primary data collection. Data on hard coral and algae cover as well as fish abundance was 507 

compiled from multiple contributors (coral reef monitoring data collected using standard 508 

methods defined by the Global Coral Reef Monitoring Network) as described in Obura et al. 509 

(2017). These data are owned by the various data contributors (full list in SI8.1), and 510 

permissions to access data would need to be sought from individual contributors, which can 511 

be facilitated by the corresponding author. SST projection data were obtained from van 512 

Hooidonk et al. 2016, open access (https://www.nature.com/articles/srep39666), and coral 513 

reef extent data was from Millennium coral reef layer as described in Andrefouet, S. et al. 514 

2006 (http://www.imars.usf.edu/MC/). 515 

 516 

 517 

Code availability: 518 

Data processing, aggregation and analysis was undertaken in R with code saved in GitHub. 519 

Each Criterion was calculated using individual analytical flows developed using R 520 

Markdown. Each code file had its own specific input data, and utilised standard R functions 521 

like tidyr, dplyr, plyr and ggplot for the various steps. For Criterion B, calculations of the 522 

Area Of Occupancy (AOO) and Extent Of Occurrence (EOO) were done using a tool 523 

specifically developed for the RLE, redlistr (https://cran.r-524 

project.org/web/packages/redlistr/index.html). These analytical workflows could be made 525 

available from the corresponding author upon request. 526 

 527 
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Table 1. Criteria and thresholds of collapse applied to the Western Indian Ocean coral 551 
reef ecosystem Red List of Ecosystems (RLE) assessment. Standard thresholds are set by 552 
the RLE protocol, with coral reef-specific ones derived from the literature (citations in the 553 
table). See the Supplementary Information for details (SI6.1.2). VU, Vulnerable; EN, 554 
Endangered; CR, Critically Endangered; NE, Not evaluated; DHW, Degree Heating Weeks; 555 
RCP, Representative Concentration Pathways. 556 
 557 

Criterion Criterion details and standard RLE 
thresholds 

Coral reef indicators & collapse 
threshold 

A – decline in 
ecosystem extent 

A1 – historical decline, past 50 years 
Decline: VU > 30%; EN > 50%; CR > 80 

Percent coral cover ≤ 10% (Perry and 
Alvarez-Filip 2019) 

 
B – restricted 
geographic 
distribution 

B1 – area of ecosystem (km2); VU ≤ 50,000; 
EN ≤ 20,000; CR ≤ 2,000 

Area (km2)  

B2 – area of ecosystem (number of 10x10 km 
grid cells) ; VU ≤ 50 ; EN ≤ 20 ; CR ≤ 2 

# grid cells 

C – abiotic 
disruption 

C2a – future decline, 50 years 
Combination of relative severity of disruption 

over extent of ecosystem.  
Thermal stress (Degree Heating Weeks, DHW) 

calculated from sea surface temperature in 
global climate projections (Van Hooidonk et 
al. 2016) 

Exceedance of DHW 12 > 2 years per 
decade using RCP 6.0. 

D – biotic 
disruption 

D1 – historical decline, past 50 years 
Recent coral reef monitoring data (mean values, 

2013-2019) compared to baseline estimates 
50 years ago. 

Percent hard coral cover - 5% 
Algae:coral ratio - 0.83 
Parrotfish abundance - 10% initial 

(Morais et al. 2020) 
Grouper abundance - 20% initial 

(Harford et al. 2019, Sadovy de 
Mitcheson et al. 2020) 

E – quantitative 
model 

Not evaluated (NE), due to absence of an applicable quantitative model 

 558 
 559 
Table 2. Risk of collapse of Western Indian Ocean coral reef ecosystems in 11 560 
ecoregions, across Criteria A–D of the Red List of Ecosystems. The overall result lists the 561 
final risk level and in parenthesis the criteria and subcriteria on which it is based. DD, Data 562 
Deficient; LC, Least Concern; NT, Near Threatened; VU, Vulnerable; EN, Endangered; CR, 563 
Critically Endangered. For details behind these results and the sub-criteria coding see SI3-6). 564 
 565 

Region A B C D Overall 
      
WIO region LC LC VU VU VU(C2a,D1a) 
 
Ecoregions 

     

1 N.Tanzania-Kenya LC LC LC VU VU(D1a) 
2 N.Mozambique-S.Tanzania LC LC LC VU VU(D1a) 
3 Comoros LC LC CR VU  CR(C2a) 
4 West Madagascar LC LC EN VU EN(C2a) 
5 North Madagascar LC LC EN LC EN(C2a) 
6 Seychelles.Outer VU LC EN VU EN(C2a) 
7 Seychelles North VU LC LC VU VU(A1,D1a) 
8 Mascarene Islands LC VU CR NT CR(C2a) 
9 East Madagascar LC VU CR LC CR(C2a) 

10 South Madagascar DD EN CR DD CR(C2a) 
11 Delagoa VU VU LC VU VU(A1,B1a(ii

i)b,B2,D1a) 
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 566 
 567 
 568 
Table 3. Portfolio of policy and management responses to address the main drivers of 569 
risk of collapse of Western Indian Ocean coral reefs. Given the broad scale of this 570 
assessment at ecoregional levels, multiple responses across climate and ecosystem-focused 571 
actions will likely be required within any country. VU, Vulnerable; EN, Endangered; CR, 572 
Critically Endangered; MPA, Marine Protected Areas; NDC, Nationally Determined 573 
Contribution; OECM, Other Effective Conservation Measures. Based on 16 574 
Risk level and 
critical factor 

Ecoregions and specific 
indicators of risk 

Range of policy and management responses to alleviate 
critical risk factors  

Climate, EN-CR 
(C2a, SST 
warming) 

• Comoros, Mascarene 
Islands, East Madagascar 
& South Madagascar (CR) 

• North Madagascar (EN) 
 
 
 
 

• Commit to strong climate change mitigation, 
through Paris Agreement/NDCs and national 
implementation of emission reductions and 
adaptation plans relevant to coral reefs. 

• Use scenarios in policy and management planning, 
to consider higher and lower risk levels to maintain 
future options. 

• Establish climate adaptation plans, to e.g.:  
o optimize benefit flows (on 20–30 yr. time frames) 

until coral reefs transition to an alternative state; 
o develop ecosystem and resource use policies 

anticipating potential alternative states of reefs, to 
maximize biodiversity and benefits after a 
transition; 

o identify and develop ‘climate smart’ fisheries 
with reduced ecosystem impacts and more secure 
livelihood benefits; 

o identify alternative livelihood options and 
diversified income streams in coral reef 
landscapes; 

• Identify and protect climate refugia and 
connectivity nodes through MPAs and OECMs. 

• Invest in local (co)management (OECMs) to reduce 
synergistic threats, to maximize climate resilience 
and buy time for adaptation. 

• Improve management of species and pressures that 
disrupt ecosystem processes, such as fisheries, 
land-based impacts to coral reefs, direct damage 
from tourism, etc. 

• Develop guidance and best practices on enhancing 
recovery of reefs through alleviating pressures, 
understanding of role of herbivory, assisted 
restoration efforts, etc. 

C
lim

ate and change -focus <<– – – – – – – –>>  Ecosystem
 resilience focus 

Climate with 
biotic disruption, 
EN-VU 

• Seychelles Outer (climate, 
EN ; coral, VU)  

• West Madagascar 
(climate, EN; herbivores 
& piscivores, VU) 

 
 
 
 

Biotic disruption, 
VU (D1a) 
   

• N.Tanzania-Kenya, 
N.Mozambique-
S.Tanzania (piscivores, 
VU) 

• Seychelles North (coral & 
piscivores, VU) 

• Delagoa (coral, algae & 
herbivores, A & B1/B2, 
VU) 

• Algae not a significant 
driver of higher threat 
alone, but in synergy with 
other factors (N. Tanzania-
Kenya, Delagoa) 

 575 
 576 
 577 
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578 
Fig. 1. Coral reefs in the Western Indian Ocean and 11 of its ecoregions were evaluated 579 
using the Red List of Ecosystems (RLE). The overall risk level for each ecoregion is shown 580 
(left) and for each of Criteria A, B, C and D (panels in upper right, see also Table 2). Coral 581 
reefs in the Somali ecoregion were Not Evaluated (NE). The ecoregion names and RLE 582 
categories hierarchy and colour codes used throughout the study are shown in the lower right. 583 
 584 
  585 
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 586 
Fig. 2. Coral reef ecosystem model applied in assessing the risk of collapse for Western 587 
Indian Ocean coral reefs. a) the coral reef model, further details are provided in SI2.5; b) a 588 
healthy coral community in 5 m depth in Mafia Island, Tanzania, with diverse and abundant 589 
coral; c) bleaching and mortality among coral genera due to thermal stress in 2016, Mayotte, 590 
Comoro Archipelago; d) a reef surface dominated by Sargassum macroalgae, Songosongo, 591 
Tanzania; e) a school of the parrotfish Hipposcarus harid, St. Brandons Island, Mauritius; 592 
and f) the grouper Epinephelus tukula, a dominant piscivore and highly vulnerable to fishing, 593 
Northern Mozambique. Image credits: b-e, David Obura; f, Melita Samoilys. 594 
 595 

a b

c

f e d

Coral

Bleaching
Coral

Fleshy algae

Nutrients/ 
sediments

Algae

Fish

Fish

Connec
tivity

Spatial reef system

Rugosity
/ habitat

Warming SST Coastal 
development

Drivers and pressures

Turf + macro
Herbivores
Piscivores

Rivers/ 
sediments Fishing

A1,D1: coral 
cover

D1: algae cover D1: abundance

B1/2: coral reef extent

C2: SST/DHW



   22 

 596 
Fig. 3. Risk levels of biotic disruption for each compartment in the reef model for 597 
Criterion D of the Red List of Ecosystems. a) coral cover, b) algae-coral ratio, c) 598 
herbivorous fish (parrotfish) abundance and d) piscivorous fish (grouper) abundance for each 599 
ecoregion and the WIO as a whole (see Tables S12-S14). The y axis shows the percentage of 600 
iterations returning each risk level of 750 iterations randomly selected initial values from a 601 
defined range for each compartment (Table S7, S8, S10). The letters at the base of each 602 
column show the risk level assigned to each ecoregion, by compartment. The final risk level 603 
determined for each ecoregion is shown in Table 3. DD, Data Deficient; LC, Least Concern; 604 
NT, Near Threatened; VU, Vulnerable; EN, Endangered; CR, Critically Endangered. 605 
 606 
 607 


