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from the warm EACC to the cool waters of this region mirrors the
tropical to temperate transition from the Mozambique Channel to
the Agulhas current, in the south.

Understanding biogeographic patterns and their causal mech-
anisms provides the foundation for conservation planning.
Kelleher et al. [34] laid the basis for recent marine biogeographic
analyses, identifying East Africa as a coherent region (here referred
to as the Western Indian Ocean). While that study joined the East
African coast and Madagascar as a single region, further work
based on practical planning for transboundary conservation
separated the mainland [35], from the oceanic islands and
Madagascar (RAMP-COI, unpublished). This work was most
recently revised in the Marine Ecoregions of the World (MEOW)
classification [36], which established a global hierarchy of 12
realms, 62 provinces and 232 ecoregions, and defines the WIO
province as used in this study, extending from central Somalia to
northern South Africa on the East African coast (including Kenya,
Tanzania and Mozambique), and extending east as far as the
banks of the Mascarene Plateau (Saya de Malha, Nazareth and
Cargados Carajos) and the Mascarene Islands (fig. 1), and
incorporating 9 ecoregions (fig. 2a). This classification is used for
marine species in the IUCN Red List of Endangered species [37],
which has compiled the most recent and publicly available
biogeographic dataset of scleractinian corals as part of its
assessment of coral species extinction risk [38]. Nevertheless, the

MEOW ecoregions are at a relatively coarse scale for local
considerations of biogeography and conservation planning. To
address this finer scale, a dataset on coral species presence/
absence compiled over a decade of surveys at locations spread
throughout the WIO is presented here. This study therefore builds
on the MEOW classification [36] through analysis first of the
global IUCN dataset on coral species [38], then of the field dataset
on coral distributions reported here, in the light of principal
oceanographic drivers of biogeographic pattern (Table 1). As a
result of this analysis, revisions to currently accepted biogeograph-
ic patterns are suggested.

Results

Red List coral distributions
Across all tropical MEOW provinces, the Red List dataset on

corals shows a significant segregation of provinces between the
four Indo-Pacific Realms (ANOSIM, R = 0.558, p,0.001).
Provinces within the West Indo-Pacific realm (WIPR) cluster
strongly together (fig. 3a), except for the Andaman Seas (Andaman
and Nicobar Islands and Western Sumatra). When this province is
classified in the Central Indo-Pacific realm, a more significant
result is obtained (ANOSIM, R = 0.609, p,0.001), so for
subsequent analyses, the Andaman Seas ecoregions were excluded.
For ecoregions within the WIPR six significant clusters were found

Figure 2. Ecoregions and provinces of the Western Indo-Pacific Realm, excluding the Andaman Seas in the East. a) Marine Ecoregions
of the World (MEOW) [36] provinces and ecoregions (abbreviations and numbers in circles), and sample locations (numbers, see Table 2). MEOW
province and ecoregion codes (see Table 2 and fig. 4): Province - Red Sea/Gulf of Aden (RSGA): ecoregions - North Central Red Sea (87), Southern Red
Sea (88), Gulf of Aden (89, GA); Province - Somali-Arabian Seas (SAS): ecoregions - Persian (90), Oman (91), West Arabian Sea (92), Central Somali (93);
Province - Western Indian Ocean (WIO): ecoregions - North Monsoon Current (94, Mons), East African Coral Coast (95, EAC), Seychelles (96, Sey),
Cargados/Tromelin (97, Car), Mascarene Islands (98, Mas), Southeast Madagascar (99), West & North Madagascar (100, W&NM), Sofala (101), Delagoa
(102); Province - West & South India (WSI): ecoregions - West India (103), South India/Sri Lanka (104); Province - Central Indian Ocean (CIO): ecoregions -
Maldives (105), Chagos (106). The star shows the position of Tromelin Island (France). b) adjustments to the MEOW ecoregions and provinces
suggested by this study (see Table 4) and discussion. A possible east-west split in the southern Mozambique Channel is shown by a dotted line.
doi:10.1371/journal.pone.0045013.g002
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Western Indian Ocean – geographic units of 
assessments Global typology – Keith et al. 2021

1. Realm – marine
2. Biome – shelf ecosystems
3. Functional group – coral reef
4. Biogeographic ecotype – province/ecoregion? (top-down)
5. Global ecosystem type – ecoregion? (bottom-up?)
6. Local ecosystem type – derived from bottom up 

(observatoins RLE 2019
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Five criteria for 
assessment:
A – decline in 

ecosystem extent
B – small geographic 

distribution
C – abiotic disruption
D – biotic disruption
E – quantitative model

Ecosystems that are of Least Concern are likely to be well managed, and when a status of an ecosystem 
moves from more to less threatened categories (eg. CR to VU), then it is likely that management has 
improved its status. 

Not Evaluated (NE)

Collapse (CO)

Critically Endangered (CR)

Endangered (EN)

Vulnerable (VU)

Near Threatened (NT)

Least Concern (LC)

Data De!cient (DD)

Adequate data

Evaluated

Threatened categories

All  
ecosystems

Figure 1. Structure of the IUCN Red List of Ecosystems categories

Box 1: Summary of the IUCN RLE Categories

Collapsed (CO): An ecosystem is Collapsed when it is virtually certain that its de!ning biotic or abiotic features are 
lost, and the characteristic native biota are no longer sustained. 

Critically Endangered (CR): An ecosystem is Critically Endangered when the evidence indicates that it meets any 
of the criteria A to E for CR. It is then considered to be at an extremely high risk of collapse.

Endangered (EN): An ecosystem is Endangered when the evidence indicates that it meets any of the criteria A to E 
for EN, and is then considered to be at a very high risk of collapse.

Vulnerable (VU): An ecosystem is Vulnerable when the best available evidence indicates that it meets any of the 
criteria A to E for VU, and is then considered to be at a high risk of collapse.

Near Threatened (NT): An ecosystem is Near Threatened when it has been evaluated against the criteria but does 
not qualify for CR, EN or VU, but it is close to qualifying for or is likely to qualify for a threatened category in the near 
future.

Least Concern (LC): An ecosystem is of Least Concern when it has been evaluated against the criteria and does 
not qualify for CR, EN, VU or NT. Widely distributed and relatively intact ecosystems are included.

Data Deficient (DD): An ecosystem is Data De!cient when there is inadequate information to make a direct, or 
indirect, assessment of its risk of collapse. DD is not a category of threat and does not imply any level of collapse 
risk. Listing ecosystems in this category indicates that their situation has been reviewed, but that more information is 
required to determine their risk status.

Not Evaluated (NE): An ecosystem is Not Evaluated when it is has not been assessed against anZ of the criteria.
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Overview of criterion
Criterion A – reduction in geographic distribution
Spatial Criteria

No map of reef extent over 50 years

Reef can transform without any detected change in reef 
structure by mapping

Data - used in-situ data of hard coral cover at survey 
sites

Indicator (proxy) - the proportion of sites with less than 
10% hard coral cover*
*Perry et al. 2018



• Criterion B: identify 
ecosystems whose distribution
is so restricted that they are at 
risk of collapse from the chance 
occurrence of single or few 
interacting threatening events 

• Two standardised metrics: the 
extent of occurrence (EOO) and 
the area of occupancy (AOO) 

Criterion B – Restricted geographic distribution
Spatial Criteria

Data: 
• Millennium coral reef layer curated by the 

World Conservation Monitoring Centre 
• Localized correction for Delagoa provided by 

the Oceanographic Research Institute of South 
Africa



Criterion C - Environmental (abiotic) degradation

Timeframe - next 50 years (2015-2024 to 2065-2074)

Data – Degree-Heating-Weeks (DHW) projections (van
Hooidonk et al. 2016).

Indicator – Per decade: number of years where max DHW
≥ 12

Collapse threshold – 2 i.e. 2 exceedances of 12 DHW in
a decade

Thermal stress (coral bleaching)

Coral bleaching @ St Leu, Reunion 
(2016)
Photo credits: Julien Wickel



Criterion D
Biotic degradation
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• biotic degradation of reefs using four
key indicators of ecosystem health

Hard coral 
(% cover)

Macroalgae 
(ratio to coral cover)

Herbivory
(Parrotfish 

abundance)

Piscivory
(Grouper 

abundance)

Photo credit: Keith Ellenbogen



Biotic degradation
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relative severity of decline
measure of the current condition relative to a 
collapse threshold and initial condition
how close ecosystem is to collapse (severe disruption)

COLLAPSE
D

INITIAL

CURRENT 
CONDITION



Structured model for coral reef collapse

Hard coral 
(all hard corals, 

% cover)

Fleshy algae 
(ratio of algae 
cover to coral 

cover)

Parrotfish 
abundance 

(herbivory 
indicator)

Grouper 
abundance 

(piscivory
indicator)

Question – is a reef Critically 
Endangered if only one 
component has that level of 
risk?

Structured sequential model
• Start with status of coral 
• Increase risk status by ONE 

level if the next component 
is at greater risk.

• Addresses role of corals as 
architects of reef ecosystem

• Acknowledges functional redundancy 
of reef compartments

• Reduces vulnerability to data 
availability

• Avoids inflation of risk level
• Applicable to other biogenic 

ecosystems



Ecoregion and 
steps

Coral Algae Parrotfish Groupers Status

N.Tanzania...Kenya LC NT NT EN-CR VU
Comparison > LC = NT > NT

Rationale Starting status Increases one 
step

Remains the 
same

Increases one 
step

Stepwise result: LC NT NT VU

West Madagascar NT VU VU VU VU
Comparison > NT = VU = VU

rationale Starting status Increases one 
step

Remains the 
same

Remains the 
same

Stepwise result: NT VU VU VU

Structured model for coral reef collapse – worked examples



Region results

Coral reefs of the WIO 

are VU to collapse!
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Eco-region results

Coral reefs of the WIO 

are VU to collapse!
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All ecoregions are in threatened 
categories

• VU – 4 eco-regions
• EN – 3 eco-regions
• CR – 4 eco-regions



Coral reefs of the WIO 

are VU to collapse!
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Criteria results



Thank You!!

mgudka@cordioea.net https://cordioea.net/
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