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Executive Summary 

Threats to Maldivian reefs, their resilience, and anticipated impacts 

Climate change is the main threat to Maldivian coral reefs and risks to disrupt the livelihoods and climate 

resilience of the country’s population. Ocean heating is expected to increase the frequency and extent of 

mass coral bleaching events severely affecting the health of coral reefs. The effects of climate change are 

compounded by a range of local drivers. Coral reefs are fundamental for the country’s two most important 

sectors – tourism and fisheries. They are also crucial for its climate resilience as they function as barriers 

against coastal hazards and provide sediments to the islands. The latter provides a natural mechanism for 

islands to adapt to sea-level rise. 

Past bleaching events in the Maldives had significant impact on coral reefs with a rapid decline in coral cover 

but coral reefs were able to recover. The Maldives have experienced two major bleaching events over the 

last decades. In 1998 an El Niño–Southern Oscillation (ENSO) related bleaching resulted in the reduction of 

coral cover from approximately 40 percent to less than 2 percent. Recovery took about 10 years. Another 

mass bleaching took place in 2016. The impact of bleaching decreases with depth. Shallow reefs (up to a 

depth of 5m) are most affected. Reefs in the Maldives have been sufficiently well connected so that larval 

resupply can occur from less heavily impacted sites and natural regeneration takes place. However, this 

mechanism can be disrupted by more frequent bleaching. 

Anticipated climate change impacts will place almost all coral reefs in the Maldives at risk. The extent to 

which coral reefs are affected will be defined by the degree of warming. The outlook diminishes rapidly with 

higher degrees of warming. Modelling of the impacts from different climate scenarios indicates that 

exceeding 2°C (SSP2–4.5 and above) may result in a dramatic coral decline by 2050 to 2060, with almost 

no scope for natural adaptation and long-term persistence. Limiting global warming to 1.5°C (SSP1–1.9), 

will allow coral populations to recover in the second half of the century. Under this scenario, the share of 

reefs with a high coral cover is expected to increase after a midcentury decline. This is driven by the 

combination of progressively reduced rates of warming and natural selection toward more heat-tolerant 

corals. For a 2°C scenario (SSP1–2.6), the projections indicate that reefs with high coral cover endure 

particularly in the central region. However, the overall share of reefs with high coral cover falls below 20 

percent and almost 50 percent of reefs risk lose their full coral cover. The results are representative of reefs 

at 5 to 10 m depth. Shallow reefs (3 to 5 m) are expected to see even greater impacts. Deeper reefs (10 to 

15 m) are likely to see fewer impacts. 

Local stressors exacerbate coral mortality, which is primarily driven by ocean temperature fluctuations. 

Coastal development such as land reclamation and harbor dredging has caused considerable reef damage. 

More than 10 km2 of lagoons have been lost to land reclamation since 2002. Coastal development activities 

also stir up sediments which deposit on reefs and prevent coral settlement and survival. Outbreaks of Crown-

of-thorns starfish that feed on corals and are endemic to the Maldives can significantly reduce coral cover. 

Modelling suggests that a decadal frequency of outbreaks would lead to a systematic reduction in coral cover 

even without climate change. Overfishing of herbivorous reef fish can destabilize reef ecosystems and 

increase likelihood of macroalgae outbreaks increases. This can be exacerbated by nutrient pollution can 

interact with low fish abundance to promote algal blooms. As water quality monitoring is insufficient in the 

Maldives there is currently no clear baseline for this threat. 

 

Modest to severe climate scenarios are likely to have significant long-term impacts on biodiversity, reef 

fisheries, coastal protection, and the tourism industry. Losses of coral and associated structural decline of 

reefs have resulted in profound losses of reef fish diversity. Bleaching events often result in unconsolidated 

rubble. Although the replacement of coral with rubble will increase biodiversity in that specific patch as 

rubble houses invertebrates on which fish feeds, it will reduce the overall biodiversity of reefs because corals 

are needed to support macrofaunal biodiversity. The temporary rise in reef fish productivity from rubble is 

short lived as continued loss of habitat complexity reduces productivity. It is expected that productivity of 
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reef fisheries halves once corals are lost. Sea-level rise puts many of the atolls at risk of flooding. For the 

islands to keep track with sea-level rise average coral cover would need to exceed 40 percent. Under most 

climate scenarios this threshold won’t be achieved by mid-century. Risk of flooding and reduction of island 

stability will also directly affect the tourism industry. Tourists value coral reefs particularly for their 

topographical structure and fish density which require prolific coral growth. Over 60 percent of tourists 

visiting the Maldives are drawn by its underwater attractions.  

Fostering the resilience of Maldivian coral reefs 

Responding to increasing impacts of climate change and fostering the resilience of the Maldivian coral 

reef will require (1) reducing local stressors on reefs and (2) utilizing the window of opportunity till mid-

century during which reefs are still expected to be functional. The Maldives’ influence on limiting the 

decree of climate change itself and thus the climate impacts on coral reefs is very limited. But in 

addition to continuing to advocate for global emission reductions, the country can address the local 

stressors of coastal development, CoTS outbreaks, overfishing and pollution to ensure coral reefs are 

in the best possible state. Since coral reefs are expected to be widely functional till 2050, and far into 

the future if the global emission reduction targets are achieved, it is prudent for the Maldives to develop 

an integrated management framework to maximize the resilience of corals during this time. The time 

to act is now. 

Maldivian reef managers have many tools at their disposal for resilience-based management of coral 

reefs, success will depend on using them in a complementary, strategic, and integrated framework. 

Resilience-based management uses natural processes that (1) build resistance to impacts and (2) 

support post-damage recovery. A basic need for resilience-based management of reefs is information 

on the threats and the state of the ecosystem. Systematic coral monitoring complemented by rapid 

assessments and less structured surveys referred to as reconnaissance deployed rapidly during 

bleaching events provide the basis for informed management decisions. Utilizing this data for 

information and decision-support systems allows to effectively tailor management interventions and 

guide restoration and rehabilitation efforts in a resource constraint environment. 

Coral reef monitoring in the Maldives faces challenges related to data collection, sharing and 

interpretation, but leveraging new technologies, improving data sharing, and placing data into an 

interpretive framework can improve coral monitoring. Jurisdictional overlaps and data fragmentation 

with various agencies and citizen scientists conducting monitoring efforts is a barrier for effective coral 

monitoring. This could be streamlined by an inter-agency committee to unify data integration and 

sharing. Data sharing can also be improved by utilizing existing online databases like the Maldives' 

Coral Database. Selecting the appropriate monitoring variables poses another challenge, balancing the 

desire for comprehensive data against the realities of technical and resource constraints. Artificial 

Intelligence (AI) advancements like Reef Cloud can enhance efficiency. Sampling methods and 

statistical power are further challenges. Insufficient sample sizes often yield non-significant results, 

which are misinterpreted as no change. This problem can be rectified with proper power analysis to 

determine adequate sampling sizes. An interpretative framework can improve engagement, provide 

meaningful insights and increase the impact of monitoring data. Citizen science and reconnaissance 

data which is can complement monitoring that aims for long-term consistency with rapid data collection 

during and after bleaching events or CoTS outbreaks. 

Marine Protected Areas (MPAs) and fisheries regulations can allow for managing overharvesting and 

potential declines in fish habitats. Multi-species coral reef fisheries are typically managed through a 

combination of no-take MPAs where fishing is prohibited and effort limits for a few commercial species. 

No-take MPAs can help rebuild reef fisheries, though the benefits can take several years to materialize. 

The Maldives could reap significant gains in reef fish and fisheries by expanding effective protection of 

fish habitats. The design of MPAs benefits significantly from the application of scientific tools and data 
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such as connectivity data to identify locations or optimization software to determine the size of MPAs. 

Prior to expanding the MPA network, it is crucial to reinforce the management of existing MPA to achieve 

conservation outcomes. 

Scaling up restoration and rehabilitation will be crucial to speed up recovery following bleaching events 

and ensure long-term connectivity within the reef system. The increasing frequency of bleaching events 

driven by climate change requires using recovery windows between successive events more effectively. 

Traditional rehabilitation options include accelerated recovery, rubble stabilization, and the creation of 

artificial reef habitat. Natural recovery can be accelerated by increasing coral density e.g., by out-

planting coral fragments or saturating the reef with coral larvae. Coral rubble must be stabilized e.g., 

with a plastic mesh or by supplying alternative stable substrates on which corals can be planted or 

settle naturally. Stronger intragovernmental, inter-agency, and inter-organizational cooperation will be 

needed to address capacity bottlenecks and ensure activities align. There is also potential to tap into a 

growing interest in coral reef restoration and rehabilitation, including from resorts.  

New restoration methodologies are emerging that offer opportunities but also bring risks that need to 

be carefully assessed. There are discussions about more interventionist and large-scale practices such 

as assisted gene flow or assisted evolution. In assisted gene flow, corals from warmer environments, 

for example, from the Persian Gulf, are moved to cooler environments in the hope that their thermal 

tolerance will allow them to prosper. Risks are the introduction of diseases and occurrence of hybrids 

between the introduced and endemic corals, which may have lower fitness than either. In assisted 

evolution, existing corals are screened and selected for propagation based on their thermal sensitivity. 

The most interventionist approach to restoration involves genetic engineering to enhance thermal 

tolerance which carries the risk of affecting the genes of wild populations and the overall biodiversity. 

Scientific support and research will be needed to assess the potential and risks of these approaches 

and identify risk mitigation measures specific to Maldives. A first step is to foster a stronger link of 

Maldivian researchers and academic institutions with the international scientific discourse in this area. 

 

 

  

Policy recommendations 

Develop a 2050 Vision for Maldivian Biodiversity and Coastal Livelihoods to guide coral reef management in 

the medium to long-term: 

 

Since coral reefs are expected to be functional by 2050, and far into the future if global warming is limited 

to maximum 2 °C, it is prudent for the Maldives to develop an integrated management framework to 

maximize coral reef resilience. Even if future coral populations are depauperate relative to today, many 

communities will still rely on them for food and income.  

 

Adopt a 2050 policy horizon (as has been done for the Great Barrier Reef) that enables forward planning 

but avoids the growing uncertainties of long-term projections. A 2050 horizon also utilizes that coral reefs 

are expected to be functional even under more pessimistic climate scenarios during this period. 

 

The policy horizon should set out a vision for Maldivian biodiversity and coastal livelihoods in 2050. 

Modelling and decision-support tools can help develop and refine a blueprint for achieving the goals. The 

blueprint includes the roles of government, non-governmental organizations (NGOs), industry, citizens, 

and a suite of management interventions. 

 

The vision should aim to achieve or maintain at least 40 percent coral cover as a means of minimizing 

the impacts of sea-level rise on coastal infrastructure. 
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Strengthen capacity and financing to support the implementation of the 2050 Vision for Maldivian biodiversity 

and coastal livelihoods: 

 

Support the capacity of management agencies, such as the Maldives Marine Research Institute (MMRI), 

to help coordinate and implement improved reef management. Needs include personnel, training, and 

capacity. 

 

Support Maldives National University to grow its research capacity in coral reef restoration and resilience, 

with international links to leading researchers globally. This will help the Maldives maintain connections 

with the wider research and development (R&D) community by ensuring that representatives from the 

MMRI or Maldives National University attend global conferences on the state of restoration science.   

 

Reinforce the Bachelor of Marine Science degree at the Maldives National University by recruiting at least 

one lecturer whose research interests encompass coral restoration. This would also help align 

international research efforts in the country, through opportunities for greater collaboration. 

 

Develop a funding plan to implement the 2050 Vision on Maldivian biodiversity and coastal livelihoods. 

Planning should involve the Ministry of Finance as well as coral reef management entities and connect 

with development agencies and NGOs in the exploration of novel financing methods such as biodiversity 

credits and green bonds. 

Improve monitoring, data, and decision support for coral reef management: 

 

Increase the efficiency and impact of coral reef monitoring using appropriate AI technology and a shared 

database. Connect the outcomes of monitoring to explicit management triggers and responses. 

 

Engage citizen science as part of the data collection needs that support resilience-based management of 

the reef. 

 

Operationalize the reconnaissance needed to inform a coral bleaching and CoTS response plans. 

 

Create a coral reef information system with decision support that helps decision-makers create timely, 

targeted, management interventions with anticipated benefits for biodiversity. The system should 

integrate monitoring, reconnaissance, management interventions (including restoration plans, 

connectivity), and projections of future benefits. 

Enhance the protection and conservation of coral reefs and ensure that manageable stressors (CoTS, impacts 

from dredging) are reduced as far as possible: 

 

Provide the governance infrastructure to develop and implement plans for existing MPAs to increase 

conservation outcomes. 

 

Prioritize management planning and implementation when identifying new MPAs as part of the Kunming-

Montreal 30×30 commitment. 

 

Avoid dredging in and close to areas of exceptional ecological importance such as climate refugia or key 

source reefs of biodiversity (corals and fish). 

Scale-up restoration and rehabilitation of degraded or damaged coral reefs: 

 

Create and implement a national policy for coral reef restoration to guide the national coral reef 

restoration and rehabilitation Program. The policy should identify how the program contributes to 

achieving the 2050 vision on Maldivian biodiversity and coastal livelihoods. 

 

Prioritize and rationalize restoration actions based on data to maximize their impact and target resources 

effectively 

 

Facilitate stronger private sector involvement, particularly the tourism industry in restoration and 

rehabilitation efforts. 
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1. Introduction 
 

Coral reef management has evolved from a focus on assessing the state of ecosystems to greater 

consideration of their resilience.1,2 Resilience-based management is more responsive to the threats 

facing coral reefs because it focuses on addressing the processes driving ecosystem health and 

recognizes that coral reefs are dynamic ecosystems.3 The need for a resilience-based approach has 

strengthened since the first global coral bleaching event in 1998 and the Maldives are no exception, 

having experienced a further mass mortality event in 2016.4,5 Climate change, together with a host of 

local drivers, has impacted the state of Maldivian reefs and is likely to disrupt the livelihoods and 

security of thousands of people in future. 

This report sets out a roadmap to improve the resilience of coral reefs and the infrastructure, 

livelihoods, and food security of Maldivian people depending on the ecosystem services they provide. 

The report starts by identifying the main threats to Maldivian coral reefs (see Chapter 2). This section 

draws heavily on the Maldives-specific modelling of climate change impacts (see Annex 1 for further 

details of methods). Chapter 3 then looks at the expected impacts on the blue economy, through the 

underlying ecosystem services that coral reefs provide.6,7,8 Once the likely consequences of climate 

change and local impacts upon Maldivian reefs are clarified, the fundamental opportunities to build 

resilience are identified (see Chapter 4). Essentially, this describes the toolbox of interventions, 

organizing their function as to whether they reduce coral mortality, facilitate recovery, or comprise 

ecosystem restoration and/or rehabilitation.  

Reef management centers around the deployment of interventions. Their implementation needs to be 

guided by effective and data-driven decision-making: where, when, and how to deploy. There is, 

therefore, a vitally important need to create appropriate data management systems that, together with 

sound strategic planning, can drive effective decisions. Effective decisions aim to prioritize the right 

tools to solve appropriate problems in a cost-effective manner. There are many aspects to creating a 

truly integrated decision-support system and few countries have achieved this. Yet despite some 

existing institutional complexity in the governance of coral reefs, the Maldives has an opportunity to 

learn from global experience and create effective systems that are fit-for-purpose. 

Finally, this report translates coral reef management needs into a list of policy recommendations and 

a roadmap of discrete activities for near-term operationalization. The roadmap includes associated 

estimates of the resources and capacity required for its implementation (see Chapter 5). The roadmap 

constitutes approximately five years of activities and is embedded in reef management planning 

horizon until 2050, with reviews every five years.  

 
1 Great Barrier Reef Marine Park Authority. 2017. Great Barrier Reef blueprint for resilience. GBRMPA, Townsville. 

2 Lam, V. Y. et al. 2017. The influence of resilience-based management on coral reef monitoring: A systematic review. Plos One 12:e0172064. 

3 McLeod, E., K. R. N. et al. 2019. The future of resilience-based management in coral reef ecosystems. J Environ Manage 233:291-301. 

4 Pisapia, C., D. et al. 2016. Coral recovery in the central Maldives archipelago since the last major mass-bleaching, in 1998. Sci Rep 6:34720. 

5 Ibrahim, N et al. 2017. Status of coral bleaching in the Maldives in 2016. Marine Research Centre, Male. 

6 Moberg, F., and C. Folke. 1999. Ecological goods and services of coral reef ecosystems. Ecological Economics 29:215-233. 

7 Diaz, S. et al. 2015. The IPBES Conceptual Framework - connecting nature and people. Current Opinion in Environmental Sustainability 14:1-16. 

8 Rogers, A., A. R. et al. 2015. Anticipative management for coral reef ecosystem services in the 21st century. Glob Chang Biol 21:504-514. 
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2. Main threats to Maldivian reefs and their resilience 
Coral reefs in Maldives are threatened by threats across different geographical scales including climate 

change. The main threats to Maldivian reefs are listed from the largest (regional) spatial scale to the 

smallest (within atolls): (1) Climate change and mass coral bleaching events, (2) Coastal Development, 

(3) Crown-of-thorns starfish (CoTS) outbreaks, (4) Overfishing of reef fish and (5) Pollution. The model 

projections carried out for the bleaching / climate change scenario and crown-of-thorns starfish impacts 

are incorporated into the respective sub-chapters. 

2.1. Climate change and mass coral bleaching events 

Past bleaching events severely impacted coral reefs in Maldives. Reefs have been able to recover 

although with a considerable time lag. The 1998 El Niño–Southern Oscillation (ENSO) related global 

coral bleaching event had a devastating impact on Maldivian reefs with a rapid decline in coral cover 

from  approximately 40 percent to below 2 percent.9,10 Recovery took approximately 10 years overall 

but there was spatial variability.11,12 A second major event occurred in 2016 and again the genus 

Acropora, a dominant group in the Indo-Pacific was severely affected.13 The impact of bleaching is most 

intense in shallow reefs (up to 5m) and relatively weak at depths exceeding 20 to 30 m.14 Interestingly, 

in 1998/9, the post-bleaching recruitment of corals remained dominated by branching genera – 

Acropora and Pocillopora – despite their massive reduction in population size.15 This implies that 

Maldivian reefs are sufficiently well connected for larval resupply to occur from less heavily impacted 

sites elsewhere in the archipelago. An important point to note is that most species of the genus 

Pocillopora and all Stylophora brood their larvae and / or are capable of asexual generation of 

planulae.16,17 Combined with fast growth, this allows them to recover rapidly after disturbance, creating 

a local reinforcing feedback that enables the adult population to increase quickly.18,19 However, this 

pathway of rapid recovery can be disrupted by bleaching.20 

Picture 1: Partially bleached coral during 2016 event 

 
© Peter J Mumby 

 
9 Edwards, A. J., S. et al. 2001. Coral bleaching and mortality on artificial and natural reefs in Maldives in 1998: Sea surface temperature anomalies and initial recovery. Marine 

Pollution Bulletin 42:7-15. 

10 Pisapia, C., D. et al. 2016. Coral recovery in the central Maldives archipelago since the last major mass-bleaching, in 1998. Sci Rep 6:34720. 

11 Montefalcone, M., C. et al. 2020. Influence of Local Pressures on Maldivian Coral Reef Resilience Following Repeated Bleaching Events, and Recovery Perspectives. Frontiers in 

Marine Science 7. 

12 Amir, H. 2022. Status and trends of hard coral cover derived from long-term monitoring sites in the Maldives: 1998-2021. Marine Research Institute, Male. 

13 Ibrahim, N et al. 2017. Status of coral bleaching in the Maldives in 2016. Marine Research Centre, Male. 

14 Montefalcone, M., C. et al. 2020. Influence of Local Pressures on Maldivian Coral Reef Resilience Following Repeated Bleaching Events, and Recovery Perspectives. Frontiers in 

Marine Science 7. 

15 Edwards, A. J., S. et al. 2001. Coral bleaching and mortality on artificial and natural reefs in Maldives in 1998: Sea surface temperature anomalies and initial recovery. Marine 

Pollution Bulletin 42:7-15. 

16 Schmidt-Roach, S., P. et al. 2012. Assessing hidden species diversity in the coral Pocillopora damicornis from Eastern Australia. Coral Reefs 32:161-172. 

17 Nakajima, Y., P. S. et al. 2018. First evidence of asexual recruitment of Pocillopora acuta in Okinawa Island using genotypic identification. Peer J 6:e5915. 

18 Doropoulos, C., S. et al. 2015. Linking demographic processes of juvenile corals to benthic recovery trajectories in two common reef habitats. Plos One 10:e0128535. 

19 Sartori, G., C. M. et al. 2024. Stock-recruitment relationships in pocilloporid corals are likely disrupted by thermal stress. Bulletin of Marine Science in press. 

20 Ibid. 
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In general the long-lived massive coral, Porites spp., is relatively resistant to bleaching in the Maldives, 

as it is in most areas.21 However, when subjected to extreme thermal stress (approximately 36°C), 

which occurred at Rangiroa Atoll lagoon (French Polynesia) in 1998, it can result in high levels of partial 

mortality, such that 25 percent of colonies lost over 99 percent of their tissue.22 Remarkably, however, 

providing that small parts of the colony survive a full recovery can occur within 15 years.23 While this 

does not imply that Porites are ‘indestructible’ they have considerable robustness and would only be 

expected to decline under frequent severe stress.  

The coral reef ecological model, ReefMod was used in this report to simulate coral cover for Maldivian 

reefs. The model (see Annex 1 for details), was parameterized for Maldivian reefs and validated against 

observed trajectories (Figure 1).24 The model includes six taxonomic groups of corals with a particular 

focus on acroporids (three groups) which are key habitat-forming species in the Indo-Pacific, including 

the Maldives. Bleaching-induced mortality is estimated from the Degree Heating Week (DHW, unit: °C-

week), a measure of accumulated heat stress that has been shown to be a reliable proxy of coral 

bleaching. The model also includes evolutionary coral adaptation to warming, driven by the selection of 

heat tolerant phenotypes through bleaching and their transmission from parents to offspring. 

Figure 1: Simulated recovery rates of total coral cover following coral mortality 

 
Note: Simulated recovery rates of total coral cover following coral mortality as experienced during the 1998 ENSO mass bleaching (blue lines: individual 

stochastic runs, n=40; red line: mean trajectory) compared with observations (dots) from (a) (Montefalcone et al. 2020) and (b) (Pisapia et al. 2016). 

The model was run from the observed initial cover (with added random noise) with the same taxonomic composition and recruitment parameters in (a) 

and (b). 

The potential futures for Maldivian reefs were simulated based on the current knowledge of coral 

tolerance to stress and under various alternative Shared Socioeconomic Pathways (SSPs):25  

• SSP1-1.9, a scenario characterized by extremely ambitious mitigation efforts aimed to limit global 

warming to 1.5°C above pre-industrial levels by the end of the century. 

• SSP1-2.6, which also assumes strong mitigation efforts but with a warming limit to below 2°C (the 

upper limit of the Paris Agreement commitments). 

• SSP2-4.5, scenario of intermediate carbon emissions aiming to limit global warming to below 3°C. 

• SSP3-7.0, scenario of high carbon emissions assuming a business-as-usual global economy (i.e., 

no mitigation). 

• SSP5-8.5, a worst-case scenario of carbon emissions in the total absence of climate policies. 

 
21 Edwards, A. J., S. et al. 2001. Coral bleaching and mortality on artificial and natural reefs in Maldives in 1998: Sea surface temperature anomalies and initial recovery. Marine 

Pollution Bulletin 42:7-15. 

22 Mumby, P. J. et al. 2001. Unprecedented bleaching-induced mortality in Porites spp. at Rangiroa Atoll, French Polynesia. Marine Biology 139:183-189. 

23 Roff, G., S. et al. 2014. Porites and the Phoenix effect: unprecedented recovery after a mass coral bleaching event at Rangiroa Atoll, French Polynesia. Marine Biology 

161:1385-1393. 
24 Bozec, Y. M., et al. 2022. Cumulative impacts across Australia's Great Barrier Reef: a mechanistic evaluation. Ecological Monographs e01494. 

25 Riahi, K. et al. 2017. The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview. Global Environmental Change 

42:153-168. 
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For each future scenario, five global climate models were used to give alternate interpretations of that 

emission scenario. These models differ in their climate sensitivity, as indicated by the equilibrium 

climate sensitivity (see Annex 1). 

The projections of heat stress (maximum annual DHW) were evaluated across the five climate models 

(GCMs) for the three selected regions (North, Central and South) (Table 1, Figure 2; Annex 1 Fig 3). 

Significant variations occur across the GCM for each scenario of future carbon emission, as anticipated 

by their different equilibrium climate sensitivity (ECS). Globally, the ACCESS-ESM1-5 and UKESM1-0-LL 

models tend to predict more intense and frequent episodes of heat stress, in line with their higher 

sensitivity (ECS equal to 3.9°C and 5.3°C, respectively). There is limited variation in the projected heat 

stress among the three selected regions, except for the most sensitive GCMs which tend to predict 

slightly higher DHW values at low latitudes (i.e., in the South region). 

Heat stress predictions for strong mitigation scenarios vary between less sensitive and more sensitive 

climate models, with the latter indicating more severe impacts by mid-century. Under mitigation 

scenarios in line with limiting global warming to 1.5 °C and 2 °C respectively (SSP1-1.9 and SSP1-2.6, 

see Annex 1 Figure 3), the less sensitive models predict moderate heat stress until 2040 to 2050 with 

an average DHW below 8°C-week. This threshold of significant mortality can be exceeded in the second 

half of the century, with maximum values approaching 20°C-week. Years without bleaching (i.e., DHW 

below 4°C-week) are frequently observed. For the more sensitive GCMs (ACCESS-ESM1-5 and 

UKESM1-0-LL), heat stress above 10°C-week becomes prevalent by 2040 to 2050 and can exceed 

20°C-week. Years without bleaching are less frequent.  

In a “middle of the road” scenario that exceeds 2°C but remains below 3°C, significant heat stress is 

predicted to become more frequent and severe, particularly after 2050. Under this scenario (SSP2-4.5, 

Figure 2a), the average DHW tends to exceed 8°C-week after 2050. In the second half of the century, 

the occurrence of years without bleaching becomes scarce in the less sensitive GCMs, while absent in 

those with higher sensitivity. Episodes of heat stress above 20°C-week occur in all GCMs, with 

maximum values in the range 30 to 40°C-week. 

Under a moderate scenario of a business-as-usual carbon economy heat stress increases quickly and 

significant bleaching is predicted to occur yearly. In this scenario (SSP3-7.0, Annex 1 Figure 3), 

projected DHW are ramping up quickly with mean values exceeding 20°C-week by 2070. For the rest 

of the century, significant bleaching (DHW over 8°C-week) is predicted to occur every year, with 

maximum values in the range 30 to 40°C-week. The more pessimistic business-as-usual scenario 

(SSP5-8.5, Annex 1 Figure 3) is nothing but a succession of heat stress episodes occurring yearly past 

2050 and escalating in severity beyond, culminating in heat stress values between 40 to 60°C-week 

by the end of the century. 

Table 1: Decadal frequencies of significant heat stress events 

Warming scenario By 2050 By 2070 By 2100 

SSP1-1.9 2-8 0-7 1-8 

SSP1-2.6 2-8 2-8 2-10 

SSP2-4.5 1-9 5-10 7-10 

SSP3-7.0 3-9 7-10 10 

SSP5-8.5 5-10 9-10 10 

Note: Decadal frequencies of significant heat stress events (DHW > 8°C-week) at selected time horizons (2040-2050, 2060-2070, 2090-2100) predicted 

by the five climate models for each warming scenario. 

  



6 

Roadmap for Fostering Coral Reef Resilience in Maldives 

Coral projections in response to future heat stress (Figure 3) reflect the differences depicted among 

GCMs. Due to the limited variations of projected heat stress across latitudes, we focus here on the 

Central region (i.e., a 40×40 km box centered on coordinates 4°N, 73.5°) and only present the 

simulations of total coral cover in the absence of CoTS outbreaks.  

The variability in projected heat stress among GCMs is reflected by very different outcomes for the 

scenarios of strong mitigation of carbon emission (SSP1-1.9 and SSP1-2.6, annex Figure 3). While 

warming-sensitive GCMs (ACCESS-ESM1-5 and UKESM1-0-LL) leads to a near-extirpation of corals by 

2040 to 2060, the other GCMs indicate that the potential for coral adaptation exists despite drastic 

initial coral declines. Under SSP1-1.9, and even SSP1-2.6 for one GCM (MPI-ESM1-2-LR), coral 

populations tend to recover in the second half of the century, under the combined effects of reduced 

warming and natural adaptation, the later occurring through the progressive hardening of corals driven 

by episodes of acute selection of heat tolerance and its transmission across multiple coral generations. 

Under SSP2-4.5 (Figure 2b), SSP3-70 and SSP5-8.5 (Annex 1 Figure 3), simulations indicate a dramatic 

coral decline by 2050 to 2060 with almost no scope for adaptation and long-term persistence in the 

second half of the century. 

 

Figure 2: Projected heat stress by the five Global Circulation Models across 40 random locations 

 

Note: Projected heat stress (maximum annual DHW) by the five Global Circulation Models (GCMs) across 40 random locations in the three regions for each 

model run (gray lines) and averaged for each region (‘North’ 7°N, 73.5°: blue; ‘Central’ 4°N, 73.5°: black; ‘South’ 1°N, 73.5°: red). GCMs are presented by 

increasing equilibrium climate sensitivity (ECS, value indicated in parenthesis) from left to right. The horizontal dotted line indicates the threshold of cumulative 

heat stress above which significant coral mortality is expected to occur (DHW = 8°C-week) 
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Figure 3: Simulated coral dynamics for ‘Central’ Maldives in response to warming projected by the Global 

Circulation Models under different climate scenarios 

 

Note: Simulated coral dynamics in the ‘Central’ region of the Maldives (4°N, 73.5°) in response to warming projected by the five GCMs under each scenario of 

carbon emission (SSP) and no CoTS outbreaks. GCMs are presented by increasing equilibrium climate sensitivity (ECS, value indicated in parenthesis) from left 

to right. Blue lines: individual stochastic runs, n=40; red line: mean trajectory. 

For all emission scenarios a significant reduction in coral cover is expected mid-century. In the 

scenarios with strong mitigation coral cover tends to increase again in the second half of the century. 

Figure 4 shows the distribution of predicted states of reef health (in terms of total percentage of coral 

cover on the reef surface) of all GCMs combined at different time horizons. Under all emission 

scenarios, half the reefs fall below 5 percent coral cover by 2050. Under SSP1-1.9 and even SSP1-2.6, 

significant levels of cover can be recovered during the second half of the century representing 

opportunities for long-term adaptation. 

While the share of healthy reefs is considerable in all scenarios till 2030, it diminishes drastically till 

2050 and only recovers in the scenario limiting global warming to 1.5 °C. Figure. 5 shows the changing 

proportions of representative reef states (‘critical, ‘low’, ‘moderate’ and ‘high’) by 2050 (see Annex 1 

Figure 6 for 2030 and 2070) after exclusion of the projections of the most pessimistic GCM (UKESM1-

0-LL) due to its high ECS that can be considered as very unlikely. While in 2030 all scenarios predict 

between 60 to 70 percent of healthy reef states (i.e., over 20 percent total coral cover, annex Figure 

6), these proportions fall below 10 to 20 percent by 2050. SSP1-1.9 is the only emission scenario 

projecting a recovery of healthy reef states by 2070 (Annex 1 Figure 6). 
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Figure 4: Development of the distribution of coral cover among reefs till 2100 under different climate 

scenarios 

 
Note: Distribution of predicted values of total coral cover captured every two years with all geophysical coral reef mappings combined for the ‘North’ (left), ‘Central’ 

(middle) and ‘South’ regions (right) for a model with no crown-of-thorns starfish (CoTS) outbreaks. For every selected year, N = 120 values for SSP1-1.9 and N = 200 

values for all the other scenarios of carbon emission. The boxes show the interquartile range (IQR) which visualizes the spread of reef states between the 25th and 

75th percentile. From each box, whiskers are drawn up and down to 1 time the IQR, which covers around 85–90 percent of reef states. The central mark indicates 

the median.  

Figure 5: Distribution of predicted coral cover categories among reefs (2030, 2050, and 2070) 

 

Note: Distribution of predicted reef state categories captured in 2030, 2050, and 2070 for all geophysical coral reef mappings and regions combined in the 

absence of CoTS outbreaks. Reef state categories are defined by the following limits of total coral cover: ‘High cover’: ≥30 percent; ‘Moderate cover’: 20–30 

percent; ‘Low cover’: 10–20 percent; ‘Critical cover’: <10 percent. 
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2.1.1. Limitations of the modelling and impacts for policy 

Although the models project a bleak future for coral reefs if global warming exceeds 2˚C, the projections 

contain considerable uncertainties, particularly in the latter half of the century. These coral projections 

are based on the current scientific understanding of coral sensitivities to stress, scope for evolutionary 

adaptation, and projected climate warming. There is considerable uncertainty in each of these 

variables, much of which is impossible to quantify at present. For example, data on the potential for 

thermal adaptation is only currently available for a single species (Acropora digitifera) from a single 

population in Palau, Micronesia. This dataset but represents only a tiny fraction of the millions of corals 

in situ, some of which have likely higher tolerance than models assume. There remains little systematic 

analysis of the sensitivity for the most tolerant species. By way of example, the hardy encrusting coral, 

Porites rus, coped well during the 2016 bleaching event and increased its proportional cover.26 

However, the limits to this coral species’ tolerance of stress are unknown and doubtless 

underestimated in the current modelling phenotypic variation.  

Coral reefs also frequently surprise with their resilience such as faster recovery rates then anticipated. 

An example can be drawn from the large, thermally tolerant Porites spp., most of which experienced 

around 99 partial colony mortality during the 1998 bleaching event in Rangiroa, French Polynesia.27 It 

was originally projected that recovery might take a century, yet those tiny surviving fragments were able 

to reseal the colony and enable full recovery after just 13 years.28 

Picture 2: Close up of a thermally sensitive coral in the genus Acropora 

 

© Peter J Mumby 

The projections for Maldives differ from comparable analyses for the Great Barrier Reef, based on the 

same ecological model and similar climate models. In Australia, global warming of up to 2ºC leads to 

considerably healthier outcomes for the reef and even modest vitality (some reefs showing modest 

recovery scope) under 3ºC of warming.29 Thus, the global projections of warming in the central Indian 

Ocean (Maldives) differ to that from the Western Pacific (Great Barrier Reef). However, the extent to 

which this global variability is genuine, rather than constituting ‘small scale noise’ is unclear. 

 
26 Mumby, pers. obs. 

27 Mumby, P. J. et al. 2001. Unprecedented bleaching-induced mortality in Porites spp. at Rangiroa Atoll, French Polynesia. Marine Biology 139:183-189. 

28 Roff, G., S. et al. 2014. Porites and the Phoenix effect: unprecedented recovery after a mass coral bleaching event at Rangiroa Atoll, French Polynesia. Marine Biology 

161:1385-1393. 

29 Bozec and Mumby, unpublished data 
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Even though climate projections are available until 2100, these reef projections need to be viewed with 

increasing uncertainty over time. This has not been added to the figures because so much of it is 

currently unknown (and some unknowable). The recommendation is to focus on the projections to the 

middle half of the century (2050) where certainty is greater. 

It is also important to note that these projections assume no new innovations in reef management and 

rehabilitation. Yet there is much research and development into enhancing the health of future corals. 

Over the last four years, for example, the Australian government has spent AU$ 100 million (US$ 67.5 

million) on the Reef Restoration and Adaptation Program to explore the potential of rehabilitation and 

greater protection.30 Examples including the use of cloud brightening to reduce the heating effect above 

corals during heatwaves, screening for the most thermally resistant corals and their microbes, and 

enhancing the productivity of coral aquaculture so that millions of corals can be generated for use in 

restoration. International efforts are also underway under the Coral Research and Development 

Accelerator Platform (CORDAP), to achieve similar goals. It is too early to predict how far such 

interventions will improve the outlook for coral reefs, it remains important to ensure that the Maldives 

becomes a beneficiary of any advances. 

Specific policy considerations to ensure that Maldives benefits from innovations in reef management 

and rehabilitation include fostering networking with the global community and strengthening academic 

programs. Ensuring that representatives from the Maldives Marine Research Institute (MMRI) or 

Maldives National University attend global conferences on the state of restoration science, such as 

‘Reef Futures’ (next meeting in December 2024) will foster relationships with the wider research and 

development (R&D) community. The Maldives National University can reinforce its Bachelor of Marine 

Science degree by recruiting at least one lecturer whose research interests encompass coral 

restoration. This would also help align international research efforts in the country, through greater 

potential for collaboration. 

Given that coral reefs are still expected to be functional by 2050, and far into the future if global 

warming stays below 2ºC, it is prudent for the Maldives to develop an integrated management 

framework to maximize the resilience of corals. After all, even if future coral populations are 

depauperate relative to today, many communities will still rely on coral reefs for their food and income. 

Much of this roadmap report is concerned with how to achieve this but priority should be given to: 

a) enhancing the capacity of the MMRI, 

b) mapping refugia from thermal stress, 

c) quantifying patterns of connectivity, 

d) operationalizing the reconnaissance needed to inform a coral bleaching response plan, 

e) rationalizing and prioritizing restoration actions to maximize their impact, 

f) reducing manageable stressors as far as possible (e.g., CoTS, dredging). 

  

 
30 gbrrestoration.org 

http://www.gbrrestoration.org/


11 

Roadmap for Fostering Coral Reef Resilience in Maldives 

2.2. Coastal development 

Coastal development has negatively impacted coral reefs in the country. Maldives has sustained 

considerable reef damage in support of land reclamation, harbor dredging, and the mining of coral for 

building materials. Since 2002 more than 10 km2 of lagoon has been lost for land reclamation.31 

The impacts from coral mining on coral populations are severe and persistent. One of the older impacts 

on reefs is the mining of live coral from reef flats to provide building materials. Surveys of shallow coral 

reef flats in 1986 found that non-mined reefs had up to 60 percent coral cover comprising up to 16 

genera whereas sites mined 10-16 years earlier still had less than 0.5 percent cover.32 Moreover, the 

fish assemblage is wildly depauperate in mined reef flats. The biomass of herbivorous fishes was less 

than half that at non-mined sites and bait fish were 7-fold less abundant on mined sites.33 

 

Picture 3: Coral covered in sediment showing partial mortality 

 

© Peter J Mumby 

Sedimentation from coastal development severely affects coral reef regeneration and decreases 

resilience to other disturbances. The combination of planar – flattened – habitat and sediment 

generated from mining create a highly mobile field of sand that greatly limits the ability of coral larvae 

to settle and survive.34,35 Sediment is also generated from port development, port maintenance 

(dredging), sand mining for beach reclamation, and land reclamation and can settle on deeper reef 

terraces. 36,37,38 Collectively, sedimentation can exacerbate the impacts of other disturbances such as 

coral bleaching.39 

 
31 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 

32 Brown, B. E., and R. P. Dunne. 1988. The Environmental Impact of Coral Mining on Coral Reefs in the Maldives. Environmental Conservation 15:159-165. 

33 Dawson Shepherd, A. R. et al. 1992. An Analysis of Fish Community Responses to Coral Mining in the Maldives. Environmental Biology of Fishes 33:367-380. 

34 Clark, S., and A. J. Edwards. 1995. Coral transplantation as an aid to reef rehabilitation: evaluation of a case study in the Maldives Islands. Coral Reefs 14:201-213. 

35 Fox, H. E. 2004. Coral recruitment in blasted and unblasted sites in Indonesia: assessing rehabilitation potential. Marine Ecology Progress Series 269:131-139. 

36 Cowburn, B. et al. 2018. Can luxury and environmental sustainability co-exist? Assessing the environmental impact of resort tourism on coral reefs in the Maldives. Ocean & 

Coastal Management 158:120-127. 

37 Pancrazi, I. et al. 2020. Synergic effect of global thermal anomalies and local dredging activities on coral reefs of the Maldives. Mar Pollut Bull 160:111585. 

38 Nepote, E. et al. 2016. Pattern and intensity of human impact on coral reefs depend on depth along the reef profile and on the descriptor adopted. Estuarine, Coastal and Shelf 

Science 178:86-91. 

39 Pancrazi, I. et al. 2020. Synergic effect of global thermal anomalies and local dredging activities on coral reefs of the Maldives. Mar Pollut Bull 160:111585. 
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Although corals can thrive in turbid environments,40,41,42 high levels of sediment deposition can prevent 

coral settlement and survival.43,44 Thus, the direct local effects of coastal development and 

maintenance, including the replenishment of beach sand, will have direct smothering effects on corals 

and reduce the capacity for recovery. To date, however, there have been limited studies of the effects 

of tourism practices and coastal development on the dynamics of reefs in the Maldives.45 

2.3. Crown-of-thorns starfish outbreaks 

Outbreaks of CoTS which feed on corals occur in the Maldives. Their exact causes are uncertain and 

are linked i.e. to nutrient pollution and destabilization of the ecosystem. CoTS are endemic to the 

Maldives and are prolific consumers of coral.46 Their high fecundity means that dense aggregations of 

CoTS can achieve high fertilization success and release large numbers of larvae. Such characteristics 

allow them to experience ‘boom and bust’ dynamics and form outbreak plagues.47 CoTS outbreaks 

have long been reported in the Maldives as they have elsewhere,48 though globally the causes are 

uncertain, varied, and include depleted natural predation,49,50 nutrient enrichment,51 and simply 

exceptionally high levels of recruitment.52 

Picture 4: Crown-of-thorns starfish eating a coral 

 

© Peter J Mumby 

 
40 Roff, G., J.-et al.i. 2015b. Rapid accretion of inshore reef slopes from the central Great Barrier Reef during the late Holocene. Geology 43:343-346. 

41 Morgan, K. M. et al. 2016. Evidence of extensive reef development and high coral cover in nearshore environments: implications for understanding coral adaptation in turbid 

settings. Sci Rep 6:29616. 

42 Lam, V. Y. Y. et al. 2018. Acute drivers influence recent inshore Great Barrier Reef dynamics. Proc Biol Sci 285. 
43 Birrell, C. L. et al. 2005. Effects of algal turfs and sediment on coral settlement. Mar Pollut Bull 51:408-414. 

44 Wakwella, A. et al. 2020. Sedimentation and overfishing drive changes in early succession and coral recruitment. Proc Biol Sci 287:20202575. 

45 Cowburn, B. et al. 2018. Can luxury and environmental sustainability co-exist? Assessing the environmental impact of resort tourism on coral reefs in the Maldives. Ocean & 

Coastal Management 158:120-127. 

46 Pratchett, M. S. et al. 2014. Limits to understanding and managing outbreaks of crown-of-thorns starfish (Acanthaster spp.). Oceanography and marine biology: an annual 

review 52:133-200. 

47 Hock, K. et al. 2014. Connectivity networks reveal the risks of crown-of-thorns starfish outbreaks on the Great Barrier Reef. Journal of Applied Ecology 51:1188-1196. 

48 Sluka, R., and M. Miller. 1999. Status of crown-of-thorns starfish in Laamu Atoll, Republic of Maldives. Bulletin of Marine Science 65:253-258. 

49 Dulvy, N. K., R. P. Freckleton, and N. V. C. Polunin. 2004. Coral reef cascades and the indirect effects of predator removal by exploitation. Ecology Letters 7:410-416. 

50 McCook, L. J. et al.. 2010. Adaptive management of the Great Barrier Reef: A globally significant demonstration of the benefits of networks of marine reserves. Proceedings of 

the National Academy of Sciences of the United States of America 107:18278-18285. 

51 Brodie, J., K. et al. 2005. Are increased nutrient inputs responsible for more outbreaks of crown-of-thorns starfish? An appraisal of the evidence. Marine Pollution Bulletin 

51:266-278. 

52 Birkeland, C. 1989. The Faustian traits of the Crown-of-Thorns Starfish. Scientific American 77:154-163. 
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The exact impacts from CoTS predation in Maldives are not known, but local action indicates that there 

is concern. It is unclear how much CoTS predation impacts the overall health of coral reefs in the 

Maldives, though a number of resorts undertake control with injections of either bile salts or (more 

recently) vinegar, which are lethal to the starfish. The last reported CoTS outbreak began in 2015 and 

did at least have some impacts (Pisapia et al. 2016).53  

To gain a longer-term insight into the impact of CoTS – without climate change –outbreaks of different 

frequency were included into ReefMod. Outbreaks were simulated by imposing a given level of adult 

CoTS density over 2 years (4 time steps). Density was set to 350 CoTS per hectare and distributed 

across multiple size classes representative of an established population. At this density, CoTS would 

decrease coral cover by approximately 19 percent every year through direct consumption. After 2 years, 

CoTS density was reset to zero until a new outbreak occurs.  

Three possible scenarios of CoTS outbreaks were modelled (Figure 6): (1) a scenario with frequent 

outbreaks occurring at random with a frequency of 1 outbreak per decade; (2) a scenario with moderate 

outbreaks occurring at random with a frequency of 1 outbreak every 20 years; (3) a scenario without 

CoTS to represent reefs where outbreaks do not occur naturally or through intervention (manual culling 

by divers using a lethal injection of vinegar). The first initiation of an outbreak was created at random. 

For a given density, a density of different size classes is generated representative of an established 

population and size-dependent consumption of corals is then multiplied by each density. 

Frequent CoTS outbreak can diminish coral cover systematically even without climate change 

highlighting the need for more surveillance and responding to CoTS outbreaks. The results suggest that 

an outbreak of CoTS every two decades will have a modest impact on baseline coral levels, depleting 

average coral cover by approximately 10 percent (absolute cover). However, a decadal frequency of 

outbreaks would lead to a systematic reduction in average coral cover even without climate change. 

Thus, there is significant value in surveilling and compiling data on outbreak frequency and severity 

and taking steps to control CoTS if an outbreak is observed within a decade of the 2016 event.  

 

Figure 6: Simulated coral dynamics in response to Crown-of-thorns starfish outbreaks 

 

Note: Simulated coral dynamics in the ‘Central’ region of the Maldives (4°N, 73.5°) in response to CoTS outbreaks (blue lines: individual stochastic runs, 

n=40; red line: mean trajectory). 

  

 
53 Pisapia, C., D. et al. 2016. Coral recovery in the central Maldives archipelago since the last major mass-bleaching, in 1998. Sci Rep 6:34720. 
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2.4. Fishing of reef fish 

Reef fisheries are important for the tourism and fishing industry. There are indications that abundance 

and diversity of coastal fish have declined. Coastal fisheries use handline, jigging, casting, trolling and 

spear fishing. Although reef fish export is limited and decreasing (500-600 Tons in 2012 vs 200-300 T 

in 2019), tourist consumption nearly doubled from 2009 to 2018 (4000 T to 8000 T per year), tracking 

the rise in tourism capacity.54 Resorts have perceived a decline in the abundance and diversity of 

coastal fish.55 Typical resorts purchase 20 T - 42 T of fish per year from local fishers. In addition, 

between 15,000 T and 20,000 T of live reef fish are sourced per year to provide the live bait used in 

tuna fisheries.56  

Overharvesting of reef fish can create several problems incl. the loss of populations of highly desirable 

species. Some highly desirable species such as larger groupers are particularly vulnerable at their 

spawning aggregation sites.57 Aggregation sites often reflect ideal hydrodynamic conditions to either 

maximize fertilization success or ensure local retention of larvae.58 Because aggregating fish can be 

harvested easily, the usual indicator of low abundance – increased difficulty in finding fish – does not 

occur and fishers can drive a population to local extinction almost without noticing. Many grouper 

aggregations have been fished to extinction59 but none have been reported to recover. Thus, 

overexploitation of groupers is a particularly daunting threat because it can be irreversible. Grouper 

spawning aggregation sites are known to exist in some Maldivian channels and the population size of 

groupers was already declining in the 1990s.60,61 

Picture 5: Use of gill nets capture even non-target fish species 
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Fish serve many important functions in the ecosystem that maintain it overall health. These functions 

include the transfer of energy from primary producers through the food web,62 the control of 

macroalgae63, prevention of urchin plagues,64,65 and transfer of nutrients across habitats.66 Heavy 

overexploitation can disrupt all of these ecosystem functions.67 

 
54 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 
55 Ibid. 
56 Ibid. 
57 Sadovy, Y., and M. Domeier. 2005. Are aggregation-fisheries sustainable? Reef fish fisheries as a case study. Coral Reefs 24:254-262. 
58 Heyman, W. D., and B. Kjerfve. 2008. Characterization of transient multi-species reef fish spawning aggregations at Gladden Spit, Belize. Bulletin of Marine Science 83:531-

551. 
59 Dulvy, N. K. et al. 2003. Extinction vulnerability in marine populations. Fish and Fisheries 4:25-64. 
60 Sluka, R. D. 2001a. Grouper and Napoleon wrasse ecology in Laamu Atoll, Republic of Maldives: Part 2. Timing, location, and characteristics of spawning aggregations. Atoll 

Research Bulletin:492. 
61 Sluka, R. D. 2001b. Grouper and Napoleon wrasse ecology in Laamu Atoll, Republic of Maldives: Part 3. Fishing effects and management of the live fish-food trade. Atoll 

Research Bulletin:493. 
62 Bascompte, J. et al. 2005. Interaction strength combinations and the overfishing of a marine food web. Proceedings of the National Academy of Sciences of the United States of 

America 102:5443-5447. 
63 Mumby, P. J. 2006. The impact of exploiting grazers (Scaridae) on the dynamics of Caribbean coral reefs. Ecological Applications 16:747-769. 
64 Hay, M. E. 1984. Patterns of Fish and Urchin Grazing on Caribbean Coral Reefs: Are Previous Results Typical? Ecology 65:446-454. 
65 Steneck, R. S. 2013. Sea urchins as drivers of shallow benthic marine community structure. Pages 195-212 in J. M. Lawrence, editor. Sea urchins: Biology and ecology 3rd 

Edition. Academic Press, San Diego. 
66 Allegeier, J. E. et al. 2015. Biogeochemical implications of biodiversity and community structure across multiple coastal ecosystems. Ecological Monographs 85:117-132. 
67 Brown, C. J., and P. J. Mumby. 2014. Trade-offs between fisheries and the conservation of ecosystem function are defined by management strategy. Frontiers in Ecology and 

the Environment in press. 
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Of particular concern for coral reefs is the overharvesting of herbivorous fishes including parrotfishes, 

surgeonfishes, and rabbitfishes. When herbivores are heavily depleted, the probability of macroalgal 

blooms increases.68,69 Once established, algal blooms can prevent coral recovery for long periods of 

time and also exacerbate the loss of coral during bleaching events.70,71,72  In general, reefs of the Indo-

Pacific are far more resilient than those of the Atlantic and therefore algal blooms are less likely.73 Yet 

if low fish abundance is combined with either nutrient run-off from resorts or the release of iron from 

marine infrastructure, blooms become far more likely.74,75  

 

Picture 6: Parrotfish are important grazers on reefs 
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Surgeonfish are among the most important herbivorous fish groups on Indo-Pacific reefs, where they 

achieve high densities and diversity. Surgeonfish are particularly affected by sedimentation. For 

example the biomass of surgeonfishes in the Caribbean is only 8 percent that of the Pacific.76 Unlike 

parrotfishes, surgeonfishes have small home ranges and feed intensively.77 Yet surgeonfishes are 

exceptionally sensitive to sediment on the reef substrate, which interferes with their feeding 

mechanism.78 Thus, coastal maintenance and development practices that generate sediment will likely 

have a negative impact on herbivory by this group, thereby undermining the recovery potential of corals. 

 
68 Graham, N. A. J. et al. 2015. Predicted climate-driven regime shifts versus rebound potential in coral reefs. Nature 518:94-97. 

69 Gove, J. M. et al. 2023. Coral reefs benefit from reduced land-sea impacts under ocean warming. Nature. 

70 Mumby, P. J. 2009. Phase shifts and the stability of macroalgal communities on Caribbean coral reefs. Coral Reefs 28:761-773. 

71 Mumby, P. J., and A. R. Harborne. 2010. Marine reserves enhance the recovery of corals on Caribbean reefs. Plos One 5:e8657. 

72 Donovan, M. K. et al. 2021. Local conditions magnify coral loss after marine heatwaves. Science 372:977-980. 

73 Roff, G., and P. J. Mumby. 2012. Global disparity in the resilience of coral reefs. Trends in Ecology & Evolution 27:404-413. 

74 Entsch, B. et al. 1983. Indications from Photosynthetic Components That Iron Is a Limiting Nutrient in Primary Producers on Coral Reefs. Marine Biology 73:17-30. 

75 Hatcher, B. G. 1984. A maritime accident provides evidence for alternate stable states in benthic communities on coral reefs. Coral Reefs 3:199-204. 

76 Mumby, P. J., and R. S. Steneck. 2018. Paradigm lost: Dynamic nutrients and missing detritus on coral reefs. Bioscience 68:487-495. 

77 Marshell, A., and P. J. Mumby. 2015. The role of surgeonfish (Acanthuridae) in maintaining algal turf biomass on coral reefs. Journal of Experimental Marine Biology and Ecology 

473:152-160. 

78 Goatley, C. H., and D. R. Bellwood. 2012. Sediment suppresses herbivory across a coral reef depth gradient. Biol Lett 8:1016-1018. 
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Picture 7: Surgeonfish are also important grazers of reefs 
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Another impact of fishing is the damage caused by Abandoned, lost or otherwise discarded fishing gear 

(ALDFG), including monofilament line. Not only does this exacerbate fishing effects creating ‘ghost 

fishing’,79 but there is some evidence that it can trigger disease in affected corals.80,81 

2.5. Pollution 

Other than the creation and resuspension of sediments, several pollutants are a matter of concern 

including nutrients and microplastics. As explained above, nutrients can interact with low fish 

abundance to promote algal blooms that are both unsightly and problematic for coral growth and 

recovery. Unfortunately, the paucity of water quality monitoring in the Maldives means that there is no 

clear baseline or comparative assessment of these threats.82 While it is sometimes assumed that the 

presence of reef macroalgae indicates an anthropogenic nutrient problem,83 this is not a safe 

assumption. Macroalgae bloom when the flux of nutrients increases, particularly if either temperature 

or light are also elevated.84,85 While nutrification will increase the flux of nutrients, so too will high levels 

of wave exposure and storm impacts.86  

Microplastics have been traced in corals, but their impacts remain unclear. The proliferation of plastics 

in the ocean has created abundant microplastics and these have been discovered in Maldivian corals.87 

The impacts of microplastics on coral biology are yet to be described. 

 
79 Gilman, E., M. et al. 2021. Highest risk abandoned, lost and discarded fishing gear. Sci Rep 11:7195. 

80 Lamb, J. B. et al. 2015. Protected areas mitigate diseases of reef-building corals by reducing damage from fishing. Ecology 96:2555-2567. 

81 Lamb, J. B. et al. 2016. Reserves as tools for alleviating impacts of marine disease. Philos Trans R Soc Lond B Biol Sci 371. 

82 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 

83 Pancrazi, I. et al. 2020. Synergic effect of global thermal anomalies and local dredging activities on coral reefs of the Maldives. Mar Pollut Bull 160:111585. 

84 Williams, S. L., and R. C. Carpenter. 1998. Effects of unidirectional and oscillatory water flow on nitrogen fixation (acetylene reduction) in coral reef algal turfs, Kaneohe Bay, 

Hawaii. Journal of Experimental Marine Biology and Ecology 226:293-316. 

85 Renken, H., and P. J. Mumby. 2009. Modelling the dynamics of coral reef macroalgae using a Bayesian belief network approach. Ecological Modelling 200:1305-1314. 
86 Roff, G. et al. 2015a. Exposure-driven macroalgal phase shift following catastrophic disturbance on coral reefs. Coral Reefs 34:715-725. 

87 Raguso, C. et al.. 2022. First detection of microplastics in reef-building corals from a Maldivian atoll. Mar Pollut Bull 180:113773. 
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Picture 8: Pollution can enhance the cover of carpeting brown algae like this Lobophora 
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Conclusion 

The projected reduction of coral cover under moderate to severe climate scenarios will result in 

a considerable loss of biodiversity on reefs. These losses will be exacerbated by local damage 

from coastal development, marine pests, overfishing, and pollution. 
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3. Anticipated impacts on ecosystem services and the 

blue economy 
Coral reefs are crucial for the economy and the climate resilience of Maldives. The tourism and fishery 

industry which account together for about half of the Gross Domestic Product (GDP)-value add and jobs 

rely on healthy coral reefs.88 Coral reefs are also vital for the climate resilience of the country as they 

supply sediments and function as natural barriers against coastal hazards and break waters. The 

threats listed above undermine the blue economy and resilience of the Maldives through their impacts 

on coral reef functions and the ecosystem services coral reefs provide.89 Ecosystem services are 

founded upon reef ecosystem functions like the accretion of reef structure, though whether the service 

is realized depends on people being present to benefit. 

3.1. Impacts on biodiversity 

Biodiversity underpins the blue economy and is a major source of resilience. The various levels of 

species and genetic diversity are a key feature for resilience. Because of its central importance to 

ecosystems, biodiversity is also considered a fundamental ecosystem service.90  

Coral reefs are tremendously complex ecosystems rich in biodiversity. Although coral reefs harbor the 

highest biodiversity in the oceans,91 the distribution of this biodiversity can be separated into easily 

observed macro-organisms, such as corals, sponges, macroalgae, and fish, and the often overlooked 

cryptofauna and cryptoflora. The taxonomic complexity of corals, which is continually being revised, 

means that few attempts are made to quantify absolute levels of biodiversity on coral reefs. Instead, 

various proxies are used, though these vary in their efficacy. 

Picture 9: High biodiversity of coral reefs 
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88 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 

89 Rogers, A. et al. 2015. Anticipative management for coral reef ecosystem services in the 21st century. Glob Chang Biol 21:504-514. 

90 Millennium Ecosystem Assessment. 2005. Ecosystems and human well-being: biodiversity synthesis. World Resources Institute, Washington DC. 

91 Reaka-Kulda, M. L. 1997. The global biodiversity of coral reefs: A comparison with rainforests. Pages 83-108 in M. L. Reaka-Kulda, D. E. Wilson, and O. E. Wilson, editors. 

Biodiversity II: Understanding and protecting our natural resources. Joseph Henry/National Academy Press, Washington DC. 
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The structural complexity of coral reef habitats and presence of table and branching acroporids corals 

are important for the biodiversity of reefs. Maps of reef habitats from satellite imagery can delineate 

various reef habitats. They have some efficacy as biodiversity surrogates in the Caribbean but poorer 

in the Indo-Pacific,92,93 which has at least a 10-fold higher species diversity. Easily recognized taxa have 

been used as surrogates of broader species diversity in some ecosystems but again the efficacy on 

coral reefs is poor.94 Presently, there are perhaps two metrics that provide the most robust insight into 

biodiversity and ecosystem functioning. The first is that high structural complexity of coral reef habitat 

is strongly and positively associated with the diversity of macro reef fishes.95 Losses of coral and 

complexity have resulted in profound losses of reef fish diversity.96 The second, is that table and 

branching acroporid corals play an exceptionally important role in driving reef ecosystem functions.97 

Picture 10: Structural complexity is important to maintain high fish biodiversity and productivity 
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Coral mortality events often result in unconsolidated rubble which eventually reduces overall 

biodiversity on a reef. Ironically, rubble provides initially a structurally complex habitat for a wealth of 

invertebrate and fish biodiversity. Although this habitat is only now being described in detail, it harbors 

higher biodiversity than that of the macrofauna.98 The invertebrates present in rubble are thought to 

be an essential link in the food chain and underpin much of the fisheries production that is consumed 

by people.99,100 While the replacement of coral with rubble can ultimately boost biodiversity in that 

patch, it will almost certainly reduce the overall biodiversity on the reef because, first, corals are needed 

to support macrofaunal biodiversity and, second, high levels of biodiversity can be achieved with even 

relatively small areas of rubble.101 

 
92 Mumby, P. J. et al. 2008. Coral reef habitats as surrogates of species, ecological functions, and ecosystem services. Conservation Biology 22:941-951 

93 Beger, M., and H. P. Possingham. 2008. Environmental factors that influence the distribution of coral reef fishes: modeling occurrence data for broad-scale conservation and 

management. Marine Ecology Progress Series 361:1-13. 

94 Beger, M. et al. 2007. Effectiveness of surrogate taxa in the design of coral reef reserve systems in the Indo-Pacific. Conserv Biol 21:1584-1593. 

95 Gratwicke, B., and M. R. Speight. 2005. The relationship between fish species richness, abundance and habitat complexity in a range of shallow tropical marine habitats. 

Journal of Fish Biology 66:650-667. 

96 Jones, G. P. et al. 2004. Coral decline threatens fish biodiversity in marine reserves. Proc Natl Acad Sci U S A 101:8251-8253. 

97 Wolfe, K. et al. 2020. Priority species to support the functional integrity of coral reefs. Oceanography and marine biology: an annual review 58:179-318. 

98 Wolfe, K. et al. 2023. Hierarchical drivers of cryptic biodiversity on coral reefs. Ecological Monographs 93. 

99 Opitz, S. 1991. Quantitative models of trophic interactions in Caribbean coral reefs. Christian-Albrechts-Universitat, Kield. 

100 Rogers, A. et al. 2014. Vulnerability of coral reef fisheries to a loss of structural complexity. Current Biology 24:1000-1005. 

101 Wolfe, K. et al. 2021. The biology and ecology of coral rubble and implications for the future of coral reefs. Coral Reefs. 
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Picture 11:Rubble bed created after the 2016 coral bleaching event 
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3.2. Impacts on reef fisheries 

Recent attempts to model the effects of reef degradation on the potential productivity of reef fisheries 

have drawn some important conclusions. The first is that the initial loss of coral leads to a temporary 

rise in productivity as the availability of rubble – and its associated invertebrates (food) – increases. 

However, this is impact is short-lived because continued loss of habitat complexity reduces the hiding 

places for fishes and disrupts predator-prey interactions. Overall, it is expected that the productivity of 

reef fisheries will at least halve once corals are lost.102 Importantly, this prediction assumes that fish 

populations are managed optimally at their maximum sustainable yield. A more realistic scenario will 

have harvest rates that exceed the maximum and therefore the potential fisheries yield will be 

considerably less than half the potential of healthy reef.  

Habitat degradation will affect the fisheries industry in Maldives. The effects of habitat degradation 

mean that the catch-per-unit-effort of Maldivian fishers will decline, and it will become more difficult to 

supply restaurants and bait to tuna fisheries. This emphasizes the need to monitor fish stocks and 

adjust fishing effort accordingly. 

3.3. Coastal protection 

Shallow-water corals play several important roles in promoting natural coastal protection. First, their 

breakdown through erosion generates much of the sand in the ecosystem, which goes on to form 

islands and beaches,103 including the berms that protect islands from wave surges. Second, the 

processes of calcification, bioerosion, and sediment integration allow reefs to accrete vertically towards 

the ocean surface.104,105 The creation of the reef forms the major breakwater to waves and helps shelter 

beaches. Third, the existence of corals on shallow reef surfaces helps attenuate the waves that pass 

over the reef crest and move towards the beach, thus helping to reduce beach erosion.106,107 

 
102 Rogers, A. et al. 2018. Fisheries productivity under progressive coral reef degradation. Journal of Applied Ecology 55:1041-1049. 
103 Perry, C. T. et al. 2011. Implications of reef ecosystem change for the stability and maintenance of coral reef islands. Global Change Biology 17:3679-3696. 
104 Buddemeier, R. W., and D. Hopley. 1988. Turn-ons and turn-offs: Causes and mechanisms of the initiation and termination of coral reef growth. Proceedings of the 6th 

International Coral Reef Symposium, Australia 1:253-261. 
105 Webb, A. P., and P. S. Kench. 2010. The dynamic response of reef islands to sea-level rise: Evidence from multi-decadal analysis of island change in the Central Pacific. Global 

and Planetary Change 72:234-246. 
106 Sheppard, C. et al. 2005. Coral mortality increases wave energy reaching shores protected by reef flats: Examples from the Seychelles. Estuarine, Coastal and Shelf Science 

64:223-234. 
107 Baldock, T. E., A. Golshani, D. P. Callaghan, M. I. Saunders, and P. J. Mumby. 2014. Impact of sea-level rise and coral mortality on the wave dynamics and wave forces on 

barrier reefs. Marine Pollution Bulletin 83:155-164. 
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Picture 12: Calm lagoons require shallow coral reefs to break waves 
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Climate change will likely undermine the ability of coral reefs in Maldives to supply enough sediments 

to keep up with sea-level rise. With the continued rise of sea-level, it has been predicted that many 

atolls are at risk of inundation, particularly during storm surges.108 A model of coral accretion in the 

Indian Ocean, with data from the Maldives, suggested that average coral cover would need to exceed 

40 percent in order to keep track with sea-level rise under the most likely Shared Socio-Economic 

Pathway (SSP2-4.5).109 The projections in this report suggest that this is unlikely to be realized because 

in most of the climate scenarios coral cover does not exceed 40 percent by mid-century. However, such 

levels can be sustained in the longer term only under scenarios of less than 2 ºC of warming. This is 

because inertia in the climate system causes warming to rise until mid-century before abating with 

increased carbon sequestration in the later part of the century.  

3.4. Tourism and cultural value 

Degradation of coral reefs will have impacts on the tourism industry and local cultural values through 

various channels. Perhaps the most direct impact of future coral reef health on tourism is felt through 

island stability and risks of flooding. Other effects will be more nuanced. For example, another iconic 

coral reef, Australia’s Great Barrier Reef, also bleached in 2016 and in response international visitors 

were found to express strong negative sentiments, some of which adds to the climate anxiety 

associated with the Anthropocene.110 It is unclear how such perceptions affect future visitor numbers, 

but a reputation of habitat loss is feared to reduce tourism. Interestingly, the Australian example also 

shows that bleaching led to a stronger sense of place for local people, perhaps in response to grief. 

Thus, changes in the cultural value Maldivian’s associate with the reef might be expected as bleaching 

events continue. 

 
108 Storlazzi, C. D., S. B. Gingerich, A. v. Dongeren, O. M. Cheriton, P. W. Swarzenski, E. Quataert, C. I. Voss, D. W. Field, H. Annamalai, G. A. Piniak, and R. McCall. 2018. Most atolls 

will be uninhabitatable by the mid-21st century because of sea-level rise exacerbating wave-driven flooding. Science Advances 4:eaap9791. 

109 Perry, C. T. et al. 2018. Loss of coral reef growth capacity to track future increases in sea level. Nature 558:396-400. 

110 Curnock, M. I. et al. 2019. Shifts in tourists' sentiments and climate risk perceptions following mass coral bleaching of the Great Barrier Reef. Nature Communications 9:535-

541. 
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Degraded coral reefs might also have less appeal for tourist visiting Maldives affecting the value 

proposition of Maldives as a tourist destination. There is emerging understanding of what tourists value 

when they view coral reefs. Studies in Australia have asked tourists to rank reef photographs for 

aesthetics and discovered positive associations with topographical reef structure, fish density, and 

water clarity. 111 Interestingly, coral cover per se was not correlated with aesthetic value. However, the 

maintenance of high topographic complexity requires prolific coral growth, which also promotes high 

fish density. In other words, much of what tourists enjoy can be tied back to thriving corals and a lack 

of sediment in the water column. Over 60 percent of tourists visiting the Maldives indicate that they are 

drawn by the country’s underwater attractions.112 

Picture 13: Tourist diving a reef 
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111 Marshall, N. et al. 2019. Identifying indicators of aesthetics in the Great Barrier Reef for the purposes of management. Plos One 14:e0210196. 

112 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 

Summary 

Modest to severe climate scenarios are likely to have highly detrimental long-term impacts on 

coastal protection, biodiversity, the productivity of reef fisheries, tourism, and the cultural value 

of coral reefs. 
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4. Fundamental needs for effective decision-making in 

reef management 
 

Maldivian reef managers have many tools at their disposal, success will depend on using them in a 

complementary, strategic, and integrated framework. Coral reef managers in Maldives have a modest 

arsenal of tools at their disposal (see Annex 2). This chapter discusses some of the key considerations.  

4.1. Understanding of the ecosystem state, connectivity, and impacts 

A basic need for any reef management is spatial information on the threats to the ecosystem. This 

might proceed through key informant interviews and the creation of a Geographic Information System 

(GIS) of fishing efforts, tourism pressure, water quality, and sites of historic damage including from 

major storms, ship groundings, or the intensity of bleaching events.113,114,115  

Resilience-based management has recently emerged as a paradigm for the management of coral 

reefs.116,117 A tenet of resilience-based management is that actions are taken to support natural 

processes of resilience. This will require an understanding and data on these natural processes. But 

what are they? First, it is important to point out that much of this context is coral-centric given the 

rationale that corals support most reef ecosystem functions and are the most threatened taxon by 

climate change.118  

Understanding the processes that underpin resilience is important for management interventions. In 

principle, there are two aspects to resilience: (1) processes that build resistance to impacts and (2) 

those that support recovery post-damage.119 Understanding how these processes vary across a 

seascape provides an important insight into how specific actions should be prioritized. 

4.1.1. Mechanisms of resistance or avoidance of damage 

There are several processes that might promote relatively healthy ecosystems at a given location. The 

first is the existence of relatively resistant coral communities. Sites dominated by relatively tolerant 

taxa, such as species in the genera Porites and Goniastrea, will tend to fare better than those 

elsewhere.120,121 Similarly, newly recruited corals tend to resist bleaching fairly well and can even 

withstand cyclone impacts. 122,123,124,125  

  

 
113 Mumby, P. J. et al. 1995. Geographic Information-Systems - a Tool for Integrated Coastal Zone Management in Belize. Coastal Management 23:111-121. 

114 Burke, L.et al. 2011. Reefs at risk revisited. World Resources Institute, Washington DC. 

115 Halpern, B. S. et al. 2012. An index to assess the health and benefits of the global ocean. Nature 488:615-620. 

116 Shaver, E. C. et al. 2018. Local management actions can increase coral resilience to thermally-induced bleaching. Nature Ecology & Evolution 2:1075-+. 

117 McLeod, E. et al. 2020. Using resilience assessments to inform the management and conservation of coral reef ecosystems. J Environ Manage 277:111384. 

118 Wolfe, K. et al. 2020. Priority species to support the functional integrity of coral reefs. Oceanography and marine biology: an annual review 58:179-318. 

119 McClanahan, T. R. et al. 2012. Prioritising key resilience indicators to support coral reef management in a changing climate. Plos One 7:e42884. 

120 Edwards, A. J. et al. 2001. Coral bleaching and mortality on artificial and natural reefs in Maldives in 1998: Sea surface temperature anomalies and initial recovery. Marine 

Pollution Bulletin 42:7-15. 

121 Loya, Y. et al.. 2001. Coral bleaching: the winners and the losers. Ecology Letters 4:122-131. 

122 Ibid. 

123 Mumby, P. J. 1999. Bleaching and hurricane disturbances to populations of coral recruits in Belize. Marine Ecology-Progress Series 190:27-35. 

124 Mumby, P. J. et al. 2016. High resilience masks underlying sensitivity to algal phase shifts of Pacific coral reefs. Oikos 125:644-655. 

125 Doropoulos, C. et al. Cryptic coral recruits as dormant "seed banks": An unrecognized mechanism of rapid reef recovery. Ecology 103:e3621. 
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Second, the environment at some locations facilitates acclimation to stress. This concept has been 

developed particularly well for coral bleaching. Typically, locations with relatively warm chronic 

conditions – in other words, those that precede a heatwave – prepare corals physiologically for the 

stress that might follow during a heatwave.126,127 During bleaching on the Great Barrier Reef, for 

example, some reefs experience a moderate sub-lethal warming period, which then relaxes for 

approximately 10 days, prior to the main heatwave. The existence of the pre-warming period can help 

corals survive the stress that follows.128  

Third, every coral bleaching event is heterogeneous, with some areas experiencing greater heating than 

others. Refugia occur where such heterogeneity is somewhat predictable and is less likely and/or less 

intense than elsewhere. To date, most such refugia comprise areas of persistent vertical mixing of the 

water column, either because of high currents or upwelling.129 It should be noted that upwelling does 

not necessarily provide a refuge against coral bleaching because upwelling often occurs during winter 

months when intense heatwaves are unexpected.130 Increasingly, general circulation models (climate 

models) are being downscaled to identify refugia from the worst effects of climate change.131,132 

4.1.2. Mechanisms of reef recovery 

Recovery of coral reefs requires that coral larvae arrive to the reef, settle and survive. Major disturbance 

events like bleaching will often denude an entire reef of many sensitive coral taxa. Recovery requires 

first that new corals arrive in the plankton, and these will logically have to come from an upstream reef 

that still has plenty of reproductive corals. Second, those arriving corals have to settle and then survive, 

which depends on how hospitable the reef substrate is. Coral larvae will avoid areas with lots of 

macroalgae or sedimentsso recovery will be unlikely to start where conditions are poor. 133,134,135 

Picture 14: Acropora polyps 
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126 Castillo, K. D., and B. S. T. Helmuth. 2005. Influence of thermal history on the response of Montastraea annularis to short-term temperature exposure. Mar.Bio. 148:261-270. 

127 Ulstrup, K. E. et al. 2006. Variation in bleaching sensitivity of two coral species across a latitudinal gradient on the Great Barrier Reef: the role of zooxanthellae. Marine 

Ecology-Progress Series 314:135-148. 

128 Ainsworth, T. D. et al. 2016. Climate change disables coral bleaching protection on the Great Barrier Reef. Science 352:338-342. 
129 Cheung, M. W. M. et al.  2021. Cumulative bleaching undermines systemic resilience of the Great Barrier Reef. Curr Biol 31:5385-5392 e5384 

130 Chollett, I. et al. 2010. Upwelling areas do not guarantee refuge for coral reefs in a warming ocean. Marine Ecology Progress Series 416:47-56. 

131 McWhorter, J. K. et al. 2022. Climate refugia on the Great Barrier Reef fail when global warming exceeds 3 degrees C. Glob Chang Biol 28:5768-5780. 

132 Storto, A. et al. 2022. Future loss of local-scale thermal refugia in coral reef ecosystems. PLOS Climate 1. 

133 Doropoulos, C. et al. 2014. Reef-scale failure of coral settlement following typhoon disturbance and macroalgal bloom in Palau, Western Pacific. Coral Reefs 33:613-623. 

134 Evensen, N. R. et al. 2019. Inhibition of coral settlement at multiple spatial scales by a pervasive algal competitor. Marine Ecology Progress Series 612:29-42. 

135 Ricardo, G. F. et al. 2017. Settlement patterns of the coral Acropora millepora on sediment-laden surfaces. Sci Total Environ 609:277-288. 
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The inter-dependency of reefs by larval dispersal is known as ‘connectivity’ and is a key feature of a 

reef system.136 Some reefs are major sources of larvae, which means that they sit within ocean currents 

that reach several other coral reefs downstream. Patterns of reef connectivity are usually estimated by 

simulating the spawning of virtual coral larvae within a 3D hydrodynamic model of the ecosystem and 

tracking where larvae go.137 The result is a connectivity matrix that lists all pairs of reefs and represents 

the probability that larvae leaving reef A arrive at all possible destinations (reef B, reef C, etc.). The 

matrix also allows a proportion of the larvae released at each reef to be retained internally, which 

typically happens when local eddies and ‘sticky water’ prevent the larvae from becoming entrained in 

coastal currents and carried downstream.138 

Picture 15: Model showing locations of coral larval connections among reefs 

 

© Peter J Mumby 

‘Key source reef’ which are best placed to support recovery throughout a reef system should be 

prioritized for protection. A study of coral larval connectivity throughout the Great Barrier Reef 

discovered high levels of contact. Of the approximately 4000 reefs, just 100 reefs are needed to 

connect almost half the ecosystem (i.e., 100 reefs can connect to almost 2000 reefs). This gave rise to 

the concept of a ‘key source reef’; a location that has the potential to supply many coral reefs with 

larvae.139 In principle, reef recovery can be assisted by ensuring that the corals on key source reefs are 

maintained in a healthy state. The concept has been extended as part of a practical means of 

addressing coral bleaching impacts. Here, key source reefs are defined as those reefs that are best 

able to support the recovery of damaged reefs.140 This means that the reef needs to have a good coral 

population but also be connected to reefs that are currently in need of external larval supply from 

upstream. In Australia, such reefs are prioritized for protection from CoTS. 

4.2. The role of coral reef monitoring 

Coral reef monitoring is the basis for successful reef management. Coral reef monitoring should 

describe the trend in both the state and processes occurring on the reef. Ideally, monitoring should 

trigger appropriate management interventions and help evaluate whether such interventions have been 

successful. Coral reef monitoring is thus the foundation for coral reef management. However, few coral 

reef monitoring programs achieve these goals – even in Australia. 

 
136 Sale, P. F. et al. 2014. Transforming management of tropical coastal seas to cope with challenges of the 21st century. Marine Pollution Bulletin 85:8-23. 

137 Cowen, R. K. 2002. Larval dispersal and retention and consequences for population connectivity. Pages 149-170 in P. F. Sale, editor. Ecology of Coral Reef Fishes: Recent 

Advances. Academic Press, San Diego. 

138 Black, K. P. et al. 1991. Numerical models show coral reefs can be self-seeding. Marine Ecology-Progress Series 74:1-11. 
139 Hock, K. et al. 2017. Connectivity and systemic resilience of the Great Barrier Reef. PLoS Biology 15:e2003355. 

140 Mumby, P. J. et al.. 2021b. Reconnecting reef recovery in a world of coral bleaching. Limnology and Oceanography: Methods lom3.10455. 
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There are several common obstacles to successful monitoring including jurisdictional overlap. Such 

jurisdictional challenges occur in the Maldives where the MMRI is responsible for long-term monitoring, 

but the Environmental Protection Agency (EPA) monitor Marine Protected Areas (MPAs) and the Ministry 

of Climate Change, Environment and Energy (MoCCEE) and the Ministry of Fisheries, Marine Resources 

and Agriculture (MoFOR) have also responsibilities elsewhere. Moreover, a considerable amount of 

monitoring is undertaken by citizen scientists, which falls outside the mandate and control of 

government agencies who undertake much of the routine monitoring. One means of managing such 

jurisdictional overlap is to establish an inter-agency monitoring committee, whose mandate is to share 

approaches, agree which agency should coordinate data integration, and facilitate data sharing and 

reporting. 

A second obstacle is the sharing of data, which can be difficult technically and challenging in terms of 

intellectual property. Technical difficulties include the use of different data storage methods among 

agencies (e.g., Excel, Access, SQL) as well as differences in the frequency of surveys and resolution of 

data (choice of species, etc.). Technical challenges can be overcome with an appropriate online 

database and intellectual property issues can be eased by not publicly releasing raw data (though raw 

data do need to be included in the analysis). An online repository for monitoring data exists for the 

Maldives – the Coral Database - though it currently houses only citizen science data.141 Alternative free 

online platforms are available including MERMAID,142 which has the advantage of providing flexibility 

in the release of data. 

Another challenge is deciding on the appropriate number of variables to monitor considering limited 

resources. It is easy to formulate a long list of desirable criteria but as this increases so too does the 

technical capacity, time, and funding need to achieve it. There are, however, some highly integrative 

metrics and advances in Artificial Intelligence (AI) that are transforming the capacity of monitoring. For 

example, the AI platform, Reef Cloud,143 can extract data on the cover of coral lifeforms and macroalgae 

700 times more efficiently than manual processing.144 Similarly, while it is useful to monitor herbivory 

and potential nutrient levels, it is also straightforward to measure the net outcome of bottom-up and 

top-down controls of reef algae. The canopy height of algal turf can be measured easily with a ruler and 

is an early indicator of changes that might generate problems. Typically, canopy heights of less than 2 

mm suggest a hospitable surface for coral recruitment and problems are indicated once it exceeds 3 

mm.145 At its core, a monitoring program should reflect the state of the system and the key processes 

that drive it. Resolving which metrics to include will depend on the goal of monitoring and expected 

causes of reef damage. Table 2 provides key metrics to prioritize based on the threats to Maldivian 

reefs identified in Chapter 1. 

Table 2: Key metrics for coral reef monitoring based on the identified threats to Maldivian reefs 

Coral cover disaggregated by lifeforms (Table Acropora, branching Acropora, etc.) 

Cover of other benthic taxa to include sponges, soft corals, algal turfs, sediment-laden algal turfs, crustose coralline 

algae, macroalgae (splitting out Halimeda, Lobophora, Padina, filamentous green, Dictyota, Sargassum separately) 

Canopy height of algal turfs and macroalgae (separately) 

Use of photo-quadrats so that the abundance of juvenile corals can be extracted later if needed 

Incidence of disease and coral bleaching using tagged corals 

Cover of mobile sediment on the reef surface 

Biomass of herbivorous and economically important reef fish  

Abundance of CoTS 

 
141 https://www.coraldatabase.gov.mv/ 

142 https://datamermaid.org/about-mermaid 

143 https://reefcloud.ai/ 

144 González-Rivero, M. et al. 2020. Monitoring of Coral Reefs Using Artificial Intelligence: A Feasible and Cost-Effective Approach. Remote Sensing 12. 

145 Arnold, S. N.et al. 2010. Running the gauntlet: inhibitory effects of algal turfs on the process of coral recruitment. Marine Ecology Progress Series 414:91-105. 

https://www.coraldatabase.gov.mv/
https://datamermaid.org/about-mermaid
https://reefcloud.ai/
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The lack of statistical power resulting from inadequate sample sizes is often a major limitation for coral 

reef monitoring protocols.  The use of differing sampling methods among programs is often a source of 

concern that can inhibit collaboration and progress. Yet, most reef monitoring methods are acceptable 

if carried out well.146 A far greater problem is that field sampling often lacks sufficient statistical power 

to be insightful.147,148 For example, it is not unusual that sample size is chosen on the grounds that it 

was recommended in a monitoring manual (e.g., 5 Line intercept transects per site). But if sample size 

is inadequate virtually every statistical analysis of trends will return a result of ‘non-significant’ (p over 

0.05). A non-significant result does not mean that there is no effect. Rather, it means that the statistical 

analysis could not find one. In some cases, the sampling design is so poor that there would only be a 2 

percent chance (power) of being able to detect a change in coral cover of 20 percent. In other words, 

the reef might be changing dramatically but the monitoring program continues to conclude that there 

is no change. 

Undertaking a power analysis to determine the appropriate sample size prior to undertaking further 

monitoring addresses this challenge.149 A decision needs to be made on the level of change in reef 

metrics that constitute important information (e.g., change in absolute coral cover of 10 percent). The 

power analysis then reveals the appropriate sampling size required. This is discussed further under the 

operational pathway in Chapter 5.1. 

A final obstacle to monitoring is the low return on investment, utilizing photo-quadrats can visualize 

reef dynamics in an impactful manner. In many cases, monitoring data are perceived to provide little 

insight. After all, it is difficult to know how to interpret such data. How large a difference in, for example, 

coral cover is problematic? This problem grows when there is a high turnover in monitoring staff so that 

individual staff are not seeing the trend themselves. The question, then, is how to make monitoring 

data more impactful and useful. Two approaches can help. The first is to establish permanent photo-

quadrats as a core of the monitoring program. Not only can these data be analyzed rapidly by AI but 

they provide a visually striking means to appreciate the dynamics of the reef. Comparisons of the same 

plot over time have a far greater impact on an audience than a selection of photographs of different 

reef communities. They show, for example, how quickly some corals can grow and how variable algal 

blooms can be.  

Greater engagement with monitoring data can also be fostered if the results are placed into an 

interpretative framework.150 Such a framework first identifies potential causes of the changes observed 

in the data (e.g., increase in macroalgal cover – see Figure 7). It then evaluates which of those causes 

seem most likely and guide the collection of additional data to refine or verify. A key need is then to 

assess the potential implications of such trends – how might they impact the ecosystem? This is 

important to identify whether management interventions will be triggered. The framework can be 

adapted for use in the Maldives. 

  

 
146 Cote, I. M. et al. 2005. Measuring coral reef decline through meta-analyses. Philosophical Transactions of the Royal Society B-Biological Sciences 360:385-395. 

147 Mumby, P. J. et al. 2021a. Revisiting the evidentiary basis for ecological cascades with conservation impacts. Conservation Letters:e12847. 

148 Sheppard, C. R. C. 1999. How large should my sample be? Some quick guides to sample size and the power of tests. Marine Pollution Bulletin 38:439-447. 
149 Green, P., and C. J. MacLeod. 2016. SIMR: An R package for power analysis of generalized linear mixed models by simulation. Methods in Ecology and Evolution 7:493-498. 

150 Flower, J. et al. 2017. Interpreting coral reef monitoring data: A guide for improved management decisions. Ecological Indicators 72:848-869. 
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Figure 7: Decision-tree to diagnose stressors that may be responsible for changes on the reef 

 
Source: Flower, J et al. 2017. Interpreting coral reef monitoring data: A guide for improved management decisions. Ecological Indicators 72:848-869. 

4.3. The need for reconnaissance data: a role for citizen science 

Rapidly deployable less structured data collection referred to as reconnaissance and citizen science 

meaningfully complement coral reef monitoring in the response to bleaching events and CotS 

outbreaks. Monitoring data should identify long-term trends that might trigger management action. The 

power in monitoring lies in long-term consistency. Yet coral reefs are frequently impacted in 

unpredictable ways. Thus, monitoring data can be complemented with reconnaissance that is deployed 

rapidly wherever it is needed at the time. The most likely need for reconnaissance is in responding to 

bleaching events. This might include learning how reefs responded to different levels of warming and 

identifying key source reefs that warrant protection as part of a recovery plan. Reconnaissance might 

also be useful to survey CoTS populations at sites with a history of outbreaks that also have high coral 

cover.  

Reconnaissance data need to be acquired rapidly, ideally from a variety of locations, and generally do 

not have to be as accurate as monitoring data. For example, the identification of key source reefs is 

concerned with coarse categories of reef state, where ‘healthy’ reefs might have 20 percent cover or 

more and damaged reefs might have less than 10 percent cover. These criteria lend themselves to the 

use of citizen science. A relevant example can be seen in Australia where Citizens of the Great Barrier 

Reef operate a program called the ‘Great Reef Census’.151 Each year, citizen scientists board a variety 

of tourism and industry boats to photograph a variety of reefs – typically several hundred. Each reef is 

divided into multiple sites and each surveyed by taking approximately 50 seascape photographs. Most 

of this is carried out using snorkel. The images are geo-tagged, uploaded to the site and an initial 

analysis is carried out using AI. The AI outputs are then refined further by thousands of global citizens 

verifying the predictions using an app on their phone. This data is used to identify key source reefs, 

which are then prioritized for CoTS control. Other citizen science initiatives can also deliver local data 

on reef state with modest accuracy, including Reef Check.152 

 
151 greatreefcensus.org 
152 https://www.reefcheck.org/country/maldives/ 

https://greatreefcensus.org/
https://www.reefcheck.org/country/maldives/
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4.4. Restoration and rehabilitation 

Restoration is returning an ecosystem to an earlier state whereas rehabilitation is less restrictive and 

attempts to maintain essential ecosystem processes and services, albeit allowing a different 

community composition.153 There is a great diversity of restoration and rehabilitation being conducted 

in the Maldives with little coordination.154 Most of these efforts are undertaken by tourism resorts. 

Unfortunately, the lack of coordination inhibits the sharing of knowledge (e.g., what works well?) and 

makes restoration even more difficult to regulate and scale up (which methods should be allowed under 

which circumstances, etc.?). There are at least three scenarios of rehabilitation, each of which has a 

different justification and likely approach. 

4.4.1. Accelerate recovery of reefs that remain habitable for corals 

The increased frequency of disturbance being fueled by climate change requires managers to consider 

how best to make the most of the recovery windows between successive events. The natural recovery 

trajectories of corals typically follow a sigmoidal function, being slow at first because there are few 

corals and reproductive efficiency is low. Recovery rate tends to increase dramatically as coral cover 

approaches 20 percent.155 Thus, a rational goal of restoration is to accelerate natural recovery by 

increasing coral density. Whether restoration can achieve the scales necessary to create a demographic 

boost in recovery beyond the restored patch remains to be seen. 

A similar, but smaller scale, objective is to rehabilitate damaged reefs for aesthetic or tourism purposes 

(e.g., rebuilding the local ‘house reef’ utilized by guests at a particular resort). The key point in these 

scenarios is that the coral substrate is still hospitable for new coral settlement and growth. A variety of 

methods are appropriate here including the use of coral clips to attach fragments to the reef,156 

saturating the reef with competent coral larvae providing that natural larval supply is curtailed,157,158 

and gluing corals back to the reef. 

4.4.2. Rubble stabilization 

Disturbances that generate coral rubble can prevent coral recovery for decades, particularly if the 

rubble pieces are small and smooth. Such rubble typically results from blast fishing.159,160 The length 

of time it takes for larger rubble – such as that formed after bleaching events – remains variable and 

little known, though it will take longer where wave energy is greater.161 A minimum period of 5-10 years 

appears to be realistic. Research in the Maldives has shown that even the more robust corals like 

Porites rus fail to survive and grow when reduced to mobile fragments, post damage.162 

There are two fundamentally different approaches to deal with rubble either focused on stabilizing it or 

providing an alternative substrate for corals. The first is to attempt stabilization, such as the use of 

plastic mesh.163 This can be successful at small scales, though it can involve algal or soft coral blooms, 

possibly associated with the reduced grazing intensity between the mesh and the underlying 

substratum. However, a study of chain-link fencing anchored with concrete slabs found it to be 

ineffective on Maldivian reef flats because the coral recruits succumbed to the hostile sediment 

scouring near the reef substrate.164 The second, is to provide an alternative, stable substrate on which 

corals can either be attached or settle naturally. 

 
153 Gerwing, T. G. et al.  2021. Restoration, reclamation, and rehabilitation: on the need for, and positing a definition of, ecological reclamation. Restoration Ecology 30. 
154 World Bank. 2024. Maldives: Country Environmental Analysis. Towards a More Sustainable and Resilient Blue Economy. Washington, DC: World Bank Group. 

155 Gilmour, J. P. et al. 2013. Recovery of an isolated coral reef system following severe disturbance. Science 340:69-71. 
156 https://reefcloud.ai/ 

157 de la Cruz, W. D., and P. L. Harrison. 2017. Enhanced larval supply and recruitment can replenish reef corals on degraded reefs. Sci Rep 7:13985. 
158 Edwards, A. J. et al. 2001. Coral bleaching and mortality on artificial and natural reefs in Maldives in 1998: Sea surface temperature anomalies and initial recovery. Marine 

Pollution Bulletin 42:7-15. 
159 Fox, H. E., and R. L. Caldwell. 2006. Recovery from blast fishing on coral reefs: A tale of two scales. Ecological Applications 16:1631-1635. 
160 Kenyon, T. M. et al. 2023a. Coral rubble dynamics in the Anthropocene and implications for reef recovery. Limnology and Oceanography 68:110-147. 
161 Kenyon, T. M. et al. 2023b. Mobilisation thresholds for coral rubble and consequences for windows of reef recovery. Biogeosciences 2:10.5194. 
162 Kenyon, T. M. et al. 2020. The effects of rubble mobilisation on coral fragment survival, partial mortality and growth. Journal of Experimental Marine Biology and Ecology 

533:151467. 
163 Raymundo, L. J. et al. 2007. Can dynamite-blasted reefs recover? A novel, low-tech approach to stimulating natural recovery in fish and coral populations. Marine Pollution 

Bulletin 54:1009-1019. 
164 Clark, S., and A. J. Edwards. 1999. An evaluation of artificial reef structures as tools for marine habitat rehabilitation in the Maldives. Aquatic Conservation-Marine and 

Freshwater Ecosystems 9:5-21. 
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Picture 16: Use of mesh to stabilize rubble. Previously broken fragments of coral are collected from the 

reef and attached 

 

© Peter J Mumby 

Various structures can be used and have been tried as alternative substrate for corals. One of the most 

popular methods is the use of ‘stars’ or ‘spiders’ that are iron structures, sometimes coated with 

calcium carbonate or sand, on to which corals are attached with plastic cable ties.165 Corals can grow 

prolifically on these substrates, which can be replicated to cover ‘large’ areas (exceeding one hectare). 

Not all corals lend themselves to this approach, such as massive and encrusting taxa, but it can achieve 

high coral cover after a few years. A diversity of other structures has been trialed with the view of 

preventing rubble from slipping down the scree and smothering healthy corals deeper on the slope. 

Practitioners of these approaches – mostly developed in Indonesia and Malaysia – have found that 

arranging the ‘fences’ in an offset manner, rather like avalanche fencing, helps to stabilize the rubble. 

An alternative approach was trialed in the Maldives as a response to coral mining on reef flats. Here, 1 

m3 Shepherd Hill Energy Dissipator (SHED) concrete units were arguably the most effective tool 

assessed and provided sufficient vertical structure to encourage reef fish colonization and good 

recruitment habitat for a diversity of corals.166 This can occur without transplantation of corals. 

However, while corals colonized these structures effectively, recovery after the 1998 coral bleaching 

event appeared to fail for reasons that remain.167 

  

 
165 Williams, S. L., C. Sur, N. Janetski, J. A. Hollarsmith, S. Rapi, L. Barron, S. J. Heatwole, A. M. Yusuf, S. Yusuf, J. Jompa, and F. Mars. 2018. Large‐scale coral reef rehabilitation 

after blast fishing in Indonesia. Restoration Ecology 27:447-456. 

166 Clark, S., and A. J. Edwards. 1995. Coral transplantation as an aid to reef rehabilitation: evaluation of a case study in the Maldive Islands. Coral Reefs 14:201-213. 

167 A.J. Edwards, pers. comm. 
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Picture 17: Use of iron 'stars' to provide an alternative substrate to rubble 

 
© Peter J Mumby 

4.4.3. Create new artificial reef habitat for aesthetic reasons 

New artificial reef habitat can also be created through man-made structures for aesthetic reasons. In 

some cases, structures like steel cages have been placed over sand to create structures that might 

interest visitors.168 Such artificial reefs can have aesthetic appeal, though the use of artificial reefs as 

a fish aggregation device can have limited efficacy because they typically provide good habitat for adult 

fishes but not recruits.169 

4.4.4. Out-of-the-box restoration methodologies 

New and larger-scale restoration methodologies like assisted gene flow (AGF) but have not yet been 

tested due to regulatory concerns and discussions around the associated risks. It is worth noting that 

most restoration is undertaken at small scale and involves either propagating wild corals, capturing 

and settling wild coral spawn, collecting and reattaching broken fragments, or adding structures that 

enable corals to settle above the problematic sandy reef surface. There are, however, discussions about 

more interventionist and larger-scale practices.170 AGF also known as assisted migration. Here, corals 

from warmer environments might be moved to cooler environments in the hope that their greater 

thermal tolerance will allow them to prosper and potentially replace local corals that are less well 

adapted. This is currently being considered in Australia but as there remains significant regulatory 

concern it has not yet been approved. One risk is the introduction of diseases, which don’t have to be 

new, but the pathogens might be more effective in the new thermal environment, therefore allowing 

disease outbreaks where they have not occurred previously. To be clear, there is no evidence of this, 

but it remains a concern. Another concern over AGF is the risk of ‘outbreeding depression’ such that 

the offspring of reproduction between warm- and cool-adapted corals have lower fitness than either of 

their parent populations. However, most coral reef geneticists consider this to be a small risk.171  

 
168 Montano, S. et al. 2022. Coral reef restoration monitoring manual Maldives. University of Milano-Bococca, Milano. 

169 Belmaker, J. et al. 2005. Effects of small-scale isolation and predation on fish diversity on experimental reefs. Marine Ecology-Progress Series 289:273-283. 
170 Anthony, K. et al. 2017. New interventions are needed to save coral reefs. Nature Ecology & Evolution 1:1420-1422. 

171 Line Bay pers. comm 
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Another new restoration approach is assisted evolution (AE), in which the existing corals are screened 

for their thermal sensitivity. The hardiest corals are then propagated and may be subjected to further 

thermal screening. Essentially, this process searches and propagates the best adapted natural corals 

and replaces them to their original environment. It can be technically demanding and requires 

considerable laboratory capacity to propagate large numbers of corals. The method assumes that 

thermal tolerance is heritable, which is reasonable. AE is now being piloted on the Great Barrier Reef 

and Florida. It should be borne in mind that natural selection - or the screening of corals for thermal 

tolerance – is occurring naturally at an ecosystem scale every time a heatwave occurs. Therefore, 

restoration projects that make use of surviving coral fragments are effectively applying AE principles 

without undertaking any experiment work. 

The most interventionist style of restoration would involve synthetic biology or genetic engineering. 

Here, the aim is to modify the genes of corals to enhance thermal tolerance while minimizing any trade-

offs with key processes like growth and reproduction. This is functionally identical to the use of 

genetically modified crops and the same concerns exist. Will the modified corals be genuinely fitter? 

Might they risk displacing or modifying wild populations and resulting in an irreversible loss of 

biodiversity? These methods are yet to be approved in Australia for example, even on a research basis. 

Finally, cloud-brightening is explored as a method to reduce sea temperatures. Such larger scale 

methods are being explored in Australia under a AU$ 100 million (US$ 67.5 million) Reef Restoration 

& Adaptation Program.172 These methods include the use of local cloud brightening in which salt 

crystals are derived from sea water and blasted towards existing clouds where they increase the 

reflection of sunlight. Reducing the level of sunlight reaching the ocean surface is believed to be able 

to reduce sea temperatures by approximately 0.5ºC. This technology is under development and has not 

yet been piloted. 

  

 
172 gbrrestoration.org 

https://gbrrestoration.org/
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4.4.5. Restoration advice for the Maldives 

Holding a symposium of restoration methodologies and assessing their cost-benefits and suitability to 

Maldives would provide a base for selecting and prioritizing a mix of methodologies. It is difficult to be 

prescriptive regarding the best approach for rehabilitation in the Maldives. Ideally, a symposium of 

restoration methodologies should be held with follow up to create a synthesis of the full costs, success, 

and environmental applicability of each method that has been trialed. Success needs to consider the 

increase in areal coral cover and at least functional diversity over time. Monitoring of these results 

should be made against control, unrestored areas. If this is not possible then detailed reporting of the 

growth and mortality rates of restored corals should be reported so that the benefits of the restoration 

can be estimated using ecological models. 

Despite the early stage of comparative analyses, there is one situation where restoration is clearly 

desirable: to provide an alternative habitat for young corals when the reef is reduced to rubble. To date, 

the most ‘successful’ strategy of coping with rubble is the use of Mars Assisted Reef Restoration System 

(MARRS).173,174,175 This method has been used to restore several hectares of damaged reef in 

Indonesia and remains the largest scale restoration to date. Timescales and costs for Indonesia have 

been assessed in a study.176 In this study an area of 2 ha was restored with 11,000 structures covering 

7000 m2 in total (each measures 0.33 m2). The costs were US$ 174,000 and the local community 

could deploy 550 structures, covering an area of approx. 400 m2 in 3 days. This may not be the most 

cost-effective restoration method, but it has been found to be successful in rehabilitating relatively large 

areas of reef within a few years. It does require significant maintenance, such as controlling 

damselfishes that can establish algal territories that may be deleterious to coral.  

More broadly, it would be appropriate to liaise with international scientists that are engaged in AGF to 

explore whether this holds value for the Maldives. One of the most visible projects that is considering 

the risks and likely benefits of such interventions is the Reef Restoration and Adaptation Program on 

the Great Barrier Reef.177 AGF is currently being evaluated by scientists and regulators. Liaison could 

be facilitated through networking of MMRI and university staff. 

A national policy for restoration could facilitate harmonization and scaling of restoration efforts in 

Maldives. The Maldives should create a national policy for restoration that seeks to identify clear 

objectives, allowable methods, permitting arrangements, and set out the need for monitoring and 

reporting. There are few policies to review but a recent analysis of restoration policies in Indonesia is a 

starting point (Figure 8). 178 

  

 
173 Lange, I. D. et al.  2024. Coral restoration can drive rapid reef carbonate budget recovery. Curr Biol 34:1341-1348 e1343. 

174 Williams, S. L. et al. 2018. Large‐scale coral reef rehabilitation after blast fishing in Indonesia. Restoration Ecology 27:447-456. 

175 buildingcoral.com/our-solution 
176 Ibid. 

177 gbrrestoration.org 

178 Razak, T. B. et al. 2024. A review of the legal framework for coral reef restoration in Indonesia. Ocean & Coastal Management 248. 
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Figure 8: Flowchart of restoration stages for coral reef ecosystems in Indonesia 

 
Source: Razak, T. B. et al. 2024. A review of the legal framework for coral reef restoration in Indonesia. Ocean & Coastal Management 248 as outlined 

in MoF Ministerial Regulation No. P.48/Menhut-II/2014 
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4.5. MPAs and fisheries regulations 

MPAs and fisheries regulations based on stock assessments are an effective tool to manage and 

protect reef fish stocks. The loss of reef fishes owing to overharvesting and potential declines in habitat 

quality are a concern from both a biodiversity and livelihood perspective. Multi-species coral reef 

fisheries are typically managed through a combination of no-take MPAs and effort limits for a few 

commercial species. While a fishery management plan exists for grouper in the Maldives, there remains 

no stock assessment. Stock assessments should ideally be conducted at spawning aggregation sites 

because (1) it is easier to quantify the population size than when dispersed across the reef, and (2) 

other forms of stock assessments can be misleading for aggregating species.179 

Picture 18: High biodiversity of an intact ecosystem 

 

© Peter J Mumby 

 

No-take MPAs which prohibit fishing can help rebuild reef fisheries, though the benefits can take more 

than five years to occur, depending on initial population density.180 An extensive analysis of reef fish 

biology and fishing scenarios concluded that fisheries for the vast majority of species would benefit 

from no-take MPAs, with benefits rising from the smallest area considered (10 percent) to the maximum 

of 30 percent.181 Thus, as a signatory to the Kunming-Montreal Global Biodiversity Framework, which 

advocates for 30 percent ‘protection’ by 2030, the Maldives could reap significant gains in reef fish 

and fisheries. However, the degree to which such potential is realized will depend on the level of 

protection within MPAs (no-take vs. some level of harvesting) and its enforcement. Fisheries gains will 

be greater under a no-take model.182 

 
179 Hamilton, R. J. et al. 2016. Hyperstability masks declines in bumphead parrotfish (Bolbometopon muricatum) populations. Coral Reefs. 

180 McClanahan, T. R. 2014. Recovery of functional groups and trophic relationships in tropical fisheries closures. Marine Ecology Progress Series 497:13-23. 

181 Krueck, N. C. et al. 2017b. Marine Reserve Targets to Sustain and Rebuild Unregulated Fisheries. PLoS Biol 15:e2000537. 

182 Gill, D. A. et al. 2017. Capacity shortfalls hinder the performance of marine protected areas globally. Nature 543:665-669. 
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The design of MPAs benefits significantly from the application of scientific tools, e.g. for determining 

the appropriate size. Several are worth considering. First, tools can estimate the size of MPAs needed 

to protect fishes, making use of the strong relationship between fish body size and home range.183 A 

free tool running on windows allows the user to investigate which species are protected by MPAs of 

differing size.184 In short, application of the tool can help justify a minimum MPA size for biodiversity. 

Second, the use of connectivity data for fisheries species can be instrumental in designing effective 

MPA locations either for biodiversity goals or rebuilding fisheries. In general, biodiversity goals are 

maximized where a location can become somewhat ‘self-sustaining’ and have a high level of larval 

retention. In contrast, important fishing grounds will likely benefit by placing their key sources of larvae 

within MPAs, and allowing the brood stock to rise.185,186 If connectivity data are available then free tools 

can be used to help identify suitable sites for MPA locations.187 

Third, optimization software can be used to choose between various MPA configurations. MPA design 

considers many criteria including habitat representativeness, anthropogenic pressures, economic use, 

and climate change impacts.188 This means that there are countless alternative configurations of MPAs. 

Optimization software can help simplify the task and identify a small set of options that meet a given 

set of criteria.189  

Prior to expanding the MPA network, it is important to reinforce the management of existing MPAs. 

Indeed, a global analysis of the effectiveness of MPAs found that the most important drivers of success 

were sufficient resourcing of managing entities. The importance of such governance considerations 

was several-fold larger than that of biological design criteria.190 It is recommended that the Maldives 

reviews their current support for MPA management, perhaps using tools like the IUCN Green List,191 

and invest further where needed. Should such investments need to be prioritized then consideration of 

the importance of each MPA to the wider support of fisheries and reef resilience might be considered. 

Both processes are driven by larval connectivity. 

4.6. Information and decision-support systems 

Information and decision-support systems are quite different. An information system focuses on 

gathering and displaying data from various sources. At its simplest an information system would 

comprise an online map of relevant data to include habitat maps, key biodiversity criteria (e.g., nesting 

sites, nursery habitats), existing protected area boundaries, usage of the system for recreational and 

commercial fisheries, tourism sites, and major threats. The maps might form overlays upon Google 

Earth or a bespoke GIS system. More advanced information systems would allow querying and display 

of monitoring data, as well as the creation of synthetic data layers that might guide resilience-based 

management. Examples of the latter include mapping of thermal environments,192 connectivity data,193 

and indices of reef resilience.194 For example, an analysis of coral bleaching environments was created 

for the Maldives prior to the 2016 bleaching event. Areas of high vs. low chronic heat exposure were 

mapped as well as the intensity of previous warming events.195 The outputs of an information system 

can guide a variety of decisions and help ensure that different government agencies share their most 

up-to-date results. 

 
183 Krueck, N. C. et al. 2018. Reserve sizes needed to protect coral reef fishes. Conservation Letters 11:e12415. 

184 https://archive.iwlearn.net/ccres.net/ccres.net/resources/ccres-tool/mpa-size-optimization-tool.html 
185 Krueck, N. et al. 2017a. Incorporating larval dispersal into MPA design for both conservation and fisheries. Ecological Applications 27:925-941. 
186 Tong, C., K. et al. 2021. An MPA Design Approach to Benefit Fisheries: Maximising Larval Export and Minimising Redundancy. Diversity 13:586. 
187 A set of free tools for MPA design can be found at: https://archive.iwlearn.net/ccres.net/ccres.net/resources/category/ccres-tools.html 
188 Roberts, C. M. et al. 2003. Ecological criteria for evaluating candidate sites for marine reserves. Ecological Applications 13:S199-S214. 

189 An example for a freely available tool is Marxan: https://marxansolutions.org/. Marxan can take the outputs of the MPA connectivity design criteria listed above and integrate 

them with many other datasets. 
190 Gill, D. A. et al. 2017. Capacity shortfalls hinder the performance of marine protected areas globally. Nature 543:665-669. 
191 https://iucngreenlist.org/explore/ 
192 Mumby, P. J. et al. 2011. Reserve design for uncertain responses of coral reefs to climate change. Ecology Letters 14:132-140. 
193 Paris, C. B. et al. 2013. Connectivity Modeling System: A probabilistic modeling tool for the multi-scale tracking of biotic and abiotic variability in the ocean. Environmental 

Modelling & Software 42:47-54. 
194 Maynard, J. A. et al. 2010. Building resilience into practical conservation: identifying local management responses to global climate change in the southern Great Barrier Reef. 

Coral Reefs 29:381-391. 
195 see https://www.marinespatialecologylab.org/brat 

https://archive.iwlearn.net/ccres.net/ccres.net/resources/ccres-tool/mpa-size-optimization-tool.html
https://archive.iwlearn.net/ccres.net/ccres.net/resources/category/ccres-tools.html
https://marxansolutions.org/
https://iucngreenlist.org/explore/
https://www.marinespatialecologylab.org/brat
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A decision-support system draws on data from information systems but goes further in comparing the 

potential efficacy of alternate management decisions (see Figure 9 for an example). To do this it might 

integrate disparate data, including social and ecological information, to map vulnerabilities and help 

prioritize where interventions may be most effective.196 The most advanced decision-support systems, 

are driven by models of the respective ecosystem. 

Figure 9: Example decision support system for the Great Barrier Reef (Australia) 

 

Note: Example decision-support system for the Great Barrier Reef (RRAP Reef Explorer, beta version not yet publicly available - contact Prof. Peter 

Mumby, University of Queensland. 

Relatively few ecosystem models exist for coral reefs and fewer still have been linked to management 

decision-making. Exceptions include a mathematical model of the Mesoamerican Barrier Reef,197 two 

models of CoTS and coral dynamics of the Great Barrier Reef,198,199 and a model of Caribbean coral 

reefs under local management and climate change.200,201 For example, the model ReefMod-GBR 

represents the dynamics of six species groups of corals across approximately 4000 reefs of the Great 

Barrier Reef and simulates the effects of connectivity, cyclones, CoTS, and coral bleaching.202 It has 

been tested against empirical monitoring data throughout the Great Barrier Reef and is used to 

understand how management interventions, including restoration and CoTS control can deliver a better 

future for the reef. Alternative strategies of disrupting CoTS outbreaks have been compared and more 

effective methods identified.203 For this report, ReefMod was modified for the Maldives (see ANNEX 1). 

 
196 Thiault, L., P. Marshall, S. Gelcich, A. Collin, F. Chlous, and J. Claudet. 2018. Mapping social-ecological vulnerability to inform local decision making. Conserv Biol 32:447-456. 

197 Melbourne-Thomas, J., C. R. Johnson, and E. A. Fulton. 2011. Regional-scale scenario analysis for the Meso-American Reef system: Modelling coral reef futures under multiple 

stressors. Ecological Modelling 222:1756-1770. 

198 Condie, S. A., E. E. Plaganyi, E. B. Morello, K. Hock, and R. Beeden. 2018. Great Barrier Reef recovery through multiple interventions. Conservation Biology 32:1356-1367. 

199 Bozec, Y. M., K. Hock, A. B. Mason, M. E. Baird, C. Castro-Sanguino, S. A. Condie, M. Puotinen, A. Thompson, and P. J. Mumby. 2022. Cumulative impacts across Australia's 

Great Barrier Reef: a mechanistic evaluation. Ecological Monographs e01494. 

200 Mumby, P. J., N. H. Wolff, Y. M. Bozec, I. Chollett, and P. R. Halloran. 2014. Operationalizing the resilience of coral reefs in an era of climate change. Conservation Letters 

7:176-187. 

201 Bozec, Y.-M., S. O'Farrell, J. H. Bruggemann, B. L. Luckhurst, and P. J. Mumby. 2016. Trade-offs between fisheries harvest and the resilience of coral reefs. Proceedings of the 

National Academy of Sciences 113:4536-4541. 

202 Bozec, Y. M., K. Hock, A. B. Mason, M. E. Baird, C. Castro-Sanguino, S. A. Condie, M. Puotinen, A. Thompson, and P. J. Mumby. 2022. Cumulative impacts across Australia's 

Great Barrier Reef: a mechanistic evaluation. Ecological Monographs e01494. 

203 Castro‐Sanguino, C., Y. M. Bozec, S. A. Condie, C. S. Fletcher, K. Hock, C. Roelfsema, D. A. Westcott, and P. J. Mumby. 2023. Control efforts of crown‐of‐thorns starfish 

outbreaks to limit future coral decline across the Great Barrier Reef. Ecosphere 14:ecs2.4580. 
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Despite the power of ecosystem models to inform management options, their direct uptake remains in 

its infancy. Even the Great Barrier Reef Marine Park Authority has only just begun embedding models 

within its routine (primarily for CoTS control). And even here the models are still run through a direct 

partnership with the scientist developers in academia and research organizations. 

Summary 

Sound management requires an understanding of the state of the ecosystem, how it is changing, 

and why. This allows interventions to be tailored to address the most relevant issues and in 

prioritize locations for conservation, restoration and rehabilitation. It is exceptionally important 

to integrate relevant data so that it can be analyzed and visualized readily and used to support 

effective decision-making. 
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5. Policy and management recommendations 
This chapter outlines key policy and management recommendations to foster the resilience of coral 

reefs in the Maldives. The Maldives’ influence on limiting the decree of climate change itself and thus 

the climate impacts on coral reefs is very limited. But the country can address the local stressors 

outlined in Chapter 1 such as impacts from coastal development to ensure that coral reefs are in the 

best possible state. It can also put in place an integrated planning and policy framework to prioritize, 

align and enhance monitoring, conservation, and restoration. Finally, the chapter includes an 

Operational pathway towards enhancing resilience-based management of Maldivian coral reefs for 

short-term operationalization (Chapter 5.1). 

 

  
Policy recommendations 

Develop a 2050 vision on Maldivian biodiversity to guide coral reef management in the medium to 

long-term: 

 

Since coral reefs are expected to be functional by 2050, and far into the future if global warm, 

it is prudent for Maldives to develop an integrated management framework to maximize coral 

reef resilience. Even if future coral populations are depauperate relative to today, many 

communities will still rely on them for food and income.  

 

Adopt a 2050 Policy horizon (as has been done for the GBR) that enables forward planning 

but avoids the growing uncertainties of long-term projections. A 2050 horizon also utilizes 

that coral reefs are expected to be functional even under more pessimistic climate scenarios 

during this period. 

 

The policy horizon should set out a vision for Maldivian biodiversity and coastal livelihoods in 

2050. Modelling and decision-support tools can help develop and refine a blueprint for 

achieving the goals. The Blueprint includes the roles of government, non-governmental 

organizations (NGOs), industry, citizens, and a suite of management interventions. 

 

The vision should aim to achieve or maintain at least 40 percent coral cover as a means of 

minimizing the impacts of sea-level rise on coastal infrastructure. 

Strengthen capacity and financing to support the implementation of the 2050 vision on Maldivian 

biodiversity and livelihoods: 

 

Support the capacity of management agencies, such as the MMRI, to help coordinate and 

implement improved reef management. Needs for support include personnel, training, and 

capacity. 

 

Support Maldives National University to grow its research capacity in coral reef restoration 

and resilience, with international links to leading researchers globally. This will help the 

Maldives maintain connections with the wider R&D community by ensuring that 

representatives from the MMRI or Maldives National University attend global conferences on 

the state of restoration science, such as ‘Reef Futures’ (next meeting in December 2024).   

 

Reinforce the Bachelor of Marine Science degree at the Maldives National University by 

recruiting at least one lecturer whose research interests encompass coral restoration. This 

would also help align international research efforts in the country, through opportunities for 

greater collaboration. 

 

Develop a funding plan to implement the 2050 Vision on Maldivian biodiversity and coastal 

livelihoods. Planning should involve the treasury as well as coral reef management entities 

and connect with development agencies and NGOs in the creation of novel financing methods 

such as biodiversity credits and green bonds. 
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Improve monitoring, data, and decision support for coral reef management: 

  

Increase the efficiency and impact of coral reef monitoring using appropriate AI technology 

and a shared database. Connect the outcomes of monitoring to explicit management triggers 

and responses. 

  

Engage citizen science as part of the data collection needs that support resilience-based 

management of the reef. 

  

Operationalize the reconnaissance needed to inform a coral bleaching and CoTS response 

plans. 

  

Create a coral reef information system with decision support that helps decision-makers 

create timely, targeted, management interventions with anticipated benefits for biodiversity. 

The system integrates monitoring, reconnaissance, management interventions (including 

restoration plans, connectivity), and projections of future benefits. 

Enhance the protection and conservation of coral reefs and ensure that manageable stressors 

(CoTS, impacts from dredging) are reduced as far as possible: 

  

Provide the governance infrastructure to develop and implement plans for existing MPAs to 

increase conservation outcomes. 

  

Prioritize management planning and implementation when identifying new MPAs as part of 

the Kunming-Montreal 30×30 commitment. 

  

Avoid dredging in and close to areas of exceptional ecological importance such as climate 

refugia or key source reefs of biodiversity (corals and fish). 

Scale-up restoration and rehabilitation of degraded or damaged coral reefs: 

  

Create and implement a national policy for coral reef restoration to guide the national coral 

reef restoration and rehabilitation Program. The policy should identify how the program 

contributes to achieving the 2050 Vision on Maldivian biodiversity and coastal livelihoods. 

  

Prioritize and rationalize restoration actions based on data to maximize their impact and 

target resources effectively 

  

Facilitate stronger private sector involvement, particularly the tourism industry in restoration 

and rehabilitation efforts. 
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5.1. Operational pathway towards enhancing resilience-based 

management of Maldivian coral reefs 

Given the considerations made above regarding management needs and the roles of various tools, 

Table 2 presents an operational pathway for steps to take to enhance resilience-based management 

in Maldives. The pathway lists key activities and outputs to meet each need. These activities are not 

sequential as many can run in parallel. But the intent is to develop an effective information base from 

which effective decisions can be taken to maintain the great biodiversity and ecosystem services of 

Maldivian reefs. In several cases, recommendations are made for priority actions, such as metrics for 

monitoring. These are not definitive and other options can certainly be considered depending on the 

objectives that are addressed. However, the recommendations provide a good balance between 

ecological usefulness and low costs, so that the quality of information is maximized. 

Integrating climate change into coral reef management will require capacity building, data collection 

and mapping and addressing local stressors for coral reefs. Earlier in the report core needs to integrate 

climate change into planning for coral reef management were identified (see Chapter 2.1.1). These 

were (a) enhancing the capacity of the MMRI, (b) mapping refugia from thermal stress, (c) quantifying 

patterns of connectivity, (d) operationalizing the reconnaissance needed to inform a coral bleaching 

response plan, (e) rationalizing restoration actions to maximize their impact, and (f) ensure that 

manageable stressors are reduced as far as possible (e.g., CoTS and dredging).  

Implementing the key steps proposed in the operational pathway will require a variety of staff and 

consultant resources (see Table 3 and 4). It might be necessary to support a pair of Maldivians to 

undertake a one-year taught master’s degree in conservation and planning. This would provide deeper 

training in many of the technical requirements raised throughout this report, including managing 

climate change, MPA design, policy formulation, environmental impact assessment and preparing 

reports on the national state of reefs.  
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Table 3: Key steps to operationalize a resilience-based management approach to manage Maldivian 

coral reefs 

Activity Key outputs Data sources and other considerations Notes 

Understand the State of the Ecosystem 

Habitat map Coral reef 
geomorphology, 

seagrass beds, 

mangroves 

https://allencoralatlas.org/ 
 

Global seagrass is now being 
mapped. Free remote sensing 

tools are also available from 

UNESCO 

https://bilko.org/software.php 

Thermal 

environments of 

reefs 

Chronic vs 

acute stress 

https://www.marinespatialecologylab.org/brat analysis available 

from PJ Mumby) 

Needs to be updated using 

NOAA CoRTAD data. See 

(Mumby et al. 2011) 

Early warning of 

coral bleaching 

Forecast 

bleaching risk 

https://coralreefwatch.noaa.gov/product/vs/gauges/maldives.php 

These start to warn of bleaching and identify stronger risks once 

DHW exceeds 4 (Alert level 1) which will usually initiate bleaching 
in sensitive corals. Then DHW8 (Alert level 2) will involve significant 

bleaching in even in hardier species and mortality occurring in 

sensitive corals. DHW12 (Alert level 3) risk of multispecies 

mortality and DHW16 (Alert level 4) risk of severe multispecies 

mortality. DHW20 (Alert lever 5) risk of near complete mortality 

>=80 percent of corals. 

 

Useful tool to stratify 

reconnaissance. 

Map of recent 
coral bleaching 

event 

Relate mortality 
to DHW 

https://coralreefwatch.noaa.gov/ Useful to stratify field 
reconnaissance during and 

after bleaching events. Useful 

to identify key source reefs 

Location of 

refugia from 

future coral 

bleaching 

1) 

Retrospective 

analysis of 

previous 

warming 
events. 

2) Predicted 

warm and cool 

areas under 

continued 

climate change  

1) Archived Sea Surface Temperature (SST) data (CoRDAT) 

https://rdrr.io/github/brisneve/THE/man/get.cortad.crw.html 

2) Downscale climate models from the Coupled Model 

Intercomparison Project 6th Assessment  

https://wcrp-cmip.org/cmip-data-access/ 
Select range of GCMs that reflect a variety of environmental 

sensitivity indices (Hausfather et al. 2022) 

1) Use historical SST and 

statistical analysis (Cheung et 

al. 2021) 

2) Ideally downscale based on 

oceanographic mechanisms 
(Halloran et al. 2021) although 

statistical downscaling can be 

used as an alternative (Storto 

et al. 2022).  

Map biophysical 

environments of 

Maldivian Reefs 

Wave exposure; 

Chlorophyll-a 

concentration 
just offshore; 

Water visibility; 

Salinity (if 

available); Then 

combine with 

the thermal 

metrics above 

Variety of satellite data sources. See Chollett et al (2012). Once 

the data layers have been created, apply cluster analysis to 

identify distinct biophysical classes – ideally about 10-12. Map the 
classes and describe their key criteria. All these analyses can be 

conducted using the cluster and SIMPER routines in the software 

package Primer (https://www.primer-e.com/our-software/). 

. 

 

Larval 
connectivity of 

corals, CoTS, 

and reef fishes 

Appropriate 
spawning 

periods and 

larval 

behaviours 

A first model for corals was run by the Commonwealth Scientific 
and Industrial Research Organisation (contact Dr Christopher 

Doropoulos, c.doropoulos@csiro.au). Further analysis will require 

hydrodynamic modellers (consultancy). Aim for high resolution of 1 

km or finer (ideally a variable grid size around the reefs from 

hundreds of metres). Link to reef habitat areas in Allen Coral Atlas. 

Run for several years and 
ideally with and without ENSO. 

Parameters can be updated 

from literature. See recent 

papers by following authors 

(Choukroun et al. 2010, Treml 

et al. 2015, Hock et al. 2019) 

Map key source 

reefs 

Coral 

connectivity 

(matrix) and 
best estimate 

of current reef 

states 

Combine monitoring data, reconnaissance data and any ecological 

model predictions of coral reef state to map coral state across the 

archipelago. Apply coral connectivity matrix and algorithm (Mumby 
et al. 2021b) to identify key sources of reef recovery  

Update after major bleaching 

events or every 5 years 

(whichever is sooner) 

Database of 

coral field data 

Searchable 

database 

delivering high 

level outputs 

(e.g., coral 
cover with 

estimate of 

uncertainty per 

site) 

 

Use existing Coral Database or investigate whether MERMAID or 

bespoke system is required. Ideally include functionality to include 

reconnaissance data  

Even if it proves difficult to 

integrate different datasets it 

would be good to proceed with 

new data, ideally with photo-

quadrats and AI. 

Coral monitoring 

program 

Agreement on 

appropriate 

standardized 

method for 
future 

monitoring 

Keep previous data but strongly consider switch to photo-quadrats 

(with fixed quadrats) and use of Reef Cloud for automated analysis 

and increased power. Carry out inter-method comparison project to 

allow for cross-calibration with earlier data. Supplement the photo-
quadrats within situ measurements of algal turf canopy height and 

fish census. 

 

 

https://allencoralatlas.org/
https://www.marinespatialecologylab.org/brat
https://coralreefwatch.noaa.gov/product/vs/gauges/maldives.php
https://coralreefwatch.noaa.gov/
https://rdrr.io/github/brisneve/THE/man/get.cortad.crw.html
https://wcrp-cmip.org/cmip-data-access/
https://www.primer-e.com/our-software/
mailto:c.doropoulos@csiro.au
https://www.coraldatabase.gov.mv/
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Decide on monitoring objectives and thresholds of change that 

need to be detected. Use power analysis to determine sample size 

(Green and MacLeod 2016). 

 
Note that coral recruitment and juvenile densities have not been 

included at this stage because of the time taken to survey these. If 

coral cover is low and turf canopy height is low, then it might be 

worth checking if recruitment is occurring. If not, this indicates a 

potential larval supply problem. 

 

In determining site selection, first evaluate the degree to which 

different biophysical realms of the Maldives (see above) are 
represented by existing monitoring sites. Consider the addition of 

further sites but with caution because it is more important to have 

good, consistent annual monitoring of reefs rather than piecemeal, 

less frequent monitoring of a greater number of sites. 

 

Agree on a protocol for reporting coral bleaching intensity. Key 

considerations include which coral lifeforms and intensity of 
bleaching (none, partial, full). Ideally tag colonies or use the 

permanent plots so that the survival can be quantified. 

 

Reconnaissance 

program 

Agile and likely 

citizen-based 

program 

Reach out to providers of citizen science programmes, including 

Reef Check and Great Reef Census, to explore options, particularly 

with AI tools. Consider what role this could play and perhaps hold 

workshop with citizen science organisations and tourism operators 

 

Set clear requirements for 

objectives (e.g., to assist with 

CoTS surveillance, key source 

reef identification) 

Create Maldives 
Coral Reef 

Information 

System 

Centralised GIS 
database 

MMRI should host a Maldivian Coral Reef Information System. This would include the reef habitat 
maps, data on physical environments (a synthesis of satellite data), incorporate connectivity matrices 

for corals and reef fish, import NOAA Coral Reef Watch data, map existing restoration activities, map 

activities that influence the reef (including dredging), include MPA boundaries and zoning, harbours 

reef reconnaissance data, and possibly links to the coral monitoring database. 

 

Create 

interpretive 

framework  

 

Full utilization 

of monitoring 

data 

Use Flower et al (2017) as a starting point and convene workshop 

with managers and both national and international scientists 

 

Restoration & Rehabilitation 

Enhance the 
National Coral 

Reef Restoration 

and 

Rehabilitation 

Program 

 

 

 
Develop a 

national policy 

for restoration 

Agreement on 
clear objectives 

and 

recommended 

methods for 

restoration and 

rehabilitation 

Convene national workshop, with several key international 
invitees204 to review methods, their efficacy, and limitations. 

Create and resource restoration network to share experience. 

Agree on monitoring requirements and make these a condition of 

permits.   

 

A major objective here is to agree on the broader strategy and 

objectives for restoration – which goals, where, when, and by 

whom? 
 

Use the outputs of the workshop to inform a national restoration 

policy, which should sit under one ministry but have delegated 

responsibilities as appropriate (to include EPA, MMRI, MoCCEE, 

MoFOR). The policy should set out a strategic, integrated approach 

to restoration that recognises different objectives including local 

tourism needs (e.g., repair of house reefs) and broader ecosystem 
repair to support biodiversity, fisheries and coastal protection. It 

will consider triggers for action (e.g., after particular events and at 

specified ecosystem state), which methods are appropriate, 

permitting (cross-sectoral permitting arrangement if needed with 

emphasis on allowing rapid deployment), monitoring requirements, 

and financing. 

 

Restoration is expensive and funding mechanisms beyond local 

tourism enterprise remain uncertain. However, there is rising 

interest in the development of biodiversity credits, of which coral 

reefs would be an example. The scope of such credits is currently 

being developed in Australia, though there remain significant 

obstacles. A project to engage with the evolution of financing 

mechanisms should be scheduled for 2026 when their 
development has improved. 

 

Several excellent resources on 
methods already exist 

(Montano et al. 2022; and 

references therein) so the main 

questions concern strategy and 

purpose 

 

 

 
 

Unfortunately, it is not possible 

to point to a good policy 

blueprint for coral reef 

restoration. Such a policy is 

actively being developed in 

Australia. With the right advice, 
this is an opportunity for the 

Maldives to make a global 

contribution. 

Identify appropriate means for managing dredging and beach maintenance 

Commission 

consultancy to 

identify 

appropriate 

means 

Appropriate 

means for 

managing 

dredging and 

beach 

maintenance 

Seek specific expertise on the efficacy and costs on the use of 

sediment barriers to reduce the impact of dredging and beach 

maintenance (harvesting and deposition of sand) on neighbouring 

ecosystems. Particular attention should be placed on identifying 

physical environments that are suitable for containment vs. those 

that are not. Review whether dredging and sand mining can be 

allowed in areas for which sediment screens are ineffective.   

 

 
204 People with extensive experience on the application of restoration to reef management and that consider cost-effectiveness 
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Assess likely sediment loads that will escape containment screens 

as a function of distance and environment (e.g., current flow, 

waves). Then review whether sediment concentration will reach 

dangerous levels during coral spawning, based on previous 
experimental work (Ricardo et al. 2016, Ricardo et al. 2017). If so, 

prevent activities that generate sediment during coral spawning 

periods. 

 

Seek an opportunity for training in permitting considerations for 

coastal development. One option might be to organise a visit to the 

Great Barrier Reef Marine Park Authority.   

 

Create and implement coral bleaching response plan 

Create strategic 
operating 

protocol and 

response plan 

Coral bleaching 
response plan 

agreed 

between 

relevant 

stakeholders 

Key elements to include: 
 

A) Pre and onset of bleaching:  integration of NOAA Coral Reef 

Watch (CRW) data on thermal stress; collation of bleaching reports 

from labs, tourism operators; commission reconnaissance 

stratified by thermal stress (DHW); Share results with stakeholders 

and public. 

 

B) Post-bleaching: Use reconnaissance data, predicted coral 

response (where reefs could not be visited but state based on 

relationship between DHW and coral mortality), and connectivity 

data to identify key source reefs; Share results with stakeholders 

including tourism operators and MPA managers; Evaluate where 

additional protection of key source reefs is feasible, such as CoTS 

surveillance and control by tourism operators, MPA staff, or citizen 
science groups. 

 

Plan will need participation and 
agreement of a wide diversity 

of stakeholders including 

government, NGOs, research 

labs, resorts, and the public 

CoTS management 

Develop a CoTS 

control plan incl. 

a strategy to 

work with 

resorts, MPAs, 

and other 

government 
departments. 

Strategy for 

CoTS control 

CoTS control is already undertaken by some resorts. First step is to 

establish which reefs are subjected to surveillance and control.  

 

Extend to consider MPAs and reconnaissance. Determine whether 

MPA staff have the resources to undertake periodic surveillance 

for CoTS using manta tow or during routine monitoring of the reef.  

Develop a CoTS control plan in the case of significant outbreak. 
Who would carry this out (roles of MMRI staff, resorts, MPA staff, 

liveaboard dive operators)? Where would be prioritised for control 

(e.g., key source reefs, key tourism sites). Consider emergency 

finance provisions from the treasury in the case of outbreak. Pre-

planning will allow for timely response.  

 

 

MPA network 

Extend MPAs 

towards 30 

percent 
coverage of 

benthic habitat 

and reinforce 

management of 

MPAs 

Extension and 

reinforced 

management of 
MPA network 

Map coral reef criteria for use in identifying representative reef 

environments and sites of high importance. These will then 

support future MPA designation. 
 

Identify range of reef habitat types based on their geomorphology 

(see Allen Reef Maps) and categorisation of their physical 

environments (wave exposure, temperature variability, mean 

summer temperature, offshore chlorophyll). Identify areas that are 

important sources of coral larvae to other reefs as well as reefs 

with lots of larval inputs. Identify areas that have a history of CoTS 
outbreaks (low priority for MPA designation). Update maps of 

thermal stress environments to consider both the 1998 and 2016 

bleaching events. Use these data to identify resilient hotspots 

(desirable thermal environments, high and diverse larval supply, 

low risk of CoTS, low wave exposure, low proximity to human 

activities). Combine with representative habitats and sites of high 

importance as source reefs. Finally, identify areas that are good 
source reefs for coral reef fish larvae. All these layers should be 

held in the Maldives Coral Reef Information System and can then 

be used to draft MPA plans with extensive stakeholder 

consultation. Consultation will also include identifying areas of high 

local value and capturing local ecological knowledge. 

 

Develop management plans for each MPA and develop long-term 
financing mechanism for MPAs that also considers the role of local 

stakeholders (especially resorts) in the implementation of 

management measures. 

 

 

Reef fisheries considerations 

Review the 

adequacy of 

fisheries 

regulations 

Gaps and 

needs for 

revision 

identified 

1. Is reef fish biomass high enough to deliver key ecological 

functions? A study from the Indian Ocean found that a mean total 

reef fish biomass of >1100 kg/ha is required to ensure a reef 

state with little macroalgae and adequate predation upon 

invertebrates (McClanahan et al. 2011). If biomass is insufficient 
consider reducing effort and monitor recovery, noting that it can 

take several years. 

Focus here on the ecological 

role of fishes rather than 

maximising productivity of the 

fishery 
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2. If sites begin to develop significant macroalgal cover (over 5 

percent) in the absence of obvious nutrient source, review whether 

herbivorous fish biomass is adequate – are there significant 

herbivore fisheries in the area? Consider moratorium to evaluate 
whether fish recover and macroalgae decline. 

 

3. Impose fishing moratoria at grouper spawning aggregation sites 

during reproductive periods (or have a closed season). Note that 

many of the larger grouper, such as Plectropomus areolatus will 

aggregate to spawn from 10 days to the new moon in most 

months, though peaking in summer (Priest 2020). Consider 

implementing a monitoring programme on multi-species spawning 
sites that risk significant exploitation. Spawning sites do not 

reappear once harvested to extinction. 

 

Decision-support 

Identify options 

to develop the 

Maldives Coral 

Reef Information 

System further 

into a decision-

support system 

 

Options 

identified and 

costs assessed 

The creation of the Maldives Coral Reef Information System is an 

important milestone. This will support a variety of decisions. Once 

this is established, which will likely take 2-3 years, it is worth 

revisiting the availability of decision-support systems that can 

project the outcomes of decisions on coral reefs. These systems 

are driven by realistic ecological models of the reefs. 

 

Suggest commission of a small 

consultancy to review the 

availability, adequacy, and 

costs of decision-support 

solutions. 

 

Table 4: Summary of roles, positions, and timescales 

Activity Personnel Skills Time required Additional costs 

Understand the State of the Ecosystem 

Habitat map GIS analyst (part of 

national staff) 

GIS, spatial data analysis, 

website design 

3 months to compile 

habitat data 

Costs of field surveys to verify 

and improve the Maldivian 

components of the global reef 

and seagrass maps. Likely 

field budget of US$ 200k 

Thermal 

environments of 

reefs 

GIS analyst (part of 

national staff) with 

appropriate training. 

Possibly requires visit 

overseas to an 

appropriate research 

lab (1 month) 

GIS, spatial analysis 3 months including 

training 

Training budget of US$ 40,000 

Early warning of coral 

bleaching 

GIS analyst 

responsibility (part of 

national staff) 

GIS 1 week to integrate 

the data from NOAA 

website into Coral 

Reef Information 

System 

 

Map of recent coral 

bleaching event 

Coral reef ecologist. 

Analysis post-coral 

bleaching event and 

once field data 

consolidated from 

multiple sources 

Master’s degree 

minimum. Data analysis 

skills 

1 month  

Location of refugia 

from future coral 

bleaching 

1) Retrospective 

analysis of previous 

warming events. 

 

GIS data analyst Statistical analysis 2 months  

2) Predicted warm 

and cool areas under 

Consultancy: Only 

needed once, though 

Expertise in downscaling 

climate model output. 

6 weeks  
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continued climate 

change 

can be updated once 

new climate models 

released 

Ideally use bathymetry 

but can also use 

statistical downscaling 

based on satellite SST. 

Use ensemble of at least 

10 climate models for 

likely emissions scenario 

(e.g., SSP2-4.5) and map 

future maximum DHW per 

year. Identify areas in 

lowest and highest 10 

percentiles to give cool 

and warm spots per 

climate model. Map 

overlap (number of 

models for which a 

hotspot and cool spot 

respectively) 

Map biophysical 

environments of 

Maldivian Reefs 

Consultancy task: To 

map, classify, and 

describe key 

biophysical 

environments of the 

Maldives 

Remote sensing of the 

variables of interest: 

ocean color, salinity, 

visibility, wave exposure 

6 weeks Budget for powerful 

workstation with online data 

backup and web hosting US$ 

10,000 upfront and US$ 3000 

per year 

Larval connectivity of 

corals, CoTS, and 

reef fishes 

Consultancy task: 

Expertise in creating a 

larval connectivity 

matrix based on 

Lagrangian simulations 

of larvae in ocean 

currents.  

Oceanographic particle 

modelling for corals, 

fishes, and possibly CoTS 

3 - 4 months. Quality 

will depend on the 

availability of good 

bathymetry data, 

some of which can be 

extracted from the 

Allen Reef Atlas (at 

least over reefs) 

 

Map key source reefs GIS spatial data analyst Will need some 

programming skills. 

Again, may need to 

undertake training 

overseas for a month 

(combine with the 

thermal analysis) 

1 month Training budget of US$ 50,000 

though possibly combined with 

training in coral reef analysis 

and AI instruction 

Database of coral 

field data 

Database manager (full-

time position for on-

going management of 

the database) + 

Consultancy to select 

appropriate database 

and either design or 

adapt depending on 

whether an existing 

database is used 

Database manager needs 

to be familiar with 

creating at least simple 

databases such as 

Access and the use of 

queries and reports. 

Ideally some 

programming skills in SQL 

or equivalent. Consultant 

will need to be a 

professional database 

designer but with a 

background in 

environmental 

applications, particularly 

where capacity of users 

may be limited 

 

 

 

Database manager 

should be a full time 

MMRI position. 

Consultancy is likely 3 

months’ work. 
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Coral monitoring 

program 

Near full-time 

responsibility of a MMRI 

coral reef ecologist. 

May need training in 

specific data analysis 

and power analysis as 

well as use of AI 

platforms. Work closely 

with the database 

manager. A second full-

time position would be 

the coral reef survey 

technician whose 

responsibility is to help 

undertake monitoring 

and train resort staff if 

needed. 

Both positions: Familiarity 

with major coral groups 

and reef fishes. Diving 

certified to Rescue Diver 

at least. The coral reef 

ecologist would be at 

least MSc certified with 

skills in data analysis 

(PhD would be preferable) 

Two full time 

positions, though their 

responsibilities also 

include other activities 

in this plan (see other 

assignments to the 

coral reef ecologist);  

Field budget for monitoring 

US$ 50,000 per year 

(excluding the cost of 

purchasing boats); Workshop 

on monitoring methods US$ 

15000; Training budget of US$ 

50,000 

Reconnaissance 

program 

Outreach coordinator at 

MMRI to coordinate 

with new and/or 

existing citizen science 

programs 

Experience in mounting 

campaigns, 

environmental sciences 

background with media 

training 

Full-time position. Also 

include 

communications 

Cost of citizen science 

workshop in Male US$ 

15,000; Travel of outreach 

coordinator to visit citizen 

science program in Australia 

US$ 5,000; Seed budget for 

first two reconnaissance 

missions to cover the cost of 

two cruises on liveaboards 2 x 

US$ 60,000; Potential cost of 

building a web-based portal for 

the collection and analysis of 

citizen data if working with 

Citizens of the Great Barrier 

Reef (adapting their system) 

US$ 300,000 

Create Maldives 

Coral Reef 

Information System 

Major responsibility of 

the GIS analyst, 

supported in part by the 

database manager 

GIS and ability to place 

maps on the web 

2-year activity and 

then 3 months 

upkeep per year 

Major responsibility of the GIS 

analyst, supported in part by 

the database manager. The 

creation of a bespoke web 

platform that integrates with 

local and international 

databases would be done by 

external consultants and likely 

to cost US$ 300,000. 

Recurrent hosting to be 

negotiated but far less 

expensive. 

Create interpretive 

framework  

International consultant 

coral reef ecologist in 

cooperation with the 

project coral reef 

ecologist and 

technician.  

Proven track record of 

interpreting coral reef 

monitoring data and its 

application to reef 

management 

2 months  

Restoration & Rehabilitation 

Enhance the 

National Coral Reef 

Restoration and 

Rehabilitation 

Program 

 

 

Appoint national 

restoration coordinator 

(full time position).  

Background in coral reef 

science and restoration. 

At least MSc training. 

Certified diver to Rescue 

Level. Offer additional 

training in the broader 

aspects of restoration 

design and exposure to 

decision-support tools 

that have been developed 

in Australia. 

Full-time Restoration workshop US$ 

30,000 to include several 

international participants. 

Consider hiring a consultant to 

run the workshop and 

synthesize outcomes (3 weeks 

work); Travel to Australia for 

restoration coordinator and 

training US$ 20,000 
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Develop a national 

policy for restoration 

2 International 

consultants. Work 

closely with the national 

restoration coordinator 

and all branches of 

government as well as 

resorts 

One consultant with a 

policy background with 

pragmatic outcomes. The 

second being a coral reef 

scientist with expertise 

modelling the outcomes 

of restoration on reef 

ecosystems 

2-3 months  

Identify appropriate means for managing dredging and beach maintenance 

Identify appropriate 

means of managing 

dredging and beach 

maintenance 

 

Consultant Engineering background 

with sediment barriers 

1 month Additionally budget for 

someone from the permitting 

authority to travel to the Great 

Barrier Reef Marine Park 

Authority for a visit: US$ 

10,000 

Create and implement coral bleaching response plan 

Create and 

implement coral 

bleaching response 

plan 

 

Senior coral reef 

manager, coordinating 

activities of the spatial 

analyst, database 

manager, outreach 

officer, coral reef 

ecologist and 

technician 

Coral reef management, 

ideally MSc or above 

Full-time position  

CoTS management 

Develop a CoTS 

control plan 

 

Senior coral reef 

manager responsible 

for this 

 2 months Suggest training visit to Great 

Barrier Reef MPA and 

exchange US$ 20,000 

MPA network 

Extend and reinforce 

management of MPA 

network 

Senior coral reef 

manager with a 

consultant providing 

training in the 

aggregation of data and 

MPA design software 

Marxan 

Consultant with 

background in MPA 

design and training using 

Marxan with connectivity 

data 

3 months training, 

then full-time 

 

Reef fisheries considerations 

Review the adequacy 

of fisheries 

regulations 

Coral reef ecologist + 

consultant on grouper 

spawning aggregations 

Interpretation of 

monitoring data by coral 

reef ecologist. Consultant 

with a background in 

identifying and managing 

spawning aggregation 

sites of grouper 

Consultancy 6 weeks  

Decision-support 

Identify options to 

develop the Maldives 

Coral Reef 

Information System 
further into a 

decision-support 

system 

 

International consultant 

working with Senior 

coral reef manager and 

national restoration 

coordinator 

Consultant with 

background in coral reef 

modelling and decision 

support systems 

1 month Adopt a decision-support 

system later based on the 

outcomes of the consultancy. 

System to be maintained by 

the database manager and 

spatial analyst but used to 

serve the needs of the senior 

reef manager, national 

restoration coordinator, coral 

reef ecologist, and outreach 

manager. Indicative cost of a 

web-based system US$ 

150,000 

Note: Most costs are given in terms of personnel requirements, but key additional costs are also included. Costs in USD. 
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Table 5: Summary of proposed national staff positions 

Position Responsibility Qualifications Duration 

Senior Reef Manager Planning, MPA design Master’s in planning or 

environmental management 

Permanent 

Coral Reef Ecologist Reef monitoring and 

interpretation 

Master’s or PhD Permanent 

Coral Reef Surveyor Reef monitoring  Bachelor’s Permanent 

GIS / Spatial Analyst Manage and create spatial 

data; contribute to planning 

Master’s in environmental 

science / GIS 

Permanent 

Database manager Maintain coral reef database 

and coordinate data acquisition 

and sharing 

Bachelors or Masters Permanent 

National coral restoration 

coordinator 

Coordinate coral reef 

restoration efforts 

Master’s or Bachelor’s with 

good experience 

Permanent 

Outreach coordinator Support and coordinate 

reconnaissance and citizen 

science 

Bachelor’s or Master’s As needed (minimum 3 years) 
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ANNEX 1 - Detailed description of coral reef simulations 

under warming 
Yves-Marie Bozec 

Marine Spatial Ecology Lab, School of The Environment, University of Queensland, St. Lucia, 

Qld 4072, Australia. 

 

Methods 

ReefMod 

ReefMod is a spatially explicit, individual-based model of coral demographics (Mumby et al. 2007, 

Bozec et al. 2022). The model simulates the settlement, growth, reproduction, and mortality of 

individual coral colonies on a 20m × 20m horizontal grid representing a patch of the reef landscape. 

Each grid cell approximates 1m2 of the reef floor and can be occupied by multiple coral colonies of 

different taxa. Corals are modelled as circular areas of changing size. Following previous modelling on 

Australia’s Great Barrier Reef (Bozec et al. 2022), a coral community representative of Indo-Pacific reefs 

can be modelled using 6 taxonomic coral groups: 

• Arborescent (staghorn) acroporids (e.g., Acropora muricata, Acropora nobilis, Acropora 

robusta); 

• Plating acroporids (e.g., Acropora hyacinthus, Acropora cytherea); 

• Corymbose/small branching acroporids (e.g., Acropora millepora, Acropora humilis); 

• Pocilloporids and other non-acroporid corymbose (e.g., Stylophora pistillata); 

• Small massive/Submassive/encrusting corals (e.g., Lobophylliidae, favids, Goniastrea); 

• Large massive corals (Porites lutea, Porites lobata, Porites australiensis). 

A focus on acroporids is justified as they represent the key habitat-forming species and account for 

around 70 percent of the coral biodiversity in the Indo-Pacific region (Wallace 1999). Other model 

agents include patches of short (cropped) and long turf, and different forms of macroalgae, although it 

is assumed for the Maldives that sufficient grazing allows maintaining algae in a cropped state that 

does not interact with corals. Ecological interactions and coral demographics are explicit and occur at 

the scale of individual colonies following probabilistic rules. Acute disturbances such as bleaching, or 

cyclones occur following specified scenarios. Their impact on corals is taxon-specific based on empirical 

observations (Bozec et al. 2022). Coral colonies are updated every 6 month and the total cover of all 

individuals of each group is tracked over time as percentage coral cover calculated over the 400 m2 

grid. Stochasticity in coral recruitment and mortality, as well as in the intensity of disturbances is 

generated to capture some level of uncertainty in coral demographics, ecological interactions and 

disturbance impacts, through the running of multiple replicate simulations. A detailed version of model 

parameters and processes is provided in (Bozec et al. 2022). In the following, we provide details on how 

the ReefMod was adapted to the Maldives’ reef environments. 

Coral recovery 

Rates of coral recovery after disturbance depend on many factors, including the amount of cover and 

the taxonomic composition of coral assemblages, the amount of larval supply received from 

surrounding reefs, the level of water quality which can affect coral settlement, early survival and growth 

either directly (due to sediment deposition and re-suspension) or indirectly through detrimental effects 

of proliferating seaweed (due to nutrients), the amount of rubble generated by the collapse of dead 

coral skeletons following disturbance. Recovery of coral cover in the Maldives following the 1998 ENSO-

related mass-bleaching is relatively well documented (Pisapia et al. 2016, Montefalcone et al. 2020). 
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The compiled historical data on hard coral cover at 5 m across different habitats of Maldivian atoll rims 

(lagoonward vs oceanward margins) show that coral communities recovered their pre-bleaching level of 

abundance (cover) in 14 to 16 years. These data were used to calibrate the driving parameters of coral 

recruitment. 

The model was run for a hypothetical reef exhibiting a percentage coral cover like the levels reported in 

1997-98 and simulating bleaching mortalities that reproduce the coral cover losses observed in 1998-

99 (Figure 1). Initial coral cover was distributed among taxonomic groups according to pre-bleaching 

observations of relative cover (Morri et al. 2015): 50 percent for Acropora, 17 percent for Pocillopora, 

33 percent for all other corals. Relative recruitment rate was set based on taxonomic proportions of 

coral recruits (diameter below 5 cm) surveyed between 1998-2015 (Morri et al. 2015): 33 percent for 

Acropora, 15 percent for Pocillopora, 52 percent for all other corals. Under these conditions, the 

parameters determining the density of coral settlers from the number of incoming coral larvae (Bozec 

et al. 2022) were tuned in such a way that the simulated recovery of total coral cover matches the 

trends observed in the two datasets without further adjustment (Figure 1). Note that a heat stress 

intensity (DHW) of 15°C-week at 5-m depth was needed in order to reproduce the overall mortality 

observed in 1998, yet the actual intensity of the heat stress was recorded between 8.8-11.2°C-week 

(Montefalcone et al. 2020). In ReefMod, bleaching mortalities as a function of DHW were calibrated 

with data collected on the Great Barrier Reef (GBR) following the 2016 heatwave. This suggests that 

GBR corals in 2016 corals were less sensitive to bleaching than coral in the Maldives in 1998, possibly 

due to prior exposure to mass-bleaching on the GBR (in 1998 and 2002). 

 

Figure 1: Simulated recovery rates of coral cover compared with observations 

 

Note: Simulated recovery rates of total coral cover following coral mortality as experienced during the 1998 ENSO mass bleaching (blue lines: 

individual stochastic runs, n=40; red line: mean trajectory) compared with observations (dots) from (a) (Montefalcone et al. 2020) and (b) (Pisapia 

et al. 2016). The model was run from the observed initial cover (with added random noise) with the same taxonomic composition and recruitment 

parameters in (a) and (b). 

Cyclones 

A quick investigation of the cyclone database of the International Best Track Archive for Climate 

Stewardship (https://www.ncei.noaa.gov/products/international-best-track-archive) between latitudes 

0-7°N and longitude 71-75°, revealed that only 3 tropical depressions crossed the region between 

1851 and 2024. As none of them were of the category tropical cyclone, we assumed that tropical storms 

are not a significant disturbance in the Maldives and did not simulate their impact on coral reefs. 

 

Acanthaster outbreaks 

The impact of the Crowns-of-Thorns starfish (CoTS) was simulated by creating outbreaks of CoTS with 

different incidence rates. Outbreaks were simulated by imposing a given level of adult CoTS density over 

2 years (4 time steps). Density was set to 350 CoTS per hectare and distributed across multiple size 

https://www.ncei.noaa.gov/products/international-best-track-archive
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classes representative of an established population. At this density, CoTS would decrease coral cover 

by approximately 19 percent every year through direct consumption. After 2 years, CoTS density was 

reset to zero until a new outbreak occurs.  

We represent three possible scenarios of CoTS outbreaks (Figure 2): (1) a scenario with frequent 

outbreaks occurring at random with a frequency of 1 outbreak per decade; (2) a scenario with moderate 

outbreaks occurring at random with a frequency of 1 outbreak every 20 years; (3) a scenario without 

CoTS to represent reefs where outbreaks do not occur naturally or through intervention (culling). The 

first initiation of an outbreak was created at random. For a given density, a density of different size 

classes is generated representative of an established population and size-dependent consumption of 

corals is then multiplied by each density. 

 

Figure 2. Simulated coral dynamics in response to CoTS outbreaks 

 

Note: see Figure 1 legend 

 

Mass coral bleaching 

Following previous modeling on the GBR (Bozec et al. 2022), coral mortality caused by bleaching is 

modeled as a function of accumulated heat stress expressed as Degree Heating Week (DHW, unit: °C-

week). DHW is calculated from daily sea surface temperature (SST) and measures how much the daily 

SST exceeds the maximum monthly mean temperature (MMM) of a given reef environment over a 

specified reference period, typically the warmest months of the year (Liu et al. 2014, Skirving et al. 

2020). While significant bleaching generally occurs above 4°C-week, a value of 8°C-week is indicative 

of severe bleaching leading to significant mortality (Eakin et al. 2010, Liu et al. 2014). 

 

Annual maximum DHWs from 2024 to 2100 were obtained from daily SST projections of five Global 

Circulation Models (GCMs) of the Coupled Model Intercomparison Project phase 6 (CMIP6, www.wcrp-

climate.org) statistically downscaled at 5 km resolution (Lachs et al. 2023): ACCESS-ESM1-5, MIROC6, 

MPI-ESM1-2-LR, MRI-ESM2-0, UKESM1-0-LL. It is important to note that GCMs have different 

sensitivities in predicting future warming. A commonly used metric to compare GCMs is the equilibrium 

climate sensitivity (ECS), which measures how much the global average temperature on Earth surface 

will increase in response to a doubling of atmospheric CO2 concentrations. As a result, GCMs of the 

CMIP6 display a broad range of ECS values (from 1.9 to 5.6°C, (Meehl et al. 2020)), yet a likely range 

for ECS is considered to be 2.5 – 3.9°C (Sherwood et al. 2020). The 5 models included in our selection 

(Table 1) have ECS values between 2.6°C (MIROC6) and 5.3°C (UKESM1-0-LL). 

 

http://www.wcrp-climate.org/
http://www.wcrp-climate.org/
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MMM values provided by CoralTemp v3.1 at the same resolution (Skirving et al. 2020) were used as 

the baseline temperature for the calculation of DHW. The downscaled SST projections follow five Shared 

Socioeconomic Pathways (SSPs) (Riahi et al. 2017):  

• SSP1-1.9, a scenario characterized by extremely ambitious mitigation efforts aimed to limit 

global warming to 1.5°C above pre-industrial levels by the end of the century; 

• SSP1-2.6, which also assumes strong mitigation efforts but with a warming limit to below 2°C; 

• SSP2-4.5, a middle-of-the-road emissions scenario aiming to limit global warming to below 3°C 

• SSP3-7.0, a middle-of-the-road scenario of business as usual economy (i.e., no mitigation) 

• SSP5-8.5, a worst-case business emission scenario. 

SSP1-1.9 was available for only three GCMs only (MIROC6, MRI-ESM2-0, UKESM1-0-LL). 

 

Table 1. List of CMIP-6 global climate models (GCMs) used to generate possible warming futures 

downscaled at 5-km resolution across the Maldives. ECS: equilibrium climate sensitivity.  

GCM ECS (°C) SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 

MIROC6 2.6 × × × × × 

MPI-ESM1-2-LR 3.0 NA × × × × 

MRI-ESM2-0 3.2 × × × × × 

ACCESS-ESM1-5 3.9 NA × × × × 

UKESM1-0-LL 5.3 × × × × × 

 

ReefMod was run for each of the 23 warming scenarios for three distinct regions, each centered on 

latitudes 7°N (“North”),  4°N (“Central”) and 1°N (“South”), all situated at a longitude of 73.5°. To 

capture spatial variations in SST in each region, 40 geographic locations were selected at random within 

0.2° (approximately 20 km) of the regional center, leading to 40 distinct time series of future DHW. 

Because only one projection of future thermal stress was available per climate model and warming 

scenario, each selected DHW time series was further randomized by shuffling the predicted DHW at 

random within each decade. In doing so, we generate temporal variability in the predicted heatwaves 

which, when combined with the randomized spatial locations, creates a level of uncertainty around the 

prediction of coral reef state in a given region under a given warming future. 

In ReefMod, heat tolerance varies among coral individuals. At initialization, each coral is assigned a 

heat tolerance value generated at random which confers a certain a probability of mortality when 

bleaching occurs. As a result, every episode of bleaching tends to select corals that have high 

probabilities to survive heat stress, and this results in a progressive shift of the community towards high 

heat tolerance values. To avoid starting with a naive distribution of heat tolerance and account for 

recent episodes of selection (particularly the 1998 and 2016 mass bleaching), we first run the historical 

DHW from CoralTemp v3.1 (Skirving et al. 2020) between 1998 and 2023 at each selected location, 

then from 2024 onward we apply the projected DHW time series of that location. In doing so, coral 

communities undergo an initial phase (burn-in period) of thermal adaptation before being exposed to 

the projected heat stress. 

 

Design of model simulations 

All simulations were initialized in 1998 with a random value of percentage total coral cover generated 

from a normal distribution of mean 40 percent and standard deviation 8 percent. The resulting value 

of total coral cover was distributed among the 6 taxonomic groups similar to the proportions used for 

the calibration of coral recovery (50 percent for Acropora, 17 percent for Pocillopora, 33 percent for all 
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other corals). We assumed that, on average, 25 percent proportion of the reef substratum cannot be 

colonized (eg., due to small patches of sand). 

All 23 warming scenarios were run for the 3 defined regions and the 3 distinct scenarios of CoTS 

outbreaks, using 40 replicate simulations for each scenario. Model outputs were extracted as 

percentage total coral cover between 2020 – 2100.  

Results 

We first evaluate (Figure 3) the projections of heat stress (maximum annual DHW) across the five 

climate models (GCMs) for the three selected regions (North, Central and South). Significant variations 

occur across the GCM for each scenario of future carbon emission, as anticipated by their different 

equilibrium climate sensitivity (ECS). Globally, the ACCESS-ESM1-5 and UKESM1-0-LL models tend to 

predict more intense and frequent episodes of heat stress, in line with their higher sensitivity (ECS = 

3.9°C and 5.3°C, respectively). There is limited variation in the projected heat stress among the three 

selected regions, except for the most sensitive GCMs which tend to predict slightly higher DHW values 

at low latitudes (i.e., in the South region). 

 

Under strong mitigation of carbon emission (SSP1-1.9 and SSP1-2.6), the less sensitive models predict 

moderate heat stress until 2040-2050 with an average DHW below 8°C-week. This threshold of 

significant mortality can be exceeded in the second half of the century, with maximum values 

approaching 20°C-week. Years without bleaching (i.e., DHW below 4°C-week) are frequently observed. 

For the more sensitive GCMs (ACCESS-ESM1-5 and UKESM1-0-LL), heat stress above 10°C-week 

becomes prevalent by 2040-2050 and can exceed 20°C-week. Years without bleaching are less 

frequent.  

Under a scenario where global warming can only be maintained below +3°C (SSP2-4.5), the average 

DHW tends to exceed 8°C-week after 2050. In the second half of the century, the occurrence of years 

without bleaching becomes scarce in the less sensitive GCMs, while absent in those with higher 

sensitivity. Episodes of heat stress above 20°C-week occur in all GCMs, with maximum values in the 

range 30-40°C-week. 

 

Under a middle-of-the-road, business-as-usual carbon economy (SSP3-7.0), projected DHW are ramping 

up quickly with mean values exceeding 20°C-week by 2070. For the rest of the century, significant 

bleaching (DHW over 8°C-week) is predicted to occur every year, with maximum values in the range 30-

40°C-week. The more pessimistic business-as-usual scenario (SSP5-8.5) is nothing but a succession 

of heat stress episodes occurring yearly past 2050 and escalating in severity beyond, culminating in 

heat stress values between 40-60°C-week by the end of the century. 

  



64 

Roadmap for Fostering Coral Reef Resilience in Maldives 

Figure 3: Projected heat stress (maximum annual DHW) by the five Global Circulation Models (GCMs) 

 

Note: Projected heat stress (maximum annual DHW) by the five Global Circulation Models (GCMs) across 40 random locations in the three 

regions for each model run (gray lines) and averaged for each region (‘North’ 7°N, 73.5°: blue; ‘Central’ 4°N, 73.5°: black; ‘South’ 4°N, 73.5°: red). 

GCMs are presented by increasing equilibrium climate sensitivity (ECS, value indicated in parenthesis) from left to right. The horizontal dotted line 

indicates the threshold of cumulative heat stress above which significant coral mortality is expected to occur (DHW = 8°C-week). 

Coral projections in response to future heat stress (Figure 4) reflect the differences depicted among 

GCMs. Due to the limited variations of projected heat stress across latitudes, we focus here on the 

Central region (i.e., a 40×40 km box centered on coordinates 4°N, 73.5°) and only present the 

simulations of total coral cover in the absence of CoTS outbreaks.  

The variability in projected heat stress among GCMs is reflected by very different outcomes for the 

scenarios of strong mitigation of carbon emission (SSP1-1.9 and SSP1-2.6). While warming-sensitive 

GCMs (ACCESS-ESM1-5 and UKESM1-0-LL) leads to a near-extirpation of corals by 2040 – 2060, the 

other GCMs indicate that the potential for coral adaptation exists despite drastic initial coral declines. 

Under SSP1-1.9, and even SSP1-2.6 for one GCM (MPI-ESM1-2-LR), coral populations tend to recover 

in the second half of the century, under the combined effects of reduced warming and natural 

adaptation, the later occurring through the progressive hardening of corals driven by episodes of acute 

selection of heat tolerance and its transmission across multiple coral generations. Under SSP2-4.5, 

SSP3-70 and SSP5-8.5, simulations indicate a dramatic coral decline by 2050-2060 with no scope for 

adaptation and long-term persistence in the second half of the century. 
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Figure 4. Simulated coral dynamics in the ‘Central’ region of the Maldives (4°N, 73.5°) in response to warming 

projected by the five GCMs under each scenario of carbon emission (SSP) and no CoTS outbreaks. GCMs are 

presented by increasing equilibrium climate sensitivity (ECS, value indicated in parenthesis) from left to right. 

Blue lines: individual stochastic runs, n=40; red line: mean trajectory. 

Next, we focus on the distribution of predicted reefs states (in terms of total coral cover) of all 

GCMs combined at different time horizons (Figure 5). Under all emission scenarios, half the reefs 

fall below 5 percent coral cover by 2050. Under SSP1-1.9 and even SSP1-2.6, significant levels 

of cover can be recovered during the second half of the century. 
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Distribution of predicted values of total coral cover 

 
Note: Distribution of predicted values of total coral cover captured every 2 years with all GCMs combined for the ‘North’ (left), ‘Central’ (middle) 

and ‘South’ regions (right) for a model with no CoTS outbreaks. For every selected year, N=120 values for SSP1-1.9 and N=200 values for all the 

other scenarios of carbon emission. The boxes show the interquartile range which visualizes the spread of reef realizations between the 25th and 

75th percentile. From each box, whiskers are drawn up and down to 1 time the interquartile range, which covers approximately 85 percent-90 

percent of reef realizations. The central mark indicates the median. 

Figure 6 shows the changing proportions of representative reef states (‘critical, ‘low’, ‘moderate’ and 

‘high’) at different time horizons (2030, 2050 and 2070) after exclusion of the projections of the most 

pessimistic GCM (UKESM1-0-LL) due to its high ECS that can be considered as very unlikely. While in 

2030 all scenarios predict between 60 percent to 70 percent of healthy reef states (i.e., over 20 percent 

total coral cover), these proportions fall below 10 percent-20 percent by 2050. SSP1-1.9 is the only 

emission scenario projecting a recovery of healthy reef states by 2070. 
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Distribution of predicted reef state categories captured in 2030, 2050 and 2070 

 

Note: Distribution of predicted reef state categories captured in 2030, 2050 and 2070 for all GCMs and regions combined in the absence of CoTS 

outbreaks. Reef state categories are defined by the following limits of total coral cover: ‘High cover’: ≥30 percent; ‘Moderate cover’: 20-30 

percent; ‘Low cover’: 10-20 percent; ‘Critical cover’: <10 percent. 

Model limitations 

While these projections are based on the best available knowledge relative to coral demographics, 

adaptation potential and rate of future warming, there are important uncertainties that cannot yet be 

quantified. 

Current knowledge on coral thermal tolerance is limited to relatively few model species (Acropora spp., 

Pocillopora spp.), many of which are fast-growing corals which have low tolerance. Other corals, such 

as the carpeting Porites rus are less well studied and yet can sustain significant heat stress and recover 

after bleaching, including in the Maldives (P. Mumby pers. obs.). How future warming will affect this 

potential is unclear. 

Also, these projections do not account for ocean acidification which may affect future responses of 

corals to warming. More acidic waters can weaken coral skeletons, making them more susceptible to 

damage from both natural and human-induced stressors. Moreover, only one trait (heat tolerance) was 

allowed to change with rising temperatures, yet adaptation to warming will likely involve multiple traits, 

some potentially negatively correlated with heat tolerance (e.g., coral growth, reproduction) and creating 

trade-offs between resistance to bleaching and population dynamics. This might affect the rate of coral 

recovery after disturbance and their ability to sustain ecosystem services, such as the provision of 

habitat for other species. 

Finally, these simulations did not integrate the impacts of carbonate sediment generated from coral 

mining and coastal development. ReefMod-GBR integrates the effects of suspended sediment on the 

survival and growth of coral recruits, but these impacts were parameterized from empirical relationships 

involving terrigenous sediment from river run-off with high mud content, and these might not be valid 

for predicting the effects of carbonate sediment on coral demographics. 
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ANNEX 2 - Management toolbox for coral reefs 
Tool Spatial scale 

(km2) 

Duration  Frequency of 

redesign  

Role in context of coral habitat 

management 

Fishery regulation Hundreds Years - Decades Years Protect fish-based ecosystem 

functions and fisher livelihoods 

Marine Park Zoning Tens to hundreds Decades Decades  Long-term insurance for biodiversity & 

support of fisheries 

Reef monitoring Tens to hundreds Decades Decades  Identify trends in health and help 

diagnose causes of threats. Inform 

decision making 

Reef reconnaissance Tens to hundreds Years Years Evaluate impact of specific events, 

identify key source reefs 

CoTS control Tens to hundreds Years Months to years Direct protection of corals from 

predation 

Water Quality (effluent) Kilometers - Tens Decades Years - Decades Promote clear, healthy water. Reduce 

change of algal blooms 

Containment of sediment 

(e.g., sediment curtains) 

Kilometers - Tens Weeks – Months Depends on 

activity 

Prevent sediment reaching coral reef 

and seagrass areas after dredging or 

reclamation of land/beach 

Zoning compliance  Kilometers - Tens Years - Decades Months – Years Target protection of important reef 

habitat from fishing in no-take zones 

Permitting Kilometers - Tens Months (research), 

years (aquarium 

collection), decades 

(pontoons, resorts) 

Depends on 

activity  

Sustainable harvest and impact on 

corals. Avoid damage at highly 

sensitive areas. Regulate development 

and maintenance 

Restoration & 

rehabilitation  

Kilometers to 

tens 

Years Years Accelerate recovery of corals where 

naturally slow or exceptionally 

important or where damaged by ship 

groundings. Can include removing toxic 

chemicals after ship groundings 

Anchoring Kilometers Decades Decades Reduce mechanical impacts on coral 

 

 

 


