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Abstract 
Coral bleaching and various human stressors have degraded the coral reefs of the 

Comoros Archipelago in the past 40 years and rising atmospheric CO2 levels are 

predicted to further impact marine habitats. The condition of reefs in the Comoros is 

poorly known; using SCUBA based methods we surveyed reef condition and 

resilience to bleaching at sites in Grande Comore and Mohéli in 2010 and 2016. The 

condition of reefs was highly variable, with a range in live coral cover between 6% 

and 60% and target fishery species biomass between 20 and 500kg per ha. The 

vulnerability assessment of reefs to future coral bleaching and their exposure to 

fishing, soil erosion and river pollution in Mohéli Marine Park found that offshore 

sites around the islets south of the island were least likely to be impacted by these 

negative pressures. The high variability in both reef condition and vulnerability across 

reefs in the Park lends itself to spatially explicit conservation actions. However, it is 

noteworthy that climate impacts to date appear moderate and that local human 

pressures are not having a major impact on components of reef health and recovery, 

suggesting these reefs are relatively resilient to the current anthropogenic stresses that 

they are experiencing. 

 

Résumé 
 

Le blanchiment du corail et les diverses pressions humaines ont dégradé les récifs 

coralliens de l’archipel des Comores au cours des 40 dernières années et il est prévu 

que l’augmentation de la concentration de CO2 dans l’atmosphère va nuire davantage 

aux habitats marins. La condition des récifs aux Comores est peu connue; à l’aide de 

méthodes SCUBA, nous avons suivi la condition des récifs et leur résilience au 

blanchiment du corail dans des sites en Grande Comore et Mohéli en 2010 et 2016. 

La condition des récifs était très variable, avec une gamme de couverture de corail 

entre 6% et 60% et une biomasse des poisson-cibles à la pêche entre 20-500kg per ha. 

L’évaluation de la vulnérabilité de récifs au blanchiment du corail et leur exposition à 

la pêche, à l’érosion des sols et à la pollution fluviale dans le Parc National de 

Mohéli, a trouvé que les sites au large, près des îlots au Sud de l’île, étaient le moins 

susceptibles d’être affectés par ces pressions négatives. La grande variabilité dans les 

conditions des récifs et leur vulnérabilité aux pressions anthropogéniques, se prêtent à 

des mesures de conservation spatialement explicites. Cependant, nous avons trouvé 

que les impacts climatiques sont modérés et que les pressions humaines locales 

n’affectent pas beaucoup les processus critiques à la santé des récifs et à leur reprise 

des stress aigus, ce qui suggère que ces récifs sont résilients aux stress 

anthropogéniques auxquels ils sont soumis.   



Introduction 

Mass coral bleaching and mortality have impacted coral reefs in nearly every part of 

the world including many sites in the western Indian Ocean (WIO), especially during 

the extreme El-Niño Southern-Oscillation (ENSO) events in 1997-1998 and 2015-

2016 (Wilkinson 2008, Ateweberhan et al 2011, Heron et al. 2016, Obura et al. 

2017a). The Northern Mozambique Channel (NMC), which comprises northern 

Madagascar, northern Mozambique, southern Tanzania and the Comoros is an area of 

global biodiversity importance (Obura 2012) but is also threatened by climate and 

local human pressures (Obura et al. 2012, 2015, McClanahan et al. 2014). Further, the 

coastal peoples of these countries are intimately dependent on marine resources and 

habitats for their livelihoods (Obura et al 2017b). 

The islands of the Comoros Archipelago are geologically recent, formed by volcanic 

hotspot activity which began approximately 10 million years ago (Audru et al. 2010). 

These four islands covering 2,230km
2
, have a combined coastline of 340km which is 

largely fringed by coral reefs. The Republic of Comoros (excluding Mayotte, which is 

a département of France) support a population of ~700,000 with an annual growth 

rate of ~3%. The islands have one of the lowest human development index (HDI) in 

the WIO and economic development is low (UNDP 2013, Obura et al. 2017b). 

Grande Comore with the capital city Moroni has the largest population (300,000), 

whereas an estimated 45,000 people live on Mohéli, making it the least densely 

populated island in the archipelago. Direct and indirect human pressures on reefs in 

Comoros include fishing, pollution and sewage from towns, sand mining, and soil 

erosion as a result of deforestation and agriculture (Freed and Granek 2014, Audru et 

al. 2010).  

 



Future management of coral reefs requires a better understanding of climate 

vulnerability to develop appropriate strategies that will help to address both human 

and climate impacts on marine and coastal resources and local communities (Maynard 

et al. 2010, Anthony et al. 2015).  A vulnerability analysis of a threat to a coral reef 

requires knowledge of the reef’s exposure to the threat, the sensitivity of the reef and 

its ability to recover from acute stress (Cinner et al. 2012, Harris et al. 2017). The 

most important factors for triggering coral bleaching are temperature and light (Coles 

and Jokiel 1978). Physical factors that reduce coral’s exposure to temperature and 

light during a bleaching event include depth, shade from sunlight, high wave exposure 

and cool upwelling (West and Salm 2003, Obura 2005). The reef’s sensitivity to 

bleaching is determined by the composition of the coral community, with certain 

genera (Acropora, Monitpora, Seriatopora, Pocillopora and branching Porites) being 

consistently more sensitive to bleaching than others (Loya et al. 2001, McClanahan et 

al. 2007). Factors important for reef recovery include low algal competition with 

corals, high abundance of herbivorous and detritivorous fishes, high coral recruitment 

and suitable substrate for new coral growth (Obura 2005, Hughes et al. 2007, 

McClanahan et al. 2012, Bellwood et al. 2014). Local human impacts can reduce reef 

recovery potential (Fabricius 2005, Mumby et al. 2006) hence local stressors of 

pollution, fishing and coastal erosion are considered alongside the climate 

vulnerability assessment.  

 

The Worldwide Fund for Nature (WWF) have spearheaded the ‘Climate Adaptation 

Methodology for Protected Areas’ (CAMPA) approach in protected areas around the 

world (Belokurov et al. 2016). In this study the climate vulnerability of reefs in the 

Parc National de Mohéli (PNM) was investigated and represents the second 



application of this method in an MPA in the NMC, after the assessment carried out by 

Gough (2012) in Nosy Hara, Madagascar. We quantify the condition of the reefs in 

Grande Comore and Mohéli in 2010 and 2016, calculate the vulnerability to climate 

change and human stressors in Mohéli and compare these reefs with other countries in 

the WIO.  

 

Methods 

Sites and survey periods 

In 2010 six sites were surveyed in Grande Comore and 4 sites in Mohéli and in 2016 

only Mohéli was visited, where data were collected from 10 sites (Table S1). Most 

sites were ~10m on reef slopes, with the exception of Ferenga (18m), Nioumachoua 

(5m) and Nioumachoua Flat (1m). In Grande Comore the only reef geomorphology 

(sensu Andréfouët et al. 2006) is Ocean-Exposed Fringing-Reefs (OEFR), with coral 

communities on underlying basalt bed-rock or narrow reef platforms along the 

coastline of this young volcanic island. In Mohéli the reef structures surrounding the 

island are more developed, with several reef geomorphologies (Table S1) and reef-

associated habitats, such as seagrass beds and mangroves. Offshore from the central 

part of PNM a shallow (<50m) plateau extends beyond the main island to 10km 

offshore, on which are several smalluninhabited islands (islets). Three reef 

morphologies were observed at sites in Mohéli including Ocean-Exposed Fringing 

Reef (OEFR), Intra-Seas Fringing Reef (ISFR) and a Coastal Patch Reef (CPR) at 

Sambia. 

 

Survey methods 



Data were collected on the coral, fish, algae and benthic structure of the reef. Benthic 

cover was recorded using photo-quadrats. In 2010 photo-quadrats were recorded from 

a height of ~70cm from the substrate, in clusters of 5-6 adjacent to transects with 20-

24 photos per site. In 2016 fifteen 1m
2
 quadrats were photographed. Cover was 

analysed with Coral Point Count with Excel extensions (CPCe) (Kohler and Gill 

2006) using a grid of 25 points per image. Major benthic categories included: hard 

coral, soft coral, recently killed coral, sponge, macroalgae, turf algae, bare substrate 

and loose sediment and in 2016 the frond length of turf and macroalgae was 

measured. 

 

Fish were counted in five 50x5m (250m
2
) belt transects per site (Samoilys and Carlos 

2000). In 2016 all species from 11 important reef fish families were included: 

Acanthuridae, Chaetodontidae, Ephippidae, Epinephelidae, Haemulidae, Kyphosidae, 

Lethrinidae, Lutjanidae, Pomacanthidae, Scarinae (Labridae), Siganidae 

(Supplementary Table S2). In 2010 species from 8 families were counted, excluding 

Ephippidae, Haemulidae and Kyphosidae. Each fish (>5cm TL) was identified to 

species and assigned to trophic groups (Green and Bellwood 2009, Obura et al. 2011) 

with its total length estimated to the nearest 5cm. The fish observer also recorded the 

presence of each unique species seen from 19 families during a 75-minute search 

period around the site (Obura et al. 2011). The approximate area of reef searched at 

each site during this period was ~7000m
2
 (350m x 20m). 

 

Adult coral colonies (>10cm) were assessed in belt transects, whereas juvenile 

colonies (<10cm) were assessed in quadrats (Obura and Grimsditch 2009). In 2010 

belt transects varied in size (1m wide and 11 to 25 m long) and juvenile corals were 



sampled in 1m
2
 quadrats placed within the belts (2-5 per site). In 2016 five 1m x 10m 

belt transects were sampled per site, with three 1m
2
 quadrats placed at regular 

intervals along each transect (15 in total). In 2010 colony size was binned in varying-

width size classes (Obura and Grimsditch 2009), while in 2016 length was estimated 

to the nearest 5cm. The condition of colonies with obvious damage (bleaching, 

disease or mortality within the past 6 months) was also recorded. Overall coral genus 

richness (presence/absence) was recorded in random swims across the entire sites.  

 

Reef condition and vulnerability to coral bleaching  

Reef condition was defined using the indicators: coral cover, coral genus richness, 

biomass of fishery target species and the coral fish diversity index (CFDI) (Table 1). 

Coral cover was obtained from the analysis of photoquadrats and coral genus richness 

was obtained from coral belt transects. Reef fish taxa targeted by artisanal fishing in 

PNM consist of Lutjanidae, Lethrinidae, Epinephelidae and Haemulidae (Freed and 

Granek 2014). CFDI is a biodiversity index that estimates species richness based on 

six specious reef fish families (Chaetodontidae, Pomacanthidae, Pomacentridae, 

Labridae, Scarinae (Labridae) and Acanthuridae, Allen and Werner 2002).  

 

Equation 1. Vulnerability equation sensu Cinner et al. 2012 

                  
                               

            
  

 

Vulnerability to bleaching was calculated for sites in Mohéli by measuring a range of 

factors (Obura and Grimsditch 2009, McClanahan et al. 2012) that reduce bleaching 

exposure (E), bleaching sensitivity (S) and improve the recovery potential (R) 



(Equation 1). Bleaching exposure is reduced by high wave exposure, physical shading 

from sunlight, proximity to deep water (<100m) and depth. The dominant wind and 

wave direction in the Comoros is from the South-East (Schott et al. 2009), therefore 

wave exposure of a site was determined by the number of degrees that face open 

ocean (i.e. not sheltered by headlands or islands) between the compass angles 90° (E) 

180° (S). Shading was visually estimated as the number of hours during the day that 

the sites were physically shaded from direct sunlight by the land (i.e. mountains or 

cliffs). Proximity to deep water was measured as the linear distance between the site 

and the nearest 100m isobath.  

Bleaching sensitivity (S) was described by the percentage of coral tissue area 

from thermally sensitive genera (Acropora, Montipora, Pocillopora, Seriatopora and 

branching Porites). Coral tissue area was estimated from the equation for ellipses 

using the long axis of coral colonies as the diameter.  Recovery potential (R) from an 

acute bleaching disturbance, was defined using six indicators (Table 1); turf algal 

volume (cm
3
 per m

2
), macroalgal volume (cm

3
 per m

2
), coral recruit abundance 

(recruits per m
2
), herbivore-detritivore fish abundance (individuals per ha), solid 

substrate (%), and loose sediment (%) covering solid surfaces. Algal volume was 

calculated from quadrat data, where the area covered by algae (in cm
2
 from 

photoquadrats), is multiplied by the average height of the algae (cm). Coral recruit 

density was defined as the abundance of recruits counted in each quadrat divided by 

the area of suitable substrate (% cover of bare rock, recently killed corals and turf 

algae). Herbivore-detritivore fish abundance was calculated as the sum of all fish 

counted in trophic groups: browsers, grazers, grazer-detritivores, detritivores, scrapers 

and excavators (Table S2). Solid substrate refers to any benthic category from 



photoquadrats that is not sand or loose rubble. Loose sediment was estimated as the 

proportion of solid substrate with mobile sand or mud on its surface.  

Each exposure factor (e) and sensitivity factor (s) was converted into a relative scale 

from 1 (best) to 5 (worst) (Table 2). The range in values for each indicator from sites 

in PNM was divided with equal breaks for each score (i.e. range/5). For example, 

coral cover had a range of 6-63% (57%), hence each score break is 11% (57/5) apart. 

For recovery factors (r) the scoring is inverted, so that 1 is the worst score and 5 is the 

best. Indicators were combined using Equation 2 to give the values (E), (S) and (R) 

used for site vulnerability (Equation 1). 

 

Equation 2. Calculation of each component score (Exposure ‘E’, Sensitivity ‘S’, 

Recovery ‘R’ and Human ‘H’) from individual indicator scores (‘e’, ‘s’, ‘r’ and ‘h’) 

                               
                                  

                         
 

 

 
Climate and human pressure in PNM 

Climate pressure in PNM was assessed using records of historical coral bleaching and 

by examining the sea surface temperature (SST) trends from 1985-2016. Bleaching 

records were gathered from literature searches and Coastal Oceans Research and 

Development – Indian Ocean (CORDIO)’s bleaching alerts 

(http://cordioea.net/bleaching_resilience). SSTs for PNM were derived from the 

Advanced Very High Resolution Radiometer (AVHRR) pixel nearest to PNM centred 

at 12.375°S, 43.625°E. The data were accessed from http://las.incois.gov.in/las. The 

maximum monthly mean (MMM) was calculated as the mean SST during the 

http://cordioea.net/bleaching_resilience
http://las.incois.gov.in/las


warmest month of the years 1985-1990 and 1993 and the coral bleaching threshold for 

PNM was assumed to be MMM +1°C (Liu et al. 2003). The severity of thermal stress 

was measured using ‘Degree Heating Weeks’ (DHWs), where 1DHW is a +1°C 

anomaly above MMM lasting for 1 week.  

 

Human threats were identified during a participatory mapping exercise that took place 

with PNM staff, volunteers and eco-guards. From these discussions, three main 

human threats affecting reefs in PNM were considered: fishing pressure, river 

pollution and sedimentation from soil erosion. A metric of fishing pressure at each 

site was calculated as the population of nearby village(s) divided by the distance from 

the site to the village(s) (Cinner et al. 2016). A metric of river pollution was 

calculated in a similar way, by dividing the number of people living near the river by 

the distance from the polluted river mouth to the site (West and van Woesik 2001). 

Soil erosion was estimated using the proportion of primary rainforest (PF), agro-

forestry matrix (AF) and open land (OL) in the 6 main watersheds along the coast of 

PNM (Yuan et al. 2015). The boundaries of watersheds were overlaid onto a habitat 

map of Mohéli (Hawlitschek et al. 2001) and the proportion of these three land-uses 

was visually estimated for each watershed (Yuan et al. 2015). A score of soil erosion 

for each watershed was calculated by weighting the proportion of each land-use from 

1 for PF (best) to 3 for OL (worst) (Equation 3). The influence of erosion at the site 

was calculated as the erosion score divided by the distance from the site to the nearest 

coastline. 

 



Equation 3. Soil erosion score for watersheds based on the proportion (%) of primary 

forest (PF), agro-forestry matrix (AF) and open land (OL) and a weighting of 1 (best) 

to 3 (worst) 

                                          

 

Correlations between benthic indicators (hard coral, macroalgae, turf algae and recruit 

abundance), fish indicators (target fishery species biomass and length; and herb-

detritivore abundance) and human pressure indicators (fishing pressure, river 

pollution and soil erosion) were investigated. The indicators macroalgae, fish pressure 

and river pollution were not normally distributed and hence correlation with these 

variables was conducted using Spearman’s rank (Sr). Comparisons of other variables 

used linear models (lm).  

 

Results 

Reef condition 

Coral cover (%) varied greatly from a minimum of 6.0% in Itsamia to a maximum of 

65.0% in Mereni (2010 survey) and 62.5% Nioumachoua (Fig. 2). Sites investigated 

in 2010 had a mean coral cover of 39.0% (SE±6.7) and a dominance of the family 

Acroporidae, which made up an average of 52.0% (SE±10.6) of the total coral cover. 

In 2016 the mean site coral cover was 29.0% (SE±5.3), of which a mean of 29.0% 

(SE±6.3) was Acroporidae cover and 38% (SE±7.0) was Merulinidae. The coral 

cover in Mereni and Ferenga was lower (20% and 10% respectively) in 2016 surveys 

compared to 2010 surveys. A total of 56 genera from 13 families were recorded 

(Table 3). One genus (Micromussa) was only found in Grande Comore, while eight 

genera were unique to Mohéli.  



The most abundant fish groups were the herbivore-detritivores, with a mean 

abundance of 2,485 individuals per ha (SE±241.4), contributing 76% of the total fish 

abundance (Fig. 3a). Their biomass was also the highest (Fig. 3b). The grazer-

detritivores dominated the herbivore-detritivores in abundance (81%), but in terms of 

biomass the Scarinae and Browsers contributed a high proportion (56%), particularly 

at Sambia West and Mea in 2016 and at Ferenga in 2010. Omnivores were the most 

common non herbivore-detritivore trophic group, particularly in Damu and Sambia 

West in Moheli in 2016 and in Chindini, Grand Comore in 2010, where their biomass 

was greater than herb-detritivore biomass (Fig 3b). It should be noted that the 

additional families Haemulidae, Ephippidae and Kyphosidae included in Mohéli 

2016, were minor components of the fish community comprising only 1.3% of the 

abundance and 3.2% of the total biomass. Corallivores densities were highest at 

Nioumachoua (296 ind. per ha), Mereni in 2016 (448 ind. per ha) and Bwanaidi (440 

ind. per ha). Bwanaidi in Mohéli also had the highest biomass of piscivores (79.5 kg 

per ha). Target fishery species (piscivores and omnivores) varied from maximum 

values of 514.5 kg per ha in Sambia West and 327.9 kg per ha at Chindini to a 

minimum of 5.1 kg per ha recorded at Mereni in 2010. In 5 of the 10 sites surveyed in 

Mohéli in 2016 and 6 of the 8 sites surveyed in 2010, there was <100.0 kg per ha of 

fisheries target taxa. Comparisons between the two repeated sites in Mohéli between 

2010 and 2016 suggested herbivore-detritivores were more abundant at Mereni in 

2016 but not at Ferenga (Fig. 3). The fish community at Ferenga was one of the most 

depauperate with the lowest total abundance across all sites in both years, and in 2016 

the lowest total biomass, with no omnivores observed.  

 



Coral fish diversity index (CFDI) values ranged from 46 species in Bwanaidi to 80 in 

Male (Table 4). The mean CFDI in Grand Comore was 69.3 species (SE±3.50), which 

was higher than the mean CFDI of 52.5 (SE±1.85) recorded in Mohéli 2010 and the 

mean of 54.8 (SE±2.51) in Mohéli 2016. A greater number of species (134) were 

observed in Grande Comore compared to Mohéli in 2010 (103 species) and 2016 (125 

species). The repeat sites Mea and Bahausi had the same CFDI value recorded in both 

2010 and 2016, while the other two repeat sites, Mereni and Ferenga differed. The 

most speciose families at both islands were the Labridae and Pomacentridae. 

 

Coral cover was compared with the abundance and biomass of different fish trophic 

groups and CFDI: corallivore abundance was positively correlated with coral cover 

(lm: F=10.84, p=0.005), but no other fish trophic groups were. CFDI was also not 

correlated with coral cover (lm: F=0.02, p=0.888).  

  

Past coral bleaching impacts in PNM 

The mean maximum monthly climatology (MMM) for PNM was 29.3°C, therefore 

the bleaching threshold for corals (MMM +1°C) was 30.3°C. The SST trend for 

Mohéli shows four years where thermal stress was significant (DHW>2), during 

March of 1987, 1998, 2010 and 2016 (Fig. 4). The DHWs experienced in 1998 were 

the greatest in the time series (7.6), indicating this is when the most severe coral 

bleaching and mortality were likely to have taken place in PNM. Quod and Bigot 

(2000) surveyed Itsamia after the 1998 bleaching event and estimated 18% mortality 

of corals. CORDIO’s 2010 survey to PNM took place 3 weeks before SSTmax was 

reached, so these surveys did not capture the full extent of bleaching or mortality 

during 2010. Fieldwork in 2016 took place in October, six months after a period of 



thermal stress of 3.5DHWs, great enough to have caused bleaching in late March. The 

2016 surveys recorded zero bleached coral colonies, but recently killed colonies were 

visible on some reefs. The highest mortality was recorded on the sheltered central and 

western sites Mereni (18.0%), Mea (7.7%) and Nioumachoua (6.2%). Other sites had 

<5% coral mortality and in Itsamia, there were no recently killed colonies. The site 

average mortality for PNM in 2016 was 5.2% (SE±1.53).  

 

Vulnerability to future coral bleaching in PNM 

Physical conditions at reefs varied within PNM. The western and eastern sites were 

all less than 2.5km to deep water (100m isobar) whereas sites in the central part of 

PNM and around the islands were farther away (3-7km). Wave exposure was highest 

in the east of Mohéli and least in the central and western coastline. The wave 

exposure around islets was complex, ranging from highly exposed headlands to 

sheltered bays and channels. Shading was minimal (0-1hours) in most sites, but steep 

cliffs around the islets offered 3-4 hours of shading per day to these reefs. Depth was 

the same (10m) for all sites except Nioumachoua (5m) and Ferenga (18m).  

 

The proportion of bleaching sensitive genera (S) varied from 5.3% in Itsamia to 

59.6% in Mea, with a PNM mean value of 27.3% (SE±5.68) (Fig. 5). Coral 

communities were most thermally sensitive at islet sites, ranging from 29.9% of coral 

tissue area in Bahausi to 59.6% Mea. All sites along the main coastline of Mohéli had 

>75% bleaching resistant corals. 

 

Factors contributing to recovery ability (R) showed that Sambia West and Damu were 

most likely to bounce back quickly from acute disturbance, whereas Sambia East and 



Mea were least likely (Table 5). Macroalgae was low (<1% cover or <400cm
3 

per m
2
) 

in all central and western sites in PNM, with higher cover only present in Sambia East 

and Sambia West (Fig. 6). Sediment on reef benthos was lower in islet sites, covering 

an average 8.8% (SE±2.62) of the benthos, compared to sites along the coastline 

(16.8% ±2.01 SE). Coral recruit abundance was lower in Central sites (1.1 recruits per 

m
2
) compared to sites along the Eastern and Western coastline (2.6 recruits per m

2
). 

Coral recruit abundance was positively correlated with herbivore-detritivore 

abundance (lm: F=13.58, p=0.006). Herbivore-detritivore abundance was also 

positively correlated with macroalgae volume (Sr: ρ=0.648, p=0.049), but showed no 

correlation with turf algae volume (lm: F=1.12, p=0.322).  

 

Eastern sites (Sambia West, Sambia East and Itsamia) were least likely to be impacted 

by thermal stress, as they had low exposure and low sensitivity to bleaching (Table 5). 

The potential bleaching impact (E*S) was highest at Bahausi, Ferenga and Mea, but 

there were no sites that had both high exposure and high sensitivity. Nioumachoua, 

Damu, Bahausi and Mereni had high exposure but low sensitivity to bleaching. 

Conversely sites with low exposure to bleaching impacts, such as Ferenga and Mea, 

had more thermally sensitive coral communities (Fig. 5). Sambia West, Sambia East, 

Itsamia and Damu had the lowest vulnerability to bleaching, whereas Mea was highly 

vulnerable with high bleaching sensitivity and low recovery ability (Fig. 7). The only 

site with average to good scores for exposure, sensitivity and recovery was Sambia 

West, indicating that this site had the best all-round resilience to future coral 

bleaching impacts. Although Itsamia and Sambia East were likely to be only weakly 

impacted by thermal stress, their recovery ability was among the lowest. These two 

sites had the lowest coral cover observed in the park (Figs. 2 and 6).  



 

Human pressure in PNM 

Most of the population was concentrated in the central part of PNM’s coastline, with 

~13,000 people living in the villages of Nrondroni and Nioumachoua giving the 

highest indices for fishing pressure and river pollution in central reef sites, such as 

Bahausi, Mea and Nioumachoua, and lowest indices in the eastern and western parts 

of PNM, such as Damu and Itsamia (Fig. 7, Table 6). By contrast the watersheds with 

the highest erosive capacity (high open land cover, low primary forest) were located 

in the eastern and western parts of Mohéli, whereas the central watersheds had low 

erosive capacity. This meant that while sites such as Damu and Itsamia were less 

likely to be impacted by fishing and pollution, they had high scores for vulnerability 

to terrestrial erosion (both 5.0). Sites around the islets had low exposure to terrestrial 

erosion (all <0.7), because of the high primary-forest and agro-forestry cover in 

central watersheds onshore from the islets, and the distance of these sites from the 

coastline. Combining the scores for each site for these three human stressors shows 

that Nioumachoua had the highest human impact score as a result of its proximity to a 

large population centre and two polluted rivers. All other sites had lower overall 

human impact scores, with Bwanaidi, Ferenga and Mereni having low scores for all 

three human pressures. 

 

Coral recruit abundance was negatively correlated with river pollution score (Sr: ρ=-

0.794, p=0.010). Sediment cover was positively correlated with terrestrial erosion 

score (lm: F=10.56, p=0.012), but not with hard coral cover (lm: F=0.065, p=0.805). 

Notably, there was no correlation between the fishing pressure index and the biomass 



of target fishery species (Sr: ρ=-0.551, p=0.104). However, average length of target 

species decreased with increasing fishing pressure (Sr: ρ=-0.818, p=0.006).  

 

Discussion 

Reef condition in Comoros  

Coral reefs globally are being impacted by multiple stressors such as overfishing, 

pollution and coral bleaching which have degraded their ecological state (Bellwood et 

al. 2004, Burke et al. 2011). Indeed, the impacts of even low human pressure can alter 

reef ecology (Sandin et al. 2008), leading many reef ecologists to believe there are no 

‘pristine’ baselines with which to compare current reef states (Knowlton and Jackson 

2008). SST data suggest that coral bleaching has occurred at least five times in the 

Comoros during the past 40 years, and was directly observed in 1983 (Faure 1984), 

1998 (Quod and Bigot 2000) and 2016. Coral mortality was 10% in 1998 (Quod and 

Bigot 2000) and 5% in 2016, which is considerably lower than in other WIO sites, 

where up to 90% of corals were lost in some sites in 1998 (Atewerbehan et al. 2011), 

and up to 50% were lost in 2016 (Obura et al. 2017a). A recent global synthesis of 

thermal stress on coral reefs suggests that the NMC has received less stress than other 

WIO locations such as northern Tanzania and Kenya (Heron et al. 2016).  

Mean coral cover values in the Indian Ocean have ranged from a mean of 40% prior 

to the massive bleaching event of 1997/98, dropping to around 10-20% and then 

recovering to around 30% by 2016 (Atewerbehan et al. 2011, Obura et al. 2017a). The 

current coral cover in the NMC ranges from 30% to 80% (Table 7), with higher coral 

cover in the south compared to the north (Chabanet et al. 2016). Equatorial sites in the 

Indian Ocean suffered the greatest thermal stress in 1998 (Obura et al. 2017a), with 



some sites, such as Kisite and Chagos, showing good recovery to ~30%, with others, 

such as Watamu, showing little improvement (Table 7). 

Coral genus richness in Comoros was relatively high compared with Kenya, the Îles 

Éparses and the Central Indian Ocean atolls, but were similar to records from northern 

Mozambique and Madagascar. This likely reflects the biogeographic pattern of the 

NMC as a centre of biodiversity for the WIO (Obura 2012), and confirms coral 

diversity is not depleted in Mohéli. Two WIO endemic corals were also found: 

Horastrea indica and Gyrosmilia interrupta. The NMC as a centre of diversity has 

also been reported for reef fish (Obura et al. 2011) and the CFDI richness in Comoros 

confirms this with similar values to small islands in the Mozambique Channel (Îles 

Éparses), though slightly lower than continental Mozambique and Madagascar (Table 

7).  

 

On isolated reefs with little or no fishing, reef fish biomass has a high proportion of 

top trophic level piscivorous fishes (Sandin et al. 2008, Chabanet et al. 2016, Graham 

et al. 2017). In Comoros the fish community at all sites was dominated by herbivores, 

detritivores and omnivores, with very low piscivore biomass, suggesting these top 

predators have been depleted by fishing, which can lead to a shift in the trophic 

structure of the reef fish community (Graham et al. 2017). Target fishery species’ 

biomass in Comoros (330-350 kg/ha) was, however, higher by ~30% compared with 

other fished NMC sites. Biomass in well-protected reefs in Kenya, Îles Éparses and 

Chagos was 2-4 fold greater (Table 7), as reported from other regions (Sandin et al. 

2008). Increased access to market and proximity to human populations is known to 

reduce fishery species biomass while effective no-take MPAs and a higher human 

development index (HDI) have been shown to increase fishery species biomass (Fox 



et al. 2014, McClanahan 2014, Cinner et al. 2016, Samoilys et al. 2017). The 

Comoros has one of the lowest HDI in the world (UNDP 2013), which reduces its 

capacity to both manage fisheries and MPAs (Fox et al. 2014). Within the Comoros, 

target fishery biomass was lower on average in Grande Comore compared to Mohéli 

and at the local scale, sites next to large population centres both in Grande Comore 

and on Mohéli had the lowest (<100kg/ha) target fishery species’ biomass.  In 

addition, target fish length decreased significantly with proximity to human 

population, providing further evidence for local fishing impacts.  

 

Vulnerability to future bleaching in PNM 

The vulnerability assessment revealed that sites in PNM can be loosely clustered into 

three main groups (Fig. 8); ‘resilient islet sites’ (Bwanaidi, Bahausi and Ferenga), 

‘resilient inshore sites’ (Damu, Mereni, Nioumachou and Sambia West), and 

‘degraded sites’ (Mea, Sambia East and Itsamia). The degraded sites have low coral 

cover (<15%) and are dominated by stress tolerant slow-growing Poritidae and 

Merulinidae and turf algae (Fig 8A). In Itsamia, historical records of the coral 

community show that this reef once had higher coral cover and more Acropora (Quod 

and Bigot 2000). Reefs with low hard coral cover and high turf algae, proposed as a 

novel stable state (Bruno et al. 2009, Jouffray et al. 2015), are becoming more 

common in the Indo-Pacific (Obura et al. 2017a). The overall vulnerability (V) of 

Moheli’s degraded reefs was low, because they had low sensitivity (S) and a low 

exposure score (E). Nevertheless, because of their low recovery (R) scores, it appears 

unlikely they will recover well if their exposure to bleaching increases in the future. 

The ‘resilient islet sites’ have maintained moderate levels of hard coral cover (~30%). 

with reduced exposure (E) to bleaching as a result of their proximity to deep oceanic 



water and shading from steep cliffs. This ‘bleaching avoidance’ is evident in their 

coral community, which had high levels of thermally sensitive Acropora spp. and 

Pocilloporidae (Fig 8B). Inshore resilient sites are more exposed to bleaching being 

located in shallow sheltered bays with less shading, higher water residence times and 

potentially greater warming. The coral community here was dominated by stress 

resistant massive and encrusting corals (e.g. Porites spp., Echinopora spp. and 

Favites spp.) (Fig 8C) suggesting that bleaching sensitive species have died and the 

community has adapted (West and Salm 2003). These results illustrate high 

variability in the resilience of reefs to bleaching within a small geographic scale and 

thus the potential to introduce site specific adaptive management action. 

 

Local management and recovery potential 

The recovery potential of reefs to climate change can be increased by reducing human 

stressors such as fishing, pollution and coastal development (West and Salm 2003, 

Fabricius et al. 2005, Mumby et al. 2007, Anthony et al. 2015). Unlike in many other 

areas of the Western Indian Ocean (e.g. Samoilys et al. 2017), herbivores are not 

usually targeted by artisanal fishing in Mohéli (Freed and Granek 2014, BC pers. 

obs.), which was evident from the high abundance of herbivore-detritivores in 

Moheli. This suggests that the crucial role of herbivores and detritivores in regulating 

algae and creating space on the reef for coral recruitment and growth (Bellwood et al. 

2004, 2014; Birrell et al. 2008) is not being affected by fishing pressure.  

 

Rivers on Mohéli are used for washing clothes, cleaning motor vehicles and getting 

rid of waste. We found a negative correlation between the river pollution index and 

coral recruit abundance suggesting that pollution may be reducing either recruitment 



or post-settlement survival (West and van Woesik 2001), However, river pollution 

was not correlated with either coral cover or algal biomass, indicating rivers are not 

significantly altering the health of reefs. For example, Nioumachoua reef, located 

close to Nioumachoua village and the mouths of two heavily used rivers, had the 

highest coral cover of any site observed in Mohéli. Reefs near coastlines of more 

deforested watersheds had more loose sediment, which can abrade coral and prevent 

coral recruitment, reducing reef resilience (Erftemeijer et al. 2012). However, 

terrestrial erosion was not correlated with any reduction in coral cover or recruit 

abundance.  

 

Human pressures appear to be only slightly reducing reef recovery potential in 

Mohéli, with the least impacts around the offshore islets, when compared to more 

extreme pressures reported from other islands in the Comoros (Freed and Granek 

2014, Audru et al. 2010). However, to avert future problems, steps should be taken to 

prevent further erosion and pollution entering coastal waters by protecting forest on 

the island’s steep volcanic slopes and addressing water supply for domestic use. 

Current efforts being made by PNM’s management to establish no-take reserves 

within the park will help maintain the current populations of the omnivorous and 

piscivorous fish that fishermen target, and prevent the herbivorous and detritivorous 

fish, crucial for reef recovery, from being targeted in the future.   
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Figure 1. Maps of Grande Comore and Mohéli showing survey sites with an inset 

showing the position of Northern Mozambique Channel (NMC) the Comoros 

archipelago within Africa.



 

Figure 2. Coral cover, showing the composition of major coral families, by sites 

investigated in a) 2010 and b) 2016 in Mohéli. * = repeated sites. 

  



Figure 3. Fish abundance (a) and biomass (b) at sites surveyed in 2010 and 2016.  * = 

repeated sites. Further details on trophic groups are provided in Table S2. The 

herbivore-detritivores aggregate 7 trophic groups. Note additional trophic groups in 

2016 were Haemulidae in the omnivores, and Kyphosidae and Siganidae in the 

Browsers. 



Figure 4. Monthly average SST for PNM from 1985-2016. Black dashed line 

indicates MMM, red line indicates the bleaching threshold (MMM +1°C) 
  



Figure 5. The percentage of coral area composed of thermally sensitive genera 

Acropora, Alveopora, Montipora, Pocillopora, Seriatopora, Stylophora and 

branching Porites (white) and all other more thermally tolerant genera (black).  

Figure 6. Benthic cover (%) of major categories by site arranged West to East. 



Figure 7. Maps of Mohéli showing A. the bleaching vulnerability of sites along with 

wave exposure and coastal isobaths and B. human threats and site exposure to threats 

in PNM. Villages, polluted rivers and watersheds are shown with the size of 

population living in villages and using rivers is indicated. Watershed score reflects the 

forest cover and hence the erosive capacity of the soil.



 

Figure 8. Snapshots of reef condition in PNM, showing A. low cover of corals and high algal 

cover in Sambia East; B. high coral cover with thermally sensitive corals, such as table 

Acropora in Bwanaidi; and C. high coral cover of thermally resistant corals, such as massive 

Porites and Diploastrea in Nioumachoua. 

  



 
Table 1. Indicators used for assessing reef condition and bleaching exposure, sensitivity 
and recovery, showing their units and data sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Indicator Unit Data Source 
Reef 
Condition 

Coral cover Percentage (%) Quadrats, 1m2 
Coral genus richness No. of genera Random swim 
Target fish biomass 
(Piscivore & 
Omnivore) 

kg per hectare Fish belt 
transects, 250m2 

Coral Fish Diversity 
Index (CFDI) 

No. of species 75 minute 
species count  

Bleaching 
Exposure (E) 

Wave exposure Degrees (°) GIS 
Distance to deep 
water 

Kilometres (km) GIS 

Shading Hours (hrs) Field observation 
Depth Metres (m) Field observation 

Bleaching 
Sensitivity (S) 

Thermally sensitive 
corals 

Percentage (%) Coral belt 
transect 10m2 

Bleaching 
Recovery (R) 

Turf algae Cm3 per m2 Quadrats, 1m2 
Macroalgae Cm3 per m2 Quadrats, 1m2 
Recruitment - Coral 
recruits 

No. per m2  Quadrats, 1m2 

Herbivore-detrivore 
fish density  

Individual per 
hectare 

Fish belt 
transects, 250m2  

Solid substrate Percentage (%) Quadrats, 1m2 
Loose sediment Percentage (%) Quadrats, 1m2 



Table 2. Conversion for indicators from raw value to indicators scores used to assess bleaching vulnerability, showing the range in 
indicator values observed during fieldwork in Mohéli 2016 and the category boundaries for each score arranged from best (top) to 
worst (bottom). *Depth was scored as  ‘3’ for all sites at 10m, ‘2’ for Ferenga (18m) and ‘4’ for Nioumachoua (5m). 

 

 

 

 

 

 Bleaching Exposure Bleaching 
Sensitivity 

Bleaching Recovery      

 Shade Deep 
Water  

Wave 
Exposure 

Depth Sensitive 
Corals 

 Turf Algae Macroalgae Coral 
Recruits 

Herb-detritivore 
abundance 

Sedimentation Solid 
Substrate 

Range 0-
4hrs 

0.7-
6.8km 

0-90° 5-
18m* 

5.3-
16.1% 

Range 240-
1190cm3 

0-6128 0.66-3.25 
per m2 

1128-3968  
ind. per ha   

3.9-23.7% 48.8-
95.2% 

1 0hrs 0.7-
1.9km 

73-90° - 5.3-
16.1% 

5 240-
429cm3 

0-1239cm3 2.74-3.25 
per m2 

3404-3968  
ind. per ha   

3.9-7.8% 85.9-
95.2% 

2 1hr 2.0-
3.2km 

55-72° 18m 16.2-
27.0% 

4 430-
619cm3 

1240-
2479cm3 

2.22-2.73 
per m2 

2835-3403  
ind. per ha   

7.9-11.8% 76.6-
85.8% 

3 2hrs 3.3-
4.4km 

37-54° 10m 27.1-
37.9% 

3 620-
809cm3 

2480-
3719cm3 

1.70-2.21 
per m2 

2266-2834  
ind. per ha   

11.9-15.8% 67.3-
75.5% 

4 3hrs 4.5-
5.6km 

19-36° 5m 38.0-
48.8% 

2 810-
999cm3 

3720-
4959cm3 

1.18-1.69 
per m2 

1697-2265  
ind. per ha   

15.9-19.7% 58.1-
67.2% 

5 4hrs 5.7-
6.8km 

0-18° - 48.9-
59.7% 

1 1000-
1190cm3 

4960-
6128cm3 

0.66-
1.17per 

m2 

1128-1696  
ind. per ha   

19.8-23.7% 48.8-
58.0% 



Table 3. Coral families and genera observed in Grande Comore and Mohéli. The number of genera 
per family is indicated in parentheses. Relative abundance score: 1 = Rare, 2 = Uncommon, 3 = 
Common, 4=Abundant and 5=Dominant 
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Acroporidae (5) 

Acropora 5 5 

Lobophyliidae (7) 

Acanthastrea 2 3 

Alveopora 1 2 Echinophyllia 1 2 

Astreopora 2 3 Lobophyllia 1 2 

Isopora 2 2 Micromussa 1 - 

Montipora 3 3 Oxypora 1 2 

Agariciidae (4) 

Gardineroseris 2 3 Scolymia - 1 

Leptoseris 3 2 Symphillia 1 3 

Pachyseris 2 2 

Merulinidae (15) 

Caulastrea - 1 

Pavona 4 3 Cyphastrea 3 3 

Astrocoenidae (1) Stylocoeniella 1 1 Dipsastraea 3 3 

Coscinaraeidae (2) 
Coscinaraea 2 2 Echinopora 3 3 

Horastrea - 1 Favites 2 3 

Dendrophyllidae (1) Turbinaria - 2 Goniastrea 2 3 

Diploastreidae (1) Diploastrea 1 4 Hydnopohora 2 3 

Euphyillidae (2) 
Galaxea 2 3 Leptoria 2 3 

Gyrosmilia - 1 Merulina 1 2 

Fungiidae (7) 

Ctenactis - 1 Montastrea 2 3 

Cycloseris 1 1 Mycedium 1 2 

Fungia 3 3 Oulophyllia 1 2 

Halomitra 1 1 Pectinia 1 1 

Herpolitha 2 3 Platygyra 3 3 

Podabacea 1 2 Trachyphyllia - 2 

Sandalolitha - 1 

Pocilloporidae (3) 

Pocillopora 4 3 

Insertae Sedis (5) 

Blastomussa - 1 Seriatopora 1 3 

Leptastrea 3 2 Stylophora 2 1 

Physogyra 1 1 
Poritidae (2) 

Goniopora 1 2 

Plerogyra 1 1 Porites  4 4 

Plesiastrea 2 3 Psammocoridae (1) Psammocora 3 3 

Total Genus Richness     47 55 



 

 

 

Table 4. Species richness of the six fish families used in the Coral Fish Diversity Index (CFDI), showing CFDI by site, island and year. 
Repeated sites in 2010 and 2016 are indicated (*). 

  

 

 

 

 

 

  

P
o

m
ac

en
tr

id
ae

 

P
o

m
ac

an
th

id
ae

 

La
b

ri
d

ae
 

C
h

ae
to

d
o

n
ti

d
ae

 

Sc
ar

id
ae

 

A
ca

n
th

u
ri

d
ae

 

C
FD

I 

  

P
o

m
ac

en
tr

id
ae

 

P
o

m
ac

an
th

id
ae

 

La
b

ri
d

ae
 

C
h

ae
to

d
o

n
ti

d
ae

 

Sc
ar

id
ae

 

A
ca

n
th

u
ri

d
ae

 

C
FD

I 

G
ra

n
d

e
 C

o
m

o
re

 2
0

1
0

 Male 14 5 27 11 6 17 80 

M
o
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li 
2

0
1

6
 

Sambia East 12 3 20 8 11 12 66 

Chomoni 16 4 25 15 4 13 77 Damu 11 4 19 13 6 12 65 

Mtsamdou 17 4 14 12 10 13 70 Sambia West 12 3 16 11 9 12 63 

Chindini 16 4 19 12 8 10 69 Bahausi* 11 5 14 9 6 12 57 

Mwadzaza 9 3 17 12 7 15 63 Mereni* 10 4 23 9 4 6 56 

Itsandra 9 3 21 10 1 13 57 Mea* 12 3 13 8 7 11 54 

Island total 30 7 43 19 12 23 134 Itsamia 4 4 18 10 5 7 48 

M
o

h
é

li 
2

0
1

0
 Bahausi* 12 1 20 6 7 11 57 Ferenga* 7 3 15 8 5 9 47 

Mea* 16 2 17 5 4 10 54 Nioumachoua 16 2 12 7 3 6 46 

Mereni* 11 4 9 11 8 7 50 Bwanaidi 12 2 14 4 6 8 46 

Ferenga* 4 4 18 7 8 8 49 Island total 23 7 39 19 16 21 125 

Island total 22 5 34 12 12 18 103 
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 2 
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 4 

Table 5. Vulnerability to bleaching of reef sites in the Parc National Mohéli, 5 
displaying bleaching exposure, sensitivity and recovery scores for each site. 6 
Scores are colour coded from light grey (best) to black (worst).  7 

Site Exposure 
Score (E) 

Sensitivity 
Score (S) 

Impact 
(E*S) 

Recovery 
Score (R) 

 Vulnerability to 
bleaching  
(V) = (E)*(S)/(R) 

Sambia West 3.00 1.00 4.00 4.17   0.96 

Damu 3.50 1.00 4.50 4.17   1.08 

Itsamia 2.25 1.00 3.25 2.67   1.22 

Sambia East 2.50 1.00 3.50 2.50   1.40 

Mereni 3.50 2.00 5.50 3.50   1.57 

Nioumachoua 4.25 2.00 6.25 3.33   1.88 

Bwanaidi 3.00 3.00 6.00 3.33   1.80 

Bahausi 3.50 3.00 6.50 3.67   1.77 

Ferenga 2.25 5.00 7.25 3.17   2.29 

Mea 2.75 5.00 7.75 2.17   3.58 

 8 
 9 
Table 6.  Exposure to human stressors and overall human impact by site. Scores 10 
are colour coded from light grey (best) to black (worst). 11 

Site 
River 
Pollution 

Fishing 
Pressure 

Terrestrial 
Erosion 

  Human Impact 

Bwanaidi 1.4 1.67 0.2   1.09 

Ferenga 1.65 1.69 0.13   1.16 

Mereni 0.75 2.25 0.63   1.21 

Sambia East 0.79 1.88 2.27   1.65 

Bahausi 2.67 2.47 0.23   1.79 

Mea 2.5 2.5 0.63   1.88 

Sambia West 1.06 1.01 3.57   1.88 

Itsamia 0.38 0.38 5   1.92 

Damu 0.5 0.5 5   2.00 

Nioumachoua 5.83 14 2.5   7.44 

 12 
  13 

 14 

 15 

 16 
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 17 

Table 7. Comparison of reef condition indicators from other locations in the WIO 18 
with survey year in parentheses. Where a range was presented in the original 19 
report the median value is given. *= MPAs with no-take fisheries enforced. 20 

Location (year) Reference Coral 
Cover 
(%) 

Coral 
Genus 
Richness 

Piscivore & 
Omnivore 
biomass 
(kg per ha) 

CFDI 

Comoros – Grande Comore 
(2010) 

This study 40 47 330 134 

Comoros – Mohéli (2016) 
 

This study 34 55 350 125 

Mozambique - Cabo Delgado 
(2015) 

Samoilys et al. 
2015a 

35 58 255 167 

Madagascar - North-Eastern 
Coast (2010) 

Obura et al. 
2011b 

48 61 228 172 

Kenya 
- Kisite* (2013) 
- Mpunguti and Wasini (2013) 
- Watamu* (2013) 

Cowburn 
2016c 
  

 
33 
15 
9 

 
36 
32 
35 

 
941 
319 
534 

 
90 
80 

104 

Maldives – Rasdhoo Atoll 
(2014) 

Cowburn 
2016c 

 
23 

 
37 

 
726 

 
95 

Iles Eparses* 
- Glorieuses (2011) 
- Juan de Nova (2013) 
- Bassas de India (2011) 
- Europa (2011) 

Chabanet et 
al. 2015 

 
29 
39 
48 
83 

 
 

44 

 
659 
929 

1255 
1263 

 
144 
131 
96 

121 

Chagos, British Indian Ocean 
Territory* (2014) 

Samoilys et al. 
unpubl.d 

33 39 1244 151 

 21 
a. Samoilys, M, Obura, D, Osuka K (2015) Marine biodiversity survey of coral reefs in Cabo Delgado 22 
in March 2015. CORDIO Report for Our Sea Our Life Project, 30pp. 23 
 24 
b. Obura D., Giuseppe, C., Rabearisoa, A., Oliver, T. (2011) A rapid marine biodiversity assessment 25 
of the coral reefs of Northeast Madagascar. RAP Bulletin of Biological Assessment, Conservation 26 
International, USA, 102pp. 27 

c. Cowburn B. (2016) Coral reefs and climate change in the Indian Ocean: A case study of Watamu 28 
Marine National Park and other Indian Ocean Locations. PhD Thesis, University of Oxford, UK, 29 
287pp. 30 

d. Samoilys, MA, Roche, R, Koldewey, H, Turner J. (Unpublished) Patterns in reef fish 31 
assemblages: insights from the Chagos Archipelago. Plos One: in revision. 32 
  33 
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Supplementary tables 34 

Table S1. Name, survey year, coordinates and information about reef type for 35 
each site from Grande Comore and Mohéli. Reef geomorphologies: Ocean-36 
Exposed Fringing-Reefs (OEFRs), Inner-Sea Fringing Reefs (ISFRs) and Inner-Sea 37 
Patch Reefs (ISPRs) (Andréfouët et al. 2006). * indicates sites repeated in Mohéli 38 
in 2010 and 2016. 39 
 40 
 Site Name  Year Coordinates Reef geomorphology, 

depth and type 

G
ra

n
d

e 
C

o
m

o
re

 Itsandra 2010 11.670S, 43.264E OEFR - 10m – Forereef 

Mwadzaza 2010 11.777S, 43.241E OEFR - 10m - Forereef 

Chindini 2010 11.936S, 43.486E OEFR - 10m - Forereef 

Male 2010 11.896S, 43.527E OEFR - 10m - Forereef 

Chomoni 2010 11.645S, 43.397E OEFR - 10m - Forereef 

Mtsamdou 2010 11.610S, 43.394E OEFR - 10m - Forereef 

M
o

h
él

i 

Bahausi * 2010, 2016 12.398S, 43.698E ISFR - 10m - Forereef 

Ferenga * 2010, 2016 12.428S, 43.696E OEFR - 18m - Deep terrace 

Mea * 2010, 2016 12.382S, 43.740E ISFR - 10m - Forereef 

Mereni * 2010, 2016 12.340S, 43.650E OEFR - 10m - Forereef 

Bwanaidi 2016 12.406S, 43.715E ISFR - 10m – Forereef  

Damu 2016 12.314S, 43.631E OEFR - 10m - Forereef 

Itsamia 2016 12.383S, 43.875E OEFR - 10m - Forereef 

Nioumachoua 
(Flat) 

2016 12.370S, 43.711E ISFR - 5m -Reef crest  
ISFR - 1m -Reef flat 

Sambia East 2016 12.395S, 43.805E ISPR - 10m - Forereef 

Sambia West 2016 12.386S, 43.787E ISPR - 10m - Forereef 

 41 
  42 
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 43 
Table S2. Fish trophic groups used as indicators for assessing coral reef health 44 
and vulnerability to climate change (adapted from Green & Bellwood 2009, 45 
Sandin & Williams 2010, Samoilys and Randriamanantsoa 2011, Samoilys et al. 46 
unpubl.). Numbers in parentheses refer to trophic groups that were aggregated 47 
for presentation or analysis: 1=grazers & detritivores, 2=non-browsing Scarinae 48 
(Fig.3); 1+2+3 = herbivore-detritivore bleaching recovery index (Table 1).  49 
 50 
Functional Group Notes on feeding habits and 

selection of species 
Group/family English name or species 

Grazers (1) Feed on algal turf and 
sediment to extract detritus, 
microbes and diatoms; may 
limit growth of macroalgae  
 
 

Acanthuridae 
 
 
 
Siganidae 
 

Zebrasoma spp.  
A. nigrofuscus, other 
Acanthurus spp. e.g, A. 
lineatus 
rabbitfish 

Grazer-detritivores 
(1) 
 

Feed on algal turf and 
sediment to extract detritus, 
microbes and diatoms; may 
limit growth of macroalgae  
 

Acanthuridae 
 
 
 
Pomacanthidae 

A. blochii, A. dussumieri, A. 
leucocheilus,  
A. nigricauda, A. 
xanthopterus, A. tennenti 
Centropyge spp.. 

Detritivores (1) Strictly detritivorous -  feed 
on organic matter in 
sediment and reef surfaces 

Acanthuridae Ctenochaetus spp. 

Corallivores Obligate and facultative 
corallivores are a secondary 
indicator of coral 
community health.  

Chaetodontidae 8 Butterflyfish: C. bennetti,  
C. lineolatus, C. 
melannotus,  
C. meyeri, C. ornatissimus,  
C. trifascialis, C. 
trifasciatus,  
C. zanzibarensis 

Large excavators (2) 
  

Take few, large, deep bites, 
and remove calcareous 
substratum; play a large role 
in bioerosion 

 Scarinae Chlorurus spp. >35cm, e.g. 
C. strongylocephalos 
Cetoscarus ocellatus 
{Bolbometapon 
muricatum} 

Small excavators (2) 
 

Remove algae and 
substrate; play a smaller 
role in bioerosion 

 Scarinae Chlorurus spp. <35cm 

Scrapers (2) 
 

Remove algae, sediment 
and detritus by closely 
cropping or scraping the 
substrate 

  Scarinae Scarus spp., Hipposcarus 
spp. 

Browsers (3) 
  
  
  

Feed on large macroalgae  Scarinae Calotomus spp. 
Leptoscarus spp. 

Acanthuridae Naso spp. <21cm Naso 
unicornis, N. tuberosus, N. 
elegans  

Ephippidae Bat fish – Platax spp.  

Kyphosidae Rudder fish – Kyphosus 
spp. 

Piscivores 
 

Top level predators, exert 
top-down control on lower 
trophic levels of fish, 
vulnerable to overfishing, 

Epinephelidae 
Lutjanidae 
 

All groupers 
Aprion viriscens 
Lutjanus bohar 
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Additional References 51 
 52 
Sandin S, Williams I. (2010) Trophic classification of reef fishes from the Tropical U.S. Pacific 53 
(Version 1.0). Series: Scripps Institution of Oceanography Report. San Diego, California. 19pp. 54 
 55 
 56 
 57 

good indicators of fishing  

Omnivores 
  
  

Second-level predators with 
mixed diets: small fish, 
invertebrates, dead animals. 
Their abundance a good 
indicator of fishing pressure 

Haemulidae 
Lethrinidae 
Lutjanidae 

All sweetlip 
All emperor 
All snapper except Aprion 
viriscens & Lutjanus bohar 




