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08 Climate change-induced coral bleaching events are increasing in frequency and sever-

ity, threatening the persistence of coral reefs worldwide. With diminishing time frames 

for recovery between such events, improving our understanding of coral reef resilience is 

critical. Remote, well protected coral reefs such as those at Aldabra Atoll (Seychelles) serve 

as unique natural laboratories to study reef resilience in absence of direct anthropogenic 

stressors like eutrophication and overfishing. Using spatiotemporal monitoring data of ben-

thic and fish communities in combination with in-situ water temperature measurements, 

this thesis assesses how Aldabra’s coral reef system responded to and recovered from the 

2014–2017 global coral bleaching event. Immediately following the bleaching, hard coral 

cover decreased by 51–62% on Aldabra’s seaward reefs at shallow (5 m) and deep (15 m) water 

depths, but inside its semi-enclosed lagoon (< 3 m water depth), coral mortality was lower 

(34%), likely due to three-fold higher daily water temperature variability there. Primarily 

driven by herbivores, Aldabra’s fish abundance increased by > 120% following the bleaching 

event. Although there were substantial fluctuations in fish abundance and biomass through-

out the study period, pre- and post-bleaching values were similar. During the four years 

post-bleaching (2016–2019), hard coral cover on the deeper seaward reefs did not change; 

turf algae and the calcifying macroalgae Halimeda remained the dominant taxa there. In 

shallow water, however, hard coral cover in 2019 reached 54–68% (seaward reefs) and 93% 

(lagoon) of pre-bleaching coral cover. Independent of water depth, coral juvenile abundance 

more than doubled over the period 2016–2019 at all locations, whilst coral larvae settlement 

was one order of magnitude higher inside the lagoon compared to the seaward reef. The re-

sults of this thesis highlight the substantial natural variation in bleaching susceptibility and 

recovery driven by environmental conditions. High daily water temperature variability and 

water flow in Aldabra’s lagoon is likely to confer lower bleaching-induced mortality. As the 

early recovery of hard coral cover was predominantly driven by the growth of remnant colo-

nies, slower recovery rates on the seaward reefs are likely due to slower coral growth at depth 

and higher wave exposure. The rapid increase in coral juvenile abundance indicate that reef 

recovery will speed up substantially also on Aldabra’s seaward reefs. These recovery trajec-

tories are likely to be connected to the high abundance of herbivores at Aldabra, which limit 

turf algae cover, thus promoting coral growth and the survival of coral juveniles. While coral 

reefs at remote, strictly protected locations may not be less susceptible to bleaching-induced 

hard coral mortality, post-bleaching recovery can be rapid in absence of local anthropogenic 

stressors. Nevertheless, while local management of coral reef systems is crucial to support 

their recovery from mass coral bleaching events, immediate action to tackle the root cause 

of the climate crisis is indispensable to preserve even the world’s most strictly protected and 

remote coral reefs.

Abstract



9 Der durch den Klimawandel verursachte Anstieg der Häufigkeit und Intensität von 

Korallenbleichen bedroht den Fortbestand von Korallenriffen weltweit. Ein besseres Ver-

ständnis über die Widerstandsfähigkeit von Korallenriffen ist daher von entscheidender Be-

deutung. Abgelegene, gut geschützte Korallenriffe wie die vom Aldabra Atoll (Seychellen), 

wo direkte anthropogene Stressfaktoren wie Eutrophierung und Überfischung keine Rolle 

spielen, dienen als natürliche Laboratorien zur Untersuchung der Widerstandsfähigkeit von 

Korallenriffen. Unter Verwendung von Lang- und Kurzzeitmonitoringdaten des Riffbent-

hos der Fischgemeinschaften und der Wassertemperaturen zeigt diese Arbeit, wie Aldabra’s 

Riffe auf die globale Korallenbleiche von 2014–2017 reagiert haben und sich seither davon 

erholen. Unmittelbar nach der Bleiche nahm die Hartkorallenbedeckung an Aldabra‘s see-

wärtigen Riffen im f lachen (5 m) und tieferen (15 m) Wasser um 51–62% ab. Innerhalb 

der Lagune (< 3 m Wassertiefe) war die Korallensterblichkeit jedoch geringer (34%), was 

wahrscheinlich auf die dreifach höheren täglichen Wassertemperaturschwankungen dort 

zurückzuführen ist. Die Anzahl an Fischen nahm nach der Bleiche um > 120% zu. Dieser 

Anstieg wurde hauptsächlich von Herbivoren verursacht. In den vier Jahren nach der Blei-

che (2016–2019) veränderte sich die Hartkorallenbedeckung der tiefen seewärtigen Riffe 

nicht; Fadenalgen und die kalkbildenden Makroalgen Halimeda blieben dort die domi-

nierenden Taxa. Im Flachwasser erreichte die Hartkorallenbedeckung im Jahr 2019 jedoch 

54–68% (seewärtige Riffe) und 93% (Lagune) der Korallenbedeckung aus der Zeit vor der 

Bleiche. Unabhängig von der Wassertiefe hat sich die Anzahl von Jung-Korallen im Zeit-

raum 2016–2019 an allen Standorten mehr als verdoppelt, während die Besiedlung durch 

Korallenlarven innerhalb der Lagune um eine Größenordnung höher war als am seewär-

tigen Riff. Die Ergebnisse dieser Arbeit unterstreichen die erheblichen umweltbedingten 

Unterschiede im Einfluss von Korallenbleichen und der nachfolgenden Erholung. Die hohe 

tägliche Temperaturschwankung und die Wasserströmung in Aldabra‘s Lagune führt wahr-

scheinlich zu einer geringeren Korallensterblichkeit während einer Bleiche. Da die frühe 

Erholung der Hartkorallenbedeckung vor allem durch das Wachstum von überlebenden 

Kolonien angetrieben wurde, sind langsamere Erholungsraten an den seewärtigen Riffen 

vermutlich auf langsameres Korallenwachstum in der Tiefe und in höherer Wellenexposi-

tion zurückzuführen. Die rasche Zunahme in der Anzahl an Jung-Korallen deutet aber 

darauf hin, dass sich die Erholung auch an den seewärtigen Riffen von Aldabra erheblich 

beschleunigen wird. Diese Beobachtungen stehen wahrscheinlich im Zusammenhang mit 

der hohen Anzahl von herbivoren Fischen, die die Fadenalgenbedeckung begrenzen und so 

das Korallenwachstum und das Überleben der Jung-Korallen fördern. Während Korallen-

riffe an abgelegenen, streng geschützten Standorten nicht weniger anfällig für eine durch 

Bleiche verursachte Hartkorallensterblichkeit sind, kann deren Erholung sehr rasch erfol-

gen. Auch wenn Management von lokalen Stressfaktoren entscheidend ist, um die Erholung 

von Korallenriffen nach Korallenbleichen zu unterstützen, sind sofortige Maßnahmen zur 

Bekämpfung der Grundursache der Klimakrise unerlässlich, um selbst die am strengsten 

geschützten und abgelegensten Korallenriffe der Welt zu erhalten.

Zusammen-
fassung
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Chapter N°1 General Introduction

Coral reefs: value and threats

Coral reefs exist within a narrow belt across the world’s tropical oceans, where local cli-

mate, marine chemistry, ocean currents, and biology combine to provide suitable conditions 

for reef-building hard corals (Burke et al. 2011). Hard corals (Order: Scleractinia) have skel-

etons built from calcium carbonate, which form the physical structure of coral reefs and the 

basis for one of the most biodiverse and productive ecosystems on earth (Burke et al. 2011). 

Globally, coral reefs provide not only critical habitat for ca. 70,000 known species (Fisher 

et al. 2015), but also essential ecosystem goods and services to approximately one-eighth of 

the world’s human population in terms of food, livelihood and shoreline protection (Burke 

et al. 2011). 

Despite their importance, coral reefs are rapidly degrading and disappearing in response 

to numerous anthropogenic impacts. Overfishing and destructive fishing practices, coastal 

development, pollution and eutrophication through coastal sediment and nutrient runoff 

can profoundly change the structure and functioning of coral reef systems (Bellwood et al. 

2004; Hughes et al. 2007) and has caused widespread reef degradation for centuries (Pan-

dolfi et al. 2003). Climate change impacts exert further stress, including increased storm 

frequency, ocean acidification (IPCC 2014) and thermal stress-induced coral bleaching 

(Hughes et al. 2018a). 

Coral bleaching is a stress response triggered by prolonged periods of water tempera-

ture anomalies (Hoegh-Guldberg 1999), solar irradiance (Brown et al. 1994; Anthony et al. 

2007), eutrophication (Nagelkerken 2006; Pogoreutz et al. 2017) or sedimentation (Fisher 

et al. 2019), during which corals lose their endosymbiotic algae (dinoflagellates of the family 

Symbiodiniaceae), which provide the majority of energy to most reef corals (Anthony and 

Fabricius 2000). Prolonged bleaching depletes the coral’s energy supply and reserves, lead-

ing to reduced growth and reproduction, and ultimately death, as consequence. While coral 

bleaching itself is a natural phenomenon and not always lethal (Suggett and Smith 2011), 

its increasing frequency and intensity over regional scales (> 1000 km) is caused by global 

warming and associated thermal stress (Hughes et al. 2018a). Between the 1980s and 2016, 

median time intervals between severe bleaching events have reduced from 27 to < 6 years 

(Hughes et al. 2018a), and the most recent three global coral bleaching events recorded to 

date occurred within a window of only 20 years (1997–1998, 2010, 2014–2017), causing 

widespread coral mortality worldwide (Hughes et al. 2017a; Eakin et al. 2019). As recovery 

windows between major bleaching events are projected to narrow even further, strengthen-

ing knowledge and understanding of coral reef responses and resilience has become crucial 

for their conservation, as well as that of the biodiversity they harbour and the ecosystem 

services they provide.
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Coral reef resilience

Ecological resilience can be described as the magnitude of disturbance an ecosystem can 

absorb while maintaining essentially the same functions (Holling 1973; McClanahan et al. 

2012). Applied to coral reefs, this usually refers to their ability to return to coral-dominated 

states following disturbances. When resilience is lost or the disturbance exceeds the resil-

ience capacity, reefs can drastically change in community composition and structure (‘phase 

shifts’; Nyström et al. 2008). This often constitutes the loss of hard corals and (sometimes 

long-lasting) increases of other benthic organisms (e.g., macroalgae, Done 1992; Wilkinson 

2004; Graham et al. 2015; turf algae, Jouffray et al. 2014; cyanobacteria, Albert et al. 2012; 

sponges or soft corals, Norström et al. 2009), i.e. benthic states that are less desirable (Folke 

et al. 2004) and support lower levels of biodiversity and ecosystem functions. Changes may 

not always manifest in the increasing dominance of other benthic organisms, but may result 

in novel coral community compositions that differ profoundly in function (Graham et al. 

2014; McWilliam et al. 2020). 

Two important aspects of coral reef resilience are: (a) the ability to resist change or survive 

a disturbance, i.e. resistance/susceptibility; and (b) the ability to recover from disturbance 

and return to the pre-disturbance condition, i.e. recovery (Nyström et al. 2008; McClana-

han et al. 2012). While resilience is more complex than this, these two aspects are tangible 

and relevant for ecosystem management (Nyström et al. 2008; McClanahan et al. 2012) and 

are thus key concepts of my thesis. As hard coral susceptibility and recovery to disturbance 

vary on multiple levels, with complex interdependencies (Nyström et al. 2008), the central 

theme of my thesis focusses on aspects considered most relevant to climate change-induced 

coral bleaching.  

A coral reefs’ susceptibility to and recovery from coral bleaching and mortality differs 

depending on its ecosystem composition, and can be further influenced by environmental 

conditions and the presence and type of anthropogenic disturbances (Table 1.1, Table 1.2). 

For example, branching corals (e.g. Acropora, Pocillopora) are typically more susceptible to 

bleaching and show higher post-bleaching mortality than massive corals (e.g. Porites; Mar-

shall and Baird 2000; Loya et al. 2001; Hoey et al. 2016; Fox et al. 2019), whilst specific 

environmental conditions may reduce or increase susceptibility (Table 1.1). High frequency 

temperature variability is a key driver for increased thermal stress tolerance of corals (Don-

ner 2011; Oliver and Palumbi 2011; Safaie et al. 2018), while increased solar radiation (e.g. 

shallow water, no cloud cover) can exacerbate it (Anthony et al. 2007). Local anthropogenic 

stress, such as pollution, improper sewage treatment or coastal development (e.g. causing 

sedimentation) can increase coral’s susceptibility to bleaching-induced mortality and reduce 

their ability to recover (D’Angelo and Wiedenmann 2014; Fisher et al. 2019; Table 1.1, Ta-

ble 1.2). Reef recovery is directly driven by the growth of remnant coral colonies and coral 

recruitment (Diaz-Pulido et al. 2009; Gilmour et al. 2013; Graham et al. 2015), both of 

which are positively influenced by herbivory, which reduces the negative effects of turf and 
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macroalgae (Arnold et al. 2010; Smith et al. 2016; Johns et al. 2018; Table 1.2). Fishing and 

the direct removal of herbivores can thus reduce the potential for reefs to recover, with sedi-

mentation and eutrophication further compromising recovery (Carilli et al. 2009). 

While many of these susceptibility- and recovery-influencing factors are natural (e.g. 

depth, temperature variability, water flow/ocean currents), the majority are associated with 

local or global anthropogenic disturbances. The reduction of local human stressors is there-

fore a key component to managing coral reefs for resilience in the face of climate change 

(McClanahan et al. 2012; Flower et al. 2017).

Table 1.1: Factors influencing the susceptibility of coral reefs to thermal stress-induced coral bleaching and mortality. 
Symbols indicate primarily positive effects, i.e. reducing susceptibility to bleaching (+), negative effects, i.e. increasing 
susceptibility (−) or both (+ −), depending on context.

Table 1.1 GARAMOND 

 

Susceptibility factor Effect Explanation and references 

Coral taxa + −  Differences in coral physiology affects thermal tolerance and bleaching 
susceptibility varies among taxa (Baird et al. 2009; Mizerek et al. 2018) 

Coral morphology  + − 
Branching corals are typically more susceptible than massive ones, due to 
reduced mass transfer of toxic by-products produced by endosymbionts 
during heat stress (van Woesik et al. 2012; Darling et al. 2013; Mizerek et al. 
2018) 

Thermotolerance of 
endosymbionts  + − Differential thermal tolerance of endosymbionts affects bleaching prevalence 

of corals (Rowan 2004; Sampayo et al. 2008) 

Thermal stress − 
Magnitude of thermal stress, combining duration and temperature, e.g. 
measured as degree heating weeks (DHW), from ‘no stress’ to ‘severe 
bleaching and mortality likely’ (Liu et al. 2013) 

Temperature 
variability + 

Exposure to high temperature variability can acclimatise corals to temperature 
anomalies and reduce their susceptibility to heat stress (Oliver and Palumbi 
2011; Safaie et al. 2018) 

Water flow + 
High water flow increases the mass transfer of toxic by-products produced by 
endosymbionts during heat stress and can lower bleaching prevalence 
(Nakamura and van Woesik 2001)  

Upwelling and 
internal waves + 

Waves can reduce heat stress by modulating heat accumulation in the water 
column (Riegl and Piller 2003; Sheppard 2009; Chollett et al. 2010; Wyatt et al. 
2020) 

Light exposure − 
Light can exacerbate thermal stress by damaging the photosynthetic system of 
endosymbionts, e.g. at shallow depths (Lesser and Farrell 2004; Anthony et al. 
2007; Brown and Dunne 2008) 

Turbidity (natural or 
anthropogenically 
induced) 

+ − 
Suspended particles can reduce (through shading from light, as energy source 
for coral) or enhance (smothering) effects of thermal stress (Anthony et al. 
2007; Cacciapaglia and van Woesik 2016; Morgan et al. 2017; Fisher et al. 
2019) 

Nutrients − 
Nutrient enrichment can exacerbate thermal stress but this can vary among 
coral species, morphology, type and level of nutrients and local context 
(D’Angelo and Wiedenmann 2014; DeCarlo et al. 2020) 

Physical 
anthropogenic 
impacts 

− 
Coral mining, dredging, ship groundings, trampling or diving can increase the 
susceptibility of corals to thermal stress but this varies with scale and 
frequency of the disturbance (Hawkins and Roberts 1992; Chabanet et al. 
2005; Fox et al. 2005) 
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Table 1.2: Factors influencing the recovery of coral reefs from thermal stress-induced coral bleaching and mortality.  
Symbols indicate primarily positive effects (+), negative effects (−) or both (+ −), depending on context.
Table 1.2 GARAMOND 

Recovery factor Effect Explanation and references 

Abundance of 
mature colonies + 

Mature remnant colonies can increase coral coverage by re-growth, which is a key 
aspect of reef recovery; they can also provide propagules for reef replenishment, 
although this is often delayed as the reproductive capacity is usually low after 
bleaching. (Riegl 2002; Burt et al. 2008; Diaz-Pulido et al. 2009; Riegl and Purkis 
2009) 

Coral growth + 
Re-growth of remnant colonies, particularly of fast-growing, branching and plating 
species. These are, however, more susceptible to bleaching mortality. Taxa less 
susceptible to bleaching are usually slow-growing (Diaz-Pulido et al. 2009; Gilmour et 
al. 2013) 

Coral 
recruitment  + Coral recruitment is key driver for recovery as it replenishes the reef with new 

individuals (Mumby and Harborne 2010; Gilmour et al. 2013; Graham et al. 2015) 

Connectivity + 
Supply of coral larvae from less impacted locations may promote recovery at 
degraded sites (Mumby and Hastings 2008; Elmhirst et al. 2009; Jones et al. 2009; 
Graham et al. 2011). 

Type and 
abundance of 
algae 

+ − 

Crustose coralline algae (CCA) can consolidate substrate and can enhance coral larvae 
settlement; turf algae (if not cropped short) and macroalgae can inhibit larvae 
settlement, impact the survival of coral recruits and directly compete with adult corals 
through allopathy and trapped sediments that can smother corals (Arnold et al. 2010; 
O’Leary et al. 2012; Mumby et al. 2013; Johns et al. 2018; Yadav et al. 2018) 

Herbivory + 
The presence of a diverse guild of herbivores and high herbivore biomass can reduce 
turf and macroalgae cover and increase CCA cover (Hughes et al. 2007; Lokrantz et 
al. 2008; Mumby and Harborne 2010; O’Leary et al. 2012; Graham et al. 2015; Smith 
et al. 2016) 

Substrate 
availability  + 

Stable and suitable substrate is important for coral recruitment and recovery, while 
unconsolidated rubble can hinder recovery (O’Leary et al. 2012; Chong-Seng et al. 
2014) 

Light availability + 
Light availability affects growth rates, e.g. coral growth and recovery may be slower 
due to light attenuation at deeper water depths (Huston 1985; Pratchett et al. 2015; 
Robinson et al. 2019) 

Wave exposure − 
Fast-growing coral taxa (e.g. branching corals) are less common on reefs with high 
wave exposure, which may slow recovery in these areas (Done 1982; Gove et al. 2015; 
Williams et al. 2015; Robinson et al. 2019) 

Fishing pressure − 
Fishing can affect species interactions and trophic cascades of fish communities 
which can have top-down effects on benthic communities and coral recovery. Direct 
removal of herbivorous fish can reduce herbivorous pressure, allowing macro- and 
turf algae to proliferate (Wilson et al. 2010; Graham et al. 2015, 2017) 

Sedimentation − Sediments can smother corals and limit larvae settlement and survival of recruits 
(Acevedo et al. 1989; Rogers 1990; Crabbe and Smith 2005) 

Nutrients − 
Nutrient enrichment can decrease recovery but studies note the difficulty to separate 
pure nutrient effects from sedimentation and overfishing (Connell et al. 1997; Hughes 
et al. 2003; Fabricius 2005; Carilli et al. 2009); seabird nutrients have positive effect on 
CCA cover and herbivorous fish, promoting recovery (Benkwitt et al. 2019) 
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Research gaps

Approximately 58% of the world’s coral reefs are located within 30 min travel time from 

the nearest human settlement, while 25% are within 4 h from the nearest major market 

(Maire et al. 2016). The overwhelming majority of coral reefs is therefore subject to stressors 

that influence (a) reef condition per se, and (b) their susceptibility to and recovery potential 

from climate change impacts. 

Reducing local stressors, for example nutrient enrichment, sedimentation and overfish-

ing, should facilitate the management of coral reefs for resilience to climate change impacts, 

but there is still considerable debate on the effectiveness of this approach. Whilst managing 

local anthropogenic stressors is still widely considered to increase reef resilience (e.g. Sandin 

et al. 2008; Carilli et al. 2009; McClanahan et al. 2012; Graham et al. 2013; Flower et al. 

2017), others argue that this approach has little value (e.g. Côté and Darling 2010; Bruno 

and Valdivia 2016; Bruno et al. 2019). Research into reef resilience has seen vast progress 

from early theoretical frameworks (Obura 2005; Nyström et al. 2008) towards more applied 

(Obura and Grimsditch 2009; McClanahan et al. 2012; Flower et al. 2017) and empirical 

work (Bayraktarov et al. 2013; Graham et al. 2015; Hughes et al. 2017b). Nevertheless, the 

need for more data from a wider array of locations and environments to better understand 

ecosystem functioning and reef resilience processes under varying conditions has been re-

peatedly highlighted (Nyström et al. 2008; Graham et al. 2011; Pandolfi 2015; Flower et al. 

2017; Lam et al. 2017; Mumby 2017).

Some of the most valuable sites for understanding coral reef functioning and resilience 

are in remote locations, which provide critical baseline information with which the influ-

ence of anthropogenic impacts on reef resilience can be better understood (Sandin et al. 

2008). Indeed, the 1998/99 global coral bleaching event, and the unprecedented bleaching 

event of 2014–2017 caused mass mortality of corals even at the most remote and best pro-

tected reefs worldwide (Gilmour et al. 2013; Heron et al. 2017; Sheppard et al. 2017; Hughes 

et al. 2018b; Cerutti et al. 2020), indicating that reducing local impacts is not a panacea for 

reducing bleaching susceptibility and subsequent mortality during extreme thermal stress 

events. Assessing pre- and post-bleaching coral reef trajectories at such locations is thus cru-

cial to improve our understanding of the recovery potential of reef systems and how this 

varies. Such information is critical not only with regards to managing local stressors at reefs 

elsewhere, but also for alternative strategies to conserve the world’s corals reefs (e.g. reef 

restoration, assisted evolution). 



22

Chapter N°1 General Introduction

Only 3.7% of the oceans are under ‘very low impact’ from cumulative local and global 

anthropogenic stressors (Halpern et al. 2008; see also Guan et al. 2020), and many of the 

coral reefs in these areas do not have accumulated data on coral reef trajectories before and 

after bleaching events. Opportunities to study this in detail are therefore limited, but de-

tailed monitoring of these relatively undisturbed sites is essential to provide scientists and 

managers with appropriate baseline information, with which success and failure of reef con-

servation strategies can be assessed. 

An ideal site for such research is Aldabra Atoll in the Seychelles. The atoll has been well 

protected and managed for almost 50 years, hosts a very small team of staff as its only hu-

man residents, and comprehensive long-term marine monitoring programme is in place that 

allows to track climate change induced changes to its coral reef ecosystem. 

Study site: Aldabra Atoll, natural laboratory  
and ecological benchmark

Aldabra Atoll, in the Western Indian Ocean, is a raised coral atoll that consists of a ring 

of four main islands that span 34 × 14.5 km around its large lagoon (155 km2). It is part of 

the Seychelles Archipelago, which consists of 115 islands and atolls that are scattered across 

its 1,400,000 km2 exclusive economic zone (Kawaley 1998; Fig. 1.1). More than 99% of the 

Seychelles’ population (98,000) lives on the granitic ‘Inner Islands’ in the north-east of the 

archipelago, whilst the ‘Outer Islands’ (coralline islands and atolls) in the south and south-

west are not or only scarcely populated (Seychelles National Bureau of Statistics 2020).  

Aldabra is located more than 400 km north (Madagascar) and 700 km east (Tanzania) from 

the nearest inhabited land, and more than 1000 km from the Seychelles’ main island of 

Mahé (Fig. 1.1).
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Figure 1.1: Location of Aldabra Atoll in the Western Indian Ocean and the Seychelles (top) and its four main 
islands (bottom). The black cross on Picard island indicates the location of the research station (see Figure 1.2). 
Black dots indicate the permanent marine monitoring sites of the Aldabra Reef Monitoring programme used in 
this research. The light grey shading around Aldabra indicates its seaward reefs.

Due to Aldabra’s isolation, it’s scarcity of freshwater and distance from trade routes, hu-

man settlement has only ever been temporary (Stoddart 1971), and mainly for the exploita-

tion of giant tortoises, sea turtles, fish and timber (Stoddart 1968a, 1971). From 1965 until 

Seychelles’ independence in 1976, Aldabra was part of the British Indian Ocean Territory 

and in 1966, was proposed as a site for a military air staging-post to be set up in conjunction 

with the United States of America (Stoddart 1968b).  Following international protests and 

interventions by the Royal Society of London to protect Aldabra for its outstanding biodi-

versity and value to science (Stoddart 1968b), plans for the military base were abandoned in 

1967 and instead shifted to Diego Garcia in the Chagos Archipelago (Lunn 2019). 
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Following the scientific campaign and the set-up of Aldabra’s first research station by the 

Royal Society of London (Stoddart 1968b, 1971), management of Aldabra was taken over by 

the Seychelles Islands Foundation (SIF), a public trust established under presidential decree 

in 1979. In 1981, Aldabra was designated as a Special Reserve (the highest level of national 

protection under Seychelles’ legislation), which covers an area of 2559 km2 since 2018 (439 

km2 prior to that; Seychelles Islands Foundation 2016). In 1982, Aldabra was inscribed as a 

UNESCO World Heritage Site (UNESCO 2020); it is also an International Endemic Bird 

Area since 2001 (BirdLife International 2020) and a Ramsar Wetland of International Im-

portance since 2010 (Ramsar Convention Secretariat 2010). More recently Aldabra has been 

designated as part of the IOSEA Network of Sites of Importance for Marine Turtles (2014; 

CMS Secretariat 2020), a Platinum level Blue Park (2019; Marine Conservation Institute 

2020) and an International Marine Mammal Area (2020; Marine Mammal Protected Are-

as Task Force 2020). SIF’s management incorporates international research collaborations, 

upholding and improving the protection measures on the atoll, and practical conservation 

interventions including re-introductions of native species (Šúr et al. 2013), eradications of 

invasive alien species (Bunbury et al. 2018, 2019) and ecosystem rehabilitation activities 

(Burt et al. 2020). To enable management, monitoring and research of Aldabra’s terrestrial 

and marine ecosystems, SIF maintains a small research station (Figure 1.2; minimum 94% 

solar powered since 2012; Quanz et al. 2013) with ca. 10–20 staff. Whilst it is a no-take pro-

tected area, a small and strictly regulated subsistence fishery for SIF’s staff, using handline 

and troll fishing, is permitted (Seychelles Islands Foundation 2016). 

Figure 1.2: SIF research station on Picard island at Aldabra Atoll (photo: Jude Brice).
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Due to its isolation and long history of protection, Aldabra represents a natural laborato-

ry and ecological benchmark to study natural ecosystem processes and the effects of climate 

change on a variety of habitats and organisms in near absence of local anthropogenic im-

pacts. Although there is a long and fairly consistent track record of monitoring and research 

of its terrestrial ecosystems, scientific inquiry of its marine habitats has been relatively low 

between the departure of the Royal Society in the 1970s and the first global coral bleaching 

event in 1998, which caused 38–66% hard coral mortality at Aldabra (Spencer et al. 2000; 

Teleki et al. 2000). 

The 1998 bleaching event spurred the formation of the first marine monitoring pro-

gramme at Aldabra (Aldabra Marine Programme, AMP), a research initiative affiliated with 

the Cambridge University Coastal Research Unit (Teleki et al. 1999). The AMP established 

the first permanent survey sites for long-term, routine marine monitoring, primarily to track 

coral reef recovery following the 1998 bleaching event (Teleki et al. 1999). Surveys of Aldab-

ra’s benthic and fish communities were conducted in 1999 and annually between 2001 and 

2005 and found relatively slow hard coral recovery, although the fish communities appeared 

to remain intact (Teleki et al. 1999; Stobart et al. 2001, 2002a, 2002b; Downing et al. 2003, 

2005; Buckley et al. 2004). After returning a final time in 2008, the onset of piracy in the 

area prevented further AMP field activities from 2009 (Burt and Walton 2017). Some of the 

AMP data (1999–2005) is available as collated summary figures given in the reports (openly 

available at www.aldabra.org). 

In 2013, before the most recent global coral bleaching event in 2015/2016, SIF estab-

lished the Aldabra Reef Monitoring (ARM) programme (Haupt 2013). SIF based the ARM 

survey design on the previous AMP surveys, with modifications to the survey depths to 

improve SCUBA diver safety (permanent survey sites [Fig. 1.1] established at shallow water 

depths at 5 m and 15 m vs. 10 m and 20 m) and survey efficiency (Haupt 2013). Since then, 

SIF research staff have annually monitored Aldabra’s reef benthos, fish communities and 

water temperature and the programme has therefore tracked changes to Aldabra’s coral reef 

ecosystem following the 2015/2016 coral bleaching event. 

This thesis sets out to synthesise the results of the past six reef monitoring years at Al-

dabra to advance our understanding on reef resilience and to provide future research and 

management recommendations for Aldabra and beyond.
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Thesis research questions

The overarching research question for this thesis is: 

How does the minimally disturbed, well-protected coral reef ecosystem of Aldabra Atoll re-

spond to and recover from mass coral bleaching in absence of direct anthropogenic stressors?

To address this main question, the following sub-questions are asked:

1. How does coral bleaching susceptibility vary across coral genera, coral life stages and natural 

environmental gradients at Aldabra?

2. How does coral reef recovery at Aldabra vary across coral genera, coral life stages and natural 

environmental gradients?

3. What is the response of Aldabra’s reef fish communities to the effects of coral bleaching and 

changes to the benthic reef community?

4. Which factors may facilitate or mitigate susceptibility and recovery at Aldabra?

Approach and thesis structure

My thesis focusses on examining reef recovery using the remote and relatively undis-

turbed atoll of Aldabra, in the Seychelles as model study site. The research incorporates: (a) 

long-term coral reef monitoring data (benthos, fish, water temperature); and (b) short-term 

coral larvae settlement data. The thesis is composed of five chapters, including three data 

chapters in the form of stand-alone manuscripts written for peer-reviewed journals which 

are either published (Chapter 2), in review (Chapter 3) or in preparation (Chapter 4) at the 

time of writing. Each chapter assesses a different aspect of susceptibility to and recovery 

from the 2015/2016 global coral bleaching event at Aldabra, which together build a detailed 

and valuable picture of the atoll’s reef trajectories through and resilience to bleaching (Fig-

ure 1.3). This first chapter serves as a general introduction, while the fifth chapter synthesis-

es the findings of all the data chapters in a general discussion. 

In Chapter 2, ‘Early trajectories of benthic coral reef communities following 

the 2015/16 coral bleaching event at remote Aldabra Atoll, Seychelles’, we initially 

address research questions 1 and 2 and assess benthic community changes following the 

bleaching event and how this varied across three major reef areas that are subject to differ-

ent environmental conditions. This chapter specifically focusses on the reef coverage of six 

major benthic groups (hard corals, soft corals, crustose coralline algae, turf algae, calcifying 

macroalgae) and the most abundant hard coral genera. To start to address research ques-

tion 4, we assess changes across water depths and evaluate water temperature variability as 

potential factors of spatial differences in bleaching susceptibility. This chapter provides an 

important basis for the next two chapters. 
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In Chapter 3, ‘Coral recruit and juvenile abundance indicate rapid post-bleach-

ing recovery at remote Aldabra Atoll, Seychelles’, we address research questions 1, 2 

and 4. We assessed temporal and spatial differences in the abundance and composition of 

coral juveniles following the bleaching event and combined this with additional assessments 

of hard coral reproduction, which has not been studied before in the Seychelles Outer Is-

lands. This chapter therefore specifically assesses a major component of coral reef recovery: 

coral recruitment. 

In Chapter 4, ‘Coral bleaching has little short-term impact on reef fishes at re-

mote Aldabra Atoll, Seychelles’, we address research question 3 and assess changes in 

fish abundance and biomass of fish functional groups in response to the bleaching-induced 

changes in the benthic community composition. Fish communities, and in particularly her-

bivorous fish, play an important role for post-disturbance reef recovery. This chapter there-

fore returns to question 4 (factor: herbivory) and complements and extends the findings of 

the previous two chapters.

Figure 1.3: Overview of the three research-based chapters included in this thesis. 
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Table 1.3: Contribution of the candidate to each research-based chapter per task. 

Contribution of candidate to each research-based chapter 

The contributions of the candidate to each research-based chapter of this thesis (Chap-

ters 2–4) are given as percent of the total workload per task (Table 1.3). Each contributing 

author listed in the chapters was involved in the development following the first draft.

Table 1.3 TIMES 

 

Task Chapter 2 Chapter 3 Chapter 4 

Concept and design 50% 60% 70% 

Data collection  60% 40% 20% 

Data analysis and interpretation 70% 80% 70% 

Preparation of figures and tables 70% 100% 100% 

Drafting of the manuscript 100% 100% 100% 
 

 

Table 1.3 GARAMOND 

 

Task Chapter 2 Chapter 3 Chapter 4 

Concept and design 50% 60% 70% 

Data collection  60% 40% 20% 

Data analysis and interpretation 70% 80% 70% 

Preparation of figures and tables 70% 100% 100% 

Drafting of the manuscript 100% 100% 100% 
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Chapter N°2 Early trajectories of benthic coral reef communities following the 2015/16 coral bleaching 
event at remote Aldabra Atoll, Seychelles

Documenting post-bleaching trajectories of coral reef communities is crucial to under-

stand their resilience to climate change. We investigated reef community changes follow-

ing the 2015/16 bleaching event at Aldabra Atoll, where direct human impact is minimal. 

We combined benthic data collected pre- (2014) and post-bleaching (2016–2019) at 12 sites 

across three locations (lagoon, 2 m depth; seaward west and east, 5 and 15 m depth) with 

water temperature measurements. While seaward reefs experienced relative hard coral re-

ductions of 51–62%, lagoonal coral loss was lower (−34%), probably due to three-fold higher 

daily water temperature variability there. Between 2016 and 2019, hard coral cover did not 

change on deep reefs which remained dominated by turf algae and Halimeda, but absolute 

cover on shallow reefs increased annually by 1.3% (east), 2.3% (west) and 3.0% (lagoon), 

reaching, respectively, 54%, 68% and 93% of the pre-bleaching cover in 2019. Full recovery 

at the shallow seaward locations may take at least five more years, but remains uncertain for 

the deeper reefs. The expected increase in frequency and severity of coral bleaching events is 

likely to make even rapid recovery as observed in Aldabra’s lagoon too slow to prevent long-

term reef degradation, even at remote sites.

Abstract
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Climate change-induced coral bleaching events are increasing in frequency and severity, 

threatening the persistence of coral reef ecosystems worldwide. Global warming reduced the 

time frames between bleaching events from 27 years in the early 1980s to 5.9 years in 2016 

(Hughes et al. 2018a) and recovery windows are predicted to shorten even further as severe 

bleaching events are expected to occur annually on 90% of the world’s coral reefs by 2055 

(Van Hooidonk et al. 2014). In this context, assessing post-disturbance reef trajectories is 

crucial to understand which conditions favour reef recovery (Graham et al. 2015; Robinson 

et al. 2019). 

The metric most widely used to assess reef recovery is the return time of coral cover to 

pre-disturbance values, hereafter ‘coral recovery’ (Graham et al. 2011; Johns et al. 2014). 

Coral recovery rates are influenced by various environmental and physical factors, e.g. water 

depth (Mumby et al. 2001; Furby et al. 2013), light intensity (Mumby et al. 2001), nutrient 

levels (Grottoli et al. 2006), water flow (Nakamura and Van Woesik 2001) and temperature 

variability (Oliver and Palumbi 2011; Safaie et al. 2018). Furthermore, as bleaching suscep-

tibility and rebound potential of corals varies on multiple levels (e.g. among taxa; Marshall 

and Baird 2000; Stimson et al. 2002; within taxa; Edmunds 1994; Mizerek et al. 2018; across 

coral growth forms; Darling et al. 2013; among symbiont type; Rowan 2004; Sampayo et al. 

2008), coral recovery is typically faster than the return to pre-disturbance coral community 

composition, hereafter ‘reassembly’ (Johns et al. 2014). Reassembly is a critical aspect of reef 

recovery, ensuring that the coral community’s traits and functions are restored (Johns et al. 

2014). Speed of coral recovery and reassembly varies substantially among reefs (Johns et al. 

2014; Adjeroud et al. 2018; Gouezo et al. 2019) and regions (Graham et al. 2011), underlin-

ing the complex nature of reef recovery processes.

Reef recovery relies on the growth and propagation of surviving colonies and coral re-

cruitment (Gilmour et al. 2013; Chong-Seng et al. 2014; Graham et al. 2015) which is influ-

enced by abiotic and biotic conditions and anthropogenic disturbance. High wave exposure, 

for example, limits coral growth and coral larvae settlement (Gove et al. 2015), while coral 

recruitment and survival can be enhanced by herbivores that control algal turf and fleshy 

macroalgae and promote crustose coralline algae (CCA) growth (Smith et al. 2010; Yadav 

et al. 2016; Johns et al. 2018). These natural drivers of recovery may be disrupted by direct 

human stressors such as overfishing of herbivores and/or nutrient enrichment, favouring 

algal proliferation and impeding or preventing reef recovery. This implies that, despite sub-

stantial variation in coral recovery and reassembly, both can be promoted through targeted 

management of direct anthropogenic disturbance (Anthony et al. 2015).

Consequently, coral reefs removed from direct human stressors serve as a baseline to 

assess the natural recovery potential in the face of the exacerbating effects of climate change 

and diminishing time frames for reef recovery. Understanding the variation in bleaching 

impact and recovery trajectories at such sites can provide crucial information for regional 

marine spatial planning and climate policies (Sandin et al. 2008). Aldabra Atoll in the West-

Introduction
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ern Indian Ocean (WIO) offers the opportunity to examine bleaching impacts and sub-

sequent reef trajectory dynamics under minimal direct human disturbance (Stobart et al. 

2005; Friedlander et al. 2015). Designated as a Special Reserve, the highest level of national 

protection, under Seychelles’ legislation in 1981, and inscribed as a UNESCO World Her-

itage Site in 1982, Aldabra’s marine ecosystem has been protected from commercial fishing 

pressure for almost 40 years, and human-driven nutrient inputs are absent. Nevertheless, 

coral bleaching events have caused high coral mortality at Aldabra in 1998/1999 (38% and 

66% on the seaward reef at 10 m and 20 m water depth, respectively; Norström et al. 2009) 

and in 2015/2016 (35% in the lagoon at 2 m water depth; 54% at 5 m and 55% at 15 m water 

depth on the seaward reef; Cerutti et al. 2020).

Here we utilise a unique 5-year data set that covers the aftermath of a major global coral 

bleaching event at a remote reef system with minimal local human impact. Following the 

findings of Cerutti et al. (2020) that bleaching induced coral mortality was lower at Ald-

abra’s lagoon than at the seaward reef after the 2015/16 coral bleaching (35% vs. 55% loss), 

we examine early post-bleaching reef trajectories at Aldabra Atoll in the context of spatial 

variations in bleaching impact by: (1) assessing changes of benthic communities across loca-

tions between 2014 (pre-bleaching) and 2016 (post-bleaching) and quantifying daily water 

temperature variability to explore whether this links to spatial differences in bleaching im-

pact (Safaie et al. 2018), and (2) evaluating the post-bleaching trajectories (recovery/stabili-

ty/degradation) of the benthic communities at these locations between 2016 and 2019. We 

use our results to outline expected future prospects for Aldabra’s reefs and the implications 

for remote reefs elsewhere.
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Study site

Aldabra (46°20’E, 9°24’S), managed by a Public Trust, the Seychelles Islands Founda-

tion (SIF), since 1979, is an elevated coral atoll in the southwest of the Seychelles archipel-

ago spanning 34 × 14.5 km (Fig. 2.1). Two distinct seasons govern Aldabra’s climate; the 

south-east trade winds from April to November create a dry and cooler climate whilst the 

north-west monsoon from November/December to March generates wet and warmer con-

ditions. Aldabra’s large lagoon (196 km2) is encircled by four main islands and subject to a 

2–3 m tidal range (Farrow and Brander 1971). The north-east, east and south-east parts of 

Aldabra are exposed to strong winds and high wave energy, whilst the north-west and west 

are relatively sheltered (Taylor 1971). Because of this contrasting level of exposure, we divid-

ed Aldabra’s reefs into three locations: seaward western, seaward eastern and lagoonal reefs 

(contrasting with Cerutti et al. 2020, who did not make the distinction between west and 

east at the seaward reef).  

Methods

Figure 2.1: Location of Aldabra Atoll in the Western Indian Ocean (inset) with its four main islands, 12 survey sites 
at the seaward west (five sites), east (four sites) and in the lagoon (three sites) and three temperature logger sites 

(modified from Cerutti et al. 2020).

During the 2014–2017 Global Scale Coral Bleaching Event (Eakin et al. 2019), Aldabra’s 

reefs experienced continuous bleaching risk between December 2015 and June 2016. Satel-

lite derived sea surface temperature reached a maximum of 30.7 °C in March 2016, resulting 

in a peak degree heating weeks (DHW; Liu et al. 2013) value of 3.4 °C-weeks (Cerutti et al. 

2020; but note that the NOAA Aldabra virtual station is located ca. 55 km north-east of 

Aldabra: 46°50’E, 9°00’S).
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Data collection

Benthic data was collected from 12 permanent study sites (Fig. 2.1) once prior to bleach-

ing, and four times post-bleaching. We refer to the survey periods as follows: (1) 2014 

(pre-bleaching; data collected Dec 2014–Jan 2015), (2) 2016 (1st year post-bleaching; Dec 

2016), (3) 2017 (2nd year post-bleaching; Dec 2017), (4) 2018 (3rd year post-bleaching; Dec 

2018–Jan 2019) and (5) 2019 (4th year post-bleaching, Nov 2019–Jan 2020). 

Of the 12 study sites, permanently marked transects are located at 5 and 15 m water depth 

at nine seaward survey sites (n = 18 seaward transects) and at ca. 2 m water depth at three 

sites in the lagoon (n = 3 lagoonal transects; Fig. 2.1). All permanent transects are 50 m long, 

follow the depth contour, and are parallel to the shoreline. In 2014, two transect sections at 

0–10 m and 20–30 m were surveyed on each permanent transect. During all post-bleaching 

surveys, increased availability of resources allowed an additional section to be surveyed on 

each permanent transect at 40–50 m. Along each section, benthic photoquadrats were col-

lected on both sides of the tape measure with a GoPro camera attached to a 70 × 50 cm PVC 

frame at 70 cm height (pre-bleaching: GoPro Hero-3 Silver, 11 megapixels; post-bleaching: 

GoPro Hero-4 Silver and GoPro Hero-5 Black, 12 megapixels). 

Water temperature data was obtained from three Onset loggers (HOBO U22-001) de-

ployed between 2015 and 2018 at three of the permanent sites representing conditions in 

the lagoon (Site 9, 2 m water depth), shallow west (Site 1, 5 m) and shallow east (Site 5, 5 m; 

Fig. 2.1). Water temperature was recorded every 30 min with an accuracy of ± 0.2°C (Onset 

Computer Corporation 2012).

 

Data processing and statistical analysis

R version 3.6.1 (R Core Team 2019) was used for statistical analysis. All graphs were cre-

ated with the ggplot2 package (Wickham 2016). Benthic photos were analysed using Coral 

Point Count with Excel extensions (CPCe; Kohler and Gill 2006) by identifying the benthos 

at 16 randomly assigned points per image as described by Cerutti et al. (2020). This yielded a 

total of 179,247 points (excluding points on photoquadrat frame, transect tape or shadow) 

across all survey years. Five major categories were assigned for benthic cover analysis: hard 

coral, soft coral, turf algae, CCA and Halimeda spp. (hereafter ‘Halimeda’), which was by 

far the most dominant macroalga on Aldabra’s reefs. Fleshy macroalgae was not included as 

a category in the analysis as its mean cover was low across all locations and years (0–1.5%), 

except in 2018 at the deep eastern reefs (9.8%) where a seasonal Caulerpa racemosa bloom 

was recorded in Dec 2018 which had subsided by Feb 2019 (Supplementary Table S7), For 

the coral community, nine taxonomic categories were chosen following Cerutti et al. (2020) 

whereby the category ‘Acroporidae (excluding Isopora palifera)’ was replaced by Acropora 

and Montipora for more detailed analysis: Acropora (branching, plating and encrusting 

growth forms combined), Montipora (encrusting), I. palifera, Merulinidae, branching Po-
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rites (also includes digitate growth forms), massive Porites, other hard corals, Rhytisma, and 

other soft corals. To assess changes of the selected categories across locations between 2014 

and 2016 (bleaching impact), the mean percent benthic cover of two transect sections was 

used as a response variable due to no third transect sections being conducted in 2014. To 

evaluate changes at these locations between 2016 and 2019 (post-bleaching trajectories), the 

mean percent benthic cover of three transect sections was included as a response variable.

Generalised Estimating Equations (GEE – ‘geeglm’ function, geepack package: Halekoh 

et al. 2006) with auto-regressive correlation structure were used to test for differences in the 

benthic and coral cover categories across time (bleaching impact: 2014, 2016; post-bleaching 

trajectory: 2016, 2017, 2018, 2019) and location (lagoon, west, east) at shallow (2m, 5m) 

and deep (15m) water depth. Fixed explanatory variables included year, location, and their 

interactive effect (i.e. model structures: Year × Location; Location + Year; Location; Year). 

Survey site was set as a random factor to correct for pseudo-replication (transects sections). 

To correct for non-normality of the response variable (percentage benthic cover), we used 

different error distributions and link functions that best fitted the models and depended on 

the nature of the data (see Supplementary Tables S1–S4 for further details). We validated the 

models by running Generalised Linear Models first (‘glm’ function, R stats package: R Core 

Team 2019) and checking the residual distribution to see if the assumption of homogeneity 

of variance, normality and leverage were met. We then also checked the Pearson residual 

distribution for the GEE models. We used a post-hoc analysis based on least square means 

with Bonferroni adjustment (‘ lsmean’ function, lsmean package: Lenth 2016) to identify 

pairwise differences between the variables in significant interactive models (Year x Loca-

tion). Due to many low values of Rhytisma (shallow and deep) and all coral categories at deep 

locations between 2016 and 2019, models of post-bleaching trajectories had a poor fit and 

these categories could not be tested statistically.

To further assess reef recovery, we calculated: (1) the annual rate of change in absolute 

hard coral cover increase (Coté et al. 2006) and (2) an estimate of years remaining (from 

2019) until hard coral cover reaches pre-bleaching levels (see equations 1 and 2 in Supple-

mentary Material). Acknowledging the latter as an extremely simplified projection that 

assumes a linear increase in hard coral cover, we applied both calculations only to those 

locations where hard coral cover had increased significantly between 2016 and 2019 (i.e. 

according to GEE analysis). 

To assess which hard coral categories contributed most to overall hard coral cover in-

crease (where it was significant according to GEE analysis), we calculated the absolute change 

in percentage cover between 2016 and 2019 for each hard coral category. Based on this, we 

calculated the contribution of each coral category to overall hard coral cover increase. 



49

Chapter N°2 Early trajectories of benthic coral reef communities following the 2015/16 coral bleaching 
event at remote Aldabra Atoll, Seychelles

To visualise coral community trajectories, non-metric multidimensional scaling (nMDS) 

based on Bray-Curtis dissimilarity matrices of the coral community (using percent cover) 

was performed (‘metaMDS’ function, vegan package: Oksanen et al. 2013). Only coral cate-

gories covering ≥ 5% of any transect section were included in the analysis. All other catego-

ries were combined into ‘other hard corals’ and ‘other soft corals’ (note that these categories 

contain different taxa to ‘other hard corals’ and ‘other soft corals’ in the GEE analysis). To 

display which coral and major benthic categories correlated with the community differenc-

es, significant correlation vectors were overlaid on nMDS plots (‘envfit’ function). 

To assess daily water temperature regimes, overlapping time series of temperature 

data logged at the three monitored sites (Sites 1, 5 and 9) were selected (Feb 2015 and 

Nov 2018). Due to technical issues there were data gaps of 1-week (2–9 Apr 2015) and 

5-months (12 Dec 2016–5 May 2017) for Site 1 and a data gap of 3-weeks for Site 9 (10 

Dec 2016–1 Jan 2017). At Site 5, data was only available from Feb 2015 to Apr 2017 due 

to logger loss. Across the entire period, a minimum of 809 days remained for each log-

ger (Site 9: 1353; Site 1: 1248, Site 5: 809) from which annual mean daily temperature 

(mean, maximum, minimum) and temperature variability (range, coefficient of variation) 

was calculated. To test for differences in these measures between sites, two-sided t-tests 

were conducted for each combination (i.e. Site 1 vs. Site 9; Site 1 vs. Site 5; Site 5 vs. Site 

9) with Bonferroni adjustment applied to p-values to correct for multiple comparisons. 

Aldabra’s coral recovery in global context

To gain perspective on how Aldabra’s reef recovery fits into the global context, a table of 

studies reporting reef recovery was compiled (Supplementary Table S6) and the annual rate 

of change in absolute hard coral cover (equation 1 in Supplementary Material; Coté et al. 

2006) was calculated for each reef. Studies were drawn from Baker et al. (2008) and Graham 

et al. (2011) and supplemented by more recent literature. Only studies reporting uninter-

rupted recovery from bleaching events were included; i.e. where no additional acute distur-

bance (e.g. bleaching, storm, Acanthaster outbreak) was reported within the recovery period.
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Benthic community change directly after bleaching

Overall, between Dec 2014 and Dec 2016, Aldabra’s reefs experienced 53% and 92% re-

ductions of hard and soft corals, respectively. Hard coral reduction, however, was only sig-

nificant on the seaward reefs, where losses were substantially higher than inside the lagoon 

(lagoon: −34%, west shallow: −56%; east shallow: −62%, west and east deep; −51%; Fig. 2.2a, 

Supplementary Table S1). In the lagoon, mean daily water temperature range was more than 

three times higher than the ranges recorded at the shallow seaward reefs (Table 2.1, Fig. 2.3). 

Soft coral cover declined by 91–92% at all locations (Fig. 2.2b, g), but absolute losses were 

considerably lower inside the lagoon as soft coral cover there was already < 2% in 2014 (com-

pared to 7–26% at the seaward reefs). At the lagoon and west, CCA and turf algae increased 

(CCA, lagoon: 5–14%, shallow west: 4–12%, deep west: 1–9%; turf algae, lagoon: 46–57%, 

shallow west: 48–59%, deep west: 30–62%), together comprising 70% of the benthos at these 

locations in 2016 (Fig. 2.2c–i). While calcareous green alga Halimeda only increased at the 

shallow west and the lagoon (from ca. 1% to 6% cover), it remained most abundant at the 

east (25–29% cover in 2016) and together with CCA and turf algae (i.e. all algae groups 

combined) comprised 70–81% of the benthos there in 2016 (Fig. 2.2c-j).

Results
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Figure 2.2: Mean cover of major benthic groups at shallow (a–e) and deep locations (f–j) between 2014 and 2016 
at Aldabra (transect sections: lagoon n = 6, west n = 10 per depth, east n = 8 per depth). Bars represent back-trans-
formed estimates of GEE analysis with 95% confidence interval. Significant differences across years are indicated 
with asterisks (* p < 0.5; ** p < 0.01; *** p < 0.001). 
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Figure 2.3: Mean in-situ water temperature ranges (°C) at three representative sites in the lagoon and at the seaward east and west of 
Aldabra. Solid lines indicate daily mean ranges calculated from temperature records obtained in 30-min intervals between February 
2015 and November 2018 (see methods). Dashed lines represent mean daily temperature range within the study period. Inset shows the 
same data as histogram, representing the number of days during which a given temperature range was recorded at each site.

Table 2.1: Differences in mean daily water temperatures (mean, mean maximum, mean minimum) and daily mean temperature variabil-
ity (range, CV: coefficient of variation of mean) of three shallow reef sites in the lagoon and the seaward west and east of Aldabra during 
Feb 2015–Nov 2018 (see also Supplementary Figure S2).
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Table 2.1: GARAMOND 

 Daily temperature (° C)  t-test 

Site Site 9 (Lagoon) Site 1 (West) Site 5 (East)  Site 9 vs. Site 1 Site 1 vs. Site 5 Site 9 vs. Site 5 

Measure Mean SD Mean SD Mean SD  dF t p dF t p dF t p 

Mean 27.47 1.71 27.13 1.66 27.24 1.79  729.4 2.7 < 0.05 728.7 0.8 >0.05 726.2 1.8 > 0.05 
Max. 28.77 1.96 27.45 1.78 27.59 1.82  723.7 9.5 < 0.001 729.7 1.0 >0.05 726.1 8.5 < 0.001 
Min. 26.26 1.34 26.67 1.66 26.83 1.70  706.7 3.7 < 0.001 729.5 1.2 >0.05 700.1 5.0 < 0.001 
Range 2.45 0.77 0.77 0.25 0.75 0.27  436.8 39.4 < 0.001 719.0 1.2 >0.05 456.0 39.4 < 0.001 
CV 3.44 1.11 1.82 0.69 1.76 0.75  609.1 23.7 < 0.001 725.1 1.2 >0.05 639.0 24.0 < 0.001 
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Cover of all coral taxa declined significantly between 2014 and 2016 (except for ‘other 

hard corals’ and Isopora palifera, the latter of which slightly increased at the shallow east 

during 2014–2016) but absolute losses varied across locations (Supplementary Table S2, 

Supplementary Fig. S1). Acropora and Montipora were most affected at the shallow west and 

east, dropping from 2–5% cover in 2014 to ≤ 0.7% cover in 2016, a relative reduction of 

84–99%. Although relative losses of 83–95% were also recorded for both taxa at the deep 

locations and the lagoon, absolute losses there were lower, as cover of these taxa was already 

low in 2014 (deep locations: 0.4–1.7%; lagoon: 0.6–0.9%). Branching Porites experienced a 

relative decline of 83–99% at the seaward reefs (1–4% cover in 2014; < 0.1% cover in 2016), 

but retained 50% of pre-bleaching cover at the lagoon (6% in 2014, 3% in 2016). Of all taxa, 

the highest absolute losses were recorded for Rhytisma at the seaward west where it reduced 

from 8% and 26% cover (shallow and deep, respectively) in 2014 to < 0.1% cover at both 

depths in 2016.

 

Post-bleaching trajectories

Except for soft coral cover, which did not change at any location between 2016 and 2019, 

trajectories of benthic groups varied across locations (Fig. 2.4, Supplementary Table S3).  By 

2019, mean hard coral cover had increased at all shallow locations to 13%, 23% and 30% at 

the east, west and lagoon, respectively (Fig. 2.4a), equating to 54% (east), 68% (west) and 93% 

(lagoon) of the pre-bleaching hard coral cover. The absolute annual rate of change in hard 

coral cover was 1.3%, 2.3% and 3.0% at the east, west and lagoon, respectively (Table 2.2). 

From 2019, the projected time until hard coral cover has fully recovered to pre-bleaching 

levels (2014) is 0.7, 4.8 and 8.5 years at the lagoon, west and east, respectively (Table 2.2). 

These are conservative estimates as hard coral cover gains until 2019 were non-linear and 

accelerated over time (e.g. 1.6–2.0 times higher from 2018 to 2019, than from 2017 to 2018, 

and 2016 to 2017). Simultaneously with hard coral cover increase, turf algae reduced to be-

low pre-bleaching levels by 2018 (east: 28–18%, west: 64–40%, lagoon: 60–38%; Fig. 2.3d). 

However, while benthic communities at the shallow west and lagoon were no longer turf 

algae-dominated by 2018, and CCA cover remained unchanged during 2016–2019, CCA 

cover dropped at the shallow east during 2016–2019 (27–11%), with turf algae and Halime-

da covering 18%–21% and 45%–50% of the shallow eastern benthos in 2017, 2018 and 2019, 

respectively (Fig. 2.4c–e). 

At the deep locations hard coral cover did not change between 2016 and 2019 (Fig. 2.4f). 

Although turf algae cover decreased between 2016 and 2018, it still covered 51% of the west-

ern benthos in 2019 (Fig. 2.4i), 70% more than pre-bleaching. At the east, turf algae cover 

remained below pre-bleaching levels but, similar to the shallow east, Halimeda and turf al-

gae combined dominated the benthos at 53–61% and 9–23% cover between 2017 and 2019, 

respectively (Fig. 2.4i, j).



54

Chapter N°2 Early trajectories of benthic coral reef communities following the 2015/16 coral bleaching 
event at remote Aldabra Atoll, Seychelles

Table 2.2: Absolute percentage increase in mean hard coral cover at Aldabra’s shallow locations between 2016 
and 2019 and projected time remaining from 2019 for full hard coral recovery (values obtained from back-trans-
formed estimates of GEE analysis). Asterisks indicate significant increase between years (see Fig. 4a). Note that 
these were only calculated for locations where hard coral cover significantly increased based on the GEE analysis.

Montipora was the only hard coral genus that increased significantly between 2016 and 

2019 (Supplementary Table S4, Supplementary Fig. S3). Although the absolute cover of 

Montipora was relatively low in 2019 at all shallow locations (< 3.5%), its increase contrib-

uted ca. 39% to the overall hard coral cover increase at the shallow west and east during 

2016–2019 (Supplementary Table S5). The increase of ‘other hard corals’, albeit statistically 

not significant, contributed 38% (shallow east) and 29% (shallow west) to overall hard coral 

cover increase. In the lagoon, branching Porites and ‘other hard corals’ contributed most 

to overall hard coral cover increase between 2016 and 2019 (36% and 33%, respectively) al-

though increases were not statistically significant. Although overall soft coral cover did not 

increase at any location, Rhytisma covered 7.0% of the benthos at the deep west in 2019 (vs. 

not being recorded in 2016), while remaining < 1.5% at all other locations (Supplementary 

Fig. S3).  

In terms of coral community composition (Fig. 2.5), in the lagoon, where bleaching-in-

duced coral mortality was lowest and the magnitude of hard coral recovery was highest, cor-

al community composition transitioned back to pre-bleaching assemblages between 2016 

and 2019. Less pronounced than in the lagoon, western communities also showed returning 

transitions towards pre-bleaching assemblages, even at the deep reefs.

Table 2.2: TIMES 

 

Location 
Absolute hard coral cover increase (%) Annual rate 

of change 

Predicted 
years until full 

recoverya 2016/17 2017/18 2018/19 2016/19 

Lagoon 2.1 2.6 4.2 9.0* 3.0 0.7 

West (shallow) 1.6 2.0 3.2 6.9* 2.3 4.8 

East (shallow) 0.9 1.1 1.8 3.9* 1.3 8.5 
a  Based on annual rate of change and assumes linear increase 

 

 

Table 2.2: GARAMOND 

 

Location 
Absolute hard coral cover increase (%) Annual rate 

of change 

Predicted 
years until full 

recoverya 2016/17 2017/18 2018/19 2016/19 

Lagoon 2.1 2.6 4.2 9.0* 3.0 0.7 

West (shallow) 1.6 2.0 3.2 6.9* 2.3 4.8 

East (shallow) 0.9 1.1 1.8 3.9* 1.3 8.5 
a  Based on annual rate of change and assumes linear increase 
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Figure 2.4: Mean cover of major benthic groups at shallow (a–e) and deep locations (f–j) between 2016 and 2019 at 
Aldabra (transect sections: lagoon n = 9, west n = 15 per depth, east n = 12 per depth). Bars represent back-transformed 
estimates of GEE analysis with 95% confidence interval. Significant differences across years are indicated with aster-
isks (* p < 0.5; ** p < 0.01).
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Figure 2.5: Non-metric multidimensional scaling (nMDS) of coral communities between 2014 and 2019 at Aldabra’s shallow (a) and 
deep (b) locations. Vectors connecting years display directional change of coral community composition at each location. Benthic 
and coral (italics) groups driving differences among locations and years displayed in grey. Scaled points indicate mean percent hard 
coral cover per location per year. Note that ‘other hard corals’ and ‘other soft corals’ contain different taxa than in the GEE analysis.
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Spatial variation in coral mortality following bleaching 

Spatial variation in the extent of bleaching-induced hard coral mortality was clearly ev-

ident at Aldabra (see also Cerutti et al. 2020). Hard coral loss on the seaward reefs ranged 

between 51% and 62% and was only marginally lower at 15 m compared to 5 m water depth, 

indicating that corals in deeper water were as susceptible to heat stress as those in the shal-

lows. This contrasts with other studies in which shallow coral communities suffered sub-

stantially higher post-bleaching mortality than deeper ones (e.g. Marshall and Baird 2000), 

but appears similar to observations in the Chagos Archipelago following the 1998 bleaching 

event (Sheppard et al. 2008). In Aldabra’s lagoon, hard coral loss (34%) was considerably 

lower than on seaward reefs (51–62%). A lower reduction of hard coral cover inside Aldab-

ra’s lagoon was also observed following the 1998/99 bleaching event (Stobart et al. 2002), 

although no data is available for comparison. Within our study’s time frame, mean daily 

temperature variability was three-fold higher in the lagoon than on the seaward reefs, which 

has been proposed to result in inherently higher heat stress tolerance of hard corals and 

thus lower bleaching mortality (Donner 2011; Oliver and Palumbi 2011; Safaie et al. 2018). 

Lagoon corals may also have been protected from UV radiation as a result of UV-absorbing 

leachate from seagrass leaves being steeped inside the lagoon (Iluz et al. 2008) or due to 

light attenuation from suspended particles (Woesik et al. 2012; Morgan et al. 2017). Sea-

grass beds can be found in the vicinity of the lagoonal study reefs (Hamylton et al. 2018) 

and (in comparison to the seaward reefs) turbidity in the lagoon was noted to be relatively 

high during surveys at slack high tide (pers. obs. Dec 2016, 2017, 2018, A.K.). Both mecha-

nisms could result in reduced irradiance intensity experienced by corals, acting as additional 

buffers against thermal stress (but see Fisher et al. 2019). Furthermore, the high amount of 

suspended particulate material may allow corals to derive nutrients by heterotrophic feed-

ing, contributing to higher bleaching survival when symbiont-acquired nutrients are low or 

entirely lacking (Grottoli et al. 2006; Palardy et al. 2008).

Across all locations, Acropora and Montipora consistently exhibited the highest suscep-

tibility and suffered extensive losses following the bleaching event. Both genera are amongst 

the most susceptible hard corals to bleaching (Marshall and Baird 2000; Hoey et al. 2016; 

Fox et al. 2019) while massive Porites, as found elsewhere (Loya et al. 2001; Pratchett et 

al. 2013), appeared resistant. However, the atoll-wide resistance of I. palifera and the loca-

tion-specific resistance of branching Porites are striking (see also Cerutti et al. 2020). Whilst 

I. palifera remained abundant at the shallow western and lagoonal reefs, branching Porites 

(at Aldabra e.g. P. cylindrica, P. harrisoni, P. monticulosa, P. profundus and P. rus, which can 

exhibit branching or digitate growth forms; Friedlander et al. 2015) suffered substantially 

lower mortality in the lagoon and remained relatively abundant there post-bleaching. Al-

though it is currently unknown whether different species of branching Porites were present 

at Aldabra’s seaward reefs and in the lagoon, it is reasonable to suggest that adaptation to the 

variable lagoon environment was conducive to lower bleaching susceptibility and mortality. 

Discussion



58

Chapter N°2 Early trajectories of benthic coral reef communities following the 2015/16 coral bleaching 
event at remote Aldabra Atoll, Seychelles

Post-bleaching trajectories

Aldabra’s reef trajectories in the three post-bleaching years varied substantially across 

locations. In 2019, hard coral cover at the shallow west (23%) and the lagoon (30%) reached 

68% and 93% of the pre-bleaching cover, respectively (vs. 15% and 21% hard coral cover in 

2016, i.e. 44% and 65% of pre-bleaching cover, respectively), and by 2018, benthic commu-

nities were no longer dominated by turf algae. Although coral recovery also occurred at the 

shallow east (from 9% hard coral cover, i.e. 38% of pre-bleaching cover in 2016 to 13% hard 

coral cover, i.e. 54% of pre-bleaching cover in 2019), Halimeda remained the single most 

dominant benthic group. There was no coral recovery at the deep locations, with reefs re-

maining dominated by turf algae (west) and Halimeda (east) between 2016 and 2019. 

Coral recovery was particularly fast inside Aldabra’s lagoon, almost reaching pre-bleach-

ing levels within three years. It is possible that a large proportion of hard corals in the lagoon 

experienced only partial mortality and were able to rapidly regrow post-bleaching. This 

seems especially likely because the coral community composition also nearly reassembled to 

pre-bleaching levels by 2019. Survival and growth of remnant coral colonies is an important 

component in reef recovery, specifically in the first few years post-disturbance when the 

reproductive capacity of corals may be low (Golbuu et al. 2007; Diaz-Pulido et al. 2009; 

Gilmour et al. 2013). This process is particularly important for isolated reefs that rely on 

coral recruitment from local sources as was reported from the remote Scott Reef, Australia 

(Gilmour et al. 2013) and the Inner Seychelles (Graham et al. 2015). In both cases, recovery 

following the 1998/99 bleaching event was slow for 7–10 years but then increased exponen-

tially with increasing recruitment capacity. Given that recovery of Aldabra’s seaward reefs 

following the 1998/99 bleaching event was slow until 2005 (Buckley et al. 2004; after which 

no further records are available), but coral cover had reached high levels by 2014, coral re-

cruitment from local sources is likely important. The coral community in Aldabra’s lagoon 

may be critical for the long-term recovery of Aldabra’s reef system, with the potential to 

boost recovery at the seaward reefs. Nevertheless, information on the connectivity within 

Aldabra’s reefs as well as to other reefs in the region is limited (but see Crochelet et al. 2016) 

and research is needed in this area. 

At both the lagoon and shallow west, the trajectories of turf algae and CCA following 

the bleaching event indicate a critical component of reef recovery (Fox et al. 2019). Although 

the post-bleaching increase in CCA cover may be an artefact of the two-dimensional sur-

vey method employed here (i.e. where the loss of canopy forming corals may simply have 

increased the visibility of CCA underneath; Goatley and Bellwood 2011), its stable cover 

in all post-bleaching years may benefit recovery processes. CCA can promote reef recovery 

by stabilising the reef framework (Smith et al. 2016) and enhancing coral larvae settlement 

(Yadav et al. 2016; Johns et al. 2018), whereas turf algae, often the first benthic group to 

grow over dead coral substrate following disturbance (Diaz-Pulido and McCook 2002; Gil-

mour et al. 2013; Gouezo et al. 2019; Head et al. 2019), can aggressively compete with adult 
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corals through smothering and allelopathy (Smith et al. 2016), and can inhibit coral larval 

settlement (Ford et al. 2018; Johns et al. 2018) and the survival of coral recruits (Arnold et al. 

2010). The rapid proliferation of turf algae following bleaching events can thus be detrimen-

tal to hard coral recovery. At Aldabra’s shallow reefs, however, turf algae cover was reduced 

to pre-bleaching levels within two years after bleaching (by 2018). This rapid reduction and 

the general lack of fleshy macroalgae across Aldabra’s reefs indicate high grazing pressure. 

Indeed, Aldabra hosts the highest biomass of herbivorous fish in the Seychelles (Friedlander 

et al. 2015) and herbivory may actually have facilitated an increase in CCA (Smith et al. 

2016) following the bleaching event. Both herbivory and CCA abundance may be positively 

influenced by nutrient input of the guano from Aldabra’s numerous seabird populations 

(Šúr et al. 2013), as was recently shown at the Chagos Archipelago (Benkwitt et al. 2019). 

At the shallow east and the deep reefs, recovery is likely restricted by abiotic condi-

tions. Robinson et al. (2019) found that coral recovery in the Inner Seychelles following 

the 1997/98 bleaching event was prolonged with increasing water depth and wave exposure 

which was attributed to lower coral growth rates, e.g. due to increased light attenuation at 

depth (Huston 1985; Pratchett et al. 2015). In terms of wave exposure, coral community 

composition is naturally shaped along wave energy gradients (Done 1982; Gove et al. 2015; 

Williams et al. 2015). Branching (i.e. usually fast-growing) hard corals are less likely to occur 

where wave energy is high, which ultimately prolongs the time for hard coral recovery in 

those areas (Robinson et al. 2019). These abiotic conditions likely reflect the lack of hard 

coral recovery at Aldabra’s deep reefs (depth) and the lower magnitude of recovery at the 

shallow east (wave exposure). Although Aldabra’s deep western reefs remain dominated by 

turf algae, hard coral recovery can still occur in the long term. However, as already noted by 

Drew (1977) and Stobart et al. (2002), there is a prominent gradient of decreasing coral cover 

and increasing Halimeda cover from the western towards the eastern seaward reefs, attribut-

ed to an increase in hydrodynamic energy. Halimeda was already present in high abundance 

on Aldabra’s eastern reefs pre-bleaching and remained unchanged until 2016. However, by 

2017 it became the single most dominant benthic category in the east, reaching up to 61% of 

overall benthic cover by 2018, potentially further constraining coral recovery there.

Hard coral recovery following disturbance is often driven by Acropora and Pocillopora 

(Bruno et al. 2001; Arthur et al. 2006; Hagan and Spencer 2008; Robinson et al. 2019; 

Sheppard and Sheppard 2019; Wilson et al. 2019), but also other taxa such as Porites, Monti-

pora, Isopora, Galaxea and Pavona are named in the literature (Brown and Suharsono 1990; 

Bruno et al. 2001; McClanahan et al. 2005; Guzman and Cortés 2007; Hagan and Spencer 

2008). At Aldabra’s lagoon, hard coral cover increase was largely due to the contributions of 

branching Porites and ‘other hard corals’. Many taxa that exhibit branching growth forms 

are characterised by life history traits that favour fast growth and wide dispersal, and are 

therefore often the first to recover at recently disturbed habitats. However, at the seaward 

reefs, most taxa that exhibit branching growth forms remained scarce during 2016–2019, 
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with encrusting Montipora and ‘other hard corals’ contributing most to the early overall 

hard coral recovery. Previously, fast recovery of encrusting Montipora was associated with 

higher wave exposure (Gouezo et al. 2019), which may explain why it is mainly found at 

Aldabra’s seaward locations.

Due to different bleaching susceptibility and recovery potential of coral taxa, overall 

hard coral recovery can be accompanied by a shift in coral community composition (Burt et 

al. 2008; Johns et al. 2014; but examples for reassembly also exist: Burt et al. 2008; Gilmour 

et al. 2013; Johns et al. 2014). Such community shifts can alter the ecological functions of a 

reef and their response to future disturbance (Johns et al. 2014). At Aldabra, coral commu-

nities in the lagoon recovered and reassembled almost completely within three years and also 

the western communities showed reassembly trajectories until 2019. The lower post-bleach-

ing mortality of branching Porites in the lagoon and its relative contribution to overall 

hard coral recovery possibly indicates location-specific resilience, which may also have been 

important for the rapid return to pre-bleaching coral community composition there. As 

reef recovery is ongoing at Aldabra’s seaward reefs, however, it is possible that further taxa 

emerge which could dominate hard coral recovery, particularly if coral recruitment speeds 

up coral recovery (Gilmour et al. 2013; Graham et al. 2015). 

Furthermore, in contrast to the lagoon, pre-bleaching coral communities at the seaward 

reefs were not only characterized by hard corals. Soft corals also constituted an important 

component at the seaward reefs prior to the bleaching event and community reassembly 

there also depends on soft coral recovery. Overall soft coral recovery was negligible dur-

ing 2016–2019, however, Rhytisma covered 7% of the benthos at the deep west in 2019, 

albeit not being recorded in 2016. This is similar to observations at Aldabra following the 

1998 bleaching event where Rhytisma increased at 10 m water depth from zero to 8% cover 

by 2002, i.e. during the same time frame as studied here (Buckley et al. 2004; Stobart et 

al. 2005). The subsequent increase to 26% cover by 2004 and the slow hard coral recovery 

caused reason to suggest Aldabra’s reefs had undergone a shift from hard to soft coral domi-

nance (Norström et al. 2009). It is possible that Rhytisma rapidly re-gains its previous abun-

dance, with potential negative implications for hard coral recovery, but unlike implied pre-

viously (Norström et al. 2009; Ateweberhan et al. 2013), the high abundance of Rhytisma 

has been restricted to Aldabra’s deep western reefs and does not affect the entire reef system. 
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Aldabra’s reef recovery in context

Overall annual rate of change in absolute hard coral cover at Aldabra’s shallow reefs was 

2.2% over three years (Supplementary Table S6), similar to values reported for reefs within 

and outside no-take marine protected areas in Kenya (2.3% over three years), the Maldives 

(2.3% over four years) and Palau (2.1% over eight years). Higher annual increases during 

similar recovery time frames were reported from Alphonse Atoll, Seychelles (2.9% over two 

years) and the Lakshadweep Islands (3.5% over three years), both of which are unprotect-

ed. In the Inner Seychelles, overall hard coral cover increased annually by 1.8% over nine 

years (including reefs within and outside no-take marine protected areas) and at the remote 

Chagos Archipelago, cover increased annually by 2.6% over 11 years. However, looking at 

individual reefs regardless of location and level of protection, 56% of the annual rates of 

change provided in Supplementary Table S6 fall within the range reported for Aldabra’s 

reefs (1.3–3.0%), with 21% and 23% of the values falling below or above that range, respec-

tively (Supplementary Figure S4). Hard coral cover increase at Aldabra’s shallow reefs, in 

terms of annual rate of change, was therefore not exceptionally low or high in comparison 

to reefs elsewhere. 

Graham et al. (2011) reviewed global recovery rates following various acute disturbances 

and found a mean annual rate of 3.56% coral cover increase, with a range from 0.13% to 

12.49%. However, rates were lowest in fully protected areas (0.8% vs. 4.0% in open areas) and 

varied depending on post-disturbance coral cover (between 2% and 4%). It was proposed 

that because protected areas promote higher coral cover (provided they are undisturbed), 

they are more susceptible to disturbances such as coral bleaching and may lose a higher pro-

portion of corals than unprotected areas (the authors noted however, that enforcement or 

compliance could not be standardised among the assessed protected areas). Arguing that 

recovery dynamics are likely nonlinear and may be faster where disturbances have opened 

up more space for coral recruitment, recovery from high to medium coral loss (in their study 

6–20% post-disturbance cover) may be faster than from extreme (< 5% post-disturbance 

cover) and small losses (21–30% post-disturbance cover; Graham et al. 2011). Our results 

do not match these findings (i.e. at Aldabra, recovery rate was highest where coral loss was 

lowest), probably because the early recovery at Aldabra observed here, particularly in the la-

goon, is likely driven by the growth of remnant coral colonies rather than coral recruitment. 

Furthermore, in contrast to the studies used by Graham et al. (2011), full recovery is not 

realised at all of Aldabra’s locations due to the short recovery time frame studied here. These 

discrepancies show that post-disturbance recovery measured by hard coral cover increase 

alone misses the complexities of this process (Graham et al. 2011) and reduces the meaning-

fulness of comparisons if no context is provided. 

The return of coral cover and coral community composition to pre-disturbance values 

can provide this context and are useful indicators. For example, Aldabra’s lagoon nearly 

completely recovered its pre-bleaching hard coral cover within three years, matched by only 
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two other reefs in our comparison within a similar time frame for recovery (Vipingo and 

Kanamai in Kenya, both unprotected; Supplementary Table S6). However, despite these 

often being the best indicators at data scarce locations (if available at all) it is important to 

acknowledge that longer-term effects of reef degradation may be masked and that reef state 

immediately pre-disturbance is likely not the ideal baseline (i.e. shifting baselines; Hughes 

et al. 2011). 

 
Future prospects for Aldabra’s reefs 

Despite its remoteness and strict protection, Aldabra’s reefs were significantly impacted 

by the 2015/16 bleaching event, joining other remote reef systems such as the Chagos Ar-

chipelago (Head et al. 2019) and the northern Great Barrier Reef (Hughes et al. 2018b) that 

suffered extensive bleaching-induced coral mortality. Nevertheless, we show that Aldabra’s 

lagoon rapidly recovered its pre-bleaching coral cover and reassembled to its pre-bleaching 

coral community composition within three years. While at the shallow seaward reefs, coral 

recovery is predicted to take ca. 5–9 more years (if there is no major bleaching event), it is 

likely prolonged at the deep reefs.

Our results add to the work of Cerutti et al. (2020) in providing locally important base-

line information for ongoing coral reef research, ultimately feeding into Aldabra’s manage-

ment and corroborating its protective status. On the global level, our study adds to previous 

work conducted at remote reefs (e.g. Gilmour et al. 2013; Sheppard et al. 2008), advancing 

the knowledge of coral bleaching impact and recovery in the absence of direct human dis-

turbance. With an expected increase in the magnitude and frequency of mass bleaching 

events (Van Hooidonk et al. 2014), intervals between major events will become too short for 

adequate reef recovery, and reef locations where bleaching impact has been low so far, are 

likely to become more vulnerable to temperature stress. Our research underlines the need 

for drastic measures to reduce greenhouse gas emissions, alongside continued reduction and 

management of local human disturbance to conserve the world’s coral reefs. 
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Table S1: Bleaching impact on benthic categories. Effect of location (western seaward, 
eastern seaward, lagoon) and year (2014, 2016) on selected benthic categories at shallow and 
deep reefs. Degrees of freedom (dF), chi-square-value (χ2) and p-value obtained from GEE 
model comparisons with ANOVA (type I). Where two error distributions are shown, grey 
coloured text corresponds to the analysis of deep locations. Significance levels: * p < 0.5; ** p 
< 0.01; *** p < 0.001; ns = not significant: p > 0.05. CCA = crustose coralline algae. 

 Error distribution  
(link function) 

 shallow  deep 
Category Fixed factor dF χ2 p  dF χ2 p 
          

Hard coral Gamma (inverse) 
Gamma (log) 

Location 2 3.6 ns  1 4.0 * 
Year 1 10.9 ***  2 7.5 ** 
Location:Year 2 6.21 *  2 1.2 ns 

          

Soft coral Gamma (log) 
Location 2 10.1 **  1 1.8 ns 
Year 1 31.6 ***  2 27.9 *** 
Location:Year 2 2.3 ns  2 1.5 ns 

          

CCA Gamma (log) 
Location 2 5.6 ns  1 0.6 ns 
Year 1 11.9 **  2 33.9 *** 
Location:Year 2 1.6 ns  2 0.3 ns 

          

Turf algae Gamma (log) 
Location 2 40.6 ***  1 >0.0 ns 
Year 1 5.6 *  2 3.2 ns 
Location:Year 2 2.3 ns  2 4.5 * 

          

Halimeda Binomial (logit) 
Location 2 14.9 ***  1 11.4 *** 
Year 2 0.1 ns  2 >0.0 ns 
Location:Year 1 13.2 **  2 1.9 ns 

          
  

Supplementary
Material
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Table S2: Bleaching impact on coral categories. Effect of location (western seaward, eastern 
seaward, lagoon) and year (2014, 2016) on selected coral categories at shallow and deep reefs. 
Degrees of freedom (dF), chi-square-value (χ2) and p-value obtained from GEE model 
comparisons with ANOVA (type I). Where two error distributions are shown, grey coloured 
text corresponds to the analysis of deep locations. Significance levels: * p < 0.5; ** p < 0.01; 
*** p < 0.001; ns = not significant: p > 0.05. 

Category 
Error distribution 
(link function) Fixed factor 

shallow  deep 
dF χ2 p  dF χ2 p 

Acropora Gamma (log) 
Location 2 13.5 ***  1 3.9 * 
Year 1 31.6 ***  1 17.1 *** 
Location:Year 2 1 ns  1 1.6 ns 

Montipora Gamma (log) 
Location 2 14.5 ***  1 0.7 ns 
Year 1 14.2 ***  1 31.5 *** 
Location:Year 2 2.9 ns  1 0.1 ns 

Isopora 
palifera Gamma (log) 

Location 2 10.2 **  1 0.5 ns 
Year 1 1 ns  1 0.1 ns 
Location:Year 2 12.9 **  1 0.3 ns 

Merulinidae Gamma (log) 
Location 2 7.9 *  1 9.2 ** 
Year 1 8.9 **  1 10.6 ** 
Location:Year 2 0.2 ns  1 >0.0 ns 

Porites 
massive 

Gamma (log) 
Gamma (inverse) 

Location 2 2.3 ns  1 3.2 ns 
Year 1 0.7 ns  1 0.0 ns 
Location:Year 2 1.2 ns  1 6.7 * 

Porites 
branching Gamma (log) 

Location 2 61.2 ***  1 1.6 ns 
Year 1 143 ***  1 16.2 *** 
Location:Year 2 99.9 ***  1 >0.0 ns 

other hard 
corals Binomial (logit) 

Location 2 1.2 ns  1 2.4 ns 
Year 1 3.7 ns  1 1.8 ns 
Location:Year 2 2.8 ns  1 0.3 ns 

Rhytisma Gamma (inverse) 
Gamma (log) 

Location 2 122 ***  1 9.0 ** 
Year 1 6.1 *  1 925 *** 
Location:Year 2 5.7 ns  1 8.0 ** 

other soft 
corals Gamma (log) 

Location 2 13.3 **  1 0.7 ns 
Year 1 19.6 ***  1 6.9 ** 
Location:Year 2 0.4 ns  1 0.6 ns 
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  Figure S1: Mean cover of coral taxa at shallow (a−i) and deep locations (j−r) between 2014 and 2016 at Aldabra (transect sections: lagoon n = 6, 
  west n = 10 per depth, east n = 8 per depth). Bars represent back−transformed estimates of GEE analysis with 95% confidence interval. 
  Significant differences across years are indicated with asterisks (* p < 0.5; ** p < 0.01; *** p < 0.001)Figure S1: Mean cover of coral taxa at shallow (a−i) and deep locations (j−r) between 2014 and 
2016 at Aldabra (transect sections: lagoon n = 6, west n = 10 per depth, east n = 8 per depth). Bars 
represent back−transformed estimates of GEE analysis with 95% confidence interval. Significant 
differences across years are indicated with asterisks (* p < 0.5; ** p < 0.01; *** p < 0.001)
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Figure S2: Annual mean daily water temperature (mean, maximum, minimum) and coeffi-
cient of variation at three representative sites in the lagoon and at the seaward west and east 
of Aldabra. Solid lines indicate daily means calculated from temperature records obtained 
in 30−min intervals between February 2015 and November 2018 (see methods). Dashed 
lines represent the mean within the study period.
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  Figure S2: Annual mean daily water temperature (mean, maximum, minimum) and coefficient of variation at three representative sites in the 
  lagoon and at the seaward west and east of Aldabra. Solid lines indicate daily means calculated from temperature records obtained in 30−min 
  intervals between February 2015 and November 2018 (see methods). Dashed lines represent the mean within the study period.
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Table S3: Post-bleaching trajectories of benthic categories. Effect of location (western 
seaward, eastern seaward, lagoon) and year (2016, 2017, 2018, 2019) on selected benthic 
categories at shallow and deep reefs. Degrees of freedom (dF), chi-square-value (χ2) and p-
value obtained from GEE model comparisons with ANOVA (type I). Significance levels: * p < 
0.5; ** p < 0.01; *** p < 0.001; ns = not significant: p > 0.05. CCA = crustose coralline algae. 

 Error distribution  
(link function) 

 shallow  deep 
Category Fixed factor dF χ2 p  dF χ2 p 
          

Hard coral Gamma (log) 
Location 2 97.2 ***  1 28.4 *** 
Year 3 15.2 **  3 0.5 ns 
Location:Year 6 1.1 ns  3 3.2 ns 

          

Soft coral Gamma (log) 
Location 2 36 ***  1 11.1 *** 
Year 3 2.3 ns  3 3.0 ns 
Location:Year 6 5.2 ns  3 3.3 ns 

          

CCA Gamma (log) 
Location 2 3.4 ns  1 16 ** 
Year 3 3.4 ns  3 6.1 ns 
Location:Year 6 14.4 *  3 10.0 ns 

          

Turf algae Gamma (log) 
Location 2 34.7 ***  1 29.7 *** 
Year 3 19.7 ***  3 9.5 * 
Location:Year 6 4.6 ns  3 10.3 * 

          

Halimeda Binomial (logit) 
Location 2 72.9 ***  1 85.3 *** 
Year 3 4.9 ns  3 4.6 ns 
Location:Year 6 3.0 ns  3 5.3 ns 
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Table S4: Post-bleaching trajectories of coral categories. Effect of location (western 
seaward, eastern seaward, lagoon) and year (2016, 2017, 2018, 2019) on selected coral 
categories at shallow reefs. Degrees of freedom (dF), chi-square-value (χ2) and p-value 
obtained from GEE model comparisons with ANOVA (type I). Significance levels: * p < 0.5; 
** p < 0.01; *** p < 0.001; ns = not significant: p > 0.05. All categories from deep locations 
and Rhytisma from shallow locations had poor model fit and could not be tested statistically.  

Category 
Error distribution 
(link function) Fixed factor dF χ2 p 

Acropora Binomial (logit) 
Location 2 6.7 * 
Year 3 0.4 ns 
Location:Year 6 3.8 ns 

Montipora Binomial (logit) 
Location 2 14.2 *** 
Year 3 16.5 *** 
Location:Year 6 2.1 ns 

Isopora palifera Binomial (logit) 
Location 2 10.2 ** 
Year 3 1.1 ns 
Location:Year 6 0.3 ns 

Merulinidae Binomial (logit) 
Location 2 10.1 ** 
Year 3 1.4 ns 
Location:Year 6 3.3 ns 

Porites massive Binomial (logit) 
Location 2 9.6 ** 
Year 3 >0.0 ns 
Location:Year 6 0.3 ns 

Porites branching Binomial (logit) 
Location 2 69.6 *** 
Year 3 5.6 ns 
Location:Year 6 0.1 ns 

other hard corals Binomial (logit) 
Location 2 10.2 ** 
Year 3 5.1 ns 
Location:Year 6 3.4 ns 

other soft corals Binomial (logit) 
Location 2 4.3 ns 
Year 3 2.2 ns 
Location:Year 6 6.1 ns 
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  Figure S3: Mean cover of coral taxa at shallow (a−I) and deep locations (J−R) between 2016 and 2019 at Aldabra (transect sections: lagoon n = 9, 
  west n = 15 per depth, east n = 12 per depth). Bars in plots a−h represent back−transformed estimates of GEE analysis with 95% confidence 
  interval. Significant differences across years are indicated with asterisks (*** p < 0.001). Categories in plots I−R were not statistically 
  tested due to poor model fit and are displayed as mean cover (± SE).

Figure S3: Mean cover of coral taxa at shallow (a−I) and deep locations (J−R) between 2016 and 
2019 at Aldabra (transect sections: lagoon n = 9, west n = 15 per depth, east n = 12 per depth). Bars 
in plots a−h represent back−transformed estimates of GEE analysis with 95% confidence interval. 
Significant differences across years are indicated with asterisks (*** p < 0.001). Categories in plots 
I−R were not statistically tested due to poor model fit and are displayed as mean cover (± SE).
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Table S5: Absolute percentage change in mean cover of coral taxa between 2016–2019 at 
Aldabra’s shallow locations and the percent contribution to the change in overall hard coral 
cover. Taxa are sorted in descending order based on their contribution to overall change in 
hard coral cover. Note that values were obtained from back-transformed estimates of GEE 
analysis as displayed in Fig. S3, overall values displayed here (*) therefore slightly deviate 
from those obtained from GEE analysis of overall hard coral cover as displayed in Figure 2.4 
and Table 2.2.  

  Mean cover (%) Absolute 
Change (%) 

Contribution to 
overall change (%) 

Cumulated 
contribution (%) Location Taxa 2016 2019 

Lagoon 

Porites branching 2.68 6.35 3.67 36.06 36.06 
other hard coral 4.77 8.15 3.38 33.18 69.24 
Isopora palifera  4.18 5.34 1.15 11.32 80.56 
Merulinidae 3.61 4.46 0.85 8.34 88.91 
Montipora 0.20 0.84 0.64 6.32 95.23 
Acropora 1.05 1.58 0.53 5.16 100.39 
Porites massive 2.44 2.40 -0.04 -0.39 100.00 
Overall* 18.93 29.11 10.19 100.00  

       

West 
shallow 

Montipora 0.83 3.50 2.67 39.38 39.38 
other hard coral 2.72 4.71 1.99 29.36 68.75 
Isopora palifera  4.63 5.90 1.27 18.72 87.47 
Merulinidae 2.48 3.07 0.59 8.71 96.18 
Acropora 0.37 0.56 0.19 2.77 98.95 
Porites branching 0.10 0.25 0.15 2.23 101.18 
Porites massive 5.23 5.15 -0.08 -1.18 100.00 
Overall* 16.37 23.14 6.78 100.00  

       

East 
shallow 

other hard coral 2.78 4.81 2.03 43.76 43.76 
Montipora 0.55 2.32 1.78 38.31 82.07 
Merulinidae 1.57 1.95 0.38 8.19 90.26 
Isopora palifera  1.19 1.53 0.34 7.37 97.63 
Acropora 0.24 0.37 0.12 2.65 100.28 
Porites branching 0.01 0.03 0.02 0.36 100.65 
Porites massive 2.20 2.17 -0.03 -0.65 100.00 
Overall* 8.54 13.18 4.64 100.00  

 

 

Table S5: Absolute percentage change in mean cover of coral taxa between 2016–2019 at Aldab-
ra’s shallow locations and the percent contribution to the change in overall hard coral cover. Taxa 
are sorted in descending order based on their contribution to overall change in hard coral cover. 
Note that values were obtained from back-transformed estimates of GEE analysis as displayed in 
Fig. S3, overall values displayed here (*) therefore slightly deviate from those obtained from GEE 
analysis of overall hard coral cover as displayed in Figure 2.4 and Table 2.2.
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Figure S4: Histogram of the annual rates of change of the 52 reefs displayed in Table S6. 
Number of reefs (percentage on total shown in bins) with annual rates of change that fall within 
the same range as Aldabra’s reefs (1.3–3.0%) as well as below and above. Values in brackets 
indicate the number of protected areas on the total number of reefs within the bin (reefs of the 
Chagos Archipelago not counted as protected area here as designation happened after the 
majority of recovery years).  
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Table S7: Cover of fleshy macroalgae between 2014 and 2019. Cover (mean ± SE) based on 
two (2014) and three (2016–2019) transect sections per site. At Site 5 (15 m) surveyed in 
December 2018, cover was entirely due to a Caulerpa racemosa bloom which had subsided by 
February 2019 (pers. obs. AK, February 2019).  

Depth Location 2014 2016 2017 2018 2019 

2 m 

Lagoon 0.37 ± 0.19 0.06 ± 0.03 0.27 ± 0.12 0.46 ± 0.14 0.30 ± 0.11 
Site 9 0.00 ± 0.00 0.12 ± 0.06 0.58 ± 0.27 0.32 ± 0.24 0.54 ± 0.20 
Site 10 0.51 ± 0.51 0.00 ± 0.00 0.22 ± 0.15 0.56 ± 0.21 0.30 ± 0.22 
Site 11 0.61 ± 0.23 0.06 ± 0.06 0.00 ± 0.00 0.50 ± 0.35 0.05 ± 0.05 

5 m 

West 0.05 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.18 ± 0.07 0.07 ± 0.03 
Site 1 0.09 ± 0.09 0.06 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.10 
Site 2 0.08 ± 0.08 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.05 0.00 ± 0.00 
Site 6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.31 ± 0.09 0.00 ± 0.00 
Site 7 0.08 ± 0.08 0.00 ± 0.00 0.11 ± 0.06 0.42 ± 0.27 0.11 ± 0.11 
Site 8 0.00 ± 0.00 0.06 ± 0.06 0.00 ± 0.00 0.11 ± 0.11 0.06 ± 0.06 
East 0.01 ± 0.01 0.05 ± 0.05 0.00 ± 0.00 0.12 ± 0.12 0.13 ± 0.11 
Site 3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.06 
Site 4 0.05 ± 0.05 0.19 ± 0.19 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
Site 5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.48 ± 0.48 0.45 ± 0.45 
Site 12 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15 m 

West 0.01 ± 0.01 0.55 ± 0.14 0.36 ± 0.10 0.40 ± 0.17 0.25 ± 0.05 
Site 1 0.00 ± 0.00 0.61 ± 0.42 0.17 ± 0.08 0.06 ± 0.05 0.21 ± 0.12 
Site 2 0.00 ± 0.00 0.50 ± 0.27 0.17 ± 0.16 0.28 ± 0.11 0.01 ± 0.00 
Site 6 0.04 ± 0.04 0.66 ± 0.35 0.51 ± 0.29 1.30 ± 0.69 0.29 ± 0.11 
Site 7 0.00 ± 0.00 0.92 ± 0.42 0.71 ± 0.27 0.12 ± 0.05 0.41 ± 0.06 
Site 8 0.00 ± 0.00 0.08 ± 0.07 0.22 ± 0.14 0.22 ± 0.11 0.30 ± 0.16 
East 0.00 ± 0.00 0.15 ± 0.06 1.53 ± 1.49 9.75 ± 5.70 0.02 ± 0.01 
Site 3 0.00 ± 0.00 0.07 ± 0.06 0.01 ± 0.00 0.06 ± 0.05 0.07 ± 0.06 
Site 4 0.00 ± 0.00 0.25 ± 0.16 0.12 ± 0.06 0.01 ± 0.00 0.01 ± 0.00 
Site 5 0.00 ± 0.00 0.27 ± 0.18 5.97 ± 5.96 38.93 ± 12.11 0.01 ± 0.00 
Site 12 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
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Equation 1 and 2 

To further assess reef recovery, we calculated the annual rate of change in absolute hard coral 

cover increase (CRC) following Coté et al14: 

𝐶𝐶𝑅𝑅𝑅𝑅 = 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸 −  𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑌𝑌  (1) 

where CSTART is the hard coral cover immediately post-bleaching (2016), CEND is the most 

recent record of hard coral cover (2019) and Y is the number of years between the two values. 

Based on the above, we obtained an estimate of years remaining (from 2019) until hard coral 

cover reaches pre-bleaching levels (YR): 

𝑌𝑌𝑅𝑅 = 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 −  𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸
𝐶𝐶𝑅𝑅𝑅𝑅

 (2) 

where CPRE is the pre-bleaching hard coral cover (2014).  

 
 

Reference: 

14. Coté, I. M., Gardner, T. A., Hutchinson, D. J. & Watkinson, A. R. New approaches to 

estimating recent ecological change on coral reefs in Coral Reef Conservation (eds. 

Coté, I. M. & Reynolds, J. R.) 293–313 (Cambridge University Press, 2006). 





086



087

Anna Koester, Amanda Ford, Sebastian Ferse, Valentina Migani, 
Nancy Bunbury, Cheryl Sanchez, Christian Wild

Coral recruit and juvenile abundance 
indicate rapid post-bleaching recovery 
at remote Aldabra Atoll, Seychelles 

Chapter N°3

This work has been submitted to Coral Reefs and is in revision.





89

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Coral recruitment is essential for post-bleaching reef recovery. As coral recruit and 

juvenile abundances vary across locations, their assessment at remote reefs improves our 

understanding of undisturbed reef recovery. We explored, first, changes in coral juvenile 

abundance across three locations (lagoon, seaward west and east) before (2015) and after 

(2016/2018/2019) the 2015/16 bleaching event at Aldabra Atoll, Seychelles, and, second, 

variation in coral recruit abundance on settlement tiles from two sites (lagoon, seaward reef) 

during August 2018–August 2019. Juvenile abundance decreased from 14.1 ± 1.2 to 7.4 ± 0.5 

colonies m-2 (mean ± SE) during 2015–2016, and increased to 22.4 ± 1.2 colonies m-2 during 

2016–2019, with all assessed taxa (except Merulinidae) reaching or exceeding pre-bleaching 

levels. Whilst juvenile abundance increased two- to three-fold at the lagoonal and seaward 

western sites during 2016–2018 (from 7.7–8.3 to 17.3–24.7 colonies m-2), increases at the 

seaward eastern sites occurred later (2018–2019, from 5.8–6.9 to 16.6–24.1 colonies m-2), 

indicating slower recovery. Post-bleaching recruit abundance on settlement tiles was highest 

in October–December 2018 (2164 ± 453 recruits m-2) and lowest in June–August 2019 (240 

± 98 recruits m-2), suggesting that broadcast spawning occurred during October–Decem-

ber, when water temperature increased from 26 to 29 °C. Recruit composition was dom-

inated by Pocilloporidae (64–92% of all recruits), and recruit abundance was 7- to 47-fold 

higher inside than outside the lagoon, where larvae retention was likely enhanced, and coral 

juvenile abundance and coral cover was substantially higher. This study provides the first 

published record on coral recruitment in the Seychelles Outer Islands, indicates rapid (2–3 

years) post-bleaching recovery of coral recruitment capacity and provides crucial baseline 

data for future research on reef resilience and connectivity within the region. 

Abstract
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Mass coral bleaching events have driven major losses of live coral worldwide, causing 

substantial changes to coral reef ecosystem structure and functioning. Coral reefs can recov-

er from severe bleaching, and the reassembly of scleractinian coral communities, especially 

habitat-forming corals, is particularly important for the recovery of ecosystem functions 

(Connell et al. 1997; Gilmour et al. 2013; Graham et al. 2015). Post-bleaching reef recovery 

depends on the survival and growth of remnant coral colonies and on coral recruitment, 

(Connell et al. 1997; Graham et al. 2011; Doropoulos et al. 2015). Coral recruit and juvenile 

abundances are therefore important indicators of reef recovery (McClanahan et al. 2012; 

Graham et al. 2015) and can provide early insights into potential post-disturbance shifts in 

coral community composition.

Scleractinian corals, like most sessile marine invertebrates, have a bipartite life history. 

After a free-swimming pelagic larval phase and successful larvae settlement, the coral devel-

ops from recruit (< 1 cm diameter) to juvenile (< 5 cm diameter) to adult during its sessile 

benthic phase (Ritson-Williams et al. 2009; Penin et al. 2010). A prerequisite for recruit-

ment is the sufficient supply of coral larvae, originating from within (self-recruitment) or 

outside the local coral community. Self-recruitment (see Swearer et al. 2002) is particularly 

important for geographically isolated reefs (Gilmour et al. 2013) and appears to be more 

common among brooding corals (Tioho et al. 2001; Doropoulos et al. 2015). Well-connect-

ed reefs benefit from the influx of external coral larvae, especially if the local adult coral pop-

ulation has been severely degraded (Elmhirst et al. 2009). In addition to larval supply, the 

availability of suitable benthic substrate for settlement and post-settlement survival plays a 

key role in coral recruitment (Doropoulos et al. 2016). For example, while crustose coral-

line algae (CCA) can promote recruitment by inducing larval settlement and by facilitating 

survival and growth of settlers (Arnold et al. 2010; Yadav et al. 2018), algal turfs (if not 

cropped short; Mumby et al. 2013) and macroalgae can inhibit coral larval settlement and 

are aggressive competitors for space (Johns et al. 2018). Unstable substrates (e.g. unconsol-

idated rubble) are also unsuitable, as their movement on the seafloor can cause major coral 

recruit and juvenile die-offs (Chong-Seng et al. 2014). Post-settlement mortality of corals is 

generally high until they have reached sizes of > 5 cm (Doropoulos et al. 2015), when they 

are more likely to withstand predation by corallivores or incidentally by herbivores (Cole et 

al. 2008; Doropoulos et al. 2012), and competition with other benthic organisms (e.g. turf 

and macroalgae; Hughes and Jackson 1985; Arnold et al. 2010). 

Anthropogenic stressors, such as nutrient enrichment, coastal development, and over-

fishing, hamper coral recruitment through various processes, for example by altering the 

transmission of chemical signals involved in coral reproduction (Richmond 1997), reducing 

fertilisation of coral larvae due to high sedimentation (Erftemeijer et al. 2012; Perez et al. 

2014), and facilitating the proliferation of algal turfs and macroalgae (Hughes 1994; Szmant 

2002; Kuffner et al. 2006). However, even on relatively undisturbed reefs, mortality and 

varying coral growth rates influence the community structure of juvenile and adult corals 

and the trajectories of coral recovery following major disturbances (Edmunds 2000; Penin 

et al. 2010; Trapon et al. 2013). 

Introduction
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Aldabra Atoll, in the Western Indian Ocean (WIO), provides an opportunity to study 

coral recruitment and coral reef recovery under conditions of minimal human disturbance. 

Aldabra was designated as a Special Reserve in 1981 (the highest level of national protec-

tion under Seychelles’ legislation) and was inscribed as a UNESCO World Heritage Site 

in 1982. Its marine ecosystem has therefore been protected from commercial fishing pres-

sure for almost 40 years, human-driven nutrient inputs are absent, and there is no coastal 

development. Nevertheless, coral bleaching events caused high coral mortality at Aldabra 

in 1998/1999 (38–66% mortality at 10–20 m water depth; Norström et al. 2009) and in 

2015/2016 (34–62% mortality at 2–15 m water depth; Cerutti et al. 2020; Koester et al. 

2020). However, while the reefs at 2–5 m water depth recovered 54–93% of their pre-bleach-

ing (2015/2016) coral cover by 2019, no recovery was observed at 15 m water depth (Koester 

et al. 2020).

To better understand reef recovery dynamics under minimal anthropogenic distur-

bance, we measured changes in abundance of coral juveniles across three reef locations at 

Aldabra, spanning one survey period before, and three survey periods after the 2015/2016 

coral bleaching event. With this data, we assess bleaching impact and post-bleaching recov-

ery of Aldabra’s reefs and ask, (1) how did the 2016 bleaching event affect the abundance 

and composition of coral juveniles?; and (2) how did this change in the post-bleaching years? 

Furthermore, to better understand these changes, we use coral recruitment data on settle-

ment tiles from two reef sites and ask (3) how did abundance and composition of coral re-

cruits vary in space and time following the bleaching event? The assessment of coral juvenile 

abundance primarily informs about the post-bleaching recovery of Aldabra’s reefs, while 

the study on coral recruit abundance is the first of its kind in the Seychelles Outer Islands. 

We consider the implications of our results for coral reef monitoring and management in 

Seychelles and the broader region.
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Study site 

Aldabra (46°20’E, 9°24’S) is an elevated coral atoll in the south-west of the Seychelles 

archipelago (Fig. 3.1). Aldabra spans 34 × 14.5 km and consists of four main islands that 

encircle a large lagoon (196 km2). During April–November, Aldabra is usually characterised 

by a drier and cooler climate, whilst the north-west monsoon during November/Decem-

ber–March creates wetter and warmer conditions. 

There are 12 permanently marked marine survey sites around Aldabra (Cerutti et al. 

2020). Of these, nine sites are located on the seaward reefs (five sites at seaward west – Sites 1, 

2, 6, 7, 8; four at seaward east – Sites 3, 4, 5, 12; sites surveyed at 5 and 15 m water depth) and 

three sites are located at ca. 2 m water depth in the lagoon (Sites 9–11; Fig. 3.1). For the pur-

poses of this study, the 2 m and 5 m depths are referred to as ‘shallow’ and the 15 m as ‘deep’. 

The division of the seaward reef sites into ‘west’ and ‘east’ is based on the different wind and 

wave exposure on either side of Aldabra and the differing benthic community compositions 

(Koester et al. 2020). The north-west and west of Aldabra are relatively sheltered throughout 

most of the year, while the north-east, east and south-east are more exposed to strong winds 

and high wave energy (Taylor 1971).  

Methods

Figure 3.1: Location of Aldabra Atoll in the Indian Ocean and within the Seychelles (top) with 
its four main islands and 12 survey sites (represented by numbers) at the seaward western 
(‘West’, n = 5), seaward eastern (‘East’, n = 4) and lagoonal (‘Lagoon’, n = 3) reefs (bottom). The 
light grey shading around Aldabra indicates its seaward reefs.
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Between December 2015 and June 2016, Aldabra’s sea surface temperatures reached a 

maximum of 30.7 °C (March 2016), and the reefs experienced continuous bleaching risk 

as indicated by the degree heating week values which peaked at 3.4 °C-weeks (satellite de-

rived temperature measured ca. 55 km north-east of Aldabra: 46°50’E, 9°00’S; Cerutti et al. 

2020). By December 2016, hard coral cover had been reduced by 34% at 2 m water depth in 

the lagoon and by 51–62% on the seaward reefs at 5 m and 15 m water depth (Cerutti et al. 

2020; Koester et al. 2020). By 2019, hard coral cover had not changed significantly at Aldab-

ra’s deep locations, but had increased significantly in the shallows and reached 54% (seaward 

east, 5 m depth), 68% (seaward west, 5 m depth) and 93% (lagoon) of the pre-bleaching hard 

coral cover (Koester et al. 2020).

 

Data collection

Coral juveniles

At each of the 12 survey sites, juvenile coral abundance (i.e. colonies < 5 cm diameter) 

was assessed along three 20-m transects separated by a 10-m gap (except in 2015, when only 

one or two transects were conducted at each deep site; Supplementary Table S1). Five 0.25-

m2 quadrats were randomly placed along each transect, within which the number of coral 

juveniles was recorded and identified to the lowest possible level, i.e. genus, or family where 

further identification was not possible. Surveys were conducted in December 2015 (immedi-

ately before the bleaching event), December 2016 (six months after the end of the bleaching 

event), December 2018–January 2019 (hereafter 2018) and November 2019–January 2020 

(hereafter 2019), resulting in a total of 1085 quadrats assessed. Variable resources meant that 

survey effort varied across years and no data is available for the lagoonal reefs from 2015 (see 

Supplementary Table S1 for number of replicate transects and quadrats per site). 

Coral recruits

The abundance of coral recruits (i.e. everything visible and identifiable as coral) was 

assessed on the unglazed side of ceramic tiles (15 × 15 × 1 cm). Tiles were attached to half 

concrete masonry blocks with stainless steel bolts and spacers (following Chong-Seng et al. 

2014), with the unglazed side facing down. Between August 2018 and August 2019, tiles 

were placed at one lagoonal (Site 9) and one western seaward site (Site 1; 5 m depth; Fig. 3.1). 

These sites were selected because they are accessible for diving throughout the year. Tiles 

were replaced every two months and retrieved tiles were submerged in household bleach 

(10% solution) for 24 h, rinsed in freshwater, and dried before the unglazed underside was 

inspected under a stereo microscope. As coral recruits, particularly at shallow depths, settle 

predominantly on the sheltered side of recruitment tiles (Doropoulos et al. 2016; Ford et al. 

2018), assessments were restricted to the underside of the tile. Coral recruits were counted 

and classified into three taxonomic categories (Acroporidae, Pocilloporidae, or ‘other’; fol-

lowing Babcock et al. 2003). Between nine and 14 tiles were assessed per survey period for 

each site, as occasional storms damaged individual tiles at Site 1 (Supplementary Table S2). 
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Water temperature

Water temperature data (recorded every 30 min) was obtained from two Onset loggers 

(HOBO U22-001, accuracy: ± 0.2 °C; Onset Computer Corporation 2012) deployed at Site 

9 (lagoon) between 10 February 2015 and 14 November 2018, and at Site 1 (seaward west, 

5 m) between 16 December 2013 and 31 December 2019. Due to technical issues, there was 

a 3-week data gap at Site 9 (10 December 2016–1 January 2017), and two 1-week data gaps 

(2–9 April 2015; 23–30 December 2018) and one 5-month data gap (12 December 2016–5 

May 2017) at Site 1. 

 
Statistical analysis 

Coral juveniles

We pooled coral juveniles into the families Acroporidae, Pocilloporidae, Poritidae, Mer-

ulinidae, and Agariciidae following the World Register of Marine Species (WoRMS Editori-

al Board 2020). Leptastrea was included as an individual genus due to its high abundance at 

Aldabra (9% of overall counts) and because it is not assigned to any family as it is considered 

as Incertae sedis at the family level (Budd et al. 2012). Combined, these taxa comprised 74% 

of overall counts; all other taxa were grouped into ‘other’.

We used Generalised Linear Mixed Models (GLMM; R version 3.6.1, R Core Team 

2019, lme4 package; Bates et al. 2015) with Poisson error distributions to test for differences 

in coral juvenile abundance across years (2015, 2016, 2018, 2019), locations (lagoon, east, 

west) and water depths (shallow, deep; Supplementary Table S3). Models with overall coral 

juvenile abundance and abundances of Acroporidae, Pocilloporidae, Merulinidae, Agaricii-

dae and ‘other’ as response variables included survey year, location, depth and their inter-

action as fixed factors. Because models with Poritidae and Leptastrea as response variables 

had a poor fit when the interaction of fixed effects was included, only differences across years 

were tested, i.e. only ‘survey year’ was set as fixed factor. In all models, transect nested in site 

was set as a random factor to account for possible autocorrelation between quadrats. We 

validated the models by running a Generalised Linear Model (GLM; stats package, R Core 

Team 2019) and checking the residual distribution to see if the assumptions of homogene-

ity of variance, normality, and leverage were met; Pearson residual distributions were then 

checked for the GLMMs. We conducted a post-hoc analysis based on least square means 

with Bonferroni adjustment (‘lsmean’ function, lsmean package, Lenth 2016) to identify 

pairwise differences between the variables in significant models.
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Coral recruits

We used GLMM with Poisson error distribution to test for differences in coral recruit 

abundance across survey period (August–October 2018, October–December 2018, Decem-

ber 2018–February 2019, February–April 2019, April–June 2019, June–August 2019) and 

location (Site 1: seaward site, Site 9: lagoonal site; Supplementary Table S4). Fixed factors 

included survey period, location, and their interaction with location set as a random factor. 

We validated the model in the same way as described for the coral juvenile analysis.

Coral juvenile and recruit abundance in relation to coral coverage

To evaluate patterns in coral juvenile and recruit abundance in relation to Aldabra’s hard 

coral cover, percentage hard coral cover values were obtained from Koester et al. (2020) with 

coral categories re-assigned to match those described here (i.e. Acroporidae and Pocillopor-

idae for recruits and juveniles, and Poritidae, Merulinidae, Agariciidae and Leptastrea for 

juveniles).

 

Aldabra’s coral juvenile abundance in a global context

We compiled a table of studies reporting coral juvenile abundances (Supplementary Ta-

ble S5), including only research that employed a similar method as used here, i.e. where coral 

juveniles of < 5 cm diameter were assessed within quadrats, without further visual aid. 
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Effect of bleaching event on coral juvenile abundance and composition 

Between 2015 and 2016, immediately before and after the bleaching, overall coral ju-

venile abundance at Aldabra’s seaward reefs decreased by 48%, from 14.1 ± 1.2 to 7.4 ± 0.5 

colonies m-2 (mean ± SE), but reductions differed across locations and water depths (Fig. 3.2; 

Supplementary Table S3). At western sites, abundances dropped by 60% in shallow and 46% 

in deep water, although the decline was not significant at the latter (Fig. 3.2a; Table 3.1). At 

the more exposed eastern sites, pre-bleaching abundances in shallow water were as low as 

post-bleaching abundances recorded at all other locations and abundances only dropped in 

deep water (52% loss; Fig. 3.2b, Table 3.1). 

Results
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Figure 3.2: Coral juvenile abundance across locations and years. Values represent mean abundance per taxon and overall; standard error is 
displayed for overall mean abundance only. A: Seaward west (2015–2019); B: Seaward east (2015–2019); C: Lagoon (2016–2019). Letters indicate 
significant differences (p < 0.05) in overall abundances between years within locations and depths (see Supplementary Table S3).
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Table 3.1: GARAMOND 

Measure Location   Water 
depth 

Pre-bleachinga 

2014/15 
Post-bleaching 

2016 
Post-bleaching 

2019 % Change 
2014/15–2016 

% Change 
2016–2019 % Recoveryb 

Mean SE Mean SE Mean SE 

Coral 
juveniles 
(no. m-2) 

West Shallow 20.6 1.9 8.3 1.0 21.4 1.9 -60 * 61 * 104 
West  Deep 14.3 5.1 7.7 0.8 22.9 1.8 -46 * 66 * 160 
East  Shallow 8.3 0.8 7.9 1.0 24.1 2.6 -6 * 67 * 290 
East  Deep 11.5 2.7 5.5 1.0 16.6 1.9 -52 * 67 * 144 
Lagoon  Shallow n.a. n.a. 7.7 1.6 29.9 5.3 -⸺ * 74 * ⸺ 

Coral 
cover 
(%)c 

West  Shallow 34.1 2.9 15.9 1.8 23.7 2.0 -53 * 33 * 69 
West  Deep 20.8 1.9 8.6 1.0 13.6 1.2 -59 * 37 * 65 
East  Shallow 23.6 4.2 9.7 0.8 12.5 1.5 -59 * 22 * 53 
East  Deep 10.1 2.9 5.1 1.1 5.0 1.2 -49 * -0.02  * 55 
Lagoon  Shallow 32.3 5.0 19.6 4.5 30.0 4.7 -39 * 35 * 93 

a 2014: Coral cover; 2015: Coral juveniles;  
b Percentage of pre-bleaching value reached in 2019;  
c Significant changes based on Koester et al. (2020); note that mean coral cover values and percentage changes displayed here slightly 
deviate from back-transformed model estimates and percentage changes shown by Koester et al. (2020) 

 

  

Table 3.1: Information on coral juvenile abundances and percentage hard coral cover at Aldabra’s lagoonal, seaward western and 
eastern sites between 2014 and 2019. Asterisks indicate significant differences between years (p < 0.05); n.a. = not available. 

Overall, abundance of juvenile Acroporidae, Merulinidae, Agariciidae and ‘other’ corals 

declined significantly between 2015 and 2016 (mean abundances dropping by 66%, 54%, 

73% and 63%, respectively; Fig. 3.3a–g; Supplementary Table S3), with reductions differing 

among taxa and locations (Fig 3h–u). At the western sites (Fig. 3.3h–n), declines in coral ju-

venile abundance were significant for Acroporidae (reduction of mean abundance: shallow: 

-60%, deep: -60), Merulinidae (shallow: -45%), Agariciidae (shallow: -88%) and ‘other’ (shal-

low: -79%, deep: -71%). At the eastern sites, only the abundance of Merulinidae juveniles 

declined significantly between 2015 and 2016 (deep: -86%; Fig. 3.3r).
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Figure 3.3: Coral juvenile abundance (median and interquartile range, outliers displayed as circles; means displayed as red dots) of 
the most abundant taxa overall (a–g) and at the seaward locations (h–u) during 2015–2019 and the lagoon (v–B) during 2016–2019. Note 
the different y-axis scaling. Small letters above boxplots indicate significant differences (p < 0.05) in abundances between years (see 
Supplementary Table S3). Note that only overall changes across years could be statistically tested for Poritidae and Leptastrea (see 
methods).
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Change in coral juvenile abundance and composition during 2016–2019 

Overall coral juvenile abundance tripled between 2016 and 2019, from 7.4 ± 0.5 to 22.4 

± 1.2 colonies m-2, reaching or exceeding pre-bleaching levels at all seaward sites (Fig. 3.2; 

Table 3.1; Supplementary Table S3). Whilst mean coral juvenile abundance increased two- 

to three-fold at the lagoon and western sites between 2016 and 2018, a similar increase oc-

curred later at the eastern sites, between 2018 and 2019 (Fig. 3.2).

Mean abundance of juveniles of all taxa (except Merulinidae) reached or exceeded 

pre-bleaching levels at all seaward sites during 2016–2019 (Fig 3.3h–u). Overall mean abun-

dances were many times higher in 2019 than in 2015 for Poritidae (14-fold; Fig. 3.3c) and 

Leptastrea (nine-fold; Fig. 3.3f), while mean abundances of Merulinidae were lower in 2019 

than 2015 at all seaward sites (Fig. 3.3k, r). 

In the lagoon, abundances of Acroporidae and ‘other’ juveniles increased during 2016–

2019 (Fig. 3.3v, B), with mean abundances of Acroporidae, Pocilloporidae, and Poritidae 

being relatively similar in 2019 (5.0–6.5 colonies m-2; Fig. 3.3v–x). Abundances of ‘other’ 

juveniles were highest in 2019 (mean: 10.1 colonies m-2; Fig. 3.3B), while few Merulinidae, 

Agariciidae, and Leptastrea juveniles were recorded in the lagoon in all years (mean: 0.3–2.0 

colonies m-2; Fig. 3.3y–A)

 

Post-bleaching coral recruit abundance and composition

Between August 2018 and August 2019, a total of 3591 coral recruits was counted on 

142 tiles. Pocilloporidae comprised 72% of all counts, followed by Acroporidae (19%) and 

‘other’ (9%). Of all recruits counted, 93% occurred on the tiles at the lagoonal site (3369 

recruits on 72 tiles; 2080 ± 193 recruits m-2; mean ± SE; Table 3.2), whilst 7% were recorded 

on the tiles of the seaward site (222 recruits on 70 tiles; 141 ± 26 recruits m-2).

Overall coral recruit abundance ranged from 240 ± 98 recruits m-2 (mean ± SE) in June–

August 2019 to 2164 ± 453 recruits m-2 in October–December 2018 (Fig. 3.4a). Recruit 

abundance was seven- to 47-fold higher at the lagoonal than the seaward site throughout 

the study period (Fig 4a; Supplementary Table S4). At the lagoonal site, mean abundance 

peaked in October–December 2018 (4080 ± 431 recruits m-2) and was lowest in June–Au-

gust 2019 (382 ± 164 recruits m-2). At the seaward site, mean abundance was higher in Octo-

ber–December 2018 (244 ± 58 recruits m-2) and December 2018–February 2019 (342 ± 98 

recruits m-2) than the remaining time periods (31–60 recruits m-2).
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Figure 3.4: Coral recruitment study: (A) Coral recruit abundances overall and at each site. Values represent mean abundance for 
each taxon and in total, SE is displayed for total mean abundance only. Secondary y-axis indicates number of coral recruits per tile. 
Note the different y-axis scaling. Letters indicate significant differences (p < 0.05) between study periods (see Supplementary Table 
S4). (B) Mean (± SE) monthly water temperature during December 2013–Dec 2019 at the seaward western site and during February 
2015–November 2018 at the lagoonal site where technical issues prevented the inclusion of data until December 2019. Horizontal 
dashed lines indicate month of recruitment tile change-over.

Table 3.2: Percentage coral cover, coral juvenile abundances and coral recruit abundances at the two study sites 
in Aldabra’s lagoon and the seaward west.

 

Table 3.1: GARAMOND 

Location Taxa 
Coral cover (%) 

2019 
Coral juveniles (no. m-2) 

2019 
Coral recruits (no. m-2) 
Aug 2018–Aug 2019 

Mean SE Mean SE Mean SE 

Lagoon 
(ARM09) 

Acroporidae 21.0 3.6 18.9 4.2 365.6 59.9 
Pocilloporidae 11.0 8.9 14.4 5.1 1545.7 138.9 
Other 10.4 3.2 34.7 8.3 171.1 21.1 
Total 42.4 4.8 68.0 9.8 2079.6 193.3 

Seaward west 
(ARM01) 

Acroporidae 7.2 3.5 2.1 0.9 64.1 15.6 
Pocilloporidae 0.6 0.2 1.9 0.7 44.4 7.5 
Other 6.6 1.9 13.3 2.9 32.4 15.3 
Total 14.4 5.4 17.3 3.2 141.0 26.4 
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Pocilloporidae comprised 74% of all recruits at the lagoonal site, which varied little 

throughout the study period (range: 67–93%). Acroporidae comprised 18% of the overall 

counts at the lagoonal site (21–25% in August 2018–February 2019; 1–6% in February–

August 2019). At the seaward site, Pocilloporidae and Acroporidae comprised 32% and 

45% of overall counts, respectively, but while the proportion of Pocilloporidae varied little 

throughout the study periods, Acroporidae abundance peaked in October–December (79% 

of overall count in this period) and was higher in December 2018–February 2019 (32%) 

than the remaining periods (14–26%). The contribution of ‘other’ recruits was lower at both 

sites (8% and 23% of overall counts at the lagoonal and seaward site, respectively), peaking at 

the seaward site in December 2018–February 2019 (43% of total counts).

The temporal variation in coral recruit abundances coincided with seasonal changes in 

water temperatures (Fig. 3.4b). At both sites, abundance of Acroporidae recruits was highest 

when water temperature increased during October–December. At the seaward site, abun-

dances of ‘other’ recruits peaked when water temperatures remained around the maximum 

monthly mean for three months (December 2018–February 2019).

How did the 2016 bleaching event affect the abundance and composi-
tion of coral juveniles?

Prolonged periods of elevated water temperatures during 2014–2017 caused widespread 

and severe bleaching of coral reefs worldwide (Eakin et al. 2019). Our study shows a substan-

tial decrease in the abundance of coral juveniles following the 2016 bleaching event (48%), 

similar to reductions in overall hard coral cover (50%; Cerutti et al. 2020; Koester et al. 

2020), which matches observations from the Inner Seychelles where the reduction of coral 

juveniles and coral cover was also similar (i.e. ca. 70% reduction of both; Dajka et al. 2019; 

Wilson et al. 2019). 

Post-bleaching reductions in the abundance of coral juveniles showed high spatial vari-

ability at Aldabra; however, absolute abundances immediately after the bleaching (in 2016) 

were similar across locations. This suggests that spatial variation in juvenile coral losses re-

flects differences in pre-bleaching abundance and composition of juvenile corals, rather than 

differential impacts of the bleaching event. In contrast, reduction of hard coral cover in the 

lagoon was considerably lower, and post-bleaching cover considerably higher than on the 

seaward reefs (Table 3.1). Although taxon dependent (Álvarez-Noriega et al. 2018), small, 

flat coral colonies are generally less affected by bleaching than larger, branching ones due 

to faster mass-transfer of toxic by-products that occur during bleaching (Patterson 1992; 

Nakamura and Van Woesik 2001). Our results do not reflect this, potentially indicating that 

temperature stress at Aldabra was higher than expressed by the satellite derived degree-heat-

ing-weeks value of 3.4 °C (Cerutti et al. 2020) and possibly cancelling out colony-size ben-

efits. 

Discussion
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Taxonomic variations in bleaching susceptibility and mortality have been widely report-

ed (Marshall and Baird 2000; Loya et al. 2001; McClanahan 2014). In the present study, 

Acroporidae, Agariciidae and Merulinidae juveniles exhibited the greatest decreases in 

abundance after the bleaching event, while Poritidae juvenile abundance slightly increased. 

These changes partially overlap with percentage cover changes of Aldabra’s most abundant 

coral taxa: Acroporid (Acropora and Montipora) and Merulinidae cover decreased by 85% 

and 57%, respectively, following bleaching, while the reduction of massive Porites cover was 

lower (13%; Cerutti et al. 2020). Changes in percentage cover of Pocilloporidae, Agariciidae, 

and Leptastrea were not assessed previously at Aldabra, due to their low contribution to 

overall benthic cover (Supplementary Fig. S1), indicating limited correlation between juve-

nile and overall coral community composition at Aldabra.

How did abundance and composition of coral juveniles change in the 
post-bleaching years?

As hard coral recovery can speed up exponentially with ongoing coral recruitment (Gil-

mour et al. 2013), the abundance of coral juveniles is widely recognised as an important 

indicator of reef recovery, and several studies report coral juvenile abundance following dis-

turbances (Supplementary Table S5). Overall abundance of coral juveniles tripled at Aldab-

ra during 2016–2019, and absolute abundances in 2019 were high (16.6–29.9 coral juveniles 

m-2), in comparison to both Aldabra’s pre-bleaching abundances (8.3–20.6 coral juveniles 

m-2), and other protected and unprotected locations: 83% of the sites in Supplementary Ta-

ble S5 had abundances of ≤ 16 coral juveniles m-2, whilst only 3% had abundances ≥ 30 coral 

juveniles m-2 (Supplementary Fig. S2). This increase has probably been facilitated by rapid 

recovery of the reproductive capacity of Aldabra’s coral stock (and connected reefs; Croche-

let et al. 2016), coupled with the availability of suitable settlement substrate and sufficient 

herbivory (Koester et al. 2020). 

Post-disturbance reef recovery is often driven by branching hard corals of the families 

Acroporidae (e.g. Acropora in the Inner Seychelles: Wilson et al. 2019; Scott Reef, Austral-

ia: Gilmour et al. 2013) and Pocilloporidae (e.g. Pocillopora in Kenya: McClanahan 2014; 

Moorea, French Polynesia: Adjeroud et al. 2018) displaying life history traits characteristic 

of competitive and ‘weedy’ species, such as rapid growth (Darling et al. 2012; Adjeroud et 

al. 2018; Wilson et al. 2019). Previous work at Aldabra identified branching Porites (lagoon) 

and encrusting Montipora (seaward reefs) as key drivers of early hard coral cover increase 

during 2016–2019, likely driven by re-growth of remnant colonies (Koester et al. 2020). In 

contrast, juvenile coral communities at Aldabra were not dominated by individual coral 

taxa in any of the years studied (unlike e.g. reefs in the Maldives where Acropora juveniles 

dominated; Perry and Morgan 2017; or the Inner Seychelles with Acropora, Porites, and Po-

cillopora dominating; Chong-Seng et al. 2014), and juvenile abundances of all taxa (except 

Merulinidae) reached, or even exceeded, pre-bleaching levels at all locations by 2019. The 
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increase of Pocilloporidae and Leptastrea juveniles at Aldabra, however, is conspicuous, as 

their percentage coverage in 2014–2019 was low (Supplementary Fig. S1). Pocilloporidae 

(i.e. the genera Pocillopora, Stylophora, Seriatopora), some Leptastrea species and also branch-

ing members of Poritidae (Porites species) follow a competitive or ‘weedy’ life history strat-

egy (Darling et al. 2012). Weedy corals are generally characterised by small colony sizes, fast 

growth, and low resistance to perturbations, and can opportunistically colonise recently 

disturbed habitats (Darling et al. 2012). They often reproduce by brooding larvae, with 

some having the ability to produce larvae asexually by parthenogenesis (Ayre and Miller 

2004; Combosch and Vollmer 2013), allowing successful reproduction even if the popu-

lation of corals at reproductive age is small (Darling et al. 2012). The increased abundance 

of Pocilloporidae, Lepastrea and Poritidae juveniles observed at Aldabra between 2016 and 

2019 thus likely arose from weedy species of these taxa. 

Although coral juvenile abundances increased across all locations and water depths, in-

creases at the lagoonal and western sites occurred earlier than at the more exposed eastern 

site. Spatial variation was also recorded for the recovery of hard coral cover (Koester et al. 

2020), with significant increases only at the shallow reefs and by a substantially lower mag-

nitude at the eastern sites compared with the other locations (Table 3.1). This slow recovery 

at the eastern sites was attributed to high Halimeda cover at the east (45–61 % in 2016–2019; 

Koester et al. 2020), which was already noted in the 1970s and attributed to the high hy-

drodynamic energy the eastern reefs are exposed to (Drew 1977; Stobart et al. 2002). High 

Halimeda cover may have increased post-settlement mortality of coral recruits (Nugues and 

Szmant 2006), thereby suppressing juvenile abundances until 2018. However, as Halimeda 

cover was also high in 2019, it is possible that Halimeda was not the only cause of low coral 

juvenile abundance, and that a change in environmental conditions may have favoured coral 

recruitment and growth of juvenile corals by 2019.

How did abundance and composition of coral recruits vary in space and 
time following the bleaching event? 

Spatial variation was also pronounced for the abundance of coral recruits on settlement 

tiles, which is in line with several other studies (e.g. Dunstan and Johnson 1998; Adjeroud et 

al. 2007; Mangubhai et al. 2007a). Recruit abundances at Aldabra’s lagoonal site was seven- 

to 47-fold higher than at the seaward site, where exposure to wind, swell, and currents may 

reduce larval settlement rates and/or increase post-settlement mortality (e.g. Adjeroud et al. 

2007; Hata et al. 2017). Indeed, this western seaward site is located close to Aldabra’s West 

Channels where water current velocities reach 1.5 m s-1 (Farrow and Brander 1971), and is 

possibly influenced by eddies forming on the north-western side of the atoll (Heywood et al. 

1996). Coral gamete and larval dispersal may be enhanced on the seaward reefs compared 

to the lagoon, where residence times for complete water tidal exchange are 18 h and 53 h at 
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spring and neap tides, respectively (Pugh and Rayner 1981). Most of the recruits counted in 

the lagoon are therefore likely of local (i.e. lagoonal) origin. This is supported by the strong 

stock-recruitment relationship of brooding Pocilloporidae found elsewhere (Doropoulos et 

al. 2015) and the dominance of Pocilloporidae recruits in the lagoon. 

Overall recruit abundances in Aldabra’s lagoon (2080 ± 193 recruits m-2) were substan-

tially higher than those reported at other lagoonal reefs (i.e. annual mean of 101–908 re-

cruits m-2 post-1998 bleaching in Kenya, Mangubhai et al. 2007; means of 225–780 recruits 

m-2 pre-2016 bleaching in Fiji, Ford et al. 2018). However, the abundances at Aldabra’s sea-

ward site (141 ± 26 recruits m-2) were low compared to those recorded at seaward reefs in 

the Inner Seychelles (means of 355–832 recruits m-2 pre-2016 bleaching, Chong-Seng et al. 

2014), Vamizi Island, Mozambique (annual mean of 1135 recruits m-2 pre-2016 bleaching, 

Sola et al. 2015), the Spermonde Archipelago (annual mean of 286–686 recruits m-2, Sawall 

et al. 2013) and French Polynesia (mean of 569 recruits m-2, Penin and Adjeroud 2013), and 

more similar to values reported from the Mascarene Islands Réunion and Rodrigues (max-

imum 40–150 recruits m-2 post-2016 bleaching, Jouval et al. 2019). Comparisons, however, 

should be treated with caution due to different methods used (Glassom et al. 2004; Ed-

munds 2017) and high spatial variability of recruitment (Fisk and Harriott 1990; Dunstan 

and Johnson 1998).

Spatial discrepancies between the lagoonal and seaward site are also reflected in the 

sites’ coral juvenile abundances and percentage coral cover, both of which were consider-

ably higher at the lagoonal site than the seaward site. Noting that inferences drawn from 

the assessment of single sites include substantial speculation, taken together, the patterns 

in coral recruit abundance, juvenile abundance and coral coverage suggest that, compared 

to the seaward reefs, reefs in Aldabra’s lagoon appeared not only less susceptible to the last 

coral bleaching event (Cerutti et al. 2020; Koester et al. 2020), but also seem to recover more 

rapidly by fast regrowth of remnant corals and high rates of coral recruitment (Table 3.1). 

Whether or not the lagoonal reefs may benefit Aldabra’s entire reef system is currently not 

known, and research on Aldabra’s reef connectivity is needed.   

The results of the coral recruitment study provide important baseline data for further re-

search. In common with tropical and sub-tropical reefs across the Indo-Pacific (Glassom et 

al. 2004; Glassom and Chadwick 2006; Adjeroud et al. 2007; Ferse et al. 2013; Chong-Seng 

et al. 2014; Ford et al. 2018; Jouval et al. 2019), Pocilloporidae recruits dominated at Aldabra 

and likely resulted predominantly from brooding corals (Fadlallah 1983; Harrison and Wal-

lace 1990), which release planulae all year round (Foster and Gilmour 2018). Contrastingly, 

broadcast spawners (e.g. many members of the Acroporidae family) release gametes typically 

when environmental conditions are optimal for fertilisation, larval survival, and settlement 

(Foster et al. 2018), resulting in seasonal variation (Hughes et al. 1999). Coral recruitment 

at Aldabra (most notably of Acroporidae) was highest during October–December, sug-

gesting that broadcast spawning at Aldabra (and potentially connected reefs; Crochelet et 
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al. 2016) peaks at the beginning of the north-west monsoon, similar to observations from 

Kenya (Mangubhai and Harrison 2008). Although multi-annual recruitment studies and/

or direct observations of coral reproduction are necessary to confirm the spawning patterns 

for a given location (e.g. Gouezo et al. 2020), the October–December time frame coincides 

with the period of most rapid seasonal increase in water temperature, serving as proximate 

cue for broadcast spawning (Babcock et al. 1986; Mangubhai et al. 2007b; Keith et al. 2016; 

Gouezo et al. 2020). 

Our results are the first published record on coral recruitment in the Seychelles Outer 

Islands. The rapid recovery of reproductive capacity of Aldabra’s reefs after bleaching, par-

ticularly in the lagoon, suggests that similar trajectories may occur at other remote reefs in 

the region and that managing local anthropogenic pressures, such as overfishing, coastal 

development and pollution, is critical to promote reef recovery following coral bleaching 

events. Continued monitoring of the recovery of reefs in this region as well as their connec-

tivity will therefore be invaluable for the conservation of Aldabra’s reefs and beyond.



106

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Adjeroud M, Kayal M, Iborra-Cantonnet C, Vercelloni J, Bosserelle P, Liao V, Chancerelle 

Y, Claudet J, Penin L (2018) Recovery of coral assemblages despite acute and recurrent 

disturbances on a South Central Pacific reef. Sci Rep 8:9680 

Adjeroud M, Penin L, Carroll A (2007) Spatio-temporal heterogeneity in coral recruitment 

around Moorea, French Polynesia: Implications for population maintenance. J Exp Mar 

Bio Ecol 341:204–218 

Álvarez-Noriega M, Baird AH, Bridge TCL, Dornelas M, Fontoura L, Pizarro O, Precoda 

K, Torres-Pulliza D, Woods RM, Zawada K, Madin JS (2018) Contrasting patterns of 

changes in abundance following a bleaching event between juvenile and adult scleractin-

ian corals. Coral Reefs 37:527–532 

Arnold SN, Steneck RS, Mumby PJ (2010) Running the gauntlet: Inhibitory effects of algal 

turfs on the processes of coral recruitment. Mar Ecol Prog Ser 414:91–105 

Ayre DJ, Miller KJ (2004) Where do clonal coral larvae go? Adult genotypic diversity con-

flicts with reproductive effort in the brooding coral Pocillopora damicornis. Mar Ecol 

Prog Ser 277:95–105 

Babcock R, Baird AH, Piromvaragorn S, Thomson DP, Willis BL (2003) Identification of 

scleractinian coral recruits from Indo-Pacific reefs. Zool Stud 42:211–226 

Babcock RC, Bull GD, Harrison PL, Heyward AJ, Oliver JK, Wallace CC, Willis BL (1986) 

Synchronous spawnings of 105 scleractinian coral species on the Great Barrier Reef. Mar 

Biol 90:379–394 

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models Using 

lme4. J Stat Softw 67:1–48 

Budd AF, Fukami H, Smith ND, Knowlton N (2012) Taxonomic classification of the reef 

coral family Mussidae (Cnidaria: Anthozoa: Scleractinia). Zool J Linn Soc 166:465–529 

Cerutti J, Burt AJ, Haupt P, Bunbury N, Mumby P, Schaepman-Strub G (2020) Impacts of 

the 2014–2017 global bleaching event on a protected remote atoll in the Western Indian 

Ocean. Coral Reefs 39:15–26 

Chong-Seng K, Graham N, Pratchett M (2014) Bottlenecks to coral recovery in the Sey-

chelles. Coral Reefs 33:449–461 

Cole AJ, Pratchett M, Jones GP (2008) Diversity and functional importance of coral-feed-

ing fishes on tropical coral reefs. Fish Fish 9:286–307 

Combosch DJ, Vollmer S V. (2013) Mixed asexual and sexual reproduction in the Indo-Pa-

cific reef coral Pocillopora damicornis. Ecol Evol 3:3379–3387 

References



107

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Connell JH, Hughes TP, Wallace CC (1997) A 30-year study of coral abundance, recruit-

ment, and disturbance at several scales in space and time. Ecol Monogr 67:461 

Crochelet E, Roberts J, Lagabrielle E, Obura D, Petit M, Chabanet P (2016) A model-based 

assessment of reef larvae dispersal in the Western Indian Ocean reveals regional con-

nectivity patterns — potential implications for conservation policies. Reg Stud Mar Sci 

7:159–167 

Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Côté IM (2012) Evaluating 

life-history strategies of reef corals from species traits. Ecol Lett 15:1378–1386 

Doropoulos C, Roff G, Bozec YM, Zupan M, Werminghausen J, Mumby P (2016) Char-

acterizing the ecological trade-offs throughout the early ontogeny of coral recruitment. 

Ecol Monogr 86:20–44 

Doropoulos C, Ward S, Marshell A, Díaz-Pulido G, Mumby P (2012) Interactions among 

chronic and acute impacts on coral recruits: the importance of size-escape thresholds. 

Ecology 93:2131–2138 

Doropoulos C, Ward S, Roff G, González-Rivero M, Mumby PJ (2015) Linking demo-

graphic processes of juvenile corals to benthic recovery trajectories in two common reef 

habitats. PLoS One 10:e0128535 

Drew E (1977) A photographic survey down the seaward reef-front of Aldabra Atoll. Atoll 

Res Bull 193:1–17 

Dunstan PK, Johnson CR (1998) Spatio-temporal variation in coral recruitment at different 

scales on Heron Reef, southern Great Barrier Reef. Coral Reefs 17:71–81 

Eakin CM, Sweatman HPA, Brainard RE (2019) The 2014–2017 global-scale coral bleach-

ing event: insights and impacts. Coral Reefs 38:539–545 

Edmunds PJ (2000) Patterns in the distribution of juvenile corals and coral reef community 

structure in St. John, US Virgin Islands. Mar Ecol Prog Ser 202:113–124 

Edmunds PJ (2017) Unusually high coral recruitment during the 2016 El Niño in Mo’orea, 

French Polynesia. PLoS One 12:e0185167 

Elmhirst T, Connolly SR, Hughes TP (2009) Connectivity, regime shifts and the resilience 

of coral reefs. Coral Reefs 28:949–957 

Erftemeijer PLA, Riegl B, Hoeksema BW, Todd PA (2012) Environmental impacts of dredg-

ing and other sediment disturbances on corals: A review. Mar Pollut Bull 64:1737–1765 

Fadlallah Y (1983) Sexual Reproduction, development and larval biology in scleractinian 

corals. Coral Reefs 2:129–150 



108

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Farrow GE, Brander KM (1971) Tidal studies on Aldabra. Philos Trans R Soc London B 

260:93–121 

Ferse SCA, Nugues MM, Romatzki SBC, Kunzmann A (2013) Examining the use of mass 

transplantation of brooding and spawning corals to support natural coral recruitment 

in Sulawesi/Indonesia. Restor Ecol 21:745–754 

Fisk DA, Harriott VJ (1990) Spatial and temporal variation in coral recruitment on the 

Great Barrier Reef: Implications for dispersal hypotheses. Mar Biol 107:485–490 

Ford AK, Eich A, McAndrews RS, Mangubhai S, Nugues MM, Bejarano S, Moore BR, 

Rico C, Wild C, Ferse SCA (2018) Evaluation of coral reef management effectiveness 

using conventional versus resilience-based metrics. Ecol Indic 85:308–317 

Foster T, Gilmour J (2018) Reproduction of brooding corals at Scott Reef, Western Austral-

ia. Matters 1–9 

Foster T, Heyward AJ, Gilmour JP (2018) Split spawning realigns coral reproduction with 

optimal environmental windows. Nat Commun 9:718 

Gilmour J, Smith LD, Heyward AJ, Baird AH, Pratchett M (2013) Recovery of an isolated 

coral reef system following severe disturbance. Science 340:69–71 

Glassom D, Chadwick NE (2006) Recruitment, growth and mortality of juvenile corals at 

Eilat, northern Red Sea. Mar Ecol Prog Ser 318:111–122 

Glassom D, Zakai D, Chadwick-Furman NE (2004) Coral recruitment: A spatio-temporal 

analysis along the coastline of Eilat, northern Red Sea. Mar Biol 144:641–651 

Gouezo M, Doropoulos C, Fabricius K, Olsudong D, Nestor V, Kurihara H, Golbuu Y, 

Harrison P (2020) Multispecific coral spawning events and extended breeding periods 

on an equatorial reef. Coral Reefs 39:1107–1123 

Graham N, Jennings S, MacNeil MA, Mouillot D, Wilson SK (2015) Predicting cli-

mate-driven regime shifts versus rebound potential in coral reefs. Nature 518:94–97 

Graham N, Nash KL, Kool JT (2011) Coral reef recovery dynamics in a changing world. 

Coral Reefs 30:283–294 

Harrison PL, Wallace CC (1990) Reproduction, dispersal and recruitment of scleractinian 

corals. In: Dubinsky Z. (eds) Ecosystems of the world. Elsevier Science, Amsterdam, pp 

133–207 

Hata T, Madin JS, Cumbo VR, Denny M, Figueiredo J, Harii S, Thomas CJ, Baird AH 

(2017) Coral larvae are poor swimmers and require fine-scale reef structure to settle. Sci 

Rep 7:2249 



109

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Heywood KJ, Stevens DP, Bigg GR (1996) Eddy formation behind the tropical island of 

Aldabra. Deep Sea Res Part I Oceanogr Res Pap 43:555–578 

Hughes TP (1994) Catastrophes, phase shifts, and large-scale degradation of a Caribbean 

coral reef. Science 265:1547–1551 

Hughes TP, Baird AH, Dinsdale EA, Moltschaniwskyj NA, Pratchett M, Tanner JE, Willis 

BL (1999) Patterns of recruitment and abundance of corals along the Great Barrier Reef. 

Nature 397:59–63 

Hughes TP, Jackson JBC (1985) Population dynamics and life histories of foliaceous corals. 

Ecol Monogr 55:141–166 

Johns KA, Emslie MJ, Hoey A, Osborne K, Jonker MJ, Cheal AJ (2018) Macroalgal feed-

backs and substrate properties maintain a coral reef regime shift. Ecosphere 9:e02349 

Jouval F, Latreille AC, Bureau S, Adjeroud M, Penin L (2019) Multiscale variability in cor-

al recruitment in the Mascarene Islands: From centimetric to geographical scale. PLoS 

One 14:e0214163 

Keith SA, Maynard J, Edwards AJ, Guest JR, Bauman AG, van Hooidonk R, Heron SF, 

Berumen ML, Bouwmeester J, Piromvaragorn S, Rahbek C, Baird AH (2016) Coral 

mass spawning predicted by rapid seasonal rise in ocean temperature. Proc R Soc B Biol 

Sci 283:20160011 

Koester A, Migani V, Bunbury N, Ford AK, Sanchez C, Wild C (2020) Early trajectories of 

benthic coral reef communities following the 2015/16 coral bleaching event at remote 

Aldabra Atoll, Seychelles. Sci Rep 10:17034

Kuffner IB, Walters LJ, Becerro MA, Paul VJ, Ritson-Williams R, Beach KS (2006) Inhibi-

tion of coral recruitment by macroalgae and cyanobacteria. Mar Ecol Prog Ser 323:107–

117 

Lenth R V. (2016) Least-squares means: The R package lsmeans. J Stat Softw 69:1–33 

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral bleaching: 

the winners and the losers. Ecol Lett 4:122–131 

Mangubhai S, Harrison PL (2008) Asynchronous coral spawning patterns on equatorial 

reefs in Kenya. Mar Ecol Prog Ser 360:85–96 

Mangubhai S, Harrison PL, Obura DO (2007) Patterns of coral larval settlement on lagoon 

reefs in the Mombasa Marine National Park and Reserve, Kenya. Mar Ecol Prog Ser 

348:149–159 

Marshall PA, Baird AH (2000) Bleaching of corals on the Great Barrier Reef: differential 

susceptibilities among taxa. Coral Reefs 19:155–163 



110

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

McClanahan TR (2014) Decadal coral community reassembly on an African fringing reef. 

Coral Reefs 33:939–950 

McClanahan TR, Donner SD, Maynard J, MacNeil MA, Graham N, Maina J, Baker AC, 

Alemu I. JB, Beger M, Campbell SJ, Darling ES, Eakin CM, Heron SF, Jupiter SD, Lun-

dquist CJ, McLeod E, Mumby P, Paddack MJ, Selig ER, van Woesik R (2012) Prioritiz-

ing key resilience indicators to support coral reef management in a changing climate. 

PLoS One 7:e42884 

Mumby P, Bejarano S, Golbuu Y, Steneck R, Arnold SN, van Woesik R, Friedlander A 

(2013) Empirical relationships among resilience indicators on Micronesian reefs. Coral 

Reefs 32:213–226 

Nakamura T, Van Woesik R (2001) Water-flow rates and passive diffusion partially ex-

plain differential survival of corals during the 1998 bleaching event. Mar Ecol Prog Ser 

212:301–304 

Norström A V., Nyström M, Lokrantz J, Folke C (2009) Alternative states on coral reefs: 

beyond coral-macroalgal phase shifts. Mar Ecol Prog Ser 376:293–306 

Nugues MM, Szmant AM (2006) Coral settlement onto Halimeda opuntia: A fatal attrac-

tion to an ephemeral substrate? Coral Reefs 25:585–591 

Onset Computer Corporation (2012) HOBO Water Temp Pro v2 (U22-001) Manual. 

Patterson MR (1992) A mass transfer explanation of metabolic scaling relations in some 

aquatic invertebrates and algae. Science 255:1421–1423 

Penin L, Adjeroud M (2013) Relative importance of recruitment and post-settlement pro-

cesses in the maintenance of coral assemblages in an insular, fragmented reef system. 

Mar Ecol Prog Ser 473:149–162 

Penin L, Michonneau F, Baird AH, Connolly SR, Pratchett M, Kayal M, Adjeroud M 

(2010) Early post-settlement mortality and the structure of coral assemblages. Mar Ecol 

Prog Ser 408:55–64 

Perez K, Rodgers KS, Jokiel PL, Lager C V., Lager DJ (2014) Effects of terrigenous sediment 

on settlement and survival of the reef coral Pocillopora damicornis. PeerJ 2:e387 

Perry CT, Morgan KM (2017) Post-bleaching coral community change on southern Mal-

divian reefs: is there potential for rapid recovery? Coral Reefs 36:1189–1194 

Pugh DT, Rayner RF (1981) The tidal regimes of three Indian Ocean atolls and some eco-

logical implications. Estuar Coast Shelf Sci 13:389–407 

R Core Team (2019) R: A Language and Environment for Statistical Computing. 



111

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles 

Richmond RH (1997) Reproduction and recruitment in corals: critical links in the persis-

tence of reefs. In: Birkeland C. (eds) Life and death of coral reefs. Chapman and Hall, 

New York, pp 175–197 

Ritson-Williams R, Arnold SN, Fogarty N, Steneck RS, Vermeij M, Paul VJ (2009) New 

perspectives on ecological mechanisms affecting coral recruitment on reefs. Smithson 

Contrib Mar Sci 437–457 

Sawall Y, Jompa J, Litaay M, Maddusila A, Richter C (2013) Coral recruitment and poten-

tial recovery of eutrophied and blast fishing impacted reefs in Spermonde Archipelago, 

Indonesia. Mar Pollut Bull 74:374–382 

Sola E, Marques da Silva I, Glassom D (2015) Spatio-temporal patterns of coral recruitment 

at Vamizi Island, Quirimbas Archipelago, Mozambique. African J Mar Sci 37:557–565 

Stobart B, Buckley R, Downing N, Callow M, LeClair L, Teleki K (2002) Aldabra Marine 

Programme phase III: Extending the survey eastward. Cambridge Coastal Research 

Unit. Department of Geography, University of Cambridge. 

Swearer SE, Shima JS, Hellberg ME, Thorrold SR, Jones GP, Robertson DR, Morgan SG, 

Selkoe KA, Ruiz GM, Warner RR (2002) Evidence of self-recruitment in demersal ma-

rine populations. Bull Mar Sci 70:251–271 

Szmant AM (2002) Nutrient enrichment on coral reefs: is it a major cause of coral reef de-

cline? Estuaries 25:743–766 

Taylor JD (1971) Intertidal zonation at Aldabra Atoll. Philos Trans R Soc London B 

260:173–213 

Tioho H, Tokeshi M, Nojima S (2001) Experimental analysis of recruitment in a scleractin-

ian coral at high latitude. Mar Ecol Prog Ser 213:79–86 

Trapon ML, Pratchett M, Adjeroud M, Hoey AS, Baird AH (2013) Post-settlement growth 

and mortality rates of juvenile scleractinian corals in Moorea, French Polynesia versus 

Trunk Reef, Australia. Mar Ecol Prog Ser 488:157–170 

Wilson SK, Robinson JPW, Chong-Seng K, Robinson J, Graham N (2019) Boom and bust 

of keystone structure on coral reefs. Coral Reefs 38:625–635 

WoRMS Editorial Board (2020) World Register of Marine Species. http://www.marinespe-

cies.org 

Yadav S, Alcoverro T, Arthur R (2018) Coral reefs respond to repeated ENSO events with 

increasing resistance but reduced recovery capacities in the Lakshadweep archipelago. 

Coral Reefs 37:1245–1257



112

Chapter N°3 Coral recruit and juvenile abundance indicate rapid post-bleaching recover y 
at remote Aldabra Atoll, Seychelles — Supplementar y Material

Table S1: Coral juvenile survey replicates. Number of transects and quadrats completed at 
each location and site during each survey year. Lower number of replicates obtained in 2015 
due to limited resources.  

Location (water depth)/ 
Site  

2015  2016  2018  2019 
Trans. Quad.  Trans. Quad.  Trans. Quad.  Trans. Quad. 

West (5 m) 12 60  12 60  15 75  15 75 
1 3 15  3 15  3 15  3 15 
2 3 15  3 15  3 15  3 15 
6 3 15  3 15  3 15  3 15 
7 0 0  0 0  3 15  3 15 
8 3 15  3 15  3 15  3 15 

West (15 m) 4 20  15 75  15 75  15 75 
1 1 5  3 15  3 15  3 15 
2 1 5  3 15  3 15  3 15 
6 1 5  3 15  3 15  3 15 
7 0 0  3 15  3 15  3 15 
8 1 5  3 15  3 15  3 15 

East (5 m) 12 60  12 60  12 60  12 60 
3 3 15  3 15  3 15  3 15 
4 3 15  3 15  3 15  3 15 
5 3 15  3 15  3 15  3 15 
12 3 15  3 15  3 15  3 15 

East (15 m) 4 15  12 60  12 60  12 60 
3 1 5  3 15  3 15  3 15 
4 0 0  3 15  3 15  3 15 
5 2 5  3 15  3 15  3 15 
12 1 5  3 15  3 15  3 15 

Lagoon (2 m) 0 0  9 45  9 45  9 45 
9 0 0  3 15  3 15  3 15 
10 0 0  3 15  3 15  3 15 
11 0 0  3 15  3 15  3 15 

Trans. = Transect, Quad. = Quadrat 

 

  

Supplementary
Material

Table S2: Coral recruit survey replicates. Number of coral recruitment tiles retrieved per site 
and survey period. Replicates at the seaward site vary as some tiles were lost due to rough 
weather. 

Survey period Lagoonal site (Site 9) Seaward western site (Site 1) 

Aug–Oct 18 12 11 

Oct–Dec 18 12 12 

Dec 18–Feb 19 12 14 

Feb–Apr 19 12 14 

Apr–Jun 19 12 10 

Jun–Aug 19 12 9 
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Table S4: Difference in coral recruit abundances. Effect of location (seaward western site: 
Site 1, lagoonal site: Site 9) and time period (Aug–Oct 2018, Oct–Dec 2018, Dec 2018–Feb 
2019, Feb–Apr 2019, Apr–Jun 2019, Jun–Aug 2019) on coral recruit abundances on 
settlement tiles. Chi-square-value (χ2), degrees of freedom (dF) and p-value obtained from 
GLMM model comparisons with ANOVA (type I). Results of the pairwise tests were derived 
from post-hoc analysis based on least square means with Bonferroni adjustment. Significance 
level: *** p < 0.001; ** p < 0.01. 

 GLMM model comparison 
ANOVA (type I) Pairwise test 

Fixed factor χ2 dF p z-ratio p 

Location  303.9 1 ***   
Period  102.2 5 ***   
Location:Period 21.4 5 ***   
Aug – Oct, Site 1 vs 9    -8.8 *** 
Oct – Dec, Site 1 vs 9    -8.5 *** 
Dec – Feb, Site 1 vs 9    -6.7 *** 
Feb – Apr, Site 1 vs 9    -8.8 *** 
Apr – Jun, Site 1 vs 9    -7.0 *** 
Jun – Aug, Site 1 vs 9    -3.1 ** 
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Year 2014 2016 2017 2018 2019
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  Figure S1: Percentage cover (median and interquartile range, outliers displayed as circles, means displayed as red dots) of different 
  hard coral taxa and overall between 2014 and 2019 across Aldabra's locations. Note that no data is available from 2015 and the pre−bleaching 
  reference is given by 2014 data.
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Table S5 (continued) 

b 
   

 

  
Location  Year Mean SE  Level of protection Source and further notes 
       
Central atolls Maldives 2007 28.2 1.1  None Cardini et al. (2012) 
Lagoon (5-6 m ) ⸺"⸺ 23.1 1.2    
Lagoon (10-12 m ) ⸺"⸺ 23.0 1.0    
Lagoon (16-18 m ) ⸺"⸺ 20.8 1.0    
Ocean facing reef (5-6 m ) ⸺"⸺ 38.2 1.1    
Ocean facing reef (10-12 m ) ⸺"⸺ 34.3 1.5    
Ocean facing reef (16-18 m ) ⸺"⸺ 29.5 0.9    
       
Moorea, French Polynesia 2003 7.7 1.3  None (at that time) Penin et al. (2007) 

 Vaipahu (6 m) ⸺"⸺ 6.8 1.0   
Vaipahu (12 m) ⸺"⸺ 7.3 0.5   
Vaipahu (18 m) ⸺"⸺ 10.5 1.2    
Tiahura (6 m) ⸺"⸺ 7.1 0.8    
Tiahura (12 m) ⸺"⸺ 8.1 1.2    
Tiahura (18 m) ⸺"⸺ 12.3 3.8    
Haapiti (6 m) ⸺"⸺ 3.7 1.0    
Haapiti (12 m) ⸺"⸺ 6.1 1.2    
Haapiti (18 m) ⸺"⸺ 7.7 0.8    
       
Grande Terre, New Caledonia 2008 9.4 1.1  None (at that time) Adjeroud et al. (2019) 
SM1 ⸺"⸺ 6.5 2.5    
SM2 ⸺"⸺ 4.0 0.8    
RA1 ⸺"⸺ 9.5 2.5    
RA2 ⸺"⸺ 3.0 0.7    
MA1 ⸺"⸺ 5.5 0.5    
MA2 ⸺"⸺ 3.0 0.8    
MS1 ⸺"⸺ 4.8 0.9    
MS2 ⸺"⸺ 17.0 0.5    
BA1 ⸺"⸺ 20.0 0.8    
BA2 ⸺"⸺ 20.2 0.8    
       
Tongatapu, Tonga 2006 5.5 1.0  None (at that time) Adjeroud et al (2013) 
S1 (2 -3 m) ⸺"⸺ 8.0 1.8    
S2 ⸺"⸺ 4.8 0.5    
S3 ⸺"⸺ 8.5 1.5    
S4 ⸺"⸺ 3.8 1.5    
S5 ⸺"⸺ 6.5 1.0    
S6 ⸺"⸺ 1.6 0.1    
S7 ⸺"⸺ 10.3 2.0    
S8 ⸺"⸺ 5.0 0.5    
S9 ⸺"⸺ 0.7 0.1    
S10 ⸺"⸺ 5.8 0.5    
     (continued on next page) 
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Table S5 (continued) 

b 
   

 

  
Location  Year Mean SE  Level of protection Source 
       
Vamizi Island, Mozambique 2013 17.8 11.6*   Sola et al. (2015) 
S1 (5 - 9 m) ⸺"⸺ 17.3 12.2*  No-take MR (2006) Protection: da Silva et al 

(2015) S2 (5 - 9 m) ⸺"⸺ 25.0 18.2*  ⸺"⸺ 
S3 (5 - 9 m) ⸺"⸺ 11.0 4.4*    
       
United Arab Emirates 2012 3.8 0.4  None Pratchett et al. (2017) 
Delma ⸺"⸺ 2.5 0.4    
Saadiyat ⸺"⸺ 5 0.5    
Ra Ghanada ⸺"⸺ 5.5 1    
Dibba Rock ⸺"⸺ 2.3 0.3    
Al Aqua ⸺"⸺ 3.9 0.6    

* SD not SE 
MR = marine reserve    
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Figure S2: Comparison of Aldabra’s coral juvenile abundance in 2019 with pre-bleaching 
values at Aldabra and reefs worldwide. Histogram shows the number (percentage) of sites 
(blue marked values in Table S5) with coral juvenile abundances that fall within the same 
range as Aldabra’s reefs in 2019 (16.1–29.9 coral juveniles m-2) as well as below or above. 
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at remote Aldabra Atoll, Seychelles

Coral bleaching immediately impacts the reef benthos, but effects on fish communities 

can be delayed and unpredictable. Local human impacts such as fishing create additional 

pressures that can obscure clear assessment of the impacts of coral bleaching events on fish 

communities. We assessed changes in fish abundance, biomass and assemblage structure be-

fore and after the 2015/16 coral bleaching event at Aldabra Atoll, Seychelles, where local hu-

man impacts are minimal but where reefs suffered 50% bleaching-induced coral mortality. 

We monitored 12 shallow (2–5 m water depth) and nine deep (15 m water depth) permanent 

survey sites before (2014, 2015) and after (2016–2019) the coral bleaching event. Mean fish 

abundance increased by > 120% during 2015–2016 (from 3531–4669 to 9743–10557 fish/

hectare). This was mainly driven by increases in herbivores (from 1613–2435 to 3650–6604 

fish/hectare), likely as a response to increased turf algae cover following coral mortality. 

Changes in overall fish biomass were not significant between 2014 and 2016 (2014: 823–

961 kg/hectare, 2015: 960–2311 kg/hectare, 2016: 1334–1817 kg/hectare), but corallivore, 

invertivore, piscivore and omnivore biomass was 24–84% lower in 2016 than in 2015, al-

though similar to 2014 values. While fish abundance and biomass of all functional groups 

fluctuated between 2016 and 2019, post-bleaching values were similar to pre-bleaching data, 

and fish species assemblages observed in 2015, 2016, 2018, 2019 were very similar. This sug-

gests a low overall impact of the bleaching event on Aldabra’s fish communities, which may 

be related to rapid reef recovery. Results indicate that under limited direct human impacts, 

at least in the short-term, reef fish communities are little affected by climate change induced 

reef degradation.

Abstract
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Coral reefs are highly biodiverse and complex ecosystems that are subject to a range of 

local and global factors of natural and anthropogenic origins (Bellwood et al. 2004; Graham 

et al. 2015). Much research and management effort is dedicated to coral reef fishes because 

of their value for fisheries and tourism and their crucial functional roles in coral reef ecosys-

tems (Graham et al. 2015; Christ et al. 2020).

Reef fish assemblages are vulnerable to changes in coral reef habitat, e.g. via climate 

change-induced coral bleaching and coral mortality (Lindahl et al. 2001). The loss of live 

coral and the subsequent erosion of the physical reef structure can cause declines in fish 

abundance and diversity (Anderson et al. 2012). Fish species specialised on live corals for 

food and habitat are usually affected immediately or in the short-term (i.e., within ca. 3 

years post-disturbance; Wilson et al. 2006), while recruitment failure due to loss of reef 

structure can impact fish assemblages and biomass in the longer term (Graham et al. 2007). 

In contrast, the abundance of herbivorous and detritivorous fish may increase as declines in 

coral cover are often linked to increases in algae cover and associated detritus (Lindahl et al. 

2001; Sheppard et al. 2002). Herbivorous fish are therefore one of the most important func-

tional groups of coral reef fishes; by regulating the abundance of algae on coral reefs, thereby 

facilitating the availability of suitable substrate for recruitment of reef-forming corals, they 

promote coral reef resilience and are a major component of post-disturbance reef recovery 

(Bellwood et al. 2004).

Habitat degradation usually co-occurs with localised fishing pressure, which can lead to 

substantial declines of fish abundance and biomass, especially in heavily populated regions 

of the world (Wilson et al. 2008). Several studies have documented rapid depletion of fish 

biomass even at relatively low fishing pressure (Dulvy et al. 2004; Wilson et al. 2010), with 

large, slow-growing, late-maturing fish species being particularly vulnerable as these are the 

first to be targeted (Jennings and Polunin 1996). Consequently, heavily fished communi-

ties are often dominated by small-bodied individuals and species of lower trophic groups 

(Dulvy et al. 2004; Graham et al. 2005; McClanahan 2008). As a means to counteract de-

clines and restore fish assemblages, marine protected areas (MPAs) – ranging from no-take 

to multi-use managed areas – have become a standard conservation and management tool 

(Halpern 2003). Indeed, research from well-enforced no-take MPAs shows that abundance, 

biomass and sometimes diversity of reef fish communities can be enhanced compared to ad-

jacent areas open to fishing (Russ et al. 2005; McClanahan et al. 2007; Stockwell et al. 2009). 

Nevertheless, recent work suggests that the benefits of relatively small MPAs are declining 

and/or shifting in the face of climate change, benefitting altered fish assemblages dominated 

by lower trophic levels (Graham et al. 2020). It is therefore useful to understand how reef 

fish communities respond to the effects of climate change at remote and large MPAs where 

direct anthropogenic impacts are minimal. 

Introduction
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Aldabra Atoll in the Republic of Seychelles is one such area. Aldabra is located 407 km 

north and 700 km east from the nearest inhabited land (Madagascar and Tanzania, respec-

tively), and more than 1000 km from the Seychelles Inner Islands. It was designated as a 

Special Reserve in 1981 (i.e., the highest level of national protection under Seychelles’ legis-

lation) and inscribed as a UNESCO World Heritage Site in 1982, with its protective bound-

aries surrounding 2559 km2 since 2018 (439 km2 prior to that; Seychelles Islands Foundation 

2016). Aldabra’s marine ecosystem has therefore been protected from commercial fishing 

pressure for almost 40 years, and human-driven nutrient inputs are absent. Nevertheless, 

bleaching-induced coral mortality was high at Aldabra in 1998/1999 (38–66% coral loss at 

10–20 m water depth; Norström et al. 2009) and in 2015/2016 (34–62% coral loss at 2–15 m 

water depth; (Cerutti et al. 2020; Koester et al. 2020), although substantial coral reef recov-

ery was observed during 2016–2019 with reefs ≤ 5 m water depth reaching 54–93% of their 

pre-bleaching cover by 2019 (Koester et al. 2020). 

With over a billion people worldwide depending on reef fish for nutrition (NOAA 2020), 

it is critical to understand fish community susceptibility and recovery potential in the face 

of climate change induced coral bleaching and reef degradation. Here, we utilise data col-

lected two survey periods before and four survey periods after the 2015/16 coral bleaching 

event at Aldabra, and specifically ask: (1) How did the 2016 coral bleaching event affect fish 

abundance and biomass at Aldabra? (2) How did this change in the four years following the 

bleaching event? And (3) How did fish assemblage structure change during the entire study 

period? Remote and strictly protected locations like Aldabra serve as valuable reference sites 

for comparisons with other locations where local human impacts are substantial. Ecological 

and environmental research and monitoring at locations like Aldabra is therefore crucial for 

an enhanced understanding of the effects of climate change on coral reef ecosystems, and 

paramount for their continued protection.         
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Study Site

The Republic of Seychelles is situated in the Western Indian Ocean (WIO) between 4° 

and 10° south of the equator. The Seychelles consist of more than 150 islands and atolls that 

are scattered across its 1,400,000 km2 exclusive economic zone (Kawaley 1998). More than 

99% of the country’s population reside on the granitic islands (Inner Islands) in the north of 

the archipelago (Seychelles National Bureau of Statistics 2020), whilst the coralline islands 

and atolls in the south and south-west (Outer Islands) are not, or only scarcely populated. 

Aldabra (46°20’E, 9°24’S) in the far southwest of the Seychelles, is an elevated coral atoll 

with a large lagoon (196 km2) encircled by four main islands, spanning 34 × 14.5 km (Fig. 

4.1). A public trust, the Seychelles Islands Foundation (SIF; managing authority of Aldabra 

since 1979) maintains a small research station (10–20 persons), to facilitate research and 

monitoring of Aldabra’s terrestrial and marine habitats and protection of the atoll. A small 

and strictly regulated subsistence fishery by staff is permitted (Seychelles Islands Foundation 

2016). 

Between December 2015 and June 2016, reefs at Aldabra experienced continued bleach-

ing risk, with degree heating week values peaking at 3.4 °C-weeks (temperature measured 

by satellite ca. 55 km north-east of Aldabra: 46°50’E, 9°00’S; Cerutti et al. 2020). Between 

December 2015 and December 2016, hard coral cover reduced by 51–62% on the seaward 

reefs at 5 m and 15 m water depth and by 34% in the lagoon (Cerutti et al. 2020; Koester et 

al. 2020). 

 Methods
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Figure 4.1: Location of Aldabra Atoll in the Indian Ocean and within the Seychelles, with its four main islands 
and 12 marine survey sites (Aldabra Reef Monitoring Sites: ARM01– ARM12, indicated by black dots). ARM01–08 & 
ARM12 are outside the lagoon on the seaward reefs (light grey shading around Aldabra), while ARM09–11 are in 

the lagoon.
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Data collection

Twelve permanently marked marine survey sites are located around Aldabra (Fig. 4.1). 

Nine sites are located at both 5 m and 15 m water depth at the seaward reefs, while three sites 

are situated at 2 m water depth inside the lagoon (Fig. 4.1). Fish surveys were conducted in 

November 2014–January 2015 (hereafter 2014), December 2015 (immediately before the 

bleaching event), December 2016 (6 months following the end of the bleaching event), De-

cember 2018–January 2019 (hereafter 2018) and November 2019–January 2020 (hereafter 

2019). 

Due to variable availability of resources, the number of survey sites visited and number 

of transects completed varied during 2014–2019 (Supplementary Table S1) but the survey 

method remained constant (except for 2015, where all diurnally active, reef-associated fishes 

were identified to species level, counted and estimated to the nearest cm when larger than 5 

cm): all fish of a pre-defined list (62 species and 10 genera of 19 families, Supplementary Ta-

ble S2) were counted along 50 × 4 m belt transects (i.e., one transect = 200 m2) and classified 

into one of six size class categories (i.e., < 5 cm, 5–9 cm, 10–19 cm, 20–29 cm, 30–39 cm,  

> 39 cm, based on total length). Large, more mobile fish were surveyed on the first pass of the 

transect, while smaller fish were surveyed on the return. 

Data processing

Fish taxa were pooled into six functional groups based on broad feeding habits: pisci-

vores, omnivores, invertivores, corallivores, planktivores, herbivores (Samoilys et al. 2018; 

Froese and Pauli 2019; Supplementary Table S2). 

Fish biomass was estimated using the length-weight equation W = a x Lb (Le Cren 1951),  

where W is weight, L is length for which the midpoint of each size class was used, and a and 

b are published species-specific constants (Froese and Pauli 2019). To obtain these constants 

for genera and families, constants from species present at Aldabra (Friedlander et al. 2015) 

were averaged. To approximate the length of fishes within the largest size class (i.e., > 39 

cm), the median size within that size class was calculated of all available size estimates to the 

nearest cm (i.e., 55 cm based on 237 and 59 entries from 2015 and 2018, respectively). 

Statistical analysis

Although benthic communities differed spatially across Aldabra (Koester et al. 2020), 

preliminary analysis of the fish assemblages did not identify spatial clustering in any of the 

study years (Supplementary Fig. S1) and spatial differences in fish abundance and biomass 

were only assessed across water depths. Due to the lower number of transects surveyed in 

the lagoon, data from the lagoonal sites were pooled with the 5 m survey sites of the seaward 

reefs (i.e., shallow water depth). 
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Generalised Linear Mixed Models (GLMM; R version 3.6.1, R Core Team 2019, lme4 

package; Bates et al. 2015) with Negative Binomial error distributions were used to test for 

differences in fish abundance across years (2014–2019) and water depths (shallow, deep). 

Fixed factors included ‘survey year’, ‘water depth’ and their interaction (except for omni-

vores for which only ‘survey year’ was set as a fixed factor due to poor model fit when the 

interaction term was included); ‘site’ was set as random factor to account for possible auto-

correlation between transects. The same model structure was used to assess differences in 

biomass using GLMMs with Gamma error distributions with logarithmic link function. To 

validate the models, residual distributions of Generalised Linear Models (GLM, stats pack-

age, R Core Team 2019 and MASS package; Venables & Ripley 2002) were checked to see if 

the assumptions of homogeneity of variance, normality, and leverage were met; individual 

values that were found to drive the analysis were excluded. Pearson residual distributions 

were then checked for the GLMMs. To identify pairwise differences in significant models, a 

post-hoc analysis based on least square means with Bonferroni adjustment was run (lsmean 

package; Lenth 2016). As the data set is very heterogeneous due to the high amount of very 

large schools of fish encountered throughout all years, data is displayed as box and whisker 

plots. 

To visualise changes is fish assemblage structure, square root-transformed fish biomass 

data (on lowest taxonomic level) per site, depth and year was converted into a Bray-Curtis 

similarity matrix to perform canonical analysis of principal coordinates (CAP) following 

non-metric multidimensional scaling (nMDS). CAP is a flexible method for constrained 

ordination that can uncover patterns that are not visible in an unconstrained ordination 

such as nMDS (Anderson and Willis 2014). PRIMER 6 with the PERMANOVA+ add-on 

(Primer-E, Plymouth, UK) was used for this analysis. 
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How did the 2016 coral bleaching event affect fish abundance and bio-
mass at Aldabra? 

Mean fish abundance increased by > 120% between 2015 and 2016 (shallow: from 4669 

to 10557 fish/hectare; deep: from 3531 to 9742 fish/hectare), but abundances in 2016 did 

not differ from those in 2014 (shallow: 5945 fish/hectare; deep: 5144 fish/hectare; Fig. 4.2a; 

Table 4.1). Overall mean biomass did not change during 2014–2016 at the deep reefs (960–

1334 fish/hectare; Fig. 4.2b, Table 4.1), but fluctuated at the shallow reefs and differed sig-

nificantly between 2014 and 2015 (2014: 823 fish/hectare, 2015: 2311 fish/hectare); mean 

biomass in 2016 (1816 fish/hectare) did not differ from 2014 and 2015 values (Fig. 4.2b, 

Table 4.1).

Results

Table 4.1 GARAMOND 

 

Group Fixed factor 
x Abundance  x Biomass  
 χ2 dF p  χ2 dF p 

Overall 
Year  65.6 5 ***  20.3 5 ** 
Depth  15.6 1 ***  9.1 1 ** 
Year:Depth  16.2 5 **  21.1 5 *** 

Corallivores 
Year  12.4 5 * a  39.3 5 *** 
Depth  1.3 1 ns  0.2 1 ns 
Year:Depth  3.5 5 ns  7.8 5 ns 

Herbivores 
Year  102.1 5 ***  38.5 5 *** 
Depth  17.4 1 ***  22.6 1 *** 
Year:Depth  3.5 5 ns  3.5 5 ns 

Invertivores 
Year  10.3 5 ns  48.7 5 *** 
Depth  16.1 1 ***  2.0 1 ns 
Year:Depth  2.2 5 ns  4.8 5 ns 

Piscivores 
Year  56.4 5 ***  43.0 5 *** 
Depth  0.8 1 ns  11.3 1 *** 
Year:Depth  5.5 5 ns  10.4 5 ns 

Planktivores 
Year  11.9 5 *  22.6 5 *** 
Depth  39.8 1 ***  18.2 1 *** 
Year:Depth  10.3 5 ns  11.1 5 ns 

Omnivores 
Year  22.8 5 ***  19.3 5 ** 
Depth  not testedb  22.8 1 *** 
Year:Depth  not testedb  16.7 5 ** 

a although the GLMM indicated a significant effect of ‘year’, the post-hoc analysis 
did not indicate significant differences between years  
b model including interacting fixed factors had poor fit and only differences across 
years was test (see methods) 

 

  

Table 4.1: Changes in fish abundance and biomass. Effect of year (2014–2019) and water 
depth (shallow: 2–5 m; deep: 15 m) on fish abundance and biomass at Aldabra. Chi-square-
value (χ2), degrees of freedom (dF) and p-value obtained from GLMM model comparisons with 
ANOVA (type I). Significance level: *** p < 0.001; ** p < 0.01; ** p < 0.05; ns = not significant:  
p > 0.05. 
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Figure 4.1: Overall fish abundance (a) and biomass in kg (b) per hectare displayed as median and interquartile 
range (outliers [sightings of very large schools of fish] are displayed as circles; means shown as red dots) during 
2014–2019 at shallow (2–5 m depth; light grey) and deep (15 m depth; dark grey) water depths at Aldabra. Small 
letters above boxplots indicate significant differences (p < 0.05) between years (see also Table 4.1). Dashed line 
indicates the bleaching event.  

Increases in overall fish abundance appeared to be driven primarily by herbivores; mean 

herbivore abundance more than doubled during 2015–2016 (shallow: 2435–6604 fish/hec-

tare; deep: 1612–3650 fish/hectare), with abundances in 2016 being higher than in 2014 

(shallow: 3855 fish/hectare; deep: 2094 fish/hectare; Fig. 4.3b; Table 4.1). Planktivores was 

the only other functional group that changed in abundance after the bleaching event (Fig. 

4.3e; Table 4.1). Compared to all other years, mean planktivore abundance was low in 2015 

(shallow: 181 fish/hectare; deep: 167 fish/hectare) and the increased abundance in 2016 

(shallow: 504 fish/hectare; deep: 2415 fish/hectare) depicted levels more similar to those in 

2014 (shallow: 790 fish/hectare; deep: 1242 fish/hectare).

Although overall biomass did not change between 2015 and 2016 (Fig. 4.2b), reductions 

in mean biomass were recorded for corallivores (shallow: -84%, 26 to 4 kg/hectare, deep: 

-49%, 14 to 7 kg/hectare), invertivores (shallow: -70%, 132 to 39 kg/hectare, deep: -54%, 68 

to 32 kg/hectare), piscivores (shallow: -71%, 567 to 164 kg/hectare, deep: -26%, 364 to 196 

kg/hectare) and omnivores (shallow: -24%, 484 to 366 kg/hectare; Fig. 4.4a, c, d, f; Table 4.1).
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Figure 4.3: Fish abundance of functional groups per hectare (median and interquartile range, outliers [sightings 
of very large schools of fish] are displayed as circles; means displayed as red dots) during 2014–2019 at shallow 
(2–5 m depth; light grey) and deep (15 m depth; dark grey) water depths at Aldabra. Small letters above boxplots 
indicate significant differences (p < 0.05) between years (see also Table 4.1). Dashed line indicates the bleaching 
event. 
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Figure 4.4: Fish biomass (kg) of functional groups per hectare (median and interquartile range, outliers [sight-
ings of very large schools of fish] are displayed as circles; means displayed as red dots) during 2014–2019 at 
shallow (2–5 m depth; light grey) and deep (15 m depth; dark grey) water depths at Aldabra. Small letters above 
boxplots indicate significant differences (p < 0.05) between years (see also Table 4.1). Dashed line indicates the 
bleaching event. 
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How did fish abundance and biomass change in the four years following the bleach-
ing event? 

Overall mean fish abundance fluctuated during 2016–2019, and abundances in 2019 (shallow: 3678 

fish/hectare; deep: 5440 fish/hectare) were lower than in 2016 (shallow: 10557 fish/hectare; deep: 9742 fish/

hectare) but did not differ from pre-bleaching levels in 2014 and 2015 (Fig. 4.2a; Table 4.1). Overall mean 

fish biomass did not change significantly during 2016–2019 (2016 – shallow: 1817 kg/hectare; deep: 1334 

kg/hectare; 2019 – shallow: 1104 kg/hectare; deep: 1674 kg/hectare), although biomass in the shallows was 

lower during 2017–2019 compared to the pre-bleaching values in 2015 (Fig. 4.2b, Table 4.1). 

Mean abundances of herbivores, piscivores and omnivores fluctuated between 2016 and 2019 but abun-

dances never dropped below pre-bleaching levels (2014 and 2015; apart from abundances of herbivores in 

2019, which were similar in 2015, but higher in 2014; Fig. 4.3b, d, f; Table 4.1). Mean abundances of coral-

livores, invertivores and planktivores did not change during 2016–2019 (Fig. 4.3a, c, e). 

Mean biomass of all functional groups also fluctuated between 2016 and 2019, but the 2019 values did 

not differ from the pre-bleaching values in 2014 for any of the groups (Fig 4, Table 4.1). However, mean 

biomass was higher in 2015 than 2019 for all functional groups except invertivores and piscivores (Fig 4, 

Table 4.1). 
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Figure 4.5: Plot of the canonical analysis of principal (CAP) coordinates of Aldabra’s fish communities (biomass) 
at each survey site and depth across years. Fish taxa that contribute most to the temporal differences are dis-
played as vectors (spearman rank correlation values > 0.4; taxa in clockwise order: Balistidae, Cephalophoris ni-

gripinnis, Chaetodon guttatissimus, Haemulidae, Mullidae, Acanthuridae, Lethrinidae, Plectorhinchus albovitattus).

How did fish assemblage structure change during the study period?

Changes in fish assemblage structure during 2014–2019 were not detected by nMDS which poorly rep-

resented the data (Supplementary Fig. S2). Constrained ordination unravelled temporal differences in fish 

assemblages across years, with assemblages in 2014 and 2017 (which showed large differences among sites) 

deviating from all other years, but this appeared not to be driven by the bleaching event (Fig. 4.5). 
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Discussion How did the 2016 coral bleaching event affect fish abundance and bio-
mass? 

Prolonged periods of elevated water temperatures during 2014–2017 caused unprece-

dented thermal stress to reefs worldwide (Lough et al. 2018). This lead to widespread and 

severe coral bleaching and mortality (Eakin et al. 2019) and caused a 50% reduction of over-

all hard coral cover at Aldabra (Cerutti et al. 2020; Koester et al. 2020). In the present study, 

we show that Aldabra’s fish community responded with an overall increase in abundance, 

fuelled mainly by increases in herbivorous fish. This is similar to studies elsewhere (Lindahl 

et al. 2001; Sheppard et al. 2002; Robinson et al. 2019) and likely due to the elevated turf 

algae cover at Aldabra’s reefs following the bleaching event (Supplementary Fig. S3). Abun-

dances of other functional groups, most notably of corallivores, which rely on live corals for 

food, were not affected. Corallivores are typically heavily affected by the loss of live corals 

(Wilson et al. 2006; Graham et al. 2007), but responses can vary substantially within and 

among species and locations, indicating that the abundance of corallivores is not always 

determined by live coral cover (Wilson et al. 2006). 

The reduction in biomass of corallivores, invertivores, piscivores and omnivores, despite 

similar abundances, indicates that individuals recorded were smaller in 2016 compared to 

2015. In contrast, previous work following coral bleaching documented increases in large 

fish and declines in small fish abundance (Graham et al. 2007). Body size is usually a key 

determinant of fish vulnerability to habitat degradation, as smaller size classes show the 

greatest declines once the reef structure needed for habitat, shelter and recruitment is lost 

(Graham et al. 2006, 2007; Wilson et al. 2008, 2010). This however can be delayed by several 

years as the physical reef structure typically remains intact for some time post-bleaching 

(Sheppard et al. 2002; Graham et al. 2007). The reduction of larger fishes at Aldabra during 

2015–2016, most notably piscivores, omnivores and invertivores is therefore conspicuous. 

Habitat degradation affects interactions between predator and prey populations (Graham et 

al. 2006; Wilson et al. 2006) and some fish migrate to nearby and relatively unaffected areas 

(Wilson et al. 2006), which at Aldabra may be reefs below the depths surveyed (~20–25 m; 

A.K. pers. obs., 2016). 
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How did fish abundance and biomass change in the four years following 
the bleaching event? 

Previous work reported substantial hard coral cover increase at Aldabra’s shallow reefs 

during 2016–2019 (reefs reaching up to 93% of their pre-bleaching cover by 2019; Koester 

et al. 2020) and a tripling of coral juvenile densities at all water depths during this time 

(Koester et al. in review [Chapter 3]). Sufficient herbivory that mediated turf algae height, 

thereby reducing the potential negative effects of algae on adult and juvenile corals, was 

assumed to be an important driver for this rapid recovery (Koester et al. 2020, Koester et 

al. in review [Chapter 3], see also Gilmour et al. 2013). The present study supports this as-

sumption as both, herbivorous fish abundance and turf algae cover (Supplementary Fig. S3) 

increased in 2016 (to the highest levels recorded within the study period) and had returned 

to pre-bleaching levels by 2017. Such rapid increase and reduction of herbivores is likely 

caused by fish migrating to areas of increased food availability, rather than actual popula-

tion growth and decline (Wilson et al. 2006). 

Herbivory is a key process for reef recovery, and herbivore biomass serves as a good proxy 

for this process (Lokrantz et al. 2008; Graham et al. 2015). A minimum threshold of 177 

kg/hectare herbivore biomass reduced the risk of reefs in the Inner Seychelles to transition 

to fleshy algae-dominated states following the 1998 bleaching event (Graham et al. 2015), a 

value below those at Aldabra during 2014–2019 (means: 209–934 kg/hectare). More recent 

work from the Inner Seychelles, however, showed that herbivore biomass was relatively high 

(ca. 200–380 kg/hectare) on both recovered and regime-shifted reefs within the 15 years 

following the 1998 bleaching event, but herbivorous fish assemblages differed at these reefs 

as species responses varied (i.e. browsing herbivores associated with regime shifted reefs, 

scraping herbivores with recovering reefs; Robinson et al. 2019). The crude classification of 

several genera into the single group ‘herbivores’ (as done here) therefore carries the risk of 

missing important information on species diversity and the distinct functions of herbivores 

(e.g. scraping, browsing, grazing; Green and Bellwood 2009). However, as well as the rap-

id reduction of turf algae cover during 2016–2017, fleshy macroalgae cover at Aldabra was 

low throughout all study years (Supplementary Fig. S3), possibly a result of low (anthropo-

genically induced) nutrient levels and high herbivorous pressure, suggesting the functional 

diversity within Aldabra’s herbivorous fish community is well represented. Nevertheless, 

further studies are needed to confirm this, especially in light of the increasing frequency of 

coral bleaching events (Van Hooidonk et al. 2014). 

All functional groups at Aldabra fluctuated during 2016–2019 in abundance, biomass 

or both, but levels never dropped below pre-bleaching values of 2014 and/or 2015. The high 

variability in absolute abundance and biomass of Aldabra’s fish functional groups during 

the entire study period may thus suggest that only herbivores responded to the bleaching 

event. However, even changes in herbivore biomass at Aldabra during 2016–2019 did not 

correspond to other studies that identified continuing increases in herbivore abundance and 
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biomass following bleaching (Hempson et al. 2018; Robinson et al. 2019; Graham et al. 

2020). In the Inner Seychelles, the response of reef fish communities to coral bleaching is 

well documented and showed substantial lag-effects (Graham et al. 2007) that persisted for 

15 years following the 1998 bleaching event, even at reefs where coral cover returned to 

pre-bleaching levels (Hempson et al. 2018; Robinson et al. 2019; Graham et al. 2020). Most 

of the reef structure provided by dead corals will be retained for several years post-bleaching, 

but once this habitat structure deteriorates, a wide range of fish species is affected (Wilson 

2006). Evidently, the post-bleaching period covered by this study is too short to detect such 

long-term effects, underlining the importance of continuing reef fish monitoring at Aldabra. 

How did fish assemblage structure change during the study period?

Temporal changes in fish assemblage structure did not appear to be driven by the ef-

fects of the bleaching event as assemblages in 2015, 2016, 2018 and 2019 were very similar. 

Fish assemblages in 2014 and 2017 were different, with high among-site variability in both 

years. Spatial and temporal variation in estimates of reef fish abundance and biomass are 

ubiquitous and arise on scales of hours to years, with effects varying across taxa (Thompson 

and Mapstone 2002). Sources of this variation may be actual changes of population size 

and structure, temporal migration or sampling error (Thompson and Mapstone 2002). Al-

though some bias is inevitable (e.g. in 2017, sea conditions were unusually rough, A.K., pers. 

obs.), efforts to reduce sampling error include e.g. the standardised training of observers 

and conducting surveys at similar times of the day or tidal cycle (Thompson and Mapstone 

2002), both of which were done in this study. 

As a location with low direct anthropogenic impact, fish communities at Aldabra may 

indeed be less affected by mass bleaching than at locations where fishing pressure is high (e.g. 

Inner Seychelles, Hempson et al. 2018; Robinson et al. 2019; Graham et al. 2020). Intact fish 

communities with high biomass (3200 kg/hectare) were observed at Farqhuar Atoll (Outer 

Islands, Seychelles), where local anthropogenic stressors are low, but where a combination 

of coral bleaching and cyclones have caused substantial reef degradation (Friedlander et al. 

2014). Trophic structure at lightly fished, high fish biomass locations (i.e. > 650 kg/hectare) 

tends to be dominated by upper (piscivores) and lower (primary consumers) trophic levels, 

whereas fished locations typically have a pyramid-shaped trophic structure (i.e. dominat-

ed by lower trophic levels; Graham et al. 2017a). Differing predator-prey interactions may 

operate at low and high fish biomass locations, which may also influence the fish commu-

nities’ response to mass coral mortality. Total fish biomass recorded at Aldabra fluctuated 

substantially between years (885–2253 kg/hectare) and are dwarfed by the biomass values 

recorded at the strictly protected northern atolls of the remote Chagos Archipelago (7260 

kg/hectare), but appear indicative for a well-protected site compared to other protected loca-

tions in the Indian Ocean (438–4900 kg/hectare) where substantially more fish species were 
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considered for biomass estimations (Table 4.2). Nevertheless, as the fish survey protocol at 

Aldabra is confined to a list of 19 families of which only 62 taxa are surveyed to species level, 

patterns in assemblage structure may be masked by the higher taxonomic classes included 

(genera, family). In comparison, reef fish assessments in other locations considered 134 fish 

species (Inner Seychelles: Hempson et al. 2018, Robinson et al. 2019, Graham et al. 2020), 

all species of 13 selected families (Chagos Archipelago: Samoilys et al. 2018) or all fish spe-

cies encountered (e.g., 372 taxa of 56 families at Farquhar Atoll, Seychelles: Friedlander et 

al. 2014, 163 species at the Great Barrier Reef: Triki & Bshary 2019), allowing the detection 

of more subtle changes in fish assemblage structure, functional groups (e.g. the diverse func-

tions of herbivores, Green and Bellwood 2009) and trophic levels (Hempson et al. 2018).

Table 4.2: Mean reef fish biomass (kg/hectare) across locations in the Indian Ocean.

Table 4.2 GARAMOND 

 

Location Fishing status Year Mean biomass 
(kg/hectare) 

No of fish taxa 
surveyed 

Source 

Aldabra protecteda 2014 885 72 taxa (10 
genera, 62 
species) of 19 
families 

This study 
2015 1993 
2016 1638 
2017 1490 
2018 2253 
2019 1351 

Cosmodelo  2015 4900 332 species of 46 
families   

Friedlander et al. (2015), 
biomass values estimated 
from Figure 10 

Aldabra protecteda 2015 4800 
Astove  2015 3900 
Assumption  2015 2800 

Farquhar  2015 3200 372 taxa of 56 
families 

Friedlander et al. (2014) 

Chagos (Northern Atolls) protected 2010 7260 All diurnally 
active, non-
cryptic, reef-
associated fish  

Graham et al. (2013), 
biomass values estimated 
from Figure 19.8 
Graham and McClanahan 
(2013), 
survey information from 
supplementary material 
 

Mayotte protected 2009-2010 1178 
Kenya protected 2004-2010 1151 
Mozambique protected 2008-2010 1123 
Tanzania protected 2005-2010 959 
Inner Seychelles protected 2008 685 
Madagascar protected 2007-2009 548 
Mauritius protected 2004 438 
Chagos (Diego Garcia) b  2010 1288 
Maldives  2005 1507 
Mayotte  2009-2010 1096 
Mauritius  2004 932 
Mozambique  2008-2010 849 
Tanzania  2005-2010 575 
Madagascar  2007-2009 575 
Inner Seychelles  2008 521 
Kenya  2004-2010 438 

a subsistence fishing permitted (10-20 people)  
b recreational fishing associated with US Navy base (Graham et al. 2013) 
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Our results indicate that overall, Aldabra’s fish communities showed little response to 

the 2016 coral bleaching event during the first four post-bleaching years, with only herbi-

vores appearing to have responded to the effects of coral mortality. The high heterogeneity 

within the data set and the relatively low taxonomic resolution surveyed may mask patterns 

of change. However, coral recovery within the first four post-bleaching years was substantial 

at Aldabra, particularly in the lagoon and shallow seaward reefs at the western side of the 

atoll, where coral cover reached 93% and 68% of pre-bleaching (2014) levels, respectively 

(vs. 54% of pre-bleaching levels at the seaward reefs at the eastern side; Koester et al. 2020). 

This rapid, but spatially variable recovery possible buffered some of the negative effects of 

initial hard coral loss on fish communities. As changes in fish communities following mass 

coral mortality can occur with substantial delay (Graham et al. 2007), continued fish mon-

itoring at Aldabra is needed. Agencies responsible for monitoring and managing coral reefs 

are often resource-limited and ecological survey procedures need to be cost-effective and 

robust to be conducted regularly. At sites where local anthropogenic impacts are low, the 

cost-benefit relation of reef fish assessments may be improved by increasing the data accura-

cy (e.g. surveying more taxa to species level), whilst reducing the survey frequency. It is thus 

recommended that future studies at Aldabra assess fish communities to higher taxonomic 

resolution, allowing to identify not only longer-term changes, but also spatial differences 

and subtler variations in taxonomic and functional composition.
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Table S1: Number of transects (1 transect = 200 m2) completed during fish surveys at each 

site and year. 

Location Site 2014 2015 2016 2017 2018 2019 
5m 15m 5m 15m 5m 15m 5m 15m 5m 15m 5m 15m 

Seaward reef ARM01 1 1 3 1 3 2 3 3 3 3 3 2 
Seaward reef ARM02 1 1 3 1 3 2 3 3 3 3 3 3 
Seaward reef ARM03 1 1 3 1 3 2 3 3 3 3 3 3 
Seaward reef ARM04 1 1 3 1 3 2 3 3 3 3 3 3 
Seaward reef ARM05 1 1 3 1 3 3 3 3 3 3 3 3 
Seaward reef ARM06 1 1 3 1 3 2 3 2 3 3 3 3 
Seaward reef ARM07 1 1 0 0 3 3 3 3 3 3 3 3 
Seaward reef ARM08 1 1 3 1 3 2 3 3 3 3 3 3 
Lagoona ARM09 1 ⸺ 1 ⸺ 3 ⸺ 3 ⸺ 3 ⸺ 3 ⸺ 
Lagoona ARM10 1 ⸺ 1 ⸺ 3 ⸺ 2 ⸺ 2 ⸺ 2 ⸺ 
Lagoona ARM11 1 ⸺ 1 ⸺ 1 ⸺ 2 ⸺ 3 ⸺ 2 ⸺ 
Seaward reef ARM12 1 1 3 1 3 3 3 3 3 3 3 3 

Total 12 9 27 8 34 21 34 26 35 27 34 26 

a survey sites are located at 2–3 m water depth 
 

Supplementary
Material
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Table S2: Surveyed fish taxa and their classification into functional groups based on broad 

feeding habits following Samoilys et al. (2018) and Froese and Pauli (2019). 

Functional group Family/group Species Common name 

Piscivores Carangidae Caranx ignobilis Giant trevally 
Caranx melampygus Bluefin trevally 
Caranx sexfasciatus Big-eye trevally 
Gnathanodon speciousus Golden trevally 
other Trevally 

Lutjanidae Aprion viriscens Green jobfish  
Lutjanus bohar Twinspot snapper 

Scombridae Gymnosarda unicolor Dogtooth tuna 
other Tuna, mackerel, bonito 

Serranidae Aethaloperca rogaa Redmouth grouper 
Cephalopholis nigripinnis Blackfin rock cod 
Dermatolepsis striolata Smooth grouper 
Epinephelus fuscoguttatus Brown marbled grouper 
Epinephelus lanceolatus Giant grouper 
Epinephelus polyphekadion Camouflage grouper 
Epinephelus tukula Potato grouper 
Gracila albomarginata Masked grouper 
Plectropomus laevis Blacksaddle grouper 
Plectropomus pessuliferus Roving coral grouper 
Plectropomus punctatus Marbled coral grouper 
Variola louti Yellow-edged lyretail grouper 
other Grouper 

Sphyraenidae Sphyraena barracuda Great barracuda 

Omnivores Balistidae various Triggerfish 
Haemulidae Plectorhinchus albovittatus Giant sweetlips 

Plectorhinchus gaterinus Black-spotted sweetlips 
Plectorhinchus piccus Spotted sweetlips 
Plectorhinchus plagiodesmus Yellow rubberlip sweetlips 
Plectorhinchus vittatus Oriental sweetlips 
other Sweetlips 

Lethrinidae Lethrinus nebulosis Spangled emperor 
Lethrinus olivaceous Longface emperor 
Monotaxis grandoculis Humpnose big-eye bream 
other Emperor 

Lutjanidae Lutjanus argentimaculatus Mangrove snapper 
Lutjanus gibbus Humpback snapper 
Lutjanus rivulatus Speckled snapper 
other Snapper 

Mullidae various Goatfish 
Tetraodontidae various Pufferfish 
Zanclidae Zanclus cornutus Moorish idol 

   (continued on next page) 
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Table S2 (continued) 

Functional group Family/group Species Common name 

Invertivores Acanthuridae Naso spp. (> 20 cm TL) Unicornfish 
Balistidae Balistodes viridescens Titan triggerfish 

Pseudobalistes flavimarginatus Yellow-margin triggerfish 
Sufflamen chrysopterum Flagtail triggerfish 

Chaetodontidae Chaetodon auriga Threadfin butterflyfish 
Chaetodon citrinellus Speckled butterflyfish 
Chaetodon falcula Saddleback butterflyfish 
Chaetodon guttatissimus Spotted butterflyfish 
Chaetodon interruptus Indian Ocean teardrop butterflyfish 
Chaetodon kleinii Klein's butterflyfish 
Chaetodon lunula Racoon butterflyfish 
Chaetodon madagaskariensis Seychelles butterflyfish 
Chaetodon mertensii Mertens butterflyfish 
Chaetodon vagabundus Vagabond butterflyfish 
Chaetodon xanthocephalus Yellow-headed butterflyfish 
Forcipiger flavissimus Longnose butterflyfish 
Heniochus monoceros Masked bannerfish 

Diodontidae other Porcupinefish 
Labridae Cheilinus fasciatus Red-breasted wrasse 

Cheilinus trilobatus Tripletail wrasse 
Cheilinus undulatus Humphead wrasse 
Oxycheilinus digramma Cheeklined splendour wrasse 

Pomacanthidae various Angelfish 

Corallivores Chaetodontidae Chaetodon benetti Bennet's butterflyfish 
Chaetodon lineolatus Lined butterflyfish 
Chaetodon melannotus Blackbacked butterflyfish 
Chaetodon meyeri Meyer's butterflyfish 
Chaetodon trifascialis Chevroned butterflyfish 
Chaetodon trifasciatus Indian Redfin butterflyfish 
Chaetodon zanzibarensis Zanzibar butterflyfish 

Planktivores Chaetodontidae Hemitaurichthys zoster Black pyramid butterflyfish 
Heniochus acuminatus Longfin bannerfish 

Holocentridae Holocentrus spp. Squirrelfish 
Neoniphon spp. Squirrelfish 
Sargocentron spp. Squirrelfish 

Herbivores/ 
detritivores* 

Acanthuridae Acanthurus spp. Surgeonfish 
Ctenochaetus spp. Bristletooth 
Zebrasoma spp.  Tang 
Naso spp. (< 21 cm) Unicornfish 

Ephipidae Platax spp. Batfish 
Scarinae Bolbometopon muricatum Bumphead parrotfish 

other Parrotfish 
Siganidae Siganus spp. Rabbitfish 

* for simplicity called ‘herbivores’ throughout the article 
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Figure S1: Non-metric multidimensional scaling plots of Aldabra’s fish assemblages each 

year during 2014–2019 based on square-root transformed mean biomass per site and depth for 

the lowest taxonomic level possible (i.e. species or genus and family were species level was 

not surveyed). Labels demark the site locations for which spatial differenced were found for 

Aldabra’s benthic assemblages (Koester et al. 2020; western sites = ARM01, ARM02, 

ARM06–ARM08; eastern sites = ARM03–ARM05, ARM12; Lagoon = ARM09–ARM11; 

Fig. 4.1). Analysis done with  PRIMER 6 (Primer-E, Plymouth, UK).
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Figure S2: Non-metric multidimensional scaling (nMDS) plot of of Aldabra’s fish communities 

(biomass) at each survey site and depth across years. A stress value > 0.2 indicates poor 

representation of the data (Clarke 1993).  
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Figure S3: Percentage cover (median and interquartile range, outliers displayed as circles, 

means displayed as red dots) of different benthic taxa between 2014 and 2019 across Aldabra's 

locations. Note that no data is available from 2015 and the pre-bleaching reference is given by 

2014 data. 
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Overview

The degradation of coral reefs worldwide warrants more informed management ap-

proaches to increase conservation effectiveness during the climate crisis (McClanahan et 

al. 2012; Flower et al. 2017). Paramount to this is gaining a better understanding of coral 

reef resilience to inform reef management on local or regional scales. Remote, effectively 

protected coral reef systems provide critical baselines with which the influence of direct an-

thropogenic impacts on reef resilience can be better understood (Sandin et al. 2008). Using 

the remote and well protected atoll of Aldabra in the Seychelles, the overall aim of this thesis 

was to assess how coral reef ecosystems respond to and recover from mass coral bleaching 

events in the absence of direct anthropogenic stressors. 

Key findings

The research in this thesis has resulted in several key findings: 

•	 Coral bleaching susceptibility was substantially lower in Aldabra’s lagoon than at 

the seaward reefs, probably driven by high water temperature variability in the la-

goon that acclimatises hard corals to thermal stress (Chapter 2).

•	 The reefs of Aldabra’s lagoon almost completely recovered to pre-bleaching hard 

coral cover and community composition within four years after the bleaching 

event. While seaward reefs also recovered, their recovery was slower and appeared to 

depend on the level of wave exposure and water depth. Overall, early recovery was 

mainly driven by growth of remnant hard corals (Chapter 2).

•	 While coral juvenile abundance was similar across Aldabra’s reefs immediately after 

the bleaching event in 2016, abundances in the lagoon and the western seaward 

reefs had more than doubled two years after (2018). The same magnitude of increase 

was recorded at the eastern seaward reefs, but later, i.e. three years post-bleaching 

(2019), indicating slower recovery, likely due to higher wave exposure (Chapter 3).

•	 Post-bleaching coral recruitment in Aldabra’s lagoon was an order of magnitude 

higher than on the seaward reefs and indicates strong self-recruitment of the lagoon-

al reefs. Furthermore, broadcast spawning at Aldabra, and likely the wider region, 

occurs during the north-west monsoon, when water temperature rapidly increases 

(Chapter 3). 

•	 Assemblage structure of indicator fish species did not differ spatially across Aldab-

ra and did not change in response to the bleaching event during the study period. 

Fish abundance and biomass fluctuated throughout the entire study period, but 

herbivorous fish abundance increased substantially following the bleaching event, 

and likely facilitated post-bleaching recovery (Chapter 4). 
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Patterns of reef resilience at Aldabra and beyond 

Exposure to heat stress and mass coral bleaching events have increased in frequency and 

severity since the 1980s (Hughes et al. 2018a) and severe bleaching events are expected to 

occur on 90% of the world’s coral reefs by 2055 (Van Hooidonk et al. 2014). The third and 

most recent global coral bleaching event, in 2014–2017 started in June 2014 in Guam and 

the Northern Mariana Islands, affected reefs in Hawai’i, the Marshall Islands and Florida 

throughout 2014 and continued into 2015, encompassing the South Pacific, Indian Ocean 

and the central and eastern tropical Pacific (Couch et al. 2017). With the 2015–2016 El Niño 

reaching its peak towards the end of 2015, coral bleaching continued in 2016 and 2017 in 

the Pacific and Indian Ocean (Couch et al. 2017). Many reefs experienced multiple, back-to-

back bleaching events during this time (Hughes et al. 2017b; Manzello et al. 2018; Harrison 

et al. 2019; Head et al. 2019; Ritson-Williams and Gates 2020). Despite the geographic ex-

tent and the occurrence of three global coral bleaching events within the past three decades 

(Hughes et al. 2017a; Eakin et al. 2019), detailed, multi-annual in situ studies of coral com-

munity response to bleaching are relatively rare (e.g. Kayanne et al. 2002; van Woesik et al. 

2011; Edmunds et al. 2014; Couch et al. 2017; Fox et al. 2019). In addition, while remote 

and well protected coral reef systems are widely considered benchmark locations where the 

influence of anthropogenic impacts on reef resilience can be better understood (Sandin et 

al. 2008; Graham et al. 2013; Fox et al. 2019), lack of access and logistical difficulties mean 

that many studies at such locations cover only a single point in time (e.g. Friedlander et al. 

2014, 2015 or Pristine Seas Expeditions). This thesis therefore expands the limited amount 

of multi-year research programmes at such locations.  

Spatial variability in bleaching susceptibility within a reef system is commonly report-

ed and can be primarily attributed to prevailing environmental conditions. Coral loss in 

Aldabra’s shallow lagoon was substantially lower than on its seaward reefs, likely due to 

high daily temperature variability that possibly confers higher temperature stress tolerance 

to lagoonal corals (Safaie et al. 2018). Similar observations were made in the Pacific on the 

lagoonal reef flats at Palmyra Atoll (Fox et al. 2019), and within sheltered bays at Palau (Gol-

buu et al. 2007). Furthermore, with the tide rising and receding twice a day, water flows in 

and out of Aldabra’s lagoon at speeds of up to 3 m s-1 (Farrow and Brander 1971; Haupt 

2019). Water flow can be an important determinant for bleaching prevalence and the sur-

vival of bleached corals. High water flow increases the mass transfer of toxic by-products 

produced by endosymbionts during heat stress and can lower bleaching prevalence (Naka-

mura and van Woesik 2001) and can also speed up recovery of bleached tissue (Nakamura 

et al. 2003). This, however, appears to be context dependent, as previous work found higher 

bleaching mortality at current exposed areas, which was attributed to reduced acclimati-

sation to temperature stress in these areas (McClanahan et al. 2005) and may also apply to 

Aldabra’s seaward reefs. Water depth can also influence bleaching susceptibility; corals in 

deeper water are often buffered by lower temperatures and solar irradiance (Marshall and 
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Baird 2000; Couch et al. 2017). In Aldabra’s case, seaward reefs at both 5 m and 15 m water 

depth showed similar levels of coral loss following bleaching, indicating that water depth 

did not confer protection at depths shallower than 15m. Extensive stands of live Acropora 

observed > 20 m water depth after the bleaching event (A.K. pers. obs. December 2017), 

however, suggest that at Aldabra, the benefits of depth may be restricted to areas deeper 

than 15 m. In addition, water depth and wave exposure appeared to influence recovery pro-

cesses. Recovery of hard coral cover was not observed at Aldabra’s deep reefs between 2016 

and 2019, while the magnitude of recovery at shallow reefs reduced with increasing wave 

exposure. This is likely due to slower coral growth rates in deeper and more turbid waters, 

because of lower solar irradiance and/or differing coral community compositions (Robin-

son et al. 2019).

Overall, important features of reef resilience observed at Aldabra and at resilient reefs 

elsewhere (Table 5.1), are the rapid reduction of turf algae cover, very low fleshy macroalgae 

cover and stable or increasing cover of crustose coralline algae (CCA) in the years follow-

ing bleaching events. Together, this is often attributed to high biomass of herbivorous fish 

(Sandin et al. 2008; Smith et al. 2010; Johns et al. 2018; Fox et al. 2019). Such developments 

are crucial for reef recovery, as they promote the growth of remnant coral colonies and the 

settlement of coral larvae and survival of juvenile corals that replenish the coral community 

(Gilmour et al. 2013; Graham et al. 2015; Yadav et al. 2016). Furthermore, recent work in the 

Chagos Archipelago showed that seabird guano has a positive influence on herbivorous fish 

and the cover of CCA (Benkwitt et al. 2019), which highlights an indirect and overlooked 

role of seabird colonies in reef resilience. As Aldabra harbours several large seabird colonies 

(Šúr et al. 2013), this is also likely to be a considerable factor for its reef resilience. 
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Table 5.1: Reef resilience at different minimally disturbed (e.g. absence of local anthropogenic stressors, 
storms, Acanthaster outbreaks) locations globally, as inferred from observations of several indicators during and 
after mass coral bleaching. Based on the primary literature, blue symbols indicate observations attributed to 
high resilience, and red symbols indicate observations attributed to low resilience. Observations are considered 
to be high (H or H) or low (L), stable (    ), increasing (    ), decreasing (    ) or had a positive effect on resilience (+). 
Indicators not assessed or not specifically discussed in the reference are denoted with a dash (––). CCA = crustose 
coralline algae.

Table 5.1 GARAMOND 

 

Indicators & further info Aldabra Atoll 1 

Seychelles 
Chagos Archip. 2 

UK 
Scott Reef 3 

Australia 
Palmyra Atoll 4 

USA 

Bleaching prevalence H H H H 

Bleaching-induced mortality ..H a H H L 

Turf algae cover ↘ ↘ ↘ ↘ 

CCA cover ↗ → ↗ ↗ ↗ 

Macroalgae cover L L L L 

Remnant hard coral growth ↗ ⸺ ⸺ ↗ 

Hard coral recruitment ↗ ↗ ↗ ⸺ 

Herbivory H H H H 

Seabird guano .. ⸺ b + ⸺ .. ⸺ b 

Bleaching event assessed 2015/2016 1998, 2015, 2016 1998 2015 

Status protected protected c protected protected 

Fishing subsistence recreational c artisanal recreational 

1 This study; Chong-Seng 2016; 2 Sheppard et al. 2012; Benkwitt et al. 2019; Head et al. 2019; 3 Gilmour 
et al. 2013; Commonwealth of Australia 2020; 4 Fox et al. 2019; U.S. Fish & Wildlife Service 2020 
a bleaching mortality considered high overall, although it was substantially lower in lagoon; b not 
measured but likely has an effect due to high abundance of seabirds (Aldabra: Šúr et al. 2013; Palmyra: 
U.S. Fish & Wildlife Service 2020b); c northern atolls protected, military base on Diego Garcia where 
recreational fishing is permitted (Graham et al. 2013) 
 

 

The majority of remote or strictly protected coral reef systems, including Aldabra, were 

not spared extensive bleaching-induced coral mortality in the past (Gilmour et al. 2013; 

Sheppard et al. 2017; Hughes et al. 2018b; Cerutti et al. 2020), but there are exceptions (Ta-

ble 5.1). Thermal stress is often measured as accumulated heat stress given in degree heating 

weeks (DHW), with a DHW value above 4 °C-weeks indicating ‘significant coral bleaching 

likely’, and above 8 °C-weeks indicating ‘severe bleaching and mortality likely’ (Liu et al. 

2013). Corals at remote and highly protected Palmyra Atoll, in the Pacific, experienced ac-

cumulated thermal stress of 11.9 °C-weeks during 2015–2016 bleaching event (compared to 

3.5 °C-weeks at Aldabra), but suffered no or relatively low mortality (< 9% coral loss), while 

e.g. corals at the Great Barrier Reef exhibited substantially higher mortality at similar stress 

levels (27% decline at > 8 °C-weeks; Hughes et al. 2018b; Fox et al. 2019). Similarly, reefs at 

several locations in Australia’s protected Coral Sea Marine Park bleached less extensively 

in 2017 than 2016 despite higher exposure to heat stress in 2017, and overall coral mortal-

ity was low (Harrison et al. 2019). Frequent exposure to thermal stress and bleaching may 

lower bleaching susceptibility through adaptive processes, e.g. by symbiont shuffling or by 
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changing protein expressions (Guest et al. 2012; Logan et al. 2014; Palumbi et al. 2014; 

Boulotte et al. 2016; McClanahan 2017). At Aldabra, the maximum of 3.5 °C-weeks dur-

ing the 2015/2016 coral bleaching event (Cerutti et al. 2020) suggests that Aldabra’s corals 

are highly susceptible to relatively low temperature stress compared with other locations. 

However, the NOAA satellite station for Aldabra is located ca. 55 km north east of the atoll 

(Cerutti et al. 2020), making these satellite measurements questionable for Aldabra. This 

represents a significant knowledge gap for the assessment of Aldabra’s reef resilience, which 

can best be addressed by ongoing monitoring of in-situ water temperature. 

Research and management recommendations

Aside from the urgent need to assess the local thermal stress threshold of Aldabra’s reefs, 

this thesis reveals several other research and management recommendations that have glob-

al, regional and local relevance (Table 5.2). The recommendations address protection (Rec-

ommendation 1), research (Recommendations 2 and 5), monitoring (Recommendations 3, 

4 and 6), and mapping (Recommendation 7) and are assigned a prioritisation level to assist 

implementation.
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Table 5.2: Recommendations for management and future research highlighted by this thesis. ‘Regional’ relevance refers to Aldabra 
and other islands and atolls of the Seychelles. ‘Local’ relevance refers to recommendations only relevant for Aldabra.
Table 5.2 GARAMOND 

 

Relevance Recommendation Explanation Priority 

Global 1. Protect shallow reefs Identify and protect shallow reef locations where high 
temperature variability combined with high water flow 
may confer increased bleaching resistance and survival. 

High 

2. Assess influence of 
seabird nutrients on 
coral reef functioning 

Following initial findings by Benkwitt et al. (2019), further 
research at Aldabra and similar locations is needed to 
elucidate the role of seabird nutrients in coral reef 
functioning. Such an inter-ecosystem and inter-disciplinary 
approach can boost both coral reef and seabird 
conservation. At Aldabra, such research will be specifically 
pertinent before and after cat and rat-eradication efforts.  

High 

Regional 3. Quantify coral 
bleaching threshold 

The NOAA satellite temperature measurement is taken 55 
km from Aldabra and only a short time-series of in-situ 
temperature data is currently available. Reliable 
quantification of the local bleaching threshold is therefore 
crucial to better understand local resilience patterns. 
Continuous monitoring of in-situ water temperature is 
thus needed and should be followed by developing models 
on local bleaching threshold levels.  

High 

4. Quantify sub-lethal 
bleaching events 

Sub-lethal coral bleaching is observed annually at Aldabra 
(in March/April, pers. comm. A. Burt, C. Sanchez). 
Quantifying sub-lethal bleaching can provide valuable 
information on spatial and taxonomic variability in thermal 
sensitivity when combined with in-situ temperature 
measurements. This may help to broaden the applicability 
of  NOAA bleaching watch tool for Aldabra and the 
region and subsequent response to potential lethal 
bleaching event (i.e. when extensive surveys should 
commence). 

Medium 

5. Assess coral reef 
connectivity 

Important to understand if (a) Aldabra’s lagoon may boost 
recovery of its seaward reefs through supply of coral larvae 
and (b) which coral reefs in the region may be ‘sources’ 
and ‘sinks’ of coral larvae and hence important for 
protection. This knowledge gap is currently being 
addressed (pers. comm. A. Burt, N. Vogt-Vincent). 

Medium 

Local 6. Monitor full suite of 
reef fishes 

To evaluate subtler changes in fish communities and 
improve comparisons to other locations, fish surveys 
should be done to species level at least every three years 
(standard monitoring considers 72 taxa, while similar work 
considers > 300 taxa).    

High 

7. Assess coral species 
distribution 

It would assist management if coral species distribution 
was mapped around Aldabra, to better understand reef 
resilience patterns and the role of the lagoon as potential 
source of coral larvae that may boost recovery of the 
seaward reefs.   

Low 
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Concluding remarks

The increasing intensity and frequency in which heat stress is affecting coral reefs has 

emerged as the biggest challenge for reef conservation. This is drastically demonstrated by 

the Australian Great Barrier Reef, which has experienced three mass bleaching events be-

tween 2016 and 2020 (ScienceDaily 2020); a return time that was expected only mid-centu-

ry (van Hooidonk et al. 2016). Nevertheless, although coral bleaching events have increased 

in intensity and frequency, their onset in the last decade has occurred at sea surface tempera-

tures ~0.5 °C higher than in the previous decade (Sully et al. 2019). Predictions of climate re-

lated stressors and their impacts on coral reefs are largely based on thermal exposure models 

on large spatial scales, but recent work highlights the geographic variability in the response 

of coral communities to heat stress (Sully et al. 2019; McClanahan et al. 2020). Equatori-

al areas and areas exposed to high short-term fluctuations of sea surface temperatures are 

predicted to be most resilient to high temperature stress (Sully et al. 2019; McClanahan et 

al. 2020). In-situ observations of coral reef resilience, particularly at remote, strictly pro-

tected locations like Aldabra, thus remain critical to unravel local and regional variations, 

which can in turn inform local and regional management (Edmunds et al. 2019). The re-

search presented in this thesis shows that, despite severe bleaching-induced coral mortality, 

post-bleaching reef recovery can be rapid in the absence of direct anthropogenic stressors. 

In addition, reef areas exposed to high temperature variability and water flow may be pri-

ority areas for conservation efforts to boost the recovery of connected, less resilient reefs. 

The thesis highlights that managing direct anthropogenic stressors is paramount to support 

post-bleaching reef recovery, alongside the continued protection of remote locations like 

Aldabra Atoll. 

Needless to say, tackling the root cause of the problem – the climate crisis – is indispen-

sable to avoid further declines of coral reefs and requires immediate global action, but con-

servation efforts will be more fruitful when not perceived as ‘being too late’. Understanding 

and publicising the fate of iconic sites like Aldabra represents a powerful tool to raise aware-

ness and draw attention to the critical situation of coral reefs. 
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