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Broad summary – English 
 

In 1990, the Intergovernmental Panel on Climate Change (IPCC) highlighted that, from 

the last 100 years, the Earth has warmed between 0.3°C and 0.6°C due to an unprecedented 

increase in anthropogenic activity. This increase in global surface temperatures has acted as a 

snowball effect, reducing the ice sheet and thus increasing the global mean sea level (GMSL). 

More worryingly, the combined rise in temperature and sea level threatens many ecosystems, 

the most threatened of which would undoubtedly be coral reefs. Coral reefs are home to 

incredible biodiversity and provide shelter and food for over 500 million people worldwide. 

Although the reef barrier of many tropical islands protects coastal populations from ocean 

waves, their effectiveness is being reduced by global change. Coral cover is being reduced by 

various stresses such as the crown of thorns starfish outbreaks (Acanthaster cf. solaris), 

cyclones and bleaching events. The latter are becoming increasingly frequent and intense, 

acting on large scales. As a result, coral reefs are, in the worst case, depopulated or, in the best 

case, severely reduced, with far fewer three-dimensionally complex individuals (i.e., those with 

the greatest potential to reduce wave energy) than before, threatening the future of coastal 

populations. In this Ph.D., I quantify the impact of climate change on coral reefs in Mo’orea 

(French Polynesia). I define 1) how the topography (also called structural complexity) evolves 

and 2) the potential accretion rate of coral reefs between 2005 and 2016. I also investigate 

coral demographic dynamics to better predict future coral assemblages. My results show that 

average structural complexity in Mo'orea recovered to pre-disturbance levels by 2016. These 

observations are encouraging since during extreme events (such as cyclones), and in the 

absence of high structural complexity, the energy of waves hitting the coast is significantly 

higher than previously estimated. Unfortunately, I also demonstrate that accretion rates 

remain below the IPCC's predictions for sea-level rise (scenario 4.5), threatening Mo'orea's 

coastal populations by 2100 if our carbon emissions do not decrease drastically. 

 
Keywords: Coastal protection, sea level rise, coral reefs, French Polynesia, accretion rate, IPCC 
scenarios, global changes. 
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Résumé large – Français 
 

En 1990, le Groupe d’experts intergouvernemental sur l’Évolution du Climat (GIEC) 

démontre que, dans les 100 dernières années, la Terre s’est réchauffée entre 0.3 °C et 0.6 °C 

dû à une augmentation sans précédent de l’activité anthropique. Cette augmentation des 

températures à la surface du globe a agi comme un effet boule de neige, réduisant la calotte 

glaciaire et donc, augmentant le niveau moyen de la mer à l’échelle mondiale. Plus inquiétant 

encore, l’augmentation combinée de la hausse des températures et du niveau de la mer 

constitue une menace réelle pour bon nombre d’écosystèmes dont les plus menacés seraient 

certainement les récifs coralliens. Ces derniers abritent une biodiversité incroyable tout en 

fournissant refuge et nourriture à plus de 500 millions de personnes autour du globe. Bien que 

la barrière récifale d’un grand nombre d’îles tropicales protège les populations côtières des 

vagues océaniques, leur efficacité se voit réduite dû aux changements globaux. Le couvert 

corallien se voit réduit dû à divers stress tels que les invasions d’acanthaster pourpre 

(Acanthaster cf. solaris), les cyclones ou bien encore les évènements de blanchissement. Ces 

derniers se font de plus en plus fréquents, et sont de plus en plus intenses, agissant à de 

grandes échelles. Ainsi, le parterre corallien se voit, dans le pire des cas, dépeuplé, ou dans le 

meilleur, fortement réduit, arborant bien moins d’individus tridimensionnellement complexes 

(c.-à-d. les individus ayant le plus fort potentiel pour réduire l’énergie houlomotrice) 

qu’auparavant et menaçant ainsi le futur des populations côtières. Durant cette thèse, je 

quantifie l’impact du changement climatique sur les récifs coralliens de Polynésie française en 

me basant sur l’île de Mo’orea. Entre autres, je définis 1) comment évolue le relief (aussi appelé 

complexité structurelle) et 2) quel est le potentiel accrétionnaire des récifs coralliens entre 

2005 et 2016. Je m’interroge également quant aux dynamiques démographiques coralliennes 

dans le but de prédire au mieux les assemblages coralliens futurs. Mes résultats démontrent 

que Mo’orea a récupéré des niveaux de relief en 2016 comparables à 2005. Ces observations 

sont encourageantes dû au fait que durant les événements extrêmes (tels que les cyclones), et 

en absence d’une forte complexité structurelle, l’énergie des vagues se heurtant aux côtes est 

nettement plus importante que précédemment estimée. Malgré cela, les taux d’accrétion 

restent en dessous des prédictions de montée des eaux du GIEC (scénario 4.5), menaçant ainsi 

les populations côtières de Mo’orea d’ici 2100 si nos émissions carbones ne diminuent pas 

drastiquement. 

 

Mots clés : Protection côtière, montée des eaux, récifs coralliens, Polynésie française, taux 

d’accrétion, scénarios du GIEC, changements globaux. 
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Resumen largo – Español 
 

En 1990, el Grupo Intergubernamental de Expertos sobre el Cambio Climático (IPCC) 

destacó que, desde los últimos 100 años, la Tierra se ha calentado entre 0.3°C y 0.6°C debido 

a un aumento sin precedentes de la actividad antropogénica. Este aumento de las 

temperaturas superficiales globales ha actuado como una bola de nieve, reduciendo la capa 

de hielo y aumentando así el nivel medio del mar. Lo más preocupante es que el aumento 

combinado de la temperatura y el nivel del mar amenaza a muchos ecosistemas, de los cuales 

los más amenazados serían sin duda los arrecifes de coral. Los arrecifes de coral albergan una 

increíble biodiversidad proporcionando a la biota marina refugio y alimento a más de 500 

millones de personas en todo el mundo. Aunque la barrera de arrecife de muchas islas 

tropicales protege a las poblaciones costeras de las olas del mar, su eficacia se está reduciendo 

por el cambio global. La cubierta de coral se está reduciendo por diversas presiones, como las 

invasiones de estrellas de mar coralívoras (Acanthaster cf. solaris), los ciclones y los eventos de 

blanqueamiento. Estos últimos son cada vez más frecuentes e intensos y actúan a gran escala. 

Como consecuencia, los arrecifes de coral se ven, en el peor de los casos, despoblados o, en el 

mejor, muy reducidos, con muchos menos individuos tridimensionales complejos (es decir, los 

que tienen mayor potencial para reducir la energía de las olas) que antes, lo que amenaza el 

futuro de las poblaciones costeras. En este doctorado, cuantifico el impacto del cambio 

climático en los arrecifes de coral de Mo'orea (Polinesia Francesa). Defino 1) cómo evoluciona 

la topografía (también llamada complejidad estructural) y 2) la tasa de acreción potencial de 

los arrecifes de coral entre 2005 y 2016. También, investigo la dinámica demográfica de los 

corales para predecir mejor los futuros conjuntos coralinos. Mis resultados muestran que la 

complejidad estructural media en Mo'orea se recuperó hasta los niveles anteriores a las 

perturbaciones en 2016. Estas observaciones son alentadoras, ya que durante los eventos 

extremos (como los ciclones), en ausencia de una alta complejidad estructural, la energía de 

las olas que golpean la costa es significativamente mayor de lo que pensábamos. 

Desgraciadamente, también demuestro que las tasas de acreción se mantienen por debajo de 

las predicciones del IPCC sobre el aumento del nivel del mar (escenario 4.5), amenazando a las 

poblaciones costeras de Mo'orea para el año 2100 si nuestras emisiones de carbono no 

disminuyen drásticamente. 

  

Palabras clave: Protección costera, aumento del nivel del mar, arrecifes de coral, Polinesia 

Francesa, tasa de acreción, escenarios del IPCC, cambios globales. 
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MO’OREA. THE COTS OUTBREAK AND CYCLONE OLI ARE SHOWN IN 2006 AND 2010, RESPECTIVELY.
 36 

FIGURE 2.6 | DIFFERENCE BETWEEN ACROPORA AND POCILLOPORA COVER (%), AS WELL AS THE 
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THE SAMPLING SITES. THE CORALS USED IN THE EX-SITU INCUBATIONS WERE COLLECTED AT 
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1.1 An uncertain future 
1.1.1 Awareness of climate change 
 

The first world conference that explicitly consider the anthropogenic 

degradation of the environment as a major issue was the 1972 United Nations 

Conference on the Human Environment in Stockholm (Linnér and Selin, 2013). 

Several principles for a sustainable use of environmental resources (including the 

Stockholm Declaration and Action Plan for the Human Environment) were 

adopted in that occasion. For the first time, the Stockholm Declaration placed 

environmental issues at the forefront of international concerns and started a 

dialogue between industrialized and developing countries on topics such as 

economic growth, air pollution, or even water and oceans (United Nations, 1972). 

At the end of this conference, participants created the United Nations 

Environment Program (UNEP) Najam, 2005). 

 

Eighteen years later, in 1990, the Intergovernmental Panel on Climate 

Change (IPCC) published the first report (IPCC, 1990). They reported that 

emissions produced by human activities were gradually increasing the 

atmospheric concentrations of greenhouse gases (GHG). They highlighted that 

CO2 had been responsible for over half of the enhanced greenhouse effect. They 

also observed that global mean surface air temperature had increased by ca.0.3 

to 0.6 °C over the last 100 years. 

 

Two years later, in June 1992, the Earth Summit (officially known as the 

United Nations Conference on Environment and Development – UNCED) was 

held in Rio de Janeiro (Brazil). During this conference, the United Nations 

produced a broad agenda (i.e., the Agenda 21) calling for new investment 

strategies in the 21st century to achieve overall sustainable development (United 

Nations, 1992). The Earth Summit concluded that sustainable development was 

an attainable goal for all the people of the world and that integrating and 
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balancing economic, social, and environmental concerns is crucial for sustaining 

human life. 
 

 
Figure 1.1 | Major international events on climate change or sustainable 
development in the last fifty years. 
 

Overall, it was not until the 1990s that the number of environmental 

councils, working groups or declarations increased (Figure 1.1). From among the 

most noteworthy events to date, it is important to highlight that the IPCC has had 

six assessment cycles and delivered six Assessment Reports – the most 

comprehensive scientific reports – about climate change produced worldwide 

(https://www.ipcc.ch). Another landmark moment came in 2000 when the 

Millennium Summit established the eight Millennium Development Goals 

(MDGs) (United Nations, 2010), reviewed further at high-level meetings in New 

York, in 2005, 2008, and 2010. Later, in 2002, the World Summit on Sustainable 

Development in Johannesburg gave birth to a new Action Plan (Doran, 2002). A 

decade later, in 2012, the United Nations Conference on Sustainable 

Development (also called Rio +20) positively assessed the efforts made by the 

participating countries (United Nations, 2012). Finally, in 2015, the United 

Nations Summit on Sustainable Development gave birth to Agenda 2030 and its 

seventeen sustainable development goals (UN General Assembly, 2015). 
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1.1.2 Towards a changing world 
1.1.2.1 Increased anthropogenic activity 
 
• Human overpopulation 

 

During the second half of the twenty-first century, the world population 

reached historically unprecedented demographic levels, exceeding 7.8 billion 

people in March 2020 (World Population Data Sheet, 2020). It has been shown 

that once humans reached a population of over 6 billion, their biomass exceeded 

that of all other major terrestrial animal species that have ever existed by more 

than 100 times (Cafaro and Crist, 2012). As a result, over 15 000 scientists 

worldwide issued a warning to humanity which asserted that rapid human 

population growth is the main driver behind many ecological and even societal 

threats (Ripple et al., 2017).  

 

• Overfishing 

 

One of the main problems of fisheries science remains the growing gap 

between the number of fish available - defined by fishing quotas - and humanity's 

desire to catch them, a problem that is getting worse as the world's population 

increases (World Population Data Sheet, 2020). Therefore, as the 2019 report of 

the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 

Services (IPBES) states, overfishing is the main driver of mass species extinction 

in the oceans (IPBES, 2019), despite efforts toward more sustainable practices. In 

fact, the Food and Agriculture Organization (FAO) stated that regulated fishery 

production has remained constant for the last two decades whilst unsustainable 

overfishing has increased to 33% of the world's fisheries. In parallel, they also 

noted that aquaculture has increased from nearly 120 million tonnes per year in 

1990 to more than 170 million tonnes in 2018 (http://www.fao.org/home/en/). 

 

• Irrigation 
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The agricultural sector is, undoubtedly, the main consumer of water 

worldwide, accounting for about 70% of withdrawal and 90% of consumption 

(https://www.worldbank.org). In several developing countries, irrigation 

accounts for up to 95% of all water use and is a major contributor to food 

production and security (http://www.fao.org/home/en/). Unfortunately, 

although irrigation projects can have large benefits, the negative side effects are 

often overlooked (de Fraiture and Giordano, 2014). Agricultural irrigation 

technologies (e.g., high-powered water pumps, pipelines) are responsible for the 

large-scale depletion of freshwater resources (e.g., rivers, lakes, aquifers). As a 

result, water resources are running dry, contributing, in turn, to the extinction of 

many aquatic species (Pearce, 2018). 

 

• Agricultural land loss 

 

Land degradation is a process partly caused by a combination of human-

induced processes acting upon the land (Edwards, 1991). Global loss of 

agricultural land by degradation and abandonment is estimated to be from 6 

(Bridges and Oldeman, 2019) to 12 (Edwards, 1991) million hectares per year 

since the mid-1940s. Such losses are attributable to soil erosion and salinization, 

loss of nutrients and organic matter, acidification, compaction, water logging, 

and subsidence (Bridges and Oldeman, 2019). Human-induced land degradation 

tends to be particularly serious in dry regions (Eswaran, Lal and Reich, 2001). 

Despite estimated losses of agricultural land, the amount of arable land used in 

crop production globally increased by ca. 9% from 1961 to 2012 

(http://www.fao.org/home/en/). Worryingly, it is estimated that a third of the 

world's agricultural land is seriously degraded (Cameron et al., 2015). 

 

• Meat production 
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Around 26% of the planet's terrestrial surface is devoted to livestock 

grazing (http://www.fao.org/home/en/), resulting in an increase in the use of 

fossil energies, a decrease in water and land resources, and a significant rise in 

GHG emissions (Steinfeld et al., 2006). The continuous increase of demand for 

meat is contributing to biodiversity loss as it is one of the main drivers of 

deforestation and habitat destruction (see section 1.1.2.3) (Machovina, Feeley 

and Ripple, 2015).  
 
1.1.2.2 Climate change 
 

Many indicators (e.g., the increase in the Earth's surface temperature or 

the rise in average sea level) point to a change in climate over the course of at 

least the last century (https://www.ipcc.ch). There is now a consensus on the role 

of human activities in this change: the climatic balance is essentially disturbed by 

anthropogenic GHG emissions. 

 

• Carbon dioxide 
 

CO2 emissions into the atmosphere can be of natural or anthropogenic 

origin. The anthropogenic source has been growing rapidly in recent decades 

(Myhre et al., 2013). Once released, the gas is partly absorbed by natural carbon 

sinks and has doubled between 1960 and 2010. Half of the CO2 released by 

human activities is stored in the atmosphere (Blunden and Boyer, 2021), reaching 

over 410ppm in 2019, whereas it was around 280ppm prior to the Industrial 

Revolution (Figure 1.2). According to the latest data from the Emissions Database 

for Global Atmospheric Research (EDGAR, https://edgar.jrc.ec.europa.eu), 

released in 2019, global CO2 emissions increased by 1.9% in 2018, a bigger 

increase than in the previous year (i.e., +1.2%). Rising emissions in Asia account 

for more than half of this growth. Emissions are also increasing in North America 

(+2.2%), while they are decreasing in the European Union (-1.9%). Indeed, in 

2018, China remained the world's largest CO2 emitter (29.7%), ahead of the 
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United States (13.9%), the European Union (8.1%) and India (6.9%). Between 

1990 and 2018, overall emissions increased by 67.4% (i.e., 15.2 Gt CO2). Over this 

period, the biggest contributors to this increase were China (+370%, 8.9 Gt CO2), 

India (+340%, 2.0 Gt CO2) and the Middle East and North Africa (+210%, 2.2 Gt 

CO2). Over the same period, emissions from the United States increased slightly 

(+2.9%), while those from the European Union decreased (-19.3%). This overall 

increase intensifies the greenhouse effect, which causes global warming. 
 

 
Figure 1.2 | Climate trends from 1880 to 2019. A. Change in atmospheric CO2 
concentration (ppm) B. Change in temperature anomaly (°C) C. Change in global 
mean sea level (GMSL) (mm). The reference year was arbitrarily chosen as 1880. 
 
• Temperature 

 

The deviation of global average surface temperature from the pre-

industrial reference period 1850-1900 is negligible until the mid-1930s, and then 

becomes essentially positive until about 1980 (Figure 1.2). Since the beginning of 

the 1980s, global warming has become more pronounced, with a continuous 

increase in the decadal surface temperature average (Allen et al., 2018). The 

decade 2010-2019 (0.66°C above the 1961-1990 average) was 0.19°C warmer 

than the previous decade (0.47°C above the 1961-1990 average) (Figure 1.2). 

Moreover, the last five years observed are also the five warmest since 1850, with 

in 2016, the highest temperature anomaly of +0.86°C above the 1961-1990 

average since 1850 (https://www.ncdc.noaa.gov/). Since the end of the 19th 

century, the global average temperature has risen by nearly 1°C (Figure 1.2). 
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• Acidification 

 

Oceans absorb CO2 and release it into the atmosphere, changing the 

carbonate chemistry and acidity of seawater (Doney et al., 2009). This process 

has become a major global issue in the last decade because of the effects it could 

have on marine organisms and biogeochemical cycles (Hoegh-Guldberg, 2011). 

Indeed, under low pH and low carbonate concentration, water tend to dissolve 

calcium carbonate, threatening many organisms that use it to build their shells 

and skeletons (e.g., scleractinian corals; DeCarlo et al., 2015). In addition, the 

energy needs required to adapt to a more acidic environment may reduce the 

amount of energy available for other physiological processes (e.g., reproduction, 

growth) for several species (see chapter 4).  

 

• Sea level rise 

 

The polar regions are losing ice, and this loss has accelerated in the 2000s 

(Rignot et al., 2008). Between 2002 and 2019, the mass of the Greenland ice 

sheet shrank by ca. 268 ± 14 Gt year-1 (Moon et al., 2020). More precisely, during 

the exceptionally warm Arctic summer of 2019, Greenland lost 600 Gt of ice, 

which is equivalent to a sea level rise of 2.2mm. The average sea level rose by 1.7 

± 0.3 mm year-1 over the period 1901-2010 and has continued to rise with an 

average rise of 3.3 ± 0.4 mm yr-1 over the period 1993-2019 (Figure 1.2; Moon et 

al., 2020). About 30% of the sea level rise is due to the expansion caused by the 

increase in water temperature (Church et al., 2013). 

 

• Increase of extreme weather events 
 

Extreme weather events (e.g., hurricanes, typhoons, heatwaves) are, by 

definition, rare events. They are therefore difficult to take into account in climate 

models, which tends to predict averages (Perera et al., 2020). However, there are 
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indications that an increase in the frequency and magnitude of these events is 

very likely. More precisely, observations over the past 50 years show a trend 

towards warmer weather, an intensification of the water cycle, and, more 

randomly, an increase in storminess (Le Treut, Cubasch and Allen, 2005). 

Although there is still significant uncertainty concerning the increase in frequency 

of extreme sea storms (e.g., those driven by tropical cyclones), there is consensus 

on the fact that warmer ocean temperatures and higher sea levels will increase 

their impacts (Christensen et al., 2013), threatening coastal societies (see section 

1.3.2). 
 
1.1.2.3 Decline of ecosystems and associated species 
 

Human activity is responsible for the deterioration of the environment 

through the depletion of resources (such as air, water and soil), ecosystem 

destruction, wildlife extinction, and pollution. Overall, 87% of the oceans and 77% 

of land surface (excluding Antarctica) have been altered by anthropogenic 

activity, whereas only 23% of the planet's landmass remains considered as 

“wilderness areas” (Watson et al., 2018) and only 3% of the planet's terrestrial 

surface is not yet impacted by human activity (i.e., little to no human footprint) 

(Plumptre et al., 2021). 

 

• Mass extinction 

 

Through human history, there are many well documented cases of human-

induced species extinctions (Robert, 1988; De Vos et al., 2015). Today, the rate 

of extinctions has increased so much that it may be equivalent to the past mass 

extinctions (De Vos et al., 2015), making our time the sixth mass extinction crisis. 

As a result, several scientists suggest that humans are the cause of this mass 

extinction crisis, the most serious environmental threat to the persistence of 

civilization due to its irreversibility (Ceballos, Ehrlich and Raven, 2020). 
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• Habitat Fragmentation 

 

Habitat fragmentation is the reduction of a large area leading to habitat 

loss. Habitat fragmentation is considered to be one of the main cause of 

biodiversity loss and ecosystem degradation worldwide (Wilson et al., 2016). 

Human pressures are highly responsible for habitat fragmentation, which alters 

the connectivity and quality of habitats (Wilson et al., 2016). Some consequences 

include the reduction of pollination, as well as crop yield, with important 

consequences for food production worldwide. 

 

• Decline in biodiversity and ecosystem collapse 

 

Between 1970 and 2016, ca. 68% of the world's wildlife was destroyed due 

to human activity (Almond, Grooten and Petersen, 2020). More precisely, 83% of 

wild mammals, 80% of marine mammals, 50% of plants and 15% of fish have 

disappeared since the dawn of human civilization. Overall, one million species of 

plants and animals have gone extinct, putting many species populations at risk of 

vanishing over the next few decades (De Vos et al., 2015). As a result, biodiversity 

loss represents a threat to the productivity of any ecosystem worldwide (Liang et 

al., 2015), impacting natural ecosystem functioning (see section 1.3.2.1). 

Moreover, it has been highlighted that ecosystems could abruptly collapse if GHG 

emissions continue to rise, and that at the current rate of warming, ocean 

ecosystems could reach a tipping point as early as 2030, followed by tropical 

terrestrial ecosystems around 2050 (Trisos, Merow and Pigot, 2020). Indeed, the 

erosion of biodiversity is unlikely to occur gradually and would instead result in a 

succession of sudden collapses once a certain temperature threshold has been 

exceeded. As a result, if the global temperature rises by more than 4°C above 

pre-industrial levels, 15% of the world's ecosystems could face collapse. One of 

the main ecosystems at risk of collapse would be coral reefs. 
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1.2 Coral Reefs 
1.2.1 Generalities 
 

 
Figure 1.3 | Global distribution of coral reefs in tropical and subtropical regions. 
This dataset was compiled from a number of sources by UNEP World 
Conservation Monitoring Centre (UNEP-WCMC) and the WorldFish Centre, in 
collaboration with the World Resources Institute (WRI) and The Nature 
Conservancy (TNC).  
 

Coral reefs are among the most diverse and productive ecosystems 

worldwide (Reaka-Kudla, 1997), delivering valuable ecosystem services to 

millions of coastal people (Hoegh-Guldberg, Pendleton and Kaup, 2019). They 

cover a mere 0.1% of the ocean but support one quarter of all marine species 

(Burke et al., 2011). They are present in over 100 countries, including more than 

80 developing countries (Figure 1.3). They are important sources of food and 

income, tourism and also protect shorelines from storms (see section 1.3.2.2) 

(Woodhead et al., 2019). At least 275 million people depend directly on reefs for 

livelihoods and sustenance. Reef-dependence is particularly high in small-island 

states, especially in developing countries (Burke et al., 2011). Therefore, coral 

reefs, along with mangroves and sea-grass beds, provide among the highest 

ecosystem services of all marine ecosystems on the planet. As an example, a 

healthy square kilometer of coral reef can yield over 15 tonnes of fish and other 

seafood every year (Hilmi, Safa and Reynaud, 2012). The Economics of 

Ecosystems and Biodiversity (TEEB) estimates that coral reefs 

generate ca. US$1.25 million per hectare thanks to tourism, coastal protection 

and fisheries (http://teebweb.org).  
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1.2.2 Key functions 
 

One of the most remarkable facts about coral reefs is that tropical reef-

building corals commonly flourish in nutrient-poor environments (Darwin, 1839) 

despite the high biodiversity and productivity that coral reefs may support. This 

phenomenon is called Darwin’s paradox and, over a century later, it has 

continued to puzzle scientists. To answer this paradox, scientists have looked at 

coral reef functioning (Brandl, Rasher, et al., 2019). They have highlighted that 

the solution to this paradox lies in the diverse set of multi-level functions that 

coral reefs dispose of. 
 

1.2.2.1 At the holobiont scale 
 

First, as the primary bio-constructors of reefs, scleractinian corals are 

foundation species that play a unique role in creating the habitats for thousands 

of other taxa (Stachowicz, 2001; Graham and Nash, 2013). At a reef scale, corals 

produce calcium carbonate (CaCO3) and act as ecosystem engineers contributing 

to the structural complexity of the habitat (Graham and Nash, 2013) (Figure 1.4). 

This structural complexity plays an important ecological role in community 

regulation processes, promoting the formation of micro-habitats that serve as 

refuges against different types of environmental stresses (Lenihan et al., 2008), 

as well as facilitating the overlapping of ecological niches and the maintenance 

of high biodiversity (Bruno, Stachowicz and Bertness, 2003). Coral colonies are 

home to a diverse endolithic and boring fauna, composed mainly of worms, 

molluscs, sponges, arthropods and echinoderms. Other species live as epifauna 

on the colonies, such as worms, molluscs, crustaceans and fish (Castro, 1988) 

(Figure 1.4).  

 

Second, corals also play a major role in the primary production and 

transmission of energy through the food web. Indeed, through the 

photosynthetic activity of their symbiotic zooxanthellae, corals participate in a 
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significant part of primary production among reefs (Scott and Jitts, 1977). The 

assimilation of this energy by the polyps in the form of organic compounds allows 

energy to be transmitted from the zooxanthellae to the coral, and to higher 

trophic levels through predation. In addition to its photosynthetic activity which 

contributes to ca. 90% of the coral needs (e.g., for growth or survival) when light 

conditions are good (Muscatine, 1990), the coral host can also secure some of its 

energy needs through heterotrophy (Figure 1.4). However, when conditions are 

unfavorable (i.e., low light), the heterotrophy may represent up to 66% of the 

fixed carbon incorporated into the coral skeleton, reversing the balance between 

autotrophy and heterotrophy (Grottoli and Wellington, 1999). 

 

 
Figure 1.4 | A. Pocillopora meandrina hosting hundreds of damselfishes (Chromis 
viridis) © Lauric Thiault B. Spirobranchus giganteus (a tube worm of the family 
Serpulidae) living in corals of the genus Porites C. Coral polyps feeding at night D. 
Bleached coral polyps feeding on phytoplankton. B,C and D: © tumblr 
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Third, coral reefs are net sources of fixed nitrogen (Rädecker et al., 2015). 

Nitrogen fixation – in other words the conversion of elemental dinitrogen (N2) 

into ammonium (NH4
+) – contributes to the sustaining of net productivity under 

oligotrophic conditions (Cardini et al., 2014). However, nitrogen fixation activity 

in corals is highly dynamic and can be rapidly changed according to 

environmental conditions (Wiebe, Johannes and Webb, 1975). Consequently, 

nitrogen fixation may counteract availability shortages of environmental nitrogen 

to maintain a constant nitrogen supply for symbiont-based primary production in 

corals. Nevertheless, the overall contribution from corals to the nitrogen budget, 

although non-negligible, remains relatively low (Rädecker et al., 2015). 
 
1.2.2.2 At the reef scale 
 

Coral colonies also have a relatively large number of predators, both 

among fish taxa and among benthic invertebrates (Rotjan and Lewis, 2008). 

These corallivores can be classified into two categories according to the nature 

of their predation (Penin et al., 2007). Strict corallivores remove living tissue from 

colonies without altering their calcareous skeleton (Cole et al., 2011). Conversely, 

non-specialist predators exert accidental predation on colonies targeting epi- or 

endofauna or flora (Rotjan and Lewis, 2008). In general, this type of predation 

also affects the skeletal structure of corals, which predators ingest along with 

living tissue and epiphytic and endolithic species (Chazottes et al., 2002). Other 

organisms such as gastropods, polychaetas, or reef fishes from other families 

(e.g., Balistidae) may also exhibit significant predation on scleractinian 

populations (Rotjan and Lewis, 2008). Survival of specialist coral predators is 

significantly linked to coral health (e.g., Chaetodontidae (Figure 1.5). The 

presence of specialised predators is generally a good indicator of reef health, and 

any variation in their health tends to have an impact on these populations 

(Berumen and Pratchett, 2006).  
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Non-strict corallivores include a relatively large number of grazing 

organisms that predate on corals incidentally. This is the case of echinoids (i.e., 

sea urchins) and on the other hand parrotfishes (Figure 1.5; Chazottes et al., 

2002). These herbivores are generally known to play a role in regulating algal 

communities that are major competitors of corals (Mumby and Harborne, 2010). 

They have specialized mouthparts that allow them to scrape the surface of the 

substrate and ingest the algae growing on it (Viviani, 2019). In the process, these 

grazers also ingest some inorganic substrate, and by discharging it as finer 

particles, they participate in bioerosion and carbonate cycling on the reef 

(Chazottes et al., 2002).  

 

 
Figure 1.5 | A. Butterflyfish feeding on a coral of the genus Acropora B. One of the 
most abundant and widespread echinoids (i.e., Diadema sp.) in Mo’orea’s waters 
C. School of parrotfish (Chlorurus sordidus) © Alamy stock photos  
 

Although, in general, accidental predation by grazers affects all corals, it 

mainly has a harmful effect on two stages of coral development. First, accidental 

predation by grazers affects coral recruitment through the abrasion or ingestion 

of new recruits on the substrate (Penin et al., 2011), and at high intensities, 

grazing can locally limit coral recruitment (Penin et al., 2010). Second, at the adult 

stage, bites from grazing species only partially affect colonies, which generally 
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survive such injuries (Mumby, 2009). At this stage of development, it is mainly 

the bioerosive hyperactivity exercised by high densities of grazers that can affect 

colonies, notably by weakening the calcareous structure at the base of colonies, 

leading in turn to a collapse of coral communities (Bellwood et al., 2004). 

1.3 Threats to coral reefs and their implications 
1.3.1 Threats 
 

Coral reefs are severely threatened by both natural and anthropogenic 

disturbances, including extreme rain events that dilute seawater, waves 

associated with super-storm, and thermal stress from unusually warm water 

(Hughes, Barnes, et al., 2017). Although the list above corresponds to the main 

threats, coral reefs may also face other damaging activities such as coral mining 

or pollution, cyanide and blast fishing. Overall, these disturbances seldom 

destroy entire reefs (although they are amplified in intensity and frequency by 

human activity), but the increase in frequency of these disturbances could lead 

to the absolute decline of coral reefs by 2050 (Heron et al., 2017). 

 

1.3.1.1 Acanthaster cf. solaris threat 
 
 One of the most emblematic coral predators is the Crown-of-

Thorns starfish (Acanthaster cf. solaris, also called COTS; Kayal et al., 2012). The 

effects of COTS outbreaks are highly variable. For example, 8 to 9 years after the 

start of an invasion, up to 60% of about 400 km of the Great Barrier Reef (GBR) 

was still affected, especially in the outer part, and up to 10% was lost (Moran, 

1988). Coral cover in some areas fell from 78% to 2% in six months (Moran, 1988). 

COTS are one of the main cause of coral mortality in Indonesia (Baird et al., 2013), 

with mortality rates exceeding 50% at many sites. In French Polynesia, the island 

of Mo’orea lost more than 96% of its initial coral cover between 2005 and 2010 

(Pratchett et al., 2017). Recovery after these outbreaks is slow (Moran, 1988)), 

with young corals being more vulnerable than large colonies (Leray et al., 2012). 
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The consequences are not limited to corals: it has been observed that during a 

COTS outbreak, corallivorous fish populations decline, to the benefit of 

herbivorous species (Moran, 1988), thus permanently modifying the composition 

of the ecosystem (Kayal et al., 2012) (see section 1.3.2.1). 
 

1.3.1.2 Bleaching events 
 

One of the direct effects of anthropogenic climate change is the increase 

in seawater temperature, which leads to the breakdown of the symbiosis 

between host coral and zooxanthellae (Hughes et al., 2003). As a result, the 

microscopic zooxanthellae can no longer transform light energy into organic 

compounds, which leads to the production of oxygen radicals (Fitt et al., 2001). 

The corals, unable to tolerate the presence of these substances in large 

quantities, then expel the zooxanthellae, leaving the coral tissues transparent.  

 

In the last two decades, bleaching events have become an annual 

phenomenon (Kwiatkowski et al., 2015). The risk of bleaching has increased most 

in Australia, the Middle East, and parts of Asia, with the first mass bleaching 

observed in 1998 (Wilkinson, 2008). It was considered the most severe on record, 

with bleaching affecting every biogeographical region of the world. Mass 

bleaching events became more frequent, with a second event recorded in 2010, 

(https://www.aims.gov.au) followed six years later by the most severe mass 

bleaching event ever recorded, in 2016 (Hughes et al., 2018). As a result, 67% of 

corals have been impacted in Australia's northern part of the Great Barrier Reef 

(GBR). The fourth mass bleaching event was recorded only one year later, in 

2017, causing widespread damage (Hughes, Kerry, et al., 2017). These mass 

bleaching events result from the periodic occurrence of the warm equatorial 

Pacific El Nino current, which was particularly intense in 2015 and 2016 

(https://www.ncdc.noaa.gov/). Recently, in 2020, the latest and fifth mass 

bleaching event was recorded (Pratchett et al., 2021). This event was considered 

the second most serious on record, just behind the 2016 mass bleaching event. 
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Severe levels of bleaching occurred in all three sections of the GBR (i.e., northern, 

central, and southern), damaging severely, once again, the GBR. Since 1980, 30% 

of bleaching events have been classified as "severe" and the risk of bleaching 

worldwide has increased by 4% per year, causing an estimated 16% of the worlds' 

coral reefs to die (Heron et al., 2017). 
 
1.3.1.3 Tropical storms 
 
 Finally, one of the most serious impact on coral reefs is due to tropical 

storms. For example, at the GBR, tropical storms and cyclones account for 48% 

of estimated losses of coral cover, followed by coral predation by COTS (42% of 

coral loss) and coral bleaching (10% of coral loss) (De’ath et al., 2012). The latter, 

however, has recently increased dramatically (Hughes et al., 2018) (see previous 

section 1.3.1.2). Indeed, wave forces generated by winds, particularly by tropical 

storms and cyclones, are often the dominant process acting to limit coral colony 

size (Madin et al., 2014) and strongly influence coral cover change (De’ath et al., 

2012). Colony dislodgment by frequent storms results mainly in mortality – 

although, in rare cases, unattached colonies may live for several days (Knowlton 

et al., 1981) and may even reattach to become part of the reef again (Smith and 

Hughes, 1999). In addition, the biomechanical vulnerability of corals to storms 

differs among species and individuals due to their shape and size, with 

susceptible species typically becoming more vulnerable to dislodgment as they 

grow (Madin and Connolly, 2006). 
 

1.3.2 Coral reef decline 
1.3.2.1 Changes in coral reef functioning  
 
• Overall community changes 

 

Some predictions suggest that about 70% to 90% of all coral reefs may be 

severely impacted over the next 20 years due to the several threats mentioned 
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above (see section 1.3.1) (Setter et al., in review). Currently, 19% of the existing 

area of functional coral reefs have been lost and about 60% of the world's reefs 

may be at risk (Wilkinson, 2008). If these stresses continue, the ecology and 

productivity of coral reefs will be affected worldwide. As a result, the fifth Global 

Environment Outlook predicts that many tropical coral reefs could be severely 

damaged by 2050 (Heron et al., 2017). Coral reef decline will have devastating 

effects on coastal communities that depend on them. More precisely, loss of 

coral cover and shifts from coral-dominated to algal-dominated reefs would lead 

to the loss of many ecosystem functions and services on which people rely. 

 

• Coral reef flattening 

 

One of the direct implications of the threats mentioned above is the 

flattening of coral reefs. Indeed, increasing evidence suggests that many reefs 

will become low-complexity systems, dominated by turf algae (Jouffray et al., 

2015; Smith et al., 2016; Arias-González et al., 2017; Bellwood et al., 2018). Coral 

reefs have changed in structure and shape over the past few decades: they have 

flattened, and many complex reefs have almost been destroyed. For example, 

the structural complexity of Caribbean reefs has declined in a non-linear trend 

with the nearly total disappearance of the most complex coral reefs over the past 

40 years (Alvarez-Filip et al., 2009). More precisely, the flattening of Caribbean 

reefs was first observed in the early 1980s. This process slowed down between 

1985 and 1998 before structural complexity began declining again more rapidly 

until now. The reason behind the flattening of the Caribbean coral reefs lies in a 

disease which spread in the waters between Florida and the Caribbean, where 

90% of the Elkhorn and Staghorn reefs were destroyed. When corals were able 

to recover and grow again, the first mass bleaching event struck Caribbean coral 

reefs, resulting in a permanent change in their structural complexity. The 

decrease of structural complexity may threaten coastal societies due to lower 

efficiency in dissipating wave energy from oceanic waves (see section 1.3.2.2). 
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• Decrease in coral reef functioning 

 

Despite decreased coral cover due to various disturbances, some regions 

have recovered equivalent or even greater coral cover post-disturbance. 

However, coral reefs may have lost several key species, resulting in a functional 

deficit. This point has been elucidated by McWilliam et al. (2020), who studied 

three geographically distant coral regions (i.e., French Polynesia, Jamaica and 

Australia). For all of these regions, a perturbation occurred which drastically 

reduced the coral cover. After some time, the coral cover in each region 

increased again until it reached a pre-disturbance level of coral cover (although 

in Jamaica, the coral cover remained low). The researchers highlighted that, 

despite a good recovery, the coral reefs lost functionality.  

 
1.3.2.2 Low reef accretion rates 
 
• Reef accretion rate 

 

On the one hand, corals produce CaCO3 (see section 1.2.2.1) which is used 

to maintain both their three-dimensional physical structures and their vertical 

growth potential. On the other hand, increasing temperatures and CO2 levels are 

considered a key factor in coral reef degradation (see section 1.1.2.2). It has been 

established that the combined action of global warming and acidification reduces 

scleractinian coral calcification by 20% when pCO2 levels exceed 700 ppm and 

temperature increases by 3°C (Kornder, Riegl and Figueiredo, 2018). As a result, 

carbonate budgets (i.e., carbonate gains from calcareous organisms such as 

scleractinian corals minus carbonate losses from processes such as bioerosion by 

parrotfishes) are reduced, implying, in turn, lower accretion rates (i.e., vertical 

growth). These results are supported by Perry & Morgan (2017) who point out 

that repeated coral bleaching events result in drastic reductions in carbonate 

budgets. 
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• Flooding risk 

 

 Coastal societies will be exposed to wave action unless coral reefs are able 

to keep up with the rising sea level by maintaining high standards of both vertical 

growth and structural complexity (Harris et al., 2018; Perry et al., 2018). Some 

islands from the Pacific have already suffered from sea level rise due to a low 

carbonate budget. Indeed, in 2016, researchers revealed that five of the Solomon 

Islands had disappeared into the Pacific during the second half of the 20th century 

(Albert et al., 2016). Later, in 2017, this information was supported by (Nunn, 

Kohler and Kumar, 2017), and 8 new islands were reported as having sunk. 

Although relatively small (i.e., 100 m2 each), they are likely to have sunk between 

2007 and 2014. Finally, other Pacific islands, such as the Kiribati Islands, suffered 

terrible flooding events in 2018, due to reduced structural complexity and low 

accretion rates resulting from the fourth mass bleaching event (see section 

1.3.1.2). These islands are now at risk of being submerged by 2100 as well. 

1.4 Ph.D. objectives 
 

The aim of this multidisciplinary Ph.D. is to define how coral assemblages 

respond to expected global changes, especially in terms of functioning and 

coastal protection. My work is based in Mo'orea (French Polynesia) where the 

experimental station of the Centre de Recherches Insulaires et Observatoire de 

l'Environnement (CRIOBE) is located. My Ph.D. is divided into 7 chapters; the first 

corresponds to the general introduction you have read and the last to my general 

discussion and recommendations. The other chapters are described below: 

 
Chapter 2. In this chapter, I define both the structural complexity and the coral 

cover in 2016 to hindcast structural complexity from 2004 to 2017 at 

Mo'orea and quantify how structural complexity is impacted by two types 

of disturbance (i.e., a COTS outbreak and a cyclone). 
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Chapter 3. In this chapter, I highlight the extent to which juvenile corals are 

important for reef recovery, and define the CaCO3 production from corals at 

Mo'orea from 2005 to 2016.  

 
Chapter 4. In this chapter, I define calcification, respiration and photosynthesis 

rates for the six main coral species living at Mo'orea. I suggest that 

interspecific functional efficiency may explain the reshuffling of species that 

occurred in Mo’orea after a major disturbance. 

 
Chapter 5. In this chapter, I demonstrate that the loss of structural complexity 

impairs the coastal protection service in a non-linear way, highlighting the 

devastating implications of extreme events. 

 
Chapter 6. In this chapter, I quantify the CaCO3 budget and the reef accretion 

at Mo'orea from 2005 to 2016, and I question Mo'orea's efficiency to 

protect coastal societies in the future according to the sixth IPCC 

assessment.
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Abstract 
 

The capacity of coral reefs to provide ecosystem services is directly related 

to their three-dimensional structural complexity. This parameter is also 

correlated with total fish biomass, reef resilience to external stresses and the 

dissipation of wave energy. However, information on structural complexity (i.e., 

reef rugosity) has not always been assessed in historical monitoring programs, 

and long-term trends are sometimes unavailable. In this study, we show that it is 

possible to predict and hindcast the three-dimensional complexity of coral reefs 

by combining photogrammetry, statistical modelling and historical benthic 

community data. We calibrated lasso generalized linear models and boosted 

regression trees to predict structural complexity from photogrammetry transects 

around Mo’orea (French Polynesia). Our models were able to predict structural 

complexity with high accuracy (cross-validated R2 ranges between 0.81 and 0.9). 

We then used our models to hindcast historical trends in 3D structural complexity 

using community composition data collected in Mo’orea from 2004 to 2017. The 

temporal analysis highlighted the severe impact of a crown-of-thorns (COTS) 

outbreak from 2006 to 2009 and Cyclone Oli in 2010. In conjunction, these two 

events reduce coral cover from ca. 50% to almost zero. While the collection of 

actual data is always to be preferred, our model captured these effects, 

confirming the capacity of this modelling technique to predict structural 

complexity on the basis of assemblage composition. 
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2.1 Introduction 
 
The increasing frequency of coral mass mortality associated with bleaching 

events raises global concerns (Van Oppen and Lough, 2009; Heron et al., 2016; 

Hughes, Kerry, et al., 2017). These disturbances are associated with severe 

habitat destruction, which reduces the structural complexity of coral reefs 

(Newman et al., 2015). Structural complexity is the three-dimensional spatial 

arrangement of an ecosystem (McCormick, 1994; Chazdon, 2014), and on coral 

reefs this is represented by the multitude of growth forms and distribution of 

hard corals. According to the habitat heterogeneity hypothesis, the more 

complex the structure of an ecosystem, the greater the diversity and abundance 

of associated organisms (MacArthur and Wilson, 1967). On coral reefs, the 3D 

structural complexity of the habitat is correlated with the biomass and diversity 

of fishes (Willis and Anderson, 2003; Gratwicke and Speight, 2005; Alvarez-Filip 

et al., 2009; Rogers, Blanchard and Mumby, 2014), the reef’s capacity to recover 

from disturbances (Graham et al., 2015) and the reef’s ability to dissipate wave 

energy, thus protecting the shoreline from extreme inundations (Harris et al., 

2018). Broad-scale declines in the complexity of coral reefs have been observed 

in the Caribbean and the Indo-Pacific as a result of both human impacts and 

climate changes (Hoegh-Guldberg, 1999; Hughes et al., 2003; Hoegh-Guldberg et 

al., 2007; Perry et al., 2018). While several monitoring programs (e.g., NOAA coral 

reef monitoring plan) regularly assess structural complexity, this is not the case 

in across all regions such as French Polynesia. 

 

In the context of spatial analysis in geomorphology, Risk (1972) and 

Hobson (2019) highlighted the importance of selecting surface complexity 

metrics that are 1) readily understandable and interpreted, 2) capable of being 

measured in the field, and 3) comparable among studies and locations. In early 

studies, it was proposed that rugosity could be recorded by draping a steel chain 

over the reef surface, then measuring the ratio between the total length of the 
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chain and the planar distance between the ends of the chain. The higher the ratio, 

the more complex the substratum (Hill and Wilkinson, 2004; Graham and Nash, 

2013). Despite the ease of use of such metric, laying a chain represents a bi-

dimensional measure which does not capture three-dimensional (3D) habitats 

such as coral reefs. Although some time-consuming 3D metrics have been 

proposed (e.g., Parravicini et al., 2006), recent progress in underwater 

photogrammetry only recently provided the opportunity to capture the three-

dimensionality of coral reefs. Examples of studies that employ photogrammetry 

include the use of a Remote Operated Vehicle (ROV) equipped with a downward-

looking camera (Friedman et al., 2012), extracting the species-level complexity 

index for six species along a transect (Burns et al., 2015), defining new metrics to 

estimate complexity such as tortuosity and fractal dimension (Leon et al., 2015; 

Naughton et al., 2015) and measuring the small-scale three-dimensional features 

of a shallow-water corals with drones (Casella et al., 2017). The growing 

prevalence of photogrammetry in studies on structural complexity has led some 

researchers to question the chain-tape method (Storlazzi et al., 2016). 

 

Whatever the metric employed (chain-tape or photogrammetry), ample 

data demonstrates that corals contribute to the overall complexity of a reef, but 

the mechanism by which corals contribute to this complexity is still a matter of 

debate. Some authors claim that it is driven by the presence of branching species 

such as Acropora spp. and overall coral cover is not as important (Aronson and 

Precht, 2006; Alvarez-Filip et al., 2009, 2011). Others claim that coral cover is 

significantly and highly correlated to rugosity (Halford et al., 2004; Graham and 

Nash, 2013) and/or species composition (Richardson, Graham and Hoey, 2017). 

In both cases, there is a consensus that structural complexity is related to coral 

community structure. 

 

In this study, we combined statistical modelling with the reconstruction of 

3D reef transects via photogrammetry in order to test our capacity to predict 
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coral reef structural complexity on the basis of benthic community composition. 

Using benthic time series data, we back-calculated reef structural complexity 

since 2004. We were able to retrace two relevant episodes of habitat destruction: 

the COTS outbreak from 2006 to 2009 and cyclone Oli in 2010. 

2.2 Material and Methods 
2.2.1 Study area 
 

Mo’orea (French Polynesia) is located in the Pacific Ocean between 

17.4714° and 17.6058° south and 149.7522° and 149.9269°’ west. The island has 

three coastlines which face to the north, southwest and southeast (Figure 2.1). 

The island is encircled by a coral reef, which is 500 to 700 m wide. The only 

exception is the northeast extremity where the lagoon width is limited to a few 

tens of meters. Tides are semidiurnal with an amplitude of less than 0.3 m 

(Chazottes, Campion-Alsumard and Peyrot-Clausade, 1995; Leichter et al., 2013). 

The swell direction is from the southwest to northeast during the entire year. The 

three sides of the islands can thus be used as a proxy of wave exposure (Carroll, 

Harrison and Adjeroud, 2006). 

 

The reefs in Mo’orea are threatened by several biotic and abiotic 

disturbances (Adjeroud et al., 2018). The most devastating biotic disturbances 

were the 1979 and 2006 COTS outbreaks, each of which reduced average coral 

cover from 50% to 10% or less (Berumen and Pratchett, 2006; Lamy et al., 2016). 

Cyclones are the primary abiotic disturbances that affect reefs around Mo’orea. 

In 1991, Cyclone Wasa reduced coral cover around Mo’orea from 20% to 5%, 

while Cyclone Oli reduced coral cover, which was still recovering from the COTS 

outbreak, from 7% to 3% in 2010 (Lamy et al., 2016; Adjeroud et al., 2018) (Figure 

2.2). 
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Figure 2.1 | Location of the thirteen long-term monitoring sites surveyed each 
year from 2004 until 2017 around Mo’orea in the Society archipelago, French 
Polynesia.  
 

 
Figure 2.2 | Evolution of one of the twenty quadrats used to define coral cover in 
Haapiti (on the southwestern side of the island) before (2004), immediately after 
(2010) and several years after (2017) Cyclone Oli.  

 

2.2.2 Structural complexity measurements 
 

In Mo’orea, 57 photogrammetric transects were surveyed from the end of 

2015 through the beginning of 2016 at three different sites that correspond to 

three wave exposures: Tiahura (North Coast, 21 transects), Haapiti (Southwest 

-17.5

-17.6

-149.9 -149.8
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coast, 20 transects) and Temae (Southeast coast, 16 transects) (Figure 2.1). 

Surveys were run as 20m × 2m belt transects, and all transects were conducted 

on the outer reef between 5 and 8m depth. For each transect, a 2m long chain 

was placed perpendicularly to a 20m transect, then a diver swam ca. 2m above 

the benthos along the transect at a constant speed as constant while collecting 

images with a GoPro Hero4 camera pointed toward the benthos. The camera was 

set to collect photos (12 megapixels) in time-lapse mode (2 pictures per second). 

For each transect, we collected approximately 300 photos with a forward overlap 

of ca. 90%, with the diver swimming over the length of the entire transect four 

times to allow optimal side overlap. After the photo collection, the diver noted 

the depth of each extremity of the chain and transect tape so that they may be 

used as Ground Control Points (GCPs). In the case of an in situ self-calibration, 

the camera calibration is derived from image coordinates measured in the 

mapping photography and including the camera calibration parameters as 

unknowns in a self-calibrating bundle adjustment (Harwin, Lucieer and Osborn, 

2015). 

 

 
Figure 2.3 | Example of underwater photogrammetry. A. Orthorectified 
photomosaic. The black dots indicate the random points with shape classification. 
B. Digital Elevation Model representing depth values (the photomosaic is kept 
transparent in the background). C. Detail of the photomosaic. 
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The photos and the GCPs were input into Agisoft Photoscan 

(www.agisoft.com), a photogrammetry software based on the Structure from 

Motion (SfM) method (Ullman, 1979; Westoby et al., 2012). We used Agisoft to 

build the orthophotomosaic and the Digital Elevation Model (DEM) of each 

transect, as explained by Storlazzi et al., (2016). For the 57 transects, we 

estimated an average horizontal error of 0.1±0.06m and an average vertical error 

of 0.04±0.04m. Only the vertical error influenced the estimation of rugosity, but 

given the range of the error, it was considered negligible. Details of the 

photogrammetric process are detailed in the section 2.8. Subsequently, we 

imported the DEM in ArcGIS v10.2 and calculated reef rugosity by dividing the 

surface of the DEM area by the area of its planar projection (approximately 40m2) 

(Figure 2.3).  

 

2.2.3 Benthic community description and assessment  
 
Table 2.1 | Shape classification categories defined to estimate rugosity. Ten 
variables are morphological, but the genus level is given for Acropora spp. and 
Pocillopora spp.  
ACR Acropora spp. 
CCA Crustose coralline algae 
DEA Dead corals  
ENC Encrusting corals 
SMU Sand and mud 
RUB Rubble 
MAC Macroalgae 
MAS Massive corals 
OER Corals with other erects forms 
OTH Other (like echinoid) 
PAV Pavement, bare rock and turf covering rock 
POC Pocillopora spp. 
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In order to predict structural complexity as a function of benthic 

community structure, the orthophotomosaics produced by Agisoft Photoscan 

were imported into the software Coral Point Count v4.1 (Kohler and Gill, 2006). 

We assessed benthic cover by placing 100 random points on the photomosaic 

and described 8 distinct benthic cover categories (Table 2.1).  

 
In order to hindcast structural complexity for the three sites surveyed 

around Mo’orea, data from the MPA network long-term monitoring program was 

used. This dataset consists of benthic surveys from 2004 to 2017 using 25m line-

point intercept transects collected around the island across three habitats 

(fringing reef, back reef and outer reef) (Figure 2.1). For comparability among 

datasets, we used only the long-term monitoring data collected on the outer reef. 

 

2.2.4 Statistical analysis 
 

All the statistical analyses were run on R version 3.5.3 (R Core Team, 2019). 

Our main goal was to calibrate a model that predicts structural complexity 

according to benthic community composition. In order to achieve this, we built a 

database that includes the time series data and data from our photogrammetry 

transects without transforming the data to perform multivariate analysis. Thus, 

the Euclidean distance on untransformed data was used to generate a principal 

component analysis (PCA) using the vegan package in R. The first 5 orthogonal 

axes, which accounted for more than 75% of the variance, were then extracted 

as predictor variables. To account for spatial variability in exposure, we included 

island side (north, southwest, southeast) as a parameter in our model.  
 

In our models, we used lasso generalized linear models (using the caret 

package in R) and boosted regression trees (BRT; Elith, Leathwick and Hastie, 

2008). With both methods, model selection was done to maximize the deviance 

explained with a ten-fold cross-validation procedure (CV-R2). More precisely, the 

dataset is split into ten sections, nine of which are used for the calibration, and 
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the last one is used for the evaluation of model performance. CV-R2 represents 

the expected performance of the model when fitted to new data (Elith, Leathwick 

and Hastie, 2008). 

 

In the model coral reef structural complexity was predicted by the five PCA 

axes and island side as a proxy of wave exposure. In addition, BRT were fitted 

using the R functions provided by Elith, Leathwick and Hastie (2008). This 

technique requires the specification of four main parameters: bag fraction (bf), 

learning rate (lr), tree complexity (tc) and the number of trees (nt), where bf is 

the proportion of samples used at each step, lr is the contribution of each fitted 

tree to the final model, tc is the number of nodes of each fitted tree, and nt 

represents the number of trees corresponding to the number of boosting 

iterations. Optimal parameters were selected by CV-R2 maximization (Parravicini 

et al., 2013). The models were calibrated using 1000 bootstrap replicates of the 

original dataset to estimate uncertainty and provide 95% confidence interval 

around predicted values. 

 

Both models were then used to hindcast structural complexity since 2004 

using time series data. In order to estimate whether predicted structural 

complexity was able to identify the effect of major past perturbations (i.e., COTS 

and cyclone Oli), we generated PCAs for each year using the Euclidean distance 

on untransformed data. We chose running PCAs to emphasize the patterns 

driven by the most abundant species/taxa (i.e., the ones with the highest percent 

cover) since PCAs are more sensitive to variations in abundance than other 

ordination analyses (Van den Boogaart and Tolosana-Delgado, 2013). For the 

purpose of this study, we conducted a CA to verify that results are consistent. We 

ran an analysis of variance with year and island side as fixed factors to test for 

differences in structural complexity. A Tukey post-hoc analysis was then used to 

compare structural complexity across individual years (Table S2.1).  
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2.3 Results 
 

 
Figure 2.4 | Principal components analysis (PCA) of the 11 morpho-species from 
2004 to 2017. Coral cover (CC) is written at the bottom right of each box. On each 
plot, the coral community in 2004 is included as a baseline in black dashed lines. 
Abbreviations are as follow: ACR - Acropora spp; CCA - crustose coralline algae; 
DEA - dead coral; ENC - encrusting corals; MAC – macroalgae; MAS - massive 
corals; OER - other erects forms; OTH - others (Sponges or benthic species); PAV - 
pavement; and POC - Pocillopora spp; RUB – rubbles; SMU - sand or mud.  
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Figure 2.5 | Rugosity reconstructions from 2004 to 2017 according to the average 
of the models (cross validated generated trees boosted model on the left and cross 
validated lasso generalized linear model on the right) on each of the three sides 
of Mo’orea. The COTS outbreak and Cyclone Oli are shown in 2006 and 2010, 
respectively. 

 

The time series data revealed that coral diversity was higher in 2004, with 

an average percent coral cover (CC) of 44.08% (Figure 2.4). The CC decreased 

from 2004 to 2010, reaching a minimum of 3.62% CC, which corresponds to 

cyclone Oli. After that, the CC increased through 2017, with a final value of 

42.77%. In 2004, the coral reefs around Mo’orea also showed a higher diversity 

of coral morphologies (massive, branching, columns and encrusting). The 

assemblages remained fairly stable despite a slow decline of CC from 2004 to 

2006 (44.08% to 40.62%). Then, a first COTS outbreak occurred in early 2006 and 

continued until 2009 (Kayal et al., 2012). The following year, Cyclone Oli hit the 

island, further decreasing CC. After these events and until 2014, the substrate 

predominantly consisted of rubble. From 2015, the CC recovered to a state 

similar to that of 2004. However, compared to 2004, the coral cover in 2017 had 

a lower percent cover of Acropora spp. (9.76 ± 5.61% in 2004 vs 2.53 ± 1.90% in 
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2017). In contrast, the percent cover of Pocillopora spp. remained fairly stable 

(20.10 ± 6.78% in 2004 vs 26.61 ± 14.52% in 2017). 

 

 
Figure 2.6 | Difference between Acropora and Pocillopora cover (%), as well as 
the difference in rugosity index. Dark blue bars represent 2004, and red bars 
represent 2017. Asterisk indicate significant differences (p<0.05) while N.S 
indicate non-significant differences (p>0.05).  
 

The cross-validated R2 (CV-R2) from our models reached 0.81 for the lasso 

GLM and 0.9 for the BRT. After model selection, the first three PCA axes and 

island side were retained by the lasso GLM and the BRT (Table S2.2). The back 

calculation of structural complexity captured all major shifts in community 

structure described above. All sites were predicted to lose complexity in 

synchrony with COTS outbreaks and Cyclone Oli (Figure 2.5). Further, structural 

complexity also differs according to wave exposure. 

 

Finally, rugosity reached pre-disturbance levels in 2015. Then, at the scale 

of Mo’orea, structural complexity remained fairly stable. Indeed, despite local 
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differences, when we compare the first year of monitoring (2004) with the last 

year of monitoring (2017), no significant differences were detected (Figure 2.6, 

Table S2.1). 

2.4 Discussion 
 

Utilizing a combination of photogrammetry and statistical modeling, we 

were able to use long-term species composition data to predict the structural 

complexity of coral reef assemblages around Mo’orea over the course of 14 

years. Our hindcasted metric of structural complexity captured the significant 

changes in coral cover observed on Mo’orea’s coral reefs (Berumen and 

Pratchett, 2006; Adjeroud et al., 2018). Acropora spp. and Pocillopora spp. were 

dominant in 2003 and 2004 (Berumen and Pratchett, 2006). Subsequently, the 

populations of these genera were affected by both COTS outbreaks (2006-2010) 

and Cyclone Oli (2010) (Kayal et al., 2012). Acropora was primarily susceptible to 

these disturbance events, but Pocillopora spp. also eventually collapsed, followed 

by Montipora spp. and Porites spp. During these events, predicted structural 

complexity dropped across all sites, demonstrating that statistical models can 

produce reasonable predicted values when accrual data are not available.  

 

The use of photogrammetry allowed us to obtain a three-dimensional 

metric of structural complexity, which contrasts to the traditional chain transect 

method (Burns et al., 2015). Alvarez-Filip et al. (2009) reviewed 464 records of 

rugosity among 200 reefs, which were predominantly performed with the chain 

method. None of the reported measures exceeded a rugosity of 4, however, 7% 

of our measurements exceeded this value. This may simply be attributed to the 

specific characteristics of our study, or, more likely, it may result from the higher 

resolution of photogrammetry compared to the chain method. Although a higher 

resolution (pixel size of 1.73µm x 1.73µm) does not translate to higher accuracy, 

it is important to also be aware of the limitations of photogrammetry (Figueira et 

al., 2015; Lavy et al., 2015; Bryson et al., 2017). For example, the use of 
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photogrammetry performs better on planar segments of the reef where the diver 

can easily maintain a fixed distance from the benthos. 

 

Our approach assumes that the confidence with which a model predicts 

structural complexity depends on several factors: i) the calibrating dataset covers 

all the potential combinations of benthic community structure, ii) the predicted 

values are insensitive to the employed modeling technique, iii) the model 

performs well on new data not included in the calibration, and iv) the model 

performance is insensitive to small variations in the input dataset. Statistical 

techniques allow us to address the last three points. Here we accounted for the 

uncertainty related to the statistical technique (i.e., comparing BRT vs. GLM) and 

the effects of small variations in the input dataset using bootstrapping, and we 

evaluated the performance of our model on new data with cross validation. Upon 

doing this, uncertainty can be estimated and propagated into further analyses if 

structural complexity is used as a covariate in subsequent models. 

 

Although the collection of actual data is preferred to hindcasting, when 

structural complexity information is not available and ‘reference’ or historical 

conditions need to be determined, statistical modeling can be used with caution 

to complement to existing data. However, predicted values from models cannot 

be blindly accepted. First, while the space-for-time approach is frequently used 

in ecological research (Pickett, 1989; Mcclanahan and Graham, 2005; Done et al., 

2010; Woesik et al., 2011), it is prone to potential biases (Kappes, Sundermann 

and Haase, 2010). For example, dead coral can dominate benthic communities 

after a COTS outbreak as well as after a cyclone, but the 3D structure of the 

assemblage will be different in these two cases. Indeed, in both cases, live coral 

cover will be low, but after a COTS outbreak, the 3D structure of corals will be 

maintained; on the contrary, after a cyclone, the community will be flattened. 

Unfortunately, our calibrating dataset did not include data collected during 

perturbed conditions, such as after cyclone Oli. Second, our calibrating dataset 
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only included 5% acroporid cover, while in 2004, Acropora cover was, on average, 

10%. Therefore, while we are able to delineate the general temporal trend, our 

capacity to accurately predict rugosity during these conditions is limited. Finally, 

topography may vary across time as a result of the balance between accretion 

and erosion, and topographic change may influence structural complexity in a 

way that cannot be accounted for in statistical models.  

 

Structural complexity is negatively correlated with algal cover and strongly 

related to fish biomass, and it is also the main predictor of coral reef recovery 

after an acute disturbance (Graham and Nash, 2013; Graham et al., 2015). Given 

the importance of structural complexity for the ecological functioning of coral 

reefs, the reconstruction of this variable from long-term benthic monitoring data 

may help us to better understand and predict changes in coral reefs. Today more 

than ever, global coral reefs are witnessing the effects of climate change and 

other human impacts (Hughes et al., 2018). Coral bleaching is occurring on coral 

reefs with an unprecedented frequency, and future coral reefs are expected to 

lose diversity and productivity by these perturbations and effectively become 

flattened (Alvarez-Filip et al., 2009). Long and reliable time-series are one of the 

best ways to obtain reference conditions for ecological indicators. When this 

information is not available, modeling represents a valuable alternative to track 

and anticipate the long-term loss of structural complexity. 
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Code and data are available on my Github folder “Structural Complexity”: 

https://github.com/JayCrlt/Structural_complexity.git  

2.7 Supplementary information 
 

Table S2.1 | Post Hoc (Tukey HSD) matrix for testing the rugosity difference 
according to each year combination. The P-value (threshold: 0.05) for each 
combination is written in the matrix data as follows. The red values are 
significantly different and the blue values are not. 

 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 
2004 1,00              
2005 0.98 1.00             
2006 0.96 1.00 1.00            
2007 1.00 0.87 0.80 1.00           
2008 0.04 0.00 0.00 0.00 1.00          
2009 0.00 0.00 0.00 0.00 0.93 1.00         
2010 0.00 0.00 0.00 0.00 0.96 1.00 1.00        
2011 0.00 0.00 0.00 0.00 0.95 1.00 1.00 1.00       
2012 0.00 0.00 0.00 0.00 0.98 1.00 1.00 1.00 1.00      
2013 0.01 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00     
2014 0.11 0.00 0.00 0.03 1.00 1.00 0.99 0.99 1.00 1.00 1.00    
2015 0.91 0.05 0.04 0.81 1.00 0.20 0.31 0.30 0.35 0.51 0.98 1.00   
2016 1.00 1.00 0.99 1.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.80 1.00  
2017 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 1.00 1.00 

Table S2.2 | Coefficients and standard error for each parameter according to best 
model defined: Rugosity ~ Dim 1 + Dim 3 + Dim 5 + factor(Site) (R2 = 0.81). The p-
value represents the significance of each parameter according to the R code (*** 
highly significant (<0.001), **very significant (<0.01), * significant (<0.05), . 
almost significant (<0.1), N.S non-significant; threshold: p-value = 0.05) 
 Estimate Standard Error p-value 
Intercept 1.65970 0.14616 1.08e-15 (***) 
Dimension 1 0.53283 0.08602 9.48e-08 (***) 
Dimension 3 0.41917 0.07003 2.03e-07 (***) 
Dimension 5 -0.15003 0.06090 1.71e-02 (*) 

2.8 Annex 
 
The following Annex details the settings from Agisoft Photoscan used for the 

processing of underwater photos for one site.  
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2.8.1 Survey Data  
 
Table S2.3 | Cameras’ information 
Number of images: 157 Camera stations: 157 
Flying attitude: 2.56m Tie points: 139.838 
Ground resolution: 0.53 mm/pix Projections: 383.598 
Coverage area: 56.3 sq m Reprojection 

error: 
1.88 pix 

Camera Model  Resolution  Focal Length  Pixel Size  
HERO4 Black (3 mm)  4000 x 3000  3mm  1.73 x 1.73 um  

 

 
Figure S2.1 | Camera locations and image overlap. Colors represent the number 
of photos overlapped. 
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2.8.2 Camera calibration 
 
Table S2.4 | HERO4 Black parameters (157 images) 
Resolution Focal length Pixel size Precalibrated 
4000x3000 3 mm 1.73 x 1.73 µm No 
Type: Frame Skew: 0 
Fx: 4666.42 Cx: 2005.25 
Fy: 4666.42 Cy: 1486.48 
K1: 0.223613 P1: 0.00194777 
K2: 0.373779 P2: -0.00200162 
K3: 1.24196 P3: 0 
K4: 0 P4: 0 

 

 
Figure S2.2 | Image residuals for HERO4 Black (3 mm).  
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2.8.3 Ground Control Points 
 
Table S2.5 | Ground Control Points (GCP) statistics 
Label  XY error(m)  Z error (m)  Error (m)  Projections  Error (pix)  
point1  0.206298  -0.0677987  0.217153  13  1.992  
point2  0.0963633  0.0426041  0.105361  16  1.153  

point3  0.039409  3.96756e-
05  

0.039409  17  0.051  

point4  0.205045  0.0251539  0.206582  9  0.044  
Total  0.154468  0.0419657  0.160067   1.151  
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Figure S2.3 | Ground control Points (GCP) overview 
 

2.8.4 Digital Elevation Model 
 

 
Figure S2.4 | Reconstructed digital elevation model. Resolution: 1.06mm/pix and 
point density: 889956 pts/m2  
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2.8.5 Processing parameters 
 
Table S2.6 | Processing parameters 

General   
Cameras 
Aligned cameras  
Markers  
Coordinate system  

157 
157 
4 
Local Coordinates  

Point Cloud   
Points 
RMS reprojection error  
Max reprojection error  
Mean key point size  
Effective overlap  
Alignment parameters  

139,838 of 221,231  
0.382302 (1.88392 pix)  
6.30304 (30.1948 pix)  
5.32459 pix  
2.94411  

Accuracy 
Pair preselection  
Key point limit 
Tie point limit 
Constrain features by mask  
Matching time 
Alignment time 

High  
Disabled  
40,000  
4,000  
No  
17 minutes 46 seconds  
3 minutes 10 seconds  

Optimization parameters   
Parameters  f, cx, cy, k1-k3, p1, p2 
Optimization time  5 seconds  
Dense Point Cloud   
Points  72,229,238 
Reconstruction parameters   
Quality 
Depth filtering  
Processing time  

High 
Aggressive 
8 minutes 29 seconds  

Model   
Faces 
Vertices 
Reconstruction parameters  

4,815,282  
2,417,898  
 

Surface type  
Source data  
Interpolation  
Quality 
Depth filtering  
Face count  
Processing time  

Arbitrary 
Dense 
Enabled 
High 
Aggressive  
4,815,282 
4 hours 29 minutes  

DEM   
Size 
Coordinate system  
Reconstruction parameters  

1,886 x 9,433  
Local Coordinates  
 

Source data  Dense cloud 
Interpolation  Enabled 
Orthomosaic   
Size 
Coordinate system  
Channels 
Blending mode  
Reconstruction parameters  

3,773 x 18,867  
Local Coordinates  
3, unit8 
Mosaic  
 

Surface 
Enable color correction  

Mesh 
No 
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Abstract 
 

Sea-level rise is predicted to cause major damage to tropical 

coastlines. While coral reefs can act as natural barriers for ocean 

waves, their protection hinges on the ability of scleractinian corals to 

produce enough calcium carbonate (CaCO3) to keep up with rising sea 

levels. As a consequence of intensifying disturbances, coral 

communities are changing rapidly, potentially reducing community-

level CaCO3 production. By combining colony-level physiology and 

long-term monitoring data, we show that reefs recovering from major 

disturbances can produce 40% more CaCO3 than currently estimated 

due to the disproportionate contribution of juvenile corals. However, 

the buffering effect of highly productive juvenile corals is compromised 

by recruitment failures, which have been more frequently observed 

after large-scale, repeated bleaching events. While the size structure 

of corals can bolster a critical ecological function on reefs, climate 

change impacts on recruitment may undermine this buffering effect, 

thus further compromising the persistence of reefs and their provision 

of important ecosystem services. 
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3.1 Introduction  
 

The Intergovernmental Panel on Climate Change (IPCC) predicts a climate-

driven sea-level rise of 0.43m to 0.84m by 2100 (Oppenheimer et al., 2019), thus 

increasing the risk of coastal flooding, especially during tropical storms (Tebaldi, 

Strauss and Zervas, 2012; Nunn, Kohler and Kumar, 2017; Ellison, Han and Lewis, 

2019). Sea-level rise will be amplified in the tropics, where vulnerable ecosystems 

such as mangroves and coral reefs act as natural barriers to protect more than 

500 million people from oceanic waves (Hoegh-Guldberg et al., 2007). For coasts 

protected by coral reefs, their future exposure to oceanic waves will largely 

depend on the ability of scleractinian corals to produce enough calcium 

carbonate (CaCO3) for reefs to grow vertically at a rate equivalent to sea-level 

rise. However, reefs are increasingly threatened by both climate change and local 

anthropogenic disturbances (Hughes, Kerry, et al., 2017; Darling et al., 2019). 

Climate-induced coral bleaching is expected to become an annual phenomenon 

for most coral reefs within the next twenty years (van Hooidonk et al., 2016), 

inducing a state of constant disturbance that decreases the likelihood of 

recovery. Whether reefs and their services will persist is presently unknown and 

requires the assessment of reef CaCO3 production across disturbance-recovery 

cycles (Harris et al., 2018; Perry et al., 2018). 

 

The quantification of CaCO3 production (kg m-2 yr-1) for reefscapes is 

traditionally based on species-specific linear extension rates of corals combined 

with the proportional substratum cover of the species. In most cases, this is 

applied to each colony regardless of their size (Perry, Lange and Januchowski-

Hartley, 2018). Depending on the coral growth form, this scaling process relies 

on the assumption that species-specific CaCO3 production rates are constant 

throughout coral ontogeny. However, this may not always be the case as CaCO3 

production rates may be either allometric or isometric (Figure 3.1). In the case of 

isometry, CaCO3 production rate scales linearly with colony size; conversely, in 
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the case of allometry, CaCO3 production rate either accelerates or decelerates as 

colonies grow. While it is often assumed that the coral colony-level production of 

CaCO3 is isometric, recent work suggests that coral growth (expressed as an 

increase in planar area) is allometric, either because large colonies experience 

higher rates of partial-mortality (Madin et al., 2020) and/or because coral 

colonies allocate less energy to CaCO3 production in favor of reproduction once 

they reach a certain size (Kayal et al., 2015). Whether coral growth is indeed 

isometric or allometric remains poorly resolved, but may significantly influence 

our community-wide estimates of CaCO3 production (Figure 3.1). If corals grow 

allometrically, assuming isometry may lead to an underestimation of the 

production by small colonies and significantly obscure overarching estimates of 

CaCO3 production patterns across reefscapes.  

 

Recent climate-driven disturbances, especially catastrophic coral-

bleaching events and major storms, can substantially alter the size-distribution of 

coral assemblages (Dietzel et al., 2020). Large perturbations often remove a 

substantial proportion of large coral colonies and leave the remaining 

assemblage dominated by small corals (Alvarado et al., 2016; Holbrook et al., 

2018). In these situations, isometric approaches may lead to a severe 

underestimation of overall CaCO3 production, thus inhibiting our ability to infer a 

reef’s ability to regain coral cover. Yet, the loss of large corals may also 

significantly reduce overall fecundity, leading to reduced coral recruitment and 

thus inhibiting coral recovery (Hughes and Tanner, 2000). This negative feedback 

loop can diminish the overall productivity of reefs over time (Hughes et al., 2019). 

According to recent estimates, most coral reefs have a net production of CaCO3 

close to zero (Woodroffe and Webster, 2014; Perry et al., 2018). Therefore, even 

slight differences in CaCO3 production may have major implications for the 

capacity of reefs to survive despite sea-level rise. 
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Figure 3.1 | Conceptual diagram describing isometric versus allometric CaCO3 
production curves. Size dependent metabolic production characterized by (a) a 
linearly increasing model with coral surface area (isometric metabolic curve in 
orange; equation y = ⍺x + 0), and (b) a logarithmic asymptote (allometric 
metabolic curve in blue; equation y = ⍺xβ + 0). The dashed line indicates the size 
at which the two curves cross (i.e., this threshold point depends on both the 
intercepts and the allometric scaling slopes). Compared to the allometric model, 
the isometric model may underestimate CaCO3 production below this threshold 
and overestimate CaCO3 production at lager coral sizes. 

 
Here we estimate CaCO3 production rates of three prominent coral genera 

over a range of colony sizes and test whether CaCO3 production follows an 

allometric or isometric growth pattern. We then use an empirical time-series 

dataset from French Polynesia that reports the size of individual coral colonies 

across a ten-year disturbance-recovery cycle to examine whether the 

conventional isometric approach leads to an incorrect estimation of community-
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level CaCO3 production. Finally, we evaluate the outcome of large-scale 

disturbances, such as a major bleaching event, simulating the effect of 

recruitment loss on CaCO3 production over five years. 

 

3.2 Material and Methods  
3.2.1 CaCO3 production using in situ alizarin red-S staining  
 

In June 2018, we used the approach described by Dustan (1975) to stain 

175 coral colonies of Acropora hyacinthus (n = 50), Pocillopora cf. verrucosa (n = 

75), and Porites lutea (n = 50) in situ at a depth of 10 to 15 m on the outer reef 

slopes around the island of Mo’orea (French Polynesia, Figure S3.1). Before 

staining, we measured the length, width, and height of each coral colony. We 

stained colonies with a surface area ranging from 140 cm2 (i.e., ∼5 cm diameter) 

to 3,850 cm2 (i.e., ∼80 cm diameter), which broadly matches the range of coral 

colony sizes observed in Mo’orea (Kayal et al., 2018; coral colonies observed in 

situ ranged from <1 cm2 to ∼5000 cm2). We enclosed each coral in a 5, 10, or 20 

L transparent plastic bag, filled with 10 mg L−1 of alizarin red-S, for 72 hours. All 

colonies were tagged and mapped for future retrieval. To minimize the 

confounding effects of competition on growth, we chose colonies that were not 

in direct contact with other corals. In December 2018, 74% of colonies (n = 130) 

were recovered and three fragments were collected from each coral for growth 

measurements. We reasoned that a 6 month period was representative of the 

mean annual growth rate, since it covered the average temperatures typical for 

the cooler (26°C) and warmer (29°C) seasons in Mo’orea (cf. Smith, Barshis and 

Birkeland, 2007). Samples were dried for 48 hours and placed into transparent 

epoxy for 24 hours before slicing three 0.7 mm thick slices from each colony using 

a diamond-tipped saw, perpendicular to the major axis of growth. We took high-

resolution photos of each colony slice using fluorescence, and calculated linear 

extension as the average of three measurements (i.e., length, width, and height) 
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per colony (Figure S3.2). We also measured the longest linear extension from the 

edge of the stain to the periphery of the skeleton to the nearest 0.1mm using 

Image J software (Schneider, Rasband and Eliceiri, 2012). Finally, we calculated 

the CaCO3 production rate using the equation C = (LE × D) × AC, where C 

represents the CaCO3 production rate (g cm-2 yr-1), LE represents the linear 

extension (cm yr-1), D represents the skeletal density, measured by the buoyed 

weight displacement method (respectively 1.4, 1.5 and 1.3 g cm-3 for A. 

hyacinthus, P. verrucosa and P. lutea), and AC represents the adjustment 

coefficient (between 0 and 1), depending on the growth form of the colony 

(Morgan and Kench, 2012). We used an AC of 0.4, 0.5, and 1 for A. hyacinthus, P. 

verrucosa, and P. lutea, respectively.  

 

3.2.2 CaCO3 production using alkalinity anomaly ex situ 
incubations  
 

To characterize CaCO3 production in smaller colonies, for which the Alizarin 

red-S approach was not feasible, we removed 96 coral colonies (A. hyacinthus (n 

= 25), P. verrucosa (n = 25) and P. lutea (n = 46)) with surface areas of 35–1,000 

cm2 (i.e., ∼3–15 cm diameter) from the north shore of Mo’orea (depth = 12m) 

using a hammer and chisel. Before each collection, we recorded relevant 

environmental parameters (mean ambient seawater temperature, salinity, and 

photosynthetically active radiation). Upon return to the surface, we placed 

colonies in seawater tanks under the same environmental conditions for recovery 

and acclimation. Sponges, crustose coralline algae (CCA), macro-algae, epiphytes, 

and small crustaceans were carefully removed from the corals. We measured the 

length, width, and height of each colony, then tagged and kept the corals in the 

acclimation tank for 7 days. 73% of the colonies (n = 70) did not show any obvious 

adverse reactions to collected and handled, so we retained them for CaCO3 

production measurements. Coral colonies were grouped into three different size 

classes (<100 cm2, 100–400 cm2, and 400–1000 cm2—see section 3.2.3). Size 
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selection for the incubation chambers was based on providing sufficient water 

volume for each coral colony, while ensuring traceability of changes in water 

chemistry (Kolb, 2018). Consequently, colonies were incubated in chambers of 

three different volumes (0.5, 1, and 4 L, respectively) to maintain a relatively 

constant incubation volume to colony size ratio. Four additional incubation 

chambers were used as blank controls. Each week, we assessed four controls and 

four corals of each size class. Water samples of 50 mL were collected from the 

incubation controls and each chamber after three hours of incubation for total 

alkalinity analysis. We made sure that coral colonies did not experience O2 

reductions of more than 80% (Kolb, 2018), in which case observations were 

removed from the dataset. We defined net CaCO3 production by assuming a mole 

of CaCO3 is produced when the alkalinity measure (∆AT) drops by two moles for 

a fixed time (∆t) (Smith and Key, 1975). By multiplying these parameters (-

∆AT/2∆t) by seawater density (ρsw), we defined the global CaCO3 production rate, 

which was then normalized with live coral surface area and converted to g cm-2 

yr-1 based on the molar CaCO3 mass (Dickson, Sabine and Christian, 2007).  

 

3.2.3 Photogrammetry-based size area relationships 
 

To examine the relationship between CaCO3 production and colony size, 

we used a 3D surface area to avoid underestimating coral CaCO3 production, as 

surface folding and branching increase the coral surface area. Following the coral 

incubation protocol, 100 to 200 overlapping high-resolution photos were taken 

for each colony (Figure S3.3). The photos were used to construct 3D models using 

Agisoft PhotoScan (Agisoft, 2016). We defined volume and live surface area from 

the final 3D model (i.e., outside area of the coral minus the base). We fitted a 

power-law regression between coral colony mean diameter (i.e., mean of the 3 

dimensions defined for each colony) and coral live surface area (R2 = 0.97) (Kayal 

et al., 2015). This relationship was used to estimate the surface area of the coral 
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colonies measured during the alizarin red-S staining, incubation experiments, and 

size distribution surveys. 

 

3.2.4 Bayesian CaCO3 production models 
 

To test whether CaCO3 production of the three coral genera followed an 

allometric or isometric pattern, we first verified that the CaCO3 production from 

in situ alizarin red-S staining and ex situ incubations were analogous. Alizarin red-

S staining has the advantage of providing data from corals in situ (i.e., growing 

under normal environmental conditions). However, given the potential for 

toxicity in juvenile corals (Dustan, 1975), CaCO3 production of juveniles is better 

estimated with ex situ incubations. In our study, alizarin red-S staining and 

alkalinity anomaly incubation yielded similar results for CaCO3 production (Figure 

S3.4); therefore, we merged the datasets to estimate isometric and allometric 

relationships with Bayesian inference as follows:  

 

Ci ~ N (μi, σ2), Allometric model: μi = ⍺xi
β 

Isometric model: μi = ⍺xi + β 

 

where Ci is the CaCO3 production rate (g yr-1) and xi the live coral surface area 

(cm2). We specified the same priors for both models (⍺ ~ Normal (10,10) and β ~ 

Normal (0.5,0.5)) with a weakly-informative variance (σ2 ~ Student (3,0,450)). We 

fitted our models with 3000 iterations across four chains, and discarded the first 

1500 warm-up iterations of each chain. We verified chain convergence with 

visual inspection and confirmed that Rhat (the potential scale-reduction factor) 

was less than 1.05. Using the model summary parameters, we then predicted 

both CaCO3 production and area-normalized CaCO3 production rates (± 95% 

Bayesian credible interval). 

3.2.5 Coral community CaCO3 production 
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Figure 3.2 | Average live coral cover in Mo’orea, French Polynesia, from 2005 to 
2016. Perturbations included a predatory sea star (Acanthaster cf. solaris) 
outbreak from 2006 to 2009 and a cyclone in 2010. Photographs illustrate the 
reefscape in A. 2006, B. 2010 and C. 2015. 
 

We used both isometric and allometric functions for quantifying 

community wide CaCO3 production to test whether the two approaches yielded 

different results when coral size distribution changes over time. Between 2005 

and 2016, Mo’orea experienced an outbreak of the predatory sea star 

Acanthaster cf. solaris (2006-2009), followed by a cyclone (2010). The two 

disturbances reduced live coral cover from approximately 50% in 2005 to 3% in 

2010 (Kayal et al., 2012; Carlot et al., 2020). Following the disturbances, coral 

cover recovered to pre-disturbance levels by 2016 (Kayal et al., 2018; Figure 3.2). 

The change in coral cover was accompanied by considerable variations in coral 

size distributions. Large colonies were dominant in 2005 (Table S3.1) but were 

dramatically outnumbered by small recruits in 2011 (Adjeroud et al., 2018). We 
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applied both CaCO3 production models (i.e., isometric versus allometric) at the 

community level by combining data from three studies that recorded temporal 

changes in size distributions of the three major reef-building corals around 

Mo’orea. The first study evaluated coral size distributions in 2005 (Adjeroud, 

Mauguit and Penin, 2015), the second study took place from 2008-2010 (Kayal et 

al., 2015) and the third study was conducted from 2011-2016 (Kayal et al., 2018) 

as part of the Mo’orea Coral Reef Long Term Ecological Research program (LTER; 
http://mcr.lternet.edu). All surveys were conducted at a minimum of three 

different sites around Mo’orea at a depth of approximatively 12m.  

 
Due to heterogeneity among datasets (i.e., differences in survey protocols, 

efforts, sites and observers), we standardized the data by pooling all transects for 

a given year to obtain an island-scale coral size distribution for each taxon, from 

which we estimated population abundances matching the percent cover of the 

species at each site. To do so, we assumed that the planar shape of our three 

species is approximated by a circle when observed from above. We then 

calculated individual colony planar areas from visually-determined length and 

width (i.e., ((length + width)/4)2π). In some of the studies, coral size distribution 

was evaluated without recording the sampling effort (e.g., by recording the size 

of the 50 first colonies intercepted along a transect). Therefore, we evaluated 

coral density per 10m2 substrate by randomly sampling individuals from our 

island-scale size distribution dataset until matching the percent cover of the 

species in each year. We repeated this process 100 times to obtain an average 

island-scale coral size distribution per taxa per year. We compared our coral size-

distributions estimates with empirical data collected in 2009 by Kayal et al. (2015) 

for the three coral species and found no significant difference (Figure S3.4). 

Annual changes in coral cover for the three coral genera were estimated as part 

of the “Service d’Observatoire CORAIL” monitoring (SO CORAIL monitoring; 
http://observatoire.criobe.pf). We then assigned CaCO3 production to each 

colony and summed them to yield total production per 10m2 of reef.  
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3.2.6 Recruitment loss model 
 

To estimate how large-scale disturbance events may impact reef CaCO3 

production, we used a multi-species, open-population, integral projection model 

(IPM) developed to characterize coral community dynamics around Mo’orea 

(Kayal et al., 2018). The IPM predicted recovery dynamics in the abundance, 

composition, and size distribution of coral assemblages (i.e., Acropora, 

Pocillopora, and Porites) after the 2006-2010 disturbances (Figure S3.5). For each 

population, the model is governed by the following: 

 

n	(&′, t + 1) = . /	(&)G	(&, &′)n	(&, t)d& + 2	(γ, &′)
"#

$%&
 

 

where the distribution of individuals n (z’, t+1) of final-size z’ at time t+1 is 

predicted as a function of the distribution of the individuals n (z, t) of sizes z, 

bounded to the size-range interval [Low, Up], at time t. The functions s, G, and R 

describe empirically estimated size (z) dependent survival and growth, and 

density (γ) dependent recruitment, respectively.  

 

We used the IPM to simulate the recovery of coral assemblages from 2010 

to 2015 according to different recruitment scenarios. Specifically, we compared 

reef recovery under the observed recruitment rates (present-day scenario R×1) 

versus different scenarios of decline where recruitment was restricted to 75%, 

50%, and 25% of the observed values (scenarios R×0.75, R×0.5, and R×0.25, 

respectively). The model was implemented with estimates of coral demographic 

parameters based on empirically measured coral survival, growth, and 

recruitment rates on the north shore of Mo’orea, where coral recruitment and 

recovery achieved maximum levels in 2010-2015 (Kayal et al., 2018). Finally, the 

allometric Bayesian model was applied to the distribution of the coral colonies' 

surface area predicted under the four recruitment scenarios (Figure S3.6) to 
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estimate CaCO3 production rates (Figure 3.4). All statistics and predictive models 

were run using the brms and nlme packages (Pinheiro et al., 2013; Bürkner, 

2017a, 2017b) in R version 3.5.3 (R Core Team, 2019). 

3.3 Results 
 

All three coral species exhibited an allometric linear extension pattern, 

with small coral colonies producing disproportionately larger amounts of CaCO3 

per unit surface area than larger colonies (Figure 3.3). For example, a fivefold 

increase in colony surface area from 100 to 500 cm2 led to a 26% decline in linear 

extension for Acropora and Pocillopora and a 10% decrease for Porites.  

 
According to the isometric model, reef-scale CaCO3 production per unit 

area remained relatively constant (~7 kg CaCO3 m-2 yr-1; Figure 3.4 and Table S3.1) 

across the ten-year study period, despite fluctuations in coral cover (Figure 3.2). 

In contrast, the allometric model revealed marked variation in reef-scale CaCO3 

production over the same period. CaCO3 production per unit area increased from 

9 kg CaCO3 m-2 yr-1 during pre-disturbance in 2005 to 17 kg CaCO3 m-2 yr-1 in 2010 

and 22 kg CaCO3 m-2 yr-1 in 2013 during reef recovery (Figure 3.4A and Table S3.1). 

These peaks co-occurred with the recolonization of juvenile corals (Adjeroud et 

al., 2018), initiated in 2006 in response to the Acanthaster outbreak, but it was 

interrupted by the cyclone in 2010 (Kayal et al., 2012). After 2013, coral colonies 

grew steadily, leading to a gradual decline in the production of CaCO3 per unit 

area. Overall, the isometric model led to a 40% underestimation of the total 

CaCO3 produced over the ten-year period compared to our allometric model 

(Figure 3.4B).  

 
To test how reduced coral recruitment impacts reef-scale CaCO3 

production, we simulated coral community composition and size structure across 

a five-year recovery period under four different scenarios of decline in coral 

recruitment (0%, 25%, 50%, and 75% declines). Recruitment declines 
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dramatically reduced CaCO3 production, with a 68% reduction in CaCO3 

production when recruitment is reduced by 75% (Figure 3.5). Even a moderate 

decline of 25% in recruitment reduced post-disturbance CaCO3 production by 

~30% over a five-year period.  

 

 
Figure 3.3 | CaCO3 production rates of the three reef-building coral species. On 
the left. changes in linear extension for the coral species A. hyacinthus, P. 
verrucosa and P. lutea as a function of colony size. On the right, changes in CaCO3 
production rates as a function of colony size. CaCO3 production was estimated 
using two growth measurement methods (in situ alizarin red-S staining and ex situ 
metabolic incubations).  
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Figure 3.4 | Coral community CaCO3 production estimates of a 10m2 portion of 
reef substrate in Mo’orea from 2005 to 2016 according to the isometric versus 
allometric coral CaCO3 production models. A. CaCO3 production rate (kg m-2 yr-1), 
B. cumulative CaCO3 production (kg yr-1). Estimates are bounded by a 95% 
confidence interval. Coral symbols on top indicate changes in average coral colony 
size, and numbers indicate coral colony density per 10m2 of reef surface area. 
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Figure 3.5 | Normalized CaCO3 production trajectories according to four scenarios 
of coral recruitment over five years during reef recovery. A multi-species, open-
population integral projection model was used to predict the recovery dynamics 
of an assemblage of three coral genera (Acropora, Pocillopora and Porites) based 
on coral demographic performance (in recruitment, growth, and survival) 
measured in Mo’orea. The four scenarios predicted different rates of coral 
recruitment reduction as compared to current levels (0%, 25%, 50% and 75% 
reductions). CaCO3 production rates were estimated from model predictions of 
coral abundance, composition and size distribution (Figure S5, combined with the 
allometric CaCO3 production functions estimated in Mo’orea (Fig. 1). CaCO3 
production rates were normalized relative to the highest value (scenario 0% 
reduction at year 5; green curve). 
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Our study demonstrates that three major reef-building corals in Mo’orea 

(Acropora hyacinthus, Pocillopora cf. verrucosa, and Porites lutea) show 

allometric linear extension and CaCO3 production patterns. Using the allometric 

patterns to quantify reef-scale CaCO3 production from coral size structure time-

series in Mo’orea indicates that the conventional isometric approach leads to a 

40% underestimation of CaCO3 production over a ten-year period. Our results 

imply that recovering reefs have exceptionally high calcification rates due to the 

fast growth of juvenile corals. Thus, static metrics of coral community 

assemblages, particularly percent of live coral cover, may mask dynamic 

processes that underpin the functioning of reefs, such as CaCO3 production 

(Brandl, Rasher, et al., 2019). 

 

Over a 10-year-period in Mo’orea, assumption of isometry resulted in an 

average underestimation of 3 kg m-2 yr-1, which equals approximately half of the 

bioerosion caused by sea urchins and parrotfishes around Mo’orea per year (i.e., 

ca. 6 kg m-2 yr-1; Peyrot-Clausade et al., 2000; Alvarado et al., 2016). Although 

allometric growth, when expressed as an increase in planar area, has been 

documented for corals (Dornelas et al., 2017), this pattern most likely arose from 

the higher probability of partial mortality in larger colonies, and thus lower 

increases in planar area (Kayal et al., 2015; Pratchett et al., 2015; Madin et al., 

2020), rather than inherent differences in growth rate across ontogeny. Our ex 

situ estimates of CaCO3 production were not sensitive to the potential effects of 

partial mortality for two reasons. First, they are nearly instantaneous measures 

(Gattuso et al., 1998) on small colonies in which partial mortality is less prevalent. 

Second, partial mortality is often due to predation or overgrowth, which are 

easily excluded in controlled ex situ experiments. Although alizarin red-S staining 

was conducted in the field, where partial mortality can be observed, we carefully 

selected healthy branches that did not show signs of predation or overgrowth. 

Thus, allometric growth likely results from shifts in the energy allocated to CaCO3 

production across the colony size gradient. Indeed, larger colonies may invest 
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substantial energy in reproduction, which might reduce the energy available for 

calcification (Kayal et al., 2015). 

 

Our findings also have important implications for our understanding of 

system-wide reef accretion rates under climate change. Indeed, reef accretion 

depends on the net community production of CaCO3 (Perry et al., 2012) and our 

results suggest that, after a perturbation, small colonies may greatly bolster 

community-level CaCO3 production (see also Gilmour et al., 2013). However, the 

presence of juvenile corals strongly depends on the reproductive capacity of 

mature coral colonies (Edmunds, 2017; Holbrook et al., 2018; Vercelloni et al., 

2019). Severe, large-scale, and repeated disturbances can dramatically erode the 

supply of coral recruits to large swaths of reefs. For example, coral recruitment 

on the Australian Great Barrier Reef in 2018 declined by 89% in response to the 

loss of corals during 2016 and 2017 bleaching events (Hughes et al., 2019). Our 

results indicate that disruption and decline of coral recruitment may lead to a 

decrease in the production of CaCO3 with a potentially profound impact on reef 

accretion. In fact, because juvenile corals play a disproportionate role in CaCO3 

production, reductions in coral recruitment following disturbances, such as 

extensive coral bleaching, may undermine the capacity of reef ecosystems to 

recover and, ultimately, endanger the persistence of reefs that protect tropical 

coasts (Oppenheimer et al., 2019). 

 

Area-normalized CaCO3 production showed a nearly inverted profile 

(Figure 3.4A) compared to coral cover, emphasizing the deep divide between 

metrics of ecosystem function (e.g., growth, CaCO3 production) and their 

outcomes (e.g., coral cover, structural complexity). As a consequence, much of 

coral reef monitoring is likely to evaluate outcomes of past reef configurations 

rather than current levels of functioning. To efficiently monitor and protect coral 

reefs in times of unprecedented anthropogenic and climatic impacts, our results 

emphasize the need to move beyond ecosystem assessments based solely on 
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static surveys (e.g., coral cover or fish biomass) and consider metrics that quantify 

reef functioning as a dynamic process (Darling et al., 2012; Madin et al., 2016; 

Brandl, Rasher, et al., 2019; Edmunds and Riegl, 2020). 

 

Overall, we provide a novel perspective on coral reef CaCO3 production 

that has direct implications for the security of coastal populations throughout the 

tropics (Arkema et al., 2013; Perry et al., 2018). With current projections of global 

change, reefs will face disturbances such as coral bleaching at increasing 

frequencies. After these disturbances, juvenile corals can buffer the decrease in 

community CaCO3 production caused by live coral loss through their rapid 

growth. However, reductions in coral recruitment, as recorded after large-scale 

disturbances, will undermine this buffering capacity, ultimately hampering 

vertical reef accretion and consequently the protection of tropical coasts from 

oceanic waves. The buffering capacity of small colonies provides only a short-

term boost (until colonies grow bigger) that may support a faster return to pre-

disturbance levels of coral cover and reef structural complexity. Yet, vertical reef 

accretion happens over a much longer time frame and relies on several other 

factors such as substrate cementation by coralline algae and sediment input 

(Perry et al., 2012; Perry, Lange and Januchowski-Hartley, 2018). Thus, despite 

the capacity of juvenile corals to temporarily accelerate reef recovery through 

rapid growth, long-term persistence of coral reefs and their services inevitably 

hinge on the preservation of coral populations across size classes.  
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3.6 Data availability 
 

Code and data are available on my Github folder “Allometric Coral 

Growth”: https://github.com/JayCrlt/Allometric_coral_growth.git  

3.7 Supplementary information 
 

Figure S3.1 | Map of study sites for the in situ alizarin red-S staining. Alizarin red-
S staining was conducted on the reef slopes around Mo’orea, French Polynesia, 
and included 175 colonies (numbered from 1 to 175 under the gray labels). The 
grey labels indicate the sampling sites. The corals used in the ex-situ incubations 
were collected at Vaipahu, on the north shore of the island. 
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Figure S3.2 | Alizarin red-S staining example. The photographs illustrate a 0.7 mm 
thick slice from one of the pocilloporid colonies 131 days after staining. A. 
Introspected image observed under microscope, and B. the same slice observed 
under a fluorescent microscope. C. A superposition of the two images to define 
the maximum linear extension of the coral. For this coral fragment, the linear 
extension was 0.57 cm over 131 days, which corresponds to a CaCO3 production 
rate of 3.1 kg m-2 yr-1. 
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Figure S3.3 | Photogrammetry-based size-area relationships. For each of the 
three coral species, we fitted a power-law regression for the mean diameter (i.e., 
the mean of the length, width and height of each colony) and the live surface area 
of the coral colonies. We also estimated an average trendline across the three 
coral species (dashed points) (R2=0.97). Coral symbols indicate the growth 
morphologies of the three coral species. 
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Figure S3.4 | Compilation of the alizarin red-S and the incubation 
datasets. The Bayesian allometric CaCO3 model was first characterized for the 
three coral genera (Acropora, Pocillopora and Porites) with only the alizarin red-S 
dataset (n=130 top plots). We then merged both alizarin red-S and incubation 
datasets for defining a more complete allometric CaCO3 production model 
(n=200, bottom plot). The power-law equations from each species and each 
dataset were written on the top of each plot. For each of the three species, no 
significant difference in calcification estimates were found between the alizarin 
red-S only and both the alizarin red-S and incubation combined datasets (two-
tailed t-test; p = 0.93, 0.61 and 0.17 for respectively Acropora hyacinthus, 
Pocillopora verrucosa and Porites lutea). 
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Figure S3.5 | Robustness of the coral community size distributions data. To test 
whether our island-scale estimations of coral size-distributions matched the data 
from locally performed surveys at specific sites around Mo’orea (see Methods 
section Coral community size distributions), we compared our predictions to the 
coral size-distribution dataset observed in Kayal et al. (2015) from the year 2009 
and for the genus Pocillopora. Thus, on the left plot, we represented the modeled 
size-distribution dataset while we described on the right plot, the current observed 
size-distribution dataset. For both datasets, we observed a peak of several 
individuals between 0 and 4 cm of diameter. Despite a slight increase for small 
colonies in the dataset modeled, both patterns are similar, and we found no 
significant difference between both size-distribution datasets (two-tailed t-test; p 
= 0.08). 
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Figure S3.6 | Recruitment loss model. Coral community trajectories predicted 
under four recruitment scenarios over the course of five years (2010-2015). The 
population dynamics of the three coral taxa are expressed in terms of changes in 
coral abundance (y-axis) across colony sizes (x-axis) with time (years) and 
scenarios (0%, 25%, 50% and 75% reductions in recruitment rates). The predicted 
coral abundances, compositions, and size structures were used to estimate 
community calcification under the four scenarios (see Figure 3.4). 
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Table S3.1 | Compilation of all estimated variables over the course of ten years. 
The first three variables correspond with demographic performance within a 10m2 
transect (number of individuals, average coral diameter, and live coral surface 
area). The next six variables correspond with estimates of CaCO3 production 
(CaCO3 production, area-normalized CaCO3 production, and cumulative CaCO3 
production for both isometric and allometric CaCO3 production models) 

Table S1

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Number of individuals 172 431 299 479 174 168 600 416 314 233

Average coral diameter (cm) 12,7 4,45 3,68 2,96 4,19 5,77 3,88 5,75 7,54 8,78

Coral live surface area sampled (m2) 15,6 8,60 4,20 3,50 5,20 4,30 4,10 7,30 10,0 10,8

Production (kg.yr-1) 11,63 6,35 3,08 2,48 4,06 3,05 2,95 5,06 7,17 7,77

Cumulative production (kg.yr-1) 11,63 17,98 21,06 23,54 27,60 30,65 33,60 38,66 45,83 53,61

Area-normalised production (kg.m-2.yr-1) 7,47 7,39 7,24 7,04 7,85 7,08 7,16 6,95 7,17 7,17

Production (kg.yr-1) 14,10 10,22 5,29 5,98 3,88 4,88 9,10 11,07 12,44 11,42

Cumulative production (kg.yr-1) 14,10 24,32 29,61 35,58 39,47 44,34 53,44 64,51 76,95 88,37

Area-normalised production  (kg.m-2.yr-1) 9,07 11,9 12,4 17 7,51 11,3 22,1 15,2 12,44 10,53

Isometric 
prediction

Allometric 
prediction
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Abstract 
 

Coral reefs provide a range of important services to humanity, 
which are underpinned by community-wide ecological processes such as 
coral calcification. Estimating these processes relies on our knowledge of 
organismal physiology and species-specific abundances in the field. For 
colonial animals such as reef-building corals, abundance is frequently 
expressed as the percentage of live coral cover, a metric that does not 
account for demographic parameters such as coral size. This is 
problematic because many physiological processes exhibit non-linear 
scaling over ontogeny, and failure to account for these patterns may skew 
estimates of ecosystem functioning. In the present study, we characterise 
the ontogenetic scaling of three physiological rates — calcification, 
respiration, and photosynthesis — for six prominent, reef-building coral 
taxa in Mo’orea (French Polynesia). After a seven-day acclimation period 
in the laboratory, we defined coral physiological rates for three hours 
during daylight (i.e., calcification and gross photosynthesis) and one hour 
during night light conditions (i.e., dark respiration). Our results indicate 
that across all taxa, area-specific calcification rates are higher for smaller 
colonies. However, photosynthesis and respiration rates remain constant 
over the colony-size gradient. Furthermore, we identify considerable 
species-specific variation by revealing correlations between the ratio of 
net primary production and calcification and recent demographic 
dynamics of these six coral species. Therefore, intraspecific scaling of 
reef-building coral physiology not only alters our understanding of 
community-wide coral reef functioning, but it also explains species-
specific responses to disturbances. 
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4.1 Introduction 
 
 Coral reefs are among the most diverse marine ecosystems and provide 

essential services to more than 500 million people worldwide (Hoegh-Guldberg, 

Pendleton and Kaup, 2019). Healthy coral reefs protect coastlines from wave 

energy, reduce the risk of coastal flooding (Harris et al., 2018), and provide local 

populations with crucial food supplies (Cinner et al., 2020). While there is broad 

agreement on which processes are fundamental for reef systems, our capacity to 

quantitatively define a ‘functional’ reef is still limited (Kennedy et al., 2013; 

Hughes, Barnes, et al., 2017; Brandl, Rasher, et al., 2019). For example, coral 

nitrogen cycling may be crucial for primary productivity (i.e., photosynthesis), but 

it is poorly documented and may vary greatly among reefs (Rädecker et al., 2015). 

Similarly, coral calcification is key to reef accretion, but the rates of calcification 

necessary to keep up with sea level rise remain largely unquantified (Brandl, 

Rasher, et al., 2019). 

 

One reason why defining ‘functional’ reefs remains challenging is that 

functional studies on coral reefs traditionally employ qualitative, categorical traits 

as a proxy for functioning, but our capacity to directly quantify processes is still 

limited (Brandl, Rasher, et al., 2019). Integrating empirically-measured processes 

into quantifications of reef functioning has been performed using two main 

approaches: i) the direct measurement of in situ elemental fluxes and ii) the 

scaling of individual-level physiological processes to the community level using 

an additive approach (Allen, Gillooly and Brown, 2005; Barneche et al., 2014). 

Direct measurements of elemental fluxes are the most accurate method to 

quantify ecological functioning (Nakamura and Nakamori, 2009). However, direct 

assessments are labour intensive and subject to local, current conditions, and 

they are thus impractical for integrating research across large spatial and 

temporal scales. As an alternative, scaling up organismal physiological processes 

to community-wide fluxes has been used to estimate large-scale biomass 
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production and nutrient cycling in coral reef fishes (Allgeier et al., 2014; Brandl, 

Tornabene, et al., 2019; Morais, Connolly and Bellwood, 2020; Schiettekatte et 

al., 2020) as well as calcification and accretion in coral assemblages (Perry et al., 

2012). While this method can leverage widely-available datasets of fish or coral 

community structure, reliable estimates inevitably depend on the availability and 

accuracy of physiological measurements conducted at both species and 

individual levels (Edmunds and Riegl, 2020). 

 

 At the physiological level, corals consume dioxygen (O2) through 

respiration and produce O2 due to their symbiotic association with 

photosynthetic microalgae from the Symbiodiniaceae family (LaJeunesse et al., 

2018). The coral host provides their symbiotic algae with a protected 

environment and essential compounds such as respiratory carbon dioxide (CO2) 

and nitrogenous waste, which are necessary for the symbiotic algae to 

photosynthesize (Muscatine and Porter, 1977; Barnes, 1987; Birkeland, 1997). In 

turn, the coral host receives photosynthetically fixed carbon that may support up 

to 95% of its metabolism (Muscatine, 1990), including skeletal growth through 

biocalcification (i.e., calcification rate) (Barnes, 1987; Muscatine, 1990; Birkeland, 

1997; Barnes and Hughes, 1999). These basic physiological processes are 

essential to ecological functioning at the community level, since calcification, 

respiration, and photosynthesis are interconnected elemental fluxes that allow 

organsims and ultimately, the entire reef system, to persist and accrete (Howard 

et al., 2017). Therefore, accurate quantifications of species-specific rates of 

calcification, respiration, and photosynthesis rate are necessary to extrapolate 

system-wide functioning based on coral community structure (Madin et al., 

2016). 

 

 Several studies on coral calcification have highlighted that coral growth 

may be allometric (i.e., exhibiting varying rates according to colony size) (Jokiel 

and Morrissey, 1986; Vollmer and Edmunds, 2000; Edmunds and Burgess, 2016; 
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Dornelas et al., 2017) instead of isometric (i.e., exhibiting constant rates across 

colony size). Specifically, the growth rate of large colonies is substantially lower 

than that of smaller coral colonies, but the mechanisms behind this pattern 

remain unclear. For example, larger colonies may invest substantial energy in 

reproduction, which reduces the energy available for growth (Richmond, 1987). 

Likewise, larger colonies can experience higher partial mortality (e.g., localized 

tissue necrosis, overgrowth by other organisms, and predation from 

parrotfishes), which may also reduce growth rates (Pratchett et al., 2015; Madin 

et al., 2020). Understanding whether and why organismal growth rates are 

isometric or allometric has important implications for our capacity to estimate 

community-level fluxes (Carlot et al., 2021). Indeed, most community data report 

the substrate covered by each species without recording the size of individual 

colonies (Flower et al., 2017; Edmunds and Riegl, 2020). Therefore, the 

estimation of ecosystem functions using the additive framework will be accurate 

only in the case of isometry. In the case of allometry, in turn, information on 

colony size distribution is necessary to calculate community-level fluxes. Thus, 

determining whether ecological functions are isometric or allometric is critical to 

accurately define community-level estimates and make management decisions 

(Edmunds and Riegl, 2020). 

 

In the present study, we quantify three primary physiological functions 

(i.e., calcification, respiration, and photosynthesis) for six coral taxa along a 

gradient of colony size to examine whether each species exhibits an isometric or 

allometric pattern.  

4.2 Material and Methods 
4.2.1 Coral species selection, preparation, and acclimation 
 

In September 2018, we collected 384 coral colonies from six coral taxa: 

Acropora hyacinthus (n = 72), Astrea curta (n = 60), Montipora verrilli (n = 48), 

Napopora irregularis (n = 48), Pocillopora cf. verrucosa (n = 84) and massive 
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Porites spp. (n = 72). These taxa exhibit unique life-history strategies and are 

among the most abundant reef-building coral species in Mo’orea (Putnam et al., 

2012; Darling et al., 2019). They also represent a large diversity of morphologies, 

such as tabular (A. hyacinthus), branched-corymbose (N. irregularis and P. 

verrucosa), encrusting (M. verrilli), and massive (A. curta and Porites spp.). 

Although we were able to identify five taxa to the level of species in the field, we 

were unable to distinguish massive Porites beyond the genus level because P. 

lutea and P. lobata are macro-morphologically indistinguishable. We sampled all 

coral colonies at a depth of 11–13 m on the outer reef of the northern coast of 

Mo’orea. Before each collection, we recorded mean ambient seawater 

temperature and salinity in situ, and we obtained measurements of 

photosynthetically active radiation (PAR: 400-700 nm) three times a week at 

14:00 from sensors at 12m depth. We collected colonies from the substratum 

using a hammer and chisel and transported them to the lab in a cooler filled with 

unfiltered seawater. Transportation took approximately 15 minutes. 

 

4.2.2 Tank preparation 
 
 In the laboratory, each colony was quickly cleaned with Milli-Q water and 

epibionts or epiphytes were carefully removed. We attributed each colony to a 

size class: (S1) <100 cm2, (S2) 100-400 cm2 and (S3) >400 cm2 for further 

physiological measurements (n = 128 colonies for each size class). We placed all 

colonies into 4 tanks, each with the dimensions 80cm x 45cm x 20cm (Figure 

S4.1), which were conditioned to reflect in situ environmental parameters. 30 

corals from the same species were kept in each tank (n = 10 for each size class). 

Prior to taking measurements, we gave the colonies 7 days to recover and 

acclimate. Following Edmunds and Burgess (2017), we incubated the coral 

colonies for one week and assumed that the acclimation was successful due to 

the low incidence of bleaching (only 2 coral colonies). Each week, when starting 

new coral acclimation trials, we alternated tanks for each coral species to avoid 
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tank effects. Every 3 days, the main water containers were re-filled with water 

from the forereef. The pH and water temperature were checked (and maintained 

between 8.1 to 8.3 and 25.5°C to 30.2°C, respectively). Light intensity was 

maintained with artificial lights above all tanks, simulating high light-intensity 

conditions without any clouds in the field at 12m depth (i.e., 

350 μmol quanta m−2 s−1; see Respiration and photosynthesis section; Figure 

S3.1). Corals were kept under artificial light for 12 hours per day during the entire 

acclimation period. 

 

4.2.3 Respiration and photosynthesis 
 

We assessed coral physiology using intermittent-flow respirometry, where 

colonies were immersed in chambers connected to both a closed recirculating 

pump system and an open flush-pump system to periodically record oxygen 

concentrations in the unfiltered seawater. The colonies were incubated in 

permeable chambers of three different volumes ranging from 0.5 L to 1 L to 4 L, 

which were selected according to the ratio between incubation volume and 

colony size. Incubation chambers were of variable sizes (0.5, 1, and 4L) and to 

achieve the same water renewal rates, the water pumps were set at different 

flow rates (0.6L min-1, 2L min-1, and 7.5L min-1, respectively). The renewal rate 

was fixed at 1.25 to establish a low turbulent flow speed for each incubation 

chamber (i.e., 0.5 cm s-1; Edmunds and Burgess, 2017). Colonies smaller than 100 

cm2 were incubated in 0.5 L chambers, colonies between 100 and 400 cm2 were 

incubated in 1 L chambers, and colonies larger than 400 cm2 were incubated in 4 

L chambers (Figure S4.1). For each respirometry trial, we assessed four controls 

and four corals of each size class (n = 12 colonies for each trial). Since we 

measured both photosynthesis and respiration, we measured O2 concentrations 

in the chambers in both artificial light and dark conditions. For each trial, we 

exposed colonies to light for three hours, then we turned off the light and 

recorded O2 consumption 30 minutes later. We limited the dark phase to 1 hour 

to prevent O2 concentrations from falling below 80% saturation (Kolb, 2018). O2 
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concentration was recorded with PyroScience FireSting optical oxygen meters 

(Pyroscience GmBH, Aachen, Germany), which were factory calibrated. We 

removed the first thirty minutes of each trial, which corresponded to the 

stabilization of the O2 concentration slopes in the closed stage of the system. For 

each trial, we included a chamber that was not populated with a coral colony to 

account for background bacterial respiration. Using these blanks, we corrected 

O2 concentrations for each trial, ultimately yielding two consumption profiles: 

one that corresponded to physiological activity in daylight (i.e., non-distinction of 

the respiration and photosynthesis activities and corresponding to the net 

photosynthesis) and the other in nocturnal conditions (i.e., respiration). All 

oxygen concentrations are described in mg (O2) h-1. The respirometry system was 

bleached after each trial to minimize background respiration by the accumulation 

of microorganisms.  

 

4.2.4 Calcification 
 
 We collected 50 mL of water from each incubation chamber and the 

control chambers, both in light and dark conditions. We stored the samples in 

sealed, opaque vials in the dark at 4°C, then we allowed them to stabilize for 2 

hours at room temperature (25°C) before processing. We carried out three 

titrations per sample to define total alkalinity using a Titrando 888 (Metrohm) 

and Titripur c(HCl) (with a concentration of 100 mmol L-1). We defined titration 

controls with water samples collected before coral incubations. We calculated 

calcification rate based on the difference between total alkalinity measured at 

the beginning and end of each incubation period (∆AT) (Dickson, Sabine and 

Christian, 2007). Specifically, we assumed that one mole of CaCO3 is produced 

when alkalinity (∆AT) drops by two moles across a fixed time period (∆t) (i.e., 

- ∆AT/2∆t), then by multiplying these parameters by seawater density (ρsw). 

Finally, we converted the resulting value to g cm-2 yr-1 based on the molar mass 

of CaCO3. 
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4.2.5 Colony-size estimation using photogrammetry 
 
 After each incubation, we took 100 to 200 overlapping high-resolution 

photos (300 dpi) of each colony. The photos were used to construct 3D models 

using the Agisoft PhotoScan software (Agisoft, 2016), which allowed us to define 

3D live surface area of each colony (Harwin, Lucieer and Osborn, 2015). We 

worked with 3D surface area rather than planar area to avoid underestimating 

coral CaCO3 production. High-resolution photos allowed us to capture coral 

complexity without killing the corals. We removed surface area under the coral 

base from our estimates so that we only measured live surface area. To ensure 

reproducibility, we also defined the Coral Shadow Area (Grottoli et al., 2021) for 

the wider application of our estimates. All coral colonies (n = 384) were then 

placed in a large holding aquarium (for a maximum of 2 weeks) and ultimately 

returned to the outer reef. 

 

4.2.6 Statistical analysis 
 

Before analysing the data, we removed data points if 1) a coral colony 

exhibited a negative calcification rate (i.e., dissolution), 2) the tank temperature 

dropped below 27°C (i.e., failure of the tank heating system), or 3) the linear fit 

of O2 concentrations over time to quantify respiration or net photosynthesis rates 

exhibited an R2 value lower than 0.8 (Kolb, 2018). Following this quality control 

procedure, we retained 250 out of 384 (65 %) of data points for the analysis. We 

then applied Bayesian models to estimate the relationship between colony 

surface area and each physiological rate on the natural log scale using the R 

package brms (Bürkner, 2017a, 2017b). Our models were specified with the 

following structure: 

 

ln52',)6~859',) , :6 

9',) = (ln(;) + <['!,+]) + (= + <['!,-]) ln(>)) 



Chapter 4 : Scaling up calcification, respiration, and photosynthesis rates of six prominent coral taxa 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 

 86 

< = (Ωℤ)A. 
diag(ℤ) = :/  

=	~	8(0, 5); ln	(;)	~	8(0, 5); :	~	Γ(2, 0.1); A.	~	8(0, 1); Ω	~	LKJ(1); 
:/ 	~	Γ(2, 0.1) 

 

where ln52',)6 is the natural logarithm of the rate of calcification (kg yr-1), 

O2 consumption (mg h-1), or O2 production (mg h-1) of species J and individual K; 

ln(>)) is the natural logarithm of live coral surface area (cm2); ln	(;) is the 

among-species average intercept on the natural log scale; = is the among-species 

average size scaling slope (i.e., exponent on the natural scale); J) is a vector 

comprising / levels of species (n = 6), which, in turn, create a hierarchical matrix 

< of / rows and two columns, respectively, representing species-level additive 

deviations from ln	(;) and =; Ω is the Cholesky factor of the correlation matrix 

between the hierarchical effects, ℤ is the two-by-two diagonal matrix, for which 

the diagonal is a vector of among-species standard deviations (:/), and A.	is an 

/-by-two matrix of standardised hierarchical effects. The prior sampling 

distributions were specified to follow Gaussian (8(location, scale)), Gamma 

(Γ(shape, inverse scale)) and log-LKJ (LKJ(shape)). We ran our models with three 

chains, 5,000 draws per chain, and a warm-up period of 2,500 steps, thus 

retaining 7,500 draws to construct posterior distributions. We verified chain 

convergence with trace plots and confirmed that Rhat (the potential scale-

reduction factor) was lower than 1.05 (Gelman, Rubin and al., 1992). We 

obtained R2 values of 0.92, 0.77, and 0.77 for the calcification rate model, 

respiratory rate model, and photosynthetic rate model, respectively (Table S4.1, 
Figure S4.2). We then divided our raw data by the respective surface area of each 

colony to express rates on an area-specific basis. To calculate the posterior 

distribution of the scaling exponent of area-specific rates against colony area, we 

used 1-= (Figure S4.3). 
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The ratio between net photosynthesis rate and calcification has been used 

as a proxy for how much energy is available to perform other functions (e.g., 

reproduction) (Rinkevich, 1989). To do so, we performed simulations to evaluate 

the energy budget of monospecific assemblages. Specifically, we first defined 

average colony size for the six genera following cyclone Oli in 2010 (Carlot et al., 

2021), which resulted in the dominance of small colonies (within the same range 

as our ex situ coral estimates). On reefs around Mo’orea, a series of recent 

disturbances have shifted coral composition in favour of Pocillopora corals 

(Adjeroud et al., 2018), so we chose to compare Pocillopora vs. the other genera. 

We randomly generated 100 size distributions which were used to calculate 

species- and size-specific photosynthesis and calcification rates. These estimates 

were used to compare population-wide estimates of P. verrucosa against each of 

the other five species (i.e., A. hyacinthus, A. curta, M. verrilli, N. irregularis and 

Porites spp.). Finally, we estimated the ‘energetic ratio’ for each population. All 

the statistical analyses were run in R version 4.0.3 (R Core Team, 2019). 

4.3 Results 
 
 For all coral species, we observed an increase in calcification, respiration, 
and photosynthesis across the colony-size gradient (Figure 4.1). However, we 
identified both hypo-allometric and isometric relationships, depending on the 
physiological process. Calcification showed a hypo-allometric relationship with 
colony size, as evidenced by values of = that were lower than 1 (Table 4.1, Table 
S4.1., Figure 4.1). Thus, juvenile corals calcify more efficiently than adults, relative 
to their surface area. Although massive Porites spp., massive A. curta, and 
encrusting M. verrilli had higher = values than the other species, only 2% of the 
5,000 posterior draws had a slope greater than 1 (i.e., isometric trajectories, 
meaning that juveniles grow as fast as adults). On the other hand, respiration and 
photosynthesis increased isometrically with colony size, as demonstrated by = 
values that did not differ from 1. 
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Figure 4.1 | Scaling relationships between the three physiological processes (i.e., 
calcification, respiration, and photosynthesis rates, respectively, from top to 
bottom) and live coral surface area for six coral species (Acropora hyacinthus, 
Astrea curta, Montipora verrilli, Napopora irregularis, Pocillopora cf. verrucosa 
and Porites spp.) with a ± 95% Bayesian credible interval. All relationships are 
depicted with dots representing the raw data and regression lines representing 
posterior predictions from the Bayesian linear model (± 95% credible intervals). 
Coral silhouettes represent the mature coral morphology. 
 
Table 4.1 | Point estimates and 95% credible intervals for fitted parameters based 
on Bayesian linear models estimating calcification, respiration, and 
photosynthesis rates according to colony size for six coral species. The coefficients 
⍺ and ß are calculated as: Metabolic rate = ⍺ SA

ß where SA is the coral surface area 
(cm2) and the metabolic rate is expressed in (mg.h-1). When ß is lower than one, 
the metabolic rate scales hypo-allometrically with SA, whereas when ß equals 1, 
the metabolic rate scale isometrically with SA.  
 Calcification  Respiration  Photosynthesis  
Parameters Mean 2.5% 97.5% Mean 2.5% 97.5% Mean 2.5% 97.5% 
A. hyacinthus ⍺ 0.26 0.15 0.48 0.01 0.01 0.06 0.02 0.01 0.06 

ß 0.85 0.77 0.94 1.29 1.00 1.41 1.11 0.87 1.32 
A. curta ⍺ 0.24 0.14 0.45 0.02 0.01 0.06 0.02 0.01 0.06 

ß 0.89 0.80 0.97 1.06 0.78 1.33 1.05 0.82 1.27 
M. verilli ⍺ 0.24 0.14 0.45 0.02 0.02 0.07 0.02 0.01 0.06 

ß 0.93 0.83 1.00 1.00 0.71 1.26 0.98 0.74 1.19 
N. irregularis ⍺ 0.24 0.14 0.45 0.01 0.01 0.06 0.02 0.01 0.05 

ß 0.82 0.75 0.91 0.76 0.47 1.02 0.80 0.56 1.01 
P. verrucosa ⍺ 0.24 0.14 0.44 0.02 0.02 0.07 0.02 0.01 0.06 

ß 0.86 0.78 0.95 1.20 0.91 1.46 1.20 0.96 1.41 
Porites spp. ⍺ 0.24 0.14 0.44 0.02 0.01 0.06 0.02 0.01 0.05 

ß 0.93 0.84 1.00 1.16 0.87 1.42 1.08 0.84 1.29 
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Figure 4.2 | Representation of hypothetical coral assemblages and their 
corresponding energy ratios (net photosynthesis rate/calcification rate). A. 
Percentage of live coral cover of the 6 coral species from 2004 to 2017. Reefscapes 
are represented on the right for three years (i.e., 2005, 2010, and 2015) B. 
Relationship between calcification and net photosynthesis, which underpin the 
community-wide models. Estimates from previous Bayesian models (unfilled 
points) were added to our observations (filled points). C. Matrices representing 
energy ratios (net photosynthesis rate/calcification rate) according to different 
scenarios of Pocillopora cf. verrucosa cover (0 to 100% cover) vs. the cover of the 
five other species (0 to 100% cover; A. hyacinthus, A. curta, M. verrilli, N. 
irregularis, and Porites spp.) after the cyclone in 2010 (i.e., which resulted in the 
dominance of small coral colonies).  
 

Whole colony calcification rates were hypo-allometric; thus, calcification 

rates per unit surface area decreased as colony size increased for all species, 

while photosynthesis and respiration per unit area were not size dependent for 

all species. However, we detected substantial among-species variation in the ⍺ 

coefficients (i.e., the species-specific intercepts) for all three physiological 
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processes (Figure 4.1, Table S4.1). These results highlight among-species 

performance variations across all three physiological processes. For example, A. 

hyacinthus showed the highest calcification, while M. verrilli exhibited the lowest 

calcification. Yet, this trend was reversed for both respiration and 

photosynthesis, where M. verrilli and A. hyacinthus showed the highest and 

lowest rates, respectively. Depending on the coral community composition 

around Mo’orea, these observations may have significant implications (Figure 

4.2A). Furthermore, we detected we detected two main trends when examining 

species-specific relationships between photosynthetic rates and calcification 

rates (Figure 4.2B). Porites spp., N. irregularis, and A. hyacinthus showed higher 

calcification rates than net photosynthetic rates, while A. curta, M. verrilli, and P. 

verrucosa showed the opposite pattern. Using these ratios to model population-

wide processes after cyclone Oli, we found that monospecific stands of P. 

verrucosa exhibited the highest rates of calcification vs. photosynthesis, 

regardless of population structure (i.e., ratio ~ 3.5; Figure 4.2C). 

4.4. Discussion 
 

Organismal physiology underpins community-wide ecological processes 

that define ecosystem functioning. We analysed three fundamental physiological 

functions (i.e., calcification, respiration, and photosynthesis) for six prominent 

coral taxa to test whether the relationships between these functions and colony 

size was isometric or allometric. Similar to recent results (Edmunds and Burgess, 

2016; Dornelas et al., 2017; Madin et al., 2020), we found that calcification 

increases hypo-allometrically per unit area with live coral surface area across all 

six species. However, this was not the case for photosynthesis and respiration, 

which scaled isometrically with live coral surface area. This contrasts with 

previous work, which suggested that respiration and photosynthesis in 

Pocillopora sp. scale allometrically with colony size (Edmunds and Burgess, 2016). 

The prevalence of isometric relationships across the six species in our study 
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suggests that isometric scaling of respiration and photosynthesis rates may be 

common across corals, at least at comparable climatic conditions.  

 

As opposed to the allometric scaling of calcification, the isometric scaling 

of photosynthesis emphasizes the importance of coral growth in early life stages, 

potentially due to tissue age (Elahi and Edmunds, 2007). Small, recently settled 

colonies generally experience intense mortality (Ritson-Williams et al., 2009; 

Penin et al., 2010; Wall and Stallings, 2018), and a rapid increase in colony size 

(through extensive calcification) may offer the best chance for survival (Heino and 

Kaitala, 1999; Doropoulos et al., 2012). Thus, while it is beneficial for small coral 

colonies to disproportionally invest in calcification, there are no immediate 

benefits from increased photosynthesis. In fact, high photosynthesis per unit 

surface area may hamper early-life stage success through exposure to oxidative 

stress (Fitt et al., 2001; Hoogenboom and Anthony, 2006). Thus, photosynthetic 

energy may be allocated to others processes such as nutrient cycling (Falkowski 

et al., 1984) or it may be stored for reproduction at maturity (Leuzinger, Anthony 

and Willis, 2003). 

 

Although we defined ex situ calcification rates (alkalinity anomaly method), 

our results are consistent with other methods, such as x-rays (Lough, 2008), 

community metabolism (Langdon and Atkinson, 2005), or in situ measurements 

(Kuffner, Hickey and Morrison, 2013). While the examined coral species showed 

comparable scaling relationships for calcification rates, A. hyacinthus had a 

consistently higher rate than the other species. These results are also consistent 

with the high calcification rates documented for corals in the genus Acropora, 

which are generally classified as fast-growing corals (Harriott, 1999; Anderson et 

al., 2018). However, although A. hyacinthus had the highest calcification rate, its 

photosynthetic and respiratory rates were among the lowest in our experiments. 

This provides physiological evidence that A. hyacinthus tends to allocate most of 

its energy to growth, at least in the absence of spawning activity, during which 
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large amounts of energy may be dedicated to gamete development (Razak et al., 

2020). Conversely, M. verrilli and P. verrucosa had the highest photosynthetic 

rates (Figure 4.1, Figure S4.3) but markedly lower calcification rates than A. 

hyacinthus, which further highlights differences in the life-history strategies of 

the various species. For Pocillopora, at least, brooding sperm and egg bundles 

may require this investment and subsequently enhance the chances of 

Pocillopora offspring to survive (Hirose, Kinzie and Hidaka, 2001). Indeed, the 

high photosynthetic rate of P. verrucosa may explain the success of this species 

in Mo’orea, a reef system recently dominated by pocilloporids (Hédouin et al., 

2020). Although M. verrilli employs broadcast spawning, it is the second most 

abundant coral genus in Mo’orea (Bosserelle et al., 2014), suggesting that higher 

photosynthesis rates are directly related to ecological success under the current 

environmental conditions in Mo’orea.  

 

Notably, M. verrilli and P. verrucosa are also known for their lower 

Symbiodinium density (from 4 to 6-fold less than the genus Acropora) (Edmunds 

et al., 2014), which further emphasizes their high photosynthetic rates. The 

distinct photosynthetic rates among coral taxa might arise from the different 

physiological and ecological attributes of associated symbiotic communities 

(Baird, Guest and Willis, 2009; Putnam et al., 2012; Rouzé et al., 2019) and their 

transmission. P. verrucosa generally shows a stable association with the genus 

Cladocopium (Stat, Morris and Gates, 2008; Baker et al., 2018), which exhibits 

high photosynthetic efficiency and is transmitted vertically to offspring. M. verrilli 

shows a similar association and transmission dynamics (Stat, Yost and Gates, 

2015). In contrast, A. hyacinthus exhibits flexible association with different 

Symbiodiniaceae genera, often obtained through horizontal transfer (Davies et 

al., 2020). While this results in the dominance of acroporids in a variety of 

environmental conditions, the present community composition around Mo’orea 

suggests that the physiological profile of A. hyacinthus and its variable symbionts 

are disadvantageous under current conditions, as the genus has become rare as 
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compared to P. verrucosa or M. verrilli (Babcock et al., 2003). The other three 

coral species (i.e., A. curta, N. irregularis, and massive Porites spp.) show 

intermediate physiological performance and likewise intermediate abundances 

around Mo'orea. Thus, the revealed differences in physiological profiles likely 

determine the energetic basis for processes unfolding at the population and 

community levels.  

 

Our study focused on specific in situ conditions; therefore, additional work 

is required to strengthen the robustness of our findings and reaffirm our 

predictions for future coral community assemblages according to different 

environmental conditions. Indeed, light intensity and water flow highly impact 

physiological rates, and, as such, they may significantly affect calcification rates 

(Edmunds and Burgess, 2017; Cresswell et al., 2020). In addition, although we 

assumed a proportional variation in physiological rates according to variations in 

light intensity, sea temperature (Venti, Andersson and Langdon, 2014), and water 

flow (Edmunds and Burgess, 2017), calcification rates may change 

disproportionately with decreases in light intensity and increases in ocean acidity 

(Dufault et al., 2013), which further depends on coral species and life history 

stage (Kornder, Riegl and Figueiredo, 2018). Moreover, our findings are derived 

from a distinct range in the size spectrum of the studied species. Specifically, our 

work focused on relatively small coral colonies that are dominant after severe 

disturbances such as cyclone Oli (Carlot et al., 2021), thus potentially biasing the 

obtained scaling relationships through the omission of larger, more mature 

colonies. Finally, due to heterogeneity in the shape of corals, additional work 

might reveal changes in physiological rates according to coral surface standard 

(i.e., planar area vs contour area) (Jokiel, Jury and Kuffner, 2016), but we were 

unable to address this component in the present study. 

 

Thoroughly understanding the nature of the investigated scaling 

relationships opens opportunities to estimate ecosystem-wide processes that are 
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critical for coral reef functioning. In the case of photosynthesis and respiration, 

isometric scaling permits relatively simple extrapolations of colony-level 

processes to entire communities. Specifically, if species identities and the relative 

combined surface areas of colonies are known, we may be able to compute 

reasonably accurate estimates of community-wide respiration and 

photosynthesis. In this case, standard coral survey methods that record the 

percent cover of different species (English, Wilkinson and Baker, 1997; Hill, 

Wilkinson and al., 2004) allow the estimate of community-level photosynthetic 

capacity. In contrast, due to the size-dependency of calcification, an accurate 

estimation of community-level calcification would require information on the size 

distribution of individual colonies, which are seldom recorded in standard 

monitoring (Edmunds and Riegl, 2020). Given that calcification is a crucial 

function performed by coral assemblages, with direct implications for reef 

accretion (Perry et al., 2018) and wave-energy attenuation (Harris et al., 2018), 

the absence of colony size from most major coral reef monitoring programs may 

preclude us from inferring community-level processes with adequate accuracy. 

 

Overall, our results expand our understanding of coral physiology and 

species-specific traits that can confer ecological advantages under changing 

environmental conditions. Further, our findings strengthen our capacity to 

predict community-wide rates of photosynthesis and respiration based on 

commonly collected coral survey data. Our results suggest that the lack of 

demographic data (i.e., colony size) across the literature and many monitoring 

databases prevents us from precisely defining community-wide estimates of 

calcification. Therefore, including colony size would greatly enhance long-term 

monitoring efforts, since surface area dictates the total light, carbon, and 

nutrients that a coral can absorb. 
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4.6 Data availability 
 

Code and data are available on my Github folder “Coral Physiology”: 

https://github.com/JayCrlt/Coral_Physiology 

4.7 Supplementary information 
 
Table S4.1 | Point estimates and 95% credible intervals for fitted parameters 
based on Bayesian linear models estimating calcification, respiration, and 
photosynthesis rates based on colony size and species identity. 

 Calcification  Respiration  Photosynthesis  
Parameters Mean 2.5% 97.5% Mean 2.5% 97.5% Mean 2.5% 97.5% 
Fixed effects 
ln(⍺) -6.126 -6.719 -5.486 -4.154 -5.565 -2.741 -3.971 -5.074 -2.907 
ß 0.881 0.792 0.966 1.074 0.796 1.351 1.033 0.800 1.256 
Random effects 
Std. Deviation 
of ln(⍺) 

0.613 0.228 1.408 1.437 0.624 3.006 1.081 0.383 2.376 

Std. Deviation 
of ß 

0.075 0.006 0.199 0.281 0.100 0.638 0.221 0.050 0.519 

Correlation of 
ln(⍺) and ß -0.58 -0.98 0.527 -0.602 -0.959 0.236 -0.507 -0.953 0.536 
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Figure S4.1 | Tank set up. A. Coral colonies in two tanks conditioned to reflect in 
situ environmental parameters. In the left tank, the coral colonies are A. 
hyacinthus, and in the right tank, they are N. irregularis. B. P. verrucosa in an 
incubation chamber used to define calcification and gross photosynthesis rates. 
C. Photos of the 6 different coral species (a. A. hyacinthus; b. A. curta; c. M. verrilli; 
d. N. irregularis; e. P. verrucosa and f. Porites spp.) from Bosserelle et al. (2014) 
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Figure S4.2 | Trace plots depicting the Monte Carlo chains from the three Bayesian 
models. Each model (i.e., calcification, respiration, and photosynthesis) was run 
with three chains of 5,000 iterations, with the first 2,500 steps discarded. The 
scatterplots represent posterior predictive checks with the respective R2 values 
estimated from the model.  
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 Figure S4.3 | Relationship between the surface area-specific physiological 
processes (calcification, respiration, and photosynthesis rates, respectively, from 
the top to the bottom) and live coral surface area for six coral species (Acropora 
hyacinthus, Astrea curta, Montipora verrilli, Napopora irregularis, Pocillopora cf. 
verrucosa, and Porites spp.) with a ± 95% Bayesian credible interval. All 
relationships are depicted with dots representing the raw data points and 
regression lines representing posterior predictions from the Bayesian linear model 
(± 95% credible intervals). Coral silhouettes represent the mature coral 
morphology
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Abstract 
 

Coral reefs protect 500 million people from oceanic waves, but 

they are threatened by intensifying anthropogenic disturbances and 

climate change. These have the effect of reducing the structural 

complexity of coral assemblages, hence affecting the effective ability 

of reefs to break incoming waves. To forecast how tropical coastal 

populations will be affected by future flooding risks requires an 

understanding of the continued capacity of reefs to dissipate wave 

energy under ongoing global changes and large-scale bleaching events. 

In this work, we show that the relationship between coral reef 

structural complexity and waves dissipation increases heterogeneously 

according to the height of the waves. For example, we reveal that 

structural complexity has twice the potential to dissipate an offshore 

wave of 3m compared to an offshore wave of 1m. Our results are based 

on a unique field experiment that recorded the almost complete loss 

of structural complexity in French Polynesia in 2010, right after a 

cyclone. Thus, we surmise that, if structural complexity is compromised 

(as observed after dramatic large-scale disturbances), the expected rise 

of storm intensity in the near future may jeopardize the persistence of 

coastal societies along the tropics in the 21st century.  
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5.1 Introduction 

 
During the second half of the twentieth century, the world population 

reached historically unprecedented demographic levels, exceeding 7.8 billion 

people in March 2020 (World Population Data Sheet, 2020). Because coastal 

zones are among the most developed areas worldwide (Barbier et al., 2011; 

Temmerman et al., 2013; Neumann et al., 2015), these places tend to 

accommodate most of the demographic increase, gathering steadily more people 

and therefore resulting in high population densities (McGranahan, Balk and 

Anderson, 2007; Haslett, 2009). This is particularly true for coral reef islands 

where the livelihoods of more than 500 million people are linked to the highly 

valuable ecosystemic services of coral reefs (Hoegh-Guldberg, Pendleton and 

Kaup, 2019) (e.g., food supplies tourism, coastal protection (Costanza et al., 2014; 

Woodhead et al., 2019). Coastal societies can develop on these areas thanks to 

natural coastal protection against ocean waves, provided by the reefs. Indeed, 

coral reefs absorb 97% of the incoming wave energy (Ferrario et al., 2014), 

therefore effectively buffering shorelines from the risk of flooding during 

extreme storms (Spalding, Ruffo, et al., 2014). 

 

Although there is still significant uncertainty on whether climate change 

will lead to an increase in the frequency of extreme sea storms (e.g., those driven 

by tropical cyclones), there is consensus on the fact that warmer ocean 

temperatures and higher sea levels will increase coastal flood and erosion risk 

(Hinkel et al., 2019; Vousdoukas et al., 2020). Unfortunately, coral reefs are also 

threatened by intensifying anthropogenic stressors, including global ocean 

warming, sea-level rise and local impacts such as pollution and sedimentation 

(Hughes, Barnes, et al., 2017). These perturbations usually imply a decrease in 

living coral cover (De’ath et al., 2012) and habitat structural complexity, 

especially when tropical storms hit coral assemblages that underwent massive 

mortalities, such as in the case of bleaching event (Madin and Connolly, 2006; 
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Alvarez-Filip et al., 2009). The combination of coral mortality and loss of 

structural complexity leads to the flattening of reefs, a process that is becoming 

increasingly common worldwide (Gardner et al., 2003; Bruno and Selig, 2007; 

Alvarez-Filip et al., 2009; Rogers, Blanchard and Mumby, 2014). Decreasing 

structural complexity (Beck et al., 2018; Roelvink et al., 2021) will result in lower 

natural protective capacity and further magnification of the already high 

anticipated coastal risks (Christensen et al., 2013). Despite the fact that the link 

between wave attenuation and structural complexity is widely accepted among 

scientists, studies which quantify the level of protection in real-world conditions 

are limited. 

 

Here, we use field observations and numerical wave models to show that 

structural complexity offers natural protection which increases exponentially 

with wave height. For example, we find that the potential of coral roughness to 

dissipate incoming waves doubles as the significant wave height increases from 

1 m to 3 m. Such natural protective capacity will be greatly reduced in view of 

bleaching events becoming an annual phenomenon for 90% of reefs since 2020 

(Kwiatkowski et al., 2015). 

5.2 Materiel & Methods 
5.2.1 Fieldwork measures  

 
Mo’orea (French Polynesia) is encircled by coral reefs, which are 500–700 

m wide with a dominant swell direction coming from the southwest to northeast. 

Thus, wave conditions were measured on the fore-reef slopes and reef flats of 

Ha’apiti (South-west coast), because this site was considered as a high-energy 

site (Harris et al. 2018) (Figure S5.1). Pressure records were measured in a cross-

reef transect from the fore-reef slope to the reef flat using INW PT2X Aquistar 

and DHI SensorONE pressure transducers (PTs) both logging at 4 Hz. Pressure 
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records were corrected for pressure attenuation with depth (Tucker and Pitt 

2001) and split into 15-min ensembles (Harris et al., 2015).  

 

5.2.2 Structural complexity definition 
 

To define structural complexity, we took 100 to 200 overlapping high-

resolution photos (300 dpi) of 30 coral colonies (n = 10 for Acropora hyacinthus, 

n = 10 for Pocillopora cf. verrucosa and n = 10 for Porites lutea). The photos were 

used to construct 3D models using the Agisoft PhotoScan software (Agisoft, 2016) 

(Figure S5.3). Thanks to a dataset that document changes in coral colony size (i.e., 

width, length and height) distributions across a full disturbance-recovery cycle 

between 2005 and 2016 (Carlot et al., 2021) we randomly resize coral 3D models 

and placed coral colonies 100 times within a transect from 20m depth to the reef 

crest (160m length, Figure S5.4). To ensure ecological variability we randomly 

rotate coral colonies between – π/2 and π/2. For example, for one trial (out of 

100) in 2005, we randomly placed 1400 coral colonies within our 160m2 (n = 448 

for Acropora hyacinthus, n = 912 for Pocillopora cf. verrucosa and n = 240 for 

Porites lutea). For each coral colony, a random rotation was defined and for each 

species, one of the ten 3D models was randomly selected. Finally, to quantify the 

complexity from corals we converted our transect as raster and used the function 

rumple_index of the LidR package (Roussel et al., 2020; Roussel and Auty, 2021) 

in R 4.0.0 (R Core Team 2019). Our estimates are consistent with previous 

structural complexity at this location (Carlot et al., 2020). 

 

5.2.3 Nikuradse definition 
 
To calibrate the hydrodynamic model, we defined the Nikuradse roughness 

(kn) estimates based on our structural complexity estimates. In the 1930s, 

Nikuradse measured the hydraulic effects of uniform sand grain roughness on 
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the flow in cylindrical pipes (Nikuradse, 1933). Thus, to convert our structural 

complexity estimates to kn estimates, we assumed that coral colonies were 

distributed homogeneously within our 3D transect for each year. We defined the 

average coral height within the transect for each virtual 3D transect (one transect 

per year). This average height was considered as the radius of the theoretical 

Nikuradse’s sand grain and was multiplied by 2 to obtain kn estimates (Figure 

S5.5A). To validate our approach, we first defined kn estimates from a 

hydrodynamical approach’ for each pair of sensors (between sensor 1 and sensor 

2, between sensor 2 and sensor 3 and between sensor 3 and sensor 4; Figure 

S5.1) in 2016. Second, to define kn estimates during the other past years, we 

delineated the structural complexity as the ratio between 2016 and the other 

past years and quantify how much the complexity has changed in percentage 

(Figure S5.5B). Third, we applied this percentage of change in complexity to the 

kn estimate defined in 2016 by the ‘hydrodynamical approach’. We also used our 

dataset that documents changes in coral colony size (i.e., width, length and 

height) from 2005 to 2016, to define the average coral height for each year of 

our 3D transects and thus quantify kn estimates by our ‘topographic approach’. 

Consistently, we compared our kn estimates defined by the ‘topographic 

approach’ and our kn estimates defined by the ‘hydrodynamical approach’ by 

making a scatterplot and we defined a linear regression between both 

kn i.e., kn,hydrodynamical = α · kn,topographic (Figure S5.5C). The slope α was used as a 

factor of correction and was applied to our estimates obtained with the 

‘topographic approach’. To ensure reproducibility for further studies and break 

boundaries between hydro-physicists and ecologists, we traced the relationship 

between structural complexity and Nikuradse roughness estimates (R2 = 68%; 
Figure S5.5D). 

 

5.2.4 Hydrodynamic model 
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The present nonlinear wave model in the nearshore zone is based on the 

Boussinesq equations (Karambas and Koutitas, 2002) : 

 

(1) 

 

where, U is the mean over the depth horizontal velocity, ζ is the surface 

elevation, d is the water depth, uo is the near bottom velocity, h=d+ζ, L0 =
(M + <)N1- + A(O- − N1-), δ is the roller thickness determined geometrically 

according to Schäffer, Madsen and Deigaard (1993), E is an eddy viscosity, τb is 

the bed friction term and B=1/15. More details are found in Karambas and 

Koutitas (2002).  

 

In this work the wave breaking mechanism is based on the surface roller 

concept (Schäffer, Madsen and Deigaard, 1993). However, in the swash zone, 

surface roller is not present and the eddy viscosity concept is used to describe 

the breaking process. The term E in equation (1) is written: 
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where Q2 is the eddy viscosity coefficient: 
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where ℓ is the mixing length ℓ = 3.5 h και Βb a coefficient according to 

Kennedy et al. (2000)  

 

The ‘dry bed’ boundary condition is used to simulate runup (Karambas and 

Koutitas, 2002). The numerical solution is based on the fourth-order time 

predictor-corrector scheme proposed by Wei and Kirby (1995). Therefore, the 

bed friction term τb is calculated based on the following formula: 

 

2,- = "
) 34.5|5|          (4) 

 

where the bottom friction coefficient fw is given by the formula suggested 

by Swart (1974), (which is an explicit approximation to the implicit, semi-

empirical formula given by Jonsson (2021) 

 

f/ = exp ;5.213(0"1#)
2."45 − 5.977D         (5) 

 

Where αo is the amplitude of the near-bed wave orbital motion and ks is 

the Nikuradse roughness height.  
 

5.2.5 Statistical analyses 
 
To quantify how much wave energy is dissipated by coral reef aiming to 

validate our model efficiency, we made a ratio between offshore wave height (Hs, 

reef) and wave height near the shore (Hs, shore) for each wave trial and each year 

(i.e., 1000 waves per year). We then applied Bayesian models to estimate the 

relationship between Hs, shore, Hs, reef and structural complexity using the R package 

brms (Bürkner, 2017a, 2017b). Our model was specified with the following 

structure: 
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S',.3%42	~8(9', :) 

9' = 5; + :/6 × S.,4226	 + 5= + :/6 × JU + 5V + :/6 × S.,4226	:	JU 

;	~	8(0, 1); =	~	8(0, 1); V	~	8(0, 1); :	~	Γ(2, 0.1); :/ 	~	Γ(2, 0.1) 

 

where Hs,shore is the significant wave height near the shore (m), SC is the 

structural complexity, and Hs,reef is the significant wave height near the reef (m). 

The prior sampling was specified to follow a Gaussian (8(location, scale)) and a 

Gamma (Γ(shape, inverse scale)) distribution. We ran our models with three 

chains, 5,000 draws per chain, and a warm-up period of 2,500 steps, thus 

retaining 7,500 draws to construct posterior distributions. We verified chain 

convergence (n=4) with trace plots and confirmed that Rhat (the potential scale-

reduction factor) was lower than 1.05 (Gelman, Rubin and al., 1992). We 

obtained a R2 value of 0.46 (Figure 5.2A). Finally, drawing on our model, we 

defined the Hs, shore according to the wave height on the outer reef from 1m to 

6m. We defined the relationship between these estimates and structural 

complexity to extract the slope and predicted the potential rise of the wave 

height near the shore according to the loss of structural complexity (Figure 5.2B). 

5.3 Results and discussion 
 
We monitored the structural complexity in Mo’orea (French Polynesia) 

documenting changes in coral colony size and abundance along an area of 160 x 

1m and for the most conspicuous taxa between 2005 and 2016 (i.e., Acropora 

hyacinthus, Pocillopora cf. verrucosa and Porites lutea) (Trapon et al., 2013). In 

that period, an outbreak of the predatory sea star Acanthaster cf. solaris (2006-

2009), followed by a cyclone (2010), reduced coral cover from 50% to 3% and 

halved structural complexity in 2010 (Figure 5.1). By the year 2016, coral cover 

recovered from these disturbances with a dominance of Pocillopora cf. verrucosa 

(Adjeroud et al., 2018; Carlot et al., 2021), presenting a higher complexity profile 
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from the three coral species and resulting as an increase of the overall reef 

structural complexity. 

 

 
Figure 5.1 | Evolution of the structural complexity from 2005 to 2016 on the west 
side of Mo’orea island (French Polynesia). Perturbations included a predatory sea 
star (Acanthaster cf. solaris) outbreak from 2006 to 2009 and a cyclone in 2010. 
Photographs illustrate the reefscapes in A. 2005, B. 2011 and C. 2016. 

 
For the same study period (2005-2016), we have collected water level data 

along a cross-shore transect and on-, off-shore and on the reef (Figure S5.1). The 

sampling location was selected because of its exposure to the dominant swell 

direction (Harris et al., 2018). Using spectral analysis, we have quantified coral 

reef wave energy dissipation, as well as the Nikuradse roughness kn (Vousdoukas 

et al., 2012). post-processing of the in situ physical roughness measurements 

along with the Nikuradse roughness from the hydrodynamic data, allowed 

generating kn values along the entire profile. The latter were used in a 

Boussinesque wave model which allowed up to quantify the capacity of structural 
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Figure 2 | Evolution of the structural complexity from 2005 to 2016 on the west side of Mo’orea 
island (French Polynesia). Perturbations included a predatory sea star (Acanthaster cf. solaris) 
outbreak from 2006 to 2009 and a cyclone in 2010. Photographs illustrate the reefscape in (a) 
2005, (b) 2011 and (c) 2016.
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complexity to attenuate incoming wave energy on the study site. To make sure 

that the simulations represent the local wave climate we processed 30 years of 

wave data and extracted 1000 conditions discretizing the 0th to 100th percentile 

space in equal distances. We then run the wave model for all combinations of the 

1000 wave conditions and 10 bed roughness profiles. We then build a Bayesian 

model to characterize the relationship between the wave height near the shore, 

structural complexity and wave height on the outer reef. Consistently with 

previous studies (Harris et al., 2018), our results show that the lower the 

structural complexity, the lower is the wave dissipation, and hence the higher the 

waves close to the shore (Figure 5.2A). However, we detected that the effect of 

structural complexity in dissipating wave energy is strongest in the case of 

extreme events (Figure 5.2A). 

 

We further exemplify our results calculating how the slope of the 

relationship between wave height on the shore and structural complexity differ 

according to the wave height on the outer reef (Figure 5.2B). We show that 

structural complexity has twice the potential to dissipate a wave of 3m (i.e., which 

correspond to more than 97.5% of the wave height offshore observed in 2016), 

compared to a wave of 1m (i.e., which correspond to less than 2.5% of the wave 

height offshore observed in 2016, Figure S5.2). Those results indicate that the 

loss of structural complexity will dramatically affect the capacity of reefs to 

protect coastlines, especially in the case of extreme events. To validate our 

hydrodynamic model, we quantify how much wave energy is dissipated by coral 

reefs, making a ratio between offshore wave height and wave height near the 

shore. We obtain results in line with previous works (Ferrario et al., 2014), 

confirming that coral reefs absorb 95% to 97% of the waves’ energy according to 

the structural complexity, which is most of the time, correlated with reefs’ health 

(Graham and Nash, 2013). 
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Figure 5.2 | A. Scatterplot between the wave height near the shore (HS, shore), the 
structural complexity (SC) and the wave height offshore (HS, reef). Colors represent 
one year of monitoring. The average regression is expressed as HS, shore = 0.11 - 
0.01 x SC + 0.13 x HS, reef - 0.01 x SC: HS, reef (R2 = 0.46). For each year (2005 and 
2008 to 2016), 1000 waves height near the shore were estimated. B. Increase of 
the wave height near the shore according to the structural complexity loss and 
the magnitude of the event. For each 1m wave height offshore, we used the same 
regression model as before (i.e., HS, shore = Intercept + SC + HS, reef + SC: HS, reef) and 
HS, shore was estimated for each set of wave height offshore. Drawing on this model, 
we determined the likely increase of the significant wave height near the shore 
according to the loss of the structural complexity. 

 

Overall, our results paint a grim picture for the safety of coastal societies 

in the future because wave energy reduction relies mainly on reef accretion and 

structural complexity (Harris et al., 2018). Under a worst-case scenario 

(Representative Concentration Pathway 8.5), accretion may cease for 94% of the 

reefs worldwide by 2050 (Cornwall et al., 2021) and coral reefs worldwide may 

start to flatten due to ocean acidification and warming (Gardner et al., 2003; 

Bruno and Selig, 2007; Alvarez-Filip et al., 2009; Rogers, Blanchard and Mumby, 

2014). Hence, our results further demonstrate the fundamental role of structural 

complexity in dissipating wave energy, especially in the case of extreme storm 
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expected for the near future. Our work attests the risk of coastal flooding in 

tropical regions if ongoing climate change and anthropogenic pressure that 

reduce structural complexity are not halted (Nunn, Kohler and Kumar, 2017). 

5.4 Data availability 
 

Code and data are available in my Github folder “Wave resistance”: 

https://github.com/JayCrlt/Wave_resistance.git  

5.5 Supplementary information 
 

 
Figure S5.1 | Transect along which wave attenuation was estimated from sensor 
1 to sensor 2, 3 and 4. A. Aerial view of Haapiti, Mo’orea (French Polynesia) 
(WorldView-3 imagery). B. Cross-section of the transect highlighting the 3 
different environment and sensor locations within the very same transect at 
Haapiti, Mo’orea (French Polynesia).  
 

Sensor 4
Sensor 3 Sensor 2

Sensor 1A

B

Figure S1 | Transect along which wave attenuation was estimated from sensor 1 to sensor 2, 
3 and 4. A. Aerial view of Haapiti, Mo’orea (French Polynesia) (WorldView-3 imagery). B. 
Cross-section of the transect highlighting the 3 different environment and sensor locations 
within the very same transect at Haapiti, Mo’orea (French Polynesia).
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Figure S5.2 | Wave conditions at Haapiti, Mo’orea (French Polynesia). A. Density 
plot of the wave height offshore (m) at Haapiti, Mo’orea (French Polynesia) in 
2016. For each day from 2016 at noon (GMT+12:00), the wave height has been 
defined thanks to the MARC-WW3 estimates in French Polynesia. B. 
Representation of the most common range of wave size at Haapiti (Hs ~ 1.5m). C. 
Representation of higher wave conditions at Haapiti (Hs ~ 3m) 
 

 
Figure S5.3 | Representation of the three different coral species (A. Acropora 
hyacinthus, B. Pocillopora cf. verrucosa, C. Porites lutea) 
 

Figure S4 | Wave conditions at Haapiti, Mo’orea (French Polynesia). (A) Density plot of 
the wave height offshore (m) at Haapiti, Mo’orea (French Polynesia) in 2016. For each day 
from 2016 at noon (GMT+12:00), the wave height has been defined thanks to the MARC-
WW3 estimates in French Polynesia. (B) Representation of the most common range of 
wave size at Haapiti (Hs ~ 1.5m). (C) Representation of higher wave conditions at Haapiti 
(Hs ~ 3m)
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Figure S5.4 | Representation of the Haapiti transect with random location of the 
3 species along a transect from a 0m depth to 20m depth. The different coral 
species are represented in three colors (Acropora hyacinthus in red, Pocillopora 
cf. verrucosa in gold and Porites lutea in blue) 
 

 
Figure S5.5 | Definition of the Nikuradse estimates (kn) A. Definition of the average 
coral height within a 10m2 transect and illustration of the kn estimates equivalent 
above. Acropora hyacinthus were represented in red, Pocillopora cf. verrucosa in 
orange and Porites lutea in blue B. Change in complexity from 2005 to 2016. The 
standard year has been selected for 2016 because the highest structural 
complexity estimates were defined this year. Red points represent the average for 
each year. C. Scatterplot between kn estimates defined by the ‘topographic 
approach’ and kn estimates defined by the ‘hydrodynamical approach’. D. 
Relationship between structural complexity and Kn estimates. The relationship is 
written as kn = 0.25 x log(Structural complexity). 
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Abstract 
 

Coral reefs protect coastal societies from oceanic waves but are 

threatened by intensifying anthropogenic disturbances and climate 

change resulting in lower accretion rates. Although there is an 

increased interest in defining reef accretion rate for reef islands, no 

studies from the last fifteen years estimated the accretion rate of coral 

reefs in French Polynesia. In this work, we defined the CaCO3 budget of 

coral assemblages in Mo’orea (French Polynesia) over 10 years (i.e., 
from 2005 to 2016). Our results highlight that the average accretion 

rate is lower than the Global Mean Sea Level (GMSL) under the SSP2-

4.5 scenario, which is one of the most optimistic. Therefore, our study 

raises a global concern for coastal protection at Mo’orea and paints a 

grim picture for the island population by 2100. 
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6.1 Introduction 
 
 Coral reefs are among the most diverse ecosystems on earth and provide 

many valuable ecosystem services to more than 500 million people worldwide 

(Hoegh-Guldberg, Pendleton and Kaup, 2019). The capacity of these ecosystems 

to provide crucial services directly relies on coral reef functioning (Harborne et 

al., 2017; Brandl, Rasher, et al., 2019). For example, the production of the 

carbonate framework (CaCO3) contributes to the structural complexity of the 

habitat and to the capacity of reefs to dissipate waves' energy, thus reducing the 

risk of flooding during extreme storms (Ferrario et al., 2014; Spalding, Ruffo, et 

al., 2014). Unfortunately, over the past few decades, these ecosystems 

experienced major declines in coral cover globally (Hughes, Kerry, et al., 2017; 

Madin et al., 2018), threatening essential services such as coastal protection. 

These declines are mainly due to anthropogenic stressors, including global ocean 

warming, sea-level rise and local impacts (e.g., pollution and sedimentation) 

(Hughes, Barnes, et al., 2017), which are continuously intensifying over time. As 

a result, coral reef decline is expected to increase in the near future as well as the 

frequency of large scale coral bleaching events (Kwiatkowski et al., 2015). More 

precisely, coral bleaching and the associated coral mortality reduce the growth 

rates of many coral species (Kornder, Riegl and Figueiredo, 2018), affecting, in 

turn, potential reef accretion (Perry and Morgan, 2017a), with severe 

consequences for the safety of coastal societies. Indeed, the ability of reefs to 

protect coastlines from erosion and climate-driven disasters in the coming 

decades will depend on the interplay between the rates of sea-level rise and reef 

accretion in a more frequently disturbed marine environment (Harris et al., 

2018).  

 

To define reef accretion and unravel whether corals reefs may keep up 

with ongoing sea-level rise or not, the Reef Budget Methodology (Perry, Lange 

and Januchowski-Hartley, 2018) has become an essential tool over the past 
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decade (Perry et al., 2018; Cornwall et al., 2021). The strength of this method lies 

in its capacity to accurately quantify gains and losses of CaCO3 on the basis of 

standard monitoring data on several ecosystem components (i.e., corals, reef 

fishes, encrusting algae and sea urchins). On coral reefs, corals are the main reef 

CaCO3 producers (Vecsei, 2004; Perry et al., 2012), with additional CaCO3 being 

produced by crustose Coralline Algae (CCA), while other marine organisms such 

as parrotfishes, echinoid taxa (e.g., sea-urchins), or endolithic organisms (e.g., 

sponges), gradually erode the substrate (Peyrot-Clausade et al., 2000; Vogel et 

al., 2000; Perry and Hepburn, 2008). A CaCO3 budget can be defined by 

considering both gains and losses, which might subsequently be converted into 

reef accretion potential (Perry et al., 2015). As the estimation of reef accretion 

estimation relies on several biological compartments (e.g., coral and reef fishes) 

which are threatened by intensifying anthropogenic disturbances (e.g., bleaching 

events), it is expected that reef accretion rates will change over time (Perry and 

Morgan, 2017b).  

 

Despite the increase of studies assessing reef accretion worldwide (Perry 

et al. 2018; Cornwall et al. 2021), no studies from the last fifteen years assess 

how much French Polynesia’s reefs will accrete (Montaggioni, 2005). In this 

study, we used the Reef Budget Methodology, to determine how Mo’orea’s 

(French Polynesia) potential accretion rate evolves in the face of global sea level 

rise projections for 2100 (IPCC, 2021). Using both benthic and fish time-series 

data, we defined the reef accretion from 2005 to 2016, highlighting how 

intensifying perturbations may threaten coastal societies in a near future. 

6.2 Materiel & Methods 
 
 To define vertical reef accretion, we first determined net carbonate 

production (kg CaCO3 m-2 yr-1) at Mo’orea from 2005 and 2008 to 2016, French 

Polynesia. To do so, we used the Reef Budget Methodology from Perry, Lange 

and Januchowski-Hartley (2018). Drawing on this method, we quantified both 
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producers and bioeroders of CaCO3. More precisely, 1) we measured coral’s and 

CCA’s CaCO3 production and 2) we define fish (especially parrotfishes) and urchin 

bioerosion. The amount of CaCO3 production produced by both coral and CCA 

less the bioerosion from fish and urchin corresponds to the net CaCO3 

production. For this study, we considered only reefs from the forereef as they are 

the main hamper of oceanic waves (Ferrario et al., 2014). All the statistical 

analyses were run in R version 4.0.3 (R Core Team, 2019). 

 

6.2.1 CaCO3 production from corals and Coral Crustose Algae 
 

 For CaCO3 production from corals, we used published values from (Carlot 

et al., 2021). These CaCO3 production rates were obtained 1) by staining in situ 

175 medium to large coral colonies with Alizarin Red-S and 2) by measuring water 

alkalinity, ex situ, of 96 small to medium coral colonies. Corals were sampled 

around Mo’orea, on the fore reef, between 10 and 15m depth (see Carlot et aL 

2021) 

 

Concerning CaCO3 production from CCA, we used four published growth 

rates from Jorissen et al. (2020) (Table 6.1). Fragments of different CCA species 

were placed into Petri dishes in contact with coral recruit and placed in the same 

habitat where CCA fragments and coral were sampled. CCA surface areas were 

estimated by taking photos to estimate growth rates after 124 to 158 days. Then, 

we defined the CaCO3 production from CCA by using the formula as follows:  

 

CCA production (kg CaCO3 m-2 yr-1) = g x d x GAF x 10000 / 1000 
 

where g is the growth rate (cm yr-1), d is the skeletal density (g cm-3) and GAF is a 

growth adjustment factor which consider that growth is not homogeneous (i.e., 

lateral growth rate higher than vertical growth) (Morgan and Kench, 2012). This 

factor was assessed by dividing the vertical accretion rate by the horizontal 
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accretion rate of each species from (Lewis, Kennedy and Diaz-Pulido, 2017). As 

the vertical accretion rate of Neogoniolithon foslei was not available, we 

estimated its GAF as the mean of the three others species (Table 6.1). In order to 

assess a CCA production per meter square we corrected the CCA production by 

the CCA cover (i.e., by multiplying it). 

 

Table 6.1 | density, growth rate and GAF of the 4 CCA species observed at 
Mo’orea. Density and Growth Adjustment Factor (GAF) were respectively 
extracted and defined from Lewis et al. (2017) 
Species Density (g cm-3) Growth (cm yr-1) GAF 
Porolithon onkodes 2.58 1.4566 0.150 
Lithophylum insipidum 2.71 2.5304 0.140 
Neogoniolithon foslei 2.10 3.4648 0.112 
Paragoniolithon conicum 2.10 2.2134 0.046 

 

6.2.2 Fish bioerosion determination 
 

 Fish data was collected by the Centre de Recherches Insulaires et 

OBservatoire de l’Environnement (CRIOBE) from 2005 to 2016. Sampling was 

conducted within the 13 Marine Protected Areas (MPA) of Mo’orea. The 

Underwater Visual Census (UVC) technique used was deployed on a belt of 25 

meters long and 2 meters wide. The delimited area is used to compute a number 

of fish per square meter. The fish are identified to the species level. Each census 

is achieved in the 50 m² belt transect (fixed distance sampling) where the size of 

each fish is estimated (in cm). We assessed the fish bioerosion rate drawing on 

Lange et al. (2020), which defined relationships between fish size and 1) bite 

volume, 2) proportion of bites leaving scars and 3) bite rate for each species. We 

considered only parrotfishes because they are the main bioeroders and we have 

selected only individuals bigger or equal to 10 cm (Lange et al., 2020). Sixteen 

species were recorded in Mo’orea from 2 genus (Chlorurus genera and Scarus 

genera). Species were classified into two functional groups: “scrapers” (Scarus 
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species), or “excavators” (Chlorurus species), with excavators eroding more 

substrate than scrapers du to jaw morphological differences (Bellwood and 

Choat, 1990). Therefore, bioerosion rate was measured as:  

 

Bioerosion rate (kg ind-1 yr-1) = v x d/103 x sprop x br x 60 x hours of daylight x 

proportion of daytime feeding x 365.25 
 

where v is the bite volume (cm3), sprop is the proportion of bites leaving scars, br 

is bite rate (bites min-1) and d is substratum density (kg cm-3). Mo’orea 

substratum density was defined by using skeletal density data from the Coral Trait 

Database (Madin et al., 2016). We considered only coral species found in 

Mo’orea’s outer reefs and we defined the mean coral skeletal density weighted 

by the coral species proportion (i.e., d = 1.66 g cm-3). We assumed 12 hours of 

daylight in Mo’orea (https://www.timeanddate.com/sun/@4034185) and the 

proportion of daytime feeding is a factor depending on the total length (TL) of 

fish species (Lange et al., 2020). This factor is equal to 0.833 for large parrotfish 

(S. rubroviolaceus and C. microrhinos) and to 0.877 for smaller parrotfish (other 

species). The bioerosion rate equation gives us a rate per individual and per year. 

To convert bioerosion rates per surface area and per year, we multiplied for each 

species its bioerosion rate by its proportion within the transect and divided this 

product by the belt transect surface area (i.e., 50m2). Then, we summed all 

bioerosion rates (i.e., kg CaCO3 m-2 yr-1) for each species and for each MPA. 

Finally, we averaged the bioerosion rates of the thirteen MPAs to get the average 

bioerosion rate at the Mo’orea-scale. 

 

6.2.3 Urchin bioerosion determination 
 

 Urchin abundance data was collected by the CRIOBE from 2005 to 2016 in 

the very same belt-transect than fish monitoring. Because urchin length was not 

recorded, we used published urchin bioerosion rates on Mo’orea (Peyrot-
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Clausade et al., 2000). We considered only Diadema and Echinothrix species, as 

they are the main species in Mo’orea. For each bioerosion rate, urchin abundance 

was defined. Thus, we defined the bioerosion rate per individual. By using the 

same protocol for the fish, we multiplied our urchin abundance from the CRIOBE 

dataset monitoring by its individual bioerosion rate to estimate a bioerosion rate 

per transect. We divided this bioerosion rate per transect by the belt transect 

surface area (i.e., 50m2). Finally, we averaged the bioerosion rates from each 

MPA and get an urchin bioerosion rate in kg CaCO3 m-2 yr-1 at Mo’orea-scale. 

 

6.2.4 Reef accretion definition 
 

 Vertical reef accretion (mm yr-1) is defined as a function of the net CaCO3 

production and relies on the assumption that a proportion of bioeroded CaCO3 is 

reincorporated into the reef framework. Thus, 50% of CaCO3 sediment derived 

from parrotfish and urchin bioerosion is not considered as it is defecated by these 

organisms. Other sources of sediment production have not been considered. 

Moreover, the porosity of the reef framework was not considered as 

homogeneous because it depends on the coral assemblage. Thus, we applied a 

factor of 0.7, because Mo’orea’s reefs are dominated by branched/tabular 

colonies (Perry et al., 2015). 

6.3 Results and discussion 

6.3.1 Population demographics trends  
 
Mo’orea is located in the Pacific Ocean and belongs to French Polynesia. This 

island has suffered from several disturbances during the last two decades. The 

first disturbance documented with our time series data is related to an outbreak 

of the predatory Acanthaster cf. solaris starfish from 2006 to 2009, which 

reduced coral cover from 50% to less than 10% (Lamy et al., 2016). In 2010, Oli, 

a category 4 cyclone with peak sustained winds of 132 mph, hit the reefs of 
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Mo’orea reducing living coral cover from 7% to 3% (Lamy et al., 2016; Adjeroud 

et al., 2018) (Figure 6.1A). After these disturbances, coral cover recovered to pre-

disturbance levels by 2016. However, the Acropora genus, which was the most 

prominent genus on the north side of Mo’orea before 2010, was replaced by 

Pocillopora (Holbrook et al., 2018). On top of this, considerable variations in coral 

size distributions were observed (Carlot et al., 2021). Indeed, the reefs of 

Mo’orea’s did not recover to pre-disturbances levels in terms of coral size, which 

changed from 12.5 (median colony diameter in 2006) to 8.5cm (median coral 

diameter in 2016).  

 

 As coral reefs are the structures which provides habitat and nutrients to 

several organisms such as reef fishes (Brandl, Tornabene, et al., 2019), 

parrotfishes’ demographics were threatened indirectly as well by both 

perturbations. Overall, the parrotfish density within Mo’orea’s reefs remained 

constant from 2005 to 2013, with approximatively 17 ± 5 parrotfishes per 50m2 

(Figure 6.1B). However, the average parrotfish size has decreased by nearly 5cm 

(Figure S6.1A), having important implications for human food supplies and for the 

CaCO3 framework (Lange et al., 2020). Specifically, the bioerosion rates from 

parrotfishes are driven mainly by two species in Mo’orea: Chlorurus sordidus and 

Scarus psittacus (Figure S6.1B). Except for 2005 with highest abundance 

observations, C. sordidus populations remained relatively constant with 

approximatively 7 ± 3 individuals per 50m2 (Figure S6.1C). Similarly, S. psittacus 

populations consist of 8 ± 2 individuals per 50m2, with a decreasing trend from 

2013 to 2016 (i.e., the abundance of S. Psittacus, has been nearly halved from 

2013 to 2016). Unfortunately, Chlorurus microrhinos, the main bio-eroding 

species in French Polynesia, was too rare to evaluate the impact of disturbances 

on this species. Finally, the abundance of others parrotfish species remained 

stable from 2005 to 2013. However, from 2013, parrotfishes abundance 

decreased, resulting in half of the overall abundance of the 5 most abundant 

parrotfish bioeroders by 2016 (Figure S6.1C). 
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Figure 6.1 | A. Evolution of live coral cover (%) from 2005 to 2016 on Mo’orea. B. 
Evolution of the parrotfishes’ density (ind m-2) from 2005 to 2016 on Mo’orea. C. 
CaCO3 gains and the losses (kg m-2 yr-1) from 2005 to 2016 at Mo’orea, with CaCO3 
production from corals in gold, CaCO3 production from CCA in orange, bioerosion 
from parrotfishes in blue and bioerosion from sea-urchins in purple. Red dots 
represent the CaCO3 budget for each year (±SE). D. Evolution of overall accretion 
rate (mm yr-1) from 2005 to 2016 on Mo’orea (±SE). Horizontal lines represent the 
Global Mean Sea Level (GMSL) under 4 IPCC’s scenarios (i.e., SSP1-1.9 in yellow, 
SSP1-2.6 in orange, SSP2-4.5 in light red and SSP3-7.0 in dark red) 
 

6.3.2 Mo’orea’s carbonate budget and following reef accretion 
 
 In recent years, there has been an increasing interest in quantifying the 

CaCO3 budget for reef islands (Perry et al., 2018; Cornwall et al., 2021). A reef 

CaCO3 budget represents the balance between the rate at which CaCO3 is 

produced, minus the rate at which CaCO3 is removed by bioerosion, physical 

processes or chemical dissolution (Perry, Lange and Januchowski-Hartley, 2018). 

The main CaCO3 producers are usually scleractinian corals (Perry et al., 2012), and 

Mo’orea’s reefs are no exception (Figure 6.1C), with coral production accounting 

for between 85% and 95% of the overall CaCO3 production. However, coral CaCO3 
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production was drastically reduced from 2005 to 2011 (respectively 14 kg m-2 yr-1 

to nearly 4 kg m-2 yr-1) because of Acanthaster cf. solaris outbreak and the cyclone 

Oli. Thanks to a high coral recruitment in 2013 (Holbrook et al., 2018), the 

production of CaCO3 from corals increased again highlighting the high 

contribution from juvenile corals (i.e., 9.5 kg m-2 yr-1) (Carlot et al., 2021). 

However, even when the average coral cover recovered to pre-disturbance levels 

by 2016, coral CaCO3 production was still reduced by 2 kg m-2 yr-1 compared to 

2005 (Figure 6.1C). At the same time, bioerosion rates remained constant from 

2005 to 2013 (i.e., 3.8 ± 0.4 kg m-2 yr-1) and decreased from 2013 until they were 

halved by 2016 (i.e., 2.3 ± 1.7 kg m-2 yr-1). The combined loss of the main 

bioeroders from 2013 and the overall decrease in parrotfish size explain this 

decrease in bioerosion rates (see section “Population demographics trends”, 
Figure S6.1). 

 

 As a result, Mo’orea’s CaCO3 budget reached the highest values of ca. 10 

kg m-2 yr-1 in both 2005 and 2015, whereas the lowest value was about 0.4 kg m-2 

yr-1 in 2011, right after the cyclone Oli. Therefore, Mo’orea did not experience a 

negative CaCO3 budget after extreme disturbances, as it might have been the 

case in other locations worldwide (Januchowski-Hartley et al., 2017; Perry and 

Morgan, 2017b). This highlights the resilience of Mo’orea’s reefs in the face of 

disturbances (Adjeroud et al., 2018). Additionally, these results add to previous 

works which identified Mo’orea as one of the most productive reefs in the world 

(Perry et al., 2018; Cornwall et al., 2021). However, Mo’orea’s CaCO3 budget is 

lower in 2016 than in 2015, despite an increase in the coral cover and a similar 

bioerosion rate. This decrease is mainly due to the fact that corals were larger 

but less abundant (i.e., average loss of 8 coral colonies in 1m2, and average gain 

of 1.3 cm of coral diameter). This decrease might be explained, on the one hand, 

by the competition between corals for space and light (Connell, 1983) and, on 
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the other hand,  to one of the strongest El Niño events ever recorded, which 

bleached a significant part of Mo’orea’s reefs (Hédouin et al., 2020). 

 

6.3.3 Risks in the near future 
 

 Using the CaCO3 budget to define reef accretion rate (Perry et al., 2015), 

we have calculated that in the last 10 years Mo’orea’s coral reefs have grown 

vertically between 0.6 mm yr-1 and 5.6 mm yr-1, with an average accretion rate of 

3.26 ± 1.96 mm yr-1 (Figure 6.1D). These results are consistent with those 

reported by Montaggioni et al. (1997), confirming that reef accretion rates are 

commonly lower than 4 mm yr-1 in French Polynesia. As a result, our data 

highlights how Mo’orea’s reefs potential accretion rate might decrease due to 

repeated and intensifying disturbances (Perry and Morgan, 2017a). The minimum 

accretion rate observed in Mo’orea, occurred at the end of the Acanthaster cf. 

solaris outbreak and right after the cyclone Oli in 2011 (i.e., 0.6 mm yr-1; Figure 

6.1D). After 2011, reef accretion rates observed in Mo’orea increased and 

reached pre-disturbance accretion level rates in 2015 (i.e., 5.6 mm yr-1) before 

slightly decreasing again in 2016 by ca. 0.6 mm yr-1 (i.e., 4. mm yr-1; Figure 6.1D) 

likely due to the strong El Niño event (Hédouin et al., 2020).  

 

We then compared accretion rates with sea level rise estimates. According 

to the different scenarios defined by the Intergovernmental Panel on Climate 

Change (IPCC) (IPCC, 2021), Mo’orea’s reefs might not have the potential to 

accrete and protect the coastal population in the future. For example, 

considering the scenario SSP2-4.5 (i.e., medium scenario), sea-level rise 

estimates may reach 5.5 mm yr-1  by 2100 (Fox-Kemper et al., 2021). Although 

these predictions are lower than accretion rate levels in both 2005 and 2015, 

they are still greater than the average potential vertical accretion rates measured 

across Mo’orea’s reefs over 10 years (i.e., 3.26 ± 1.96 mm yr-1). Considering one 

of the most optimistic scenario by the IPCC (i.e., SSP2-4.5), our results suggest 
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that Mo’orea’s reefs might not have the potential to keep up with rising sea 

levels, which raises concerns for coastal protection on a global scale. These 

findings are supported by Cornwall et al. (2021), which postulates a worldwide 

decline in coral reef CaCO3 production by 2100 with the same IPCC scenario (i.e., 

SSP2-4.5), implying further a decrease of the potential accretion rates estimates 

(Perry et al., 2018).  

 

In addition, there is consensus that warmer ocean temperatures and 

higher sea levels will increase the impact of storms, threatening even more 

Mo’orea’s reefs in the future (Christensen et al., 2013). Therefore, to face the 

rising water levels, Mo’orea’s reefs need to accrete efficiently and keep a high 

structural complexity (Harris et al., 2018). However, previous works also 

suggested a trend in decreasing overall structural reef complexity in 2016 on 

Mo’orea (Carlot et al., 2020). Combining the results of previous studies with our 

findings suggests that the coastal protection barriers of Mo’orea are likely already 

compromised and will decline even more in the future, raising serious concerns 

for populations inhabiting these coastal regions. 

 6.4 Data availability 
 

Code and data are available on my Github folder “Reef accretion”: 

https://github.com/JayCrlt/Reef_Accretion.git  

6.5 Supplementary information 
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Figure S6.1 | A. Evolution of the average parrotfish size (cm) from 2005 to 2016 
on Mo’orea (±SE). B. Contribution (%) of five main parrotfish species to bioerosion 
from 2005 to 2016 on Mo’orea. C. Average abundance of parrotfish within a 50m2 
transect from 2005 to 2016 on Mo’orea. 
 

20

25

30

35

20
05

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

Av
er

ag
e 

pa
rro

tfi
sh

 s
iz

e 
(c

m
)

0

25

50

75

20
05

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

Pa
rro

tfi
sh

 b
io

er
os

io
n 

 c
on

tri
bu

tio
n 

(%
)

0

5

10

15

20

20
05

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

Av
er

ag
e 

ab
un

da
nc

e 
of

 p
ar

ro
tfi

sh
 

 w
ith

in
 a

 5
0m

² t
ra

ns
ec

t (
n)

Chlorurus  
microrhinos

Chlorurus  
sordidus

Scarus  
oviceps

Scarus  
psittacus

Scarus  
rubroviolaceus



 

 

 131 



 

 

 132 



Chapter 7 : General discussion 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 

 133 

 
 
Chapter 7 
 
 
General discussion 
 

 
 Wave dissipation by coral reefs in French Polynesia 

 
 



Chapter 7 : General discussion 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 

 134 

7.1 Main advances 
 

 Coral reef ecosystems are experiencing ever increasing declines under the 

influence of anthropogenic and climatic pressures. There is an urgent need to 

evaluate their capacity to maintain key functions such as reef accretion and 

waves dissipation. Several studies have begun to address the status of several 

coral reef ecosystems in the Atlantic and Indian Oceans, but very few have been 

established in the Pacific. During this thesis, I focused on answering these 

questions using Mo'orea (French Polynesia) as a case study. 

 

First, I highlighted the relationship between coral cover and structural 

complexity using different modeling methods (i.e., BRT vs. GLM – see chapter 2). 

Indeed, despite the rise of photogrammetric techniques, many monitoring 

programs cannot afford regular photogram-metric monitoring due to a lack of 

resources (e.g., staff, computing). Although photogram-metric monitoring would 

indeed allow having a significant amount of information (i.e., demographic data, 

growth rate, structural complexity, and so on), the priority is still given to 

traditional monitoring such as Point Intersect Transect (PIT), Line Intersect 

Transect (LIT), or photo-quadrats. Thanks to my work, I established a link 

between traditional monitoring methods to assess coral cover and the 3D 

structural complexity defined according to photogrammetry. Although more data 

are needed to actually use statistical modeling to infer structural complexity, my 

work demonstrates that modelling and photogrammetry may be used to infer 

most basic three-dimensional indicators of reef health. Thus, estimating 

structural complexity allows to understand recovery trajectory in the face of 

anthropogenic and climate-related disturbances (Alvarez-Filip et al., 2009), to 

define functional indicators of reef health (González-Barrios, Cabral-Tena and 

Alvarez-Filip, 2021), or to define how coral reefs will cope with rising sea levels 

(Harris et al., 2018). 
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In the third chapter, I discuss the importance of juveniles and their major 

contribution to the CaCO3 budgets (see chapter 3). More specifically, I discuss the 

importance of collecting demographic data to define CaCO3 budgets at the 

ecosystem scale. Indeed, my results show that juveniles produce much more 

CaCO3 per unit area than adults. However, current methods for determining 

CaCO3 budgets are based on average production per species, i.e., without size 

discrimination (Perry, Lange and Januchowski-Hartley, 2018). More precisely, 

current CaCO3 budgets are either overestimated in the case of mature 

communities or underestimated in the case of young communities. Therefore, 

my work aims to improve the definition of CaCO3 budgets in reef islands, 

highlighting the need to collect demographic data. 

 

 One of the 21st century's biggest challenges is to define how coral reefs will 

face global changes in the future. To answer this question, I investigated the three 

main coral functions (i.e., calcification, photosynthesis and respiration – see 

Chapter 4). I developed a new indicator based on the ratio of photosynthesis 

minus respiration (i.e., net photosynthesis) divided by the calcification. Basically, 

this indicator implies that when the balance is lower than 1, the coral species uses 

most of the energy from photosynthesis for calcification. However, if this result 

is greater than one, the coral will have significant energy resources to ensure 

other functions such as reproduction. I suggest that the species that are presently 

the most abundant in Mo'orea reefs (i.e., Pocillopora cf. verrucosa and Montipora 

verilli) have the highest ratios. Although this work has important limitations (i.e., 

small size gradient and single species comparisons), these results may represent 

a promising approach for the definitions of losers and winners (Loya et al., 2001) 

in the face of global changes. 

 

The general flattening of coral reefs around the world is also partly due to 

community change (Jouffray et al., 2015; Smith et al., 2016; Arias-González et al., 

2017; Bellwood et al., 2018). One of the most remarkable examples is the 
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flattening of Caribbean coral reefs due to disease (Alvarez-Filip et al., 2009). This 

flattening is worrying when considering that coastal protection of reef islands is 

correlated to the structural complexity of coral assemblages. Indeed, (Harris et 

al., 2018) demonstrated that ocean wave energy dissipation relies on two factors: 

reef accretion and structural complexity. In my Chapter 5, I defined the structural 

complexity of the most ocean wave exposed site at Mo'orea between 2005 and 

2016. My results support previous work regarding the 95% dissipation in wave 

energy (Ferrario et al., 2014) thanks to coral reefs. However, my work also 

introduces an important point regarding extreme events. Indeed, the loss of 

structural complexity is not proportional to the increase in waves impacting the 

reef coast, raising thus global concern for the future of coastal societies in the 

face of predictions of increasingly powerful storms. 

 

Finally, drawing on my previous work (Chapter 3) I also estimated the 

second component influencing wave energy dissipation: the reef accretion. I 

determined the average accretion rate at the Mo'orea between 2005 and 2016. 

Then, by comparing my results with the latest IPCC assessment (IPCC, 2021), I 

highlighted that reef accretion rates were strongly compromised due to coral 

bleaching occurring year after year. As a result, I warn that the average accretion 

rate at Mo'orea is lower than the global mean sea level (GMSL) under the SSP2-

4.5 scenario, one of the most optimistic scenarios. 

 

 

 

 

 

 

 

 

 

Key message: To conclude, my PhD exemplifies that coral cover alone is a poor 
metric for describing ecosystem functioning. On the one hand, Mo'orea reefs 
have recovered a percentage of coral cover similar to 2005 after two major 
disturbances (i.e., COTS outbreak and cyclone) and some moderate coral 
bleaching events. Coral assemblages have changed, resulting in a dominance 
of the genus Pocillopora (see chapter 4). The genus Pocillopora, particularly 
the species P. verrucosa, presents a high structural complexity due to its 
corymbose morphology (see chapter 2). As a result, coral reefs in Mo'orea still 
present relatively high structural complexity that can, in theory, efficiently 

Mo'orea might not overcome the sea level rise estimated by the IPCC under 
the SSP2-4.5 scenario or higher (see chapter 6), raising a global concern for 
coastal societies in the future.
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7.2 Limits and futures directions 

7.2.1 Management limits 
 

 One of the main limitations of my work lies in its spatial resolution. In order 

to move from research to the management of coastal erosion (see section 7.3), 

it is necessary to obtain more accurate spatial data. Indeed, in the near future, it 

will be crucial to produce high resolution maps that explicitly quantify erosion 

risks spatially. Moreover, it would be important to carry out coral demographic 

monitoring (i.e., length, width and height – see chapter 3) at different sites to 

define coral CaCO3 production in an accurate way. It would be possible, for 

example, to determine accretion rates in the 13 MPAs around Mo'orea, to 

leverage the fish monitoring already carried out by the CRIOBE 

(http://observatoire.criobe.pf). Therefore, a risk map would be defined, helping 

decision-makers to prioritize the most at-risk areas. Moreover, the structural 

complexity at Mo'orea differs according to the side of the island studied (see 

chapter 2). A more detailed hydrodynamic study would allow defining better the 

risks during extreme events (see chapter 5). 

 

7.2.2 Increase Spatial resolution 
 

 Although the resolution at the island level is a limitation for local 

management, it allows to obtain a first quantification of the risks associated to 

present relatively high structural complexity that can, in theory, efficiently 
protect coastal populations from extreme events (see chapter 5). However, 
despite the high potential for CaCO3 production due to the outnumbered coral 
juveniles following the cyclone (see chapter 3), the reef accretion rate in  
Mo'orea might not overcome the sea level rise estimated by the IPCC under 
the SSP2-4.5 scenario or higher (see chapter 6), raising a global concern for 
coastal societies in the future. 
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sea level rise. Indeed, the Reefbudget methodology on which I based my reef 

accretion estimates (Perry, Lange and Januchowski-Hartley, 2018, see chapter 6) 

is a universal method, and the improvements I have made to this method can 

also be applied elsewhere (see chapter 3). Thus, a global study would allow 

coastal societies worldwide to be better informed on the risks associated with 

global change (Perry et al., 2018). In this thesis, I focused on the six most 

abundant coral species in Mo'orea (i.e., A. hyacinthus, A. curta, M. verrilli, N. 

irregularis, P. verrucosa and P. lutea). However, to generate a global study, it is 

necessary to define the CaCO3 production of other coral species from around the 

world. Although average production by species is already available for many 

species (Madin et al., 2016), it is crucial to define CaCO3 production along a size 

gradient (see chapter 3). Thus, with the emergence of photogrammetric 

monitoring such as the 100 islands challenge monitoring 

(https://100islandchallenge.org), it would be possible to define coral growth (i.e., 

CaCO3 production) from one year to another for several coral species. Moreover, 

thanks to photogrammetric monitoring, demographic data around the world may 

be defined, in order to determine the overall CaCO3 production from corals for 

several tropical islands. Later, the fish bioerosion which has been already defined 

in 585 sites all around the world may be used to define CaCO3 budget 

(Schiettekatte et al, in review).  

 

7.2.3 Considering nutrient releases 
 

 Although carbon is never limiting, the unavailability of nitrogen and 

phosphorus can limit the growth of coral reef organisms (Schiettekatte et al., 

2020). Nitrogen and phosphorus concentrations from one tropical island to 

another differ greatly. More precisely, a recent study found that rat-free islands 

hosted more seabirds than islands hosting rats (Graham et al., 2018). Seabirds 

feed in the open ocean and transport large amounts of nutrients to islands, 

improving the productivity of island flora and fauna (Graham et al., 2018). In turn, 
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the leaching of these nutrients into the sea enhances the productivity, structure 

and functioning of adjacent coral reef ecosystems (Benkwitt, Wilson and Graham, 

2020; Benkwitt et al., 2021) and reduces the risk of coral bleaching (Morris et al., 

2019) when amounts in nitrogen and phosphorous are balanced. It would 

therefore be interesting to define how coral growth rates change according to 

different levels of nitrogen and phosphorus. These relationships can be 

established by performing ex situ experiments for different coral species and 

sizes (see Chapter 4). Then, these relationships may be used for the global study 

mentioned above (see section 7.2.2) since global maps of nitrogen and 

phosphorous concentrations are already available (https://www.bio-oracle.org/).  

 

7.2.4 Predictions 
 

During this thesis, I defined the reef accretion rates of Mo’orea thanks to 

the combined use of in situ and ex situ experiments and demographic monitoring. 

As a result, I did not forecast reef accretion due to the lack of demographic data 

in the future. To overcome this problem, it is possible to determine the 

demographic evolution of coral colonies thanks to Integrated Population Models 

(IPM, see chapter 3). Thus, one new promising three-dimensional functional-

structural model may be used (Cresswell et al., 2020). The strength of this model 

lies in its incorporation of three types of mortality: 1) the mortality due to shading 

(i.e., competition for space and light), 2) the "background mortality" such as coral 

bleaching or Acanthaster outbreak, and 3) the mortality due to hydrodynamic 

disturbances (Madin et al., 2016). As a result, setting up many scenarios (e.g., a 

critical scenario with one mass bleaching event each year reducing coral cover by 

60% as in 2016 vs. a unique mass bleaching event every 10 years) would allow to 

define reef accretion with a relatively high accuracy.  
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7.3 Solutions and recommendations 
 

 In this section I would like to propose solutions to reduce the risk of 

flooding and erosion. For this purpose, I will organize this part in 3 sub-sections: 

1) artificial methods (see section 7.3.1), 2) environmental methods (see section 

7.3.2) and 3) intermediate methods (see section 7.3.3).  

 

7.3.1 Artificialisation 
 

 There are two major ways to reduce coastal erosion. One consists in the 

fixation of the coastline (i.e., “Hard” Method) while the second consists in a more 

natural approach (i.e., “Soft” Method, see section 7.3.2). Hard methods such as 

embankments have the main role of protecting immediate issues and fixing the 

coastline. Thus, embankments in Mo'orea have increased drastically from 12.2% 

(in 1977) to 56.5% (in 2018), i.e., an increase by 4.5 times over 41 years (Madi 

Moussa et al., 2019). Similarly, sandy beach areas have decreased from 79.9% (in 

1977) to 32% (in 2018), i.e., a decrease by 2.5 times over the same period. 

Although hard methods have demonstrated their effectiveness, they have many 

negative aspects in the midterm. Indeed, these interventions affect the dynamics 

of the environment, often resulting in increased coastal erosion in the proximity 

of the project area, and they are generally very costly but have a long-life 

expectancy. 

 

7.3.2 Natural protection 
 

• Enhancing the vegetation 

 

Several biotopes can protect coastal populations from ocean waves. For 

example, among aquatic ecosystems, one of the most effective in reducing ocean 

wave energy would likely be coral reefs (Ferrario et al., 2014), but at the ocean-
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coastal interface, one of the most effective biotopes would likely be mangroves. 

Indeed, mangroves act as the last natural ramparts to protect shorelines from 

erosion and reduce wave heights by up to 66% (Spalding, McIvor, et al., 2014). 

Mangroves in the Pacific Islands represent only 3% of the global extent of 

mangroves (Gilman, Ellison and Coleman, 2007). In Mo'orea, mangroves are not 

naturally present, but have been introduced to increase fish recruitment. They 

are mostly located in the southwest and northeast, covering 3.6 ha (Meyer et al., 

2021), and represent less than 1% of the island's surface. Expanding these areas 

to targeted zones would help to protect the coastal zones. However, this 

measure can only be considered as a complementary method because the 

functioning of mangroves is also threatened by global changes (Ward et al., 

2016). Indeed, the IPCC (2021) predicts significant regional rainfall variations and 

temperature changes (IPCC, 2021). The mangrove forests' distribution, extent, 

and growth rates could then change permanently (Gilman et al., 2008). In 

addition, mangroves are sensitive to changes in the duration and frequency of 

flooding that alter salinity levels beyond the species-specific physiological 

tolerance range (Friess et al., 2012), and may result in the death of mangrove 

plants (He et al., 2007). Thus, although mangroves represent an effective barrier 

against waves, they cannot be considered as the only protection method. 

 

• Coral restoration 

 

In the case of significant loss of coral cover resulting from an extreme event 

(e.g., cyclone), coral restoration can be considered as an option. Thus, corals 

might be transplanted to a degraded site using three main methods (Edwards 

and Gomez, 2007). 1) The cheapest way is to harvest corals directly from a 

healthy or unimpacted reef and transplant them to the degraded area. However, 

the transplanted individuals must be relatively large (Boström-Einarsson et al., 

2020). 2) Smaller fragments can be grown in situ (i.e., nurseries) until they are 

large enough to survive on the reef. 3). Finally, tiny fragments do not present 
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good survival rates in situ, whereas they can survive and grow ex situ. Thus, for a 

higher cost and a longer culture process, it is possible to create tens of thousands 

of small colonies from a similar number of fragments (Boström-Einarsson et al., 

2020). In the context of coastal protection, a recent study discussed the benefits 

of coral restoration in reducing coastal flooding (Roelvink et al., 2021). In 

particular, the authors point out that the more physically robust coral species 

(e.g., genus Porites) should be transplanted to shallower (i.e., more energetic) 

locations than the more fragile and faster-growing species (e.g., genus Acropora). 

However, corals are also vulnerable to global change, and bleaching events 

reducing the coral cover are becoming increasingly common. For example, in 

Bora Bora, from 1996-2000, a coral restoration project (method 1) was carried 

out, aiming to create a 7200m2 coral garden (Edwards and Gomez, 2007). More 

than 311 coral colonies were transplanted to 11 artificial structures, and ca. 200 

large colonies (genera Acropora and Porites) were placed on the sandy bottom. 

Unfortunately, massive coral mortality was recorded due to a bleaching event in 

January 2002, which affected both transplanted corals and natural corals. Thus, 

coral transplantation cannot be considered as the only protection method such 

as mangroves (see subsection above), despite a strong potential for protection 

against ocean waves. 

 

7.3.3 Scientific engineering 
 

There is no optimal solution to coastal erosion. Hard methods lead to 

increased coastal erosion in the targeted areas, while soft methods’ applicability 

is threatened by global changes. It is in this context that new initiatives have 

emerged. For example, the company Geocorail (http://www.geocorail.com) is 

working in France to reinforce the sandy bed and to protect coastal societies 

against erosion. The Geocorail device aims at creating a rock conglomerate 

around a specially designed grid. The aggregation process works thanks to the 

natural electrolysis process coming from the seawater and leads to the formation 
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of a calcareous-magnesian deposit with a thickness of more than 10 cm. Since 

the device is dependent on natural sediment inputs, each device is unique 

(nature, color, etc.). Therefore, the Geocorail company proposes a hybrid 

solution (hard and soft methods) to deal with coastal erosion. Although the coral 

component is not included in this protection method, other solutions can 

promote coral settlement. For example, the company Seaboost 

(https://www.seaboost.fr) is working to find materials that allow better 

settlement of coral recruits. Thus, combining these two alternatives could 

improve coral recruitment rates and help to face global changes. 

7.4 General conclusion 
 

I highlight in this thesis two key results regarding the erosion and flooding 

risk in Mo'orea. 1) The high structural complexity of Mo'orea due to the high 

recolonization of the genus Pocillopora allows for a better protection against 

extreme events. These results are encouraging in the face of a likely increase in 

the intensity of extreme events (e.g., tropical storms); 2) However, reef accretion 

rates are below IPCC estimates of sea-level rise (SSP2-4.5 scenario and higher), 

suggesting that even with high structural complexity, the population of Mo'orea 

may be at risk of coastal erosion. Over the last 40 years, embankments at 

Mo’orea have increased by a factor of 4.5, protecting about ca. 60% of the 

coastline. However, this development may lead to further destruction of the 

coastline and adjacent beaches. In parallel, the sustainability of soft solutions is 

threatened by global changes. Thus, new intermediate methods have emerged 

to deal with the increasing risk of erosion. Although these solutions are 

sustainable in the long term, coral reefs remain the best coastal protection 

mechanism and the best way to conserve them remains in the reduction of our 

carbon emissions in order to be below the SSP2-4.5 scenario by 2100
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Besides my thesis, I had the chance to interact with a great team on several side 

projects. In this section, I compile three of these projects that are already 
published but that cannot be presented as a PhD chapter.
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8.3 Science popularisation (French) 

Les	derniers	gardiens	de	la	côte 
Jérémy	Carlot,	Mélanie	Biausque,	Alessio	Rovere,	Emmanuel	Dormy	&	Valeriano	

Parravicini	

	

lus de 275 millions de personnes vivent à moins de 10 kilomètres 

des côtes et à moins de 30 kilomètres des récifs coralliens. Les 

populations en bord de littoral peuvent ainsi jouir d’une 

protection côtière plus ou moins efficace grâce aux assemblages 

coralliens situés au large. En effet, les récifs agissent comme des brise-

lames submergés et cassent les vagues, dissipant ainsi l’énergie venue 

du large, avant qu’elles n’inondent les communautés côtières. De 

récentes études montrent que pour que l’énergie des vagues soit 

dissipée, la combinaison de deux facteurs géomorphologiques est 

indispensable. D’une part, plus l’espace entre la vague et le récif est 

faible, plus l’énergie sera dissipée. D’autre part, plus le récif possède 

de relief – on parle alors de complexité structurelle – plus il sera à 

même de contrer l’énergie provenant des vagues. Un récif optimal à 

l’obstruction de l’énergie houlomotrice sera donc un récif haut et 

complexe.  

P 
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Hélas cette protection est menacée par les activités anthropiques et 

le changement climatique. Une augmentation moyenne du niveau de 

la mer de plus de 83 centimètres est attendue pour la fin du siècle. 

Cette élévation augmente l’espace entre la vague à la surface et les 

récifs coralliens sur les fonds. Si la croissance corallienne n’est pas 

suffisante, l’énergie provenant des vagues ne sera plus dissipée, 

conduisant à des épisodes d’inondation lors de fortes tempêtes. Le 

changement climatique entraîne également une augmentation de la 

température des océans et leur acidification. C’est ainsi que nous 

assistons à des phénomènes de blanchissements coralliens de plus en 

plus soutenus. En 2016, par exemple, l’épisode de blanchissement le 

plus long et le plus destructeur jamais enregistré a eu lieu. Pendant 

cette période, plus de 70 % des récifs coralliens du monde entier ont 

été endommagés, ce qui a considérablement diminué leur complexité 

structurelle.  

Ainsi, plusieurs études amènent à penser que la hauteur des vagues 

post-récifs (c’est-à-dire celles, de taille bien plus modeste, se 

reformant derrière les récifs en direction de la côte grâce aux résidus 

énergétiques) seront plus importantes à l’avenir, ce qui pourrait 

amener à des épisodes d’inondations ou de réduction de l’espace 

littoral. Par exemple, de nouvelles prédictions envisagent, avec une 

probabilité de 50 %, qu’avec nos conditions actuelles – diminution de 

la couverture corallienne couplée à une élévation du niveau de la mer 

– la hauteur des vagues post-récifs de Teahupo’o (l’un des sites de surf 

les plus connus au monde, en Polynésie française) pourrait augmenter 

d’un facteur 1,5 d’ici 2100. Ces mêmes estimations prédisent par la 

suite la perte de près de 50 % des plages sableuse d’ici la fin du siècle.  

Cette menace croissante a entraîné au cours des deux dernières 

décennies la construction de structures de défense contre l’érosion 

côtière comme des digues, des enrochements ou des revêtements. 

Cependant, des interdictions ou des restrictions importantes 

concernant l’artificialisation du littoral ont été mises en place dû au 

fait que les aménagements artificiels pourraient endommager les 

habitats adjacents ou nuire aux espèces qui y vivent. Les récifs en 

bonne santé apparaissent alors comme le meilleur mécanisme de 

protection côtière et il devient plus que primordial de les conserver. 



 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 
 
The increase in global surface temperatures has acted as a snowball effect, increasing, in 
turn, the global mean sea level (GMSL). More worryingly, the combined rise in temperature 
and sea level threatens coral reefs, one of the most diverse and productive ecosystems 
worldwide. Indeed, coral cover is being reduced by various stresses such as cyclones and 
bleaching events. The latter are becoming increasingly frequent and intense, acting on 
large scales. As a result, coral covers worldwide are declining, threatening the future of 
coastal populations. In this Ph.D., I quantify the impact of climate change on coral reefs in 
Mo’orea (French Polynesia). I define 1) how the topography (also called structural 
complexity) evolves and 2) the potential accretion rate of coral reefs between 2005 and 
2016. My results show that average structural complexity in Mo'orea recovered to pre-
disturbance levels by 2016. Unfortunately, I also demonstrate that accretion rates remain 
below the IPCC's predictions for sea-level rise (scenario 4.5), threatening Mo'orea's coastal 
populations by 2100 if our carbon emissions do not decrease drastically. 

MOTS-CLÉS 
 
Protection côtière, montée des eaux, récifs coralliens, Polynésie française, taux d’accrétion, 
scénarios du GIEC, changements globaux. 

RÉSUMÉ 
 
L'augmentation des températures de surface à l'échelle mondiale a agi comme un effet 
boule de neige, augmentant à son tour le niveau moyen marin. De plus, l'augmentation 
combinée de la température et du niveau de la mer menace les récifs coralliens. Les 
blachissements sont de plus en plus fréquents et intenses et agissent à grande échelle. 
Par conséquent, les couvertures coralliennes dans le monde entier diminuent, menaçant 
l'avenir des populations côtières. Dans ce doctorat, je quantifie l'impact du changement 
climatique sur les récifs coralliens de Mo'orea (Polynésie française). Je définis 1) comment 
la topographie (aussi appelée complexité structurelle) évolue et 2) le taux d'accrétion 
potentiel des récifs coralliens entre 2005 et 2016. Mes résultats montrent que la complexité 
structurelle moyenne à Mo'orea a retrouvé son niveau d'avant la perturbation en 2016. 
Malheureusement, je démontre également que les taux d'accrétion restent inférieurs aux 
prévisions du GIEC concernant l'élévation du niveau de la mer (scénario 4.5), menaçant 
les populations côtières de Mo'orea d'ici 2100 si nos émissions de carbone ne diminuent 
pas drastiquement 

KEYWORDS 
 
Coastal protection, sea level rise, coral reefs, French Polynesia, accretion rate, IPCC scenarios, 
global changes. 


