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ABSTRACT 

This thesis examines the production, breakdown and subsequent dispersal of reef-derived 

sediments on Vabbinfaru reef platform, North Malé Atoll, Republic of Maldives (4°18’N, 

73°25’E). The findings generated provide quantitative data on the ecological, morphological, 

sedimentological and hydrodynamic processes on Vabbinfaru and highlight the dynamic 

linkages between each. A calcium carbonate budget and detrital sediment budget are 

constructed using direct measurements of gross carbonate production (primary and 

secondary), reef biological erosion (internal and external bioeroding agents) and sediment 

fluxes that are specific to Vabbinfaru Reef Platform. 

Gross carbonate production by biological reef communities was estimated in the field using a 

census-based approach. In situ rates of organism calcification and growth were measured 

from a number of growth experiments (alizarin staining, direct measurements) and from the 

deployment of artificial settlement substrates. Gross carbonate production of the entire live 

reef was estimated at 1,200,000 kg CaCO3 y-1 (16.8 kg CaCO3 m-2 y-1). Corals were the 

dominant producer of calcium carbonate (>98% in the live reef) which was a function of their 

high calcification rate and relative abundance on the reef. Secondary production by 

encrusting organisms contributed the remainder. Although secondary carbonate production 

did not significantly contribute to the reef-wide carbonate budget, encrusters are an 

important in terms of reef geomorphic development and sediment production for island 

maintenance. 

Reef biological erosion was estimated based on field measurements of the relative 

abundance and distribution of bioeroding functional groups (microborers, macroborers, 

urchins and parrotfish) coupled within organism specific bioerosion rates. Total bioerosion on 

Vabbinfaru was estimated at 950,000 kg CaCO3 y
-1 (11.9 kg CaCO3 m

-2 y-1). Two parrotfish 

species (C. strongylocephalus and C. sordidus) were the main bioeroding agent accounting 

for up to 99% of total bioerosion within the live reef. Net carbonate production was calculated 

as the balance of reef gross carbonate production less biological erosion, and was estimated 

at +290,000 kg CaCO3 y
-1 for Vabbinfaru (production-dominated). 

Reef sediment texture and constituent composition were examined to compare the reef 

sediment reservoir with contemporary reef community structure. Reefal surface sediment 

was coarse (1.45ϕ) and coral-dominated (51%), with minor contributions of CCA (18%), 

Halimeda (16%) and molluscan (12%) skeletal grains. Sub-surface island sediments were 



 
 

coral-dominated (up to 82%) with secondary contributions by CCA reflecting contemporary 

live reef communities and the durability of grain specific from individual contributors. 

Sediment fluxes and off-reef export of reef-derived sediment was estimated from direct point 

measurements using an array of sedimentation traps. Platform reversals in hydrodynamic 

processes were the primary driver of variations in sediment transport pathways and the 

magnitude of sediment fluxes across the platform surface. Sediment was entrained and 

transported in the absence of large-scale storm events (up to 695 kg m-1 y-1). Off-reef export 

of sand and gravel was estimated at 113,000 kg y-1 and 13,000 kg y-1 respectively. Sediment 

fluxes and export of detrital sediment has geomorphic implications for the platform and the 

construction and maintenance of reef-associated landforms.  

A holistic detrital sediment budget was constructed by calculating the mass of new sediment 

produced (biological erosion + direct sediment production) less losses of reef sediments 

through export off-reef, incorporation into the reef edifice and through lagoon infill. Excess 

sedimentation retained on the platform is important as it is available for reef island 

construction and maintenance. This value for Vabbinfaru Reef Platform is was estimated at 

250,000 kg y-1 (3.5 kg m-2 y-1). 

The calcium carbonate budget generated is of regional and global significance as findings 

present the first estimate of net carbonate production constructed for an Indian Ocean reef. 

A number of datasets used to estimate gross carbonate production and biological erosion 

are the first generated for Maldivian and central Indian Ocean reefs. Findings add to the 

limited number of budget studies available and datasets on specific budgetary components 

have expanded the narrow geographic range of reef environments examined. This budget 

also uses field-based measurements to produce a holistic reef budget that incorporates reef 

sedimentary processes allowing for the geomorphic implications of net carbonate production 

estimates on the Vabbinfaru platform surface to be examined. 
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“...one can say that the natives of these enchanted islands owe their 
existence to two trees. One of them, the Acropora, grows unseen under 
water, builds reefs and throws up building material for both islands and 
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1. INTRODUCTION 

1.1 Introduction 

Reef islands are considered one of the most vulnerable landforms on earth as they are 

inherently low-lying (<5 m above mean sea level) and formed from accumulations of 

unconsolidated carbonate sediments which sit atop a rigid reef substrate (Parry et al. 2007; 

Yamano 2000; Perry et al. 2011). In non-storm settings, reef islands consist of sand grains 

and are commonly referred to as ‘sand cays’. In high-energy areas with frequent storm 

activity reef islands are formed of gravel and shingle and are called ‘motus’ (Stoddart and 

Steers 1977). Within atoll nations (e.g. Kiribati, Tuvalu, Republic of the Maldives, etc.) reef 

islands provide the only habitable land for local communities but their low elevation makes 

them inherently susceptible to future sea-level rise and anthropogenic environmental 

change. Due to their unconsolidated nature, reef islands are naturally dynamic which over 

short to medium time-scales undergo large amounts of erosion and deposition (Kench and 

Brander 2006). Their size, constituent composition, morphology and sedimentation patterns 

are largely controlled by local boundary conditions such as sea level, wave climate, and 

sediment supply (Gourlay 1988); however, the major controls on the development and 

maintenance of reef islands are poorly understood. 

Reef islands have a unique sedimentology. In the absence of any terrigenous inputs due to 

their geographic isolation, sediment supply is derived wholly from the skeletal remains of the 

adjacent reef ecosystem. Contemporary reefs act as significant biological ‘carbonate 

factories’ that produce large quantities of detrital sediments which are preferentially selected 

for island construction based on their durability and transport potential (Yamano et al. 2000; 

Woodroffe et al. 2007), therefore, there is a strong ecological-geomorphic linkage between 

living reef communities and the development of reef associated sedimentary deposits. 

Sediment generation on reefs does not simply equate to the rate of gross carbonate 

production by reef organisms, a suite of taphonomic processes (biological and mechanical) 

are involved in the conversion of biological framework to sediment which dictates the 

physical properties of reef sedimentary environments. The dispersal of reef-derived 

sediment from the production source to the island shoreline (i.e. source to sink) is also 

complex and poorly understood. Such aspects of reef and reef island geomorphology are 

important as existing studies have indicated that sediment supply may be a greater control 

than sea-level in the persistence of reef islands in a changing global marine environment 
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(Kench and Cowell 2001). There have been no holistic studies to date that have adequately 

quantified ecological and sedimentary processes for an individual reef system; particularly 

with the focus of relating contemporary carbonate production and destruction to the 

sediment supply for reef island development and morphological change. 

The present study employs a carbonate ‘eco-morphodynamic’ budget to quantify rates of 

biological carbonate production and breakdown of the contemporary reef, as well as rates of 

sediment generation and patterns of sediment dispersal on Vabbinfaru Reef Platform, North 

Malé Atoll, Republic of Maldives (4°18’N, 73°25’E). The relative contribution of reef 

organisms to the calcium carbonate budget and the detrital sediment budget are assessed. 

In particular, functional linkages between reef morphology (e.g. bathymetry), hydrodynamics 

(e.g. seasonal shifts in platform hydrodynamics), sedimentology (e.g. texture and constituent 

composition) and ecology (e.g. abundance, distribution and carbonate production) are 

examined. The physical properties of reef and island sedimentary environments are 

described and linked to the distribution and abundance of living reef organisms and their 

mode of destruction. Findings will generate a number of new datasets for Maldivian and 

central Indian Ocean reefs. Such data has regional and global significance due to the limited 

number of carbonate budget studies and the lack of quantitative information available on key 

budgetary processes. 

The first section of this chapter provides a summary of the scientific literature relating to 

carbonate budget studies. More specific literature reviews relating to each aspect of the 

budget can be found within the main chapters. This is then followed by the main aims and 

objectives of this thesis. The chapter then concludes by providing an overview of the thesis 

structure and places each subsequent chapter within the context of the main research goal.  

1.2 Carbonate budget studies 

Coral reefs and reef associated landforms are comprised predominantly of calcium 

carbonate (CaCO3) produced from the growth and decay of reef ecological communities. 

Coral reef structures are the end product of a suite of constructive and destructive physical 

and biological processes. Constructive processes deposit CaCO3 to the reef structure 

through the mineralisation of carbonate by primary biological framework (e.g. scleractinian 

corals), as secondary encrusting organisms (crustose coralline algae, bryozoans, etc.), or 

directly through the death of calcareous reef organisms (e.g. molluscs, Halimeda, etc.). 

Destructive processes remove carbonate material and are effective in converting reef 

substrates to detrital sediment (Perry et al. 2008). Both processes occur typically at the 
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individual organism scale but collectively control the net accretion of entire reef complexes 

and the supply of reef-derived sediment for the development of sedimentary deposits.  

A carbonate budget provides a conceptual framework for the quantification of 

bioconstruction and bioerosion processes in the reef-building potential of a reef system 

(Perry et al. 2012). The objective of carbonate budget studies is to estimate the sum of gross 

carbonate production (GCP) by coral framework communities, as well as calcareous 

encrusting organisms, less the amount of sediment lost through export, biological and 

mechanical erosion, and chemical dissolution (Chave et al. 1972). The result is a net rate of 

biologically produced calcium carbonate accumulation for a reef system within in a spatially 

defined area (Harney and Fletcher 2003). This census-based approach allows for the 

relative contribution of specific carbonate producers to the net carbonate accumulation of a 

reef to be identified and compared spatially at a regional level, or at a sub-reef level 

(between ecological zones), as well as temporally in response to short- to medium-term 

ecological changes (e.g. ecological phase shifts) (Chave et al. 1972; Eakin 1996; Harney 

and Fletcher 2003; Hart and Kench 2007; Perry et al. 2008; Perry et al. 2012). 

A census-based carbonate budget uses data of an organism’s relative abundance and 

distribution alongside organism-specific rates of calcification to determine the relative 

contribution of different carbonate producers to net carbonate accumulation. Such an 

approach comprises three main theoretical components (sensu Chave et al. 1972): (1) a 

measure of ‘potential productivity’ (PP) accounting for the rate of carbonate production of a 

single organism or colony of organism per unit area of reef surface, (2) a measure of ‘gross 

carbonate production’ (GCP) yielded from the collective potential productivity of primary and 

secondary carbonate producers and the relative proportion of reef area covered by that 

organism, and (3) a measure of ‘net carbonate production’ (NP) which estimates the total 

quantity of CaCO3 permanently retained within the reef system (i.e. the net balance of 

bioconstruction and bioerosion processes). 

In addition to census-based approaches, hydrochemical techniques are often used as fast 

and effective way of determining carbonate production of reef communities at whole reef and 

sub-reef levels (Smith 1983; Le Campion-Alsumard et al. 1993). Although this approach is 

suitable for generating accurate estimates of reef metabolism and productivity, its application 

within a geomorphic context is limited as it is hindered by its inability to identify the relative 

importance of different carbonate producers within the production estimate and is unable to 

generate isolated quantitative rates of different budgetary processes. This has significant 

limitations as the future trajectories of reef budgetary states with changes in reef 

communities or environmental characteristics cannot be determined.  
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1.3 Carbonate production states: temporal and spatial variations 

The total mass of net CaCO3 accumulation on reefs is subject to a suite of physical, 

chemical and biological processes. The net balance of such processes dictates the 

budgetary state of a particular reef and therefore changes in any of the component may alter 

the accretion potential of the reef as well as the supply of sediment to reef associated 

sedimentary deposits (e.g. reef islands)  (Kench et al. 2009). Kleypas et al. (2001) presented 

four conceptual classifications of reef budget states (Figure 1.1) based on key mechanisms 

driving net carbonate accumulation: (1) production-dominated reefs, where accumulation of 

biologically produced CaCO3 is the dominant process (Scoffin et al. 1980; Hubbard et al. 

1990; Perry et al. 2011), (2) Import-dominated reefs, which rely on an exogenous sediment 

supply and are generally associated with reefs that yield high terrigenous inputs or marine 

inputs from antecedent reef communities (Mallela and Perry 2007), (3) Export-dominated 

systems, which exhibit high rates of CaCO3 accumulation but the material is removed by 

physical processes (waves and currents) resulting in a reef that has highly productive reef 

communities but low geological reef accretion, and (4) bioerosion-dominated reefs, which 

are characterised by high rates of carbonate removal through direct and indirect biological 

erosion (Edinger et al. 2000). The processes controlling each of the carbonate production 

states are episodic and can change temporally in response to environmental perturbations 

(Kleypas et al. 2001).  

Temporal variations to any aspect of the reef carbonate budget by either anthropogenic-

induced or natural environmental change (e.g. overfishing, water quality, etc.) can result in 

changes to the ecological functioning of a reef (Eakin 2001; Kleypas et al. 2001; Perry et al. 

2008). Such changes can drive ecological ‘phase-shifts’ from coral-dominated to algal-

dominated reef states, reducing the net rate of CaCO3 accumulation and altering the 

sediment regime at short- to medium-term time scales (Done 1992). Perry et al. (2008) used 

a ternary diagram to illustrate the mechanisms associated with large-scale phase shifts of 

reef environments and to track temporal variations in the budgetary state of individual reefs 

(Figure 1.2). This approach was used to model hypothetical transitions and the potential 

transition pathways in reef carbonate states in response to changes in the relative 

production or abundance of carbonate producers or bioeroding reef organisms under 

different community states and disturbance regimes (Perry et al. 2008). Such an 

understanding of the potential temporal variations in reef states is important due to the 

declining health of coral reefs throughout many reef-building provinces and in light of 

projections of future global climate change.  
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At long-term time scales, modifications to net carbonate accumulation rates as a function of 

the different ecological community states and erosion processes can determine the style and 

magnitude of reef geomorphic development. Biological framework production rates have 

been shown by Hopley et al. (2007) to correspond with different phases of reef growth in 

response to regional changes in sea-level history. The budgetary state of an individual reef 

may shift from a production-dominated to an export-dominated state under different phases 

of reef growth on geological time-scales as slow net accretion occurs immediately after 

initiation, highest rates of net reef accretion under rapidly rising sea level, and slow rates as 

reef reach sea level (Perry et al. 2008). In most reef environments, a relationship exists 

between sea level and reef state where reefs under ‘catch-up’ conditions are typically 

production-dominated and those that are in equilibrium with local sea-level exhibit an export-

dominated or bioerosion-dominated budgetary status. This occurrence can create 

geographic variation in budgetary states at the reef-scale based on the sea level histories of 

different reef-building provinces (Woodroffe 2008). For example, Caribbean reef systems 

which have only recently reached present sea level are likely to be production-dominated 

(positive budgets) with high rates of net reef accretion. Conversely, carbonate production 

rates in the western Indo-Pacific are expected to be much lower as sea level has been 

constrained for the past 6000 year (Perry et al. 2008; Kench et al. 2009). 

 

Figure 1.1 Four conceptual budgetary reef states presented by Kleypas et al. (2001) . The 

relative importance of dif ferent ecological and sedimentary processes is the key driver in reef 

classif ication. 
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1.4 Previous budget studies 

There have been several attempts at constructing carbonate budgets at the scale of whole 

reef systems. Such estimates of net CaCO3 production have examined a variety of reef 

environments but covered a narrow geographic range for Caribbean reefs in Bonaire (2.28 – 

9.46 kg CaCO3 m
-2 y-1; Perry et al. 2012), Barbados (4.48 kg CaCO3 m

-2 y-1; Scoffin et al. 

1980), Jamaica (1.1 kg CaCO3 m
-2 y-1; Land 1979), and St. Croix (0.91 kg CaCO3 m

-2 y-1; 

Hubbard et al. 1990) and Indo-Pacific reefs in Hawaii (0.89 kg CaCO3 m
-2 y-1; Harney and 

Fletcher 2003) and Indonesia (7.6 – 11.68 kg CaCO3 m
-2 y-1; Edinger et al. 2000). Currently 

no data on the net carbonate production is available for Indian Ocean reefs, despite 

containing one of the world’s largest reef archipelagos. There have also been no budget 

studies to date conducted within an atoll system or on a reef associated with a reef island. 

The majority of existing budget studies have used a census-based methodology to estimate 

rates biological framework production and breakdown. Such estimates have been 

compartmentalised and rarely encompassed entire reef systems. Examinations have been 

 

Figure 1.2 Conceptual ternary diagram presented by Perry et al. (2008) showing variations and 

transitions in reef production status in response to modifications in the relative importance of 

budgetary processes (e.g. primary CaCO 3 production, secondary CaCO 3 production, and 

bioerosion).  
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focused on small fringing reefs associated with high islands that yield terrigenous inputs. 

Field locations are commonly associated with low live coral cover and low species diversity 

(e.g. Perry et al. 2012; Perry et al. 2013). Calculations have been hindered by a lack of site-

specific data on organism growth and carbonate production and have relied heavily on rates 

reported from published literature for similar coral species from other reef systems. There is 

also no standardised protocol for conducting budget studies which has made comparisons 

between reefs difficult.  

1.5 Applications of the carbonate budget approach 

The application of carbonate budget studies has largely been used within an ecological 

context as a way of quantitatively describing reef metabolism or as a proxy for ‘reef health’ 

(Edinger et al. 2000). Within a geomorphic context, a reefs budgetary status is an indication 

of net reef accretion and reef development and can be used to estimate rates of reef-derived 

sediment production (Stearn and Scoffin 1977; Harney and Fletcher 2003). They are also 

relevant in understanding and providing a comparison of spatial and temporal changes in the 

rate of net CaCO3 accumulation and the key processes driving such variations. Variation in 

net carbonate production occurs at a sub-reef level between different ecological zones, 

regionally between different reef environments, and globally between reef-building provinces 

(Vescei 2004). Budget studies also provide a framework for assessing changes in the 

relative importance of carbonate producers and cycling processes under climatic or 

anthropogenic environmental change. Eakin (2001) used a carbonate budget methodology 

at Uva Island to examine the production response of reefs to transitions in ecological 

communities following the 1982-1983 mass mortality events on the coast of Panama. Mallela 

and Perry (2007) used a process-based budget to investigate the impact of differing 

terrestrial runoff on carbonate production within two different sedimentation regimes at Rio 

Bueno reef, Jamaica.  

1.6 Incorporating sediment dynamics into budget studies 

Several existing reef studies have emphasised the need to incorporate sedimentary 

components into carbonate budget studies (Yamano et al. 2000; Kench and Cowell 2001; 

Harney and Fletcher 2003; Perry et al. 2008; Kench et al. 2009). A carbonate sediment 

budget is a quantitative estimate of the sources, sinks, and fluxes of reef-derived sediment 

within a geographically defined natural system (Harney and Fletcher 2003). A 

comprehensive carbonate sediment budget must therefore incorporate (1) estimates of 
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biological carbonate production from primary, secondary and direct sources, (2) the storage 

of carbonate material in submarine (e.g. lagoon) and subaerial (e.g. reef islands) sediment 

reservoirs, and (3) the fluxes and export of detrital sediments within the reef system (Land 

1979; Hubbard et al. 1990; Harney and Fletcher 2003). Including sedimentary processes 

within budget studies better describes the ecological-geomorphic linkages within reef 

systems and allows for a better understanding of sediment pathways and cycling of 

carbonate material from contemporary reef communities to sedimentary deposits e.g. reef 

islands (Brander et al. 2004; Hart and Kench 2007). 

There have been several attempts at constructing sediment budgets for reef systems; 

however, the majority have focused on net reef development rather than quantifying the 

production of detrital sediments within the context of reef island construction. Such existing 

studies have regarded surplus sediment that is not directly retained within the reef edifice as 

a loss to the carbonate systems and ignored reef islands as important depositional sinks of 

carbonate material. Notable exceptions include Harney and Fletcher (2003) (0.53 kg m-2 y-1; 

Kailua Bay, Hawaii), Stearn and Scoffin (1977) (17.5 kg m-2 y-1; Bellairs Reef, Barbados), 

and Hubbard et al. (1990) (0.71 kg m-2 y-1; Cane Bay, St. Croix). Land (1979) highlighted the 

importance of reef sedimentation by incorporating these processes within a budget 

framework by constructing a simple reef mass-balance equation for a north Jamaican reef 

and estimated that only 21% of gross carbonate productivity was retained in the reef edifice, 

with the majority was being lost in solution (56%) or by off-reef export (23%), however, to 

date there have been no budget studies that have adequately generated a holistic 

quantitative estimate of the ecological and morphodynamic processes within a reef system. 

1.7 Research aims and objectives 

The main aim of this research was to construct a holistic field-based carbonate budget for 

Vabbinfaru reef, a lagoonal platform reef and associated reef island located within North 

Malé Atoll, Republic of Maldives (4° 18 ’N, 73°25’ E). Vabbinfaru Reef Platform was selected 

because of its relatively small reef area and clear geographic boundaries. The platform has a 

healthy reef community with low anthropogenic impacts and an absence of terrigenous 

sediment inputs. The presence of a small reef island allows for reef to island linkages to be 

examined. The present research comprises a number of individual components which relies 

on site-specific data to generate rates for each of the key budgetary processes 

(bioconstruction, bioerosion and net CaCO3 accumulation) as well as providing a means to 

validate rates reported within existing budget studies for other reef-building provinces. 
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Furthermore, the research incorporates sedimentary processes (sediment generation, fluxes 

and export) to examine ecological-geomorphic linkages.  

 There are a number of more specific objectives of the research which include: 

 Determine the relative contribution of specific reef organisms to contemporary gross 

carbonate production  

 Assess the relative importance of different functional bioeroding agents in the 

destruction of reef carbonate material 

 Describe the physical properties (texture and constituent composition) of the platform 

surface sedimentary environments  

 Generate a quantitative estimate of net CaCO3 production on Vabbinfaru  

 Determine the fate of reef-derived sediment on Vabbinfaru 

Such research objectives will extend the narrow geographic range of reef budget studies and 

generate a number of new datasets of ecological and sedimentary significance associated 

with biological carbonate production, reef biological destruction and sediment fluxes for 

central Indian Ocean reefs. 

1.8 Thesis outline 

The general thesis structure follows the key components required for the construction of the 

carbonate budget with the first three chapters providing quantitative examinations of the 

Vabbinfaru reef environment (Chapter 2), biologically driven carbonate production (Chapter 

3), and bioerosion of reef substrate (Chapter 4). The following chapters focus on aspects of 

the Vabbinfaru sedimentary system and present a physical description of reef facies 

(Chapter 5) and the fate of reef-derived sediment on Vabbinfaru (Chapter 6). Such 

information provides the foundations for the construction of a carbonate sediment budget 

and allows linkages between living reef communities and detrital sediment assemblages to 

be made (Figure 1.3). 

Chapter 1: Introduction  

This chapter provides an introduction to the research topic, a description of the carbonate 

budget approach and an analysis of existing carbonate budget studies. The aims and 

objectives of the research are presented as well as an outline of thesis structure. 
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Chapter 2: The Vabbinfaru reef platform 

This chapter provides a detailed description of the morphology (bathymetry and 

morphological surveys), broad scale benthic structure (benthic habitat mapping), seasonal 

variations in climate and hydrodynamics (wind and incident wave energy) and the eco-

geomorphic zonation of the Vabbinfaru reef platform.   

Chapter 3: Gross carbonate production  

This chapter examines the abundance and distribution of carbonate producing organisms. 

The first estimates of the growth and carbonate production of scleractinian corals and 

calcareous encruster communities are presented for the Maldives. Rates of organism 

calcification are used alongside estimates of benthic cover to generate a quantitative 

estimate of gross carbonate production by contemporary reef communities and the 

examination of the role of key reef organisms in the carbonate budget is discussed.  

Chapter 4: Biological erosion 

Generates a quantitative estimate of the rate (kg m-2 y-1) and total mass of carbonate 

removal (kg y-1) from the reef substrate by internal (microboring and macroboring) and 

external (urchin and parrotfish) bioeroding agents. Spatial patterns in the abundance and 

relative importance of key bioeroding organisms are examined at a sub-reef level. 

Chapter 5: Sedimentology on Vabbinfaru 

Chapter 5 provides a detailed account of the spatial distribution of surficial sediments on 

Vabbinfaru platform surface and fore-reef. Key physical properties of sediments (texture and 

constituent composition) established are used to distinguish different platform sedimentary 

environments. This chapter also examines the sediment properties suitable for island 

construction. The linkages between the detrital sediment pool and contemporary reef 

ecology are discussed. 

Chapter 6: Sediment fluxes and export 

This chapter contains a comprehensive account of sediment transport pathways on 

Vabbinfaru platform. Rates and magnitude of sediment flux are quantified and used to 

determine the net movement of sediments on the platform surface and the total mass of 

sediment export (sand and gravel). Results from within this chapter provide the foundation of 

the carbonate sediment budget of Vabbinfaru (Figure 1.3). 
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Chapter 7: Synthesis 

This chapter provides a synthesis of data presented within previous chapters to construct the 

carbonate budget for Vabbinfaru reef. Platform net carbonate accumulation is established 

and compared to existing rates reported in existing budget studies from other reef-building 

provinces. A carbonate sediment budget is also constructed which examines the total 

amount of new sediment available for the construction and maintenance of reef-associated 

sedimentary landforms on Vabbinfaru. 

 

 

Figure 1.3 Thesis structure showing the main research themes and l inkages between chapters  
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2 THE VABBINFARU REEF PLATFORM 

2.1 Introduction 

2.1.1 The Maldives Archipelago 

The Maldives Archipelago (1°S - 8ºN, 72°- 74ºE) is an island group consisting of a double 

atoll chain positioned along the Laccadives-Chagos Ridge within the central Indian Ocean. 

The underlying reef structure includes the Laccadives islands to the north, and the Chagos 

island group to the south. The Maldives comprises 21 atolls (16 open and 5 closed atolls) 

and 4 oceanic reef platforms (reefs which protrude from the sea floor but are not directly 

connected to the adjacent atolls) (Naseer and Hatcher 2004). Depth of the atoll basin 

increases from the north (50 – 60 m) to the south (>80 m) of the reef chain (Anderson 1998). 

There are 2,041 reefs (comprising 4,513 km2 of reef area) within the Maldives (Naseer and 

Hatcher 2004), and due to the geographic location of the atoll chain, the reefs act as an 

important biogeographic location for larval connectivity of reef organisms. Reefs are highly 

diverse with coral and fish species encompassing both eastern (Indonesian) and western 

(East African) faunas (Rajasuriya et al. 2004; Wallace and Zahir 2007). Reef geomorphology 

in the Maldives is well described and shows that the reef structure is Holocene in origin and 

lies 14 - 20 m thick over antecedent Pleistocene reef (Gischler et al. 2008; Kench et al. 

2009). The internal structure and the response of reefs to Holocene sea level rise vary 

spatially between marginal (“keep-up”) and lagoonal (“catch-up”) reef types (Gischler et al. 

2008; Kench et al. 2009). 

Reef islands in the Maldives, of which there are 1,192, are comprised solely of the skeletal 

remains of local reef organisms and provide the only habitable land mass for island 

communities. Kench et al. (2005) established a model of island formation for Maldivian reef 

islands from the detailed analysis of reef and island cores collected from south 

Maalhosmadulu Atoll (Figure 2.1). This model differed significantly from existing theory 

established for the Pacific Ocean in which island initiation began once reefs had reached 

their vertical maximum and consolidation of the reef flat had occurred (Woodroffe et al. 

1999). Maldivian islands formed over infilled lagoons on submerged reefs during the mid-

Holocene. Island construction began 5,500 – 4000 yrs BP with excess reef-derived sediment 

used to infill lagoons and form sedimentary deposits, with islands stabilising 3500 yrs BP. 

Vertical island-building occurred rapidly as the submerged reefs allowed wave energy to 

penetrate the reef creating a “Holocene high-energy window” that stimulated the deposition 
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of detrital material causing rapid island construction. Once islands had stabilised, modern 

reefs grew to the wave base and the high-energy window was shut down, stopping vertical-

building. Since this time, islands have remained relatively stable but the shorelines have 

been highly dynamic in response to predictable seasonal climatic shifts (e.g. shifting 

monsoonal wind) (Kench and Brander 2006), and episodic extreme events (e.g. tsunami) 

(Kench et al. 2006; Kench et al. 2007; Kench et al. 2008). 

 

 

Figure 2.1 Model of reef island formation and reef development for (a) the Pacific Ocean 

(Woodroffe et al. 1999) and (b) The Central Indian Ocean (Kench et al. 2005). Pacific Ocean 

island init iation began once reefs had reached vertical maximum and reef f lat consolidation 

occurred. Maldivian reef islands  formed over infi l led lagoons on submerged reefs.  
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2.1.2 Vabbinfaru reef platform 

The location of this study is Vabbinfaru Reef Platform (4°18’N, 73°25’E), located in the 

southern interior of North Malè (Kaafu) Atoll, approximately 17 km from the capital island of 

Malé (Figure 2.2). North Malè Atoll is situated in the central Maldives region, on the eastern 

side of the double-atoll chain. Vabbinfaru is a near planar reef (Hopley et al. 1982) that is 

0.322 km2 in area. The lagoon is not completely infilled and there is no reef flat development. 

Vabbinfaru is the central platform in a series of three detached reefs that are separated by 

inter-reef channels. Ihuru reef, a small (0.10 km2) circular reef and island is located to the 

southwest, and a large ring-shaped faroe is positioned northeast of Vabbinfaru. The reef 

platform is a shallow, clear-water environment with no structural, sedimentary or ecological 

linkages to adjacent reef systems. The position of the reef platform within the atoll basin 

provides a degree of sheltering from incident ocean energy. Seasonal shifts in prevailing 

wind direction and magnitude means wave climate varies temporally and spatially around 

the reef. 

A small, low-lying (+1.2 m MSL) reef island sits on the eastern side of the Vabbinfaru 

platform. The island is formed over infilled lagoon sediments (coral and Halimeda facies). 

The island footprint covers 14.5% (47,300 m²) of platform area. Beach width varies around 

the island. The northern island margin is narrow (~15 m), whereas, comparable beach 

widths occur on the western and eastern margins (~30 – 40 m). The southern beach broad 

(~80 m) and displays a ‘horn-type’ morphology during the northeast monsoon. 

2.2 Methodology 

2.2.1 Climate and oceanography 

A survey of platform hydrodynamics and climate were conducted for three weeks in June 

2010 and March 2011 to account for seasonal changes in the platform process regime 

between southwest and northeast monsoons. The magnitude and frequency of wind speed 

(m s-1) and wind direction (º) were recorded using a Kestral weather station mounted on a 

platform positioned on the south-west of the lagoon (Figure 2.2). Climate data was recorded 

every 30 minutes for the duration of each field sampling trip. RBR pressure loggers sampling 

at 2 Hz were mounted onto concrete block and deployed on the reef surface close to the reef 

edge on the windward reef to measure incident wave energy and tidal conditions (Figure 

2.2).  Wave period (Ts) and mean significant wave height (Hs) was calculated for the 

duration of the experimental period for each monsoon. Tidal curves were constructed using 

10 minute averages of water elevation. 
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2.2.2 Delineating eco-geomorphic zones 

A bathymetric survey of Vabbinfaru reef platform was conducted using a SonarMite v3 single 

beam echo sounder (±0.025 m RMS) logging at 3Hz with an integrated Trimble Explorer 

handheld Global Positioning System (GPS) to supply spatial co-ordinates (X and Y). The 

survey was conducted along north-south orientated transects at 20 m intervals. Higher 

resolution sampling was conducted over structurally complex areas of the reef (e.g. live 

reef). Bathymetry data were reduced to mean sea level (MSL) using tidal data collected for 

Vabbinfaru. A Digital Elevation Model (DEM) of the platform was constructed by interpolating 

bathymetry data using ordinary Kriging methods in SURFER v10. 

 

Figure 2.2 Location of Vabbinfaru Reef Platform, North Malè Atoll, Republic of Maldives.  The 

location transects (V1 –  V8) and sampling stations are shown. 
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Reef island planform morphology (size, shape and position) was measured in four 

consecutive seasons (July 2009, February 2010, June 2010 and March 2011) by 

circumnavigating the toe of beach (ToB) at low tide and logging the position using a Trimble 

Explorer GPS instrument sampling at 1 Hz. The ToB was clearly observed in the field as the 

intersection of beach sediment with the reef surface which is usually characterised by a 

distinct break in slope and a band of coarser sediments (Kench and Brander 2006). 

Eight radial transects (V1 – V8) were established along major compass bearings which 

spanned the width of the platform to determine benthic substrate cover (Figure 2.2). 

Transects initiated at the edge of island vegetation and terminated on the fore-reef slope at 

approximately 3 – 4 m depth below mean sea level (BMSL). Morphological surveys of each 

transect line were conducted using an Automatic Optical Laser Level. Survey data was 

reduced to mean sea level using continuous sea-level records at Malè provided by the 

University of Hawaii Sea Level Centre. Sampling stations were then established at regular 

intervals along each transect (Figure 2.2) which was dictated by reef platform morphology 

(Transects V1 – V6, 20 m intervals; Transect V7 and V8, 40 m intervals). Additional stations 

on the island mid-beach (half way between the beach toe and the beach ridge) and toe of 

beach at each transect were sampled. 

At each sampling station, observations of the benthic cover (%) were made using three 

random quadrats (1 m2). Percentage cover of reef substrate (sand, rubble, dead coral, live 

coral, reef rock) was estimated. A rugosity coefficient was calculated for each quadrat by 

draping a fine chain across the width of the quadrat and calculating the ratio between the 

planar width (1 m) and the length of chain required to cover the reef cross-sectional area. 

Eco-geomorphic zones were then classified based on their benthic cover and morphology of 

the platform surface. 

2.3 Results 

2.3.1 Climate and oceanographic conditions 

Climate 

The proximity of the Maldives to the equator means that is does not experience episodic 

tropical cyclone events. The regional climate is largely controlled by the Indian Monsoon 

where two main weather patterns are observed. Firstly, the Northeast Monsoon, which takes 

place from December until March when the surface high-pressure system is the strongest 

and dry north-easterly winds are dominant. During this season, the Maldives generally 
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experiences clear skies, calm sea conditions, strong inter-atoll currents, and weak winds (0 - 

6 m s-1, NE). Secondly, the Southwest Monsoon occurs from June to September, moisture-

laden winds bring high rainfall during this period, as well generating periodic strong winds 

from the south-west (4 - >10 m s-1, SW) which cause rough sea conditions and increases the 

local wave climate.  

During the March deployment (NE monsoon) of the weather station, prevailing winds were 

from the north and north-east directions. The most common wind direction was from the 

north-east (~50% frequency). Wind speed was weak (40% of wind between 2 – 4 m s-1) with 

a maximum observed wind speed of 6.6 m s-1 during the deployment (Figure 2.3A). 

Throughout the June-July deployment (SW monsoon) wind speeds were higher (4 – 13.9 m 

s-1) ranging between west to south-west in origin (Figure 2.3A). 

Oceanographic setting 

There is limited data concerning the wave climate within the Maldives. Kench et al. (2006) 

generated measurements of wave energy gradients across South Maalhosmadulu Atoll and 

showed predictable seasonable shifts in atoll wave climate and reef hydrodynamics driven 

by seasonal changes in monsoon wind strength and direction, with highest incident wave 

energy occurring in the SW monsoon. The atoll structure also promotes changes in wave 

characteristics. Short period wave energy (3 – 8 s) is largely dissipated on reef networks at 

the atoll periphery (windward reefs); with longer period swell waves (8 – 20 s) propagating 

through the lagoon to leeward reefs (Kench et al. 2006). Within Maldivian atolls there is a 

high density of lagoonal patch reef systems and therefore the generation of locally generated 

wind-wave energy is limited (Kench et al. 2006; Naseer and Hatcher 2004).  

 

Figure 2.3 Wind rose data recorded during SW (June –  July 2010) and NE (March 2011) 

monsoons at Vabbinfaru. The frequency (%) of w ind speed (m s
-1

) and direction (º) recorded for 

the (A) NE monsoon (B) SW monsoon. Colour indicates intensity of wind.  
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Figure 2.4 Platform surface hydrodynamics (tidal curve, s ignificant wave height (Hs) , wave 

period (Ts)) during (A) SW monsoon (B) NE monsoon. Data was recorded on windward reef 

margins in each monsoon to show maximum wave climate during each experimental p eriod. 

Note the weak tidal modulation with significant wave height.  

The Vabbinfaru reef platform experiences similar seasonal variations in wave climate (Figure 

2.4). During the NE monsoon deployment wave conditions at Vabbinfaru were calm (mean 

NE wave characteristics: Hs = 0.11 m, Hmax = 0.20 m, Ts = 5.52 s, Tmax = 7.18 s) with 

waves propagating from the northeast and strong oceanic currents observed at the outer 

reef margins. During the SW monsoon deployment local wave climate was greater but 

remained low energy (Mean SW wave characteristics: Hs = 0.21 m, Hmax = 0.33 m, Ts = 

4.59 s, Tmax = 5.83 s). Tidal data recorded over the deployment period showed the 

Vabbinfaru platform is a microtidal environment (0 – 2 m tidal range) and experiences mixed 

semi-diurnal tides with a typical tidal range of 0.98 m (Figure 2.4). Incident wave energy 
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(significant wave height, Hs; or wave period, Ts) show little or no tidal modulation (Figure 

2.4) 

2.3.2 Eco-geomorphic zonation of Vabbinfaru 

A total of 59,267 XYZ values were used to construct the Vabbinfaru platform bathymetric 

model (Figure 2.5A). Morphological surveys of individual transect lines and observations of 

reef benthic structure were compiled with satellite imagery and reef bathymetry data to 

delineate the spatial extent of key eco-geomorphic zones on Vabbinfaru. The Vabbinfaru 

platform displayed simple zonation with six distinctive zones established based on their 

ecological and physical characteristics. A summary of these properties are contained in 

Figure 2.6. 

Vegetated island 

The vegetated island interior covers 8% (25381 m2) of the platform area. Maximum island 

elevation is +1.2 m above mean sea level (MSL) (Figure 2.5; Figure 2.6). A thin soil layer 

(~10 cm) covers the island supporting low-lying shrubs on the island periphery and well 

established coconut palms that dominate the central region of the island. The vegetated 

island core has little evidence of scour. Island topography is relatively flat and does not 

conform to the usual concave morphology typical of a Maldivian reef islands (Kench et al. 

2005), however, this is likely due to reconfiguration of surface sediment during the 

construction infrastructure. 

Island beach  

The island beach covers 7% (21963m2) of platform area and surrounds the vegetated island 

core. The beach has a mean elevation of +0.65 m MSL and is comprised of unconsolidated 

sand sized carbonate sediment (Figure 2.5). The beach is dynamic and experiences major 

variations in morphology in response to reversals in platform hydrodynamics driven by 

predictable oscillations in the South Indian Monsoon system. The beach has a pronounced 

beach ridge and a distinct toe at the bottom that forms a boundary between island and reef 

surfaces that is characterised by coarse-grained sediments. 

Lagoon 

The prominent central lagoon is shallow (-1.1 m MSL) and does not become exposed during 

any stage of the tidal cycle. The lagoon is 125000 m2 in area and covers 39% of platform 

area (Figure 2.6). The lagoon surface is flat and featureless. Lagoon morphology varies with 
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the widest region located on the western side of the platform (350 m), compared to the 

narrow eastern (200 m), northern (200 m) and southern (80 m) platform areas. The lagoon 

acts as a store of reef-derived sediment (both sand and gravel). Three sand tracts are 

located at the south, southeast, and north sides of the platform and are important for the off-

reef export of sediment and for lagoon water exchange and circulation. Holothurian species 

(Actionpyga miliaris and Pearsonothuria graeffei) and Callianassid shrimps commonly 

inhabit calm and sandy lagoon areas (Figure 2.7).  

 

 

 

Figure 2.5 (A) Digital contour map of Vabbinfaru reef platform. Contour  l ines are set at 0.5 m 

intervals. Location of the cross-sectional profi le (X –  Y) (B) Cross-section (north –  south) of 

Vabbinfaru reef and island (m relative to MSL).  
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Rubble zone 

Rubble deposits form discrete zones within the central lagoon and are comprised of 

interlocking detrital Acropora coral branches interspersed with sand that form mounds on the 

western region of the lagoon (-0.95 m MSL). The rubble zone covers 23.4% (78500 m2) of 

platform area. Rubble is likely to have been generated following the 1998 coral mass 

mortality where 90% of live coral cover died during a strong El-Niño event (Arthur 2000; 

McClanahan 2000). Rubble deposits appear stable as indicated by the presence of coral 

recruits which have colonised the area (Figure 2.7; Figure 2.7). Detrital branches are also 

colonised by epiphytic algae (crustose coralline algae, green filamentous algae), bioeroding 

fauna and encrusting foraminifera. 

Live reef 

The outer live reef comprises a spatially discrete ring of consolidated reef substrate that 

encloses the central lagoon (Figure 2.7). This live coral zone is 71737 m2 in area (24% of 

platform area) and supports prolific coral growth and diversity (50 – 75% live coral cover). 

The zone is relatively shallow (-0.95 m MSL) and coral colonies extend another 30 - 40 cm 

off the reef substrate. In situ dead coral framework is common. The live reef is constantly 

submerged and waves are able to propagate across the reef. A clear distinction exists 

between the reef and lagoon surface as observed as an absence of lagoon sand and the 

presence of consolidated higher elevation surfaces (Figure 2.7). The western live reef is 

wider, but less defined and is interspersed with sandy drifts. The northern section of the reef 

is shallower and as a result corals display either encrusting and robust coral growth forms 

(e.g. Porites rus). 

Fore-reef slope 

The fore-reef slope is at the edge of the Vabbinfaru Reef Platform (Figure 2.7). This zone 

has a steep gradient (~45˚) that extends to -9 m MSL to the atoll basin floor. The substrate is 

dominated by fine sand, detrital coral and reef substrate, and patchy live coral growth. 
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Figure 2.6 Eco-geomorphic zonation of Vabbinfaru platform. The spatial extent of key reef 

zones are shown (1 –  6). General characteristics of each zone are also presented.  

Eco-geomorphic
Total Area 

(m
2
)

Platform Area 

(%)

Mean Elevation 

(m)

Rugosity 

(R)

% 

Sand

% 

Rubble

%          

Live Coral
Observations

1. Vegetated Island 25381 8 +1.2  1 100 0 0
Scrub and shrub vegetation around island margins 

with coconut palms on the island interior

2. Island Beach 21963 7 +0.65 1 100 0 0 Sand

3. Lagoon 125073 39 -1.17 1 83 17 0

Large sandy deposit with low rubble cover 

(<20%). Holothurians and Callianassid shrimps 

present

4. Rubble Zone 78597 22 -0.95 1.05 53 39 4

Dense detrital coral thickets mixed with sand and 

gravel material. Small coral recruits attached to 

ruble. CCA encrustation on dead coral branches

5. Live Coral Zone 71737 24 -1.25 1.97 5 13 51

Prolific coral framework growth. Dead coral 

remains in situ. High species diversity and range 

of growth morphologies

6. Reef Slope N/A N/A >-1.7 1.1 43 42 15

Steep drop-off at reef edge. Large coral overhangs. 

Benthos dominated by fine sand and rubble at 4 m 

depth
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Figure 2.7 Photographs of eco-geomorphic zones on Vabbinfaru (A) Vabbinfaru Island (B) 

southern island beach (C) sand-sized sediments with Call ianassid shrimp mounds within the 

lagoon (D) rubble zone sediments comprised of detrital coral branches (E) the l ive coral zone 

forms a distinct area at the outer reef edge (F) prolif ic coral framework with high species 

diversity and a range of coral morphotypes within the l ive coral zone (G) the reef crest with 

prolif ic l ive coral cover supports abundant f ish communities  (H) the reef slope provides a steep 

transition from the reef crest to the atoll basin .  
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2.3.3 Seasonal island change 

The island beach on Vabbinfaru displays two distinct planform morphologies. Island footprint 

shape is in response to seasonality in platform hydrodynamics (waves and currents). During 

the SW monsoon, Vabbinfaru Island is largely circular. As boundary conditions reverse, 

planform becomes more complex with extensive lobes forming on the south margin (Figure 

2.8). Kench and Brander (2006) examined the role of seasonal climatic shifts on the reef 

island morphology for 13 islands in South Maalhosmadulu atoll, Maldives, and concluded 

that although reef islands are dynamic and incur dramatic gross seasonal change, the 

annual net change is small. The areal extent of the island footprint on Vabbinfaru remained 

relatively consistent during the June 2009 – March 2011 survey period (46,700 m2 - 48,000 

m2; 3% gross change between seasons). Net annual fluxes in island area were 1.2% and 

1.8% between the SW and NE seasons respectively. There is no information available on 

the volume of seasonal island change. 

 

Figure 2.8 Vabbinfaru beach planform shape during different seasonal hydrodynamic regimes. 

During the SW monsoon the beach is relatively circular. In the NE monsoon the island forms 

cusps at the southern and northwest island margins.  
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3 GROSS CARBONATE PRODUCTION 

3.1 Introduction 

Coral reef systems are comprised of a living veneer of calcium carbonate (CaCO3) 

producing organisms which overlie vast sequences of previously deposited carbonate 

material. Carbonate production by contemporary reef ecology is an important source of 

calcium carbonate in modern marine systems. Scleractinian corals are the primary 

producers of carbonate material in many reef environments (Chave et al. 1972; Heiss 1995; 

Shi et al. 2009; Perry et al. 2013). Reef-building corals also have geomorphic and ecological 

significance as they greatly increase the rugosity of the reef surface and provide habitat for 

reef dwelling organisms (Zhang 2001; Naylor et al. 2002; Spencer 2002; Cocito 2004). High 

proportions of live coral cover have typically been shown to correspond with high rates of 

carbonate production and net reef accretion (Hubbard et al. 1990; Perry et al. 2011). 

Secondary carbonate producers are comprised of calcareous encrusting taxa (crustose 

coralline algae (CCA), bryozoans, serpulid worms, etc.) and direct sediment producers 

(Halimeda, molluscs, etc.). Encrusters grow laterally over reef framework and are important 

in strengthening and stabilising the reef structure as well as consolidating and binding 

detrital sediment. Encrusting organisms can also be a major source of carbonate material 

with rates of carbonate production exceeding those of coral species under certain 

environmental conditions (Chrisholm 2003).  

Gross carbonate production (GCP) of a reef system is an estimate of the biological 

carbonate production from primary and secondary carbonate producers at either a sub-reef 

(between reef zones) or whole reef level. Firstly, an estimate of ‘potential productivity’ must 

be established to account for calcium carbonate produced per unit of reef surface covered 

by an individual organism or colony of organisms. This value is based on the distribution and 

relative abundance of carbonate producing organisms (primary, secondary and direct 

producers) and their individual calcification rate (Chave et al. 1972). Gross carbonate 

production is then calculated as the amount of calcium carbonate produced by living reef 

communities per unit area of reef surface and is expressed as kg CaCO3 m
-2 y-1 (Chave et al. 

1972). 

Vescei (2004) identified four main approaches commonly used for conducting assessments 

of GCP, (1) the use of hydrochemical techniques or ‘Alkalinity reduction’ to assesses short 

term changes in water chemistry over a section of reef (Smith 1978; Smith and Kinsey 
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1978), (2) a census-based approach of live reef communities (Stearn et al. 1972; Harney 

and Fletcher 2003; Hart and Kench 2007), (3) geological estimates from net accumulations 

on specific reefs (Ryan et al. 2004), and (4) a numerical modelling based approach (Kleypas 

1997). Hydrochemical approaches require less field sampling and have the ability to 

estimate carbonate production at a sub-reef level. However, this approach does not account 

for the relative contribution of specific carbonate-producing organisms in production 

estimates for a reef and therefore lacks an understanding of how variations in reef 

assemblages influence reef productivity at spatial and temporal scales.  

Ecological census-based methodologies provide a more suitable alternative when estimating 

GCP within the context of reef and island geomorphology. This method has been used within 

a wide range of reef settings (Chave et al. 1972; Vescei 2001; Hart and Kench 2007; Mallela 

and Perry 2007). The approach incorporates the relative abundance and distribution of reef 

organisms, and creates a distinction between the production of reef framework and 

secondary or direct carbonate producers (Harney and Fletcher 2003). A census-based 

approach is employed within this study for Vabbinfaru platform. Previous estimates of GCP 

have typically been used as an assessment of reef health in degraded reef environments or 

those under increasing anthropogenic pressures (Eakin 1996; Edinger et al. 2000; Shi et al. 

2008). Such studies have built upon earlier census-based methodologies to generate 

estimates of GCP for reef systems in Hawaii (Harney and Fletcher 2003), the Caribbean 

(Sadd 1984; Stearn et al. 1977; Hubbard et al. 1990; Perry et al. 2012; Perry et al. 2013), the 

eastern and western Pacific (Eakin 1996; Shi et al. 2008), Indonesia (Edinger et al. 2000), 

and Australia (Hart and Kench 2007).  

Growth and calcification rates of contemporary primary and secondary reef organisms 

provide the foundation of census-based estimates of GCP. Calcification occurs at the 

individual organism-scale but collectively calcification rates of reef communities have a major 

control on reef-scale GCP. Coral growth typically ranges between 10 – 15 mm-1 y-1 

(Buddemeier and Kinzie 1976); however, growth varies significantly between species and in 

response to local environmental conditions (Fabricius 2005). Coral calcification is depth-

dependant and rates of production reduce with increased depth (Dustan 1975; Huston 

1985). Methods for examining coral growth include: (1) analysis of seasonal growth bands in 

X-radiographs (Stearn et al. 1977), (2) direct measurements of colony size over time 

(Gladfelter et al. 1978), and (3) alizarin staining as a permanent record of colony size 

(Lamberts 1978; Stearn et al. 1977). Existing studies on coral growth have typically had a 

strong regional bias with observations most common from the Caribbean (Hughes 1987; 

Huston 1985; Stearn et al. 1977) and Australian reef provinces (Harriot 1998; Harriot 1999; 

Lough and Barnes 2000). Basic growth data of dominant reef-building species are not yet 
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available for many atoll systems and mid-oceanic reefs. In particular, little information exists 

on coral growth rates from the central Indian Ocean which contains one of the largest reef 

archipelagos in the world. The range of growth morphologies examined has also been 

limited as investigations have focused heavily on massive and columnar growth forms since 

the discovery of annual density bands in coral cores as a reliable means for growth 

determination. Growth estimates for other morphological groups are scarce despite often 

being proportionately more abundant on modern reef systems in many tropical regions, 

including Vabbinfaru reef. 

Considerably less data is available on the growth and calcification of calcareous encrusting 

taxa. Few existing studies have quantified the rate of encruster carbonate production and 

their role in reef development. Growth studies of CCA have included visual estimates of 

lateral and vertical extension (Adey and Vassar 1975; Jackson and Winston 1982), 

measurements of in situ calcification using alkalinity reduction techniques (Chisholm 2000), 

examinations of algal colonisation and succession (Adey and Vassar 1975; Matsuda 1989), 

and long-term observations of calcium carbonate accretion on a range of settlement 

substrates (Bak 1976, Stearn et al. 1977; Mallela 2007; Pari et al. 1998). These studies have 

been conducted within a narrow geographic range for reefs in the Caribbean (Adey and 

Vassar 1975; Bak 1976; Steneck and Adey 1976; Stearn et al. 1977; Mallela 2007), Japan 

(Matsuda 1989), and the South Pacific (Pari et al.1998), with no data currently available for 

the Indian Ocean. Existing estimates of encruster carbonate production have typically relied 

on visual assessments and a uniform density value to estimate net calcification. Direct 

measurements of net carbonate accretion on experimental substrates provide a better 

alternative as the total mass of calcium carbonate can accurately be determined (Bak 1976; 

Pari et al. 1998; Mallela 2007). The use of some artificial settlement substrates has been 

shown to have no identifiable influence on encruster settlement and growth compared to 

natural coral surfaces (Mallela 2007).  

The aim of this chapter is to generate a detailed estimate of GCP for contemporary reef 

communities on Vabbinfaru reef using a census-based methodology. Data on the relative 

abundance and distribution of primary and secondary reef organisms (including direct 

producers e.g. Halimeda) is used alongside field-based measurements of carbonate 

production to generate estimates of GCP (kg m-2 y-1) and total carbonate production (kg 

CaCO3 y
-1) at a sub-reef level (between eco-geomorphic zones) and for the entire platform 

surface. The relative contribution of carbonate-producing organisms to total carbonate 

budget is determined. 
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More specific objectives include: 

 Examine the distribution and abundance of carbonate-producing reef organisms 

 Establish site-specific growth and carbonate production rates for dominant reef-

building organisms 

 Generate an estimate of gross carbonate production for each eco-geomorphic zone 

and the whole reef 

  Identify the key reef organisms driving gross carbonate production on Vabbinfaru  

3.2 Methodology 

An ecological census-based approach was utilised to estimate gross carbonate production 

on Vabbinfaru platform. This methodology has been used in previous estimates of carbonate 

production for a number of reef environments (Chave et al. 1972; Harney and Fletcher 2003; 

Hart and Kench 2007). A detailed assessment of carbonate production by primary 

(scleractinian corals) and secondary (encrusting organisms and direct sediment producers) 

organisms is made as both can be significant contributors of calcium carbonate (CaCO3) on 

reefs. Estimates of the relative abundance and distribution of reef organisms and carbonate 

production were all made within the live coral zone as this was identified as the main 

production area from initial surveys (see Chapter 2). 

3.2.1 Relative abundance and distribution of calcareous reef organisms 

The relative abundance and distribution of calcareous reef organisms was determined at 

inner (landward) and outer (seaward) reef sites within the live reef on Transects V1 – V8 

(Figure 3.1). Inner and outer reef sites were used to separate areas of the live reef into areas 

with different environmental characteristics (e.g. depth, wave energy, sedimentation, etc.). 

Point Intercept Transects (PITs) were established parallel to the island shoreline comprising 

4 x 20 m sections at 5 m intervals (100 m total length). Observations of benthic cover were 

made in the field (e.g. sand, rubble, reef rock, dead coral, Halimeda, coralline algae) at fixed 

25 cm intervals directly under the transect line. Live coral cover was categorised into 

Acropora species and non-Acropora species and the growth morphology of each colony was 

recorded (e.g. non-Acropora branching). Live coral was identified to the level of genus. A 

total of 1280 m (5,120 observations) of reef was surveyed using this method. The relative 

abundance of reef organisms (organism cover per m2 of reef surface) was calculated by 

dividing the mean proportion of organism cover (%) recorded in surveys by the planar area 

of reef surface within each section of the live coral zone (m2) and then summed to give a 

reef-wide estimate. A coral mortality index (CMI) was calculated for each transect (CMI = 
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dead coral/ (live coral cover + dead coral cover)) where 0 = all live coral and 1 = all dead 

coral (Gomez et al. 1994). 

  

Figure 3.1 Location of Point Intercept Transect surveys (n  = 16) and secondary encruster 

settlement substrates (settlement t i les and PVC corall ine algae pipes) at inner (landward) and 

outer (seaward) reef zones on Transects V1 – V8. The location of the coral staining experiment 

is also shown. 

3.2.2 Reef rugosity 

Benthic surveys provide a planar assessment of organism cover but do not consider the 

topographic complexity of the reef surface. Slope and irregularities in the reef substrate 

increase the true reef area for coral growth and encrusting organism settlement. Macro-relief 

of the platform surface was determined using bathymetric and morphological survey data 

(see Chapter 2). Micro-relief of biological reef framework was measured using standard 

chaining techniques (Hubbard et al., 1990; Harney and Fletcher 2003; Hart and Kench 2007; 

Mallela and Perry 2007) of the first 5 m of each PIT replicate (i.e. total of 20 m at each site). 

Reef rugosity was calculated as d1/d2, where (d1) was the length of the chain (5 m) across 

the underlying topography (including crevices, coral morphology, and reef substrate) and 

(d2), the planar distance covered by the chain. A total of 320 m was surveyed by chaining. 

The relief factor was then applied to each transect line to describe the three-dimensional 

area of the reef surface. 



Chapter 3: Gross Carbonate Production 

32 
 

3.2.3 Coral growth and calcification  

Skeletal extension 

Skeletal extension rate was measured using alizarin red-S staining and direct measurements 

following the method of Gladfelter et al. (1978). Common reef-building corals were collected 

in February 2010 from the rubble zone within Vabbinfaru lagoon to avoid damaging 

established colonies on the reef crest. Transplantation was unlikely to have an effect on 

coral growth conditions between collection and growth sites were similar. A total of 32 coral 

colonies (10 species) were stained with alizarin red-S to provide a permanent marker of 

colony size at the time of staining (Lamberts 1978). Corals were attached to the reef crest at 

the southern platform margin (-1 m MSL). Twenty three live colonies were retrieved from the 

reef after a 13 month period (March 2011). Organic material was removed using a high-

pressure water jet and sundried. Specimens were slabbed along the plane of growth 

symmetry using a rock saw and the amount of skeletal growth was determined by measuring 

the distance from the upper limit of the stain to the periphery of the colony (Figure 3.2). An 

average of thirty measurements was used to determine mean skeletal extension for each 

colony. For digitate and corymbose colonies, 30 branches were removed, slabbed and 

measured from the stain to the branch tip (Figure 3.2). Average extension values were used 

to calculate mean skeletal extension for the colony. Skeletal extension rate (cm-1 y-1) was 

calculated for each colony as the mean skeletal extension for the colony divided by the 13 

month period of growth and standardised to an annual rate. Direct measurements of skeletal 

extension were made for all branching species. Five individual branches on each branching 

colony examined (n = 3) were tagged using a plastic cables to provide a baseline for 

consecutive growth measurements. The growth between the plastic tie and the branch tip 

was measured monthly over a five month period and a mean growth rate of each colony was 

established based on the average growth from the five branches.  

Bulk skeletal density  

Bulk skeletal density was measured using Archimedes’ principle of water displacement 

(Bucher et al. 1998). Clean and dry specimens were weighed to the nearest 0.01 g to obtain 

colony mass. Colony volume was measured by placing each specimen into a modified 

beaker full of water and measuring the total displacement of water. The procedure was 

replicated three times for each specimen, with coral specimens being drying between each 

replication, and a mean volume estimate was generated for each specimen. Bulk skeletal 

density was calculated as object mass (air weight) divided by object volume and expressed 

as g cm-3. 
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Figure 3.2 (A) A slabbed Porites lobata  specimen after 13 months of growth showing the 

Alizarin red-S stain incorporated into the skeletal material (B) Deposition of new material in a 

Porites lobata  specimen. Skeletal extension was measured from the top of the stain l ine to the 

colony periphery. An average of 30 measurements were taken for each colony (C) Hydnophora 

microconos  skeletal extension over the experimental period (D) Growth of branch tips on a 

digitate Acropora  colony.  

Calcification rate 

Calcification rate (g cm-2 y-1) was calculated as a function of the skeletal extension rate (cm-1 

y-1) and skeletal density (g cm-3) (Stearn et al. 1977; Edinger et al. 2000). However, this 

calculation assumes colonies have a continuous active growth surface (e.g. massive forms). 

Some growth morphologies (e.g. branching, digitate, etc) have non-uniform carbonate 

deposition (i.e. do not accrete laterally and vertically at the same rate). Therefore, an 

adjustment coefficient (0 = no growth, 1 = continuous growth surface) was applied to each 

colony based on the proportion of active upward growth surfaces relative to total colony area 

(Stearn et al. 1977; Hart and Kench 2007). Calcification rate was then calculated using the 

equation CR = (SE x D) x AC, where CR = calcification rate (g cm-2 y-1), SE = skeletal 

extension rate (cm-1 y-1), D = skeletal density (g cm-3), and AC = adjustment coefficient (0 – 
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1). A margin of error associated with calcification rates for specific colonies due to variations 

in colony morphology and size, however, this error was reduced by measuring growth in a 

range of colonies for each coral growth morphotype. 

3.2.4 Encrusting organisms carbonate production and community composition  

Carbonate production and community composition of encrusting organisms was calculated 

by measuring the net calcium carbonate accretion on artificial settlement substrates. A total 

of 32 ceramic settlement tiles (10 cm x 10 cm) were deployed at each inner and outer reef 

sites within the live reef at a -1 m MSL (Figure 3.1). At each site, two settlement tiles (Figure 

3.3A) were bolted onto separate stakes attached to the reef approximately 10 cm above the 

substrate. Tile surfaces were orientated so that one side was exposed (upper) and the other 

shaded/cryptic (lower). Tiles were deployed for a period of 13 months (February 2010 – 

March 2011). After collection tiles were rinsed with freshwater, sundried, and the upper and 

lower surfaces of each tile were photographed at high resolution. Encruster community 

composition of each surface was calculated by conducting a 200 point count of a 

superimposed randomised grid generated using JMicrovision v1.2.7. A 1 cm border was left 

at the perimeter of the tile to avoid the edge effect (Mallela 2007). The proportion of 

encrusting taxa was calculated based on their relative planar cover on the tile surface. Areas 

of bare tile substrate were also recorded. 

To calculate net carbonate production, tiles were treated in a 10% solution of sodium 

hypochlorite (NaClO) for 24 hours to remove organic material then rinsed with distilled water 

before being placed in a drying oven at 60°C for 24 hours then weighed to nearest 0.01 g 

(w1). Carbonate material was removed from each tile surface by placing tiles in a dilute 

solution of hydrochloric acid (10%). After all calcium carbonate was removed the tiles were 

rinsed, dried and reweighed (w2). Carbonate production rate of encruster communities was 

calculated as the total mass (g) of net carbonate accretion (w1 – w2), divided by the 

experimental period. A rate of carbonate production per unit area was calculated by dividing 

the result by the total area of the tile surface. 

3.2.5 Carbonate production by crustose coralline algae 

Crustose coralline algae (CCA) are the most common encrusting reef taxa and in some reef 

environments and can contribute significant quantities of carbonate production to the reef 

carbonate budget. For this reason, experimental PVC pipes were deployed to obtain in situ 

quantitative rates of carbonate production specific to crustose coralline algae at inner reef 

and outer reef sites on Transects V1 – V8 (Figure 3.1). PVC pipes had a greater area of 

exposed surfaces and are therefore dominated by CCA growth. Furthermore, PVC pipes are 
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a robust, low cost and locally available material. PVC pipe (internal diameter of 5.5 cm) was 

cut into 30 cm lengths and the exterior and interior surfaces were lightly sanded. Pipes were 

attached to metal rods on the reef substrate at each site within the live coral zone (Figure 

3.3C). Pipes were left for a period of 12 months before they were retrieved. On collection, a 

plastic bag was placed over each pipe and secured with cable ties to ensure calcareous 

growth was not disturbed or removed. The upper 10 cm section of each pipe was soaked in 

a dilute solution (5%) of sodium hypochlorite (NaOCl) to remove all organic material. Pipes 

were then rinsed with freshwater, dried in a drying oven overnight and then weighed to the 

nearest 0.01 g. The total mass of carbonate production per unit area and community 

composition was calculated using the same method described for encruster production on 

settlement tiles. Mean vertical crustal extension over the experimental period was calculated 

by averaging 30 measurements of crust thickness for each pipe using vernier callipers. 

 

Figure 3.3 Settlement substrates used on Vabbinfaru to measure encruster carbonate 

production (g cm
-2

 y
-1

) and community structure (A) in situ  settlement t i le (10 cm x 10 cm) 

shortly after deployment (B) lower (cryptic) surface of settlement t i le post -experimental period 

(C) in situ  PVC CCA pipe at beginning of the deployment (D) moderate CCA crustal growth on 

the PVC pipe surface.  
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3.2.6 Direct sediment producers 

Direct sediment producers were quantitatively unimportant on Vabbinfaru reef and therefore 

were unlikely to contribute significantly to the total reef carbonate budget. Halimeda was the 

only species within this group observed in benthic surveys of the reef. A calcification rate for 

Halimeda was generated using published data for similar species on Indo-Pacific and 

Caribbean reefs (Table 3.1).  

3.2.7 Reef platform gross carbonate production 

A gross carbonate production rate (kg CaCO3 m-2 y-1) and total carbonate production 

estimate (kg CaCO3 y
-1) was calculated for each eco-geomorphic zone and then summed to 

generate a value for the whole platform surface. The method for calculating gross carbonate 

production was modified from protocols developed by Perry et al. (2012) for Caribbean reefs. 

Data on the relative distribution and abundance of calcareous reef organisms within each 

reef zone was used in conjunction with organism-specific calcification rates to determine the 

relative contribution of different organisms to total gross carbonate production. Calcification 

rates (g cm-2 y-1) of reef biota were derived from in situ measurements of annual skeletal 

extension (cm y-1) and bulk skeletal density (g cm-3 y-1) (primary producers), from net rates of 

carbonate accretion on experimental artificial substrates (g cm-2 y-1) (encrusting 

communities), and from published rates reported for other reef environments (direct 

sediment producers) (Table 3.1). Data were combined with rugosity values to yield an 

estimate of carbonate production (kg CaCO3 m
-2 y-1) for the three-dimensional area of the 

reef surface. Carbonate production rate (kg CaCO3 m-2 y-1) for each reef organism was 

calculated as: 

Carbonate production rate = Rz x ((Xi / 100) * ((Ci x 10,000) / 1000)) 

Where: 

Rz = reef rugosity coefficient  

Xi = mean percent cover the ith species 

Ci = calcification rate of the ith species 

Carbonate production rate of individual reef organisms was summed to generate an estimate 

of net calcium carbonate accretion for coral reef assemblages per unit of reef area. This 

value was extrapolated across the planar reef surface area (m2) at each transect using site-

specific data on organism abundance and calcification to yield an estimate of total gross 

carbonate production for each reef area (Table 3.1). Gross carbonate production for the 
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entire Vabbinfaru platform surface (kg CaCO3 y
-1) was calculated by summing these values 

to generate a total reef estimate. Calcareous encrusting taxa were underrepresented in 

benthic survey data as the methodology did not account for epiphytic reef fauna on benthic 

surfaces. Therefore, an assumed cover of 20% was applied to reef substrate, dead coral and 

detrital rubble surfaces based on estimates of these substrates types conducted in the field. 

This value is a conservative estimate of encruster cover and is derived from observations of 

encrusting organisms on detrital rubble and dead coral framework on Vabbinfaru.  

Table 3.1 Mean (±SD) potential production rates (g cm
-2

 y
-1

) of key carbonate-producing 

organisms used to estimate gross carbonate production on Vabbinfaru.  

 

3.3 Results 

3.3.1 Benthic cover within the live reef 

Benthic cover comprised of bare sand, detrital rubble, bare reef substrate, in situ dead coral 

colonies and live coral framework (Figure 3.5; Table 3.3). Live coral was the dominant 

benthic type (mean ± SD = 51.7 ± 7.6%, 36,727 m2). CCA (Porolithon and Lithophyllum) 

occurred in small proportions (mean ± SD = 2.4 ± 1.9%, 1618 m2) as thin crusts or 

compacted pavement on the reef substrate and dead coral framework. Halimeda was in low 

abundance (mean ± SD = 0.8 ± 0.78%, 518 m2) and restricted to small patches at the base 

of corals. Detrital rubble (e.g. coral branches) was more prevalent at inner reef sites (17.7 ± 

8.3%) compared to the outer reef (8 ± 4.9%) (mean ± SD = 12.9 ± 5.4%, 9311 m2). 

Calcification Rate 

(g cm
-2

 y
-1

) Common reef organisms Method Location Reference

Coral Branching 1.75 ± 0.63 Acropora formosa Direct measurement Reef Crest, Vabbinfaru This study

Massive 1.38 ± 0.33 Porites lobata Alizarin stain Reef Crest, Vabbinfaru This study

Submassive 0.66 ± 0.45 Pocillopora meandrina Alizarin stain Reef Crest, Vabbinfaru This study

Corymbose 2.4 ± 0.80 Acropora lamarcki Alizarin stain Reef Crest, Vabbinfaru This study

Digitate 1.61 ± 0.85 Acropora digitifera Alizarin stain Reef Crest, Vabbinfaru This study

Tabulate* 1.92 ± 0.42 Acropora hyacinthus Alizarin stain Reef Crest, Vabbinfaru This study

Encrusting 0.31 ± 0.13 Leptastrea purpurea Alizarin stain Reef Crest, Vabbinfaru This study

Mushroom 0.41 Fungia fungities Alizarin stain Reef Crest, Vabbinfaru This study

Halimeda spp. 0.181 ± 0.067

Halimeda opuntia, 

Halimeda copiosa, 

Halimeda incrassata

Segment tagging; 

segment staining; 

alkalinity reduction; 

census-based 

lagoon, Florida; Davies 

Reef, Australia; lagoon, 

Tahiti; inter-reefal 

seabed, Australia

Hudson 1985; 

Drew 1983; Payri 

1988; Drew and 

Abel 1988

CCA** 0.047 ± 0.023
Porolithon spp., 

Lithophyllum spp.
PVC pipes Reef Crest, Vabbinfaru This study

Encrusters** 0.056 ± 0.016

Bryozoans, bivalve, 

serpulid worms, vermetid 

worms

Settlement tiles Reef Crest, Vabbinfaru This study

* Calcification derived from the mean calcification rate of Acropora  species on Vabbinfaru

**Mean carbonate production rate from all platform areas

Carbonate organism
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Relatively high proportions of dead coral framework was recorded (mean ± SD = 16 ± 

6.76%, 11,983 m2) with exception of the eastern platform (V3). Bare sand was scarce (mean 

± SD = 5.4 ± 2.02%, 3860 m2) and was more common at inner reef sites compared to the 

outer reef particularly at the northwest platform (V8).  

3.3.2 Live coral cover and coral mortality index (CMI) 

Live coral cover (±SD) ranged between 35 ± 6.7% and 72 ± 2.2% of the reef substrate 

(Figure 3.4A; Table 3.3). Live coral accounted for 36,727 m2 (11.3%) of platform area. 

Maximum coral cover was recorded at the northeast platform (V1 and V2), with lowest cover 

observed at the northwest platform (V8) (Figure 3.4A). Outer reef sites had higher 

proportions of live coral than inner reef sites by 19 ± 8.1% (Figure 3.4B). The coral mortality 

index (CMI) was different between all reef sites. CMI coefficients ranged between 0.09 - 0.38 

and 0.15 - 0.31 at inner and outer reef sites respectively. Outer reef sites had a lower mean 

(±SD) CMI coefficient (i.e. greater live coral) of 0.21   0.07, compared to 0.26 ± 0.10 at 

inner reef sites. Overall, estimates of CMI generated at Vabbinfaru show moderate reef 

ecological health (Gomez et al. 1994). 

3.3.3 Coral community structure  

A total of 17 scleractinian coral genera were recorded within the live coral zone (Table 3.2). 

Coral assemblages were dominated by only a few genera. Acropora species comprised an 

average (± SD) of 73 ± 9.5% of all reef-building corals. The proportion of Acropora to non-

Acropora corals was consistent between reef sites. Porites species were the second most 

common genera comprising between 3.4% and 29.6% of coral communities, with a mean 

(±SD) cover of 13.7 ± 9.24%.  Collectively, Acropora and Porites coral species comprised 

86% of all scleractinian corals within the live coral zone. Pocillopora corals ranged between 

0.58% and 5.6% with an average (±SD) of 2.6 ± 1.6%. Encrusting Pavona species (e.g. 

Pavona venosa) had low reef cover (2.67 ± 1.26%). The remaining genera (Table 3.2) 

comprised a small proportion of live coral assemblages (<1%). 
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Figure 3.4 (A) Mean (±SD) l ive coral cover (%) at inner vs. outer reef sites on Transects V1 – 

V8 (n  = 320 at each location) (B) Spatial distribution of l ive coral  cover (%)  at inner (black) and 

outer (red) locations 

 

Coral framework assemblage varied spatially between reef locations (Table 3.2). Acropora 

species dominated lower energy reef sites at the northern platform margin (e.g. Transect V1, 

83.9 ± 9.17%; Transect V8, 85.27 ± 10.8%). At these locations, tabulate and branching 

Acropora species comprised 84% of total coral cover. As a result, encrusting varieties in this 

area (e.g. Pavona) were notably lower (0.44 ± 0.40%). The northeast platform (Transects V2 

and V3) were characterised by higher proportions of Fungia and Platygyra corals. Lowest 

Acropora cover was recorded at energetic reef sites at the southwest of the platform 

(Transects V5 – V7), where cover ranged between 57% and 79%. Coral assemblages at this 

location were instead characterised by greater incidences of Porites coral (e.g. Porites 

lobata, Porites rus). A higher relative abundance of Pocillopora was recorded at the 

southwest of the platform where maximum cover reached almost 6% (Transect V7). Overall, 

areas within the live coral zone were distinguished by the presence and relative abundance 

of secondary coral genera. 



 

 
 

 

Figure 3.5 Spatial distribution of benthic cover (sand, rubble, reef substrate, CCA, Halimeda , dead coral and l ive coral cover) recorded during PIT 

surveys at inner and outer reef sites on Transects V1 –  V8. Each bar represents the mean proportion (%) of benthic cover from the 4 x 20 m 

replicate PIT surveys conducted at each location (n = 320 at each location).  



  

 
 

Table 3.2 Summary of the mean (±SD) relative abundance (%) and distribution of reef -building coral  genera and coral species on Transects V1 –  

V8. Values represent the mean proportion (%) of coral species  recorded along the 4 x 20 m replicate PIT surveys from both i nner and outer reef 

zones for each Transect location (n  = 2611). 

Acroporidae Acropora
Acropora formosa, Acorpora 

digitifera, Acropora gemmifera
83.99 ± 9.17 78.10 ± 10.01 75.57 ± 10.88 69.77 ± 12.27 65.55 ± 10.18 69.65 ± 10.81 56.79 ± 7.58 85.27 ± 10.88 73.09 ± 9.59

Agariciidae Pavona Pavona venosa 0.44 ± 0.40 1.59 ± 1.15 4.55 ± 1.70 2.53 ± 0.93 3.01 ± 1.04 3.30 ± 1.15 3.58 ± 1.43 2.33 ± 1.25 2.67 ± 1.26

Dendrophylliidae Turbinaria 0.58 ± 0.73 0.07 0.21

Faviidae Platygyra
Platygyra daedalea, Platygyra 

sinesis, Platygyra verweyi
2.91 ± 1.47 2.70 ± 2.74 1.14 ± 1.28 3.99 ± 2.88 1.17 ± 0.97 0.16 ± 0.18 1.51 ± 1.46 0.78 ± 0.73 1.79 ± 1.28

Favities
Favites halicora, Favites 

paraflexuosa, Favites pentagona 
2.04 ± 2.19 2.54 ± 1.91 1.42 ± 1.15 4.26 ± 2.55 0.84 ± 0.75 1.39 1.52

Goniastrea
Gonastrea favulus, Gonastrea 

retiformis
0.29 ± 0.37 1.59 ± 1.03 4.83 ± 3.54 4.53 ± 2.74 5.69 ± 2.11 0.16 ± 0.18 2.26 ± 1.30 3.29 ± 1.48 2.83 ± 2.09

Montastrea Montastrea valeniennesi 0.48 ± 0.40 0.39 ± 0.37 0.11 0.20

Echinopora Echinopora lamellosa 0.31 ± 0.37 0.04 ± 0.11

Fungiidae Fungia Fungia fungities 0.63 ± 0.43 0.85 ± 0.76 0.40 ± 0.55 0.33 ± 0.25 0.16 ± 0.18 0.38 ± 0.37 0.34 ± 0.30

Sandalolitha 0.33 ± 0.37 0.04 0.12

Merulinidae Hydnophora Hydnophora microconos 1.60 ± 1.25 0.84 ± 0.53 0.30 0.60

Mussidae Acanthastrea Acanthastrea hillae 0.13 ± 0.19 0.02 0.05

Oculinidae Galaxea Galaxea fasicularis 0.87 ± 1.10 0.95 ± 1.10 0.85 ± 1.10 1.07 ± 1.49 1.16 ± 1.10 0.61 0.52

Pocillioporiade Pocilliopora
Pocilliopora meandrina, 

Pocilliopora damicornus
0.87 ± 0.48 3.33 ± 1.74 2.56 ± 1.30 2.80 ± 1.51 3.68 ± 1.98 2.04 ± 1.17 5.66 ± 2.21 0.58 ± 0.31 2.69 ± 1.62

Seriatopora 0.44 ± 0.55 0.19 ± 0.18 1.94 ± 1.30 0.32 0.67

Stylophora Stylophora hystrix 0.48 ± 0.55 0.14 ± 0.18 0.78 ± 0.73 0.17 0.29

Poritidae Porites
Porites lobata, Porites 

Cylindrica, Porites rus
8.44 ± 3.74 7.94 ± 4.45 8.95 ± 4.08 8.92 ± 3.68 18.56 ± 6.04 24.21 ± 5.82 29.62 ± 7.65 3.49 ± 1.43 13.77 ± 9.24

Mean Platform 

(%)V6 V7 V8V3 V4 V5Family Genus Common species V1 V2

Mean Proportion (%) of Coral Genera (± SD)



 

 
 

Table 3.3 Summary of the proportion of substrate cover (%) and planar area (m
2
) of different physical and ecological  characteristics at Transects 

V1 –  V8.  

 

Table 3.4 Summary of the proportion of substrate cover (%) and planar area (m
2
) of different coral growth morphologies at Transects V1 –  V8. 

Rugosity

(%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (R)

V1 6969 2.3 163 5.5 381 4.7 327 20.8 1448 0.9 65 1.4 98 64.1 4464 1.93 0.25

V2 9484 5.9 563 13.0 1230 8.1 771 10.3 978 0.8 74 3.1 296 58.6 5557 2.09 0.15

V3 7520 3.8 282 22.2 1669 20.2 1516 6.3 470 2.0 153 2.3 176 42.8 3220 1.70 0.12

V4 5287 7.7 405 15.8 834 7.5 397 15.5 818 0.2 8 1.4 74 52.0 2751 1.92 0.23

V5 4975 6.9 342 10.3 513 10.2 505 16.9 839 1.6 78 3.0 148 51.7 2573 2.16 0.25

V6 8871 7.2 638 6.7 596 8.8 776 19.4 1719 0.6 55 4.1 360 53.3 4727 2.03 0.26

V7 18048 3.3 592 13.1 2369 9.7 1748 21.6 3892 0.5 85 0.5 85 50.6 9137 1.97 0.30

V8 10582 6.6 694 16.3 1720 15.8 1670 17.2 1819 0.0 0 3.6 380 40.6 4299 1.97 0.29

*Area (m²) was calculated for between consecutive transects (e.g. V1 - V2)

Dead Coral

Transect

Total Sector 

Area (m²)

Sand Rubble Reef Substrate Halimeda CCA  Live Coral 

CMI

(%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²) (%) (m²)

V1 6969 8.6 599 6.3 436 1.6 109 8.8 610 14.7 1024 21.9 1524 1.9 131 0.5 33 0.0 0

V2 9484 11.4 1082 6.3 593 5.0 474 10.6 1008 8.6 815 11.6 1097 3.0 282 2.2 207 0.0 0

V3 7520 3.9 294 3.1 235 5.9 447 8.1 611 7.8 588 8.8 658 5.0 376 0.2 12 0.0 0

V4 5287 10.8 570 9.4 496 2.3 124 7.7 405 8.3 438 11.3 595 2.3 124 0.0 0 0.0 0

V5 4975 10.8 536 6.9 342 9.2 459 10.9 544 5.9 295 3.8 187 3.4 171 0.5 23 0.3 16

V6 8871 10.0 887 7.0 624 9.8 873 9.7 859 7.7 679 4.8 430 3.6 319 0.6 55 0.0 0

V7 18048 5.8 1043 6.7 1213 10.2 1833 9.2 1664 7.5 1354 8.9 1607 2.2 395 0.2 28 0.0 0

V8 10582 7.0 744 2.5 265 2.7 281 9.1 959 11.7 1240 5.5 579 2.2 231 0.0 0 0.0 0

*Area (m²) was calculated for between consecutive transects (e.g. V1 - V2)

** Percentage values represent the relative proportion of each growth morphology to total live coral cover 

Branching Massive

Transect

Total Sector 

Area (m²)

Corymbose Digitate Tabulate Encrusting Mushroom FoliaceousSubmassive
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3.3.4 Coral growth morphology 

Nine coral growth forms were recorded on Vabbinfaru. The relative abundance and 

distribution of different growth morphologies varied spatially between sites (Figure 3.6; 

Figure 3.7). Reef-wide, branching (16.5 ± 7.23%; 5755 m2), digitate (17.8 ± 6.4%; 6432 m2), 

corymbose (17.9 ± 5.29%; 6660 m2) and tabulate (18 ± 9.8%; 6676 m2) morphologies were 

the most common growth forms accounting for 70% of total live coral cover (Table 3.4). 

Massive (11 ± 5.48%; 4202 m2) and submassive (11.2 ± 7.7%; 4599 m²) corals were also 

well represented (Table 3.4; Figure 3.7). Mushroom (0.88 ± 1.3%; 359 m2) and foliaceous 

(0.07%) varieties had the lowest planar cover. Coral growth morphology was comparable 

between inner and outer framework assemblages with the exception of areas with greater 

wave exposure where encrusting, submassive and mushroom growth forms were relatively 

more abundant (5.7 ± 3.8%; 2028 m2) (Table 3.4). Higher relative abundances of delicate 

growth forms (e.g. corymbose and tabulate) were recorded within the inner reef zone (Figure 

3.6). 

The distribution of coral growth forms correlated with platform-scale variations in wave 

exposure (established in Chapter 2). Regions exposed to greater wave energy (e.g. the 

southwest platform) had higher proportion of more robust coral morphotypes. In sheltered 

areas these growth forms were replaced by more complex morphologies (e.g. northern 

platform). Tabulate coral cover was prevalent at sheltered deeper water sites (Transects V1 

– V3) on the outer reef (25 ± 8.7%), but was significantly lower at sites located at the 

southwest platform of the platform (7.9%). Branching corals were well represented on all 

transects (8.3% - 32.6%), but particularly at sheltered inner reef sites. Massive varieties 

were more common at inner reef sites than at the outer reef (Figure 3.6). Submassive corals 

(19% - 20%) were recorded in higher abundances at outer reef sites on the southwest of the 

platform (Transects V5 – V7). There was a notable decline in the proportion of submassive 

growth forms at inner reef sites and at the northern platform region (Figure 3.6). Highest 

abundances of mushroom corals were found at the exposed northeast (Transect V2, 5%) 

and southwest (Transect V6, 2.3%) regions of the platform. Encrusting growth forms had a 

similar distribution as mushroom corals but typically occurred in higher abundances.  
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Figure 3.6 Mean proportion of growth morphologies (%) within coral framework assemblages at 

inner and outer reef zones (n  = 2611). Values of each growth morphotype are relative to the 

total quantity of l ive coral  at each location.  
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Figure 3.7 Mean proportion (±SD) of coral growth forms relative to total l ive coral cover at inner 

(black) and outer (grey) reef sites within the l ive coral zone (n = 2611) 

3.3.5 Reef rugosity   

Reef rugosity varied between eco-geomorphic zones on Vabbinfaru (see Chapter 2). Micro-

relief of reef surfaces is presented in Figure 3.8. The lagoon surface had little or no three-

dimensionality (R = 1). Only four sites within the lagoon had rugosity coefficients greater 

than 1. The live coral zone was more complex. Reef rugosity within the live coral zone 

ranged between 1.61 and 2.23, with a mean (±SD) relief factor of 1.97 ± 0.17. Rugosity 

values differed between inner and outer reef sites. Outer reef locations were more 

structurally complex (2.06 ± 0.11) compared to inner sites (1.9 ± 0.2). Highest rugosity 

values were recorded on Transects V2, V5, V6, and V8. Minimum rugosity was observed on 

Transects V1 and V3 despite high live coral cover at Transect V1. The planar area of the live 

coral zone on Vabbinfaru is 71,736 m2 (22.3% of the total platform area). By applying the 

relief factor generated at each transect to the total planar reef area, the effective three-

dimensional area of the live coral zone is estimated at 141,235 m2, equating to a 50% 

increase in substrate available for settlement. 
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Figure 3.8 Spatial distribution of reef rugosity coefficients (R) on the platform surface ( n  = 61). 

Circle size correlates with rugosity coefficient values at each reef location (e.g. larger circles 

equate to greater rugosity values and more structurally complex environments).  

3.3.6 Coral skeletal extension, bulk skeletal density and calcification rate 

Growth rates (skeletal extension, density and calcification) for 24 specimens, comprising 11 

species of scleractinian corals, are presented in Table 3.5 and Figure 3.9. Data was 

collected from the reef crest of Vabbinfaru and represents the first growth data for the central 

Indian Ocean region. There was considerable variation in the rates of skeletal extension 

between coral species and morphological groups on Vabbinfaru (Figure 3.9). Coral 

morphology was a major control on the extension rates of coral specimens, where more 

complex forms (e.g. branching and digitate) exhibited faster rates of extension than simpler 

growth morphologies with continuous growth surfaces (e.g. encrusting and massive forms). 

Skeletal extension ranged from 0.16 cm-1 y-1 (Leptastrea purpurea) to 7.81 cm-1 y-1 (Acropora 

formosa). Branching species (Acropora formosa, 5.85 ± 2.75 cm-1 y-1; Acropora austera, 

6.29 cm-1 y-1) had the maximum mean extension rates recorded on Vabbinfaru. Corymbose 

and digitate growth forms had relatively high mean extension rates of 4.26 ± 1.44 cm-1 y-1 

and 3.31 ± 0.76 cm-1 y-1 respectively. Porites lobata (massive) exhibited a mean extension 

rate of 1.48 ± 0.27 cm-1 y-1. Encrusting (Leptastrea purpurea), submassive (Hydnophora 

microconos) and mushroom (Fungia fungities) varieties were the slowest growing specimens 

(Table 3.5; Figure 3.9).  



  

 
 

Table 3.5 Skeletal extension (cm
-1  

y
-1

), bulk skeletal density (g cm
-3

) and calcif ication rate (g cm
-2  

y
-1

) of reef-building corals at Vabbinfaru (n  = 24). 

Growth estimates are categorised by coral species and morphological group.   

Acroporidae Acropora austera 1 Branching Direct 6.29 - 1.44 - 0.2 1.82 -

Acropora digitifera 4 Digitate Alizarin stain 3.47 - 4.22 3.76 ± 0.32 1.40 - 1.62 1.52 ± 0.91 0.4 2.07 - 2.73 2.29 ± 0.30

Acropora formosa 2 Branching Direct 3.9 - 7.81 5.85 ± 2.75 1.40 - 1.79 1.57 ± 0.16 0.2 1.09 - 2.34 1.71 ± 0.88

Acropora gemmifera 2 Digitate Alizarin stain 2.17 - 2.63 2.40 ± 0.33 1.41 - 1.53 1.47 ± 0.08 0.4 1.22 - 1.61 1.42 ± 0.27

Acropora lamarcki 1 Corymbose Alizarin stain 3.24 - 1.41 - 0.4 1.83 -

Acropora nasuta 1 Corymbose Alizarin stain 5.28 - 1.4 - 0.4 2.96 -

Poritidae Porites cylindrica 3 Digitate Alizarin stain 0.48 - 1.00 0.74 ± 0.37 1.26 - 1.76 1.46 ± 0.27 0.4 0.34 - .55 0.44 ± 0.14

Porites lobata 2 Massive Alizarin stain 1.28 - 1.67 1.48 ± 0.27 1.25 - 1.37 1.31 ± 0.08 1 1.14 - 1.61 1.38 ± 0.33

Faviidae Lepstastrea purpurea 3 Encrusting Alizarin stain 0.16 - 0.21 0.18 ± 0.03 1.42 - 1.95 1.63 ± 0.28 1 0.22 - 0.4 0.31 ± 0.12

Pocilloporidae Pocillopora meandrina 1 Submassive Alizarin stain 1.87 - 1.42 - 0.5 1.33 -

Merulinidae Hydnophora microconos 3 Submassive Alizarin stain 0.59 - 0.66 0.63 ± 0.04 1.15 - 1.53 1.37 ± 0.20 0.5 0.37 - 0.50 0.43 ± 0.06

Fungiidae Fungia fungities 1 Mushroom Alizarin stain 0.2 - 1.99 - 1 0.41 -

Growth Morphology 2 Massive Alizarin stain 1.28 - 1.67 1.48 ± 0.27 1.25 - 1.37 1.31 ± 0.08 1 1.14 - 1.61 1.38 ± 0.33

3 Encrusting Alizarin stain 0.16 - 0.21 0.18 ± 0.03 1.42 - 1.95 1.69 ± 0.38 1 0.22 - 0.40 0.31 ± 0.13

9 Digitate Alizarin stain 2.17 - 4.22 3.31 ± 0.76 1.40 - 1.62 1.50 ± 0.08 0.4 0.34 - 2.73 1.61 ± 0.85

4 Submassive Alizarin stain 0.59 - 1.87 0.94 ± 0.27 1.15 - 1.53 1.38 ± 0.16 0.5 0.37 - 1.32 0.66 ± 0.45

1 Mushroom Alizarin stain 0.2 - 1.67 - 1 0.41 -

2 Corymbose Alizarin stain 3.24 - 5.28 4.26 ± 1.44 1.40 - 1.41 1.41 ± 0.01 0.4 1.83 - 2.96 2.40 ± 0.80

3 Branching Direct 3.9 - 7.85 6 .0 ± 1.96 1.40 - 1.79 1.55 ± 0.17 0.2 1.10 - 2.34 1.75 ± 0.63

a
Minimum and maximum values recorded for each coral species/morphological group

b
 An average of 30 growth measurements were taken from each colony to determine mean growth rate over time

Calcification
a 

(g cm
-2 

y
-1

)

Mean Calcification 

(g cm
-2

 y
-1

)

Adjustment 

Coefficient

Mean Density 

(g cm
-3

 y
-1

)Family Genus Species n

Growth 

Morphology Method

 Extension
a 

(cm
-1

 y
-1

)
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a     

(g cm
-3

 y
-1

)



Chapter 3: Gross Carbonate Production 

48 
 

 

Figure 3.9 Skeletal extension (cm
-1  

y
-1

), bulk skeletal density (g cm
-3

) and calcif ication rate (g 

cm
-2  

y
-1

) of reef-building corals (n  = 24) on the reef crest at Vabbinfaru. Specimens are 

categorised by growth morphology (A - C) growth characteristics of individual coral specimens 

(D - F) mean (± SE) coral  growth characteristics for each coral morphotype.  
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Despite the observed differences in skeletal extension between coral species, less variation 

was recorded in the bulk skeletal density of specimens (Table 3.5; Figure 3.9). Skeletal 

density ranged between 1.15 g cm-3 and 1.99 g cm-3 with a mean density of 1.50 ± 0.19 g cm-

3. Skeletal density between Acropora species was comparable and independent of growth 

morphology. Maximum density values on Vabbinfaru were associated with encrusting (1.69 

± 0.38 g cm-3) and mushroom (1.99 g cm-3) varieties. Density was generally consistent within 

morphological groups, with the exception of encrusting colonies (Leptastrea purpurea) which 

recorded high variability. Minimum density values were generated for Porites lobata 

specimens (1.31 ± 0.08 g cm-3). 

Calcification rate of corals is a function of their skeletal extension and density and therefore 

similar patterns as skeletal extension were observed. There was a large variation in the 

calcification rates between specimens on Vabbinfaru (Table 3.5; Figure 3.9). Calcification 

ranged from 0.31 ± 0.13 g cm-2 y-1 to 2.96 g cm-2 y-1. Acropora species exhibited the 

maximum rates of calcification ranging from 1.41 g cm-2 y-1 to 2.96 g cm-2 y-1. The massive 

coral Porites lobata displayed moderate calcification (1.38 ± g cm-2 y-1). Calcification rate of 

the remaining colonies were significantly lower which was largely a function of their lower 

skeletal extension rates (Table 3.5). 

3.3.7 Encruster community composition 

Encruster community composition varied spatially between reef sites and tile surface 

orientations. Total mean (±SD) encruster cover on settlement tiles (both orientations) was 69 

± 18% of the planar tile area. Mean (±SD) planar encruster cover was greater on shaded tile 

surfaces (81.6% ± 8.3) than exposed surfaces (56.6% ± 16.8). Figure 3.10 shows the mean 

encruster community structure on exposed and shaded orientated tiles on Vabbinfaru. 

Crustose coralline algae (CCA) was the most dominant encrusting taxa with a mean (±SD) 

planar area of 51.8 ± 17.4% and 48.9 ± 15.7% on exposed and shaded tile surface 

respectively. A high proportion of tile surfaces remained bare (exposed, 18%; shaded, 43%). 

Collectively, these two cover types accounted for up to 95% of exposed tile area.  

The diversity of encruster communities was higher on shaded tile surfaces compared to 

exposed surfaces. Bivalves, bryozoans and vermetid worms comprised only a small 

proportion of total tile planar area (< 2%) on exposed substrates (Figure 3.11). These same 

encrusting taxa were better represented on shaded surfaces. Bivalves (e.g. Hyotissa sp.) 

were the second most common encrusting taxa on shaded surfaces (mean ±SD = 16.5 ± 

7%). Mean (±SD) bryozoan cover was 8.3 ± 8% of shaded surfaces. Coral recruits (>4 mm), 
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crustaceans (e.g. barnacles) and calcareous worm species collectively accounted for 7.8% 

of total encruster cover (Figure 3.10; Table 3.6). 

Encruster community structure varied between reef sites (V1 – V8) on Vabbinfaru (Figure 

3.11; Table 3.6). Encruster communities on exposed surfaces were spatially consistent 

between transects (CCA, 26% - 80%; bare substrate, 18.5% - 63%; other encrusting taxa, < 

2%). On shaded (cryptic) surfaces community structure varied between transects. CCA was 

the dominant encrusting taxa at all sites (23% - 67%) with a mean (±SD) cover of 48.9 ± 

15.7%. Lowest CCA cover was recorded on Transects V7 and V8 at the northwest of the 

platform. Maximum cover of CCA was at Transects V5 and V6 at the southwest of the 

platform. Bivalve growth varied between 7.3% and 28.7% (mean ±SD= 16.5 ± 7%). 

Maximum bivalve cover was recorded on Transect V1, V2, V4 and V7 and showed no clear 

spatial patterns. Bryozoans (mean (±SD) of 8.3 ± 8.12%) were found primarily at the 

northwest platform (Transects V7 and V8). Remaining encrusting taxa contributed only a 

small proportion to total encruster cover (Figure 3.10; Table 3.6). 

 

Figure 3.10 Mean (± SE) proportion (%) of calcareous encrusting taxa cover on exposed (black) 

and shaded (grey) t i le surfaces at al l  reef sites within the l ive coral zone ( n  = 29 each 

orientation) .  



 

 
 

 

Figure 3.11 Mean proportion (%) of calcareous encrusting taxa on exposed and shaded ti le surfaces at Transects V1 –  V8 (n  = 29).  Adjacent 

photographs show visual representations of encruster community structure on corresponding ti le surfaces f or each transect.  

 



 

 
 

Table 3.6 Summary of calcareous encruster characteristics on exposed and shaded surfaces of settlement t i les within the l iv e coral zone, including 

carbonate production (g cm
-2

 y
-1

) and proportion (%) of planar cover by different encrusting taxa ( n  = 29).  

 

CCA Bivalve Bare Serpulid Vermetid 

Coral recruit 

(<4 mm)

Coral recruit 

(>4 mm) Bryozoan Crustacean Foraminifera

Exposed V1 0.9 0.041 0.057 0.048 ± 0.005 65.8 5.3 18.5 1.8 8.5

(Upper) V2 1.4 0.038 0.103 0.066 ± 0.015 62.1 37.9

V3 1.3 0.031 0.039 0.036 ± 0.003 34.5 63.7 0.3 1.5

V4 1.4 0.029 0.054 0.043 ± 0.005 48.8 50.6 0.6

V5 1.1 0.029 0.034 0.032 ± 0.001 26.2 55.8 0.7 0.5 1.0

V6 1.5 0.032 0.064 0.050 ± 0.008 80.3 19.6 0.1

V7 1.5 0.033 0.056 0.047 ± 0.005 52.4 46.0 1.6

V8 1.2 0.020 0.047 0.038 ± 0.006 44.0 55.1 0.5 0.4

Shaded V1 0.9 0.037 0.119 0.087 ± 0.025 59.5 28.7 0.8 2.5 0.2 0.3 7.2 0.8

(Lower) V2 1.4 0.022 0.103 0.065 ± 0.017 45.9 19.3 20.3 3.9 0.9 0.3 4.0 5.4 0.1

V3 1.3 0.060 0.071 0.064 ± 0.004 59.7 9.8 17.7 4.3 3.5 1.7 3.2 0.2

V4 1.4 0.015 0.133 0.088 ± 0.026 46.9 21.0 16.4 1.1 2.4 6.6 5.6

V5 1.1 0.018 0.097 0.047 ± 0.025 58.7 7.3 25.7 1.0 4.8 2.0 0.2

V6 1.5 0.003 0.125 0.049 ± 0.026 67.9 10.8 15.3 1.1 0.4 1.4 2.9 0.3

V7 1.5 0.036 0.096 0.063 ± 0.014 29.3 19.0 25.9 2.4 0.9 0.8 21.3 0.6

V8 1.2 0.006 0.232 0.095 ± 0.048 23.3 16.1 25.6 2.5 0.3 20.8 11.5

Encruster Community Composition (%)

 Mean production 

± SE (g cm
-2

 y
-1

)

Max. production 

(g cm
-2

 y
-1

)

Min. production 

(g cm
-2

 y
-1

)

Depth        

(m BMSL)Transect

Tile 

Orientation
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3.3.8 Carbonate production of encruster communities 

Carbonate production (g cm-2 y-1) by calcareous encrusting taxa varied between tile 

orientations and spatially between reef sites within the live coral zone. At the completion of 

the experimental period 90% of settlement tiles were recovered. Mean carbonate production 

on settlement tiles (both orientations) ranged from 0.027 g cm-2 y-1 (V5 inner reef) to 0.081 g 

cm-2 y-1 (V1 outer reef) with a mean (±SD) reef-wide production rate of 0.056 ± 0.016 g cm-2 

y-1. There was no observed difference in the carbonate production rate of encrusters 

between reef zones. Carbonate production within the inner reef zone ranged between 0.027 

g cm-2 y-1 and 0.079 g cm-2 y-1 with an average (±SD) of 0.059 ± 0.018 g cm-2 y-1. Outer reef 

production was comparable ranging between 0.031 g cm-2 y-1 and 0.081 g cm-2 y-1 with an 

average (±SD) of production of 0.054 ± 0.016 g cm-2 y-1 (Figure 3.12). 

Highest variation in encruster carbonate production was observed between tile orientations 

(i.e. exposed vs. shaded). Carbonate production rates of exposed and shaded surfaces are 

presented in Figure 3.12 and Figure 3.13. Encruster carbonate production on shaded 

surfaces (0.047 - 0.095 g cm-2 y-1; mean ±SD = 0.070 ± 0.018 g cm-2 y-1) was higher than 

exposed tile surfaces (0.032 - 0.066 g cm-2 y-1; mean ±SD = 0.045 ± 0.01 g cm-2 y-1. 

Carbonate production by encrusters was greater on shaded surfaces than exposed surface 

at the majority of reef sites (Figure 3.14A) with the exception of Transects V2 (NE) and V6 

(SW) which had comparable net production rates between orientations (Figure 3.14B) (see 

Chapter 2). These sites were positioned on opposite sides of the platform and both had 

greater exposure to wave energy (see Chapter 2). The greatest disparity in carbonate 

production rates between tile orientations was between Transects V4 and V8 (Figure 3.14B) 

which were also located at reciprocal sides of the platform but in sheltered reef areas. In 

summary, platform regions with greater wave exposure (Transect V2 and V6) exhibited the 

least variation in encruster carbonate production between tile surface orientations, whereas, 

sheltered reef regions (Transect V4 and V8) showed the highest differences in production 

between orientations with very high rates recorded on shaded surfaces and low carbonate 

production on exposed surfaces. 
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Figure 3.12 Mean (±SD) encruster carbonate production (g
 
cm

-2
 y

-1
) on settlement t i les (both 

orientations) at inner (black) and outer (grey) reef sites on Transects V1 –  V8 (n  =29).  

 

Figure 3.13 Box plots of encruster carbonate production (g
 
cm

-2
 y

-1
)  on exposed and shaded ti le 

surfaces at inner and outer reef sites  (n  = 29).  
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Figure 3.14 (A) Mean (± SE) encruster carbonate production (g
 
cm

-2
 y

-1
) on exposed (black) 

and shaded (grey) settlement t i le surfaces at Transects V1 –  V8 (n  = 29). (B) Spatial  

distribution of mean encruster carbonate production (g
 
cm

-2
 y

-1
) of exposed (black) and shaded 

(red) t i le surfaces at Transect V1 –  V8 (V1 = north).  
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3.3.9 Carbonate production of crustose coralline algae on PVC pipes  

PVC pipes were used to generate a carbonate production rate for CCA. Settlement tiles 

gave a detailed estimate of carbonate production for total encrusting communities 

(particularly shaded surfaces); however, as CCA are the dominant encrusting taxa on 

Vabbinfaru PVC pipes generated carbonate production rates which could be applied to CCA 

growth as in most cases pipe surfaces were solely CCA. Rates of carbonate production of 

CCA from PVC pipes on Transects V1 – V8 are presented in Table 3.7. Net carbonate 

production by CCA ranged from 0.030 g cm-2 y-1 to 0.112 g cm-2 y-1 with a mean production 

rate (± SD) of 0.047 ± 0.019 g cm-2 y-1. Carbonate production was higher at inner reef sites 

compared to outer reef sites. Carbonate production in the inner reef zone ranged from 0.035 

g cm-2 y-1 to 0.071 g cm-2 y-1 with a mean (±SD) of 0.055 ± 0.011 g cm-2 y-1. The inner 

northern platform (V1 – V4, V8) generally exhibited greater production rates compared to the 

southwest platform (V5 – V7) (Figure 3.15). Seaward sites (outer) had lower rates of net 

carbonate production ranging from 0.017 g cm-2 y-1 to 0.112 g cm-2 y-1 with a mean (±SD) of 

0.039 ± 0.03 g cm-2 y-1. A notable exception was Transect V2 (NE platform) where carbonate 

production at the reef edge was considerably greater than the inner reef and almost 90% 

higher than other outer reef sites (Figure 3.15). 

 

Figure 3.15 Mean (±SD) crustose corall ine algae carbonate production (g cm
-2

 y
-1

) measured 

from PVC pipes deployed on Transects  V1 –  V8 (n  = 16). 
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Table 3.7 Summary of crustose corall ine algae growth from PVC pipes at inner reef and outer 

reef zones on Vabbinfaru. Surface cover (%), mean crustal extension (cm
-1

 y
-1

), and carbonate 

production (g cm
-2

 y
-1

)  are presented for each PVC pipe  (n = 16). Depth indicates the level of 

the reef substrate (i.e. bottom of pipe).  

 

Carbonate production by calcareous encrusting taxa varied between tile surface orientation, 

substrate type and reef sites on Vabbinfaru (Figure 3.16). Similar trends in the rate of 

carbonate production were observed independent of substrate type with higher carbonate 

production at Transects V1, V2, V4 and V7, and lower production at Transects V3, V5 – V7 

on all substrate surfaces (Figure 3.16). Shaded tile surface recorded the highest carbonate 

production rates at six of the eight sites examined and a higher mean (±SD) production rate 

overall (0.07 ± 0.048 g cm-2 y-1). Exposed settlement tiles surfaces and PVC CCA pipes 

exhibited comparable rates of production at the majority of location (Figure 3.16). Encruster 

community composition was also similar between exposed settlement tile surfaces and CCA 

pipes which were both dominated by CCA and bare substrate. 

3.3.10 Gross carbonate production 

Gross carbonate production (GCP) of biological reef framework was calculated from census-

based data collected at inner and outer reef sites and organism specific carbonate 

production rates within the live coral zone. A summary of reef characteristics for each 

sampling location is presented in Table 3.8 and provides the foundation of GCP estimates. 

Gross carbonate production within the live coral zone ranged between 9.05 kg m-2 y-1 and 

26.58 kg m-2 y-1 with a mean (±SD) production rate of 16.88 ± 4.18 kg m-2 y-1. Maximum GCP 

values were recorded on the northeast of the platform at Transects V1 (inner, 17.55 kg m-2 y-

1; outer, 26.58 kg m-2 y-1) and V2 (inner, 18.97 kg m-2 y-1; outer, 22.62 kg m-2 y-1) (Table 3.8). 

Minimum rates of GCP were recorded at reef sites on Transect V3 (inner, 9.05 kg m-2 y-1; 

Reef Zone V1 V2 V3 V4 V5 V6 V7 V8

Inner Reef Depth (m BMSL) 0.4 1.3 0.9 1.2 0.9 0.8 1.6 1.4

(Landward) CCA (%) 47 98 93 98 95 79 72 84

Bare Substrate (%) - 1 5 3 5 20 23 9

Total Carbonate Cover (%) 86 98 93 98 95 80 73 84

Mean Crustal Extension (cm
-1

 y
-1

) 0.71 0.83 0.78 0.83 0.80 0.65 0.58 0.69

Carbonate Production (g cm
-2

 y
-1

) 0.055 0.071 0.063 0.063 0.045 0.048 0.035 0.061

Outer Reef Depth (m BMSL) 1.4 1.5 1 1.4 1.4 1.5 1.3 1.1

(Seaward) CCA (%) 59 100 67 81 37 68 66 77

Bare Substrate (%) 18 - 33 17 25 28 29 23

Total Carbonate Cover (%) 59 100 67 83 37 69 66 77

Mean Crustal Extension (cm
-1

 y
-1

) 0.44 0.85 0.52 0.68 0.22 0.54 0.51 0.62

Carbonate Production (g cm
-2

 y
-1

) 0.040 0.112 0.032 0.031 0.029 0.017 0.026 0.022
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outer, 14.09 kg m-2 y-1). GCP at outer reef sites were greater than inner reef sites by on 

average 24% (mean inner, 14.55 ± 3.14 kg m-2 y-1; mean outer, 19.21 ± 3.29 kg m-2 y-1).  

 

Figure 3.16 Comparison of mean (± SE) carbonate production rates (g
 
cm

-2
 y

-1
) by calcareous 

encrusting taxa on each settlement t i le orientation (exposed and shaded) and PVC pipes on 

Transects V1 –  V8 within the l ive coral zone.  

3.3.11 Contribution of carbonate-producing organisms to reef GCP 

The relative importance of specific carbonate-producing organisms to GCP was spatially 

consistent between reef sites within the live coral zone (Table 3.8). Primary carbonate 

production by scleractinian corals was the main source of calcium carbonate (CaCO3). Coral 

production accounted for an average of >98% of total GCP within the live coral zone. 

Carbonate production by reef-building corals ranged between 8.86 kg m-2 y-1 and 26.47 kg 

m-2 y-1 with a mean (±SD) rate of 16.74 ± 4.19 kg m-2 y-1 (Table 3.8). Maximum coral 

production was observed in reef areas with greatest live coral cover (Table 3.8). 

Comparatively, the mass of carbonate production by crustose coralline algae (CCA) was low 

at all reef sites (Table 3.8). CCA production ranged between 0 kg m-2 y-1 and 0.066 kg m-2 y-1 

with an average rate of 0.023 ± 0.022 kg m-2 y-1. Total encruster carbonate production  



  

 
 

Table 3.8 Summary of reef characteristics and carbonate production rates (kg m
-2

 y
-1

) of calcareous reef organisms within the l ive coral zone.  

 

V1 V2 V3 V4 V5 V6 V7 V8

Inner Reef Depth (m BMSL) 0.4 1.3 0.9 1.2 0.9 0.8 1.6 1.4 1.06 ± 0.39

Rugosity coeffcient 1.80 2.13 1.61 1.76 2.09 1.96 1.89 1.83 1.88 ± 0.17

Area (m
2
) 3484 4742 3760 2643 2487 4435 9024 5291

Live coral cover (%) 55.9 55.0 36.5 48.8 46.1 51.7 42.3 35.2 46.43 ± 7.93

Dominant coral growth forms 

Digitate, 

Tabulate

Branching, 

Corymbose

Corymbose, 

Encrusting

Branching, 

Tabulate

Branching, 

Corymbose

Branching, 

Submassive

Tabulate, 

Massive

Corymbose, 

Digitate

Total encruster cover (%) 8.44 9.63 12.88 7.81 8.38 10.38 10.38 16.13 10.50 ± 2.78

CCA production rate (g cm
-2

 y
-1

) 0.06 0.07 0.06 0.06 0.05 0.05 0.03 0.06 0.06 ± 0.01

Encruster production rate (g cm
-2

 y
-1

) 0.04 0.08 0.06 0.08 0.03 0.07 0.06 0.06 0.06 ± 0.02

Coral production (kg m
-2 

y
-1

) 17.45 18.76 8.86 14.94 15.16 15.27 13.00 11.81 14.41 ± 3.15

Halimeda spp. (kg m
-2

 y
-1

) 0.041 0.048 0.082 0.000 0.047 0.022 0.000 0.000

CCA production (kg m
-2

 y
-1

) 0.006 0.057 0.025 0.000 0.000 0.041 0.000 0.066 0.02 ± 0.03

Encruster production (kg m
-2

 y
-1

) 0.055 0.099 0.092 0.107 0.048 0.080 0.125 0.107 0.09 ± 0.03

17.55 18.97 9.05 15.05 15.25 15.41 13.13 11.98 14.55 ± 3.14

Outer Reef Depth (m BMSL) 1.4 1.5 1 1.4 1.4 1.5 1.3 1.1 1.33 ± 0.18

Rugosity coeffcient 2.05 2.05 1.80 2.08 2.23 2.10 2.05 2.11 2.06 ± 0.12

Area (m
2
) 3484 4742 3760 2643 2487 4435 9024 5291

Live coral cover (%) 72.3 62.5 49.6 55.5 57.0 55.2 59.2 46.5 57.21 ± 7.93

Dominant coral growth forms 

Tabulate, 

Corymbose

Tabulate, 

Corymbose

Tabulate, 

Corymbose

Massive, 

Tabulate

Corymbose, 

Submassive

Corymbose, 

Branching

Submassive, 

Corymbose

Digitate, 

Branching

Total encruster cover (%) 6.75 9.19 11.25 10.50 12.50 11.69 8.31 10.75 10.12 ± 1.91

CCA production rate (g cm
-2

 y
-1

) 0.04 0.11 0.03 0.03 0.03 0.02 0.03 0.02 0.04 ± 0.03

Encruster production rate (g cm
-2

 y
-1

) 0.08 0.05 0.05 0.05 0.05 0.03 0.05 0.08 0.05 ± 0.02

Coral production (kg m
-2 

y
-1

) 26.47 22.48 13.96 18.80 19.38 17.78 18.09 15.68 19.08 ± 3.91

Halimeda spp. (kg m
-2

 y
-1

) 0.023 0.012 0.041 0.012 0.076 0.024 0.035 0.000

CCA production (kg m
-2

 y
-1

) 0.018 0.057 0.013 0.018 0.039 0.013 0.005 0.006 0.02 ± 0.02

Encruster production (kg m
-2

 y
-1

) 0.076 0.071 0.078 0.086 0.066 0.052 0.070 0.152 0.08 ± 0.03

26.58 22.62 14.09 18.92 19.56 17.87 18.20 15.83 19.21 ± 3.90

153790 197240 87021 89799 86584 147638 282721 147167 TOTAL

Transect (Reef Location)

GROSS CARBONATE PRODUCTION (kg CaCO3 y
-1

)

INNER REEF GCP (kg m
-2

 y
-1

)

OUTER REEF GCP (kg m
-2

 y
-1

)

Mean ± SD

1191960
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ranged from 0.048 kg m-2 y-1 and 0.152 kg m-2 y-1 with a mean (±SD) rate of 0.085 ± 0.027 kg m-

2 y-1 (Table 3.8). Halimeda despite having a high turnover rate provided only a small relative 

contribution to total GCP which was largely a function of low abundance and distribution within 

the live coral zone (Table 3.8). 

 

Figure 3.17 Mean (±SD) contributions by coral growth morphotypes to gross carbonate production 

(kg m
-2

 y
-1

) within the l ive coral zone.  

The relative importance of specific coral growth forms to reef-wide GCP is presented in Figure 

3.17. Coral morphotypes that were more structurally complex (e.g. branching, digitate, 

corymbose, and tabulate) provided a greater contribution to total coral carbonate production as 

they typically displayed higher rates of calcification and covered a greater proportion of the reef 

substrate. Corymbose and tabulate coral morphotypes were the highest contributors to coral 

production with mean (±SD) production rates of 4.46 ± 1.77 kg m-2 y-1 and 3.79 ± 2.56 kg m-2 y-1 

respectively (Figure 3.17). Digitate (2.85 ± 0.92 kg m-2 y-1) and branching (2.97 ± 1.31 kg m-2 y-1) 

recorded comparable mean production rates. Simple growth forms that exhibit a low profile were 

characterised by lower calcification rates (e.g. massive, encrusting and mushroom) and 

contributed less to coral carbonate production. Massive (1.65 ± 0.77 kg m-2 y-1) and submassive 
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(0.78 ± 0.6 kg m-2 y-1) varieties showed a moderate contribution to GCP, whereas encrusting 

(0.01 ± 0.005 kg m-2 y-1) and mushroom (0.24 ± 0.14 kg m-2 y-1) forms only contribution a small 

proportion to total framework production (Figure 3.17). 

3.3.12 Variation in GCP between eco-geomorphic zones 

There was a large variation in carbonate production rate (kg m-2 y-1) and total gross carbonate 

production (kg CaCO3 y-1) between eco-geomorphic zones on Vabbinfaru. High carbonate 

production was recorded in areas with high live coral cover (Figure 3.18; Figure 3.19). The live 

coral zone contained the majority of biological reef framework on Vabbinfaru and as a result 

exhibited a high mean (±SD) production rate of 16.8 ± 4.18 kg m-2 y-1 (Figure 3.18). Total gross 

carbonate production within the live coral zone was estimated at 1,191,960 kg CaCO3 y-1. 

 

Figure 3.18 Gross carbonate production rates (kg m
-2

 y
-1

) within eco-geomorphic reef zones on 

Vabbinfaru (l ive coral zone, rubble zone, and lagoon). Photographs show typical reef surface 

characteristics within each zone.  
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Figure 3.19 Gross carbonate production rate (kg m
-2

 y
-1

)  and total gross carbonate production (kg 

CaCO3 y-1) for eco-geomorphic zones on Vabbinfaru (l ive coral zone, rubble zone and lagoon). 

Summary of reef characteristics and carbonate production estimates for each eco-geomorphic reef 

zone are presented. 
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(Figure 3.19), and accounted for 95% of total platform GCP. Eco-geomorphic zones dominated 

by bare sand (e.g. lagoon) had considerably lower rates of carbonate production and total gross 

carbonate production. The rubble zone was characterised by low live coral cover and was 

dominated by detrital sediments (Figure 3.18). Total GCP in the rubble zone was estimated at 

50765 kg CaCO3 y-1 equating to 0.64 kg m-2 y-1 (Figure 3.19) which was significantly lower than 

the live coral zone. In the absence of established primary framework, the relative contribution of 

calcareous encrusting taxa on detrital sediments increased in importance within the rubble 

zone. The lagoon had the lowest rate of carbonate production (0.07 kg m-2 y-1; 8879 kg CaCO3 

y-1) on Vabbinfaru (Figure 3.18). The lagoon surface was characterised by bare sand, detrital 

rubble and isolated stands of live coral. Coral production was the greatest contributor to GCP 

within this zone despite only being present in small proportions (Figure 3.19). These three eco-

geomorphic zones (live coral zone, rubble zone and lagoon) account for the entire planar reef 

area on Vabbinfaru and collectively generate a total platform gross carbonate production 

estimate of 1,251,604 kg CaCO3 y
-1. 

3.4 Discussion 

3.4.1 Distribution and abundance of biological reef framework 

A high number of coral genera were idenfited on Vabbinfaru reef (17 genera). The Maldives 

archecipelago is an area of high coral diveristy and has ecological importance due to its 

geographic location which acts an corridor for the dispersal of eastern and western Indian 

Ocean faunas (Price and Clark 2000). Few detailed assesments of coral community sturcture 

are available for reefs in the Maldives (Scheer and Pillai 1976; Sheppard 1987; Bigot and Amir 

2009). Bigot and Amir (2009) in their survey of 21 sites within Baa Atoll, Maldives, observed 117 

species of scleractinian corals from 49 different genera. Although the total number of genera 

recorded were almost triple of that recorded on Vabbinfaru, the total survey area and range of 

reef types examined were much greater.  

Reef geomorphology and exposure to wave energy were two likely factors driving the 

distribution and abundance of coral genera and morphotypes observed within the live coral 

zone. Acropora and Porites corals were the most common genera recorded on Vabbinfaru. This 

is not surprising as Acropora corals are the largest group of scleractinian corals within the 

central Indian Ocean (Veron 1986; Veron 1993). The location of Vabbinfaru reef within the 

interior of North Malè Atoll affords a degree of protection from incident wave energy allowing a 
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range of growth morphologies to establish. Overall, Vabbinfaru experiences a low wave climate 

(see Chapter 2), however, variations in platform hydrodynamics both spatially and temporally 

are observed and are a likely control on the distribution of reef-building corals at a sub-reef 

level. Reef platform hydrodynamics have been shown to influence the community structure of 

reef framework and create patterns of zonation within reef systems (Geister 1977; Chappell 

1980; Bradbury and Young 1981). Often such patterns are in response to increased 

hydrodynamic stress on individual colonies leading to robust coral morphotypes in high energy 

environments (e.g. reef edge) and delicate coral morphologies inhabiting low energy settings 

(e.g. reef slope or back-reef environments) (Chappell  1980). 

At Vabbinfaru, the aspect of the reef platform towards incidient wave energy dictates the degree 

of wave exposure each reef habitat receives. Wave direction in the Maldives is driven 

predominately by seaonal shifts in monsoon winds (Kench et al. 2009) which cause periodic 

increases in hydrodynamic energy at the SW platform during the SW monsoon, and to a lesser 

extent, at the NE platform during the NE monsoon (Young 1999; Kench et al. 2009; Young et al. 

2011). Sheltered northern and southern reef areas displayed assemblages characterised by 

tabulate and branching growth forms, whereas, southwest and northeast regions were 

comprised of higher proportions of digitate, massive and submassive forms, reflecting the 

different hydrodyanmic regimes operating in each area. 

Patterns in community structure were also observed between inner (landward) and outer 

(seaward) reef zones. The transformation of incident wave energy across reefs is well-described 

for Maldivian reef platforms (Kench et al. 2009). The attenuation of wave energy from the outer 

reef edge landward may explain the observed differences in the distribution of growth 

morphologies between inner and outer sub-reef environments. Robust growth forms were more 

common at energetic outer reef sites, whereas, inner reef sites comprised higher abundances of 

branching and tabulate forms. Sub-reef-variations in coral assemblages have important 

implications not only in the ecological functioning of the reef but also in the geomorphic 

development of the reef platform by producing spatial variations in net reef accretion as coral 

communities are the main biological driver of carbonate production on Vabbinfaru. 

3.4.2 Growth and calcification of reef-building corals 

Findings from this research represent the first estimates of coral growth for the central Indian 

Ocean region. There was considerable variation in the rate of skeletal extension and 

calcification between the specimens examined. As expected, coral morphology was a major 
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control on skeletal extension. Complex forms (e.g. branching and digitate) exhibited faster rates 

of extension than simple growth morphologies with continuous growth surfaces (e.g. encrusting 

and massive). The influence of coral morphology on the rate of skeletal extension has been 

documented in previous growth studies in a variety of reef settings (Gladfelter et al. 1978; 

Hughes 1987).  

At Vabbinfaru, branching species (A. formosa, A. austera) generated the highest mean rates of 

skeletal extension. Gladfelter et al. (1978) showed comparable skeletal extension values for 

three similar branching Acropora species (A. cervicornis, A. prolifera, and A. palmata) in the 

northeastern Caribbean (Table 3.9). Skeletal extension rates generated for Acropora formosa at 

Vabbinfaru fall within the general range of values reported for Australian reef provinces (Oliver 

et al. 1983; Harriot 1998; Browne 2012) (Table 3.9). Few existing growth studies have examined 

corymbose and digitate coral morphotypes and therefore direct comparisons with rates recorded 

within this study is difficult. Massive forms (Porites lobata) (mean extension rate = 1.48 ± 0.27 

cm-1 y-1) were consistent with existing data reported for the eastern Pacific; 1.05 cm-1 y-1 – 1.53 

cm-1 y-1 (Guzman and Cortes 1989), and Indonesia; 1.35 cm-1 y-1 – 1.63 cm-1 y-1 (Edinger et al. 

2000) across a range of environmental conditions (Table 3.9). Encrusting (Leptastrea purpurea), 

submassive (Hydnophora microconos) and mushroom (Fungia fungities) varieties recorded the 

slowest rates of extension and were typically lower than growth estimates described for similar 

species in other reef environments (Table 3.9).  

Despite the observed variability in skeletal extension rate between coral species, bulk skeletal 

density values were relatively consistent (Table 3.5). The low inter-specific variation observed is 

largely because skeletal density is restrained between an upper limit of 2.93 g cm-3 (solid 

aragonite) and a lower threshold value necessary to provide structure and resistance against 

mechanical damage (Hughes 1987). Stearn et al. (1977) reported similar density values as 

Vabbinfaru for five Caribbean coral species on a shallow fringing reef in Barbados (mean 

density, 1.56 g cm-3) and also showed relatively small variations in density between specimens.  

The skeletal density of different Acropora species was comparable and independent of growth 

morphology. Acropora species typically exhibit an axial gradient in skeletal density from highly 

porous branch tips to denser older portions at the colony base due to secondary infilling 

(Hughes 1987). Bucher et al. (1998) estimated the bulk skeletal density of Acropora branch tips 

from eastern and Western Australia to be between 0.86 g cm-3 and 1.68 g cm-3, exhibiting a 

greater range of values than those measured at Vabbinfaru (Table 3.5). Skeletal density was 
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generally consistent within morphological groups, with the exception of encrusting forms 

(Leptastrea purpurea). Lowest density values were generated by massive forms (Porites lobata) 

and were comparable to data reported for Porites lobata at several highly disturbed reefs in the 

Java Sea, Indonesia (Edinger et al. 2000). Low density values associated with massive growth 

forms have been attributed to their low and simple profile which makes them inherently resistant 

to mechanical damage (Hughes 1987). 

Coral calcification rate is a function of their skeletal extension and skeletal density. There was 

high variation in the calcification rates between coral species on Vabbinfaru that was linked 

accordingly to extension rate. Gladfelter et al. (1978) showed that coral calcification rate is 

depth-dependent with maximum rates typically occurring at shallow water sites. Given the 

location of this experiment on the reef crest at Vabbinfaru, it is likely results represent upper 

rates of species calcification. With the exception of Acropora and Porites corals, calcification 

rates of the remaining coral species were low, corresponding to their low rates of skeletal 

extension. Values of skeletal extension and calcification for Acropora and Porites corals on 

Vabbinfaru are consistent with the range of data reported for Caribbean and Indo-Pacific reef 

provinces. 

Results present new data on the growth and calcification of a broad range of coral growth 

morphologies that have previously not been reported. Calcification of these growth types range 

from 0.41 g cm-2 y-1 to 2.4 g cm-2 y-1 and make a significant contribution to the total coral 

calcification budget of a reef system. This dataset provides a degree of confidence for 

ecological and geomorphic studies (e.g. carbonate budget studies) within the central Indian 

Ocean region which have relied on coral growth rates from other reef-building regions as a 

proxy for local coral species. 

3.4.3 Carbonate production by secondary producers  

Results represent the first estimates of calcareous encruster growth and carbonate production 

for the Indian Ocean region and add to a small number of production estimates available for 

tropical environments globally. Growth data generated from the deployment of artificial 

substrates on Vabbinfaru showed that net carbonate produced by encrusting communities was 

high (0.056 g cm-2 y-1). Findings act as a good estimate for shallow (1 – 2 m BMSL), clear-water, 

equatorial reefs and within a wider context may serve as a proxy for other reef systems within 

the central Indian Ocean or for other low-impacted reefs within different geographic locations. 
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Table 3.9 Summary of mean  (± SD) skeletal extension rates (cm
-1

 y
-1

) for similar scleractinian 

coral species from diffent reef provinces.  

 

The structure of encrusting communities varied significantly between exposed and shaded tile 

surfaces. Encruster community structure was the main driver in the observed variations in 

carbonate production between tile orientations. Exposed (upper) surfaces were dominated by 

thin crusts of CCA growth (51.8 %), whereas cryptic surfaces had greater diversity and higher 

carbonate production as a result. CCA growth on exposed substrates may be attributed to the 

photosynthetic requirements of this algal group for growth and productivity (Fabricius and De-

Ath 2001; Harrington et al. 2005). The preference of particular encrusting taxa (e.g. serpulid 

worms) to cryptic or semi-cryptic habitats has been documented in existing recruitment studies 

(Martindale 1992). Hydrodynamic characteristics are also known to influence encruster 

settlement with CCA in higher energy flows forming denser carbonate deposits (Steneck and 

Adey 1976; Martindale 1992; Gischler and Ginsburg 1996). At Vabbinfaru, carbonate production 

in more energetic reef areas (V2 and V6) were similar between exposed and shaded tiles 

Reef Province Coral Species

Growth 

Form

Depth 

(m) Location

Skeletal Extension 

(cm y
-1

)
a

Reference

Indo-Pacific Acropora spp. various 2 - 4 Luhuitou reef, China 5.77 ± 2.4 Shi et al. (2008)

Acropora formosa branching 0.5 - 1.5 Sri Lanka 11.65 ± 0.63 Jinendradasa and Ekaratne (2000)

Fungia scutaria mushroom Waikiki Reef, Hawaii 0.46 ± 0.18 Edmonson (1929)

Heliofungia actiniformis mushroom 10 - 12 Sulawesi, Indonesia 0.57 ± 0.45 Knittweis et al. (2009)

Hydnophora spp. submassive 2 - 4 Luhuitou reef, China 1.20 ± 0.21 Shi et al. (2008)

Leptastrea agassizi encrusting Waikiki Reef, Hawaii 0.22 Edmonson (1929)

Pocillopora damicornis submassive 2 - 10 Cano Island, Costa Rica 3.22 ± 0.33 Guzman and Cortes (1989)

Pocillopora meandrina submassive Waikiki Reef, Hawaii 1.48 Edmonson (1929)

Pocillopora spp. various 2 - 4 Luhuitou reef, China 2.42 ± 19.2 Shi et al. (2008)

Pocillopora spp. submassive Hawaii 1.3 Maragos (1972)

Pocillopora spp. submassive Galapagos 2.8 Glynn et al. (1979)

Porites lobata massive 1 Java Sea, Indonesia 1.42 ± 0.19 Edinger et al. (2000)

Porites lobata massive 2 - 3 Cano Island, Costa Rica 1.25 ± 0.24 Guzman and Cortes (1989)

Porites lobata massive Phillipines 1.3 Patzold (1984)

Porites lobata massive Enewetak 1.35 Knutson et al. (1972)

Porites lutea massive Phuket, Thailand 2.06 ± 0.34 Scoffin et al. (1992)

Porites spp. massive 2 - 4 Luhuitou reef, China 1.72 ± 0.42 Shi et al. (2008)

Caribbean Acropora cervicornis branching 5 - 8.5 Various sites, Jamaica 10.06 ± 1.57 Crabbe (2009)

Acropora cervicornis branching 10 Buck Island, St. Croix 7.10 ± 0.65 Gladfelter et al. (1978)

Acropora palmata branching 6 - 8.5 Various sites, Jamaica 6.66 ± 2.03 Crabbe (2009)

Acropora palmata branching 0.5 Buck Island, St. Croix 6.81 ± 1.93 Gladfelter et al. (1978)

Acropora prolifera branching 2 Buck Island, St. Croix 7.05 ± 1.59 Gladfelter et al. (1978)

Montastrea annularis massive Bellairs Reef, Barbados 0.97 ± 0.27 Stearn et al. (1977)

Porites astreoides massive 2 - 10 Buck Island, St. Croix 0.32 ± 0.03 Gladfelter et al. (1978)

Porites astreoides massive 12 - 24 Cane Bay, St. Croix 0.25 ± 0.06 Hubbard and Scaturo (1985)

Porites astreoides massive Bellairs Reef, Barbados 0.65 Stearn et al. (1977)

Australia Acropora formosa branching 5 Davies Reef, GBR 8 Oliver et al. (1983)

Acropora formosa branching 3 Houtman Abrolhos, Western Australia 6.45 ± 1.62 Harriott (1998)

Acropora formosa branching Lizard Island, GBR 7.13 Oliver (1985)

Acropora formosa branching 0 - 3 Middle Reef, GBR 6.26 Browne (2012)

Acropora formosa branching 4 Dampier Archipelago 13.7 Simpson (1988)

Porites spp. massive 29 reefs in GBR 1.28 Lough and Barnes (2000)
a 

mean values (± standard deviation) of skeletal extension (cm y
-1

)
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surfaces. Furthermore in corresponding sheltered areas (V4 and V8) the largest disparity in 

carbonate production between orientations was observed. 

The use of certain artificial settlement substrates (e.g. ceramic tiles) in recruitment experiments 

have shown to have no identifiable influence on settlement and growth compared to natural 

coral surfaces (Mallela 2007), however, rates of carbonate accretion on bare substrates are 

likely to be higher than those that occur on natural reef environments due to the competition for 

space by other reef organisms. The stability of substrate surface and the exposure time of the 

substrate have been shown in previous studies to influence recruitment (Osman 1977; Sousa 

1979), however, neither proposed a concern within this study as substrates were fixed to the 

reef and the experimental period was sufficient to allow recruitment. PVC pipes were an 

effective method in estimating the growth and carbonate production of CCA as communities 

were dominated by CCA crusts and lacked recruitment of other encrusting taxa typical of cryptic 

surfaces (e.g. bivalves, barnacles, corals, etc.). PVC pipe is advantageous as an experimental 

substrate as it is affordable, locally available and robust material. In general, estimating 

carbonate production of encrusting communities from artificial substrates was hindered by the 

lack of standardised methodology between existing studies to provide adequate regional 

comparisons.  

Calcium carbonate production by encruster communities on Vabbinfaru fit within the range of 

values reported for other reef-building provinces (Table 3.10). Bak (1976) generated gross-reef 

estimates of CCA carbonate accretion on PVC pipes in Curacao, Caribbean, and showed that 

net carbonate production ranged between 0.013 g cm-2 y-1 and 0.041 g cm-2 y-1, with maximum 

carbonate production surprisingly occurring at the deepest site (25 m). Results of CCA 

carbonate production from Vabbinfaru were also comparable with those reported by Stearn et 

al. (1977) for Bellairs reef, Barbados (Table 3.10), however, the maximum carbonate production 

value for CCA at this location (0.237 g cm-2 y-1) is well above the observed maximum at 

Vabbinfaru (0.112 g cm-2 y-1). It is also likely that such datasets collected for Caribbean reefs 

during the 1970’s may differ from contemporary rates at the same locations due to recent 

anthropogenic-induced changes in environmental conditions (e.g. increased sedimentation). 

Mallela (2007) more recently reported considerably lower rates of carbonate production for 

cryptic and exposed settlement tile surfaces (at a depth of 10 m) along a sediment-influenced 

gradient for Rio Bueno reef in Jamaica (0.0003 g cm-2 y-1 to 0.0159 g cm-2 y-1). These rates of 

encruster carbonate production are far lower than those recorded on Vabbinfaru (mean = 0.047 

± 0.019 g cm-2 y-1, Table 3.10) and highlight variations in encruster growth between turbid and 
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clear water reef settings. Inner reef sites (lagoonward) at Vabbinfaru were comparable to rates 

reported for other atoll lagoons (Tikehau and Takapoto) on natural coral substrates (0.0430 g 

cm-2 y-1 and 0.1130 g cm-2 y-1 respectively) in French Polynesia at a depth range of 1 – 2 m (Pari 

et al. 1998). Whereas, there were similarities between outer reef sites and estimates generated 

for fringing and patch reefs in Tahiti and Moorea (0.018 g cm-2 y-1 and 0.065g cm-2 y-1 

respectively) (Pari et al. 1998). 

Table 3.10 Summary of regional carbonate production (g cm
-2

 y
-1

) and vertical extension rates (mm 

y
-1

) of encrusting organisms reported in existing studies from different reef provinces.  

 

3.4.4 Gross carbonate production 

The live coral zone acts as a significant factory of biological carbonate material on Vabbinfaru 

generating an estimated 1,191,960 kg y-1 (16.8 kg m-2 y-1). Calcification by coral communities is 

the main contributor to platform gross carbonate production. Variability in the distribution and 

community structure of coral assemblages therefore dictate spatial differences in the gross 

carbonate production. Secondary carbonate production is an important component of the 

calcium carbonate budget on Vabbinfaru but comparatively produces much smaller quantities of 

carbonate material than reef-building corals. Eco-geomorphic zones within the platform interior 

(rubble zone and lagoon) produced significantly smaller quantities of calcium carbonate mainly 

through the growth of encrusters and coral recruits. Such reef environments are therefore more 

important as depositional environments rather than as a source of production. 

Vecsei (2001) provided a detailed summary of carbonate production rates for fore-reef 

environments within various reef-building provinces (Caribbean and Indo-Pacific) using existing 

Region Calcareous Encruster Method

Depth 

(m) Reef Zone Location

Vertical Extension 

(mm y
-1

)
a

Carbonate Production           

(g cm
-2

 y
-1

)
a

Reference

Caribbean CCA PVC pipe 3, 13, 25 Curacao 0.0233 ± 0.0153 Bak (1976)

CCA Ceramic tiles 10 Rio Bueno, Jamaica 4.05 ± 0.77 Mallela (2004)

Secondary encrusters Ceramic tiles 1 - 8

Backreef, 

lagoon, reef 

Puerto Morelos, 

Mexico 0.0312 ± 0.0095

Hepburn, unpublished 

data

Secondary encrusters Ceramic tiles 10 Rio Bueno, Jamaica 0.0070 ± 0.006 Mallela (2007)

Lithophyllum congestum PVC pipe 0 - 1.5 Algal ridge St. Croix 0.4 - 5.3 Steneck and Adey (1976)

CCA Ceramic tiles Fore reef Bellairs, Barbados 0.1 - 1.5 0.0167 - 0.2378 Stearn et al. (1977)

Indo-Pacific Secondary encrusters Porites  blocks 1 - 2

Fringing reef, 

lagoon atoll

Moorea and Tahiti, 

French Polynesia 0.0584 ± 0.0359  Pari et al. (1998)

Porolithon gardineri Alizarin red 2 Reef flat Kanehoe Bay, Hawaii 20.5 Agegian (1981)

Paragoniolithon conicum PVC plates 3 Fore reef Isihigaki Island, Japan 1.4 Matsuda (1989)

Paragoniolithon conicum PVC plates 3 Fore reef Isihigaki Island, Japan 0.5 Matsuda (1989)

Lithophyllum insipidum PVC plates 3 Fore reef Isihigaki Island, Japan 1.2 Matsuda (1989)

Neogoniolithon sp. PVC plates 3 Fore reef Isihigaki Island, Japan 0.2 Matsuda (1989)

Porolithon onkodes Coral substrate Ohau, Hawaii 0.26 Martindale (1976)

Secondary encrusters PVC pipe 1 Reef crest, atoll Vabbinfaru, Maldives 0.0468 ± 0.0238 This study

CCA PVC pipe 1 Reef crest, atoll Vabbinfaru, Maldives 6.37 ± 1.69 0.0268 ± 0.0395 This study
a 

Mean (± SD) values of vertical extension and carbonate production
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datasets that encompassed both hydrochemical and census-based methodologies. Results 

showed that carbonate production for Indian Ocean islands and the GBR (0 – 10 m depth) are 

similar and are estimated at 5.0 – 6.7 kg m-2 y-1 in areas of low coral cover, and between 8.6 

and 9.8 kg m-2 y-1 where coral cover is high. Pacific Ocean islands had higher estimated 

carbonate production rates of 9.2 and 16.4 kg m-2 y-1 in low and high coral areas respectively. 

However, the author noted that ecological data and the procedure used to evaluate coral data in 

the Indo-Pacific needs developing. Within this context, carbonate production rates at Vabbinfaru 

were higher than the range of values (high coral cover) for Indian Ocean islands given by 

Vecsei (2001) and were rather better fitted amongst estimates associated with high production 

zones on Pacific Ocean islands.  

Globally, a small number of census-based estimates of gross carbonate production have been 

reported within budget studies (Table 3.11). Vabbinfaru reef fits within the range of data 

reported for unpolluted reefs in the Java Sea, Indonesia (Edinger et al. 2000), Bellairs Reef, 

Barbados (Stearn et al. 1977), and recent estimates generated for marine protected areas on 

Bonaire (Perry et al. 2012) (Table 3.11). The estimate of gross carbonate production generated 

for Vabbinfaru is the first for central Indian Ocean and is important in extending the geographic 

range of estimates and building a global dataset of estimates for a variety of reef environments. 

Table 3.11 Summary of regional gross carbonate production rates ( kg m
- 2

 y
-1

)  generated from 

census-based methods in existing carbonate budget studies.  

  

Location Reef Province Reef Type Reef Zone

Carbonate Production 

Rate  (kg m
-2

 y
-1

) Reference

Vabbinfaru Reef, Maldives Indo-Pacific Reef Platform Live coral zone 16.88 This study

Rubble zone 0.6 This study

Lagoon 0.1 This study

Bellairs Reef, Barbados Caribbean Fringing 15 Stearn et al. (1977)

Kailua Bay, Hawaii Indo-Pacific Fringing 0.28 - 3.56 Harney and Fletcher (2003)

Bonaire, Caribbean Caribbean Fringing 0.2 - 12.1 Perry et al. (2012)

Java Sea, Indonesia Indo-Pacific Reef platform G. Cemara 14.3 Edinger et al. (2000)

P. Kecil 13.5 Edinger et al. (2000)

Bondo 4.3 Edinger et al. (2000)

P. Panjang 3.2 Edinger et al. (2000)

L. Marican 3.3 Edinger et al. (2000)

Luhuitou Reef, China Indo-Pacific Fringing Reef flat 1.16 Shi et al. (2009)

Reef slope 3.52 Shi et al. (2009)

Warraber Reef, Australia Indo-Pacific Reef platform Central and outer reef flat 1.76 - 3.99 Hart and Kench (2004)

Reef-rim 0.56 - 1.08 Hart and Kench (2004)

Sandy and muddy  interior 0.0065 - 0.0161 Hart and Kench (2004)
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4 BIOEROSION ON VABBINFARU 

4.1  Introduction 

The breakdown of calcium carbonate on reefs through physical, chemical and biological erosion 

is an important process in determining the net rate of reef accretion and the generation of 

detrital reef sediments. Bioerosion, a term used to describe any organism that actively erodes or 

weakens the calcareous skeletons of reef-building species, is often considered the dominant 

mechanism of reef degradation within many reef provinces (Neumann 1966; Glynn 1997). The 

biological destruction of consolidated reef structure (including primary framework) is facilitated 

through a broad range of reef dwelling organisms that include a variety of species of fish and 

echinoids, bivalves, algae, endolithic sponges and worms (Tribollet and Golubic 2011). Agents 

of bioerosion are typically classified into organisms that target internal (macroborers and 

microborers) and external (grazers) reef components (Hutchings 1986; Scoffin 1992). The 

collective influence of such bioeroders, exert a major control on the geomorphology of the 

contemporary reefscape by (1) directly degrading consolidated reef framework (including detrital 

sediments), (2) converting reef substrate to sediment, and (3) weakening the reef structure and 

increasing its susceptibility to physical and chemical erosion (Hutchings 1986; Scoffin 1992; 

Tribollet and Golubic 2011). Furthermore, bioeroders play an additional ecological role in the 

maintenance of species diversity through habitat creation, by providing food resources to reef 

dwellers, and in the biogeochemical functioning of the reef (Tribollet and Golubic 2011).  

Microboring organisms (< 100 µm) such as endolithic bacteria, cyanobacteria, fungi, and 

filamentous algae (Golubic et al. 1975), have received the least amount of scientific examination 

due to their microscopic size and associated difficulties required for study (Golubic et al. 1975). 

Microborers are phototrophic organisms and are most prevalent in shallow back-reef 

environments (May et al. 1982) or calm reef areas (e.g. lagoons) (Alexandersson 1972). 

Excavation by microborers results in the solution of carbonate material through chemical 

dissolution, making it more prone to further damage by physical processes (Scoffin 1992). This 

mechanism of substrate removal results in the dissolution of carbonate material or the 

production of fine sediment that is exported off-reef (Tudhope and Risk 1985).  
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Macroboring organisms (> 100 µm) include varieties of protists (e.g. foraminifera), sponges (e.g. 

Cliona), bryozoans, polychaetes, bivalves (e.g. Lithophaga) and crustaceans (Hutchings 1986; 

Glynn 1997; Tribollet and Golubic 2001). Such organisms are filter or suspension feeders that 

inhabit cobble and boulder sized carbonate material. This group of bioeroders actively 

penetrates into reef substrate (both live and dead carbonate material) through chemical and 

mechanical disintegration and produce sediment as a by-product. The size and depth of the 

erosion cavity is taxa-specific (Glynn 1997) and as a result the texture of the sediment 

generated is a reflection of the organism that produced it, for example, sponges produce 

characteristic shaped 20 – 80 µm carbonate chips which comprise silt- to sand-sized material 

(Futterer 1974; Scoffin 1992). Sponges are the most documented macroboring taxa due to their 

prevalence in particular reef provinces (e.g. Caribbean) where high abundance and rates of 

bioerosion have been observed (Wilkinson and Barnes 1983; Perry 1998; Mallela and Perry 

2007). 

Grazing organisms, which include echinoids and a range of reef fishes, are external bioerosion 

agents that typically graze on live or dead coral substrates, encrusting coralline algae or 

filamentous algae that grow on rigid reef substrates (Ogden and Lobel 1978; Hutchings 1986). 

Such organisms actively erode the reef substrate by etching, scarring or excavating carbonate 

material through foraging activities (e.g. parrotfish) or by boring into the reef for protection (e.g. 

urchins). Bioerosion of reefs by grazers can be significant when population densities are high 

(Hay 1984; McClanahan and Shafir 1990); however, the rate of bioerosion is also a function of 

community composition, size and the apparatus used for carbonate removal (Bellwood and 

Choat 1990). Bioerosion rates by urchins have been shown to correlate tightly with test size 

regardless of species (see Perry et al. 2012), whereas rates of parrotfish bioerosion are linked 

to the biomass of an individual fish (Bellwood 1995; Bruggeman et al. 1996). Excavation scars 

on the reef substrate from grazing activities are characteristic of individual organisms and can 

be used to determine the dominant grazer types within reefs (Bellwood and Choat 1990). 

Sediment produced by external bioerosion agents are coarser than those from boring taxa and 

in turn may be an important source of detrital material within the sediment budget of a reef. 

Grazers also serve an important ecological function in mitigating the transition between coral-

dominated and macroalgal-dominated reef systems (Hughes et al. 2007).  

A variety of methods have been used to determine contemporary and geological bioerosion. 

Methods used to examine rates of internal bioerosion (microborers and macroborers) and to 

assess borer community composition have generally relied on identifying and quantifying the 
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volume of carbonate material removed from borer excavations in (1) experimental carbonate 

blocks deployed over long periods (12- 36 months) (Kiene and Hutchings 1994; Chazottes et al. 

1995; Pari et al. 1998; Tribollet et al. 2002), (2) sections of recently dead coral colonies (Hine 

and Risk 1975; Sammarco and Risk 1990; Risk et al. 1995; Holmes et al. 2000), or (3) dead in 

situ Acropora branches and lagoon rubble (Risk et al. 1995). The role of external bioerosion 

(grazing organisms) within reefs has been quantified using (1) a census-based approach of 

important grazing species (Bruggeman et al. 1996; Alwany et al. 2009), (2) analysis of CaCO3 

content with the organisms gut (Conand et al. 1997), or (3) by estimating gut turnover rates and 

the impact of spine abrasions on carbonate substrates (Scoffin et al. 1980). Census-based data 

coupled with bioerosion rates of individual fish species is a non-destructive method that also 

gives information on grazer community composition, size structure and feeding behaviour 

(Bruggeman et al. 1996; Alwany et al. 2009; Perry et al. 2012). There is limited data available 

on the agents and rates of bioerosion within reef systems globally. Existing studies on internal 

and external bioerosion agents have generally been focused on individual reefs in the 

Caribbean (Risk and MacGeachy 1978; Bak 1994; Bruggeman et al. 1996), Red Sea (Alwany et 

al. 2009), western Indian Ocean (Eakin 1996: Conand et al. 1997; Eakin 2001), South Pacific 

(Bak 1990; Pari et al. 1998) and Great Barrier Reef (Risk et al. 1995; Bellwood 1995), with no 

datasets available for reefs in the central Indian Ocean. Few studies have examined the 

combined influence of boring organisms and grazers within a single reef (Chazottes and 

Campion-Alsumard 1995). 

The main aim of this chapter is to generate a quantitative field-based estimate of platform 

bioerosion by internal (microboring and macorboring) and external (urchin and parrotfishes) 

agents on Vabbinfaru reef. Fine-scale spatial variations in bioerosion rate and the structure of 

bioeroding communities are briefly examined, however, the main focus of this chapter is to 

assess major differences in reef destruction at a sub-reef (i.e. eco-geomorphic zones) and reef-

wide (i.e. regionally between other reef environments). More specific objectives of this chapter 

include: 

 Generate rates of macroborer bioerosion at a sub-reef and whole reef level 

 Determine the relative importance macroborer functional groups in the removal of 

carbonate material 

 Conduct a census of external bioerosion agents (urchins and parrotfishes) within 

the live coral zone  
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 Identify and generate organism specific bioerosion rates for excavating parrotfish 

species  

 Establish the role of different bioerosion agents in the biological erosion of 

Vabbinfaru platform  

This chapter presents the first direct quantitative measurements of different aspects of reef 

bioerosion for the central Indian Ocean. The findings therefore have regional significant and are 

a valuable addition to a currently small global dataset. The field-based datasets also provide a 

means to validate existing published rates of reef bioerosion for other reef environments. The 

chapter begins by detailing the methodologies and experimental procedures used. The results 

section presents findings on the bioerosion and community structure of internal and external 

bioeroding agents. Finally, the findings are discussed within the context of existing bioerosion 

studies conducted in other reef provinces and the implications of the results to the sediment 

budget and reef island development. 

4.2 Methodology 

4.2.1 Estimating carbonate removal by microborers (<100 µm) 

The importance of microborers within carbonate budgets is poorly understood with few existing 

microborer bioerosion rates available. Bioerosion by microborers is likely of little significance to 

the reef sediment budget (sand-sized material) as sediment generated is generally fine silt 

which is transport off-reef in solution. Results of sediment textural analysis on Vabbinfaru reef 

(see Chapter 5) show fine sediments are quantitatively unimportant to the reef (2.5%) and island 

(1.7%) sediment mass which provides confidence that microborers can be ignored as a 

sediment source. Microborers still actively breakdown the reef substrate and must be included 

within the carbonate budget. This study applies a uniform microborer bioerosion rate of 0.053 kg 

CaCO3 m
-2 y-1 generated by Chazottes et al. (2002) for Reunion Island (Porites blocks, < 2 m 

water depth) in the western Indian Ocean. This estimate was used because of the close 

geographic proximity and environmental characteristics between the two reefs. A standard 

microborer bioerosion rate was applied to all areas of reef substrate, dead coral and rubble 

sediments with the exception of sand cover as suggested in the carbonate budget protocols 

developed by Perry et al. (2012). Using published rates has a margin of error associated with 

estimates; however, this error was reduced by using data collected from a proximal reef and 

coupling it with site-specific values of benthic substrate cover. 



Chapter 4: Bioerosion on Vabbinfaru 
 

75 
 

4.2.2 Rates of bioerosion by macroborers (>100 µm) 

A total of sixteen cores of the upper edifice (~10 cm) of dead in situ massive corals (P. lobata) 

were collected using a hand drill to examine rates of macroboring bioerosion within the reef 

substrate (Harney and Fletcher 2003). Short core samples were collected at all reef stations 

within the live coral zone (8 inner reef, 8 outer reef; Figure 4.1). Core samples were treated with 

dilute bleach (10%) and rinsed with freshwater. Samples were then sectioned with a rock saw 

into 3-5 mm slabs and photographed at high resolution (Figure 4.2). The images were analysed 

using image processing software JMicrovision v1.2.7. The cross-sectional area (cm2) of the 

substrate was determined by digitising the outline of the coral sample. The percentage of area 

removed by macroborers was determined using a 200 point-count method (Chazottes et al. 

1995; Perry 1998). The relative contribution of macroboring organisms to total bioerosion was 

calculated based on the presence of cavities recorded during the analysis (Figure 4.2).  Cavities 

were categorised into general taxonomic groups: sponges (e.g. Cliona spp. and Cliothosa spp.), 

endolithic bivalves (e.g. Lithophaga spp.), worms (sipunculid and polychaete) and boring 

foraminifera (Perry 1999). The percentage of carbonate material removed by organisms was 

converted into a volume by applying the percentage area removed to the entire core volume. 

This value was then converted to a mass assuming a standard coral density value of 1.44 g cm-

3 for corals on Vabbinfaru (see Chapter 3). Bioerosion below 10 cm depth was not examined; 

however, in the majority of samples bore cavities were not present past this point. Bioerosion 

rate by macroborers was estimated by dividing the total mass of carbonate removed by the 

number of years the substrate was available for bioerosion (vertical height divided by growth 

rate (Harney and Fletcher 2003; Risk et al. 1995). An average of values from inner and outer 

reef sites were used to generate an estimate of macroborer bioerosion for each transect. Total 

annual bioerosion of the reef was calculated by multiplying sub-reef rates (g CaCO3 m
-2 y-1) of 

bioerosion by the substrate area available for bioerosion (m2) and then summed to generate a 

total reef estimate (kg CaCO3 y
-1). 

Lagoon macroborer bioerosion was determined from the analysis of detrital coral branches 

(broken cylindrical pieces of Acroporid rubble) (Holmes et al. 2000). Five coral branches (15 cm 

long) were collected haphazardly from the lagoon surface (~1 m BMSL) along each of the major 

transect lines (V1 – V8; Figure 4.1) yielding 40 branches in total. Samples were treated with 

dilute bleach (10%) and rinsed with freshwater. Each coral stick was sectioned to make 3 

separate discs (3 – 4 mm thick) using a rock saw (Risk et al. 1995). Each disc was 

photographed at high resolution and analysed using JMicrovision v.1.2.7. The percentage of 
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cross-sectional area was calculated using the same method as the coral cores. The relative 

contribution of different macroborers to the total mass of carbonate removal was determined by 

the proportion of identified organism-specific boreholes in the substrate. Bioerosion rate was 

calculated by assuming coral rubble had been available for bioerosion since the 1998 (14 years) 

mass mortality event (El Niño) where 98% of coral died and large quantities of detrital coral 

branches were produced (McClanahan 2000; Arthur 2000).  

 

Figure 4.1 Location of urchin and parrotfish surveys at inner reef (landward) and outer reef 

(seaward), reef shallow coral cores and lagoon detrital rubble collection sites on Transects V1 –  

V8. 

4.2.3 Urchin abundance, density and bioerosion rate 

A population census of urchins (abundance, density and size structure) on Vabbinfaru reef was 

conducted along sixteen belt transects (20 m x 2 m) established parallel to the island shoreline 

at each of the reef stations within the live coral zone (V1 – V8; inner reef zone, n = 8; outer reef 

zone, n = 8; Figure 4.1). Surveys were conducted during day light hours due to logistical 

constraints, however extra care was given to examine areas under large coral heads and 

crevices as urchins avoid open areas during daylight. Every urchin within 1 metre either side of 

the transect line was recorded, identified to species level and assigned to a specific size class 

(0-20 mm, 21 – 40 mm, 41 – 60 mm, >60 mm). Density of urchins (individuals/m2) was 
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calculated based on the total abundance of urchins recorded divided by the area of reef 

surveyed. 

Urchin bioerosion (g urchin d-1) was calculated for each urchin using an average bioerosion rate 

for each urchin size class generated from a regression curve of aggregated data from fourteen 

 

Figure 4.2 Bioerosion cavities made by key macroboring functional groups in (A & B) slabs of reef 

cores from the l ive coral zone and (C –  E) section of detrital rubble from Vabbinfaru lagoon (A) 

Worm (sipunculan and polychaete) boring cavities (B) Sponge bioerosion in the upper edifice of 

the reef substrate (C) Section of lagoon detrital rubble with high carbonate removal (D) Bivalve 

(Lithophaga sp .) boring chamber within detrital coral branches (body case of organism remains 

intact) (E) Large sponge bioerosion chambers in c.  
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urchin bioerosion studies (comprising eight urchin species) complied by Perry et al. (2012). This 

method was deemed appropriate due to the strong correlation (r2 = 0.75) of bioerosion rate with 

test size for urchins of different species and because of the low abundance of urchins observed 

on Vabbinfaru. The regression equation for urchin bioerosion rate is given below, where x 

relates to urchin test diameter: 

Bioerosion rate (g urchin d-1) = 8*10-5x2.4537 

Urchin bioerosion rates were then multiplied by 365 (number of days per year), and coupled 

with data on urchin density at each site to determine total rate of bioerosion by urchin 

communities (kg m-2 y-1), then multiplied over the planar reef area at each site to determine total 

mass of CaCO3 bioerosion per annum by urchins reef-wide (kg CaCO3 y
-1). 

The grain size distribution of carbonate material retained in urchin faecal pellets was examined. 

Four E. diadema urchins were removed from the reef approximately four hours after sunset to 

allow time for the urchins to graze. Urchins were placed into individual tanks for a 12 hour 

starvation period. Faecal pellets (Figure 4.3) were collected, bleached with dilute (5%) bleach 

and rinsed with freshwater. Textural properties of carbonate material were determined for each 

individual using a MALVERN particle size analyser. 

 

 

Figure 4.3 (A) Faecal pellets produced by E. diadema  after the 12 hour experimental period,  (B) 

Close up of faecal pellets (2 –  4 mm diameter). Finer sediment grains are contained within the 

faecal pellets. 
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4.2.4 Parrotfish abundance, diversity and size distribution 

Parrotfish abundance was estimated using a visual census method along sixteen shore-parallel 

belt transects (100 m long x 5 m wide x 2 m depth) (Sale 1980). Belt transects occupied the 

same locations as benthic surveys (see Chapter 3) so that direct comparisons between reef 

structure and parrotfish populations could be made (Figure 4.1). Surveys were conducted during 

the NE monsoon so that sea conditions were calm and visibility was optimal. All observations 

were made during daylight hours (0900 – 1700) whilst parrotfish are actively feeding (Bellwood 

1995). At each survey location a 100 m transect tape was placed on the reef surface and a 

period of 15 minutes was observed before beginning the survey. An observer then swam the 

length of the transect line recording the number parrotfish species within the survey area (Figure 

4.4). Individuals were identified to species level and in life phase (initial or terminal phase) and 

categorised into size classes (5-15 cm, 15-24 cm, 25-34 m, 35-44 cm, >44 cm) to determine the 

size distribution of the population.  

4.2.5 Foraging behaviour of parrotfish 

Observations of feeding behaviour were limited to two species of bioeroding parrotfish, 

Chlorurus strongylocephalus and Chlorurus sordidus (initial and terminal phases) (Figure 4.4). 

These species were selected due to their relative abundance on the reef and their functional 

role as excavating species (Bellwood and Choat 1990). Excavators are parrotfish that actively 

remove CaCO3 during grazing by excavating the substratum to a depth of 0.1 – 3.0 mm 

(Bellwood and Choat 1990). Foraging behaviour was estimated by following an individual fish 

during 5 minute timed surveys and recording the number of bites and the substrate type bites 

were taken from during the survey period (Bellwood 1995; Alwany et al. 2009; Bruggemann et 

al. 1996). Targeted fish were followed for 2 minutes prior to observations being recorded. For 

each individual fish, the total number of bites taken, the number and location of defecation 

events, and the substrate feeding preference was recorded for three consecutive 5 min survey 

periods. Feeding rate (bites m-1) was calculated as the total number of bites taken divided by the 

survey period. To examine spatial and temporal changes in feeding rate within species, surveys 

were replicated at four locations on the reef (V1, V3, V5 and V7) at morning (0800 – 1000) and 

afternoon (1400 – 1600) time intervals. 
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Figure 4.4 Photographs of common parrotfish species observed on Vabbinfaru reef (A –  B) 

Chlorurus strongylocephalus  (C –  D) Chlorurus sordidus  (E –  F) Scarus frenatus  (G) Scarus niger 

(H) Hipposcarus harid .  
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4.2.6 Parrotfish bioerosion rate 

Bite volume by C. strongylocephalus and C. sordidus was measured by following an individual 

until an exact bite location could be observed. The maximum width, length and depth were 

measured using vernier callipers to the nearest 0.01 mm (Bellwood 1995; Alwany et al. 2009). A 

total of 20 bite scars were measured for both species and life phases. Using this value, mean 

bioerosion rates were calculated for each species using the method of Bellwood (1995) where: 

Mean bioerosion rate (cm3 h-1) = mean bite rate (bites h-1) x mean bite volume (cm3) 

Values were then converted to a mass of carbonate removed by multiplying bite volume (mm3) 

of substrate excavated by a mean density value (1.44 g cm3) for coral substrates on Vabbinfaru 

(see Chapter 3). Daily feeding rates (kg d-1) were calculated by multiplying mean feeding rates 

(bites h-1) by 12 (estimated average length of daylight hours) and then by 365 (days per year) to 

establish an annual bioerosion rate (kg y-1). Average bioerosion rates (kg y-1) were calculated for 

each of the parrotfish size classes observed and coupled with parrotfish densities (individuals m-

2) and size distribution (cm) data to generate mean bioerosion rates of the total population of 

excavating parrotfish species. Values were then extrapolated over the reef area (m2) within each 

zone and summed to generate a reef-wide estimate of total annual bioerosion by parrotfish (kg 

CaCO3 y
-1). The quantity of bioeroded carbonate material retained on the platform surface or 

exported off-reef was calculated as a proportion of species-specific defecation events. 

4.3 Results 

4.3.1 Bioerosion by microboring organisms 

A uniform microborer bioerosion rate (0.053 kg CaCO3 m
-2 y-1) generated by Chazottes et al. 

(2002) for Reunion Island, western Indian Ocean (<2 m water depth) was applied to reef 

substrates within the live coral zone on Vabbinfaru. The total mass of bioerosion by microborers 

(kg y-1) at each reef site was a function of the reef rugosity and substrate available for 

colonisation. Bioerosion by microborer organisms at Vabbinfaru is estimated at between 86.3 – 

467.6 kg y-1 for different sites (V1 – V8; Table 4.1). Total bioerosion by microboring communities 

within the live coral zone accounted for an estimated 2998 kg y-1 of carbonate removal from 

within the live coral zone (Table 4.1). Microborer bioerosion at lagoon and rubble eco-

geomorphic zones within the platform interior was estimated at 1137 kg y-1 and 1895 kg y-1 

respectively (Table 4.1). Reef-wide the total mass of carbonate removed by microborers is 
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estimated at 6030 kg y-1. Due to the size of sediment generated by microborers the material is 

either lost or not retained within sediment reservoir on the reef platform. 

Table 4.1 Microborer bioerosion rate (kg m
-2

 y
-1

)  and total mass of carbonate removal (kg y
-1

) at 

inner and outer reef sites on Transects V1 –  V8. Total bioerosion by microboring communities are 

presented for each eco-geomorphic zone on Vabbinfaru.  

 

4.3.2 Macroboring community structure within the live coral zone 

Boring cavities of three main functional macroborer groups (worms, sponges and bivalves) were 

observed in the reef cores collected from the live coral zone (Figure 4.2; Figure 4.5). 

Macroboring communities removed between 2.5 – 30% of the total surface area of core 

samples examined. Inner reef locations generally had higher proportions of macroborer 

bioerosion (mean ± SD = 13.8 ± 10.5%) compared with outer reef sites (mean ± SD = 9.6 ± 

7.6%). There was also a significant difference in the relative contribution of each functional 

group identified (one-way ANOVA: F (2, 45) = 3.54, p = 0.037) to the total area of carbonate 

erosion. 

Sponges accounted for the highest proportion of bioerosion from all samples (n= 16) collected 

within the live coral zone (mean ± SD = 6.65 ± 7.5%). Sponge bioerosion was higher at inner 

reef sites (mean ± SD = 3.2 ± 9%) compared to the outer reef (1.5 ± 4%). In terms of their 

relative abundance, sponges comprised the majority of macroborer bioerosion with the 

Reef Zone Rugosity*

V1 1.9 2156 0.053 216.2

V2 2.1 2979 0.053 329.5

V3 1.7 3654 0.053 328.5

V4 1.9 2049 0.053 208.3

V5 2.2 1858 0.053 211.6

V6 2.0 3091 0.053 334.2

V7 2.0 8009 0.053 829.2

V8 2.0 5208 0.053 541.1

Live Coral Zone 2 29004 0.053 2999

Rubble Zone 1.05 34047 0.052 1895

Lagoon 1 21453 0.052 1137

6030

*Mean rugosity coeffficient. A measurement of reef topographic complexity (see Chapter 3)

**  Area derived from the sum of detrital rubble, reef substrated and dead coral cover

*** Chazottes et al. (2002), Reunion Island, Indian Ocean (Porites  blocks  < 2 m water depth)

Total Microborer Bioerosion (kg y
-1

)

Substrate Available 

(m
2
)**

Microboring Bioerosion Rate 

(kg m
-2

 y
-1

)***

Total Microboring 

Bioerosion (kg y
-1

)
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exception of several sites at the northwest platform (V7 and V8; Figure 4.5). Worms (e.g. 

sipunculan and polychaetes) and bivalves (Lithophaga sp.) comprised a lower percentage of 

total carbonate removed with a mean ± SD proportion of 2.8 ± 2.4% and 2.2 ± 3.9% 

respectively. At specific sites (e.g. V6 – V8) where bioerosion was low, such groups had a 

higher relative abundance (Figure 4.5). The presence of worm bioerosion was relatively 

consistent between inner and outer reef zones (inner reef = 3 ± 3%; outer reef = 2.7 ± 2%), 

whereas, bivalve bioerosion was observed in higher proportions at outer reef sites (inner reef = 

3.19 ± 5.1; outer reef = 1.25 ± 2.1%). 

 

 

Figure 4.5 Relative proportion (%) of surface area removed by macroboring functional groups 

(worms, sponges and bivalves) from reef cores at inner and outer reef zones within the l ive coral  

zone and lagoon detrital coral rubble on Transects V1 –  V8. 
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4.3.3 Macroboring community structure within lagoon coral rubble 

Community structure of macroboring organisms within Vabbinfaru lagoon was up to 60% of the 

total sample surface area examined (mean ±SD = 23.8 ± 13.7%). The proportion of carbonate 

material excavated was typically higher than from coral cores within the live coral zone, 

however, the time period at which lagoon sediments have been available for bioerosion was 

also greater. There was significant difference in the proportion of carbonate removal by different 

functional groups (one-way ANOVA: F (2, 357) = 83.1, p = 0.002). Sponges were the dominant 

macroboring group within lagoon rubble (mean ±SD = 18 ± 16.4%). The relative proportion of 

sponge bioerosion was particularly evident on Transects V5 – V8 where it accounted for ~90% 

of all macroborer cavities (Figure 4.5). Excavation of carbonate material by worms and bivalves 

was considerably less with an average (±SD) of 5 ± 7.9% and 0.76 ± 3.9% respectively. Worm 

bioerosion was present on each transect surveyed with the highest relative proportion recorded 

on Transects V2 – V4 and the lowest relative proportion on Transects V6 – V8 (Figure 4.5). 

Bivalve bioerosion was recorded only on some transects with the highest relative abundance of 

bivalve cavities observed on Transect V2. 

4.3.4 Macroboring bioerosion rate within the live coral zone 

Bioerosion rate of total macroborer communities within the live coral zone ranged from 0.007 kg 

m-2 y-1 to 0.174 kg m-2 y-1, with a mean (±SD) rate of 0.051 ± 0.045 kg m-2 y-1 (Figure 4.6). 

Macroborer bioerosion rates (kg m-2 y-1) were applied to all available reef substrates at each site 

to generate an estimate of total mass of carbonate material removed by macroborers (kg y-1) 

(Table 4.2). The sum of these values gives the total mass of bioerosion by macroborers within 

the live coral zone which is estimated at 2360 kg y-1 (Table 4.2). Inner reef sites had higher 

bioerosion rates than outer reef sites (Figure 4.6), although there was no significant difference 

between them (pair-samples t-test: inner reef: mean = 0.063, SD = 0.002; outer reef: mean = 

0.04, SD = 0.001; t (7) = 1.13, p = 0.29). Between transects macroborer bioerosion rates were 

not significantly different (one-way ANOVA: F (7, 8) = 1.36, p = 0.333). Maximum bioerosion 

rates were recorded on Transects V1 and V4 (mean = 0.098 kg m-2 y-1 and 0.104 kg m-2 y-1 

respectively) on the eastern platform, and minimum rates on Transects V6 – V8 (mean = 0.013 

– 0.028 kg m-2 y-1) on the western platform (Figure 4.7A). 
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Figure 4.6 Bioerosion rates of total macroboring communities from coral cores at inner and outer 

reef sites on Transects V1- V8 within the l ive coral  zone.   

Bioerosion rates of each the macroboring functional groups identified varied spatially on 

Vabbinfaru. Sponge bioerosion was the highest of all functional groups observed and occurred 

up to 0.122 kg m-2 y-1 (mean ±SD = 0.028 ± 0.035 kg m-2 y-1). The removal rate of carbonate by 

worms was on average (±SD) 0.0136 ± 0.0139 kg m-2 y-1. Bivalve bioerosion rate was 

significantly less with an average (±SD) of 0.009 ± 0.018 kg m-2 y-1 (maximum = 0.069). 

Although bioerosion rates were different amongst macroborer organisms there was no 

significant difference in the rates observed (one-way ANOVA: F (2, 45) = 2.62, p = 0.083). 

4.3.5 Lagoon bioerosion rate by macroborers  

Bioerosion rates of macroboring communities within detrital coral rubble in Vabbinfaru lagoon 

ranged up to 0.276 kg m-2 y-1, with an average (±SD) rate of 0.109 ± 0.063 from all samples 

analysed. There was a significant variation in the rate of carbonate removal by macroborers 

spatially between transects across the lagoon (Figure 4.7B) (one-way ANOVA: F (7,112) = 

2.483, p = 0.021). Maximum bioerosion rates were observed on transects located within the 

southwest lagoon (V6 and V7), whereas minimum rates were recorded on the southeast lagoon 
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(V4). Average annual rates of macroborer bioerosion within lagoon rubble were almost double 

the average bioerosion rate recorded from reef cores taken from within the live coral zone. 

 

Figure 4.7 Mean (±SD) bioerosion rate (kg m
-2

 y
-1

) by macroboring communities within the l ive 

coral zone and lagoon coral rubble on Transects V1 –V8. 

Bioerosion rates by macroborer functional groups in lagoon rubble were highly variable between 

samples. There was a significant difference in the contribution of bioerosion by each group of 

macroborers (one-way ANOVA: F (2, 357) = 83.18, p = 0.002). Sponges were the greatest 

bioeroders (mean = 0.023 ± 0.036 kg m-2 y-1, maximum = 0.27 kg m-2 y-1) compared with worms 

(mean = 0.023 ± 0.036 kg m-2 y-1, maximum = 0.17 kg m-2 y-1) and bivalves (0.003 ± 0.018 kg m-

2 y-1, maximum = 0.156 kg m-2 y-1). Higher rates of worm and bivalves bioerosion was recorded 

at the northeast platform (Transect V2) and the highest observed rates of sponge bioerosion 

occurred on the western platform (Transects V6 – V8). 

4.3.6 Total platform macroborer bioerosion 

Total macroborer bioerosion (kg m-2 y-1) rates were applied to all substrates available for 

colonisation (dead coral, reef substrate and rubble) to determine the total mass of carbonate 

removal (kg y-1) by macroborers within each eco-geomorphic zone on Vabbinfaru (Table 4.2). 

Total macroborer bioerosion at lagoon and rubble zone within the interior of the platform were 

estimated at 2357 kg y-1 and 3927 kg y-1 respectively. The total mass of carbonate removed 

from within the live coral zone was estimated at 2360 kg y-1. Collectively, the sum of these 

zones represents the total surface area on Vabbinfaru platform surface available for 
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macroboring bioerosion. Therefore, the total mass of macroboring bioerosion on Vabbinfaru is 

estimated at 8644 kg y-1 (Table 4.2).  

Table 4.2 Bioerosion rate (kg m
-2

 y
-1

) and total mass of carbonate material removed (kg y
-1

) by 

macroboring organisms within each eco-geomorphic zone on Vabbinfaru.  

 

4.3.7 Urchin population density, diversity and size structure 

Four urchin species were identified during surveys within the live coral zone (Echinostrephus 

molaris, Diadema setosum, Echinothrix diadema and Echinometra mathaei). E. diadema were 

the most abundant reef-wide and comprised 53% of the total urchin population. This species 

was particularly prevalent at inner reef sites where it was recorded at the majority of locations 

and made up 70% of all recorded urchins within the inner reef zone. E. molaris and D. setosum 

were less abundant (23% and 16% respectively of urchins observed) with E. mathaei 

comprising only 6% of recorded individuals.  

Urchin population densities recorded on Vabbinfaru were low overall (mean ± SD = 0.047 ± 0.05 

individuals m-2). There was no significant difference in urchin densities between transects (one-

way ANOVA: F (7, 8) = 1.57, p = 0.26). Highest densities were recorded at the northeast of the 

live coral zone (V2 = 0.075 ± 0.07 individuals/m2; V3 = 0.138 ± 0.053 individuals/m2) (Figure 

4.8). The remaining sites had very low densities with Transects V5 and V6 (southwest platform) 

recording no urchins within the survey areas (Figure 4.8). Urchin densities in the inner reef zone 

were on average higher than those recorded in the outer reef zone (inner reef = 0.063 ± 0.058 

individuals/m2; outer reef = 0.031 ± 0.060 individuals/m2), however, this variation was not 

significant (paired-samples t-test: t (7) = 1.21, p = 0.264). By applying the observed urchin 

Reef Zone Rugosity (R) Substrate Available (m
2
)*

Live Coral Zone V1 1.9 2156 0.098 463.9

(Short Cores) V2 2.1 2979 0.050 304.0

V3 1.7 3654 0.069 429.4

V4 1.9 2049 0.104 413.1

V5 2.2 1858 0.030 121.2

V6 2.0 3091 0.024 132.5

V7 2.0 8009 0.013 204.7

V8 2.0 5208 0.028 291.5

Eco-geomorphic Live Coral Zone 2 29004 0.052 2360

zones Lagoon 1 21453 0.110 2357

Rubble Zone 1.05 34047 0.110 3927

8644

*  Area derived from the sum of detrital rubble, reef substrated and dead coral cover

** Average macroborer bioerosion rate (kg m
-2

 y
-1

)  from analysis of lagoon detrital rubble

Total Macroboring 

Bioerosion (kg y
-1

)

Total Bioerosion by Macroborers (kg y
-1

)

Average Macroboring Bioerosion 

Rate (kg m
-2

 y
-1

)**
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densities over the planar area of the live coral zone it is estimated a total of 3371 urchins inhabit 

Vabbinfaru reef (Figure 4.8). 

 

Figure 4.8 Mean (± SD) urchin density (individuals/m
2
) at Transects V1 –  V8. Summary of urchin 

abundance, density and size structure on Vabbinfaru reef. 

Urchin density was weakly correlated with reef benthic cover (Figure 4.9). A weak negative 

correlation was observed between urchin density and reef rugosity (r2 = 0.302, p = 0.027, b0 = 

2.04, b1 = -1.54), dead coral (r2 = 0.054, p = 0.054, b0 = 18.5, b1 = -55.5) and live coral cover 

(r2 = 0.197, p = 0.085, b0 = 55.0, b1 = -70.5). A weak positive relationship was observed 

between urchin density and the proportion of detrital rubble sediments (r2 = 0.285, p = 0.033, b0 

= 9.37, b1 = 74.0). 
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Due to low urchin densities, the size structure of the urchin population (based on urchin test 

diameter) on Vabbinfaru reef incorporated all individuals observed in surveys and was not 

specific to each species (Figure 4.8). The urchin population on Vabbinfaru was relatively 

normally distributed. The highest frequency of individuals occurred within the 60 – 80 mm size 

class (47% comprised mostly of E. diadema). A small proportion of individuals measured <40 

mm (14%, mainly E. mathaei and E. molaris). No individuals observed in the surveys had a test 

size >100 mm. Urchins inhabiting the outer reef zone had a normal size distribution with no 

individuals in the 0 – 40 mm and >100 mm size classes (Figure 4.10). Urchins within the inner 

reef zone had a greater proportion of small individuals (0 – 40 mm, ~20%); however, there 

fewer within the 40 – 60 mm size class (~5%). 

 

Figure 4.9  Linear regression of mean urchin density (individuals/m2) with reef benthic substrate 

characteristics at each survey location (A) reef rugosity coefficient (R), (B) rubble cover (%), (C) 

dead coral cover (%), and (D) l ive coral cover (%).   
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Figure 4.10 Size frequency (%) distribution of urchin populations at inner, outer, and all survey 

sites within the l ive coral zone.  

4.3.8 Urchin bioerosion  

Total annual bioerosion by urchins on Vabbinfaru reef was low due the small population of 

urchins that inhabit the reef. Bioerosion by urchins were calculated using urchin test size from 

surveyed individuals coupled with published urchin bioerosion rates for different test sizes 

following the method of Perry et al. (2012). Total annual bioerosion by urchins was estimated at 

4642 kg y-1, equating to an average of 0.12 kg m-2 y-1 within the live coral zone on Vabbinfaru 

(Table 4.3). Maximum urchin bioerosion rate was 0.398 kg m-2 y-1 at the outer reef on Transect 

V3 (eastern platform; Table 4.3). Urchin bioerosion was higher within the inner reef zone (2830 

kg y-1) compared to the outer reef zone (1812 kg y-1), with an average annual bioerosion rate of 

0.083 ± 0.089 kg m-2 y-1 and 0.069 ± 0.138 kg m-2 y-1 at inner and outer reef site respectively 

(Figure 4.11), however, the differences in rates between zones were not statistically significant 

(pair-sample t-test: t (7) = 0.257, p = 0.803). Individuals with larger test sizes (e.g. E. diadema) 
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contributed to a higher proportion of the total reef bioerosion due to their higher rates of 

carbonate ingestion than individuals with smaller test sizes (e.g. E. mathaei).  

Table 4.3 Urchin bioerosion rates (kg m
-2

 y
-1

) and total annual urchin bioerosion (kg y
-1

) at inner 

reef and outer reef sites on Transects V1 –  V8.  

 

 

 

 

Figure 4.11 Mean (±SD) urchin bioerosion rate (kg m
-2

 y
-1

) at Transects V1 –  V8 within the l ive 

coral zone.  

 

Area (m
2
)  Bioerosion Rate (kg m

-2
 y

-1
) Total Bioerosion (kg y

-1
)  Bioerosion Rate (kg m

-2
 y

-1
) Total Bioerosion (kg y

-1
)

V1 3484 0.003 9 0.000 0

V2 4742 0.191 904 0.047 177

V3 3760 0.139 524 0.398 1052

V4 2643 0.138 364 0.000 0

V5 2487 0.000 0 0.000 0

V6 4435 0.000 0 0.000 0

V7 9024 0.003 24 0.110 583

V8 5291 0.190 1004 0.000 0

Total Urchin Bioerosion = 4642 kg y
-1

Inner Reef Zone Outer Reef Zone
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4.3.9 Parrotfish population density, species composition and size structure 

Eight species of parrotfish were observed on Vabbinfaru reef (Table 4.4). The most abundant 

were C. sordidus and S. niger which comprised an average of 56% and 20% of the total 

parrotfish population respectively. Highest densities of C. sordidus were recorded at the 

northwest platform (Transect V7 and V8) (Figure 4.12). In contrast, H. harrid, S. rubroviolaceus 

and S. psittacus were observed at only a few sites in low densities (Table 4.4; Figure 4.12). 

Average (± SD) density of total parrotfish within the live coral zone was 5.25 ± 2.39 

individuals/500 m2. Although parrotfish densities were higher at inner reef zone sites (mean ± 

SD = 6.98 ± 1.82 individuals/500 m2) compared with the outer reef zone (mean ± SD = 4.88 ± 

1.18 individuals/500 m2; Table 4.4) there was no significant difference between the two zones 

(paired-sample t-test: t (7) = 1.98, p = 0.087). Total parrotfish densities between transects (V1 – 

V8) were similar (3.4 – 5.5 individuals/500 m2), with the exception of northwest of the platform 

which recorded higher densities (V7 = 6.4 ± 1.1; V8 = 13 ± 2.6) (one-way ANOVA: F (7, 8) = 

2.94, p = 0.07). 

Parrotfish population density was weakly correlated with reef benthic substrate cover (Figure 

4.13). A weak positive relationship was seen when compared with rubble (r2 = 0.049, p = 0.407, 

b0 = 9.66, b1 = 26.68) and dead coral cover (r2 = 0.050, p = 0.403, b0 = 13.35, b1 = 22.1) 

(Figure 4.13). A weak negative correlation between parrotfish density and live coral cover was 

observed (r2 = 0.234, p = 0.057, b0 = 59.6, b1 = -67.09). There was no correlation between reef 

rugosity (R) and parrotfish density (r2 = 0.004, p = 0.938, b0 = 1.975, b1 = -0.05). 

There was a significant difference in the proportion initial versus terminal phase individuals with 

the total parrotfish population on Vabbinfaru reef (paired-sample t-test: t (15) = 3.81, p = 

0.0016). A higher proportion of initial phase compared to terminal phase individuals were 

observed within the total parrotfish population (terminal = 37%, initial = 63%). Of the most 

abundant parrotfish species (C. strongylocephalus, S. niger, C. sordidus, S. frenatus) initial 

phase individuals were more commonly observed, whereas, in less abundant species (S. 

rubrovioleacus, H. harrid, and S. psittacus) individuals were almost exclusively terminal phase. 

 



 

 
 

Table 4.4 Mean (± SD) densities (individuals/500 m
2
) of parrotfish species at inner reef and outer reef sites within the l ive coral zone.  

 

 

 

 

Reef Zone Parrotfish Species

Inner Reef Chlorurus strongylocephalus 0.01 ± 0.01 0.03 ± 0.02 0.01 ± 0.01 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

(landward) Scaus niger 0.03 ± 0.01 0.03 ± 0.01 0.01 ± 0 0.03 ± 0.01 0.04 ± 0.02 0.02 ± 0.01 0.04 ± 0.01 0.04 ± 0

Chlorurus sordidus 0.05 ± 0.02 0.08 ± 0.02 0.02 ± 0.01 0.05 ± 0.01 0.05 ± 0.02 0.04 ± 0.02 0.07 ± 0.02 0.23 ± 0.07

Scarus frenatus 0.01 ± 0 0.04 ± 0.01 0.01 ± 0 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0 0.03 ± 0.01 0.02 ± 0.01

Scarus rubroviolaceus 0 0 ± 0 0 0 0 0 0 0

Hipposcarus harrid 0 0 0 0 0 0 0 0 ± 0

Scarus psittacus 0 0.01 ± 0 0 0.01 ± 0 0 0 ± 0 0 ± 0 0

Scarus sp. 0.01 ± 0 0 ± 0 0 ± 0 0.06 ± 0.05 0.04 ± 0.02 0 ± 0 0 0 ± 0

0.11 ± 0.02 0.18 ± 0.02 0.04 ± 0.02 0.15 ± 0.07 0.14 ± 0.06 0.07 ± 0.03 0.14 ± 0.02 0.3 ± 0.06

Outer Reef Chlorurus strongylocephalus 0.01 ± 0.01 0 ± 0 0.01 ± 0 0 ± 0 0.01 ± 0.01 0 0.01 ± 0 0

(seaward) Scaus niger 0.02 ± 0.01 0 ± 0 0 0.02 ± 0.01 0.01 ± 0 0.01 ± 0 0.03 ± 0.01 0.04 ± 0.02

Chlorurus sordidus 0.05 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.07 ± 0.02 0.11 ± 0.02

Scarus frenatus 0.01 ± 0.01 0.02 ± 0 0.01 ± 0 0.01 ± 0.01 0.01 ± 0 0.02 ± 0.01 0.01 ± 0 0.01 ± 0

Scarus rubroviolaceus 0 0 0 0 0 ± 0 0 ± 0 0 0

Hipposcarus harrid 0 0 0 0 0 ± 0 0 0 0

Scarus psittacus 0 0 ± 0 0 0.01 ± 0.01 0 ± 0 0 0 0

Scarus sp. 0 0 ± 0 0.08 ± 0.08 0 0.03 ± 0.03 0.01 ± 0 0 ± 0 0.06 ± 0.03

0.08 ± 0.01 0.04 ± 0.01 0.1 ± 0.07 0.06 ± 0.02 0.09 ± 0.03 0.08 ± 0.01 0.12 ± 0.02 0.22 ± 0.04

V7 V8

Total Parrotfish (individuals/m
2
)

Total Parrotfish (individuals/m
2
)

V1 V2 V3 V4 V5 V6
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Figure 4.12 Mean (±SE) density (individuals/m
2
) of common parrotfish species (C. 

strongylocephalus , S. niger , C. sordidus , S. frenatus , S. psittacus , and Scarus sp .) observed on 

Transects V1 –  V8. 

 

Figure 4.13 Linear regression of total parrotfish density (individuals/m
2
) with benthic substrate 

cover (%) (A) reef rugosity (R), (B) l ive coral cover, (C) rubble cover, and (D) dead coral.  
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The size structure of the total parrotfish population at inner and outer reef zones on 

Vabbinfaru is shown in Figure 4.14. Parrotfish within the inner reef zone had a unimodal 

normal size frequency distribution. Only a small amount of variance (as shown by the small 

standard deviation) was associated with the survey data collected from inner reef sites on 

the different transects (V1 – V8). Within the inner reef, the highest frequency of individuals 

was within the 15 – 24 cm size class (40%; Figure 4.14). There was also greater proportion 

of large individuals (>45 cm, 7%) (e.g. C. strongylocephalus). The size frequency distribution 

of parrotfish within the outer reef zone had a higher proportion of moderate sized individuals 

(15 – 34 cm, 58%) and fewer larger individuals (>45 cm, 2%) compared to the inner reef 

zone (Figure 4.14). The total parrotfish population on Vabbinfaru had a major peak in 

parrotfish frequency within the 15 – 24 cm size class (34%). A large proportion of the 

population (25%) fell within the 25 – 34 cm size class. There were also a higher number of 

smaller individuals (5 – 15 cm, 15%). In contrast, larger individuals (>45 cm) were more 

scarce (5%) (Figure 4.14). 

 

Figure 4.14 Size frequency distribution (%) of total parrotfish recorded at (A) the inner reef 

zone, (B) the outer reef zone, and (C) the total popula tion within the l ive coral zone.  
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4.3.10 Parrotfish bite rate and defecation rate 

Feeding rates differed between parrotfish species and life phase within the same species. C. 

sordidus had significantly higher total number of bites during the observations than C. 

strongylocephalus (one-way ANOVA: F (3, 22) = 24.71, p = 0.0007). Initial phase individuals 

had higher feeding rates terminal phase individuals (C. strongylocephalus: initial = 12 ± 2.1, 

terminal 8 ± 0.7 bites/minute; C. sordidus: initial = 19 ± 2.9, terminal = 16 ± 2.8 bites/min). 

Bite rate of different individuals had a weak negative correlation with fish size (r2 = 0.122, p = 

0.00053, b0 = 24.29, b1 = -0.251), where increases in fish size result in a lower number of 

bites per minute (Figure 4.15; Table 4.5). If the bite rates by parrotfishes observed were 

sustained for the duration of daylight hours on Vabbinfaru (estimated at 720 minutes i.e. 

0600 – 1800) this equates to a high total rate of daily bites (C. strongylocephalus: initial = 

8361, terminal = 5508; C. sordidus: initial = 13922, terminal = 11622).  

The defecation rate (defecation events/minute) of parrotfish was similar (one-way ANOVA: F 

(3, 22) = 0.109, p = 0.953) between species and life phase (0.45 events/min; approximately 

1 event every 2 minutes) with the exception of C. strongylocephalus (terminal phase) which 

had a slightly lower number of defecations events during the observation period (0.38 

events/min) (Table 4.5). Total daily defecation events during daylight hours (0600 – 1800) for 

C. strongylocephalus was estimated at 326 events for both initial and terminal phases, and 

for C. sordidus an estimate of 270 and 312 events for initial and terminal phases 

respectively. There was species-specific variation in the proportion of individuals that 

defecated on the reef surface and those that moved to deeper water to defecate. C. 

strongylocephalus showed a similar proportion of on-reef versus off-reef defecation events 

(initial: on-reef = 46%, off-reef = 54; terminal: on-reef = 52%, off-reef = 48; Table 4.5), 

whereas C. sordidus had a much greater proportion of defecation events occur on the reef 

surface (initial = 81%; terminal = 97%) compared to off-reef (initial = 19%; terminal = 3%). 

4.3.11 Daily variations in parrotfish feeding activity 

There was a minor change in feeding intensity between morning (0800 – 1200) and 

afternoon (1400 and 1600) surveys. C. strongylocephalus and C. sordidus both recorded a 

decrease in feeding activity (bite rate) observations; with the exception of the terminal phase 

C. sordidus which showed an increase in feeding intensity by 14.6%. The percentage 

reduction in feeding intensity in the afternoon surveys ranged from 7.1% to 19.2%. Feeding 

activity differed significantly between the two species examined (two-way ANOVA: F (3, 24) 

= 3.00, p = 0.00008), but there was no significant difference between morning and afternoon 

observations (two-way ANOVA: F (1, 24) = 4.25, p = 0.364).  
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Figure 4.15 Linear regression between fish size (cm) of C. sordidus  and C. strongylocephalus 

and (A) bite size (mm
3
) and (B) bite rate (bites/minute).   
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4.3.12  Parrotfish foraging preferences 

Observations of parrotfish feeding preferences showed that exposed reef substrate, dead 

coral and live coral were common substrates grazed. There was significant difference in the 

grazing preferences of the parrotfish species examined (one-way ANOVA: F (2, 87) = 110.7, 

p = 0.000012) Fine filamentous algae growth on exposed reef substrate was the most 

preferred gazing substrate (76%; Figure 4.16) for all parrotfish species and life phases 

examined. In situ dead coral framework was the second most common substrate-type but 

comparatively comprised a much smaller amount of total bites (23%). Very few bites on live 

coral colonies were recorded by the parrotfish species examined (<1% of total bites; Figure 

4.16).  

 

 

Figure 4.16 Mean (±SE) proportion of bites (%) on different benthic substrate types (exposed 

reef substrate, dead coral, l ive coral) by init ial and terminal phase bioeroding parrotfish 

species (C. strongylocephalus  and C. sordidus) (n  = 2255).  

4.3.13 Parrotfish bite volume 

Bite scar volume (mm3) excavated by individuals and was generally a function of fish size. 

There was a significant difference in the bite size between C. strongylocephalus (mean = 

78.8 mm3) and C. sordidus species (mean = 20.5 mm3) (paired-sample t-test: t (26) = -3.63, 



Chapter 4: Bioerosion on Vabbinfaru 
 

99 
 

p = 0.001). Bite volume generally increased with increased fork length; however, there was a 

high degree of variance observed between size classes within individual species (Figure 

4.13). Substrate density and shape (e.g. convex versus concave surfaces) may be a cause 

of such variation. C. strongylocephalus had a maximum bite volume of 243 mm3 and 198 

mm3 for initial and terminal phase individuals respectively, whereas C. sordidus had a 

maximum bite volume of 25 mm3 and 75 mm3 for initial and terminal phase individuals 

respectively. Mean bite volume values are presented in Table 4.5. 

4.3.14 Parrotfish bioerosion 

Reef bioerosion (kg CaCO3 y
-1) by excavating parrotfish species (C. strongylocephalus and 

C. sordidus; Bellwood and Choat 1990) was estimated for each survey location (V1 – V8) 

using site-specific rates of bioerosion for each species alongside data on parrotfish feeding 

behaviour (Table 4.5). Bioerosion by excavating parrotfish species on Vabbinfaru reef is 

estimated at 933,710 kg CaCO3 y
-1. There was a significant difference in the total mass of 

carbonate removed by parrotfish communities between reef sites (one-way ANOVA: F (7, 8) 

= 4.79, p = 0.021). The observed variability was largely controlled by changes in parrotfish 

abundance, species composition and community size structure. Parrotfish bioerosion ranged 

from 3.7 kg m-2 y-1 (outer reef, V3) to 34.4 kg m-2 y-1 (inner reef, V8). Bioerosion rates varied 

between inner and outer reef sites but there was no significant difference between the reef 

zones (paired-sample t-test: t (7) = 1.771), p = 0.119). Highest rates of bioerosion were 

observed on the northwest of the platform (V7 and V8; Figure 4.18), whereas minimum rates 

were at the outer reef site on the eastern platform (V2 – V4). C. strongylocephalus caused 

significantly higher (paired-sample t-test: t (12) = 2.0), p = 0.06) reef bioerosion (initial phase 

= 362 kg CaCO3 y
-1; terminal phase = 175 kg CaCO3 y

-1) compared to C. sordidus (initial 

phase 74 kg CaCO3 y
-1; terminal phase = 158 kg CaCO3 y

-1).  

The total mass (kg CaCO3 y
-1) of eroded carbonate material retained on the platform surface 

and that which is transferred off-reef via defecation by parrotfish (C. strongylocephalus and 

C. sordidus) was calculated. C. strongylocephalus (initial and terminal phases) retained a 

total of 44,775 kg CaCO3 y
-1 and removed 49,477 kg CaCO3 y

-1 through defecation at deeper 

water sites (Table 4.5). C. sordidus retained 398,243 kg CaCO3 y
-1 and exported 441,215 kg 

CaCO3 y
-1 off-reef. 
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Table 4.5 Feeding characteristics and reef bioerosion (kg CaCO3 y
-1

) by init ial and terminal 

phase C. strongylocephalus  and C. sordidus  parrotfish species.  

 

 

 

Figure 4.17 Spatial distribution of urchin and parrotfish bioerosion (kg m
-2

 y
-1

) at inner and 

outer reef zone sites within the l ive coral zone on Transects V1 –  V8. 

Life Phase

n

Mean Size (cm) 45 ± 6.2 51 ± 9.5 23 ± 2.7 28 ± 3.3

Bite Rate (bites/min) 12 ± 2.1 8 ± 0.7 19 ± 2.9 16 ± 2.8

Mean Bite Volume (cm
3
) 0.082 ± 0.091 0.060 ± 0.058 0.010 ± 0.008 0.026 ± 0.018

Defecation Rate (events/min) 0.45 ± 0.3 0.45 ± 0.4 0.38 ± 0.2 0.43 ± 0.3

% ON 

% OFF

Mean Bioerosion Rate (cm
-3 

individual
 
h

-1
)

Mean Bioerosion Rate (g individual h
-1

)

Mean Bioerosion Rate (kg individual y
-1

)

Mean Bioerosion Rate (kg m
-2

 y
-1

)

Total Reef Bioerosion (kg y
-1

)

Total ON-reef (kg  y
-1

)

Total OFF-reef (kg y
-1

)

Total Parrotfish Bioerosion  = 933710 kg y
-1

0.98 0.33 8.89 2.81

637925
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344480

201533
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16
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18

81
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17
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18
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3

25

36
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4.3.15 Total carbonate bioerosion on Vabbinfaru 

There was a significant difference in the bioerosion rates between functional groups of 

bioeroding organisms (microborers, macroborers, urchins and parrotfish) on Vabbinfaru reef 

(one-way ANOVA: F (3, 28) = 22.96, p = 0.00001). Reef bioerosion by excavating parrotfish 

species was the greatest bioerosion mechanism accounting for >99% of total reef bioerosion 

at most sites (Figure 4.18; Table 4.6). Macorborer and urchin bioerosion was comparatively 

less important in terms of the total mass of calcium carbonate removed annually; however, 

such organisms still removed notable quantities of calcium carbonate and are important in 

the production of detrital sediment by increasing the susceptibility of reef material to 

mechanical damage. Spatial variation in total reef bioerosion of all bioeroding agents 

mirrored trends observed in parrotfish bioerosion because of their high relative contribution 

to reef erosion (Figure 4.18). 

 

Figure 4.18 Mean (±SD) bioerosion rate (kg m
-2

 y
-1

) by key grazing (parrotfish and urchin) and 

boring (macroborers) organisms on Vabbinfaru. Total bioerosion by all bioeroding organisms at 

each site is shown.  
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The total mass of carbonate bioerosion by all bioeroding organisms within specific eco-

geomorphic zones is presented in Table 4.6. There was high variation in the amount of 

annual carbonate removal between platform zones. The live coral zone had the greatest 

quantity of bioerosion which was estimated at 943,712 kg y-1. Lagoon and rubble deposit 

platform areas had much lesser quantities of bioerosion with an estimated 4251 kg CaCO3 y
-

1 and 5064 kg CaCO3 y
-1 removed by bioeroding organisms respectively. The sum of these 

values represents the total mass of calcium carbonate eroded by organisms for the entire 

Vabbinfaru platform, which is estimated at 953,027 kg CaCO3 y
-1 (Table 4.6). 

Table 4.6 Summary of substrate characteristics, bioerosion rates (kg m
-2

 y
-1

) and total  

quantit ies of bioerosion (kg y
-1

) by key bioeroding functional groups within each eco-

geomorphic zone on Vabbinfaru.  

 

4.4 Discussion 

Destructive processes on reefs breakdown and degrade the primary reef framework through 

biological and physical processes. Following the death of coral assemblages, carbonate 

surfaces become exposed and provide substrate for the colonisation of endolithic organisms 

(e.g. microborers and macroborers) and a grazing surface for external bioeroding agents 

Live Coral Zone Rubble Zone Lagoon Total

Mean depth (m BMSL) 1.19 1.25 1.17

Mean rugosity coeffcient (R) 1.97 1.05 1.00

Area (m
2
) 71736 78597 125073 275406

Mean Bioerosion Rate:

Microboring (kg m
-2

 y
-1

) 0.053 0.053 0.053

Macroboring (kg m
-2

 y
-1

) 0.052 0.11 0.11

Parrotfish grazing (kg m
-2

 y
-1

) 11.75 - -

Urchin grazing (kg m
-2

 y
-1

) 0.076 - -

Total mean bioerosion rate (kg m
-2

 y
-1

): 11.9 0.163 0.163

Total Bioerosion:

Microboring (kg y
-1

) 2999 1137 1895 6030

Macroboring (kg y
-1

) 2360 3927 2357 8644

Parrotfish grazing (kg y
-1

) 933710 - - 933710

Urchin grazing (kg y
-1

) 4642 - - 4642

Total zone bioerosion (kg y
-1

): 943712 5064 4251

Total Reef Bioerosion (kg CaCO3 y
-1

) 953027
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(e.g. parrotfish and urchins). Such taphonomic processes further increase the susceptibility 

of the reef structure to damage by reducing its resistance to hydrodynamic forces (Glynn 

1997). Detrital sediment is produced as a by-product of reef erosion and is an important 

source of building material for reef accretion and the development of sedimentary deposits 

(e.g. reef islands). Substantial quantities of carbonate material are removed from reefs 

through biologically-mediated processes. Bioerosion on reefs largely controls the 

preservation of coral colonies within the geological record, the geomorphic development of 

the reef structure, and production rate and physical properties of reef-derived sediment 

(Perry 1998). On reefs where bioerosion processes are significantly greater than the 

accretion by calcareous reef organisms (e.g. scleractinian corals), net reef accretion will not 

occur. 

Estimates of reef biological erosion are scarce when compared to studies examining growth 

and calcification of reef organisms. This study presents the first dataset of bioerosion rates 

of macroboring and parrotfish communities on Maldivian and central Indian Ocean reefs. 

Findings show that an estimated 953,027 kg CaCO3 is eroded from the reef framework 

annually. The majority of reef erosion (>99%) was by two excavating parrotfish species (C. 

strongylocephalus and C. sordidus). Variations in the abundance and community structure of 

bioeroding agents (both internal and external) and the substrate available for bioerosion at a 

sub-reef level, drive spatial differences in bioerosion intensity between reef areas which can 

lead to spatial variability in rates of sediment production and reef accretion. 

4.4.1 Microboring bioerosion 

Microboring bioerosion (based on estimates by Chazottes et al. 2002) contributed a small 

amount of the total mass of carbonate removed from Vabbinfaru (6030 kg CaCO3 y
-1). Fine 

sediment produced by microborers (silt-sized) is either exported off-reef in solution or not 

retained on the reef platform. This sediment is quantitatively unimportant to reef and island 

sediment reservoirs. The mean proportion of fine material in reef and island sediments was 

2.5% and 1.7% respectively. Fine material comprised an average of 6% of reef slope 

sediment and 10% of sediments on the atoll basin floor (39 m BMSL) providing evidence of 

off-reef export of fine material from Vabbinfaru reef (see Chapter 5). Fine sediments that are 

retained on the reef may be trapped in burrows and can facilitate cementation of the reef 

substrate and become important components for net reef accretion by binding coarser 

sediment (Perry and Hepburn 2008). 
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4.4.2 Macroboring bioerosion 

Lower rates of macroborer bioerosion were observed in reef areas with higher wave 

exposure (e.g. southwest platform) and vice versa. Existing studies have shown increases in 

macroborer bioerosion intensity towards seaward margins of reefs (Perry 1998) and along 

depth gradients (Kobluk and Kozelj 1985; Tribollet and Golubic 2005) with maximum 

infestation occurring on the reef slope (MacGeachy and Stearn 1976; Bromley 1978; Rice 

and Macintyre 1982; Highsmith et al. 1983; Kiene and Hutchings 1994; Perry 1998). There is 

little or no information available on the direct role of reef hydrodynamics on boring 

organisms. Coral morphotype (of the boring substrate) can influence boring bioerosion 

intensity as some corals are more resistant to bioerosion as a function of their skeletal 

properties (Perry 1998). As spatial variations in platform hydrodynamics have been shown to 

directly influence coral growth and skeletal density (Chappell 1980), boring intensity may 

vary as a consequence of the different substrates available for colonisation (i.e. energetic 

reef area comprise coral colonies with dense skeletal structure that are more resistant to 

bioerosion). Spatial variability in grazing activity is also known to drive differences in 

bioerosion intensity at a sub-reef level as removal of the reef surface through scraping or 

excavating of the reef surface creates more available surface for macroborer colonisation 

(Kiene and Hutchings 1994).  

Detrital coral branches within the lagoon recorded higher rates of bioerosion intensity than 

cores collected from the live coral zone on Vabbinfaru (0.109 kg m-2 y-1 and 0.051 kg m-2 y-1 

respectively). As different methodologies were used in the analysis of each substrate results 

are not directly comparable but provide an indicator of patterns in bioerosion rate at a sub-

reef level. Higher concentrations of suspended organic matter favour the growth of endolithic 

suspension feeders within carbonate substrates (Sammarco and Risk 1990). The greater 

residence time of lagoon water may allow boring organisms greater access to organic matter 

causes higher growth and bioerosion intensity; however, commonly such differences occur 

over large spatial scales and therefore may be unlikely at Vabbinfaru. Rates of macroborer 

bioerosion are within the range of values reported for other reef-building provinces (Table 

4.7) 

Macroborer community structure on Vabbinfaru was comprised on average of sponge 

(41.5%), worm (33%) and bivalve (25%) functional groups. Such relative proportions of 

macroboring organisms are within the range of values report for other reef provinces. Perry 

(1998) showed that sediments within a Jamaican reef were comprised predominately 

sponge cavities (80%) with lesser contribution of worms (15%) and bivalves (2.5%). The 

same suite of macroboring organisms were recorded in both core samples from the live coral 
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zone and coral rubble from the lagoon showing although there were similarities in the 

community structure of macroboring populations, bioerosion intensity varied. 

 Table 4.7 Rates of internal bioerosion (kg CaCO 3 m
-2

 y
-1

) by boring organisms reported for 

other reef-building provinces.   

 

4.4.3 Urchin grazing 

Grazing by reef organisms is a major process of reef degradation as organisms actively 

excavate carbonate substrates whilst feeding on filamentous algal growth (Ogden and Lobel 

1978; Bellwood and Choat 1990). Within many reef environments, particularly heavily 

degraded reefs and those under high anthropogenic pressures (e.g. nutrient enrichments, 

high sedimentation, and high macroalgal cover), urchin species occur in large densities (e.g. 

14.1 m2; Bak 1990). Mean urchin densities at Vabbinfaru were very low (0.047 individuals m-

2) which is generally associated with healthy fish populations which feed on juvenile urchins 

reducing population densities (McClanahan and Shafir 1990). Such low densities and 

bioerosion rates by urchins are likely a reflection of the ecological state of Vabbinfaru 

platform (high coral cover and abundant and diverse fish communities) which in part may be 

due to its geographic isolation and low anthropogenic pressures. 

4.4.4 Parrotfish bioerosion 

Findings from this study on the abundance, foraging behaviour and bioerosion rates of 

excavating parrotfish species are the first quantitative estimates of parrotfish ecology for a 

Maldivian or central Indian Ocean reef. Such datasets are typically confined to the Great 

Barrier Reef or Caribbean reefs where parrotfish communities differ. Results therefore 

represent a significant regional dataset and allow for the comparison with bioerosion rates 

reported for other reef-building provinces. This study focused on two main excavating 

parrotfish species, C. sordidus and C. strongylocephalus. The total mass of carbonate 

Reef Province Location

Microboring Rate 

(kg CaCO3 m
-2

 y
-1

)

Macroboring Rate 

(kg CaCO3 m
-2

 y
-1

) Substrate Type Reef Type Reference

Caribbean Jamaica <0.1 Natural dead corals Fringing reef Mallela and Perry (2007)

Bellairs Reef, Barbados 0.10 - 0.48 Natural dead corals Fringing reef Scoffin et al. (1980)

Indo-Pacific Moorea, French Polynesia 0.2 0 - 1 Porites lobata  blocks Patch reef Chazottes et al. (1995)

French Polynesia 0.12 Porites lutea  blocks Fringing reef, lagoon Pari et al. (1998)

Great Barrier Reef 0.23 - 5.12 0 -2 Porites blocks Inshore - offshore reefs Tribollet and Golubic (2005)

Reuninon Island 0.04 - 0.07 0.006 - 0.03 Porites lobata  blocks Fringing reef Chazottes et al. (2002)

Java Sea, Indonesia 0.89 - 10.08 Porites lobata colonies Platform reefs Edinger et al. (2000)

Lizard Island, Great Barrier Reef 0.07 - 0.35 Porites  blocks Fringing reef Kiene and Hutchings (1994)

Various Reefs, Great Barrier Reef 0.15 - 1.07 Porties  blocks Fringing reef Osorno et al. (2005)

Kailua Bay, Hawaii 0.10 - 1.15 Reef substrate cores Fringing reef Harney and Fletcher (2003)

Vabbinfaru, Maldives 0.053* 0.052 Coral cores and rubble Platform reef This study

* Based on estimates generated from Chazottes et al. (2002) for the western Indian Ocean
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bioerosion by parrotfishes relies on a combination of factors including abundance, bite 

volume (as a function of body size) and feeding rate.  

In some reef settings, parrotfish species that produce small bite scars may have greater 

bioerosion potential than individuals that produce larger bite scars if found in higher 

abundances. Within the Red Sea, Alwany et al. (2009) recorded higher total bioerosion by a 

parrotfish species with a smaller biomass (S. ghobban) than those with a larger biomass and 

greater bite volume as it was found in higher densities within sites. A similar trend is 

observed on Vabbinfaru where C. sordidus, the smaller of the two excavating species 

examined, were more abundant and in turn generated a higher rate of bioerosion than C. 

strongylocephalus which had a greater bite scar volume but were relatively less abundant. 

Total parrotfish densities on Vabbinfaru were at the upper limit of data reported for reefs in 

other reef provinces, however, the reefs examined in existing studies were likely more 

impacted and densities may have been lower as a result. Parrotfish density did not correlate 

with fish size as parrotfish are non-territorial. Excavating parrotfish species (as defined by 

Bellwood and Choat 1990) were the dominant bioerosion agent on Vabbinfaru. Parrotfishes 

have been similarly documented as a main bioeroding organism for reef on the Great Barrier 

Reef (Bellwood 1986; Hutchings 1986; Kiene and Hutchings 1994), the South Pacific 

(Chazottes et al. 1995), and the Red Sea (Alwany et al. 2009). Within the Indo-Pacific, 16 

species of excavating parrotfish have been identified (Bellwood 1995; Bruggeman et al. 

1996). These species are commonly associated with high rates of bioerosion that can often 

equal or exceed carbonate production by corals. In contrast, Caribbean reefs have only one 

main bioeroding parrotfish species (Sparisoma viride) and total bioerosion by parrotfishes 

within this region are often lower than other bioerosion agents (e.g. macroborers, urchins, 

etc.) (Bellwood 1995). 

Bioerosion rates by parrotfish on Vabbinfaru reef removed on average 11.75 kg CaCO3 m
-2 

y-1. This rate is at the upper range of data reported for other reef provinces (Table 4.8). 

Bellwood (1995) provided a summary of parrotfish bioerosion data based on geographic 

location and showed maximum rates of Caribbean parrotfish (0.381 kg m-2 y-1) were lower 

compared to those in the Indo-Pacific (0.925 – 5.576 kg m-2 y-1). In Barbados, parrotfish 

bioerosion was low ranging between 0.68 – 1.68 kg m-2 y-1 (Frydl and Stearn 1978), 

whereas, on the Great Barrier Reef a cross-shelf gradient in bioerosion intensity was 

observed (inner shelf: 0.9 – 3.89 kg m-2 y-1; mid-shelf: 5.2 – 8.4 kg m-2 y-1; outer shelf: 32.3 

kg m-2 y-1; Hoey and Bellwood 2008). Bioerosion rates of the same species can vary 

regionally but typically remain within the same range of values (Alwany et al. 2009). 
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Table 4.8 Existing rates of parrotfish bioerosion (g individual d
-1

) reported for other reef 

provinces. 

 

4.4.5 Regional variations in reef bioerosion rate  

The total mass of carbonate material removed from Vabbinfaru platform through biological 

erosion was estimated at 953,027 kg CaCO3 y-1. The live coral zone accounted for the 

majority of bioerosion. Within this zone average bioerosion (by all bioerosion agents) was 

estimated at 11.931 kg m-2 y-1. This is consistent with rates reported other Indo-Pacific reef 

environments. Chazottes et al. (1995) estimated total reef bioerosion on Moorea, French 

Polynesia at between 11 – 15 kg CaCO3 m
-2 y-1. A larger range of values were reported for 

reefs on the Great Barrier Reef (2 – 11 kg CaCO3 m
-2 y-1; Tribollet and Golubic 2005) and 

Reunion Island in the western Indian Ocean (0 – 16 kg CaCO3 m-2 y-1; Chazottes et al. 

2002). Similarities in the rates from Vabbinfaru reef with other reef environments gives 

confidence to the final estimate generated. Findings also provide a valuable dataset within 

an area where previously no information of reef bioerosion was available. Despite the lack of 

a comprehensive spatial dataset and widespread distribution of field locations within the 

Indo-Pacific, existing reef bioerosion rates reported are similar. 

4.4.6 Geomorphic implications of bioerosion on reef and landform development  

Detrital sediment is produced as a by-product of biological erosion on reefs. The mechanism 

of reef destruction by various bioeroding agents dictate the physical properties of the 

sediments and increase the susceptibility of reef framework to further damage (Glynn 1997). 

The grade of sediment produced as a result of bioerosion influences local sedimentary 

environments and has implications for reef geomorphic development and that of sedimentary 

landforms (e.g. reef islands). Although densities of urchins on Vabbinfaru reef were low, the 

sediment grains produced by urchins (as faecal pellets) had a similar grain size distribution 

as the island sediment reservoir and are therefore a potential source of reef building material 

(Figure 4.19). Urchin faecal grains ranged between -2ϕ (gravel) and 8ϕ (silt), with the 

Location Parrotfish Species

Bioerosion Rate 

(g individual d
-1

) Reef Type Reference

Red Sea Chlorurus sordidus 117.6 Outer shelf Alwany et al. (2009)

Red Sea Chlorurus gibbus 806.4 Outer shelf Alwany et al. (2009)

Lizard Island, Great Barrier Reef Chlorurus sordidus 64.6 Fringing reef Bellwood (1995)

Lizard Island, Great Barrier Reef Chlorurus gibbus 2788.1 Fringing reef Bellwood (1995)

Reunion Island, Indian Ocean Chlorurus sordidus 4.8 Fringing reef Peyrot-Clausade et al. (2000)

Moorea, French Polynesia Chlorurus sordidus 30.8 Fringing reef Peyrot-Clausade et al. (2000)

Vabbinfaru, Maldives Chlorurus sordidus  (initial phase) 207 Platform reef This study

Vabbinfaru, Maldives Chlorurus sordidus  (terminal phase) 432 Platform reef This study

Vabbinfaru, Maldives Chlorurus strongylocephalus  (initial phase) 985 Platform reef This study

Vabbinfaru, Maldives Chlorurus strongylocephalus  (terminal phase) 484 Platform reef This study
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majority as coarse sand (-1ϕ to 4ϕ) (Figure 4.19). Silt material is likely to be suspended in 

solution and transport off-reef or incorporated into the reef edifice, however, coarser grains 

may be preferentially selected by platform surface currents and incorporated into island 

sediments. 

 

Figure 4.19 Grain size distribution (ϕ) and grain summary statistics of E. diadema faecal pellets 

(n  = 4) collected from Vabbinfaru.   

Parrotfish produce a significant quantity of detrital sediment through the grazing and 

subsequent defecation of carbonate substrates. Sediment production by parrotfish is a major 

source of material to Vabbinfaru reef and island sedimentary environments. Furthermore, the 

time-scales at which parrotfish break down reef framework into sand-sized grains are 

considerably shorter than those of physical processes (e.g. abrasion of coral rubble) (Ford 

and Kench 2011). The grain size distribution of parrotfish sediment ranges between 7ϕ (silt) 

and -2 (gravel) with a mean grain size of 0.6ϕ (coarse sand, moderately sorted) and is of a 
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suitable grade for island construction. Not all sediment produced by parrotfish is retained on 

the reef. Parrotfish are effective at transferring sediment between sub-reef environments and 

exporting sediment off-reef (Bellwood 1995; Goatley and Bellwood 2010). At Vabbinfaru, 

approximately 40% (180,694 kg CaCO3 y-1) of sediment was removed from the platform 

through off-reef defecation events. This mass of material is a loss to the reef sediment 

budget. Within a geomorphic context, the foraging and defecation behaviour of parrotfish 

communities can have a large influence on the mass of reef-derived sediment available for 

the development of sedimentary landforms (e.g. reef islands). This highlights a strong 

ecological-sedimentological linkage between reef organisms and the reef geomorphology at 

Vabbinfaru. Similar relationships have been commented on within Caribbean reefs where 

overfishing of local parrotfish stocks has created concern for the future stability of reef 

islands due to decreases in sediment supply by parrotfish, however, as parrotfish bioerosion 

is controlled by only one main parrotfish species the geomorphic consequences of 

diminished fish stocks are likely less severe than if a similar event was to occur within the 

Indo-Pacific. 
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5 SEDIMENTOLOGY OF VABBINFARU 

5.1 Introduction 

Coral reefs are sedimentary structures that consist of a living veneer of calcium carbonate 

producing organisms that are capable of producing large quantities of detrital sediment. Over 

half of the material contained within reef complexes is made up of detrital carbonate 

sediment (Scoffin et al. 1980). Reef-derived sediments are comprised wholly of calcareous 

skeletal material derived from adjacent reef ecological communities. Sediment assemblages 

are derived directly from the post-mortem remains of reef dwellers (e.g. foraminifera and 

gastropods), or as a by-product of the mechanical or biological erosion of primary and 

secondary reef framework (e.g. scleractinian corals and encrusting reef organisms). The 

mineralogy of reef sediments are determined by that of the source organism and are 

typically dominated by aragonite (scleractinian corals) and high-magnesium calcite 

(calcareous algae) (Loya 1976; Scoffin 1992). The production and distribution of reef-derived 

sediment has important implications for reef sedimentary environments and reef geomorphic 

development as sediments (1) are incorporated into the internal structure of reef complexes 

contributing to net reef accretion (Hubbard 1986; Perry and Hepburn 2008), (2) influence the 

growth and distribution of reef organisms (Rogers 1990; Hodgson 1900), and (3) supply 

material for the development and maintenance of sedimentary deposits (e.g. reef islands) 

(Yamano et al. 2000; Woodroffe et al 2007; Perry et al. 2011). 

Reef ecological communities are major ‘biological factories’ of carbonate sediment. Spatial 

and temporal variations in the distribution and community composition of contemporary reefs 

can alter sediment production regimes and influence sediment texture and constituent 

composition. On reefs, biological carbonate production does not equate to sediment 

production, a suite of physical, biological and chemical taphonomic processes must occur to 

convert reef carbonate to sediment (Bellwood 1995; Glynn 1997; Tribollet and Golubic 

2011). Incident wave energy can induce mechanical damage of reef substrate by increasing 

the stress on coral colonies or by moving pre-existing rubble and sediments. Such large-

scale destruction by physical processes has been well-documented on Hawaiian, Pacific and 

Caribbean reefs (Maragos et al. 1973; Woodley et al. 1981; Edmunds and Witman 1991; 

Fenner 1991). Bioeroding organisms also actively erode the reef framework and make it 

more susceptible to breakage by physical processes (Scoffin 1992). The main mechanisms 

of bioerosion include (1) grazers (e.g. parrotfish and urchins), (2) macroborer (e.g. sponges, 
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molluscs), and (3) microborers (e.g. algae, fungi) (see Chapter 4). Bioerosion can produce 

comparatively greater quantities of detrital sediment (and of a finer grade) over much shorter 

time-scales than through the mechanical breakdown by physical processes (Ford and Kench 

2011). 

Sediment texture on reefs is therefore controlled by the combined influence of the 

morphology and skeletal properties of a variety of source organisms, their production rate, 

and the mechanisms of erosion. Once sediment is released from the reef framework the 

grains also undergo a number of taphonomic alterations. The response of sediments to such 

processes is largely dictated by their internal skeletal structure (micro-architecture), an 

occurrence known as the Sorby Principle (Sorby 1879). Each calcareous reef taxa has a 

characteristic mode of decay (as well as the properties of the sediment produced as a by-

product) based on its skeletal durability. For example, foraminifera are largely resistant to 

breakdown due to their small size, compact shape and skeletal density (Ford and Kench 

2011). In contrast, Halimeda (a calcareous green algae) breakdown quickly to produce both 

coarse and fine material as the segmented plates disarticulate and detach, then as the 

plates fragments abrade to produce sand and silt-sized needles (Scoffin 1992). Bioclastic 

sediment assemblages as a result comprise a heterogeneous mix of sediment grains that 

vary significantly in size, shape and density, giving each grain an individual set of hydraulic 

properties. 

The physical properties of sediment grains are an important characteristic within biogenic 

sedimentary environments as the relationship between sediment texture and hydrodynamic 

behaviour is more complex than coastal environments containing clastic sediments. On 

reefs, species-specific mechanisms of growth and calcification between sediment producers 

cause variations in the sediment properties affecting the settling behaviour of each grain. 

Sediments of a similar physical size may behave differently hydraulically based on their 

shape and skeletal density. Sediment resembling blocks and spheres (e.g. coral fragments 

and foraminifera) take direct paths through the water column and as a result have faster 

settling velocities (Kench and McLean 1996). Conversely, thin plates, discs and rods (e.g. 

Halimeda, echinoderm spines, shell fragments), oscillate and spin through the water column 

and take longer to settle (Kench and McLean 1996). Therefore, some grains are more 

suitable to transportation than others based on their hydrodynamic behaviour and 

irrespective of physical size (Braithwaite 1973; Kench and McLean 1997). The settling 

velocity of sediment grains (rather than physical size) is therefore a more appropriate 

measure of hydraulic behaviour. Kench and McLean (1997) provided a detailed comparison 

of sieving and settling techniques within a bioclastic reef setting and showed that sieving 

caused an overestimation of the entrainment velocities required to transport sediments.  
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Patterns of sediment distribution on reefs are typically a function of the sediment hydraulic 

properties and reef hydrodynamics. Cross-reef gradients in incident wave energy (and 

sediment transport capacity) promote the dispersal of sediment landward from the reef edge, 

however, as biogenic sediments are produced in situ or close to their site of production, 

sedimentary environments are commonly poorly sorted and contain a broad range of 

sediment textures and constituents which may not directly exhibit energy-size gradients 

observed in other coastal environments (Kench and McLean 1996; Kench 1997). Sediment 

assemblages may comprise (1) immature sediments, which represent death assemblages of 

organisms that are produced in situ and still resemble their source organism (Maiklem 1968), 

(2) mature sediments, which have been transported from one reef zone to another and 

deposited under an energy equilibrium (highest degree of sorting and abrasion), and (3) lag 

deposits, which are sediments transported under storm conditions and are too large to 

remobilise under normal conditions. Reef environments characterised by high-energy 

physical processes or high in situ production exhibit coarse sediments (e.g. reef crest), 

compared to low-energy settings with low sediment production rates that contain finer 

sediments (e.g. lagoons). 

There are a numerous studies on reef sedimentation within tropical environments for reefs in 

the Caribbean (Jordan 1973; Morelock et al. 1983; Gischler 1994; Brooks et al. 2007), Great 

Barrier Reef (Orme et al. 1978; McLean and Stoddart 1978; Flood and Scoffin 1978; 

Yamano et al. 2000), and the Indo-Pacific (Masse et al. 1989; Smithers 1994; Hewins and 

Perry 2006; Gischler 2006; Bothner et al. 2006; Ikeda et al. 2006). Several atoll-scale 

investigations have been conducted within the Maldives, with the majority providing only 

general and qualitative accounts of sediment composition (Gardiner and Murray 1906; 

Ciarapica and Passeri 1993; Bianchi et al. 1997). Such studies have showed sediments are 

dominated by coral, crustose coralline algae, foraminifera, molluscs and echinoderm skeletal 

grains. Gischler (2006) provided the first systematic study of composition, texture and 

distribution of modern atoll-basin sediments in Rasdhoo and Ari Atolls, Maldives. He 

confirmed the predominance of skeletal grains identified in earlier examinations and showed 

reef islands sediments were comprised primarily of coral grains, whereas atoll interior 

lagoons consisted mainly of mollusc fragments and foraminifera. Within the Maldives, there 

have been no fine-scale quantitative examinations of the distribution of sediment texture and 

constituent composition within an individual reef platform  

The aim of this chapter is to provide a detailed and quantitative description of sedimentary 

environments on Vabbinfaru. Spatial variations in sediment texture and constituent 

composition are described to provide a context in which to examine linkages between 

contemporary reef communities and platform sediment assemblages. It also aims to 
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determine the grade of sediment suitable for reef island construction and maintenance. More 

specific objectives include: 

 Provide a description of sediment texture and constituent composition of reef 

sediments 

 Determine the grade of sediment (texture and constituent composition) favoured for 

reef island construction 

 Establish the physical properties of sediment assemblages within each of the 

platform eco-geomorphic zones 

 Investigate the role of platform hydrodynamics and contemporary live reef 

communities on the Vabbinfaru sediment reservoir 

This chapter begins by providing an account of the experimental design, sample collection 

strategies and methodologies associated with the preparation and analysis of reef and island 

sediments for textural and compositional analysis. Results are then presented showing the 

distribution of sediment physical properties. The main sediment constituents on Vabbinfaru 

are identified and the key sedimentary environments are established. Findings are discussed 

in terms of the main mechanisms driving the distribution of sediments and the ecological-

sedimentary linkages between reef communities and the sediment reservoir on Vabbinfaru. 

Finally, results are compared to existing sedimentation data reported from other reef 

environments.   

5.2 Methodology 

5.2.1 Field sampling procedure 

Surficial sediment samples (approximately upper 10 cm) were collected by hand along eight 

radial transects (V1 – V8) established along major compass bearings initiating at the edge of 

island vegetation and terminating on the fore-reef slope at approximately 3 – 4 m depth 

below mean sea level (BMSL) (see Chapter 2). Sampling stations were then established at 

regular intervals along each transect with the distance between stations determined by reef 

platform morphology. Narrow sections of reef (Transects V1 – V6) were sampled at 20 m 

intervals and wider reef sections (Transect V7 and V8) at 40 m intervals. Island samples 

were also collected from the toe of beach and mid-beach (half way between the beach toe 

and the beach ridge). Sediments on the reef slope were collected at approximately 4 m 

BMSL. A total of 61 reef, 16 island and 8 reef slope samples were collected for Vabbinfaru 

(85 samples in total). Sediment samples were treated with a dilute solution (10%) of sodium 

hypochlorite (NaClO) to remove organic material. Sodium hypochlorite solution has been 
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shown to have no effect on the morphology of individual grains (Gaffey and Bronnimann 

1993). Sediments were then rinsed with freshwater and dried in a drying oven at 70°C for 24 

hours before analysis. 

5.2.2 Laboratory procedure  

The general laboratory procedure for the analysis of sediment samples is described in 

Figure 5.1. Once sediments were clean and dry, the aggregate weight of sediments was 

recorded using digital scales. Samples were then placed to soak in a 10% solution of sodium 

hexametaphosphate (Calgon) for 24 hours before being wet-sieved through a 4 ϕ (63 

microns) and -1 ϕ (200 microns) sieve stack to isolate gravel, sand and fine fractions. 

Sediments retained between -1 ϕ and 4 ϕ sieves and those <-1ϕ were removed separately, 

re-dried and re-weighed. Fine material (>4 ϕ) was not collected and was calculated as the 

percentage of weight loss between the initial aggregate sample weight and the post-wet wet-

sieve weight. The sand fraction for each sample was split into two representative 15 g sub-

samples using a riffle splitter. These samples were used for texture and constituent 

composition analysis. 

5.2.3 Sediment textural analysis 

Sediment texture of the sand fraction (-1ϕ to 4ϕ) was measured using sedimentation 

techniques (Braithwaite 1973; Kench and McLean 1997). Settling of sand sized material was 

selected over sieving because it more accurately assesses the hydrodynamic properties of 

grains as it accounts for the heterogeneity of size, shape, and bulk skeletal densities in 

carbonate sediments. Sieving has been shown to distort the interpretation of the 

hydrodynamic forces during transportation and deposition within bioclastic environments by 

assuming uniformity between grains (Kench and McLean, 1997). A 15 g sediment sub-

sample was settled through Rapid Sediment Analyser with a 1.7 m settling tube and a time-

series of weight accumulation on a balance plate was recorded. Results were converted to 

an equivalent grain-size distribution using the equations of Gibbs et al. (1971) by applying a 

density of 1.85 g cm-3. Summary statistics of sediment textural characteristics were 

calculated using the moment method of analysis.  

The bulk gravel fraction (< -1ϕ) was first weighed, then sieved through a -4ϕ (1600 microns) 

to -1ϕ (200 microns) sieve stack at 0.5ϕ intervals as clasts were too large to settle and 

therefore sieving was used as an alternative. Sediment retained in each size class was 

weighed and a summary of sediment textural properties were generated using the Folk and 

Ward graphical methods in GRADISTAT (Blott and Pye 2001). The grain size distribution of 
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gravel fraction was coupled with the grain size distribution generated for the sand fraction to 

determine the texture of each aggregate sample. 

 

 

Figure 5.1 Laboratory preparation and analysis procedure of reef, beach and island sediment 

samples collected from Vabbinfaru. 
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5.2.4 Sediment constituent composition 

A 15 g sediment sub-sample was used to examine the constituent composition reef and 

beach sediments. Sediment was sieved through a -1ϕ to 4ϕ sieve stack at 1ϕ intervals. 

Skeletal grains retained in each size class were weighed and 100 grains were identified 

under a binocular microscope and grouped into the following categories: coral, crustose 

coralline algae (CCA), Halimeda, mollusc, foraminifera, echinoderm, other, and 

unidentifiable (Scoffin 1986). The proportion of each constituent within each size fraction 

was calculated, and the relative proportion of each group in the total sample was calculated 

based on the weight of each fraction relative to the total sample weight. 

5.2.5 Island sub-surface sedimentology 

Four manual sediment cores were taken at northern, eastern, western (approximately 15 m 

from the edge of vegetation cover) and central locations on Vabbinfaru Island using a sand 

auger. A southern core was attempted but the site had been visibly altered by development 

and was therefore not included in investigations. Once removed from the auger head, island 

sediments were cleaned, photographed and a description of sediment properties was 

recorded. Sediment sub-samples of core material were collected from depths where 

significant changes in sediment properties were visible. Laboratory preparation and analysis 

procedure to determine sediment texture and constituent composition followed the same 

protocols as reef and beach sediments (Figure 5.1). Maximum core depth at each site was 

reached when the auger hit the water table. 

5.3  Results 

5.3.1 Broad-scale patterns of % gravel, sand and fine sediment fractions 

A total of 85 sediment samples were analysed to describe cross-reef patterns sediment size 

fractions (Figure 5.2). The distribution of sediment size fraction showed consistent pattern 

across the majority of Transects examined (V1 – V8). Beach samples were dominated by 

sand sized material (-1ϕ to 4ϕ) which comprised on average 96% of the aggregate sample 

with low variation around the island (87 - 98.5%). The remainder was gravel (<-1ϕ) with an 

insignificant proportion (<2%) of silt-sized grains (>4ϕ). 

Toe of beach sediment were texturally very different to other platform surface sedimentary 

environments despite being located within close proximity to the mid-beach sampling station 

(5 – 20 m). Sediments form a discrete zone of gravel-dominated material (7 - 48%) that is 

spatially consistent around the island footprint. North-western Transects (V6 – V8) contained  
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Figure 5.2 Cross-reef proportions (%) of sediment size fractions at sampling stations at 

Transects V1, V3, V5 and V7. Shaded areas represent cross-reef morphological profi les. 
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higher gravel proportions with the exception of Transect V1 where the quantity of gravels 

was low (7%). 

The lagoon surface is a broad geomorphic zone with a large areal extent. Surficial sediments 

in this area displayed two general patterns (1) Transects V1, V3, V7 and V8 (northwest and 

northeast platform) were comprised of high proportions of gravel (40 – 80%) and less sand, 

(2) Transects V2, V4 – V6 (southern region) comprised low to moderate proportions of 

gravel (20 - 50%) and were dominated by sand material. Gravel deposits (accumulations of 

coral branches) created localised variability (high gravel proportions) in sediment texture 

(Figure 5.2). Transect V3 was an anomaly and displayed a unique oscillating pattern in 

sediments which was consistent between consecutive sampling stations. Overall, the ratio of 

gravel to sand increased across the lagoon surface from the island beach to the outer live 

reef at the platform edge. The proportion of silt material was low which was consistent 

across the lagoon surface (<3%; Figure 5.2). 

Gravel material reached a maximum at the outer reef within live coral zone. Gravels ranged 

from 55 – 98% with several sites comprised of 100% gravel (V6 – V8). Sediments on the 

reef slope were dominated by sand (mean sand = 70%, mean gravel = 23%). Fine material 

was highest on the reef slope (mean fine = 6%) but was still low compared to other size 

fractions. 

 

Figure 5.3 Platform-scale distribution of gravel (%) in platform surface sediments . The surface 

map was constructed by interpolating sediment characteristics at sampling locations using 

ordinary Kriging methods.  
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The proportion of gravel material in surficial sediments was a main feature that distinguished 

different sedimentary environments on the platform surface (Figure 5.3). At a platform scale, 

sand-sized sediments were dominant in close proximity to the island footprint (50 – 100 m). 

The eastern platform was an exception as the inner lagoon was dominated by gravel sized 

material (50% - 80%). Beyond this, gravels become dominant ranging between 40 - 50% of 

sediments. A large rubble deposit covers most the outer western portion of the lagoon 

surface (see Chapter 2; 60 – 70% gravel). Within the live coral zone sediments are 

comprised mainly of gravels (60% - 85%). The proportion gravel in surficial sediment 

increased in cresentric bands from the island shoreline towards the reef edge (Figure 5.3). 

Within eco-geomorphic zones on Vabbinfaru (see Chapter 2) surficial sediment had similar 

compositions of gravel, sand and fine fractions (Figure 5.4). All zones had an insignificant 

amount of silt-sized material (< 3%). Beach sediments were sand-dominated whereas the 

toe of beach comprised a sand-gravel mix. Lagoon zone sediment comprised > 65% sand. 

Surface sediment within the rubble zone, which was also located in the platform interior, was 

gravel-dominated (50% - 60%). The live coral zone had on the highest proportions of gravels 

(45% - 100%). On the reef slope, the sand to gravel ratio varied spatially around the platform 

perimeter with areas of the reef slope that were in close proximity to sandy lagoon regions 

having a higher sand – gravel ratio (e.g. V5 and V6, southern platform) compared to gravel 

dominated areas of the reef platform which corresponded with a higher proportions of gravel 

in reef slope sediments (e.g. V2 and V3, eastern platform). 

 

Figure 5.4 Proportion (%) of gravel (> -1ϕ) , sand (-1ϕ to 4ϕ) and fine (<4ϕ) material contained 

in platform sediments. Samples are categorised  by their location within different eco-

geomorphic zones. 
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5.3.2 Spatial distribution of reef sediment texture 

This section examines the distribution of sediment texture on Vabbinfaru platform. Sediment 

texture was calculated based on the hydrodynamic size of sediment within the aggregate 

sediment sample and then as an isolated sand fraction (see Methodology, Figure 5.1). 

Aggregate sediments provide a total assessment of sediment texture at each sampling 

location, whereas the sand-sized fraction is important as sediments within this size range are 

more likely to be entrained, transported and therefore contribute to the construction of 

sedimentary deposits. 

Aggregate sediments   

The mean grain size of aggregate sediment samples collected on Vabbinfaru ranged from 

1.45ϕ (medium sand) to -3.87ϕ (gravel) with a platform surface average of -0.58ϕ (very 

coarse sand) (Figure 5.5). Beach sediments were finer in comparison to sediment on the 

lagoon or live coral zone, and ranged -2.40ϕ (pebble) to 1.28ϕ (medium sand), with an 

average of 0.0ϕ (very coarse sand). A cross-reef gradient in mean grain size was observed 

across most transects (e.g. Transects V2 and V5) from coarse sediments at outer reef 

sediment source to finer sand-sized material towards the island. Sediments formed 

distinctive size bands that increase progressively in size as they radiate from the island 

(Figure 5.5). The boundaries of each sediment band conform largely to the proportions of 

gravel material in reef surface samples (Figure 5.3). Finer material (1ϕ to 0.5ϕ) surrounds 

the island and extends further towards the southwest of the lagoon. This zone narrows 

significantly on the eastern margins of the island. Transect V3 (east) did not follow this trend 

and instead exhibited consistent oscillations of mean grain size between consecutive 

sampling stations and had the largest sediment sizes overall. Transects V5 and V6 were 

characterised by the finest mean grain size. 

Sorting of reef platform sediments was varied and ranged from well sorted (0.44σ) to very 

poorly sorted (2.59σ), with a mean sorting value of 1.53σ (poorly sorted) for all reef and 

island beach samples (Figure 5.6). Transects V1 – V4 and V8 were the most poorly sorted 

but values were consistent between consecutive stations across the length of the transect. 

The degree of sorting on Transects V6 and V7 increased from the reef edge to the inner 

lagoon. Island beach sediments and the southwest inner lagoon were the most sorted 

(~0.5σ – 1.2σ) of platform sediments. The eastern platform and outer reef on the northwest 

of platform (areas with high proportions of surface gravel) were less sorted. 
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Isolated sand fraction 

Sand-sized sediment on Vabbinfaru ranged between 0.75ϕ (coarse sand) and 2.02ϕ (fine 

sand), with an average grain size of 1.37ϕ (Figure 5.7). Beach sediment assemblages were 

comprised of medium to coarse sand (1.78ϕ - 0.93ϕ). Cross-reef patterns in mean grain size 

were not spatially consistent. The toe of beach was characterised by coarse sediments at all 

stations. Transects V4 and V5 comprised the finest sediment, with a collective mean grain 

size of 1.41ϕ, whereas, Transects V1 – V3 had the largest sand-sized sediments ranging 

between 0.85ϕ and 1.96ϕ, with a collective average of 1.31ϕ. The southwest lagoon near the 

island margin was a zone of coarse sand (~ 0.4ϕ – 0.8ϕ). At the south-eastern lagoon 

isolated pockets of fine sand (1.6ϕ – 2.0ϕ) were observed. The sand fraction of sediment 

within the live coral zone were coarse (0.4ϕ – 0.8 ϕ), as well as north-western and north-

eastern platform areas.  

Sorting values of sand-sized sediment ranged from well sorted (0.48σ) to poorly sorted 

(1.38σ), with a mean sorting value of 1.38σ for all reef and beach sediment examined 

(Figure 5.8). No obvious cross-reef patterns in sediment sorting were observed with the 

exception of Transects V6 and V7 (southwest) where the degree of sorting increased from 

the reef edge towards the island shoreline. Transects V5 – V8 had consistent sorting values 

between consecutive sampling stations across the reef width. Beach sands (both mid-beach 

and toe of beach) were moderately sorted. A zone of moderately sorted sediment similar to 

beach sands extended over the southwest inner lagoon surface. Eastern sediments (e.g. 

Transects V1 – V4) were in general less sorted than the west (e.g. V5 – V8). 

5.3.3 Mean grain size versus sorting within eco-geomorphic zones 

Sediment texture (mean grain size and sorting) of platform eco-geomorphic zones are 

shown for aggregate samples Figure 5.9A and the isolated sand fraction in Figure 5.9B. 

Textural properties of aggregate sediment vary between different eco-geomorphic zones. 

Beach sediments are finer and well sorted, whereas, sediment collected form the live coral 

zone are coarse and poorly sorted (Figure 5.9A). Lagoon sediment is generally finer but 

exhibits high variation in sorting. Within several eco-geomorphic zones, sediment texture 

varies significantly between different samples within the same zone. Some sedimentary 

environments are tightly correlated indicating similarities in sediment texture (mean grain 

size and sorting) between samples (e.g. beach, lagoon and reef slope), whereas other are 

more broadly scattered highlighting variations in sediment texture (e.g. live coral zone and 

toe of beach) (Figure 5.9A). 
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Figure 5.5 (A) Spatial distribution of aggregate mean grain  size (ϕ) on Vabbinfaru. Circle size 

corresponds to mean grain size of sediments at each location, (B) Interpolated surface map of 

aggregate mean grain size (ϕ) using an ordinary Kriging method.  
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Figure 5.6 Spatial distribution of aggregate sorting values (σ) on Vabbinfaru . Circle size 

correlates to the degree of sorting at each location, (B) Interpolated surface map showing the 

distribution of sorting values (σ) of the aggregate sample on Vabbinfaru. The surface was 

constructed using an ordinary Kriging method.  
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Figure 5.7 (A) Spatial distribution of isolated sand mean grain  size (ϕ) on Vabbinfaru. Circle 

size corresponds to mean grain size of sediments at each location, (B) Interpolated surface 

map of isolated sand mean grain size (ϕ) using an ordinary Kriging method.  
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Figure 5.8 Spatial distribution of isolated sand sorting values (σ) on Vabbinfaru . Circle size 

correlates to the degree of sorting at each location, (B) Interpolated surface map showing the 

distribution of sorting values (σ) of the isolated sand fraction on Vabbinfaru. The surface was 

constructed using an ordinary Kriging method.  
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Figure 5.9 Mean grain size (ϕ) versus sorting value (σ) of (A) the aggregate sediments and (B) 

isolated sand fraction. Sediments are categorised based on their location within eco-

geomorphic zones.  

Sediment texture of the isolated sand fraction of samples was more variable within eco-

geomorphic zones than observed in aggregate samples as sediments were more broadly 

scattered. Between different zones sediment texture was similar and textural differences 

were not as easily identified (Figure 5.9B). Island sediments (beach and toe and beach) 

were differentiated from reef sediments by a higher degree of sorting. Lagoon and rubble 

zone sediments covered a similar size range with lagoon sediment being marginally better 

sorted (Figure 5.9B). Reef slope sediments were also similar but in general were finer. 
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5.3.4 Sediment texture cluster analysis 

Aggregate sediment samples were grouped into five clusters based on their similarities in 

textural characteristics (mean grain size (ϕ), sorting (σ) and skewness). Figure 5.10 shows 

the spatial distribution of cluster groups on Vabbinfaru platform. Figure 5.11 presents the 

results of the clustering analysis. Textural summary statistics of cluster textural properties 

are presented in Table 5.1. Overall, the mean textural properties of each cluster group 

correlated with different eco-geomorphic zones of the platform surface. 

Cluster 1 (n = 23) – Coarse lagoon sands 

Cluster 1 contains poorly sorted (1.08σ) sediments with a mean grain size of 0.66ϕ ± 0.51. 

Sediments assemblages are generally comprised of coarse sands with low amounts of large 

gravel clasts. Small pockets of sediments are distributed on the southwest and northern 

inner lagoon surface close to the island shoreline. Several reef slope sediments are also 

grouped within in Cluster 1. 

Cluster 2 (n = 13) – Gravel-sand live coral zone and reef slope deposits 

Cluster 2 is very poorly sorted sediments (2.29σ) with a mean grain size of -1.45ϕ ± 0.43. 

Sediment assemblages are gravel-dominated with a significant sand-sized fraction. Reefal 

deposits generally occupy the live coral zone and have a wide spatial distribution across the 

outer reef edge. Reef slope sediments in close proximity to gravel-dominated lagoon areas 

(e.g. Transects V2 and V3) are also grouped within this cluster as they reflect similar textural 

properties as their platform surface counterparts. 

Cluster 3 (n =31) – Very coarse lagoon and rubble zone sands 

Cluster 3 is the largest cluster group in terms of membership. Sediments are classified as 

poorly sorted (1.81σ), very coarse sand and have a mean grain size of -0.42ϕ ± 0.42. 

Sediments are very coarse and sand-sized and are present in the platform interior. The 

spatial distribution of this group occupies a large area incorporating sediments from lagoon 

and rubble zones. Live coral zone samples where boundaries between the rigid consolidated 

reef and lagoon surfaces are not clearly defined (e.g. Transects V3, V7 and V8) are included 

within this cluster. 
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Cluster 4 (n = 11) - Gravel-dominated live coral zone deposits 

Cluster 4 sediment assemblages are poorly sorted and have a mean grain size of -2.61ϕ ± 

0.70. These deposits are comprised mainly of gravel-sized clasts and are the coarsest 

sediments of any cluster group. Cluster 4 and Cluster 2 show similarities in their textural 

characteristics and spatial distribution as they both contain coarse sediments from outer reef 

and rubble zones; however, sediments within Cluster 4 have a low contribution of sand-sized 

material. Rubble zones sediments within this cluster are distributed on the eastern platform 

surface (e.g. Transect V3). 

Cluster 5 (n = 8) – Island beach sands 

Cluster 5 sediments contain moderately sorted, coarse sand with a mean grain size of 0.29ϕ 

± 0.61. This cluster contains the finest sediments and most well sorted sediment 

assemblages of all cluster groups and consists exclusively of island sediments (both mid-

beach and toe of beach). 

 

 

Figure 5.10 Interpolated surface map il lustrating the spatial distribution of textural (mean grain 

size, sorting and skewness) cluster groups (1 –  5) from aggregate sediments on Vabbinfaru 

platform. The surface map was constructed using ordinary Kriging methods.  
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Figure 5.11 Dendrogram showing similarit ies in sediment texture between aggregate samples. 

Ward’s method was used to group clusters based on their Euclidean  distance from each other. 

Colours correspond to the eco-geomorphic zone from which the samples were collected . 
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Table 5.1 Textural characteristics of aggregate cluster groups (1 –  5). Sediments were grouped based on their textural propert ies (mean grain size 

(ϕ), sorting (σ) and skewness) using Ward’s method of hierarchal clustering analysis.  

 

 

 

Table 5.2 Mean constituent composition of aggregate cluster groups (1 –  5). Sediments are grouped based on their relative concentration of 

sediment constituents (coral, corall ine algae, Halimeda , molluscs, foraminifera, echinoderm and other) using a Ward’s method of hierarchal 

clustering analysis.  

n Min Max Size Class Min Max Sorting Min Max Skewness

Cluster 1 23 1.45 -0.28 0.66 ± 0.51 Coarse Sand 0.56 1.55 1.08 ± 0.31 Poorly Sorted -2.08 -0.43 -1.21 ± 0.45 Coarse Skewed

Cluster 2 13 -0.94 -2.42 -1.45 ± 0.43 Gravel 2.05 2.59 2.29 ± 0.15 Very Poorly Sorted -0.26 1.05 0.15 ± 0.39 Symmetrical

Cluster 3 31 0.33 -1.35 -0.42 ± 0.42 Very Coarse Sand 1.49 2.18 1.81 ± 0.16 Poorly Sorted -1.14 0.06 -0.46 ± 0.32 Coarse Skewed

Cluster 4 10 -1.83 -3.87 -2.61 ± 0.70 Gravel 0.44 1.79 1.34 ± 0.50 Poorly Sorted 0.55 2.21 1.14 ± 0.47 Fine Skewed

Cluster 5 8 1.00 -0.43 0.29 ± 0.61 Coarse Sand 0.51 1.02 0.71 ± 0.20 Moderately Sorted -0.23 1.43 0.68 ± 0.61 Fine Skewed

Mean (±SD) Mean (± SD) Mean (± SD)

Mean Grain Size (ф) Sorting (SD) Skewness

n

Cluster 1 8 68.50 ± 5.93 12.38 ± 2.39 8.75 ± 3.54 7.75 ±1.83 1.75 ± 0.89 0.00 ± 0.00 0.88 ± 0.83

Cluster 2 20 48.80 ± 3.47 13.40 ± 3.45 20.45 ± 5.29 13.20 ±2.26 3.20 ± 1.47 0.00 ± 0.00 1.00 ± 0.46

Cluster 3 35 50.03 ± 4.78 19.83 ± 2.79 14.83 ± 2.50 11.98 ±2.01 2.06 ± 0.72 0.04 ± 0.11 1.13 ± 0.91

Cluster 4 11 51.27 ± 10.05 18.64 ± 4.43 15.27 ± 5.78 11.09 ±3.30 2.09 ± 1.30 1.00 ± 0.00 1.00 ± 0.45

Cluster 5 6 33.17 ± 7.68 7.17 ± 2.79 37.33 ± 2.16 16.50 ±2.07 4.17 ± 2.04 0.00 ± 0.00 0.17 ± 0.41

CCA (%) ± SD Halimeda  (%) ± SD Mollusc (%) ± SD Foraminifera (%) ± SD Echinoderm (%) ± SD Other (%) ± SDCoral (%) ± SD
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5.3.5 Constituent composition of reefal sediments  

A total number of 85 sediment samples were analysed to establish the constituent 

composition of reefal sediments on Vabbinfaru. Figure 5.12 and Figure 5.13 show the spatial 

distribution of different sediment constituent concentrations at each of the reef sampling 

stations. Reef-wide sediment assemblages were dominated by coral grains (51%), with 

lower concentrations of crustose coralline algae (18%) and Halimeda (16%). Molluscan 

fragments were spatially variable within surficial sediments contributing an average of 12% 

of the reefal sediment mass. Coral grains dominated smaller size fractions (2ϕ and 3ϕ), 

whereas larger material (0ϕ) consisted of complete or broken Halimeda plates and 

fragments of coralline algae. 

Coral  

Coral is the main contributor in reefal sediments across the Vabbinfaru platform. Coral 

comprised an average of 51% of all reef sediments. Highest concentrations were recorded in 

the smaller size fractions (e.g. 2ϕ and 3ϕ) and therefore dominated lagoon sandy deposits. 

Coral-dominated sediments occupied the southern and south-western regions of the 

platform (Transects V5 and V6), where concentrations ranged from 46% to 71% of the 

aggregate sample. The reef edge was also comprised mainly of coral grains, but 

concentrations were lower than those observed in lagoon sands. At the eastern platform 

(e.g. Transects V3 and V4) coral grains contributed between 41% and 55% of the sediment 

mass even in the immediate vicinity of the island. 

Coralline algae 

Coralline algae comprised on average 18% of platform surface sediments and was the 

second most common sediment constituent. Coralline algae was present in a range of size 

classes. Skeletal grains were observed as smooth spheres and heavily abraded grains in 

smaller size fractions. The cross-reef distribution of coralline algae grains was consistent 

along transects (e.g. Transect V2 and V7), there was a degree of variation observed 

between transects. Lowest concentrations of coralline algae were recorded in the southern 

region of the platform (e.g. Transect V5). The majority of the remaining sediments were fairly 

homogenous in terms of concentration of coralline algae, containing between 15 - 20% of 

the total sediment mass. The northern and north-eastern outer reef and reef edge recorded 

high coralline algae concentrations (20% - 35%). 
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Halimeda 

Halimeda comprised an average of 16% of total reef sediments. Concentrations of Halimeda 

were slightly higher at outer reef sites (close to the reef edge) and diminished towards the 

island shoreline. Halimeda ranged from 6% to 28% of reefal sediments. The south-eastern 

region of the platform (Transects V3 and V4) contained the highest proportions of Halimeda 

overall (V3 = 18% - 20%, V4 = 13% - 26%). Halimeda generally comprised the bulk of 

material in larger size classes as whole or broken disarticulated plates, but decreased in 

significance in smaller size fractions. 

Mollusc 

Molluscan grains contributed an average of 12% to the composition reef platform sediments. 

Molluscs we recorded within all size fractions ranging from whole univalve gastropods to 

disarticulated valves and shell fragments. The concentration of molluscs was fairly 

consistent across the western region of platform sediments. Between consecutive sampling 

stations the abundance of molluscs was similar (e.g. Transect V6, V7and V8). The highest 

concentration of molluscs was recorded in the south-eastern region of the platform (Transect 

V4) (15%) and at stations within the live coral zone. The southern reef edge (Transect V5) 

was an exception with low concentrations observed. The spatial distribution of mollusc 

grains showed two spatial zones, an outer higher concentration area at the outer reef that 

surrounds a zone of lower concentration closer to the island. Quantities of mollusc grains 

between these two areas only differed slightly. 

Foraminifera 

Foraminifera did not significantly add to the platform surface sediment mass (1% - 7%), 

contributing an average of 2% to total reef sediments analysed. Highest concentrations were 

recorded at locations closest to the island beach (4%). Four foraminifera species were 

observed within the sediment samples: Marginopora vertebralis, Calcarina spengleri 

(generally heavily abraded), Amphistegina lessoni and Sphaerogypsina globulus. The 

abundance of foraminifera constituents were at such a low level that a tally of individual 

species abundance was not recorded. 

Other 

The proportion of ‘other’ sediment constituents contributed very little to the total sediment 

pool. Reefal samples contained between 0% and 4% of other forms of carbonate skeletal 
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grains. Several carbonate grains were observed: Crustaceans, Octocoral sclerites and 

fragments of Red Pipe Organ coral (Tubipora musica). No terrigenous material was recorded 

in reef sediments due to the geographic isolation of the Maldives from any continental land 

mass. 

5.3.6 Beach sediment constituent composition 

The constituent composition of beach sediment on Vabbinfaru Island differed from 

surrounding reef sediment assemblages. The contribution of different sediment producers to 

mid-beach and toe of beach sediment masses showed high contrast within a short spatial 

scale (Figure 5.12; Figure 5.13). Island beach sediment assemblages were dominated by 

coral grains (48% - 82%), on average contributing 57% to beach sediment composition. 

Beach sediments are the most coral-rich sediments observed on Vabbinfaru. Coralline algae 

and Halimeda contributed the majority of the remainder of beach material. Halimeda 

occurred predominately in larger size classes and varied in concentration spatially around 

the island (V1 = 1%, V5 = 24%). Highest proportions of Halimeda were recorded in south-

eastern areas of the island (Transect V4 and V5). Coralline algae occurred through a range 

of size fractions.  

Toe of beach sediments form a distinct boundary around the perimeter of the island beach 

(Figure 5.12; Figure 5.13). Constituent composition of sediment within this discrete zone 

differed compared to other platform sediments. Toe of beach sediments comprised a 

heterogeneous mix of skeletal grains. Coral grains ranged between 20% and 52%. Halimeda 

concentrations were significantly higher at all sampling stations (26% - 40%). Halimeda and 

molluscs contribute the bulk of larger sediment grains. On average, toe of beach sediments 

composition included: coral (38%), coralline algae (7%), Halimeda (35%) and mollusc (15%). 

.  



  

 
 

 

Figure 5.12 Concentration (%) of sediment constituents (coral, corall ine algae, Halimeda  and molluscs) within surface sediments on Vabbinfaru. 

Circles size correlates with the relative frequency of constituents at each sampling station  (i.e. increased with greater contribut ions) .  



 

 

 

Figure 5.13 Interpolated surface maps showing the platform-scale distribution of sediment constituent concentration (%) in sediments on 

Vabbinfaru. The surface was constructed using ordinary Kriging methods . 
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5.3.7 Cluster analysis of platform sediment constituents 

Cluster analysis of sediment constituents was conducted to determine spatial similarities in the 

composition of platform sediment assemblages. Figure 5.14 presents the spatial distribution of 

sediment cluster and Figure 5.15 shows a dendrogram of the relative similarities in sediment 

constituent composition between sampling sties. Table 5.2 provides a summary of the 

compositional properties of each cluster group. 

Cluster 1 (n = 8) – Coral-dominated sediments  

Cluster 1 sediments are coral-dominated (68.5% ± 5.93) and occupy the island beach as well as 

pockets of the inner lagoon on the southwest and northern island margins. Coralline algae are 

also a large contributor to the total sediment mass within this cluster group (12.3% ± 2.39). 

Cluster 2 (n = 20) – Coral and Halimeda mixed sediments  

Cluster 2 contains coral-rich sediments (48.8%   3.47) with high concentrations of Halimeda 

(20.4% ± 5.29) and mollusc grains (13.20% ± 2.26). Sediments have a large spatial extent on 

the platform occupying a number of sites within lagoon and rubble zones. The majority of 

sediments within this group are located close to or on the island beach (e.g. Transects V1 and 

V8, TOB; Transects V2 and V5, beach). This group also encompasses inner platform lagoon 

sediments close to the island shoreline (e.g. Transects V1 – V7). 

Cluster 3 (n = 35) – Coral and coralline algae sediments  

Cluster 3 is the largest group in terms of membership. Coral grains are the dominant skeletal 

constituent (50% ± 4.78). This group is defined by the high concentration of coralline algae 

observed within this cluster (19.83% ± 2.79). Sediments are generally aggregated on the 

western platform forming a large pocket over the outer lagoon, rubble and live coral zones. Reef 

slope samples are also included in this group. 

Cluster 4 (n = 11) – Coral, coralline algae, Halimeda and molluscan sediments  

Cluster 4 has a mixed sediment composition containing predominately coral grains (51.2% ± 

10.05), significant contributions of coralline algae (18.64% ± 18.64), and Halimeda (15.27% ± 

5.78). Cluster 4 sediment assemblages had a similar composition to Cluster 3, but were 
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separated by a larger component of molluscan grains (16.50% ± 2.07). Sediments within this 

cluster group were distributed close to the main reef production zone (live coral and outer rubble 

zone). Rubble zone sediments in this cluster were from areas where the transition between 

consolidated reef and lagoon surfaces was not distinct (e.g. Transects V4, V7, and V8). 

Cluster 5 (n = 6) – Halimeda-dominated sediments  

Cluster 5 sediments were similar to Cluster 2 at the toe of beach, however, sediment 

assemblages within this group were more Halimeda-rich (37.33% ± 2.16) than other toe of 

beach sediments. Sediments also had a higher proportion of mollusc (16.5% ± 2.07) and most 

notably a lower concentration of coral grains (33.17% ± 7.68) compared with sediment in other 

clusters groups. 

 

 

Figure 5.14 Interpolated surface map showing the spatial  distribution of constituent composition 

cluster groups (1 – 5) in sediments on Vabbinfaru. The surface map was constructed using 

ordinary Kriging methods.  
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Figure 5.15 Dendrogram showing similarit ies in constituent composition between sediment samples 

on Vabbinfaru. Ward’s method of clustering was used to group samples based on their Euclidean 

distance from each other. Colour boxes correspond to each eco-geomorphic zone from which the 

samples were collected.  
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5.3.8 Textural and compositional characteristics of eco-geomorphic zones 

Sediment texture and constituent composition of platform sediments corresponded with different 

eco-geomorphic zones on Vabbinfaru. Textural and compositional properties of sediment 

assemblages within each of main zones are presented in Table 5.3. Mean grain size properties 

of each zone are summarised in Figure 5.16. Photomicrogaphs of representative samples 

provide a visual comparison of sediment characteristics (Figure 5.17). 

Beach (n = 8) 

Beach sediments were comprised almost exclusively of sand material (95%). Sediments were 

classified as medium sand (1.34ϕ) and were moderately well sorted. The composition of beach 

sand was coral-dominated (64%), particularly within smaller size fractions, and also contained 

contributions of coralline algae (11%), Halimeda (12%) and molluscan remains (9%). 

Toe of Beach (n = 8) 

Toe of beach sediments were comprised predominately of sand-sized material (70%) that was 

very coarse in nature (-0.80ϕ). Sediments were moderately well sorted (0.65σ) and were 

comprised of coral (38%) and Halimeda (35%) skeletal grains. This had a unique textural and 

compositional properties compared to other platform sites. Molluscan grains and foraminifera 

tests were the most prevalent in this zone than in any other. 

Lagoon (n = 22) 

Lagoon sediments were mostly sand-sized material (81%). Lagoon sediment assemblages 

consisted of moderately sorted (0.75σ), medium sand (1.42ϕ). Constituent composition of 

lagoon sand is similar to other reef sites, as it is coral-dominated (53%) with lesser contributions 

of coralline algae (16.2%), Halimeda (15.3%), and molluscan fragments (11.4%).  

Rubble zone (n = 20) 

Sediments within the rubble zone (deposits of detrital coral branches) are a mix of gravel (45%) 

and sand (52%). Sediment mean grain size of the aggregate sample is classified as poorly 

sorted (1.84σ) very coarse sand (-0.75ϕ). The isolated sand fraction consisted of medium sand 

(1.35ϕ) that is moderately sorted (0.88σ). Constituent composition is consistent with other 

platform interior sediments but has higher concentrations of Halimeda (17.7%).  
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Live coral zone (n = 17) 

Sediments within the live coral zone have the highest proportion of gravel than any platform 

zone (64%). Several samples within this were comprised 100% of gravel. Aggregate sediments 

are classified as poorly sorted (1.87σ) gravel sediments (-1.81ϕ). The isolated sand fraction is 

medium sized (1.26ϕ) and moderately sorted (0.78σ). Constituent composition of live coral zone 

sediments is largely consistent with other reef zones. 

Reef slope (n = 8) 

Sediments on the reef slope are characterised by sand sized material (71%) with a significant 

gravel contribution (23%). This zone has the largest proportion of silt-sized sediment (< 4ϕ) than 

any other zone (~6%). Sediment assemblages are medium sand (1.54ϕ) that is moderately 

sorted (0.86σ). Reef slope sediment has a similar composition to sediments on the platform 

surface. 

 

Figure 5.16 Box plot of mean grain size (ϕ) of aggregate sediments in each eco-geomorphic zone 

on Vabbinfaru.  
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Table 5.3 Mean textural and compositional characteristics for each eco-geomorphic zone on 

Vabbinfaru.  

 

 

 

Figure 5.17 Photomicrographs of representative sediment samples from different eco-geomorphic 

zones providing a visual comparison of variabil i ty in textural and compositional characteristics.  

Mid Beach 1.6 95.6 2.8 0.79 0.65 1.34 0.56 63.8 11.3 12.6 9.2 1.9 0.1 1.0

Toe of Beach 28.3 69.2 2.5 -0.80 1.11 0.52 0.65 37.9 7.5 34.7 14.9 3.6 0.2 0.2

Lagoon 15.4 81.4 3.3 0.39 1.36 1.42 0.75 53.5 16.2 15.3 11.4 2.8 0.1 0.8

Rubble Zone 44.8 51.8 3.3 -0.75 1.84 1.35 0.88 48.2 18.5 17.7 12.1 2.1 0.2 1.0

Live Coral Zone 63.8 32.9 3.2 -1.81 1.87 1.26 0.78 49.6 19.5 14.8 12.3 2.0 0.4 1.3

Reef Slope 23.1 70.9 6.0 0.06 1.71 1.54 0.86 48.6 19.9 14.4 13.1 2.4 0.2 1.4
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5.3.9 Island sub-surface sedimentology 

Island sediment texture 

Island sediments at all locations were comprised of medium sized sand (1.0ϕ – 2.0ϕ). The 

majority of island sand ranged between 1.0ϕ and 1.5ϕ. Each core site was individual in terms of 

the mean grain size over the depth profile examined and a general pattern was not identified 

(Figure 5.18A). Northern island sediments were finer than at other island sites. Central and 

northern sites showed the most similarity in mean grain size throughout the core profile 

becoming finer between 0.2 m and -0.4 m R.L. Sediment sorting of island sands ranged from 

well sorted, to moderately well sorted. The degree of sediment sorting increased (became better 

sorted) with depth to approximately 0.0 R.L. where sorting then decreased (became less sorted) 

until the water table was reached (Figure 5.18B). Northern and western cores were better sorted 

than the central and eastern cores that were only moderately well sorted. Island sand in the 

eastern region were less sorted than the other island locations.  

Island sediment composition 

Mean constituent composition of island sands were consistent between core locations (Figure 

5.19). The composition of sediment assemblages from island cores was similar to reefal 

sediment composition. Island sands at all locations were dominated by coral grains which 

ranged from 34% to 67% with a mean contribution of 50%. Coralline algae were the second 

most dominate contributor (32%) of sediment to island sands. Both constituents dominated finer 

sediment size fractions (1ϕ to 3ϕ). Molluscs in the form of whole univalve gastropods, 

disarticulated valves, and shell fragments were present in island sands (9%). Halimeda (7%), 

foraminifera (2%), echinoderms (0%) and other skeletal grains comprised only a small 

proportion of the total island sediments at all island sites. 

 



Chapter 5: Sedimentology of Vabbinfaru 

144 
 

 

Figure 5.18 Down-core trends in (A) mean grain size (ϕ) and (B) sorting (σ) of island sediments at 

each core location.  
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Figure 5.19 (Left) Photomicrographs of representative  sub-surface island sediments from each 

core site for visual textural and compositiona l comparison. (Right) Mean constituent composition 

(%) of island sediments at each core location.  
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5.4 Discussion 

Similarities in the physical properties of sediment assemblages (texture and composition) within 

eco-geomorphic zones suggest an inter-relationship between reef ecological, geomorphologic 

and sedimentary processes on Vabbinfaru. The distribution of reef sediments is a function of 

biological framework community composition, species productivity, bathymetry, and reef 

hydrodynamics (Netto et al. 2003; Ikeda et al. 2006). Reef sedimentary environments will 

therefore show physical characteristics indicative of the differential role of biological or physical 

processes. Maiklem (1968) identified two end members of sediment texture resulting from the 

dominance of biological or physical factors. The first, termed ‘immature’ sediments, where a 

sediment population exhibits an inherited grain size distribution derived from the abundance, 

availability and type of organisms present, and their size properties. The second, ‘mature’ 

sediments have a grain size distribution which is a production of hydrodynamic modification of 

the inherited texture. Sedimentary environments on Vabbinfaru display characteristics of both 

such sediment assemblages. 

5.4.1 The role of platform hydrodynamics in the distribution of sediments 

Findings from the analysis of surficial sediments on Vabbinfaru within this study showed the 

distribution of sediment texture and constituent composition varied spatially across the 

Vabbinfaru platform and could generally be categorised into distinct sedimentary environments 

that correspond with platform eco-geomorphic zonation (based on cluster analysis of sediment 

texture and constituent composition). Cross-reef patterns of sediment texture varied spatially 

between platform regions but overall showed a progressive decline in sediment size and the 

proportion gravel clasts from the outer reef edge towards the island shoreline. Close to the 

island shoreline sediment texture was well sorted and sand-sized. This highlights the 

importance of the outer contemporary reef as major source of detrital sediment on Vabbinfaru 

and gives an indication of the sediment transport pathways operating on the platform. 

Spatial and temporal variations in platform hydrodynamics are a likely driving mechanism of the 

observed distribution of sediment texture on Vabbinfaru. The transformation of incident wave 

energy across reef surfaces has been well-documented for coral reef environments (Roberts et 

al. 1992; Brander et al. 2004). Maximum wave energy typically occurs on the outer reef edge 

and diminishes landward. As a consequence the potential of wave-induced currents to entrain 

and transport sediments diminishes influencing the textural properties of reef sediment facies. 
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Such variations in platform hydrodynamics also occur temporally through tidal modulation of 

water level across a reef which dictates the time wave energy can propagate onto the platform 

to conduct geomorphic work (Gourlay 1993; Kench et al. 2006; Bonneton et al. 2007). 

Bioclastic sediments comprise a heterogeneous mix of size, shape, density, surface texture and 

durability (Sorby 1879; Chave et al. 1972; Kench 1997). Each skeletal grain therefore has an 

individual suite of hydraulic characteristics which influences their threshold of entrainment and 

settling velocity within a fluid environment (Braithwaite 1973; Kench 1997). Such principles are 

reflected in the sediment facies on Vabbinfaru where sediments in some zones appear to have 

been preferentially selected for transport based on their hydraulic properties. Island sediment 

assemblages are comprised of coral-dominated medium sand that is well sorted. Such 

characteristics are indicative of a mature depositional environment (Maiklem 1968) where 

sediment grains have been preferentially selected from the sediment reservoir by reef currents. 

Yamano et al. (2000) showed how hydrodynamic conditions around Green Island, Great Barrier 

Reef, were suited for the transportation and deposition of foraminferal test and as a result 

foraminifera were the most important contributor to island sediment mass despite only 

producing a small proportion of reef CaCO3.  The influence of hydrodynamic processes was also 

reflected in beach sediment composition at Vabbinfaru. Island sediment facies recorded the 

highest concentrations of foraminifera tests (4%) and Halimeda plates (TOB = 37%). Such 

constituents are hydraulically suited to transport based on their size, shape and skeletal density 

and are therefore well represented within island sediments; however, these same properties 

(i.e. low skeletal density) also reduce the durability of Halimeda grains to breakdown leading to 

low levels of persistence in mobile sedimentary deposits such as islands (Yamano et al. 2005; 

Kench and Ford 2011; Perry et al. 2011). There is a notable lack of Halimeda plates in beach 

sediments (12%) at Vabbinfaru despite toe of beach sediment being Halimeda-rich. 

5.4.2 Eco-sedimentological linkages 

Biological reef framework is a significant ‘carbonate factory’ of detrital sediment on Vabbinfaru.  

Reef-derived sediment is dispersed across the platform surface and is the main constituent of 

reef sediment facies due to the absence of terrigenous sediment inputs. The physical properties 

of reef sediments are a direct result of reef community composition and the mode of reef 

destruction, however, variations in species productivity (i.e. turnover rate) and grain durability 

between contributing reef organisms means that sediments may or may not be comprised of the 
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same assemblages as the contemporary reef (Ford and Kench 2011). This relationship 

highlights the linkages between ecological and sedimentary systems within reefs. 

 At Vabbinfaru, sediment assemblages were coral-dominated (40 – 82%) reflecting the 

dominance of scleractinian corals as the main cover type (50 – 75%) and source of carbonate 

production within the live coral zone (see Chapter 3). In contrast, Halimeda grains were 

recorded in high concentrations within platform sediment facies (up to 37%) but Halimeda plants 

comprised only a small proportion of reef cover, confined to cryptic environments at the base of 

corals or as isolated stands within detrital rubble deposits. The disproportionate representation 

of Halimeda within the sedimentary assemblages is due to high sediment production rates by 

the green algae (Wefer 1980; Drew 1983; Hudson 1985). Sedimentary environments with large 

masses of Halimeda segments despite low live cover have been observed at a number of other 

reef sites (Gischler and Lomando 1999; Hewins and Perry 2006). Other common sediment 

constituents (e.g. foraminifera, molluscs and CCA) occurred in low abundances on the live reef 

and this was reflected within platform sediment assemblages.  

The distribution of sediment properties correlated with reef community composition, location of 

the sediment source and the durability of the source organisms. Outer platform areas were 

gravel-dominated consisting mainly of detrital Acroporid branches close to the sediment source 

on the live reef. Coral branches resist taphonomic breakdown and therefore persist on the 

platform surface as rubble deposits over long time-scales (Ford and Kench 2011). Eastern 

platform sediments contained higher proportions of gravel which correlated to live coral cover 

and degradation of the reef surface adding large quantities of sediment to the reef surface. 

Rubble zone sediments showed characteristics of immature sediment deposits with high in situ 

sediment production which do not reflect wave-energy gradients (Maiklem 1968). Rubble zone 

sediment facies comprised coarse poorly sorted sediment with greater concentration of 

Halimeda and other secondary sediment constituents. Detrital gravel provides a substrate for 

encruster and Halimeda growth leading to higher concentrations of these sediment producers 

and a coarser sediment texture as a consequence. Within the live coral zone sediment texture 

and composition was linked to ecological production, where sediment assemblages were 

commonly comprised of mainly gravel sediment indicative of a high production environment. 

Sand-sized material was scarce as hydrodynamic processes winnow finer material landward. 

Sediments contained a range of sediment constituents (e.g. coral, CCA, molluscs, etc.) as this 

is the reef zone with high diversity and production by reef organisms. 
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5.4.3 Regional comparisons of reef sedimentology 

Spatial variations in the sediment yield of reefs are directly linked to patterns of reef ecological 

zonation (Perry et al. 2011). Therefore, variations in reef sedimentology between reef-building 

provinces are expected in response to global differences in the distribution and composition of 

reef ecological communities. Studies on bioclastics sediment systems are comparatively scarcer 

than those available for siliclastic environments. A number of detailed assessments of reef 

sedimentation have been made (Gischler 1994; Gischler 2006; Smithers 1994; Hewins and 

Perry 2006; Flood and Scoffin 1978; McLean and Stoddart 1978; Masse et al. 1989). Such 

studies have often used the texture, distribution and composition of sediment assemblages as a 

substitute for direct measurements of sediment flux within reefs (Orme et al. 1978; Smithers 

1994; Harris et al. 2011). Several existing studies of reef sedimentology have been conducted 

within the Indian Ocean Cocos (Keeling) Islands, Smithers et al. 1992; Maldives, Gischler 

2006). The constituent composition of platform sediments at Vabbinfaru is consistent with 

existing regional assessments of reef sedimentation which have shown reefal sediments in this 

region are composed of coral, molluscan, CCA and Halimeda skeletal grains.  

Regional variations in sediment yield are best observed in the constituent composition of reef 

island sediments. Yamano et al. (2005) provided a summary of the dominant sediment 

constituents reported for reef islands globally and showed regional patterns of sediment 

properties between reef-building provinces. In the Pacific, island sediments are dominated by 

foraminifera species which inhabit the reef flats (e.g. Calcarina, Baculogypsina and 

Amphistegina) (Murray 1994; Langer and Hottinger 1999). Foraminifera comprised the bulk of 

sediment mass on Green Island, Great Barrier Reef, despite low contribution to reef carbonate 

production (Yamano et al. 2000). Warraber Island (Torres Strait) comprised high proportions of 

gastropod tests from the surrounding reef flat and coral grains from outer reef edge sites 

(Woodroffe et al. 2007). Halimeda grains are abundant in islands within the Caribbean region 

due to regional sea-level history where no fall occurred and reef flats never became emergent 

but were shallow and favoured Halimeda production (Folk and Robles 1964). Vabbinfaru Island 

is consistent with other islands within the Indian Ocean where sediments are coral-dominated. 

There is the potential for future studies to better investigate such ecological-sedimentary 

linkages within reef systems. 
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6 SEDIMENT FLUX AND EXPORT 

6.1 Introduction  

Coral reefs are highly productive ecological systems that represent the end product of a variety 

of constructive and destructive processes. As living reefs break down they shed large quantities 

of biogenic sediment. More than half of total biological carbonate production produced by the 

reef framework is reduced to sediment (Stearn and Scoffin 1977). Atoll systems have no 

terrigenous sediment inputs and therefore reef sediments are derived wholly of the skeletal 

remains of the adjacent reef ecology. Reef systems typically produce greater amounts of 

sediment than can be accommodated internally and excess material is redistributed or 

transported off-reef. The adverse impacts of excess sedimentation (either from carbonate or 

non-carbonate sources) on reef systems have been well documented (Rogers 1990; Fabricius 

2005) and therefore the efficient redistribution and transport of material is necessary for 

maintaining reef ecological health. Carbonate cycling is an important component of the reef 

carbonate budget and ultimately influences supply of sediments for a number of constructive 

geomorphic processes. Detrital sediment are an important control on reef geomorphology and 

may be (1) re-incorporated into the reef structure (Hubbard et al. 1990; Perry et al. 2008), (2) 

exported off-reef (Hine et al. 1981; Hughes 1999), (3) used to construct and maintain reef 

islands (Woodroffe et al. 1999; Hart and Kench 2007; Yamano et al. 2000) (4) transferred to 

infill lagoons (Kench 1998), or (5) stored on the reef surface (Storlazzi et al. 2009; Harney and 

Fletcher 2003). Sediment flux on reefs may be extensive and the deposition and re-mobilisation 

of material can occur several times before it is removed from the transport system. 

The mechanisms controlling sediment flux on reef systems are an inter-relationship between 

waves and tides, gravitational settling and biologically-mediated processes. Incident wave 

energy and wave-induced currents are the primary control the dispersal of reef-derived 

sediment, as waves pass over the living reef framework, finer sediments are suspended and 

transported in the net direction of wave and tidal currents (Kench and Brander 2006). Larger 

material is mobilised in bedload and is abraded against the reef substrate by oscillatory wave 

motion until it is a suitable size for transport. The capacity of waves to entrain and mobilise 

sediment is depth-dependant (Brander et al. 2006). Instantaneous wave velocities decrease 

rapidly with depth and form a cross-reef decay in transport potential from the reef edge towards 
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the island shoreline. Wave height is also a significant control on transport efficiency as high-

amplitude long-period storm waves have greater energy and transport capacity than wind-

generated waves during non-storm conditions. Mid-oceanic reefs often experience temporal and 

spatial variations in wave climate which ultimately influences the rate, magnitude and direction 

of sediment flux. Biologically-mediated processes also transport large quantities of sediment. 

Transport occurs through bioturbation of the sediment surface as organisms search for food 

(Tudhope and Scoffin 1984; Sadd 1984; Branch and Pringle 1987), or through ingestion and 

defecation of reef material (Bellwood 1995; Bellwood 1996; Goatley and Bellwood 2010). Such 

biologically driven processes represent a continuous means of sediment transport that is largely 

independent of reef hydrodynamics. 

Particle settling velocity also exerts a control on the rate and magnitude of sediment flux. 

Particle size, shape and density are largely a function of their skeletal micro-architecture which 

varies between sediment producers (Sorby 1987; see Chapter 5). These properties influence 

the way sediments behave hydraulically (Kench and McLean 1997). Spheres or blocks shaped 

particles take straight paths through the water column and settle quickly, whereas discs, rods 

and plates oscillate and take longer to settle. Such physical properties influence the likelihood of 

certain sediments to entrainment and transportation and in turn play a role in the magnitude and 

rate of sediment flux and the overall distribution of sediment facies. 

Existing studies on reef sedimentation have focused on the response of reef organisms to 

terrigenous sediments as a result of changes to land use practices (Ogston et al. 2004; Storlazzi 

et al. 2009), provided case studies of transport and deposition of sediment during high energy 

events (Hubbard 1992; Keen et al. 2004; Harris and Heap 2009), and examined the role of 

biologically-mediated processes in the transport of sediment (Bellwood 1995; Bellwood 1996; 

Goatley and Bellwood 2010). The majority of examinations have been conducted on shelf or 

fringing reefs in the Caribbean (Land 1979; Sadd 1984; Hubbard 1986; Hubbard 1992), Hawaii 

(Eversole and Fletcher 2003; Ogston et al. 2004; Storlazzi et al. 2004), or Australia (Flood 1974; 

Gourlay and Jell 1993). These studies are typically performed on reefs associated with high 

islands that yield terrigenous sediment inputs. Methodologies for estimating the rate and 

magnitude of sediment flux on reefs have ranged from simple direct measurements of transport 

using sedimentation traps and sediment tracers (Hubbard et al. 1981; Sadd 1984; Hubbard 

1990), to high-resolution acoustic sensors (Storlazzi et al. 2004). 
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Findings have shown that sediment transport occurs during non-storm conditions but sediment 

flux is significantly increased during high-energy conditions which can account for the majority of 

annual transport (Kench 1998). Few existing studies have generated quantitative assessments 

of sediment dynamics on mid-oceanic reefs. Notable exceptions are Kench (1998) and Kench 

and McLean (2004) which provided a detail budget of bedload sediment flux through intertidal 

channels on Cocos (Keeling) Island, Indian Ocean. Understanding reef sediment dynamics is 

necessary for determining the distribution of reef sediment facies, to predict changes in 

sediment flux under different environmental conditions and in understanding the development of 

reef and reef associated landforms at a range of time-scales. 

This main aim of this chapter is to generate quantitative measurements of platform surface 

sediment flux and off-reef export on Vabbinfaru reef. Spatial and temporal variations in the rate, 

magnitude and net direction of sediment flux are calculated using direct estimates from an array 

of sedimentation traps. Textural and compositional of bedload and exported sediment is 

determined. The more specific objectives of this chapter include: 

 Quantify spatial and temporal rates of platform surface sediment flux (rate, magnitude 

and net direction) 

 Generate an quantitative estimate of sand and gravel export off-reef 

 Determine the physical properties (texture and constituent composition) of bedload and 

export sediments  

 Provide a first-order estimate of lagoon infill rate 

 Establish gross rates of suspended sediment flux 

The datasets generated within this chapter are one of only a few direct measurements of 

sediment fluxes within reef systems and are one of the most detailed accounts of reef 

sedimentation and helps identify important transport pathways and source-to-sink sedimentary 

linkages. The components of this chapter provide quantitative estimates of carbonate cycling 

within Vabbinfaru platform and provide the basis of the reef sediment budget. The chapter 

begins by outlining the experimental design and presenting the instrumentation used. Results of 

sediment flux and export, suspended sediment transport and lagoon infilling rates are 

presented. Finally, the geomorphic implications of platform surface flux and export are 

discussed. 
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6.2 Methodology  

6.2.1 Experimental design 

An array of sedimentation traps were used to determine platform surface and fore-reef slope 

sediment transport. On the platform surface bi-directional traps were deployed at four locations 

(V1, V3, V5 and V7) (Figure 6.1). At each site two traps were positioned perpendicular to one 

another and left for a period of three weeks in both the southwest (June 2011) and northeast 

(March 2011) monsoons to examine seasonal variation in platform hydrodynamics. 

Off-reef sediment export was examined using sand and gravel sedimentation traps at eight 

locations (V1 – V8) on the fore-reef slope of Vabbinfaru (Figure 6.1). Gravel traps were fixed to 

the surface of the reef slope at 5 m BMSL and left continuously for a 13 month period (February 

2010 – March 2011). Sediments accumulated in traps were collected at the midpoint of the 

experimental period and immediately before removal. Sand traps were positioned adjacent to 

the gravel traps and deployed for four weeks in both the southwest (June 2010) and northeast 

monsoons (March 2011) as high sedimentation and bio-fouling limited long-term deployment. 

Suspended sediment flux was measured using simple tube traps (STTs) (Storlazzi et al. 2011) 

at eight trap sites (V1 – V8) within the live coral zone (Figure 6.1). A single STT was deployed 

within the inner (landward) and outer (seaward) reef at each trap site in the live coral zone. The 

trap opening was positioned 30 cm from the reef substrate. Depths ranged from 1.0 m and 1.5 

m BMSL. Deployment of the STTs was for three weeks in both monsoon seasons. 

6.2.2 Sedimentation trap apparatus  

Sedimentation traps targeting sand-sized material on the platform surface and the fore-reef 

slope were modified Kraus streamer traps (25 cm x 5 cm) fitted with a 100 µ mesh bag to collect 

sediments. Sand traps were fixed to the reef surface using 30 cm steel rods (Figure 6.1). Gravel 

traps on the fore-reef slope were constructed from galvanised steel mesh (mesh diameter = 1.5 

cm) and had a trap opening diameter of 25 cm (trap area = 490 cm2). The steep reef slope 

allowed sand-sized material to pass through the trap easily, capturing only coral rubble and 

preventing movement of clasts once inside (Figure 6.1). STTs comprised a 30 cm x 5 cm 

(internal diameter) PVC pipe with a fixed PVC cap at the base (n = 16; Figure 6.1).  
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Figure 6.1 Deployment locations of sedimentation traps on Vabbinfaru platform surface and fore -

reef slope. Off-reef sand (A) and gravel (B) sedimentation traps were located at the terminus of 

each transect (V1 –  V8). Bi-directional PK traps were positioned midway between the reef edge 

and island shoreline on Transects V1, V3, V5 and V7. Simple sedimentation traps (SSTs) (C) were 

deployed at inner and outer reef zone sites within the l ive coral zone.  

6.2.3 Analysis of trap material 

All sediment collected in traps was rinsed with freshwater, dried and the bulk sample weight was 

measured to the nearest 0.01 g. Gravel clasts were photographed and weighed individually to 

determine clast mass (g). The number of live coral fragments in each of the fore-reef gravel 
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traps was recorded. Sub-samples (~100 g) of sand-sized sediments were taken for textural and 

compositional analysis. 

Texture of sand-sized material was measured using sedimentation techniques (Braithwaite 

1973; Kench and McLean 1997). A 15 g sediment sub-sample was settled through a 1.7 m 

settling tube and a time-series of weight accumulation on a balance plate was recorded. Results 

were converted to an equivalent grain-size distribution using the equations of Gibbs et al. (1971) 

by applying a density of 1.85 g cm-3 (see Chapter 5). 

A second 15 g sub-sample was used to examine the constituent composition of sediments. 

Sediment was sieved through a -1ϕ to 4ϕ sieve stack at 1ϕ intervals. Skeletal grains retained in 

each size class were weighed and 100 grains were identified under a binocular microscope and 

grouped into the following categories: coral, crustose coralline algae (CCA), Halimeda, mollusc, 

foraminifera, echinoderm, other, and unidentifiable. The proportion of each constituent within 

each size fraction was calculated, and the relative proportion of each group in the total sample 

was calculated based on the weight of each fraction relative to the total sample weight (see 

Chapter 5, Figure 5.1). 

Sediment collected in STTs was treated with a dilute concentration (10%) of sodium 

hypochlorite to remove organic material, rinsed with freshwater and filtered through pre-weighed 

Whatman filters. Sediments were dried at 70°C and weighed to the nearest 0.01 g. Sediments 

were then dispersed in a 10% solution of Calgon for 24 hours grain size characteristics were 

calculated using a MALVERN particle size analyser. 

6.2.4 Calculation of transport rates 

A daily rate of sediment transport on the platform surface and the fore-reef slope was calculated 

per linear metre of reef (kg m-1 y-1) for each trap location using the mass of sediment 

accumulation (kg), the width of the trap (m) and the interval of deployment period (d) (Hubbard 

1986). First order estimates of seasonal and annual transport rates on the platform surface were 

determined by multiplying the daily transport rates by the duration of each season or days per 

year. Estimates of total platform export (kg y-1) were calculated by extrapolating linear export 

rates (kg m-1 y-1) at each trap location (V1 – V8) across the length of the reef perimeter (m) 

between consecutive traps (e.g. V1 to V2), and then summed to generate a total platform 

estimate. A particle trapping rate for suspended sediment from STTs was calculated as the 
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mass of sediment retained in STTs (mg) divided by the deployment duration (d) and then scaled 

to a unit area of reef surface (cm2).  

6.2.5 Lagoon infill rate 

A first-order estimate of lagoon infill rate was established by hydraulically excavating a large 

hole (1 m x 1 m) using a sand dredge with sand pump through lagoon sediments (maximum 

depth of 2.2 m BMSL) at two sites on the northern platform. Samples of preserved coral material 

were collected from each of these intervals. A coral sample collected at 2.10 m BMSL was used 

for radiocarbon dating to establish an estimated age of the specimen at the time of death. 

Results were used to estimate lagoon infill rate based on the age of the in situ coral sample 

relative to the depth of the deposition site. 

6.3 Results 

6.3.1 Sediment transport on Vabbinfaru platform surface  

Rate, magnitude and direction of lagoon sediment transport 

Results from sediment traps located on the platform surface show high seasonal variability in 

gross sediment transport between northeast and southwest monsoons (Table 6.1). During the 

higher energy southwest monsoon, gross sediment transport rate was highest, ranging up to 

695.5 kg m-1 y-1. Maximum gross transport (695.5 kg m-1 y-1) occurred on the windward western 

side (V7) of the platform. The eastern (V3) platform also recorded high gross sediment transport 

(253.5 kg m-1 y-1). However, much lower rates were recorded at northern (V1) and southern (V5) 

trap sites. Directions of net sediment transport were determined through calculation of the 

balance of sediment from all four traps at each site and show spatial differences on the platform 

surface that are consistent with gross fluxes (Figure 6.2). On the western platform, net sediment 

transport (620.3 kg m-1 y-1) was in a south-easterly direction, whereas net transport was to the 

northeast on the eastern platform surface (Figure 6.2). At northern (V1) and southern (V5) trap 

sites net sediment transport occurred in a south-westerly and north-easterly direction 

respectively and were lower in magnitude (Figure 6.2). Inner lagoon net sediment transport 

pathways were in a general anticlockwise direction around Vabbinfaru Island.  
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Under the lower energy northeast monsoon deployment, low rates of gross sediment transport 

were recorded, ranging from 0.1 kg m-1 y-1 to 43.7 kg m-1 y-1). Sediment flux was spatially 

variable with maximum transport occurring at the southern platform (43.7 kg m-1 y-1, V5) and 

lowest transport on the northern platform (6.2 kg m-1 y-1, V1) (Table 6.1; Figure 6.2). Eastern 

(V3) and western (V7) regions showed moderate transport rates that were more evenly 

distributed between directions at individual trap sites. The net transport direction varied spatially 

on the platform in response to prevailing wave exposure (V1: NW, 0.78 kg m-1 y-1; V3: S, 6.8 kg 

m-1 y-1; V5: NW, 11.1 kg m-1 y-1; V7: NE, 6.7 kg m-1 y-1) but was typically alongshore of the island 

shoreline (Figure 6.2). At a platform-scale, inner lagoon net sediment flux during the northeast 

monsoon was clockwise around Vabbinfaru Island and showed a reversal of sediment transport 

pathways previously observed in the June deployment. 

 

Table 6.1 Rate of gross sediment f lux from trap sites V1, V3, V5 and V7 on the platform surface of 

Vabbinfaru. Seasonal and annual rates of sand-sized sediment are summarised for the northeast 

and southwest monsoons. 

 

 

Trap Site

Transport 

Direction 

Gross Seasonal 

Transport
a
 (kg m

-1
)

Gross Annual 

Transport (kg m
-1

 y
-1

)

Gross Seasonal 

Transport
a
 (kg m

-1
)

Gross Annual 

Transport (kg m
-1

 y
-1

)

V1 North 0.6 1.7 0.0 0.0 0.6

(North) South 0.5 1.6 26.0 38.7 26.5

East 1.3 3.9 8.6 12.8 9.8

West 2.0 6.2 13.6 20.2 15.6

V3 North 0.0 0.1 69.6 103.6 69.6

(East) South 6.9 20.9 0.0 0.0 6.9

East 0.1 0.3 170.2 253.5 170.3

West 0.0 0.1 151.4 225.5 151.4

V5 North 14.4 43.7 16.8 25.0 31.2

(South) South 11.0 33.3 8.8 13.0 19.7

East 2.2 6.7 14.4 21.5 16.6

West 9.9 30.2 29.6 44.1 39.5

V7 North 3.7 11.2 104.6 155.8 108.2

(West) South 0.6 1.8 466.8 695.5 467.4

East 6.0 18.1 258.1 384.6 264.1

West 2.3 7.0 0.0 0.0 2.3
a
Seasonal transport rates are based on a period of 3 months for the northeast monsoon, and 8 months for the southwest monsoon

Northeast Monsoon Southwest Monsoon 

Gross Annual Transport 

(kg m
-1

 y
-1

)
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Figure 6.2 Rate (kg m
-1  

y
-1

) and direction of net sediment transport on the platform surface of 

Vabbinfaru at trap sites V1, V3, V5 and V7 during (A) southwest monsoon, and (B) northeast 

monsoon. Arrows indicate that net transport direction at each site and arrow length depicts net 

sediment transport rate.  
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Texture and composition of platform surface bedload sediment 

Bedload sediments on the inner lagoon surface were typically sand-sized. Mean grain size of 

trapped material in the northeast monsoon was finer (mean = 1.75ϕ, fine to medium sands) than 

the southwest monsoon (mean = 1.64ϕ, medium sand to gravel) reflecting differences in energy 

between seasons (Table 6.2; Figure 6.3; Figure 6.5). Trap site V7 was a notable exception 

recording similar sediment texture independent of season. During the northeast deployment, 

northern (V1) and eastern (V3) trap sites had the largest mean grain size (1.58ϕ and 1.54ϕ 

respectively). Trap sites at the southern (V5) and western (V7) platform were comparatively 

finer with grain sizes ranging between 1ϕ and 3ϕ (Table 6.2; Figure 6.3; Figure 6.5). During the 

southwest deployment, northern platform (V1) sediments comprised large coral rubble and a 

mean grain size could not be determined using settling techniques. Sediment from the eastern 

platform (V3) had a mean grain size of 1.24ϕ. Sediment texture from southern (V5) and western 

(V7) trap sediments was similar (1.93ϕ and 1.74ϕ respectively). The degree of sediment sorting 

was relatively consistent between seasons at individual trap sites (Table 6.2). 

Sediment constituent composition was relatively consistent between trap sites. Sediments were 

coral-dominated (mean ± SD = 58.2 ± 11.6%), with high proportions of CCA, Halimeda and 

mollusc fragments (Figure 6.8). Trap sites characterised by sandy surface sediments (V5 and 

V7) had greater proportions of coral grains, whereas sites with high surface rubble comprised 

greater proportion of CCA, Halimeda and mollusc grains (V1 and V3) (Figure 6.8).  

Table 6.2 Mean physical properties of bedload sediment transported on the platform surface at 

each location during the northeast and southwest monsoons.  

 

Season Trap Site

Mean Grain Size 

(ф)

Mean Settling 

Velocity (cm s
-1

)

Sorting 

(σ) Skewness

Northeast V1 1.58 3.02 0.80 0.09

V3 1.54 3.09 0.96 0.79

V5 2.18 1.76 0.54 -0.30

V7 1.70 2.80 0.56 -0.13

Southwest V1

V3 1.24 4.08 0.75 0.72

V5 1.93 2.25 0.63 -0.24

V7 1.74 2.68 0.55 0.26
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Figure 6.3 Grain size distribution of bedload sediments retained at traps sites (V1, V3, V5 and V7) 

in both northeast and southwest seasons at Vabbinfaru.  

 

Figure 6.4 Mean constituent composition (%) of bedload sediments from trap sites V1, V3, V5 and 

V7 on the platform surface. Values represent the relative composition for al l  transport directions 

and seasons at each trap site.  
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Figure 6.5 Photomicrographs of bedload sediments at trap sites (V1, V3, V5 and V7) in both 

northeast (A –  D) and southwest (E - H) seasons on Vabbinfaru.  
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6.3.2 Fore-reef and reef edge sediment transport  

Rate and magnitude of off-reef export 

Gravel export ranged from 3.4 kg m-1 y-1 to 12.5 kg m-1 y-1 between trap sites (V1 – V8). 

Maximum gravel loss occurred at the northern platform margin (V1 and V8), where export 

measured 10.2 kg m-1 y-1 and 12.5 kg m-1 y-1 respectively (Table 6.3; Figure 6.6A).  Collectively, 

these two locations accounted for 50% (6,813 kg) of total gravel export. Remaining trap sites 

recorded lower rates of sediment loss (Figure 6.6A). Total gravel-sized export was 87% lower 

than sand-sized material collected in adjacent traps. Total gravel export around the reef platform 

perimeter at Vabbinfaru was estimated at 13,683 kg per annum, equating to an average (±SD) 

of 6 ± 3.6 kg per linear metre of reef front each year. The number of clasts collected varied 

between 335 clasts m-1 y-1 and 1744 clasts m-1 y-1, with an average of rate of 844 clasts per 

metre of reef. 

Sand export varied between trap sites and oscillating monsoon seasons on Vabbinfaru (Table 

6.3). Annual rates of transport ranged between 6 kg m-1 y-1 and 123 kg m-1 y-1 between trap 

locations. Maximum export was recorded at sites that were sheltered from prevailing wave 

exposure at the northern (V1 and V8) and southern (V5) platform margins (Figure 6.6B). More 

energetic regions on the western (V6 and V7) and eastern (V3) platform flanks had the lowest 

annual rates of sediment loss and were much lower than other locations (Figure 6.6B). The 

remaining northeast and southeast sites (V2 and V4) exhibited moderate sediment export. 

Overall, total sand-sized export was estimated at 113,438 kg y-1 across the entire reef 

perimeter, equating to an average of 52.2 kg per linear metre of reef front. 

Seasonal variability in sand export between northeast and southwest monsoons was observed 

(Table 6.3). During the northeast monsoon, moderate quantities of sediment was collected at 

each trap location (mean ± SD = 25.2 ± 14.8 kg m-1 y-1, Table 6.3). The southwest monsoon 

was characterised by much higher rates of export (maximum of 119 kg) and greater variability 

between trapping sites (Table 6.3). Maximum export during the southwest monsoon deployment 

was recorded at the northern and southern platform, and the lowest rates were recorded at the 

northeast and southwest (Table 6.3). From the total 113,438 kg of annual sand export, it is 

estimated that 34,065 kg is transported under lower energy conditions during the northeast 

monsoon, compared to 79,336 kg in higher energy conditions during the southwest season 

(57% increase in magnitude). 



Chapter 6: Sediment flux and export 

164 
 

Table 6.3 Annual and seasonal rates (kg m
-1

 y
-1

) of off-reef sand and gravel export , and sediment 

texture (ɸ) at trap sites V1 –  

 

Texture and composition of export sediment 

A total of 1701 gravel clasts were collected during the experimental period. Gravel size and 

shape varied from small shell fragments to large sections of reef substrate. The majority of 

sediment was unidentifiable because of its poor preservation. Live coral comprised < 1% of total 

sediment clasts. Small-sized clasts were dominant at every trap site (Figure 6.7A). Sediments 

weighing less than 2.5 g comprised 75% of the total gravel collected, and sediments less than 

10 g comprised 92% of all gravel (Figure 6.7A). The largest clast collected was a digitate 

Acropora colony weighing 792 g. Gravels weighing over 100 g comprised less than 1% of all 

gravel export. The weight distribution of material was relatively consistent between locations (as 

shown by the small standard deviation in Figure 6.7A), however, northwest (V8) and southwest 

(V6) sites had greater proportions of larger fraction gravel. Large material was absent at the 

northern platform (V1). 

The texture of export sand varied seasonally. Mean grain size ranged from 1.90ϕ (medium 

sand) to 3.09ϕ (very fine sand) during the northeast monsoon, and 1.68ϕ (medium sand) to 

2.71ϕ (fine sand) during the southwest (Table 6.4). The annual mean grain size distribution of 

sediment collected showed that >95% of sediments ranged between -0.25ϕ and 3.5ϕ (Figure 

6.9). Sediment sorting ranged from poorly sorted (1.04) to very well sorted (0.45) in the 

northeast season and from poorly sorted (1.41) to moderately sorted (0.77) during the 

southwest monsoon. Seasonal comparisons of sediment texture were difficult for individual trap 

sites due to insufficient quantities of sediment collected at some sites during the southwest 

monsoon. However, where adequate seasonal data was available (V1, V4, V5 and V8), 75% of 

sites collected finer sediments in the northeast monsoon than during the southwest (Table 6.4). 

V1 248 17.0 108.9 98.4 10.3 109 2.38 2 4.6

V2 237 36.4 0.0 45.5 6.2 52 2.4

V3 223 12.3 0.7 5.6 2.0 8 2.56 3.6

V4 193 18.8 18.0 22.8 3.4 26 2.46 2.45 4.9

V5 220 23.5 102.2 95.4 4.0 99 3.09 2.77 7.5

V6 327 27.3 3.4 14.0 4.2 18 2.63 8.2

V7 399 10.8 0.0 13.5 5.1 19 1.9 4.3

V8 339 55.9 119.0 122.8 12.6 135 2.08 1.68 15.4

Sand Export Rate (kg m
-1 

y
-1

) 

 Gravel Export 

(kg m
-1 

y
-1

) 

Total Sediment Export 

(S + G) (kg m
-1 

y
-1

) Site
NE SW Annual 

Reef Perimeter 

(m)

Sediment Texture (ф)

NE 

MGS 

SW 

MGS

Mean Gravel 

Wt (g)
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Figure 6.6 Rate (kg m
-1

 y
-1

) and magnitude (kg y
-1

) of off-reef (A) gravel export, and (B) sand 

export. Arrows indicate the general direction of sediment loss and t he colour denotes the intensity 

of export (black = high export, grey = moderate export, white = low export).  
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Sediment constituent composition was relatively consistent between trap sites V1 – V8 (Figure 

6.8). Coral skeletal grains comprised the majority of exported sediments across all trap sites 

(mean ± SD = 53 ± 3.2%). Halimeda sp. and CCA made up an average (±SD) of 17 ± 3.7% and 

15 ± 2.5% respectively. Molluscan remains were observed as shell fragments, whole valves and 

complete gastropod chambers and comprised an average of 10 ± 1.2% of total sand export. The 

remaining constituents (foraminifera and echinoderms) were less represented overall (combined 

average = 6%, Figure 6.8). Constituent composition varied between size fractions within 

individual trap sites. Halimeda comprised the bulk of sediments within the 0ϕ size fraction, but 

its relative contribution diminished in smaller size fractions. Conversely, coral grains were 

recorded in all size ranges, but were most abundant in smaller size fractions (3ϕ). 

 

Figure 6.7 (A) Mean (±SD) distribution of export gravel clasts in each weight class (g) from all trap 

sites (V1 –  V8) (B) Mean (±SD) grain size distribution of export ed sand-sized sediments from all 

trap sites (V1 –  V8).  
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Table 6.4 Summary of export sediment texture at trap sites V1 –  V8 for both northeast and 

southwest monsoon seasons.  

 

 

Figure 6.8 Mean constituent composition (%) of sand-sized export sediments at trap sites V1 –  V8.  

Season Trap Site Skewness

Mean Settling Velocity 

(cm s
-1

)

Northeast V1 2.38 (fine sand) 0.76 (moderately sorted) 0.26 2.26

V2 2.40 (fine sand) 0.99 (moderately sorted) -0.68 2.17

V3

V4 2.46 (fine sand) 0.85 (moderately sorted) -0.36 2.08

V5 3.09 (very fine sand) 0.45 (well sorted) -0.09 1.13

V6 2.63 (fine sand) 0.72 (moderately sorted) -0.50 1.78

V7 1.90 (medium sand) 1.04 (poorly sorted) -0.10 3.43

V8 2.08 (fine sand) 0.81 (moderately sorted) 0.21 2.84

Southwest V1 2.00 (fine sand) 1.41 (poorly sorted) -0.43 2.88

V2

V3 2.56 (fine sand) 0.80 (moderately sorted) -0.31 1.91

V4 2.45 (fine sand) 0.95 (moderately sorted) -0.42 2.06

V5 2.77 (fine sand) 0.77 (moderately sorted) -0.79 1.53

V6

V7

V8 1.68 (medium sand) 0.82 (moderately sorted) 0.77 4.24

Mean Grain Size (ϕ) Sorting (σ)
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Figure 6.9 Grain size distribution (ϕ) of export sand retained in traps at Transects V1 –  V8. 

Photomicrographs of sediment are also included.  
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6.3.3 Total Export 

The total mass of annual sediment export (sand and gravel) from Vabbinfaru was estimated at 

127,121 kg per annum, equating to an average of 103.5 kg of sediment per linear metre of reef 

front each year. A summary of total sediment export is presented Table 6.3. Total export of reef-

derived sediment varied between sites. Total export ranged between 8 kg m-1 y-1 and 135 kg m-1 

y-1. Sediment export at sheltered northern and southern sites (Transects V1, V2, V5 and V8) 

collectively accounted for 86% of total sediment loss. There was a large discrepancy in the 

proportion of gravel to sand export at all trap sites (Figure 6.10). At all sites the mass of sand 

export was considerably higher than gravel material. Proportions of gravel ranged between 3% 

and 27% of total sediment exported, with a mean (±SD) of 15 ± 8.8%. Areas with greater wave 

exposure, on the western and eastern platform margins, recorded higher proportion of gravel 

(20.4 ± 7.3%); whereas, more sheltered northern and southern margins has much lower 

proportions of gravel (7.5 ± 3.1%) and were typically dominated by sand. 

 

Figure 6.10 Percentage (%) of sand (grey) and gravel (black) export relative to total off -reef export 

mass at trap sites V1 –  V8. 
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6.3.4 Suspended sediment flux 

Variations in trap collection rates 

Trap collection rates were higher during the southwest monsoon (8.46 mg cm-2 d-1 to 170.4 mg 

cm-2 d-1), compared with those recorded in the northeast monsoon (0.42 mg cm-2 d-1 to 13.78 mg 

cm-2 d-1). This variation equates to 94% mean decrease in trap collection rates between 

seasons. Patterns of reef sedimentation were similar between seasons but varied in magnitude. 

Southwest trap sites with greater wave exposure (V5 – V7) recorded the lowest collection rates 

(Table 6.5). Eastern (V2 – V4) and north-western (V8) trap sites had greater rates of sediment 

accumulation (Table 6.5). This trend was particularly evident during the southwest season. 

Variations in sediment flux between inner (landward) and outer (seaward) traps sites within the 

live coral zone were observed. Sediment accumulation rates in northeast monsoon ranged 

between 4.29 mg cm-2 d-1 and 2.32 mg cm-2 d-1 at inner and outer reef zones respectively, 

equating to a mean decrease of 45% from the inner to the outer reef zone (Table 6.5). Trap site 

V5 provided an exception with sediment collection rates showing an opposite trend. This trend 

was also observed in the southwest monsoon where inner and outer reef zones recorded 

sedimentation rates of 85.59 mg cm-2 d-1 and 33.98 mg cm-2 d-1 respectively, equating to a mean 

decrease of 65% between the inner and outer reef (Table 6.5).  

Textural characteristics of STT sediment 

Sediment texture of suspended sediment ranged between 1ϕ (very coarse sand) and 7ϕ (very 

fine silt). Sediments accumulated in the southwest monsoon were larger (2ϕ to 3ϕ) and had 

higher proportions of coarse sediment (0ϕ to 1ϕ) than the northeast monsoon (Figure 6.11). 

Suspended sediment in the northeast deployment ranged between 2ϕ and 4ϕ and contained 

higher proportions of fine grains. Seasonal comparisons between trap sites or reef zone were 

not possible due to inadequate quantities of sediment collected during the northeast season at 

most sites. During the southwest monsoon, sediment collected in the outer reef zone (3.3 ± 

0.7ϕ) was 64% finer than those at inner reef trap sites (3.12 ± 0.8ϕ) (Table 6.6). Overall, 

sediments were poorly sorted (Table 6.6). Constituent composition of sediments was not 

assessed as grain sizes were generally too small to identify. 
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Table 6.5 Trap col lection rate (mg cm
-2

 d
-1

) of suspended sediment at inner and outer reef sites at 

trap locations V1 –V8 during the northeast and southwest monsoon.  

 

Table 6.6 Textural characteristics of suspended sediment retained in STTs at inner and outer reef 

sites on Transects V1 –  V8 during the southwest monsoon.  

 

  

Figure 6.11 Grain size distribution (ϕ) of suspended sediment retained in STTs at al l  trap sites ( n  = 

16) during northeast and southwest monsoons.  

Trap Site

Inner Reef 

(mg cm
-2

 d
-1

)

Outer Reef 

(mg cm
-2

 d
-1

)

Inner Reef 

(mg cm
-2

 d
-1

)

Outer Reef 

(mg cm
-2

 d
-1

)

V1 2.0 1.3 21.5 16.1

V2 5.4 3.4 102.2 62.8

V3 4.1 3.9 146.8 46.6

V4 13.8 1.8 127.6 -

V5 1.4 5.6 57.1 33.5

V6 5.1 0.4 50.6 19.6

V7 1.3 0.8 8.5 48.9

V8 1.2 1.2 170.4 10.5

Northeast Monsoon Southwest Monsoon

Trap 

Site

Mean Grain Size 

(ϕ)

Sorting 

(σ) Skewness

Mean Grain Size 

(ϕ)

Sorting 

(σ) Skewness

V1 3.49 1.61 -0.2 3.99 1.58 -0.09

V2 3.16 1.79 -0.26 2.82 1.99 -0.14

V3 3.55 1.5 -0.26 3.96 1.67 -0.19

V4 3.22 1.29 -0.21 3.75 1.37 -0.33

V5 3.3 1.19 -0.21 3.66 1.34 -0.26

V6 3.09 1.43 -0.31 1.88 1.25 -0.28

V7 3.99 1.7 -0.07 3.19 1.87 -0.12

V8 1.27 1.3 -0.31 3.22 1.29 -0.21

Inner Reef Zone (Landward) Outer Reef Zone (Seaward)
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6.3.5 Preliminary lagoon infill rate 

Results from the radiocarbon dating of the coral sample collected 2.10 m depth provided an 

estimated age of 3518 ± 38 yBP. Based on this value and assuming a constant rate of sediment 

supply to the lagoon, a first-order rate of lagoon infilling at Vabbinfaru is estimated at 0.596 mm 

y-1 (depth of sediment accumulation (2100 mm)/estimate radiocarbon age of coral sample 

(3518)). 

6.4 Discussion 

Findings showed that high sediment fluxes occurred on the Vabbinfaru platform under ‘non-

storm’ conditions. Maximum gross and net rates of sediment transport on the platform surface 

were high (695.5 kg m-1 y-1 and 620.3 kg m-1 y-1 respectively), as well as maximum rates of sand 

(122.8 kg m-1 y-1) and gravel (12.58 kg m-1 y-1) off-reef export on the fore-reef slope. Existing 

rates of sediment fluxes on reefs are relatively scarce as few studies have attempted to 

construct direct measurements of sediment transport pathways within reef environments. 

Therefore, this dataset provides new information on the sediment fluxes and detailed sediment 

transport pathways on reefs in the absence of episodic high energy storm events. 

6.4.1 Sediment fluxes on the Vabbinfaru platform surface 

Results from trapping experiments on the Vabbinfaru platform surface show high gross and net 

rates of sediment flux. Such values indicate that detrital sediments on Vabbinfaru are highly 

mobile and part of an active sediment transport system within the internal platform in the 

absence of major episodic storm activity. Existing reef detrital sediment budgets have typically 

reported high rates of sediment transfer between reef zones through inter-island channels 

(Guppy 1889: 1,500 x 103 kg y-1; Kench 1998: 5,155 kg day-1 under storm conditions). On 

Vabbinfaru, high lagoon sediment fluxes close to the island shoreline will have implications on 

the development of reef sedimentary deposits as these features may act as dynamic ephemeral 

stores of detrital material that are able to be reactivated back into the sediment transport 

system, rather than being carbonate sinks that are a loss to the carbonate sediment budget.  

Gross and net sediment transport rates on Vabbinfaru platform surface had large seasonal 

variations in response to climate-driven shifts in platform hydrodynamic processes. Maximum 

net sediment transport (620.3 kg m-1 y-1) occurred under high energy conditions of the southwest 

monsoon and was considerably greater than during calm weather periods in the northeast 
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monsoon (43.7 kg m-1 y-1). Sediment transport in the southwest monsoon accounted for 95% of 

the total annual gross sediment transport on Vabbinfaru platform surface. Studies examining 

reef platform hydrodynamics have shown that the capacity of waves and wave-induced currents 

to entrain and mobilise sediments increases with wave height (Brander et al. 2004; Kench and 

Brander 2006; Kench at al. 2009), therefore greater sediment transport is likely due to greater 

lagoon circulation as a result of temporal variations in wave climate between seasons. Greater 

transport rates occurred under elevated hydrodynamic conditions at Vabbinfaru, which is 

consistent with existing datasets for reefs in the Caribbean (Hubbard et al. 1981; Hubbard 1986) 

and eastern Indian Ocean (Kench 1998a; Kench 1998b).  

Gross and net sediment transport rates were variable between different platform regions. 

Eastern and western lateral margins of Vabbinfaru were highly dynamic, whereas northern and 

southern regions were generally less mobile. Textural properties of surface sediment have been 

shown to play an important role in determining the transport potential of individual sediment 

grains, particularly during calm weather conditions (Braithwaite 1973; Kench 1997; Yamano et 

al. 2000). Furthermore, spatial variations in wave climate on reefs are common due to the 

position of the reef towards prevailing wave energy and wave refraction and diffraction patterns 

on the reef surface (Gourlay 1994; Gourlay 1996). Kench and McLean (2004) used sediment 

trap data on Cocos (Keeling) atoll, Indian Ocean, to measure spatial variations in the transfer of 

bedload sediments across the reef rim and showed under fair weather conditions there was a 

large variation in transport rates between high energy (268 kg day-1) and low energy (~2.2 kg 

day-1) reef areas. During the northeast season, maximum transport was recorded at the 

southern platform (43.7 kg m-1 y-1) where sediment texture was finer and there was an absence 

of gravel (see Chapter 5). The northern platform, which is dominated by rubble deposits, 

recorded lower rates of net transport (6.2 kg m-1 y-1). Under higher energy conditions of the 

southwest monsoon, net transport rates at both locations increased. This indicates that during 

calm conditions (NE monsoon) inner platform hydrodynamics close to the shoreline are capable 

of only entraining fine-grained and unarmoured sediments, whereas during increased wave 

energy conditions (SW monsoon) the threshold velocity for sediment entrainment of a greater 

range of textures is reached. This has geomorphic implications for reef island morphology as it 

influences the range of sediment sizes capable of being supplied for construction and 

maintenance.  

Net transport pathways on Vabbinfaru reversed between different monsoon seasons in 

response to changes in the process regime within the lagoon. The morphodynamic response of 
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reef sedimentary deposits (reef islands) to such changes as a consequence of oscillating 

monsoon systems has been well documented on interior Maldivian reef platforms (Kench and 

Brander 2006; Kench et al. 2009), however, variations in gross or net sediment transport 

pathways have not been directly quantified, but rather inferred through changes in beach 

morphology. Findings showed that overall net transport direction followed the direction of 

prevailing wave energy. Inner lagoon circulation is not unidirectional and is controlled by the 

interaction of wave refraction and diffraction processes associated with reef shape and island 

morphology (Gourlay 1996; Kench and Brander 2006). This has led to variations in net transport 

direction spatially between sites, particularly in the lee of the Vabbinfaru Island. During the 

northeast deployment, low magnitude sediment transport circulated in a general clockwise 

direction around Vabbinfaru Island (Figure 6.12). Conversely, the southwest monsoon was 

characterised by high magnitude flux in an anticlockwise direction (Figure 6.12). At a platform-

scale, differences in the magnitude of net transport between monsoons are likely to result in an 

annual net transport of sediment towards the southern platform. This in turn has implications for 

lagoon development as a high supply of sediment occurs across western and southern platform 

regions, whereas other regions have lower rates of sediment supply and are dominated by 

coarse rubble material and larger fraction grains associated with in situ production as a 

consequence. Greatest seasonal morphological change in the island shoreline occurs in the 

western and southern regions due to reversals in high magnitude sediment fluxes (see Chapter 

2). 

Bedload sediments on the platform surface were typically sand-sized and reflected the low 

energy environment of Vabbinfaru due to its location within the interior of the atoll basin. The 

texture of sediments collected during the southwest monsoon was 0.11ϕ larger than the 

northeast monsoon. Numerous studies have examined the mechanisms of sediment 

entrainment and transportation under increased hydrodynamic conditions (Komar and Miller 

1973; McLean et al. 1994; Nielsen and Callaghan 2003), although comparatively few have 

incorporated bioclastic sediment types (Kench 1998b). There are also many case studies 

documenting the increased transport capacity during periods of increased wave energy 

(Hubbard 1992; Keen et al. 2004; Harris and Heap 2009). The constituent composition of 

bedload sediment was coral-dominated (58.2%) and reflected the ecological community 

structure of the living reef (see Chapter 3). Disproportionate quantities of Halimeda fragments 

(e.g. disarticulated segments) relative to live organisms were recorded in bedload sediments. 

Sediments within bioclastic environments are often preferentially selected for transport based on 
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certain hydrodynamic properties (e.g. low density to surface area ratio) and can become 

disproportionately represented in some sedimentary environments (Braithwaite 1973; Kench 

1997; Yamano et al. 2000; Perry et al. 2011). 

6.4.2 Sediment transport on the fore-reef slope 

Sand export at Vabbinfaru was high (113,438 kg m-1 y-1), ranging from 6 kg m-1 y-1 to 123 kg m-1 

y-1 (mean annual export rate = 52.2 kg per metre of reef front). Rates of sediment export 

measured in this study are comparable to data reported for other reef settings during fair 

weather conditions. Hubbard et al. (1981) recorded sediment transport rates of between 14 kg 

m-1 y-1 and 151 kg m-1 y-1 on an open-shelf reef at Cane Bay, St. Croix, while Hubbard et al. 

(1976) estimated sediment export of 100 kg m-1 y-1 to 120 kg m-1 y-1 through sand chutes along 

the southern edge of Little Bahama Bank. Findings from such studies showed off-reef sand 

export is an important process in the development of large submarine sand deposits (Land 

1979; Sadd 1984; Hubbard 1981). 

 

Figure 6.12 Conceptual model of platform surface and off -reef sediment f lux during NE (blue) and 

SW (red) monsoons. Values are estimates of sediment transport for dynamic platform areas . Black 

arrows indicate the magnitude and location of off -reef export.  
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Sand export was seasonally variable across the platform with lower export rates in areas with 

greater wave exposure and vice versa. Increases in sediment export under high energy 

conditions are well documented in reef systems (Hubbard et al. 1981). As wave height 

increases so too does the efficiency of oscillatory wave motion and wave-induced currents to 

entrain and mobilise sediments (Komar and Miller 1973). During the more energetic southwest 

monsoon physical processes appear dominant on Vabbinfaru and there is an increase in the 

magnitude of export. Greater platform circulation, as a result of increased incident wave energy, 

is likely to drive sediments onshore at the seaward reef edge and generate lagoon currents that 

move sediment off the leeward reef margin (north and south) subsequently increasing export in 

these areas (Figure 6.12). This pattern is consistent with net sediment transport pathways 

observed on the platform surface suggesting there is a strong link between sediment flux on the 

platform surface and the magnitude of off-reef sand export. Conversely, during the northeast 

monsoon when wave energy is low, export rates are also lower and more consistent between 

platform areas (Figure 6.12). At this time gravitational settling and biologically-mediated 

transport processes may be more important.  

Large volumes of sediment loss can occur through biologically-mediated transport. Bellwood 

(1995) calculated that a single large parrotfish species can contribute up to 10 kg of sand per 

metre of reef front to the off-reef export of detrital sediments at North Reef, Lizard Island, Great 

Barrier Reef. More recent studies have estimated that the quantity of sediment removed from 

the upper reef crest and deposited in deep water environments per large surgeonfish is 

comparable to that of a large parrotfish (Goatley and Bellwood 2010; Krone et al. 2011). If 

general rates of sediment transport by bioeroding fish assemblages are applied to Vabbinfaru, 

biologically-mediated off-reef transport represents a first-order estimate of 43,720 kg m-1 y-1 and 

a significant component of the sedimentary budget during low energy conditions (accounting for 

up to 38% of total sand export).  

Total export of gravel sediments was conservatively estimated at 13, 683 kg per annum, as 

logistics associated with trap size limited the upper dimensions of material that could be 

collected and excluded large sections of reef rock or coral framework. The majority of existing 

studies have focused on the transport of coral rubble under episodic extreme events (Hubbard 

1992; Harris and Heap 2009); however, considerable amounts of export can occur under non-

storm conditions. Hughes (1999) estimated the average export of coral fragments as 2 kg per 

metre of reef front under non-storm conditions on a shallow fringing reef at Lizard Island, Great 

Barrier Reef. Gravel export in this study had a higher average rate (±SD) of 6 ± 3.6 kg per metre 
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of reef front. In the absence of large storms (e.g. hurricanes), the continual transfer of large 

reefal material is important to reef development as it can prograde the reef structure and provide 

new substrate for coral settlement and growth in areas typically dominated by sand (Hughes, 

1999; Rasser and Riegel 2002).  

6.4.3 Suspended sediment fluxes 

High seasonality was observed in suspended sediment flux. Increased wave energy in the SW 

season increased water turbidity leading to high rates of suspended sediment flux (up to 146 mg 

cm-2 d-1). During periods of calm weather in the NE season low rates of suspended sediment 

were observed (up to 13.8 mg cm-2 d-1). Rogers (1990) categorised reefs with no anthropogenic-

induced sediment stress as having sedimentation rates between < 1 mg cm-2 d-1 and 10 mg cm-2 

d-1, with values greater than 10 mg cm-2 d-1 regarded as ‘high’. Based on this classification, 

sediment accumulation rates in the NE monsoon are considered ‘low’ and typical of a natural 

system, whereas, fluxes during the SW deployment, particularly at inner reef sites were at 

chronic levels. Under such conditions, reef should be characterised by low species diversity, 

less live coral cover, smaller colonies, lower growth rates and shifts in depth zonation (Rogers, 

1990), however, the Vabbinfaru reef displays is ecologically productive with high diversity and 

good levels of recruitment. SW monsoon accumulation rates are likely an overestimate of reef 

sedimentation as increased hydrodynamic energy can entrain reefal sediment and deposit it in 

the STTs. This hypothesis is consistent with increases in sediment texture observed during the 

SW deployment. Such rates therefore relate to gross reef sedimentation and sediments will not 

permanently accumulate on the reef or become incorporated into the reef edifice. Findings 

showed a reduction in the trap collection rate from outer to inner reef sites at most locations 

indicating net sediment flux of suspended sediment landward. The opposite trend was observed 

at the southern platform (V5) providing evidence for net off-reef movement of sediment at this 

location which correlated with higher export rate. 

6.4.4 Methodological considerations 

Sediment fluxes on reefs are not well understood and therefore direct point measurements aim 

to determine major sediment pathways. However, continual annual datasets are difficult to 

collect due to the magnitude of sediment in transport and the geographic isolation of field 

locations. Existing studies of reef sediment dynamics have used extrapolations of short-term 

field deployments to determine seasonal and annual rates of sediment flux (as in the present 
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study). This approach is underpinned by several assumptions, firstly, that climatic conditions 

throughout the year are consistent with those experienced during the deployment period. 

Secondly, that chosen sites are representative of each reef area. For example, estimations of 

off-reef sediment export in the present study assumed a uniform transport rate across the reef 

perimeter, whereas in reality slight variations in geomorphology and wave climate may afford 

higher rates of export in some locations. Finally, they assume that transport on the fore-reef 

slope is unidirectional (downslope) and cannot return to the platform. Annual estimates are 

therefore based on ‘snapshot’ of field and act as first-order estimates of platform-scale fluxes 

with an associated margin of error, yet these provide important direct rates of spatial and 

temporal variations in sediment transport potential. 

6.4.5 Geomorphic implications platform sediment fluxes 

Total platform export of reef-derived sediments (sand and gravel) on Vabbinfaru was estimated 

at 127,121 kg per year, equating to an average of 103.5 kg of sediment per linear metre of reef 

front each year. This value represents an annual loss of material from the Vabbinfaru platform 

detrital sediment budget. Off-reef export of carbonate sediment is an important component of a 

reef sediment budget as material removed from the platform surface is no longer able to be 

utilised for the construction and maintenance of reef sedimentary deposits (e.g. reef islands and 

lagoons). If contemporary rates of off-reef sediment export are continuous over the next decade 

this would account for a significant loss of material from Vabbinfaru platform. The export of large 

quantities of reef derived sediment also form large sand deposits and gravel taluses on the fore-

reef slope which can initiate reef progradation over time. It is noteworthy that Vabbinfaru 

represents only a single platform reef within North Malé atoll and therefore if similar rates of 

detrital sediment export apply to other reefs in the atoll then the cumulative export of reef-

derived sediment for reefs is likely to contribute to the development of the atoll basin over 

geological time-scales. 

.
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7 SYNTHESIS 

7.1 Carbonate budget studies 

A calcium carbonate budget provides a framework in which to quantify the net production of 

calcium carbonate within a spatially defined reef system. The estimate provides a quantitative 

value of the sum of gross carbonate production (by primary and secondary producers) less the 

amount of carbonate lost through biological erosion by internal and external bioerosion agents. 

Few census-based budget studies have been conducted globally for coral reef environments 

(Scoffin et al. 1980; Land 1979; Hubbard et al. 1990; Edinger et al. 2000; Harney and Fletcher 

2003; Mallela and Perry 2007; Perry et al. 2012). There has been a notable lack studies that 

have examined reefs associated with reef islands and therefore the linkage between net 

carbonate production of biological communities and the geomorphic development of reef islands 

is poorly understood.  

Existing studies have also suffered from a lack of site-specific datasets of biological carbonate 

production and reef destruction and instead have relied heavily on published rates (e.g. coral 

growth and calcification) from different reef environments, many of which may be decades old 

and likely differ to contemporary reef processes. There has been a regional bias of budget 

studies towards Caribbean reefs with few conducted reefs within the Indo-Pacific despite their 

greater distribution and diversity. The use of in situ organism-specific data within this study is of 

high significance and it is used in part to validate existing rates of bioconstruction and 

bioerosion as well as to establish regional datasets for Maldivian reefs. The estimate of net 

carbonate production on Vabbinfaru platform constructed within this synthesis also extends the 

narrow geographic range of budget studies globally. The addition of quantitative measurements 

of carbonate cycling and sediment fluxes represent one of most detailed assessments of 

sediment dynamics on reef and only one few budget studies to incorporate reef sediment 

dynamics. 

This chapter presents a synthesis of the major budgetary components examined in the main 

thesis body to present a final estimate of net carbonate production for Vabbinfaru platform. A 

detrital sediment budget is constructed to examine the transfer and dispersal of sediment within 

the reef platform. 
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7.2 Constructing the calcium carbonate budget for Vabbinfaru platform 

A census-based methodology allows for the relative contribution of various reef organisms in 

biologically driven net calcium carbonate production to be quantified. Carbonate production and 

bioerosion rates by reef communities varied spatially on Vabbinfaru, however, the key 

organisms driving such biological processes remained consistent. Growth and calcification of 

scleractinian coral communities and bioerosion of reef substrate by excavating parrotfish 

species were the main drivers of the carbonate budget for Vabbinfaru. Contributions by other 

reef dwellers such as secondary encrusters and direct sediment producers (e.g. CCA, bivalves, 

bryozoans, Halimeda), internal boring agents (microborers and macroborers), and other grazing 

communities (e.g. urchins) were small and featured more as ‘biological noise’ surrounding the 

main budgetary components. 

7.2.1 Gross carbonate production 

The live coral zone of Vabbinfaru covers a relatively discrete geographic range (71736 m2) and 

was the primary site of gross carbonate production (see Chapter 2). Chapter 3 provides a 

detailed account of the relative contribution of different carbonate producing organisms in gross 

carbonate production on Vabbinfaru. Coral communities contributed on average 98% of reef 

carbonate production. Total gross carbonate production by primary (scleractinian corals; 

1180041 kg CaCO3 y
-1) and secondary (encruster and direct producers; 11920 kg CaCO3 y

-1) 

producers on Vabbinfaru was estimated at 1,251,603 kg CaCO3 y-1 (95% in LCZ). Spatial 

differences in carbonate production rate of reef communities within the live coral zone (11.5 - 22 

kg m-2 y-1) were driven by variations in the relative abundance, distribution and community 

composition of biological reef framework between reef sites. Such variations in production 

values over a small spatial scale highlight how perturbations in reef ecology, even at a sub-reef 

level, can cause significant shifts in the budgetary status of a reef. 

Gross carbonate production was driven largely by the calcification of Acropora colonies (see 

Chapter 3). Although one genus was the dominant producer of CaCO3, it comprised a range of 

species and growth morphotypes (e.g. branching, tabulate, digitate, etc.). This is of significance 

as the gross carbonate production of Vabbinfaru is therefore not reliant solely on a narrow range 

of coral types i.e. one main coral species as commonly observed on Caribbean reefs (e.g. 

Bonaire; Perry et al. 2012). Vabbinfaru may therefore be inherently more resistant to shifts in 

budgetary states following perturbations in environmental conditions (e.g. El Niño, increased 
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sedimentation, etc.) due to a range of different coral species and growth morphologies that 

contribute to platform gross carbonate production. 

7.2.2 Biological erosion  

Chapter 4 outlines the bioerosion rates and the total mass of carbonate material removed from 

Vabbinfaru by key bioeroding reef organisms. Biological erosion of the reef substrate by internal 

(microborers, 6030 kg CaCO3 y
-1; macroborers, 8644 kg CaCO3 y

-1) and external (urchin, 4642 

kg CaCO3 y
-1; parrotfish, 933710 kg CaCO3 y

-1) agents was estimated at 953,026 kg CaCO3 y
-1 

(99% in LCZ) (see Chapter 4). Total reef bioerosion rates varied between 7.1 – 26.7 kg m-2 y-1 

and mirrored the distribution and abundance of parrotfish communities. Parrotfish bioerosion 

was the dominant bioerosion process reef-wide and accounted for 99% of total reef bioerosion. 

Two key excavating parrotfish species (C. sordidus and C. strongylocephalus) contributed to 

reef bioerosion on Vabbinfaru. Parrotfish populations are therefore an integral component in 

maintaining the current rates of reef bioerosion and the removal of these species (e.g. through 

overfishing) are likely to significantly alter rates of net carbonate production. This would also 

likely have geomorphic implications on Vabbinfaru as parrotfish species contribute large 

quantities of sand-sized material to the reef annually (see Chapter 4). 

7.2.3 Net calcium carbonate production 

The carbonate budget for Vabbinfaru platform is the balance of reef bioconstruction (1,251,603 

kg CaCO3 y-1; Chapter 3) and bioerosion (953,026 kg CaCO3 y-1; Chapter 4) derived from 

organism-specific datasets generated within this study. Total net carbonate production for 

Vabbinfaru platform is estimated at +298,576 kg CaCO3 y-1. Based on the classification by 

Kleypas et al. (2001), Vabbinfaru is a production-dominated reef, where biological CaCO3 

exceeds carbonate degradation and therefore has a positive budgetary state. Net carbonate 

production between sites ranged between -12.6 kg to +11.4 kg m-2 y-1 within the live coral zone, 

with an average of +4.95 kg m-2 y-1 (Figure 7.1). Other eco-geomorphic zones had significantly 

lower rates of net carbonate production (rubble zone: +0.58 kg m-2 y-1, 45,701 kg y-1; lagoon: 

+0.04 kg m-2 y-1, 4627 kg y-1). 

Eco-geomorphic zonation of Vabbinfaru platform highlights the outer live coral zone as the main 

‘biological factory’ of carbonate material. In comparison other zones within the platform interior 

(lagoon and rubble deposit) showed insignificant net carbonate production as a consequence of 
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low coral cover. Such reef zones are more important as depositional environments where 

sediment assemblages reflect the abundance and productivity of adjacent reef communities. 

There are several notable limitations in balancing carbonate production and reef destruction 

estimates within reef environments as stated by Scoffin et al. (1978). Firstly, production 

estimates are based on skeletal material that is constructed and preserved, whereas, the 

evidence of destruction is dispersed on the reef as sediment or lost in solution. Secondly, 

measurements of the areal extent of sessile organisms on the reef benthos are more accurately 

measured than those of organisms that inhabit internal reef structures. Finally, production 

estimates are made using longer periods of time than those of destruction i.e. there is perceived 

evidence of change in coral community structure; however, it is not possible to determine 

whether parrotfish populations are the same as 10 years ago. Ecological processes occur at the 

organism or individual colony level and therefore extrapolation to estimates rates of budgetary 

processes (either carbonate production or bioerosion) have an assumed degree of error 

associated them. Such margins of error are difficult to quantify but are an inherent part of the 

carbonate budget framework and therefore direct values must be used with caution, particularly 

within a management framework.  

 

Figure 7.1 Net carbonate production rate (kg m
-2

 y
-1

) and total mass net carbonate production at 

sites V1 –  V8 on Vabbinfaru.   
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7.3 Global variations in carbonate budget studies 

Results show that biologically driven net carbonate production on Vabbinfaru ranges between -

12.7 and +11.4 kg m-2 y-1 (mean = 4.95 kg m-2 y-1) between sites. Vabbinfaru platform has 

positive carbonate budget (+298,576 kg CaCO3 y-1) and fits within the classification of a 

production-dominated reef (sensu Kleypas et al. 2001). Rates of net carbonate production on 

Vabbinfaru are consistent with those reported for other budget studies (Table 7.1). Production-

dominated reefs are a common budgetary state for many Holocene reefs (Kleypas et al. 2001) 

and include Bellairs Reef, Barbados, 4.48 kg CaCO3 m
-2 y-1 (Scoffin et al. 1978), and Jamaica, 

1.1 kg CaCO3 m
-2 y-1 (Land 1979). Rates generated from rubble and lagoon eco-geomorphic 

zones at Vabbinfaru, where coral growth was limited, were similar to rates reported for St Croix, 

0.91 kg CaCO3 m
-2 y-1 (Hubbard et al. 1990), and reef flat areas of Kailua Bay, Hawaii, 0.89 kg 

CaCO3 m
-2 y-1 (Harney and Fletcher 2003). Existing budget studies that have reported erosional 

(or negative) reef states have typically only occurred on reefs where large-scale environmental 

perturbations have occurred. Eakin (2001) documented the transition from a positive to negative 

budgetary state on Panamian reefs following a coral mass mortality event as a consequence of 

a strong El Niño (pre El Niño: +8600 kg CaCO3 y
-1; post El Niño: -4800 kg CaCO3 y

-1). 

Table 7.1 Net carbonate production rates (kg m
-2

 y
-1

) reported for existing census-based carbonate 

budget studies within different reef environments.   

 

Reef Province Location Reef Type

Net Carbonate Production 

(kg CaCO3 m
-2

 y
-1

) Reference

Caribbean Bellairs Reef, Barbados Fringing reef +4.48 Scoffin et al. (1980)

Cane Bay, St. Croix, U.S. Virgin Islands Fringing reef +0.91 Hubbard et al. (1990)

Bonaire Fringing reef (leeward) +9.46 to +2.28 Perry et al. (2011)

Bonaire Fringing reef (seaward) +0.95 to -0.80 Perry et al. (2011)

Rio Bueno, Jamaica Fringing reef (clear water sites) +1.23 Mallela and Perry (2007)

Rio Bueno, Jamaica Fringing reef (turbid sites) +1.88 Mallela and Perry (2007)

Bahamas Fringing reef -0.29 to +1.30 Perry et al. (2013)

Belize Fringing reef -0.23 to +10.68 Perry et al. (2013)

Grand Cayman Fringing reef -2.32 to +3.32 Perry et al. (2013)

Discovery Bay Jamaica Fringing reef +1.1 Land (1979)

Indo-Pacific Kailua Bay, Hawaii Fringing reef +0.89 Harney and Fletcher (2003)

Java Sea, Indonesia Various reefs +11.68 to -6.8 Edinger et al. (2000)

Panama Fringing reef +6.09 to +6.92 Eakin (1996)

Vabbinfaru, Maldives Lagoon +0.04 This study

Vabbinfaru, Maldives Rubble zone +0.58 This study

Vabbinfaru, Maldives Live coral zone +11.4 to -12.6 This study
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7.4 Detrital sediment budget 

Carbonate production on reefs is not a direct measurement of sediment generation, a range of 

taphonomic processes must act on carbonate substrates to convert them to detrital sediment 

(see Chapter 4). A detrital sediment budget is the balance between the supply of new sediment 

generated within a reef and the permanent loss of carbonate sediment from the system. The 

aim is to generate a quantitative estimate carbonate cycling through a reef by establishing (1) 

sediment production as a function of biological calcification and breakdown of reef framework 

(Chapters 3 & 4), (2) losses of sediment through off-reef export and biologically-mediated 

transfer (Chapters 4 & 6), (3) sediment transport and dispersal (Chapter 6), and (4) sediment 

storage (e.g. reef islands and lagoons) (Chapter 6). Reef sediments budgets are crucial for 

examining the interactions between sediment production and the transfer and dispersal of 

sediment within reefs. Several existing studies have attempted to construct sediment budgets 

for reef environments (Scoffin et al. 1980; Hubbard et al. 1990); however, these have only 

examined sediments incorporated directly into the reef edifice and not included quantitative 

estimates of sediment generation and the reworking and dispersal of sediments. The detrital 

sediment budget constructed within this study for Vabbinfaru focuses directly on the supply of 

reef-derived sediment suitable for reef island development. 

The total quantity of sediment produced from Vabbinfaru reef was estimated at 954,847 kg y-1 

(bioerosion + direct sediment production), equating to an average of 13.3 kg m-2 y-1 within the 

live coral zone. The majority (97%) was new sediment generated by parrotfishes grazing on reef 

substrate and dead coral surface, the remainder (3%) was reworked from existing detrital 

material or direct sediment inputs. Direct sediment producers (e.g. Halimeda or benthic 

foraminifera) become sediment upon death and as a result are often disproportionately 

represented within sedimentary environments. Direct sediment producers on Vabbinfaru 

contribute a small proportion of total sediment production (<1.5%), which differs from other 

Caribbean and Pacific reefs environments (Yamano et al. 2000; Yamano et al. 2005). Coral 

skeletal grains comprise the bulk of the new sediment produced (99%) and this reflected in the 

sediment composition of the platform surface (up to 71%) and island sediment mass (up 82%). 

The remainder of sediment assemblages are made primarily of CCA (18%) and other secondary 

constituents. 

External grazing agents (urchins and parrotfish) provide the majority of reef destruction and 

produce quantities of new sediment as a by-product of foraging. More importantly, the grain size 
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distribution of sediment generated (-1ϕ to 4ϕ) is of a suitable texture to contribute to reef and 

island sedimentary environments and therefore represents a significant supply of sediment of 

landform development (see Chapters 4 & 5). Rates of sediment generation have been 

described for several reefs in the Caribbean; Bellairs Reef, Barbados, 17.5 kg m-2 y-1 (Stearn 

and Scoffin 1977): Cane Bay, St. Croix, 0.71 kg m-2 y-1 (Hubbard et al. 1990); and the Pacific; 

Kailua Bay, Hawaii, 0.53 kg m-2 y-1 (Harney and Fletcher 2003), however, these have not 

incorporated aspects of carbonate cycling (Chapter 6). 

Losses to the carbonate system at Vabbinfaru include (1) storage of sediments within the 

lagoon (however, this may be temporary as sediments can be reincorporated into the sediment 

system), (2) export of fine material generated by microborer and macroborer erosion, (3) 

transport of bedload sediments off-reef, (4) retention of sediment within reef framework, and (5) 

transfer of sediments off-reef through biologically-mediated processes. The remainder of 

sediment is available for island construction if sediment grains are of a suitable grade (size, 

composition and durability). Vabbinfaru lagoon has a large storage capacity as Maldivian reef 

lagoons are infilled deposits (Kench et al. 2005) rather than forming consolidated reef flats 

which have limited accommodation space. Based on a first-order estimate of lagoon infill rates 

calculated from radiocarbon dating of coral sediment (see Chapter 6), annual lagoon infill is 

conservatively estimated at 335 kg y-1. Fine sediment produced by boring organisms which is 

transported in solution off-reef accounts for a further 14,674 kg loss to the Vabbinfaru sediment 

budget (Chapter 4). Fine sediment retained in the reef edifice is estimate at 65,279 kg y-1 

(Chapter 6). Losses off the reef edge through bedload sediment export (Chapter 6) and through 

biologically-mediated processes (Chapter 4) account for 127,121 kg y-1 and 490,692 kg y-1 

respectively. The balance of new sediment generation minus permanent losses from the 

platform generates a sediment budget estimate of 256,746 kg y-1 (3.5 kg m-2 y-1 within the live 

coral zone) (Figure 7.2). This value is an estimate of new detrital sediment that is produced and 

retained on the platform surface. Extrapolations of reef sedimentation have an assumed margin 

of error associated with values which should be considered when incorporating into 

management strategies. The quantity of sediment reef islands requires for geomorphic 

persistence is not well understood and therefore estimates serve an indication of available 

excess reef-derived sediment available for landform development and not a direct value. 
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7.5 Geomorphic implications of the Vabbinfaru carbonate budget 

The reef carbonate budget constructed for Vabbinfaru from datasets presented within this thesis 

has significant implications to the geomorphology of the platform surface. The formation and 

adjustment of coral reefs and associated reef landforms relies on a number of intrinsic and 

extrinsic factors (Kench et al. 2009). The eco-morphodynamic model proposed by Kench et al. 

(2009) for reef environments examines the cycling of carbonate through a reef system and 

incorporates how the reef structure modulates wave and current processes, the structure of 

ecological communities, reef morphology, sedimentation processes, and the morphological 

development of reef associated landforms (e.g. reef islands). This model was applied to 

Vabbinfaru platform and highlights the outer live coral zone as a significant ‘carbonate factory’ 

not only for biological reef framework but also as a source of detrital sediment (through 

taphonomic alteration) for platform geomorphic development (Figure 7.2).  

Coral communities are the dominant producer of CaCO3 (16.88 kg m-2 y-1) and the main source 

of detrital sediment on Vabbinfaru. A range of taphonomic processes must act on carbonate 

substrates to convert them to detrital sediment and therefore the rate, magnitude and physical 

properties of sediments are controlled largely by the mechanisms and rates of reef destruction. 

Coral skeletal grains and detrital branches form the bulk of the total sediment mass in reef and 

island sediment assemblages. The distribution and abundance of platform sediment texture is 

dictated by their distance from their source (live coral zone), the abundance and productivity of 

contributing organisms (Chave et al. 1972), sediment durability (Ford and Kench 2011), and the 

hydrodynamic properties of skeletal grains (Yamano et al. 2000).  

Platform hydrodynamics influence rates of sediment dispersal and off-reef export. At 

Vabbinfaru, sediment is transported from the outer reef live reef in the net direction of wave-

induced currents. As the transport capacity of currents diminishes landward large coral rubble is 

deposited leading to a progressive decrease in sediment texture across the platform surface 

(see Chapter 5). In the SW monsoon, currents are stronger and transport large quantities of 

sediment eastward (net current direction) across the platform where gravels accumulate in 

mounds on the western platform surface. Coral branches are the most durable of reef 

sediments (Ford and Kench 2011) and deposits persist over medium to long-term time scales 

until ultimately become incorporated into lagoon deposits (Chapter 6). Net currents transport 

remaining fine sediment towards Vabbinfaru Island where currents diverge and the bulk of sand-

sized sediment is deposited at the southwest platform (Chapters 5 & 6). Sand is likely 
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transported off-reef by platform surface currents driving high rates of sediment export across the 

southern platform. This pattern is reversed in response to climate-driven shifts in platform 

hydrodynamics (NE monsoon), however the magnitude and texture of bedload sediments is 

lower (Chapter 6). 

 

Figure 7.2 Eco-morphodynamic model (modified from Kench 2011) of Vabbinfaru reef platform 

providing quantitative values of carbonate production and carbonate cycling within the reef system. 

The model shows the co-adjustment reef ecology and geomorphology to changes in boundary 

condition (e.g. hydrodynamic regime, sea level, etc.).  

Ecological and physical processes on reefs control the production and grade of reef-derived 

sediment on Vabbinfaru. Sediment supply on reefs is of major significance to the 

geomorphology of the platform surface as it largely dictates the development of the reef 

structure and of reef-associated sedimentary deposits. Detrital carbonate material derived from 
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the remains of the adjacent reef community are the building blocks for reef island construction 

and maintenance and controls the island morphology and resistance of such landforms to 

geomorphic change under future environmental scenarios (e.g. wave climate, sea level, etc.). 

The dynamism and persistence of reef islands has direct implications for the local communities 

inhabiting them. 

7.6 Conclusions  

7.6.1 Research objectives 

The aim of this research was to (1) construct a carbonate budget for Vabbinfaru reef platform, 

(2) provide new field-based datasets of the key budgetary components, and (3) incorporate 

sedimentary processes in the conceptual budget framework to examine the transfer of reef-

derived sediment between production and depositional reef environments. 

The first aim has been achieved by providing a detailed analysis of the relative abundance and 

distribution of reef ecological communities, their growth and carbonate production rates and 

subsequent destruction through a suite of bioerosion processes (both internal and external). 

Each of the main budgetary components has been described in detail to provide an estimate of 

net carbonate production for Vabbinfaru platform (+298,576 kg CaCO3 y
-1). Furthermore, spatial 

variations in net carbonate production at a sub-reef level are provided.  

The second aim was achieved as the thesis has generated a number of new datasets 

associated with gross and net carbonate production and biological erosion. More specifically 

these include: (1) scleractinian coral growth, skeletal density and calcification, (2) growth and 

carbonate production rates of encrusting communities and crustose coralline algae, (3) 

macroborer community composition and bioerosion rate, and (4) parrotfish abundance, foraging 

behaviour and bioerosion. Such datasets are novel for Maldivian reefs and reefs within the 

central Indian Ocean. 

The third aim was achieved as seasonal variations in the rate, magnitude and sediment 

transport pathways were determined using an array of sedimentation traps on the platform 

surface and the fore-reef slope. High rates of sediment flux were observed under non-storm 

conditions (up to 695 kg m-1 y-1). Off-reef export of sand and gravel was high overall (121,121 kg 

CaCO3 y-1) and varied between sites in response to spatial variations in wave climate at 

different reef aspects. Direct measurements of sediment transport and export on reefs are 
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scarce and therefore this information represents a significant dataset both regionally and 

globally.  

7.6.2 Vabbinfaru eco-geomorphic zonation 

Vabbinfaru reef platform can be divided into 6 main zones based on similarities in the physical 

and ecological characteristics within each. These areas are the vegetated island, island beach, 

lagoon, rubble zone, live coral zone and fore-reef slope. The platform is 0.322 km2 in size and 

experiences a moderate wave climate that varies between reversing monsoon seasons (Hs: NE 

= 0.11 m, SW: 0.21 m). The platform is microtidal (0.96 m tidal range) and is fully submerged at 

all tidal stages. There is weak tidal modulation of wave energy across the platform. 

7.6.3 Biological reef framework 

Live coral was the dominant benthic cover (up to 75%) within the live coral zone on Vabbinfaru. 

This was the main production zone and source of detrital sediment. Coral communities were 

dominated by Acropora (73%) and Porites (up to 29%) coral colonies, with lesser abundances 

of other coral genera. CCA and Halimeda were relatively scarce on the live reef. The distribution 

and relative abundance of coral growth morphologies varied in response to spatial differences in 

wave climate around the platform margin and between inner and outer reef sites. Areas with 

lower wave energy were characterised by delicate growth forms, whereas, more energetic 

regions comprised robust coral morphotypes. Corals contributed the majority of gross carbonate 

production within the live coral zone (98%) due to high calcification rates and high relative 

abundance. Carbonate production rates of corals were largely comparative to rates reported for 

other reef-building provinces. Carbonate production by encrusting communities was high (0.056 

g cm-2 y-1) and showed greatest similarities to existing rates generated for other mid-oceanic 

reefs. Total platform gross carbonate production was estimated at (1,251,604 kg CaCO3 y-1; 

16.88 kg CaCO3 m
-2 y-1). 

7.6.4 Reef destruction 

Biological destruction of the reef framework was quantified for Vabbinfaru. The total mass of 

carbonate removed from Vabbinfaru was estimated at 953,026 kg CaCO3 y
-1 (11.9 kg CaCO3 m

-

2 y-1). Two parrotfish species (C. strongylocephalus and C. sordidus) contributed up to 99% of 

total reef bioerosion (933,710 kg CaCO3 y-1). Parrotfish densities were at the upper range of 

data reported for other reef environments. Remaining bioeroding functional groups were 
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relatively less important to platform bioerosion. Macroboring communities within the live coral 

zone and lagoon comprised a similar suite of organisms consisting of sponges, worms and 

bivalves bore cavities. Despite only contributing a small proportion of reef bioerosion, boring 

communities are important as they reduce the structural integrity of the reef and make it 

susceptible to breakage. Urchins were scarce (0.047 individuals m-2) on Vabbinfaru which may 

be largely a consequence of healthy fish populations. Sediment produced by urchins as a by-

product of grazing is of a suitable grade (-2ϕ to 4ϕ) for reef island construction and 

maintenance. 

7.6.5 Interpretation of reef sediment texture and constituent composition 

The textural and compositional properties of reef and island sediment on Vabbinfaru platform 

were established. A total of 85 sediment samples were collected and analysed. On average, the 

mean grain size of surficial sediment was coarse (1.46ϕ) and poorly sorted (1.45σ). Sediments 

had small proportions of fines (<3%) and varying ratios of gravel to sand fractions ranging from 

samples comprised wholly of sand-sized sediment (at the island beach) or gravel-sized material 

(close to production zones). A progressive cross-reef pattern in sediment texture was observed 

on Vabbinfaru where coarse sediment with a high gravel component comprised outer reef 

sediments and better sorted sand-sized sediment occupied inner lagoon and island sediments. 

Overall, sediment texture was dictated by the distance from the production source, platform 

hydrodynamics and grain settling velocity. Constituent composition of sediment was similar 

between reefal and island sediment. All platform sediments were coral-dominated (up to 82%), 

with lesser contributions of CCA (18%), Halimeda (18%) and molluscan (12%) skeletal grains. 

Island beach sediments in particular consisted of a specific grade of sediment comprises a 

narrow range of sediment sizes and constituents. 

7.6.6 Sediment flux and off-reef export 

The rate and magnitude of sediment flux and off-reef export was measured using an array of 

sedimentation traps. Platform surface sediment flux was high during the more energetic SW 

monsoon (up to 695 kg m-1 y-1). The magnitude of sediment transport under calm conditions 

during the NE monsoon was significantly lower (up to 43.7 kg m-1 y-1). Bedload sediment texture 

varied between seasons with a larger distribution of grain sizes transported during higher 

energy conditions of the SW monsoon (NE = 1.75ϕ, SW = 1.64ϕ). Seasonal reversals in 

platform hydrodynamics were the main mechanisms driving spatial variations in sediment 
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transport pathways. Under the SW monsoon sediments were transported from the western 

platform towards Vabbinfaru Island, larger sediments were dropped from active transport on the 

western lagoon forming gravel deposits and finer sediment moved towards the southern 

platform. During the NE monsoon this pattern was reversed. Sediment export was high with an 

estimated 127,121 kg y-1 of material lost from the reef platform. A higher proportion of sand (up 

to 73%) to gravel (up to 27%) was exported. Spatial variations in export supported sediment 

transport pathways on the platform surface. A first-order estimate of lagoon infilling rate was 

estimated at 0.596 mm y-1. Based on this estimate, 355 kg y-1 of sediment is incorporated into 

the lagoon annually. 

7.6.7 Reef ecology and sedimentation on Vabbinfaru platform 

The carbonate budget of Vabbinfaru shows that the platform has a positive budgetary status. 

Biological carbonate production exceeds biological erosion by 298,576 kg CaCO3 y
-1. This has 

direct implications for the style and rate of reef geomorphic development. Spatial variations in 

net carbonate production may lead to differences in net reef accretion at a sub-reef level over 

long-term time scales. The outer consolidated reef is the main zone of carbonate production and 

source of detrital sediments. The growth of carbonate producing organisms and the mechanism 

of breakdown through biological and physical processes dictate the grade of sediment 

produced. New sediment generation from the reef is estimated at 954,847 kg y-1. The dispersal 

and cycling of reef-derived sediment is an important control of the platform surface 

geomorphology on Vabbinfaru. Sediment transport pathways influence the distribution of 

platform sediment facies as well as the maintenance and construction of reef-associated 

sedimentary deposits (e.g. reef islands and lagoon). The distribution of sediment also influence 

coral growth at a platform scale, for example, rubble deposits provide an adequate substrate for 

colonisation by coral recruits, whereas, sandy lagoon surfaces inhibit settlement. Reef-derived 

sediment is exported from the platform in large quantities. Exported sediment is a loss to the 

reef sediment budget and cannot contribute to island building. Off-reef export of gravel and sand 

has important geomorphic implications within a wider context as this process is a significant 

source of sediment for sediment facies development of atoll basins over geological time-scales. 
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APPENDIX 1 

VABBINFARU REEF PLATFORM MORPHOLOGY 

 

Figure A1.1 Cross-reef profi les of established transect l ines (V1 –  V8). Prof i les are relative to 

MSL (m) and init iate at the edge of island vegetation and terminate on the reef slope.  Height of 

l ive coral colonies extends a further 30 cm from the reef substrate . 

 

Figure A1.2 Digital elevation model of Vabbinfaru platform  (m relative to MSL). The model  

shows the position of Vabbinfaru island on the eastern platform, the steep reef slope, atoll  

basin (40 m depth) and platform edge of Ihuru to the west.  
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APPENDIX 2 

MACROBORER COMMUNITY COMPOSTION AND BIOEROSION 

Table A.2.1 Proportion (%) of surface area removed by macroboring functional groups (worms, sponges and 

bivalves) from reef cores taken at inner and outer reef sites within the live coral zone (Transects V1 – V8). 

 

 

Table A.2.1 Mean (±SD) bioerosion rate (kg m
-2

 y
-1

) by macroboring functional groups (worms, 

sponges and bivalves) f rom reef cores taken at inner and outer reef sites within the l ive coral 

zone (Transects V1 –  V8). 

 

Reef Zone Transect Rugosity Substrate Available (m
2
)* Worm Sponge Bivalve All Macroborers

Inner Reef V1 1.8 1361 0.052 0.122 0 0.175 428.1

V2 2.1 1393 0 0.070 0 0.070 208.7

V3 1.6 1951 0.009 0.070 0 0.079 247.5

V4 1.8 1033 0.011 0.060 0.022 0.093 168.6

V5 2.1 1042 0.010 0.023 0.003 0.035 77.3

V6 2.0 1331 0.030 0.008 0 0.038 100.3

V7 1.9 4681 0.009 0 0.003 0.013 110.6

V8 1.8 2695 0 0 0.007 0.007 35.5

Outer Reef V1 2.1 795 0.003 0.019 0 0.022 35.8

V2 2.1 1586 0.006 0.016 0.008 0.029 95.3

V3 1.8 1704 0.009 0.051 0 0.059 181.9

V4 2.1 1016 0.028 0.019 0.069 0.116 244.4

V5 2.2 816 0.024 0 0 0.024 44.0

V6 2.1 1760 0 0.001 0.007 0.009 32.2

V7 2.1 3328 0.014 0 0 0.014 94.0

V8 2.1 2513 0.013 0 0.035 0.048 256.0

*  Area derived from the sum of detrital rubble, reef substrated and dead coral cover

Macroboring Bioerosion Rate (kg m
-2

 y
-1

) Total Macroboring 

Bioerosion (kg y
-1

)

Transect n

V1 15 0.020 ± 0.032 0.078 ± 0.068 0.002 ± 0.008 0.101 ± 0.053

V2 15 0.048 ± 0.051 0.032 ± 0.047 0.021 ± 0.047 0.101 ± 0.058

V3 15 0.035 ± 0.050 0.090 ± 0.064 0.001 ± 0.002 0.125 ± 0.042

V4 15 0.023 ± 0.027 0.045 ± 0.048 0.068 ± 0.041

V5 15 0.020 ± 0.030 0.090 ± 0.075 0.001 ± 0.002 0.111 ± 0.055

V6 15 0.016 ± 0.034 0.121 ± 0.088 0.136 ± 0.071

V7 15 0.017 ± 0.034 0.127 ± 0.092 0.144 ± 0.074

V8 15 0.006 ± 0.010 0.082 ± 0.075 0.004 ± 0.011 0.093 ± 0.080

Worm Sponge

Average Macroboring Bioerosion Rate (kg m
-2

 y
-1

) ± SD

Bivalve All Macroborers

0

0

0
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Table A.2.2 Mean (±SD) percentage of substrate removal (%) by macroboring functional groups 

(worms, sponges and bivalves) from reef cores taken at inner an d outer reef sites within the 

l ive coral zone (Transects V1 –  V8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transect n

V1 15 4.4 ± 0.1 16.9 ± 14.7 0.5 ± 1.8 21.8 ± 11.5

V2 15 10.5 ± 0.1 6.9 ± 10.1 4.5 ± 10.2 21.8 ± 12.5

V3 15 7.6 ± 0.1 19.4 ± 13.9 0.1 ± 0.4 27.1 ± 9.2

V4 15 5.0 ± 0.1 9.8 ± 10.4 14.8 ± 8.9

V5 15 4.3 ± 0.1 19.6 ± 16.2 0.1 ± 0.5 24.0 ± 12.0

V6 15 3.4 ± 0.1 26.1 ± 19.1 29.5 ± 15.3

V7 15 3.7 ± 0.1 27.5 ± 20.0 31.2 ± 16.1

V8 15 1.4 ± 0.0 17.8 ± 16.3 0.9 ± 2.3 20.1 ± 17.3

0.0

0.0

0.0

Worm Sponge Bivalve All Macroborers 

Average Surface Area of Boring Cavities (%) ± SD
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APPENDIX 3 

EXTERNAL BIOERODING AGENTS 

 

Table A3.1 Urchin density (individuals/m2) and species composition at sites within inner and 

outer reef zones on Transects V1 –  V8. 

 

 

Table A3.2 Mean (± SD) densities (individuals/500 m
2
) of bioeroding parrotfish species  on 

Transects V1 –  V8. 

 

 

Table A3.3. Mean (±SD) proportion (%) of parrotfish species observed in ini t ial and terminal l i fe 

phases. 

 

Reef Zone Common Name Scientific Name V1 V2 V3 V4 V5 V6 V7 V8

Inner Reef Burrowing Urchin Echinostrephus molaris 0.025 0 0.05 0 0 0 0 0.025

(landward) Spiny Urchin Diadema setosum 0 0 0 0 0 0 0 0

Diadema Urchin Echinothrix diadema 0 0.1 0.05 0.075 0 0 0 0.125

Mathae's Urchin Echinometra mathaei 0 0.025 0 0 0 0 0.025 0

0.025 0.125 0.1 0.075 0 0 0.025 0.15

Outer Reef Burrowing urchin Echinostrephus molaris 0 0 0.05 0 0 0 0.025 0

(seaward) Spiny Urchin Diadema setosum 0 0 0.125 0 0 0 0 0

Diadema Urchin Echinothrix diadema 0 0.025 0 0 0 0 0.025 0

Mathae's Urchin Echinometra mathaei 0 0 0 0 0 0 0 0

0 0.025 0.175 0 0 0 0.05 0

Total Urchins

Total Urchins

Parrotfish Species

Chlorurus strongylocephalus 0.3 ± 0.3 0.7 ± 0.5 0.4 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1

Scaus niger 1.3 ± 0.4 0.7 ± 0.2 0.1 ± 0.1 1.2 ± 0.4 1.3 ± 0.6 0.6 ± 0.2 1.6 ± 0.5 1.9 ± 0.6

Chlorurus sordidus 2.6 ± 0.6 2.3 ± 0.6 0.7 ± 0.5 1.8 ± 0.6 2.3 ± 0.7 2.1 ± 0.8 3.6 ± 0.9 8.6 ± 2.3

Scarus frenatus 0.4 ± 0.2 1.3 ± 0.4 0.3 ± 0.2 0.4 ± 0.3 0.3 ± 0.2 0.8 ± 0.3 0.9 ± 0.3 0.8 ± 0.3

Scarus rubroviolaceus 0.0 0.1 ± 0.1 0.0 0.0 0.0 0.1 ± 0.1 0.0 0.0

Hipposcarus harrid 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 ± 0.1

Scarus psittacus 0.0 0.3 ± 0.1 0.0 0.4 ± 0.1 0.0 0.1 ± 0.1 0.1 ± 0.1 0.0

Scarus sp. 0.1 ± 0.1 0.1 ± 0.1 1.9 ± 1.9 1.4 ± 2.7 1.6 ± 1.2 0.2 ± 0.1 0.1 ± 0.1 1.5 ± 0.9

TOTAL PARROTFISH 4.6 ± 0.7 5.4 ± 0.8 3.4 ± 2.2 5.2 ± 2.2 5.5 ± 2.4 3.8 ± 0.9 6.4 ± 1.1 13.0 ± 2.6

V1 V2 V3 V4 V5 V6 V7 V8

Parrotfish Species

Chlorurus strongylocephalus 67 ± 40 33 ± 40

Scaus niger 56 ± 33 44 ± 31

Chlorurus sordidus 71 ± 19 29 ± 19

Scarus frenatus 61 ± 30 39 ± 30

Scarus rubroviolaceus 0 100

Hipposcarus harrid 0 100

Scarus psittacus 6 ± 0 94 ± 14

TOTAL PARROTFISH 37 63

Terminal PhaseInitial Phase



 

v 
 

APPENDIX 4 

CROSS REEF PATTERNS IN MEAN GRAIN SIZE AND SORTING 

This appendix show patterns in mean grain size and sorting across reef profiles on 

Transects V1 – V8. Island beach sediments were fine grained at most locations but became 

coarser at the toe of beach. Lagoon sediments were comprised of medium sized sediments 

which were consistent across most profiles. The highest variation was exhibited at Transects 

V1 and V3 where rubble deposits were most prevalent. The outer reef comprised the 

coarsest sediment assemblages. Reef slope sediments were variable and largely reflected 

their platform surface counterparts.  

The island beach sediments were well sorted. The degree of sorting within lagoon sediments 

was fairly consistent but there was some variation between transects. There were no clear 

cross-reef trends between the grain size and sorting properties of surface sediments on 

Vabbinfaru. 
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Figure A4.1 Cross-reef patterns in mean grain size (ϕ) and sorting (σ) at sampling stations on 

Transects V1 –  V4. 
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Figure A4.2 Cross-reef patterns in mean grain size (ϕ) and sorting (σ) at sampling stations on 

Transects V5 –  V8. 
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APPENDIX 5 

SEDIMENT TEXTURE AND CONSTITUENT COMPOSITION 

 

This appendix presents data on the textural and compositional properties of reef sediments 

on Vabbinfaru. The location and eco-geomorphic zone (mid-beach, toe of beach, lagoon, 

rubble zone, live coral zone and reef slope) from which the samples were collected are 

presented. Grain size characteristics for aggregate samples and the isolated sand fraction 

are shown, as well as information on the constituent composition of each sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Table A5.1 Summary of the textural and compositional properties of characteristics surface sediments on Vabbinfaru. Results of the physical 

properties of both aggregate sediment assemblages and the isolated sand fraction are presented.  

            % Size Fraction Constituent Composition (%) Isolated Sand Texture Aggregate Texture 

Sample  

Longitude 

(x) 

Latitude 

(y) 

Distance 

(m) 

Elevation 

Relative 

to MSL 

(m) 

Eco-

geomorphic 

Zone 

Gravel 

(%) 

Sand 

(%) 

Fine 

(%) 

Coral 

(%) 

CCA 

(%) 

Halimeda 

(%) 

Mollusc 

(%) 

Foram 

(%) 

Echinoderm 

(%) 

Other 

(%) 

MGS 

(ф) 

Settling 

Velocity 

(cm/s) 

Sorting 

(σ) 

MGS 

(ф) 
Sorting 

(σ) 

V1 MB 73.42366 4.31070 27.27 0.604 Mid Beach 0.0 97.6 2.4 82 10 1 6 1 0 0 1.78 2.61 0.54 1.28 0.56 

V1 P1 S3 73.42366 4.31100 62.32 -1.822 Lagoon 3.4 91.5 5.1 51 19 10 15 5 0 1 1.96 2.13 0.76 1.35 0.93 

V1 P2 S4 73.42366 4.31120 81.63 -1.25 Lagoon 12.0 85.4 2.6 55 17 15 10 2 0 1 1.23 4.04 0.90 0.35 1.36 

V1 P3 S5 73.42365 4.31138 101.13 -1.137 Rubble 44.6 52.0 3.4 51 22 13 11 2 0 1 1.55 3.08 0.84 -1.01 2.41 

V1 P4 S6 73.42365 4.31157 116.28 -1.157 Rubble 39.5 58.1 2.4 46 23 17 10 3 0 0 1.07 4.54 0.87 -0.58 1.65 

V1 P5 S7 73.42364 4.31174 136.36 -1.225 Rubble 42.4 54.6 3.0 44 26 17 9 2 1 1 1.36 3.65 0.83 -0.40 1.58 

V1 P6 S8 73.42364 4.31193 156.9 -1.209 Rubble 42.9 54.4 2.7 47 21 19 10 2 0 0 1.68 2.67 0.99 -0.32 1.89 

V1 P7 S9 73.42365 4.31211 177.67 -0.419 Reef Rock 80.1 17.3 2.6               0.83 5.66 0.77 -2.71 1.69 

V1 P8 S10 73.42365 4.31220 186.92 -1.44 Reef Rock 93.1 4.6 2.3               1.09 4.51 0.88 -2.93 1.14 

V1 P9 S11 73.42365 4.31224 192.03 -3.853 Reef Rock 53.1 40.6 6.3 42 26 15 15 2 0 1 1.27 3.93 0.83 -0.94 2.20 

V1 TOB 73.42365 4.31082 42.01 -0.953 

Toe of 

Beach 7.7 89.6 2.7 52 7 27 11 3 0 0 0.47 7.55 0.48 -0.16 0.70 

V2 MB 73.42471 4.31054 11.8 0.078 Mid Beach 0.0 90.1 9.9 48 10 23 14 4 0 1 0.97 5.13 0.68 0.47 0.68 

V2 P1 S3 73.42477 4.31058 22.06 -0.928 Lagoon 12.4 82.6 5.1 43 15 18 16 7 0 1 1.50 3.18 0.88 0.62 1.33 

V2 P2 S4 73.42489 4.31070 42.04 -1.416 Lagoon 21.3 75.5 3.1 52 22 14 10 1 0 1 1.41 3.47 0.81 0.15 1.70 

V2 P3 S5 73.42503 4.31085 63.52 -1.441 Lagoon 37.8 48.4 13.8 53 20 12 11 2 0 1 1.37 3.55 0.91 -0.39 1.83 

V2 P4 S6 73.42515 4.31098 83.53 -1.582 Lagoon 18.6 76.9 4.5 57 20 11 9 1 0 1 1.53 3.10 0.93 0.46 1.47 

V2 P5 S7 73.42528 4.31111 104.15 -1.612 Rubble 27.1 67.3 5.6 50 18 18 10 2 0 3 1.47 3.28 0.88 0.09 1.66 

V2 P6 S8 73.42540 4.31125 124.63 -1.472 Reef Rock 42.8 54.1 3.1 51 23 12 8 3 1 1 1.31 3.79 0.83 -0.75 1.97 

V2 P7 S9 73.42553 4.31138 144.63 -1.252 Reef Rock 81.8 14.5 3.6               1.22 4.10 0.81 -1.63 2.42 

V2 P8 S10 73.42561 4.31148 158.63 -1.542 Reef Rock 54.3 42.3 3.4 41 26 14 16 1 0 1 0.83 5.69 0.72 -1.75 2.05 

V2 TOB 73.42476 4.31057 20 -0.768 

Toe of 

Beach 24.1 72.4 3.5 33 3 40 20 4 0 0 0.59 6.86 0.63 -0.37 1.02 

V3 MB 73.42502 4.30983 23.16 0.538 Mid Beach 0.1 98.0 1.9 66 12 10 8 2 0 2 1.50 3.34 0.53 1.00 0.55 

V3 P1 S3 73.42515 4.30983 39.03 -0.989 Lagoon 16.7 79.8 3.5 45 18 16 15 4 0 1 1.94 2.15 0.85 0.84 1.54 

V3 P2 S4 73.42533 4.30983 59.21 -1.015 Rubble 76.3 21.4 2.3 49 21 16 10 2 0 1 1.07 4.17 1.38 -2.19 1.79 

V3 P3 S5 73.42551 4.30983 79.5 -1.154 Rubble 27.5 69.1 3.4 49 19 16 12 2 0 1 1.61 2.94 0.76 -0.23 1.91 

V3 P4 S6 73.42569 4.30983 99.5 -1.243 Rubble 80.0 18.3 1.6 41 18 26 11 2 1 1 1.20 4.06 0.96 -2.40 1.75 

V3 P5 S7 73.42587 4.30983 120.1 -1.205 Rubble 37.4 57.9 4.7 54 21 11 11 1 0 1 0.92 5.23 0.79 -0.59 1.49 

V3 P6 S8 73.42606 4.30984 140.38 -1.183 Rubble 79.3 18.1 2.6 49 19 18 11 2 0 1 1.07 4.66 0.80 -2.29 1.57 

V3 P7 S9 73.42624 4.30983 161.84 -0.912 Reef Rock 50.0 46.6 3.5 53 20 11 13 1 1 1 1.22 4.15 0.73 -0.91 1.87 

V3 P8 S10 73.42642 4.30983 182.23 -0.993 Reef Rock 72.9 24.0 3.1 43 19 20 17 1 1 1 1.09 4.55 0.85 -1.84 1.67 

V3 P9 S11 73.42659 4.30984 202.23 -3.263 Reef Rock 62.8 33.5 3.8 55 15 14 11 4 0 1 1.26 3.96 0.82 -2.11 2.24 

V3 TOB 73.42513 4.30982 31.38 -0.088 

Toe of 

Beach 22.4 74.2 3.3 29 11 38 16 6 0 0 0.40 7.99 0.52 -0.43 0.78 

V4 MB 73.42467 4.30920 27.92 0.196 Mid Beach 10.5 87.1 2.4 67 12 10 7 3 1 0 1.45 3.53 0.48 0.65 1.04 

V4 P1 S3 73.42474 4.30914 40 -0.913 Rubble 39.9 56.8 3.3 46 10 24 17 2 0 1 1.21 4.05 0.96 -0.57 1.91 



 

 
 

V4 P2 S4 73.42487 4.30900 60.15 -1.08 Rubble 33.8 62.4 3.8 48 12 19 18 2 0 1 1.77 2.49 0.91 0.06 1.86 

V4 P3 S5 73.42500 4.30886 80.66 -1.192 Rubble 33.4 63.2 3.4 48 16 18 15 2 0 1 1.78 2.47 0.88 0.05 1.88 

V4 P4S6 73.42512 4.30874 100.81 -1.217 Rubble 30.5 66.2 3.3 49 17 16 14 3 0 1 1.65 2.79 0.82 0.10 1.72 

V4 P5 S7 73.42525 4.30860 121.93 -1.214 Reef Rock 50.6 45.7 3.7 53 20 13 12 2 0 1 1.65 2.84 0.83 -1.16 2.43 

V4 P6 S8 73.42537 4.30847 142.07 -1.418 Reef Rock 62.6 31.2 6.2 40 22 21 14 2 0 2 1.75 2.50 1.02 -1.46 2.13 

V4 TOB 73.42471 4.30916 35.87 -0.735 

Toe of 

Beach 17.9 79.6 2.6 20 6 39 18 7 0 0 0.61 6.71 0.62 -0.28 1.10 

V5 MB 73.42393 4.30868 46.94 0.482 Mid Beach 0.2 98.1 1.7 49 11 24 13 2 0 2 0.89 5.41 0.64 0.39 0.66 

V5 P1 S3 73.42393 4.30853 63.36 -0.945 Lagoon 26.0 71.9 2.1 48 11 28 11 1 0 1 1.25 3.93 0.94 -0.08 1.71 

V5 P2 S4 73.42393 4.30835 83.28 -1.145 Lagoon 9.1 88.6 2.2 61 16 12 9 2 0 1 1.75 2.60 0.79 0.96 1.17 

V5P3 S5 73.42391 4.30817 103.38 -1.078 Lagoon 4.0 90.4 5.6 71 12 8 6 1 0 1 2.02 2.05 0.58 1.32 0.97 

V5 P4 S6 73.42390 4.30799 123.47 -0.901 Reef Rock 72.4 25.2 2.4 71 12 6 8 1 1 1 1.92 2.23 0.76 -2.42 2.35 

V5 P5 S7 73.42389 4.30790 133.42 -1.359 Reef Rock 92.8 3.7 3.5                     -3.68 0.69 

V5 TOB 73.42393 4.30859 56.04 -0.491 

Toe of 

Beach 24.3 73.4 2.3 38 9 37 15 2 0 0 0.48 7.24 0.78 -0.41 0.99 

V6 MB 73.42325 4.30913 18.37 0.361 Mid Beach 1.5 97.2 1.2 68 10 11 9 1 0 1 1.40 3.65 0.61 0.86 0.69 

V6 P1 S3 73.42320 4.30909 27.19 -0.571 Lagoon 17.5 80.9 1.6 46 9 28 12 5 0 1 0.79 5.94 0.66 -0.22 1.33 

V6 P2 S4 73.42295 4.30883 67.14 -1.067 Lagoon 1.8 96.3 1.9 67 16 7 7 3 0 1 1.73 2.72 0.53 1.17 0.67 

V6 P3 S5 73.42271 4.30859 104.87 -1.343 Lagoon 17.9 79.4 2.7 51 13 19 12 3 0 1 1.16 4.22 0.86 -0.02 1.62 

V6 P4 S6 73.42247 4.30833 144.76 -1.47 Lagoon 13.6 84.1 2.3 51 16 15 14 3 0 0 1.08 4.57 0.84 0.23 1.19 

V6 P5 S7 73.42222 4.30806 183.53 -1.471 Reef Rock 34.5 62.9 2.6 55 16 15 11 1 0 2 1.36 3.63 0.83 -0.60 2.18 

V6 P6 S8 73.42210 4.30794 204.78 -0.784 Reef Rock 95.5 3.4 1.1                     -3.87 0.44 

V6 TOB 73.42321 4.30910 25.26 -0.418 

Toe of 

Beach 48.7 49.8 1.5 39 8 34 15 4 0 0 0.63 6.68 0.75 -1.35 1.76 

V7 MB 73.42293 4.30978 23.06 0.746 Mid Beach 0.2 98.2 1.6 66 14 10 6 1 0 2 1.27 4.09 0.50 0.77 0.51 

V7 P1 S3 73.42282 4.30978 37.55 -0.924 Lagoon 29.1 69.0 1.9 42 17 27 10 4 0 1 0.75 6.07 0.68 -0.65 1.58 

V7 P2 S4 73.42246 4.30973 77.6 -1.311 Lagoon 5.5 92.2 2.3 51 21 13 13 2 0 0 1.28 4.00 0.62 0.63 0.90 

V7 P3 S5 73.42211 4.30970 117.06 -1.284 Lagoon 1.9 96.1 2.0 55 18 12 11 2 0 1 1.37 3.75 0.53 0.83 0.65 

V7 P4 S6 73.42175 4.30966 156.76 -1.247 Lagoon 28.3 70.2 1.5 63 15 11 9 3 0 0 1.58 3.12 0.58 -0.17 2.07 

V7 P5 S7 73.42140 4.30961 196.99 -1.194 Lagoon 2.5 95.2 2.3 54 15 14 12 3 0 1 1.66 2.90 0.56 1.07 0.79 

V7 P6 S8 73.42104 4.30958 236.68 -1.339 Rubble 41.2 55.5 3.2 51 19 12 16 1 1 1 1.16 4.35 0.84 -0.71 1.81 

V7 P7 S9 73.42069 4.30954 291.39 -1.497 Rubble 50.3 42.5 7.2 47 17 21 13 1 0 1 1.38 3.55 0.89 -1.06 2.01 

V7 P8 S10 73.42034 4.30950 331.39 -1.578 Reef Rock 59.4 38.5 2.1 56 15 15 10 3 1 1 1.42 3.44 0.77 -1.42 2.09 

V7 P9 S11 73.41998 4.30944 371.45 -1.34 Reef Rock 48.8 48.4 2.8 48 19 13 14 2 0 4 1.22 4.27 0.51 -1.24 2.30 

V7 TOB 73.42284 4.30978 36.91 -0.862 

Toe of 

Beach 39.5 57.9 2.6 40 6 36 15 2 0 1 0.30 8.43 0.56 -2.40 0.89 

V8 MB 73.42304 4.31036 13.89 0.385 Mid Beach 0.0 98.5 1.5 65 10 12 11 2 0 0 1.43 3.57 0.50 0.93 0.52 

V8 S1 S3 73.42297 4.31042 26.31 -0.913 Lagoon 12.2 85.6 2.2 50 15 17 15 3 0 0 1.19 4.29 0.65 0.30 1.25 

V8 P2 S4 73.42268 4.31063 67.04 -1.155 Lagoon 22.5 76.0 1.6 55 16 15 13 2 0 0 1.37 3.62 0.82 -0.11 1.99 

V8 S3 P5 73.42239 4.31086 108.04 -1.245 Lagoon 23.9 74.0 2.1 55 17 14 11 2 0 1 1.37 3.65 0.73 -0.14 1.84 

V8 P4 S6 73.42211 4.31108 147.41 -1.249 Rubble 35.4 61.4 3.2 53 15 16 12 4 0 1 1.32 3.80 0.77 -0.45 1.89 

V8 P5 S7 73.42182 4.31130 188.44 -1.3 Rubble 34.7 62.6 2.7 49 12 21 13 3 0 2 1.13 4.34 0.85 -0.36 1.59 

V8 P6 S8 73.42153 4.31152 229.1 -1.343 Rubble 44.2 53.9 1.9 40 26 20 10 4 0 0 1.27 3.93 0.81 -0.83 1.99 

V8 P7 S9 73.42125 4.31174 269.3 -1.373 Rubble 56.4 40.9 2.7 53 18 15 11 1 0 2 1.38 3.64 0.71 -1.27 2.37 

V8 P8 S10 73.42094 4.31195 310.04 -1.055 Reef Rock 63.7 34.4 2.0 43 23 18 10 5 1 1 1.00 4.96 0.72 -1.83 1.74 

V8 P9 S11 73.42079 4.31208 344.04 -2.415 Reef Rock 41.6 54.9 3.5 44 18 21 13 1 1 2 0.92 5.32 0.67 -1.13 1.96 

V8 TOB 73.42300 4.31039 23.85 -0.834 

Toe of 

Beach 42.1 56.5 1.5 52 9 26 10 2 0 0 0.68 6.22 0.88 -0.97 1.66 



 

 
 

V1OR       -4 Reef Slope 19.2 76.3 4.5 47 21 15 15 1 0 0 1.21 4.12 0.81 0.09 1.48 

V2OR       -4 Reef Slope 47.5 45.5 7.0 51 17 15 14 1 0 2 1.81 2.41 0.86 -1.33 2.59 

V3OR       -4 Reef Slope 44.0 52.3 3.7 47 19 16 13 2 0 2 1.23 4.11 0.80 -1.17 2.25 

V4OR       -4 Reef Slope 21.8 69.2 9.0 46 21 14 15 3 0 1 1.73 2.50 1.03 0.33 1.88 

V5OR       -4 Reef Slope 10.3 81.4 8.3 47 20 14 14 3 0 2 1.93 2.12 0.99 1.00 1.55 

V6OR       -4 Reef Slope 1.8 93.6 4.6 53 21 10 12 3 0 1 1.99 2.08 0.74 1.45 0.91 

V7OR       -4 Reef Slope 27.9 67.8 4.3 49 20 15 10 2 0 2 1.09 4.52 0.85 -0.36 1.74 

V8OR       -4 Reef Slope 12.2 81.0 6.8 48 20 16 11 3 0 2 1.34 3.77 0.77 0.44 1.31 
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APPENDIX 6 

EXPORT GRAVEL MASS DISTRIBUTION 

 

Figure A6.1 Weight distribution (g) of gravel sediments retained in fore-reef sedimentation 

traps at sites V1 –  V8. LC = l ive coral fragments.   
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