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ABSTRACT 
 

 

In the near shore areas of Ibaruma, Ishigaki Island, Okinawa Prefecture, 

Japan, the information about specific environmental parameters which 

significantly control the distribution of the reef, as well as identification of 

optimum condition for corals, is particularly important in its current 

restoration and coral transplantation activities. Using a methodological 

approach which integrates field observation, GIS mapping, numerical-wave 

simulation and SST remote sensing, it was identified that the most controlling 

factor in the case of Ibaruma is depth. Moreover, the correlations between the 

coral reef distribution and the range of environmental factors considered in this 

study (depth, PAR, sea surface temperature, total energy dissipation, significant 

wave height and orbital velocity near the bottom) were determined, as well as 

the optimum conditions for corals. The findings of this study have 

underscored and confirmed the possibility of overlaying and mapping the 

various environmental factors in order to understand the complex interaction 

happening in a coral reef ecosystem on a local scale. 
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CHAPTER 1: INTRODUCTION 

 

1.1 General Introduction 

 

Coral reefs are amongst the most invaluable ecosystems mostly found in the shallow waters 

of tropical regions. They bring colossal benefits that include provision of food and 

nutrition for coastal communities, coastal protection (Johnson & Marshall 2007), 

biodiversity, habitat to diverse aquatic species (Spalding, et al., 2001), cultural heritage, and 

income through fishing, tourism and recreation (Moberg & Folke, 1999; Ahmed, et al., 

2005).  A recent economic valuation reported by the United States agency NOAA (National 

Oceanic and Atmospheric Administration) estimated that the value of economic and 

ecological services that the coral reef ecosystem provides equals to about $375 billion per 

year. 

 

However, coral reefs are depleting at an alarming rate. This has long been regarded as a 

worldwide issue as it brought tangible losses to global biological diversity and in socio-

economic and ecological realms.  Most of the world's coral reefs are damaged due to 

pressures brought by natural catastrophes (e.g., severe storms, tsunamis, ocean acidification, 

predation, diseases, and temperature stress) and anthropogenic activities (e.g., pollution, 

unsustainable fishing and tourism practices, dredging, and sedimentation) (McCulloch, et 

al., 2003; Belwood, et al., 2004; Harvell, 2002). It was estimated that 19% of the world's 

original coral reef areas are already lost and about 35% are critically at risk within the next 

20-40 years if there are no countermeasures undertaken and if global climate threats 

continue to escalate (Wilkinson, 2008).   

 

With the aforementioned risks faced by the coral reef ecosystem, several efforts have been 

made in order to conserve, sustain, and restore degraded reefs to prevent their extinction 

(Hoegh-Guldberg, 2006).  Central to these efforts is the intent to sustain the coral reefs' 

ability to deliver ecosystem's goods and services. In order to achieve this outcome, it is 
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therefore critical to have a better understanding of specific environmental drivers of coral 

reef distribution, as well as enhanced scientific concept of what comprises a healthy reef so 

it will be possible to predict coral community's responses to multiple ecosystems' stressors 

(Bauman, et al., 2013).  

 

A sound knowledge about the precise description of spatial patterns and structure of reef 

system including the determination of optimum habitat condition for coral growth is 

necessary whether in assessing their condition, estimating the risks brought by ecosystems' 

stressors, or in coral reef restoration efforts (Andréfouët, 2006). Identification of which, 

among the myriad of environmental parameters in an area is the most influential to the reef 

biogeography has a profound implications for restoration of degraded reefs and will better 

enable researchers and local conservation managers to apply and design appropriate 

conservation measures. Although this question has long been pursued, it is only during this 

recent years that significant advances in terms of availability of environmental datasets and 

assessment methodologies reflecting technological improvements have been made (Couce, 

et al., 2012; Andréfouët, 2006) . These advances, including remote sensing, numerical 

simulations, as well as GIS (geographic information system) and mapping, coupled with 

field observation, have aided coral reef researchers and scientists in a better understanding 

of what controls the coral reef distribution. 

 

 

1.2 Review of Related Literature 
 

Before discussing the effects of different environmental variables to the corals, a 

background description of coral biology/ecology will be first explained, followed by the 

review of related studies.  In this study, the scleractinian corals or the hard corals are the one 

considered for investigation  as they are the one capable of reef building activities and can 

collectively form the primary structure of the coral reef in the tropical areas over time.  
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1.2.1 Corals and Coral Reefs, definition and biology. 

 

Scleractinian corals, also known as the hard corals or stony corals, are animals which are 

capable of building coral reef structures in the ocean.  They are mostly colonial, but some 

exist in solitary. A colony of coral is composed of tiny individual soft-bodied polyp animals, 

wherein when these colonies are combined together, it functions as a single organism 

connected by a transport of nutrients. A hard skeleton made up of calcium carbonate is 

found at the base of the polyps, which is known as calicle. This calicle forms the structure 

of the coral reefs and serves a a protective housing for the polyps. Those colonial corals are 

the ones which are capable of becoming the reef builders (Veron, 2011). 

 

Corals, in general, exist symbiotically with algae, (mostly by zooxanthallae). These one-

celled algae live inside the sac of each polyp. Since these algae are photosynthetic 

organisms, they require sunlight, which makes the corals, in general, dependent to sunlight. 

As a product of photosynthesis, zoonxanthallae provides oxygen and other nutrients to the 

polyps of the coral, which they need in order to survive. In return, the polyps provide the 

zooxanthallae the carbon dioxide which they need in order to perform photosynthesis 

together with sunlight. For these reasons, most of the reef building corals are found at the 

warm tropical areas in the world. Moreover, it is the zooxanthallae which gives the vibrant 

colors of the corals, and not the corals itself. 

 

Coral reefs on the other hand, are large,  robust marine structures, which usually form ridges 

or mounds, and are built as a result of the deposition of  limestone (calcium carbonates ) 

typically by corals, or by other living organisms, which can secrete CaCO3 as  part of their 

metabolic activities. (INA & EC., 2010; Done, 2011). Fully formed coral reefs may take a 

geologic time scale to develop. 

 

The formation of reefs start when the larval polyp attaches itself to a rock on the sea floor. 

Through the time, this polyp undergoes sexual and asexual reproduction and clones itself to 

a thousand replicates, creating colonies, which, as mentioned earlier, are regarded as a 

single organism. These colonies are connected to one another by the calicles. Over a 
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geologic period of time, these colonies grow and connect and attach to each other, building 

to a what we call now coral reef.  

 

 

1.2.2. Factors affecting the corals 

 

For both local and geographical scales, the distribution and development of coral reefs are 

governed by various and frequently interacting environmental factors such as temperature, 

light, salinity, solar radiation, sedimentation, water quality and hydrodynamic variables 

(Bauman, et al., 2013; Kleypas, et al., 1999). A number of studies have been conducted to 

investigate how these individual factors independently influence the coral reef distribution 

(e.g., Risk, 2014; Edmunds & Gray, 2014; Hongo & Yamano, 2013; Margolin, 2012; 

Davies, et al., 2008; Glynn & Stewart, 1973). The most-discussed environmental drivers of 

reef function and distribution which are included in this study are briefly explained below.  

 

1.2.2.1 Wave Energy / Water movement 

 

Wave energy is one of the environmental factors which plays an important role in 

the characterization of the reef structure and key ecosystem processes in coral reefs 

(Gillis, et al., 2014; Yoshioka & Yoshioka, 1989; Dollar, 1982). Water fluxes can 

promote nutrient exchange and flushing of metabolic wastes and toxins (Hearn, 

2001), dispersion and settlement of marine juvenile organisms (Abelson & Denny 

 1997), and reducing the thermal stress during the mixing of the water column 

 thereby shielding the corals during bleaching events (Hearn, 1999). Cyclone waves, 

however, can be damaging to the reefs  by causing abrasion and breakage, even 

 up to the extent of displacement of large coral boulders (Massel, 1993). 

 

Although waves are identified as a critical structuring factor in the reef communities, 

most of the corals and wave ecology studies classified waves qualitatively ― 

"sheltered/closed" to "exposed" areas, or  "high", "medium" or "low" wave energy 

regimes (e.g., Graham, et al., 2014; Gourlay, 1996; Kilar, 1989). This is mainly 
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because of limited availability of in situ wave data in most of  the areas, especially 

in shallow coastal water regions where most of the corals are concentrated. It was 

then identified that the relationships comparing the wave energies exerted to the reef 

morphology and coral species distribution is needed to be investigated quantitatively 

(Storlazzi, et al., 2002).  

 

Works of Storlazzi, et al., (2002) and Dollar, (1982) identified that the primary 

forces acting on a coral are drag, lift, weight, and inertia. In their previous studies, it 

was explained that these forces are a function of the horizontal components of wave 

orbital velocity, claiming that the data on wave height and period can provide a first 

order estimation of the forces acting upon coral reefs. 

 

 

1.2.2.2 Temperature  

 

Studies on the effects of temperature to the coral reef distribution and coral biology 

are well established. Most of the corals are stenothermal which is defined as 

organisms that are capable of living or growing within a limited range of 

 temperature only (Glynn & Wellington, 1983). This is the reason why corals are 

mostly found in tropical regions only. With this, the species distribution and 

interaction, rates of growth and metabolism, dispersal and survival of marine larvae 

including susceptibility to diseases, are primarily controlled by temperature in the 

ocean (Thomas, et al., 2004; Harvell, 2002; Dunbar, et al., 1994). Prolonged 

exposure to extreme temperatures can cause thermal stress (~>30 °C) to corals,  

such as in the case of coral bleaching (Hongo & Yamano, 2013; Jokiels & Coles, 

1977). Although most of the studies are concentrated on the effects of elevated 

temperature to the corals, some studies (e.g., Gates, et al., 1992; Jokiels & Coles, 

1977) showed that exposing the corals to low temperature is more detrimental than 

in higher temperature. Their results showed that corals exposed to <18°C lived for 

only one to two weeks and showed no response of recovery after. 
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1.2.2.3 Light Intensity  

 

The light intensity is identified as a major control in the presence and or absence 

of corals in the ocean, and has been the subject of most of the coral reef studies 

aside from temperature (Muscatine, 1990). Findings of these studies concluded 

that light intensity plays a crucial role not only in the photosynthetic activities of 

the coral symbiont, Zooxanthallae, but also in the calcification rates which is 

vital in reef building  activities of corals (Rinkevich & Loya, 1984). In addition 

to that, light affects coral larvae settlement (Lewis, 1974), which subsequently 

controls and shapes the reef morphology (Mundy & Babcock, 1998). 

In terms of light response studies in corals, one of the parameters being 

measured or investigated most is the PAR, or Photosynthetically Active 

Radiation. PAR is defined as the spectral range of visible light energy with 

wavelengths measuring from 400 to 700 nm which can be absorbed by 

photosynthetic organism (McCree, 1972). Studies revealed that PAR present in 

very high levels can be damaging to the corals (Lesser & Farell, 2004). 

Consequently, lower PAR inhibits the growth of corals since photosynthesis is 

limited (Kleypas, 1999). 

 

Aside from the abovementioned controlling factors in the reef distribution, other 

environmental variables which are also elemental in the coral reef distribution are 

depth/bathymetry, turbidity, sediment/substrate type, water/ocean current including 

upwelling and or nearness to the deep water, water quality, and presence and frequency 

of destructive typhoons and cyclones in the area. These variables are somehow related 

to each other, for instance, Kleypas, (1999) explained that the light that reaches the 

coral reefs is a function of three major variables: (a) the direct light reaching the sea 

surface, which is then a function of the sun angle and atmospheric attenuation; (b) the 

light attenuation with water depth, which is a function of water clarity, (and can also be 

correlated with turbidity and sedimentation); and (c) depth.  Insufficient light 

availability and high sediment deposition rates are controlling factors that limit the 
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development of coral reef, which is in turn related to the type of substrate bottom in the 

area (Roy & Smith, 1970). During extreme cyclone or typhoon events, sediments can be 

carried horizontally or down the slope which can often cover a fraction or whole part of 

coral colonies (Fabricius, et al., 2008).  The extent of the damage to the corals brought 

by storms and typhoons are associated to the magnitude of wave energy they transmit 

(e.g., Hongo, et al., 2012). 

 

Though many studies have already been done to investigate the effects of these controlling 

factors to the distribution of coral reefs, as well as the identification of the optimum 

condition for coral reef growth/development, most of the studies are species-specific and 

the variables were considered in relative isolation. Some of which are limited to studying in 

a microenvironment or in a laboratory set-up which may not fully represent the conditions 

in a natural environment. Moreover, most of these studies merely consider the "presence-

only"  coral data, which does not account the quality or condition of the coral reef cover.  

 

Currently, studies integrating all environmental factors that affect the coral reefs distribution 

are still limited (e.g., Kleypas, 1999; Couce et al., 2012; Bauman, et al., 2013) and to some 

extent, mostly covered regional scales only. The study of  Kleypas, (1999) has been one of 

the seminal studies which revealed that the reef distribution globally is a function of 

interacting environmental factors, and that the lower limits of sea surface temperature (SST), 

light availability, and aragonite saturation state were identified as the main factors in 

determining the coral reef distribution. In addition, Kelypas' study has also enumerated the 

optimum conditions or the environmental limits to the presence, growth, and development 

of coral reefs, but in a global scale. Conversely, these various environmental factors that 

collectively affect the reef distribution patterns may be different from a regional scale to a 

local scale, and is driven by area-specific conditions (Huston, 1999). 
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1.3 Rationale of the study 

 

In the near shore areas of Ibaruma, Ishigaki Island, Okinawa Prefecture, Japan, the 

information about specific environmental parameters which significantly control the 

distribution of the reef is particularly important in its current restoration and conservation 

activities. Investigating the most influential environmental factors where the corals are most 

abundant may be a useful tool for monitoring and management. In addition, through the 

process of determining the environmental controlling factors in a local area, optimum 

condition for the presence of coral reefs can be identified, as well as the environmental 

stressors present in the area (e.g., heat stress, damaging wave action, etc). The information 

that can be generated from this can be used in the establishment of habitat suitability indices 

which can be utilized later on to estimate and locate the most suitable area for 

transplantation or restoration activities. 

 

The challenge now for the coral reef researchers and local managers is to gather and 

integrate all available resources for a local coral reef area where data sources are limited. In 

this study, the correlation between the range of environmental factors and coral reef 

distributions on a local scale will be investigated using a methodological approach which 

integrates field observation, GIS mapping, numerical-wave simulation and SST remote 

sensing. 

 

1.4 Objectives  

It is hypothesized in this study that the reef distribution is not always predominantly 

controlled by a single environmental factor, but it is dependent on the combination of 

different interacting environmental variables. Ultimately, the goal of this study is to 

determine where the corals are most abundant and what are the optimum conditions and the 

controlling factors of such distribution in the area. 

 

To achieve this, the following specific objectives must be satisfied:   

(1) to determine coral distribution along Ibaruma Coast; 
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(2) to identify, quantify, and plot various interacting environmental variables that 

affects the coral reef distribution: (wave energy, light attenuation,  temperature data), 

and;  

 

(3) to determine the optimum condition for corals based on the identified controlling 

factors, as well as the presence of environmental stressors in the area (e.g., heat 

stress). 

 

 

1.5 Thesis Outline 

 

All chapters in this thesis are self-contained with figures, tables and references. The 

thesis layout is as follows: 

 

Chapter 1 is the General Introduction to this research including the Rationale of the 

study which lays emphasis to the purpose of this study with respect to previous 

literature reviews. This is followed by specific Objectives. 

 

Chapter 2 explains in detail the location of the Study Site and the Methodologies used 

including brief theoretical explanations to the principles behind the approaches applied  

to achieve the objectives of this study. 

 

Chapter 3 & Chapter 4 are the core chapters that explain the Results & Discussions of  

the analysis.  

 

Finally, Chapter 5 consists of Conclusions and recommendations of this study.                                          
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CHAPTER 2: STUDY SITE SETTING AND METHOD 

 

This chapter provides the framework of the methodology in four sections. The first 

section outlines the description of the study area, as well as detailing the preliminary 

coral data collected from monitoring agencies. The second section describes the field 

survey done in the study area. The third section outlines the different environmental 

variables included in this study and how they were derived. The fourth section presents 

the methods used in analysis. 

 

2.1 Study Site 

Ibaruma is located on the northeast coast of Ishigaki Island (24° 30' 0" North, 124° 17' 

0") which is situated in the southern Ryukyu Islands, Okinawa, Japan (Figure 1a-1b). 

Since Ishigaki Island is situated in an Asian monsoonal climate region, wind directions 

change seasonally: approaches from north during winter and from east to south during 

summer. The water flow pattern is significantly affected by northern winds which is the 

dominant wind direction throughout the year (Yamano, et al., 1998). The average sea-

surface temperature (SST) is 24°C in winter and 28°C in summer (Japan Meteorological 

Agency website). The Ishigaki Island experiences an average of 1.9 typhoons per year 

(Yamano et al. 2000) with wave heights and wave periods greater than 10 m and 10 s, 

respectively (Hongo, et al., 2012), and occasional tsunamis once every 500-1000 years 

(Kawana & Nakata, 1994 as cited in Hasegawa & Yamano, 2004). 

 

2.1.1 Ibaruma's initial water quality condition and physical environment 

 

 Since Ibaruma reefs are situated on the windward side of Ishigaki Island, the water 

circulation is primarily driven by wind, tidal current, and radiation stresses induced by 

waves breaking on the reef crest (Yamano, et al., 1998). According to the monitoring 

results facilitated by the Ministry of Environment, International Coral Reef Research 
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and Monitoring Center (ICRRMC), the turbidity of the coral reef water is generally low, 

especially in Ibaruma coast where there is no outflow discharge (i.e. presence of a river) 

from adjacent terrestrial area.  

 The Ibaruma reef, characterized as a fringing reef, encloses a shallow lagoon (Figure 

1c-1d) which is about 1000 m wide averaging to around 2.6 m deep during high tide 

(Hongo, et al., 2012). Since Ibaruma reef faces the open ocean, it is greatly affected by 

monsoonal change of wind direction, and is exposed to large waves originating from the 

Pacific swell. It comprises of coral species that are typically windward-high- energy-

forming reef (Hongo & Kayanne, 2009). 

 

Figure 1.  (a) Location map of Ishigaki Island situated at the southern part of Ryukyu 
Islands, Okinawa; (b) location of Ibaruma Coast in Ishigaki Island; (c) Aerial photo of 

Ibaruma, and; (d) Actual photo of Ibaruma Coast taken during field observation. 

Ryukyu Islands 

Ishigaki Island 
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2.1.2 Status of Coral Reefs (Time Series Data) 

Preliminary data on the time series coral cover (1998-2010) in Ishigaki Island from the 

Ministry of Environment-Japan, as well as the most recent coral cover distribution as 

analyzed from satellite images, were collected to be able to understand the patterns of its 

distribution. 

The results of the coral reef monitoring program showed that relative to the other areas 

in Ishigaki Island (e.g., Miyara Bay, Sakieda Bay), Ibaruma shows a relatively stable 

and higher percentage of live coral cover at 70%.  

 

2.2 Field observation 

Field surveys to measure water depths and coral cover distribution in Ibaruma, as well as in 

situ measurement of photosynthetically active radiation (PAR) values were conducted in 

February, and June 2013 respectively. Water depths were measured using 

HydroSurveyorTM M9 (YSI) (Figure 5ab) where it collects bathymetry data and GPS 

positioning. This instrument has a bottom-tracking algorithm which is used for 
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Figure 2. Time series data of % live coral cover at selected reef sites in Ishigaki Island as a 
result of ICRRMC in situ monitoring for the years 1998-2010. 
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positioning. The unit is also equipped with depth transducers that operate at 1.0-3.0-MHz 

for measuring bathymetry. On the other hand, live coral cover was assessed by employing 

video-transect method (Figure 5c) over an area that is 1100 m along the coast by 800 m 

across the shore towards the reef crest (Figure 3). PAR values were measured using a light 

sensor; the measured amount of chlorophyll (ChL) approaches 0 μmg/L Chl, and exhibits 

low turbidity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Location of observation site in Ibaruma Coast. 

Figure 4. Observation points of coral cover survey  
[each pt ~60-70m transect]. 



14 
 

 

2.2.1 Coral Cover Survey 

 

The percentage of hard live coral cover (HLCC) is considered as an indicator of coral 

reef health (Hill & Wilkinson, 2004). Using underwater video transect method, the 

HLCC in the observation site (Figure 3) were assessed. The camera used, Contour+2 

(Figure 5d), which is equipped with high definition (HD) video and global positioning 

system (GPS) tracker, was immersed in the water for approximately 40-50 seconds at 

each observation points (Figure 4) while the boat was drifting at an average speed of 3 

mph (1.3 m/s). The video footages were subsequently analyzed using the Contour Story 

Teller software (Figure 6) to extract quantitative coral data and corresponding GPS 

locations. The hard coral cover was determined based on their percentage cover using 

established visual estimation categories (Figure 7) by (English, et al. 1997).  

 

 

 

 

 

Figure 5. Coral Cover and bathymetry field survey: (a-b) HydroSurveyorTM by Sontek used in 
bathymetry mapping; (c) Actual field survey-video transect method; (d) Countour+2 Video camera used for 

capturing coral cover, and; (e) actual snapshot of coral cover from video footages.  



15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-5%  

 

50% 

 

10% 

 

75% 

 

25% 

 

100% 

Figure 7. Visual Estimation Categories (English, et al., 1997) used to analyze 
percent coral cover. 

Figure 6. Video footage analysis using Contour Story Teller software. 

GPS Tracker 
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PAR measurement in the observation site was taken on the second field survey in June 

2013 and the results were provided. PAR was measured using a light sensor at several 

observation points in the area and plotted against the depth to be able to get the light 

attenuation coefficient. 

 

 

2.3 Environmental Variables 

 

Aside from bathymetry and light attenuation (PAR) which were measured in situ, additional 

environmental parameters which have been examined in this study were SST, wave energy, 

orbital velocity near the bottom, and total energy dissipation. Except for SST which was 

calculated using remote satellite images, the latter three were determined using wave 

numerical simulation. The derivation of the said parameters is explained in detail in the 

following subsections. 

 

 

2.3.1 Numerical Simulation: SWAN Model Cycle III version 40.91ABC 

 

To reproduce important coastal processes in the reef areas of Ibaruma, a numerical wave 

modeling approach was applied in this study. For this reason, SWAN (Simulating 

WAves Nearshore) Model, developed by Delft University-Netherlands, was used to 

produce high-resolution and spatially extensive wave quantitative data, that will be later on 

be used to quantify the relation to coral reef distribution. The SWAN model which is free 

for the public domain, is a third generation phase-averaged, spectral wave model developed 

to acquire realistic parameters in shallow coastal areas for the given wind, bottom, and 

current conditions, (Booij et al., 1999; and SWAN team, 2013).  It has been widely used in 

different experiment and field cases,  and is considered as one of the most reliable wave 

model worldwide.  SWAN can handle physical phenomena such as wave propagation in 

time and space, shoaling, refraction due to current and depth, frequency shifting due to 

currents and non-stationary depth. 
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The SWAN model which is phase-averaging model, solves for the evolution of the shallow 

wave spectrum by using the action density spectrum. The governing equation of the SWAN 

model (i.e. action balance equation) in Cartesian coordinates is given by Equation 1. 
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              Eq. 1 

 

where x, y are horizontal Cartesian coordinates, t is time, Ɵ is the propagation direction of 

each wave component, cx, cy, cσ, cƟ stand for the propagation velocity in x-space, y-space, σ-

space, Ɵ-space respectively. S is the source term in terms of energy density, which include 

the effects of generation, dissipation, and nonlinear wave-wave interaction.  

 

In this study, the distributions of significant wave height (Hs), peak wave directions, orbital 

velocity near the bottom, and  total energy dissipation were calculated and investigated. 

Simulations for both normal and stormy weather conditions were conducted since previous 

wave-coral studies showed that extreme weather events, such as storms and cyclones can 

significantly affect the coral reef distribution and morphology. Boundary conditions for the 

waves were obtained from Nationwide Ocean Wave Information Network for Ports and 

Harbours (NOWPHAS) since there is a port near the observation area (Ishigaki port) which 

measures a continuous observation of wave climate. 

 

2.3.1.1 SWAN Model Set-up and Implementation for Ibaruma Coast 

 
 

The SWAN Model Cycle III version 40.91 ABC for windows was used in this study for  

wave simulation  within Ibaruma Coast. First, the model domain was specified in the 

SWAN input file (a data file with .swn extension) which includes some initial terms 

(Table 1) and variable parameters. The simulation was executed at a stationary, two-

dimensional mode on a rectangular (regular) computational grid (Table 2). The input 

parameters, including the boundary conditions (Table 3) and physical processes (Table 

4) employed in the simulation are summarized in the succeeding tables.  
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1Explained after Table 4 

 

 
 

 

 

Input Parameters Input Values/ Command 
Water level  0 m 
Direction of north 90° 
Threshold depth 0.05 
Gravitational acceleration 9.81 m/s2 
Water density ρ 1025 kg/m3 
Maximum wind drag coefficient 2.5 x 10-3 
Output calculation Based on variance 
Wind/wave direction Cartesian (the direction where the waves are 

going to or where the wind is blowing to) 
Power of high frequency tail (shape of 
spectral tail) 

GEN3 Komen1 

Maximum Froude number (U/√gd, 
where U is the current, and d is the 
water depth) 

0.8 

Mode Stationary, Two Dimensional 
Coordinates Cartesian 

Table 1. SWAN initial input terms  

Table 2. Details of computational grid and input bottom grid 

Input Parameters Input Values/ Command 
Computational Grid Regular and uniform 
Origin (0 E, 0 N), direction of positive 
x-axis of computational grid 

0, 0, 0 (used for small areas/Cartesian 
coordinates) 

Length of computational grid (x, y) 3753 m, 2290 m 
Number of meshes (x, y) 401, 248 
Spectral direction Circle 
Number of mesh in θspace 36 
Discrete frequency (lowest, highest) 0.05 Hz, 1 Hz 
Grid resolution in frequency-space 31 
Bottom Grid (input file)2 Regular and Uniform  
Number of meshes (x, y) 401, 248 
Δx, Δy (grid resolution) 10 m, 10 m 
Exception Values (land area points 
which should remain dry in the 
computation)3 

-999 
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2The bathymetry for all the model domains has been interpolated using ArcGIS 10.1 

Spatial Analyst extension tools, from a combination of various sources from  Japan 

Oceanographic Data Center (JODC) for the 500 m resolution bathymetry data and the 

sounding data collected from field observation last February 2013. 

 
3All incoming wave energies are absorbed along the coastlines, hence the model 

assumes no wave generation in this area. In the case of open sea boundaries, it is 

assumed that waves can freely leave the computational domain. 

 

 

 
4For wave simulation during normal weather conditions, the input values for wave 

spectra parameters (Hs, peak period, and wave direction) reflected the month-long 

average  data taken from the NOWPHAS website. (Representative period: May 2014 

where no extreme weather events was observed, i.e., heavy precipitation, storms).  

 
5In the case of wave simulation for stormy weather conditions, the input values for wave 

spectra parameters (Hs, peak period, and wave direction) reflected the recorded data  

during extreme cyclone/storm events which occurs once every 10 years. 

 

Table 3. Details of boundary condition

Input Parameters Input Values/ Command 
Boundary spectral shape BIN (The energy is located in one frequency bin) 

Parametric spectra at the 
boundary 

The boundary (where the spectra were given) was 
imposed at (constant) the East and South side. It must be 
noted that only incoming wave components of these 
spectra are used by SWAN. 

Wave Spectra 
parameters (Normal 
condition)4 

Significant Wave Height (Hs): 0.38m 
Peak Period: 4.8s 
Wave direction: 135°(NNW) 

Wave Spectra 
parameters (Stormy 
condition)5 

Significant Wave Height (Hs): 11.93 m 
Peak Period: 14.02s 
Wave direction: 60°(NE) 

Initial Values for 
Stationary computation 

Zero (0), The initial spectral densities are all 0 
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6In this study, the SWAN ran in third-generation mode for wind input, quadruplet 

interactions, and whitecapping. Triads, bottom friction and depth-induced breaking are 

not-activated by this command. Komen was selected as an expression for exponential 

term for the wave growth by wind. 

 

The output parameters (significant wave height (Hs), peak wave direction, orbital 

velocity near the bottom, and  total energy dissipation) are requested in a two 

dimensional plot that can be opened and processed using MatLab software. 

 

2.3.2 Sea-Surface Temperature Extraction from Landsat  Satellite Images  

Sea surface temperature (SST) is one of the identified controlling factors in the coral 

reef distribution. In this research, since in-situ temperature data are limited only to 

specific point locations, satellite images were utilized to derive the SST distribution in 

Ibaruma Coast.  

Input Parameters Input Values/ Command 
Wave-generation mode GEN3 Komen6 

Whitecapping Calculation based on Komen6 
Computation of quadruplet 
wave interaction 

Turned OFF 

Bottom friction Activated using JONSWAP formulation,  
Friction coefficient: constant (0.067 m2s-3 -wind 
sea condition) 

Depth-induced wave breaking Activated using constant breaker  
(Proportionality coefficient of the rate of 
dissipation, α=1.0; 
Ratio of maximum individual wave height over 
depth, γ=0.73) 

Wave limiter Activated; upper threshold = 10.0; 
Threshold for fraction of breaking waves = 1.0 

Table 4. Physical processes employed in the SWAN calculation.
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Because the study area is relatively small and is very near the coastline area, the use of 

currently-available 1-km resolution data from multi-band thermal satellite sensors 

(NOAA-AVHRR, MODIS) is not appropriate. For this reason, Landsat thermal data 

which provide information up to 30-m resolution were utilized in this study. Although 

Landsat is more commonly used in deriving land-surface temperature (LST), there are 

already recent established studies (e.g., Raj & Fleming, 2008; Wloczyk, et al., 2006; 

Fisher & Mustard, 2004; Trisakti, et al., 2004) on how to extract the SST from the 

thermal bands of Landsat that is adopted in this research. 

The Landsat Images were downloaded from the website of the United States Geological 

Survey (USGS) Landsat Imageries Archive. The following are the details and formulas 

used in the extraction of SST from Landsat Thermal Bands.  

 

 

The downloaded imageries were analyzed and the data images with the least cloud 

cover contamination were selected for analysis.  In this study, the Landsat Images 

acquired on August 2008 and August 2013 were used as representatives for the SST 

distribution, since both showed zero cloud cover, and their distribution is the same. In 

addition, August is part of summer season in the study area, and so it experiences high 

temperatures. In this regard, the presence of heat stress that can be damaging to coral 

Table 5. Details of the Landsat satellite images downloaded 

Sensor used Landsat 8: Operational Land Imager (OLI) and Thermal 
Infrared Sensor (TIRS). 

Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 

Acquisition dates April 5, 2014; September 9, 2013; September 25, 2013; 
August 24, 2013; October 11, 2013; October 2008; 
August 5, 2008, 

Band used For Landsat 8: Band 10/11, 100 meter resolution, Improved 
thermal mapping, with 11.5-12.51 μm wavelength 

For Landsat 7 ETM+: Band 6 (thermal IR), 60m resolution, 
with 10.4- 12.5 μm wavelength 
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reefs was also investigated by combining the estimated SST from satellite images and 

the temperature point data provided by a private coral research company in Ibaruma.  

 

2.3.2.1 Extraction of SST from Landsat Image 

 

 

 

 

 

 

 

 

 

 

 

 

The GeoTIFF image file, Band 10 if Landsat 8; Band 6-Low Gain if Landsat 7, was 

plotted to ArcGIS to be able to extract the quantized and calibrated scaled Digital 

Numbers (DN) where  the needed information was stored. 

For Landsat 8, the DN values were first converted to TOA (Top of Atmosphere) 

Radiance, using the radiance rescaling factors provided in the metadata which is 

included in the downloaded Landsat product. The formula for the conversion as 

suggested by USGS is as follows: 

 

ఒܮ ൌ ܳ௖௔௟	௅ܯ ൅	ܣ௅           Eq. 2 

 

Figure 8. Procedural steps in extracting SST from Landsat image. 
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Where,  

 Lλ        = TOA spectral radiance (Watts/( m2 *srad *μm)) 
 ML    = band-specific multiplicative rescaling factor from the metadata  
 AL    =band-specific additive rescaling factor from the metadata   
 Qcal     = quantized and calibrated standard product pixel values (DN) 
 

Using the thermal constants provided in the metadata file, the TIRS band data can be 

converted then from TOA spectral radiance (from Equation 2) to surface temperature 

using the following formula: 

ܶ ൌ
୏మ

୪୬	ሺ
ేభ
ైλ
ାଵሻ

               Eq. 3 

Where: 

 T            = At-satellite brightness temperature (K) 
 Lλ          = TOA spectral radiance (Watts/( m2 * srad * μm)) from Equation 2 
 K1          = band-specific thermal conversion constant from the metadata  
 K2       = band-specific thermal conversion constant from the metadata 
 

In the case of Landsat 7, the process of SST extraction was based on the study made by 

Raj and Fleming, (2008), which incorporated the conversion from TOA spectral 

radiance to surface radiance, before being converted directly to surface temperature. The 

following formulas were used: 

 a. DN Values of Band 6 (low gain) to TOA Radiance: 

ఒܮ ൌ ቂ
ሾ௅ಾಲ೉ି௅ಾ಺ಿሿൈ஽ே

ெ௔௫ீ௥௔௬
൅ ቃ	ெூேܮ െ 0.31            Eq. 4 

Where:  

 Lλ           =TOA spectral radiance (Watts/( m2 * srad * μm)) 
 LMAX, LMIN = maximum and minimum radiance values for a given band 
   (available in the Metadata of the product). 
 MaxGray = maximum number of gray value 
 DN  = digital number for a given band. 
 0.31  = (Wm-2 sr-1μm-1) calibration constant for the calculated  
      radiance 
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 b. TOA Radiance to Surface Radiance 

In this step, the effect of the atmosphere in the thermal region is removed, and the 

atmospheric parameters used to calculate the surface radiance were obtained using the 

Atmospheric Correction Parameter Calculator which can be found in the NASA website 

(http://atmcorr.gsfc.nasa.gov/). The formula for the conversion of TOA radiance to 

surface radiance was adopted from Barsi et al., (2003a), as cited by Raj and Fleming, 

(2008).  

்ܮ ൌ 	
௅ഊ	ି௅ഔିఛሺଵିఌሻൈ௅ವ

ఛ	ൈ	ఌ
           Eq. 5 

Where: 

 LT = surface radiance 
 Lλ = spectral radiance calculated from Equation 4. 
 τ = atmospheric transmission at the sensor's aperture 
 ε = surface emissvity 
 Lν = upwelling spectral radiance between the surface and 
   sensor (in Wm-2sr-1μm1) 
 LD =downwelling spectral radiance from the sky (Wm-2sr-1μm1) 
 
  
 
 
 c. Surface Radiance to Surface Temperature 

The final step was to convert surface radiance computed from Equation 5 to surface 

temperature using the following equation formulated by Barsi, et al., (2003b): 

ܶ ൌ
୏మ

୪୬	ሺ
ేభ
ై౐
ାଵሻ

               Eq. 6 

Where: 

 T           = surface temperature in Kelvin (K) 
 LT          = surface radiance from Equation 5 
 K1, K2    = pre-launched calibration constants (666.09 and 1282.71, respectively) 
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2.3.2.2 Development of Heat Stress Map 

The presence of heat stress that can be damaging to coral reefs was also investigated. 

The results of the estimation of SST distribution extracted from the Landsat images 

were combined with the time-series temperature point data to be able to come up with 

the time-series data plots for the month of August. The areas which are exposed to 

temperature greater than 30 °C are identified, and the period (hours) were counted. 

ArcGIS 10.1 was used to visualize the areas where heat stress occurred. Figure 9 shows 

the procedural steps on how to develop the heat stress map. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Extracted SST 
distribution 

Time-Series  
Point Data 

Identification of areas exposed to >30°C, and 
counting the number of hours (ArcGIS) platform 

Heat Stress Map 

Figure 9. Procedural steps in developing heat stress map. 
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2.4 ArcGIS-Mapping, Spatial Analyst Tools and Data Analysis 
 

After obtaining all the environmental variables that affect the distribution of corals, the data 

were plotted in a map using ArcGIS 10.1 software. Various spatial analysis tools such as 

interpolation, resampling, and data conversion and management tools were employed to 

achieve the appropriate resolution of the spatial distribution of the different environmental 

factors. The final resolution for each variable maps was 30m, and all vector data are 

converted to raster format. The converted raster data were overlaid in the map (Figure 10) 

and the relationship of each variable in relation to each other and to the coral reef 

distribution were calculated and analyzed using multi-variate analysis available in the 

Spatial Analyst tool of ArcGIS.  
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Figure 10. A graphic representation of the core GIS data types for the coral cover 
distribution and environmental factors. 
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2.4.1 Determination of Optimum Condition 

In this study, it is assumed that the areas with the highest coral cover (100%) equate to 

the areas having the optimum condition for the presence of high coral cover. After 

plotting the coral cover distribution and each of the predictor variables in ArcGIS,  the 

locations of the of the coral distribution were extracted along with the information from 

the overlaid raster data of environmental variables. The suitability indices were develop 

based on the extracted information with values ranging from 0 (unsuitable) to 1 (optimal 

conditions). The results were plotted into suitability index graphs. 

 

 

2.4.2  Statistical Analysis and Determination of Controlling Factor 

To quantify the relationship of each variables to one another and to the coral reef cover, the 

point data of coral cover and raw data extracted from each environmental raster layers 

(which were standardized first) were subjected to correlation test using Pearson statistical 

analysis. An array of scatter  plots, correlation matrix, statistical summary, and the 

coefficient factor of determination were obtained.  

 

After the statistical analysis test for correlation, the standardized environmental variables, 

which are regarded here as the predictor of coral cover variable (response) were subjected to 

regression analysis using the Partial Least Square Regression (PLSR) to quantify the 

contribution of each variable in predicting the coral cover. Data used for regression are 

standardized to have mean zero and variance one. PLSR was employed in this study since 

this model is best suited when there is numerous number of predictors (X variables) which 

exhibit multi-colinearity.  This is useful in terms of identification of controlling factors/ 

important variable especially in the field of ecology since in many instances, most of the 

environmental gradients are non-independent (Carrascal et al., 2009), in this case, for 

example, light intensity is a function of depth.  The PSLR analysis yielded a table of 

variable of importance in the projection of coral reef cover. The results were interpreted in 

the discussion part of this manuscript. 
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Figure 11. Percent Live Coral Cover present in the area. 
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CHAPTER 3: RESULTS 

3.1 Field Survey Results 
 

3.1.1 Percent Live Coral Cover 

 

The observation area covers approximately 1100 m parallel to the coastline and 800 m 

across the shore towards the reef crest. After the video footage analysis of the February 

2013  coral cover survey, the percent live coral cover was plotted to a mesh with around 

60-70 m resolution in ArcGIS to easily visualize and analyze the results. Figure 11 

shows the percent live coral cover present in the area. It shows that the coral colony 

distribution is not evenly dispersed. Coral colonies, with high percent live cover, tend to 

occur in clumps at the eastern side of the observation area (124°16'45"E, 24°29'05"N) 

which is near some small islets. The red circle symbols show a 100% coral cover. As 

the gradient colour turns lighter (red to lighter yellow), the percent live coral cover 

decreases from 100% to 1-10%. The triangle symbols show areas with small patches of 

growing corals. The areas where coral transplants (in pink asterisk simbol) are situated 

were also observed during the survey.  
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Moreover, there is also a difference observed among the coral community structure 

present in the area. It is observed that more circular and massive corals are found near 

the inshore area, where the 100% coral cover is found. The most dominant species in 

this area are Heliopora sp. or the blue coral, and Porites sp. (Figure 12a). Meanwhile, 

more tabular, or in plate-form type of species are found in the offshore sites (near reef 

crest), such as Montipora sp. (Figure 12b). 
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Figure 12 Coral Community Structure: (a) Porites sp. -most dominant in the 
inshore part; (b) Montipora sp.-most dominant near the reef crest 
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0

3.1.2 Bathymethry/ Depth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 shows a 10-meter resolution bathymetry map of Ibaruma as a result of the 

combined sounding data collected during the field survey and the bathymetry data with 

500 m resolution from JODC. Both data has to be used and should be combined because 

the bathymetry input file needed to run the wave simulation requires a larger area extent. 

The lighter blue color indicates areas with shallower parts while the darker blue for the 

deeper parts (~40 m).  From the resulting image, the location of the reef crest (relatively 

in lighter blue, which is closer to the deeper sea) can be easily located because it is the 

highest point of coral reef. It is also apparent that Ibaruma's topography contains a spur 

and groove system which extends from the reef crest to the reef slope. 

 

 

 

0m 

40m 

Depth (m) 

Figure 13. 10-meter resolution bathymetry map of Ibaruma Coast. 
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3.1.3 PAR 

As a result of the field observation conducted on June 2013, the light attenuation 

coefficient, 2629.2 e-0.325x (Figure 14) was calculated and was used in plotting the PAR 

distribution in Ibaruma (Figure 15). 
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Figure 15. PAR Distribution over Ibaruma Coast. 

Figure 14. PAR distribution vs. depth. 
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In Figure 15, higher PAR values are illustrated by red color while lower values in 

yellow. Black areas show very low (0-250 W/m2) light attenuation. In this result, it is 

clearly obvious that the light attenuation or the distribution of PAR is a function of 

depths in the area.  

 

3.2. Environmental Variables and Coral Distribution 

 

3.2.1 Coral Cover and Depth 

The percent coral cover distribution was overlaid to the depth and shows the following 

distribution: 
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Figure 16. Percent Live Coral Cover Distribution at Certain Depths. 
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This result in Figure 16 shows that the coral distribution is restricted within certain 

depths only, which starts from 0.5 m, up to 6 m for the deepest part. It also shows that 

high coral cover density (80-100%) was found at depths 1.044 ~ 2.673 m.  

 

3.2.2 Coral Cover and PAR 
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Figure 17. Percent Live Coral Cover vs. PAR distribution (W/m2). 
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Figure 18. Significant wave height distribution during normal weather condition. 

Figure 17 shows the percent coral cover distribution when overlaid to the light 

attenuation in terms of PAR. PAR values at locations with high coral cover density (75-

100%) ranges to 900 W/m2 to 1800 W/m2. It clearly shows that presence of corals is 

also limited by the amount of PAR available in the area. Since PAR is a function of 

water depth, assuming that the turbidity approaches to zero, then the relationship of 

PAR vs coral cover distribution is the same with those of depth.  

 

3.2.3 Results of SWAN simulation: Calculation of Significant Wave Height 

 

A. Significant wave height for normal weather condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 shows the results of SWAN simulation for the significant wave height (Hs) 

distribution during normal weather condition over Ibaruma. It showed here that high Hs 

which range to 0.39~0.48 m occurred over the reef crest. However, Hs decreases as the 

waves propagate near shore. Results also showed up to 50% reduction in the incident 

wave energy (~Hs) from intermediate to shallow waters. 
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When the coral cover is overlaid to the Hs distribution (Figure 19), it shows that Hs at 

the areas with high coral cover ranges to 0.15 m ~ 0.19 m. This is relatively lower 

compared to the Hs found near the reef crest with 0.27 m ~ 0.32 m and where there is 

only 10-25% live coral cover. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19.  Percent live coral cover vs significant wave height distribution during 
normal weather condition. 
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B. Significant wave height for stormy weather condition. 

 

 

 

 

 

 

 

 

 

Figure 20 shows the results of SWAN simulation for the significant wave height (Hs) 

distribution during stormy weather condition. This is a simulation for an extreme 

weather event which occurs only once in ten year-period. When the coral distribution is 

overlaid to the map (Figure 21), it clearly shows that corals experiences intense wave 

energy with Hs up to 5 m and that can be damaging enough to the coral branches or can 

overturn small boulder of coral.  

 

 

 

Figure 20. Significant wave height distribution during stormy weather 
condition. 
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Figure 21. Percent live coral cover vs significant wave height distribution 
during stormy weather condition. 
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3.2.4 Results of SWAN simulation: Calculation of Orbital Velocity near the Bottom  

 

A. Orbital Velocity near the Bottom (in m/s) Distribution during Normal Weather 
Condition 

 

 

 

 

 

 

 

 

The SWAN Model, aside from calculation of significant waveheight, can also calculate 

the orbital velocity near the bottom (Ubot). Figure 22 shows the results of SWAN 

simulation for the Ubot (in m/s) distribution during normal weather condition over the 

study area. It showed here that there is a high orbital velocity occurring at the reef crest 

which ranges to 0.412 m/s ~0.554 m/s occurred over the reef crest. The Ubot decreases 

as it approaches the coastline. It is also apparent in the figure that Ubot is a function of 

the depth since very low values of Ubot were observed at deeper areas. 

 

 

Figure 22. Distribution of orbital velocity near the bottom (in m/s) during 
normal weather condition. 
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Figure 23 shows the percent coral cover distribution when overlaid to the distribution of 

orbital velocity near the bottom in the area. The Ubot at locations with high coral cover 

density (75-100%) ranges to 0.072 to 0.138 m/s. It is also evident that the values of Ubot 

are higher at the reef edge. Moreover, two peaks are observed, because the location 

where the 50% coral cover showed different orbital velocities near the bottom, and this 

may be accounted to the different roughness of the bottom which will be explained in 

detail in the discussion part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Percent live coral cover vs. distribution of orbital velocity near the 
bottom (m/s) during normal weather condition 
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B. Orbital Velocity near the bottom (in m/s) distribution during stormy weather 
condition 

 

 

 

 

 

 

 

Stormy wave conditions with Hs = 11.93 m and T = 14.02 s were propagated with the 

SWAN model over the study area for dominant southerly and easterly wave conditions 

with the aim of evaluating the amount of total wave energy dissipation. Figure 24 shows 

the results of SWAN simulation for Ubot distribution during stormy weather condition. 

This is a simulation for an extreme weather event which occurs only once in ten year-

period. When the coral distribution is overlaid to the map (Figure 25), it clearly shows 

that corals experiences high orbital velocity up to almost 1m/s and that can be damaging 

enough to the coral branches or can overturn small boulder of coral.  

 

 

 

 

Figure 24. Distribution of orbital velocity near the bottom (in m/s) during 
stormy weather condition. 
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Figure 25. Percent live coral cover vs. distribution of  orbital velocity near 
the bottom (m/s) during stormy weather condition. 
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3.2.5 Results of SWAN simulation: Calculation of Total Energy Dissipation (W/m2) 

 

A. Total Energy Dissipation (ETotal) (W/m2) during normal weather condition 

 

 

 

 

 

 

 

 

The total energy dissipation (ETotal) was the last variable calculated in SWAN. Figure 26 

shows the result of the simulation to calculate ETotal in the study area during the normal 

weather condition. It clearly shows here that similar to the results obtained in the 

calculation of orbital velocity near the bottom, high energy dissipation is observed over 

the reef crest area. When the coral cover distribution is overlaid (Figure 27), the ETotal in 

the areas where there are high coral cover density (75-100%) were already very small 

(2.2e-6 ~8.2e-6 W/m2). 

 

 

 

Figure 26. Distribution of total energy dissipation (W/m2) during normal 
weather condition. 
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Figure 27. Percent live coral cover vs. distribution of total energy dissipation (W/m2) 
during normal weather condition. 
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Figure 29. Percent live coral cover vs. distribution of total energy dissipation 
(W/m2) during stormy weather condition. 

B. Total Energy Dissipation (ETotal) (W/m2) during stormy weather condition 

 

 

 

 

For the simulation of ETotal during the stormy weather condition, the results showed that 

almost all wave energy (90%) is absorbed at the reef crest area (Figure 28).  When the 

coral cover distribution is overlaid (Figure 29), the ETotal in the areas where there are 

high coral cover density (75-100%) were already very small (6.6e-5- ~1.4e-3 W/m2). 
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Figure 28.  Distribution of total energy dissipation (W/m2) during stormy 
weather condition. 

0

25

50

75

100

-0.01 0.04 0.09 0.14 0.19

%
 L

iv
e 

C
or

al
 C

ov
er

Total Energy Dissipation (m/s)



45 
 

3.2.6 Coral Cover and SST 

For the distribution of sea surface temperature (SST), Figure 30 shows the extracted 

SST from Landsat images (in °C) at the study area for the month of August 2013. The 

extracted temperature range results which is from 26.4 °C to 30.0 °C (highest) falls 

within the reported temperature ranges in literature as well as with the direct 

temperature point data available in the study area. It is evident based on the results of 

extraction that higher SST (in red to yellow color) occurs  in the areas near the coastline, 

as well as in the shallower part of the study area. In this light, it is possible that some 

parts of the study area experience heat stress (> 30 °C) for a certain period of time, 

hence, a predictive heat stress distribution map was also developed for this study. 

 

 

 

 

 

 

 

 

 

 

Figure 30. Extracted sea surface temperature distribution from Landsat image for 
the month of August, 2013. 
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Overlaying the coral cover to the SST layer as shown in Figure 31, it shows that the 

temperature ranges within the coral reef areas are within 26.9 °C to 28.6 °C. This 

temperature range falls just within the right temperature limit for the coral reefs in 

general.  
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Figure 31. Coral Cover Distribution vs. SST Distribution. 
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3.2.6.1Development of Heat Stress map 

Since the extracted SST represents a month within the summer period in Ibaruma, a heat 

stress map was developed in order to determine the susceptibility of the corals to be 

exposed on a high temperature which could be damaging to them. The time-series 

temperature point data (Figure 32) provided by a private coral research company was 

utilized in combination with the SST distribution map. The location where the 

temperature was taken was in the area where the coral transplants are located. Figure 33 

shows results of combining the time series point data with the temperature distribution. 

 

Figure 32. Time series temperature data point for the month of August 2008 at coral 
transplanted areas. 
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Figure 33. Representative heat stress map for the during summer 
month (August) 
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Figure 33 shows the representative heat stress map for the summer period  (August, 

2013) in the study area. It shows that the areas near the coastline areas experience a 

constant month-long high temperature with greater than 30°C.  

 

Figure 34. Heat stress map for the coral reef distribution area. 

 

When the coral distribution was overlaid to the map, the resulting image is shown in 

Figure 34. It shows here that the area with 75% coral cover may be exposed to heat 

stress for approximately 25 days, and those areas with 100% cover may experience high 

temperature for a approximately 17 days. The results indicated that the scenario wherein 

the corals may be exposed to high temperature for a quite period of time maybe 

detrimental to them and could lead to coral bleaching. However, since the temperature 

is also regulated with the wave action, this kind of scenario is mitigated.  
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3.3 Identification of Optimum Condition (Suitability Indices) 

 

The suitability indices were developed based on the extracted information from the 

areas that exhibit the optimum condition for the presence of coral reefs. The values for 

the associated environmental predictor in the areas that are optimally suitable are 

normalized and converted to values ranging from 0 (unsuitable) to 1 (optimal 

conditions). In this context, the most suitable area equates to the characteristics of areas 

with high coral cover (100%). Graphic representations of the relation between 

environmental variables and suitability are shown in the following section. All variables 

are associated with the coral cover. 
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Figure 35. Suitability Index graph for the optimum water depth 
condition for corals in Ibaruma. 

Figure 36. Suitability Index graph for the optimum PAR levels for 
corals in Ibaruma. 
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Figure 37. Suitability Index graph for the optimum wave height 
condition for corals in Ibaruma during normal weather condition. 

Figure 39. Suitability Index graph for the optimum orbital velocity near the 
bottom condition for corals in Ibaruma during normal weather condition. 
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Figure 38. Suitability Index graph for the optimum wave height 
condition for corals in Ibaruma during stormy weather condition 
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Figure 40. Suitability Index graph for the optimum orbital velocity near the 
bottom condition for corals in Ibaruma during stormy weather condition. 
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Figure 41. Suitability Index graph for the optimum total energy dissipation 
condition for corals in Ibaruma during normal weather condition. 

Figure 42. Suitability Index graph for the optimum total energy dissipation 
condition for corals in Ibaruma during stormy weather condition 
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The summary for the values of optimum condition for each environmental variable 

illustrated in Figures 35-43 is shown in Table 6.  The values obtained for the optimum 

condition for each of the environmental factors exhibit a narrow range of condition 

especially in the case of Ubot. It also shows that the shape of suitability index graph of 

Ubot and ETotal is similar.  

Table 6. Summary of the values for the optimum condition for coral cover distribution 
in Ibaruma 
 

Environmental Variables 

Optimum Condition 

(100%) 

Stormy Condition 

(On areas where Coral 
Cover are 75%-100%)

Depth (m) 1.04 ~ 2.67  

Light attenuation (PAR) (W/m2) 995 ~ 1863  

Significant wave height (Hs) during  
normal condition (m) 

0.146 ~ 0.191 0.556 ~ 0.963 

Orbital velocity near the bottom (m/s) 0.077 ~ 0.156 0.402 ~ 0.777 

Total energy dissipation (W/m2) 2.20e -06 ~8.21e -06 6.58e -05 ~ 1.42 e -03

Sea surface temperature (SST) (°C) 27.1 ~ 27.4  
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Figure 43. Suitability index graph for the optimum sea surface 
temperature condition for corals in Ibaruma. 
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3.4 Identification of the Controlling Factor 
 

To finally achieve the goal of this study in determining the controlling factor of the 

distribution of corals in the study area, the raw data for each factors and the coral cover 

were standardized first and subjected to correlation test using Pearson statistical analysis. 

This statistical test can quantify the relationship of each variable to the coral reef cover, 

as well as identify the significance (p-value) of the results of the correlation. Afterwards, 

the standardized variables were subjected to Partial Least Square regression to identify 

which among the variables can best predict the coral cover in the area. The results of the 

analysis are as follows:  

Table 7. Summary of statistics for the coral cover distribution (response/Y variable) and 
environmental predictors (X variables) 

 

Table 7 showed the summary of basic statistics (i.e., minimum, maximum, mean and 

standard deviation values) used in this study for the environmental variables (predictor 

variables) and the coral cover, regarded here as the dependent/response variable. The 

Variable Obs. 

Obs. 
with 

missing 
data 

Obs. 
w/out 

missing 
data 

Minimum Maximum Mean 
Std. 

deviation

Coral Cover (%) 8947 0 8947 0.00 100 4.97 15.78 

PAR (W/m2) 8947 0 8947 29.0 2268 1279 435 

Depth (m) 8947 0 8947 0.485 13.9 2.615 2.20 

SST (°C) 8947 0 8947 26.8 29.7 27.3 0.400 

Ubot Normal (m/s) 8947 0 8947 0.017 0.448 0.133 0.072 

Ubot stormy (m/s) 8947 0 8947 0.200 3.06 0.694 0.383 

Hs Normal (m) 8947 0 8947 0.116 0.423 0.200 0.051 

Hs Stormy (m) 8947 0 8947 0.363 7.6 1.04 0.867 

Etotal stormy (W/m2) 8947 0 8947 -1.40e-04 0.502 0.007 0.034 

Etotal Normal 
(W/m2) 

8947 0 8947 1.01e-07 4.15e-04 9.50e-06 2.10e-05
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number of observation for the coral cover which has ~65 m x 65 m mesh resolution was 

achieved by employing the resampling tool using nearest neighbor interpolation method 

available in ArcGIS. The points for all the data where resampled to 10 m resolution.  

The statistics showed that the mean percent coral cover distribution in the observation 

area is relatively low (~5%), and could be accounted to the high number of interpolated 

"no coral" and "small patches of coral" (~1%) data points. It is also the reason why there 

is higher standard deviation for coral cover distribution (15.78). In the case of 

environmental variables, the calculation of PAR in the area shows a maximum of 2268 

W/m2  which is the condition found in shallower area, while 29 W/m2  for the minimum  

value which is the condition in the more deeper part of the observation area. The mean 

depth in the observation site is found to be 2.6 m, while the temperature during summer 

season averages to 27.3 °C. For the results of the numerical simulation of waves, it 

shows a significant difference in the simulation results between stormy and normal 

weather conditions. For the wave height distribution the mean significant wave height 

averages to 1 m during stormy weather condition, while 0.694 m/s for the orbital 

velocity. The results of simulation for the total energy dissipation yield very small 

values, with 1.0E-07 W/m2 as the minimum for the energy dissipation during normal 

weather condition.  

The results of the correlation tests are shown in Table 8, and are illustrated in Figure 41. 

Table 8. Correlation matrix (Pearson) 

Variables Coral Cover PAR Depth SST 
Ubot 

Normal

Ubot 

stormy

Hs 

Normal

Hs 

Stormy 

Etotal 

stormy 

Etotal 

Normal

Coral Cover 1 0.070 -0.081 -0.028 -0.010 -0.007 -0.075 -0.046 -0.041 -0.027

PAR 0.070 1 -0.838 0.326 0.339 -0.078 0.023 -0.269 -0.073 0.247

Depth -0.081 -0.838 1 -0.282 -0.178 0.141 0.111 0.290 0.078 -0.104

SST -0.028 0.326 -0.282 1 -0.250 -0.300 -0.551 -0.277 -0.163 -0.187

Ubot Normal -0.010 0.339 -0.178 -0.250 1 0.245 0.730 -0.198 0.068 0.696

Ubot stormy -0.007 -0.078 0.141 -0.300 0.245 1 0.619 0.819 0.755 0.151

Hs Normal -0.075 0.023 0.111 -0.551 0.730 0.619 1 0.400 0.354 0.483

Hs Stormy -0.046 -0.269 0.290 -0.277 -0.198 0.819 0.400 1 0.677 -0.080

Etotal stormy -0.041 -0.073 0.078 -0.163 0.068 0.755 0.354 0.677 1 0.046

Etotal Normal -0.027 0.247 -0.104 -0.187 0.696 0.151 0.483 -0.080 0.046 1

Values in bold are different from 0 with a significance level alpha=0.05 
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The Pearson correlation matrix as shown in Table 8, shows the degree of  how one 

variable is associated to one another, where the closer the value gets to 1, the higher the 

positive correlation (0.5 ~ 1.0); and if the value gets closer to -1, the stronger the 

negative correlation. If the value is nearer to zero, there is no linear relationship between 

the variables. In this study, there is no strong linear relationship found in the case of 

coral cover vs. all the variables although the degree of association for each variable can 

still be measured. In this scenario, the depths (-0.081), followed by significant wave 

height (-0.075), and PAR (0.070), are the variables most correlated with coral cover 

distribution in Ibaruma, while both orbital velocity during normal and stormy weather 

conditions showed the least correlation (-0.010, -0.007 respectively). The highest and 

most significant correlation is exhibited by relationship between PAR and depths with r 

= -0.838. Moreover, significant wave height during normal condition is strongly 

associated with many variables such as SST (-0.551) and orbital velocity near the 

bottom under normal and stormy weather condition (0.730, 0.619, respectively). For the 

stormy weather condition, the significant wave height is obviously strongly correlated 

with the orbital velocity near the bottom under stormy weather condition (0.819), while 

the latter is strongly associated with the total energy dissipation during the stormy 

weather condition (0.755). For the total energy dissipation under normal weather 

condition, it is correlated with orbital velocity near the bottom and significant wave 

height both under normal weather condition (0.696 and 0.483, respectively). 

 

Figure 44 illustrates the relationships through scatter plots representation across all the 

variables and coral cover as discussed earlier in Table 8. It also shows here the 

confidence ellipses or the 95% confidence region of the points/variables where the 

estimated solution to the problem is found. The values of the variables for horizontal 

and vertical axis were standardized so that they are dimensionless and easier to compare 

from one another. The red and blue colour represents the positive and negative 

relationship respectively. 
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Figure 44. Scatter plots showing the relationship of each environmental factors and coral cover. 
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Table 9. P Values. 

Variables 
Coral 
Cover 

PAR Depth SST 
Ubot 

Normal
Ubot 

stormy
Hs 

Normal
Hs 

Stormy 
Etotal 
stormy 

Etotal 
Normal

Coral 
Cover 0 0.000 0.000 0.007 0.342 0.490 0.000 0.000 0.000 0.011

PAR < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.027 < 0.0001 < 0.0001 < 0.0001

Depth < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

SST 0.007 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
Ubot 
Normal 

0.342 < 0.0001 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Ubot 
stormy 

0.490 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hs Normal < 0.0001 0.027 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001

Hs Stormy < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001
Etotal 
stormy 

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0 < 0.0001

Etotal 
Normal 0.011 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0

Values in bold are different from 0 with a significance level alpha=0.05 

 

The significance of the test results is shown in Table 9. P values or the statistical 

significance indicates the practical significance, or the importance of the data in the 

applied setting, in this case, the significance of the correlation test analysis of the 

variables to the coral cover. A small p value (typically p ≤ 0.05 (alpha significance 

level) indicates high significance of the test results, while higher p values (p≥0.05) 

indicates otherwise. In this study, the correlation results showed that all data/test results 

showed that they are statistically significant (p ≤ 0.05) except for orbital velocity near 

the bottom for both normal and stormy weather day condition. Relatively higher p 

values are also observed for SST and total energy dissipation during normal weather 

condition when plotted against the coral cover. Similarly, the relationship of significant 

wave height and PAR shows a higher p values (p ≤ 0.027) than the rest of the results (p≤ 

0.0001).  

 

For the last step, in order to determine which among the variables significantly affects/ 

or can predict the coral cover, the standardized data of the environmental variables and 

the percent coral cover were subjected to partial least square regression, a type of 

multiple regression which can accommodate data with multi-colinearity. Based on the 

results of the Pearson correlation test, there are many among the environmental 



58 
 

variables that are correlated with each other, i.e., depths and PAR, depths, and 

significant wave height, etc. 

The results of the PSLR analysis yielded one significant component explaining the 

variance in the response variable (coral cover). Among the results is the table of 

variable of importance to the prediction (VIP) which gives scores to each of the variable 

in terms of its importance/ weight when predicting the coral cover. The results are 

shown in Figure 45, and Table 10.  

 

 

 

 

 

 

 

 

 

 

 

Table 10. Variable Importance in the Projection (VIP). 

Variable VIP 
Standard 
deviation 

Lower 
bound(95%) 

Upper 
bound(95%) 

SST 0.568 1.17 -1.725 2.86
Ubot_stormy 0.146 0.478 -0.791 1.08
Depth 1.62 1.18 -0.692 3.93
Hs_Normal 1.49 0.607 0.304 2.68
PAR 1.39 1.31 -1.182 3.96
Hs_Stormy 0.926 0.556 -0.164 2.02
Etotal_stormy 0.823 0.428 -0.016 1.66
Etotal_Normal 0.540 0.535 -0.510 1.59
Ubot_Normal 0.201 0.571 -0.918 1.32
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Figure 45. Variable of importance in the projection of coral cover. 
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In Figure 45, the vertical bars show the magnitude of influence of each environmental 

factors in the projection of coral cover, and the vertical line in the middle of the bar is 

the standard deviation. The results showed that the depths, followed by significant wave 

height during normal weather condition and PAR have the highest VIP score (1.62, 1.49, 

and 1.39 respectively), while orbital velocity near the bottom both during normal and 

stormy conditions yielded the lowest score (0.201, 0.146 respectively). The total energy 

dissipation during normal weather condition and SST showed almost equal scoring in 

the VIP, (0.540 and 0.568), as well as the significant wave height and total energy 

dissipation both during stormy weather conditions (0.926 and 0.823 respectively). 
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CHAPTER 4: DISCUSSION 

 

In natural coastal environment, it is often difficult to treat in isolation the effects of 

different environmental factors in the coral reef distribution. Rather, the distribution is 

influenced by a variety of interacting factors, and that, it may be possible to quantify 

which among these factors dominantly affects the distribution. This study has attempted 

to investigate the contribution of each factors, and the optimum condition in relation to 

the percent coral cover in the case of Ibaruma Coast. Such information will be useful in 

the area's conservation and restoration activities. 

Each layer of the environmental variables in relation to the coral distribution prepared 

for this study will be discussed in detail in the following subsection. It is clear from the 

obtained results that when an environmental factor is plotted against the coral cover, 

there is a certain peak observed, which in this study, is regarded as the optimum 

condition for the coral distribution. The interpretation of the statistical analysis to 

determine the contribution of each factor will be discussed in the last part of this chapter.  

 

4.1 Coral Cover and Topographic profile of Ibaruma Reef 

 

The results of the coral survey in this study appear typical of a fringing coral reef of the 

Ibaruma Coast. The study area spans across the shallow lagoon up to the portion of reef 

crest. Reefs in this area are composed of corals and other benthic organisms which are 

not evenly dispersed. It is typical that corals in shallow lagoon areas occur in patches, 

which has been also observed in this study.  The coral colony with high percent cover 

tends to aggregate in one area (124°16'45"E, 24°29'05"N) of the observation site. The 

results shown in Table 6 provide the quantitative description of the different 

environmental variables in the area where 100% coral cover is observed. In addition, 

coral community structure varied most between inshore and offshore sites (near reef 

crest), where more circular and massive corals are found near the inshore area (i.e., 
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Porites sp.), and more tabular, plate-form and foliaceous (Montipora sp.) in the near 

reef crest areas. This observation follows the same distribution patterns observed by 

Hongo, et al., (2012) which has also conducted coral survey study in Ibaruma, but on 

the adjacent northern part of this study area.  This kind of variation is controlled by 

different factors, (i.e., temperature, wave action, light intensity, water quality, 

sedimentation, species interaction) as suggested by most of the coral reef community 

and assemblage studies that showed similar coral community patterns (Hongo, et al., 

2012; Iryu, et al., 1995; Dai, 1993; Done, 1982). 

 

4.2 Environmental factors affecting the coral distribution and 
determination of optimum condition 

 

The determination of the optimum condition for corals is considered an utmost 

importance since the quantitative information that will be gathered can be very much 

useful for coral reef management and monitoring. In most of the field studies, the 

optimum condition for coral reef environment are described qualitatively, for instance, 

the environmental factors correlated with healthy reef coral growth are described as 

conditions having "low" turbidity, "low" sedimentation rates, "low" inorganic nutrients, 

"warm tropical shallow" waters, "enough" light intensity, and "moderate" wave action. 

However, followed by these descriptions are questions such as, "How moderate is 

moderate?", "How low is low?", and or "How much is enough?".  This study has 

attempted to answer such kind of issues and quantified the environmental parameters 

that are associated with a healthy coral reef environment. The results shown earlier are 

discussed in detail in the following subsections. 

 

4.2.1 Depth 

 

Generally, reefs are recognized as being limited to shallow water areas. For most of the 

coral reef distribution studies, the context of shallow coastal water is defined as having 
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enough light that reaches the corals which they use for their photosynthesis. Depending 

on the location, corals can exist at depths up to 50 m, and rarely up to 100 m. This study 

has revealed that the coral reef in Ibaruma exists at depths ranging from 0.5 m up to 6 m. 

The highest coral cover is found at 1 m ~ 2.7 m deep. This depth range is found to be 

most suitable for corals in the study area. Aside from having enough available light for 

its primary production, one reason that could be accounted for its high cover at this 

depth range is that corals are not totally being exposed even at low tides. The tides in 

Ishigaki is semi-diurnal wherein it experiences two high and two low tides at every 

lunar day, which ranges from 2.5 m during spring tide (high tide) to ~0.8 m below the 

mean sea level during low tides (Japan Meteorological Agency, 

http://www.data.jma.go.jp/gmd/kaiyou/db/tide/gaikyo/nenindex.php). Provided that the 

ambient temperature does not exceed 30°C and there is enough water movement during 

low tide, the corals will be able to withstand short period of exposure due to low tides. 

This is because corals are able to develop a mechanism to adapt in such condition, i.e., 

secretion of protective mucus in order to stay wet, and retraction of polyps (Wild, et al., 

2004). 

Depth is considered as a separate factor affecting the coral distribution apart from light 

intensity, though both are related to each other, since the primary purpose of this study 

is to locate and quantify the optimum condition where high coral cover exist. 

 

4.2.2 Light Intensity 

 

In this study, the light intensity or irradiance available to corals was measured in terms 

of photosynthetically active radiation (PAR), which is defined previously as the spectral 

range of solar radiation that photosynthetic organisms can use in order to perform 

photosynthesis. The results showed that the PAR is evidently higher in shallower areas 

and decreases with depth. Additionally, the findings of this study showed that the most 

suitable condition in terms of PAR for corals in Ibaruma ranges to 995 ~ 1863 W/m2. It 

must be noted that in this study, the PAR were measured as a function of depth, or we 

can also say, "PAR reaching the bottom".  On that account, the results might not be 
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comparable to the findings of other coral studies wherein light conditions, or PAR levels 

were measured differently. In reality, the obtained PAR values for the optimum 

condition are not absolute. It will always be a case to case basis. Since PAR is a 

function of depth and water turbidity, and turbidity is a function of type of sediment 

present in the area, it will almost be unlikely to set a fixed benchmark of optimum 

condition of PAR values for corals in general. Moreover, there is no standardized 

methods on how to assess/ measure PAR levels in coral reef areas, which is apparent, 

for example on the varying unit of measurement used, and in the wide range of 

differences of the obtained results. For instance, the study of Kleypas (1999) focused on 

the determination of environmental limits of corals in a global scale, where reef limits 

for the light intensity is 50-450 μEm-2s-1, while the study of Kayanne (1996) in Shiharo 

reef, Japan, showed that light intensity which varies seasonally ranges from 552 to 864

μmol m-2s-1. Thereupon, however, it is possible to agree on at some extent about the 

optimal condition when the coral reef area of concern is on the same location or share 

the same geographical and environmental features. In this study, the water turbidity in 

Ibaruma is generally, and most of the time - low, as supported by the field measurement 

conducted where the measured chlorophyll (μm/ L) approaches to zero.  

As discussed earlier, light intensity plays a key role in the presence and or absence of 

corals. PAR controls the presence and amount of xoozanthallae, chlorophyll, and other 

photosynthetic pigments (Rodolfo-Metalpa et al., 2008) which are crucial in the coral 

symbionts' photosynthetic activities. When these factors are combined, as well as the 

known effects of by-products of photosynthesis, it will in turn indirectly affect the coral 

growth, and consequently, the reef building/calcification activities of hard corals. At 

low level of light condition, zooxanthallae are inhibited to photosynthesize, though, 

there are still coral symbionts which are adapted in this type of conditions, such as some 

species of soft corals. On the other hand, excessive irradiance can be damaging to corals. 

This has been clearly shown in the results of this study, where a decline in the presence 

of corals and reef condition is evident succeeding a certain peak of PAR levels in the 

area. The effects of excessive light intensity to corals are well documented.  When 

corals are exposed to high light conditions which are way higher than normal, it may 

cause stress to corals. For instance, one of the factors triggering the occurrence of coral 
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bleaching is increased solar irradiance. Stressed corals exposed to a very high light 

intensity, coupled with increase in sea surface temperature, and low water exchange, 

can cause the host corals to expel their symbiotic algae. Since the zooxanthallae, aside 

from living symbiotically with the host corals, are the one providing color/ pigment to 

the corals, the abandoned host will start to bleach and lose their vibrant colors, and 

eventually ceased if exposed for a prolonged period of time. 

 
Knowing the vital effects of what light intensity can do to corals, the quantitative 

information then about its distribution in a local coral reef area is very important. Coral 

reef managers will be able to locate the areas where coral bleaching, for example, are 

possible to occur. 

 

 

4.2.3 Significant Wave Height, Orbital Velocity near the Bottom, Total Energy 
Dissipation 

 

This subsection will mainly elaborate the results obtained from the SWAN simulation of 

significant wave height, orbital velocity near the bottom and total energy dissipation 

during normal and stormy weather day conditions.  

In the natural environment, coral reefs are constantly subjected to the forces exerted by 

water movement created by current and waves. This phenomenon is essential to create a 

healthy reef environment as it increases the corals’ uptake of nutrients and oxygen, aids 

in washing off certain metabolic wastes and toxins, as well as relieves the corals from 

possible thermal stress. However, similar with the other environmental factors, wave 

action can be beneficial up to certain extent only. Destructive waves brought by strong 

typhoon and cyclones can bring significant damage to the reef structure and morphology, 

disabling them from their usual metabolic activities.  In this study, the water movement 

or wave action were represented by three separate factors: significant wave height, 

orbital velocity near the bottom, and total energy dissipation simulated both under 

normal and stormy weather condition. 
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4.2.3.1. Simulation under normal weather condition 

 

In this study, significant wave height is chosen as one of the parameters representing the 

contribution of water movement and wave action in the area. Defined as the average 

height of the one-third largest waves (Dollar, 1982), significant wave height is a well-

known measure of energy in a wave field (Lugo-Fernandez et al., 1998). 

During normal weather day condition, the results have shown that significant wave 

height in the areas where hundred percent coral cover is observed ranges from 0.15 to 

0.2 m. The result of the simulation follows the same pattern/ranges with the results 

obtained from other studies which conducted actual wave height measurement in 

shallow coastal water areas (i.e. Lowe et al., 2005; Gillis et al., 2014).  In addition, this 

optimal wave height condition for corals in the specified location is a result of the 

pressure gradient or radiation stress created from the wave breaking at the reef crest, 

which consequently drives the reef circulation in the shallower part of the area 

(Longuet-Higgins & Stewart, 1962).  It has been identified that this wave-driven 

circulation plays a major role in the cross-reef transport of food and nutrients, as well as 

juvenile settlement (Lowe et al., 2005). 

Furthermore, with a 0.38 m as an initial significant wave height approaching the reef 

crest, it is evident that the coral reefs are able to reduce or “break” the waves to about 

40% of the incoming waves which indicates the ability of coral reefs to reduce wave 

heights. The reduction of depth can cause the alteration of wave height, which in the 

case of Ibaruma, about 40 m deep from the open ocean to 13 m at the reef edge, and 

then to about 2-3 m deep in the shallow lagoon area. This is the reason why an increase 

in wave height distribution is observed around the reef crest area (Figure 18).  

When the coral cover was overlaid with the results of wave height simulation, the 

percentage of live coral cover around the areas where waves are breaking are relatively 

low, ranging to about 10%-25% live coral cover only. Although reef structure is present, 

it was observed that most of the corals near the reef crest are composed of fragments of 

broken dead corals (Figure 43). This situation might be attributed to increased shear 
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stress and the strong attenuation of hydrodynamic energy in the area including the 

increased orbital velocity near the bottom which can break or damage coral branches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Orbital velocity near the bottom, on the other hand, is the velocity of water particles due 

to wave motion that is particularly brought by surface waves. Investigating orbital 

velocities near the bottom is mostly associated with sediment transport studies (i. e. 

Storlazzi et. al., 2002; Hsu et. al., 2006) and is therefore another important factor to look 

at in this study. Since measurement of sedimentation rates is not part of this study, the 

information about the distribution of orbital velocities near the bottom will somehow 

give an indication about what might be happening with the sediment particles in the area.   

Results have shown that orbital velocities at the reef crest area are particularly high, and 

Figure 46. Snapshot of condition of corals near the reef crest of Ibaruma, and the 
significant wave height and orbital velocity near the bottom distribution.The area is 

composed of broken fragments of corals. 
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coral cover is low. As the waves pass through the reef crest and go through the shallow 

back reef lagoon, the orbital velocity tends to decrease and become more evenly 

distributed. At the areas where high coral cover is found, the orbital velocity ranges 

from 0.08 to 0.16 m/s, which is about 70% decrease from the reef crest areas where 

wave breaking occur. It must also be noted that at the deeper part of the study area 

(towards the offshore), the orbital velocity is very little and approaching almost to zero. 

This is because orbital velocities decline with increasing depth (Baldock et al., 2014) 

and shorter wavelengths. This means that at the deeper part of the ocean, orbital 

velocities near the bottom are almost negligible. The result of a recent study of Baldock 

et al., (2014) showed similar trend where orbital velocity near the bottom increases to a 

maximum depth of 1 m to 1.2 m at the reef flat, and then decreases with an increase 

with depth. 

On this account, the results of the wave simulation have explained the reason why the 

condition of coral cover near the reef crest is relatively low. This finding is supported 

with the video transect file collected, wherein fragments of broken corals and high 

amount of sediment and rubbles are present in the area (Figure 43). The same results 

were obtained from the studies of Storlazzi et al. (2002) in which, he suggested that in 

high-energy environments, (reef crest area), the reef could be less well-defined, and the 

coral cover could be relatively lower composing of more wave-tolerant species. The 

coral breakage and abrasion maybe accounted to high bottom orbital velocities around 

the reef crest areas which may trigger high suspension of sediment in the coastal water 

(especially during stormy weather condition).  

 

The last factor associated with the water movement and wave action that is considered 

in this study is the total energy dissipation. The total energy dissipation is defined as the 

“dumping” or “transmittal” of energy from the surface gravity waves over time due to 

bottom friction, or roughness of benthic communities that causes water turbulence 

(Hearn et al., 2001). By turning on the option for the presence of bottom friction, as well 

as providing relevant input parameters in the SWAN wave simulation, the total energy 

dissipation was calculated. Results showed that energy dissipation mainly occurs at the 

entrance of reef crest area, and as the waves go to the shallow lagoon, the energy 
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dissipation decreases and tends to distribute evenly at the shallow lagoon area where the 

higher coral cover are present. The Ibaruma’s spur and groove system which is evident 

at the reef crest and reef slope area creates a rough bottom friction which induces the 

energy dissipation. As it enters the shallower part of the lagoon, where the bottom is 

relatively even and smoother, the dissipation decreases.  

A study of Hearn et al., (2001) showed that energy dissipation is proportional to the 

nutrient uptake of corals, as well as to the bottom shear stress and speed, creating high 

rates of mass exchange.  This finding is particularly important in understanding the 

reason on why, even with low nutrient levels of the warm tropical seas, the corals still 

manage to flourish. 

Henceforward, it must be taken into account that the bottom friction is one of the most 

important aspects to create energy dissipation. For instance, a rough bottom, in this case 

may be composed of reef ridges, or simply just by coral cover. It should follow then that 

areas covered with corals or spur bottom will create energy dissipation that is essential 

in mass-nutrient exchange. 

 

4.2.3.1. Simulation under stormy weather condition 

 

Evidences from various studies on how cyclones, storms, and extreme weather events 

affect the coral distribution and morphology are already well-established. Since Ibaruma, 

Ishigaki Island is situated on the tropical warm waters of the pacific side; it is therefore 

prone to frequent storm and typhoon events. Hence, this study has also attempted to 

simulate the three wave-related factors during stormy weather conditions in Ibaruma.  

 

With an initial boundary conditions of 11.93 m significant wave height and a period of 

14.02 s, simulation of distribution of significant wave height, orbital velocity near the 

bottom, and total energy dissipation under the stormy weather condition were carried 

out. Results showed significant increase for all the parameters, with almost the same 
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pattern of distribution, which may pose a major threat to the corals especially to those 

that are located in the reef crest. 

 

For all the three parameters, the corals that are located on the edge of the crest, between 

the shallow area and the deeper part, will experience considerable amount of stress 

brought by strong wave action, as the waves start to break and shoal in this part. Hongo 

et al., (2011) conducted a study on the northern part of Ibaruma (about 1200 m away 

from this study’s observation area), wherein he was able to simulate the effects of 

strong typhoons on coral communities under global warming condition. In his findings, 

an initial wave height with 10 m and 10 s period entering the reef areas will damaged 

the tabular corals located in the reef crest, while the massive corals located in the 

shallower lagoons will survive. 

 

Some studies suggested that at certain point, coral reefs can tolerate high levels of 

hydrodynamic energy, i. e., Gillis et al., (2014) indicated that the usual threshold for 

coral reefs is 0.9 m wave height. In this study, the results showed that the significant 

wave height passing over the areas with high coral cover in the case of strong typhoon 

event ranges to 0.556 ~ 0.963 m which is still within the usual threshold for the corals to 

handle. However, those that are in the reef edge and reef crest with a simulated wave 

height of >1 m up to 6 m high, will suffer severe physical damage and breakage. The 

orbital velocity within the bottom is extremely high; hence, the possibility of sediment 

agitation and suspension to water column is very high. The same situation occurs for the 

total energy dissipation. Though as mention earlier, the increase in the total energy 

dissipation promotes an increase in the nutrient uptake of corals, this process might be 

hindered by high suspended-sediment concentration to the water column. The sediment 

particles, when present in high concentration, might disable the corals’ mechanism to 

expulse sediment, and block the polyps from getting nutrients.  

 

It is known that extreme weather events such as typhoon significantly influence the 

distribution and morphology of the coral reefs. However, this still depends on the 

frequency and severity of the typhoons as they do not occur all the time. Coral reefs 

maybe damaged up to certain extent, but depending on the frequency of the typhoon and 
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the intervals, they will be able to recover given a sufficient time (Uhrin & Schellinger, 

2011). 

 

 

4.2.4 Sea surface temperature 

 

The effects of sea-surface temperature to the corals are already well-documented. In 

most of the studies, it was reported that the optimum temperature for most coral reefs is 

26–27 °C (79–81 °F). The findings of this study follow the same range of optimal 

temperature condition in which the temperature where high coral cover ranges to 27.1–

27.3°C. It must be noted that since the observation area is a bit smaller, the distribution 

of SST tends to distribute evenly at the shallow lagoon area. Distinguished high 

temperatures (>=30°C) are observed near the coastline wherein during the period of 

summer season, thermal stress may occur to corals located near this area. For this reason, 

a heat stress map was prepared in order to determine which areas might suffer from 

extreme high temperatures. Using the temperature point data available in the 

observation area and the temperature distribution map, the areas exposed to >30°C were 

plotted in the map and the number of hours the corals are being exposed are counted. 

The results have indicated that the corals with 100% cover maybe exposed to heat stress 

for a total of 18 days during the hottest month (August) in Ibaruma. However, based on 

the temperature point data, the exposure is not continuous; the high temperature is 

experienced particularly during the mid-day. Moreover, prolonged exposure to high 

temperature can still be mitigated since this scenario can be regulated by wave action. 

 

Taking a closer look on the distribution of SST in the coral reef area in Ibaruma, it is 

apparent that the temperature ranges are evenly distributed throughout the area. In this 

case, it might be difficult to distinguish the effects of SST in the case of Ibaruma, 

however it will still be subjected for statistical analysis in order to know its overall 

contribution to the coral reef distribution in the area. 
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4.3 Interpretation of Statistical Analysis Results 

 

Quantifying the relationship of variables to each other provided an integrated overview 

of how one factor affects another. The information is useful in terms of ecological and 

engineering point of view, where one will have a full understanding on the factors that 

needed to be managed. Figure 47 shows the graphical relationship of each variables and 

the coral cover to each other. The blue tone gradient signifies negative correlation while 

the red represents positive correlation. 

 

 

 

Figure 47 is the graphical representation of Table 7, the correlation matrix. It must be 

noted that a low significant correlation result were obtained between coral cover and 

among all the environmental variables considered in this study. It must be accounted to 

the relatively smaller ratio of the area of coral cover to the total observation area. Aside 

from this, the coral distribution tends to exist in clusters, or in patches, which is typical 
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of a coral distribution in shallow lagoon areas. The “spaces”, or the “no coral” data 

points influence the final results in the regression analysis. Nonetheless, although low 

values for correlation were obtained, the factor which has the highest impact to the coral 

distribution was still obtained through the partial least square regression analysis. 

For the correlation across the variables, there is a strong inverse relationship between 

depth and PAR. This result is quite obvious since as mentioned earlier, light intensity is 

a function of depth. The same is observed with SST, where temperature decreases with 

a decrease in depth. It must also be noted that under normal weather condition, the 

depth is negatively correlated with the total energy dissipation and orbital velocity near 

the bottom, while positively correlated during stormy weather condition. 

For the total energy dissipation, studies have suggested that the energy dissipation 

mainly applies at the areas where wave breaking occurs (Sorensen, 2006); in this case, it 

is at the reef crest of the area. However, there is no direct argument that total energy 

dissipation is inversely associated with depth since energy dissipation primarily depends 

on the type of breaker, bottom roughness, and slope present in the area. Under the 

simulation of stormy weather conditions for the total energy dissipation, the positive 

correlation then can be explained by the high significant waves (that can be break when 

it reaches reef the crest) brought by the typhoon. The result of the simulation supported 

this assumption wherein a high-significant correlation is found between significant 

wave height and total energy dissipation during stormy weather condition. 

A very weak correlation has been observed for orbital velocity near the bottom in 

relation with depth: a weak negative correlation during normal weather condition, and 

positive correlation during stormy weather condition. However though, as mentioned 

earlier, results of other studies have suggested that orbital velocity near the bottom is 

higher in shallower areas and is decreasing with depth. It must also be noted that orbital 

velocity near the bottom has strong correlation with significant wave height both during 

normal and stormy weather condition, and is just logical since theoretically, orbital 

velocities near the bottom are directly proportional to significant wave height and 

depend inversely with the depth (Wiberg & Sherwood, 2008). 
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The three parameters related with wave action are at some extent exhibit strong linear 

correlation with each other. Differences lie on the weather condition and other factors 

that primarily affect one factor more than the other such as bottom friction, slope, depth, 

and wavelength.  

In the case of SST, it shows a relatively lower correlation with almost all other 

parameters except for the strong inverse relationship shown with the significant wave 

height during normal weather condition. This is understandable since high significant 

wave height are mainly observed first at the deeper part of the observation area, where 

SST is obviously lower, and then at the crest where a higher wave height is observed 

due to wave breaking. In this area, water is highly agitated because of water exchange 

caused by wave breaking, lowering the ambient temperature. 

Lastly, in the case of PAR, aside from apparent inverse association with depth, shows 

an inverse relationship to significant wave height, total energy dissipation and orbital 

bottom velocity during stormy weather condition and a positive correlation during 

normal weather condition. Yet again, this result is just expected, since during stormy 

events, aside from thick cloud cover that lessen the solar radiation penetration; the water 

itself is highly agitated due to strong wave forces present in the ocean water, where 

possible turbidity may occur.  

 

4.3.1 Controlling Factor 

 

Quantifying the relationships of all variables with the coral cover and to each other has 

led to the determination of the controlling factor that is most influential to coral reef 

distribution in Ibaruma. The partial least square regression analysis, which is a type of 

multiple regression analysis designed for problems having highly-correlated variables, 

has successfully determined which among the factors considered in this study, is the 

most controlling factor. Based on the variable of importance to the projection of coral 

cover, the coral reef distribution in Ibaruma is mainly controlled by depth gradation. 

Since wave height and PAR are both a function of depth, it is understandable that depth, 
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among any other variable, controls the reef distribution in the case of Ibaruma. The total 

energy dissipation is also somehow a function of depth because of its strong dependence 

to the roughness of the bottom.  The SST is also generally dependent to depth. The least 

controlling factor that is found out in this study is the orbital velocity near the bottom 

during stormy weather condition. Although it is also related with depth, other factors 

might have been more dominant in the distribution of corals in the area. 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

 

The reef distribution is not always predominantly controlled by a single environmental 

factor, but it is dependent on the combination of different interacting environmental 

variables. Using a methodological approach which integrates field observation, GIS 

mapping, numerical-wave simulation and SST remote sensing, this study was able to 

determine the correlations between the range of environmental factors and coral reef 

distributions in Ibaruma Coast, Ishigaki Island Okinawa, Japan. The areas where the corals 

are most abundant, as well as the optimum conditions for corals were identified. Upon the 

course of identifying the optimum conditions for corals in the area, environmental 

stressors, such as possible heat stress occurrence and areas where corals will be most 

affected by extreme weather events such as typhoons, were identified. Ultimately, this 

study has identified the most controlling factor affecting the distribution of coral reefs in 

a local scale. Supported by the results of statistical analysis, series of simulations, and 

field observations, the most controlling factor among the environmental variables 

considered in this study, in the case of Ibaruma Coast, is the depth. Such information 

will be a useful management and monitoring tool in the current restoration and 

transplantation activities in the area. 

 

While the findings of this study have underscored and confirmed the possibility of 

overlaying and mapping the various environmental factors in order to understand the 

complex interaction happening in a coral reef ecosystem on a local scale, there is still a 

need to improve the study design and include other environmental parameters such as 

other water quality parameters (salinity, nutrient loadings, turbidity), and tidal 

fluctuations. This will give a better understanding and holistic view of the synergistic 

and antagonistic effects of each environmental factor to the distribution of coral reefs. 

Moreover, for future works, using the suggested methods employed in this study, it is 

recommended to investigate and increase study sites for comparison (i.e., areas with 
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adjacent outflows/rivers; enclosed bays), as well as include temporal data in addition to 

the spatial data available. Lastly, this study can be used as a first step for habitat 

suitability modeling in a local scale which can be practically applied to unsurveyed 

locations in order to compensate missing spatial information gaps. 
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