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Abstract In 2007, high-temperature-induced mass coral

mortality was observed in a well-developed fringing reef

area on the southeastern coast of Ishigaki Island, Japan.

To analyze the response of the corals to thermal stress, the

coral cover was examined using Quickbird data, taken

across the reef flat just before and after the bleaching event

and performing a reef scale horizontal 2-dimensional

thermal model simulation. The Quickbird data consisted of

multispectral (MSS) imagery, which had a spatial resolu-

tion of 2.4 m, and panchromatic (PAN)-fused multispectral

imagery, which had a 0.6-m spatial resolution. The

observed changes in coral cover implied that the delinea-

tion of partially bleached coral was more precise with

PAN ? MSS. The classification accuracy achieved using

PAN ? MSS (93%) was superior to that obtained using

MSS (88%). The in situ water temperature observations

and 2-dimensional thermal model simulation results indi-

cated that the water temperature fluctuated greatly in the

inner reef area in late July 2007. Different thermal stress

indices, including daily average temperature, daily maxi-

mum excess temperature, and daily accumulated tempera-

ture, were examined to define a suitable index that

represented the severity of the thermal stress on coral

cover. The results suggested that the daily accumulated

temperature that occurred during the maximum sea surface

temperature period of the bleaching season provided the

best predictor of bleaching. The changes in water temper-

ature, bathymetry, and coral patch size affected the severity

of bleaching; therefore, the spatial dependence of these

variables was examined using Moran’s I and Lagrange

multiplier tests. An investigation of the effect of coral

patch sizes on coral bleaching indicated that large coral

patches were less affected than the small patches, which

were more likely to suffer bleaching and coral mortality.

Keywords Coral bleaching � Remote sensing �
Quickbird � 2D thermal model � Spatial dependence

Introduction

Coral reefs are considered to be among the most biologi-

cally diverse ecosystems on earth. They cover less than

0.2% of the ocean floor but contain approximately 25% of

the ocean’s species (Roberts 2003). They have much higher

gross primary productivity than the surrounding ocean

(Odum 1963; Weber 1993; IPCC 2007). These marine

habitats have been significantly degraded and destroyed by

human disturbances (Hughes 1994) and by natural anom-

alies that produce high sea surface temperatures, such as

global warming (Hoegh-Gulberg 1999; Wellington et al.

2001; Douglas 2003; Gardner et al. 2003). Thus, the

information on the status of coral reefs is crucial for their

conservation and sustainable utilization. Corals are

dependent upon specific conditions of temperature, light,

salinity, turbidity and oxygen availability. When these

environmental conditions are altered, the stress placed on

the coral often causes bleaching because of (1) the decline

in the densities of zooxanthellae and/or (2) the decreasing
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concentrations of the photosynthetic pigments within the

zooxanthellae (Kleppel et al. 1989). Although many factors

are responsible for coral mortality, bleaching is viewed as the

most important causal factor in both the widespread mor-

tality of corals and changes in coral-reef community struc-

tures (Bruno et al. 2001; Diaz-Pulido and McCook 2002).

Several mass-bleaching events have been recorded on coral

reefs around the world during the last 25 years. There is

concern that such events may be increasing in frequency

(Brown 1997; Hoegh-Gulberg 1999; Sheppard 2003). Large-

scale bleaching is triggered by elevated sea surface tem-

peratures. Unprecedented increases in sea surface tempera-

tures have occurred in many areas of the tropical oceans

(Goreau et al. 2000; Loya et al. 2001; McClanahan 2004;

McWilliams et al. 2005). During 1997–1998, severe coral

bleaching was reported in many coral reefs in the tropical and

subtropical regions of the world. Ishigaki Island, in south-

west Japan, was also affected by this thermal event during

1998, and most of the Acropora species have disappeared

from the island (Fujioka 1999; Hasegawa et al. 1999; Kay-

anne et al. 1999). Significant coral bleaching was observed

on Ishigaki Island in late July 2007.

The field sampling approach for monitoring the coral-

reef environments requires a large number of transect data

and can therefore be costly and labor intensive. However,

combining field information with remote sensing (Lee et al.

2003) offers an effective, complementary approach that can

overcome the limitations of field sampling, particularly for

the monitoring of reefs in remote areas. The loss of pig-

mented zooxanthellae from corals during bleaching events

results in an optical signal that is strong enough to detect

remotely. Most coral bleaching studies have suggested that

it is difficult for satellite sensors to detect coral bleaching,

primarily when the spatial resolution is low relative to the

scale of reef heterogeneity (Holden and LeDrew 1998). A

study of the 1998 bleaching event showed that information

on bleached corals could be obtained using sensors with

high (\2 m) spatial resolution (Andréfouët et al. 2002).

Bleached corals have a high reflectance in blue-green

spectral bands. This property enables the detection of a

bleaching event. Holden and LeDrew (1998) and Clark

et al. (2000) acquired high-resolution reflectance spectra of

corals and found that bleached corals were approximately

10% brighter in the visible spectrum than healthy corals.

In this study, Quickbird data were used to investigate the

coral assemblages affected by bleaching on the southeastern

coast of Ishigaki Island. Quickbird was chosen because of its

high spatial resolution (multispectral 2.4 m and panchro-

matic 0.6 m). The main objectives of this study were to map

the severity of bleaching using multispectral (MSS) and

panchromatic-fused multispectral (PAN ? MSS) images of

Quickbird, taken just before and just after the bleaching

event in 2007, and to examine the spatial relationships

between water temperature and bleaching. A comparison of

images of before and during a bleaching event allows an

accurate assessment of bleached and partially bleached

corals. Different thermal stress indices were also developed

to define a suitable index that would represent the effects of

thermal stress on coral cover. The selected thermal stress

index was designed to take into account spatio-temporal

variations in the inner reef area using a reef scale 2-dimen-

sional thermal model. We also sought to evaluate the

spatial dependence of the damaged coral cover on changes

in bathymetry, water temperature and coral patch size

(delineated using Quickbird imagery) based on MSS and

PAN ? MSS images.

Methods

Study area

Ishigaki Island is situated near the southern end of the

Ryukyu Islands of Japan (24�230N latitude, 124�140E lon-

gitude), 430 km southwest of the main island of Okinawa

(Fig. 1a). Ishigaki Island is almost completely surrounded

by well-developed fringing reefs, 0.5–1.4 km wide. Four

channels, named Tooru-guchi, Ika-guchi, Moriyama-guchi,

and Bu-guchi, exist on the southeastern coast of Ishigaki

(Fig. 1c). Tooru-guchi, the largest channel, penetrates

deeply into the reef and has an average depth of 20 m

(Tamura et al. 2007). The climate of Ishigaki is subtropical.

The annual mean temperature is 24.3�C, the annual mean

relative humidity is 78%, and the annual mean precipita-

tion is approximately 2,000 mm. Two rainy seasons occur

annually (1) the monsoon season (from March to May) and

(2) the typhoon season (from July to September). The

dominant wind direction is southerly in summer and

northerly in winter. The reef supports a dense population of

the blue coral Heliopora coerulea. This population is

considered to contain the oldest and largest known colonies

of this coral in the world (Planck et al. 1988).

Image acquisition and preprocessing

The Quickbird images (image acquisition dates June 27 and

September 25, 2007) were taken just before and just after the

peak of bleaching event in 2007 with full 16-bit radiometric

resolution and spatial resolutions of 2.4 m (MSS) and 0.6 m

(PAN) to quantify coral bleaching in the study area. The

image subsets from the Quickbird panchromatic (3,922

width 9 16,212 height) and multispectral sensors (982

width 9 4,055 height) covering a portion of the southeastern

coast of the Ishigaki reef area were prepared for further

processing. In image preprocessing, the image was radio-

metrically calibrated to retrieve at-sensor radiance and then
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atmospherically corrected using the Fast Line-of-Site

Atmospheric Analysis of Spectral Hypercubes (FLAASH)

atmospheric correction module of the ENVI image pro-

cessing software package (http://www.RSInc.com/envi).

FLAASH incorporates MODerate spectral resolution atmo-

spheric TRANsmittance algorithm (MODTRAN4) radiative

transfer code (Matthew et al. 2000). In addition to the cor-

rections for atmospheric absorption and scattering, FLA-

ASH model corrects for adjacency effects (i.e., pixel mixing

due to scattering of surface-reflected radiance). A manually

digitized land and deep-water mask was applied to focus the

image processing on the shallow water of the southeastern

coast of the Ishigaki Island. Thereafter, the water column

correction was performed using the depth-invariant index

proposed by Lyzenga (1981) to enhance the information on

the bottom type. This concept is based on the assumption that

bottom-reflected radiance is a linear function of the bottom

reflectance and an exponential function of the water depth.

To construct a linear relationship between the radiance and

the depth, the radiance value, which has been atmospheri-

cally corrected, was transformed using the natural logarithm

(ln). To generate a depth-invariant index of bottom types

within a pair of bands, the following equation is used:

Depth-invariant indexij ¼ lnðLiÞ �
ki

kj

� �
� lnðLjÞ

� �
ð1Þ

where ln(Li) = natural logarithm of a pixel in band i

ln(Lj) = natural logarithm of a pixel in band j

ki/kj = attenuation coefficient

Image classification

The water-column corrected images were enhanced by

applying a texture filter (Andréfouët and Guzman 2005;

Franklin et al. 2003) to improve the visibility and

detectability of different benthic features and classified as

coral, algae, seagrass, pavement, sand and rubble using a

maximum likelihood decision rule. For defining the

decision rule, training samples were selected for each of

the benthic cover types to perform the supervised classi-

fication. The training samples were created using geore-

ferenced photo transects, spot checks and local expert

knowledge. Each training sample consisted of at least 90

image pixels to satisfy the 10n criteria. The parameter

n refers to the number of bands used for classification

(Congalton 1991). A few misclassified image pixels were

reassigned manually to the correct classes based on local

knowledge and the Quickbird image. From this classified

output, the areas identified as coral were masked out and

overlaid over the original image to further reclassify the

coral cover visually as live coral, partially bleached coral

(i.e., a portion bleached, with some live coral tissue),

fully bleached coral (i.e., 100% bleached with no algal
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Fig. 1 Study site a location of Ishigaki Island; b southeastern coast of Ishigaki Island; c Quickbird image (multispectral) of the southeastern

coast of Ishigaki; d bathymetric map of the study area
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colonization) and dead coral (i.e., coral tissue areas

partially overgrown by an algal turf layer). For the

identification of coral cover, the coral location, color and

texture were used for better interpretation. Band 1

(0.45–0.52 lm) and Band 2 (0.52–0.60 lm) of the

Quickbird data were used to identify the fully bleached

coral pixels (Elvidge et al. 2004). The coral cover patches

were delineated visually over the image on the basis of

the homogeneous shape and texture for spatial depen-

dence analysis.

These classified coral classes were then confirmed at

seven locations (Table 1) using ground-truthed data along

five fixed transect lines (N12, N06, CL, S06 and S12) of

the study area. The accuracy assessment was performed

by comparing the classified output with the satellite image

and ground truth locations using Erdas Imagine 9.3, an

Image analysis software of Leica Geosystems Geospatial

Imaging (http://www.erdas.com). The overall accuracy,

along with kappa statistics, was used to determine the

precision of thematic map in order to examine whether

any difference exists in the image interpretation. Kappa

statistics determine overall accuracy of image classifica-

tion and individual class accuracy as a means of actual

conformity between classification and observation. The

value of Kappa lies between 0 and 1, where 1 represents

complete agreement between the classified data and ref-

erence data. The classification results were then exported

to a Geographic Information System (GIS) for further

analysis.

Spatio-temporal dynamics of coral bleaching

Temperature and bathymetry data

The spatial and temporal variations in the water tempera-

ture across the reef were simulated based on the horizontal

2-dimensional reef thermal transport model of Tamura and

Nadaoka (2005). The input parameters used for the tem-

perature simulation included the results of a hydrodynamic

simulation based on the model proposed by Tamura et al.

(2007). Other input parameters included observations of

the wind velocity, air temperature, vapor pressure and

atmospheric pressure collected by the Japan Meteorologi-

cal Agency at the Ishigaki Meteorological Observatory.

The in situ measurements of surface and bottom water

temperature were taken in the study area during May 16 to

September 27, 2007, using Hobo Water Temperature Pro

data loggers. The in situ observations indicated a rise in the

water temperature in late July. Therefore, we performed a

temperature simulation for late July 2007. Figure 2a indi-

cates the locations where we deployed in situ loggers in the

inner and outer reef areas and recorded water temperature

at 10-min intervals. The meteorological conditions are

shown in Fig. 2b. The detailed temporal variations in the

inner reef area and outer reef area are represented in

Fig. 2c for the southern part of the southeast coast of Ish-

igaki Island. The water temperatures began increasing on

July 17, 2007; so, the temperature simulation computations

were performed for the period from July 17 to 27, 2007, to

Table 1 Details of coral bleaching survey

Location with distance from coast Latitude/

longitude

Survey

period

Coverage

(%)

Dominant species with

percentage

Condition (%)

L PB FB D

� N12 (50–200 m) N24�22010.700 10/1/2007 5 Massive porites (5) 40 0 15 45

E124�15007.100

` N12 (500 m) N24�22051.500 10/1/2007 5 Massive porites (3) 80 0 10 10

E124�15019.100 Pavona (2) 45 0 0 55

´ N6 (650–700 m) N24�22001.100 10/1/2007 5 Massive porites (5) 75 0 10 15

E124�15023.300

ˆ CL (100–150 m) N24�21051.500 10/2/2007 5 Massive porites (5) 30 0 30 40

E124�15001.600

˜ CL (550–600 m) N24�21051.700 10/2/2007 30 Branching porites (20) 95 5 0 0

E124�15017.400 Heliopora coerulea (10) 95 5 0 0

Þ S6 (500 m) N24�21041.600 10/1/2007 10 Heliopora coerulea (10) 95 5 0 0

E124�15016.100

þ S12 (700 m) N24�21032.100 10/1/2007 5 Heliopora coerulea (5) 95 5 0 0

E124�15019.700

L live, PB partially bleached, FB fully bleached, D dead
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provide a detailed and quantitative understanding of the

spatiotemporal variation in the fringing coral reefs. The

temperature simulation results were later converted to grid

format for further analysis in GIS.

In this study, we used bathymetric data created by

Paringit and Nadaoka (2003). These authors employed

remotely sensed multispectral imagery (IKONOS) and

nautical charts. The depth values were plotted for each

coral patch in Geographic Information System (GIS). GIS

was used to create a database of the thermal stress indices

calculations, spatial dependence analysis and the patch size

distribution.

Temperature simulation analysis

For the data analysis, the simulation region was divided

into three parts (north, middle and south), as indicated in

Fig. 1. The sea-water temperature data recorded between

July 21 and 26, 2007, were used to validate the temperature

simulation results (Fig. 2c). The temporal resolution of the

temperature simulation was 15-min and the in situ obser-

vations were recorded at 10-min intervals; therefore, we

validated the temperature simulation results with the

observed data at 30-min intervals. The temperature simu-

lation results were validated near the coast (H02), in the

moat area (ST6 and ST13), in the coral cover area (ST10-1)

and at the reef crest (ST2).

Many research studies include Degree Heating Weeks

(DHW) as a measure of thermal stress and calculate DHW

using monthly time-scale datasets, which is used to derive

regional synoptic assessments. In this study, we examined

thermal stress indices at the local reef scale. We used short

time-scale (15-min interval) datasets to understand the

dynamics of the change in the water temperature. We

examined three thermal stress indices to identify which

would be the best predictor of bleaching. These three

thermal indices were examined in GIS using the simulation

results to enable selection of a suitable index for repre-

senting the severity of the thermal stress on coral cover.

Calculation of thermal stress indices

The water temperatures across and outside the reef area

(the computational domain is shown in Fig. 2a) were

simulated based on the reef thermal transport model of

Tamura and Nadaoka (2005). For each 50 by 50 m grid, the

simulation results were analyzed in Excel spreadsheets to

calculate the daily average temperature, the daily maxi-

mum excess temperature and the daily accumulated tem-

perature. A schematic diagram of the method used to

calculate these indices is shown in Fig. 3. The calculated

values of each index were categorized into different tem-

perature regimes to improve interpretation of the results.

In the first index, the daily average temperature was
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Fig. 2 a The Quickbird image of the southeastern coast of Ishigaki

Island indicating the locations (yellow dots) in the inner and outer reef

area where the in situ loggers were deployed and the computational

domain for the temperature simulation; b meteorological conditions

in late July 2007. c temporal variation at different locations in the

study area and validation of the simulated temperature in the inner

reef area from July 21 to 26, 2007
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considered by defining four temperature ranges: B31�C,

31–31.5�C, 31.5–32�C and C32�C. The second index is

defined by the daily maximum excess temperature using

the following expression:

DT max
i
¼ T max

i
�Tc ð2Þ

where DT maxi is the daily maximum excess temperature at

the ith location

Tmaxi is the daily maximum temperature at the ith

location

Tc is a critical temperature, assumed to have the value 30�C

To calculate the daily maximum excess temperature, the

daily maximum temperature was considered at each coral
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location at 15-min intervals. The critical water temperature

of 30�C was used because bleaching was observed in the

study area in 1998 when the SST exceeded 30�C (Kayanne

et al. 1999). Four regimes of daily maximum excess tem-

perature were defined: B2�C, 2–4�C, 4.1–6�C and [6�C.

These categories were used to examine the impact of

increased water temperature on coral cover. The third

index included the daily accumulated temperature, or

Degree Heating Hour (DHHi), which was calculated as the

accumulated amount of heat according to the following

equation:

DHHi ¼
Z

t�t�

Ti � Tcð Þdt ffi
X
t�t�

Ti � Tcð ÞDt ð3Þ

where DHHi is the cumulative temperature for 1 day

(specifically, the sum of the positive deviations)

Ti is the temperature at the ith location, using 15-min

intervals

Tc is a critical temperature, assumed to be 30�C

t , t* is the time period where Ti [ Tc

Dt is the time increment between the discretized

temperature data.

Five groups of DHHi values were defined: B6�Chr,

6–10�Chr, 10.1–14�Chr, 14.1–18�Chr and[18�Chr. Later,

these daily average temperatures, daily maximum excess

temperatures and daily accumulated temperature DHHi

values were converted into a grid format for further GIS

analysis of the effects of thermal stress on coral cover. To

calculate the stress on each coral cover category, we

overlaid the coral cover thematic layer on these different

temperature grids. Using the query generate option in GIS,

we then identified the coral-covered areas within each zone

of each index. The areas covered by partially bleached,

fully bleached and dead corals were then correlated with

the temperature regimes to discover which index best

represented the severity of the thermal stress.

Spatial dependence analysis

Spatial dependence analysis indicates the dependence of

different variables and their spatial autocorrelation. Here

we hypothesized that changes in water temperature,

bathymetry and coral patch size affected coral cover.

Therefore, for this analysis, the coral cover was used as the

dependent variable whereas water temperature, bathymetry

and patch size were used as the independent variables. To

understand the spatial dependence of these variables,

multivariate Moran’s I was calculated (Moran 1950). The

possible values of this index range between -1.0 and ?1.0.

Briefly, -1 indicates strong negative spatial autocorrela-

tion (i.e., a checkerboard pattern), 0 indicates random

spatial ordering and ?1 indicates strong positive spatial

autocorrelation (i.e., clustering of similar values). Moran’s

I was calculated using the following equation:

I ¼
N
P

i

P
j Wi;jðXi � �XÞðXj � �XÞP

i

P
j Wi;j

� �P
i ðXi � �XÞ2

ð4Þ

where N is the number of cases

Xi is the variable value at a particular location

Xj is the variable value at another location
�X is the mean of the variable

Wi,j is a weight applied to the comparison between

location i and location j

The Lagrange multiplier (LM) test is a general principle

for testing hypotheses about parameters in a likelihood

framework. The hypothesis under test is expressed as one

or more constraints on the values of parameters. To per-

form the LM test, the only estimation of the parameters

subject to the restrictions is required. Any spatial data may

show spatial dependence of the variables in the lag and

error terms, therefore we used the testing procedure of

Anselin (2005) to conduct Lagrange multiplier tests for

spatial lag and spatial error dependence.

Results

Coral cover change with PAN ? MSS and MSS

Image interpretation indicated that the total area covered

by corals identified from the PAN ? MSS image (24.9 ha)

was larger than that identified from the MSS image

(21.17 ha). The accuracy of the September 2007 image-

classified output was assessed using an error matrix. This

accuracy assessment was performed by comparing the

classified output with the satellite image and the ground

truth locations using the Image analysis software. For this

purpose, the accuracy of the first classification output of the

September image was checked with the satellite data for

the coral, algae, seagrass, pavement, and sand and rubble

classes by generating random points throughout the study

area to assess the quality of the classified output. The

overall accuracy for the benthic cover classification was

87.39% for MSS and 91.74% for PAN ? MSS. In the next

step, the accuracy was assessed for the coral classes (live,

partially bleached, fully bleached and dead) using ground

truth data collected on October 1 to 2, 2007, at seven

locations along five fixed transect lines. The overall accu-

racy values for the corals classes were 88.25% (MSS) and

92.59% (PAN ? MSS), respectively, whereas the kappa

indices for MSS and PAN ? MSS were 0.87 and 0.93,

respectively. Figure 4 and Table 2 represent the coral
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cover area on September 25, 2007, with the coral classified

into four different categories, namely live coral, partially

bleached coral, fully bleached coral and dead coral.

Table 2 shows that 88.14% (MSS) and 77.85%

(PAN ? MSS) of the total coral cover was affected by

bleaching. The coral cover interpretation (Table 2) indi-

cated that 60.7% of the corals were partially bleached,

22.72% were fully bleached and 4.72% were dead

according to the MSS results. The PAN ?MSS results

showed 61.79% partially bleached, 11.86% fully bleached

and 4.2% dead. It is clear from Table 2 that the proportions

of healthy coral and partially bleached coral cover were

higher in the PAN ? MSS data, the fully bleached coral

cover in the PAN ? MSS data was lower in comparison

with the MSS data, and the dead coral cover was almost the

same in both of the images (MSS and PAN ? MSS).

Fig. 4 Coral cover in

September 2007 using a MSS

data and b PAN ? MSS data
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Spatial and temporal distribution of corals

The in situ temperature measurements (Fig. 2c) showed

that more abrupt changes in water temperature occurred at

locations ST2 and ST13, close to the reef crest. The overall

water temperature increase on the reef was augmented by

an atmospheric effect in late July, because the wind

strength became so weak that the latent heat flux to the air

decreased. The temperature simulation results closely

matched the observed values at all of the locations. The

standard error between observed and simulated data was

0.54 (near the coast, at location H02), 0.57 and 0.81 in the

moat area (location ST6 and ST13), 0.69 in the coral cover

area (location ST10-1) and 0.88 at the reef crest (location

ST2). The temperature simulation results (Fig. 5a) dem-

onstrated the variation in the spatial distribution of daily

mean sea-water temperature from July 21 to 26, 2007.

Similarly, the in situ results indicated that the daily mean

temperature outside of the reef was approximately 29�C

until 20 July and increased to 30.5�C in late July (Fig. 2c).

Whereas in the inner reef area, the daily mean temperature

increased to 33�C in late July, and the daily minimum

temperature exceeded 30�C from 21 July onwards. The

simulated water temperature averaged every 4 h on 26 July

(Fig. 5b) showed that the temperature remained relatively

higher in the middle and southern parts of the study area.

The simulation results showed rapid temperature rise on

July 26, 2007, and an increase in the maximum average

temperature to 37.6�C between 12:30 and 16:30 h near the

coast and at the reef crest.

The temperature simulation results showed that the

maximum daily mean temperature was on July 26, 2007, in

our study area. Therefore, we focused on the temperature

simulation results of July 26, 2007, at 15-min intervals to

calculate the thermal stress indices because bleaching can

be induced by short-term exposure (1–2 days) to high

temperatures (Jokiel and Coles 1990). Figure 6 displays the

spatial distribution of all the three thermal indices with

different water temperature regimes on July 26, 2007. The

GIS analysis results indicated that partially bleached and

dead corals were not well correlated with the daily average

temperature index for MSS and PAN ? MSS. However,

the fully bleached corals increased and the live coral

decreased with the rise in water temperature (Fig. 7a,

Table 3). The results for daily maximum excess tempera-

ture indicated that none of the damaged coral categories

(partially, fully bleached and dead corals) were well cor-

related with the daily maximum excess temperature ranges

(Fig. 7b, Table 4). As the daily accumulated temperature

index increased, the live corals and the partially bleached

corals showed decreasing trends for both the MSS and the

PAN ? MSS data, whereas the fully bleached corals and

dead corals increased with increasing daily accumulated

temperature (Fig. 7c, Table 5). The correlation (r2)

between the bleaching severity and the thermal stress was

highest for the daily accumulated temperature (0.81 MSS,

0.85 PAN ? MSS), had intermediate values for the daily

average temperature (0.63 MSS, 0.71 PAN ? MSS) and

was lowest for the daily maximum excess temperature

(0.61 MSS, 0.68 PAN ? MSS). The results for these three

thermal stress indices indicate that the bleaching severity

could be best interpreted in terms of the daily accumulated

temperature occurring during the maximum SST period of

the bleaching season.

Spatial dependence of variables

The changes in water temperature, bathymetry and coral

patch size may affect the severity of the bleaching.

Therefore, to evaluate the spatial dependence of different

variables such as water temperature, bathymetry and coral

patch size with respect to the damaged coral cover, these

layers were overlaid on coral cover in GIS. A spatial

dependence analysis using Moran’s I and Lagrange mul-

tipliers on both the error and lag terms showed that water

temperature, bathymetry and patch size had direct effects

on coral cover. The Moran’s I scores of 0.3965 (MSS)

and 0.4251 (PAN ? MSS) were highly significant and

Table 2 Coral cover change from June to September 2007 for MSS and PAN ? MSS data

June 2007 September 2007 Coral cover change

MSS PAN ? MSS

Area (ha.) Area (%) Area (ha.) Area (%)

Live coral Live coral 2.51 11.86 5.52 22.15

Live coral Partially bleached 12.85 60.70 15.39 61.79

Live coral Fully bleached 4.81 22.72 2.95 11.86

Live coral Dead coral 1.00 4.72 1.04 4.20

Sub-total of damaged corals 18.66 88.14 19.38 77.85

Total 21.17 100 24.9 100
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indicated strong spatial autocorrelation of the residuals. We

also calculated the Moran’s I independently for each of the

variables. The values obtained for PAN ? MSS were

0.1884 (temperature) and 0.1836 (depth). These values

were slightly greater than those found for MSS (Moran’s

I = 0.0756 and 0.1583, respectively). Patch size showed

less positive autocorrelation with the residuals than did

temperature and bathymetry. The autocorrelation for patch

size was greater for PAN ? MSS (Moran’s I = 0.094)

than for MSS (Moran’s I = 0.0432). The Lagrange multi-

plier (lag) and Lagrange multiplier (error) had highly sig-

nificant positive values, 1,569.35 (P \ 0.00) and 1,486.82

(P \ 0.00) for the MSS data and 4,011.36 (P \ 0.00) and

3,660.26 (P \ 0.00) for the PAN ? MSS data, respec-

tively. The results from the spatial lag model and the

spatial error model indicated the presence of spatial

dependence. The PAN ? MSS data show more spatial

dependence of the variables compared with the MSS data.

Coral patch size distribution

The coral recovery response in the 2-year period following

bleaching has been shown to vary according to patch size

(Kayanne et al. 2002). Therefore, patch size not only

affects the short-term bleaching response to thermal stress

but also affects the capacity to recover. To investigate the

thermal stress effect on different coral patch sizes using the

MSS and PAN ? MSS images from Quickbird, the coral

patches were categorized into five classes (B10, 10–30,

30.1–60, 60.1–90, and C90 m2) based on the area of the
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patches. The histograms of coral patch sizes (Fig. 8) show

that the fully bleached and dead corals most frequently

occupied areas B10 m2. The MSS data showed no live or a

partially bleached coral class for B10 m2 areas. In the

10–30 m2 area category, the fully bleached corals domi-

nated (57.6%) in the MSS data, and the partially bleached

(36.9%) and fully bleached (39.4%) corals showed domi-

nance in the PAN ? MSS data. For the 30.1–60 m2 area

category, the MSS and PAN ? MSS data indicated that the

fully bleached corals and partially bleached corals repre-

sented 58.9 and 55.96% of the total, respectively. In the

60.1–90 m2 category, the PAN ? MSS data exhibited a

maximum percentage of partially bleached corals (66.1%).

However, the fully bleached corals (48.6%) dominated this

area category in the MSS data. In the C90 m2 area cate-

gory, the MSS and PAN ? MSS data indicated the domi-

nance of the partially bleached and live corals. These

results indicated that coral patches with area B10 m2 were

more susceptible to bleaching. Most of the corals in this

category were either fully bleached or dead. The superior

delineation of the smaller patches using the PAN ? MSS

data is noteworthy. Indeed, no live or partially bleached

coral cover was found in the B10 m2 category in MSS

(Fig. 8). Findings from both images suggest that large coral

patches were less affected by bleaching even at high tem-

peratures, whereas small patches were more prone to

bleaching even with only a slight rise in temperature.

Discussion

Mass coral bleaching is one of the most pressing issues

affecting reef health. Identification of the causes of

bleaching requires compilation of reef scale data on key

disturbance factors. The primary goal of this study was to

assess the utility of the higher spatial and radiometric

resolution of the Quickbird data for mapping changes in

coral cover and the detection of stress effects. Changes in

the distribution of coral cover were tracked across the inner

reef area by analyzing the Quickbird imagery. This study

demonstrates enhanced mapping and monitoring capabili-

ties for shallow-water benthic communities compared with

the capabilities offered by Landsat TM and IKONOS. The

studies conducted with Landsat TM data by Yamano and

Tamura (2004) for Ishigaki Island were able to detect only

25–55% cover of the bleached corals on a reef flat, and

MSS MSS MSSPAN+MSS PAN+MSS PAN+MSS

Average temperature Difference temperature Accumulated temperature

<31°C

31-31.5°C

31.5-32°C

>32°C

<2°C

2-4°C

4-6°C

>6°C

<6°Chr

6-10°Chr

10-14°Chr

>18°Chr

14-18°Chr

(a) (b) (c)

Fig. 6 Spatial distribution of thermal indices with different water temperature regimes on July 26, 2007. Remarks: black color denotes the coral

cover
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partially bleached coral was difficult to detect owing to

poor resolution. Andréfouët et al. (2002) suggested that

monitoring and mapping of bleaching events remained

unclear, even with 4 m (IKONOS) resolution and that the

highest accuracy that could be obtained was in the

40–80 cm resolution range. Therefore, an examination of

the Quickbird satellite imagery of the southeastern coast of

Ishigaki Island acquired before and after a bleaching event

indicated that the classification accuracy for bleached

corals could be increased by using the Quickbird high

spatial resolution data, especially PAN ? MSS data.

The pre-bleaching image served as a reference to accu-

rately identify bleached or partially bleached corals (El-

vidge et al. 2004). This research produced improved

classification accuracy and accurate quantitative data on

the severity of coral bleaching by using pre- and post-

bleaching data from Quickbird. The comparative analysis

of the PAN ? MSS and MSS imagery indicated that

PAN ? MSS most clearly discriminated the spatial distri-

bution of coral cover and offered improved detection of the

severity of coral bleaching.

In this study, remote sensing data products were inte-

grated in GIS with in situ observation data and numerical

simulation results for analysis and application. The rela-

tionship of the changes in coral cover to the water tem-

perature characteristics was investigated using in situ

observation data and performing a horizontal 2-dimen-

sional thermal model simulation at the reef scale. This

simulation accurately represented the increase in the mean

water temperature to 37.6�C during the daytime on July 26.

The results of the bleaching analyses imply that the

southern and middle parts of the reef were more affected by

bleaching than the northern part of the reef. The tempera-

ture remained higher in the inshore areas in comparison

with the offshore areas because of meteorological condi-

tions and hydrodynamic processes. The thermal environ-

ment on the reef is influenced by atmospheric conditions

and by temperature differences between the inside and

outside of the reef (Nadaoka et al. 2001) caused by

hydrodynamic processes. The in situ observations and

temperature simulation results indicated that the northern

part of the study area was least affected by bleaching

because of the presence of the Tooru channel, a large

channel that enhanced the water circulation between the

inside and the outside of the reef.

Bleaching can be induced by short-term exposure

(i.e., 1–2 days) to temperature elevations of 3–4�C above

normal summer ambient values or by long-term exposure

(i.e., several weeks) to elevations of 1–2�C (Jokiel and

Coles 1990). We used short time-scale datasets to under-

stand the dynamics of the change in the water temperature,

and developed three thermal stress indices to identify

the best predictor of bleaching. The results suggest that

the relationship of thermal stress to coral bleaching is

well represented by the daily accumulated temperature or

DHHi occurring during the maximum SST period, rather

than by the daily average or the daily maximum excess

temperature.

Analysis of the spatial dependence diagnostics sug-

gested that the thermal conditions and bathymetry had

significant impacts on coral mortality. However, patch size

showed less positive autocorrelation with the residuals than
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did temperature and bathymetry. Indeed, the corals in

deeper areas and large patches were less affected by

bleaching. The higher tolerance to thermal stress of larger

patches may result from the species-specific stress depen-

dence of the corals. Loya et al. (2001) suggested that

colony growth form and tissue thickness influence coral

vulnerability. The dominant corals in the study area are

Heliopora coerulea, massive Porites, branching Porites,

Montipora, Acropora and Pavona. H. coerulea is the least

susceptible to bleaching, whereas branching Porites,

Montipora and Acropora are the most susceptible to

bleaching (Kayanne et al. 2002). The health of the coral-

reef ecosystem therefore depends on species composition

as well as on patch size. The response of corals to thermal

stress is species-specific and depends on the strategy that

the corals use to resist bleaching. Unfortunately, the

species distribution data for the study area were quite

limited. Species distributions were available only for the

southern part of the reef area. This limitation prevented

species-dependent validation of the results. Examination of

the species-specific tolerance to thermal stress therefore

represents an important topic for future research.

Kayanne et al. (2002) reported that recovery of

branching Montipora, 2 years after the mass coral

bleaching of 1998 was correlated with patch size. They

found that large patches recovered better than small pat-

ches. Therefore, it is expected that the occurrence of coral

bleaching as a short-term response to thermal stress may

also exhibit patch size dependence. The effect of coral

patch size distribution was also investigated in this study to

determine the relationship between patch size and the

severity of coral bleaching. The results of the analysis of

Table 3 Coral distribution in different temperature ranges (daily average temperature)

Coral class (area in %) MSS (temperature ranges) PAN ? MSS (temperature ranges)

B31 31–31.5 31.5–32 C32 B31 31–31.5 31.5–32 C32

Daily average temperature

Live 14.97 14.20 14.71 10.00 17.59 12.18 14.26 9.17

Partially bleached 57.07 63.25 56.3 51.80 72.22 70.99 67.42 58.73

Fully bleached 22.25 18.58 21.3 32.00 7.17 14.37 13.80 22.81

Dead 5.71 3.97 7.69 6.20 3.02 2.46 4.51 9.29

Total of damaged coral 85.03 85.80 85.29 90.00 82.41 87.82 85.74 90.83

Table 4 Coral distribution in different temperature regime (daily maximum excess temperature)

Coral class (area in %) MSS (temperature ranges) PAN ? MSS (temperature ranges)

B2 2–4 4–6 C6 B2 2–4 4–6 C6

Daily maximum excess temperature

Live 16.51 10.78 15.00 1.55 11.20 9.84 3.40 5.60

Partially bleached 58.53 59.50 62.00 14.00 67.63 68.64 69.21 17.81

Fully bleached 19.34 25.06 20.55 63.56 15.08 16.84 17.89 62.03

Dead 5.63 4.66 2.45 20.89 6.08 4.67 9.50 14.57

Total of damaged coral 83.49 89.22 85.00 98.45 88.80 90.16 96.60 94.40

Table 5 Coral distribution in different temperature regime (daily accumulated temperature)

Coral class (area in %) MSS (temperature ranges) PAN ? MSS (temperature ranges)

B6 6–10 10–14 14–18 C18 B6 6–10 10–14 14–18 C18

Daily accumulated temperature

Live 18.43 8.30 5.67 4.57 2.25 18.75 19.17 8.56 6.87 5.38

Partially bleached 68.34 59.28 48.56 34.83 20.60 64.46 57.03 56.66 50.93 44.74

Fully bleached 10.48 21.67 28.85 39.34 50.51 12.19 14.41 20.48 21.74 25.55

Dead 2.76 10.75 16.92 21.26 26.64 4.60 9.39 14.30 20.46 24.34

Total of damaged coral 81.57 91.70 94.33 95.43 97.75 81.25 80.83 91.44 93.13 94.62
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the coral patch size distributions implied that the coral

mortality and bleaching effects decreased with increasing

patch size. In conclusion, future research should focus on

combining these results with the information on coral

species. Such a combined approach may yield more useful

information about the effects of bleaching. Remotely

sensed images and maps derived from high-resolution data

and GIS have the potential to synoptically cover large areas

of coral-reef ecosystems. Furthermore, they can detect

changes in coral cover distribution and the extent of coral

bleaching in relation to various factors. This approach

could lead to improved local and regional management and

protection of these reef resources.
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