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Abstract: Our ability to map coral reef environments using remote sensing has increased 
through improved access to: satellite images and field survey data at suitable spatial 
scales, and software enabling the integration of data sources. These data sets can be used 
to provide validated maps to support science and management decisions. The objective of 
this paper was to compare two methods for calibrating and validating maps of coral reef 
benthic communities derived from satellite images captured over a variety of Coral Reefs 
The two methods for collecting georeferenced benthic field data were: 1),  georeferenced 
photo transects and 2),  spot checks. Quickbird imagery was acquired for three Fijian 
coral reef environments in: Suva, Navakavu and Solo. These environments had variable 
water clarity and spatial complexity of benthic cover composition. The two field data sets 
at each reef were each split, and half were used for training data sets for supervised 
classifications, and the other half for accuracy assessment. This resulted in two maps of 
benthic communities with associated mapping accuracies, production times and costs for 
each study-site. Analyses of the spatial patterns in benthic community maps and their 
Overall and Tau accuracies revealed that for spatially complex habitats, the maps 
produced from photo transect data were twice as accurate as spot check based maps. In 
the context of the reefs examined, our results showed that the photo- transect method was 
a robust procedure which could be used in a range of coral reef environments to map the 
benthic communities accurately. In contrast, the spot check method is a fast and low cost 
approach, suitable for mapping benthic communities which have lower spatial 
complexity. Our findings will enable scientists, technicians and managers to select 
appropriate methods for collecting field data to integrate with high spatial resolution 
multi-spectral imagery to create validated coral reef benthic community maps. 
 
Keywords: coral reefs, photo transects, spot check, coral-seagrass community maps, 
calibration, validation, accuracy assessment, Quickbird, Fiji. 

1 INTRODUCTION & ASSESSMENT OF CALIBRATION/VALIDATION 
TECHNIQUES FOR SATELLITE IMAGE MAPPING 

Benthic community maps are essential for marine monitoring programs; they can 
function as a baseline for habitat inventory or may be used to determine changes. These 
maps are often based on remotely sensed image data [1, 2, 3, 4]. Benthic communities are 
defined as an assemblage of stony coral and/or other conspicuous benthic populations 
which can co-exist on reefal or non-reefal substrates [5].   

For managers and researchers to use remote sensing effectively for mapping and 
monitoring programs concerned with benthic communities, adequate methods for 
calibrating the mapping process and validating the output maps are needed [1, 6, 7].  Prior 
to presenting the aims of this paper, the text below reviews calibration and validation of 
methods using remote sensing data for coral reef environments.  

Several approaches are used to create maps of coral reef benthos and its substrate to 
various levels of detail. Examples are: manual delineation of polygons on aerial 
photographs using local knowledge [8]; pixel based classification of digital aerial 
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photography [9]; pixel based classification of multi-spectral low and high spatial 
resolution satellite imagery [10, 11, 12]; sub-pixel based  classification of airborne hyper-
spectral imagery [13] and object-oriented mapping [14]. Over the past seven years these 
applications have used high spatial resolution imagery, with pixels < 5.0 m x 5.0 m in 
size,  more frequently [2, 3, 4, 15, 16]. This is a result of a number of factors, including:  
the growing number of operational imaging sensors providing data at scales which allow 
delineation and identification of coral patches;  increased accessibility to image data 
provided through web-based image viewing and search platforms such as Google Earth®, 
Microsoft Virtual Earth® and the Millennium Reef Mapping Image archive; and 
increased availability  of software for satellite or airborne image mapping [16]. Mapping 
approaches to detect and quantify changes to reef properties at the scale of individual 
coral patches   have not been established or validated for these data sets, and are required 
by reef science and management agencies as outlined below [17]. 

To date, a  variety of approaches have been used in the collection of field survey 
data for mapping and validating  coral reef and seagrass habitat, including: local 
knowledge [18]; expert knowledge [19]; spot checks [20, 21, 22]; manta tows [14]; 
various forms of line transects [23]; quadrat surveys [11, 24]; aerial photography [25], 
and photo or video transects [26, 27].  

A review of 80 publications in peer reviewed journals, conference proceedings and 
reports on coral reef and seagrass habitat mapping, revealed that most field surveys were 
based on point data (e.g. spot check surveys),  or line transect data (e.g. video or photo 
transects), (Table 1) . 
 
Table 1. Summary review of 80 publications on coral reef and seagrass habitat mapping. The 
accuracy measures most commonly used in these papers were: Overall accuracy, Kappa and Tau 
accuracy. The numbers between [brackets] refer to example publications in the reference list, while 
the numbers in (brackets), refer to the number of papers in each category. 
 

  
  References sorted based on the size of the area mapped  

Field method 
used 

(# papers),  

Accuracy 
Measure 
provided 

(# papers),  

0-10 km2 
(18),  

10-100 km2 

(37),  
100-350 km2 

(15),  
350- km2 

(10),  

Point(34),   
e.g. spot 

check 

Yes (20),  [9, 28, 29, 
30, 31, 32] 

[11, 33, 34, 35, 
36, 37, 38, 39, 

40, 41] 
[42, 43] [44, 45] 

Other (11),  [46, 47, 48, 
49] [21, 50, 51, 52] [53, 54] [55] 

No (3),   [56] [57] [58] 

Transect (31),  
e.g. photo or 
belt transect 

Yes (17),  [59, 60, 61, 
62] 

[12, 63, 64, 65, 
66, 67, 68, 69] [14, 26, 70] [71, 72] 

Other (3),  [73] [74, 75] 

No (13),  [13, 76] [77, 78, 79, 80, 
81, 82] [83, 84, 85] [86, 87] 

Other (7), : 
e.g. local 

knowledge or 
aerial photo 

Yes (1),  [18]  
Other (3),  [6, 88] [8] 

No (4),  [89]  [90] [19, 91] 

Unknown (5),  
Yes (2),  [92, 93]  
No (3),  [94, 95, 96] 
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Critical assessment of the level of the potential repeatability of the 
calibration/validation methods used in the 80 papers showed that only 13 provided 
sufficient detail to repeat the process, and only 39 of the papers reported a commonly 
used accuracy measure (Table 1).  

Similar findings were derived from assessments of calibration  and validation 
approaches applied in terrestrial vegetation mapping [97, 98].  The review of papers listed 
in Table 1 highlights the lack of consistently applied and documented methods for 
calibration and validation of the reef mapping process and output thematic maps. This 
was evident from the absence or limited description of sampling design specifics in the 
reviewed papers which defined the number and distribution of sample points and the level 
of detail collected at each sample point.  Appropriate specifications for these components 
of field surveys are essential to produce an accurate and unbiased estimate of the level of 
agreement between field and image data values or categories [99].  

Ideal sampling designs for remote sensing accuracy assessment have been 
thoroughly described in [100, 101]. These papers recommend randomly distributed 
sample units within the study area, where each mapping category contains at least 50 
samples. Commonly used image based sample units include points (single pixel),   or 
polygons (clusters of pixels). Previous studies also clearly recognise that the spatial 
complexity, or degree of heterogeneity, of the mapped landscape interacts with the image 
mapping process and accuracy assessment, to control the level of accuracy each class is 
able to be mapped at [24, 27].     

Compared to land-cover mapping applications in terrestrial environments, limited 
research has been published on field sample design, calibration and validation data for 
mapping coral reef environments from satellite and airborne image data sets. Notable 
exceptions include: [1, 17, 62]. [62] focused on a comparison of the accuracy of transect 
survey and manta tows for validation of geomorphic zone maps derived from Landsat 
Multi-Spectral Scanner  and SPOT multi-spectral imagery. [1] provided a general 
description of accuracy assessment and the potential cost for the field component for 
habitat mapping programs. [17] compared several field methods that could be used for 
accuracy assessment of benthic cover type maps produced from remote sensing imagery.  

None of these papers explain in detail how the final coral reef map accuracy is 
influenced by the components of the field calibration and validation methods and/or 
complexity of the benthic cover of the study area.  Although the conclusions drawn from 
these three papers and the 80 reviewed papers (Table 1),  were supported by the results 
presented, the majority of the studies only mapped "one" site smaller than 100 km2. This 
contrasts with the typically larger and/or more complex sites, which need to be mapped 
for management purposes within marine protected areas, or local, state and national 
jurisdictions throughout the world [102]. Hence, the techniques presented in Table 1, 
need to be proven over larger and/or more complex coral reef environments [99].  

Our review of accuracy assessment approaches and spatial sampling designs of coral 
reef mapping approaches reveals an increased use of high spatial resolution imagery over 
the past five years (2004-2009). However, this has been accompanied by a lack of 
repeatable and appropriate field sampling design and data collection methods for 
calibration and validation of benthic community type maps derived from satellite and 
airborne images. Hence, the aim of this paper, was to conduct a cost-benefit comparison 
of two field survey methods for calibrating and validating maps of coral reef benthos 
derived from high-spatial resolution satellite images in three different coral reef 
environments.  Costs were determined by time, labour and logistics associated with field 
sampling and data analysis, while benefits were quantified from the accuracy values of 
the maps. 

The comparison focused on: field data type and field survey sample design, 
accuracy, reliability, and cost and time of the image based mapping products derived 
from georeferenced photo transects surveys and the spot check based field calibration or 
validation data. Spatial complexity of each reef mapped was also assessed. The results 
provide reef scientists and managers with an objective comparison of two appropriate 
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field survey sample designs, and collection approaches for delivering calibration, and 
validation data for mapping coral reef environments from high spatial resolution imagery.  

We first describe the georeferenced benthic photo transect and spot check field 
survey designs and sampling methods.  Methods used to aggregate this data are then 
described, followed by a supervised image training and classification sequence. The 
resulting benthic community maps were validated and compared in relation to the two 
field methods and three different coral environments.  

2 DATA AND METHODOLOGY 

2.1 Study Areas and Assessment Overview 
This study was conducted in three different coral reef environments in Fiji which varied 
in their water clarity, reef type, benthic community composition and spatial complexity of 
benthic cover features. The reef areas used were: Suva, situated on the south east coast of 
the city of Suva ; Navakavu, to the west of the city of Suva , and Solo, 70 km south of 
Suva (Fig. 1). All benthic field information was collected between August and October 
2006. The images were captured on the 24th April 2006 for Suva and Solo, and the 17th 
October 2006 for Navakavu.  
 
 

 
 
 
Fig. 1. Study areas: Suva, Navakavu and Solo reef areas, in the central part of the Fijian Island 
group. Quickbird images are shown in true colour and were collected on 24th April 2006 for Suva 
and Solo and the 17th October 2006 for Navakavu.   
 
 

The Suva study area is frequently affected by turbid waters flowing out of the Rewa 
River, which has the largest catchment and highest rainfall in Viti Levu, the main island 
of Fiji [103]. Navakavu is influenced by smaller amounts of terrestrial run-off due to the 
smaller river catchment discharging near the reef. Solo reef is an oceanic atoll surrounded 
by deep water and is not directly influenced by run-off from major land masses (Table 2). 
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Table 2. Physical characteristics of the reefs making up the three study areas in Fiji. 

 

Study Site
Water 
clarity Site description Benthic cover Remarks

Total Study 
area (km2)

Mapped 
area (km2)

Suva Turbid to 
clear

Estuarine  shallow 
bank and barrier 

reef

Large Seagrass, sand and 
mud homogenous, areas 
also algae and coral reef

Large river and 
high rainfall

64 24

Navakavu Turbid to 
clear

Fringing reef
Seagrass, algae, sand, 

rubble, algae and coral reef, 
hetrogenous

Smaller rivers and 
high rainfall

20 16

Solo Clear
Atoll reef, (30 km 

from major 
islands)

Coral reef and cyano 
bacteria, homogenous cover

White sand, turf, 
cyano bacteria, 

39 15

 
  

Fig. 2 outlines the process used for this study. Georeferenced benthic photo transect 
and spot check surveys were used for the comparison of calibration and validation 
methods in the Suva, Navakavu and Solo study areas.  
 

Quickbird Imagery
Multi Spectral

2.4 m x 2.4 m pixel

Supervised Classification

Benthic Community Maps

Photo Transect Spot check

Areas of Interest

Corrections + Pre-Processing:
• Radiometric Correction
• Atmospheric Correction
• Deep water & land masks

Areas of Interest

Assessment:
Field data Type, Map Accuracy & Time- Cost  

 
Fig. 2. Flowchart of the steps followed for Suva, Navakavu and the Solo study areas to conduct a 
cost-benefit comparison of two field methods for calibrating and validating maps of coral reef 
benthos derived from high-spatial resolution satellite images. 

2.2 Field Data Collection 

2.2.1 Georeferenced Benthic Photo Transect Data 
For this survey a snorkeler or diver swam over the bottom while taking photos of the 
benthos at a set height using a standard digital camera and towing a surface float GPS 
which was logging its track  every five seconds (Fig. 3a), . 
 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 5

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



b. Spot Checka. Photo Transect  
 

Fig. 3. Georeferenced photo transect (a), and spot check survey (b), by a snorkeler in coral reef 
environment. 
 

A standard digital compact camera was placed in an underwater housing and fitted 
with a 16 mm lens which provided a 1.0 m x 1.0 m footprint, at 0.5 m height above the 
benthos. Horizontal distance between photos was estimated by three fin kicks of the 
survey diver/snorkeler, which corresponded to a surface distance of approximately 2.0 – 
4.0 m.  This distance was selected to approximate the length scale of the reef area 
represented in a Quickbird pixel. The GPS was placed in a dry-bag and logged its 
position as it floated at the surface while being towed by the photographer. 

Selection of the photo transect location, direction and length, were made prior to 
surveys, by visual assessment of the spatial pattern of benthic structures evident in the 
Quickbird image for each study area. The different combinations of image pixel colours 
and texture of groups of pixels were assumed to represent the major benthic community 
types present in the study area. The true colour of the benthic features, and their depth, 
formed the colours of the image pixels, and the spatial distribution of these features 
determined the texture of groups of pixels.  Photo transects were placed to sample over 
areas with a variety of major benthic community types present in the study area. Our 
approach was similar to previous methods that had been applied on larger coral reef study 
areas using Landsat Thematic Mapper (TM),  and Enhanced Thematic Mapper (ETM),  
imagery to map geomorphic features, including point checks and the "medium scale 
approach" [87].   

Benthic cover composition for each photo was determined by overlaying it with 24 
randomly distributed points, which were manually assigned a benthic cover type by an 
interpreter using Coral Point Count Excel® software [104].  The benthic cover types for 
the Fijian reef analyses were based on a hierarchical scheme containing nine major 
categories and 92 sub-categories, similar to those used in previous image based coral reef 
mapping [105]. 

The major categories mapped in each photo were: live coral, dead coral, soft coral, 
seagrass, macro algae, rubble, sand, rock and other life forms. Examples of the sub-
categories included: massive live coral, seagrass species, algae species, turf on rubble, 
and crown of thorn. The detail of the sub-categories was required for two purposes. 
Firstly, the analysis of the composition would reveal that one benthic cover type covered 
large homogenous areas (e.g. ‘turf on rubble’ category at Solo reef), ; as a result it should 
be part the final mapping categories. Secondly, it enables the results to be used for a 
variety of future research or monitoring applications.    

A mapping category (see legend Fig. 5), was assigned to each photo based on the 
classification scheme described above which was applied to quantify the benthic cover 
composition of each photo. This scheme was derived from the principles outlined in 
[106], and modified to suit user needs and composition of reefs in the study areas.   

The benthic mapping categories, benthic cover composition of each photo, and the 
original photos were automatically linked to GPS coordinates through time 
synchronisation of the GPS and camera, using GPS-Photo Link® software.  This allowed 
the photos and the corresponding benthic composition data to be viewed at their position 
in the study area through a GIS interface (Fig. 4).  
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2.2.1 Spot Check Survey Data 
The spot check survey method was based on visual estimates of the area covered by 
major benthic categories recorded either from a boat or in-water over a variety of survey 
sites. Each site represented an area of 3.0 m radius at a maximum depth of 5.0 m. 
Additional sites were added on an ad-hoc basis in the field when benthic community 
compositions not previously sampled were observed. To ensure that the spot check data 
set represented a similar spatial distribution as the photo transect data set, additional spot 
check sites were simulated by deriving samples from each of the 20 points along a 
transect. Sampling every 20 points along the photo transect was chosen for the simulation 
as this would be an optimal spacing for fieldwork, in terms of snorkelling 
swimming/diving plans, and is within know limits of reef spatial variation for the sites 
used in this work 
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Fig. 4. Example image, field survey and mapping products derived from the georeferenced photo 
transect (700 m length), and spot check data points.  (a), Raw image with benthic composition as a 
horizontal bar graph per data point, (b), Benthic mapping categories assigned to a data point with 
the outline of the manually digitised calibration and validation areas of interest (AOI’s), and (c), 
Classified image with the labelled AOI’s. The colours on each image map represent the different 
benthic categories, e.g. green seagrass, blue coral, yellow sand and pink algae. For the photo 
transect data points, georeferenced photos can be viewed using the GIS interface, as show in (a), –
(c).  

2.3 Image Acquisition and Pre-Processing 
‘Cloud free’ multi-spectral high spatial resolution Quickbird 2 imagery were acquired for 
all sites, within one hour from low tide on the 24th April 2006 for Suva (17° off nadir),  
and Solo (16° off nadir),   and 17th October 2006 for Navakavu (19° off nadir). Suva and 
Navakavu had less than 5% cloud cover along coastal fringe and Solo had none, with 
some sun glint. The Navakavu image had large areas of pumice-stone rafts covering 
significant portions of the reef, which were produced from recent volcanic eruptions in 
the South Pacific [107]. These images were geometrically corrected by the image 
provider to a standard map-product or "basic image" level, resulting in, i.e. maximum 
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position error +/- 23 m[108]. As ground control points were hard to identify at sub-meter 
level in the coral reef environment, the positional error of the Quickbird image could not 
be improved. 

Radiometric and atmospheric corrections were limited to removal of atmospheric 
effects to the Quickbird imagery to derive an at-surface radiance image data set capable 
of integration with field survey data.  The images were corrected for additive path 
radiance by applying dark pixel subtraction [109]. An attempt was made to produce 
several depth-invariant bands using the approach of [110]. These bands were not used, as 
water clarity was not similar throughout the water-bodies covering the reefs in each 
image, especially in the Suva and Navakavu areas.  

Each image was subset to exclude land and deep water areas, and to produce a 
working image area containing only shallow-submerged and exposed inter-tidal sections 
of reef. Land masks were manually delineated using expert knowledge of the coastal zone 
to differentiate between inter-tidal areas and land in the imagery. The near infra-red band 
could not be used as a mask as it did not allow all reef areas to be included.  The deep 
water mask was digitised manually, and excluded areas where bottom features were not 
visible (approx. > 10 m depth). This approach was chosen because ancillary bathymetric 
data could not be accessed. The advantage of manually delineated deep water masks was 
that deeper areas in clear water would still be included. Finally, the subset areas of Suva 
and Navakavu reef images were manually segmented into two areas, off- and in-shore 
reef, to maximise the ability to discriminate benthic communities in each zone [34, 87]. 

2.4 Areas of Interest (AOI), for Calibration and Validation of Image 
Classification to Produce Benthic Cover Maps   
For the image classification and accuracy assessment, pixel values for areas with known 
benthic community cover types were extracted for calibration of supervised classification 
from the atmospherically corrected satellite imagery, and for validation from the final 
classified image. The supervised classification would ensure that the minimum unit 
mapped was at pixel scale, since each image pixel would be assigned a thematic class. To 
determine which pixels would be extracted, areas of interest (AOI’s),  were manually 
digitised with ARCGIS 9.2 for each of the two field data sets, based on photo transect or 
spot check methods (Fig. 4b), . 

For the photo transect based AOI’s, the shape of the AOI and mapping category 
label attached to the AOI, were determined by the homogeneity of the image pixels and 
the benthic composition of several field data points in the vicinity of the AOIs. For each 
spot check based AOI,  there was only one data point which determined the AOI mapping 
category and the AOI location, and the AOI shape was based on the homogeneity of the 
underlying image pixels (Fig. 4b).  

The method followed to create the AOI’s was developed to minimise spatial mis-
registration problems that could be caused by the positional inaccuracies between image 
and field data [111]. Additional AOI’s were created based on the author’s image 
interpretation experience and knowledge of the study sites and were equally added to 
both photo transect and spot check based AOI’s. The additional AOI’s represented: 
pumice-stone rafts, clouds, cloud shade, exposed inter-tidal mud-banks, mangrove, 
breaking water, turbid water, river water and deep water.   

The AOI’s were then divided evenly and independently into ‘calibration AOI’s’ and 
‘validation AOI’s’, by first sorting them on area size per mapping category, after which 
they were then labelled successively as either calibration or validation. This method 
ensured that the sample unit of the reference data, the thematic image pixel, had the same 
minimum mapping unit as the calibration data, as advised by [100].  

2.5 Calibration and Validation of image Classification and Output Benthic 
Cover Maps 
At-surface spectral radiance signatures were extracted from each of the corrected 
remotely sensed images for the training areas (calibration AOI’s), enabling a 
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characteristic "spectral radiance signature" to be defined for benthic cover types. Each 
image was subjected to a minimum-distance-to-means classification algorithm to group 
pixels with similar signatures to produce a map of benthic cover types. The minimum-
distance-to-means algorithm is a commonly used, robust classifier which can be applied 
with minimal modification although it is insensitive to the degree of variance in the 
spectral response of the data [112]. This classifier was used to isolate the controls that the 
environmental features/patterns in each scene and the sampling design used for collection 
of calibration and validation data, had on the accuracy levels of each map. This was to 
avoid accuracy differences due to fine-tuning of classification methods. Using minimum 
distance means enabled all classification processes to be applied uniformly, without slight 
variations in parameters required for more advanced classification algorithms. The 
classification resulted in six maps, with two maps for each of the three study areas, one 
based on photo transect field data and the other one on the spot check data.  

The quality of the maps was assessed through:  a visual inspection; comparison of 
proportional area for each benthic community categories; and quantitative accuracy 
assessment [113]. For the quantitative assessments, overall and Tau accuracies, producer 
and user accuracies were calculated from a standard error matrix [40, 100, 114]. The error 
matrix resulted from the comparison of the pixel values of the validation AOI’s 
(reference pixels), with the corresponding pixel values in the supervised classification 
results (map pixels),  (Fig. 4c).  

Overall and Tau accuracies defined the accuracy of the map product as a whole 
[100]. [112] defined the user accuracy as the probability that a pixel classified on the map 
actually represents that category on the ground. The producer accuracy was defined as the 
probability of a reference pixel being correctly classified.  The validation procedure was 
repeated for maps based on photo transects and the spot check surveys of each of the 
sites, to produce six quantitative accuracy reports. It was assumed that the Tau accuracy 
approximated a normal distribution and Z-tests were performed to examine the difference 
between accuracies [40, 114]. 

2.6 Time & Cost Assessment 
For each of the sites, field survey and office times and costs were calculated for the 
calibration and validation processes. Field survey time included the travel and collection 
time for the photo transects or spot check surveys. Office time included the time to plan, 
prepare, download data, analyse photos, make the maps and conduct a final accuracy 
assessment. The total cost included daily wages, transport (boat hire and fuel),  and 
additional costs (e.g. extra logistics for remote areas).  The wages incorporated those of 
the boat driver, research assistant and one additional research assistant in case of diving 
photo transects. For the Solo study area extra travel time and overnight accommodation 
were needed due to its remote location.  

Equipment costs, such as: image processing, GPS Photo Link and GIS software, 
computing hardware, camera, GPS, and dry-bags, were not included, as they were 
considered a one-off cost to set up the work, not to actually conduct the work. An 
indication of some of these set-up costs are as follows: US $7-12000 for commercial GIS 
and image processing software licence, US $ 2500 for a suitable computer, US$ 600-
1000 for a suitable digital camera with housing and wide angle lens, US$ 300-700 for a 
handheld GPS and for a dry-bag with line-reel US$ 100-200. The image costs were not 
included since these varied with regards to area size, licensing agreements and whether 
newly captured or archived images were used. 2009 Archived Quickbird 2 imagery cost 
US$ 26 / km2 and for target capture costs are US$ 32 / km2 (rates current as at February 
2009 and can vary with type of licensing agreement, value of US$ and/or country where 
it was purchased). 
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3 RESULTS AND DISCUSSION  

3.1 Assessment of Field Data Points and the Resulting AOI’s for Calibration 
and Validation  
In comparison to the spot check data, the field derived photo transects provide a more 
reliable basis for calibration of the mapping process applied to the high spatial resolution 
imagery and validation  of the resultant benthic cover maps  (Table 3 and Fig. 4).   Table 
3 shows that, in comparison to the spot check method, the photo transect method 
produced a larger and higher intensity sample size, with  nine times more points than the 
sampled field points; eight times more samples per square kilometre; and almost double 
the amount of AOIs.  On average, the photo transects AOI’s were created using five times 
more field data points than were used for spot checks. Photo transects were considered 
more reliable than spot checks because of the increased detail available in the field data 
and the larger area represented by the field data (Fig. 4b). As a result, more AOI’s were 
created with: higher detail in shape; better positioning in relation to field data; and a 
mapping category assigned based on more than one data point (Fig. 4). These findings 
were strengthened by previous research demonstrating that the statistical power of photo 
transect was high compared to other benthic field sampling methods [17, 115].  
 
Table 3. Quantitative summary of the georeferenced photo transect and spot check field collection 
methods within each study area, showing: the number of field points collected; number of field 
points per km2; number of AOI derived from field points; and the average number of  field points 
used to create one AOI.   

Study site

Mapped Area (km2)

Method
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check

Field points (#) 1729 181 1904 224 1121 132

Field points desnity (#/km2) 72 8 127 15 80 9

AOI's (#) 278 161 200 143 213 102

Field points / AOI's 6 1 5 1 5 1

Suva Navakavu Solo

24 15 14

 
 

The differences observed between Suva, Navakavu and Solo, in terms of number of 
field data samples and AOI’s, were a result of variable study area size and the spatial 
complexity of the reef environments as represented in the image and in the field data sets. 
Larger areas (Suva),   or areas with more benthic classes and complex patterns of benthic 
cover (Navakavu),   required more field observations (Table 3). More detailed 
observation could be made by gathering continuous photos that overlap [27] or by using 
video instead [116, 117].  

In comparison to the spot check method, the photo transect sampling took place at 
two spatial scales, a fine scale "the points on a photo transect" and coarse scale "the 
location of the photo transect in the study area." As a result, it provided information of 
the benthos at various levels of detail that were more suitable for use with high spatial 
resolution imagery. The disadvantage was that at a fine spatial scale the neighbouring 
samples could not be considered independent from each other, and would be auto-
correlated. This was considered a trade-off for the sampling design as the number of data 
points and their distribution at fine and coarse spatial scales makes them more 
representative, and more statistically powerful, than those for the spot check based 
sampling design. To achieve the same fine and coarse spatial scales with spot check 
sampling, it would require many more data points which would not be feasible for 
completing the work. 
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3.2 Qualitative Accuracy Assessment of Coral Reef Maps 
A comparison of the output benthic community maps, based on photo transects or spot 
check surveys, showed that the Navakavu photo transect based map had the highest 
degree of spatial variation in: complexity of benthic cover classes and composition of 
benthic mapping categories (Fig. 5).    

Visual comparison of the maps between sites (Fig. 5),  showed that they exhibited 
similar arrangements of benthic cover types (e.g. coral on reef slope, rock on reef crest 
and sand rubble on the reef flat). The sites varied in spatial extent of benthic cover type 
(e.g. Navakavu has large areas covered by Seagrass and Suva relatively small),  and 
composition (e.g. Solo has no seagrass),   as expected in coral reef environments [102].  
Analysis of the mapping categories of each map showed that the Suva and Navakavu 
maps, compared with Solo, had no ‘turf rubble’ or ‘deep reef’, and that Solo had no 
‘algae’, ‘seagrass’, ‘mud’ and ‘mangrove’ (Fig. 6). Navakavu was the only site which had 
‘pumice-stone rafts’. Navakavu also had large areas along the coastal fringe with a ‘rock’ 
substrate where the coastal fringe of Suva was mainly ‘mud’ being exposed inter-tidal 
mud-banks.  

The differences observed in composition of the benthic categories present within 
each of the six maps (Fig. 6),  could be explained by three factors. Firstly, if a mapping 
category was not present or observed in the field, it did not occur in the map (e.g. no 
occurrence of seagrass at Solo). Secondly, a category was not observed by the spot check 
field data, although it was present in the photo transect data. As a result, no calibration 
AOI’s were created and therefore the category was missing in the spot check based map 
(e.g. live/dead coral in Navakavu). Thirdly, signatures for a mapping category, derived 
from the calibration AOI’s, were sometimes confused with signatures of other mapping 
categories in the supervised classification and, as a result, the mapping category was 
falsely included and excluded pixels in the mapped area for each category. 

 

 
 

Fig. 5. Benthic community maps resulting from a supervised classification of Quickbird image 
using calibration data sourced from georeferenced photo transects or spot checks, for the three 
study areas: Suva, Navakavu and Solo reefs.   
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To provide context for interpreting the image mapping results, here we define the 
spatial complexity of each reef environment mapped. To assess the spatial complexity of 
reef community features on the accuracies of resultant benthic community maps, a 
quantitative measure of spatial complexity, patch richness density,  was calculated from 
each classified image of each study area. Patch richness density was calculated from each 
Quickbird image based benthic community map using the Fragstats 3.3® spatial 
statistical software package. Patch richness density values quantify the relationship 
between the number of categories mapped in relation to the total extent of the area 
mapped [118, 119]. Typical values extend from: 0.4 (low richness or variety of benthic 
communities and spatial complexity),   for 4 mapping categories in area of 10 km2 to 2 
(high richness or variety of benthic communities and spatial complexity),   for 20 
mapping categories in area with 10 km2.  

Some of the differences in relative extent of each benthic community class mapped 
and their spatial distribution resulted from differences in the level of detail distinguished 
by the photo transect based approach versus the spot check. This resulted in more 
categories being mapped and/or categories being better represented by their number of 
AOIs and the resulting signatures used to train the classification. Previous research shows 
that differences in spatial complexity of the terrestrial or benthic faunal communities 
interacts with the spatial scale of mapping to control resultant map composition and 
accuracies  [120].  

Some of the differences observed were a result of the level of discrimination among 
benthic community mapping categories and/or different water clarities [121]. This 
occurred where rock was erroneously classified as seagrass along the high wave-energy 
area of the fore-reef in Navakavu and Suva maps. This is not a  preferred seagrass growth 
habitat, since seagrass requires low wave energy and unconsolidated substrate such as 
sand [122]. These types of errors could be reduced through contextual editing which 
could improve the quality of any of the maps [123].  
 
 

 
 
 

Fig. 6. Proportional composition of benthic community types present in each of the maps. Maps 
were created for each study area and resulted from supervised classification of Quickbird imagery, 
using georeferenced photo transect or spot check field survey data for calibration. 
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3.3 Quantitative Accuracy Assessment of Coral Reef Maps 

3.3.1 Overall & Tau Accuracy 
Assessment of the overall & Tau accuracy in relation to the variation in the spatial 
complexity of the benthic community cover showed that the photo transect method was 
more accurate than the spot check method for both simple and complex coral reef 
environments.  

The overall accuracies for the photo transect and spot check methods were highest 
in the classified Suva image 69% and 65% respectively, followed by Solo 46% and 49% 
and Navakavu 43% and 24% (Fig. 7). Similar variations, but with lower values were 
observed in the Tau accuracies for Suva 68% and 64% respectively, Solo 45% and 46% 
and Navakavu  42% and 20%. The Tau accuracies had lower values, than the overall 
accuracies as it is reduced for likely agreement with a random classification [40, 114].  

The differences in accuracies between photo transect and spot check based maps 
were similar for the Suva with a difference of 4% (Z= 6.6, P>95%),  and Solo reefs, with 
a difference of 3%(Z= 0.1, P>95%). The Navakavu reef  had a larger difference  of 19%  
(Z= 19.7, P>95%). Differences in the spatial complexity of the reefs may explain why the 
spot and transect methods produced different results, as Navakavu was a more complex 
reef, in terms of its patch richness density (Fig. 7),   

 

 
 

Fig. 7. Overall accuracy of the benthic community maps and patch richness density (PRD),  for 
Suva (brown),   Navakavu (green),  and Solo reefs (blue). Calibration and validation data are based 
on georeferenced photo transects (triangles),  or spot checks (dots), . 
 

The spatial complexity of the benthic community cover in each mapped area was 
represented by the patch richness density index value. This value was twice as high for 
the Navakavu site compared to the Suva and Solo sites (Fig. 7). This confirmed two 
points.  Firstly, the lower overall accuracy in the Navakavu map could partially be 
explained by its relatively higher spatial complexity, when compared to the two other 
study areas. Secondly, in combination with the higher overall accuracy for the Navakavu 
photo transect based map,  our results showed that the photo transect method provided 
similar results for both simple and complex reef environments, with low to high numbers 
of benthic community types.  

These findings were supported by previous studies in other reefs around the world, 
where overall mapping accuracy decreased with an increase in spatial complexity of, or 
richness of benthic communities found on the reef [124, 125]. In this study, the overall 
accuracies were generally lower and the associated number of mapping categories was 
higher, in comparison to previous related works examining reef mapping accuracy [26, 
34, 126]. Although the overall accuracy could be increased by aggregating some of the 
mapping categories [34], this would reduce the level of benthic community detail able to 
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be mapped. Contextual editing could also improve the accuracy [34], however this was 
not implemented for this study since this type of editing was assumed to be subjective 
and could therefore have compromised an objective comparison of the study results.  

3.3.2 Producer and User Accuracies 
The producer and user accuracies (Tables 4-5),  show that the photo transect method 

was able to map more categories with higher accuracy than the spot check method. These 
results also show that, in environments with higher spatial complexity, the spot check 
method was less suitable. Our findings also indicate that sample design (e.g. sample size 
and location), in relation to the size and spatial complexity of the area mapped, influences 
producer and user accuracies of benthic community maps.  

The category ‘other’ was considered an outlier since the values were larger than 
60% and were similar between maps, except for the Navakavu spot check based map. 
There could be two explanations for this. Firstly, their calibration and validation AOI’s 
were based exclusively on expert knowledge and were therefore identical in both photo 
transect and spot check based maps.  Secondly, the ’other’ category was a combination of 
sub-categories (e.g. clouds, breaking water, mangrove and pumice-stone),   which were 
highly distinctive in the map due to their spectral characteristics (e.g. high reflectance by 
clouds). The category ’mud‘ (inter-tidal mud banks),  had similar accuracy levels to the 
categories ’other‘ since it was generated in the same way to the categories that make up 
’other’.  
 
Table 4. Producer accuracy (%),  for the mapping categories for the thematic maps resulting from 
georeferenced photo transects or spot checks for Suva, Navakavu and Solo reefs. Categories, 
"other" consisted of: pumice-stone rafts, clouds, cloud shade, mud, mangrove, breaking water, 
turbid water, river water, and deep water. 

 
 

Number of pixels used for 
validation

13329 8282 6543 3583 4087 1501

Approach
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check

Seagrass 48 51 50 8
Coral 21 2 44 69 17
Algae 46 49 48 44
Sand 47 22 65 33 55 90
Rubble 67 14 34 32 23
Rock 43 6
Live/Dead Coral 14
Pavement 52
Rubble, Sand 11 8 19 11 31 16
Seagrass, Rubble, Sand 14 15 25 34
Algae, Seagrass 77 1 4
Sand, Algae 8 27 16
Turf on Rubble 49 24
Algae, Rubble, Sand 16 19 13
Coral, Rubble 24 10 27 11
Coral, Rock 56 64 27 40 15 24
Rock, Rubble 24 56 40 33 25 43
Rock, Rubble, Sand 95 55
Deep Reef 20

Mud 83 96
Other 91 78 66 36 100 98

Average  (no mud and other) 37 33 34 23 37 31

Suva Navakavu Solo
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Table 5. User accuracy (%), for the mapping categories for the thematic maps resulting from 
georeferenced photo transects or spot checks for Suva, Navakavu and Solo reefs. Categories, 
"other" consisted of: pumice-stone rafts, clouds, cloud shade, mud, mangrove, breaking water, 
turbid water, river water, and deep water. 

 
Site

Number of pixels used for 
validation

13329 8282 6543 3583 4087 1501

Approach
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check
Photo 

Transect
Spot 

Check

Seagrass 46 31 49 12
Coral 12 50 36 60 50
Algae 38 54 38 25
Sand 59 14 56 41 74 81
Rubble 33 30 20 25 30
Rock 33 9
Live/Dead Coral 4
Pavement 26
Rubble, Sand 24 14 15 3 26 17
Seagrass, Rubble, Sand 15 12 25 13
Algae, Seagrass 35 5 17
Sand, Algae 29 10 8
Turf on Rubble 56 14
Algae, Rubble, Sand 31 15 27
Coral, Rubble 11 9 22 9
Coral, Rock 22 20 18 37 23 21
Rock, Rubble 21 34 45 74 27 42
Rock, Rubble, Sand 43 34
Deep Reef 9

Mud 71 84
Other 95 99 75 83 84 94

Average  (no mud and other) 30 26 28 24 35 33

Suva Navakavu Solo

 
 

Analysis of the  producer’s and user’s accuracies for the individual mapping 
categories produced from the photo transect and spot check methods did not provide 
consistent findings.  This could be due to three types of problems caused by the sampling 
design. Firstly, within and among study areas, a variation in benthic cover type and 
composition would affect the accuracy assessment when random stratified sampling was 
implemented [127]. Random sampling, in combination with increased number of 
samples, would make sampling independent of these variations,  however, this would 
make sampling more time consuming,  and hence more costly [128]. Secondly, the 
sampling methods were intended to gather benthic cover and composition information 
within a study area using the different methods at roughly the same location, so the same 
mapping categories would be represented evenly.  

Due to the differences in field methods used, different levels of detail were available 
for the AOI’s creation. This influenced the level of detail digitised by the operator. This 
process could be improved through automatic creation of the AOI’s using image 
segmentation, where segments created could be labelled based on the overlapping field 
data.  Thirdly, the AOI’s within each mapping category were divided evenly into two 
equal sized groups for calibration and validation, based on the AOI’s area size. Since the 
spot check and photo transect AOI’s vary in size, they represent spatially different areas 
for the validation This difference may result in variation in accuracy levels, as the choice 
of sample location influences the observed accuracy [100].  

All three problems outlined above represent challenges that affect estimated map 
accuracy levels, making the comparisons conducted in this paper less thorough. These 
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challenges are part of normal conditions that scientists, technicians and managers 
involved in mapping reef environments have to deal with. Our findings indicate that 
comparing accuracies between different studies is difficult due to variations in the 
methods used in the collection and analysis of the reference data. Further study to 
determine suitable accuracy measures is needed for comparing the quality of maps within 
or between locations.  

3.3.3 Positional Errors Between Field and High Spatial Resolution Image Data 
The accuracy levels observed for the classification results could also be influenced by 
spatial mis-registration between high spatial resolution satellite imagery and the field data 
[129]. These types of errors were not tested in this study; however, ways to reduce these 
errors will be discussed as they are a common and often under-estimated challenge of 
linking field and image data sets for reef mapping. The magnitude of spatial mis-
registration between field and image data could be several Quickbird multi-spectral pixels 
(2.4 m), in length scale as a result of the positional error of the: (1), Quickbird image 
standard product, reportedly +/- 23 m [108]; and (2),  the low cost handheld GPS, with a 
positional accuracy of +/-  of  10 m for the positioning the field data [130].  

Previous research [131] and the experience of the authors in comparing single field 
data points with the georeferenced high spatial resolution satellite image pixels (e.g. 
Quickbird),   indicated that sub-pixel scale matches between field and image data were 
not possible. This study applied an approach that minimised mis-registration errors 
between image and field data by drawing areas of interest based on interpretation of 
image texture, pixel colours and the field data around image objects that were within the 
mis-registration bounds of the image and field data(Fig. 4b),   [111].  

To draw the AOI’s, the benthic community types at each of the field sample points 
was determined from the colour and texture of the image pixels within 2-5 pixels of these 
points (Fig. 4b). Other options for reducing mis-registration errors between high spatial 
resolution imagery and field data include the: 
- Positioning field data with a differential GPS, accompanied with image 

georeferencing using natural control points. This would be challenged by the ability to 
differentiate sufficient natural control points in the marine environment and in the 
high spatial resolution image.  

- Moving each single field data point manually to match its expected location in the 
image, based on local knowledge [11, 30]. This would be constrained by the ability to 
recognise natural features in the image and may introduce biases.  

- Assuming that all field data positions can be moved manually based on matching only 
a few key data and ground control points (e.g. start and end points of transect lines),  
to its same feature in the image. This was based on the assumption that a positional 
error at ground control point would be the same for a field position measured hours 
later or kilometres further.  
The method developed in this work may result in lower overall map accuracy values 

based on spot check data due to image to field data mis-registration problems. Increasing 
georeferencing accuracy of the satellite images and field data may therefore affect the 
spot check based maps and accuracy assessments, more than the transect based methods. 

For this study, the positional errors of the field data due to the offset between camera 
and GPS were kept at a minimum during the snorkel based photo transects and were 
around 1.0 m – 1.5 m. For the dive photo transect, the error was larger due to the drag of 
the GPS at the surface and was estimated to vary between 1.0 m and 5.0 m. These errors 
were reduced by keeping the line tight at all times and planning photo transects in the 
direction of the current, since the drag would be reduced. Alternatively, the use of 
underwater acoustic positioning systems could increase the positional accuracy, but 
would also increase equipment and deployment cost [132].  
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3.4 Time & Cost assessment of Calibration and Validation Methods 
The analysis of time and cost needed to create benthic community maps and to then 
determine the associated accuracy, showed that photo transect field methods take more 
time and have a higher cost than the spot check method. However, the photo transect 
surveys produced more observations and more reliable data (Fig. 8). Figure 8 shows that 
in comparison to spot checks, photo transects took twice as long at double the cost, but 
did collect nine times more data points.  
 

 
 

Fig. 8. Field and office times and costs (in US dollars),  to create habitat map versus number of data 
points collected on photo transects or spot checks, for Suva, Navakavu and Solo reefs. Cost 
included wages, transport, and consumables, but did not include field equipment, satellite imagery 
and soft/hard ware. 
 

The difference in time and cost between the two mapping methods was the result of 
two main factors. Firstly, the photo transect method took 30% longer than the spot check, 
as more field effort was needed to complete each photo transect. This increase in field 
time produced higher boating costs (e.g. hire and fuel), and wages for the field crew. 
Secondly, it was found that analysis of the field data for the photo transect method took 
five times longer than the spot check method, producing a further increase in wages. The 
photo transect method required each photo to be manually analysed in the office, whereas 
the spot check data were interpreted in the field.  

In comparison to the Suva and Navakavu areas, Solo had the highest cost for photo 
transect and spot check method (Fig. 8). The higher cost for Solo was due to its remote 
location, which required greater and more complex logistical arrangements, producing an 
increase in transport and accommodation costs. These findings suggest that for remote 
locations, the photo transect method could be more appropriate than spot checks, as it 
allowed more data to be collected for the same approach. 

A reduction in office time could be achieved for the photo transect method by 
reducing the number of sample points and photo interpretation categories or by 
automating the photo analysis [133].The spot check method may provide a wider and 
more representative data set if more field sites were visited. However, this would also 
take more time and increase the cost.  

Although the set-up costs were excluded from the analysis, the necessary set-up 
costs varied between the photos transect and spot check methods, where the first method 
was US $500 - $2000 higher depending on the type of acquired: photo linking or analysis 
software, compact camera and underwater housing, dry-bag and real. There was no 
difference in set up cost due to GIS and remote sensing software package as both 
methods used same software. As the purchased hard- and soft-ware could be used for 
various projects it was considered one-off and excluded from the cost analysis. 
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3.5 Overall Effectiveness – of Photo Transects versus Spot Check for Benthic 
Community Mapping from Classified Satellite Image Data 

The findings of this study are summarised in Table 6 and can be used by scientists 
or managers to assess which of the two field methods for calibration and validation would 
be more suitable for a particular benthic habitat mapping project. Several additional 
considerations for selecting suitable field data collection were also added to the summary. 

The additional factors were safety and environmental conditions. Safety was 
considered an important aspect; since extensive field work require longer exposure to 
marine elements, which could lead to increased risk with regard to exhaustion, 
hyperthermia, and injury by coral cuts, currents and dangerous animals. Time to complete 
photo transect or spot surveys, will also be lengthened by adverse environmental 
conditions encountered during the fieldwork.  

Although each of the two field survey methods had their advantages and 
disadvantages, they both could be adjusted to suit calibration and validation needs. For 
the spot check method this could mean more sample points and a higher level of detail in 
the properties of benthos assessed in the field. The field interpretation was considered 
subjective and depended on the knowledge/experience of the field person. The 
observations made would be readily available when returning from the field but could not 
be reviewed quantitatively at a later stage.  

 
Table 6. Summary of advantages (+), and disadvantages (-), of two types of field methods for 
collecting data for calibration and validation of coral reef benthic community maps: georeferenced 
photo transect (T), or spot check (S), . 

 
T S Remark

Number of data points + - Transect had nine time more data points

Georeferenced photos + - Photos assessed in GIS environement to confirm findings
Number of  validation 
and calibration pixels + - More available which can increase accuracy and reliability

Subjectivety + - Benthic information was assessed using standarderdised analysis

Repeatibility + - Transect method is systematic and can therefore be repeated

Representativeness + - More points with higher spatial density

Reliability + - Reliable AOI's through sufficient points for location, shape & label 

Spatial complexity + - Transect field data quantitive data at image pixel scale
Accuracy for spatial 
complex habitats + - Transect preferable above spotcheck

Accuracy for spatial not 
complex habitats +/- +/- Accuracy are similar

Field time - + Transect take more due to effort in the field

Office time - + Photo analysis takes time depending on detail required. 

Field cost - + Transect need more people and boat time resulting in higher cost

Office cost - + Spot check does not involve tedious photo analysis

Cost per point ++ - Transect cost was lower due efficient field data  collection

General +/- +/- Spot checks fast, transect flexible at high detail

Photos + - Snap shot,  archival, revisited when needed

Equipment - + Compact digital camera, dryback,real are higher cost but once

Software +/- +/- transect: GPS download, excel, Linking Photos to GPS,  CPCe  
Spot Check: GPS download, excel

Safety - + Spot check prevent long exposure to elements

Environmental - + Spot check no currents, or entangeling of lines

In field data analysis +/- +/- Infield analysis, not much office analysis but expertise needed

Field expertise + - Spot check needs expert in field transect not

Office expertise + + For planning, data  analysis and mapping
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The photos of the photo transect method, on the other hand, could be reassessed 

retrospectively at various levels if more or other benthic information were needed from 
each photo. A "low level" analysis of the photos could assign an individual mapping 
category to one photo based on a qualitative assessment of the photo and its location in 
the field.  Whereas a "higher level" but slower analysis, could quantitatively assign 
benthic cover types assigned to x number of randomly distributed points in each photo, 
the composition of each photo could then be used to determine its mapping category.  

More detail on the benthic composition in the study area from the photo transect 
method could be achieved by adjusting the length, photo sampling interval, and size of 
photo foot print. The ease of implementation and the availability of digital cameras and 
handheld GPS units will also make the photo transect method an ideal tool for adoption in 
operational practices by a field team in possession of a variety of knowledge, skills and 
experience. These types of field teams often provide the basis for global monitoring 
programs (e.g. Reef Check), . Use of georeferenced photo transect method in these 
applications could increase the spatial cover of data collection for validation of imagery 
[10].  

Several papers have discussed the cost-effectiveness of remote sensing, but these 
focussed mainly on the image and the processing cost, and not on the integration of field 
and image data in relation to calibration or validation [1, 75, 134].  Two publications 
described how the cost and accuracy of a coral reef map were influenced by varying 
either the number of data points [123], or the image type or size of the mapped area [11]. 
[17, 62] focussed on comparing the cost and accuracy of field methods for calibration and 
validation to create and assess benthic habitat maps, but did not produce a habitat map. 
Several papers describe the cost effectiveness of benthic cover field methods, but not in 
relation to remote sensing applications to which they could be combined [115, 135, 136].  
 

4 CONCLUSIONS AND FUTURE WORK 
Our findings show that georeferenced photo transect surveys were more robust than spot 
check surveys when applied in spatially complex and diverse coral reef and seagrass 
environments of Fijian Coral Reefs. The photo transect method was considered to be 
more robust as it: 

- is relatively insensitive to variations in spatial complexity reef benthos;  
- is more representative of benthic composition;  
- has an  accuracy that is not influenced as strongly by the spatial complexity of 

the mapped environment as spot check based methods are;  
- provides a spatially explicit verification through use of standardised photo 

analysis and an ability to view the photos at its original location in the satellite 
image at any time; and 

- gathers significantly more data for calibration and validation, although it takes 
more time and has a higher cost.  

Considering the scope of our study sites and methods, our findings do not show that 
spot check surveys are un-suitable for calibration and validation surveys. On the contrary, 
past studies have shown that spot check can be a useful approach for mapping projects 
[137] but has mostly been used in combination with moderate resolution imagery (e.g. 
Landsat ETM, ORS-LISS, ALOS),  and depends on having access to experts capable of 
interpreting the benthos in the field. The spot check approach may provide robust results, 
if it is applied in a standardised manner, providing a description of selected homogenous 
areas with georeferenced benthic cover photos [22, 138].  

The explicit integration of the field and image data sets made this study different from 
previous remote sensing studies which focussed mainly on field data [17, 23] or the 
image data [1, 123, 131, 134, 139].  
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Our findings also provide suggestions on ways to improve cost effective coral reef 

mapping: 
- reducing photo analysis time through further simplification [104] or through 

automated [133] photo analysis.  
- automatic creation of areas of interest for image training/calibration and validation 

sites to reduce subjectivity with manual digitising., this could be achieved through 
segmentation of the image and assigning labels to the segments based overlapping 
field data.  

- identifying what appropriate mapping accuracy measures should be determined to 
compare the quality of benthic community maps within and between coral reef 
environments.  
Our results demonstrate that standard field methods, using digital camera and GPS, 

combined with high spatial resolution image data, can be used to accurately map the 
benthic community in a range of coral reef environments. The results will assist scientists 
and managers to design and implement calibration and validation methods suited to apply 
and validate supervised classification of high spatial resolution multi-spectral imagery to 
map benthic communities in coral reef environments.  

Acknowledgments 
This work was funded and supported through ARC Discovery Project – Innovative Coral 
Reef Mapping, University of Queensland, University of South Pacific, World Bank GEF 
Coral Reef Target Research – Remote Sensing Working Group, South Pacific Applied 
Geoscience Committee, Coral Cay Conservation, and Coral Reef Initiative for the Pacific. 
Support and assistance by: staff and students of the University of the South Pacific, 
especially: Bill Aalbersberg, James Comley, Leon Zann and Meo Simisi; the people of 
Navakavu and Dravuni Qoliqoli; and D. Kleine. Thanks to Noelle Toussaint, M. Swayne 
and K. Johansen for reviewing this manuscript, two anonymous examiners for providing 
constructive comments on the PhD thesis of C. Roelfsema, which included this 
manuscript, and the two independent journal reviewers of this manuscript for providing 
positive criticism. 

References 
[1] E. P. Green, P. J. Mumby, A. J. Edwards, and C. D. Clark, Remote Sensing 

Handbook for Tropical Coastal Management, UNESCO, Paris (2000). 
[2] P. J. Mumby, W. Skirving, A. E. Strong, J. T. Hardy, E. LeDrew, E. J. Hochberg, 

R. P. Stumpf, and L. T. David, "Remote sensing of coral reefs and their physical 
environment," Mar. Pollut. Bull. 48(3-4), 219-228 (2004)  [doi: 
10.1016/j.marpolbul.2003.10.031]. 

[3] R. J. Diaz, M. Solan, and R. M. Valente, "A review of approaches for classifying 
benthic habitats and evaluating habitat quality," J. Environ. Manag. 73(3), 165-181 
(2004)  [doi: 10.1016/j.jenvman.2004.06.004]. 

[4] S. Andréfouët and B. Riegl, "Remote sensing: a key tool for interdisciplinary 
assessment of coral reef processes," Coral Reefs 23(1), 1-4 (2004) 
[doi:10.1007/s00338-003-0360-z] . 

[5] T. J . Done, "Coral community adaptability to environmental change at the scales 
of regions, reefs and reef zones," Am. Zool. 39(1),   66-79 (1999). 

[6] W. Ahmad and D. T. Neil, "An evaluation of landsat-thematic-mapper (Tm),  
digital data for discriminating coral-reef zonation - Heron-Reef (GBR)," Int. J. 
Rem. Sens. 15(13),   2583-2597 (1994)   [doi: 10.1080/01431169408954268]. 

[7] H. Holden and E. LeDrew, "The scientific issues surrounding remote detection of 
submerged coral ecosystems," Progr. Physic. Geograph. 22(2),  190-221 (1998) 
[doi:10.1177/030913339802200203]. 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 20

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



[8] S. Aswani and M. Lauer, "Benthic mapping using local aerial photo interpretation 
and resident taxa inventories for designing marine protected areas," Environ. 
Conserv. 33(3),   263-273 (2006)   [doi: 10.1017/S0376892906003183]. 

[9] A. Cuevas-Jimenez and P. L. Ardisson, "Mapping shallow coral reefs by colour 
aerial photography," Int. J. Rem. Sens. 23(18),   3697 - 3712 (2002)   [doi: 
10.1080/01431160110075640]. 

[10] K. E. Joyce, S. R. Phinn, C. Roelfsema, D. T. Neil, and W. C. Dennison, "Mapping 
the southern Great Barrier Reef using Landsat ETM and the Reef Check 
classification scheme," Proc. 11th Australasian Rem. Sens. Photogram. Conf.,  21-
25 (2002)  [doi: 10.1007/s00338-003-0357-7]. 

[11] P. J. Mumby and A. J. Edwards, "Mapping marine environments with IKONOS 
imagery: enhanced spatial resolution can deliver greater thematic accuracy," Rem. 
Sens. Environ. 82(2-3),   248-257 (2002)   [doi: 10.1016/S0034-4257(02)00041-
X]. 

[12] D. Mishra, S. Narumalani, D. Rundquist, and M. Lawson, "Benthic habitat 
mapping in tropical marine environments using QuickBird multispectral data," 
Photogram. Eng. Rem. Sens. 72(9),   1037-1048 (2006). 

[13] M. P. Lesser and C. D. Mobley, "Bathymetry, water optical properties, and benthic 
classification of coral reefs using hyperspectral remote sensing imagery," Coral 
Reefs 26(4),   819-829 (2007)   [doi: 10.1007/s00338-007-0271-5]. 

[14] S. L. Benfield, H. M. Guzman, J. M. Mair, and J. A. T. Young, "Mapping the 
distribution of coral reefs and associated sublittoral habitats in Pacific Panama: a 
comparison of optical satellite sensors and classification methodologies," Int. J. 
Rem. Sens. 28(22), 5047-5070 (2007)   [doi: 10.1080/01431160701258062]. 

[15] T. Malthus and P. Mumby, "Remote sensing of the coastal marine environment - 
preface," Int. J. Rem. Sens. 24(13), 2595-2596 (2003) [doi: 
10.1080/0143116031000066945]. 

[16] K. Johansen, C. Roelfsema, and S. Phinn, "Preface: high spatial resolutionremote 
sensing for environmental monitoring and management," J. Spatial Sci. 53(1),   43-
47 (2008). 

[17] C. M. Roelfsema, S. R. Phinn, and K. E. Joyce, "Evaluating benthic survey 
techniques for validating maps of coral reefs derived from remotely sensed 
images,"  Proc. 10th Int. Coral Reef Symp., 1771-1780 (2004). 

[18] M. Lauer and S. Aswani, "Integrating indigenous ecological knowledge and multi-
spectral image classification for marine habitat mapping in Oceania," Ocean 
Coast. Manage. 51(6),   495-504 (2008)   [doi: 10.1016/j.ocecoaman.2008.04.006]. 

[19] S. Andréfouët, F. E. Muller-Karger, J. A. Robinson, C. J. Kranenburg, D. Torres-
Pulliza, S. Spraggins, and B. Murch, "Global assessment of modern coral reef 
extent and diversity for regional science and management applications: a view 
from space," Proc. 10th Int. Coral Reef Symp., 1732-1745 (2005). 

[20] D.R. Mishra, S. Narumalani, D. Rundquist, and M. Lawson, "High-resolution 
ocean color remote sensing of Benthic habitats: a case study at the Roatan Island, 
Honduras," IEEE Trans. Geosci. Rem. Sens. 43(7),   1592-1604 (2005)   [doi: 
10.1109/TGRS.2005.847790]. 

[21] G. Bouvet, J. Ferraris, and S. Andréfouët, "Evaluation of large-scale unsupervised 
classification of New Caledonia reef ecosystems using Landsat 7 ETM+ imagery," 
Oceanolog. Acta  26(3), 281-290 (2003)  [doi: 10.1016/S0399-1784(03)00012-4]. 

[22] C. Mellin, S. Andréfouët, and D. Ponton, "Spatial predictability of juvenile fish 
species richness and abundance in a coral reef environment," Coral Reefs 26(4),   
895-907 (2007)   [doi: 10.1007/s00338-007-0281-3]. 

[23] S. J. Bainbridge and R. E. Reichelt, "An assessment of ground truth methods for 
coral reef remote sensing data," Proc. 6th Int. Coral Reef Symp. 2, 439 - 444 
(1988). 

[24] S. Purkis, J. A. M. Kenter, E. K. Oikonomou, and I. S. Robinson, "High-resolution 
ground verification, cluster analysis and optical model of reef substrate coverage 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 21

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



on Landsat TM imagery (Red Sea, Egypt)," Int. J. Rem. Sens. 23(8), 1677 - 1698 
(2002)  [doi: 10.1080/01431160110047722]. 

[25] J. Bello-Pineda, M. A. Liceaga-Correa, H. Hernandez, and R. Ponce-Hernandez, 
"Using aerial video to train the supervised classification of Landsat TM imagery 
for coral reef habitats mapping," Environ. Monit. Assess. V105(1),   145-164 
(2005)   [doi: 10.1007/s10661-005-3499-y]. 

[26] K.E. Joyce, S.R. Phinn, C.M. Roelfsema, D.T. Neil, and W.C. Dennison, 
"Combining Landsat ETM plus and Reef Check classifications for mapping coral 
reefs: A critical assessment from the southern Great Barrier Reef, Australia," 
Coral Reefs 23(1),   21-25 (2004)   [doi: 10.1007/s00338-003-0357-7]. 

[27] S. J. Purkis, "A 'reef-up' approach to classifying coral habitats from IKONOS 
imagery," IEEE Trans. Geosci. Rem. Sens. 43(6),   1375-1390 (2005)   [doi: 
10.1109/TGRS.2005.845646]. 

[28] P. Capolsini, S. Andréfouët, C. Rion, and C. Payri, "A comparison of Landsat 
ETM+, SPOT HRV, Ikonos, ASTER, and airborne MASTER data for coral reef 
habitat mapping in South Pacific islands," Can. J. Rem. Sens. 29(2),   187–200 
(2003). 

[29] A. Fornes, G. Basterretxea, A. Orfila, A. Jordi, A. Alvarez, and J. Tintore, 
"Mapping Posidonia oceanica from IKONOS," J. Photogram. Rem. Sens. 60(5),   
315-322 (2006)   [doi: 10.1016/j.isprsjprs.2006.04.002]. 

[30] C. M. Newman, A. J. Knudby, and E. F. LeDrew, "Assessing the effect of 
management zonation on live coral cover using multi-date IKONOS satellite 
imagery," J. Appl. Rem. Sens. 1, 1-16 (2007)   [doi: 10.1117/1.2822612]. 

[31] D. R. Young, P. J. Clinton, D. T. Specht, T. H. DeWitt, and H. Lee, "Monitoring 
the expanding distribution of nonindigenous dwarf eelgrass Zostera japonica in a 
Pacific Northwest USA estuary using high resolution digital aerial 
orthophotography," J. Spatial Sci. 53(1),   87-97 (2008). 

[32] E. Isoun, C. Fletcher, N. Frazer, and J. Gradie, "Multi-spectral mapping of reef 
bathymetry and coral cover; Kailua Bay, Hawaii," Coral Reefs 22(1),   68-82 
(2003). 

[33] S. Andréfouët and G. Dirberg, "Cartographie et inventaire du système récifalde 
Wallis, Futuna et Alofi par imagerie satellitaire Landsat 7 ETM+ et 
orthophotographies aériennes à haute résolution. ," in Report Conventions: Sci. 
Mer; Biol.: Noumea. 53 (2006) . 

[34] S. Andréfouët, P. Kramer, D. Torres-Pulliza, K. E. Joyce, E. J. Hochberg, R. 
Garza-Perez, P. J. Mumby, B. Riegl, H. Yamano, W. H. White, M. Zubia, J. C. 
Brock, S. R. Phinn, A. Naseer, B. G. Hatcher, and F. E. Muller-Karger, "Multi-site 
evaluation of IKONOS data for classification of tropical coral reef environments," 
Rem. Sens. Environ. 88(1-2),   128-143 (2003)   [doi: 10.1016/j.rse.2003.04.005]. 

[35] A. G. Dekker, V. E. Brando, and J. M. Anstee, "Retrospective seagrass change 
detection in a shallow coastal tidal Australian lake," Rem. Sens. Environ. 97(4),   
415-433 (2005)   [doi: 10.1016/j.rse.2005.02.017]. 

[36] K. A. Call, J. T. Hardy, and D. O. Wallin, "Coral reef habitat discrimination using 
multivariate spectral analysis and satellite remote sensing," Int. J. Rem. Sens. 
24(13),   2627-2639 (2003)   [doi: 10.1080/0143116031000066990]. 

[37] V. Pasqualini, C. Pergent-Martini, G. Pergent, M. Agreil, G. Skoufas, L. Sourbes, 
and A. Tsirika, "Use of SPOT 5 for mapping seagrasses: an application to 
Posidonia oceanica," Rem. Sens. Environ. 94(1), 39-45 (2005) [doi: 
10.1016/j.rse.2004.09.010]. 

[38] E. Peneva, J. A. Griffith, and G. A. Carter, "Seagrass mapping in the northern Gulf 
of Mexico using airborne hyperspectral imagery: a comparison of classification 
methods," J. Coast. Res. 24(4),   850-856 (2008)   [doi: 10.2112/06-0764.1]. 

[39] B. M. Riegl and S. J. Purkis, "Detection of shallow subtidal corals from IKONOS 
satellite and QTC View (50, 200 kHz),  single-beam sonar data (Arabian Gulf; 
Dubai, UAE)," Rem. Sens. Environ. 95(1),   96-114 (2005) 
[doi:10.1016/j.rse.2004.11.016]. 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 22

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



[40] P. J. Mumby, E. P. Green, C. D. Clark, and A. J. Edwards, "Digital analysis of 
multispectral airborne imagery of coral reefs," Coral Reefs 17(1),   59-69 (1998)   
[doi: 10.1007/s003380050096]. 

[41] C. M. Roelfsema, W. C. Dennison, and S. R. Phinn, "Spatial distribution of benthic 
microalgae on coral reefs determined by remote sensing," Coral Reefs 21(3),   264 
- 274 (2002). 

[42] C. M. Roelfsema, S. R. Phinn, W. C. Dennison, A. Dekker, and V. Brando, 
"Monitoring toxic cyano-bacteria L. majuscula in Moreton Bay, Australia by 
integrating satellite image data and field mapping," Harmful Algae 5, 45-56 (2006)   
[doi: 10.1016/j.hal.2005.05.001]. 

[43] C. R. C. Sheppard, K. Matheson, J. C. Bythell, P. Murphy, C. B. Myers, and B. 
Blake, "Habitat mapping in the Caribbean for management and conservation: use 
and assessment of aerial photography," Aquatic Conserv. Mar. Freshwater 
Ecosyst. 5(4),   277-298 (1995)   [doi: 10.1002/aqc.3270050404]. 

[44] Y. Zharikov, G. A. Skilleter, N. R. Loneragan, T. Taranto, and B. E. Cameron, 
"Mapping and characterising subtropical estuarine landscapes using aerial 
photography and GIS for potential application in wildlife conservation and 
management," Biol. Conserv. 125, 87–100 (2005) [doi: 
10.1016/j.biocon.2005.03.016]. 

[45] C. C. Wabnitz, S. Andréfouët, D. Torres-Pulliza, F. E. Muller-Karger, and P. A. 
Kramer, "Regional-scale seagrass habitat mapping in the Wider Caribbean region 
using Landsat sensors: Applications to conservation and ecology," Rem. Sens. 
Environ. 112(2008),   3455–3467 (2008). 

[46] H. M. Dierssen, R. C. Zimmerman, R. A. Leathers, T. V. Downes, and C. O. 
Davis, "Ocean color remote sensing of seagrass and bathymetry in the Bahamas 
Banks by high-resolution airborne imagery," Limnol. Oceanogr. 48(1),   444-455 
(2003). 

[47] R. L. Habeeb, C. R. Johnson, S. Wotherspoon, and P. J. Mumby, "Optimal scales 
to observe habitat dynamics: A coral reef example," Ecol. Appl. 17(3),   641-647 
(2007)   [doi: 10.1890/06-0348]. 

[48] D. Palandro, S. Andréfouët, P. Dustan, and F. E. Muller-Karger, "Change detection 
in coral reef communities using Ikonos satellite sensor imagery and historic aerial 
photographs," Int. J. Rem. Sens. 24(4), 873-878 (2003) [doi: 
10.1080/0143116021000009895]. 

[49] G. P. Rowlands, S. J. Purkis, and B. M. Riegl, "The 2005 coral-bleaching event, 
Roatan (Honduras): use of pseudo-invariant features (PIFs),  in satellite 
assessments," J. Spatial Sci. 53(1),   99-112 (2008). 

[50] S. Chauvaud, C. Bouchon, and R. Maniere, "Remote sensing techniques adapted to 
high resolution mapping of tropical coastal marine ecosystems (coral reefs, 
seagrass beds and mangroves)," Int. J. Rem. Sens. 19(18),   3625-3639 (1998)   
[doi: 10.1080/014311698213858]. 

[51] E. J. Hochberg and M. J. Atkinson, "Capabilities of remote sensors to classify 
coral, algae, and sand as pure and mixed spectra," Rem. Sens. Environ. 85(2),   
174-189 (2003)   [doi: 10.1016/S0034-4257(02)00202-X]. 

[52] J. Goodman and S. L. Ustin, "Classification of benthic composition in a coral reef 
environment using spectral unmixing.," J. Appl. Rem. Sens. 1, 17 (2007)   [doi: 
10.1117/1.2815907]. 

[53] S. Chauvaud, C. Bouchon, and R. Maniere, "Thematic mapping of tropical marine 
communities (coral reefs, seagrass beds and mangroves), using SPOT data in 
Guadeloupe Island," Oceanolog. Acta 24, S3-S16 (2001)   [doi: 10.1016/S0399-
1784(01)00079-2]. 

[54] R. A. Armstrong, "Remote sensing of submerged vegetation canopies for biomass 
estimation," Int. J. Rem. Sens. 14(3), 621-627 (1993) [doi: 
10.1080/01431169308904363]. 

[55] A. J. Meehan, R. J. Williams, and F. A. Watford, "Detecting trends in seagrass 
abundance using aerial photograph interpretation: problems arising with the 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 23

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



evolution of mapping methods," Estuaries 28(3),   462-472 (2005)   [doi: 
10.1007/BF02693927]. 

[56] M. Gullstrom, B. Lunden, M. Bodin, J. Kangwe, M. C. Ohman, M. S. P. Mtolera, 
and M. Bjork, "Assessment of changes in the seagrass-dominated submerged 
vegetation of tropical Chwaka Bay (Zanzibar),  using satellite remote sensing.," 
Estuar. Coast. Shelf Sci. 67(3), 399-408 (2006)   [doi: 10.1016/j.ecss.2005.11.020]. 

[57] E. C. Franklin, J. S. Ault, S. G. Smith, J. Luo, G. A. Meester, G. A. Diaz, M. 
Chiappone, D. W. Swanson, S. L. Miller, and J.A . Bohnsack, "Benthic habitat 
mapping in the Tortugas Region, Florida," Mar. Geodes. 26, 19-34 (2003)   [doi: 
10.1080/01490410306706]. 

[58] A. Naseer and B. G. Hatcher, "Inventory of the Maldives' coral reefs using 
morphometrics generated from Landsat ETM+ imagery," Coral Reefs 23(1),   161-
168 (2004)   [doi: 10.1007/s00338-003-0366-6]. 

[59] T. Sagawa, A. Mikami, T. Komatsu, N. Kosaka, A. Kosako, S. Miyazaki, and M. 
Takahashi, "Mapping seagrass beds using IKONOS satellite image and side scan 
sonar measurements: a Japanese case study," Int. J. Rem. Sens. 29(1),   281-291 
(2008)   [doi: 10.1080/01431160701269028]. 

[60] J. R. Garza-Perez, A. Lehmann, and J. E. Arias-Gonzalez, "Spatial prediction of 
coral reef habitats: integrating ecology with spatial modeling and remote sensing," 
Mar. Ecol. Progr. 269, 141-152 (2004)   [doi: 10.3354/meps269141]. 

[61] S. Andréfouët, M. Zubia, and C. Payri, "Mapping and biomass estimation of the 
invasive brown algae Turbinaria ornata (Turner),  J. Agardh and Sargassum 
mangarevense (Grunow),  Setchell on heterogeneous Tahitian coral reefs using 4-
meter resolution IKONOS satellite data," Coral Reefs 23(1),   26-38 (2004)   [doi: 
10.1007/s00338-003-0367-5]. 

[62] S. J. Bainbridge and R. E. Reichelt, "An assessment of ground truth methods for 
coral reef remote sensing cata,"  Proc.  6th Int. Coral Reef Symp. 2, 439 - 444 
(1988). 

[63] L. Bertels, T. Vanderstraete, S. Van Coillie, E. Knaeps, S. Sterckx, R. Goossens, 
and B. Deronde, "Mapping of coral reefs using hyperspectral CASI data; a case 
study: Fordata, Tanimbar, Indonesia," Int. J. Rem. Sens. 29(8),   2359-2391 (2008)   
[doi: 10.1080/01431160701408469]. 

[64] K. W. Holmes, K. P. Van Niel, G. A. Kendrick, and B. Radford, "Probabilistic 
large-area mapping of seagrass species distributions," Aquatic Conserv. Mar. 
Freshwater Ecosyst. 17(4),   385-407 (2007)   [doi: 10.1002/aqc.772]. 

[65] J. Maeder, S. Narumalani, D. C. Rundquist, R. L. Perk, J. Schalles, K. Hutchins, 
and J. Keck, "Classifying and mapping general coral-reef structure using Ikonos 
data," Photogram. Eng. Rem. Sens. 68(12),   1297-1305 (2002). 

[66] S. J. Purkis and B. Riegl, "Spatial and temporal dynamics of Arabian Gulf coral 
assemblages quantified from remote-sensing and in situ monitoring data," Mar. 
Ecol. Prog. Ser. 287, 99-113 (2005)   [doi: 10.3354/meps287099]. 

[67] B. M. Riegl, R. P. Moyer, L. Morris, R. Virnstein, and R. E. Dodge, 
"Determination of the distribution of shallow-water seagrass and drift algae 
communities with acoustic seafloor discrimination," Rev. Biol. Trop. 53, 165-174 
(2005)   [doi: 10.1016/j.rse.2004.11.016]. 

[68] S. J. Purkis, N. A. J. Graham, and B. M. Riegl, "Predictability of reef fish diversity 
and abundance using remote sensing data in Diego Garcia (Chagos Archipelago)," 
Coral Reefs 27(1),  167-178 (2008)   [doi: 10.1007/s00338-007-0306-y]. 

[69] P. Houk and R. van Woesik, "Dynamics of shallow-water assemblages in the 
Saipan Lagoon," Mar. Ecol. Progr. 356, 39-50 (2008)   [doi: 10.3354/meps07252]. 

[70] S. Phinn, C. Roelfsema, A. Dekker, V. Brando, and J. Anstee, "Mapping seagrass 
species, cover and biomass in shallow waters: an assessment of satellite multi-
spectral and airborne hyper-spectral imaging systems in Moreton Bay (Australia)," 
Rem. Sens. Environ. 112, 3413-3425 (2008)   [doi: 10.1016/j.rse.2007.09.017]. 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 24

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



[71] C. M. Roelfsema, S. R. Phinn, N. Udy, and P. Maxwell, "An integrated field and 
remote sensing approach for mapping seagrass cover, Moreton Bay, Australia,"  J. 
Spat. Sci. 54, 45-62 (2009). 

[72] D. Schweizer, R. A. Armstrong, and J. Posada, "Remote sensing characterization 
of benthic habitats and submerged vegetation biomass in Los Roques Archipelago 
National Park, Venezuela," Int. J. Rem. Sens. 26(12),  2657-2667 (2005)   [doi: 
10.1080/01431160500104111]. 

[73] W. M. Klonowski, P. R. Fearns, and M. J. Lynch, "Retrieving key benthic cover 
types and bathymetry from hyperspectral imagery," J. Appl. Remote Sens. 1 
(2007). 

[74] D. A. Palandro, S. Andréfouët, C. Hu, P. Hallock, F. E. Muller-Karger, P. Dustan, 
M. K. Callahan, C. Kranenburg, and C. R. Beaver, "Quantification of two decades 
of shallow-water coral reef habitat decline in the Florida Keys National Marine 
Sanctuary using Landsat data (1984-2002)," Rem. Sens. Environ. 112(8),   3388-
3399 (2008)   [doi: 10.1016/j.rse.2008.02.015]. 

[75] M. C. Prada, R. S. Appeldoorn, and J. A. Rivera, "Improving coral reef habitat 
mapping of the Puerto Rico insular shelf using side scan sonar," Mar. Geodes. 
31(1),   49-73 (2008)   [doi: 10.1080/01490410701812170]. 

[76] E. M. Louchard, R. P. Reid, F. C. Stephens, C. O. Davis, R. A. Leathers, and T. V. 
Downes, "Optical remote sensing of benthic habitats and bathymetry in coastal 
environments at Lee Stocking Island, Bahamas: a comparative spectral 
classification approach," Limnol. Oceanogr. 48(1),   511 - 521 (2003). 

[77] L. Cassata and L. B. Collins, "Coral reef communities, habitats, and substrates in 
and near sanctuary zones of Ningaloo Marine Park," J. Coast. Res. 24(1),   139-
151 (2008)   [doi: 10.2112/05-0623.1]. 

[78] A. Matarrese, G. Mastrototaro, G. D'onghia, P. Maiorano, and A. Tursi, "Mapping 
of the benthic commnunities in the Taranto Seas using side scan sonar and an 
underwater video camera," Chem. Ecol. 20(5), 377–386 (2004) [doi: 
10.1080/02757540410001727981]. 

[79] T. I. Kvernevik, M. Z. M. Akhir, and J. Studholme, "A low-cost procedure for 
automatic seafloor mapping, with particular reference to coral reef conservation in 
developing nations," Hydrobiol. 474(1-3), 67-79 (2002) [doi: 
10.1023/A:1016508923403]. 

[80] G. Pergent, A. Djellouli, A. Hamza, K. Ettayeb, and A. El Mansouri, 
"Characterization of the benthic vegetation in the Farwà Lagoon (Libya)," J. 
Coast. Conserv. 8(2), 119-126 (2002) [doi: 10.1652/1400-
0350(2002)008[0119:COTBVI]2.0.CO;2]. 

[81] F. Dahdouh-Guebas, E. Coppejans, and D. Van Speybroeck, "Remote sensing and 
zonation of seagrasses and algae along the Kenyan coast," Hydrobiolog. 400, 63-
73 (1999)   [doi: 10.1023/A:1003755012331]. 

[82] T. Kutser, I. Miller, and D. L. B. Jupp, "Mapping coral reef benthic substrates 
using hyperspectral space-borne images and spectral libraries," Estuar. Coast. 
Shelf Sci. 70(3),   449-460 (2006)   [doi: 10.1016/j.ecss.2006.06.026]. 

[83] T. Vanderstraete, R. Goossens, and T. K. Ghabour, "The use of multitemporal 
Landsat images for the change detection of the coastal zone near Hurghada, 
Egypt," Int. J. Rem. Sens. 27, 3645-3655 (2006) [doi: 
10.1080/01431160500500342]. 

[84] A. Jordan, M. Lawler, V. Halley, and N. Barrett, "Seabed habitat mapping in the 
Kent Group of islands and its role in marine protected area planning," Aquatic 
Conserv. Mar. Freshwater Ecosyst. 15(1),  51-70 (2005)   [doi: 10.1002/aqc.657]. 

[85] G. A. Kendrick, M. J. Aylward, B. J. Hegge, M. L. Cambridge, K. Hillman, A. 
Wyllie, and D. A. Lord, "Changes in seagrass coverage in Cockburn Sound, 
Western Australia between 1967 and 1999," Aquat. Bot. 73(1),   75-87 (2002)   
[doi: 10.1016/S0304-3770(02)00005-0]. 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 25

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



[86] K. A. Moore, D. J. Wilcox, and R. J. Orth, "Analysis of the abundance of 
submersed aquatic vegetation communities in the Chesapeake Bay," Estuaries 
23(1),   115-127 (2000)   [doi: 10.2307/1353229]. 

[87] S. Andréfouët and H. M. Guzman, "Coral reef distribution, status and 
geomorphology-biodiversity relationship in Kuna Yala (San Blas),  archipelago, 
Caribbean Panama," Coral Reefs 24(1),   31-42 (2005)   [doi: 10.1007/s00338-004-
0444-4]. 

[88] S. G. Ackleson and V. Klemas, "Remote-sensing of submerged aquatic vegetation 
in lower Chesapeake Bay - a comparison of Landsat Mss to Tm imagery," Rem. 
Sens. Environ. 22(2),   235-248 (1987)   [doi: 10.1016/0034-4257(87)90060-5]. 

[89] D. Alexander, "Remote sensing and the coast: development of advanced 
techniques to map nuisance macro-algae in estuaries," New Zealand Geograph. 
64(2),   157-161 (2008)   [doi: 10.1111/j.1745-7939.2008.00140.x]. 

[90] A. R. Benton and J. R. M. Newman, "Color aerial photography for aquatic plant 
monitoring," J. Aquat. Plant Manag. 14, 14-16 (1976). 

[91] D. L. B. Jupp, K. K. Mayo, D. A. Kuchler, D. van R Claasen, R. A. Kenchington, 
and P. R. Cuerin, "Remote sensing for planning and managing the Great Barrier 
Reef of Australia," Photogrammetria 40, 21-42 (1985)   [doi: 10.1016/0031-
8663(85)90043-2]. 

[92] R. G. Lathrop, P. Montesano, and S. Haag, "A multi-scale segmentation approach 
to mapping seagrass habitats using airborne digital camera imagery," Photogram. 
Eng. Rem. Sens. 72(6),   665-675 (2006). 

[93] P. Lennon and P. Luck, "Seagrass mapping using Landsat tm data," Proc. Asian 
Conf. Rem. Sens. (1989) 
http://www.gisdevelopment.net/aars/acrs/1989/A1/agri002pf.htm. 

[94] T. J. T. Murdoch, A. F. Glasspool, M. Outerbridge, J. Ward, S. Manuel, J. Gray, A. 
Nash, K. A. Coates, J. Pitt, J. W. Fourqurean, P. A. Barnes, M. Vierros, K. Holzer, 
and S. R. Smith, "Large-scale decline in offshore seagrass meadows in Bermuda," 
Mar. Ecol. Progr. 339, 123-130 (2007)   [doi: 10.3354/meps339123]. 

[95] R. J. Orth, M. L. Luckenbach, S. R. Marion, K. A. Moore, and D. J. Wilcox, 
"Seagrass recovery in the Delmarva Coastal Bays, USA," Aquat. Bot. 84(1),   26-
36 (2006)   [doi: 10.1016/j.aquabot.2005.07.007]. 

[96] V. Pasqualini, P. Clabaut, G. Pergent, L. Benyoussef, and C. Pergent-Martini, 
"Contribution of side scan sonar to the management of Mediterranean littoral 
ecosystems," Int. J. Rem. Sens. 21(2), 367-378 (2000)   [doi: 
10.1080/014311600210885]. 

[97] N. M. Trodd, "Uncertainty in land cover mapping for modelling land cover 
change," Proc. RSS95 Rem.  Sens. in Action, 1138- 1145 (1995). 

[98] G. M. Foody, "Status of land cover classification accuracy assessment," Rem. Sens. 
Environ. 80, 185 - 201 (2002)   [doi: 10.1016/S0034-4257(01)00295-4]. 

[99] S. Andréfouët, "Coral reef habitat mapping using remote sensing: a user vs 
producer perspective. Implications for research, management and capacity 
building," J. Spatial Sci. 53(1),   113-129 (2008). 

[100] R. G. Congalton and K. Green, Assessing the Accuracy of Remotely Sensed Data: 
Principles and Practices, Lewis Publishers, Boca Raton, FL(1999). 

[101] S. V. Stehman, "Comparing thematic maps based on map value," Int. J. Rem. Sens. 
20(12),   2347-2366 (1999)   [doi: 10.1080/014311699212065]. 

[102] M. D. Spalding, C. Ravilious, E. P. Green,  United Nations Environment, and C. 
World Conservation Monitoring, World Atlas of Coral Reefs, Univ. California 
Press, Berkeley, CA(2001). 

[103] L. Zann, J. Brodie, and V. Vuki, "History and dynamics of the crown-of-thorns 
starfish Acanthaster planci (L.),  in the Suva area, Fiji," Coral Reefs 9(3),   135-
144 (1990)   [doi: 10.1007/BF00258225]. 

[104] K. E. Kohler and S. M. Gill, "Coral point count with excel extensions (CPCe), : a 
visual basic program for the determination of coral and substrate coverage using 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 26

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



random point count methodology," Comput. Geosci. 32(9),   1259-1269 (2006)   
[doi: 10.1016/j.cageo.2005.11.009]. 

[105] S. English, C. R. Wilkinson, and V. Baker, Survey Manual for Tropical Marine 
Resources, Australian Institute of Marine Science, Townsville, Australia (1997). 

[106] P. J. Mumby and A. R. Harborne, "Development of a systematic classification 
scheme of marine habitats to facilitate regional management and mapping of 
Caribbean coral reefs," Biol. Conserv. 88(2),   155-163 (1999)   [doi: 
10.1016/S0006-3207(98)00108-6]. 

[107] S. E. Bryan, A. Cook, J. P. Evans, P. W. Colls, M. G. Wells, M. G. Lawrence, J. S. 
Jell, A. Greig, and R. Leslie, "Pumice rafting and faunal dispersion during 2001-
2002 in the Southwest Pacific: record of a dacitic submarine explosive eruption 
from Tonga," Earth Planet. Sci. Lett. 227(1-2), 135-154 (2004) [doi: 
10.1016/j.epsl.2004.08.009]. 

[108] QuickBird Imagery Products: Product Guide, I. DigitalGlobe, 78, DigitalGlobe, 
Inc.,  Longmont, CO  (2008). 

[109] D. A. Siegel, M. H. Wang, S. Maritorena, and W. Robinson, "Atmospheric 
correction of satellite ocean color imagery: the black pixel assumption," Appl. Opt. 
39(21),   3582-3591 (2000)   [doi: 10.1364/AO.39.003582]. 

[110] D. R. Lyzenga, "Passive remote sensing techniques for mapping water depth and 
bottom features," Appl. Opt. 17(3), 379-383 (1978)  [doi: 10.1364/AO.17.000379]. 

[111] S. V. Stehman and R. L. Czaplewski, "Design and analysis for thematic map 
accuracy assessment: fundamental principles," Rem. Sens. Environ. 64, 331-344 
(1998)   [doi: 10.1016/S0034-4257(98)00010-8]. 

[112] J. R. Jensen, Introductory Digital Image Processing: A Remote Sensing 
Perspective. 3rd edition, Prentice Hall, Upper Saddle River, NJ (2005). 

[113] R. G. Congalton, "Accuracy assessment and validation of remotely sensed and 
other spatial information," Int. J. Wildland Fire 10(3-4),   321-328 (2001)   [doi: 
10.1071/WF01031]. 

[114] Z. K. Ma and R. L. Redmond, "Tau-coefficients for accuracy assessment of 
classification of remote-sensing data," Photogram. Eng. Rem. Sens. 61(4),   435-
439 (1995). 

[115] E. Brown, E. Cox, P. Jokiel, K. Rodgers, W. Smith, B. Tissot, S.T. Coles, and J. 
Hultquist, "Development of benthic sampling methods for the coral reef 
assessment and monitoring program (CRAMP),  in Hawaii.," Spat. Sci. 58(2),   
145-158 (2004). 

[116] D. Lirman, N. R. Gracias, B. E. Gintert, A. C. R. Gleason, R. P. Reid, S. 
Negahdaripour, and P. Kramer, "Development and application of a video-mosaic 
survey technology to document the status of coral reef communities," Environ. 
Monit. Assess. 125(1-3),   59-73 (2007)   [doi: 10.1007/s10661-006-9239-0]. 

[117] J. H. Carleton and T. J. Done, "Quantitative video sampling of coral-reef benthos - 
large-scale application," Coral Reefs 14(1), 35-46 (1995) [doi: 
10.1007/BF00304070]. 

[118] E. J. Gustafson, "Quantifying landscape spatial pattern: what is the state of the 
art?" Ecosyst. 1(2),   143-156 (1998)   [doi: 10.1007/s100219900011]. 

[119] K. McGarigal, S. A. Cushman, M. C. Neel, and E. Ene. FRAGSTATS: Spatial 
Pattern Analysis Program for Categorical Maps Computer Software, (2002) 
http://www.umass.edu/landeco/research/fragstats/fragstats.html 

[120] M. S. Kendall and T. Miller, "The influence of thematic and spatial resolution on 
maps of a coral reef ecosystem," Mar. Geodes. 31(2),  75-102 (2008)   [doi: 
10.1080/01490410802053617]. 

[121] E. J. Hochberg and M. J. Atkinson, "Spectral discrimination of coral reef benthic 
communities," Coral Reefs 19, 164 - 171 (2000)   [doi: 10.1007/s003380000087]. 

[122] M. Waycott, K. McMahon, J. Mellors, A. Calladine, and A. D. Kleine, A Guide to 
Tropical Seagrasses of the Indo-West Pacific, James Cook Univ., Townsville, 
Australia(2004). 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 27

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



[123] P. J. Mumby, E. P. Green, A. J. Edwards, and C. D. Clark, "The cost-effectiveness 
of remote sensing for tropical coastal resources assessment and management," J. 
Environ. Manag. 55(3),   157-166 (1999)   [doi: 10.1006/jema.1998.0255]. 

[124] P. Capolsini, S. Andrefouet, C. Rion, and C. Payri, "A comparison of Landsat 
ETM+, SPOT HRV, Ikonos, ASTER, and airborne MASTER data for coral reef 
habitat mapping in south pacific islands," Can. J. Rem. Sens. 29(2),   187-200 
(2003). 

[125] P. J. Mumby, E. P. Green, A. J. Edwards, and C. D. Clark, "Coral reef habitat-
mapping: How much detail can remote sensing provide?" Marine Biol. 130(2),   
193-202 (1997) [doi:10.1007/s002270050238]. 

[126] E.P. Green, C. D. Clark, P. J. Mumby, A. J. Edwards, and A. C. Ellis, "Remote 
sensing techniques for mangrove mapping," Int. J. Rem. Sens. 19(5),   935-956 
(1998) [doi:10.1080/014311698215801]. 

[127] L. Plourde and R. G. Congalton, "Sampling method and sample placement: How 
do they affect the accuracy of remotely sensed maps?" Photogram. Eng. Rem. 
Sens. 69(3),   289-297 (2003). 

[128] S.V. Stehman, "Basic probability sampling designs for thematic map accuracy 
assessment," Int. J. Rem. Sens. 20(12),   2423 - 2441 (1999)   [doi: 
doi:10.1080/014311699212100]. 

[129] K.T. Weber, J. Theau, and K. Serr, "Effect of coregistration error on patchy target 
detection using high-resolution imagery," Rem. Sens. Environ. 112(3),   845-850 
(2008)   [doi: 10.1016/j.rse.2007.06.016]. 

[130] J. R. Rodriguez-Perez, M. F. Alvarez, and E. Sanz-Ablanedo, "Assessment of low-
cost GPS receiver accuracy and precision in forest environments," J. Survey. Eng. 
133(4),   159-167 (2007)   [doi: 10.1061/(asce), 0733-9453(2007)133:4(159)]. 

[131] P. J. Mumby, J. D. Hedley, J. R. M. Chisholm, C. D. Clark, H. Ripley, and J. 
Jaubert, "The cover of living and dead corals from airborne remote sensing," Coral 
Reefs 23(2),   171-183 (2004) [doi:10.1007/s00338-004-0382-1]. 

[132] S. Sgorbini, A. Peirano, S. Cocito, and M. Morgigni, "An underwater tracking 
system for mapping marine communities: an application to Posidonia oceanica," 
Oceanolog. Acta 25, 135-138 (2002)   [doi: 10.1016/S0399-1784(02)01188-X]. 

[133] A. C. R. Gleason, R. P. Reid, and K. J. Voss, "Automated classification of 
underwater multispectral imagery for coral reef monitoring," Oceans, 1-8 (2008). 

[134] K. E. Joyce, S. R. Phinn, and C. M. Roelfsema, "The costs and benefits of image 
acquisition and pre-processing for coral reef remote sensing," Backscatter – J. 
Alliance Mar. Rem. Sens., 23-26 (2005). 

[135] J. Hill and C. Wilkinson, Methods for Ecological Monitoring of Coral Reefs 
Version 1: A Resource for Managers, Australian Institute of Marine Science and 
Reef Check., Townsville, Australia (2004). 

[136] W. Leujak and R. F. G. Ormond, "Comparative accuracy and efficiency of six 
coral community survey methods," J. Exp. Mar. Biol. Ecol. 351(1-2),   168-187 
(2007)   [doi: 10.1016/j.jembe.2007.06.028]. 

[137] E. P. Green, C. D. Clark, and A. J. Edwards, "Geometric Correction of Satellite 
and Airborne Imagery," in Remote Sensing Handbook for Tropical Coastal 
Management, A. J. Edwards, Ed., UNESCO, Paris (2000). 

[138] E. Clua, P. Legendre, L. Vigliola, F. Magron, M. Kulbicki, S. Sarramegna, P. 
Labrosse, and R. Galzin, "Medium scale approach (MSA),  for improved 
assessment of coral reef fish habitat," J. Exp. Mar. Biol. Ecol. 333(2),   219-230 
(2006) [doi:10.1016/j.jembe.2005.12.010]. 

[139] M. C. Prada, R. S. Appeldoorn, and J. A. Rivera, "The effects of minimum map 
unit in coral reefs maps generated from high resolution side scan sonar mosaics," 
Coral Reefs 27(2),   297-310 (2008)   [doi: 10.1007/s00338-007-0328-5]. 

 
 
 

Journal of Applied Remote Sensing, Vol. 4, 043527 (2010)                                                                                                                                    Page 28

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 10/13/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


