
32-sL-1

,<:JII J Cit.(

UNJyERSITY OF HAWAII LJB~'i

ACCURACY ASSESSMENT OF THEMATIC MAPS OF HAWAI'I CORAL REEF

HABITATS BASED ON IMAGE INTREPETATION FROM THREE DIFFERENT

TYPES OF REMOTELY SENSED DATA

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF THE
UNIVERSITY OF HAWAI'I IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

MASTERS OF ARTS

IN

GEOGRAPHY

AUGUST 2005

By

William Randolph Smith

Thesis Committee:
Everett Winger4 Chairperson

Mathew McGranaghan
Paul Louis Jokie!



ACKNOWLEDGEMENTS

I would like to thank all those individuals and organizations that made this work

possible. The major source of funding was from a cooperative agreement between the

NOAA Center for Coastal Monitoring and Assessment and the Hawaii Institute of Marine

Biology (NOAA award # NA170A1489). Other resources included various grants to the

Hawaii Coral Reef Assessment and Monitoring Program (CRAMP) at the Hawaii

Institute ofMarine Biology. The United States Geological Survey supported work on

Molokai through an ongoing collaborative study with CRAMP. Analytical Laboratories

ofHawaii, a Limited Liability Corporation, provided fieldwork support for accuracy

assessment analyses, final production maps, and figures used in this text.

Thanks goes out to my major professor, Dr. Everett Wingert, for his assistance in

my new endeavor in cartography. Committee member Dr. Matt McGranaghan helped

with many remote sensing issues. The major source of moral support and inspiration was

from my mentor and outside committee member, Dr. Paul Jokiel. His ability to see in me

what I could not see in myselfkept me moving towards my goals. His guidance and

friendship has proven even more valuable in my personal life than my professional life.

Ku'ulei Rodgers and Eric Brown have assisted with all aspects ofmy research, and their

help over the years has made this thesis possible. My wife, Michelle, has helped with

technical and moral support. Her encouragement has kept me moving in the right

direction. My young sons Nathan Tyler and Ari Daniel have been an inspiration,

sometimes if only with their innocent smile.

111



ABSTRACT

This study quantifies and compares the accuracy of thematic habitat maps created from

three types of remotely sensed data for Hawaiian near-shore coral reef environments.

Remotely sensed data of similar spatial and temporal resolution were collected at four

test areas chosen to represent a cross section of the coral reef habitat types present in the

main Hawaiian Islands. Imagery derived from aerial photography, airborne AURORA

hyperspectral data, and satellite IKONOS multispectral data was used to make maps by

manual photointerpretation via "head's up" computer digitizing. Thematic map classes

were based on a NOAA peer-reviewed hierarchical coral reef habitat classification

scheme with four first-level major classes (unconsolidated sediments, submerged aquatic

vegetation, coral reef and hard bottom, other delineations) and 28 detailed classes. For

accuracy assessment, ground truth data were collected at 1225 stations selected by a

stratified random sampling design. Each of the four test areas was sampled and tested

independently, and the data were combined for a region-wide analysis. Accuracy

assessment tests included error matrix analyses (overall, user's and producer's accuracy),

the kappa statistic, the tau coefficient, and tests for significance differences between tau

coefficients for maps generated from the three different types of imagery. The statistical

accuracy assessment tests were preformed at the first level of the classification scheme.

There were no significant differences between tau coefficients for maps generated from

any of the three types of remotely sensed imagery at two of the four test areas «Z(10.05 =

1.96). At the third test area, maps created from color aerial photography were

significantly more accurate than those created from either IKONOS (Z(10.01 = 2.622) or

hyperspectral imagery (Z(10.01 = 2.374). At the forth test site, maps from color aerial
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photography were significantly more accurate than those based on IKONOS imagery

(ZuO.Ol = 2.013) but were not different from maps based on hyperspectral imagery «Zuo.os

= 1.96). When combining data for all four test areas, maps generated from color aerial

photography were statistically more accurate than those made from IKONOS imagery

(ZuO.Ol = 3.071), but did not differ from hyperspectral maps «Zuo.os = 1.96). There was no

significant difference between the accuracy of the IKONOS and hyperspectral maps

«Zuo.os = 1.96) for all study sites combined. Although the maps made from color aerial

photography were significantly more accurate than IKONOS maps, the percentage

agreements were very close (less than 2%) and well within the overall goals ofthe

Pacific-wide mapping efforts. Based on these findings, it was recommended that when

using similar methods, any of the three types of remotely sensed imagery could be used

interchangeably for future benthic habitat mapping in Hawaii with comparable map

accuracIes.
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CHAPTER I: INTRODUCTION

Mapping Hawaiian Coral Reefs

In the Hawaiian Archipelago, reef-building corals exist from as far north as Kure

atoll at 29° north latitude (Darwin's point) to 19° north latitude (South Point on the island

ofHawaii). This wide geographic range dictates the need for a combination ofremote

sensing and field surveys to map coral reef habitat in the Archipelago. It is estimated that

scientists have visited only about 10% ofthe reefs in the Pacific region, and the majority

of these sites were not subject to any detailed surveying, assessment, mapping or

extensive examination (Ginsberg & Glynn, 1994). This lack of current information on

reefs in the Pacific can be addressed by benthic habitat maps created from remotely

sensed data (Mumby et al., 1997, NOAA, 1999).

Benthic habitat maps have proven to be an integral tool in establishing resource

management policy over large geographic areas (Holthus & Maragos, 1995; Mumbyet

al., 1997; NOAA, 2003). Accurate habitat maps are instrumental for resource managers

to make informed decisions about the protection and use of these areas (Mumby et al.,

1999; NOAA, 1996; NOAA, 1999). For these maps to be of utmost utility, however,

their thematic accuracy needs to be soundly determined. This thematic map accuracy

should also meet minimum specified requirements (Aronoff, 1982; Chauvaud et al.,

1998). Although cartographers can use remotely sensed data to make maps ofboth

known and unknown thematic accuracy, resource managers need maps of known

accuracy to facilitate confident management decisions.
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Recent events, like the creation of the Northwest Hawaiian Islands Marine Reserve in

December 2000, raised an urgent need for comprehensive benthic habitat maps for the

entire Hawaiian Archipelago. The United States Coral Reef Task Force (CRTF) placed a

high priority on mapping ofPacific reefs that is reflected in several million "new" dollars

directed at this effort (NOAA, 1999; Griffis & Koltes, 1999; NOAA, 2003). The results

of similar mapping efforts in Florida and the Caribbean have produced the Benthic

Habitats of the Florida Keys CD-ROM and Atlas (Kendall et at, 2001; Sheppard et at.,

1998), representing over seven years of cooperative efforts and seven million dollars

funding (FRMI, 1998). Many ofthe lessons learned in the Florida and Caribbean

mapping projects can be applied to future mapping in Hawaii and the Pacific, greatly

reducing the expenses associated with this daunting task (NOAA, 1999).

The United States Coral Reef Task Force presented a detailed Mapping

Implementation Plan (MIP) at their October 1999 Worldwide meeting asking that local

and regional geographic priorities be defined to support the mapping ofU.S. coral reefs

(NOAA, 1999). The Hawaiian Archipelago was designated as one of these priority areas.

NOAA requested that research in support of this mapping effort be conducted by local

universities and private contractors in the State ofHawaii. This thesis is a result ofthat

request. In October 2001, NOAA funded a cooperative agreement between the Hawaii

Coral Reef Assessment and Monitoring Program (CRAMP) and NOAA's Center for

Coastal Monitoring and Assessment (CCMA) for research facilitating the mapping of

Hawaiian coral reef habitat. Another partner involved in this mapping effort was

Analytical Laboratories Hawaii, Inc (ALH), one ofNOAA's private contractors.
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ALH did the primary map production and worked closely with NOAA and CRAMP on

the fieldwork and accuracy assessment analysis.

ALH, CRAMP and NOAA worked together to produce coral reef habitat maps for

approximately 60% of the main Hawaiian Islands. These maps were created by photo

interpretation techniques from imagery produced by three different types of remotely

sensed data. The accuracy of these thematic maps were tested at four independent test

areas and subsequently combined for an overall State-wide accuracy assessment for each

of the three types of remotely sensed imagery. This thesis presents the results of these

accuracy assessment analyses, along with a general assessment and critique of the overall

mapping process. Recommendations for which types of remotely sensed data to be used

for future mapping projects were made based on these map accuracy analyses and

assessments.

Benthic Habitat Classification Scheme

Before thematic habitat map production can begin, cartographers must have a habitat

classification scheme. The classes of the scheme will be used to attribute the various

polygons in the final map product. Previous experience has shown that the classification

scheme should be hierarchal, so levels of detail in each class can be expanded or

collapsed based on the cartographer's abilities to distinguish habitats and the map user's

needs (Congalton, 1991; Congalton, 1999). The classification scheme should also be

mutually exclusive and totally exhaustive so that all habitat types encountered can be

distinguished from each other, delineated and classified (Congalton, 1991; Mumby &

Harbome, 1999). A NOAA peer-reviewed hierarchal benthic habitat classification

scheme for Hawaii was created for this project which meets these needs. It has four first-
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level major classes (unconsolidated sediments, submerged aquatic vegetation, coral reef

and hardbottom, other delineations) and 28 detailed classes (Appendix 1). It was

originally based on the benthic habitat classification scheme used for other NOAA

mapping projects in Florida and the U.S. Virgin Islands (FMRI, 1998; Kendall et a/.,

2001) and has been modified to reflect habitats in Hawaii and the greater Pacific. These

peer-reviewed modifications occurred over a two-year period in conjunction with marine

cartographers, Hawaii marine biologists, state and federal coastal resource managers, and

local Geographic Information Systems (GIS) specialists. This classification scheme was

used for all map production and accuracy assessment associated with this research.

Remotely Sensed Imagery

NOAA's National Ocean Service (NOS) and National Geodetic Survey (NGS) have

acquired a combination of aerial color photography, IKONOS multispectral satellite

imagery, and airborne hyperspectral data for the near shore waters of about sixty percent

of the shoreline of the eight main Hawaiian Islands (Coyne et a/., 2003). These images

were used by ALH to create draft benthic habitat maps of the region's marine resources,

including coral reefs and other important habitats for fisheries, tourism and other aspects

of the coastal economy. The draft version of these maps was released by NOAA as an

interim product in June 2003 (Coyne et a/., 2003). Before this mapping product was

released, however, the thematic accuracy of the maps was assessed and the error

described and quantified. Because different types of imagery were used to map different

areas around the state, it was necessary to determine whether maps made from these

different types of imagery were statistically comparable to each other (Congalton, 1991;

Congalton & Green, 1999).
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These accuracy assessments are the primary focus of this research. They were

conducted at four test areas as part of a pilot mapping project conducted by NOAA and

CRAMP. The assessments were completed prior to a two-year State-wide mapping effort

scheduled to begin in the spring of2005. The results of the analyses - the thematic

accuracy and comparability of the interim habitat maps made from different types of

imagery - will be used by NOAA to help decide which types of imagery to acquire for

the 2005-2006 mapping efforts. The results will also be used to predict approximate

thematic map accuracy that can be expected from the next round ofmapping.

Approach

Test Areas

Four geographically separate independent test areas were selected to evaluate and

compare thematic habitat maps created from the three different types of remotely sensed

imagery. Their locations were distributed statewide (Figure 1). They were specifically

chosen to be representative of the various habitat types that would be encountered

throughout the remainder of the state. They ranged from the west coast of the island of

Hawaii to the east coast of Oahu. The boundaries of the test areas extended from at least

50 meters shoreward of the mean high tide line to a depth of at least 30 meters off shore.
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Figure 1: Overall study site showing the geographic extent of the four test areas (shaded).

Accuracy Assessment Field Data

Ground truth data were collected at field stations within these test areas using a

stratified random sampling design. The geographic location of the field samples were

randomly generated within the mapped polygons of each habitat type (strata). At each

sampling station GPS data were collected and the major and detailed benthic habitat

classes were recorded. These map classes were based on the NOAA peer-reviewed

hierarchical Hawaii coral reef habitat classification scheme (Appendix 1).

Map Accuracy Assessment Analyses

These ground truth field data were used for accuracy assessments based on a

combination ofconventional image interpretation methods formerly used in aerial
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photographic interpretation and more recently applied to automated classifications

(Congalton, 1991; Hudson & Ramm, 1987; Ma & Redmond, 1995). The analyses were

derived from several error matrices. Creation of these error matrices was facilitated by

the use of Geographic Information Systems (GIS) software (Congalton & Green, 1999;

Redmond & Ma, 1995; Richards & Jia, 1999). The analyses included producer's and

user's map accuracy, overall map accuracy, the Kappa statistic, and the Tau coefficient.

The producer's accuracy is a measurement of how well a photointerpreter can classify

a given habitat type. The user's accuracy is a measurement ofhow often map polygons

of a certain habitat type are classified correctly. They are both calculated from error

matrices, and are presented as the percentage of sampling stations correctly classified in

the map. A sampling station was considered correctly classified if the habitat type

identified in the field matched the habitat type mapped by the photointerpreter.

Overall accuracy is determined by dividing the total correctly classified field samples

in the error matrix by the total number of field samples. This overall accuracy percentage

is based on the diagonal of the error matrix. It does not take into account errors of

commission and omission not in the diagonal. The Kappa statistic and Tau coefficient,

however, do incorporate the off-diagonal values of the error matrix (Cohen, 1960; Ma &

Redmond, 1995). These statistics give a single proportion of accuracy agreement above

that of a random assignment of classes.
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Research Objectives

The overall research objectives were to describe, quantify, and compare the accuracy

ofbenthic habitat maps made from three different types of remotely sensed data. Two

research questions are addressed for each individual test area, and again for all test areas

combined. The first question includes a quantitative assessment based on error matrices.

The second question tests for statistically significant differences between Tau coefficients

for several different maps. The overall results will be used to make recommendations to

NOAA about which of the three types ofremotely sensed imagery should be acquired for

the 2005-2006 Hawaii mapping project.

The research questions are:

1. What are the producer's and user's accuracies, overall map accuracy, Kappa statistic,

and Tau coefficient for maps created from aerial color photography, airborne

hyperspectral imagery and IKONOS satellite imagery:

1.1. at each ofthe four test areas in the pilot mapping project?

1.2. for all test areas combined?

2. Is there a statistically significant difference in Tau coefficients between thematic

maps created from aerial color photography, airborne hyperspectral imagery and

IKONOS satellite imagery:

2.1. at each of the four test areas in the pilot mapping project?

2.2. for all test areas combined?
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CHAPTER II: BACKGROUND

Overview of Benthic Habitat Map Production

The NOAA Hawaii benthic habitat mapping project began in the summer of 2000

with acquisition of suitable remotely sensed data and continued through July 2003 with

the final release ofbenthic habitat maps. The overall mapping process was divided into

four major categories (Figure 2):

A) remote sensing imagery acquisition, processing, georeferencing, and mosaicing,

B) draft map creation based on habitat classification scheme and field training data,

C) accuracy assessment fieldwork sampling design, data collection and analyses, and

D) production and release of final thematic maps of known accuracy standards.

Although the author was involved in the entire mapping project, his thesis

research focused on the accuracy assessment of the overall mapping project. The

research began in the summer of200l with the collection of training data (Figure 2B) and

continued through the final release of the mapping products in 2003 (Figure 2D).

Emphasis, however, was on the accuracy assessment analyses of the various thematic

maps (Figure 2C). To these ends, the author was actively involved in all training, ground

truthing, and accuracy assessment fieldwork, using the same observer for every field

station occupied. Categories A and D (Figure 2) are central to the overall fieldwork and

accuracy assessment and as such are summarized. The final map production was done by

one ofNOAA's private contractors, Analytical Laboratories Hawaii, Inc (ALH). ALH

did the original photointerpretation and provided the second draft maps to the author for

accuracy assessment. The author assisted ALH in all stages of fieldwork. ALH also

revised the final map product based on the findings of the accuracy assessment analyses.
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Remote Sensing Data Collected

Color Aerial AURORA IKONOS
Photography Hyperspectral Imagery Satellite Imagery

I I

A ..... Ground
..... Control Points

,Ir

I Imagery Processed, Georeferenced & Mosaiced

-------------- ----------------
Maps Created,Ir

Imagery Photointerpreted ..... Classification

B (First Draft Maps) ..... Scheme

+
Training & Ground Validation Field Data Collected & Maps Refined

(Second Draft Maps)

-------------- ----------------
Map Accura Icy Assessed,If

Stratified Random Sampling Applied

•
C Accuracy Assessment Field Data

Collected

+
Accuracy Assessment Analyses

Conducted

-------------- ----------------
Final Map Pro~ucts Released

"
D Maps Further Refined Based on Accuracy Assessment

(Final Map Product with Known Accuracy Released)

Figure 2: Flowchart of benthic habitat mapping process, including: A. Collection and
processing of remotely sensed imagery, B. Draft map creation based on habitat
classification scheme and field training data, C. Map accuracy assessment data collection
and analyses, D. Production and release of final map product of known accuracy standards.
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Test Areas

Four geographically distinct test areas were chosen from around the state of

Hawaii (Figure 1). The size of the four test areas ranged from 16 square kilometers on

Maui to 54 square kilometers on Oahu. They ran from the shoreline to a depth of at least

30 meters, and encompassed the various habitat types present on each island. The test

areas were selected as a representative cross section of the habitats that were expected to

occur throughout the remainder of the state. The first test area was located in the district

of South Kohala on the west side of the island ofHawaii. The geographic range extends

from Kawaihae Harbor south to Kiholo Bay. The second test area was located in

Kaneohe Bay on the island of Oahu. Its geographic range extends from Mokolii Island

south to the Sam Pan Channel. The third test area was located along the south shore of

the island ofMolokai, extending from 1 kilometer west ofPalaau channel to the east side

ofKamiloloa. The fourth test area was in southwest Maui, extending from approximately

0.5 kilometers west ofMaalaea harbor southward to Mekena beach.

Remotely Sensed Data

Suitable remotely sensed imagery was acquired for roughly 60% of the coastline

of the main Hawaiian Islands. Three types of remotely sensed imagery were collected or

purchased for entire coverage of each of the four test areas. Although acquired for

complete geographic coverage of these four test areas, some portions of the various types

of imagery had cloud cover which could not be removed by adjacent coverage or

repetitive acquisitions. The areas ofcloud cover varied by test site and image type, but

were always less than 10% of the overall test area for any image type. It should also be
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noted that although spatial coverage was comparable between image types for each test

area, there were several large areas where some types of imagery were not suitable for

mapping use due to surface glint, waves, suspended sediments and other reasons. Due to

these reasons, the usable hyperspectral data were limited to a smaller region of the Oahu

test site than the other two types of imagery. The geographic extent ofthe imagery at

each test area always slightly exceeded the area to be mapped (Table 1).

Table 1: Geographic coordinates of the minimum bounding rectangles for remotely
d· lltdt h tttsense Imagery co ec e a eac accuracy assessmen es area.

Kona Coast (Hawaii) Test Area
Latitude 19°51'00" 19° 46' 12" 19° 59' 24" 20° 03' 36"
Longitude 156° 05' 24" 156° 01' 12" 155° 46' 12" 155° 49' 48"

Southwest Maui Test Area
Latitude 20° 48' 36" 20° 37' 48" 20° 48' 36" 20° 38' 24"
Longitude 156° 30' 36" 156° 28' 12" 156° 27' 00" 156° 25' 48"

South Molokai Test Area
Latitude 21 ° 06' 36" 21 ° 03' 36" 21 ° 06' 36" 21 ° 03' 36"
Longitude 157° 09' 00" 157° 09' 00" 156° 59' 24" 156° 59' 24"

Kaneohe Bay (Oahu) Test Area
Latitude 21 ° 33' 00" 21 ° 26' 24" 21 ° 24' 00" 21 ° 30' 00"
Longitude 157° 49' 48" 157° 44' 24" 157° 46' 48" 157° 52' 48"

Color aerial photography and AURORO hyperspectral data were collected

simultaneously by NOAA's Aircraft Operations Center two-port aircraft, with a

conventional photographic camera in one port and a hyperspectral instrument in the

other. IKONOS satellite imagery was purchased for complete coverage of all four test

areas. NOAA and its private contractors did all the photogrammetric processing of the

data and made the resultant imagery available to CRAMP for fieldwork logistics and

accuracy assessment analyses. The final imagery was also provided to Analytical

Laboratories Hawaii for photointerpretation and map production.
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Aerial Photography

Nine by nine inch color photos were taken at 1:24,000 for complete coverage of

all four tests areas. Imagery collection was restricted to hours of the day when specific

sun glint, weather and wave conditions permitted the best imagery for the purpose of

underwater feature recognition. Along each flight line, consecutive photos were taken

with 60% overlap. Where more than one flight line was required, side1ap between

adjacent flight lines was approximately 30%. These methods are consistent with

conventional photogrammetric requirements for processing of aerial photography

(Campbell, 1998).

From the original negatives, color diapositives were created and digitally scanned

in tagged image format (TIF). NOAA's contractor used a photogrammetric quality

scanner at a resolution of 500 dots per inch, resulting in TIP images with pixels that

represent one square meter of coverage on the ground (or in this case underwater). These

digital images were orthorectified and mosaiced using a combination of different

softcopy photogrammetric software that accounted for lens distortion and incorporated

airborne kinematic GPS data. The process resulted in georeferenced digital mosaics of

several adjacent photos with uniform scale throughout. Histogram matching or color

balancing was not attempted between adjacent photos. While this may create mosaics

with noticeable color differences at individual image seams, it does not change the

original photographic information that can aid the photointerpreter in delineation of

habitat types.

Co-registration of adjacent imagery was preformed before mosaicing, using both

image-to-image tie points (features visible in adjacent imagery) and ground control points
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collected in the field at features visible in the digital scans. For each ground control point

occupied, at least ten minutes of carrier phase GPS data were collected. Very few ground

control points were collected over water, so the image-to-image tie point method of co

registration was important for underwater and offshore features. The ground control

points were collected on peninsulas, headlands and small offshore islands whenever

possible to allow for the best spatial solution for the georegistration process. They were

also collected at sidewalk comers, street intersections, center-lines for lanes in streets,

ends of stop lines at intersections, right-angle edges of cement slabs or other manmade

features, and on geodetic control monuments which could be associated with single

pixels in the digital scans. A haphazard subset ofthe ground control points were held out

from the solution process and used to measure the quality of the solution model after

rectification was complete. If the spatial accuracy was unacceptable to NOAA, more

GCP and tie points were included and the model was ran again and checked against the

"held out" GCP's. This process was repeated until a Root Mean Square Error (RMSE) of

less than five pixels (e.g. meters) was reported at the "held out" GCP's. Since there were

very few GCP's collected offshore, the spatial accuracy for offshore areas was expected

to be less than that of the onshore areas.

The digitally scanned aerial photos were mosaiced using the best sections of each

image based on both spatial (positional) accuracy and underwater feature recognition.

Ground control points (GCP's) collected for each island numbered 133 for Oahu, 44 for

Molokai, 45 for Maui, and 23 for the island ofHawaii. A large subset ofthe ground

control points, along with kinematic GPS and image-to-image tie points were applied in

the geometric solution of the photomosaics. Ten-meter digital elevation models from U.S.
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Geological Survey were used to correct for radial and relief displacement. The spatial

accuracy of the mosaiced aerial photography for each island is reported in average root

mean square error (RMSE) as calculated in pixel units (1 2 meter). This RMSE was

calculated at a subset of the ground control points that were held out from the geometric

solution. The average RMSE for each island test area was under two pixels (meters) in

the X, Y (horizontal) and Z (vertical) directions (Table 2). Positional error was not

uniform throughout the imagery, and was greater for areas not over land, as only

kinematic GPS data and image to image tie points were used in the offshore areas of the

geometric solutions. The RMSE increased as distance from shore increased.

Island Pixel Size RMSEX RMSEY RMSEZ
meters meters meters meters

Oahu 1.0 1.437 1.382 1.139
Molokai 1.0 0.887 1.024 0.027
Maui 1.0 1.417 1.223 1.502
Hawaii 1.0 1.169 1.093 0.566

Table 2: Average root mean square error for each set of photomosaics by island.

The final mosaics were saved as geotiffs and projected to the North American

Datum 1983 (NAD83) in Universal Transverse Mercator (UTM) zone 4 north for all

areas except the island of Hawaii, where UTM zone 5 north was used. While some areas

on the island of Hawaii are officially designated as UTM zone 4, for the purpose of this

mapping project all imagery and maps for the island ofHawaii were in done in zone 5.

AURORO Hyperspectral Imagery

The hyperspectral imaging data were collected at the same time as the color aerial

photography, using the AURORA Hyperspectral Imaging System (HIS) from Applied

Power Technologies, Inc (APTI). This instrument was set to collect seventy two narrow
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10 run bands in the visible and near infrared spectral range, with a resulting pixel size of

2.8 by 2.8 meters (based on the flying height). Real time navigation data were collected

and incorporated with the spectral data using an Applanix inertial navigation system.

These raw spectral and navigational data were provided to ALH for georeferencing,

interpretation and mapping.

The data were spectrally processed using Research Systems Inc. ENVI remote

sensing software. A subset of optimum bands from the visible spectrum were selected to

reveal benthic features for habitat mapping. From this subset, several different three

band combinations were converted into Red/Green/Blue (RGB) composite images and

then georeferenced and mosaiced using the real time navigational data. Where possible,

ground control points collected for georeferencing the aerial photography were used to

check the spatial quality of the resultant hyperspectral three-band imagery

The spatial accuracy of the AURORA hyperspectral data was much lower than

either IKONOS or aerial photography. Although the hyperspectral data were collected

simultaneously with the color aerial photography in same fixed wing platform, the real

time positional data collected for the hyperspectral acquisition was not as accurate as that

of the photography. Attempts to post process these data using various techniques by the

vendor reduced this error, but never adequately georeferenced these data to meet NOAA

contract standards of horizontal RMSE at or below 2 meters. This did not prohibit

comparisons of the different thematic maps, as the resultant hyperspectral imagery was

photointerpreted and then an image-to-image tie point solution was applied to the

accuracy assessment field data to co-register them to the hyperspectral thematic maps.

The overall research objective was to compare the three types of imagery in terms of
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photo interpretability and resulting thematic map accuracy, which can be done to

thematic maps which have limited positional accuracy if these maps can be floated to the

correct or close location after image interpretation. The positional error of the

hyperspectral data increased as the distance from shore increased.

IKONOS Satellite Imagery

IKONOS multispectral satellite data were acquired for complete coverage of all

four test areas. These data were purchased from Space Imaging Inc, specifically for use in

this mapping project. The satellite was tasked by NOAA in a special acquisition contract

to collect data that would facilitate underwater feature recognition. The angle of the

satellite had to be tilted from its usual orientation to allow for better sea surface

penetration, and the time of acquisition had to be limited to mid-day hours to minimize

glint from the ocean surface.

The spatial accuracy of the IKONOS data and resultant imagery was provided by

Space Imaging Inc, and was stated to have a RMSE of 1.9 meters as per technical review.

This low RMSE was based on data from the satellite utilizing ground control points to

give added positional accuracy. The IKONOS imagery was orthorectified by Space

Imaging, Inc. and was processed for surface glint and water column corrections by

NOAA before being provided to the photointerpreter. NOAA reported the imagery was

georeferenced to within 10 meters per pixel in the areas furthest from control points,

where RMSE and georeferencing was suspected to be the poorest in the imagery.

The IKONOS multispectral data span four relatively wide spectral bands (65- 95

nm width), with three bands in the visible spectra and a forth in the near infrared

wavelengths. The near infrared band was not used for underwater feature recognition
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because of lack ofpenetration through the water column, but was useful in delineating

shoreline boundaries. The three visible bands were mapped to various combinations of

the RGB guns in a cathode ray screen to generate false color imagery used for habitat

delineation. The true-color band combinations were visually comparable to the other two

types of remotely sensed imagery collected. Pixel size (resolution) was four meters by

four meters. The final imagery was projected in WGS84 UTM zone 4 for all areas other

than the island of Hawaii, which was UTM zone 5 north following the convention used

for the aerial photography and hyperspectral imagery.

Hawaii Benthic Habitat Classification Scheme

A benthic habitat classification scheme was used to differentiate various coral reef

habitats. The thematic digital habitat maps for all test areas were created based on this

classification scheme. The classification scheme was hierarchical so as to be collapsible

or expandable to different levels of detail for each class. These classes were both

mutually exclusive and totally exhaustive. Two import aspects considered during the

creation of this classification scheme were the (pixel) resolution of the imagery from

which the classes would be delineated, and the size of the minimum mapping unit. If a

feature, habitat type or potential map class could not be seen in the imagery used for

interpretation, it was not included in the classification scheme. This can result from a

feature being too small to see or a feature not being distinguishable from its surroundings.

Quite simply, this means if the photointerpreter could not see it, then it was not included

in the classification scheme nor was it mapped.

The Hawaii benthic habitat classification scheme has four classes in the first level

of the hierarchy: Unconsolidated Sediments, Submerged Aquatic Vegetation, Coral Reef
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and Hard Bottom, and Other Delineations (Table 3). There are eleven second-level

classes and 22 third-level classes. Not all of the second-level classes have third-level

classes beneath them in the hierarchy. There are a total of 28 classes at the greatest level

of detail. For a complete description of the habitat classification scheme see appendix A.

A second component of the classification scheme includes zones based on insular

shelf and coral reef geomorphology. Zones refer to benthic community locations, while

habitats refer only to substrate cover and type. While habitats can occur across all reef

zones, the zones are mutually exclusive of each other. Although the zones were

determined during fieldwork, they were not part of the accuracy assessment analyses and

are only mentioned summarily. Detailed information on zones is located in appendix A.

Benthic Habitat Map Preparation

First Draft Benthic Habitat Maps

The mapping contractor (ALH) produced first-draft benthic habitat maps for each

type of imagery at each of the four test areas. Three different maps were made at each of

the four test areas; one from each of the three different types of remotely sensed imagery

(e.g. Figure 3). In total, there were twelve individual maps. These maps were created by

"heads-up" computer screen photointerpretation of the various types of imagery.

Delineation of habitat boundaries were digitized using a mouse and a custom digitizing

extension that operates within Environmental Systems Research Institute, Inc. (ESRI)

ArcView software. NOAA staff developed this editable ArcView "Habitat Digitizer"

extension, which allows for a custom habitat classification scheme to populate the

attribute table of the polygons (classes) delineated. Traditional methods of "grease

pencil" delineation of photointerpreted habitat classes have almost completely been
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Table 3: Summary of the hierarchal benthic habitat classification scheme used for
mapping the Main Hawaiian Islands.

Unconsolidated Sediments
Sand
Mud

Submerged Aquatic Vegetation
Macroalgae (fleshy or turf)

Continuous Macroalgae (90%-100% Cover)
Patchy (Discontinuous) Macroalgae (50%-<90% Cover)
Patchy (Discontinuous) Macroalgae (10%-<50% Cover)

Seagrass
Continuous (90%-100% Cover)
Patchy (Discontinuous) Seagrass (50%-<90% Cover)
Patchy (Discontinuous) Seagrass (10%-<50% Cover)

Coral Reef and Hard Bottom
Coral Reef and Colonized Hard Bottom

Linear Reef
Aggregated Coral
Spur and Groove
Individual Patch Reef
Aggregated Patch Reef
Scattered Rock and Coral in Unconsolidated Sediment
Colonized Pavement
Colonized Volcanic RockIBoulder
Colonized Pavement with Sand/Surge Channels

Uncolonized Hard Bottom
Reef Rubble
Uncolonized Pavement
Uncolonized Volcanic Rock/Boulder
Uncolonized Pavement with Sand Channels

Encrusting/Coralline Algae
Continuous Encrusting/Coralline Algae (90%-100% cover)
Patchy (Discontinuous) Encrusting/Coralline Algae (50%-<90% cover)
Patchy (Discontinuous) Encrusting/Coralline Algae (10%-<50% cover)

Other Delineations
Emergent Vegetation (Mangrove/Hau)
Land
Artificial
Unknown
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Thematic Habitat Maps Based on Three Types of Remotely Sensed
Imagery for a Subset of the North Kona (Hawaii) Test Area

Color Aerial
Photography

AURORA Hyperspectral
Imagery

Legend
o Sand
_Mud
E] Encrusting Coralline Algae (Cont)
~ Encrusting Coralline Algae(50%-90%)
tUG Encrusting Coralline Algae(10%-SO%)
_ Spur and Groove Reef
_ Colonized Volcanic Rock/Boulder
!?/Yl Reef Rubbleo Uncolonized Volcanic Rock/Boulders
1::>1 Land

Hardened Shoreline
&1,c;:jJ Other Man Made Structures
_Unknown

w
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Figure 3: Example of benthic habitat maps made by photointerpretation of three different
types of remotely sensed imagery for part of the North Kona test area on the Island of
Hawaii. The legend is based on habitats present as described in the Hawaii benthic
habitat classification scheme (Appendix A). Used with pennission for ALH, LLC.
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replaced by these computerized "heads up" digitizing methods. The resulting thematic

maps are digital ESRI shape files which can be used in various GIS software packages.

For each set of maps, benthic features were classified using the NOAA hierarchical coral

reef habitat classification scheme (Table 3).

All delineations ofhabitat boundaries were conducted by ALH with the ArcView

image scale set at 1:6,000. This was a contractual requirement from NOAA and ensured

that the level of detail produced by the photointerpreter was uniform between different

types of remotely sensed imagery throughout the project. NOAA has demonstrated from

similar mapping efforts in Florida, the Caribbean, and Gulf of Mexico that little

additional information was gained from interpreting similar imagery at a larger scale

while the labor intensity for doing so was increased significantly (pers. com.).

The minimum mapping unit (MMU), or smallest area delineated in any of the

maps produced, was restricted to one acre. This was also a contractual requirement from

NOAA, based in part on the large geographic range of the overall mapping project. A

smaller MMU would require a substantial increase in photointerpretation man hours, and

therefore would have been both time and cost prohibitive for the Hawaii mapping project.

The custom ArcView digitizing extension allows the photointerpreter to set a pre-defined

MMU area. The extension informs the photointerpreter if a delineated polygon has an

area below this pre-defined MMU, and provides the option of either including or

eliminating that polygon in the final map. The set working scale and pre-defined MMU

standards ensure a uniform mapping product.

No field visits or ground truthing was done before creating the first draft maps.

Their thematic polygons were delineated based on what different habitats or features
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could be seen in the imagery. The photointerpreter delineated polygons based on

boundaries that were visible in the imagery without necessarily knowing to which habitat

class these polygons belonged. Sometimes the interpreter could tell which classes were

being delineated, but other times the classes could not be determined until the areas and

features were visited in the field. Although the boundaries ofthese map's polygons did

not change dramatically throughout the length ofthe project, the benthic habitat type

attributed to these polygons changed as ground validation and training data were

collected and applied.

Of all three types of remotely sensed data, the aerial photography had the largest

area of usable imagery at three of the four test areas. For this reason, first draft maps

from color aerial photography were used as the basis for the ground validation and

training data collection. Unidentified features which were visible in the hyperspectral or

IKONOS imagery but not visible in the color imagery also had GPS waypoints created

for ground validation and training data collection.

Ground Validation I Training Fieldwork

A total of 566 field stations were occupied for ground validation and training data

throughout the Hawaiian Islands where imagery was collected. A subset of these

validation points occurred within or near the boundaries of three of the four test areas

(e.g. Figure 4). No ground validation or training stations were occupied in or near the

test area on the island of Hawaii.

These ground validation stations functioned as training data or ground truthing for

the photointerpreter. Their locations were specifically chosen by the photointerpreter

based on features seen but not identified in the imagery. Data collected at each station
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Figure 4: Map ofOahu indicating placement of stratified random sampling stations in the
Kaneohe Bay accuracy assessment test area (red points), specifically located ground
control points used in image orthorectification (yellow points), and ground validation
stations used to train photointerpreter during second generation map production (blue
points). Map in VTM zone 4 North using NAD 83 datum with distance in meters.
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included precise GPS coordinates, time, date, water depth, relative topographic relief, and

automatically generated GPS statistics associated with the positional data. Underwater

photographs were also collected for a subset of field stations.

The main reason for occupying each ground validation station was to determine

what detailed habitat class to assign to the feature or polygon seen in the imagery.

Confusing or difficult to interpret features were identified and characterized in the field.

These identifications had to conform to the classes of the Hawaii benthic habitat

classification scheme for subsequent mapping and accuracy assessment to be valid. The

same observer made all the characterization calls by either breath-hold diving, viewing

the substrate through a glass-bottom look box, or observing from the surface in shallow

water conditions.

The ground validation GPS data were differentially corrected to the nearest

available continuously operating reference station (CORS), and all attributes associated

with the data were checked for errors or blunders. The underwater digital photographs

were also downloaded and named according to the unique sampling station ill number.

Second Draft Habitat Maps

The first draft maps were subsequently revised based on the training and

validation field data, resulting in "second draft" habitat maps. When required, the "first

draft" habitat polygons were reattributed to the correct map class. Sometimes new

polygon boundaries were drawn based on information collected in the field.

These second draft habitat maps were created for each of the three types of

remotely sensed data collected at each of the four test areas, resulting in twelve separate

maps. Imagery types differed in aerial extent within any test area due to differences in
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cloud cover, glint, waves, turbidity, missing data and other factors preventing substrate

feature recognition. The total area mapped using each type of imagery was comparable

within any test site, with the exception of the Kaneohe Bay, Oahu hyperspectral imagery

map (Table 4). The Kaneohe Bay map made from hyperspectral imagery covered

approximately 32 Km, or 60% of the area covered by either of the other two maps for this

test site. The number of polygons delineated for each imagery type was comparable

within the four test areas. This is more evident when normalized for total area mapped

(Table 4: Polygons per Sq. Km). When complete, NOAA and ALH supplied these

second draft thematic maps to CRAMP in ESRI polygon shapefile format for fieldwork

in support of map accuracy assessment analyses.

TEST AREA IMAGERY TYPE
TOTAL AREA NUMBER OF POLYGONS

MAPPED Sq. Km POLYGONS PERSq.Km
Color 20.43 278 13.6

KONA Hyperspectral 25.00 250 10.0
IKONOS 19.75 241 12.2

KANEOHE
Color 53.58 314 5.9

Hyperspectral 32.11 226 7.0
BAY

IKONOS 52.22 393 7.5
Color 15.52 200 12.9

MAUl HyperspectraI 13.90 194 14.0
IKONOS 11.58 140 12.1

Color 29.66 228 7.7
MOLOKAI Hyperspectral 27.60 182 6.6

IKONOS 28.80 188 6.5

Table 4: Total area mapped for each imagery type by test area, showing the total number
of polygons and the average number of polygons per square kilometer.
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CHAPTER III: MATERIALS AND METHODS

Thematic Map Accuracy Assessment

The thematic map accuracy assessment procedure was conducted in three separate

phases. First, a stratified random sampling design was used to generate positional

coordinates for the field locations of the accuracy assessment sampling stations. Next,

these sampling stations were occupied in the field and habitat information was collected

at each station. The final phase included the actual accuracy assessment analyses,

comparing the field data to the corresponding photointerpreted map data at the stratified

random locations. These comparisons included summary descriptions and quantitative

analyses that could be subject to scientifically sound statistical testing.

Stratified Random Sampling Design

The ESRI polygon shapefiles of the second-draft thematic habitat maps and

georeferenced imagery were imported into an ESRI ArcView project. A total of twelve

separate maps were imported, one map from each of the three different types of remotely

sensed imagery used at each of the four test areas. Four separate views were created, one

for each of the island test areas. This ArcView project was used to generate the locations

of the stratified random sampling stations for accuracy assessment fieldwork.

For each test area, the maps created from color aerial photography were stratified

by sets of polygons representing each second-level thematic class in the habitat

classification scheme (Table 3). Using an ArcView random point generator extension,

100 points were generated within each map strata (habitat class). A seven meter radius

buffer was created around each sampling point, representing the aerial extent of the

sampling station. Sampling was without replacement, so if any two or more points had
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overlapping buffers, all but one of the overlapping stations was omitted from sampling.

The positional coordinates for the center point of these sampling stations were converted

into GPS waypoints for use in the field.

These sampling methods have been developed and validated by other researchers

conducting similar accuracy assessments of comparable thematic maps (Hudson and

Ramm 1987; Congalton, 1991). Rosenfield et al. (1982) have calculated the number of

field stations (sample size) required for accuracy assessment using the same stratified

random sampling design, and have determined that a statically valid data set (at the 90%

to 95% confidence level) is obtained when at least 50 field observations per habitat type

(strata) are occupied. Each strata had more than 50 random points created within their

boundary because it was anticipated that some of the points could not be safely occupied

when in the field due to unforeseen circumstances (shallow areas with dangerous waves,

stations occupied by other boaters, stations with snorkelers or other users which may

have presented a danger to either users or surveyors, etc.).

Paper maps of the georeferenced imagery overlaid with random sampling station

GPS waypoints were printed and laminated for use in the field (Figure 5 bottom). The

photointerpreted habitat type was not noted on these field maps to avoid suggestively

biasing the field observer. Although sampling points were generated only within the

strata of the maps made from color aerial photography, these stations would be

superimposed over the maps made from the other two types of imagery after preliminary

field sampling was complete. If any strata within the other maps had an insufficient

number of sample stations, more random points were generated and occupied in the field
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Figure 5: Examples from the Kona test area showing (Top) second-draft thematic habitat
maps with strata used in random stratified sampling regime and (Bottom) laminated
maps used during accuracy assessment fieldwork with location of sampling stations
(yellow numbers). Note that interpreted habitat type is not shown to avoid suggestive
biasing of the field observer.
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until a sufficient sample size was obtained for maps made from all three types of

imagery.

Accuracy Assessment Data Collection

The four test areas were surveyed consecutively beginning with Kaneohe Bay,

(Oahu), and continuing with Northern Kona (Hawaii), the south shore of Molokai, and

Southwest Maui. A minimum of ten full field days were allotted at each of the four

locations. The time between sampling at different test areas was kept to a minimum to

avoid changes in field conditions occurring between acquisition of remotely sensed data

and subsequent fieldwork.

A unique data dictionary containing the hierarchal Hawaii benthic habitat

classification scheme and other field attributes was used for all fieldwork. The data

dictionary was created using Trimble Pathfinder Office GPS software. It contained all

levels of the classification scheme. It also contained several other attributes to be

collected at each station in the field, including time and date, water depth, relative

topographic relief, and automatically generated GPS statistics associated with the

positional data.

The stratified random accuracy assessment GPS waypoints and the unique data

dictionary were uploaded into resource grade Trimble GeoExplorer 3 hand-held GPS data

loggers. These waypoints were occupied in the field, using a variety of watercraft ranging

from two-person kayaks for shallower areas to 36 foot commercial charter boats for

deeper and more distant locations. Some locations near shore were accessed by foot

where possible.
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Field personnel navigated to GPS waypoints and made benthic habitat

characterizations for each station that could be safely occupied. When close to the

random station, a weighted buoy was deployed to mark the center of the sampling station.

The aerial extent of the sample station was a circle with an estimated seven-meter radius

around the buoy. The boat was positioned over the buoy, and positional GPS data were

collected for the precise location. If the station was in water less than one foot deep or on

emergent features, a small temporary survey marker was placed on the substrate to mark

the center of the station. Approximately one hundred code phase GPS positions were

collected at one-second intervals and averaged at each station.

The majority of the habitat data collected was entered directly into the GPS data

logger. Depth at the buoy was obtained using a hand-held depth sounder. Three benthic

habitat characterizations were recorded. A central GPS point assessment was conducted

by recording the habitat class in a 1 square meter area directly under the buoy. Two area

assessments were conducted within the seven meter radius around the buoy and recorded

in the data logger. The first assessment identified the most common habitat type within

the area and the second identified the second most common habitat type with in the area.

The second habitat type had to occupy at least an estimated 10% of the overall sample

area in order to be included. If the entire area was all one homogeneous habitat type, that

class was entered for all three assessments (the point, the first and second habitats in

area). These three identifications had to conform to the classes of the Hawaii benthic

habitat classification scheme for subsequent mapping and accuracy assessment to be

valid. The same observer made all the characterization calls by either breath-hold diving,
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viewing the substrate through a glass-bottom look box, or observing from the surface in

shallow water conditions.

Handwritten notes were entered in a waterproof field surveying book, including

detailed information and descriptions about each sample station that could not be entered

directly into the data logger. Any remarkable observances were also noted. High

resolution digital underwater photographs were taken at representative sample stations.

Information about the photos was also written in the survey books.

At some sampling stations, a special minimum mapping unit circumstance

occurred where the sampling station was one particular habit type, but the greater area

around it was another habitat type. In these instances, the type ofhabitat in the sample

stations was large enough to occupy the entire seven meter radius sample, but was not

large enough to constitute an acre of habitat, and therefore not large enough to be mapped

by the image interpreter. When this occurred, the surrounding habitat types were also

noted in the field book. For instance, ifthe sample station fell within a patch ofsand that

was big enough to constitute an entire seven meter radius sample area but the sand patch

was much smaller than the minimum mapping unit of one acre, the greater habitat type

surrounding the sand patch was also noted.

At the end of the field day the GPS data logger was downloaded using Trimble

Pathfinder Office software, and the positional data were differentially corrected from the

nearest available continuously operating reference station (CORS). After differential

correction, the data were exported as a flat file. A comments field was added and all the

longhand notes were manually entered and the data were checked twice for errors or

blunders. This modified file was archived and converted to an ESRI point shapefile for
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subsequent analysis in the GIS project. The underwater digital photographs were also

downloaded and named according to the unique sampling station ill number.

The spatial accuracy of the digital imagery was checked against the GPS data

periodically throughout the course of the accuracy assessment fieldwork. For at least five

days at each test area, GPS data were collected on above-water features that were visible

in the imagery. This was often done on piers, breakwaters, or right-angle corners of

cement parking lots that could be identified to one pixel in the imagery. These GPS data

were collected in code phase for approximately 100 continuous seconds at one-second

intervals, exactly as GPS data collected at sampling stations during the course ofthe day.

These positions were differentially corrected and overlaid on the imagery at the end of

field day to see how closely the GPS points aligned with the features in the imagery.

This would give an indication ofhow well the imagery was registering with the

corresponding field GPS data.

The spatial accuracy of the positional GPS data was checked against known

National Geodetic Survey (NGS) benchmarks which were occupied in or around the

study areas. At each test area, at least one benchmark was occupied and GPS data were

collected in code phase for approximately 100 continuous seconds at one second

intervals, exactly as GPS data collected at sampling stations during the course of the day.

These GPS data were differentially post-processed and their positions were compared to

the known benchmark positions.

Accuracy Assessment Analyses

Error or confusion matrices were created for maps made from each of the three

types of imagery at all four of the test areas. A total of twelve error matrices were
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created at the most detailed level of the classification scheme. An additional twelve

matrices were created for the major hierarchical habitat classes by combining the detailed

level classes together into their parent class. All statistical accuracy assessment analyses

were based on these major habitat level error matrices. The matrices were generated

using ArcView software. The point shapefiles created from the accuracy assessment

sampling fieldwork were projected over the second draft thematic map polygon

shapefiles and the detailed habitat attributes of the point file were compared to that of the

map polygons in which the points were located. This was done using several standard

selection tools available in ArcView. All map polygons of one detailed habitat type

(stratum) were selected, and then a "select by theme" query was preformed on the field

data to select all sampling points occurring within those polygons. Summary tables were

displayed for each stratum query, and the fields of the tabular error matrix were

populated with the results of these summary tables. By convention, the rows of the

matrix represent the polygons created by the image interpreter, and the columns represent

the reference data from field sampling stations (Table 5). This process was repeated for

each of the maps made from the different types of imagery at all four test areas.

The diagonal of the error matrix indicates class coincidence or agreement between

the thematic map attribute and the field attribute. The off-diagonal fields in the matrix

indicate where errors of omission and errors of commission have occurred. Errors of

omission exist where the photointerpreter failed to include the sample station habitat type

in the polygons of that habitat type (off-diagonal columns). Errors of commission exist

where the photointerpreter included incorrect sample station habitats in the delineated
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-
Field Assessment Sampling Station Attriburtes Row

Totals
Sand Mud SandG SCRUS AgCr ColPv CoiBa ColPvSC UnColBa LCorAI MCorAI HCorAI Artf

I/) Sand 51 0 0 0 1 0 0 0 0 0 0 0 0 52S
~ Mud 0 1 0 0 0 0 0 0 0 0 0 0 0 1.c

";:
=:: SandG 0 0 11 0 0 0 0 0 0 0 0 0 0 11«
c SCRUS 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0
0'1 AgCr 4 0 0 0 82 4 16 0 0 0 1 0 0 107>-
0

ColPv 0 0 0 0 0 0 0 0 0 0 0 0 0 0a.
c.

CoiBa 3 0 0 2 2 0 50 0 2 0 0 0 0 59C'G
:E
(,) ColPvSC 0 0 0 0 1 0 0 1 0 0 0 0 0 2..
C'G UnColBa 1 0 0 0 0 0 4 0 21 0 0 0 0 26E
C1l LCorAI 0 0 0 0 1 0 0 0 0 1 1 0 0 3J::
I-

MCorAI 0 0 0 0 0 0 0 0 0 1 5 2 0 8

HCorAI 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Artf 0 0 0 0 0 0 0 0 0 0 0 0 10 10
Column
Totals 59 1 11 2 87 4 70 1 23 2 7 2 10 279

W
t..Il

Table 5: An example of an accuracy assessment error matrix of detailed coral reef habitat classes for photointerpretation of color aerial
photography at the Kona test site. The rows represent the photointerpreters thematic map polygons, and the columns are reference data from field
sampling stations. Numbers in the matrix diagonal represent class coincidence between map and field data. A total of 279 sampling stations fell
within the mapped area. Detailed habitat class overall accuracy (83.5%) is the sum of the correct stations in the diagonal divided by the total
stations sampled. Rowand column headings are abbreviated; SandG: spur and groove, SCRUS: scattered coral and rock in unconsolidated
sediments, AgCr: aggregated coral, Co1Pv: colonized pavement, CoIBa: colonized basalt, Co1PvSC: colonized pavement with sand channels,
UnCoIBa: unco1onized basalt, LCorA1: low coralline algae 10%-<50% cover, MCorA1: medium coralline algae 50%-<90% cover, HCorA1: high
coralline algae 90%-100% cover. Artf: artificial.

Detailed Overall Accuracy: 83.5%



map polygons (off-diagonal rows). All errors were individually scrutinized in the GIS

and any patterns of error were noted.

Although all subsequent accuracy assessment analyses were derived from these

detailed error matrices, the only measure of agreement reported at the detailed habitat

classification level was the overall map accuracy. For all other reported statistics (user's

and producer's accuracy, kappa, tau, and tests of significance) the detailed error matrices

were aggregated together into new matrices representing the four major levels of the

habitat classification scheme (e.g. Table 6 bottom). This aggregation minimized the

influence of small sample size, which occurred within several classes when all 28

detailed levels of the classification scheme had their own category in the matrices. For

example, the major class of submerged aquatic vegetation (SAV) contained two second

level classes (seagrass and macroalgae). Within each of these second-level classes were

another three third-level classes (10%-<50% cover, 50%-<90% cover, and 90%-100%

cover). This totaled six detailed third-level classes with the major SAV class. There

were very few map polygons for the second-level seagrass due to the fact that very little

of this habitat occurs in the main Hawaiian Islands. There were no occurrences of

continuous (90%-100% cover) seagrass in the state. Sample size would not be sufficient

for the analysis at this detailed level, so the seagrass polygons were aggregated with the

macroalgae polygons to the first major-level ofthe classification scheme hierarchy. This

is one of the advantages to using a hierarchical classification scheme.

Overall Accuracy

Overall accuracy was determined for the detailed-level matrices (up to 28 classes,

see Table 3), and for matrices aggregated together into the four major classes ofthe
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Table 6: The example from Table 6 (top) showing how accuracy assessment error matrix of the detailed coral reef habitat classes are aggregated by
major habitat classes (in shaded boxes) and placed in a new matrix with new marginal and diagonal totals (bottom). User's accuracy by major class
at end of rows and producer's accuracy by major class at bottom of columns. Overall major accuracy is sum of diagonal divided by total samples
size. The major class submerged aquatic vegetation (shaded green) did not occur in the detailed matrix. but is left in the major matrix as this class
occu~ at other test locations around the state

\N.....

Field Assessment sampling Station Atbiburtes Row Row

• Totals Totals
S Sand Mud SandG SCRUS AgCr ColPv CoiBa ColPvSC UnColBa LCorAI MCorAI HCarAl Artf Detailed Major
:;,
.CI Sand 51 a 0 0 1 0 0 0 0 0 0 0 0 52i 63
OIl( Mud a 1 0 0 0 0 a 0 a 0 0 0 0 1

8 SandG 0 11 0 0 0 a 0 0 0 0 11
OJ SCRUS 0 0 a 0 0 0 0 0 0 0

~ AgCr 4 0 a 821 4 16 0 1 0 107
Q. ColPv 0 0 0 0 0 0 0 0 0
Q.

CoiBa 3 0 2 2 a 10 2 0 59I ColPvSC 0 0 0 1 0 a 1 0 0 2
216

u
UnColBa 1 0 0 0 0 4 21 0 26l:I

ClI
LCorAI 0 0 0 1 a a a 1 1 0 3Ee MCorAI 0 0 0 0 a 0 0 1 I 0 8.c

~ HCorAI 0 0 0 0 0 0 0 a 0 0 0
Artf 0 a a a a 0 a a 0 0 0 0 10 10 10

Detailed Column
Level Totals 59 1 11 2 87 4 70 1 23 2 7 2 10 279
Major Column
Level Totals 60 209 10

DetaUed Overall Accuracy: 83.5%
Error Matrix Aaareaatlng Detailed Habitat Types Into Pamet Major Habitat fYDe

Field Habitat TYI e
KOW users

A 8 C 0 Totals Accuracy.. A: Unconsolidated Sediments 52 0 1 0 53 98.1%
Q. j!J Q) 8: SUbmerged Aquatic Vegetation 0 0 0 0 0 N/AIII - Q.
~~~ C: Coral Reef and Hardbottom 8 0 Z08 0 216 96.3%

J:
0: Other 0 0 0 10 10 100.0%

Column Totals 60 0 209 10 matrix total 279

Producers Accuracy
dlagonlif

27086.7% NJA 99.5% 100.0% totlll

Major Overall Accuracy: 96.8%



hierarchal classification scheme (Table 6 bottom). The overall accuracy was determined

by dividing the total number of correctly classified field stations by the total number of

field stations sampled. This was done by summing the diagonal of the matrix and

dividing this sum by the total number of sampling stations in the entire matrix. This

proportion was multiplied by 100 and reported as an overall percentage of correct

classifications.

Confidence intervals were calculated around the overall accuracy for matrices

aggregated together into the four major classes of the hierarchal classification scheme.

These intervals were determined at the 95% confidence level, and give an upper and

lower limit around the overall accuracy percentage in which the test statistic is likely to

occur 19 out of 20 times. Conversely, the overall accuracy percentage could occur within

these intervals one out of twenty by chance alone (Sokal & Rohlf, 1981). These intervals

are based on the binomial distribution of the diagonal (correct or incorrect) at a large

sample size (N)IOO) as per Hord and Bruner (1976).

Producer's Accuracy

A producer's accuracy was determined for each class in the aggregated matrices

representing the four major levels of the habitat classification scheme (e.g. Table 7). They

were calculated from the matrix columns. The number of correctly classified samples of a

particular class (the diagonal cell value) was divided by the total number offield samples

in that class (the column total). This proportion was multiplied by 100 and reported as a

percentage. This provides the percentage of each class that has been correctly identified

by the image interpreter (Story & Congalton, 1986). It is a measurement of how well the

image interpreter can classify a given habitat type.
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User's Accuracy

A user's accuracy was determined for each class in the aggregated matrices

representing the four major levels of the habitat classification scheme (e.g. Table 7).

They were calculated from the matrix rows. The number of correctly classified samples

of a class (the diagonal cell value) was divided by the total number of samples included

by the image interpreter in that class (the row total). This indicates for each class what

percentage of the area on the map will actually be that class when visited in the field

(Story & Congalton, 1986). It is a measurement of how often a map polygon is classified

correctly.

The Kappa Analysis

A kappa statistic was generated for each aggregated major level error matrix.

A

While the true kappa value cannot be determined, a Khat statistic (K) which is the best

estimate of the kappa, can be calculated. The Khat statistic is derived from the entire

error matrix. The kappa is a discrete multivariate technique which takes into

consideration the off diagonal elements of the matrix (the error of omission and

commission) as a product of the marginal totals (Cohen, 1960). Since these values are

discrete and multinomially distributed, (parametric) normal theory analyses techniques

are not appropriate (Sokal & Rohlf, 1981).

Although normal theory may not apply directly to the kappa, its approximate

large sample variance can be determined. The distribution of this variance approximates

normality, and as such can be used to perform tests of significant differences between

different Khat statistics. However this only allows for significance tests between two

different photointerpreters or classifications using the same reference (field) data, not
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between two different maps using different subsets of reference data. Since overall

research objectives were to quantify and compare different imagery and map accuracy

based on field data subsets, the kappa was not chosen for tests of significant differences

between various maps. The Khat is reported for each matrix because it is entrenched in

the accuracy assessment literature as an indication of how well the classification agrees

with the reference (field) data. Green et al (2000) state the Khat statistic" ... expresses

the proportionate reduction in error generated by a classification process compared with

the error of a completely random classification" (p. 64).

The Kappa analysis generates a Khat (K) statistic with a range from zero to one. It

is generally described by Verbyla (1995) as:

K= overall classification accuracy - expected classification accuracy
1 - expected classification accuracy

More specifically it is computed in terms of the rows, columns and marginals of the error

matrix as follows:

A
K= (equation 1)

N
2

- L (X i+* X+ i )

'/.::::::1

Where r is the number of rows in the matrix, Xii is the number of observations in row i

and column i, X i+are the marginal total of row i, X+ i are the marginal totals of column i,

and N is the total number of observations (sample stations). See Congalton and Green

(1999) for complete derivation of the kappa.
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The Tau Coefficient

A tau coefficient (Te) was generated for each aggregated major level error matrix.

The tau coefficient is similar to the kappa statistic, however it is easier to calculate and

interpret (Ma & Redmond, 1995). Like the kappa, the tau is a discrete multivariate

technique taking the matrix off-diagonal into account as a product of the marginals. One

difference, however, is the tau mayor may not use probabilities of class membership that

are determined from the matrix.

There are two types of tau coefficients commonly used for accuracy assessment of

thematic maps made from remotely sensed data. In one type, the probability of class

membership is known a priori, and in the other type it is not. In the second case,

probability may be determined from the matrix marginals or the number of classes

present. Ma and Redmond (1995) describe tau (Te) where the classes are assigned equal

probabilities based on the number of classes present in the classification scheme (our

thematic strata). This probability is determined by the reciprocal of the number of

classes. For instance, 4 classes would have an equal probability of 0.25 (or 114) for each

class.

For this mapping project, it was not known a priori ifthere was a greater

likelihood of one map class being confused with another map class. For example, it was

not known ahead of time how often the photointerpreter assigned seagrass habitat to the

sand map class. Consequently a tau based on equal probability ofgroup membership (Te)

was preferred for this research. Simply stated, the tau coefficient measures how many
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more sample stations are classified correctly than would be expected by chance alone

(Green et ai, 2000).

The tau analysis generates a statistic with a value ranging from +1 to -1. Values

closer to zero indicate less agreement or association between map classes and field

sample stations. Values of+1 or -1 indicate complete agreement. The general form ofthe

tau (Te) coefficient for equal class probability is:

Te = overall classification accuracy - equal probability of class assignment
1 - equal probability of class assignment

More specifically it is computed in terms ofthe error matrix using the same notation as

equation 1:

1 - I
M

Where r is the number of rows in the matrix, Xii is the number of observations in row i

1
::VI

(equation 2)

and column i, M is the number of classes present, and N is the total number of

observations (sample stations). The 11M term gives the equal probability of class

assignment based on number ofclasses. See Ma and Redmond (1995) for complete

derivation of the tau.

Tests for significant differences between two tau coefficients

A sample variance for each Tau (Te) coefficient was determined. As in the case of

the sample variance determined for the kappa statistic, the actual data in the error matrix

are discrete and multinomially distributed, however the sample variances approximate

normality. Because ofthis fact, these sample variances allow for tests for significant
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differences between various pairs of tau (Te) coefficients to be preformed. These

significance tests were preformed between all pairwise combinations of the three tau (Te)

coefficients generated at each test area. For example, the (Te) for the map generated from

color aerial photography at the Kona test site was tested against the (Te) for the map

generated from the hyperspectral imagery at the Kona test site. Then the (Te) from the

map interpreted from IKONOS imagery at the Kona test site was tested against both the

color photography (Te) and the hyperspectral (Te). This process was repeated for each test

area, for a total of 12 contrasts.

The following assumptions regarding sample variance allow for tests of

significant differences between two tau coefficients. The percentage agreement (overall

accuracy) used in the tau follows a binomial distribution, and a large sample variance

distribution approximates normality (N)100). Unlike the kappa, significance tests

preformed on the tau are valid with different sample sizes per class, and different

numbers of classes per matrix (Ma & Redmond, 1995; Naesset, 1996). The sample

variance (a2
) for the tau (Te) with equal probabilities can be calculated as follows:

(equation 3)

Where Po is the overall classification accuracy as in equation 1 or 2, N is the total number

of observations (sample stations), and Pr is equal probability (lIM in equation 2).

With this sample variance, Z-tests can be preformed for significant differences.

The test statistic general form, as per Green et at (2000) is:

T1-Tz
Z=

~Gr
43
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Where T1 and T2 are the two different Te being compared and the denominator is the

square root of the sum of the sample variances from T1 and T2, respectively. These

calculated z statistics were compared to a critical table where Z is standardized and

normally distributed (the standard normal deviate). The two Te were different at the 95%

significance level if the absolute value of the z statistic was greater than 1.960 (>ZuO.05 =

1.96).
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CHAPTER IV: RESULTS

Thematic Map Accuracy Assessment

A total of 1225 accuracy assessment (AA) field sampling stations were occupied

in all four test areas combined. Three hundred ninety-three stations occurred in the

Kaneohe Bay test site (Figure 4),304 in the Kona Coast test site, 297 in the Maui test

site, and 231 in the Molokai test site (Table 7). Most of these stations fell within the

boundaries of the maps made from all three types of imagery. Some stations occurred in

only one or two types of imagery, but not necessarily within the third imagery type. This

was due in part to differences in aerial extent of imagery types at each test site.

Different imagery may have been collected on different days and under different

weather conditions and sea states. Areas obscured by cloud cover, glint, waves, and

turbidity differed by imagery type. These obscured areas in the imagery were mapped as

the class unknown. Any sampling stations which fell within an unknown map polygon

were excluded from the accuracy assessment analyses. This resulted in different numbers

of stations used for analyses of each imagery type mapped. The Kaneohe Bay test site

had the biggest discrepancy in the numbers of stations used for analyses. While a total of

393 AA stations were occupied in the field, only 269 of these stations were used for the

analyses of the map made from hyperspectral imagery, compared to 329 and 314 stations

used in color aerial photography maps and IKONOS maps, respectively (Table 7).
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n own)y lma ery type an num er use or ma analyses.

TOTALAA AASTATIONS
TEST AREA STATIONS IMAGERY TYPE USED FOR

OCCUPIED ANALYSES
Color 279

KONA 304 Hyperspectral 263
IKONOS 287

KANEOHE Color 329

BAY
393 Hyperspectral 269

IKONOS 314
Color 286

MAUl 297 Hyperspectral 266
IKONOS 261

Color 217
MOLOKAI 231 Hyperspectral 217

IKONOS 206

Table 7: Total number of accuracy assessment (AA) stations occupied for each test site,
broke db' d b d D fi I AA I

Error Matrices

A total of twelve error matrices are included in appendix B. These matrices are at

the detailed level of the classification scheme. There is one matrix for each of the three

types of imagery at each of the four test sites. As an example, the error matrix for the

map interpreted from color aerial photography at the Kona, Hawaii test site was presented

in detail in chapter 3 (Table 5). The other eleven individual test site matrices are

summarized in the series of tables in appendix B. The three error matrices for all test

areas combined by imagery type were derived from the 12 detailed matrices, and are

presented at the major level ofthe classification scheme for each ofthe three types of

imagery.

Accuracy by Individual Test Sites

Overall Detailed-Level Accuracies

The overall map accuracies at the detailed level of the classification scheme

ranged from a high of 88.5% for the maps made from color aerial photography at the
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Molokai test site to a low of 63.4% for maps made from IKONOS imagery at the

Kaneohe Bay, Oahu test site (Table 8). Maps made from color aerial photography had

higher overall accuracies than maps made from the other two types of imagery at three of

the four test areas, with the exception being Kaneohe Bay. At this site, maps made from

hyperspectral imagery had slightly higher overall accuracy than those made from color

photography, being 75.8% versus 74.5% respectively.

IKONOS maps had lower overall accuracies than maps made from the other two

types of imagery at the Kona, Kaneohe Bay and Maui test sites (Table 8). The IKONOS

map for Molokai, however, had higher overall accuracy than the hyperspectral map, but

only by ~ 2%. IKONOS maps always had lower overall accuracies than maps made from

color aerial photography. The Kaneohe Bay IKONOS map had at least 10% less overall

accuracy than any of the other types of maps for the entire state. Confidence intervals

were not calculated for overall accuracies at the detailed level of the classification

scheme.

Table 8: Overall Accuracies, as percentages of correctly classified sample stations, for
each test area and imagery type at the detailed and major levels of the habitat
classification scheme.

TEST AREA IMAGERY TYPE
OVERALL ACCURACY STATISTICS

Detailed Habitats Major Habitats
Color 83.5% 96.8%

KONA Hvperspectral 81.4% 92.4%
IKONOS 80.0% 90.2%

KANEOHE Color 74.5% 86.2%
Hyperspectral 75.8% 87.0%

BAY IKONOS 63.4% 81.5%
Color 80.1% 90.5%

MAUl Hyperspectral 78.9% 88.4%
IKONOS 77.4% 88.1%

Color 88.5% 94.0%
MOLOKAI Hvperspectral 77.4% 88.0%

IKONOS 79.6% 86.9%
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Overall Major-Level Accuracies

The overall accuracy at the major-level of the classification scheme ranged from a

high of96.8% for the map made from color aerial photography at the Kona test site, (with

a 95% confidence interval ranging from 95.1 % to 97.2%) to a low of81.5% for the map

made from IKONOS imagery at the Kaneohe Bay test site (with a 95% confidence

interval ranging from 78.0% to 83.3%) (Figure 6). Maps made from color aerial

photography had higher overall accuracies than maps made from the other two types of

imagery at three of the four test sites, with the Kaneohe Bay map being the exception.

The Kaneohe Bay color photography map had an overall accuracy approximately one

percent less than the map made from hyperspectral imagery, but was almost 5% higher

than the IKONOS map for that site. Maps made from the IKONOS imagery had the

lowest overall major-habitat accuracies at each ofthe four test sites.
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Overall Accuricies for Major-Habitat Types by Test Site and Imagery Type
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Figure 6: Overall Accuracies, as percentage of correctly classified sample stations, for
each test area and imagery type at the major levels of the habitat classification scheme,
showing 95% confidence intervals as per Hord & Bruner (1976).

User's and Producer's Accuracies by Test Site

Kona

The user's accuracy was 100% for the major habitat class "other delineations" for

maps made from all three types of imagery at the Kona test site (Table 9). The user's

accuracy for the map class "unconsolidated sediments" was also 100% for the map made

from hyperspectral data. The "unconsolidated sediments" class had the widest range of

accuracy percentages for any habitat class, with an 82% accuracy for the IKONOS map

and 100% for the hyperspectral map. No thematic map polygons were delineated for the

map class "submerged Aquatic Vegetation" at the Kona test site.
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The producer's accuracy for the Kona test site ranged from a low of 83% for the

"unconsolidated sediments" class using hyperspectral imagery to several 100%

accuracies the in the classes "coral reef and hard bottom" and "other delineations" (Table

9). The producer's accuracies for the class "unconsolidated sediments" were the three

lowest scores for any class observed, being 87% for color photo map, 83% for the

hyperspectral map, and 86% for the map made from IKONOS imagery.

Table 9: User's and producer's accuracies of benthic habitat map products generated
from photointerpretation of major benthic habitats using color aerial photography,
AURORA hyperspectral and IKONOS satellite imagery for the Kona test area.

Kona Test Site accuracy color HSI IKONOS

Unconsolidated Sediment
user 98% 100% 82%

Iproducer 87% 83% 86%

Submerged Aquatic Vegetation
user NA NA NA
Iproducer NA NA NA

Coral Reef and Hard Bottom
user 96% 90% 92%
Iproducer 100% 95% 91%

Other Delineations
user 100% 100% 100%
producer 100% 100% 90%

Kaneohe Bay

The user's accuracy for the Kaneohe Bay test site ranged from a low of75% for

the class "coral reef and hard bottom" using IKONOS imagery to a high of 100% for the

class "other delineations" using both color aerial photography and hyperspectral imagery

(Table 10). For the class "submerged aquatic vegetation", the hyperspectral map had the

lowest user's accuracy of any of the three types of imagery. The user's accuracies for the

"other delineations" class were the highest of any classes mapped for all three types of

imagery. The "unconsolidated sediments" class accuracy for the hyperspectral map was

at least 10% greater than either of the other two types of imagery for this class, and was

the second highest user's accuracy observed for any type of imagery in all classes.
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The producer's accuracy for the "coral reef and hard bottom" class was the lowest

of any class mapped for all three imagery types (Table 10). Within this class, the

IKONOS accuracy was 67%, at least 10% lower than the other two types of imagery.

The producer's accuracy for the "other delineations" class was at least 90% or greater for

any imagery type. The producer's accuracies for the "submerged aquatic vegetation"

class were very similar, varying by at most 3% for any imagery type.

Table 10: User's and producer's accuracies of benthic habitat map products generated
from photointerpretation of major benthic habitats using color aerial photography,
AURORA hyperspectral and IKONOS satellite imagery for the Kaneohe Bay test area.

Kaneohe Bay Test Site accuracy color HSI IKONOS

Unconsolidated Sediment
user 83% 96% 86%
producer 87% 96% 91%

Submerged Aquatic Vegetation
user 83% 76% 80%
producer 87% 89% 86%

Coral Reef and Hard Bottom
user 84% 88% 75%
producer 78% 78% 67%

Other Delineations
user 100% 100% 95%
producer 90% 100% 90%

Maui

Compared to any other test site, the user's accuracies for Maui varied the least

between imagery types for each of the four habitat classes. There were differences of

only 3% between maps made from any imagery for the "unconsolidated sediments" class,

5% for the "submerged aquatic vegetation" class, and 2% for the "coral reef and hard

bottom" class. The habitat class "other delineations" did not occur in the map made from

color aerial photography (Table 11).

Producer's accuracies for the Maui test site varied the least between imagery

types for each of the four habitat classes when compared to any other test site. The

producer's accuracy for "unconsolidated sediments" varied by 3% between imagery
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types. It ranged from 93% for color aerial photography to 90% for hyperspectral and

IKONOS imagery (Table 11). The "submerged aquatic vegetation" and "coral reef and

hard bottom" classes each varied by 4% between imagery types.

Table 11: User's and producer's accuracies ofbenthic habitat map products generated
from photointerpretation of major benthic habitats using color aerial photography,
AURORA hyperspectral and IKONOS satellite imagery for the Maui test area.

Maui Test Site accuracy color HSI IKONOS

Unconsolidated Sediment
user 96% 93% 93%
producer 93% 90% 90%

Submerged Aquatic Vegetation
user 90% 85% 89%
Iproducer 91% 89% 93%

Coral Reef and Hard Bottom
user 85% 86% 82%
Iproducer 87% 86% 83%

Other Delineations
user NA 100% 100%
producer NA 100% 100%

Molokai

The user's accuracy for the maps made from color aerial photography at the

Molokai test site were the highest among any imagery type for all four habitat classes

(Table 12). The hyperspectral and IKONOS maps in the "submerged aquatic vegetation"

class had the lowest user's accuracy for the site, being a full 10% lower than the map

made from color photography for this class. The "other delineations" class had 100%

user's accuracy for all three imagery types.

The producer's accuracy was highest in three of the four habitat classes for maps

made from color aerial photography, the exception being the "unconsolidated sediments"

class, where IKONOS maps had higher producer's accuracy (Table 12). The "other

delineations" class had 100% producer's accuracy for all three imagery types.
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Table 12: User's and producer's accuracies of benthic habitat map products generated
from photointerpretation of major benthic habitats using color aerial photography,
AURORA hyperspectral and IKONOS satellite imagery for the Molokai test area.

Molokai Test Site accuracy color HSI IKONOS

Unconsolidated Sediment
user 95% 86% 92%

Iproducer 93% 91% 96%

Submerged Aquatic Vegetation
user 91% 81% 81%
Iproducer 91% 90% 84%

Coral Reef and Hard Bottom
user 93% 90% 84%
Iproducer 94% 82% 80%

Other Delineations user 100% 100% 100%
producer 100% 100% 100%

Kappa Statistics and Tau Coefficients

A
The color aerial photography maps had the highest kappa statistic (K) of any

imagery type at the Kona, Maui and Molokai test sites (Table 13). At the Kaneohe Bay

A

test site, the hyperspectral map had the highest K. Maps made from IKONOS imagery

A

had the lowest K at all four test sites (Table 13). The tau coefficients followed the exact

A

same trends as that of the K, however the tau values were sometimes greater than the

A

corresponding K values. The tau coefficient for the hyperspectral map at Maui was .86

A A
compared to a K of .83. For the color map at Molokai, the tau was .95 compared to a K

of.92.
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agerya a our tes SI es.

TEST AREA IMAGERY TYPE
ACCURACY STATISTICS

Kappa Tau
Color 0.89 0.89

KONA Hyperspectral 0.86 0.87
IKONOS 0.82 0.83

KANEOHE
Color 0.81 0.82

Hyperspectral 0.83 0.83
BAY

IKONOS 0.76 0.77
Color 0.86 0.87

MAUl Hyperspectral 0.83 0.86
IKONOS 0.83 0.84

Color 0.92 0.95
MOLOKAI Hyperspectral 0.84 0.85

IKONOS 0.83 0.84

Table 13: Kappa statistics and tau coefficients of benthic habitat maps generated from
photointerpretation of color aerial photography, AURORA hyperspectral and IKONOS
satellite im t 11 fi t 't

Tests for Significant Differences between Tau Coefficients

There were no significant differences between the tau coefficients (Te) of maps

generated from any of the three types of remotely sensed imagery at the Kaneohe Bay

and Maui test areas «ZuO.05 = 1.96). At the Molokai test area, maps created from color

aerial photography were significantly more accurate than those created from either

IKONOS (ZuO.Ol = 2.622) or hyperspectral imagery (ZuO.Ol = 2.374), however there was no

significant difference between the hyperspectral and IKONOS imagery for this site

«ZuO.05 = 1.96). At the Kona test site, maps from color aerial photography were

significantly more accurate than those based on IKONOS imagery (ZuO.05 = 2.013) but

were not different from maps based on hyperspectral imagery «ZuO.05 = 1.96). There was

no significant difference between the hyperspectral and IKONOS maps at the Kona test

site (Table 14).
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Table 14: Summary of the z statistics indicating probability that photointerpretation of
benthic habitat maps from color aerial photography, hyperspectral and IKONOS satellite
imagery are equivalent based on PSO.05 «ZuO.05= 1.96) with significant difference noted.
The absolute value of the z statistic is compared to a standardized critical table for Z
(standard normal deviate).

Image Type IKONOS HSI

MAUl
color 0.999012 -0.61662
IKONOS -0.08237

MOLOKAI
color *2.621557 *-2.37355
IKONOS -0.29216

KANEOHE color 1.567347 -0.39750
BAY IKONOS -1.89231

KONA
color *2.012551 0.80843
IKONOS -1.17298

* 95% significant difference based on z statistic
(>ZaO.05 = 1.96)

Accuracy for All Test Sites Combined

Color Photography Error Matrix

Detailed error matrices for maps interpreted from each type of imagery were

combined for all test areas and aggregated into the major level ofthe classification

scheme. The accuracy assessment sample size for all color aerial photography maps

combined was 1112 (Table 15). Two hundred ninety-two of the 316 sample stations for

the "unconsolidated sediments" class were mapped as "unconsolidated sediments" (they

were contained within the delineated map polygons of that same class). Sixteen of the

316 sample stations were mapped as the class "coral reef and hard bottom", and 8 were

mapped as "submerged aquatic vegetation".

For the "submerged aquatic vegetation" class, 170 of the 188 accuracy assessment

sampling stations were mapped correctly by the photointerpreter (Table 15). Nine

55



stations were mapped as "unconsolidated sediments" and another 9 were mapped as the

class "coral reef and hard bottom".

The "coral reef and hard bottom" reference stations were mapped correctly by the

photointerpreter at 534 out of 559 stations. The photointerpreter incorrectly included 17

of these reference stations in polygons classified as "submerged aquatic vegetation" and 8

in the "unconsolidated sediments" class.

The photointerpreter correctly classified polygons containing 48 of the 49

reference stations for the "other delineations" class. One station was incorrectly mapped

as "unconsolidated sediments".

Table 15: Error matrix of accuracy assessment field data aggregated into major benthic
habitat classes for maps photointerpreted from color aerial photography for all four test
sites combined. Reference field data are in columns and interpreted map polygon classes
are in rows. Marginal totals are for rows and columns. Bottom right cell is total of
marginal values (overall sample size).

Color Ground Truth Major Habitats Total
Major Habitat Class A B C 0 Classified

(A) Unconsolidated Sediments 292 9 8 1 310
(B) Submerged Aquatic Vegitation 8 170 17 0 195
(C) Coral Reef & Hard Bottom 16 9 534 0 559
(0) Other Delineations 0 0 0 48 48
Total Ground Truth Points 316 188 559 49 1112

Hyperspectral Imagery Error Matrix

The total number of accuracy assessment sample stations for maps made from

hyperspectral imagery was 1015 (Table 16). Two hundred sixty-eight of the 296

"unconsolidated sediments" sample stations were correctly classified by the

photointerpreter. Eleven stations were incorrectly mapped as "submerged aquatic

vegetation" and another 17 were incorrectly classified as "coral reef and hard bottom".
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The "submerged aquatic vegetation" field data were correctly classified at 158 of

the 177 sample stations. The interpreter incorrectly included 14 of these stations in the

polygons for "coral reef and hard bottom" and another 5 in the "unconsolidated

sediments" class. The "coral reef and hard bottom" map polygons correctly contained

455 of the 497 reference sample stations. Twenty-nine stations were incorrectly mapped

as "submerged aquatic vegetation" and 13 as "unconsolidated sediments". The

photointerpreter included all 45 of the "other delineations" sample stations within the

correct map class.

o margma va ues overa sampe SIze.
HIS Ground Truth Major Habitats Total

Major Habitat Class A B C 0 Classified

(A) Unconsolidated Sediments 268 5 13 0 286
(B) Submerged Aquatic Vegitation 11 158 29 0 198
(C) Coral Reef & Hard Bottom 17 14 455 0 486
(0) Other Delineations 0 0 0 45 45
Total Ground Truth Points 296 177 497 45 1015

Table 16: Error matrix of accuracy assessment field data aggregated into major benthic
habitat classes for maps photointerpreted AURORA hyperspectral imagery for all four
test sites combined. Marginal totals are for rows and columns. Bottom right cell is total

f ·11 ( 11 1·)

IKONOS Imagery Error Matrix

Maps generated from IKONOS imagery contained 1068 accuracy assessment

sample stations (Table 17). The "unconsolidated sediments" field data were incorrectly

classified as "submerged aquatic vegetation" at 10 of the 303 stations, and another 17

were incorrectly classified as "coral reef and hard bottom". For the "submerged aquatic

vegetation" field data, 173 of the 198 stations were correctly classified. Eleven were

incorrectly classified as "unconsolidated sediments" and another 14 as "coral reef and

hard bottom". "Coral reef and hard bottom" reference stations were correctly classified

at 462 of the 510 stations. Twenty six were incorrectly classified as "submerged aquatic
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vegetation" and another 22 as "unconsolidated sediments". The "other delineations"

samples were correctly classified at 54 out of 57 stations.

margma va ues overa samp e sIze.
IKONOS Ground Truth Major Habitats Total

Major Habitat Class A B C 0 Classified
(A) Unconsolidated Sediments 275 11 22 3 311
(B) Submerged Aquatic Vegitation 10 173 26 0 209
(C) Coral Reef & Hard Bottom 17 14 462 0 493
(D) Other Delineations 1 0 0 54 55
Total Ground Truth Points 303 198 510 57 1068

Table 17: Error matrix of accuracy assessment field data aggregated into major benthic
habitat classes for maps photointerpreted from IKONOS satellite imagery for all four test
sites combined. Marginal totals are for rows and columns. Bottom right cell is total of

. I I ( 11 I·)

Overall Detailed-Level Accuracies

The overall accuracy at the detailed level of the classification scheme for all test

sites combined by imagery type ranged from a low of 74.1 % for maps made from

IKONOS imagery to a high of 80.8% for those made from color aerial photography

(Table 18). Although the sample size for the detailed level of the classification scheme

for all types of imagery combined was larger then the sample size for imagery analyzed

by individual test site (Table 8), confidence intervals were not calculated at this detailed

level.

agery type at t e eta! e an major eve sot e a Itat c aSSI IcatlOn sc e

TEST AREA IMAGERY TYPE
ACCURACY STATISTICS

Detailed Habitats Major Habitats

ALL AREAS Color 80.8% 90.7%

COMBINED
Hyperspectral 78.1% 89.0%

IKONOS 74.1% 86.5%

Table 18: Overall Accuracies, as percentages of correctly classified sample stations, for
each im h d ·1 d d 1 1 f h h b· l·fi h me.
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Overall Major-Level Accuracies

The overall accuracies at the major level of the classification scheme for each

imagery type ranged from a low of 86.5% (with a 95% confidence interval ranging from

85.4% to 86.5%) for the maps made from IKONOS imagery to a high of90.7% (with a

95% confidence interval ranging from 89.7% to 91.5%) for maps made from color aerial

photography (Figure 7).

Overall Accuricies for Major-Habitat Types by Source Imagery

tUpper 95% Lower 95% - Overall t

95%

94%

93%

92%

~ 91%
l'!

~ 90%

1o 89%

88%

87%

86%

85%

-

-

Color Hyperspectral IKONOS

Figure 7: Overall Accuracies, as percentage of correctly classified sample stations, for all
test sites combined by source imagery type at the major levels of the habitat classification
scheme, showing 95% confidence intervals as per Hord & Bruner (1976).

User's and Producer's Accuracies

The user's accuracy for the major habitat class "unconsolidated sediments"

ranged from a low of 88.4% for maps made from IKONOS imagery to a high of 94.2%

for maps made from color aerial photography (Table 19). The class "submerged aquatic
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vegetation" had the most variable user's accuracies. This class also had the lowest user's

accuracies for each imagery type. User's accuracies for the class "coral reef and hard

bottom" varied by less than 5% by imagery type. The "other delineations" class had very

high user's accuracies for all three imagery types.

Producer's accuracies for the "submerged aquatic vegetation" class were all

within 3% of each other by imagery type (Table 19). For the "unconsolidated sediments"

class, they were within 2%. The color aerial photography producer's accuracy for the

"coral reef and hard bottom" class was about 7% higher then the IKONOS imagery and

3% higher than the hyperspectral imagery types. The "other delineations" class ranged

from 94.7% for IKONOS to 100% for hyperspectral imagery.

Table 19: User's and producer's accuracies of benthic habitat map products generated
from photointerpretation of major benthic habitats using color aerial photography,
AURORA hyperspectral and IKONOS satellite imagery for all test areas combined.

All Test Sites Combined accuracy color HSI IKONOS

Unconsolidated Sediment
user 94.2% 93.7% 88.4%
producer 92.4% 90.5% 90.8%

Submerged Aquatic Vegetation
user 87.2% 79.8% 82.8%
producer 90.4% 89.3% 87.4%

Coral Reef and Hard Bottom
user 89.3% 88.9% 85.6%
producer 89.3% 86.9% 82.8%

Other Delineations
user 100% 100% 98.2%
producer 98.0% 100% 94.7%

Kappa Statistics and Tau Coefficients

The color aerial photography had the highest kappa statistic (K) and tau

coefficient (Te) for all test sites combined by imagery type (Table 20). The IKONOS

""imagery had the lowest K and Te , being 0.82 and 0.83, respectively. The hyperspectral

Kand Te were at or near the midpoint between the corresponding color and IKONOS

values.
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Table 20: Kappa statistics and tau coefficients of benthic habitat maps generated from
photointerpretation of color aerial photography, AURORA hyperspectral and IKONOS
satellite imagery at all test sites combined.

TEST AREA IMAGERY TYPE
ACCURACY STATISTICS

Kappa Tau

ALL AREAS
Color 0.87 0.87

Hyperspectral 0.85 0.85
COMBINED

IKONOS 0.82 0.83

Tests for Significant Differences between Tau Coefficients

When combining data for all four test areas by imagery type, maps generated

from color aerial photography were significantly more accurate than those made from

IKONOS imagery (ZaO.01 = 3.071), but did not differ from hyperspectral maps «ZaO.05 =

1.96). There was no significant difference between the accuracy ofthe IKONOS and

hyperspectral maps «ZaO.05 = 1.96) for all study sites combined (Table 21).

Table 21: Summary of the z statistics indicating probability that photointerpretation of
benthic habitat maps from color aerial photography, hyperspectral and IKONOS satellite
imagery are equivalent based on P~0.05 «ZaO.05 = 1.96) with significant difference noted.
The absolute value of the z statistic is compared to a standardized critical table for Z
(standard normal deviate).

Image Type IKONOS HSI
ALL AREAS color *-3.07086 1.42364
COMBINED IKONOS -1.59611

* 95% significant difference based on z statistic
(>ZaO.05 = 1.96)
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CHAPTER V: DISCUSSION

Overview

The overall accuracies at the detailed and major level ofthe classification scheme

were useful to show general trends that exist among imagery types at different test areas

and between imagery types for all test areas combined. The overall, user's and

producer's accuracies at the major-level of the classification scheme were reported with

95% confidence intervals, and as such are arguably indicative of strong trends. They

were, however not as useful as the actual error matrices from which they were generated.

The errors of omission and commission (the off-diagonal errors) shown in the matrices

were the major indication of which benthic habitat classes are being confused at the

different test areas and which imagery types have this confusion.

Assumptions for Accuracy Assessment Analyses

There were several assumptions for the accuracy assessment analyses which need

to be met to be able to defend the use of the various tests. The error matrices had

assumptions relating to the sampling regime and subsequent field data collection. The

Tau coefficient and tests of significance based on these coefficients also had assumptions

which were necessary for the tests to be valid and defendable. All of these assumptions

were scrutinized. Most assumptions were met. Some assumptions were only partially

met or met to the best ability of the researchers under the conditions of the overall

project. These assumptions need to be elucidated and when compromised or modified,

the justification for this modification needs to be defended. They are also discussed in

light of the errors they may generate.
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Types of Errors Encountered

There were several types ofpotential errors and issues encountered during the

course of this research which could result in an inaccurate assessment of thematic map

accuracy. These included positional error associated with the remotely sensed imagery,

errors associated with the classification scheme, errors associated with collection of

reference data while in the field, and those associated with photointerpretation and

thematic map production. This last category is what this research set out to quantify and

describe. Errors in the other categories could lead to an inaccurate assessment of the map

accuracy in this last category, and as such, are summarily discussed.

One of the assumptions of this map accuracy assessment is that the reference data

are considered to be 100% correct; an assumption which is never fully met. While there

are no hard and fast, quantitative adjustments to the test statistics or marginals in the error

matrices based on these errors and issues, they should still be addressed. This can result

in a more reliable assessment of the true map accuracy and lead to a greater acceptance of

the maps as a policy tool for research managers and scientists.

Sample Design and Fieldwork

The sampling regime and subsequent fieldwork for the error matrices (and tests

based on these matrices) had several assumptions recommended by previous researchers

and statisticians, including sample independence, assessment of spatial autocorrelation,

mutual exclusivity and total exhaustivity of the hierarchical classification scheme classes

when in the field, relationship of sample station aerial extent to the minimum mapping

unit aerial extent, and the assumption that the field ground truth and accuracy assessment
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data were 100% correct (Congalton, 1981; Congalton & Green, 1999; Hord & Brooner,

1976, Story & Congalton, 1986). Each assumption was met to varying degrees.

Sample independence is required for the error matrices to be a valid

representation of the habitat encountered in the field and the map created by the

photointerpreter. The stratified random sampling procedure insured independence to the

extent that each group of pixels in the imagery within a map class (strata) had an equal

chance of being selected within the strata. Some map classes (strata) were rare and had a

small aerial extent. These classes usually had a small number ofpolygons interpreted as

such. The random sampling within these rare small classes had to be scrutinized closely

to be sure that sampling was without replacement and that there was little or no spatial

autocorrelation.

Some polygons at the detailed level of the classification scheme were extremely

narrow and linear, an example being the class "50 to 90% crustose coralline algae" (see

appendix A for thorough definition of classes and appendix B for site-specific

occurrences of this class). The photointerpreter identified and delineated this habitat only

at the Kona test site. It was encountered in the accuracy assessment fieldwork at eight

sample stations, also all only in the Kona test site. Although every pixel in this class was

equally likely to be selected and it was not under sampled, the aerial extent of the eight

sample stations represented almost one forth of the aerial extent of the entire class. With

these stations so close together, they were arguably more susceptible to spatial

autocorrelation, therefore possibly violating the assumption of independence.

A separate study done on the spatial autocorrelation of errors in these maps

indicated that some classes had errors that were spatially autocorrelated to other errors
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within the same class. Map errors were coded for right or wrong, and then stratified by

map class. Semivariogram analysis indicated that for the coralline algae class, the

distance between samples needed to be greater than was implemented to insure spatial

sample independence. Although the map errors for this class displayed autocorrelation,

there was not enough of this rare habitat to increase the distance between random

samples. The size and shape of the coralline algae polygons were too small to increase

the distance between sample stations without greatly reducing the number of samples for

that class. It was decided that a minimum number ofrandom sample stations were more

important to the validity of the overall results than the fact that the errors in that class

exhibited a degree of spatially autocorrelation. The assumption of sample independence

(e.g. no spatial autocorrelation) was considered less influential on the tests than a

decrease in sample size for this class. This decision was backed up by a sample size

versus power analyses which indicated that the amount of confusion in the "submerged

aquatic vegetation" class was very high, and this class needed to have a greater minimum

number of sample stations to meet the mapping standards of 85% correct agreement at

the 95% confidence level (see section on power analysis versus sample size below).

Sample Size

When selecting the number of sample stations (sample size) for accuracy

assessment, the acceptable level of error and the desired level of confidence must be

considered. The probability of a sampling station being labeled correct more than 5% of

the time by chance alone is considered unacceptable accuracy for thematic maps (Van

Genderen et al., 1978). Ifthe sample size is too small, this chance exists, resulting in an

unreliable assessment of map accuracy. However, too large a sample size, while helping
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to insure reliable accuracy, can be costly in expensive field time. Sample size can

therefore be determined for each strata in a manner which meets the desired map

accuracy standards while not exceeding a minimum number of stations (Van Gendener et

al., 1978; Congalton, 1991). The method is similar to a power analysis done for each map

class (Zar, 1999). Determining the number of accuracy assessment sampling stations for

each habitat type was done based on the following rationale. Reference data for accuracy

assessment are discrete (true or false) data that can, as such, follow a binomial or

multinomial distribution. The distributions of their sample variances, however,

approximate normality due to typically large data sets associated with remotely sensed

data. Several authors have addressed sample size for reference data based on stratified

random sampling using binomial statistics (Amof, 1982; Congalton 1991; Congalton &

Green 1999; Mumby et al., 1997; Richards & Jai, 1999; Van Genderen et ai, 1978; Zar,

1999). Van Gendron et al. (1978) evaluated probabilities of a binomial distribution in

light of class (strata) accuracy, and determined that the number of samples to give a 90 to

95 percent map accuracy at a 95 percent confidence level is between 30 and 60 (Figure

8). This binomial distribution was based on data being either correctly or incorrectly

classified. This does not necessarily elucidate the errors of omission or commission

associated with an error matrix.
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Figure 8: Percent map accuracy as a function ofsample size, after Van Genderen et ai, 1978,
Remote Sensing: Statistical Testing for Thematic Map Accuracy. In Remote Sensing of
Environnrrent, 7:3-14.

Congalton and Green (1999) stated that a multinomial distribution is a more

reliable model to address sample size when an error matrix is employed in map accuracy

assessment. This is desirable because the error matrix shows which classes (strata) are

being confused with other classes (i.e., errors ofcommission and omission). The sample

size required for a particular accuracy in one row ofthe matrix may vary from another

row, based on the number and nature oferroneous calls. A multinomial equation can be

used to address these different sample sizes by class, based on the types oferrors and

amount ofconfusion. This is preferable to the binomial case above, and may give as

much certainty with a smaller sample size for some classes. This test was beyond the

scope of this research, but it should be noted that such calculations may indicate that an

adequate sample size could be smaller when based on the binomial rather than

multinomial distributions for the less confusing classes.
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In lieu ofperforming all these sample size calculations, a "worst case scenario"

approach allows the researcher to estimate how many samples were needed in the class

with the most confusion. This sample size can be applied to all other classes, insuring that

a minimum sample size has been met. The desired accuracy for this analysis was set at

85%. This was the same as the research goals of this mapping effort. The calculation in

determining power was for a one-tailed (p>=0.5) binomial test using a normal

approximation (Zar, 1999). Using the above parameters, a "worst case scenario" based on

maps made from color aerial photography at the Molokai and Maui test sites suggest that

sampling was more than adequate.

The "submerged aquatic vegetation" class was the "worst case scenario" for the

Molokai test site. Based on calculations for an 85% minimum thematic accuracy with a

power of 0.95 (n = 56), a minimum of 17 sample stations would be required in this class

(Figure 9). These calculations could not be completed until after the error matrices were

created. While useful for future research and mapping efforts utilizing similar method

and standards, it was not applied to fieldwork for this research. It is included as a

recommendation for future mapping efforts.
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Figure 9: Power as a function of sample size for the class "submerged aquatic
vegetation" under the worst case scenario for the Molokai test site for maps made from
color aerial photography.

The same calculations were prefonned for the Maui test site (Figure 10). The

"coral reef and hardbottom" class was most often misc1assified, and was the "worst case

scenario" with a minimum of22 sample stations required to obtain 85% minimum

thematic accuracy with a power of 0.95 (n = 110). The "submerged aquatic vegetation"

class required 18 samples to have the same thematic accuracy. This was similar to the

calculations for this class at Molokai (Figure 9).
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Figure 10: Power as a function of sample size for the class "coral reef and hard bottom"
under the worst case scenario for the Maui test site for maps made from color aerial
photography.
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Aerial Extent of Sample Station

There were several major concerns about having a MMU substantially larger than

the accuracy assessment sampling area size. These included, but were not limited to false

negative and false positive habitat type calls, incorrect calls based on habitat

heterogeneity, and calls based on insufficient or incorrect field data. Congalton & Green

(1999) point out that one of the assumptions of accuracy assessments based on these

methods is a sample area similar to that of the minimum mapping unit. Each of these

concerns is addressed in light of individual errors or groups of errors in the maps.

There were several MMU instances where the sampling area was one habitat type,

and the overall surrounding area another habitat type. For example, a sampling station

falls in the center of a patch of sand surrounded by colonized pavement. The sand patch

is approximately 30 meters wide by 35 meters long. While the sampling area is in fact all

sand, the entire patch did not constitute an acre (one MMU), so the photo interpreter

would not have delineated this sand patch even if it could be distinguished in the

imagery. When this occurred in the field, the station habitat type was recorded as usual,

but it was noted that the station habitat was less than the MMU and, if distinguishable,

the overall surrounding habitat type was also recorded. During lab analysis, this station

call was counted as correct ifthe map polygon matched the field notes for the

surrounding habitat type rather than the station habitat type. If the surrounding habitat

type was not included in the field notes, the point was subject to further examination.

The imagery surrounding the station was closely scrutinized, and ifthe habitat

encompassed by the sampling station was both noticeably different than the overall

surrounding area and smaller than one acre, the point was omitted from the analysis. The
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logic for this omission is based on the fact that the habitat could have been seen, but

could not have been mapped because the area was less than the MMU. If, however, the

sampling area habitat was not noticeably different than the surrounding habitat area, the

point was counted as an incorrect call. This was, unfortunately very subjective.

Certain field conditions could result in insufficient data being collect at sampling

stations with MMU considerations. If the underwater visibility was less than five meters,

the habitat type in the area sampled could be less than the MMU, but not recorded as

such. The divers would swim around the sampling area but not be able to see the

surrounding habitat type. In this case, the person conducting the lab analysis must rely

on the imagery to determine whether the station area is under the MMU. Waves or other

unsafe conditions could also prevent the observers from getting an overall view of the

surrounding habitat type, thus not recording an MMU call in the field notes. For example,

several sampling stations occurred adjacent to areas with waves. Although the habitat

approaching these stations can be observed while in approaching the station, the adjacent

habitat beneath the waves may not be observed, and therefore cannot be noted. If this

unobservable habitat is different from the station, a MMU condition could exist but not

be recorded as such. In these cases, the imagery may reveal an MMU condition for the

sampling station. Slightly different field conditions at the time the imagery was collected

(wave direction and height, visibility, tides, ect... ) may allow the person doing the lab

analysis to see the overall habitat type and sampling area size, and if the area sampled is

less than the MMU, the station can be omitted from analysis rather than being counted as

an incorrect call.
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Error Matrix, Kappa and Tau

Although aerial photo interpretation has been in common use since the 1940's, the

first suggestion of using statistical methods for accuracy assessment was published by

Sammi in 1950. It was another five years before an actual method, the error or confusion

matrix, was introduced as a quantitative method of accuracy assessment (Young &

Stoeckler, 1956). It would not be until the advent of Landsat 1 in 1972 that there were

large amounts of digital remotely sensed data available to researchers. With this glut of

digital data and subsequent thematic maps came the need for cartographers to be able to

statistically evaluate their output. The last forty years have been the era of quantitative

accuracy assessment. This is a relatively short period of time to conclude with any

certainty which techniques are "best" for assessing photointerpreted map accuracy. As

new techniques are developed or applied from other disciplines, what was considered

"best" changes in light of these new developments and applications. Although the error

matrix has been used to describe and quantify map accuracy for over 50 years now,

analyses derived from or based on this matrix are more recent.

Overall, user's and producer's accuracies have been derived from error matrices

since the matrices inception as tools to assess map accuracy. However, it was often only

the producer's accuracy which was reported (Story, 1986). This can give a misleading

assessment of the map's accuracy. When reference data fall within the correctly

corresponding map class, this indicates that the photointerpreter has included this habitat

type in the correct polygon. It does not, however, indicate how many incorrect reference

stations also fall within this polygon. If the photointerpreter has greatly overestimated

the area of this particular class, it is not surprising to find that they have included correct
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reference stations within its boundaries. The question should then be "how many

incorrect reference stations are also within these boundaries?" This is addressed with the

user's accuracy.

The user of a map may not necessarily find the corresponding habitat class when

visiting mapped areas in the field. Just because the producer's accuracy for a particular

class was high, areas that are mapped as this class may not actually be this class. In a

hypothetical map, one giant polygon of sand can rightly include all reference data that are

sand, however it could also incorrectly include all other classes in the reference data set.

Therefore, if someone were to use this hypothetical map to go to a point in the field

within the polygon mapped as sand, what percentage of the time would the habitat

observed at this point correctly match what the map producer has labeled for this

polygon? In other words, what is the user's accuracy? For this reason the user's

accuracy should also be reported; so the map user has an idea what percentage of the time

they are likely to find the corresponding class when occupying this polygon in the field.

"The kappa statistic (K) was first introduced by Cohen (1960) as a means to

measure agreement between observed and expected marginal totals in the error matrix.

This gives an overall indication of the difference between the actual agreement observed

in the error matrix and the expected agreement based on chance alone. In this way, the

kappa technique is similar to Chi square analysis; however it is not affected by the cell

values of zero that occur in most error matrices (Congalton and Mead, 1983). While this

value has been historically reported as a measure of accuracy, it has also been reported to

underestimate true map accuracy (which can never be known for sure, but only
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approximated via sampling). It also tends to overestimate the amount of agreement due

to chance alone (Redmond & Ma, 1995; Nasset, 1996).

The tau coefficient has been cited as a better indication of map accuracy, as it

weights marginals based on group membership. In other words, the amount of agreement

due to chance is represented by the number of reference data within each marginal total,

not by the overall diagonal totals as in the kappa. The tau is also easier to calculate and

understand. As Naesset (1996) states, the tau" ... expresses the agreement obtained after

removal of the random agreement expected by chance" (pg 91). For this research, the tau

coefficient was used for the statistical tests between imagery types and between test areas

and the kappa was only reported.

While the tau coefficient for thematic maps interpreted from IKONOS satellite

imagery was significantly different from the tau coefficient based on maps generated

from the color aerial photography, the overall difference in accuracy was approximately

0.04, or 4%. This small difference, in light of cost differences associated with the two

types ofremotely sensed data and the intended use of the final map products, does not

warrant exclusive use of color aerial photography over IKONOS imagery for benthic

habitat mapping at this regional scale.

Project Costs

The overall cost of this mapping effort can be broken down into three categories;

image acquisition, image interpretation (map making), and fieldwork for training and

accuracy assessment. If the start-up costs of collecting the remotely sensed data (airplane

or satellite costs) and set-up costs of a GIS lab are not included, the fieldwork to collect

reference data was the most expensive component of this mapping project. This has been
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the case in similar mapping efforts worldwide (Mumby et at, 1999). While many hours

of time were spent at the computer, interpreting and digitizing the remotely sensed

imagery, the fieldwork required more person hours per acre ofmap produced. If the

hourly pay rate of the field personnel and image interpretation personnel are considered

equivalent, the overall costs can be viewed in terms ofperson-hours for the two tasks.

For the fieldwork, a minimum of two people worked simultaneously for safety

and logistic reasons. At two of the four test areas, three people were required daily. Each

test site required approximately 10 days of fieldwork at ten hours per day. This resulted

in roughly 1000 person-hours. This did not include lab time to make field maps, create

random waypoints, nor do any ofthe pre-trip logistics associated with fieldwork.

The map production (interpretation and digitizing) for each of the three types of

imagery was done by a single individual. The time required to map all three imagery

types totaled 888 person-hours. This was calculated using eight-hour days, with 30 days

for Molokai, 21 for Maui, 21 for Kona, and 39 for Kaneohe Bay. As in the fieldwork

time estimates, production set-up time was not included. Hours spent on quality control,

metadata and final report write-up were also not included in map production.

The 888 person-hours estimated for map production resulted in the creation of

three equivalent sets of maps. This total can therefore be divided by three to represent

the time required to make one complete set of maps from anyone imagery type. This

equals 296 person-hours per map. While an approximation, this ratio of 1000 hours

fieldwork to 296 hours of map production (or 3.3 to 1) is representative of the ratio of

effort required to produce maps of similar accuracy using similar methods. Resource

managers and scientists will make decisions with greater confidence, certainty and
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conviction based on maps ofknown accuracy versus maps of unknown accuracy. The

money spent on fieldwork in support of accuracy assessment pays off in the utility of the

final map product.

76



CHAPTER VI: CONCLUSIONS

Summary and Recommendations

This research addressed the thematic accuracy of benthic habitat maps derived by

photointerpretation of three different types of remotely sensed data. While the color

aerial photography, hyperspectral data and IKONOS satellite data were inherently

different, the resulting RGB images used for photointerpretation were quite similar. This

is evidenced by the similarities in the error matrices and the percentage agreement

between maps derived from these images more so than by the results of the significance

tests. Although maps made from IKONOS imagery were significantly different than

maps made from color aerial photography, the actual percentage agreement of the two

types of maps were 86.5% and 90.7%, respectively. The overall goals ofthe Pacific-wide

mapping efforts were to be able to produce maps which were at least 85% accurate with a

95% confidence level. All three types of imagery met these mapping goals, even though

there were statistically significant differences in accuracy above this minimum threshold.

There were no significant differences between tau coefficients for maps generated

from any of the three types of remotely sensed imagery at two of the four test areas

«ZuO.05 = 1.96). At the third test area, maps created from color aerial photography were

significantly more accurate than those created from either IKONOS (ZuO.Ol = 2.622) or

hyperspectral imagery (ZuO.Ol = 2.374). At the forth test site, maps from color aerial

photography were significantly more accurate than those based on IKONOS imagery

(ZuO.Ol = 2.013) but were not different from maps based on hyperspectral imagery «ZuO.05

= 1.96).
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When combining data for all four test areas, maps generated from color aerial

photography were statistically more accurate than those made from IKONOS imagery

(ZaO.Oi = 3.071), but did not differ from hyperspectral maps «ZaO.OS = 1.96). There was no

significant difference between the accuracy of the IKONOS and hyperspectral maps

«ZaO.OS = 1.96) when data for all study sites were combined. Although the maps made

from color aerial photography were significantly more accurate than IKONOS maps, the

percentage agreements were very close (approximately 4%) and well within the overall

goals of the Pacific-wide mapping efforts. Even though there were statistically significant

differences between various Te, the reported differences do not necessarily indicate that

one imagery type is superior over another when the overall goals of the mapping project

are considered. These differences, though significant, are not great enough to warrant

recommending expending more money to obtain new remotely sensed data if any of the

three types already exist. Based on these findings, it is recommended that when using

similar methods, any of the three types of remotely sensed imagery could be used

interchangeably for future benthic habitat mapping in Hawaii with comparable map

accuracIes.

The tau coefficient is considered to be a better indicator of class agreement than

the kappa statistic, and is also easier to calculate and understand. This research has

indicated that the a priori probabilities of class assignment for the tau can be estimated

from the error matrices, and the accuracy of future mapping projects using similar

methods can be predicted based on these probabilities. The a priori tau can also be used

for assessing accuracy of future maps, and the sample size power analyses for the "worst

case scenario" can give an indication of the minimum sample size for the habitat classes
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with the most confusion, helping to insure that only the required (expensive) fieldwork

has been conducted.

In this research, both user's and producer's accuracies have been reported. It is

recognized, however that the producer's accuracy is a better indicator ofhow well a

certain area can be classified (the probability of a reference pixel being correctly

classified). Therefore, for the purpose of evaluating thematic map accuracy based on

photointerpretation, it is recommended that producer's accuracy be considered the most

representative of the two methods.
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ABOUT THIS DOCUMENT

This document was produced to support the U.S. Coral Reef Task Force (CRTF), created by Execu
tive Order PL. 13089, which calls for the conservation and protection of the nation's coral reefs. The ClassifJ~

cation Scheme for Benthic Habitats: Main Eight Hawaiian Islands complements chapter one, Classification
Scheme for Benthic Habitats, of the document Methods Used to Map the Benthic Habitats ofPuel10 Rico and
the u.s. Virgin Islands, (Kendall et al. 2001). Complementary schemes will be developed for the Northwest
Hawaiian Islands and other US Territories and Commonwealths in the Pacific.

BACKGROUND

The National Oceanic and Atmospheric Administration (NOAA) National Ocean Service (NOS)
initiated a coral reef research program in 1999 to map, assess, inventory, and monitor U.S. coral reef ecosys
tems. These activities were implemented in response to requirements outlined in the Mapping Implementation
Plan developed by the Mapping and Information Synthesis Working Group (MISWG) of the CRTF (MISWG
2000). As part of the MISWG of the CRTF, NOS' Biogeography Team has been charged with the develop
ment and implementation of a plan to produce comprehensive digital coral-reef ecosystem maps for all U.S.
States, Territories, and Commonwealths within five to seven years. Joint activities between Federal agencies
are particularly important to map, research, monitor, manage, and restore coral reef ecosystems. In response
to the Executive Order, NOS is conducting research to digitally map biotic resources and coordinate a long
term monitoring program that can detect and predict change in U.S. coral reefs, and their associated habitats
and biological communities.

Most U.S. coral reef resources have not been digitally mapped at a scale or resolution sufficient for
assessment, monitoring, and/or research to support resource management. Thus, a large portion of NOS's
coral reef research activities have focused on mapping of U.S. coral reef ecosystems. The map products will
provide the fundamental spatial organizing framework to implement and integrate research programs and the
capability to effectively communicate information and results to coral reef ecosystem managers. Although the
NOS coral program is relatively young, it has had tremendous success in advancing towards the goal to
protect, conserve, and enhance the health of U.S. coral reef ecosystems. One objective of the program was
to create benthic habitat maps to support coral reef research to enable development of products that support
management needs and questions. An initial step in producing benthic habitat maps is the development of a
habitat classification scheme. The purpose of this document is to outline the benthic habitat classification
scheme for the main eight Hawaiian Islands: Hawaii, Maui, Molokai, Lanai, Kahoolawe, Oahu, Kauai, Niihau.

This classification scheme will be used in the applied mapping component of the overall project.
Benthic habitat maps will be created by visual interpretation of digital imagery using "heads up" (on screen)
computer digitiZing. The imagery must be of sufficient quality to enable visual interpretation into classified
habitat maps. Regardless of the type of imagery collected (Le., photographic, hyperspectral, satellite), it will
need to be classified into distinct categories that meet the needs of both the management and scientific
community. Developing this classification scheme is an important step in determining the type of map
products to be produced from the imagery. To facilitate development of the digital benthic habitat maps,
NOAA and its partners have produced a classification manual (Methods Used to Map the Benthic Habitats of
Puel10 Rico andthe u.s. Virgin Islands) that will document the specific methods used in image interpretation
and habitat classification (Kendall et al. 2001). Chapters of the classification manual include a list of the
classified habitats, description of the habitats, guidelines for on-screen mapping, and an assessment of
classification accuracy.

Please continue to monitor the progress of this work on NCCOS's Biogeography Program website:
(http://biogeo.nos.noaa.gov/)
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DEVELOPING THE HABITAT CLASSIFICATION SCHEME

A hierarchical classification scheme was created to define and delineate habitats. The classification
scheme was influenced by many factors including: requests from the management community, NOS's coral
reef mapping experience in the Florida Keys and Caribbean, existing classification schemes for the Pacific
and Hawaiian Islands (State of Hawaii 1981; Holthus and Maragos 1995; Gulko 1998; Allee et al. unpub
lished), other coral reef systems (Kruer 1995; Reid and Kruer 1998; Lindeman et al. 1998; Shepard et al.
1995; Vierros 1997; Chauvaud et al. 1998; Florida Fish and Wildlife Conservation Commission, Florida
Marine Research Institute and NOAA, 1998; Mumby et al. 1998; NOAA et al. 1998), quantitative habitat data
for the Hawaiian Islands, the minimum mapping unit (MMU - 1 acre for visual photointerpretation), and
analysis of the spatial and spectral limitations of aerial photography and hyperspectral imagery. The hierarchi
cal scheme allows users to expand or collapse the thematic detail of the resulting map to suit their needs.
This is an important aspect of the scheme as it will provide a "common language" to compare and contrast
digital maps developed from complementary remote sensing platforms. Furthermore, it is encouraged that
additional hierarchical categories be added in the resulting geographic information system by users with more
detailed knowledge or data for specific areas. For example, habitat polygons smaller than the MMU can be
delineated, such as reef holes found in parts of the Hawaiian Islands, or habitat polygons delineated as
colonized pavement using this scheme could be further attributed with health information (i.e., bleached,
percent live cover) or species composition (i.e., Porites, Mon/ipora).

GENERAL DESCRIPTION OF THE CLASSIFICATION SCHEME

The classification scheme defines benthic communities on the basis of two attributes: large geo
graphic "zones" which are composed of smaller "habitats". Zone refers only to benthic community location and
habitat refers only to substrate and/or cover type. Every polygon on the benthic community map will be
assigned a habitat within a zone (e.g. sand in the lagoon, or sand on the bank). Zone indicates polygon
location and habitat indicates composition of each benthic community delineated. Combinations of habitat
and zone that are analogous to traditionally used terminology are noted where appropriate. The description of
each zone and habitat includes example images. Where available, both underwater and aerial photographs
are included for habitats. Aerial images are included for zones. The zone/habitat approach to the classifica
tion scheme was developed by the Caribbean Fishery Management Council; Dr. Ken Lindeman, Environmen
tal Defense; and the NOS Biogeography Team.

Eleven mutually exclusive zones were identified from land to open water corresponding to typical
insular shelf and coral reef geomorphology (Fig. 1-2). These zones include: land, vertical wall, shoreline
intertidal, lagoon, reef flat, back reef, reef crest, fore reef, bank/shelf, bank/shelf escarpment, channel, and
dredged (since this condition eliminates natural geomorphology). Zone refers only to each benthic
community's location and does not address substrate or cover types within. For example, the lagoon zone
may include patch reefs, sand, and seagrass beds; however, these are considered structural elements that
mayor may not occur within the lagoon zone and therefore, are not used to define it. Twenty-seven distinct
and non-overlapping habitat types were identified that could be mapped by visual interpretation of remotely
collected imagery. Habitats or features that cover areas smaller than the MMU were not considered. For
example, sand halos surrounding patch reefs are too small to be mapped independently. Habitat refers only
to each benthic community's substrate and/or cover type and does not address location on the shelf. Habitats
are defined in a collapsible hierarchy ranging from four broad classes (unconsolidated sediment, submerged
vegetation, coral reef and hardbottom, and other), to more detailed categories (e.g., emergent vegetation,
seagrass, algae, individual patch reefs, uncolonized volcanic rock), to patchiness of some specific features
(e.g., 50-90 percent cover of macroalgae).
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LIST OF ZONES AND HABITATS
ZONES

Land
Shoreline Intertidal
Vertical Wall*
Lagoon
Back Reef (wI Lagoon, see barrier reef· Figure 1)
Reef Flat (w/o Lagoon, see fringing reef· Figure 2)
Reef Crest
Fore Reef
Bank/Shelf
Bank/Shelf Escarpment
Channel*
Dredged*
Unknown

*not depicted in figures

Bank! helf
Backreef Reef rest Forere f

horelioel
Intertidal Lagoon

.•.••_.•. _. _._._.•. ._. __••_ .•.__._._._••. _.•. _.•. _.•._._ .•._._ .•. M1l!.l!.lfjgj!])AlJ..b(I!i!•. _••.•.

·-·_·---·-'··---···-·~niig·l:blP~~le-·

Figure 1. Barrier reef. cross-section. Reef separated from the shore by a relatively wide, deep lagoon.

._.•••••.•.•__••.• ,_.__ ,•. _._._. _. .•.•••••.•. _.•._ .•.•. _._._. _.•__ ._ .•. M.fl!l!_lflgj!IiA'LJd.'!tt., _••••.

;.;:.>"==::.:.:>"~~---o..:.:••"",._=.-=fY-"'-' '-·-·--·-···-······':SPtitll'tlJW7itre'C.iile··

horelinel
Intertidal Reef Flat Reef re t Forereef

Bank/Shelf

Figure 2. Fringing Reef cross-section. Reef platform is continuous with the shore.
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HABITATS

Unconsolidated Sediment (0%-<10% submerged vegetation)
Mud
Sand

Submerged Vegetation
Seagrass

Continuous Seagrass (90%-100% Cover)
Patchy (Discontinuous) Seagrass (50%-<90% Cover)
Patchy (Discontinuous) Seagrass (10%-50% Cover)

Macroalgae (fleshy and turf)
Continuous Macroalgae (90%-100% Cover)
Patchy (Discontinuous) Macroalgae (50%-<90% Cover)
Patchy (Discontinuous) Macroalgae (10%-<50% Cover)

Coral Reef and Hardbottom
Coral Reef and Colonized Hardbottom

Linear Reef
Aggregated Coral
Spur and Groove
Individual Patch Reef
Aggregated Patch Reef
Scattered Coral/Rock in Unconsolidated Sediment
Colonized Pavement
Colonized Volcanic Rock/Boulder
Colonized Pavement with Sand Channels

Uncolonized Hardbottom
Reef Rubble
Uncolonized Pavement
Uncolonized Volcanic Rock/Boulder
Uncolonized Pavement with Sand Channels

Encrusting/Coralline Algae
Continuous Encrusting/Coralline Algae (90%-100% Cover)
Patchy (Discontinuous) Encrusting/Coralline Algae (50%-<90% Cover)
Patchy (Discontinuous) Encrusting/Coralline Algae (10%-<50% Cover)

Other Delineations
Land
Emergent Vegetation
Artificial
Unknown
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DESCRIPTION OF ZONES AND HABITATS:

Shoreline Intertidal: Area between the mean high water line (or landward edge of emergent vegetation when
present) and lowest spring tide level (excluding emergent segments of barrier reefs). Typically, this zone is
narrow due to the small tidal range in the main eight Hawaiian Islands.

Typical Habitats: Mangrove, hao, sand,
seagrass, and uncolonized volcanic/carbonate
rock.

Vertical Wall: Area with near-vertical slope from shore to shelf or shelf escarpment. This zone is typically
narrow and may not be distinguishable in remotely gathered imagery, but is included because it is recognized
as a biologically important feature.

Typical Habitats: volcanic rock, algae, coral.

Lagoon: Shallow area (relative to the deeper water of the bank/shelf) between the shoreline intertidal zone
and the back reef of a reef or a barrier island. This zone is protected from the high-energy waves commonly
experienced on the bank/shelf and reef crest. If no reef
crest is present there is no lagoon zone.

Typical Habitats: Sand, seagrass, algae,
pavement, volcanic/carbonate rock, and patch
reefs.
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Reef Flat: Shallow (semi-exposed) area between the shoreline intertidal zone and the reef crest of a fringing
reef. This zone is protected from the high-energy waves commonly experienced on the shelf and reef crest.
Reef flat is typically not present if there is a lagoon zone.

Typical Habitats: Sand, reef rubble, seagrass,
algae, and patch reef.

Back Reef: Area between the seaward edge of a lagoon floor and the landward edge of a reef crest. This
zone is present when a reef crest and lagoon exist.

Typical Habitats: Sand, reef rubble, seagrass,
algae, linear reef, and patch reef.

Reef Crest: The flattened, emergent (especially during low tides) or nearly emergent segment of a reef. This
zone lies between the back reef and fore reef zones. Breaking waves will often be visible in aerial images at
the seaward edge of this zone.

Typical Habitats: Reef rubble, linear reef., and
aggregated coral.
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Fore Reef: Area from the seaward edge of the reef crest that slopes into deeper water to the landward edge
of the bank/shelf platform. Features not forming an emergent reef crest but still having a seaward-facing
slope that is significantly greater than the slope of the bank/shelf are also designated as fore reef (Fig. 2).

Typical Habitats: Linear reef and Spur and
Groove.

Bank/Shelf: Deep water area (relative to the shallow water in a lagoon) extending offshore from the seaward
edge of the fore reef to the beginning of the escarpment where the insular shelf drops off into deep, oceanic
water. The bank/shelf is the flattened platform between the fore reef and deep open ocean waters or
between the shoreline/intertidal zone and open ocean if no reef crest is present.

Typical Habitats: Sand, patch reefs, algae,
seagrass, linear reef, colonized and uncolonized
pavement, colonized and uncolonized pavement
with sand channels, and other coral reef habitats.

Shelf Escarpment: The edge of the bank/shelf where depth increases rapidly into deep, oceanic water. This
zone begins at approximately 20 to 30 meters depth, near the depth limit of features visible in aerial images.
This zone extends well into depths exceeding those that can be seen on aerial photographs and is intended
to capture the transition from the shelf to deep waters of
the open ocean.

Typical Habitats: Sand, linear reef, and spur and
groove.
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Channel: Naturally occurring channels that often cut across several other zones.

Typical Habitats: Sand, mud, uncolonized
pavement.

Dredged: Area in which natural geomorphology is disrupted or altered by excavation or dredging.

Typical Habitats: Sand, mud.

Unknown: Zone uninterpretable due to turbidity, cloud cover, water depth, or other interference.
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Unconsolidated Sediment: Unconsolidated sediment with less than 10 percent cover of
submerged vegetation.

Mud: Fine sediment often associated with river discharge and buildup of organic material in areas
sheltered from high-energy waves and currents.
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Sand: Coarse sediment typically found in areas exposed to currents or wave energy.
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Submerged Vegetation: Greater than 10 percent cover of submerged vegetation in unspecified substrate
type (usually sand. mud, or hardbottom).

Seagrass: Habitat with 10 percent or more cover of seagrass (e.g.• Ha/ophi/a sp.).

Continuous Seagrass: Seagrass covering 90 percent or more of the substrate. May include
blowouts of less than 10% of the total area that are too small to be mapped independently
(less than the MMU). This includes continuous beds of any shoot density (may be a
continuous sparse or dense bed).

Patchy Seagrass: Discontinuous
seagrass with breaks in coverage that
are too diffuse or irregular, or result in
isolated patches of seagrass that are too
small (less than the MMU) to be mapped
as continuous seagrass.

Patchy Seagrass (50%-90%
cover)
Patchy Seagrass (10%-50%
cover)

Representative Species:
Ha/ophi/a sp.
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Macroalgae: An area with 10 percent or greater
coverage of any combination of numerous
species of red, green, or brown macroalgae.
Usually occurs in shallow backreef and deeper
waters on the bank/shelf zone. High relief
(hardbottom) habitats takes precedence over
macroalgae cover.

Continuous Macroalgae: Macroalgae
covering 90 percent or greater of the
substrate. May include blowouts of less
than 10 percent of the total area that are
too small to be mapped independently
(less than the MMU). This includes
continuous beds of any density (may be a continuous sparse or dense bed).

Patchy Macroalgae: Discontinuous macroalgae with breaks in coverage that are too diffuse
or irregular, or result in isolated patches of macroalgae that are too small (smaller than the
MMU) to be mapped as continuous macroalgae.

Patchy Macroalgae (50%-<90% cover)
Patchy Macroalgae (10%-<50% cover)

Representative Species:
Dictyosphaeria spp.
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Coral Reef and Hardbottom: Hardened substrate of unspecified relief formed by the deposition of calcium
carbonate by reef building corals and other organisms (relict or ongoing) or existing as exposed bedrock or
volcanic rock.

Coral Reef and Colonized Hardbottom:
Substrates formed by the deposition of calcium
carbonate by reef building corals and other
organisms. Habitats within this category have
some colonization by live coral, unlike the
uncolonized hardbottom category.

Linear Reef: Linear coral formations that are
oriented parallel to shore or the shelf edge.
These features follow the contours of the shore/
shelf edge. This category is used for such
commonly used terms as fore reef, fringing reef,
and shelf edge reef.



Aggregated Coral: Coral-dominated formations with high relief and structural complexity. Often
serve same role as linear reef habitat in fringing reef systems where the reef crest is relatively
unorganized.



Spur and Groove: Habitat having alternating sand and coral formations that are oriented
perpendicular to the shore or bank/shelf escarpment. The coral formations (spurs) of this feature
typically have a high vertical relief relative to pavement with sand channels (see below) and are
separated from each other by 1-5 meters of sand or bare hardbottom (grooves), although the
height and width of these elements may vary considerably. This habitat type typically occurs in the
fore reef or bank/shelf escarpment zone.
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Patch Reef(s): Coral formations that are isolated from other coral reef formations by sand,
seagrass, or other habitats and that have no organized structural axis relative to the contours of
the shore or shelf edge.

Individual patch reef: Distinctive single
patch reefs that are larger than or equal
to the MMU.

Aggregate patch reefs: Clustered patch
reefs that individually are too small (less
than the MMU) or are too close together
to map separately.
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Scattered CoraVRock in Unconsolidated Sediment: Primarily sand or seagrass bottom with
scattered rocks or small, isolated coral heads that are too small to be delineated individually (i.e.
smaller than individual patch reef).
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Colonized Pavement: Flat, low-relief, solid carbonate rock with coverage of macroalgae, hard
coral, zoanthids, and other sessile invertebrates that are dense enough to begin to obscure the
underlying surface.
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Colonized Volcanic Rock/Boulder: Solid volcanic rock that has coverage of macroalgae, hard
coral, zoanthids, and other sessile invertebrates that begins to obscure the underlying surface.
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Colonized Pavement with Sand Channels: Habitat having alternating sand and colonized
pavement formations that are oriented perpendicular to the shore or bank/shelf escarpment. The
sand channels of this feature have low vertical relief relative to spur and groove formations. This
habitat type occurs in areas exposed to moderate wave surge such as the bank/shelf zone.

Representative Species/Live
Coral Community:
Portles compressa
POrtles /oba/a
Mon/ipora spp.
Poctl/opora meandrti7a
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Uncolonized Hardbottom: Hard substrate composed of relict deposits of calcium carbonate or
exposed volcanic rock.

Reef Rubble: Dead, unstable coral rubble often colonized with filamentous or other macroalgae.
This habitat often occurs landward of well developed reef formations in the reef crest or back reef
zone.



Uncolonized Pavement: Flat, low relief, solid carbonate rock that is often covered by a thin sand
veneer. The pavement's surface often has sparse coverage of macroalgae, hard coral, zoanthids,
and other sessile invertebrates that does not obscure the underlying surface.



Uncolonized Volcanic Rock/Boulder: Exposed volcanic rock that has sparse coverage of
macroalgae, hard coral, zoanthids and other sessile invertebrates that does not obscure the
underlying surface.
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Uncolonized Pavement with Sand Channels: Habitat having alternating sand and uncolonized
pavement formations that are oriented perpendicular to the shore or bank/shelf escarpment. The
sand channels of this feature have low vertical relief relative to spur and groove formations. This
habitat type occurs in areas exposed to moderate wave surge such as the bank/shelf zone.
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Encrusting/Coralline Algae: An area with 10 percent or greater coverage of any combination of
numerous species of encrusting or coralline algae. May occur in shallow backreef, relatively shallow
waters on the bank/shelf zone, and at depth.

Continuous Encrusting/Coralline Algae: Encrusting/coralline algae covering 90 percent or
more of the substrate.

Patchy Encrusting/Coralline Algae: Discontinuous encrusting/coralline algae with breaks in
coverage that are too diffuse or irregular, or result in isolated patches of coralline algae that
are too small (less than the MMU) to be mapped as continuous coralline algae.

Patchy Encrusting/Coralline Algae (50%-<90% cover)
Patchy Encrusting/Coralline Algae (10%-<50% cover)

Representative Species:
Poro/ithon gardineri
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Other Delineations:

Emergent Vegetation: Emergent habitat composed primarily of Rhizophoramangle (red mangrove)
and hao trees. Generally found in areas sheltered from high-energy waves. This habitat type is
usually found in the shoreline/intertidal, back reef, or barrier reef crest zone.
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Artificial: Man-made habitats such as
submerged wrecks, large piers, submerged
portions of rip-rap jetties, and the shoreline of
islands created from dredge spoil. Includes
active and remnant fish ponds walled off from the
open ocean along the shoreline, often along a
reef crest.

Unknown: Bottom type unknown due to
tUrbidity, cloud cover, water depth, or other
interference.
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Please direct comments and questions regarding habitat classification to:

Michael S. Coyne, Ph.D.
Marine Biologist
NOS Biogeography Program, NSCI1
1305 East-West Highway, SSMC4
Silver Spring, MD 20910
Ph: (301) 713-3028 x175
Fax: (301) 713-4384
michael.coyne@ noaa.gov

Please direct comments and questions regarding the overall benthic habitat mapping of the Hawaiian
Islands to:

Mark E. Monaco, Ph.D.
Marine Biologist
NOS Biogeography Program Manager, N/SCI1
1305 East West Highway, SSMC4
Silver Spring, MD 20910
Ph: (301) 713 -3028 x 160
Fax: (301) 713-4384
mark.monaco @noaa.gov

The products and ongoing research components of these activities would not be possible without the strong
partnerships forged within NOS, NOAA, other Federal Agencies, States, Territories, and Commonwealths.
The efforts of NOS's Special Projects Office, National Geodetic Survey, and the Coastal Services Center have
been essential to the successful implementation of this program.
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Table 1. List of abbreviations of detailed habitat types used in error matrices

HSeaGr Continuous Seagrass (90% to 1000% Cover)

MSeaGr Patchy (Discontinuous Seagrass) (50% to <90% Cover)

LSeaGr Patchy (Discontinuous Seagrass) (10% to <50% Cover)

HMacAl Continuous Macroalgae (90% to 1000% Cover)

MMacAl Patchy (Discontinuous Macroalgae) (50% to <90% Cover)

LMacAl Patchy (Discontinuous Macroalgae) (10% to <50% Cover)

LinReef Linear Reef

AgCr Aggregated Coral

SnG Spur and Groove

InPtRf Individual Patch Reef

AgPtRf Aggregated Patch Reef

SCRUS Scattered CoraV Rock in Unconsolidated Sediment

ColPv Colonized Pavement

CoIBa Colonized Volcanic RockIBoulder

ColPvSC Colonized Pavement with Sand Channels

RR Reef Rubble

UnColPv Uncolonized Pavement

UnColBa Uncolonized Volcanic RockIBoulder

UnColPvSC Uncolonized Pavement with Sand Channels

HCorAl Continuous Encrusting/Coralline Algae (90% to 1000% Cover)

MCorAl Patchy (Discontinuous) Encrusting/Coralline Algae (50% to <90% Cover)

LCorAl Patchy (Discontinuous) Encrusting/Coralline Algae (10% to <50% Cover)

EmgVg Emergent Vegetation

Artf Artificial

5
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Table 2. Accuracy of photointerpretation ofdetailed coral reef habitats using color aerial photography of the Kona test area

Color - Kona Detailed Habitats

FIELD ASSESSMENT
Row User's

AQCr Artf CoiBa ColPv ColPvSC HCorAI SCRUS LCorAI MCorAI Mud SAND SnG UnColBa Totals Accuracy

, AgCr 82 16 4 1 4 107 17%

W "'rtf 10 10 100%
t- CoiBa 2 50 2 3 2 59 85%~m ~olPv 0 0 NA
i2

~oIPvSC 1 1 2 50%
~
~

HCorAI 0 0 NA

Z ~CRUS 0 0 NA
0 LCorAI 1 1 1 3 33%C)
>- MCorAI 2 1 5 8 63%
..J
0 Mud 1 1 100%
Q.

~AND 1 51 52 98%
SnG 11 11 100%
UnColBa 4 1 21 26 81%

Column Totals 87 10 70 4 1 2 2 2 7 1 59 11 23 279
Producer's
Accuracy 94% 100% 71% 0% 100% 0% 0% 50% 71% 100% 86% 100% 91%

Detailed Overall Accuracy 83.5%



Table 3. Accuracy ofphotointerpretation ofdetailed coral reef habitats using hyperspectral imagery of the Kona test area

Detailed HabitatsI- K,H.. --- -_... _. ..._._-
FIELD ASSESSMENT

Row User's

AQCr CoiBa ColPv ColPvSC SCRUS SandG HCorAI MCorAI LCorAI SAND Mud UnColBa Artf I'rotals
Accuracy

~gCr 72 8 4 2 1 1 4 92 78%

W !CoiBa 6 59 4 2 71 83%
t- !ColPv 0 0 NA::)
OJ [coIPvSC 1 1 1 3 33%
ii2

S
~CRUS 0 0 NA
~andG 1 1 100%

Z HCorAI 0 2 2 0%
0 MCorAI 1 3 1 1 6 17%C)
> LCorAI 1 2 1 4 25%...I
0 ~AND 49 49 100%
Q.

~ud 1 100%1
UnColBa 4 1 21 26 81%
~rtf 8 8 100%

Column
Totals 81 71 4 1 2 1 3 6 3 59 1 23 8 263

Producer's
Accuracy 89% 83% 0% 100% 0% 100% 0% 17% 33% 83% 100% 91% 100%

-.....l

Detailed Overall Accuracy 81.4%
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Table 4. Accuracy ofphotointerpretation of detailed coral reef habitats using IKONOS Satellite imagery of the Kona test area

IKONOS • Kana Detailed Habitats

FIELD ASSESSMENT Row User's

AgCr Artf CoiBa ColPvSC ColPv HCorAI LCorAI RR MCorAI Mud SAND SnG SCRUS UnColBa
Totals Accuracy

IAgCr 76 2 1 7 3 2 91 84%

iArtf 9 9 100%
W !coiBa 3 57 2 1 1 2 66 86%...
::» ColPvSC 1 2 2 5 40%In
D2 ColPv 2 2 100%

I: HCorAI 0 0 NA
« LCorAI 1 0 1 0%
Z RR 0 0 NA0

~
MCorAI 2 3 6 11 55%

Mud 1 3 1 5 60%
0 SAND 7 1 1 45 1 55 82%Q.

SnG 1 2 1 1 10 15 67%

~CRUS 1 0 1 0%

UnColBa 3 1 3 19 26 73%

Column Totals
90 10 3 11 3 28764 13 2 4 1 8 3 54 21

Producer's
Accuracy 84% 90% 89% 67% 15% 0% 0% 0% 75% 100% 83% 91% 0% 90%

Detailed Overall Accuracy 79.8%



Table 5. Accuracy ofphotointerpretation of detailed coral reef habitats using color aerial photography of the Kaneohe Bay test area

C----- --_..._--.- - ---_..__ ...-_._---
FIELD ASSESSMENT Row User's

AQCr Artf ColPv ColPvSC HMacAl InPtRf IL-CorAI ...MacAI LSeaGr MMacAl !Mud RR SAND UnColPv UnColPvSC Totals Accuracy

IAgCr 5 5 100%

IArtf 9 9 100%

W !colPv 11 1 8 20 55%... lColPvSC 13 51 1 3 68 75%::J
~ HMacAI 1 1 100%
Q:

InPtRf 14 14 100%

~ LCorAI 5 5 100%

Z ...MacAI 37 1 1 10 49 76%
0 LSeaGr 0 0 NAC)
>- MMacAl 1 19 6 3 29 21%
..J
0 Mud 1 1 1 1 1 62 1 68 91%
Q.

RR 1 0 1 2 0%

SAND 1 1 2 1 24 1 30 80%

UnColPv 3 1 4 1 18 27 67%

UnColPvSC 2 2 100%
Column Totals 9 10 24 52 3 14 7 62 3 8 63 1 27 41 5 329

Producer's
Accuracy 56% 90% 46% 98% 33% 100% 71% 60% 0% 75% 98% 0% 89% 44% 40%

'0

Detailed Overall Accuracy 74.5%
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Table 6. Accuracy ofphotointerpretation of detailed coral reef habitats using hyperspectral imagery of the Kaneohe Bay test area

.. --- --.--- ..._- ---_.._- .--_._---
FIELD ASSESSMENT Row User's

AoCr IArtf CoIPv ""'oIPvSC HMacAI InPtRf CorAl MacA! SeaGr MMacAl Mud IsAND UnColBa UnColPv JnColPvSC Totals Accuracy

AgCr 4 1 1 6 67%

Artf 8 8 100%

ColPv 4 4 100%

tn OolPvSC 14 30 1 45 67%
w

2 50%I- HMacAl 1 1
:)

~ InPtRf 14 14 100%
0::

CorAl 6 6 100%I::
c( /-MacAl 1 45 1 1 3 16 67 67%
Z

~SeaGr 0 0 NA0
C)

~MacAl 13 4 1 18 22%>
...J

Mud 1 57 1 59 97%0
Q.
~AND 1 17 1 19 89%

~nColBa 1 1 100%

UnColPv 1 1 4 1 10 17 59%

UnColPvSC 3 3 100%
Column Totals 4 9 20 31 1 14 7 63 2 7 57 21 1 29 3 269

Producer's
Accuracy 100% 89% 20% 97% 100% 100% 86% 71% 0% 57% 100% 81% 100% 34% 100% "

Detailed Overall Accuracy 75.8%



Table 7. Accuracy of photointerpretation of detailed coral reef habitats using IKONOS Satellite imagery of the Kaneohe Bay test area

IKONOS • KBav Detailed Habitat-
FIELD ASSESSMENT Row User's

~gCr ~rtf lcolPv ColPvSC EmgVg HMacAl InPtRf LCorAI MacAl MMacAl ~and Mud RR SAND UnColPv l/nCoIPvSC Totals Accuracy

IAgCr 7 7 100%

IArtf 3 3 100%

!colPv 1 3 4 2 1 11 27%

CJ) !colPvSC 2 1 2 5 40%
w

IEmgVg 2 2 100%I-
::::>

IHMacAI 0 0 NA~

~
InPtRf 16 16 100%

~CorAI 2 1 3 67%
Z

~MacAl 4 2 42 4 1 3 5 61 69%0
t') 1MMacAl 2 1 2 30 4 1 40 10%>-
....J

r-and 13 1 0 1 15 0%0
a..

lMud' 1 2 1 56 2 2 64 88%

~R 0 0 NA

~AND 1 7 28 36 78%

IUnColPv 4 3 2 2 34 1 46 74%

UnColPvSC 5 0 5 0%

Column Totals 16 16 7 14 5 2 16 6 84 8 0 57 3 37 40 3 314

Producer's 44% 19% 43% 14% 40% 0% 100% 33% 50% 50% NA 98% 0% 76% 85% 0%
~ccuracy

............

Detailed Overall Accuracy 63.38%
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Table 8. Accuracy of photointerpretation of detailed coral reef habitats using color aerial photography of the Maui test area

Color- Maui Detailed Habitats
FIELD ASSESSMENT Row User's

AgCr CoiBa ColPv IUnColBa HMacAI LMacAl SCRUS MMacAI RR SAND UnColPv Totals Accuracy

AgCr 44 2 7 1 1 1 3 59 75%
W

CoiBa 2 18 3 1 24 75%I-
:::;) ColPv 3 1 5 1 2 12 42%m
ii: UnColBa 0 0 NA

~ HMacAl 1 1 100%
c( LMacAI 29 8 2 2 41 71%
Z

SCRUS 1 1 100%0
C) MMacAl 1 1 4 10 16 63%>-
...J RR 0 0 NA
0

SAND 3 4 112 1 120 93%D..
UnColPv 2 1 9 12 75%

Column Totals 53 21 12 5 2 39 1 18 1 117 17 286

Producer's Accuracy
83% 86% 42% 0% 50% 74% 100% 56% 0% 96% 53%

Detailed Overall Accuracy 80.1%
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Table 9. Accuracy ofphotointerpretation of detailed coral reef habitats using hyperspectral imagery of the Maui test area

Hyperspectral - Maui Detailed
Habitats

FIELD ASSESSMENT Row User's

~gCr CoiBa lcolPv UnColBa HMacAl LMacAl MMacAI RR ~AND ~rtf UnColPv Totals Accuracy

IAgCr 44 3 1 2 50 88%
W !coiBa 2 15 1 1 19 79%t-
::) !colPv 2 5 9 2 3 3 24 38%£Q
it: UnColBa 0 0 NA

1= IHMacAl 2 1 3 67%
c( LMacAl 28 6 1 3 3 41 68%
Z 1MMacAl 4 9 1 1 15 60%0
(!) RR 0 0 NA>-

SAND.J 2 1 1 92 3 99 93%
0

Artf 1 1 100%Q.

UnColPv 2 1 1 10 14 71%

Column Totals
50 20 12 4 6 32 18 1 102 1 20 266

Producer's
Accuracy 88% 75% 75% 0% 33% 88% 50% 0% 90% 100% 50%

Detailed Overall Accuracy 78.9%
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Table 10. Accuracy ofphotointerpretation ofdetailed coral reef habitats using IKONOS Satellite imagery of the Maui test area

IKONOS • Maui Detailed Habitats

FIELD ASSESSMENT Row User's

AgCr CoiBa ColPv UnColBa HMacAl Land LMacAl SCRUS MMacAl RR SAND UnColPv Totals Accuracy

~gCr 49 5 1 1 1 57 86%

W !coiBa 1 9 2 12 75%
I- !colPv 2 2 5 2 1 1 1 14 36%:::;)
a:l UnColBa 1 0 1 0%
Q2

IHMacAl 0 1 1 0%
1= Land 1 1 100%c(

Z LMacAl 1 26 8 1 4 1 41 63%
0 SCRUS 0 0 NAC)
>- MMacAI 1 6 7 14 50%
..J
0 RR 0 0 NA
l1. SAND 2 1 1 1 1 95 1 102 93%

UnColPv 2 1 5 10 18 56%

Column Totals 54 18 9 4 2 1 36 1 16 1 105 14 261
Producer's
Accuracy 91% 50% 56% 0% 0% 100% 72% 0% 44% 0% 90% 71%

Detailed Overall Accuracy 77.4%
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Table 11. Accuracy of photointerpretation ofdetailed coral reef habitats using color aerial photography of the Molokai test area

COLOR - Molokai Detailed Habitats
FIELD ASSESSMENT Row User's

AaCr SnG ColPv Artf LCorAI LMacAl SCRUS MMacAl EmaVa Mud RR SAND LinReef UnColPv Totals Accuracy

IAgCr 27 1 2 30 90%

~nG 0 0 NA
W k:;olPv 2 1 3 33%I-
;:)

IArtf 7 7 100%£Q

D2 LCorAI 1 0 1 2 0%

SLMacAl 38 4 2 1 45 84%

~CRUS 10 1 11 91%
Z MMacAl 1 4 5 1 11 45%0
C) EmgVg 21 21 100%
~ Mud 1 1 100%
0 RR 1 1 100%D.

SAND 2 1 38 41 93%

LinReef 37 37 100%

UnColPv 1 6 7 86%

Column
Totals 29 1 3 7 0 45 11 9 21 2 1 43 37 8 217

Producer's
Accuracy 93% 0% 33% 100% NA 84% 91% 56% 100% 50% 100% 88% 100% 75%

Detailed Overall Accuracy 88.48%
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Table 12. Accuracy ofphotointerpretation ofdetailed coral reef habitats using hyperspectral imagery of the Molokai test area

Hvperspectral- Molokai Detailed
Habitats

FIELD ASSESSMENT Row User's

AgCr SnG ColPv Artf LCorAI LMacAl SCRUS MMacAl EmoVo Mud RR SAND LinReef UnColPv Totals Accuracy

AgCr 34 5 1 40 85%

SnG 1 1 100%
W ColPv 1 2 1 2 2 8 25%I-
::;) Artf 5 5 100%In
ii2 LCorAI 0 0 NA

~ LMacAl 25 2 2 3 1 33 76%
« SCRUS 1 1 8 1 1 12 67%
Z

MMacAI 1 10 6 1 2 20 30%0

~
EmgVg 21 21 100%
Mud 2 2 100%

0
RR 1 1 100%a..
SAND 2 1 2 1 1 48 2 57 84%
/-inReef 6 6 100%
UnColPv 2 9 11 82%

Column
Totals 37 1 9 5 4 39 10 9 21 3 3 53 6 17 217

Producer's
Accuracy 92% 100% 22% 100% 0% 64% 80% 67% 100% 67% 33% 91% 100% 53%

Detailed Overall Accuracy 77.4%
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Table 13. Accuracy ofphotointerpretation ofdetailed coral reef habitats using IKONOS Satellite imagery of the Molokai test area

IKONOS • Molokai Detailed Habitats

FIELD ASSESSMENT Row User's

AQCr SnG ColPv HMacAI Artf LCorAI LMacAI SCRUS MMacAl EmgVeg Mud RR SAND LinReef UnColPv Totals Accuracy

AgCr 33 1 3 37 89%

~nG 0 0 NA

ColPv 1 1 1 3 33%
W I-IMacAl 0 0 NA
~

f6.rtf 5 100%In 5
~ LCorAI 0 .0 NA

~ LMacAI 1 1 5 31 1 1 2 3 45 69%

~CRUS 3 7 1 11 64%
Z
0 MMacAI 3 3 1 7 43%
(!)

EmgVeg 20 20 100%>-
..J Mud 1 1 100%0
l1. RR 1 2 3 67%

~AND 1 2 1 2 42 48 88%

~inReef 7 7 100%
UnColPv 1 1 2 3 12 19 63%

Column
Totals 37 1 5 8 5 1 39 12 3 20 3 3 44 7 18 206

Producer's
Accuracy 89% 0% 20% 0% 100% 0% 79% 58% 100% 100% 33% 67% 95% 100% 67%

Detailed Overall Accuracy 79.6%



Table 14. Summary of accuracy statistics for each individual test sites and all test sites combined.

ACCURACY STATISTICS

TEST AREA IMAGERY TYPE

Major Habitats Kappa Tau Detailed Habitats

Color 93.9% 0.89 0.89 83.5%

Kona Hyperspectral 92.4% 0.86 0.87 81.4%

IKONOS 90.2% 0.82 0.83 80.0%

Color 86.2% 0.81 0.82 74.5%

Kbay Hyperspectral 87.0% 0.83 0.83 75.8%

IKONOS 81.5% 0.76 0.77 63.4%

Color 90.5% 0.86 0.87 80.1%

Maui Hyperspectral 88.4% 0.83 0.86 78.9%

IKONOS 88.1% 0.83 0.84 77.4%

Color 94.0% 0.92 0.95 88.5%

Molokai Hyperspectral 88.0% 0.84 0.85 77.4%

IKONOS 86.9% 0.83 0.84 79.6%

Color 90.7% 0.87 0.87 80.8%
All Areas

Hyperspectral 89.0% 0.85 0.85 78.1%Combined
IKONOS 86.5% 0.82 0.83 74.1%
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Table 15. Data collected at each random site during benthic habitat classification surveys

Site Data Habitat Data

Study Area Point Habitat Type (0.5 meter radius)

Site ID Area 1 Habitat Type (7 meter radius)

GPS Date Area 2 Habitat Type (7 meter radius)

GPS Time Dominant Coral Species

GPS Position Dominant SAV Species

GPS Statistics Estimated Live Coral Cover

Depth Estimated SAV Cover

Photo Information Area Description

Assessment Methods
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Table 16: Power analysis versus sample size calculations for the worst case scenario of the class "submerged aquatic vegetation"
using color aerial photography at the Molokai test area. Major habitat types in error matrix at top, combined inlo the major classes
soft, green, hard, and other in center, and sample distribution for power analysis based on p=O.911. Sample si.ze to achieve power of
0.95 is 17. Grey shaded fields are for the worst case scenario.

G_nd 1\1111 IoIIOf_'- 01..
............._I~ A II C U " ~ duIItIed

1:>0" .<>eo_" 40 <U
~ 181~ Aquet VIOQ. 5·' 1 !Ie

E=leI COr.. R_ & Col. H8 2 0 n 1 0 II
(0) UncoIon, Hwdbottom 0 0 1 7 0 0 •(I!) En::twL CcnIUne Algooe 1 0 2
iF) 00.., OeIl.-ll.... 0 21 2t

olll (Or"" ~ !14 IIMI 21 au 21.

No

....01__

Soft A
~'B
Han! C.D&E-...cl
00- F

......
42

!Ill
91
29

TRUE FAJ.S,E~ P "- ol-wiled 1lI__UIinU'" nonn..........I_IZ.. 1m:
40 , 2 I 0952 I 1 i
51 I 5 I Ull , 1
a5 I 6 I 0.llJ4 I I
2ll- I I) --r1.ooo .- 1

=:-~....~~-r:-S!mpI!~:::.;=;;sa.1D_."-01 0.110
)SoII I" I 111
IGraM ,8
Hatd -rC.O&E comr 12
~·~I~~o-- D· 0.1111

N 11 ...... "-a
2 0.6&4 03111

0.6l1li 0•• ,2

• 0.!i()1 0•• 119
0425 0.575

8 0.3SlI O.flol2
7 0.300 0.700
8 0.2S0 0.7!i()
9 D.207 0.793

10 0171 0.ll2t, 0.1.' 0.859
12 0.116 O.lllI4
13 0.0ll5 0.905
1. o.on 0923
15 0.063 0.937
18 0.051 0.ll411,
Ie 0,033 0.lMl7
10 0.027 0,073
20 Q.Q22 0.078

P_w. SIImpie Sla for SAY (Wo,.t-eue sc.nuto)

1.0 T~~~~~~~~~~~-==::========"l0.9M I

; 0.7

:. 0.6

"3 0.5

1 0.4

~ 0.3
0.2
0.1
0.0 I , , , , , . , , , ,• Iii , i , • I .

2 3 .. 6 6 7 8 9 10 11 12 13 14 15 111 17 18 19 20

Simple 8Iq (N)



Table 17: Power analysis versus sample size calculations for the worst case scenario of the class "coral reef and hardbottom" using
color aerial photograpby at the Maui test area. Major habitat types in error matrix at top, combined into the major chsses soft, green,
hard, and other in center, and sample distribution for power analysis based on p=O.855. Sample size to achieve power of 0.95 is 22.
Grey shaded fields are for the worst case scenario.
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