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Situated off the west coast of Vietnam in the Gulf of Thailand, Phu Quoc archipelago and its

waters are well-known for their rich natural resources, especially the bounty of fishery resources.

Under increasing pressure from the growing population, fishing, and tourism development, there

is a strong need to formulate an integrated coastal management plan for Phu Quoc. An integral

part of most management techniques is to have detailed maps of these habitats and to monitor

their condition. To date, no distribution maps of benthic habitats such as coral reefs and sea grass

beds in Phu Quoc exist. There have been only a few efforts to map these habitats such as a series

of transect surveys carried out by WWF (World Wildlife Fund) Vietnam Marine Conservation

Southern Survey Team in 1994. Remote sensing techniques provide a unique opportunity to map

the spatial and temporal distribution of these resources at various scales.

This study has at three major components. Firstly, the baseline GIS data of Phu Quoc were

generated from a 1:50,000 scale topography map, including: shoreline, rivers, elevational

contours, road network, bathymetry, and the DEM (Digital Elevation Model). These data serve

as a starting point to formulate a digital database that facilitates future study and resource

management in the area.



Secondly, the benthic habitat mapping was focused in three sites surveyed in 1993 and 1994

using Landsat Thematic Mapper (TM) imagery acquired in 1992. To maximize the chance that

the upwelling signals recorded by the TM sensor contain useful information about the sea

bottom, the study areas were restricted to a depth less than 6 meters. The image classification and

interpretation were conducted on three TM visible bands that were transformed to minimize the

depth-dependence variance in the bottom reflectance signal as well the original bands without

depth-effect correction. The results indicate that benthic features of large extent such as seagrass

beds off the east coast of Phu Quoc can be mapped using Landsat TM imagery. Future work to

validate the classification maps is needed.

The third component is to demonstrate how GIS could support marine resources management in

Phu Quoc. Coral reefs are susceptible to nutrient excess and sedimentation caused by run-off

water. A GIS-based model was developed to assess the environmental sensitivity of coastal

watersheds impacting the nearby coral reefs via the sedimentation process. The model

incorporates vegetation cover, terrain steepness, and watershed area, and takes into account the

proximity of benthic habitats and estuarine areas. Vegetation cover was extracted from the TM

1992 image. Slope and area by watershed were extracted from the 1969 topographic map. The

resulting sensitivity maps could assist coastal managers in making informed decisions on landuse

activities to ensure the viability of the nearby coral reefs.



ACKNOWLEDGMENTS

I am indebted to many for helping me through my Master's program. I'd like to begin by
thanking the members of my committee: Dr. Phillip Sollins, Dr. James W. Good, Dr. A. Jon
Kimerling. Their support, guidance, and valuable draft revisions made this study come to
fruition. Dr. Phillip Sollins encouraged me on the idea of remote sensing applications in benthic
habitat mapping in the first meeting I had with him in 1998, and provided continual support
throughout my research. He also provided the funding to acquire Landsat imagery used in this
research. Dr. James W. Good helped me gain insight in so-called Integrated Coastal Zone
Management and constantly encouraged my study. I thank Dr. A. Jon Kimerling for his
valuable advice in my research and opening the world of remote sensing to me. I am grateful for
his kindness to helping me out when my fellowship expired.

Special thanks to Marc Kramer who gave me the invaluable assistance during the early days of
my project. We had many hours of creative discussion from which I greatly benefited. He
revised an early draft of my paper and encouraged and supported me throughout the research.

Many thanks go to Dr. Julia Jones for the stimulating discussion that give me initial ideas to go
forward with the GIS modelling; Jay Samek of Michigan State University for helping with
Landsat TM imagery import; Dr. Ronald Zaneveld for providing me readings on the basics of
ocean optics; Michael Lefsky for helping me with Spatial Modeler in Erdas Imagine; Liane
Guild for sharing her work of coral reef mapping in the Bahamas, and the reference source;
Dawn Wright for her assistance with GIS questions throughout the project; Hien, Y, Thanh for
helping with the acquisition of Phu Quoc data; Kelly Palacios and Timothy Worley for their
help with draft corrections.

I gratefully acknowledge the support and advice of Laura W. Jodice, Joy Burck, Irma Delson
throughout my Master's progam. I thank Nicklas Pisias for providing me access to the GIS lab,
as well as the computer support staff for finding fast solutions to my computer problems. I very
much enjoyed the excellent facilities provided by the College of Oceanic and Atmospheric
Science, Oregon State University.

I thank all friends who saw me through the last two and a half years, and have helped make my
life full of joy. A special thanks to the Claypool family, Minh, Linh, Thanh, Timothy Worley,
Davis Fuss, the Hop Vu family, the Kim family, Bill Fleck, Derek Sowers, Palacios Chaplin,
Rondi Robison, David Revell, Scott Bennett, Molly McCormick, Carla Chenault, Anu
Gupta and many other folks whose names escape my mind at the moment. Your friendship has
been the best part of my time in Corvallis, and I will cherish it throughout my life.

A special thank to David L. Hulse, the former representative of WWF Indochina who
continually supported me in the field of marine conservation in Vietnam. Without the WWF-
GEF fellowship, my Master's study in the US would not have been possible.

Finally, thanks to my family for providing me unwavering support and encouraging the pursuit
of knowledge.



Table of Contents

1. Introduction 	 1

Study area 	 1
Location 	 1
Biophysical characteristics 	 3
Economic significance 	 4

Marine resources of interest and their critical roles 	 4
Current crucial pressures on Phu Quoc's marine resources 	 5
Study objectives 	 7

2. Brief review of benthic habitat mapping and monitoring techniques 	 8

2.1. Traditional methods: Line transect and quadrat technique 	 8
2.2. Mapping and monitoring using remote sensing techniques 	 9
2.3. Others 	 10

3. Methodology 	 12

3.1. Materials 	 12
Data sources 	 12
Software 	 14

3.2. Generate GIS layer data for Phu Quoc 	 14
3.2.1. Digitize topography and topographic map and generate baseline GIS data for Phu
Quoc 	 14
3.2.2. Generate DEM 	 16

3.3. Methods of digital image processing 	 16
3.3.1. Image geo-referencing 	 16
3.3.2. Discriminating water – land and excluding cloud-covered areas 	 17
3.3.3.Submerged habitat classification 	 18

Sub-setting the study area 	 18
Depth-variation effect and Digital data analysis 	 20
Benthic habitat classification 	 22

3.3.4. Digital data analysis for Phu Quoc terrestrial area 	 23
Topographical effect normalization 	 23
Land classification 	 23

3.4. A demonstration of using the GIS to aid coastal zone management in Phu Quoc:
Predictive sensitivity analysis of watersheds which influence benthic habitats via
sedimentation from human-induced, land-based activities. 	 23

3.4.1. Rationale 	 25
3.4.2. Conceptual model .	  25
3.4.3. Step-by-step data analysis 	 27



4. Results 	 31

4.1. The first baseline GIS data for Phu Quoc 	 31
4.2. Results of Image processing and Discussion 	 31

4.2.1. Image geo-referencing, land-water discrimination, and cloud masking 	 31
4.2.2. Spectral Interpretation: Results and Discussion 	 40

Benthic habitat classification 	 40
Topographical effect normalization and classification for land area 	 51

4.3. GIS-based sensitivity analysis: Results and Discussion 	 51

5. Discussion ON Marine Resource Management in Phu Quoc employing gis 	 58

GIS as an aid to future research 	 58
GIS-based decision support system 	 60
GIS makes data accessible 	 61

6. Conclusions and Recommendations 	 62

Literature Cited 	 64

Appendices 	 67

Appendix A: Metadata and the Calculated Coordinates of TM scene used in this study 	 67
Appendix B: Arc/Info Commands used in this project 	 70
Appendix C: Information derived from Phu Quoc baseline GIS Data 	 72



DEVELOPMENT OF BENTHIC HABITAT MAPS AND GIS (GEOGRAPHIC
INFORMATION SYSTEM) MODELLING TO SUPPORT COASTAL ZONE

MANAGEMENT IN PHU QUOC, VIETNAM.

1. INTRODUCTION

Study area

Location

The Phu Quoc Archipelago, a district of Kien Giang province, is located off the west coast of

Vietnam, in the Gulf of Thailand (Figure 1). This group of islands (excluding Tho Chu Islands),

covering a total land area of 565 sq. km, consists of a main island, namely Phu Quoc, and about

16 smaller islands south of Phu Quoc, referred to as the South An Thoi Islands (Figure 3)

(Appendix A). Phu Quoc is the largest island in Vietnam (558 sq. kin), with a length of some 50

km, stretching from 10°00' N in the south to 10°27' N in the north, and a maximum width of –27

km, between 103°50' E and 104°05' E longitude.

Table 1: Census data on population of Phu Quoc District

(Source: Statistical Year Book of Kien Giang Province, 1997)

Year 1994 1995 1996 1997

Population (persons) 50,110 51,644 53,039 54,512

Total increase rate (700) 30.61 27.01 27.77

Natural increase rate (%0) 22.23 21.38 20.43

(Note: Total increase = Natural increase (i.e. Birth - Death) + Immigration)

Phu Quoc District supported a population of some 54,512 in 1997. Beside a natural increase in

population, there has been a migration flow to the island (Table 1), putting an increasing pressure



Figure 1. TM Scene of the West Sea of Vietnam in the Gulf of Thailand.
Path: 126
Row: 53
Date acquired: Dec 01 1992
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on the natural resources of Phu Quoc. Over 6,000 (out of a population of 45,000 in 1993) are

fishermen while most of the rest work in fisheries processing and other related occupations on

the island (WWF Vietnam Marine Conservation Southern Survey Team 1994).

Biophysical characteristics

Situated in the tropics and influenced by the monsoon regime, the Phu Quoc climate is warm and

humid with distinct dry and wet (rainy) seasons. The rainy season lasts from May to November

(or December) due to southwestern monsoons. The mean annual temperature is 26-27°C, and

mean annual humidity is 82%. Annual rainfall exceeds 2,000 mm (WWF Vietnam Marine

Conservation Southern Survey Team, 1994).

The Phu Quoc Islands have a coastline over 197 km in length, characterized by a diverse range

of land/seascape: rocky intertidal, wetland (mangroves, Melaleuca forests), seagrass beds, coral

reefs, estuaries, lakes, and sandy beaches. In addition, the northern part of Phu Quoc is home to a

primary tropical forest. The islands are considered as one of the pristine natural areas remaining

in Vietnam.

Phu Quoc harbors a diversity of marine life. Thirty-seven genera and 91 species of Scleractinian

corals have been recorded (Vo et al. 1995), at least 60 genera and 135 reef fish species (WWF

Vietnam Marine Conservation Southern Survey Team 1994), and many other species, including

shrimp, lobster, cuttlefish, mollusk, sea horse, seaweed, holothurian, and dolphin. Most coral

reefs of South An Thoi were near-pristine with a live coral cover of 45% (WWF Vietnam Marine

Conservation Southern Survey Team 1994). Moreover, endangered species such as sea turtles

and the sea cow (Dugon dugong) call Phu Quoc home. Hawksbills formerly nested in Ham Ninh
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beach of Phu Quoc Island, but there are no recent data to prove sea turtles are still nesting in the

area. Sadly, this may also be the case for the sea cow (Nguyen 1993).

Economic significance

The name Phu Quoc is well-known because of its rich fishery resources. "Phu Quoc" means

"Wealthy Country" in Vietnamese. Phu Quoc, one of the major fishing grounds in Vietnam,

contributed 22% of the total catch of Kien Giang, Vietnam's top fishery province (WWF

Vietnam Marine Conservation Southern Survey Team 1994). Modestly stated, every Vietnamese

in the South of Vietnam would appreciate the term "Phu Quoc fish sauce", a seasoning

commonly used in Vietnamese cuisine. Besides its economic importance, Phu Quoc also

possesses a high potential for tourism, especially nature-based tourism.

Marine resources of interest and their critical roles

This research focuses on major coastal benthic habitats: coral reefs and seagrass beds, and their

relations to land-based human activities.

– Coral reefs

Coral reefs are among the most productive, ecologically mature, diverse, and complex

ecosystems in nature (Odum, 1971). They give food, shelter and protection to a large number of

marine species. Coral reefs and the nearby areas provide food for subsistence fishing by local

communities. They provide shoreline protection against wave action and recreational

opportunities. With their great beauty and aesthetic value, coral reefs are becoming a major

attraction for tourism. In addition, the genetic diversity on coral reefs may have great potential

for new pharmaceuticals (Birkeland, 1997). Coral reefs also provide many "intangible" benefits.
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Because corals remove large amounts of CO 2 from the oceans during calcification, the reefs play

a role in the global CO 2 budget (Lalli & Parsons 1997). Their annual deposition of calcium

carbonate is extremely high; it accounts for the removal of approximately 50% of the total

calcium annually brought to the oceans by rivers (Smith, 1978).

The coral reefs of South An Thoi (Phu Quoc), belonging to fringing type, are characterized by

their extensiveness, high cover and diversity, distinct from other sites outside the Gulf of

Thailand in Vietnam waters (WWF Vietnam Marine Conservation Southern Survey Team 1994).

The South An Thoi Islands have been one of seven critical sites proposed as marine protected

areas in Vietnam (Vo et al. 1995).

— Sea grass habitats

Sea grass beds are important feeding and breeding habitats for many marine species, including

endangered species like the Green sea turtle and sea cow. They function as a nursery area for

aquatic animals, including many commercially caught fish species, and as a buffer to protect the

shoreline from erosion and to trap sediments.

The water east of Phu Quoc Islands is an important crab spawning ground (WWF Vietnam

Marine Conservation Southern Survey Team 1994). Off the coast of Ham Ninh, sea grass beds at

three to seven meter depth is a major commercial catch area for the Blue Swimmer Crab

(Portunus pelagicus) during the south-west monsoon (Nguyen, 1993).

Current crucial pressures on Phu Quoc's marine resources

Like many other places in Vietnam, these islands are experiencing a strong demand for

development. Major threats to marine wildlife in Phu Quoc include:



– At present, the increase in fishing pressure in the coastal waters is a major problem in Phu

Quoc, since the island's population (Table 1) and commercial fishing fleets are growing

rapidly (Figure 2). Signs of over-exploitation were already showing in both finfish fisheries

and special products, such as pearl oysters and sea cucumbers (WWF Vietnam Marine

Conservation Southern Survey Team 1994). Contrary to an increase in total vessel power,

there is evidence of a decline in the catch per unit effort (CPUE) between 1989 and 1993.

This lower CPUE was stable throughout 1993 - 1997. In addition, the increasing and

uncontrolled exploitation by artisanal fishermen in the shallow waters including coral reef

areas is another threat to the sustainable fisheries of Phu Quoc (Nguyen, 1993).

Figure 2. Fishing effort, annual fish yield, and CPUE for Phu Quoc District (1988 – 1997)

– Because of the intact and unique natural beauty in Phu Quoc, tourism has been one of the

development orientations for the islands. Tourism can be an environmentally friendly way of

generating income, but only when resort development and operation are carefully planned

and controlled. Tourism leads to increased development, which may increase erosion and

siltation over the reefs, and it almost certainly increases the amount of sewage entering the
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water (Lalli and Parsons 1997). In addition, careless boating, diving, fishing, and other

recreational activities can damage coral reefs.

– There is an on-going loss of endangered species such as the sea cow (Dugong dugon), and

critical habitats for endangered species such as sea turtle nesting beaches in Phu Quoc

(Nguyen 1993).

As in other parts of the world, corals in Phu Quoc are likely vulnerable to the long-term

impacts of climate change, since they are living on the upper edge of their temperature

tolerance. Global warming and the rising sea temperature may cause bleaching of coral reefs

in the area.

Study objectives

To make sound management decisions, one of the first things resource managers need to know is

the spatial distribution of the resources. Accurate and detailed mapping of coastal habitats is an

integral part of most management techniques that provides the underpinnings for ensuring the

integrity of the coastal ecosystem, improving conservation, and measuring success. Benthic

habitats such as coral reefs and seagrass beds are critical to sustaining the richness of the

renewable fishing resources in Phu Quoc. These valuable resources need to be inventoried at a

regional scale. Remote sensing and GIS techniques offer a unique opportunity to map coral reefs

and sea grass habitats in the area and to study these highly productive ecosystems at the

land/seascape ecological scale.
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This study focuses on developing a GIS database for Phu Quoc, mapping the types and extent of

shallow benthic habitats in Phu Quoc, and demonstrating the utility of Phu Quoc GIS data in a

management context. Specifically, the research objectives are:

– Gather and generate the first GIS data for Phu Quoc;

Produce digital maps of the probable distributions of benthic habitats (coral reefs, seagrass

beds) in the shallow water of Phu Quoc via interpretation of a Landsat TM (Thematic

Mapper) multi-spectral image. These maps will need follow-up validation.

– Case study: Develop a GIS-based model to determine sedimentation potential in the coastal

watersheds that may adversely impact the nearby coral reefs.

The primary products will be baseline GIS data, predicted distribution maps of coral reefs and

seagrass beds in three test sites, and a set of sensitivity maps by watershed.

2. BRIEF REVIEW OF BENTHIC HABITAT MAPPING AND MONITORING

TECHNIQUES

2.1. Traditional methods: Line transect and quadrat technique

The traditional method of obtaining spatial distribution of benthic habitats is to conduct field

surveys where observations are carried out along transect profiles at a number of discrete

stations. Divers use transects and quadrats for qualitative and quantitative measurements.

Normally, this is expensive and time-consuming work. To gather information about coral reefs,

monitor their health, and minimize the cost, an organization called Reef Checks has initiated

global coral reef surveys by employing volunteer divers (e.g. recreational divers, villagers and

scientists) since 1997.
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2.2. Mapping and monitoring using remote sensing techniques

Remote sensing is a more cost-effective and rapid way to map and monitor benthic habitats.

Satellite imagery generally has greater spectral resolution than aerial photography, in a trade-off

for lower spatial resolution (C-CAP 1999). In some areas where locals can not afford the high

cost of aerial photography, satellite imagery can be a valuable alternative source to assess

benthic habitats. Landsat imagery can be traced back to July 1972.

At present, aerial photography is qualitatively and spatially more reliable for benthic mapping

and monitoring than satellite based methods. Thus, aerial photography is the imagery of choice

for comprehensive benthic mapping and change detection the NOAA Coastal Change Analysis

Program (C-CAP) (C-CAP 1999). Another advantage of airborne remote sensing systems is that

the timing of data acquisition can be arranged to coincide with low tide, when the signal from

benthic features is strongest, and calm sea conditions. Benthic habitats of the Florida Keys were

mapped from a series of 450 aerial photographs (NOS 1998). The boundaries of specific habitat

types were outlined by interpreting color patterns on the photographs. Benthic habitats were

classified into four major categories - corals, seagrasses, hardbottom, and bare substrate - and 24

sub-categories, such as sparse seagrass and patch reef.

Also, some success has been reported using satellite imagery to monitor submersed habitats.

Landsat and SPOT data have been successfully used to inventory macroalgae such as the giant

kelp, Macrocystis pyrifera, along southern California shorelines (Jensen et al. 1980; Augenstein

et al. 1991). In clear shallow tropical waters with a highly reflective substrate, Landsat imagery

may discriminate sand from coral reef or seagrass (Luczkovich et al. 1993) or provide an

estimate of biomass for unispecific beds of Thalassia testudinum (Armstrong 1993). In the turbid
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estuaries of the eastern United States, Landsat and SPOT imagery can be used to detect some

(e.g. large, dense, shallow) but not all of the submersed rooted vascular plants which are visible

in the best aerial photography (C-CAP 1999).

New airborne multi/hyperspectral sensors have the advantage of both high spectral and spatial

resolution. The digital airborne sensor CASI (Compact Airborne Spectrographic Imager) offers

up to 16 user-specified spectral bands within the blue to near infrared portion (400-1000nm) of

the electromagnetic spectrum and a spatial resolution of 0.5-10 m to distinguish benthic habitats.

The CASI is capable of accurately mapping benthic reef habitats providing that the water is

sufficiently clear (i.e. greater than 20 m horizontal Secchi distance) (Mumby et al., 1998).

2.3. Others

Direct mapping of habitats can be performed with a differentially corrected Global Positioning

System (GPS), when the perimeter of that habitat can be visually observed or detected in the

field (C-CAP 1999). GPS receivers can provide positions of surface features at an accuracy

suitable to supplement or assess the accuracy of aerial photographic data. With differential

correction, single position fixes with GPS are accurate to a circular error of less than one meter

(C-CAP 1999).

A number of other technologies can provide valuable supplemental data to aerial photographic

detection of benthic habitats (C-CAP 1999). These include: video imagery acquired from

aircraft, ship, or remotely operated vehicle (ROV), side scan and multibeam sonar, signal

processing of acoustic profile data (depth sounders), and a new generation of satellite sensors.

Underwater video transects have been used by the US EPA in the Coral Reef/Hardbottom

Monitoring Project to monitor the status and trends of coral communities.





3. METHODOLOGY

3.1. Materials

Data sources

Data used in this research come from three sources:

Landsat TM (Thematic Mapper) free-cloud imagery acquired in 1992, archived at the Basic

Science and Remote Sensing Initiative (BSRSI) - Michigan State University (MSU). The

characteristics of the scene are summarized in Table 2 (see Appendix A for more detail):

Table 2: Landsat Thematic Mapper data characteristics.

Scene I.D.: t1260531201922
Path/row: 126/53
Acquisition date: 01 December 1992
Sun elevation: 45.7931473
Sun azimuth: 136.0430484

Figure 1 presents a Landsat TM false-color composite image where red represents band 4, green

represents band 3, and blue represents band 2. In general, this band combination makes

vegetation appear as shades of red, with brighter reds indicating more vigorously growing

vegetation. Soils with no or sparse vegetation range from white (sands) to greens or browns

depending on moisture and organic matter content. Water bodies appear blue. Deep, clear water

appears dark blue to black in color, while sediment-laden or shallow waters appear lighter in

color.

- Phu Quoc paper topographic map at 1:50,000 scale contains information about land use/land

cover, elevation and bathymetry (Figure 3).

12



Figure 4. Flowchart of DEM generation in Arc/Info

(Z-value = Elevation in meters)
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- Reports of field survey in November 1993, and scuba survey in March 1994.

Software

The Erdas IMAGINE package version 8.3 for Unix was used to carry out the digital image

analysis. The Arc/Info package version 7.2.1 and ArcView version 3.1 for Unix were used to

perform GIS modeling. These packages were run on a Sun U1traSPARC 10 Workstation (256Mb

RAM, 956 Mb virtual memory (SWAP), and 300 MHz CPU speed).

3.2. Generate GIS layer data for Phu Quoc

Purposes:

— Produce GIS formatted basemap, to geo-reference the TM image;

— Build the conceptual model to perform sensitivity analysis of human land-based activities on

near shore benthic habitats;

— Assist marine resources management and future research.

3.2.1. Digitize topography and topographic map and generate baseline GIS data for Phu Quoc

— Digitize and create GIS data layers from the 1:50,000 Phu Quoc topographic map: shorelines,

rivers, lakes, elevational contours and points, bathymetry, and other features.

— Digitize locations of scuba survey sites (Phu Quoc survey, 1994) and incorporate field data

into GIS: Create and link Excel transect summary data.



Figure 5. Flowchart of Image Processing
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3.2.2. Generate DEM

A DEM (digital elevation model) is a raster representation of a continuous surface, usually

referring to the surface of the Earth. It is the most common digital data describing the shape of

the Earth's surface (ESRI). The DEM of Phu Quoc was generated from digitizing contour lines

on 1:50,000 topographic maps, then using the TOPOGRID routine (Arc/Info) to obtain a regular

30-m grid DEM (refer to Figure 4 and Appendix C).

3.3. Methods of digital image processing

Figure 5 shows the step-by-step image processing.

3.3.1. Image geo-referencing

- The whole scene was rectified using the coordinates calculated by the Basic Science and

Remote Sensing Initiative (BSRSI) at Michigan State University (MSU). Table 3 shows the

UTM zone coordinates of the UL, UR, LL, LR corners of the scene.

Table 3. Calculated coordinates of the TM scene

Image corner Pixel coordinates (x,y) UTM coordinates (easting, northing)

UL 1, 1 348663.0, 1217133.6

UR 6320, 1 536215.3, 1189549.2

LL 1, 5728 323662.8, 1047152.3

LR 6320, 5728 511215.1, 1019567.8

- Then the scene was registered to the digital base map of Phu Quoc (i.e. GIS shoreline layer).

A rubbersheeting routine was used to geo-register the image to the basemap. Rubbersheeting



17

is the process of transforming a grid from one x,y coordinate system to another (Appendix

C).

- Validation assessment:

Seventy validation points were selected (Figure 13). These selected control points were

distinguishable land features visible on both the TM image and the base map (mostly

along the shoreline and evenly distributed throughout the map).

Rubbersheeting was done with 40 control points randomly selected from the 70 points

Thirty points were held beck for determine the spatial accuracy of the geo-referenced TM

image.

Criteria to choose locations as control points:

Locations are easily recognizable. (These may include road and stream intersections, the

mouth of a stream, and identifiable points on geometric landscape features such as the end of

a jetty, the corner of an established field)

- Relatively stationary over a long period of time: airport, harbor, shoreline with rock outcrop.

- Evenly distributed around the islands in the study area. Actually, more points were chosen

where the line features are more complex.

3.3.2. Discriminating water – land and excluding cloud-covered areas

Because of the distinct difference in inherent optical properties of land and water, image

interpretation should be done separately for land and water. There are several ways to
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discriminate the water-land interface. Basically, they all relied on the distinctive characteristic

that water is a much better absorber than most features on land in near-infrared (IR) and thermal

wavelengths. A combination of TM reflected infrared (IR) bands 4, 5, 7 or ratios between the

thermal and visible bands can distinguish land from water. For instance, the ratio of TM bands 2

and 5 is useful for identifying all water bodies and provides subtle wetland information (Jensen,

1986). In this study, I used the near infrared band to help discriminate water from land with a

threshold set to 37 (Figure ).

Since the recorded signal from cloud areas contains little or no information about features

covered beneath, it is necessary to remove these areas from the image. The cloudy areas in the

study area were carefully studied in all TM bands, especially the thermal-IR band. These areas

were classified using Principal Component Analysis (PCA) and identified by their "cold" nature

in the thermal-IR band. They were masked so as to eliminate them from further analysis.

3.3.3.Submerged habitat classification

Sub-setting the study area

In general, Phu Quoc water can be classified into coastal sea water, far from the distributary

channels of the Mekong river in the main land. Phu Quoc water clarity is low due to high total

suspended solids (TSS) mainly made up of shells and planktonic debris (WWF Vietnam Marine

Conservation Southern Survey Team, 1994). To increase the possibility that Landsat TM data

contain useful information about the bottom, the study area was restricted to shallow water with

depth less than 6 meters.
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Due to the small size of the study area, atmospheric conditions were assumed spatially

homogeneous over the area during the Landsat satellite overpass. To minimize the heterogeneity

of water masses in the study area, the study area was geographically stratified into subsets based

on water clarity, facing aspect, wave activity; and classified separately for each subset. It is

expected that the composition of water remains the same everywhere in each sub-divided area,

and thus water optical properties were assumed to be spatially and vertically constant in each

sub-area. Three sites with available pre-knowledge of benthic habitats were selected (Table 4 and

Figure 6).

Table 4. Characteristics of land-seascape for each sub-area

Sub-area Characteristics

North-West Located in the north-west Phu Quoc. Hilly terrain near shoreline. Small
and steep watersheds with good forest cover. Water clear. Sandy
beaches, outcrop rock, fringing and patchy coral reefs, and seagrass beds
along the shoreline. Surveyed in 1993 (Nguyen, 1993)

Nam An Thoi A group of small islands South of Phu Quoc Island, with fringing coral
reefs, outcrop rocks, and sandy beach. Steep bottom slopes (10 – 20 m
isobaths are near shore). Scuba surveyed in 1994 (WWF Vietnam
Marine Conservation Southern Survey Team, 1994).

Ham Ninh East of Phu Quoc. Shallow, gentle bottom slope, more turbid water (re-
suspension of solid mater due to strong water action caused by the
North-Easterly monsoon wind during the image's acquisition time).
Extensive seagrass beds. Surveyed in 1993 (Nguyen, 1993)

Depth-variation effect and Digital data analysis

Problem of remote sensing application to map shallow benthic features

For terrestrial applications, Landsat TM imagery can show both natural features (e.g. mountains,

valleys, plains, lakes, rivers, and vegetation) and cultural features (e.g. roads, transmission lines
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and major buildings). Detecting submerged features, however, has been especially difficult. We

must look through one more medium – the overlying water – to see the sea bottom. The

reflectance of shallow water areas to solar illumination is a function of the water depth, the water

optical properties and the bottom reflectance (Lyzenga, 1981). The effect of water depth

variation on the reflectance from the sea bottom could causes spectral similarity between some of

the submerged habitats and, in particular, between seagrass and deep water, and between

seagrass, coral and algae (Zainal et al., 1993). Water effectively attenuates the spectral response

of submerged features. Different wavelengths get attenuated differently. The highly reflective

signal above 700nm cannot be used in remote sensing studies of benthic habitats due to the

extreme attenuation of near infrared (NIR) wavelengths by water (Armstrong 1993). Infrared

radiation is totally absorbed by approximately 2 m of clear water, while visible radiation in the

blue-green region can penetrate as much as 25 m (Sanchez et al. 1999). In this study, three TM

visible bands (i.e. band 1, 2, 3) were used and the study areas were restricted to areas with water

depth shallower than 6 meters.

Algorithm to minimize water-depth dependent radiation

(Lygenza 1978, Lygenza 1981, Spitzer et al 1987, Armstrong 1993)

The algorithm described by Lyzenga (1978) to extract bottom-type information depends upon the

fact that the bottom-reflected radiance is approximately a linear function of bottom reflectance

and an exponential function of the water depth. The TM visible bands were processed by

linearizing the exponential depth dependence of the signal received by the satellite sensor

(Armstrong 1993). Lyzenga (1978) used the transformation

= ln(Li – Li–)
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where Li is the signal for each pixel in band i ,and Li– is the deep water signal. The deep water

signal was computed from an 50 by 50 pixel window over the water south of Trang Island that

has depths deeper than 40 meters. Two standard deviations were subtracted from the mean value

to minimize instrument and environmental noise (Armstrong 1993). Analogous to Lyzenga

(1981) and Spitzer and Dirks (1987), Armstrong (1993) used a linear combination of the log-

transformed variables to produce three depth-invariant bands of the form

= Xi – (K1/K,)X3

where KilKi is the ratio of the attenuation coefficients for bands i and j. This ratio was obtained

directly from the Landsat TM data by selecting areas of uniform bottom composition, but

variable depth, using the methodology described by Lyzenga (1981).

Benthic habitat classification

For each of the three test sites, classifications were performed on the newly transformed TM

visible bands as well as on the original ones (i.e. without depth-variance effect correction). These

were done using the unsupervised classification routine in the ERDAS IMAGINE package that is

based on the ISODATA algorithm. (ISODATA stands for "Iterative Self-Organizing Data

Analysis Technique"). The ISODATA clustering method uses the minimum spectral distance

formula to form clusters (Schrader et al. 1997). Similar pixel values in three visible bands will be

sorted into a pre-defined number of clusters. All input parameters were declared the same for the

image with and without depth-effect correction: 12 clusters, maximum iterations of 25,

convergence threshold of 99%. These clusters then were manually grouped into meaningful

classes based on field data at hand, pre-knowledge, and reference to ancillary data from the

topographic map.
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3.3.4. Digital data analysis for Phu Quoc terrestrial area

Topographical effect normalization

Digital imagery from mountainous regions often contains a radiometric distortion known as

topographic effect (Schrader et al. 1997). Topographic effect results from the difference in

illumination due solely to the slope and aspect of terrain relative to the elevation and azimuth of

the sun. This causes a variation in the image brightness values. In this study, the effect was

reduced using the Lambertian reflectance model (Colby 1991, Smith et al 1980). The model

needs as input the solar azimuth and solar elevation at the time of image acquisition (from the

scene metadata), and the slope and aspect of each surface element (from the 30-meter Phu Quoc

DEM). The task was done using the topographic normalization function in ERDAS IMAGINE

(Figure 7).

Land classification

To derive information about land vegetation cover that will serve as one of the input components

of the GIS model, the unsupervised classification routine in ERDAS IMAGINE was run on the

land subset using all seven topographic-effect-normalized TM bands. The terrestrial area was

roughly classified into two classes: vegetated area and non-vegetated area.

3.4. A demonstration of using the GIS to aid coastal zone management in Phu Quoc:

Predictive sensitivity analysis of watersheds which influence benthic habitats via

sedimentation from human-induced, land-based activities.

The impact of increased sedimentation is probably the most common and serious anthropogenic

influence on coral reefs (Grigg, R.W et al. 1990). In this GIS modelling exercise, the effort is to



Figure 7. Flowchart of Sensitivity Analysis
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build a conceptual model to predict potential risk to corals indirectly posing by terrestrial

activities that increase erosional runoff, such as removal of vegetation cover, agriculture and

urbanization likely taking place in the upland areas. The questions to ask are:

How could land-based human activities on the Phu Quoc Island influence the nearby submerged

habitats, specifically coral reefs, via sediment laden run-off water?

Which watersheds would have greater influence on the integrity of the nearby coral reefs, when

their vegetation cover might be removed?

3.4.1. Rationale

Landuse and water runoff: One of the greatest threats to coral reefs is human expansion and

development. As development continues to alter the landscape, the amount of freshwater runoff

increases. This runoff may carry large amounts of sediment from cleared areas and other human-

induced pollutants. This could be one of the major threats to coral reefs.

Proximity (landscape ecological approach): the spatial relationship between coral reefs and

estuaries (governed by controlling factors: freshwater input, sedimentation and others).

The modelling to determine sedimentation potential in the coastal upland areas incorporates

variables: land cover, terrain steepness, watershed area, and spatial proximity.

3.4.2. Conceptual model:

Input components (Figure 7)

- Data inputs: slope, watershed area, vegetation cover, spatial proximity to river mouth.
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Analysis performed on individual watersheds. The following landscape features are incorporated

into the model:

• Sizes of catchment areas: How large the watershed area is.

Generally, the larger the watershed the bigger the amount of freshwater input into the coastal

area. It is possible to assume that the precipitation is similar throughout the island.

• Steepness of the terrain:

• Land-use and land-cover: vegetated and non-non-vegetated. This will be derived from the

1992 TM image.

• How far do coral reefs occur from a river mouth?

Distance away from river mouths (and the occurrence of coral within the distance. This might be

obtained from the classification results)

Categorically rating each watershed based on the significant factors for each input component.

Basic principle of the model

+ The larger area, the steeper, the less vegetated the watershed is, and

+ The closer to the mouth of the corresponding river the coral reefs and sea grass habitats are, the

more vulnerable these benthic habitats could be due to sedimentation caused by water run-off

from the land.



27

3.4.3. Step-by-step data analysis

– Derive vegetation map from the TM image. (refer to 3.3.4. and 4.2.2.)

– Define basins and drainage areas of major rivers in Phu Quoc Island.

– Calculate terrain steepness.

– Estimate the reach of fresh water out of river mouth by buffering the river mouth with a

radius proportional to the watershed area.

– Categorically rate each watershed based on the significant factors for each input component

and generate sensitivity map.

A flowchart of the sensitivity analysis is showed in figure 7. Hydrologic surface processing of

DEM data was conducted in the Arc/Info GRID Module, which is a cell-based geoprocessing

system integrated with ARC/INFO. The DEM data provided information about watershed

boundaries, stream networks, and terrain steepness. For more detail on commands used to extract

hydrographic information (e.g. watershed boundaries, flow direction, slope) from the DEM refer

to Appendix B. These gridded data and the grided vegetation data were converted to vector-

based data, i.e. polygon coverages, for further analysis using ArcView Spatial Analyst.

Sensitivity maps were created that rank most to least sensitive watersheds based on slope,

landcover, and area of watershed.







Figure 10. TM false color composite image overlain on the Phu Quoc DEM 30
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4. RESULTS

4.1. The first baseline GIS data for Phu Quoc

The following basic GIS layers were generated: shorelines, rivers, elevational contours and

points, bathymetry, beach types (Figure 8). These first GIS data are necessary for future efforts

creating a database of marine resources in the area such as coral reefs, and sea grass beds. The

database will provide a scientific basis to formulate a rational management plan for the area.

Figure 9 shows the relief shaded map of Phu Quoc derived from the newly created DEM. Figure

10 shows the 3D perspective view of the upper watershed of Duong Dong river (looking north-

east) and Ham Ninh Beach (looking south)

4.2. Results of Image processing and Discussion

4.2.1. Image geo-referencing, land-water discrimination, and cloud masking

Image geo-referencing

Figure 11 shows a subset of of the Phu Quoc Islands from the whole scene rectified to the

calculated coordinates with the GIS shoreline layer overlaid on top of it. There is a mean spatial

displacement of 892 meters between them, measured from 30 pairs of check points (Figure 12,

13 and 15). The base map and the TM image both are on the UTM projection, however in a

different reference spheroid and datum, Everest – Indian 1960 and Clarke 1866 – NAD27

respectively. The inconsistence of data is a common problem in GIS where data are often

gathered from various sources. Moreover, these coordinates calculated from the satellite





Figure 12.

Spatial
displacement
between
Phu Quoc
basemap
and the
geo-referenced
TM image

Basemap:
(depicted by
the black shoreline)

Projection UTM
Zone 48
Spheroid Everest
Datum Indian 1960

TM image:

Projection UTM
Zone 48
Spheroid Clarke 1866
Datum NAD27

Scale

mmmz!smm Kilometers
5	 0

1 : 315164.07



40 GCPs randomly-selected from
70 GCPs to perform rubbersheeting

30 held back for validation test
(purple color)

70 pairs of Ground Control Points (GCPs)

GCPs selected from Phu Quoc basemap

o Correspondent CGPs selected on the
TM image of Phu Quoc

Figure 13. Geo-referencing the TM image of Phu Quoc to the Basemap





Before rubber-sheeting the image

Displacement average: 892 m
Standard deviation:	 49 m

After rubber-sheeting the image

Displacement average: 48 m
Standard deviation:	 32 m

Figure 15. Distance displacement between corresponding check points
in 30 pairs of GCPs on TM image and on the Basemap
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positioning data (recorded in image header data) were likely inaccurate for the fine scale of this

study.

It is necessary to register the TM image and GIS data of Phu Quoc to a common georeference

system for further spatial analysis. The reprojection function in Erdas IMAGINE could not be

used to register the two geographic data sets, since it does not support the Indian 1960 datum.

Thus the published base map was used as a reference source to register the TM image (Figure

13). This was done in IMAGINE. Figure 14 shows the TM image after registering to the

basemap. The mean spatial displacement is 48 ± 32 meters (Figure 15).

Land-water discrimination

Figure 16 shows land/water discrimination using TM band 4. In this enhancement, water is

shown as blue. However care is required because there are some hill shadows areas and wetted

lands (that had low brightness values recorded in this band) also show up as blue. These noises

were manually removed.

Cloud mask

In a false-color composite image (RGB: 4-3-2), clouds are usually distinguishable from other

features by the bright white appearance and the shadows associated with clouds. However, it is

not the case for this scene. The TM scene was categorized as a cloud-free image that is

uncommon for this tropical area where cumulus clouds are prevalent most of the year.

In the subset image of Phu Quoc, it was hard to look for cloud shadows over the water,

especially thin or high-altitude (e.g. cirrus clouds) clouds. The water with clouds could be

confused with the shallow water or turbid water in gray-scaled image of visible bands TM 1, 2,



Phu Quoc Islands

Grayscale image, with brightness
correlated to pixel values of TM Band 4

Ocean (in blue-green color)
singled out from the land

Figure 16. Land/water distinction using TM band 4
(Threshold pixel value of Band 4 = 37)



Figure 17. "Cold" nature of clouds in Band 6 Thermal Infrared

Band 1 (450 - 520 nm)	 Band 2 (520 - 600 nm)	 Band 3 (630 - 690 nm)

Band 5 (1550 - 1750 nm)	 Band 6 (10400 - 12500 nm)	 Band 7 (2080 - 2350 nm)
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3, since they all have higher brightness values in comparison to the surrounding water (figure

17). The clouds, however, showed up in band 6 (thermal-IR) The darker areas over the water are

cold clouds, while the bright areas are warmer water surface areas. This could be explained by:

+ Clouds effectively blocking thermal-IR radiation from the earth's surface to reach the satellite

sensor. This is the phenomenon that a clear sky night normally tends to be colder than a cloudy

night.

+ Moreover, the darker feature in band 6 could not be the cooler water (e.g. up-welling) since its

recorded signal is higher than the signal of the surrounding water in other visible and reflected IR

bands (figure 17).

The thermal-1R band could provide useful information about clouds, especially in case of thin

and high-altitude clouds over the sea that are more difficult to distinguish than over the land

because of much smaller SNR (signal to noise ratio) over the sea. (quite similar to the spectral

signature of water areas that are blue in 4 3 2)

4.2.2. Spectral Interpretation: Results and Discussion

Benthic habitat classification

Table 5 summarizes the deep-water statistics for the TM visible bands. The higher value of TM

band 1 is mainly attributed to Rayleigh scattering by the atmosphere.

For each test site, a polygon was selected from the digital image over areas of 'submerged sand

bank for calculating ratios of attenuation coefficients for the TM visible bands. Figure 18 and

table 6 present the results of regressions performed between pairs of transformed bands. A

straight line was fit through the distribution of a set of observations using the "least squares"



Fig 18 Scatter plotof transformed values X 1 = ln(L1-
of two Landsat TM visible bands at each study site

Sandy bottom, Bai Dai training site (North-West Phu Quoc)

KI/K2 = 0.87	 K2/K3= 0.63	 K 1/K3 = 0.55
(R2 = 0.80)	 (R2= 0.86)	 (R2 = 0.70)

Sandy bottom, Thom Island training site (South Phu Quoc)

ICl/K2 = 0.89	 IC2/K3= 0.66	 K1/K3 = 0.60
(R2 = 0.93)	 (R2=0.81)	 (R2 = 037)

Sandy bottom, Ham Ninh training site (East Phu Quoc)

K1/K2 = 0.61	 IC2/K3= 0.54	 ICl/K3= 0.37
(R2 = 0.43)	 (R2 = 0.79)	 (R2= 0.42)
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method. All regressions were significant at the 99 per cent confidence level. There is a high

correlation between those transformed values at Bai Dai and Thom Island (r 2 0.70), except for

Ham Ninh station, whose r squares are lower. The reason is probably be that sandy seabed at

Ham Ninh training site was not perfectly uniform.

Table 5. Deep-water statistics for the Landsat TM visible bands

TM1 TM2 TM3

Average 87.6 27.7 25.8

SD 1.51 0.90 0.84

Min 83 25 22

Max 91 30 28

Mean-2*SD 84.6 25.9 24.2

The ratios of water attenuation coefficients of the North-West and South Phu Quoc are quite

similar and both are significantly different from the coefficients of Ham Ninh. In contrast to

other test sites, Ham Ninh is characterized by shallower and gentle sloping sea bottom, and was

facing the North-East monsoon during the image acquisition time. Stronger wave action in Ham

Ninh could have caused re-suspension of sediments and altered the optical properties of its water

mass. This made them different from the optical properties of the water masses in the North-

West and South Phu Quoc.
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Table 6: Ratios of water attenuation coefficients determined from Landsat TM data

Band pair

Ratio of water attenuation coefficients

Bai Dai Thom Island Ham Ninh

K11K2 0.87 ± 0.03

(r2 = 0.80)

0.89 ± 0.02

(r2 = 0.93)

0.61 ± 0.06

(r2 = 0.42)

K2/K3 0.63 ± 0.02

(r2 = 0.86)

0.66 ± 0.03

(r2 = 0.81)

0.54 ± 0.03

(r2 = 0.79)

K1/K3 0.55 ± 0.03

(r2 = 0.70)
_1

0.60 ± 0.03

(r2 = 0.77)

0.37 ± 0.04

(r2 = 0.42)

The values of TM-derived attenuation ratios at each site and the deep-water statistics were used

to produce the depth-invariant bands from the algorithms:

For North-West Phu Quoc subset (Bai Dai training site):

Y1,2 = in(LI - 84.6) - 0.87 ln(L2 - 25.9)

Y2,3 = in(L2 - 25.9) - 0.63 ln(L2 - 24.2)

Y1,3 = in(Li - 84.6) - 0.55 ln(L3 - 24.2)

For South An Thoi subset (training site east of Thom Island):

Y1,2 = ln(Li - 84.6) - 0.89 ln(L2 - 25.9)

Y2,3 = in(L2- 25.9) - 0.66 ln(L2 - 24.2)

Y1,3 = in(1,1 - 84.6) - 0.60 ln(L3 - 24.2)

For East Phu Quoc subset (Ham Ninh training site):

17 1 ,2 = In(LI - 84.6) - 0.61 ln(L2 - 25.9)

Y2,3 = 11'1(14- 25.9) - 0.54 ln(L2 - 24.2)

Y1,3 = in(Li - 84.6) - 0.37 ln(L3 - 24.2)
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These were multiplied by a constant to place the algorithm within an appropriate range for

display (stretching the range of the depth-invariant indexes) (Armstrong 1993).

Employing the same classification procedure (number of clusters, convergence threshold),

classifications with depth-effect correction generally tend to lump pixels into fewer classes than

classifications without depth-variation-effect correction. The algorithm was probably capable of

minimizing depth-dependent variance. For instance, the case of sandy bottom in the bay east of

Thom Island (Figure 19 and 20) and seagrass beds in Ham Ninh (Figure 22).

North-West Phu Quoc and South An Thoi

The combination of low nutrient levels, and the resulting transparent, well illuminated, warm

waters led to the evolution of coral reefs wherever a firm substrate was available for a long

enough time (Dubinsky, 1990). The existence of healthy coral reefs in the area proves that

North-West Phu Quoc and South An Thoi provide favorable conditions for coral reefs to

develop. At 11 survey sites in South An Thoi, the reefs are in good shape with high live coral

cover ranging from 20-60% (WWF Vietnam Marine Conservation Southern Survey Team,

1994).

Without depth-effect correction, up-welling radiation from the benthic substrate should be

determined by a combined effect of depth-variation and seabed reflectance. The same benthic

type, for example sandy bottom in a small bay east of Thom Island, can be interpreted as

shallow, moderately deep and deep sand (Figure 19). At a similar water depth, the reflectance of

reefs and seagrass beds recorded in TM visible bands is generally lower than from a sandy

bottom. Reefs and seagrass beds behave as darker features in contrast to the brighter sand.
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In South An Thoi, since the 6-meter isobaths are not available for the area, 10-meter isobaths

were employed. Image interpretation, however, should be made just for shallow waters close to

the shoreline. Classification without correction for depth-effect may yield a better result. The

predicted coral reef habitats are in agreement with the 11 coral reef SCUBA survey sites by the

WWF Vietnam Marine Conservation Southern Survey Team in 1994, as well as the areas

classified as reefs on the 1969 topographic map. The site selection for coral reef surveys in 1993

and 1994 from the topographic map corroborates that most rocky reefs coded on the map are

coral reefs. The yellow-coded specks located far off of the east shore of Roi Island are noise

probably caused by clouds.

Figure 21 shows the unsupervised classification maps of the North-West Phu Quoc. Yellow-

coded areas (high reflectance) in map with depth-effect correction and red and orange coded

areas (highest reflectance) in map without depth-effect correction were likely exposed sandy

bottom. Purple coded areas (lowest reflectance) in map with depth-effect correction distributed

near the estuaries of Tram river and Ven river were likely seagrass beds. However, it is

practically difficult to distinguish between coral reefs and seagrass beds because of their quite

similar reflectance characteristics and the limited field data at hand. Therefore, classification

results are inconclusive. It is advised that map without depth-effect correction should be used in

future field check and taken into account the effect of depth-variation.

Ham Ninh

Ham Ninh seabed is characterized by sandy and gently sloping bottom with the 5-meter isobath

extending offshore 3 to 5 kilometers. This shallow water provides favorable habitat for seagrass.

Thalassia hemprichii and Cymodocea rotundata are the key species that form a complex shallow
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water marine community including algae, invertebrates, and fish that utilize the grasses for

shelter and food (Nguyen, 1993).

Figure 22 presents the predicted maps of seagrass distribution along the Ham Ninh shore with

and without depth-variation-effect correction, and the spectral signatures of each classified class.

The darker area (lower value in both transformed and original visible bands) along the shore

potentially corresponds to the extensive seagrass beds reported from the 1993 field survey

(Nguyen 1993). In contrast to exposed sand bottom, seagrass bed is darker in color because of its

lower reflectance. According to the predicted map with depth-variation-effect correction, the

seagrass beds (purple-coded band) distributed along the shore extend off shore a couple hundred

meters to about one kilometer.

Discussion

The predicted maps of benthic habitats are gridded data at a spatial resolution of 30 meters, and

an apparent spatial displacement of 60 meters. The maps could serve as a good reference source

in future studies of Phu Quoc coastal ecosystems. A validation test, however, should be carried

out to evaluate the results from these maps. A set of ground check locations would be randomly

generated and located during field visits with a notebook GPS to record benthic types for

evaluation of these predicted maps. Since the TM image was taken in 1992, future validation

assessment relies on an acceptable assumption that these benthic habitats have not dramatically

changed during this short time period (some ten years). Evaluators should also consider the

likely seasonal variation of the submersed vegatation.

Future study of the optical properties of Phu Quoc water is needed for benthic habitat mapping

using optical data like Landsat data, especially the change of optical properties of in-shore water
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caused by "island effect", tide, and monsoon regime (wind and rain factors). Designed for

landuse and landcover mapping, the application of Landsat TM data in benthic marine

environment poses a limitation in shallow and clear water. The 30-meter spatial resolution of

Landsat TM data woud be more relevant for mapping shallow benthic habitats of large extent

such as Ham Ninh seagrass beds or coral reefs in the Spratlys.

Using Landsat data available back to 1972, and the Lyzenga method could provide a mean to

detect changes of benthic habitats over time, especially in the past, when we could not go back to

collect data and do in-situ measurements.

Topographical effect normalization and classification for land area

In an image classified without topographic effect normalization, the forested areas shaded by the

hills can be mistaken for the very wet soils that have similar reflectance. The topographic

normalization function in ERDAS IMAGINE reduced topographic effects of the hilly terrain in

the North of Phu Quoc.

Vegetated areas of Phu Quoc are –400 sq.km, or 70% of the total land area (Figure 23). In this

rough classification, areas of Phu Quoc forests are somewhat overestimated, since they could

include bush/grassland and cultivated land.

4.3. GIS-based sensitivity analysis: Results and Discussion

At the land/seascape ecological scale, there are interconnections between coral reef, seagrass

ecosystems, and the upland land use/land cover. Coral reef communities are highly adapted to

nutrient-deficient, oligotrophic and clear water conditions. They often depend upon other

ecosystems such as coastal forest, mangrove wetlands and sea-grass beds, which normally act as
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filters for sediment run-off from land. Sediments and accompanying nutrients are usually

considered the greatest threat to coral reefs (Birkeland, 1997). The suspended silt decreases light

penetration, thus reducing photosynthesis of the zooxanthellae and diminishing the principle

nutritional source for the corals. Although coral polyps are capable of removing some settling

sediment, using mucus trapping and cilia to clean their surfaces, excessive quantities of silt will

clog this apparatus and smother the polyps (Lalli & Parsons, 1997).

The development in Phu Quoc Island coupled with an increasing population means more land

clearance for construction and agricultural landuse. This will potentially lead to increased runoff

and excessive sedimentation, and subsequently end up on coastal water where fringing coral

reefs scattered along the coastline.

Erosion, sediment transport and deposition involves complex interactions between rainfall,

surface and subsurface hydrology, soil properties, land cover and topography (Mitasova, et al.

1998). In this study, management of erosion from coastal watersheds is considered as one of

the major issues in coral reef management. The GIS modelling assesses the sedimentation

potential of watersheds adjoining the nearby coral reefs by simply incorporating three major

factors: slope, vegetation cover and the size of watersheds. The model creates a map of the areas

prone to erosion caused by surface runoff if their vegetation cover is removed. The knowledge of

the areas more vulnerable to erosion could be of use to resource managers in proper landuse

planning for the sake of the nearby coral reef viability.

Figure 24 presents the classification of terrain steepness. Slopes less than 15 percent are

characterized as gentle, 15- 30 percent: moderate, greater than 30 percent: steep.

Create sensitivity layer
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The thematic maps produced from the DEM and the TM image were converted from raster to

vector format for import into the GIS model (Figure 7). Vegetation cover was next combined

with slope data, then intersected by watersheds to produce a resulting polygon coverage that

contains slope and vegetation information. This information is used in to rank the area's

susceptibility to erosion based on the criteria function in Table 7. The susceptibility ranges from

level 1 to 6, where an area of class 6 is the most vulnerable to erosion and characterized by no-

vegetation cover on a steep slope. Fortunately, Phu Quoc Island still houses a healthy forest

cover of about 70%, especially in the North part of the island that has hilly terrain and steeper

slopes. There were very few areas in sensitivity class 6 (coded in red color) (Figure 25).

Table 7. Attributes used in sensitivity analysis

Slope Gentle Moderate Steep

Vegetation cover Vegetated Non-
vegetated

Vegetated Non-
vegetated

Vegetated Non-
vegetated

Scoring 1 2 3 4 5 6

The size of a catchment area is a major factor in determining the runoff volume, and GIS

provides such data (Table 8 in Appendix C presents area and perimeter by watershed). Corals are

vulnerable to freshwater runoff and sedimentation. In contrast to adult fish that can escape from

temporary and localized environmental stresses by swimming away, the fact that corals are

stationary species makes coral more vulnerable to the stresses. In terms of run-off water

quantity (i.e. freshwater discharged volume), the watershed with a larger area is more significant

in contributing larger amounts of fresh water to the coastal region and extending the reach radius

of fresh water from its river mouth. Located in a geographic area where hazards like monsoon
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rains or exceptional ones like typhoons are common (heavy rainfall over short periods of time),

land clearance taking place in these watersheds exacerbates the run-off effect, greatly increasing

the amount of sediment that could reach nearby coral reefs. Non-regularly increased sediment

concentration and volume of fresh water run-off may break down the long-term ecological

balance of co-existence between estuarine areas and their neighboring coral reefs.

In terms of run-off water quality (turbidity or sediment content), a steeper slope results in

greater energy of water flow, therefore posing a greater potential for erosion. Figure 26 shows

sensitivity by watershed. Cua Can and most small watersheds outflowing to the north of Phu

Quoc have a high percentage of watershed area classified as class 5 (Steep slope with vegetation

cover). These watersheds are the most sensitive ones to erosion if their vegetation cover is

removed. More care is needed in landuse management and development in these areas.

5. DISCUSSION ON MARINE RESOURCE MANAGEMENT IN PHU QUOC

EMPLOYING GIS

A GIS is a digital system for data collection, storage, manipulation, analysis, display, update, and

maintenance. It can support many activities including fisheries management, coastal zone

management, hazard mitigation (e.g. erosion), and research into the region's marine resources.

GIS as an aid to future research

– The 30-meter Phu Quoc DEM, a product created from the topographic map, could be used in

remote sensing studies to normalize topography effects, and in hydrologic studies. Normally,

watersheds created from DEMs are the primary input to surface hydrologic models, which

are used to determine the height, timing, and inundation of a flood, locate areas contributing



Figure 27.
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- pollutants to a stream, or predict the effects of altering the landscape (ESRI). The DEM also

enhances visualization of geographic data (Figure 27).

The ecological roles of sea grass and coral reefs habitats in the productive water of Phu Quoc

remain unknown. They likely serve as critical areas for the key commercial fishery species

such as breeding or feeding grounds. An integrated understanding of these areas is necessary

for sound fishery management, and to insure the integrity of this productive marine

ecosysytem. A GIS is helpful in investigating these critical areas and in delineating major

fishing grounds, because of its ability to integrate data from different sources, as well as

update, manipulate, and exploit data.

- Conservation biologists can use digital GIS maps to aid studies of endangered marine animal

species in the area such as the sea turtle (nesting beach, migration tracking), and the sea cow

(distribution habitat). Such work is urgently needed in Phu Quoc. It will provide valuable

information for making management decisions that will help to ensure the survival of these

endangered species. For instance, the case of the sea turtle, understanding migratory routes,

nesting beach location, and principal foraging habitats of sea turtles will allow one to

determine what threats exist and what measures are needed to protect the turtles and their

habitats.

GIS-based decision support system

For resource managers, a GIS provides comprehensive data and a new way to interpret data

easily. The capability of GIS data to be updated over time facilitates the integration of results
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from research in different disciplines in a more interpretable manner. Eventually, these end

products will be of considerable use to resource managers.

Over-fishing in the near-shore waters of Phu Quoc where coral reefs and sea grass beds are

located, especially artisanal fishing, is a primary concern to the sustainable management of

coastal resources in Phu Quoc. There is the need to establish a marine reserve to protect these

critical benthic habitats which help maintain the fishery resources in the area. Marine protected

areas (no-fishing zones or restricted fishing areas) are seen as useful fisheries management tools.

A GIS with a set of thematic maps and relevant attribute data could offer a comprehensive way

to do site selection for conservation and spatial planning for the protected areas.

Coastal resource managers can use maps of areas susceptible to inundation under sea-level rise

scenarios to plan accordingly for their long-term development activities. The DEM could help

locate these susceptible areas. Satellite data, aerial photography and other geographical data can

be brought together in the GIS and exploited for specific purposes. Land cover and change

analysis data can be interpreted, categorized, and integrated with other spatial data in a GIS for

use by coastal resource managers. The ability to visualize problems through the medium of GIS

databases is a useful tool for focusing attention and generating ideas (Carver et al. 1996).

Moreover, with the aid of a GIS, coastal resource managers can look for correlation or changes

in coastal habitats (resources distribution, abundance, and ecosystem health). To this end, a GIS

becomes a decision-support system.

GIS makes data accessible

In the context of multi-disciplinary and inter-disciplinary problems in resources management we

are facing today, the GIS is emerging as a common platform for gathering data from various
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sources and converting historical data into common GIS-format data, and making data available

to be shared by all interested parties. More and more GIS-formatted data have been placed in the

public domain. An increasing numbers of websites, both governmental and non-governmental,

are providing geographic data in Arc/Info (e00 file) and ArcView (shape file) format, and their

associated attribute data (tabulated or dbf file) for free downloading via the interne.

6. CONCLUSIONS AND RECOMMENDATIONS

The thin clouds at sea can be mistaken for turbid or shallow water on a TM image. Reflectance

of both is high in the TM visible bands, in comparison to the open sea. However, this is not the

case in thermal-IR band 6, where clouds appear darker and stand out from cloud-free water.

Thorough examination and classification of the TM image based on a combination of all bands,

such as PCA, could successfully identify clouds over the study area.

TM imagery is useful for identifying the seagrass beds in Ham Ninh and fringing reefs in South

An Thoi, using TM visible bands and restricting water depths to less than 6 meters. However,

validation is needed to evaluate the accuracy of the benthic habitat maps. TM data can be helpful

for mapping other coral reef areas in Vietnam, especially for the more extensive reefs at areas

such as Spratly Islands.

Increasing fishing pressure in near-shore Phu Quoc, where coral reefs and sea grass are located,

is a primary concern to the sustainable management of coastal resources in Phu Quoc. There is

the need to establish a marine sanctuary to protect these critical benthic habitats and insure the

integrity of the marine ecosystem. Geographic Information Systems (GISs) are a useful tool in

marine resource management. They could offer a comprehensive way to do site selection for

conservation and spatial planning for the protected area.
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APPENDICES

Appendix A: Metadata and the Calculated Coordinates of TM scene used in this study

Scene metadata

Input Scene Related Data
Nominal:
NP: 6920	 NL: 5728	 Pixel: 30.0000000	 Skew: 3.7898720

UTM/PS Related Data for Input Scene
Datum:	 NAD27	 UTM Zone:	 48
Actual Northing:	 1118024.1206346	 Actual Easting:	 433773.7393435
Input Northing:	 1117066.3104936	 Input Easting:	 433417.3236473
Vertical Offset:	 -364.6778059	 Horizontal Offset: 854.1726350
Orientation:	 192.2595032

Processed Scene Related Data
NP: 6401.0000000NL: 5728.0000000 	 Pixel: 30.0000000
Datum:	 NAD27	 UTM Zone: 48
Scene Center LN: 2856.6711426	 PN:	 3288.5473633
Orientation:	 188.3668604

Sensor Data
Inclination:	 98.2393000	 Ascending Node:	 -65.4143547
Altitude:	 705300.0000000	 Speed:	 6754.6298828
Heading:	 192.1547519	 Cross Track FOV:	 15.3930841
Scan Rate:	 13.8728842	 Sampling Rate:	 104047.7942294
Sun Elevation: 	 45.7931473	 Sun Azimuth:	 136.0430484

UTM Corners:
Northing (Y)	 Easting (X)

1215109.6412765 363579.0331566
1188048.4694598 545264.7758506
1019749.6153674 508762.7482135
1046810.7871039 327077.0055196

Lat/Long Corners:
Latitude	 Longitude

	

10.9902575	 103.7513737

	

10.7477870	 105.4139899

	

9.2257699	 105.0797728

	

9.4670227	 103.4248778



Pixel Corners:
X-coord.

501.0000000
6901.0000000
6521.0000000

121.0000000

Y-coord.
1.0000000
1.0000000

5728.0000000
5728.0000000
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UTM coordinates calculated for the TM image

The coordinates are calculated by the Basic Science and Remote Sensing Initiative (BSRSI) at
Michigan State University using the following formula:

$xlutm = 30 * (( $xlpix - $whole[21] ) * (cos($theta * $piover180)) + (
$whole[20] - $ylpix ) * (sin($theta * $piover180))) + $whole[8]

where:
$xlpix = 1
$whole[21] = PIXEL NUMBER from metadata
$theta = 188.71347 - 180 (scene center orientation angle - 180)
piover180 = atan2(1,1) * 4/180
$whole[20] = Scene Center LINE NUMBER from metadata
$ylpix = 1
$whole[8] = Actual Fasting from metatdata

This was done for four (corners) points:

$xlpix = 1;
$ylpix = 1;
$x2pix = 6320;
$y2pix = 1;
$xlpix = 1;
$y3pix = 5728;
$x4pix = 6320;
$y4pix = 5728;

Calculated coordinates
Image corner Pixel coordinates (x,y) UTM coordinates (easting, northing)

UL 1, 1 348662.9638192, 1217133.6494208
UR 6320, 1 536215.3060820, 1189549.1644380
LL 1, 5728 323662.7508906, 1047152.2814609
LR 6320, 5728 511215.0931533, 1019567.7964781
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Spatial resolution, spectral range and application of Landsat (4-5) Thematic Mapper Data

Band Resolution
(meters)

Wavelength
(gm)

Application

1 30
0.45 - 0.52

(blue)
soil/vegetation differentiation; bathymetry/coastal
mapping; cultural/urban feature identification

2 30
0.52 - 0.60

(green)
green vegetation mapping (measures reflectance peak);
cultural/urban feature identification

3 30 0.63 - 0.69
(red)

vegetated vs. non-vegetated and plant species
discrimination (plant chlorophyll absorption);
cultural/urban feature identification

4 30
0.76 - 0.90
(near IR)

identification of plant/vegetation types, health, and
biomass content; water body delineation; soil moisture

5 30
1.55 - 1.75
(mid-IR)

sensitive to moisture in soil and vegetation;
discriminating snow and cloud-covered areas

6 120
10.4 - 12.5

(thermal IR)
vegetation stress and soil moisture discrimination
related to thermal radiation; thermal mapping (urban,
water)

7 30
2.08 - 2.35
(mid-1R)

discrimination of mineral and rock types; sensitive to
vegetation moisture content
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Appendix B: Arc/Info Commands used in this project

RECTIFY (to convert scanned images of the basemap of Phu Quoc from image coordinates to
map coordinates): creates a new image by applying an affine transformation on the input image.

RUBBERSHEETING (to rubbersheet the image to the basemap): The process of transforming a
grid from one x,y coordinate system to another is referred to as rubber sheeting.

CONTROLPOINTS (ARC command) can be used to create a link file. This link file will be used
with GRIDWARP to transform a grid into a known coordinate system.
The command also allows one to test the goodness of fit of the links and allows choices for the
order of the desired polynomial. Using the transformation results can help determine which links
are introducing the most error.

GRIDWARP command transforms all cells in a grid according to a polynomial transformation,
trying to achieve the best overall fit.

DEM generation

- Data preparation: Stream coverage in down-stream flow mode: The rivers all have to be
pointing downstream before using them with the topogrid routine. Shorelines have a z-value
of zero meters. Arcs and points in coverages storing elevational data were assigned z-values
from the topo map.

- Generate the DEM using the TOPOGRID routine in Arc/Info that allows an input of
elevation data (arc and/or point coverage), stream network, shorelines, and lakes.
TOPOGRID forces the DEM to conform to existing coverages such as stream network.

Deriving surface runoff characteristics

Flow across a surface will always be in the steepest downslope direction. Once the direction of
flow out of each cell is known, it is possible to determine which and how many cells flow into
any given cell. This information can be used to define watershed boundaries and stream
networks.

1. Find sinks using SINK.

A DEM free of sinks, a depressionless DEM, is the desired input to the FLOWDIRECTION
function. The presence of sinks may result in an erroneous flow-direction grid.

2. Determine flow direction using FLOWDIRECTION function
Grid: flow_dir = flowdirection (elevation)

There are eight valid output directions, relating to the eight adjacent cells into which flow
could travel. The direction of flow is determined by finding the direction of steepest descent, or
maximum drop, from each cell.



3. The FLOWACCUMULATION function calculates accumulated flow into each downslope
cell in the output grid. (Assume rainfall is same over the island).
Grid: flow_acc = flowaccumulation (flow_dir)

4. Delineate watersheds using WATERSHED functions (Find contributing area above each
pour point)
Grid: watersheds = watershed (flow_dir, pour_points)
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Appendix C: Information derived from Phu Quoc baseline GIS Data

Table 8. Area and perimeter by island

No. Island name Area (m2)  Perimeter (m)
1 Phu Quoc 557471168 149614
2 Thom 3122627 10050
3 Roi 1075746 5390
4 Dua 595012 3350
5 Vang 391208 2417
6 May Rut 378709 2920
7 Vong 375945 2900
8 Anh Dong 369684 2553
9 Xuong 209823 2215
10 Anh Tay 172245 1879
11 Gam Ghi 148336 2685
12 Dam 147366 2598
13 Dau 96378 2085
14 Mong Tay 76662 1408
15 Kim Qui 72004 1563
16 Mot 54796 980
17 Trang 47491 841
18 Doi Moi 10314 376
19 Mong Tay Nho 8149 350
20 Cai Ban 4604 266
21 Rocky 2 3584 239
22 Ganh Dau 2528 197
23 Rocky 1 1949 169

SUM 564836329 197043
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Table 9. Characteristics of watersheds in Phu Quoc Island
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(Watershed
Watershed name Area (km2) Perimeter (km)

Cua Can 145.02 79.32
Duong Dong 99.65 61.32
Tram 41.97 39.90
Cai Lap 37.42 39.90
Vung Bau 26.21 28.80
Dam 23.28 41.70
Da Bac 13.28 24.00
Ham Ninh 11.12 20.16
Ven 5.20 12.42
Nhum 3.94 9.90
r17 3.21 10.38
Dat Do 3.06 9.30
Dam-2 2.84 10.50
Ba Keo 2.82 9.18
Cot 2.68 9.36
nr50 2.60 10.20
Hon Mot 2.33 9.84
Ong Hien 2.28 11.22
r24 2.14 7.98
Ong Lang 2.13 8.10
Ong Dien 2.02 10.50
nr51 1.97 8.70
r18 1.48 8.58
r25 1.43 8.76
North Ham Ninh 1.40 5.94
r23 1.25 5.88
r26 0.83 5.28
nr53 0.70 4.92
nr47 0.68 4.14
nr52 0.66 4.68
Dinh 0.61 5.58
nr54 0.60 4.74
nr46 0.58 4.80
r27 0.55 4.14
nr49 0.50 4.08
nr43 0.46 4.08
nr48 0.43 4.20
nr45 0.39 3.24
nr41 0.32 3.72
nr42 0.27 3.06
nr44 0.18 3.78
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