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This work is concerned with the combined use of conventionally-gathered data and
remote sensing methods to study the communities of Suva Reef, Fiji. A principal
objective was to observe coral reef processes that could not be studied effectively by
either approach individually. The in situ surveys have provided detailed information on
reef community dynamics at a small scale while the airborne images have been able to
reveal the longer term general patterns.

The results of in situ surveys show massive changes to the reef substratum caused
by Echinometra mathaei excavations. The disturbance caused by E.mathaei
was associated with increases of turf algae. Four decades of habitat changes were
documented from airborne images. The magnitude and spatial extent of these changes
were related to likely causes. In particular, the long term patterns of spatial changes of
seagrass beds revealed that there were oscillations in the regrowth and losses. Seagrass
beds extended towards the lagoon in some years and regressed in others.

Other disturbances have also made significant contributions in shaping community
structure of Suva reef flat between 1945 to 1991. Major causes of disturbances were
tsunami and cyclone damage, flood damage, Acanthaster planci predation and effects of
human activities. Tsunamis have probably caused more damage to the structure of the
reef than any other disturbance occurring between 1945 and 1990.

This investigation has demonstrated the effectiveness of the combined
observational approach in improving our ability to interpret the long term significance of
reef changes. The understanding arising from the study will be able to underpin the
development of scientifically based plans for conservation and management of reefs.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 CORAL REEFS AND NEEDS FOR LONG TERM MONITORING

Coral reefs are one of the most productive and diverse of natural ecosystems.
They protect tropical and subtropical coastlines against waves and storm surges, prevent
erosion, and contribute to the formation of sandy beaches and sheltered harbours. They
are, however, vulnerable to siltation, overfishing, coastal development, sand dredging,
industrial and agricultural pollution and natural disasters. Thus, they need to be managed

effectively in order to withstand stress caused by human and natural forces.

Effective management requires knowledge of the extent and distribution of coral
reefs, coral communities, status of reef health and resources, effects of pollutants and
coral resource potential. The inaccessible location of most coral reefs and their large area
of distribution causes great difficulty for conducting in situ surveys to assess the impacts

of human activities and natural disasters.

Earlier this century, scientists who studied corals and other reef dwelling
organisms were restricted to the reef flat because of its accessibility at low tide. The

introduction of scuba diving to coral reef research has changed the course of research




from the flat to reef slope and lagoon. Research on the reef flat, ironically, has fallen
behind when compared to those on the reef slope because the reef flat can only be
accessed at very low tide. Diving on the reef flat, except during very calm weather is
almost impossible. It is therefore understandable that the vast majority of reef monitoring
studies are carried out subtidally even though the reef flat is particularly vulnerable to
anthropogenic effects and direct impact by human activities (recreation reef walking and
shell collecting; and gleaning) (Wells 1988). Anecdotal reports also suggest that reef flats
have been subject to most degradation during the last 50 years. The research described in
this thesis is therefore concerned with the study of reef flat communities. A major part of
it examines the use of aerial photographs and in situ surveys to reconstruct the history and

change of community structure of Suva Reef from 1945 to 1991.

More generally, there has been increasing concern about declining reef "health"
(Glynn 1984, Lessios et al. 1984, Dustan & Halas 1987, Brown 1987, Palca 1987,
Williams et al. 1987, Brown 1988 and Done er al. 1991). Despite this concern there has
been much debate on the cause(s) of reef damage over the last 30 years (review by Potts
1981, Moran 1986). Some consider all reef damage to be a result of natural events caused
by cyclone damage or terrestrial run-off and that these events have occurred throughout
geological time (Grassle 1973, Walbran er al. 1989). Alternatively, it has been argued
that disturbances to reefs are anthropogenic in origin (Chesher 1969) resulting from
chemical pollution (Randall 1972), overfishing (Johannes 1975) or by removal of natural
predators (Endean 1969). Clearly the importance of understanding the ecological history
of reefs is critical to the interpretations of the specific impacts of a particular physical,

biological or anthropogenic disturbance.




It has long been recognised that coral reef community structure varies and is also
known to be influenced by processes occurring on a range of temporal and spatial scales
(Naylor and Hartnoll 1979, Jackson 1991). Generally, predation (reviewed by Glynn
1990, Knowlton er al. 1990), diseases (Antonius 1981, Bak and Criens 1981, Gladfelter
1982) and hurricanes (Stoddart 1974, Porter ef al. 1981, Woodley er al. 1981) are
processes that may occur on coral reefs at varied scales of space and time. To quantify
controlling influences on community structure observations over relevant time scales are
needed. At the very least, the appropriate time scales must encompass the lifespan of the
dominant members of the community. For coral reefs, structurally important members
may live for centuries (Hughes and Jackson 1985) and important ecological influences
may be manifested only on decadal time scales (Done 1992a). Sampling must therefore
occur on multiple temporal and spatial scales. Data are needed which are characterised by
both fine-grained resolution and large scale, and the monitoring programme must provide
means of acquiring both if the ability to answer the most critical questions is not to be

lost.

While the need for long term data sets is obvious (Likens 1987, D’Elia et al.
1991) no co-ordinated long term monitoring has been developed for coral reefs. With
very little long term data available for reef community structure it is difficult to determine
what changes have actually occurred on reefs over the last few decades. In the absence of
long term studies, changes on reefs that may occur during the next few decades of
anticipated increasing anthropogenic pressure and global climate change will be hard to

predict.




In Fiji, the existence of long term base-line in siru data are scarce because there
are very few scientists available to carry out surveys. It is also difficult to assess most
reefs because of their isolation. The availabilities of aerial photographs and records of
environmental history (Fig.1.1, Table 1.1 and Table 1.2) help to assess long term damage

to coral reefs and develop techniques that can detect changes at an early stage.

wal
z A, PLANCT i il Wl lewwi 1 1V 1
Z| SAND DREDGING f SAND DREDGING ‘{
& RECLAMATION F—— MAJOR RECLAMATIONS ——
2l FLOOD vl y 1 [ 13 vy ¥
2 CYCLONES vy i ' Y 'll }
i L 2
Qi TSUNAMI
=
= PHOTOS o o . ) ee o ©t o ee
i 1 1 1

Years

Fig.1.1 Summary of available photographs and major disturbances

Therefore the underlying questions that are being addressed in this research
programme are:
(1) Can remote sensing methods be used to assess long term
changes on coral reefs?
(2)  What indicators of long term coral reef changes can be
used to assess coral reef status?
3) What are the causes of reef disturbance? Are they
anthropogenic or natural? Can we separate anthropogenic
impacts from natural changes?
(4)  What does long term mean? Is a decade enough to determine

changes taking place on reefs?




Years TYPES INTENRSITY RECORDED

DAMAGE

1950 CYCLONE MODERATE
(30th March)

FLOOD

1951 -

1852 CYCLONE
(28th Jan.)
| (28th Je

1953 TSUNAMI Tidal waves

(Sept.} and
damage to
corals

1955 CYCLORE SEVERE

(27th-28th Jan.)

1958 CYCLONE SEVERE Flood

(2nd-3rd Dec.) _

1967 CYCLOKNE SEVERE Flood

(sth-10th Apr.) | 3

1972 HEAVY - Flood

(23xd oct.) RAINFALL

1973 CYCLONE SEVERE Flood

(2nd Feb.) a

1975 CYCLONE MODERATE Flood

(31st Jan-2nd Feb.)

1985 CYCLONES Flood

(25th~26th Dec.) (3) SEVERE

(16th Jan) MODERATE

(10th~18th March) MODERATE

ek
1986 HEAVY - Fiood
{(21st June) RAINFALL

1990 - - -

Cyclone, Tsunami and Heavy Rainfall Occurrence in the Suva Area,
from 1950 to 1990. (Sources: Dickie et. al. 1990 & Met. Office)

YEARS ABUNDANCES, SECTIONS OF SUVA REEF AND NOTES
1963 Common, Western Suva Reef at vicinity of
transect 5, slight damage.
1969 Common to abundant on Suva Reef (section not
L specified), dead standing corals.
1971-72 Abundant on reef slope of Western Suva Reef,
several thousands were killed.
1972-82 Few on Western Suva Reef
1979 Abundant on Eastern Suva Reef, within the
vicinity of transect 2.
1980 Abundant on Eastern Suva Reef, within the
vicinity of transect 2.
1981 Common on Eastern Suva Reef.
1982-83 Abundant on Western Suva Reef, within the
vicinity of transect 5, >1,000 were killed.
1984 Aggregations at Eastern Suva Reef, within the
vicinity of transect 2.
1985 Outbreaks on Suva Reef, Western Suva Reef,
near transect 4.
1986 Decline on Suva Reef, within the vicinity
of transect 2.
1987 Very few adults on Suva Reef within the vicinity
of transect 2.
1988 Juveniles common on Eastern Suva Reef.
1989 Adults abundant on Eastern Suva Reef within

the vicinity of transect 3 and at backreef.

1990 2dults abundant at vicinity of transect 3 and
near backreef near transect 2.

1991 Common within vicinity of transect 3 and 4.

Abundances of Acanthaster planci on Suva Reef
from 1963-1891. (Sources: Zann et. al. 1990, this study:.




1.2 OBJECTIVES AND REASONS FOR THIS RESEARCH PROGRAMME.

The primary question to be addressed in this research is whether remote sensing

methods can be used to determine long term changes on coral reef flats in Fiji?".

The objectives of the project are :
1) to determine long term temporal and spatial ecological
changes using both conventional in situ survey methods
and remote sensing method. A suitable methodology based on
Geographical Information Systems (GIS) and image processing
techniques to assess the changes from airborne images was
developed.
(2) to evaluate the value of remote sensing methods and
conventional in situ survey methods in assessing long term ecological patterns.

Both the magnitude and the nature of these changes were assessed.

Subsidiary questions include :

1) Are there dramatic changes occurring on Suva Reef? Are
there any shifts in dominance of habitats?

2) Is there any decline in major habitats from 1951 to

19917 ‘What are the causes of decline?

The intention in this study is to integrate in siru and remote sensing techniques for

rapidly assessing long term changes on coral reefs at different scales but primarily at a




community level. Therefore in describing the ecology of the reef, broad categories have
been established. This approach does not negate the importance of species but helps to put
high resolution information into a broader context. In addition, homogeneous groups of

communities are easier to detect from remote sensing methods.

1.3 SCOPE OF THIS RESEARCH PROJECT

The methods utilised can be broadly categorised at two levels. Aerial photography
can survey reefs at a meso-scale level and in situ observations are at micro-scale levels.
For the purpose of this research, the aerial photographs provide sampling relatively

regularly over a longer period while the in situ surveys are occasional.

The way in which these methods relate to one another are illustrated in Fig.1.1. In
situ observations provided occasional "snapshots" in 1984, 1989 and 1991 of six transects
on Suva Reef. These observations should show temporal and spatial variability of reef
communities at specific transects. The questions that must be asked are; to what extent is
this information representative of the entire Suva Reef? and how representative of a given

year is a single field sampling?

On the other hand, aerial photographs should fill the gaps in space and time that
cannot be provided by in situ observations because. of the regular sampling by aerial
surveys between 1945 and 1990. In situ observations should also help to calibrate aerial
photographs. For future applications in situ data and aerial photographs should assist in

the calibration of satellite data and airborne thematic data for large scale and long term




studies on coral reefs, although insufficient satellite data was available for useful analysis

within this project.

1.4 STRUCTURE OF THE THESIS

In Chapter 1, the needs for long term monitoring of coral reefs and major aims of
this study are being addressed. Chapter 2 presents a review on community studies,
disturbance and stability. It also discusses the concept of indicators of reef health. The
techniques and the technology used for monitoring coral reefs are also reviewed in this

chapter.

In Chapter 3, the in situ survey methods and results are presented and discussed.

The nature of the changes on the reef are interpreted and are related to some causes.

Chapter 4 explores and develops the use of aerial photographs and image

processing techniques to document long term changes at different periods.

The discussion of the results of this study are presented in Chapter 5. In Chapter
6, the conclusions are drawn from this study. An assessment on the benefits of combined
airborne images with the more conventional methods are carried out. Suggestions are also

made for future extensions of this work.




CHAPTER 2

REVIEW OF REEF COMMUNITY STUDIES AND SURVEY
METHODS

2.1 REEF COMMUNITY STUDIES, DISTURBANCE AND STABILITY.

Current research on coral reefs can be evaluated in two ways firstly at a
community level and secondly at species level. Community studies have been used
mainly to describe the status of coral reefs and especially in defining perturbed
conditions (Dahl and Salvat 1988).

Reef community structures are complex and dynamic (Dahl & Salvat 1988).
They are shaped and maintained by biotic and abiotic events (Witman 1992). When
community structures are related to human impacts and natural disasters the task of
monitoring is even more difficult since both time and space must be considered. The
different components of the reef systems also vary in scale of occurrence. Some may
persist for a long time while others may have a high turnover of individuals. These must
be borne in mind when discussing suitable indicators of coral reef health and effects of

disturbance.

In order to determine the causes of changes in reef community structure it is
essential to carry out studies over time scales long enough to document at least one of
these events. The events which have been reported to alter reef community structure are
hurricanes (Porter et al. 1981), severe outbreaks of coral predators (Acanthaster planci)
(Moran 1986) and coral bleaching phenomena (Glynn and Weerdt 1991, Lang er al.
1992) or El Nino events (Glynn 1990).




There are currently two schools of thought about coral reef stability with regard
to natural phenomena (Grigg & Dollar 1988). The first proposes that the reef ecosystem
1s stable because of its ancient origin and its evolution of great complexity where
conditions have been uniform over long periods. This complexity has certain "limits"
and can be very fragile if pushed beyond these limits (Goreau 1969, Johannes 1975,
Endean 1976). The second school of thought states that the reef ecosystem is unstable
over time and heterogeneous in space. The present reefs around the world are believed
to be in different stages of structure and organisation and are being continually modified

by natural perturbations (Grassle 1973, Grigg and Maragos 1974, Connell 1978).

The expected effect of human influence will depend on which view is seen to be
important. In the first view, human effects bring changes that are irreversible and will
cause rapid destruction of coral reefs. In the second view, human effects are relatively
minor when compared to natural perturbations (cyclones, predation and terrestrial run-

off) given the instability of the system.

Both views may be relevant and complementary in any assessment but will
depend on the scale of community structure being studied. The stability of many reef
systems may also be a result of dynamic instability of parts of the system which have
the ability to re-establish balance after a natural shock (Dahl & Salvat 1988). On the
other hand, at a larger geographical scale, human influences may push the system

beyond its limits which may lead to rapid degradation (Dahl 1985).

Distinguishing human from natural effects in a coral reef ecosystem is difficult
especially where the scales of interaction are complex in time and space. Reviews of
natural events damaging reefs have been provided by Stoddart (1969) and Loya (1976).
These natural events were flood, low temperatures and exposure to air. The main
anthropogenic effects on reefs have been reviewed by Johannes(1975), Brown &
Howard (1985), Salvat (1987), Grigg and Dollar (1988) and Dahl & Salvat (1988).
These include sedimentation, dredging, sewage effluent, filling and construction, oil
spills & dispersants and heated effluent from power plants. Some human effects may

mimic the natural influences, for example siltation from construction or from run-off

10




after heavy rains. Effects may differ in their duration and the size of the area affected.

Given the difficulty in determining causality linking human activities with reef
impacts and separating anthropogenic impacts from natural changes, it may be possible
to consider aspects that can be measured. In some cases damage can be done directly to
the substrate by mechanical activity and changing the reef shape and producing
sediments which cover hard surfaces. If the hard surfaces are covered by sediments it
will damage living communities on the reef surface and also expose new substrate.
Channel blasting and construction activities may have such effects (Smith & Henderson
1976, Nontji 1986). Any new surface created by significant coral mortality will be coral
rubble and will be colonised by opportunistic organisms such as algae. This will have a

major effect on coral reef community structure and especially on the living coral cover.

2.2 INDICATORS OF REEF HEALTH

The concept of "indicator species" for detecting pollution in the marine
environment has been adopted by reef researchers to describe a healthy reef community.
Percentage cover and species diversity indices have been used as indicators of reef
health (Dustan & Halas 1987, Done 1981, 1982, 1987, Hughes & Jackson 1985,
Hughes er al. 1987). The sensitivity of such indicators in describing environmental
impacts on coral reefs were questioned by Brown (1988). However, results of seven
years of study at Key Largo from monitoring the abundance of corals showed significant
changes (Dustan & Halas 1987). Although significant changes were apparent they were
not as obvious to the same degree as those from photographs and field observations.
They argued that a less "myopic" view of the reef in terms of assessment of algae, fish,

major invertebrate groups and corals would be more appropriate.

There appears to be a confusion in the literature on the evaluation of species
diversity as a valuable and sensitive indicator of coral reef degradation. Some workers
argued that species diversity adopted to detect polluted communities are more
appropriate for tropical soft bottom communities rather than coral reefs (Gray 1979,
Gray & Mirza 1979, Gray 1981, Warwick 1986). Warwick further argued that it is

11




difficult to find suitable ways to assess the coral reef health because of the natural

variability and effects of natural disasters and human activities on community structure.

2.3 REVIEW OF REEF SURVEY TECHNIQUES, REMOTE SENSING
TECHNOLOGY AND TECHNIQUES AND APPLICATIONS.

2.3.1 IN SITU SURVEY METHODS FOR ASSESSING REEF
COMMUNITIES.

A variety of different quantitative survey techniques have been developed and
applied to the assessment of coral reef sessile benthic communities ( Goodwin er al.
1976, Kinzie & Snider 1978, Loya 1978, Bouchan 1981, Weinberg 1981, Dodge er al.
1982, Birkeland 1984, Marsh et al. 1984, UNESCO 1984). These methods are usually
modifications of transect or quadrat techniques used for plant ecological surveys. The
theoretical backgrounds, strengths and weaknesses of these methods have been discussed

by workers on plant communities (Greig-Smith 1964, Kershaw 1964 and Poole 1974).

However, there is no consensus as to which method are most appropriate for reef
communities surveys. Loya (1978) reviewed plotless and transect methods for reef
surveys and recommended the use of plotless methods. Weinberg(1981) evaluated
different methods and recommended quadrat methods. Dodge ef al. (1982) found no
significant differences between three plotless methods and photographic belt quadrats
while Bouchan (1981) found no significant differences between quadrats and plotless
(line) methods. Birkeland (1984) advocated the point quarter method for large
individuals or colonies and the planar point intercept method for taxa such as algae.
UNESCO(1984) recommended the use of both transect method and the plotless point

quarter technique.
There is a need to compare the methods commonly used to assess reef

communities. Such evaluations are vital for ascertaining the most suitable and time

efficient techniques for reef surveys.
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2.3.2 DEVELOPMENT OF REMOTE SENSING TECHNOLOGY, METHODS
AND APPLICATIONS TO CORAL REEFS

In the past researchers have relied mainly on in situ data to provide information
on the coral reef environment. The advantage of using remote sensing as a tool for
gathering information for the coral reef environment is that it provides a synoptic view
of a large area which cannot be provided by any other means (Goetz & Rowan 1981).
The remote sensing method is repetitive and provides a quick collection of spatial and
temporal information that could be utilised to detect important changes (Kuchler 1985a).
The generally clear waters that exist on coral reefs make it possible to explore them by

remote sensing methods that were originally developed for landuse.

Aerial photography has traditionally served as the principal medium of analysis
of coastal changes (El-Ashry 1977). However, aerial photographs are still considered to
be important in detecting changes because of very high spatial resolution and also they
provide many decades of data. In particular, aerial photographs have advantages because
they provide the level of detail necessary for detecting change and especially where
photogrammetric methods are employed (Leatherman 1993).

It is, however, surprising that after many decades of the availability of high
resolution aerial photographs there has been no long term study of coral reefs using this
method, although, it is recognised that it cannot replace in situ survey methods in
understanding some coral reef processes. In this study, the limitations of aerial
photography are recognised but the usefulness of the information obtained is considered
to be too valuable to discard and may be the only information available on isolated reefs

such as those encountered in Fiji.

A review of applications of aerial photography to the coral reef environment is
provided in Chapter 4. However, aerial photography has been previously utilised by
several investigators for change detection of land and submerged vegetation in the early
sixties (Edwards and Brown 1960, Kelly and Conrad 1969, Orgoskey 1978 and Orth er
al. 1979). Aerial photographs were also used to prepare the Sri Lankan Coastal Zone
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Management Plan (Wisumperuma 1989) where five broad classes were categorised into

coastal wetlands, lagoons, estuaries, sand dunes and barrier beaches.

The emergence of satellite data provided an alternative for mapping of coastal
habitats such as coral reefs. In contrast to aerial photographs, satellite images do not
usually provide the level of detail necessary for precise measurements of environmental
change because of the limitations of resolution. Landsat Multispectral (MSS) data with
79 m pixels is far too coarse to detect changes except in a qualitative sense or when
there is an extremely rapid rate of change (Leatherman 1993). Nevertheless, SPOT
imagery can provide 10 m pixel resolution necessary to quantify changes on coral reefs
when considered on long term basis. In addition, SPOT multispectral data can provide
20 m resolution which is necessary in differentiating the spectral features of coral reef
habitats. In this study, there was only one SPOT image available for Suva Reef. This
SPOT image was used for geometric corrections of airborne images and also for
additional verifications of different classes categorised from airborne images. The
applications of satellite data to the coral reef environment are also discussed in this

review.

When data from Landsat series and SPOT satellites became available in 1972 and
1986 respectively, they provided opportunities for studying coral reefs from space. The
usefulness of satellite data to coral reef study was first demonstrated in 1975 on the
Great Barrier Reef Region by mapping physiographic zones of inshore and offshore
reefs using Landsat digital data (Smith ez al. 1975). In 1976, a bathymetric study using
Landsat data clearly showed that such a study could be undertaken in clear waters of the

coral reef environment (Polcyn 1976).

However, in 1977, a major breakthrough on the practical use of Landsat data
was the revising of the Nautical Chart of ‘the Indian Ocean Chagos Archipelago
(Hammack 1977). The results showed that shoals, banks and reef features can be located
and positioned on Landsat image data with respect to known surface features. It was not

until 1978 that the benefits of using Landsat data for mapping and monitoring isolated
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reefs was carried out on Apo Reef, Mindoro Island, Philippines (Bina et al. 1978). The
study produced thematic maps of Apo Reef from Landsat digital data and highlighted a
major difficulty in categorising reef covers using digital data because of variability in

spectral reflectance.

In 1979, Bina and Ombac noted the inconsistencies of satellite data through time.
The inconsistencies resulted from differing water depths associated with tidal stages
during the recording time of satellite data. It was later found that spectral changes
influenced by tidal variation can be contrasted to environmental changes on coral reefs
(Kuchler 1985a).

Furthermore, previous studies on coral reefs indicated that the Landsat spatial
resolution allows a correlation with the spatial relationships and patterns observed on
coral reefs (Bina 1982, Hibbs 1982, Jupp 1983a, 1983b). More importantly, studies on
coral reefs showed that the different zones on the reef can be distinguished on satellite
images and as a consequence coral reef resource information can be extracted (Smith ez
al. 1975, Bina er al. 1978, Bina 1982, Hibbs 1982, Jupp 1984, Jupp et al. 1985,
Maniere et al. 1985, Kuchler 1987).

In the early 1980’s, research activities on the application of remote sensing on
coral reefs were centred on the Great Barrier Reef. The problems of obtaining data for
the 345,000 km? of the Great Barrier Reef and the need for information to manage the
thousands of coral reefs that constitute the Marine Park led to various reef studies using

remotely sensed data (Jupp 1984, Kuchler 1985a, Kuchler ez al. 1988).

By using satellite data, a practical and useful Landsat based reconnaissance
mapping of the Great Barrier Reef was achieved (Jupp 1983a). As a result of the Great
Barrier Reef research, a number of surface ground categories combined into classes
were established to resolve elements observed from remote sensors and to further
recover resource information. The success of the research on the Great Barrier Reef was
attributed mainly to the development of a suitable software for analyses (Micro Brian)

and its ability to deal with "category mixtures problem".
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The low contrast of satellite data which is caused by the submerged nature of
some reefs presents a major problem in applying remote sensing to study coral reefs
(Kuchler 1985b). The lack of available Landsat and SPOT satellite data for Fijian reefs
is a major limitation in its use in the study of long term changes. In addition, the limited
available satellite data were mostly covered by clouds and were not useful when
comparing different time scales. The only satellite receiving station in Fiji is for
receiving AVHRR data for weather forecasts. This type of data is not suitable for coral

reef studies where higher resolution data are required.

Despite the limitations of satellite remote sensing, it has potential for coral reef
monitoring. The development of image processing techniques to process satellite
imagery for change detection has also been encouraged by the availability of satellite
data. These techniques usually involves the use of multi-temporal data sets (Singh 1989)
which could discriminate areas of change between sets of images. Several methods have
been proposed and a comprehensive summary is given by Singh(1989). These methods
required the accurate spatial registration of images used. The three main image
processing techniques were image differencing, image ratioing and principal component
analyses. These image processing techniques were suitable in change detection for

multispectral data (Singh 1989, Zainal 1993).

However, techniques such as various filtering, smoothing, and edge enhancement
are also used to improve accuracy in classification, although it was found that image
differencing and ratioing performed better (Singh 1989). The choice of image processing
techniques used will depend on the nature of information to be extracted from the

images whether panchromatic or multispectral (Pilon er al. 1988).

Numerous studies have been undertaken to determine the efficiency of several
techniques in extracting information from images. Pilon er al. (1988) used a multi-
component approach starting with simple enhancement techniques to isolate changes
followed by classification to identify changes in semi-arid regions of Nigeria. Howarth
and Wickware (1981) used simple ratio enhancement techniques which provided a series

of vegetation changes. In a more recent study, Zainal (1993) concluded that there is no
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specific technique or approach that can be applied to ensure its success. He further
suggested that testing different techniques and assessing the merit of their results by

comparing them with field data is probably the way forward.

As far as the current investigation is concerned, an important difference exists
between panchromatic airborne data and multispectral data. Any method used in the
analysis of panchromatic data should be able to separate the subtle habitat changes
between different dates. For the purpose of this study, the way to achieve reliable
results would only be possible by a combination of field data, visual examination of
airborne images and using simple change detection functions in the Geographical

Information Systems (GIS) routines.
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CHAPTER 3

CORAL REEF DYNAMICS FROM 1984 TO 1991 USING
CONVENTIONAL BIOLOGICAL SURVEY METHODS.

3.1 INTRODUCTION

Despite early interest in the reefs of Fiji (Gardiner 1898, Agassiz 1899,
Davis 1920, Hoffmeister 1925) and their importance in the development of coral
taxonomy (Dana 1846), there are still relatively few studies published. The most
detailed description of reefs in Fiji to date are those of Ryland(1979, 1981).

The vulnerability of Fijian reefs to disturbance caused by cyclone and
human activities are very important considerations when explaining changes on
Suva Reef. Coral predators affect the survival of corals and ultimately reef
communities. Zann et al. (1987, 1990) showed that the outbreaks of the crown of
thorns starfish (Acanthaster planci) on Suva Reef was the major controlling factor

in coral community changes.

The search for patterns of distribution of the diverse organisms found on
coral reefs has been an important endeavour of coral researchers (Licuanan &
Gomez 1988). Previous detailed reef studies have focused primarily on zonation of
scleractinian corals (see Done 1983 for review) without assessing other reef

organisms.

Zonation of scleractinian corals has been described on the basis of
dominant species (Wells 1957, Rosen 1971) and lack of dominant species
(Sheppard 1980). Variables such as diversity, evenness and richness measures

were commonly used, along with multivariate methods, to analyse large numbers
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of species and individuals by sample matrices (Loya 1972, Veron & Done 1979,
Done 1982). The recognition of plasticity of coral species (Veron & Pichon 1976,
Willis 1985) and taxonomic problems have facilitated the development of assessing
zonation on the basis of broad categories such as growth form attributes (Rosen
1971, Pichon 1978).

Reef assessments on the Great Barrier Reef (Dartnall & Jones 1986) and
the Philippines (Licuanan & Gomez 1988) have used life form categories, along
with taxonomic identifications, to the lowest possible level (for example family
and genus level). Bradbury er al. (1986) showed that broad level data on the
patterns of distribution of organisms on reefs can yield information approximating
those collected with species level data. The value of information obtained from
broad level data will depend on the goals of the study and whether one is

comparing similarities and differences between reefs.

Using a similar approach, this study aims to describe zonation patterns on
Suva Reef from 1984 to 1991. By classifying attributes into broad categories the
zonation patterns are established. The influence of natural disturbances and human
activities are also discussed in relation to changes in the patterns observed on the

reef over a seven-year period.
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3.2 STUDY AREA
3.2.1 PHYSICAL SETTING

Fiji comprises about 844 islands and are scattered in the area of 15°S to
23°S and 177°E to 178°W (Fig.3.1). The Suva Reef is located south-east of Suva
Harbour (18° 08” S, 178° 25’ E ) on the south coast of Fiji’s main island, Viti
Levu (Fig.3.2). It is part of the Viti Levu south-eastern reef chain and encloses

Suva Peninsula and Laucala Bay.
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Fig.3.1 Map of Fiji Islands. Inset: Fiji’s location in relation to
Australia, New Zealand and South-East Asia.
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Fig.3.2 Location of Suva Reef. Inset above: Viti Levu Island, Fiji. Inset below:

detail of Suva Reef transects.
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Suva Reef is a barrier reef and lies between one and five km off the coast
of Suva. A narrow lagoon of about 10m deep separates the reef from the city of

Suva. Suva has a population of approximately 160,000 (1986 census).

3.2.2 CLIMATOLOGY

Suva Reef is subject to the East and South-East trade winds. These are
most persistent from July to December. The western edge of the reef is sheltered

but the eastern part is more exposed to wind-driven swells and waves.

The mountainous southeastern part of Viti Levu island has a high annual
rainfall, with occasional years of very high summer rainfall associated with
tropical cyclones. The annual rainfall is unevenly distributed because of the rain

shadow caused by mountains.

High rainfall associated with cyclones often leads to severe floods, land
erosion and high sediment loads in local rivers and coastal waters. Rainfall is
seasonal with distinct dry (May-October) and wet (November-April) seasons.
About 67% of the annual rainfall in the Suva area occurs in the wet season (Dickie
et al. 1990).

The main river entering the Suva lagoon is the Rewa River which has a
mean annual discharge equivalent to 160 x10° m®. A discharge of over 10,000 x
10° m* were experienced in 1972, 1973 and 1986. However, the largest flood
record was estimated at 17,000-19,000 x10° m® in 1931.

The mean monthly air temperatures range from 23°C in July and August to
27°C in January. The summer is hot and wet but the winter months are drier and
cooler. Daily sunshine values reached a maximum during December and decline to

a minimum during July and September (Penn 1983).
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3.2.3 TSUNAMIS

Eleven tsunamis have been recorded in the Fiji group since 1877. Only
three produced waves of significant heights in the Suva area, rising 2m in 1877,
1.8m in both 1881 and 1953.

During the 1953 Suva earthquake, a tsunami of 1.8m height reached Suva.
This occurred at low tide but would have had an even more disastrous effect if it
had occurred at high tide. Considerable reef damage was reported after the 1953
tsunami (Wells, 1988).

3.2.4 OCEANOGRAPHY
South-easterly swells predominate through the year with significant
easterlies occurring from July to December. The wave and swell records in

Laucala Bay show a positive correlation with wind data (Dickie er al. 1991).

Tidal range is very small, with an annual mean range of 1.1m. Neap tides
have a mean range of 0.9m and springs of 1.30m (Ryland 1981). The Suva area
experiences predominantly semi-diurnal tides with the lower low water springs

falling during the night in summer but during the day in winter.

The annual sea surface temperatures in Laucala Bay vary from 24°C to
31°C during the year. It has an average annual variation of 6°C. The normal
salinity is 35 %o, and may drop to 10-15%o after heavy rainfall (Zann er al. 1987).
During heavy rainfall associated with cyclones large discharge of terrestrial
sediments are transported to the sea (Ryland e al. 1984). High sediment loads
over such a short period caused mortalities of marine organisms in Laucala Bay

and also on Suva Reef.

The oceanography of Suva reef has been described by Penn(1983) and
Gendronneau(1986). The strongest tidal current in the lagoon was observed three
hours before and after low and high tides. In contrast the weakest currents were at

low and high tides. Oceanic water enters the lagoon through Nukulau and
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Nukubuco passages during flood-tide and leaves by the same route at ebb tide
(Fig.3.3).
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Fig.3.3 Map showing oceanic water entering the Suva Lagoon.

In general, the dynamics and high variability of currents in the lagoon were
influenced by four important factors:
(1) the tidal cycle,
(2) flow of Rewa river and other smaller rivers and creeks flowing into the
lagoon,
(3) oceanic water entering the lagoon over the reef top and through different
passages which depends on tide and surf and

(4) influence of strong and continuous trade winds.
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3.3 MATERIALS AND METHODS

3.3.1 SAMPLING DESIGN AND FIELD SAMPLING

Six transects on Suva Barrier Reef were established in 1984 to survey the
population of coral predator starfish, Acanthaster planci (L.) (Zann et al. 1987,
1990) (Fig.3.2). The transects were permanently marked with steel pegs driven
into the hard coral rock substratum every 15m to 30m across the reef. The land
bearings were also noted for each transect to ensure easier relocation when re-
surveyed. Several ways of relocating the permanent steel pegs were used. Some
branching corals near the steel pegs were tied with fluorescent ribbons and some
of the massive corals were permanently marked with aluminium nails with fishing
line. The fishing line was tied to white plastic containers which could be seen

from a distance.

In 1984, transects 1 to 6 were surveyed. At each transect, a 15m line was
laid from the seaward reef edge and at the beginning of each line a station was
established to estimate the % substrate type and the % surface cover of dominant

living communities (Zann, unpublished data).

This present survey evolved from the methods used in the above
investigation to assess Acanthaster planci. From June to August of 1989, a re-
survey of the six transects was undertaken for this study. A 15m line was used and
at the beginning of each line a station was established. At each station, 5 random
replicates of 0.5m x 0.5m quadrats were undertaken. The % substrate type (coral
rock, sand and Acropora rubble), living communities (turf algae, living corals,
soft corals, zoanthids and seagrass) were estimated in each of the five quadrats.
The algal assemblages have been differentiated as “turfs", "fleshy" and
“coralline" algae. Most reef workers recognise "turf algae" as primarily
filamentous algae having a canopy height of 1-10mm (Dahl 1972, Pichon &
Morrissey 1981 and Carpenter 1981). Fleshy algae includes larger (canopy heights
usually > 10mm), erect algae described by Adey et al. (1977).
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Coralline algae are calcareous crustose coralline reviewed by Steneck(1986).

In addition, a number of selected echinoderms (Echinomerra mathaei,
Acanthaster planci, Linckia laevigata, Tripneustes gratilla) were estimated in each

of the five quadrats sampled.

3.3.2 DATA ANALYSES

Analyses of data involved a comparison of the abundance (% cover and
density) between transects, between years and between stations within each
transect. A variety of univariate and multivariate statistical techniques has been
used to compare coral reef community structure in this study. The following suite
of analytical procedures was adopted and the rationale for each procedure is also
described here.

A suite of non-parametric tests was performed. Using Sigmastat Statistical
Package the test for normality (Kolmogrov-Smirnov) and the test for equal
variance (Levene Median) on different types of transformed data were performed.
Data on % cover were transformed using arcsin or sqrt, and log,, and log,
transformations were also carried out to help transform data for normality and
equal variances as required by the assumptions of parametric tests. The
transformed data, however, often failed when tested for normality and also for
equal variances. In some cases, the transformed data passed the normality tests but
then failed the equal variance tests. Since the assumptions for parametric tests
were violated, non- parametric tests were adopted in most cases. Unless otherwise

stated statistical "significance" refers to the 5% level of significance.

The non-parametric test Kruskal Wallis Anova (analysis of variance) on
Ranks (Sokal & Rohlf 1973) was used to compare different attributes within one
transect and also with attributes between different years within one transect. The

assumption is that the samples were drawn from non-normal populations and do
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not have equal variances. The Student Newman Keuls (SNK) test (Sokal & Rohlf
1973) was used to further determine any differences in attributes between years if
the Kruskal Wallis ANOVA on Ranks test was significant. The Mann-Whitney
Rank Sum test (Sokal & Rohlf 1973) was used to determine differences in
attributes between stations within each year, since there is no two factor test for
non-normal populations. All these tests were performed using the statistical

package Sigmastat.

The hierarchical clustering was performed on a euclidean distance
dissimilarity index based on the raw data and using the group-average linkage.
Cluster analysis was carried out using the statistical package Unistats.

Cluster analysis was performed to broadly categorise different sections of the reef
flats within a transect. The analysis of variance tests was used to confirm whether
these broad categories were significantly different between years and also between

stations.
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3.4 RESULTS

3.4.1 MORPHOLOGICAL ZONATION AND GENERAL ECOLOGY

AT EACH TRANSECT

A summary of subjective assessements of zonation patterns at each transect

is given in Table.3.1.

Table 3.1 Summary of general zonation patterns at each transect

(** dominant).

TRANSECT BACKREEF

MIDDLE AND

SEAWARD REEF

low coral

INNER REEF EDGE
FLAT
sand** rubble*#* coral pavement**
1 seagrass ** boulders**
corallinex*
low coral cover turfxx
table corals **
echinoderm**

spurs/grooves **

cover
sang** rubble** coral pavement**
2 seagrass¥* live corals*#* | coralline*+*
algae *%* boulders** low coral cover
low coral cover | turf#** spurs/groovesxx
echinoderms**
sand*#* live corals*#* coral pavement**
3
seagrass** boulders** low coral cover
algae** echinoderms** spurs/groovesxx
low coral cover
sand** live corals** | coral pavement**
4 seagrass*¥ rubble** low coral cover
algae*x* turf** zoanthids**
echinoderms** echinoderms** | spurs/grooves**
low coral cover
sand** consolidated coral pavement##*
rubble*#*
5 seagrass*¥ low coral cover
low coral
rubble*x* cover zoanthids**
algae**
pools**
sand** consolidated coral pavement*x#*
rubble#*
6 rubble** low coral cover
pools*x*
seagrass** zoanthids*#*
sand* *
turf**

|
g

|
|




At the backreef, seagrass (Syringodium isoetifolium) and coarse grained
sand dominated all transects. The seagrass beds were only exposed at very low
spring tides. The seagrass helps consolidate loose sand and rubble with its
extensive rhizome system. Living amongst seagrass beds were sea urchins
Tripneustes gratilla and Toxopneustes pileolus. These sea urchins were particularly
common at transect 4. Species of holothurians (Holothuria scabra, Holothuria
atra) and spider shells such as Lambis and Strombus sp. were also abundant at this

transect.

Algae (Padina tenuis) were dominant at transects 2, 3 and 4. In addition,
there were low cover (1-5%) of scleractinian corals at transects 1, 2, 3 and 4.
These were mainly Acropora spp., Porites spp., and Pocillopora spp. However, at

transects 5 and 6, loose rubble and sand were dominant.

At transects 1, 2 and 3, ridges of coral rock dominated by soft corals
(Sarcophyton spp., Sinularia spp., and Xenia spp.) separated the backreef from the
rest of the reef flat. In contrast, the transitional zones between the reef flat and the

backreef at transects 4, 5 and 6 were dominated by sand and rubble.

The inner and the middle reef flats at transects 1, 2 and 3 were dominated
by coral boulders and blocks. These coral boulders and blocks resulted from
cyclones and tsunami damage. Part of the boulder zone was moated at low tide
and provided habitats for invertebrate communities. The upper and lower surfaces
of the blocks were encrusted by coralline algae. Encrusting byrozoans, sponges

and ascidians were well developed beneath many of these blocks.

Rubble also dominated the inner and the middle reef flats at all transects
except at transect 3. These rubble were covered with coralline algae. In addition to
loose rubble and rubble bank, consolidated rubble intermingled with patches of

coarse sand dominated transects 5 and 6.
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There were moderate development of corals at transects 2, 3 and 4.
Microatolls (Porites lobata and Porites andrewsi) and branching corals (Acropora
spp.) dominated the reef flat at transect 2. The reef flat at transect 2 was infested
by Acanthaster planci between 1978-1982 which caused a pronounced decline in

the coral cover.

At transect 3, the inner and middle reef flat was dominated by living
Acropora spp. and Porites There was also an elaborate growth of other species of
living corals such as Echinopora lamellosa, Hydropora spp., Merulina spp.,

Pavona spp., Psammocora spp., Porites spp., Seriatipora sp. and Stylophora spp.

At transect 4, the reef flat was dominated by Acropora spp.. Most
Acropora spp. at the vicinity of this transect was devastated by A.planci in 1984,

and as a result Acropora rubble accumulated over the reef flat.

The inner and middle reef flats at transects 5 and 6 were dominated by
consolidated rubble. There were also low coral cover which were scattered across
the reef flats and in tidal pools. There was luxuriant growth of algae in tidal pools
at transects 5 and 6 The algal vegetation was dominated by Amphiroa spp. and

Turbinaria ornata.

In general, turf algae dominated the algal population of the inner and the

middle reef flats at all transects. Turf algae were also distributed at variable

proportions at different zones on the reef flat.

The reef flat was dominated by echinoderms at transects 1, 2, 3 and 4.
The echinoderms were Diadema setosum, Echinometra mathaei, Echinothrix
calamaris, Tripneustés gratilla, Holothuria atra, Stichopus chloronotus and
Linckia laevigata. Other species of echinoderms such as A.planci, and several
species of holothurians (Bohadschia sp. and Holothuria scabra) were also present
on the reef flat. At transects 4, 5 and 6, large numbers of Echinometra mathaei

were observed boring into the coral rock reef framework at the inner and the
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middle reef flats.

However, at all the transects, the seaward reef edges have coral rock
pavement. They provided a solid habitat for growth of encrusting coralline algae,
zoanthids and other corals (Acropora spp. and Porites spp.) at the seaward reef
edge. The reef edge also had well developed spurs and grooves at all transects.
There was low coral cover (5-10%) of Acropora spp.., faviids, and Montipora
spp. at all transects except for transect 1 which had luxuriant growth of table
corals (Acropora hyacinthus). Zoanthid colonies (Palythoa spp., Zoanthus spp.)

dominated the seaward reef edge at transects 4, 5 and 6.

In general, the seaward reef edge at transects 1, 2, 3 and 4 are more
subjected to heavy surf. There were also narrow terraces dissected by surge
channels at these transects. Then the reef slope dropped rapidly into deep water. In
contrast, the reef edge at transects 5 and 6 were less exposed and were sheltered
by the presence of patch reefs just off the reef slope. The patch reefs and their
reef slopes were dominated by living corals (Acropora spp., Pavona spp. and

Pocillopora spp.).

|
I
|
|
!
|
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3.4.2 SUBSTRATA COMPOSITION ON ALL TRANSECTS DURING 1984,
1989 AND 1991.

During 1984, 1989 and 1991, the seaward reef edge at all transects
consisted of coral rock pavement (Figs. 3.4-3.6). The backreef was either sand or

rubble or a mixture of both at all transects during the same period.

There were, however, marked changes in the substratum compositions on
the middle reef flats at transects 1, 4 and 5 in 1989 and 1991. This was compared
to a more stable substratum at transects 2, 3 and 6. At transect 1, the middle reef
flat was a mixture of sand and rubble with a few patches of coral rock in 1984. In
1989 and 1991, they were mostly coral rock with a few patches of rubble. The
establishment of coral rock substratum at transect 1 between 1989 and 1991 may
be a result of regrowth of Acropora hyacinthus at this site which helped stabilise

the substratum.

At transects 4 and 5, the middle reef flat consisted mainly of coral rock in
1984 (Figs. 3.5 & 3.6 ). There were major destructions of Coral rock substratum
from 1989 to 1991 at these transects. This resulted in a mixture of rubble and
coral rock with a few patches of sand during 1989 and 1991. Large numbers of
Echinometra mathaei were observed at transects 4 and 5 during 1989 and 1991.

These sea urchins bore into the coral rock. As a result the coral rock was

destroyed and may take some time for the substratum to recover.

Results of Kruskal Wallis ANOVA on Ranks are summarised in Table 3.2.
They showed that there were no significant differences in the percentage cover of
major substratum (coral rock, sand and rubble) at transects 2 and 3 between years.
This indicated that the substratum at these transects were generally more stable. In
contrast, there were significant differences in all substratum at transects 4 and 5.
The differences in substratum between years may have been caused by
Echinometra mathaei excavations in 1989 and 1991 which resulted in increased

sand and rubble. However, the results of the tests varied for transects 1 and 6.
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There were no differences in coral rock and sand at transect 1 but there were
differences at transect 6. The differences in the substratum at transect 6 may have
been caused Echinometra mathaei excavations. Field observations showed that
coral rocks excavated by E.mathaei were filled with sand and rubble. There were,
however, differences in rubble at transect 1 while there were no differences at
transect 6. There were regrowth of corals at transect 1 which may have resulted in

the extension of the coral rock substratum to the rubble zone.

Further analysis by using the Mann Whitney Rank Sum test for differences
in substratum types between the different stations within each transect in any
particular year are summarised in Table 3.3. In general, the differences in
substratum between stations are the results of distinct zonation patterns across the

reef flats.

At transect 1, all substratum showed significant differences between
stations in 1984 and 1989. In 1991, coral rock and rubble showed significant

differences but no differences in sand in 1991.

At transect 2, there were no differences in sand and rubble. Coral rock
showed differences between stations in 1989 and 1991. There were coral recruits
at this transect in 1989 and 1991 and may have contributed to the differences in

the coral rock substratum at some stations.

At transect 3, there were differences in coral rock between stations. There
were also differences in rubble in 1984 and 1991. There were no differences in
sand between stations in the three years. The differences in coral rock between

stations are the result of distinct zonation patterns at this transect.
At transect 4, all substratum showed differences. The differences between

stations in each year showed clearly the distinct patterns of distribution between

stations at this transect.
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At transect 5, there were differences in coral rock, rubble and sand
between stations in 1984. In 1989, there were no differences in coral rock and
rubble but differences in sand. All substratum showed no differences between
stations in 1991. The results of the analysis showed that there were some major
changes occurring at this transect in 1989 and 1991. The changes to the
substratum were caused by the rock-boring Echinometra mathaei which resulted in

massive changes of the substratum from coral rock to rubble and sand.

At transect 6, there were differences in all substratum between stations in
1984 and 1989. In 1991, only rubble showed differences but coral rock and sand
showed no differences. These results indicated that the substratum were relatively
stable across transect 6 in 1984 and 1989. But in 1991, there were changes caused

by Echinometra mathaei excavations.
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3.4.3 DISTRIBUTION AND ABUNDANCE OF MAJOR REEF
COMMUNITIES (CORALS, ZOANTHIDS, ALGAE AND
ECHINODERMS) AT EACH TRANSECT IN 1984, 1989 AND 1991.

3.4.3.1 ZOANTHIDS, LIVING CORALS AND DEAD STANDING CORALS

Zoanthids were restricted to the reef edge at all transects except at transect
6 where they were located at the middle of the reef flat (Figs. 3.7-3.9). They also
occurred at both the reef edge and the middle reef flat at transect 4 in 1991.

In 1984, a higher cover (40%) of zoanthids was found at transect 1 when
compared to lower cover in 1989 and 1991 (<10% and <20% respectively). At
transect 2, there were low cover (<10%) in 1984 whereas in 1989 and 1991
there were higher cover (60%) of zoanthids. At transect 3, high zoanthid cover
(40-82%) was recorded in all years.

Zoanthids at transect 4 had higher cover (45%) in 1989 than in 1984 and
1991 (< 10% respectively). There were no zoanthids recorded at transect 5 in ,
1984 and 1991. But very low cover (<1%) was recorded in 1989. At transect 6,

zoanthids were recorded in 1984 but there were no records in 1989 and 1991.

Living scleractinian corals were distributed across the reef flat at all

transects except for transect 6 (Figs.3.7-3.9). On transect 6, corals were restricted

to the reef edge. There were generally higher coral cover at the eastern section of
the reef when compared to the western section. The eastern section of the reef was
the most exposed while the western reef was more sheltered. The highest coral

cover was found at transect 3.
Field surveys showed that regrowth of corals was dominated by Acropora

hyacinthus at transect 1 in 1989 and 1991. This species was mostly located at the

seaward reef edge and at the inner reef flats.
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The coral cover at transect 2 was very similar in all the three years.
However, live corals had slowly recovered by 1991. Field surveys showed that
small colonies of Porites spp. and Acropora spp. were found in 1991 at this

transect.

At transect 3, there were relatively higher cover of corals in 1989 and 1991
when compared to those in 1984. There were relatively higher coral cover in 1984

and 1991 at transect 4 when contrasted with those in 1989.

At transect 5, live corals were located at the seaward reef edge in 1991. In
1984, they were situated at the middle reef flat and backreef. There was a decline
in live corals by 1989 and these corals were restricted to the backreef.

However, dead standing corals were recorded at all transects. There were
generally higher cover of dead corals where there were higher cover of live corals.

These dead corals were not restricted to any section of the reef.

At transect 1, dead corals were recorded in 1984 and 1991. There were no ,
dead corals in 1989, At transect 2, there were no dead corals in 1984 but there
were some in 1989 and 1991. Dead corals were recorded for all the years at
transect 3 and 5. However, at transect 3, there were losses of corals at the reef
edge in 1989 and 1991 at the seaward reef edge and the middle reef flat. These

losses were attributed to large numbers of A.planci present at the vicinity of this

transect. Dead standing corals in this area had scar marks caused by A.planci.

At transect 4, dead corals were recorded in 1984 and 1991 but there were
none in 1989. Large stands of dead corals recorded in 1984 resulted from A.planci
predation (Zann e al. 1987). The dead corals were branching Acropora spp., a
preferred diet of A.planci (Zann et al. 1990). Low cover of dead corals was
recorded at transects 5 and 6 in 1991 but there were no dead corals at both these

transects in 1984 and 1989.
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The results of the Kruskal Wallis ANOVA on Ranks which tested for the
differences in zoanthids, live corals and dead corals between years are summarised
in Table 3.4. The results showed that there were no significant differences in
zoanthids cover between years at all transects. This showed the persistence of

zoanthids from one year to the next without any significant changes in abundance.

There were no differences in live corals between years at transects 1, 3 and
6. There were, however, significant differences in live coral cover between years
at transects 2, 4 and 5. The differences in live corals between years at these

transects were the result of A.planci predation.

There were no differences in dead coral cover between years at transects 1,
2, 3 and 5. At transect 4, there were differences in dead coral cover. The
differences in dead coral cover at transect 4 were attributed to large aggregations
of A.planci in this area in 1984. Field observations showed that dead corals had
A.planci scar marks on them. There were higher dead coral cover present in 1984
than in 1989 or 1991.

The Mann Whitney Rank Sum tested for the differences in zoanthids, live
corals and dead corals between stations within each transect. The results of these

tests are summarised in Table 3.5.

The results showed significant differences in zoanthid cover between the

|
1
1

different stations at all transects in all the years. This was expected since zoanthids

were almost exclusively recorded at the seaward reef edge.

However, at transect 1, there were differences in live corals between
stations in 1984 but no differences in 1989 and 1991. This further indicated that in
1989 and 1991, the distributions of live corals between stations were similar. Fig.
3.7 shows that there were high cover of live corals because of regrowth during

1989 and 1991.
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At transect 2, there were differences in live corals between stations in 1984
and 1991 but no differences in 1989. At transect 3, there were differences in live

corals between stations in 1984 and 1989 but not in 1991.

Live corals showed differences between stations at transects 4, 5 and 6.
These differences were the result of patchy distributions of live corals between
different stations. Live corals were restricted to sections of the reef such as

seaward reef edge at transect 6 (Fig.3.9).

Dead corals were significantly different between stations at all transects in
all the years. Dead corals were restricted to areas where live corals are
distributed. In addition, live corals killed by A.planci may be isolated patches and
those damaged by increased wave activities may be restricted to the seaward reef
edge. Dead corals located at the backreef may be the result of several factors such

as A.planci predation, sand dredging, siltation or lowered salinity.

3.4.3.2 ALGAE AND SEAGRASS

Coralline algae dominated the algal population in all years at all transects
(Figs.3.10-3.12). Coralline algae were distributed across the reef flat, although
they were abundant near the reef edge. The presence of coral rock pavement at the

seaward reef edge provided suitable habitats for encrusting coralline algae.

!
!

High cover of coralline algae was recorded in 1984 at most transects.
There were also high cover of coralline algae recorded in 1991. In contrast, low

cover of coralline algae were found at most transects in 1989 (Figs.3.10-3.12).

Fleshy algae were distributed across the reef flat. In some years they were
restricted to the seaward reef edge and in other years they were present at the
middle reef flat or backreef (Figs.3.10-3.12). There were no major changes in
fleshy algal cover at most transects between years. There was, however, generally

higher cover in 1984 at most transects.
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Turf algae were not restricted to any section of the reef flat. They were
widely distributed at the seaward reef edge, inner reef flat, middle reef flat and
backreef. There were no records of turf algae at any transect in 1984. Field
surveys showed, however, that there were limited growth of turf algae present on
the reef over non-transect areas. There were higher cover of turf algae in 1991 at
transects 1, 4, 5 and 6 when compared to those in 1989. High cover of turf algae
at these transects may be a result of disturbances caused by E.mathaei excavations.
It is possible that high turf algal cover at transect 1 may have been enhanced by
terrestrial run-off from the Rewa River. At transects 2 and 3, there were similar

turf algal cover in 1989 and 1991.

The Suva Reef flora was dominated by the seagrass Syringodium
isoetifolium. Seagrasses were recorded at the back reef in 1989 and 1991 at
transects 1 and 5. At transect 6, they were only recorded at the backreef in 1991.
There was high cover (100%) of seagrass at the back reef in transects 1, 5 and 6.

The results showed that there were no records of seagrass in 1984 for all transects.

In addition there were no records of seagrass at transects 2, 3, and 4 in
1989 and 1991. There were also no records of seagrass at transect 6 in 1989.
There are several reasons why they were not observed on these transects. It is

possible that seagrass had declined in 1984 and was replaced by sand or corals. |

The sparse distribution of seagrass in these areas may have been missed. There are

also limitations to the use of coverage where quadrats may have been placed in

areas where seagrass were not found because of random distribution of quadrats.
The results of aerial photographs (see Chapter 4), however, showed that seagrass

occurred at all these transects in 1984, 1989 and 1990.

The Kruskal Wallis Anova on Ranks and Mann Whitney test results of the
differences in coralline algae, fleshy algae, turf algae and seagrass between years
are summarised in Tables 3.6 and 3.7. The Kruskal Wallis test showed that there
were significant differences in coralline algae between years at all transects except

for transect 3 where there were no differences between years. Coralline algae were
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restricted to areas where there were coral pavement and also to areas where there
were coral rubble. The distribution of coralline algae are affected by the
fluctuations in rubble on the reef flat since coral pavement are a more stable
substratum. At transect 3, the coralline algae were restricted to the seaward coral

pavement platform.

There were no differences in fleshy algae at all transects except at transect
3 where there were differences between years. There were no differences in turf
algae between years at transects 1 and 2. In contrast, there were significant
differences in turf algae between years at transects 3 to 6. There were generally
high turf algae at these transects in 1991 which may have been the result of
disturbances caused by E.mathaei. There were no differences in seagrass between

1989 and 1991 at transects 1 and 5.

The Mann Whitney Rank Sum test was used to test for differences in algae
and seagrass between stations across the reef flat. The test was carried out for

each transect and for each year. The results are summarised in Table.3.8.

There were no differences in coralline algae between stations at transect 1
in 1984 and 1991 while there were differences in 1989. There were differences in

turf algae and seagrass between stations in 1989 and 1991.

At transect 2 and 3, there were differences in coralline algae and fleshy
algae between stations for all the years. In addition, there were differences in turf
algae between stations in 1989 and 1991. This indicated that fleshy algae were
patchily distributed at different sections of the reef flat.

At transect 4, there were no differences in coralline algae between stations
in 1984. There were, however, differences in coralline algae between stations in
1989 and 1991. There were differences in turf algae in 1989 but no differences

between stations in 1991.
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At transects 5 and 6, there were differences in coralline algae between
stations in 1984 and 1989 but no differences in 1991. In addition, there were
differences in turf algae between stations in 1989 and 1991. There were also

differences in seagrass between stations in 1989 and 1991 at transect 5.

At all transects, there were differences in fleshy algae between stations for
all the years. This may be an indication of patchy distribution of algae on the reef
flat or restriction in their distribution to sections of the reef for example at the
seaward reef edge. There are also differences because of their seasonal cycle of
development. It is likely that marked seasonal changes of fleshy algae may have
contributed to differences between stations at each transect. However, turf algae
were observed to exist throughout the year and did not exhibit seasonal patterns.
The differences in cover between stations in some transects may be caused by
disturbances such as eutrophication or E.mathaei excavations on the reef

substratum.
3.4.3.3 ECHINODERMS

The sea urchin, Echinometra mathaei was the dominant echinoderm in all
the years at all transects (Figs.3.13-3.15). Relatively low densities of other
echinoderm species were present on all transects. These echinoderm species were
Acanthaster planci, Bohadschia argus, Culcita granulatus, Diadema setosum,
Echinothrix calamaris, Holothuria atra, H.echinites, H.leucopistilata, Linckia
variegata, Stichopus chloronotus and Tripneustes gratilla. Most of these
echinoderm species were patchily distributed across the reef flat at all transects in

the three years.

The sea urchin Echinometra mathaei, was most prominent across the reef
flats at different transects in different years. There were large numbers of
E.matheai at transect 2 in 1984 and transect 3 in 1991. Large numbers aggregated
at transect 4 in 1989 and 1991. These sea urchins bore into the coral rock and had

disastrous effects on the reef framework.
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The results of Kruskal Wallis ANOVA on Ranks to test for major
echinoderm groups (echinoids, asteroids and holothurians) on Suva Reef at each
transect between years are presented in Table.3.9. There were no significant
differences in echinoids, asteroids and holothurians between years at transect 1. At
transect 2, there were no differences in the echinoids and asteroids but there were
differences in holothurians. These were the results of the patchy distribution of
holothurians across the reef flat in some years and their absence and presence in

other years.

At transects 3, 4, 5, and 6 there were significant differences in echinoids
between years. The sea urchin Echinometra mathaei was a major contributor to the
differences between years. In some years they were present in large numbers while
other years there were only a few numbers. However, there were no differences in
asteroids and holothurians at transects 3, 4 and 5 between years. The results of the
Kruskal Wallis ANOVA on Ranks tests for each echinoderm species at each
transect between years are shown on Table.3.10. In general there were significant
differences in E.mathaei at transects 2, 3, 4 and S between years. This was
supported by the Student Newman Keuls test which showed differences (p <0.05)
between the three years at these transects (Table.3.11). There were no differences
in E.mathaei at transects 1 and 6 between years. All other species of echinoderms
showed no differences at all transects between years. Therefore most of these
echinoderms were present in low densities and were very similar in densities

between years at all transects.

The results of the Mann Whitney Rank Sum test for differences between
stations within each transect in any particular year are shown on Table 3.10. All
species of echinoderms showed significant differences between stations in any
given year at all the transects. These results indicate that all species of these
echinoderms were not evenly distributed across the reef flat at any given time. It
must be noted that some of these echinoderms aggregated at sections of the reef
where there were suitable habitats or where there were abundant food. For

example A.planci were most abundant where there were high cover of live corals.
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3.4.4 CLUSTER ANALYSES

Cluster analyses of cover (live corals, sand, coral rock, rubble, algae,
zoanthids and dead corals) by Euclidean measure and average within groups
strategy were used to determine similarities between stations within each transect
for a given year. The results showed that there were generally four clusters
recognised within each transect. The clusters were broadly categorised as seaward
reef edge, inner reef flat, middle reef flat and backreef. Fig.3.16 shows an
examples of cluster analyses results from transect 3. There were four clusters
recognised on Fig.3.16. These clusters were relatively stable from 1984 to 1991

within transect 3.

However, in most transects, there were no consistent clear cut divisions of
some stations because of transitional zones. These transitional zones were scattered

across the reef flats.

In general, the cluster analyses showed general zonation patterns on the
reef. Although the reef flats have diverse substratum and communities, the patterns

of their distribution are generally very distinctive.
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3.5 DISCUSSION

The results indicate that Suva Reef flat has well differentiated zones from
the seaward reef edge to the back reef. The zones were identified according to
dominant living communities such as vegetation and fauna and major substrate

features. The different zones can be broadly categorised as:

(i) back reef - sand and seagrass

(i) middle reef flat - rubble, sand and echinoderms

(ii1) inner reef flat - consolidated rubble and boulder zone
(iv) seaward reef edge - coral rock pavement, coralline algae

zoanthids and hard corals

Similar zones on the Great Barrier Reef (sand & seagrass, sand & rubble and

rubble & pavement) were classified by Rutzler & MaclIntyre (1982).

Furthermore, results of quantitative studies indicated that zonation at each
transect on Suva Reef can be refined by combining all factors that determine the
zonation. Previous studies (Pichon & Morrissey 1981, Dai 1988) have used
scleractinian corals to be the main determinant of zonation patterns on reefs
studied. However, scleractinian corals are not the only component of coral reefs,

although they can provide a broad line of zonation.

In this study, the cluster and multivariate statistical analyses demonstrated
clearly that the pattern of zonation becomes more evident when the major groups
within the reef community are included in the analysis. Groups of major primary
producers (fleshy and turf algae) are important in subdividing reef flat
communities. Other major benthic reef dwelling organisms such as zoanthids and
echinoderms are important components of the zonation patterns on the reef. These
findings suggested that the structure and zonation patterns of reef communities

would be best defined by taking into account more than one benthic group.
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Apart from scleractinian corals, algal cover appeared to be one of the most
important benthic features. Amongst reef benthic algae, the turf algae was the
most significant component. The tall fleshy macroalgae, however, were not
present on Suva Reef and this feature usually characterises most inshore reefs
(Morrissey 1980, Vakamoce 1987, Done 1990). Crustose coralline algae are
important on Suva Reef and are characteristics of exposed barrier reefs
(Stephenson er al., 1931, Pichon & Morrissey 1981). This algal community reflect
the exposed nature of the reef flat. Suva Reef had therefore some inshore
influences because of its proximity to land and terrestrial input and also some
characteristics of exposed hydrodynamic conditions which characterise barrier
reefs. Sometimes the zonation patterns were not clear on some transects and this
could be attributed to samples being taken across heterogeneous transitional zones
and will therefore affect all the different parameters concerned in classifying

Zones.

In general, details of reef zonation varied according to the degree of wave
exposure at each site on Suva Reef. Transects 1 and 2 have high wave energy reef
edge and inner reef flat because of prevailing south-east trade winds. In contrast,
the western reef edge and reef flats (transects 5 and 6 ) were more sheltered. The
temporal and spatial variations observed in this study indicated that reef zones on
Suva Reef must be monitored over many years to establish patterns and processes

of zonation and population dynamics.

The reef framework was vital for the stability of reef community structure.
In this study, the reef substrata was used as an indicator of stability of reef
framework. The Kruskal-Wallis tests showed no significant differences in the coral
rock, sand and rubble at most transects between 1984, 1989 and 1991. This
demonstrated a relatively stable reef framework on Suva Reef over seven years.
Alternatively, it is possible that short term variation in the reef substrata during
the aftermath of cyclones in 1985 as described by Zann ez al. (1987) could have
been missed in this study. There were, however, significant differences in the

substrata at transects 4 and 5 between years. Observations during field surveys
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showed that there large numbers of Echinometra mathaei present on these areas
between 1989 and 1991. These sea urchins were probably one of the major

contributor to changes occurring at these transects.

Although there were no significant differences in the reef substrata at most
transects over seven years, there were significant differences in the reef substrata
across the reef flat for almost all the transects for the three different years.
Clearly, the differences in the reef substrata across the reef flat was one of the

main reasons in the differences in the zonation patterns on the reef flat.

The refuge substratum of many juvenile species of echinoderms were found
to be the inner reef flat. The inner reef flat had boulders and coral blocks. The
blocks and boulders had coralline algae on the underside which provided a food
source at early juvenile stages for some of the echinoderms. The boulder zone is
therefore very important for successful recruitment of echinoderms. Damage to the

boulder zones by cyclones could destroy nursery grounds for juvenile reef animals.

However, the paucity of corals on the inner reef flat were mainly a result
of Acanthaster planci predation (Zann et al. 1990). Results of 10 years of studying
A.planci on Suva Reef indicate that the decline in coral cover at some sites were
due to starfish predation. It was further suggested that damage to corals by
A.planci was progressive and had entered a chronic phase of "moderate to low
coral cover and moderate to high A.planci abundances". A re-survey of the sites in
1989 and 1991 in this study indicate a low population of A.planci at most sites. In
addition, the community structure has also not shifted from a community
dominated by low biomass algal turfs and corals to one dominated primarily by
macroalgae as a result of starfish predation as reported by several authors

(Carpenter 1990, Done 1990).

In Southern Japan (Birkeland 1989), second order effects of A.planci

outbreaks include increases in numbers of rock boring urchin Echinometra
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mathaei. Large numbers of Diadema setosum and E.mathaei were found on Suva
Reef in 1984, 1989 and 1991. The high abundances of rock boring echinoderms at
some sites in this study may be a result of A.planci. It also implied an unusually
high settlement of larvae and successful recruitment. Factors that may have
contributed to a successful recruitment are favourable conditions for larvae,
presence of reproductive populations, fertilization success and favourable winds
and currents. Echinoderms may vary greatly in reproductive success, both
temporally and spatially (Yamaguchi 1973, Ebert 1983).

Ogden er al. (1973) and Hay (1984) had speculated that abnormally high
population densities of Diadema antillarum in some areas of the Caribbean were
the result of overfishing and the removal of sea urchins predators and competitors.
On Kenyan reefs, McClanahan & Muthiga (1989) found high fishing pressure to
be the major cause of reduction in predators which allowed E.mathaei to increase.
Although overfishing is important to some degree on a local scale on Suva Reef,
there is lack of data to correlate sea urchin population and human population
densities. It is suggested that a combination of processes may be responsible for

the overall increase in the sea urchins on Suva Reef.

Reef destruction by borers will alter and destroy reef frameworks
(Neumann 1966, Scoffin er al. 1980, Hutchings 1986 and Kiene 1988). On Suva
Reef, degradation of reefs may be a result of a combination of several factors such
as increase in boring activities, predation, cyclones and human activities. A single
explanation of reef degradation is therefore unlikely. Damage to reefs resulting
from predation, rock boring activities and cyclone may occur on a macroscale

level for some years and isolated on others.
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Table:3.2 Results of Kruskal Wallis ANOVA on Ranks testing for
differences in coral rock, sand and rubble between

years.
Transect | Substrate P significance (p<0.05)
1 Coral rock | 0.231 not significant
Sand 0.959 not significant
Rubble 0.001 significant
2 Coral Rock | 0.088 not significant
Sand 0.118 not significant
Rubble 0.056 not significant
3 Coral Rock { 0.510 not significant
Sand 0.790 not significant
Rubble 0.119 not significant
4 Coral Rock | <0.001 significant
Sand 0.002 significant
Rubble <0.001 significant
5 Coral Rock | <0.001 significant
Sand 0.005 significant .
Rubble <0.001 significant
6 Coral Rock | 0.006 significant
Sand <0.001 significant
Rubble 0.579 not significant
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Table:3.3 Summary of results of Mann Whitney test for differences
in coral rock, sand and rubble between stations.

Transect | Substrate Year P Significance
(p<0.05}
1 Coral Rock | 1984 <0.001 significant
1989 0.024 significant
1991 0.007 significant
Sand 1984 0.011 significant
1989 0.031 significant
1991 0.052 not significant
Rubble 1984 <Q0.001 significant
1989 0.022 significant
1991 <0.001 significant
2 Coral Rock | 1984 0.679 not significant
1989 0.002 significant
1991 <g.001 significant
Sand 1984 0.172 not significant
1989 0.962 not significant
1991 0.384 not significant
Rubble 1984 Q.079 not significant
1989 0.086 not significant
1991 0.620 not significant
3 Coral Rock | 1984 <0.001 significant
1989 <0.001 significant
1991 <0.001 significant
Sand 1984 0.759 not significant
1989 0.212 not significant
1991 0.350 not significant
Rubble 1984 <0.001 significant
1989 0.073 not significant
1991 <0.001 significant
4 Coral Rock | 1984 <0.001 significant
1989 0.002 significant
1991 <0.001 significant
Sand 1984 <0.001 significant
1989 0.021 significant
N 1991 0.041 significant
Rubble 1984 <0.,001 significant
1989 0.014 significant
1991 0.003 significant
5 Coral Rock { 1984 <0.001 significant
1989 0.283 not significant
1991 0.546 not significant
Sand 1984 <0.001 significant
1989 0.016 significant
1991 0.916 not significant
Rubble 1984 <0.001 significant
1989 0.415 not significant
1991 0.241 not significant
’ 6 Coral Rock | 1984 0.007 significant
1989 <0.001 significant
1991 0.840 not significant
Sand 1984 <0.001 significant
1989 <0.001 significant
1991 0.213 not significant
Rubble 1984 0.013 significant
1989 <0.001 significant
1991 0.035 significant
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Table: 3.4 Summary of results of Kruskal Wal}is Anova on Ranks
testing for differences in zoanthids and corals

between years.

Transect P significance
1 Zoanthids 0.996 not significant
Live Corals 0.746 not significant
Dead Corals 0.998 not significant
2 Zoanthids 0.980 not significant
Live Corals 0.001 significant
- Dead Corals 0.054 not significant
3 Zoanthids 0.926 not significant
Live Corals 0.237 not significant
Dead Corals 0.610 not significant
4 Zoanthids 0.983 not significant
Live Corals 0.002 significant
Dead Corals 0.009 significant
5 zoanthids 0.842 not significant
Live Corals 0.015 significant
Dead Corals 0.999 not significant
6 Zoanthids 0.518 not significant
Live Corals 0.918 not significant
Dead Corals - -

Table: 3.5 ngmary of results of Mann Whitney test for
differences in zoanthids and corals between stations.

Transect P Significance Years

1 Zoanthids <0.001 | significant ‘84789791

Live Coral

Dead Coral 0.999 not significant | ‘84 ‘91
2 Zoanthids <0.001 | significant 84789791
Live Coral 0.012 signifjcant ‘84
0.378 not significant ‘89 -
0.005 significant 91
Dead Coral 0.06 not significant ‘89791
3 Zoanthids <0.001 | significant ‘848991
Live Coral <0.001 | significant 8478991
Dead Coral <0.001 | significant 84789791
4 Zoanthids <0.001 | significant ‘84789791
Live Coral >0.05 not significant | 84
<b.001 significant 89791
Dead Coral <0.001 | significant 84 91

0.009 not significant | ‘84 191

5 Zoanthids <0.001 | significant 89

Live Coral <0.001 [ significant 84489791

Dead Coral | <0.001 \_significant 84 91

| >0.999 | not significant | 84 ‘91
j Zoanthids <0.001 | significant 84

P Live Coral <0.001 | significant ‘84 ‘91

0.918 not significant | ‘84 ‘91

| Dead Coral <0.001 | significant 91
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Table: 3.6 Summary of results of Kruskal Wallis Anova on Ranks testing

for differences in algae and seagrass between years.

Transect P Significance

1 Coralline Algae | <0.001 significant
Fleshy Algae 0.061 not significant
Turf Algae 0.36% not significant
Seagrass 0.828% not significant

2 Coralline Algae | 0.019 significant
Fleshy Algae 0.494 not significant
Turf Algae 0.477 not significant
Seagrass ** **

3 Coralline Algae | 0.093 not significant
Fleshy Algae 0.027 significant
Turf Algae 0.02 significant
Seagrass ** *%

4 Coralline Algae | 0.002 significant
Fleshy Algae 0.113 not significant
Turf Algae 0.034 significant
Seagrass *% *%

5 Coralline Algae | <0.001 significant
Fleshy Algae 0.849 not significant
Turf Algae 0.006 significant
Seagrass 0.981 not significant

6 Coralline Algae | <0.001 significant
Fleshy BAlgae 0.384 not significant
Turf Algae 0.01%* significant
Seagrass * %k *%
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Table: 3.7 Summary of Mann Whitney test for differences in algae and

seagrass between stations.

Transect P Significance Years
(p<0.05)
1 Coralline 0.376 not ‘84
Algae significant
<0.001 {significant ‘89
0.681 not ‘91
significant
Fleshy Algae <0.001 | significant 784789791
Turf Algae <0.001 | significant ‘8991
Seagrass <0.001 | significant ‘89791
2 Coralline <0.001 | significant 184789791
Algae
Fleshy Algae <0.001 | significant 784789791
Turf Algae <0.001 | significant 89791
3 Coralline 0.027 significant 84
Algae
0.006 significant 789
<0.05 significant ‘91
Fleshy Algae <0.001 | significant 78489791
Turf Algae <0.001 | significant 789791
4 Coralline 0.052 not 84
Algae significant
0.032 significant ‘89
0.031 significant ‘91
Fleshy Algae <0.001 | significant 784789791
Turf Algae <0.001 | significant ’89
0.110 not 791
significant
5 Coralline 0.011 significant 84
Algae
<0.001 | significant ‘89
0.249 not 91
significant
Fleshy Algae <0.001 | significant 78478991
Turf Algae <0.001 | significant 189791
Seagrass <0.001 | significant 89191
6 Coralline <0.001 | significant ‘84 89
Algae
0.162 not 91
significant
Fleshy Algae 0.031 significant 84
<0.001 | significant ‘89791
Turf Algae <0.001 | significant 89791
Seagrass <0.001 | significant 91
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Table: 3.8 Summary of results of Kruskal Wallis Anova on Ranks testinc
for differences in echinoderm groups between years.

Transect P Significance
(P<0.05)

1 Echninoids 0.875 not significant
Asteroids 0.587 not significant
Holothurians 0.391 not significant

2 Echinoids 0.073 not significant
Asteroids 0.534 not significant
Holothurians 0.008 significant

3 Echinoids <0.001 significant
Asteroids 0.968 not significant
Holothurians 0.075% not significant

4 Echinoids <0.001 significant
Asteroids 0.262 not significant
Holothurians 0.276 not significant

S Echinoids 0.016 significant
Asteroids 0.812 not significant

6 Echinoids 0.095 not significant
Asteroids 0.889 significant

Table: 3.9 Summary of results of Kruskal Wallis Anova on Ranks testing
for differences in echinoderm species abundance between years.

Transect P Significance
{p<0.05)
1 E. mathaei 0.881 not significant
L. laevigata 0.587 not significant
S.chloronotus 0.999 not significant
H. atra 0.893 not significant
2 E. mathaei <0.05 significant
L.laevigata 0.534 not significant
S.chloronotus | 0.006 significant
T.gratilla 0.823 not significant
D. setosum 0.973 not significant
3 E. mathaei <0.001 significant
L. laevigata 0.823 not significant
S.chloronotus | 0.550 not significant
H. atra 0.064 not significant
4 E. mathaei <0.001 significant
L. laevigata 0.262 not significant .
S.chloronotus 0.628 not significant
H. atra 0.262 not significant
S E. mathaei 0.004 significant
L. laevigata 0.812 not significant
[ E. mathaei 0.095 not significant
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Table: 3.10 Summary of results of Mann Whitney test for differences
in echinoderm species abundance between stations.

Transect P significance | Years

1 E. mathaei <0.001 | significant 18478991
L. laevigata <0.001 | significant 184789791
S. chloronotus | <0.001 | significant 84 91
T. gratilla <0.001 | significant ’84'89
H. echinites <0.001 | significant 8489

2 E. mathaei <0.001 | significant 184789791
L. laevigata <0.001 | " 189791
S. chloronotus | <0.001 | " 784789791
H. atra <0.001 " 84789791
T. gratilla <0.001 | " 789791

3 E. mathaei <0.001 | significant 78478991
L. laevigata <0.001 [ significant 789791
S. chloronotus | <0.001 | significant £84'89
H. atra <0.001 | significant 784789791
C. granulatus <0.001 | significant 84

4 E. mathaei <0.001 s@gn%ficant ‘84 791

0.036 significant 89

L. laevigata <0.001 | significant 789791
S. chloronotus | <0.001 | significant 191
H. atra <0.001 | significant /91
T. gratilla <0.001 | significant 91
D. setosum <0.001 | significant 191

5 E. mathaei <0.001 | significant 784789791
L. laevigata <0.001 | significant 784789791
D. setosum <0.001 | significant 789791

6 E.mathaei <0.001 | significant 78489791
I,. laevigata <0.001 | significant 89
D. setosum <0.001 | significant /89
A. planci <0.001 | significant 89

Table: 3.11 Summary of results of Student Newmann Keuls test for
differences in some echinoderms species between stations.

Transect P Significance | Years
2 S. 0.006 significant 784789791
chloronotus
E. mathaei <0.001 - | significant ’84/89791
4 E. mathaei <0.05 significant 84789
<0.05 significant ‘84 91
>0.05 not
significant 89791
5 E. mathaei >0.05 not 78478991
significant



CHAPTER 4

AERIAL MONITORING OF CORAL REEF COMMUNITIES
ON SUVA BARRIER REEF FROM 1945 TO 1990.

4.1 INTRODUCTION

Aerial photography was the first method of remote sensing and even in the
present era of satellite and electronic scanners, aerial photographs still remain the
most widely used remotely sensed data (Curran 1985). Aerial photographs are
popular because they are readily available for much of the world at a variety of
scales. They are also cheaper than field surveys and are often more accurate than

maps.

Aerial photographs also enable the detection of small scale features and
spatial relationships that would not be evident on the ground. An aerial photograph
is a record of the Earth’s surface at one point in time and can therefore be used as
an historical record. There is also an advantage in using aerial photographs with a
stereoscopic view because this can be used to measure features both horizontally
and vertically. This is a characteristic which is lacking for the majority of

remotely sensed data and was not available for the present work.

Black and white aerial photographs have been used for many applications in
the Earth sciences, for geological mapping (Allum 1980, Press ef al. 1980),
hydrogeological inveétigations (La Riccia and Rauch 1977) and terrain analysis
(Ball er al. 1971, Sauer 1981). In particular, they have been used for the mapping
of desert dunes (Finkel 1961, Davis and Neal 1963) and coastal formations
(Kidson and Manton 1973, Welsted 1979). They are also used in agriculture for
the identification of crop types (Smit 1978, Philipson and Liang 1982) and soil
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erosion surveys (Stephens er al. 1982).

Black and white aerial photographs have also been used throughout the
world for regional planning (Avery 1965), urban planning (Collins and El-Beck
1971), and for more specific studies such as the census of population (Hsu 1971,
Lo and Chan 1980) and the monitoring of urban growth (Ellefsen and Davidson
1980). Surprisingly, black and white aerial photographs have not previously been
considered as a tool by coral reef researchers in monitoring long term changes on
coral reefs. The main reason is probably a lack of knowledge of what aerial

photographs have to offer.

During the second world war there was widespread photography of many
Pacific Islands and reefs for military purposes. Since then aerial photographs had
been used for illustrative purposes in mapping (Maxwell 1968, Guilcher ez al.
1969, Flood 1974, Orme et al. 1974). In Australia, vertical aerial photographs of
the Great Barrier Reef were taken as early as 1925. In 1928, vertical coverage of
the Low Isles on the Great Barrier Reef were taken at a scale of 1:2400m. These
photographs were used extensively as a ground check by the first Great Barrier

Reef Expedition led by Yonge (Stephenson ef al. 1931).

The paucity of relevant information on hydrographic charts and the
complexity of the coral reef environment have led to the utilization of aerial
photographs in defining areas in scientific surveys (Hopley & Stevenick 1977).
Aerial photographs have also been used in reef studies for purposes such as
recognition and differentiation of photopatterns (Hopley 1978). Numerous papers
have been published on the applications of aerial photography to geomorphology
(eg. Fezer 1971), oceanography (eg. Ewing (ed.) 1965; Badgley ez al. (eds.) 1969)
and biological studieé (Howard 1970) within the reef environment. Research on
the interpretation of coral reef features from aerial photographs has been
undertaken on the Great Barrier Reef (Hopley 1978, Hopley and Stevenick 1977).
Aerial photographs were used in determining reef geomorphology (Steers 1945,
Teichert and Fairbridge 1948) and the general ecology of coral reefs (Kumpf and

69



Randall 1961, Kelly 1969, Kelly & Conrad 1969).

The wartime coverage and special purpose photography undertaken for
land, agricultural censuses and commercial surveys have provided a time series of
aerial photographs for some reefs on the Great Barrier Reef Region and many
small Pacific Islands. In spite of the widespread availability and use of aerial
photographs of coral reefs, little research has been undertaken on the long term

changes of the coral reef environment from aerial photographs.

Earlier work on low level infrared and true colour photography to map reef
flats at Jow tide suggested that it was possible to distinguish between major
substrate categories and in particular, between hard corals, soft corals and algae
(Hopley 1978). Hopley and Stevenick (1977) also suggested that, when comparing
four types of photography based on tone alone, normal black and white
photography is mostly successful in defining reef zones. Therefore monitoring
from aerial photographs should be capable of providing valuable information on

the types of changes occurring on coral reefs.

However, the recognition and identification of areas is important when
interpreting aerial photographs (Walker 1964, Stanley 1982). Tone, texture,
pattern, place, shape, shadow and size were aerial photographic characteristics
1dentified by Curran (1978) to be vital to an interpreter. Tone is most important
because it represents a record of the radiation that has been reflected from the
surface onto the photographic film. The light tones represent areas of a high
radiance and dark tones represent areas with low radiance. Briefly, texture is the
frequency of tonal changes within an aerial photograph and pattern is the spatial
arrangement of features. The place where a feature is located in relation to others
usually helps in its identification. The shape is an outline of a feature and size of a

feature is a function of the photo scale.

The separation of specific coral reef features from aerial photographs and

remotely sensed images has been largely a matter of subjective assessment (Hopley
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and Stevenick 1977). The recognition and mapping of coral reef photo patterns
requires a systematic approach such as those provided by image processing

techniques.

Reef flat changes on Suva Reef were assessed from aerial photographs from
1945 to 1990. The reef slope and the deeper part of the lagoon were inaccessible
to airborne data because of the narrow width of this zone and the rapid change in
depth. The reef flats were also more accessible on foot for irn situ monitoring. In

addition, they are exposed at low tide and are accessible for aerial photography.

The specific objective of this part of the study is to use aerial photographs
for assessing long term reef changes. In particular, the long term spatial and
temporal variability of different reef zones are investigated over a period of 45
years. In addition, the aim is also to develop a suitable methodology based on the
Geographical Information Systems (GIS) and image processing techniques for an
effective detection of long term habitat changes. The potential of remote sensing as
a tool in monitoring long term ecological changes are evaluated. Both the
magnitude and nature of detected changes between different time periods were also

investigated.
4.2 STUDY AREAS AND MATERIALS AND METHODS

4.2.1 STUDY AREAS

The main study area is Suva Reef located off the coast of Suva. A map and
detailed descriptions of Suva Reef is presented in Chapter 3. Suva Reef was
chosen as a study site for aerial photographic analysis because it had aerial
photographs available at different scales and different dates. In addition,
community changes were monitored during field studies in 1984, 1989 and 1991
and it has also been studied extensively for crown of thorns (Acanthaster planci)
predation (Zann et al. 1987, Zann et al. 1990). All these factors contribute to
making Suva Reef a suitable study area for detailed aerial photographic analyses of
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community changes.

In this study, aerial photographs were subdivided into two major groups
according to their scale. The first group of images were at a scale of 1:50,000 but
were further subdivided into two sections, the western and the eastern sections of
the reef. The main reason for the subdivision into two sections was the limitation
in the processing facilities available. Only a 512 by 512 pixel image could be
displayed completely for image processing. Both sections were analysed at a

resolution of 10m.

The second group consisted of higher resolution images of Nasese shoal
and were analysed at 3m resolution. The shoal was chosen because there were no
in situ data collected from the area. From the knowledge of Suva Reef and
information from aerial photographs it was assumed that Nasese shoal consisted of
homogeneous stands of seagrass and sand. This was subsequently verified by an
independent researcher. Therefore, Nasese shoal was used as a validation test site
for using aerial photographs to determine the accuracy of classifying unknown
areas from the knowledge of the reef environment and aerial photographic

interpretations of the area.

4.2.2 DATA COLLECTION, PREPARATION AND GEOMETRIC
CORRECTION

The Department of Lands and Mineral Resources archive in Suva, Fiji
were searched extensively for aerial photographs of Suva Reef. Aerial photographs
were available at different scales and at different times for the periods, 1951 to
1990. Aerial photographs were also obtained from the Suva City Council,
Department of Publié Works, University of the South Pacific and the Ports
Authority of Fiji. The National and the Royal New Zealand Air Force Archives in
Wellington were also searched extensively for aerial photographs obtained during
World War II. Some aerial photographs were available from 1939 to 1970 at the

National Archive but were not suitable for this research because of unavailability
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of the film negatives. Oblique aerial photographs of Suva in 1945 were available

from the Royal New Zealand Air Force Archive.

All the aerial photographs used for image processing were taken vertically.
Vertical aerial photographs have been the most widely used because they have
properties that are similar to those of a map. They aiso have approximately
constant scale over the whole photograph (Curran 1978). The scale of aerial
photographs for this research ranged from 1:50,000 to 1:1,500. There were also
high resolution photographs developed as large double scale prints from the

original negatives.

All aerial photographs were scanned using a Cannon X-L Scanner. They
were stored as digital images in TIFF (Tagged Image File Formats) format after
scanning at a resolution of 300 dpi and were imported into the software package
called IDRISI (Eastman 1992). In IDRISI, the images were stored as a byte

integer 8 bit format.

It has been reported that there is little difference between SPOT satellite
maps and existing ground survey maps (Barrett & Curtis 1992). In this study, a
SPOT panchromatic image of Suva Reef taken in August of 1990 was used as a
reference map base to geometrically correct a 1986 image of Suva. All aerial
photographs were corrected to the rectified 1986 aerial photograph which became
the effective base map for the airphoto analysis study. There were more similar
points on the aerial photographs than the partly cloud covered SPOT panchromatic
image. Therefore the accuracy was improved when correcting all aerial

photographs to a rectified 1986 aerial photograph.

When correcting the 1986 aerial photograph to the SPOT panchromatic
image the RESAMPLE routine in IDRISI was used. RESAMPLE has the ability to
take information on the positions of a set of control points in an existing file and
apply it to the whole image by using a cubic polynomial mapping. The image was

geometrically corrected using nearest neighbour substitution. The residual mean
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error was automatically calculated for each control point and then using rubber
sheeting the computer automatically aligns and corrects each point on the
photograph and also removes various distortions. All the airborne images were

corrected to the 1986 airborne image by this procedure.

The accuracy of the resulting rectified image was assessed visually by
overlaying the two images digitally on top of each other on the display screen to
determine any distortions. If distortions were detected the control points on the
unrectified image were re-selected and the RESAMPLE routine repeated until there
were no distortions detected. The root-mean-square (RMS error) was usually a
good indicator of whether the RESAMPLE was satisfactory. The RMS error from
the RESAMPLE procedure for each of the images used are presented in Table 4.1
The RMS error is a measure of the variability of the resampled position of control

points about their true values.

The accuracy of rectified images is vital to the analysis and interpretation
of the images. Any distortion would give false information on temporal change.
Because of this, the rectified images that were found to have reasonable fit in the
OVERLAY routine had to be assessed further by using the Statistical Analysis
System in IDRISI. CROSSTAB was used to compare the rectified image to the
1986 base image. Before CROSSTAB was undertaken three sub-images (256 by
256 pixels) were each extracted from both the rectified image and the 1986 base
map. The extracted sub-images were then compared using CROSSTAB to calculate
the correlation coefficient (Cramer’s V) and also the Kappa Index of Agreement
(another measure of association) between the two images. For both tests, the value
of 0 indicates no correlation of images and the value of 1.0 indicates perfect
correlation. For the purpose of this study, the rectified image was accepted as
satisfactory when thé values of both Cramer’s V and the Kappa Index of
Agreement were between 0.9-1.0. The time series of airborne images were then

ready for image processing and interpretation.
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Table 4.1 Accuracies of geometric corrections of airborne images.

ORIGINAL CORRECTED NO OF RESIDUAL MEAN
AGAINST CONTROL ERROR
POINTS (RMS)
1986 (MASTER) SPOT (PAN) 25 0.001
1951 1986 (MASTER) | 30 0.01
1967 " 25 0.01
1971 " 30 0.005
1978 " 30 0.0015
1979 " 30 0.0001
1982 u 27 0.004
1984 " 30 0.0008
1989 " 30 0.004
1990 " 30 0.0005
SHOAL
1951 « 30 0.003
1967 u 30 0.064
1971 " 30 0.004
1978 " 30 0.02
1579 " 30 0.0015
1982 u 28 0.0016
1984 " 30 0.0008
1986 “ 30 0.005
1989 u 30 0.001
1990 u 30 0.0016

Table 4.2 Summary of tones and texture patterns of major habitats.

Feature Location Tonal key Texture pattern
where
applicable

Corals Reef flat Dark tones Fine “micro-dot”

pattern often with
strong lineations
determined by wave
passage over the reef
flat.

Sand Backreef Very Light tones to Smooth texture pattern
brilliant and may follow wave
white. refraction.

Secagrass beds Backreef Dark patches “Fluffy™ cotton wool
standing out sharply | appearance especially
against lighter tones | around edges.
of the reef flat.

Algae Reef flat dark line linear pattern

Coral pavement | Seaward reef Uniform light grey Even texture and

edge tones broad bands

Consolidated Middle Reef Medium tones Strong but irregular

Rubble Flat lineations

corals backreef light to dark patches | irregular shapes

rubble recf flat light tones and trregular shapes
especially
if mixed with sand
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4.2.3 INTERPRETATION, IMAGE PROCESSING, CLASSIFICATION AND
EXPERIMENTAL METHODOLOGY

4.2.3.1 INTERPRETATION AND CLASSIFICATION

In all the image analysis, black and white panchromatic images were used.
Black and white aerial photographs provided the most information on Suva Reef.
Colour infra-red (CIR) photographs were available for 1978 and 1982 and were
found useful in further interpretations of black and white photographs and image
analysis. CIR photographs were particularly useful in detecting live corals and

algae because these reflected infra-red light very strongly.

All the original aerial photographs were first visually examined using a
hand lens on the original prints to account for the different tones on the reef. To
help differentiate between the habitats aerial photographic characteristics such as
tones, texture, patterns, place, shape, shadow and size were important
considerations. Using these characteristics the preliminary analyses of aerial
photographs were carried out to help interpret the results of major changes taking

place on Suva Reef.

Specific features on the aerial photographs were identified using the
following systematic approach and using tone as an example:

1. For preliminary analysis the photographs were assessed to determine the
tonal structure. The variations resulting from isolated cloud patches, and
contrasts between individual photographs were noted. The variation
resulting from the sun’s angle, weather conditions and quality of processing
were also noted.

2. The tonal structure was related to specific coral reef
features of biological and geomorphological significance.

3. The tones were cross checked with field notes and transect data to confirm
photopatterns. Some of the features had to be re-checked by an independent

observer (Edward Lovell).
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The establishment of the identities of patterns detected in the images and
confirming what they represent is vital in photo interpretations. The major tones

and texture patterns of some of the habitats are summarised in Table.4.2.

Some examples of tones and texture patterns are shown at different
resolutions in Figs.4.1 & 4.2. In situ photographs of some of the areas are shown
in Figs. 4.3, 4.4A & 4.4B.

However, the overall objective of any classification is to use a computer
classification method to automatically categorize all pixels in an image into various
cover classes. Computer classification generally involves the application of
statistically based decisions for discriminating the different cover classes and
whether the classes are "mixed or pure". The two major types of computer based
classification methods are supervised and unsupervised. Unfortunately, these
computer based classifications are usually based on the spectral characteristics of

each pixel in an image.

A major drawback in not being able to use a computer based classification
method is that it is tedious and slow to digitise manually the different habitats
from an image. However, it was beyond the scope of this study to develop
algorithms for classification using texture patterns and tones as the main
delineating factors. Although the manual method of classification which was
adopted has limitations it was found to be the most accurate method bearing in
mind the author’s extensive knowledge of the study area. It was also vital to
integrate the diverse information required to interpret airborne images and to make
the detailed, subtle distinctions necessary for accurate interpretations. It is,
however, recognised that computer methods may be best for some tasks. In this
study, the author’s knowledge added to information from colour infra-red, a SPOT
multispectral satellite image and subsequent in situ surveys were found to be
sufficient for classifying black and white aerial photographs. From the information
available, it was possible to define a number of categories into classes. A

summary of a selected cover classes and their attributes are presented in

77



Table:4.2.

In general, areas of sand, dead coral and coral rubble produce lighter tones
while the seagrass beds, algae and live corals exhibit darker tones (Figs. 4.1 &
4.2). Sandy areas and seagrass beds appear smooth with uniform texture. In
contrast, areas with live or dead corals show a rough texture because of coral
clumps or micro-atolls (Fig.4.2). Some of these corals may also show irregular
shapes on the image. At the seaward reef edge, the texture becomes rougher and
more organised. Areas of coral rubble at the reef edge would be sorted into rubble
banks where they are aligned with the direction of the wave approach. Coral
pavement coated with coralline algae at the seaward reef edge form a smooth

texture and distinctive bands along the reef edge.

The main categories of classes were:
(1) live corals
(11) seagrass
(1i1) algae
(iv) consolidated rubble
(v) sand
(v1) rubble
(vil) mixture of sand and rubble
(viii) rubble bank
(1x) coral pavement
(x) boulder zone

(xi) tidal pool

When categorising the different classes there were some limitations in the
ability to resolve the differences between turf algae and other substrata. As a
consequence, turf algae were not classified into a category. Turf algae have very
low canopy and it is difficult to distinguish them from any other substrata on aerial
photographs. Turf algae were also intermixed between rubble, live corals and

coral rocks (eg. see turf algae growing on rubble in Fig.4.3). A mixture of sand
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and rubble were classified into one class because it was difficult to discriminate

between mixed pixels of the two classes. But where there were homogeneous or
relatively homogeneous stands of each class they were classified each as a class of
their own. It is important to note here, that with the problem of mixed pixels some

habitats may be either under-estimated or over-estimated.

One of the major problems with panchromatic data is that it is difficult to
distinguish between dead corals and other substrata because of the low cover of
dead corals scattered on the reef flat. In addition, dead corals are often found
colonised by turf algae and therefore could be confused as live corals. There 1s a
possibility that some of the dead coral covered by turf algae are classified as live
corals. Therefore, the misclassification may result in the over-estimation of live
corals and this must be taken into account when interpreting the results of the
change. Because of the long term nature of this study and the results of in situ
survey monitoring, it was assumed that most of the dead branching corals were
turned to rubble by cyclones and increased water movement. But within a short
time scale such as one year and without a major disturbance, the misclassification

of dead corals as live corals would probably be greater.

Despite the simplicity of the classification method there are problems when
the categories overlap. This was especially true for areas of tidal pools which also
had live corals, algae, sand and rubble. The tidal pools therefore have varying

covers of corals, algae, dead corals, sand and rubble intermixed with turf algae.

The airborne images were further manipulated on the visual display screen
to differentiate between the different tones. Manual contrast stretch was carried out
by using interactive adjustments on the look-up table. Hence, contrast stretching
increased the range of image tones and enhancing the contrast between features.
The digital approach, therefore, has major advantages in flexibility when compared
to the photographic approach. Moreover, the visual display screen has the added
ability of conveniently changing image scale, viewing specific areas and thus

provide a capability to explore visually the varied dimensions of an image. Such
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capabilities are not available with the photographic approach, where considerable

effort and time are required to study varied representations of photographs.

4.2.3.2 DRAWING HABITATS MANUALLY AND AREA CALCULATIONS
OF EACH HABITAT

The classified areas differentiated from the airborne images were drawn
manually using a mouse on the visual display screen. The interactive ability of the
display screen was an advantage because of the ability to ZOOM into an area and
thus enlarge the individual pixels. Each class was digitised as a unique identifier
and stored as a separate vector file in IDRISI. Using the command INITIAL, a
blank image of the airborne image of interest was created. Then using the
command POLYRAS a new image was created by adding each vector file on the

blank image.

The error from manual digitising was estimated by extracting a sub-image
with only a few distinctive categories, for example sand and live corals where the
contrast was large and thus the digital numbers (DN) were distinctive. By using
the command RECLASS the DN values for each category was specified. The
computer was then able to calculate the total area of each category and was
compared to those digitised manually. The error estimated from manual digitising
was <0.01 of a pixel. This automated method of classification could not be used
for classification in this study because of the similarity in the DN values for most
habitats. Therefore this can only be carried out if several habitats were masked
while only a few remain for classification. This was still not possible because of
the natural pattern of distribution of most habitats on the reef where they were not
arranged in any particular shape, some were mixed while others were very close

to each other in location.

Nevertheless, the areas of each of the habitats were calculated using the
command AREA for the airborne image of interest and were compared with other

images in the sequence. Therefore a time series of information was obtained
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defining the surface areas of each of the different zones; for example zone of
seagrass, zone of rubble, zone of live corals and zone of sand. The percentage

change for each habitat was calculated by using this example for seagrass

The OVERLAY module in IDRISI is an important ingredient of
Geographical Information Systems (GIS) and 1t is an arithmetic operator where
two input images were used to produce a single output. For each habitat, a time
series of images from 1951 to 1990 were available for overlay. The first image is
usually the previous year’s image. For example when using the OVERLAY
command to compare seagrass habitats at the eastern section of the reef, the first
image was 1951 and the second image was 1967. By using the command
OVERLAY, the corresponding pixels of the two images were added. As a result, a
new image was created from the data on the two input images. These new images
are those presented in this chapter and were used for determining changes in
spatial patterns of each habitat types from 1951 to 1990. In order to interpret the
images, a palette was created. Blue corresponding to a value of Z showed the
section of the habitat which was unique to the first image (losses) and red (a value
of 1) showed the section which was unique to the second image (gain). However,
yellow (a value of 3) showed areas of the habitat which were common to both

images (no change).
4.2.3.3 EXPERIMENTAL METHODOLOGY

Several image processing techniques were used to determine whether they
would be useful in this study. These image processing techniques are listed here
although they proved not to be applicable.

(a) Edge Enhancement

This was used to sharpen images by restoring high-frequency components
through the removal of scan-line noise. It was very useful in emphasizing edges
between seagrass and coral rubble. Unfortunately, the computer cannot distinguish
desired lineaments from others of similar greyscale change. For example when

enhancing seagrass beds the shallow waters and corals were also enhanced. The
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shallow water could be masked but the problems with corals still remained
especially when there were soft corals located amongst seagrass.

(b) Density Slicing

Since the aerial photographs were in digital form it was possible to simplify
the information by reducing the number of classes through the selection of
appropriate threshold levels. This method was found to be inadequate because of
the similarity of grey levels for the different categories. This method would have
been suitable if the grey levels were completely different. The procedure requires
the development of suitable algorithms and computer programmes which 1s beyond

the scope of this research.
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4.4 RESULTS
4.4.1 TEMPORAL AND SPATIAL CHANGES OF SEAGRASS BEDS

Field surveys from 1984 to 1991 showed that Syringodium isoetifolium was
the most dominant species of seagrass present on Suva Reef. It was restricted in its
distribution to the backreef which separated the reef from the lagoon. The seagrass
species Halophila ovalis was distributed sparsely at the backreef. It was very
difficult to detect Halophila ovalis on aerial photographs because of its low canopy
cover and height (see Fig.4.4). It is possible that Halophila ovalis was classified as

sand because of the difficulty in identifying it from aerial photographs.

However, a large bed of Syringodium isoetifolium has existed continuously
on Suva backreef between 1945 and 1991 according to aerial photographs and in
situ surveys. From 1945 to 1991, Syringodium isoetifolium was clearly the
dominant seagrass on Suva Reef. Fig.4.0 shows the general location of seagrass

beds in relation to the location of other habitats on the reef.
4.4.1.1 Eastern Suva Reef

The distribution of seagrasses at the eastern Suva backreef indicated that
large fluctuations have occurred between 1951 and 1990 (Fig.4.5). Appendix 4.3
summarises the amount of change and the rate of change in seagrass beds from
1951 to 1990. However, Fig.4.6 showed that there was relatively little change
occurring between 1951 and 1971 when compared to changes occurring between
1978 and 1990. One of the main limitations of this study is the lack of aerial
photographs between 1951 and 1971 available for analysis. It is possible that
fluctuations could have been recorded if there were more data available during this
period. Alternatively, the frequency of fluctuations of seagrass between 1978 and
1990 may be a result of increased human activity such as high siltation from sand

dredging, and also from natural disasters.
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The decline in seagrasses between 1951 and 1971 may have been caused by
the effects of tsunami and cyclone damage. There were, however, no available
aerial photographs after the tsunami in 1953 to substantiate the effects of the
tsunami damage. Severe cyclones occurred in 1955, 1958 and 1967 (see Appendix
4.4) and were usually associated with heavy flooding. The effects of flood are
increasing siltation, turbidity and lowered salinity which could have retarded the
recovery of seagrasses after tsunami damage. In addition, there is also physical
damage to seagrass beds caused by cyclones. Field observations show considerable
quantities of seagrass floating on the reef during high tide and in the lagoon after a
major cyclone. The cyclones could also cause physical damage by removing
suitable substratum for seagrasses from the backreef. Further decline in seagrass

beds in 1986 was the result of severe flooding.

There were increases in seagrass between 1971 and 1979 even though three
cyclones were recorded during this period. The effects of cyclones on the seagrass
beds may not have been as severe as those in previous years. It is also possible
that seagrass had recovered from the damage caused by the tsunami and were able
to withstand the disturbance caused by cyclones. Further increases in seagrass
were recorded between 1986 to 1990. The increases in seagrass were the result of
regrowth (Fig.4.7) probably assisted by the absence of major cyclones or flooding
during this period.

The spatial changes in seagrass beds at the eastern Suva backreef over a
period of 39 years are shown on Fig.4.7. The major spatial changes occurred
between 1971 and 1978 and between 1979 and 1982. Between 1971 and 1978,
there was significant regrowth in seagrass which resulted in seagrass beds being
extended towards the lagoon. In contrast, the significant losses of seagrass between
1979 and 1982 resulted in the seagrass regressing towards the reef flat. It must be
noted that the losses between 1979 and 1982 were from the same areas of seagrass
where significant regrowth had occurred between 1971 and 1978. It is possible
that nutrient enrichment from terrestrial run-off into the lagoon could enhance

algal epiphytes. As a result these epiphytes could be the cause of seagrass decline.
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Although there was a slight increase in the seagrass present between 1978
and 1979, the regrowth and the losses of seagrass were not significant(Fig.4.7).

They occurred mostly at the fringes of the seagrass bed.

The losses caused by severe flooding in 1986 were re-established by
significant regrowth of seagrass in 1989 in areas where losses had occurred. The
loss by flooding is shown clearly by losses of seagrass at the eastern section of the
reef which is closest to the Rewa River (Fig.4.7) and therefore would be
influenced by lower salinity, high turbidity and siltation. There were, however,
some losses at the middle section of Suva reef in 1986 (see arrows in Fig.4.7),
that may have resulted from lower salinity as a consequence of small creeks
emptying into the lagoon. This could have contributed to the loss of seagrass in
this area, although one would expect the losses to be occurring at the landward
section of the seagrass bed. A detailed study on the retention of flood waters
within the reef and lagoon and their circulation would be required to ascertain
which sections of the seagrass beds are affected most by flood waters. It is likely
that this section of seagrass beds declined because of the damage by cyclones in
1985. It is also possible that some of the decline could be the result of
disturbances by sand dredging but the exact location of dredged areas were not

available.

A major section of seagrass bed that had fragmented in 1978 was re-
established in 1989 as a result of regrowth. Moreover, a section of seagrass bed
which had disappeared in 1978 reappeared in 1989. The regrowth of seagrass
between 1989 and 1990 had re-established some of those beds lost between 1982
and 1984. Between 1989 and 1990, two sections of the seagrass bed had formed a
continuous bed. This was the first appearance of this continuous section of the
seagrass bed since 1951. These results indicate that although losses of seagrass
occurred in some years because of major disturbances they are able to recover if

there is an absence of disturbance.
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In general, the long term spatial changes of seagrass bed show clearly that
there is oscillation in the regrowth and losses of seagrass on eastern Suva Reef.
Seagrass beds extend toward the lagoon in some years and they regressed in other
years. In addition, seagrass is seen to have great resilience to recover the losses.
The observations show that losses occurring at the seaward section could be a
result of hydrodynamic influence during storms whereas losses occurring at the
landward section are more likely to be a result of either increased siltation, sand

dredging or flood.

4.4.1.2. WESTERN SUVA REEF

Figs.4.5 and 4.8 show the distribution of seagrass from 1951 to 1990 at the
western Suva reef. There were no significant temporal changes in the total
seagrass occurring between 1951 and 1990, although there were spatial changes.
The summary of temporal changes and the rate of changes in total seagrass is

presented in Appendix 4.1.

The spatial distribution of seagrass at the western Suva Reef is shown in
Fig.4.9. It shows significant losses in seagrass between 1951 and 1967 and this
may have been the result of the tsunami and cyclone damages as described in
section 4.4.1.1. The most prominent spatial change at the western Suva reef is the
shift in seagrass beds to the seaward section of the backreef and losses at the
landward section between 1967 and 1978 (see arrows in Fig.4.9). Four cyclones
had occurred between 1967 and 1978 which could have contributed to the loss. In
addition, major land reclamations occurred at Suva wharf and at the Grand Pacific
Hotel from 1959 to 1977 and may have contributed to the decline in seagrass. The
areas of seagrass lost were located opposite the areas where reclamation activities
had taken place. It is possible that the shift in growth towards the lagoon could be
a reaction towards oceanic water flowing over the top of the reef. The oceanic
water reduces the level of turbidity in the area and thus provides suitable

conditions for seagrass growth.
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Between 1982 and 1984, there was a continuous seagrass bed at the
western Suva backreef as a result of regrowth. It extended the seagrass bed
towards the lagoon where it had occurred between 1951 to 1967. Moreover, the
regrowth had helped establish a continuous band of seagrass which persisted on
western Suva Reef from 1982 to 1990.

There were significant losses of seagrass between 1984 and 1989. These
losses were found to be located in sections of the reef where they would be prone
to increased water movement during cyclones or storms damage. The losses of
seagrass in 1986 were caused by severe flooding. These were also found at the

eastern Suva Reef and Nasese Shoal.

There were, however, no significant spatial changes in seagrass between
1978 and 1982 and between 1989 and 1990. But there was minor regrowth and

losses during these periods.

4.4.1.3 NASESE SHOAL

The dominant habitat on the Nasese shoal is the seagrass Syringodium
isoetifolium. The temporal changes of total seagrass from 1951 to 1990 at Nasese
shoal are shown in Figs. 4.5 and 4.8. There was relatively very little change in
seagrass between 1951 and 1984. There was a dramatic decline in seagrass in 1986
which was caused by flood. This was also found to be a major cause of seagrass

decline at the eastern and western Suva Reef in 1986 (see Fig.4.5).

In spite of the decline, there was a rapid re-establishment of seagrass
between 1986 and 1989. These increases in seagrass resulted from the regrowth of

those areas previously lost during the flood of 1986.

The spatial changes of seagrass at Nasese shoal from 1951 to 1990 are

shown in Fig.4.10. There were minor regrowth and losses at the fringes of the
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seagrass beds from 1951 to 1984. A small strip of seagrass bed which appeared in
1967 had disappeared by 1978 (see arrows in Fig.4.10). Field observations in

1992 showed that seagrass was beginning to re-appear and was covered with algal
epiphytes (Lovell pers. comm.). It is possible that this section of the seagrass bed

was dominated by seasonal growth of algae.

The most conspicuous change occurring at Nasese Shoal was the decline of
seagrass in 1986 as a result of flood. The flood waters from Nabukalou creeks and
other smaller creeks caused the decline in seagrass because of increasing turbidity,
low salinity and high siltation. The aerial photographs show that these areas were
left with bare sand containing persistent seagrass rhizomes a month after the flood.

The seagrass bed had recovered to its usual status by 1989.

4.4.2 TEMPORAL AND SPATIAL CHANGES OF LIVE CORALS AND
ALGAE

4.4.2.1 Eastern Suva Reef
(a) Live Corals

Live corals were the dominant living community in 1951. The most
pronounced decline in live corals occurred between 1951 and 1967. The decline
was probably caused by the tsunami damage in 1953. There was relatively very
little temporal change in the total live coral cover from 1971 to 1990 on the
eastern Suva Reef (Fig.4.6 & Fig.4.12).

However, detailed analyses of aerial photographs enables better
understanding of the'spatial patterns of decline and expansion of live corals at the
eastern Suva Reef (Fig.4.11). Most of the live corals disappeared from the
seaward edge and at the inner reef flat (see arrows Fig.4.11). This belt of live
corals were replaced by coral blocks and boulders by 1967. Since the tsunami

damage of 1953, resulting areas of coral blocks and boulders were never re-
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colonised by corals to the 1951 status. Recent field observations show that these

areas are still occupied by boulders with very minor coral recruitment occurring.

There was significant coral recovery between 1967 and 1971 at the inner
reef flat. Most live corals that existed in 1951 at the inner reef flat re-appeared by
1971 except for those that were at the seaward edge (Fig.4.11). Further coral
recovery was found at the middle reef flat between 1971 and 1978.

Between 1979 and 1982, there were significant losses of live corals at
different sections of the reef. This decline in live corals was attributed to
Acanthaster planci predation which were found to be abundant on eastern Suva
Reef (Zann et al. 1990). The largest patch of live corals which disappeared
between 1979 and 1982 occurred in the vicinity where large aggregations of
A.planci and high coral mortality were observed in 1979 (see arrows in Fig.4.11).
This clearly shows the impact of A.planci predation on the removal of large

patches of corals from Suva Reef.

A further decline in live corals occurred between 1982 and 1984 (Fig.4.11)
The decline was attributed to more A.planci predation and this was supported by
evidence of large aggregations of A.planci at the eastern Suva Reef between 1982
and 1984 (see Table 1.2).

Between 1984 and 1986 there was some loss of corals and this may have
been caused by a combination of factors. The flood that occurred in 1986 caused
coral mortality (Seeto pers. comm.) at the landward section of the patch of live
corals and also at the section closest to the Rewa River. Predation on corals by
A.planci was also one of the causes of coral decline between 1984 and 1986 at the

middle of the reef flat (Zann et al. 1990).

Between 1978 and 1979, and between 1986 and 1989, there was no
significant decline or growth in live corals at the eastern Suva Reef. The decline

and accretion in corals were at the fringes of the existing coral colonies. Some
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losses that occurred by 1989 may have been caused by A.planci. In contrast, there
was significant coral growth between 1989 and 1990 which extended the coral
patch further into the backreef. The increase in coral growth could have been the
result of luxuriant growth of existing colonies or because of the recolonisation of

this area by fast growing Acropora spp.

(b) Fleshy Algae

Fleshy algae were found, from aerial photographs, to be restricted to a
section of the eastern Suva Reef. Field observations showed that these fleshy algae
were Turbinaria ornata and Sargassum spp. Field observations also showed that
most of the fleshy algae were more prominent during warmer months (December
and January). Since the aerial photographs examined were obtained during the
cooler months, the seasonal aspects of the growth of these fleshy algae were not

taken into account.

There were no significant changes in fleshy algae from 1951 to 1990
(Figs.4.12 & 4.13B). The spatial changes occurred between 1951 and 1967 where
there was regrowth. These areas of regrowth disappeared between 1971 and 1978.
There was also a strip of fleshy aigae which first appeared between 1971 and 1978
but later disappeared between 1978 and 1979. The regrowth of fleshy algaec may
be a response to major disturbances occurring on the reef. However, the seasonal
aspect of the growth of algae cannot be ruled out and it is possible that some
species such as Colpomenia sinuosa may appear during cooler months. The

photographs examined covered several months ranging from May to August.
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4.4.2.2 Western Suva Reef
(a) Live Corals

There were fluctuations in the temporal changes occurring at the western
Suva Reef (Fig.4.8). There was a marked decline in live coral cover between 1951
and 1967. This coral decline also occurred at the eastern Suva Reef and the
damage was probably caused by tsunami. There was coral recovery but no
significant change in total coral cover between 1978 and 1984. There was a coral
decline in 1986 and slight coral recoveries between 1986 and 1990. The coral
decline in 1986 may have been the result of low salinity and siltation during the
tflood. The absence of any major disturbance such as cyclones or A.planci
predation between 1986 and 1990 enabled limited coral recoveries during this

period.

The spatial pattern of changes in coral cover between 1951 and 1990 are
shown in Fig.4.14. There were major losses between 1951 and 1967 and these
occurred at different sections of the reef. Between 1967 and 1978, there were
coral recoveries but a patch of coral disappeared (see arrows in Fig.4.14). This
patch of coral was Acropora spp. where very little regrowth were found by 1982.
A.planci outbreaks were observed to cause extensive damage to the adjacent
Namuka Reef (Zann er al. 1990), and this outbreak could have been the cause of
coral mortality between 1967 and 1978.

Between 1978 and 1982, the loss of corals at the middle of the western
Suva reef may have been caused by A.planci (see arrows in Fig. 4.14). Between
1972 and 1982 there were some A.planci observed on the western Suva Reef as
reported by Zann ez al. 1990. Since the patch of coral that disappeared was an
1solated one it is highly likely that its disappearance was caused by A.planci
predation.
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Further losses located near the Taiwanese wreck between 1986 and 1989
were also a result of A.planci predation (see arrows Fig.4.14). Between 1989 and

1990, Acropora spp. colonies near the wreck had disappeared almost completely.

In general minor losses at the seaward fringes of coral patches may be the
result of increased water movement and physical damage by cyclones and storms.
The devastation of isolated patches of live corals observed from airborne images is
related to A.planci predation. Field surveys showed that they would kill large
patches of corals and especially the preferred Acropora spp.

(b) Fleshy Algae

The temporal and spatial distribution of fleshy algae was relatively
consistent from 1951 to 1990 and were not significantly different (Figs.4.11 &
4.15). There was a decline of algae between 1951 and 1967 and this was a result
of losses from the tsunami damage. These algae were again found on the reef by
1978. Between 1978 and 1982 there was no obvious temporal changes in algae
although the spatial patterns show losses and regrowth at the fringes of existing

algae.

There was an increase in algae between 1984 and 1986 and this was a
result of regrowth in 1986 (Fig.4.15). These regrowths disappeared by 1989. It is
possible that the increase in algae by 1986 was a result of disturbance caused by

flood because they were replacing the substratum removed by the flood.
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4.4.3 TEMPORAL AND SPATIAL CHANGES OF CORAL RUBBLE AND
SAND

4.4.3.1 EASTERN SUVA REEF

(a) Acropora Rubble

There were significant increases in Acropora rubble between 1951 and
1978 (Fig.4.16). The spatial patterns of distribution showed that by 1978 these
increases had formed a continuous belt of rubble at the inner reef flat (Fig.4.17).
The tsunami and cyclone damage may have contributed to the increases in rubble

during this period.

There were no significant temporal or spatial changes from 1978 to 1990
(Figs.4.16 & 4.17), only additions and losses occurred at the fringes of the rubble
belt. The spatial patterns showed that the long term distribution of Acropora
rubble was relatively stable bearing in mind that this material can be easily
transported by water movement across the reef. It is possible that Acropora rubble

was being replenished from the reef slope during storms and cyclones.
(b) Consolidated Rubble

There were no significant temporal changes in the total consolidated rubble
between 1951 and 1990 (Fig.4.16). This indicates a long term stability of this
substratum on the eastern Suva Reef. The spatial distribution showed additions and
losses at the fringes (Fig.4.18). The losses between 1951 and 1967 may have been
the results of the damage caused by the 1953 tsunami.

The losses at the landward section of the consolidated rubble may have
been caused by the rock-boring echinoid Echinometra mathaei. The losses in
consolidated rubble at the seaward section may have been the result of

hydrodynamic influence or wave damage during cyclones.
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(c¢) Rubble Bank

There were no significant temporal and spatial changes in the rubble bank
between 1951 and 1990 (Fig.4.19 & Fig.4.13A). However, there were slight
increases and decreases in some years. The damage caused by the 1953 tsunami
could have explained the slightly higher cover and additions in spatial patterns by
1967. Minor losses and accumulations occurred at the fringes of the rubble bank in
most years. Between 1984 and 1986, the accumulation may have been

supplemented by damages caused by the three cyclones which occurred in 1985.
(d) Mixture of Sand and Rubble

The substratum classified as sand and rubble consisted of variable
proportions of sand and rubble. The temporal changes in the mixture of sand and
rubble show significant decline between 1967 and 1971, then a steady increase in
sand and rubble between 1971 and 1984 but relatively little change between 1984
and 1990 (Fig.4.19).

The spatial distribution of sand and rubble between 1951 and 1990 are
shown in Fig.4.20. It shows that there were losses at the landward and seaward
sections. It is likely that the losses at the seaward section were caused by increased
water movement. Sand and rubble are highly mobile material and can easily be
transported by increased water movement during cyclones or major storms. It 1s
likely that rubble lost from the seaward section may be that added to the landward
sections, although there is also the possibility that rubble at the seaward section is
replenished from the reef slope. Additional rubble could also result from dead
corals on the reef flat disintegrating because of increased water movement during

cyclones and severe storms.

There were significant losses in the mixture of sand and rubble between
1951 and 1971 and these may have been the result of removal by the 1953 tsunami

and cyclones.
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The breaking down of dead and live corals during storms and cyclones may
also have contributed to significant extensions and accumulations of sand and
rubble between 1951 and 1967 and as well as between 1982 and 1984. The
accumulations between 1951 and 1967 occurred at the seaward sections and
indicated that these may have been replenished from the reef slope. These areas

had almost disappeared by 1971.

(e) Sand

There were fluctuations in the quantity of sand at the eastern Suva Reef
from 1951 to 1990 (Fig.4.21). There were major increases in the sand deposited
on the eastern reef in 1967, 1982, 1986 and 1990. The increase in sand in 1967
would have been contributed by the 1953 tsunami and cyclone damages. In 1982
and 1986, cyclones and terrestrial run-off may have been the major contributor of

sediments to the reef.

The general spatial pattern of sand deposits was not significantly different
from 1951 to 1990 when considering the high mobility of this material (Fig.4.22).
Therefore, sand should show a more rapid variation than most of the other
substratum. The results clearly show that in some years losses occur and in other
years there were accumulations of sand. If new deposits of sand emerge on the
reef it is because of a major disturbance. Because sand is a mobile deposit and can
easily be transported by water movement it can disperse in the following year. As
a result, it may be scattered amongst other substratum on the reef. It is difficult to
predict from these results whether sand deposits have increased over the long term

at the eastern Suva Reef. |
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4.4.3.2 WESTERN SUVA REEF
(a) Acropora Rubble

At the western Suva Reef, the Acropora rubble were either intermixed with
sand, and classified here as sand and rubble, or accumulated as a rubble bank, or
became consolidated rubble. This is in contrast to the eastern Suva Reef where the
reef is more exposed to south-easterlies and thus more Acropora rubble
accumulated as a result of increased water movement at the slope or on the reef
flat. On the other hand, the western reef flat is more sheltered and less exposed to

increased water movement caused by the south-easterlies.

In general, there were no significant temporal changes in overall levels of
Acropora rubble at the western Suva Reef between 1951 and 1990 (Figs.4.16).

There were, however, some minor spatial changes with losses and additions

(Fig.4.23A).
(b) Consolidated Rubble

There was a steady decline in consolidated rubble between 1951 and 1978
(Fig.4.16). Between 1978 and 1990 there was no significant change in the
coverage of consolidated rubble present on western Suva Reef. The decline in
consolidated rubble between 1951 and 1967 was probably caused by the tsunami
and the further decline between 1967 and 1978 may have been caused by cyclones.

The spatial distribution patterns of consolidated rubble at the western Suva
Reef is shown in Fig.4.24. In general, the distribution patterns from 1951 to 1990
are very similar with expansion and reduction in areas of consolidated rubble in
some years. The major losses in consolidated rubble occurred between 1951 and
1967. This could have resulted from the effect of tsunamis during the earthquake
of 1953. Fig.4.24 showed that two major sections of the consolidated rubble were
destroyed. A smaller section was almost totally re-established by 1986 (see arrows
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Fig.4.24). There was an absence of major disturbance during this period which

could have prevented damage to this section of the reef flat. There were losses and
extensions of consolidated rubble between 1986 and 1990. Some of the losses may
have been caused by rock boring echinoids which were present in large numbers at

the western reef flat during this period.
(¢) Rubble Bank

There were no significant temporal changes in rubble bank at the western
Suva Reef from 1951 to 1990 (Fig.4.19). There were, however, some spatial
changes between 1951 and 1990 (Fig.4.23B). In spite of the limited change, minor
losses and expansions of the rubble bank occurred at the fringes and were recorded
from 1951 to 1990. These may have been caused by increased water movement
during storms and cyclones. There were, however, two main depositions of rubble

banks at the western Suva Reef which persisted from 1951 to 1990.
(d) Mixture of Sand and Rubble

There was a marked decrease in the mixture of sand and rubble at the
western Suva Reef from 1951 to 1967 (Fig.4.19). This was probably caused by
tsunami damage. The spatial distribution of sand and rubble are shown in
Fig.4.25. There were major losses between 1951 and 1967. Losses between 1951
and 1967 were caused by the formation of a large tidal pool. This tidal pool was
first observed from airborne images on the western reef flat in 1967 and existed
from 1967 to 1990. Field observations from 1984 to 1990 showed that a mixture
of sand and rubble, coral blocks, and stands of corals and algae exist in the tidal
pool. However, there were losses in sand and rubble in 1986 and these may have

been caused by the three cyclones in 1985.
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(e) Sand

Sand deposits changed very little on western Suva Reef between 1951 and
1967 (Fig.4.21). A notable increase in sand occurred in 1986. The flood in 1986
may have contributed to these accumulations and also the three cyclones in 1985
may have contributed to the removal of substratum such as seagrass and loose
rubble and as a result the exposure of sand. Alternatively, sand may have been
replenished from the reef slope. There was a steady decline in sand between 1986
and 1990. These may have been the result of seagrass regrowth and expansion

which took over bare areas of sand.

The spatial patterns of sand distribution from 1951 to 1990 are shown on
Fig.4.26. The major additions in 1986 largely disappeared in 1989 but some had
remained on the reef flat until 1990. It is possible that some additions of sand
between 1986 and 1990 were the result of excavations by the echinoid
Echinometra mathaei. There were large numbers present at the western reef which
contributed to the changes in substrata from coral rock to sand or rubble during
this period (see Chapter 3). These echinoids created patches that were filled with
sand. In addition, the decline in seagrass beds caused by the 1986 flood exposed

areas of sand at the backreef.
4.4.3.3 NASESE SHOAL

There was relatively little change in the total area of sand deposits at
Nasese Shoal from 1951 to 1984 and between 1989 and 1990 (Fig.4.21), but there
was a marked increase in sand deposited at the shoal in 1986 because of the loss
of seagrass as a result of flood. After the flood, sand was contained with seagrass

rhizomes.

The spatial pattern of sand distribution is shown in Fig.4.27. Similar spatial
distributions were found between 1951 and 1984 and between 1989 and 1990.

Most of the sand deposits were distributed at the edges of seagrass beds. The
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losses and depositions of sand were not restricted to any particular area and the
disappearance of small patches in some years and their appearance in other years
indicate the relatively high mobility of sand in this area. It is also clear from
Fig.4.10 that seagrass had extended to sand covered areas but later disappeared

when there was a disturbance such as flood.

However, the most striking temporal and spatial changes occurred in 1986
and 1989 (Fig.4.27). This was mainly caused by the disappearance of seagrass in
1986 during the flood. After the disappearance of seagrass, sand was left with
seagrass rhizomes. As a result, there was exposure of sand deposits by 1986 where
seagrass beds had occurred. The sand deposits were overgrown by seagrass by
1989 and this explained the decline of sand recorded from aerial photographs (Fig.
4.27).

4.4.4 TEMPORAL AND SPATIAL CHANGES OF OTHER COVER TYPES
(CORAL PAVEMENT, BOULDER ZONE AND TIDAL POOLS).

4.4.4.1 EASTERN SUVA REEF
(a) Coral Pavement

The coral pavement was encrusted with coralline algae and zoanthids. At
the eastern Suva Reef, the coral pavement declined from 1951 to 1978 (Fig.4.28).
There was a slight increase in coral pavement between 1978 and 1979 and a
further decline between 1979 and 1984. Between 1984 and 1990, there was a

steady increase in coral pavement on the eastern Suva Reef.

The spatial distribution of coral pavement showed similar patterns from
1951 to 1990 (Fig.4.29). There were minor losses and additions at the fringes of

the coral pavements. Losses of coral pavement at the seaward sections may have
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been the result of wave activity during cyclones. Losses at the landward sections
may be the result of rock-boring echinoids. In general, there is a long term
stability in the spatial patterns of distribution of coral pavement on the eastern
Suva Reef from 1951 to 1990, although the temporal changes showed some decline

and recovery in some years.

(b) Boulder Zone

The most striking change occurring at the eastern Suva Reef from 1951 to
1990 was the formation of a boulder zone between 1951 and 1967 (Fig.4.28).
There were no boulder zone in 1951. The most plausible explanation for the
establishment of the boulder zone is the effects of tsunami. This explanation was

also supported by Zann er al. (1987) and Zann et al. (1990).

However, a further increase in boulder zone in 1986 may have been the
result of boulder accumulation by the three cyclones that struck in 1985. This was
followed by a decline in boulder zone by 1989 which may have been caused by the
removal of boulders and coral rocks because of increased water movement during

storms.

The spatial distribution of the boulder zone is shown in Fig.4.30. Between
1967 and 1990 there was no significant change in the spatial pattern of the boulder
zone. However, there were losses and additions at the fringes. It is possible that
the losses at the seaward sections may have resulted in the accumulation at the
landward sections, although additions at the seaward sections may have been the
result of those being replenished from the reef slope by cyclones. Field

observations show that after a cyclone boulders were replenished from the slope.
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(c) Tidal Pools

There were noticeable increases in the area covered by tidal pools between
1951 and 1967 (Fig.4.28). The increases may have been the result of the tsunami
which extended the area covered by tidal pools (Fig.4.31).

There was a further increase in tidal pool area between 1967 and 1971
(Fig.4.31) and this may have been caused by cyclones filling the tidal pools with
sand and rubble. It is also possible that there was coral growth in this area.

There were, however, minor losses between 1971 and 1978.

A slight increase in the total area covered by the tidal pools between 1984
and 1986 may have been the result of the three cyclones in 1985 (Fig.4.28). These
cyclones were within a few weeks of each other and may have resulted in further

damage.

The basic structure of the spatial pattern of tidal pools were similar from
1951 to 1990 (Fig.4.31). There were, however, major extensions of the tidal pools

at all sections by 1967 and minor additions and losses at the fringes in other years.

4.4.4.2 WESTERN SUVA REEF
(a) Coral Pavement

There was a decline in coral pavement between 1951 and 1982 at the
western Suva Reef (Fig.4.28), perhaps caused by the tsunami. There were no
significant changes in coral pavement between 1967 and 1986 but there were slight

mcreases in 1989.

The spatial distribution patterns of coral pavement were similar from 1951

to 1990 with losses in some years and additions in other years (Fig.4.32). The
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losses occurred in sections of the western Suva Reef where they would mostly be
affected by hydrodynamic effects (see arrows on Fig.4.32). The extensions of the

coral pavement were not particularly restricted to any section.

(b) Tidal Pools

There were fluctuations in the area covered by tidal pools at the western
Suva Reef with a major increase in 1967 (Fig.4.28). The area covered by tidal
pools increased from 1951 to 1967 and the effects of tsunami could have been the
cause of such a noticeable change. In addition, the increase in area coverage in
1986 may be explained by the three cyclones that struck Suva in 1985. However,
there were relatively little changes in tidal pools between 1978 and 1984 and also
between 1989 and 1990.

The spatial structure of the pool area was significantly different between
1951 and 1967 (Fig.4.33). There were major additions to the tidal pool area by
1967 and may have been the result of the combined effects of the tsunami in 1953
and several cyclones that occurred between 1951 and 1967. The losses between
1967 and 1978 were significant in terms of the structural pattern of the pool. This
pattern was a different shape from those that existed from 1978 to 1990.
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4.5 DISCUSSION

The results of the airborne analysis indicate that long term changes on Suva
Reef can be determined by classifying major cover types using remote sensing
methods. The results have important implications for the analysis of coral reef

ecology.

This study also highlight the importance of scale in determining long term
stability of coral reef communities. There is little doubt that patterns that emerge
advance our knowledge of long term stability when contrasted to those derived
from conventional, small scale ecological studies. Small scale monitoring,
sometimes, misses important patterns that are obscured by the "noise" of short
term variation (Green et al 1987). The "noise" may be important in answering
specific local and immediate questions but may be potentially misleading.
However, it is recognised that to understand some specific effects and mechanisms
of processes such as predation and behaviour, small scale approaches are generally

more important.

In any consideration of long term changes to natural plant communities
care has to be taken not to confuse man-induced effects with natural events.
Unfortunately, there have been no long term studies of seagrasses of coral reefs
where they are unaffected by human influences. Studies undertaken in southern
Australia indicate that long term changes in seagrass beds do occur and that some
appear to be cyclic in nature (Shepherd & Womersley, 1981). It is therefore
important to scrutinise the nature of the changes that have been documented for

Suva Reef and to determine if they are also natural long term cycles.

Some decline or losses of seagrass may be attributed to induce loss by
storms, flood and cyclones. The decline caused by such events may cause severe
loss of seagrass beds. Other areas that have been left bare may also be recolonised

by other reef species such as soft corals.
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For Suva Reef, there is clear evidence from historical airborne images and
field observations that several processes have occurred. Seagrass beds occur at the
backreef. The major decline in seagrass at all sites studied was during the 1986
flood. There were cyclic changes in the area of seagrass along both the eastern and
western backreef with an overall increase in coverage in some years and an overall

decrease in coverage in other years.

Between 1951 and 1971, large losses of seagrass occurred on the backreef
of eastern Suva Reef. This may have been a result of large waves caused by the
tsunami which resulted in substratum erosion and as a consequence seagrass
losses. In addition, three cyclones occurred between 1951 and 1971 and these were
associated with flooding. The effects of lowered salinity, high turbidity and

siltation would have contributed to the decline of seagrass on Suva Reef.

However, one man-induced factor contributing to the decline of seagrass
in some years was widespread dredging for sand by the Fiji Cement Industries
(Penn 1983). This is supposed to have triggered the depletion of seagrass beds in
the 1970’s and 1980’s. This offers a possible explanation for the effect of bottom
dredges in depleting Syringodium beds on eastern Suva Reef from 1979 to 1984.
The release of sewage and industrial effluent into Laucala Bay could also be a

major factor responsible for losses of seagrass beds during this period.

It seems likely that seagrass beds were the most prone substratum affected
by the flood in 1986. Areas of seagrasses were lost in the western and eastern
parts of the reef. Further seagrasses were also lost from the Nasese Shoal. The
eastern section of Suva Reef may have been affected by run-off from the Rewa
River and other small river catchments in the area where residential development
and reclamation expénded greatly during this period. Coincident with increased
residential development, the installation of sewage treatment works and associated

outfalls to rivers, extensive seagrass losses have been noted.
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Water from the Rewa River has been noted (Seeto pers. comm.) to have
had higher turbidity and the effects of this turbidity extended to eastern Suva Reef
during heavy rainfall and flooding (Fig.4.1). There was evidence from airborne
images that there was a loss of seagrass on sections of the eastern Suva Reef near

the Rewa River during the 1986 flood.

Sediments around the Suva area are also reported to have had a higher silt
content in recent years (Dickie ef al. 1991). The western section of Suva Reef and
the Nasese Shoal may have been affected by run-off from Nabukalou Creek and
other smaller river catchments. The dramatic depletion in seagrass in 1986 was
most evident at the Nasese Shoal because of its proximity to turbid inshore waters.
The oceanic waters entering the lagoon may have prevented further damage to the

seagrass beds on the backreef because of its frequent flushing during high tide.

Therefore, the analysis of airborne images shows that a combination of
man-induced and natural events are considered responsible for the decline in

distribution of Syringodium on Suva Reef.

Mayer (1924) noted that reefs in the Suva area had deteriorated by the
1920s as a result of siltation following the deforestation of the Rewa watershed.
By 1967, the coral-dominated eastern and western sections of Suva Reef were
altered by the tsunami induced by the 1953 earthquake. The changes caused by the
tsunami modified the habitats on the reef flat with the death of coral colonies. As a
result, the largest decline in corals recorded from airborne images occurred
between 1951 and 1967. In addition to the coral damage, considerable damage by
tsunami caused one end of the reef to collapse into deep water (Zann 1992).
Although, this was not substantiated from the airborne images, it is possible that

this was a section of the reef slope.

Cyclones appear to have played a significant role in determining the
structure of the reef flat. Cyclone damage to coral reefs is caused through several

mechanisms, including wave damage, scouring, sedimentation and reduced salinity
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(Endean 1976, Woodley er al. 1981, Macintyre et al. 1987). The extent of the
damage to reef habitats depends upon the frequency and intensity of storms and
upon the resultant accumulation or removal of mobile rubble at a particular site
(eg. Randall & Eldredge 1977). The different reef habitats seem to be differently
affected by cyclones depending on its severity, the time of recovery and also the
intensity of previous disturbance. It is possible that the post-tsunami recovery of
corals was delayed further by three cyclones between 1953 and 1967. Rough seas
from cyclones were responsible for damage to corals before they recovered from

the effect of the tsunami.

Previous studies of the impact of cyclones upon corals and other sessile
reef organisms have contributed substantially to the understanding of the dynamics
of reef communities (Knowlton e al. 1981, Porter er al. 1981, Wulff 1985,
Yoshioka & Yoshioka 1987). However, most studies document only short, rather
than long term, effects. The long term changes in the abundance of reef habitats
have important implications for the structure and function of coral reef

communities.

However, there were also large reclamations for urban development in the
Suva City area in 1959 (Dickie er al. 1991). This may have caused localised
damage to corals on the reef flat as a result of heavy sediment load during heavy
rainfall. In 1965, there was coral death on Suva Reef by siltation after a major

flood (Robinson 1971).

Between 1967 and 1990, there were varied fluctuations and structure of
reef habitats. The dominance and the types of community structure reflects the
type of substratum present and also the amount of time which had elapsed since
the previous disturbance. Substratum stability ensued if there was absence of
further major disturbance. Cyclones, tsunami, flood and A.planci seem to be major

influences in shaping the structure of reef habitats from 1951 to 1990.
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It has been suggested that rubble can be carried landward by breaking
waves (Banner 1968, Glynn er al. 1965, Ball et al. 1967, Perkins and Enos 1968).
The damage to coral colonies on the reef flat may have contributed to increased
coral rubble in some years. This rubble may also be carried seaward by hurricane
generated currents (Stoddart 1963). From the results of the analysis of airborne
images, it is seen that rubble may either extend landwards or seawards depending
on the presence of storm generated breaking waves in some years or cyclone

generated currents in other years.

Other reef habitats underwent temporary decreases, increases or
dislocations from 1951 to 1990. These habitats were tidal pools, sand, coralline
pavement, boulder zone and algae. In general, there were major changes to the
habitats when there was a cyclone or other disturbance such as flood. There was,

however, habitat stability if there was absence of further disturbance.

According to oral histories of Fijian fisherfolk, outbreaks of the coral
predator crown of thorns starfish (A.planci) have become more frequent and
serious since the 1960s (Zann er al. 1990). The first documented crown of thorns
outbreak on Suva Reef was between 1967 and 1970 (Owen 1971) when there was
severe damage to coral colonies. A second outbreak occurred between 1986 and
1988 on Suva Reef (Zann er al. 1987, Zann et al. 1990) when again severe
damage occurred to corals. In particular, the disappearance of patches of Acropora
spp. on the western Suva Reef was mainly the result of starfish predation. The
causes of crown of thorns starfish outbreaks are not known. Some scientists
consider them as natural and others consider them to be a result of increased

human activities (Zann 1992).

However, the results of in situ survey and published data (Zann er al.
1990) showed that echinoids were abundant on Suva Reef from 1988 to 1991.
They are major bio-eroders of dead coral skeletons. Most coral colonies that were
killed by Acanthaster planci were then largely eroded by a numerous population of

the sea urchin Echinometra mathaei (see Fig.4.3).
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Finally, the differences in recovery between the two sections of the reef
appear to be related to the overall environmental degradation of the reef prior to
cyclones. The differences in the two sections of the reef may also be a localised
effect. The eastern reef is more exposed and is influenced by wave action and
south-easterlies. It is also influenced by the Rewa River while the western reef is a
more sheltered reef. Differences in recovery between the two sections of the reef
between years were probably linked to differences in their previous degradation
levels and habitat complexity. The biotic diversity and the topographic relief of the

eastern reef was greater than the western Suva Reef.
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Fig.kl Tones and texture patterns at western section of Suva Reef and flood

waters flowing from the Rewa River into Laucala Bay.

A. western section (1951)
B. western section (1990)
C. flood (1986)
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Fig.,. High resolution airborne images showing tones and texture
patterns at eastern section and Nasese shoal.
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sand & rubble

sand

live corals (Porites spp. and Xenia spp.) .

sparse stands of seagrass Halophila ovalis and sand.
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Figdd Live corals and coral rubble

A. Acropora spp. at the vicinity of transect 3 and
effects of excavations by E.mathaei.

B. Coral rubble covered with turf algae and Padina tenuis at the
section
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Fig4.4A In situ photographs of seaward reef edge.

A. coral pavement coated with coralline algae and patches of encrusting
live corals.

B.

coral pavement coated with coralline algae and with patches of
algae Chlorodesmis sp.
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Fig.44B seagrass at Nasese Shoal

{A) Halophila ovalis and sand

(B) Syringodium isoetifolium and Hydroclathrus sp. and
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CHAPTER 5

GENERAL DISCUSSION OF RESULTS

5.1 INTRODUCTION

The work described in this thesis has two main aspect. The first is the use
of conventional in situ survey methods to determine community structure and
changes on Suva Reef from 1984 to 1991. The second aspect is the use of aerial
photography and image processing techniques to study community changes from
1945 to 1990. The intention has been to integrate the two types of results and to

consider the synergy to be derived from combining them.

In this chapter, the major disturbances influencing the community structure
on the reef flat and their effects are discussed. Consideration is given to how each
conclusion has been determined. In particular, in order to evaluate the usefulness
of remote sensing in comparison with conventional sampling methods for
monitoring coral reefs, we shall seek to distinguish between information and
understanding which has been :

(a) observed from in situ surveys only,

(b) derived from remote sensing only,

(c) made evident by both methods and

(d) deduced only by combining both sets of data.

A summary of monitoring methods and events being monitored is presented in

Table 5.1. The limitations of the overall study are also evaluated in this chapter.

Both survey methods revealed significant changes in community structure.
However, it is not enough simply to document the changes in community structure
but each change needs to be interpreted in relation to its nature and causes.
Whether the changes show evidences of human-induced degradations or whether

these are natural temporal and spatial variations are important considerations.
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Table 5.1 Summary of monitoring methods and events being
monitored. Where both methods were used to monitor
events, the most effective of the two methods is
marked with an asterisk (*).

Events Remote In Both Deduced

Sensing | situ Methods by both
methods

Tsunamil +

A.planci predation +

Flood +

Cyclone * * +

Sand dredging +

E.mathael * +

excavations

Fishing pressure +

Coastal * +

reclamation effects

Effects of * +

agriculture,

deforestation and

related activities
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Clearly, the importance of understanding the ecological history of Suva
Reef is critical to the interpretation of the specific impacts of a particular physical,
biological or anthropogenic disturbance. Major aspects of the physical disturbance
regimes such as magnitude, intensity and aerial extent of disturbance as well as the
elapsed time since the last disturbance are important in determining impacts to reef
community structure. Aerial photographic analysis therefore presented an
opportunity to document four decades of habitat changes on Suva Reef and to
relate these changes to likely causes. The magnitude and spatial extent of these
changes were also documented. The aerial photographs were able to substantiate
changes that were dramatic in nature such as accretion of coral on the reef flat and
seagrass expansion into the lagoon. Results from airborne image analysis were
complemented by available in situ survey results for specific years. The in situ
surveys provided detailed information on reef community dynamics at a small
scale while the aerial photography was able to detect more long term general

patterns.

However, it should be recalled from Chapters 3 and 4 that the major
disturbances affecting Suva Reef were tsunami, cyclones and flood, A.planci and
E.mathaei and human activities. It is possible that A.planci and E.mathaei
population increases may be human induced (Zann et. al. 1990, Done 1992a,
Broadie 1992), although it is debatable whether the outbreaks are natural elements
of the current ecology of Suva Reef. There is little doubt that similar communities
and general zonation patterns to those observed from aerial photographs and in sifu
surveys have prevailed for hundreds of years on Suva Reef. It is also recognised
that, although there are major disturbances affecting the reef, the structure of the

reef has not changed dramatically apart from the tsunami damage.
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5.2 MAJOR DISTURBANCES AND THEIR EFFECTS

The major disturbances and their influence on communities on Suva Reef
are summarised in Fig.5.1 and discussed in detail here. In addition, how each
major disturbance was determined from the two methods utilised in this study are

examined.
5.2.1 TSUNAMI

The effects of tsunami probably caused considerably more damage to the
structure of the reef than any other disturbance occurring between 1945 and 1991.
These effects were documented from airborne images between 1951 and 1967.
There were no available in sifu observations for this period except for the
assumption that the boulder zone was a result of tsunami (Zann et al, 1987).
Therefore, the importance of remote sensing methods in documenting the effects
of tsunami is vital in the understanding of long term patterns and the persistence of

spatial patterns over time on the reef.

The most remarkable change caused by the tsunami was the formation of
the boulder zone at the eastern section. The boulder zone replaced live corals at
the inner reef flat. The remote sensing method revealed clearly that coral cover
was displaced by boulders and this was probably caused by the effects of tsunami.
The decline in coral cover caused by tsunami was probably the most significant

change in coral communities on the reef.

There were major extensions in the tidal pools at the eastern and western
sections which were caused by tsunami. There were also additions in Acropora
rubble at both sections of the reef as a result of large waves generated by the

tsunami which caused physical damage to live corals and dead standing corals.
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5.2.2 TROPICAL CYCLONES AND FLOOD

Cyclones caused periodic damage to Suva Reef (see Appendix 4.4). There
was not only physical damage but also associated flooding, which increased
sedimentation on Suva Reef. The combination of several disturbances such as
physical damage from cyclones, increased turbidity and sedimentation and lower
salinity from associated floods may reduce the ability of the reef communities to

recover from a major disturbance such as a cyclone.

Although, the major causes of habitat decline between 1951 and 1967 were
tsunami damage, it is also possible that there was damage on the reef caused by
the three cyclones occurring during this period. The cyclone damage may have
resulted in further decline in habitats which may have prolonged the recovery from

the tsunami damage.

However, almost all the cyclones occurring on south-east Viti Levu were
associated with flooding. Two hurricanes (Eric and Nigel) hit Suva within 48
hours of each other in January 1985 and a further one (Hina) in March 1985.
Their effects were documented on the aerial photographs in 1986 and also from
the in situ surveys in 1989. The physical damage caused by cyclone-generated
waves were mostly located at the seaward section of the reefs and these spatial

patterns were observed from airborne image analysis.

There was also large scale flooding following exceptional rainfall in early
1986 which caused massive damage to corals and seagrasses (Wells 1988, this
study). The damage to coral reef communities was caused by extensive siltation,
lowered salinity and high turbidity. In particular, seagrass was affected mostly by
flooding and a dramétic decline occurred at inshore sites (Nasese shoal) and at the
eastern section closer to the Rewa River. This information was obtained from

airborne image analysis.
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5.2.3 CROWN OF THORNS STARFISH (Acanthaster planct)

In the 1960’s A.planci infestation was considered a serious problem in the
Suva area (Owen, 1971, Robinson 1971). A detailed account of the status of
A.planci on Suva reef is presented in Appendix 4.5. In general, crown of thorns
starfish caused progressive coral decline. These starfish caused loss of large
patches of live corals as documented from airborne images between 1967 and 1978

at the western section.

According to oral histories of Fijian fisherfolk, outbreaks of A.planci have
become more frequent and serious since the 1960°s (Zann et al. 1990). These may
have been caused by a number of factors such as increase in eutrophication, which
provided abundant food source for A.planci larvae (Birkeland 1989). In addition,
the removal of the crown of thorns predator (Charonia sp.) from the reef may also

have been a factor in the increase of crown of thorns (Endean 1969).

The long term temporal and spatial patterns of coral decline from airborne
images were related to published historical records of A.planci predation (Zann et.
al. 1990). The explanation for loss of large patches of corals observed from
airborne images were by A.planci predation. Large patches of corals disappeared
at both the eastern and western sections and their disappearance coincided with
records of large numbers of A.planci on the reef. Moreover, some of the patches
of corals which disappeared from airborne images were in the vicinity of the areas
where there were published records of corals being preyed on by A.planci. This
further shows the importance of using airborne images in conjunction with in situ

observations to detect the likely causes of coral decline.

It must be borne in mind that the airborne images show evidence that the
effects of A.planci on Suva Reef may be a more recent phenomenon occurring
between the late 1960’s and 1980’s. The disappearance of patches of Acropora
spp. from the western section were a result of A.planci predation. These were

further validated by in situ observations published by Zann et. al. 1990.

158



5.2.4 SEA URCHINS (Echinometra mathaei)

The E.mathaei was observed in large numbers during in situ surveys at the
western section of Suva Reef from 1989 and 1991. These are major bio-eroders on
the reef flat and are major contributors in changing the structure of the reef

framework from hard coral rock substratum to rubble and sand.

The changes in the substratum caused by E.marhaei was also supported by
results of airborne image analysis in 1989 and 1990 at the western section. This
highlights the importance of the two methods of survey utilised in complementing

each other to explain the changes and causes of disturbance on the reef.

The results from both survey methods indicate that it is possible that the
occurrence of large numbers of E.mathaei on the reef may be a recent
phenomenon and associated with A.planci predation and high fishing pressure on
the reef. It has been suggested that E.mathaei increases in Southern Japan were
second order effects of A.planci outbreaks (Birkeland 1989). However, E.mathaei
increased on Kenyan reefs as a result of removal of predators and high fishing

activities (McClanahan & Muthiga 1989).

5.2.5 HUMAN ACTIVITIES AND USES

Coral reefs have provided dietary protein for Fijians for thousands of years
and this continues to be an essential ingredient of their dietary requirements (Vuki
1991, Zann 1992). Fijians are therefore dependent on reefs as they rank amongst
one of the highest seafood consumers in the world (ca 40kg per capita per year)
(Zann 1992). |

However, Suva Harbour and Laucala Bay have been classified as the most
disturbed areas in Fiji with general pollution problems, moderate eutrophication,

overfishing and crown of thorns starfish outbreaks (Wells 1988). Human activities
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and uses of Suva reef are subdivided into three major sections. These are fishing
pressure, sand dredging and effects of agriculture. These are the three most
important human activities that may have long term effects on the reef. Other
human activities such as recreation and tourism, sewage outfall and reclamation
activities also have some localised effects on Suva Reef. These human activities
are likely to be very important in determining reef changes on the western coast of

Viti Levu where tourism resorts are located.

5.2.5.1 FISHING PRESSURE AND EXPLOITATION OF RESOURCES

The use of traditional fish poisons such as Derris is prevalent in Fiji.
Unpublished data of fishing activities on Suva Reef from 1984 to 1990 showed
large numbers of gleaners on the reef flats gleaning for shellfish and other edible
marine invertebrates. The most common fishing techniques used were gleaning and

handline fishing but the use of netting and spear diving are also common.

The physical damage caused by reef gleaners may be important on the reef
flats where they are exposed at low tides. Unpublished data showed that gleaners
visit the reefs during low tides that occur in the afternoon. Most of these gleaners
are women who overturn rocks in search of trochus, octopus, sea urchins and

other edible marine invertebrates.

There are, however, detrimental effects in the removal of fished species by
handline and nets. The removal of large predatory fish may result in less pressure
on species lower in the food chain. For example, the removal of triggerfish and

some snappers may have encouraged the A.planci outbreaks (Zann 1992).
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5.2.5.2 SAND DREDGING

Coral sand is an essential raw material for cement manufacturing in Fiji.
Sand extraction between 1960 and 1979 was estimated to be 123 million tons (dry
weight) from seven different sites in Laucala Bay (Bajpai 1979). Sand extracted
from the backreef was causing destruction of seagrass beds within the dredge pit
areas (Penn 1983). These sand extractions caused extensive damage to
Syringodium isoetifolium (Baines 1977, Penn 1983). In this study the exact location
of the dredge pits were not available so that the full impact of sand extraction on
seagrass beds could be related to documented changes from airborne analysis

results.
5.2.5.3 EFFECTS OF AGRICULTURE AND RELATED ACTIVITIES

Poor agricultural land use practises such as logging on native forests and
slope cultivation of ginger have resulted in serious soil erosion. This is transported
to sea by rivers during flooding and as a result there is an overall increase in

sedimentation on the reef.

The effects of nutrients and sediments from land is less well known. In this
study, airborne images were able to reveal the combined effects of increased
sedimentation and lower salinity on the decline of seagrass beds. The spatial
patterns showed that areas of seagrass which are prone to sedimentation are those
located close to the river and the landward sections. The effects on seagrass are
short term effects and they are able to recover to their original 1951 status. The
effect of sedimentation on. corals was not clearly shown from aerial photographs
because of the combination of several factors such as sand dredging, increased
water movement etc.y, affecting the accretion and decline of live corals. It is
possible to conduct sedimentation experiments to ascertain their effects on live

corals.
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5.3 THE VALUE OF REMOTE SENSING AS A TOOL

Remote sensing provides a synoptic view of Suva Reef that has never been
appreciated before. The historical record of changes documented from airborne
images demonstrated the usefulness of remote sensing as a tool in determining
long term changes in reef habitats. The lack of local technical expertise to conduct
in situ surveys in the past has hindered any accumulation of long term data for any
Fijian reef. Therefore the only way to answer questions on the long term status of

Suva Reef is to consider information from airborne images.

Information on the spatial patterns of habitats on the reef flat provided the
most valuable contribution of airborne images to the understanding of long term
community dynamics on Suva Reef. Moreover, as a result of information obtained
on spatial patterns the likely causes of changes in habitats were able to be related
to the environmental history prevalent at any particular period. Furthermore,
remote sensing has greater benefits when used in conjunction with in situ survey

data to examine the possible causes of change.

Remote sensing as a tool has a lot to offer in terms of understanding Suva
Reef as an entity as well as in remote reef areas. Although the loss of information
at species level is recognised, the information on the direction of change and the
exact location of change is vital in the overall understanding of significant habitat

changes and their likely causes.

The experience gained from remote sensing analysis should enable reef
ecologists to re-evaluate the current methodology of monitoring long term coral
reef changes. There should, however, be a balanced approach to the question of
scale in which the mbnitoring is taking place. An appropriate scale should be able
to help distinguish between significant changes and "noise" from any conventional
in situ survey. For example homogeneous stands and mixed stands of habitats that
are recognised from airborne images should be identified and used as permanent

sites for long term monitoring in addition to the transects already established. This
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will enable the documentation of important habitat changes using the in situ survey
method at a more appropriate spatial scale than the conventional scales and the
results could be compared without compromising the information obtained.
Therefore it may have been useful if several spots on Suva Reef had been
established as large permanent quadrats for detail analysis of reef communities
through time. Such detailed study would have a resolution similar to the data from

satellite or aerial photographs and with which it could be compared.

5.4 LIMITATIONS OF THE OVERALL STUDY

It is instructive to evaluate the characteristics and limitations of survey
techniques used. The study area was restricted to the reef flats which are regularly
subjected to considerable fluctuations in the physical environment (Pearson 1981).
Hence, the study area did not take into account the changes that are taking place
on the reef slope and also at the lagoon. It must be noted, however, that a study
such as this which incorporates in situ survey methods and aerial photography will
not be able to appreciate the changes occurring in the lagoon and the slope because
of depth-related problems where significant habitat changes may not be supported
from aerial photographs.

However, the transect methods provided a snapshot of the reef and were
also restricted to the section of the reef where the transects were located. Despite
the limitations of information obtained, the results from airborne image analysis

were useful in complementing in sifu survey results.

A major concern with regards to problems of mixed pixels was the
contribution of dead éorals covered with turf algae. Dead corals are often
colonised by turf algae after a major disturbance such as cyclones or A.planci
predation (Done 1992a, Zainal 1993). As a result, dead standing corals recorded
from airborne images had texture patterns similar to live corals. Because of turf

algae covering dead corals the tones will be darker in contrast to lighter tones for
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dead corals. Dead corals are shown as lighter tones because of the removal of
zooxanthellae when the corals are dead. Therefore, the possibility exists that some
of the pixels classified as corals may be dead corals covered with turf algae. This

problem may be alleviated by the use of multispectral data.

However, it was not possible to provide an estimate of the error involved
because of the close proximity of dead corals with live corals and their small area
coverage. The error would probably be larger if the aerial photographs were
acquired within a shorter term of one year when compared with a longer term of

five years.

Nevertheless, as there may be disturbances such as cyclone damage, rock
boring echinoderms and increased wave activity during storms, the error may be
reduced. Between longer time periods and more frequent disturbances dead corals
would be more likely to be converted to rubble because of physical damage. It is
possible to assess the significance of this problem by examining the results of
winter and summer photograph acquisitions in the same year. In addition, in situ
surveys could be conducted during summer and winter within a year. There were,
however, no acquisitions available for both summer and winter within the same
year on Suva Reef and since the airborne images were restricted to the winter
images the problems should be minimised. In situ surveys, however, showed that
the turf algal populations still existed during winter. It is therefore possible that
some contribution of turf algae still remains and should be borne in mind when

detecting change of coral cover between years.

It must be noted that although algae were classified from airborne images
as a separate class, they may be grossly under-estimated because of the absence of
spectral data. In addition, most species of algae grow in small patches and are
usually intermixed with other substrata as found from in situ surveys. This
problem may be solved with improved multispectral satellite sensors, although
Zainal (1993) suggested that the current Landsat Thematic Mapper’s 30m

multispectral spatial resolution was not able to separate the mixed stands of algae.
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Both survey methods employed may not offer the resolution at the species
level for some organisms. The in siru survey method can be easily modified for
more detailed studies. It must be borne in mind, that the potential of studying
coral reef community changes by remote sensing method despite their different

species has warranted merit in itself.

However, the remote sensing method was intended to be a prototype for
change detection of coral reef habitats and as a result most of the techniques
developed for this research are open to further improvement. It has a major
drawback because of unavailability of spectral data. Although, it is a major
limitation, the information obtained on the long term pattern and direction of
change of habitats were significant contributions to our understanding of long term
ecological patterns. It must be emphasised, however, that spectral knowledge of
reefs are important in detecting change in addition to extensive knowledge of the
reef (Zainal 1993).

Despite the limitations of remote sensing method, the results of airborne
image analysis will be useful for interpreting the long term response for more
sophisticated technology such as multispectral satellite data as well as an aid in
understanding future in situ observations. However, the long term patterns of
processes occurring on reefs will only be completely understood through an

integrated approach between remote sensing methods and in sifzu measurements.
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CHAPTER 6

CONCLUSIONS, SUMMARY
AND FUTURE DIRECTIONS

6.1 PRELIMINARY REMARKS

In this chapter, the work undertaken in this thesis is summarised, major
results obtained are reviewed and the interpretations and significance of this work
are discussed. Some recommendations are also presented on how the work may be
extended to long term monitoring of other coral reefs in Fiji which are less

influenced by human activities.
6.2 SUMMARY OF INVESTIGATIONS AND MAJOR RESULTS

The main line of enquiry of this thesis has been the effects of major
disturbances on long term reef patterns and has focused on ways of recording and
understanding these effects. The results have highlighted the importance of
integrating in situ methods and remote sensing methods to understand these
patterns. There are some questions that are still yet to be answered and thus

require further work before a definite answer can be obtained.

In the light of chapter 3, one of the major results to emerge was the
distinctive zonation patter;ls distinguished from in situ surveys. These general
zonation patterns were relatively stable from 1984 to 1991. Despite the relative
stability of the general zonation patterns, there were some significant changes to
the substrata. In particular, there were changes at the western section from coral
rock to a mixture of sand and rubble from 1984 to 1989 and 1991 respectively.

These changes were attributed to excavations by large aggregations of rock boring
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E.mathaei. At the eastern section, marked changes were found from 1984 to 1989
and 1991. There were changes from rubble and sand to coral rock because of coral

growth,

Other important results from chapter 3 were the location of dead corals on
the reef flat since these were not detected from airborne images. In some years
there were no dead corals at some sites while in other years there was loss of
corals. Information on fleshy algae and turf algae were also obtained. There was
generally high cover of fleshy algae in 1984. Turf algae were widely distributed

across the reef and large increases were associated with E.mathaei disturbance.

The work presented in chapter 4 has shown the value of remote sensing
method in studying coral reefs. However, the results of airborne analysis showed
that the effects of tsunami probably caused more damage to the structure of the
reef than any other disturbance occurring between 1945 and 1990. As a result of
tsunami damage and cyclones between 1951 and 1967 there were dramatic declines
in major habitats such as seagrass and live corals. However, some habitats
demonstrated high resilience in the long term. These were coral pavement,

consolidated rubble, boulder zone and rubble bank.

Further results presented in chapter 4, were those of seagrass changes. The
losses of seagrass occurred in some years because of major disturbances such as
tsunami, cyclones and flood. However, seagrass showed great resilience to recover
after damage. The long term spatial patterns of seagrass beds from airborne
images revealed clearly that there were oscillations in the regrowth and losses of
seagrass at the eastern section. Seagrass beds extended towards the lagoon in some
years and regressed in other years. At the western section there was a marked
regression in seagrasé beds to the seaward section of the backreef because of high

turbidity and siltation from foreshore reclamations.

Moreover, massive changes from consolidated rubble to sand and rubble

occurred at the western section in 1989 and 1991. The in situ surveys attributed
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this change to Echinometra mathaei. In addition, the loss of large isolated patches
of corals was a result of A.planci predation. There was some loss of live coral
cover because of hydrodynamic influence which was greater on the more exposed

eastern section in contrast to the protected western section.

However, losses at the seaward section of most habitats resulted from
physical damage caused by increased water movement over the reef flat during
storms and cyclones. In contrast, losses towards the landward sections of habitats

were related to siltation, sand dredging or flood.
6.3 SUGGESTIONS FOR FUTURE INVESTIGATIONS

(a) The manual digitisation of different habitats from airborne
images proved to be a tedious and time consuming task. A
more sensitive method of classification that could identify
different shades of grey levels and different texture
patterns should be developed for analysis of airborne images

of coral reefs.

(b) The benefits of Geographical Information Systems (GIS) to
graphically display time series of airborne images have been
demonstrated in this study. Future investigations should
focus on combining other ancillary data such as tidal flow,
current speed and direction, fishing pressure, salinity,
temperature, wind speed and wind direction, with GIS and image
processing techniques to investigate important factors in shaping
habitat distribution on coral reefs. This should also further
help determine the variability caused by different

environmental regimes.

(9] Future investigations should include multispectral satellite

data (see Appendix 6.1) or airborne multispectral data.
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The integration of the spectral information with the high spatial
resolution (5-10m) should show marked improvement in the

detection of small scale habitat changes such as algae and other
mixed pixels. There is an opportunity provided by the

Japanese satellite ADEOS in 1996. The spatial resolution of
multispectral and panchromatic data will be 16m and 8m respectively.

(d) Research is required on field radiometry to understand the
spectral characteristics of the different substrata on the
reef. In particular, spectral information of homogeneous
stands of habitats are required for long term monitoring.
An attempt made in 1991 was unsuccessful because of poor

weather conditions.

(®) It will be useful if future in situ survey methods could
include monitoring large entities that are identifiable from
satellite or airborne data. This will enable the comparisons

of data at the same resolution.

® It will be of interest to monitor reefs that are isolated
and have no human influences. This will enable the
assessment of long term patterns of natural disturbance that
are not human-induced or influenced by human activities
using both methods. This will provide a control reef which
could then be used to assess the different degree
of human disturbances. Several reef types should be used as
controls to eliminate any differences in environmental

parameters.

(&) There is a need to understand the importance of monitoring resources for
sustainable development and would therefore be necessary to continue

the monitoring programme.

169



6.4 FINAL CONCLUSIONS

This thesis began by addressing the questions of whether remote sensing
methods can be used to assess long term changes on coral reefs. The aim has been
to introduce the techniques of remote sensing in studying long term patterns of
reef communities. The intention also has been to integrate the two types of

methods and to appraise the synergy to be derived from combining them.

Both survey methods revealed significant changes in community structure
on their own. On the one hand, the contribution of remote sensing method is
critical to the advancement of our knowledge of long term changes on coral reef.
The two-dimensional synoptic view provided by this method is impossible to
achieve by any other means. On the other hand, the in situ survey provided some
results that could not be obtained from remote sensing methods. Information on
species distribution of echinoderms and attributing the causes of change to the
substratum as a result of E.mathaei excavations could not be acquired from remote
sensing methods alone. Although each method has its own limitations, this study
has shown the benefits of complementing conventional small scale ecological in
situ survey methods with a broad scale and long term study using remote sensing

methods.

Tsunami and cyclones played a major role in eliminating zones of corals
which previously dominated Suva Reef. There is a significant role of Acanthaster
planci in the death of corals. The E.mathaei was shown to make a significant
contribution to the destruction of the reef framework and as a result there were
increases in coral rubble because of the excavations by E.mathaei. In contrast,
there are cyclic changes of seagrass which are able to recover after a major
disturbance such as flood. Probably the most outstanding long term changes were
those caused by the tsunami which were to shape the habitat structure of Suva

Reef for many years.
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Years * *« - TS P "k
sea sand sea sand sea sand
1951/1967 T 16.4 $8.3 3.3 4.6 5.2 13.8
(=) [&0] (+) +) (+) )
Rate 1.0 3.6 0.2 0.3 0.3 0.9
196771971 % 6.9 36.8 11.2 21.1 4.4 12.9
(-} () (+) {-) (+) (-}
Rate 1.7 9.2 1.0 1.9 1.1 3.2
1971/1978 L 47.6 16.3 - - 4.2 5.4
(+) {+) (=) (+)
Rate 6.8 2.3 0.6 0.8
1978713979 % 4.5 6.1 - - - -
(+) {+}
Rate 4.5 6.1
13879/1982 % 41.0 5.3 4.0 9.9 4.1 2.2
OR (+} (+) () (+) (+) ()
1978/1982 Rate 13.7 3.1 1.0 2.5 1.0 2.2
1982/1984 % 15.8 37.0 23.4 5.5 5.1 8.9
(-} (=) ) (+) (=) (+)
Rate 7.9 18.5 11.7 2.7 2.6 6.3
1984/1986 | % 15.9 {34.3 8.0 173.0 { $0.3 312
() (+) (=) (+) (=) (+)
Rate 7.9 17.2 9.0 86.6 25.1 156
1986/1983 3 26.1 37.1 6.6 83.2 54.0 346
(+) (=) (+) (=) (+) ()
Rate 8.7 12.4 2.2 27.7 18.0G 173
1989/1990 % 21.5 168.7 2.6 52.2 2.1 .3
{(+) (+) ) () (+) (-
Rate 21.5 108.7 2.6 52.2 2.1 15.3
* Eastern Suva Reef
** Western Suva Reef
*** Nasese Shoal
E T T
Years - - "% -w
cor alg cor alg
195171967 % 52.2 104.0 34.7 51.1
(-} (+) {-) {-}
Rate 3.3 6.5 2.2 3.2
1967/1971 £ 32.9 140.0 15.9 38.4
OR (+) (-} (+) {+)
1967/31978 Rate 8.2 35.0 2.4 3.5
1971/1978 % 8.3 79.1 - -
) (+)
Rate 1.2 11.3
1978/1979 | % 0.2 51.1 - -
(Y (=)
Rate 0.2 51.1
197971982 3 5.6 23.2 2.5 14.4
OR (+) ) (+) )
1978/1982 Rate 1.9 7.7 0.6 3.6
198271984 % 14.6 13.5 6.4 2.7
(-) (+) (-) (+}
Rate 7.3 €.8 3.2 1.4
1984/1986 3 6.7 27.3 16.2 96.8
(+) (- (-} (+)
Rate 3.3 13.7 8.1 48-4
1986/1989 % 0.3 6.2 5.7 116.0
(=) =) (+) (-}
Rate 0.1 2.1 1.9 36.7
1989/1980 % j13.6 10.7 1.9 25.0
(=) (+) (=) (+)
Rate 13.6 10.7 1.9 25.0
Appendix:{.] Changes in substratum on Suva Reef and Nasese Shoal.

sea=seagrass, cor=live corals, alg=algae
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Years « - - - ]
rub rb rub rbH
1951/1967 1 41.9 112.9 72.3 10.2
(+} {(+) (+} (=)
Rate 2.6 7.1 4.5 0.6
1967/1971 % 35.1 31.8 7.8 11.6
OR (+) () (=) (-)
1967/1978 | Rate 8.9 7.9 0.7 1.0
1971/1978 % 28.8 22.9 - -
(+) (=)
Rate 4.1 3.3
19768/1979 % 11.5 9.6 - -
(=) (=)
Rate 11.5 8.6
187971982 % 3.S% 1.2 73.9 5.1
OR =) () ) (+)
1978/1982 | Rate 1.1 0.4 18.4 1.3
1982/1984 £ 3 5.7 24.5 34.7 4.2
(+) ) (-} (+}
Rate 2.8 12.2 17.4 2.1
i984/1986 % 88.2 76.6 78.9 5.7
(G] (+) (+) (+)
Rate 44.1 38.3 39.4 2.9
1986/1989 % 29.1 11.4 4.9 11.7
{(+) (=) [&2] {-)
Rate 9.7 3.8 1.6 3.9
1989/1990 % 32.2 22.9 21.7 5.3
(=) (-} () (+)
Rate 32.2 22.9 21.7 5.3
Years « * % -
cp s/xY <p s/r
1651/1967 % S.6 6.3 51.8 112.7
(-} (-} (-} (=)
Rate 0.6 0.4 3.2 7.0
196771871 % 14.3 33.8 is.1 96.9
OR (=) ) () (+)
1967/1978 Rate 3.4 8.5 1.7 8.8
197171978 | % 9.0 5.1 - -
=) (+)
Rate 1.3 .7
1978/1979 % 11.7 5.1 - ind
(+) (+)
Rate 11.7 5.1
197971982 3 31.5 2.9 6.6 1s5.85
OR (=) (+) -} )
1978/1982 | Rate 10.5 0.9 1.7 3.9
1982/1984 | % 12.9 16.7 15.0 2.9
(-} () (+) =)
Rate 6.4 8.4 7.5 1.5
1984/1986 % 12.9 4.3 18.0 26.5
(+) +) (=) (S
Rate ’ 6.4 2.2 9.0 13.3
1986/1989 | % 11.1 2.0 53.8 40.4
(+) (=) +) (+)
Rate 3.7 e.7 7.9 13.5
1989/1990 | % 10.9 6.0 47.7 15.4
) (=) () (+)
Rate 10.9 6.0 47.7 15.4
Years * * *x **
bz pool bz pool
1951/1967 £ 8.1 $0.7 - 51.0
(-) (=) (+)
Rate 0.5 3.2 3.1
1967/1971 % 2.4 17.5 - 74.5
OR (@) +) )
196771978 Rate 0.6 4.4 6.8
Tt
197171978 2 1¢.8 10.3 -~ -
(-) (+)
Rate 1.5 1.5
1978/1979 % 7.8 2.7 - -
=) A
Rate 7.8 2.7
1979/1982 % 21.0 9.1 ~ 8.3
OR () ) (+)
1978/1982 Rate 7.0 3.0 2.1
1982/1984 3 8.6 1i.8 - 0.8
(+) (=) (-)
Rate 4.3 5.9 0.4
1984/1986 % 35.9 11.7 - 20.2
. (+) () )
Rate 18.0 5.8 10.1
1986/1989 % 22.9 1.3 - 18.9
) ) (-}
Rate 7.6 0.4 6.3
1989/1990 % 3.7 4.1 - 6.7
() (+) (=)
Rate 3.7 4.1 6.7

+ Eastern Suva Reef
++ Hestern Suva Reef

cont‘d. Changes in substratum on Suva Reef and Nasese Shoal.
rub=rubble, rb=rubble bank, cp=coral pavement, s/r=sand & rubble,
bz=boulder zone, pool=tidal pool.

Appendix:4.|
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APPENDIX§-] spoOT satellite image of Suva Area (RAugust, 1990)
Multispectral image (XS1, Xs82 and XS3)
(XS3=red, XS2=green & ¥sl=blue)

B. XS3 channel ) ;

¢. Multispectral image analysed by gradient filter
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