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ABSTRACT 

This research provides valuable information on the composition and distribution of 

the shallow marine habitats in the Tobago Cays as well as an indication of the current health 

condition of the Horseshoe Reef The Horseshoe Reef has an average coral cover of 35% 

and is represented by a total 16 cord species dominated by Moniasfraea anmr1~11s~ Porifes 

asteroides and Porifes porifes. The Acropora palmafa, which once flouri shed on the shallow 

high energy shallow reefs areas in the Tobago Cays, has virtually disappeared as a reef 

builder. The near disappearance of A. palmata is indicative of a past disturbance events since 

last survey by Lewis (1975) and is most likely explained by the white-band diseases that 

killed most of the Acropora in the Caribbean dunng the mid 1980s. The size distribution of 

the major reef building coral species is dominated by srnaller colonies, indicative of healthy 

reefs with sufficient juvenile replenishment. The presence of a low rate of recent mortality 

(2%), rninor disease occurrences (3%) and relatively low bleaching (7%) indicates that the 

Horseshoe Reef has not suffered fkom any major recent disturbance events and has recovered 

(if affected) fiom the major Caribbean wide bleaching event of the summer/fall of 1998. 

Algal communities at the Horseshoe Reef are dominated by crustose coralline algae (45% 

cover), followed by macro algae (32%) and turf algae (23%). Dominance of macro algae 

(mainly Halimeda) on the Horseshoe Reef may be explained by a combination of reduced 

herbivory and possible nutrient enrichment. The long spine black sea urchin Diadema is 

relatively uncornmon on the fore reef areas of the Horseshoe Reef A total of 8 1 species of 

fish are present on the Horseshoe ReefJ the fish assemblage is dominated by herbivorous 

fishes f?om the Scaridae and Acanthuridae families. The fish assemblage is showing signs of 



over fishing with very low densities and the srna11 size of cornrnercially valuable species. 

Based on the AGRRA indicators it is possible to conclude that the Horseshoe reef is in good 

condition but is showing some signs of both recent and past disturbances. 

A digital thematic map of the shallow marine habitats surrounding the Tobago Cays 

and the Horseshoe Reef was created using a Iow cost remote sensing methodology. Colour 

aerial photographs were selected because of their high spatial resolution and availability. 

The aerial photographs were scamed, georeferenced, rectified (ground controi points and a 

second order polynomial) and mosaicked to cover the entire study area- Benthic classes were 

derived and described objectively using agglomerative hierarchical classification of field 

data. Supervised classification of the Tobago Cays was obtained using this field derived 

classification. The final thematic map comprises 8 classes (mixed live coral community7 

dead coral substratum with mixed algae, seagrass dominated, macro algae dominated, sand 

dominated, rubble dominated, deep water and beach sands) with an overall accuracy of 87% 

and a Kappa and Tau coefficients of 85%. Producer and user accuracies of individual classes 

range between 53% and 100%. The deep water class is most commonly confiised with the 

mixed coral cornmunity, this is mainly due to variations in water depth. The mixed coral 

community7 the coral substratum with rnixed algae, the macro algae dominated, and the 

seagrass dominated classes are occasionally confused due to the presence of photosynthetic 

pigments and simiIarity in spectral signatures. The thematic map provides valuable 

information on the composition and distribution of the shallow marine comrnunities of the 

Tobago Cays Marine Park, with sufficient accuracy to be used as a baseline information for 

long term monitoring. 



Ce projet de recherche procure de l'information essentielle sur la composition et la 

distribution des habitats marins entourant les Tobago Cays ainsi qu'un aperçu de l'état de 

santé et la condition actuelle du Horseshoe Reef. Le Horseshoe Reef possède une couverture 

corallienne moyenne de 35%, l'assemblage corallien comprend 16 espèces et principalement 

dominé par Montastreas anmIms, Pontes asteroides, et Porifes porites. Les Acropora 

palmafa qui étaient l'un des principaux constructeurs de récifs en eaux peu profondes sont 

maintenant rares dans la région d'étude. Le déclin de cette espèce depuis l'étude de Lewis 

(1975) indique qu'il y a eu une perturbation relativement récente (>30 ans). Celle-ci peut 

être expliquée par la maladie de la bande bIanche qui a les Acropora dans la région des 

Caraïbes dans les années 1980. Les coraux sont principalement dominés par des colonies de 

petit diamètre (58 cm) ce qui indique un apport adéquat de coraux juvéniles. Le faible taux 

de mortalité récente (2%)' de maladies (3%) et de blanchiment (7%) des coraux indique que 

le Horseshoe Reef n'a pas souffert de perturbations récentes et semble avoir bien récupéré de 

l'événement de blanchiment qui a affecté les Caraïbes à l'été/automne 1998. La 

communauté d'algues du Horseshoe Reef est dominée par les algues rouges encroûtantes qui 

constituent 45% de la couverture d'algues, suivi des macro-al y e s  (32%) et des algues ccturf" 

(23%). La dominance des macro-algues (principalement du genre HuZimediz) dans l'avant 

récif profond peut s'expliquer par une diminution de la densité d'herbivores et/ou une sur 

abondance de nutriments. L'oursin noir Diadema est présent en faible densité dans l'avant 

récif et rare aux sites profonds. Un total de 81 espèces de poissons a été inventorié sur le 

Horseshoe Reec les espèces les plus abondantes sont les herbivores de la famille des 



Scaridae et Acanthuridae. La faible densité et la petite taille des poissons de grande valeur 

commerciale sont des indications de sur-pêche. En se basant sur les indicateurs établis par la 

méthode AGRRA il est possible de conclure que le Horseshoe Reef est généralement en 

bonne condition mais montre quelques signes de perturbations récentes et anciennes. 

Une carte thématique des habitats marins peu profonds entourant les Tobago Cays et 

le Horseshoe Reef a été établie à l'aide des techniques de traitement d'images traditionnelles 

et peu coCiteuses héritées de la télédétection spatiale. Les photographies aériennes ont été 

sélectionnées pour leur haute résolution spatiale ainsi que leur disponibilité. Les 

photographies firent numérisées, géoréférencées, rectifiées (à l'aide de points de contrôle au 

sol et un polynôme de deuxième ordre), et assemblées afin d'obtenir une mosaïque couvrant 

entièrement la région d'étude. Une classification des habitats benthiques a été réalisée 

utilisant les données de terrain et une méthode de classification hiérarchique agglomérative. 

La région d'étude a été entierement classifiée utilisant une classification supervisée basée sur 

la classification de terrain. La classification thématique finale comprend 8 classes 

(communautés de coraux, substrat de coraux morts avec algues, herbier de Phanérogames, 

macro algues, sables coralliens nus, cailloux, eau profondes, et sables de plage) avec une 

précision globale de 87% et un coefficient Kappa et Tau de 85%. La classe d'eau profonde 

est fréquemment confiise avec la classe de communautés de coraux ce qui est due à la 

variation de la bathymétrie. Les classes de coraux, de substrat de coraux morts avec algues, 

de macro algues et des herbiers a Phanérogames sont parfois confises entre elles due à la 

présence de pigment photosynthétique et à la similarité de leurs signatures spectrales. La 

carte thématique procure de l'information essentielle sur la composition et la distribution des 



communautés marines benthiques du parc marin des Tobago Cays avec une précision 

suffisant pour servir d'inventaire de base et poursuive un monitoring à long terme de cette 

région, 
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CHAPTER 1 : Introduction 

Coral reefs are among the most productive ecosysterns on the earth supporting a great 

diversity of organisms- They also support life on land in several ways; i) by forming and 

maintaining the physical foundation for thousands of islands, ii) by building walls dong the 

Coast whïch serve as a barrier against oceanic waves, iii) and by sustaining the fishenes and 

diving tourist industries that help maintain the econornies of many couritries in the Caribbean 

and Pacific (Brown and Ogden, 1993). In addition to various naturai disasters, the reefs 

around the world are serïously threatened by human activities such as over exploitation, 

coastal development, fishing, reef mining, tourism, nutrients and land-based pollution 

(Bryant et al., 1998). The deterioration of the reef ecosystems is an issue of economic and 

ecologic concems to tropical countries around the worId. Most of the reefs in the Caribbean 

are under high potential threats with virtudly ail of the reefs of the Lesser Antilles being at 

bigh risk (Bryant et al., 1998). The risk xa le  is evaluated according to potential threats to 

reefs such as i) coastal development. ii) overexploitation and destructive fishing practices, iii) 

the impact of inland pollution and erosion, and iv) marine pollution. There is a pressing need 

to monitor and assess the spatial and temporal scales of damages occumng in reef 

environment and trying to understand the underlying mechanisms involved (Hughes, 1994). 

1.1 Study Objectives 

The reefs of the Tobago Cays Marine Park (TCMP) are ideal candidates for reef 

assessrnent and mapping because of the lack of existing information on these reefs,-the well 



developed reef zonations, their importance in the local economy and the Jack of direct 

anthropogenic stress except for fishing. diving and snorkelling. The present study is divided 

in two sub-projects each being the subject of a specific article (see Chapters 2 and 3). This 

thesis is thus written in an article format to facilitate the future publication of the study as 

two distinct documents. The first section focuses on the reef crest and the fore reef zones of 

the bank barrier Horseshoe Reef. The main objectives of this section are: 

1. To characterise the present condition of the Horseshoe Reef using the Atlantic and 

Gulf Rapid Reef Assessment (AGRRA) protocol, a low cost, rapid and standard 

methodology. 

2. To contribute to the Caribbean wide AGRRA database which aims at establishing a 

regional baseIine of coral condition in the Western Atlantic and Gulf of Mexico. This 

will allow us to compare results obtained from the Horseshoe Reef with other 

locations in the Caribbean. 

3. To  qualitatively compare these observations with those of Lewis collected in the 

Tobago Cays in 1975. 

Th'e second section focuses on the backreef area and shallow marine habitats surrounding the 

Tobago Cays, including the Horseshoe Reef. The main objectives of this section are: 

1. To develop a rapid and cost effective field methodology for surveying the shallow 

marine of the Tobago Cays. The ground survey results will provide quantitative 

resuits from which a classification scheme of the main benthic assemblages and 

bottom types of the TCMP can be developed. 



2. To  produce a digital thematic map of the shallow marine habitats of the Tobago Cays, 

with a known accuracy, using a low cost remote sensing methodology. This will 

provide a visual and digital inventory of the major habitats that c m  be easily 

upgraded for long term monitoring purposes. 

3. To qualitatively compare results with those obtained by Lewis (1975). 

The data collected in this project are especiaily important since the area has recently 

obtained a marine pürk status. Very Iittle information is avaiiabIe on the reefs of the Tobago 

Cays. The data gathered for this project can be used as b a d i n e  information for various 

management applications and future studies. The AGRRA survey results, being the first 

quantitative assessrnent, should serve as a baseline study to evaluate future changes in the 

coral reef condition and management effectiveness. 

1.2 Study Area 

This study focuses on the Tobago Cays located in the Lesser Antilles, West Indies 

(Fig.1). The Tobago Cays are composed of four small islands protected by a semi-circular 

bmk barrier reef, the Horseshoe Reef. The Horseshoe Recf is a well-developed Holocene 

bank-barrier reef offshore located on the windward side of the Cays. The total length of the 

Horseshoe Reef is about 4 km making it  one of the longest reefs of the southern Grenadine 

Islands (Dey, 1985; Dey and Smith, 1989). The fore reef zone is a steep dope extending 

eastward to depths of about 20 meters. The Cays are inhabited but are frequently 



Figure 1 - 1 : Location map of the study si te. 
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visited by fishermen for conch and lobster and are now increasingly used by tourists for 

sailing, snorkelling and diving activities. The Tobago Cays are located at 3 km from the 

Grenadine Island of Mayreau, the closest inhabited island with a population of approximately 

250. Union Island is the closest major centre of population, with a population of 

approximately 3500, located at about 5 km from Tobago Cays. 

Over the past 15 years a number of informa1 reports have indicated that the conditions 

of the reefs in Tobago Cays have detenorated due to various factors including Storm damage, 

white band diseases, physical damage, and local sewage pollution from visiting yacht (Smith 

et al. 1996; Wells, 1988). The Tobago Cays Marine Park (TCMP) ha5 now been established 

for over a year and is slowly developing. Since the summer of 1999, the TCMP legislation 

protected only the land areas of the park, including the 5 backreef Cays and Petit Tabac Cay 

(park manager, pers.com.). The Tobago Cays reefs have so far received IittIe attention in the 

literature; thus limited documentation is available on these reefs. Except for the preliminary 

descriptions by Lewis (1975), these reefs have not been the subject of any scientific research. 

The existing literature consists of a report frorn Wells ( 1  988) containing a brief description of 

the reefs based on Lewis's study and more recently, of a paragraph in a report on the Status 

of Western Atlantic Coral Reefs in the Lesser Antilles by Smith er al. (1 996). 

1.3 Regional Setting 

The Tobago Cays are part of a string of smrill islands crilied the Grenadines located 

between S [.Vincent and Grenada in the Lesser Antilles (Fig. 1 ). The Grenadines are eroded 

remnant peaks and ridges of oider volcünic islands, partially or completely drowned during 



- 

the post-Pleistocene sea level Rse, rising from a submarine bank called the Grenada Bank. 

The Grenadine Bank runs NE-SW for about 180 km between St.Vincent and Grenada, the 

bank has a width of 15 to 20 km with depths of 20-30 meters and locally shailow areas of 3-6 

meters (Dey, 1985; Dey and Smith, 1989). The rocks exposed on the Tobago Cays are 

mainly composed of rnetarnorphosed, stratified agglomerated tuff with limestone and cherty 

bands (Tomblin, 1970). Modem sedimentary environrnents around the Grenadines have a 

complex distribution due in part to the great sea-bottom variations provided by these 

submerged volcanic islands and the onshore lithologies, wave and current variations (Dey, 

1985; Dey, and Smith, 1989). Most of the volcanic material is restricted to beaches because 

of the absence of rivers on these small islands prevents the terrigenous sediments from being 

carried offshore and permits reef growth (Dey, 1985). 

The Grenadines Bank lies within the Trade Wind belt where strong north-east winds 

are developed during late auturnn and winter, and easterty winds during spring, summer and 

early autumn (Clack, 1976). The wind driven Equatorial current flows (south-west in winter 

and West at other time of the year) steadil y throughout the year at speeds ranging from 0.3 to 

1.5 knots (Clack, 1976). The Equatorial Current moves over the Grenadines Bank, passes 

through the channels and reefs, and is diverted around the islands which gives considerable 

local variation in current flow and strength (Clack, 1976; Dey and Smith, 1989). Tides in the 

Grenadines are mixed with a semi-diurnal component dominating in the Tobago Cays area. 

The tidal range is small with a difference of 0.6 rn betwecn the rnean high and the mean low 

water level (Clack, 1976). The westerly equatoriül current accetcrates the flood stream 

setting to the West and retards the ebb stream to the eastward (Dcfense Mapping Agency, 



1979). The strength duration and general direction of tides arnong the Grenadines are 

influenced by local topographie variations present on  the sea bottorn of the shallow bank 

Because of the ample water movement and the absence of coastal currents, both temperature 

and salinity are relatively constant over the Grenadine Bank. The variations from normal 

oceanic salinities are short-lived events related to intense rainfalls in very shallow water 

areas. The water temperature in the Grenadines reflects seasonal changes in the temperature 

(24-28OC) of oceanic water masses that move into the bank (Dey, 1985; NOAA, 2000). The 

Grenadine Bank is south of the region usually affected by hurricanes. The most violent 

recent hurricanes to strike the Grenadine islands were Hurricane Janet in 1955 and Humcane 

Allen in 1980 (Dey and Smith, 1989). No other hurricanes in the last 50 years have senously 

affected the reef conditions in the Tobago Cays (TCMP park manager, pers. corn.). 

The Horseshoe Reef can be divided into three major reef habitats or zones based on 

the geomorphology, depth and wave exposure; the shallow and deeper fore reef, the reef 

crest, and the reef flat. The bnckreef aren and the Iügoon patch reef system are dso 

associateci with the Horseshoe Reef. The first part of this project, which uses the AGRRA 

methodology, focuses on the fore reef (shallow and deeper fore reef) area of the Horseshoe 

Reef. The second part of this project, which uses scanned aerid photographs, focuses on the 

shallow marine habitats (<IO rn) surrounding the Cays and the Horseshoe Reef. Lewis 

(1975) described the reefs of Tobago Cays as being representative of rnany Caribbean reefs. 

According to Lewis's study, the Horseshoe Reef shows three major zones from the crest to 

the fore-reef: a shaliow branching coraI zone, a rnixed corül head zone and a deeper 
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foliaceous zone (Fig.2). The reef crest of the Horseshoe Reef was dominated by dense 

growths of the branching Acropora palmata, and a bare rock substrate encrusted with 

Millepora or Palythoa and scattered colonies of Porites astreoides and Faviafragum. The 

shallow fore-reef zone was composed of clumps of Acropora palmta and low mounds of 

Montastraea annularis with scattered colonies of Porites porites, P. astreoides and the 

encrusting zooanthid Palythoa. The reef slope was dominated by large massive mounds of 

Montastrea annularis from depths o f  5 rn to 15 m and foming tdl  pillar-like ciumps and 

changing to shingle shaped colonies toward the bottom of the slope. Mixed with 

Montastreas numerous colonies of Porires pnrites, P.a.rrrec~iJe.s, P.furutci, Aguriciu fragilis, 

A. Agaricites, Dendrogyrrt cylin Jriis, Cnlpoplzylicl nctrcrns. C. Amcr rmth us. Isnphylllastreaa 

Rigida, Diphria clivosa, and D. Strigc~scr were present. The backreef ürea was covered with 

mixed coral heads (Diphria-Montusfrea-Porites) passing gradually shoreward to scattered 

patch reefs on a sandy bottom. Narrow tidal chmnels of a few meters wide were observed at 

frequent intervals along the reef crest but spur and groove systems were absent (Lewis, 

1975). The back reef region is ü shallow water zone with a patchwork distribution of corals 

and alcyonarians (Lewis, 1975). The shaliow backreef wfis characterised by the presence of 

Millepora and the colonial zooanthids Palyrhoct, The distribution of shallow water 

cornmunities around the Cays is relüted to coastline configurütion and current velocity but 

Lewis (1975) described them as being very sirnilür in eüch of the four Cays. In areas where 

the current is strong, patches of coral and dense stands of Rlzipihgorgict and other 

alcyonarians flourished. The Thcrlrr.s.sicc-Porite.~ associations are restricted to the areas with 

less current. 



1.4 Corai Reefs 

1.4.1 Modem Reef Communities 

Coral reefs are highly complex marine ecosystems made up of a discontinuous biotic 

cover over a non-biotic substrate composed of sediments and older reef rock. Modem reef 

building architects are Scleractinian (stony) hermatypic corals, together with coralline red 

algae forming wave-resistant structures that dominate shallow tropical seas (Tucker, 1990). 

Coralline algae contribute to the reef building process by filling voids and cementing the 

cord head framework together. Hydrocorals, alcyonarinns. and other calcareous algae are 

locaI1y important but are not considered as major reef builders. Reef development is 

controlled by processes operating at various scüles (Hubbard, 1996). Microscale processes 

are those that affect organisms at the reef level such us light, nutrients and sediments (Fig.3). 

Mesoscale processes are generally physical-oceanogrüphic in nature and operate within 

individual oceans or basins over a vüriety of time periods and include factors such as 

temperature, salinity and wave energy (Fig.3). Mncroscale processes exert control either 

globally or over very large areas and over long periods of time, it includes worldwide 

changes in sea level and large scaie movements of the eanh's crust (tectonics). 

Coral reefs flourish in high energy and oligotrophic oceünic regions. Yet, these 

nuuient poor environments support highly productive and diverse reef ecosystems. The reef 

communities are builders of large and complex wave resistant structures, which create 

optimal environmentnl conditions for effective nutrient retention and recychg necessary for 

their success (James and Bourque, 1992). The corûls feed on planktonic organisrns but also 

obtain a large proportion (up to 63%) of their nutritional needs from their photosynthetic 



Figure 1-3: Sketch of the environmental window for modem coral reef growth. Numbers for 
temperature and salinity define the growth limits of corals, boxes enclose 
optimum values. Taken from James and Bourque (1992). 

Figure 14:  Cross section through a typical and well-zoned marginal coral reef. Taken frorn 
James and Bourque ( 1  992). 
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symbionts (Glynn, 1991). Their ability to thrive and be highly productive in less than 

favourable conditions is attributed to their mutualistic reiationship with symbiotic 

photosynthetic dino flagelate algae, zooxanthellae. The zooxan thellae (Syrnhiudium sp.) are 

unicellular eucaryotic algae. There is between one and two million algae cells per square 

centimetre of coral tissue (Brown and Ogden, 1 993). Zooxanthellae contain the following 

major photosynthetic pigments, chlorophyll a, c2, peridinin, but others have chlorophyll a, 

cl, CS and furoxanthin or some other pigment combinations (Rowan, 1998). During 

photosynthesis the pigments absorb Iight, which is converted into chernical energy (ATP, 

NADP) and used to synthesise organic compounds from carbon dioxide. Usable light for 

photosynthesis is in the 0.400-0.700 m range of the electromagnetic spectrum 

(photosynthetically active radiation- PAR). The symbiotic association between corai and 

algae is very efficient at capturing and recycling nutrienis from the water column and the 

waste product of the host (James and Bourque, 1992). The zooxantheilae recycle the 

metabolic wastes of the coral by absorbing the carbon dioxide üs well as the phosphate and 

nitrate containing by-products, which provides continuous intmceIlular deconramination of 

the coral (Kuhlmann, 1989). The zooxanthellae supply the host with organic compounds 

(amino acids and sugars) and oxygen from photosynthesis. This symbiusis is important in 

accelerating the process of skeleton building in hermntypic corüls; the removal of carbon 

dioxide and phosphate by the zooxm thellae accelemtes the crystallisation of calcium 

carbonate (Goreau. 196 1). The rite üt which cülcium carbonate is formed is about ten times 

higher than it is in algae free or ahermritypic corüls (Kuhlmann, 1989). The symbiotic 

association, however, limits hermtitypic corals to the photic zone where sufficient light 



penetrates to allow photosynthesis (25-30 meters). The relation between depth and intensity 

of light penetration affects the photosynthetic capacity of the zooxanthellae contained in the 

coral tissues. In clear water, light intensity decreÿses exponentially with water depth and the 

light spectrum shifts rapidly toward the blue (Hubbard, 1996). As a result, photosynthesis 

and CaC03 production drop rapidly. 

Shallow water bottom comrnunities cm be predicted by temperature and nutrient 

supply (HalIock et al., 1993). Coral reefs are generally restricted to water between 18OC and 

36OC, with an optimal ringe of 26-28OC. and are expressed by latitudinal patterns of coral 

reef distribution and diversity (Hubbiird, 1996). The primary carbonate sedirnent producers 

of the corai reef community (i.e. hermütypic corils) are highly adapted to nutrient deficient 

environments. Input of nitrates and phosphates stimulates growth of pIankton, fleshy aigae 

and ahermatypic suspension-feeding animais in the benthos (Hallock and Schlager, 1986). 

Increased nutrient supply will consequently enable these organisms to thrive and lead to 

modified o r  even arrested reef growth because many are fast growing cornpetitors and 

bioerodea that actively destroy the reef structure (James and Bourque, 1992). 

There are considerably fewer species of reef building coral species in the Caribbean 

(60) compmtively to the Indo-Pacific (k700) (Stoddrirt, 1969). Even if the coral species 

diversity is lower, numerous growth forms are possible for most species. The Caribbean 

region is characterised by six sckractinian genera (Acroportr, Monsrrtrsrrcieci, Porites, 

Diphria, Si&rustreci crnd Aganicici) and' one hydrozoan gçnerti (Millcpnru), these contribute 

to as much as 90% of the coral biomass (MiIlinian, 1975). Modern and ancient reefs both 

exhibit zonation with depth. Coral zonation within a reef is characterised by a change in 



species assemblage as well as a gradua1 morphological modification of individual coral 

species. Prevailing wave exposure and Iight intensity have been shown to exert a primary 

control on the character of the shallow-water reef crest and the benthic zonation dong the 

front of Caribbean reefs (Adey and Burke, 1976; Geister, 1977). A general trend in the 

growth forms from shallow water to deep water is as follows; encrusting to branching forms 

in shallow waters, domal, massive and columnar colonies in intermediate water depth, which 

are gradually replaced by follacious shapes in the deeper waters (Fig.4). Five main species 

zones generally charcicterise Caribbean reefs. With increasing depth they are as follows; the 

aigal ndge zone, the MiZIepnra zone, the Acroporu pulrnruu zone, the Acropnra cervicornis 

zone and the Montusrrueu zone (Milliman, 1975). These are ecoIogical zones rarely 

composed of a single species. but often composed of a characteristic assemblage of 

organisms adapted to particulür environmental conditions. Diversity of species found in a 

zone is at its maximum when the combination of environmental stresses is at a minimum. 

Most present day established corn1 reefs began growing 5,000 to 10,000 years ago 

(Hinnchsen, 1996). Modern reefs are characterised by two major events: the Iast interglacial 

episode 120,000 years ago and the initiation of modern reef structures Iess than 9,000 years 

ago (Hallock, 1996). During the last interglacial, sezl level was at ieast 6 m higher than 

today, forming the limestone that make up many islands associated with present reef tracts. 

During the last glacial episode, which lasted more than 80 000 years, sea level fell to 130 rn 

below the present Ievel (Macintyre. 1988). Continental shelves were dry lands and reef 

growth was Iimited to steep island or continental slopes. Associated with the rising seas of 

the Holocene transgression, the Western Atlan tic reef developmeni was con trolIed by wave- 



energy conditions and the relationship between changing sea levels and local shelf 

topography (Macintyre, 1988). The flooding of adjacent shelves during this postglacial 

transgression introduced stress conditions (Le. turbidity and nutrients) that terrninated the 

growth of the pre-Holocene reefs. About 7,000 years ago, shelf water conditions improved, 

scattered deeper water coral communities re-established themselves on these stranded shelf- 

edge reefs, and fnnging and bank-barrier reefs began to flourish in shallow coastai areas 

(Macintyre, 1988). The Holocene sea leve1 curve is one of earIy rapid rise, late slowing and 

final stability (James and Bourque, 1992). The rate of sea-level rise during deglaciation 

relative to maximum potentiril growth rate of frimework is also important for reef growth 

structure (Neumann and Macintyre, 1985). 

1.4.2 Changes in the Caribbean Coral Reef Ecosystems 

Human activities have been affecting coral reefs and tropical coastal ecosystems far 

more than has been generally recognised (Birkeland, 1977). Coral reefs are deteriorating 

worldwide, with some of the most serious losses occurring in the western Atlantic Ocean and 

the Caribbean Sea (HdIock et al., 1993, Connell, 1997). Aiihough coral reefis have 

encountered natural disturbances and recovered in the past, changes in the community 

structure and shift in balance of cord reef processes have increased in scale and frequency in 

recent decades- Recovery is delüyed more often and situations that used to be acute are now 

often chronic (Glynn, 1993; Hughes, 1994). These declines have been attributed to such 

factors as coral diseases (Edmunds 199 1, Aronson and Prechi 1997), mortality of the sea 

urchin Diudenm anrilkrrutn (Lessios et cd. 1984). hurricanes (Woodley et al. 198 1, Rogers, 

1990). coral bleaching (Gleason and Wellington 1993). and nutrient excess (Hailock and 



Schlager, 1986). Some major changes have affected the Caribbean corai reefs in the last 30 

years, these will be discussed briefly (see cited references for more detail). Only the changes 

pertinent to Our area of study are introduced here and will be discussed in more detail in 

Chapter 2, 

Large-scale population outbreaks, mass mortaiities, and community disturbances have 

been occumng on a regionai scde in corai-reef ecosystems during recent decades (Birkeland, 

1997). In 1983-84 an epizootic pathogen (e.g. bacteria, protozoan) resulted in a mass 

mortality of the long spine sea urchin (Dhdemu rcntillurunz) in the tropical Western Atlantic 

(Lessios et aL, 1984), first noted in Panama in 1983 and then spreading around the rest of the 

Caribbean by January 1984. No cüusative agent has been isolated but a water-borne 

pathogen h s  been suggested; this epidemic being the most widespread ever reported for a 

marine invertebrate (Lessios et al., 198.4). Before the 1 982-83 die-off, urchin populations 

were abnormally high in many areas, possibly as a consequence of increüsed fishing of 

herbivorous and predator fishes that competed with or preyed upon urchins (Hay, 1984; 

Ogden et al., 1973). An average reduction in Diudemc population density of 98% occurred 

(Ikssios, 1988). This massive reduction in  the abundance of Diccderncr crntilkwum (Lessios et 

al., 1983; Bak and Nieuwlünd, 1995) combined with reduction in fish grazers due to over 

fishing are frequently cited as causes of fleshy algüe dominance in coral reefs (Hughes, 1994; 

Hay, 1984; Done, 1992). The recovery of Dicrdenw populations throughout the Caribbean is 

still uncertain but reports from Barbüdos show signs of slow recovery (Lessios, 1988). 

A major cause of coral derith is cornpetitive overgrowth by other organisms. such as 

sponges, algae, ascidians or other corrils, The overgrowths have rtccelerated in many sites 



around the Caribbean in recent years (Goreau er al., 1998). The encrusting compound 

ascidian, Trididernnun solidum (Fig. 1 -Se), is regarded as an efficient cornpetitor for space on 

Caribbean reefs (Bak er al., 198 1). T.soiidurn is very cornmon in Curacao as well as in other 

parts of the Caribbean, such as Cwie Bow Cüy, Belize and in the San BIas Islands, Panama 

(Bak et al., 198 1). The ascidian colonies grow as thin sheets over turf covered rock (13 c d  

4 week) and scleractinian corals (2.8 c d  4 week), with a much slower growth rate when in 

spatid competition (Bak et al., 198 1). They are commonly found in water depth ranging 

frorn 1.5 m to 34 m because they host unicellular endosymbiotic algae that Iimit their 

distribution to the photic zone (Bak et ai., 198 1). Cornpetitive overgrowth by organisms 

such as T. solirlunr may be influenced by environmentül periurbations that reduce the 

efficiency of affected orgünisms to defend ihemselves. E3ak et cri. ( 1996) hypothesised that 

an increase in abundance of this species in Curacao may be related to eutrophication. An 

increased level of nutrients in coastal zones favours the growth of benihic algae, and 

promotes an increase in phytoplank~on and zooplankton; the latter being food supplies for the 

ascidians. Possibilities of dispersa1 of T. .w~iidrcr?i are low, but in a sufficiently dense 

population, maintenance potential is high because of the relütively high mobility of the 

colonies over the substratum (division, budding, fusion and rapid growth), effective 

competition for space, low predation pressure and high regeneration capacity and long life- 

span of colonies (Bak et di., 198 1). The occurrence of T..solirirrrn has been reported 

frequently throughout the Caribbean and seams 10 be more frequent than previously noted, 

including the TCMP (Fig. 1 -5e). 



Figure 1-5: Undenvater field photographs iliustnting common coral diseases, bleaching and 
tunicate overgrowth obsemed in the Tobago Cays. 
a) Black Band Disease (BBD) on a colony of Diploria spp. at Petit Bateau Cay. 
b) Yellow Band Disease (YBD) on Mr~ntccnrcfec~fi~ven~nfci (photo taken from 

McCarty and Peters, 2000) 
C) White Band Disease (WBD) on a Iive colony of Acroporu palmata (photo 

taken from McCarty and Peters, 2000) 
d )  Colony of Montastraeu annularis showing sign of partial bleaching (B) in the 

fore reef area of the Horseshoe Reef. 
e) Encrusting compound ascidian. Trididemnun solidum (7'). overgrowing a 

colony of Porites porites in the fore reef area of the Horseshoe Reef. 





Bieaching is recognised as a stress response to a variety of environmental 

perturbations such as extreme Iight, temperature, prolonged aeriai exposure, freshwater 

dilution, high sedimentation and various pollu tants (Gl ynn, 199 1 ). Bleaching leads to the 

loss of zooxanthellae and/or a decrease in the photosynthetic pigment concentration within 

the zooxanthellae (Fig. Md). The mechanism of aiga release is not fully understood but a 

good review is provided by Brown (1997). With low concentration of plant pigments the 

coral tissues become translucent and the white calcium carbonate skeleton is visible, giving 

the coral a bleached appewance (Gl ynn. 1 99 1 ). Most reef-building coraIs normal1 y con tain 

around 1-5x 10' zooxanthellüe/cm2 of live surface tissue and 2- 10 pg of chlorophyll a per 

zooxanthellae (Gl ynn, 1 996). The sudden loss of zooxanthellae greatly affects the coral host 

since îhese photosynthetic symbionts supply up to 63% of the coral nutrients and facilitate 

calcification (GIynn, 199 1). If the stress causing bleaching is not too severe the affected 

corals c m  regain their symbiotic algae wi thin several weeks or a few months (Glynn, 1 996). 

Prolonged bleaching of reef corals is associated with reduction in soft tissue biomass, sexual 

reproduction, skeletd growth, ability to shed sediment, resistance to invadingkompeting 

species and diseases (Lang et al., 1992; Gtynn, 1996). Severe and prolonged bleaching cm 

cause partial to total colony death resulting in diminished reef growth, the transformation of 

reef building communiiies to a!ternnte non-reef building communiry types, bioerosion and 

ukimately the disüppearance of reef structures (Glynn, 1996). 

Local discoloration of reef cnidxians haï been reponed throughout the past century, 

yet "mass" bleaching events distributed over large geographic areas have been noted only 

within the l u t  two decades (Lang er ai., 1992). Small scale bleaching events can often be 
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correlated with specific disturbances whereas large scale mass bleaching occurs over 

hundreds to thousands of km' and is more difficult to explain (Glynn, 1996). Present 

evidence suggests that the leading factors responsible for large-scde coral reef bleaching are 

elevated sea temperatures and high solar irradimce (Glynn, 1996). Coral bleaching in the 

past two decades has been especidly prominent during large scale atmospheric and 

oceanographic disturbances caiIed El Nino -Southern Oscillation (ENSO), which bring in 

warm waters of about 3°C above normal water temperature (Glynn, 199.6). Since 

zooxanthellae bearing corals generrilly live close to their physiotogical upper temperature 

tolemnce Iimit, a relatively small positive rrnornaly of 1-2°C for 5- 10 weeks during the 

summer months will usually induce bleaching (Goreüu and Hayes, 1994). Extensive and 

widespread episodes of cord bleaching have been observed since the 1980s in al1 tropical 

oceans, the latest being in late surnrner of 1998 (Brown and Ogden, 1993; Goreau and Hayes, 

1994; NOAA. 2000). El Nino warming events cm partiülly explain this global pattern but 

extensive bleaching also occurred in non El Nino y e u s  (Gorenu and Hayes, 1994). 

Since the early seventies a variety of cord reef diseases has been discovered, 

Although coral diseases have been reported from around the world, they have been 

docurnented rnost widely in the tropical western Atlantic. However, the etiology of many 

coral diseases remains poorly understood. Full description and updated information on cord 

diseases are available at McCariy and Peters ( 2 0 ) .  The three most common coral diseases 

will be briefly reviewed here. The black-band and white-band diseases which have been 

reponed most frequently in the tropical western Atlantic first observed in the early 1970s 



while the yellow-blotch disease first noted in the lower Florida Keys in 1994 (Figs. 1-5a.b.c) 

(Santavy and Peters, 1997). 

Black band disease (BBD) is characterised by a crescent-shape band of darkly 

pigmented filaments that sepmates white denuded skeleton from living coral tissue (Fig. 1- 

Sa) (Bruckner et al., 1997). BBD is an infection caused by the cyanobacterium Phormidium 

corallyticwn (Rutzler et al.. 1983). The band appeÿrs dark because of the red pigments 

(phycoerythin) in the cyanobacteria. It has been observed on massive Faviid corals 

throughout the Cuïbberin (Rutzler er cri., 1983) as well as in the Indo-Pacific and the Red 

Sea. In the tropical western Atlantic susceptible species include the massive brain cor& 

( D i p l o ~ a  spp., Colpophyliiirc spp.) and star corüls (Monimrrcreii spp.). which are the most 

commonly affected members of the family Faviidae (Edmunds, 1 99 1 ). BBD has also been 

reponed on milleporinids (fire corÿls) and gorgonirins (Rutzler cr al. 1983). The coral is 

killed by anoxia and sulfides produced by the microorganisms (Santüvy and Peters. 1997). 

Healthy corals can become infected with the blück band disease by contact but injured or 

stressed colonies are most susceptible to the disease (Rutzler et al., 1983). The limited 

quantitative data on the BBD abundance show that less than 2% of Caribbeün cods are 

infected with BBD (Edmunds, 199 1). Most sludies have found that the incidence of the 

disease in the Caribbean is low but increases when reefs are stressed by sedimentation, 

nutrients, toxic chernicals and warmer thnn normal tempemures (Edmunds, 199 1). Infection 

rates increase during warrn water conditions, with diseuse activity optimal atlor above water 

temperatures of 25°C but almost disappear during the winter (Rutzler er al. 1983) 



The white band disease (WBD) is characterised by tissue peeling off colonies of 

Acroporid, both the Elkhom (Acropora palmata) and Staghorn (Acropora cerviconis) cor& 

(Fig.l-5c). The sloughing tissues start at the base of the branches and move toward the 

branch tip leaving a band of white denuded skeleton several cm wide next to apparently 

healthy tissues (Santavy and Peters, 1997). No consistent assemblage of microorganisms 

could be found at the junction of the sloughing tissue and the bare skeleton and the etiology 

of the white band disease remains unknown (Peters and McCarthy, 1996; Santavy and Peters, 

1997)- The disease apperirs to be a bacterial infection rnainly affecting Acroporids, but 

cannot be attributed to any particular human or naturd factors (Antonius, 198 1 ). A. palmaza 

was a major reef builder in much of the shallow (1 -5 rn) windward reefs of the western 

Atlantic reef systems (Macintyre, 1988; Adey und Burke, 1 976; Adey, 1978). WBD has 

killed most of the A. puhatu throughout much of the Caribbean region in the erirly 1980s, 

from the Florida Keys, Puerto Rico and the Virgin Islands, Antigua, St. Martin, Curacao, 

Nicaragua, Panama, Bahamas, Tobago, and Bermuda (Santavy and Peters, 1997). No 

detailed observations were made at the time of its spread. The WBD is now epizootic across 

the Caribbean and whiIe there has been sorne new recruitment of Acropora, they are often 

rapidly re-infected by WBD, therefore limiting the amount of these species to no more than a 

few percent of former prevalence (Goreau et al., 1998). 

The yellow-blotch disease (YBD) is a condition thtit affects massive heads of 

Montastruea faveolu~cc and Iess comrnonly of M~~iUusrnretr crrzrru~t~ri.~ (Santavy and Peters, 

1997). The YBD begins as an irregularly shiiped blotch of Iightened yellow coIoured tissue 

on the surface of the coral (Fig. 1-5b). As the disease progresses the tissue in the centre of the 
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patch dies and the area fdls with sediment and dgae resulting in a band of yellow tissue 

around the enlarging sediment patch (Santavy and Peters, 1997). The ethiology of the 

disease is unknown but increased rnonitoringeffons and research are being done. YBD was 

first documented in the lower Florida Keys in 1994. It hiis now been confirmed in rnany 

Caribbean sites and is an important predecessor to mortülity of the reef building, M. 

curnularîs, in much of the region (Goreau et al., 1998). 

The "baselineT' condition for reef-buiIding cornmunities, against-which human impact 

is assessed, is spatially patchy and temporully dynümic, and cannot be expressed sirnply as 

%coral cover or species diversity. A site thüt departs from whlit is considered normal is not 

necessarily in trouble, it may sirnply be in a low part of the natuml temporal variation (Done, 

1997). As monitoring of coral reefs becomes increüsingly globülized. ü better undentanding 

of environmental differences between and within regions is important to dlow interpretation 

of changes in reef communities. More investigation and cornparison between regions are 

needed to determine if the change in species composiiion (cg. loss of A. pc<imcm) and the 

incidence of diserises rire normal or ribnorn~al. 

1.5 Monitoring and Mapping the Reefs of the Tobago Cays Marine Park 

1.5.1 Baseline Monitoring of the Horseshoe Reef using the Atlantic and Gulf 
Rapid Reef Assessrnent (AGKRA). 

There are serious decliiies i n  recf-buildiiig cortiIs iit a nuiiîber of Iocations in the 

Western Atlantic and GuIf of Mexico. These deciines have been attributed to various 

anthropogenic and naturril causes (Edmunds 199 1 ; Aronson and Precht 1995; Lessios et al. 

1984; Woodley er al. 198 1 ; Rogers, 1 990; Gleason and Wellington 1993; Hallock and 



Schlager, 1986). Unfortunately, we do not know the regional extent and severity of these 

declines nor do we know how much of the declines are actudly due to anthropogenic causes. 

We especiaily lack knowledge on the reef condition in centres remote from of human impact. 

The Atlantic and Gulf Rapid Reef Assessrnent (AGRRA) program was developed to provide 

this much-needed information and a regionai perspective on the extent of these declines 

(Ginsburg er al. 1996). AGRRA is the result of an international collaboration of reef 

scientists and their associates to assess the condition of reef-building corals and fishes 

throughout the Western Atlantic Ocean and Gulf of Mexico (see AGRRA, 2000). The 

AGRRA method is designed to obtain an overview of Ixge areaï of reefs within relatively 

short periods of time in order to establish a baseline of the current condition. The ultimate 

goal is to collect enough standardised and comparable baseline data to determine regional 

condition and begin to develop hypotheses on the causes ofregional decline. It  is necessary 

to emphasise thar this rüpid assessrnent protocol is not intended to replace any existing, Locai, 

regional (e-g., CARICOMP). or global (e-g.. GCRMN) monitoring protocols. This rapid 

assessment method is presentiy being used throughout the western Atlantic (1999-2000) to 

evaluate the condition of a large number of reefk in the region. The results of this campaign 

will provide new information on the extent and distribution of declines; the goal of the 

AGRRA regional projec; is to provide a clearer picture of the state of the reefs by 2001. 

Once enough data have been coIlected throughout the Caribbean and the Gulf of Mexico, the 

data can be analysed to answer more regional questions. The first part of this project was 

partially funded by AGRRA and therefore contributes to the building of this Caribbean wide 



database on coral reef condition. Our project will provide data on the reefs in the 

Grenadines, West Indies. 

The vitality of a reef depends on cornplex relationships between corals, fishes and 

algae. When changes occur in the community dynamics of one of these components (e-g., 

algae abundance), the other two components are affected as well and the whole relationship 

c m  be disrupted- Therefore, to evaluate the condition of a reef frorn a one-time assessment, it 

is critical to examine multiple indicators of the cord-alga-fish relaiionships. The indicators 

of the AGRRA protoc01 sire i) the partial or total mortality of major reef-building corals by 

species and size; ii) the relative abundrince of principal atgal types - turf, mücroalgae, and 

crustose corallines; and iii) the diversity of fishes and the abundance and sizes of key fish 

species. The results of an AGRRA survey are a quantitative indication of reef condition, 

which can be used to assess the stare of the surveyed reefs (Fig.6). From the examination of 

a large number of reefs, it wiIl be possible to develop a scak of reef conditions and allow 

regional compuisons. Although the approüch does not aticmpt to distinguish between causes 

and effects of reef condition, the data gathered can be used to develop hypotheses on trends 

of reef decline, pa.rticularly across large spatial scales. The AGRRA method is focused on 

assessing the condition of the principal scleractinian and hydrozoün corals that contribute 

most to the three-dimensional structure and cornplexity of reefs, The vitülity of these corals 

responsible for the construction and maintenance 01' 1-eçf li-amework is important for the long- 

term persistence of a coral reef (Dustun 1987; Done 1997). The AGRRA method assesses 

overall coral cover and for each corrtl, assesses the amount of partial corül rnonality (both. 



Figure 1-6: Hypothetical model of ihe status and trajectory of reef systems. Listed in the boxes are 
the AGRRA indicators ihat provide information on the state of the reeh. 
(AGRRA Bonairc Workshop, writien communication Dr. Philip Krarncr) 





recent and old), size and height, incidence of bleaching/diseases, causes of mortality, and 

number of damselfish. See Chapter 2 for more information 

1.5.2 Mapping the Shaiiow Marine Habitats of the Tobago Cays using scanned 
aerial photographs, 

Reef research as long uied to use remote sensing techniques to map reefs areas. 

Histoncally the use of aerial photography in conjunction with field survey was one of the 

first remote sensing methods for reef mapping. Vertical air photos of the Great Bamier Reef 

have been taken as earIy as 1925 (Hopley, 1996). In the 1970s, the first cornprehensive 

coverage of the Great Barrier Reef wris cornpleted using Landsat MSS and air photos. The 

problem back then was the limited spatial resolution. Even today with the launch of better 

satellites the principal obstacle is the low spatial resolution of imagery and the prevalence of 

clouds in tropical regions. Satellite remote sensing is not well suited for mapping reef biotic 

cover but is none the less an appropriate and cost effective way of mapping reef 

geomorphology (Murnby et al., 1998~). A more complete iiterature review and the 

characteristics of potential remote sensing technology presently available for coral reef 

mapping are available in Appendix 2. 

In the second part of this project (Chapter 3) we are proposing to take advantage of 

new and widely available technology such as powerfui cornputers with large storage 

capacity, desktop scanners, and remote sensing software and processing techniques to 

produce a digital reef map from scanned rierial photographs. There is a very large stock of 

aerial photographs of coastal and shallow marine areas that have the potential to be used for 

reef mapping. Often these photos have been taken for other purposes and may be several 

years old. They nevert heIess const i tu te n very imponan t source of information, especially in 



areas where very few adequate (less than 20% cloud) satellite images are available. Scanned 

aenai photographs (archived) used in conjunction with field surveys are a low cost 

alternative to obtain information on reef habitats and geomorphology. The use of tnie colour 

aenai photography was selected for this project because of the presence of an important 

cloud cover during optimal remote sensing time in the Lesser Antilles. the small size of the 

study region (4 km x 4 km) and the availability of such data for a low cost (printing cost). 

The high spatial resolution that c m  be obtained from scanned air photos makes it 

possible to map reef biotic communities as well as geomorphology. which should be of 

interest to reef managers. Traditional gmund survey methods provide intensive biotic 

information but only over limited iireas. Mumby rr al. (1 997) evaluated the capability of 

satellite and airborne remoie sensing methods for mapping Caribbean coral reefs. They 

concluded thüt for the production of detüiled habitat maps traditional photo-interpretation 

methods or üirborne hyperspectrül irnügery should give better resul ts than presentl y available 

satellite imagery. In areas where ürchived aerial photographs are not available and where 

new airborne surveys rire required the acquisition of hyperspectral imagery is recommended 

oveF the commissioning of an aeriül phoiography sunrey (Murnby et ai.. 1997). It was also 

suggested by Catt and Hopley (1988) that digitised aerial photogrdphs had the potential to be 

developed as a tool for mapping reefs üt high resolution. Cati and Hopley (1988) also 

suggested that digitised aerial photographs had the potential to be developed as a tool for 

mapping reefs at high resolution. Scanned aerial phoiographs can be used in the same way 

as satellite imagery. The use of standard and semi-auiomaiic iniage processing üvüilable 

from remote sensing software ficilitaies the image procrssing and georectification of üend 



photographs. It d s o  hüs the advantage of reducing observer bias in thernatic map production 

because statistical rnethods are used to perform a supervised classification. Visual 

interpretation of aerial photographs is time consuming and requires highl y experienced 

researchers. Some studies have used triaditional aenal photography mapping methods to map 

seagrass and reef areaï (Ferguson er (il., 1993; Sheppivd et ul., 1995). Scanned aerid 

photographs have been used successfully for mapping smdl reef areas in Thailand 

(Tharnrongnawasawat and Hopley, 1995) and the Red Seü (Manière et Jaubert. 1985), 

tropical coastd marine ecosystems in Martinique (Chauvaud et al., 1998). seagrass beds in 

Martinique (Manière er al., 1994) and benthic ecosystems in the Mediterranean (Pasquahi et 

ai.. 1997). However, severül other habitat mapping studies done before 1990 lacked 

quantitative results, ground data coIlection and accuracy aïsessrnenu. 



CHAPTER 2: Application of the Atlantic and Gulf Rapid Reef Assessment 
(AGRRA) protocol to the Horseshoe Reef in the Tobago Cays Marine Park, 
West Indies. 

Abstract 

The Horseshoe Reef is one of the longest bank-barrier reefs of the St-Vincent 

Grenadine region. It is located away from direct anthropogenic stress with the closest 

inhabited island (Mayreau with a population of 250) locared at 3 km. Limited information is 

available on the reefs of the Tobago Cays. Our study represents the first quantitative survey 

on these reefs. The present study is aimed ût chamcterising and determining the present 

conditions of the Horseshoe Reef using the Atlantic and Gulf Rapid Reef Assessment 

protocol (AGRRA). Our survey reveals that 90% of the coral assemblage at the Horseshoe 

Reef is dorninated by Montastruea unnuluris (3 1 %). Porirrs asteroides (23%). Porites 

porires (23 %) . Montasrreus fu vsoicfta (5 % ) , Miiltcporu contpkrrtmu (4  % ), Cdpolphy llia 

natans (2%) and Sidercrsrreu siderasrrelz (2%). Standing dead colonies of Acrapora palmaru 

were present at only one of the shallow sites, accounting for 2% of the surveyed corals. The 

A.  almat ta. which once flourished on the shallow fore-reef and the reef crest of the 

Horseshoe Reef, has now virtually disappeared as a reef builder. Most shallow areas are now 

composed of a dead A. pa[nzuru pavement Iargely encrusted by crustose coralline aigae and 

colonised by Miiieporu and Porires. The near disappearance of A. pcrlmafcr is indicative of a 

past disturbance event since Iüst surveyed by Lewis ( 1  975) and is most likely explained by 

the white band disease that killed mosi of the Caribbean Acroporrr in the mid 1 980s. The 

size frequency distributions of the three major reef building con1 species are skewed toward 



smaller colonies, the average diameter of these corals being 58 cm. Corai recruitment 

averages 2 recruits/m2 for ail the surveyed sites. The partial coral mortality at al1 sites is low 

to moderate, with recent monaiity averaging 2% and old rnortal i ty averaging 25%. 

ReIatively 1ow incidence of cord disease is present on the Horseshoe Reef with less than 3% 

of colonies affected. The presence of a low rate of recent mortality, rninor disease 

occurrences and relatively low bleaching indicates that the Horseshoe Reef has not suffered 

or has recovered from any major recent disturbance events. 

Algai cornmunities are dominated by crustose coralline algae (45% cover), followed 

by macro aigae (32%). and turf algae (23%). The calcareous green alga Halimeda largely 

dominates the macro alga community. Dominunce of macro algae on the Horseshoe Reef 

may be explained by a combination of possible nutrient enrichment and reduced herbivory. 

The herbivorous sea urchin, Dic~denzu a~ztilk~runz. is relalively uncommon on the fore reef 

areas of the Honeshoe Reef, wiih an average density of 2.4 individuals/m2. A total of 8 1 

species of fish was recorded on the Horseshoe Reef. The fish assemblage is largely 

dominated by herbivorous species from the Scaridae (parrotfish) and Acanthuridae 

(surgeonfîsh) families. Commercially vduable fish species are present in  low densities 

(5 1/m2) and are relatively srnall in size indicative of over-fishing. Using the indicators 

established by the AGRRA protocol. the results obtained from this survey suggest that the 

Horseshoe Reef is a relatively healthy reef but is also showing signs of disturbances. 



2.1 Introduction 

This study focuses on the Horseshoe Reef, Tobago Cays located in the West Indies 

(Fig.2-1). The Tobago Cays are composed of four small cays in the St-Vincent Grenadines 

protected by a semi-circular bank barrier reef, the Horseshoe Reef. The Horseshoe Reef is a 

well developed Holocene bank-barrier reef offshore on the windward side of the Tobago 

Cays. This research is aimed at charactensing and determining the present condition of the 

Horseshoe Reef using the Atlantic and Gulf Rapid Reef Assessment protocol (AGRRA). 

The data collected will be qualitatively compared with preliminary results from other 

Caribbean AGRRA surveys and with Lewis ( 1975). The survey results, being the first 

quantitative assessment, should serve to evaIuate future changes in the coral reef condition. 

This is especially important since the Horseshoe Reef has recently obtained a marine park 

status (Tobago Cays Marine Park, TCMP) and the collected data can also be used in various 

management problems. More generül information on the study ürea is available in Chapter 1. 

2.2 Research Methods 

Field data collection was done over a period of two wceks in June 1999. Reef sites 

were selected with the help of true colour aerial photogriphs (scale 1 : 10 000, March 199 1), 

nauticai chans (Hydrogriiphic Office of  the United Kingdom, 1999), reconnaissance dives 

and local knowledge of experienced divers and dive opcritors. The site selection was Iimited 

to accessibility by boat and current conditions. Sites were selected from two depth ranges, 1- 

5 m and 8-15 m depth zones (sites A, C, E and sites B aiid D respectively), which covered 

areas of maximum reef developnient (Fig. 2-1 ). A site is defincd as a homogeneous and 



Figure 2-1: Photo rnosaic of the Horseshoe Reef üt Tobago Cays, St-Vincent and the 
Grenadines. Approximate location of the AGRRA field survey sites is indicated 
in red for shallow sites (B and D) and yellow for deeper sites (A. C and E). 
Subset map is a generd location map of AGGRA field surveys for 1998-99, the 
Tobago Cays are indicüted as number 14 and with a red arrow (from Ginsburg 
and Kramer, 1999). 
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accessible area from a boat mchored or moored in one place (0.1 km scale). Corals, algae, 

long spined sea urchins and fishes were surveyed at each site. More details and updated 

information on the AGRRA regional project c m  be obtained on their website (AGRRA, 

2000). A detailed methodology is also available in Appendix 1A. 

Parameter averages for the two depth zones were obtained by pooling data from 

shallow sites (A, C, E) and deeper sites (B, D), while the o v e d l  parameter averages were 

obtained by pooling the data from al1 the sites. Selected parameters (%coral cover, macro 

algae canopy height, % recent and old monality) were analysed to determine if there were 

significant differences between depth zones and to facili tare in terpretations. Coral reef 

environments are highly variable and known for iheir habitat variation with depth, the goal 

here was not to test if a11 measured indicütors varied with depth. Assumptions (normality, 

homogeneity of variance. and independence of residuals) were checked by residuals and 

autocorrelation plots and analysed accordingly. We either used a Nested ANOVA (Xij = p + 

ai + pj(i)+ e ; where p = mean, @ = perturbations due to the groups i and j, Z = shallow and 

deeper sites, j = individual sites A,B,C,D and E, and e = ründom error) with its associated F 

statistic or  the non-pürümetric Mann-Whitney U test wit h its associated T statistic. It must be 

noted that the Nested Analysis of Variance was preferred to the T-test because it - takes into 

account the variability of the sites within the depth zones, there is no non-parametric 

equivalent for this test except for the two sample comparison tests. The critical p-value was 

set at a=O.OS. Al1 statisticai analyses were performed with the Systat 8.00 software. 



Corak/algae- AGRRA surveys the major reef building scleractinian corals as well as one 

hydrozoan species. Surveyed species are as follows; Acroporu cervicornis, Acropora 

palmata, Agaricia agaricites, Agariciu tenur~oliu, Colpophyllicl natans, Dichocoenia stokesii, 

Diploria clivosa, Diploria labyrinthifornlis, Diploria strigostr, Montastraea annularis, 

Montastraea annula ris faveolara, Mon tastraeu crnnuluris frurzksi, Montastraea cuvernosa, 

Madracis rnirabifis, Meandrina meundrites, Mycefophylliu sp-, Mussu ungulosa and other 

sp.. Porites astreoides, Porites porites, Solenusr recl hournnni. and Stcphanocoenia 

inferseptu. Corals were surveyed by using a 1 O In trilnsect line laid at least 1 m cipart from 

one another hüphazardly in a direction pürüllel to the long axis of the reef zones. Coral cover 

was approximated (nearest 10 cm) by estimating how many meters of the line overlie live 

coral and subtricting sandy areas. Each cord (> 25 cm diameter) under the 10 m transect 

line was recorded to species level and assessed for the foIiowing: maximum diameter, 

maximum height, percent (95) partial monality ("recently dcüd" and "long dead") as seen in 

plan view, diseases and/or bleached tissues, sources of recent mortality that are still 

identifiable and contribute to "recent dead" estimate, and the number of damselfish or total 

area of damselfish algal gardens on each coral heüd. Algae were surveyed dong the line 

using a 25 X 25 cm quadrate to estimale relative algal abundrince at the 1 ,  3,5, 7,9 meter 

intervals. For each quadrate, we recorded the % algril abundance macro algae, turf algae, 

crustose cordine algae and average canopy height of the mricro algae. The macro algae are 

the large (>I cm) erect fleshy and calcareous algae that crin be picked up with the fingers, the 

turf algae are the tiny filamentous dgüe (cl cm), and the crustose coralline algae are the pink 

solid calcareous encrusting algue, Small (< 2 cm) slony coral recruits within the algal 



quadrates were counted and identified to genus level when possible. The long spined sea 

urchin. Diadema antillarum, was assessed using a 1 rn belt dong the transect Iine. A 

minimum of 50 quadrates and IO0 coral colonies were compiled at each site. The list of 

standardised AGGRA abbreviations and benthic field data is uvaihble in Appendix 1B and 

1 C, respective1 y, 

Fishes- Fish surveys were conducted using two methods, a belt transect method to obtain 

information on density and fish length of some target groups and ri rover diver method to 

obtain information on fish diversity. The fish surveys were conducted at the same time as the 

coral transects. The belt transect uses a 30 m transect line and a T-bar pointing down at 

about 45 degrees to provide constant reference to help estimate the 2m width. Al1 species 

from the following families were counted: grouper, snupper, grunt, parrotfish, surgeonfish, 

triggerfish, angeifish, and butterflyfish, except for grunts or parrotfish less than 5 cm in 

length. AIso counted were the following five species, yellowtail damselfish (Microspathodon 

chrysurus), hogfish (Lrrcholaimu.~ r ~ z c ~ r i r n u . ~ ) ,  Sprinish hogfish (Bodknrts rufus), barracuda 

(Sphyraerza harrucudrr) and bar jack (Cnrunr niber). Fish total length was esiimüted 

according to size cütegories (4 cm, 5- 10, 10-20.20-30, 30-40, >40 cm) using a 1 m T-bar 

with 10 cm increments for scale. The 30 m belt transects were laid haphazardly, at least 5 m 

laterally away from each other. A minimum of ten transects were conducted at each site. 

The roving diver census surveys üII fish species following the methodology of REEF 

Environmental Education Foundation (REEF, 2000). The roving diver technique involves 

divers that are well trained in visual identification of tropicaI fishes. The diver roves around 

the site observing and listing as many species of fish as possible and estimates the abundance 
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of each species using logio categories; single ( 1). few (2- IO), many ( 1 1 - 1 OO), and abundant 

(>100). Because of the semi-quantitative nature of the roving diver data the sighting 

frequency and a density index cm be calculated for data analysis (Schmitt and Sullivan, 

1996). Percent sighting frequency (%Sm indicates the percent of al1 surveys in which each 

species was recorded and is a measure of how often the species was recorded. Observed 

values range from 0-100%. ). Variables are defined as follows; s = single, f = few, m = 

many, a = abundant and n = the total number of rover diver surveys. 

(Equation 2.1) 

The density score (DEN) is a weighted average index caiculated for each species based on 

the frequency of observations in each of the ubundance categories. This index ranges from 1 

to 4 and is representative of the abundance category most often recorded for a given species 

when it waï observed (Schmitt ünd Sullivan, 1996). Variables are defined as follows; s = 

single, f = few, m = many, a = abundant and n = the number of surveys in which a particular 

fish species was observed. 

( s x l ) + ( f  ~ 2 ) + ( m x 3 + ( a x 4 )  
DEN = (Equation 2.2) 

Abundance scores are an index that can range between O and 4. This measure takes into 

account density, frequency of occurrence, and zero observations (Schmitt and Sullivan, 

1996). 

Abundance = (DEN x %SF)  (Equation 2.3) 

Fish transect und rover diver field data are avüilable in Appendices 1 D and 1 E, respectively. 



2.3 Resulîs 

A total of 60 coral line transects with 53 1 coral heüds, 268 algae quadrates, 10 fish 

rover dives and 50 fish belt transects were conducted at 5 sites on the Horseshoe Reef (Fig. 

2-1 and Table 2-1)- Two sites were surveyed at shallow depth ranging from 1-5 meters (sites 

B and D) and three sites were surveyed in the deeper water ranging from 8-15 meters (sites 

A, C, and E). Weather conditions were good during rnost survey dives with approximately 

20-25m estirnated horizontal visibilities. 

Corab Coral assemblage at the Horseshoe Reef is represented by 16 coral species 

dominated by Montastreas annularis (31 %), Porites usreroids (23%), Porites porites (23%), 

Montastreas faveolara (5%), Milleporu complunaru (4%). Colpo fphyllia natans (2%) and 

Siderastrea siderastreu (2%) which account for 90% of al1 corals (Figs.2-2a to d and Fig.2- 

3). Shallow sites are represented by only 9 coral species dominüted by Porires asteroides 

('2 %), Montastreas ann d a  ris (2 7%)- Porites porites (2 1 %) and Millepora cornp lanata 

(10%), and standing dead colonies of Acroporu pufi~ruru (9%) accounting for 95% of al1 the 

corals at shallow sites (Fig. 2-2a to c and Fig.2-3). Standing dead colonies of Acropora 

palmara are recognisable by their characteristic colony shape (Fig.2-2c) and are only present 

at site B. The reef crest is now characterised by dead Acroporu pcrlrizutu pavement largely 

encnisted by crustose corailine algrie and colonised by Miflel~orcc and scattered colonies of 

Porites (Fig. 2-2b). Deeper sites are represented by 15 coral species dominated by 

Montastreas annularis (34%), Poritcs porites (Z4%), Porites asteroicles ( 1 7 % ), Montastreas 

faveolazu (7%), CoZpolplzy flia natuils (4%) mtd Siclc.rusrrea siclerastrea (4%), accoun ting for 

90% of d l  the corals at deeper sites (Fig.2-2d and Fig.2-3). The Horseshoe Reef is 



Figure 2-2: Undenvater field photogrdphs illustraiing the characteristic coral assemblage at 
shallow and deep sites on the Horseshoe Reef. Photos a-c illustrate the shallow 
fore reef community; photo b illustrates the Millrpom dominüted reef crest and 
photo c illustrates standing dead colonies of  Acropora palmata. Photo d 
illustrates chiiricteristic deeper fore-reef coril  assemblage dominated by 
Montastraea colonies. Photo e illustrates an encrusting tunicate on a Porites 
asteroidei. Photo f illustrates a macro algae dominated quadrite from the deeper 
fore-reef zone. *Abbreviations represent the following; Tunicate (T), Corailine 
algüe (C), Dictyorri spp. ( D ) ,  Hditiiedcl spp. ( H ) ,  Acroporcl pulmcitu (AP). 
Milleporci spp. ( M I ) .  Mrmrcrstrr<i wz~1irkiri.s- (MA), Monrusrreu fuveolata (MAF), 
Parires porites (PP), Porifes ccswroides (PA). 





Figure 2-3: Distribution o f  coral species composition on shallow and deeper fore reef areas 
o f  the Horseshoe Reef. 



Deep sites (8-15m) 

All sites 



Figure 2-4: Size frequency distribution of the three major reef building coral species on the 
Horseshoe Reef; a) Monrczsrruecc annukrris, b )  Porites as~reoides and c) Porires 
porires. Only corals greater than 25 cm were surveyed. 





Table 2-1: Summary of the AGRRA data collection and survey site iocations on the 
Horseshoe Reef. The average corai cover value is given with standard error on 
the mean in parenthesis. 

Table 2-2: S u m m q  of the AGRRA coral survey results from the Horseshoe Reef. Average 
values are followed by the standard error on the mean in parenthesis. The 8 
standing deüd, bleüched and diseased colonies represent a count of the frequency 
of occurrence. 



water # benthic 
site Lat/Long depth (m) transects # corals / transects coral cover (%) 

12°38W).48"N 
A 6 1020'56.88'' W 12 I I  108 42 (2.6) 

12°38üû.48"N 
B 6 l"20'56.88"W 4 14 1 09 29 ( I -6) 

12O37'48.06"N 
C 6 I O 2  1 ü4.02"W 9 I I  104 44 (2.3) 

1 2°387ï8.58"N 
D 6 1°20'55.38"W 3 13 1 09 32 (1.4) 

12O38'08.58"N 
E 6 l02O54.46"W 1 1  I I  10 1 29 (2.6) 

Shallow - 3 5  3 3 313 30 (1.1) 

Deep - 1 1  27 2 18 38 ( 1.2) 

# coral recent old total 9% standing % % 
site corais diameter mortality mortality morîaiiq dead bleached diseased 

(cm) W) (%) (9%) colonies colonies coionies 

E IO1 50 (3.0) 2.0 (0.7) 32 (2.7) 32 (2.7) O 9 -9 5 -9 

Shallow 21 8 59 (2.3 1.9 (0.5) 25 (1 -8) 3 1 (2.0) 4 2.3 1 -4 

Deep 3 13 56 (2.0) 1.8 (0.4) 25 ( 1 -4) 30 (1.5) 0.3 10.5 3.8 



Table 2-3: Sumrnary of the AGRRA aigae and coral recruitment and Diadema survey results 
frorn the Horseshoe Reef. Average vaiues are followed by the standard error on 
the mean in parenthesis. 

Table 2-4: Incidence of black band (BBD) and yellow band (YBD) disease infection on 
susceptible corcil species on the Horseshoe Reef. Nurnber of colonies infected 
followed by the total number of colonies in parenthesis. 



# % % % macro height recruits Duzdema 
site quadrates macro turf corailine (cm) (#/&) (#/100m2) 

I 54 48 (4.0) 14(1.6) 38(3.4) 1.7 (O. 1) 4-7 2 

E 52 24 (4.0) 28 (3.8) 39 (4.0) 2.1 (0.2) 2-8 O 

Shallow 1 09 17 (2.2) 29 (2.4) 54 (2.8) 1.8 (0.1) 5.0 5.1 

Coral species 
usuall y 

affec ted by 
the BBD 

Coral species 
usually affected 

by the YBD 

Montastraea annularis 
Montasrraea fuveolata 
 on tastraea fran ksi 

Montastraea &ventosa 
Siderustrea siderea 
Colpophyl lia narans 

Diploria strigosa 
Diploria labyrinth.$onnis 

TOTAL 
Montastraea annularis 
Montasrraea faveolata 

TOTAL 

shallow sites 
0 (59) 

deep sites 
O (106) 

- - - 

a11 sites 
O (165) 



characterised by an average live corai cover of 3595, with cover ranging between 29 to 44 % 

for the five surveyed si tes (Table 2- 1). The average live coral cover is similar for both depth 

zones (F= 1.742 1 ; df=1.3; p=0.2786). Coral colonies in the fore reef are dominated by small 

coral colonies with an average diarneter of 58 cm r a b l e  2-2). The size frequency 

distribution for the three major reef building corals. Mon~astruea annularis, Porites asteroids 

and Porifes porifes are skewed towürd smaller colonies (Fig. 24) .  Larger Porites porites 

banks and Mmtastruea colonies are also present. but relatively uncornmon. Coral 

recruitment üverages 2 recruits/m2, with an üverige of5/ni2 in shallow sites and less than 1 

recruitlm2 in deeper sites (Table 2-3). 

Corals on the Horseshoe reef have an averrige of 2% recent cord monality and an 

average of 25% old coral monality (Table 2-2). The avemge recent and old monalities are 

similar for both depth zones (T=342l6; p=0.74 and T=34190; p=0.92). The frequency 

distribution of recent mortülity shows ihat alnlost al1 corals have less than 10% recent 

mortality and is similar for both shallow and deep sites (Fig.2-5a and b). The frequency 

distribution of old monality shows a widcr variability of distribution for d l  clüss range, with 

a greater number of old-mortality in the 0- 1 0% (Fig2-6ü and b). The encrusting white 

tunicate (Fig. 2-2e), Trididetrirrwi s~lidui~i is also prescnt ai aII of the AGRRA sites. The 

corais partially encrusted by this organism are evüluatcd as part of the old monality. This 

organism is mainly encrusting the Poriirs, Moritcrs?r<rrc< <rird occasionü~iy Milleporri. In total 

the tunicate encrusts 55 of the 532 surveyed coral colonies. 

Relatively low incidence of corül disease is present on the Horseshoe Reef, with less than 3% 

of affected colonies (Table 2-2). Diseases encounrered are the yellow band disease 



Figure 2-5: Frequency distribution o f  the % recenc nionaliiy on the a) shallow fore reef and 
b) deeper fore reef sites of the Horseshoe Reef. 





Figure 2-6: Frequency distribution of the % old rnonality on the a) shallow fore reef and 
b) deeper fore reef sites of the Horseshoe Reef. 





affecting 4% of star cords and the black band disease affecting 2% of massive corals (Table 

24). The black band disease is only present at site E and the yellow band disease occurs at 

al1 sites but site C. Relatively low incidence of coral bleaching is also observed with less 

than 3% of colonies affected (Table 2-2). No complete bleaching is observed but paie 

discoloured corais and partially bleached corils are present. Deeper sites account for 10% of 

al1 the bleaching while the shallow sites account for oniy 2% of the bleaching (Table 2-2). 

Algae/.iadema- AIgd communities at the Horseshoe Reef are dominuted by crustose 

coralline dgae with 45% cover, followed by rnricro algrie at 32% and turf algae rit 23% 

(Table 2-3). The shallow fore-reef sites are dominated by crustose cordline algae, while the 

deeper sites are mostly dominated by mücro dgae (Tible 2-3, Fig. 2-2e). The presence of 

calcareous algae of the genus Halimeda largely dominates the macro alga cornmunities. 

Average canopy height for macro algae on the Horseshoc Recf is 1.6 cm. The rnacro dgae 

height is similür for both shüllow fore-reef and deeper fore reef sites (T = 4640; p = 0.63). 

The sea urchin Diudema is relatively uncomnion on the fore reef areas of the Horseshoe 

Reef, with an average density of 2.4 individuüld m' (Table 2-3). Dic~dernrz are rare at the 

deeper sites with 0.6/10Orn2 but slightly more cornrnon with 5.111 OOm' at the shallow sites 

(Table 2-3). 

Fishes- The fish assemblage on the Horseshoe Red is dorninrited 

from the Scaridae (parrotfish) and Acanthuridrie (surgeon fish) fam 

by herbivorous species 

ilies present in moderate 

densities of 17-59individuals/100m? and 2-14individu~ls/100m'. respectively (Table 2-5). 

Commerciall y valuable fishes (e.g. groupers, snappers, grunts) are present in l ow densities of 

0-1 individuals/100m' and are reluiivel y srna11 in size (Tablc 2-5). The average diameter of 



Table 2-5: Composition and abundünce of fish species from the roving diver survey at the 
Horseshoe Reef. Species are listed in order of decreasing frequency. 
"***" indicates the frequent species (170% sighting frequency), "**" indicates 
the common species (70%<x>20% sighting frequency), and "*" indicates the 
uncommon species (120% sighting frequency). 



36 SIghUng % Sjghtlng 
Fish Species frequency Oensity Abundance Rsh Spectes frequency Density Abundance 

"'Yellowtail Damselfish 

"'Yellow Goaîfïsh 

"7mm peffish 

mStoplight Parrotfkh 

"'Redband Parrofis h 

"'Clown wrasse 

-'Brown Chrornis 

-Mue Tang 

-Blue Chromis 

-Yellowhead Wrass 

Threespot  Damselfish 

-Sharpnose Puffer 

-Mahogany Snapper 

-Longspine Squirrelfish 

-'Creole Wrasse 

"'Btuehead wrasse 

w'Bicolor Darnselfish 

mYellowtail Harnlet 

'-RedlipBlennie 

-'Queen Parrotfish 

-'Princes Parrotfish 

"'Ocean Surgeonfish 

"'Creole-fish 

-'Striped Parrottïsh 

n'Smallmouth Grunt 

"'Sergeant Major 

"'Puddingwife 

'**Masked/Glass Goby 

mFrench Gnint 

'-Foureye Buttefiyfish 

"'Banded Butterfiyfïsh 

"Greenblotch Parrotfish 

*'Grays by 

-Bridled Goby 

-YelIowtail Snapper 

"Spotted Dnim 

"'Glasseye Snapper 

"Dusky Darnselfish 

-Doctorfish 

-Smooth Tmkfish 

"Queen Angelfish 

"Orangespotted Filefish 

"Orange filefish 

"Harlequin Bass 

'Spotted Moray 

'Spanish Hogfish 

'Slippery Dick 

'Shy Harnlet 

'Sand Diver 

'Red Hind 

'Cocoa Darnselfish 

'Bluestriped Grunt 

'Barred Harnlet 

'Bar Jack 

'Yellowmouth Grouper 

'Yellowcheek Wrasse 

'To baccofis h 

'Spotted Eagle Ray 

'Spoffin Butterflyfish 

'Southem Stingray 

'Siender Filefish 

'Sharptail Eel 

'Scrawied Filefish 

'Schoolmaster 

'Rock Hind 

'Rock Beauty 

'Redtail Panotfiçh 

'Redfin Parrotfish 

'Rainbow Runner 

'Majorra,Yellowfin 

'Longjaw Squirrelfish 

'Grey Snapper 

'Great Barracuda 

'Fairy BassIet 

'Coney 

'Ce ro 

'Bucktooth Parrotfïsh 

'Bfackbar Soldierfish 

'Black Durgon 

'Beaugregory 



Table 2-6: Density and totd lengih of fish families Croni the AGRRA belt transect surveys at 
the Horseshoe Reef. 



Family : Surveyed species (number of observations) 

AngeZfih : French - Pomacanthus par (O) 
(Pomacanrhidae) Gray - Pornacanthw arcuatus (O) 

Rock Beauty - Hofocanritus rricolor (0) 
Queen - Holocanthus ciliarus (2 )  

Butte flyfwh: Foureye - Chaefodon capistrarus (8) 
(Chaetodontidae) Banded - Cfraerodon srriants (9) 

Spot fin - Cltuerodon ocellatus (1) 
Reef - Chaerodon sedentarius (0) 
LongSnout - CIzaerodon aculeatus (O)  

Grunt: Porkfish - Ankotremus virginicus (O) 
(Haemulidae) White - Haemulon plumieri (0) 

Bluestriped - Haemulon sciunls (1)  
French - Haemulon flavolineatu ( 2 )  
Tomtate -Haemulon aurolinearu (O) 
Smal 1 mouth - Haemulon chrysarg_vrerirn(5) 
Caesar - Haetnulon carbonarium (O) 
S panish - Haemu [on macrosromum(0) 
Sailors Choice - Haemulon parra (O) 

Parrotfih: StopIight - Sparisom virid (323) 
(Scaridae) Redfin - Sparisoma rubripinne (0)  

Redband - Sparisoma aurofrenatum (1 77) 
Princes - Scarus raenioprerus (138) 
Suiped - Scants croicensis (1  14) 
Queen - Scarus verula (156) 
RedtaiI - Sparisoma chrymptertun ( 1  0) 
Midnight - Scants coelesrinris (0) 
Rainbow - Scanls guacamaia (0) 
Greenblotch - Sparisoma atomarirrm (64) 
Blue - Scanls coelruleris ( O )  

Seabuss: Tiger - Mycreroperca rigris (0) 
(Serranidae) Red Hind - Epinephelus grirtarirs (2)  

Graysby - Epinephelus cruenfafus (6) 
Nassau - Epineplzelus striarus (0) 
Black - Mycreroperca bonaci (0) 
Rock Hind - Epinepltelus adscensionis (O)  
Coney - Epinepltelusfrrlvus (O)  
Yello w fin - Mycteropercn venenosa (O)  

1 Y ellow mou th -- ~ ~ g e r o ~ e r c a  inrersfitialis (O) 
Snapper Schoolrnaster - Lurjanus apodus (0) 
(Lu tjanidae) Gray - Lrttjanus griserts (0) 

Mutton - Lrtrjanrrs analis (O)  
Mahogany - Lurjanus mahogany (O) 
YeIlowtail - Ocyurus clrrys~tr~ts (2) 
Lane - Lutjanus qnagris (0) 
Cubera - Lutjanus cyanoplents (0)  

Surgeon fislz Ocean - Acanthurus bahianus (64) 
(Acanthun'dae) Doctorfish - Acantiurnis chirurgus (8) 

Blue Tang - Acantltrrr~ts coeni&us (2071 
Leaf /tejacket Queen Triggerfish - Balistes verula (O) 
(Balistidae) BIack Durgon - Melichthys niger (1) 

Orangespotted Filefish - Canflterines pullus (5) 
Other Yellowtail Damselfish - Microsputhodon chrysuns (100) 

Spanish Hogfish - Bodianthus rujk  (61) 
Great Bamcuda - Sphyraena barracuda ( 1 )  
Bar Jack - Caran  rubber (O)  
Blue Runner - Caram cirrysos (0) 
Hogfish - Lachnolaimus rnuximcrs(0) 

length (cm) 1 Density (/100m2) 1 



commercial fish families range between 1 6-29 cm in totai length (Table 2-5). A total of 8 1 

species of fishes was recorded during the 10 rover surveys ( =7 hours) on the Horseshoe Reef 

(Table 2-6). Of those species, a total of 3 1 are frequently observed, 14 are commonly 

observed and 36 are uncornmon (Table 2-6). 

2.4 Discussion 

The use of the AGRRA methodology enübles us to evaluate the ~ r e s e n t  condition of the 

Horseshoe reef using standard and quantitative indiclitors of reef condition, The first section 

will provide an interpretation of the merisureci indicators of coral condition and will conclude 

with a b i e f  and qualitative cornparison with other AGRRA surveys conducted in the 

Caribbean and the Gulf of Mexico (Fig.2-1). The preliminary summary results of these 

Caribbean surveys are presently available on the AGRRA website (AGRRA, 2000). It must 

be noted that a database is presently being constructed to compile the survey data and start 

looking at regional trends. The second section is a discussion of the temporal changes 

observed on the Horseshoe Reef since the preliminury survey by Lewis (1 975). 

2.4.1 Interpretation of AGRKA survey resul ts 

Corais- The Caribbem reefs are mainiy characteriseci by the presence of six sclernctinian 

genera (Acroporu, Monrasrreu, Porires, Diploria, Si&rc~s~rec~ and Agaricin) and one 

hydrozoan genus (Millepara), these contribute to as much as 90% of the coral biomass 

(Milliman, 1975). The coral cover in the Western Atlantic reefs typically reaches a 

maximum of approximately 30% (Mumby rr al., 1998a). The Horseshoe Reef has an average 
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coral cover of 35% and is represented by a total 16 c o d  species with fewer cord species 

present in the shdiow fore-reef. The main reef builders of the Horseshoe Reef are thus 

Montastreas spp. in the deeper fore-reef and Porites spp7 in the shallower fore-reef. The 

coral assemblage and coral cover on the Horseshoe Reef are t ypical of high energy windward 

Caribbean reefs. The relatively greater corai diversity in deeper waters may be due to a more 

constant environment than those at shdlower depths where physical and biological 

disturbances are more pronounced (Bak and Nieuwltind, 1995). 

The coral size distributions typicrilly show mriny srnidl colonies, however, numbers 

decreae down to zero in the Irirgest colonies whcre rnortality puts a limit to size (Bak and 

Meesters, 1998). The size distribution of comls in a population results from two processes; 

individual coIony growth in size and population dynnmic in terms of colony size (Bak and 

Meesters, 1998). Coral populations at degraded sites typically show negatively skewed 

distributions (having fewer smüll colonies), this implies an ageing population without 

juvenile replenishment (Brik and Meesters, 1998). The size frequency distributions for the 

three major reef building corai specics on the Horseshoc Rccf rire skewed toward smaller 

diâmeter colonies with most of the corrils being sinaller [han 1 00cm (Fig. 24) .  Fewer large 

coionies of Monrrrsfr~.recr rrnndriris ( 1 10- 150~111) and Porires ptrires banks ( 1 10-300cm) are 

also present (Fig. 2-4). The positively skewed size distribution of the main reef building 

corals of the Horseshoe Reef is an indication of il "herilthy" rcef system with adequüte 

juvenile input. 

Partial mortality is ri dominant process in larger corrils while total mortality is more 

frequent on the smüller size corüls (Hughes, 1989). The regeneration capacity of living 



coral tissues is limited with srnail lesions having a better chance of recovery (Meester et al., 

1997). A higher than average number of lesions on coral colonies may be indicative of 

changes in the environmental conditions and the colonisation state of these lesions may also 

provide an indication of the time of occurrence of certain past events (Meester er aL 1997). 

Partial old coral mortality on the shallow ünd deep fore reef areris of the Horseshoe Reef is 

moderate. Recent mortdity is also low in these areris. The rnost common observed sources 

of recent mortdity are darnselfish algül ggardens, predation by CorulhphiZu ahhreviutrr, fish 

bites and spatial cornpetition with algae. Consequently the iow rate of recent mortality is 

here an indication that the Horseshoe Reef hns not suffered from any major recent 

disturbance events. 

C o d  reef bleaching is a common stress response of c o d s  to many anthropogenic 

and naturd disturbances (Glynn, 1996). Bleaching occurs when the densities of 

zooxanthellae decline and/or the conceniration of phoiosynthetic pigments within the 

zooxanthellae decrease. if the stress-cüusing bleaching is no1 too severe and decreases in 

time, the affected corals usuülly regain their syiiibiotic algue within several weeks or a few 

months (Glynn, 1996; Wilkerson ef cri. 1988). No complcre bleaching of coraIs was observed 

during our survey but corals appeared 10 be rccovering h m  prcvious low/moderüte 

bleaching events, possibly from the 1998 Cai-ibbean wide bleaching, as indicated by with the 

presence of pale discoloured and patchy bieached coraI colonies. Shallow reefs often have a 

higher rate of bleaching thün deeper coials (Gl ynn, I 984; Bak and Nieuwland, 1 995). 

Although moderate on the Horseshoe Reef, bleaching was more prevalent on coraI colonies 

Iocated at the deeper sites (8- 15 m). Greatcr blcxhing ar dccpcr reefs in the Bahamas was 



related to topographie features of the reef subjecting coral to warm downwelling currents 

(Lang et al., 1988). Some depth-relrited bieriching patterns müy also reflect varying 

sensitivities of distinctive zooxanthellae genotypes within and among host species at 

different depths (Rowm an Knowlton, 1995)- Monrcmrea crrzrzulrris has been observed to be 

more susceptible to bleaching than other coral species (Meesters and Brik. 1993). Higher 

bleaching at deeper sites of the Horseshoe Reef may be explained by the greater abundance 

of Montastrea annularis on the deeper fore reef sites or simply by.the greater abundance of 

macro algae causing local bleuching. 

The variety and frequency of diseases in coral reef organisms have increased across 

the Caribbean during the last 10 yerirs (Goreriu el cd . ,  1998). Black band disease (BBD) is 

characterised by a crescent shaped band ot'drirkly pigmented filaments that sepürrites white 

denuded skeleton from living corn1 tissues (Bruckner cr al., 1997). The BBD is an infection 

caused by the cymobacterium Ptzc~n~lidiur~r u~rcrll-v~icurtl (Rutzler er cd., 1983). it has been 

observed on massive Füviidae corils throughout the Ciiribbciin (Rutzler et cil., 1983) as well 

a!! in the Indo-Pacific and the Red Seü. In the tropical western Atlantic, susceptible species 

include the bmin coraIs Dipforicd srrigosci, D. krhyrirrrhi~~rrni';, Colpoplîyflicc nucuns, and the 

star corcils Montastraea cavernosu, M. crnrtukrris, M. frtrrrksi, and M. F~tveolatu (Edmunds, 

1991). Infection rates increase during würm water condilions with disease activity optimal 

at/or above water temperriiures of 25°C and typically disappearing during the winter (Rutzler 

er al. 1983). It has been suggested thai turbulence plays an inicgral role in lirniting disease 

activity by reducing the settlement of the filanientous algiic and bacieria (Kuta, and 

Richardson, 1996). Aggregared distribution of BBD was observed on the  ort th Coast of 



Jamaica (Bruckner et al., 1997) and in the northern Florida Keys (Kuta and Richardson, 

1996) but was random on the reefs of the US Virgin Islands (Edmunds, 199 1). The few 

quantitative surveys on the BBD show that less than 2% of Caribbean corals are infected 

with BBD (Edmunds, 1991). The yellow-band diserise (YBD) is a condition that affects 

massive heads of Montastrueu fuveoiu~u and less commonly of Montastraea annularis 

(Santavy and Peters, 1997). The YBD begins as an irregularly shüped blotch of lightened 

yellow coloured tissue on the surface of the cord (Fig. 1 -5b). As the disease progresses the 

tissue in the centre of the patch dies and the area fills with sediment and algae resulting in a 

band of yellow tissue around the enirirging sediment patch (Santavy and Peters, 1997). The 

YBD has been noted in many Caribbean si tes and is an important predecessor to mortality of 

the reef building M. arznuluris in much of the rcgion (Goreriu er d., 1998)- Very few 

susceptible corals on the Horseshoe Reef were riffected with the BBD and YBD at the time of 

the survey. Coral colonies affected by the BBD were prescni at only one of the deeper sites, 

suggesting a clumped distribution. The shüllow fore-reef arca of the Horseshoe Reef is a 

high energy environment, which may limit the developincnt OC the black band disease to 

quieter sites. The low incidence of diseases is an indication that the cor& on the Horseshoe 

Reef are in good condition, 

Algae/frsh - On tropical reefs, the abundünce of rilgae is commonly maintained at a low level 

by grazing fishes (especially by prirrotfish, surgeonfÏsh. and damselfish) and by a host of 

grazing invenebrates (echinoids, mails, cmbs and smdl crustaceans) (Lewis. 1986). 

Coralline ülgae plays an important rolc in reefaccretion pi-oczsscs and stabilisation of 

substrates (Vine, 19741, they cün typically withsttind conditions of higher hydrauIic and light 



energy thm corüls and have a tendency to dominate the sufixe of many reefk on wave- 

exposed windward coasts (Macintyre, 1997; Bosence. 1983). Modemte to high levels of 

grazing by fishes and invenebrdtes ülso hvour coralline dgae dominance over filamentous 

turf algae (Steneck 1985). Grazing by herbivorous fish typically reduces the abundance of 

macro alga species that have a superior overgrowth abilities and also maintains a tropical 

benthic assemblage dominated by idgai turfs and crustose cordine dgae (Lewis, 1986). The 

shallow sites on the Honeshoe Reef are charücterised by dead coral substratum largely 

encrusted by crustose coralline while the deeprr sites arc macro algae dominate. 

Until the eÿrly 1980s. Dimhra was the primary grzers on  reefs especially on reefs 

subject to intense fishing pressures (Lewis, 1986). Dic~clrnza an~ilirrmnt has suffered from a 

Caribbean wide mass rnortality in 1983-83, ihis die oll'has been attribuied to a waterborne 

pathogen transponed by ocean currenrs (Lessios et al., 1984). Since the Dicdetnn die-off 

fishes are now grrizers of primu-y imporionce on mosc tropical reefs (Hay, 1984). The long 

spined black sea urchin Diudernu cinrilltiru~~r is present in low densities in the shallow sites 

and cornmonly absent from the deeper sites of the Horseshoe Reef. Dicrdernn anrillururn is 

presently not a major contributor to the grazing on the fore-reef areas of the Horseshoe Reef 

but no comparative daiü is availüble from belore the die-on' period. 

Phase shift from coral/invertebrate dominaied to ülgar dominaied communities has 

been well documented in Jamaica (Hughes, 1 994) and elsewhere in the Cari bbean (Done, 

1992). Macro algae compeie with sessile rcef invertchraies for space. relaxing herbivorous 

grazing pressure can ultimately result in ~ h c  dcinisc OS coril communiiies (Hughes. 1989; 

Hughes et al., 1987). Macro algar cün casily ovcrgrow sriiallci- algal turfs. crustose 



corallines and Porites colonies (Lewis. 1986). It is clear that algal community structure is 

greatly affected by the specuum of griners on un individual reef, and in turn, fishing pressure 

that can significantly alter the type of graing pressure (McCLanahan and Muthiga, 1998). 

The massive reduction in Dicidema untillurum abundance (Lessios et al., 1983; Bak and 

Nieuwland, 1995) combined with the reduction in fish grrizers due to over fishing are 

frequently cited as causes of macro aigüe dominance (Hay, 1984 and Done, 1992). Fish 

grazing normalf y decreases with depth since deeper areas are less structural1 y complex and 

Ieaves herbivorous fishes more exposed to attucks by predatory fish (Hay, 1984; Lewis, 

1986). Fish grazing was not meüsured in this survey hui we observed moderite to high 

densities of herbivorous fishes at both the shallow and dccp tore reefsites of the Horseshoe 

Reef. Nevertheless, fish grilzing must bc of some imporiance since the macro d g a  

=semblage is dominüted by g r u e  resistant HcdNmdc~ species. The low densities of Diudema 

and the typicülly lower grazing by herbivorous fishes in the deeper fore-reef areas of the 

Horseshoe reef may explain the macro algüe dominance al this depih zone. 

An encrusting tunicate, Trididerrziru~i .solid~uri, was observed overgrowing many coral 

colonies at ail of our study sites. Trididerrinuri .so/idi~nt is regarded as a common cornpetitor 

for spüce on Caribbean reefs. The tunicate colonies grow i-iipidly as thin sheets over turf 

covered rocks (l3crn14wk) and sclerrictinian coi;ils (2.8çm/3wk), but with a much slower 

growth rate when in spatial competition (Bak trl., 198 1 ). They art: commonly found in 

water depth ranging from 1 -5 m 10 34 m becüuse they hvsi uniceIlulrir endosymbiotic algae 

that lirnit their distribution to the photic zone (Brik el cd., 198 1). Cornpetitive overgrowth by 

organisms such as T. solidunz may be influencçd by environniental perturbations that reduce 



the efficiency of affected organisms to defend themselves. Possibilities of dispersal of 

T. solidurn are low, but in a sufficiently dense population, maintenance potential is high 

because o f ;  relatively high mobility of the colonies over the substratum (division, budding. 

fusion and rapid growth), effective cornpetition for space, low predation pressure and high 

regeneration capacity and long life-span of colonies (Bak er cd . ,  198 1 ) .  Bak and Niewland 

(1995) hypothesised that an increase in abundiince of ibis species rnay be related to 

eutrophication. An increased level of nutrients in coastd zones favours the growth of benthic 

algae, and promotes the development of phytopIankton and zooplrinkton, the latter being food 

supplies for the ascidians. Lewis (1975) did iioi note the occurrence of T. .soiid~4m in the 

Tobago Cays. An increasing abundance of this species on the Horseshoe Reef may be 

indicative of greater nutrient supply to the reef organisms. Nevenheless, rnacro algae 

abundance on the deep fore-reef sites of the Horseshoe Reef is relatively high but is mainly 

composed of g r u e  resistant macro algae of the genus H t r l N w c l c ~  with a lesser abundance of 

fleshy macro aigae (e-g. Dic-ryorcr .spp). Densr stands of- H ~ l l i t w d c ~  ;II'(: competing for space in 

the deep fore-reef sites of the Horseshoe Reefünd iu-e observed overgrowing cordls and even 

causing sorne local bleaching. Several eco-physiological tkatures distinguish fieshy macro 

algae from calcareous macro algae, In calcareous aigrie, phorosynthesis is coupled with the 

deposition of calcium carbonate skeleton (Littler, f 976), a charric~eristic that reduces the 

susceptibility to predation (Lewis, 1986). According io Dclgrido and Lapointe ( 1994), fleshy 

macro algae are nitrogen and phosphorus lirnitcd while calcarcous macro algae are not. This 

suggests that nutrient enrichment would enhance the productivity of fleshy algae to a greater 

extent than that of calcareous algae. Along coastlines experiencing increased eutrophication 



it was found that the calcareous algae are often overgrown by more opportunistic 

58 

fleshy 

forms (DeIgado and Lüpointe, 1994). The predominance of the calcareous macro algae over 

fleshy macro dgae at the deeper sites and the dominance of coralline algae at the shallow 

sites are suggesting that the Horseshoe Reef is not suffering from significant nutrient 

enrichment but should be closely rnonitored. 

There are only a few field studies on Iarval settlement, substrate selection and 

survival of young corals (see references below). These studies indicate that a period of 

substrate conditioning is required to let favourable dgai conimuriities get established over a 

suitable surface for Iürvd settlement (Pearson, 198 1). Cord larvae are unlikely to settle and 

survive on fleshy and filumentous algae covered substrates (Pearson, 198 1). Under normal 

conditions of intense grazing by fish and echinoids. these unfavourable dgüe are replaced by 

grazing resistant crustose cordline algae, which appear to be a more suitable substrate for 

coral settlement (Pearson, 198 1 ). Studies on artiftcial substrates have also indicated that 

herbivorous fish grazing increases coral recruitn-ient and etlrly survivorship (Birkland 1977, 

Brock, 1979). Fleshy rnacro rilgae dominance lcads to the reduction of the calcification 

processes on reefs and rnay also lead io cord niortality and rcducfion in recruitment (Hughes 

et al., 1987). The number of coral recruits averages 5 recruitslm' in the shallow sites 

compared to less thrin 1 recruit/m2 in the deeper sites on the Horseshoe Reef. These results 

can probably be expiüined by the lack of f'rivourable set il ing si tes in the deeper fore reef, 

most likely caused by the predominance of macro algae dominritcd substrates. 

Fishing has caused massive ceducrions in ihc dcnsity of piscivorous fishes on reefs 

throughoui the tropics. Increased fishing pressures may tilso have a significant effect on the 
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size composition of certain species since heavy fishing targets Iarger individuals of both 

carnivorous and herbivorous species (Roberts, I 995). G r i i n g  fishes typically represent 

dominant components of the herbivorous guild on relatively undisturbed Caribbean reefs 

(Hay et al. 1983; Hay, 1984). The fish assemblage on the Horseshoe Reef is cleuly 

dorninated by herbivorous scarids ruid scanthurids. Commercially valuable fish species are 

present in low densities (S 1/100 m2) and are relaiively smüll in size (16-26 cm). The fishing 

effort on the Horseshoe Reef is probably mainly targeted rit the larger commercially valuable 

species (e.g. groupers and snappers) but not at the herbivorous fishes. The low abundance 

and small size of commercially valuable species is here ü good indication of the effect of 

over fishing. 

Other AGRRA surveys - During the 1998-99 AGRRA campriign, reefs were surveyed in 

Venezuela, Bonaire, Cayrnan Islands, Turks and Caicos, Cuba, Belize, Honduras, Bahamas, 

Mexico, Flower Gardens, Netherhnds Antilles (northern) and S teVincent (this survey). 

Reefs of the Flower Gardens, Los Roques, Venezuela, and Bonaire are in very good 

condition with al1 areas having high (40-50%) coral cover, large coral sizes, low rnacro dgae 

(~20%). low recent monality (~2%)~ and good representations of fkh populations. The 

majority of other areas surveyed, including the Horseshoe Reef, are in good condition but are 

showing some signs of moderate disturbances. The abundrince of herbivorous fish species is 

low in San Salvador, Bahamas, Cuba, and Mexico but moderate in rnost other regions. Low 

abundance and srnaller size of cornmercisi1 fishes were also bund San Salvador, Bahamas, 

Cuba, and Mexico as well as in St. Vincent. Moderire 10 severe coral mortality was 

observed in portions of the Bahamas and in much of South Central Belize and Honduras 



associated with the 1998 bleaching event. Extensive stands of healthy Iiving Acroporu 

palmata were found on the Andros Island Reef system. In comparison to the preliminary 

results from other AGRRA survey the Horseshoe Reef is characterised by a higher macro 

alga dominance and a lower abundance and smaller size of commerciaily vaiuabIe fish 

species. Based on the AGRRA indicators it is possible to conclude that the Horseshoe Reef 

is in good condition and can be considered as a hedthy and /or recovenng reef system (see 

Chapter 1, Fig. 1-6) showing some signs of disturbances such as overfishing and the loss of 

Acroporu pulrizcifci as a s hallow r d  bu ilder. 

2.4.2 Temporal changes on the Worseshoe Heef 

Studies on corül reef.s prior to the 1970's have been primarily qualitative, although 

many have used quadrates and various other methods to colIect the data. The Horseshoe 

Reef and the Tobago Cays have bern studied by Lewis ( 1 975. providing the first and only 

qualitative description of these reefs. The corül zonation on the Horseshoe Reef is typical of 

high energy windward Caribbean reefs (Milliman, 1975). The synoptic AGRRA survey of 

the Horseshoe Reef revealed that that most shalfow sites (1-5 m) are presently composed of 

dead A. palmufa pavement Iugely encrusted by crustose coral line algae and colonised by 

Porifes asterckks and Milleportr spp. n tm  the crest, whilc Monrtrsrrecis crnnukrris starts to 

dominate the coral assemblage as we move awrty from the crest into slightly deeper waters 

(>3 m). Standing colonies of dead A. pd~rzrrrcr arc dso prcscnl in the shallow fore reef areas 

but less common. The shrillow reet'cresi ürea (0- 1 III, exposed at low tides) was not surveyed 

using the AGRRA methodology because of its ÎnaccessibiIity. Ncvertheless some 



observations showed that it is mostly covered by MiLIeporu and dead cord pavement 

encrusted by coralline aigae and zooünthids. Deeper sites (8-1 5 m) on the reef dope are 

dominated by, in order of decreasing abundance: Montustreus unnularis, Porites porites. 

Poriies us~eruides, and Mon~ustreus f u vcoIc~tci, w i th scat tered colonies of Co Lpophylliu 

natans, Siderastreu sidereu, Montustrueu cu vern CJSCI, M o n ~ u . u e  f i ,  D@foriù strigosa, 

Agariciu agariciia, Mudrucis decuctis &ndrogyru qdii~dris, DCpIoriu labyrinrhiformis. and 

Mycetophyllia sp.. It must be noted that AGRRA only surveys the major reef building corals, 

therefore it is likeiy that some of the species nientioncd by Lewis were not accounted for in 

our 1999 survey (ex. Favirr fr~~gr~nz) .  Gorgonirins arc. ubundant in both the shallow and the 

deep fore-reef areas. The species assembiriges for the ree f crest, the shallow fore-reef and the 

reef dope are very similu those thai described by Lewis (1 975) apart from the absence of 

Iive Acroporu pulmuta from the reef crest and shallow fore-reef zones. Thus A. palmata, 

which once flourished on the shallow fore-reef and the reef crest of the Horseshoe Reef has 

now virtudly disüppeared as a reef builder. Sonie juvenile A. prrlncuta are present in the 

backreef üreü immediitely behind the reef crest (pers. obs. A. Deschamps). Secondary coral 

colonisers such as Millepcmi, Perdes and crusiose cord 1 ine algae t ypicall y encrus t the dead 

A. palmuru. The MilLeporu have s~rcjng compeli tive advrintüges and are able to monopolise 

disturbed habitats (Loya, 1976). Mi!lepnrct are immune to sclertictinian diseuses, relatively 

tolerant to severe physical disturbances aiid do iior üppcrir 10 be subject to the intense 

burrowing and bio-erosion that aflect the Sclcraciinia (Lewis. IL)89). 

Acropc~rcr pcdmcrru wrts u major r d -  builder of the wcstern Atlan tic reef systems 

(Macintyre, 1988). Caribbean windwrird reefs were commonly dominated by this species at 



depths ranging from 1 to 5 m (Adey and Burke, 1976; Adey, 1978). A decline in the A. 

palmata populations has been attributed to successional or gradua1 changes as weli as 

catastrophic events such as hurricanes or diseases (Lewis, 1984). In Barbados, A. palmata 

was abundant in the early successional stages of reef development, however, other reef- 

building fauna such as Montasrrea unnuZuris, MiZlqorcl ctimpluna~u, and corailine algae are 

now dominant (Lewis, 1984). The presence of standing deüd colonies of A. palmata in the 

shallow fore reef areas of the Horseshoe Reef is a good indication that they were not killed 

by hurncanes (Fig- 2-2c)- The Grenadine Islands are situateci south of Caribbean hurricane 

belt and have not been affected by a hurricme in the Iast 50 years. On the other hand the 

WBD has been killing the Acroporu palrna~a in the entire Caribbean region since the early 

1980s (Aronson and Pretch, 1997). The disease appears to be a bacterial infection that 

rnainly affects Acropoids but it cünnot be üttributed to any prirticular hurnan or naturai factors 

(Antonius, 198 1 ). Gladfelter (1 982) described the changes fiom the loss of A. pulmutu on the 

reefs in the Virgin Islands as causing a decrease in structural cornplexity, a decrease in Iive 

coral tissue, a reduction in carbonate deposition rate and an increase in filamentous and 

crustose algae. Throughout much of its range A. palr~icrrcr has been subject to the WBD, from 

the Florida Keys, Puerto Rico, Virgin Islands, Antigua, St. Martin, Curacao, Nicaragua, 

Panama, Bahamas, Tobago, and Berinudü (Saniavy and Yciers, 1997). The loss of Acropora 

palmcrlrc on the shüllow fore-reef is most likely expliiined by WBD killing Amporcr in the 

mid 1980s. The WBD was not observed during the 1999 survey because of the absence of 

Acroporu pulrnuta on the survey sites and therefore cannot be positively identified as the 

cause. 



2.5 Conclusion 

For the first time, the condition of the Horseshoe Reef wüs established using the 

AGRRA methodology. Using the indicators established by the AGRRA protocol, the results 

obtained from our survey suggest that the Horseshoe Reef is a relatively healthy reef but is 

d s o  showing signs of disturbances. The specific finding and conclusions of our survey are 

the following: 

1. The cord assemblage and moderate coral cover on rhe Horseshoe Reef are typical 

of high energy windward Criribbean reefs. 

2. Coral colonies are skewed totswd sii-ialfer size corals indicative of a "healthy" 

andor recovering reef systeni. 

3. Low incidence of disease, bleüching, and recent mortality of reef building corals 

are d s o  an indication thzit the reef bas not suffered from any major recent 

disturbance events and has recovered, if affected, from the major Caribbean wide 

bleaching event of the sunimer/faII of 1998. 

4. High abundance of mricro algae, low densilii-s of Dicrdeuicc, and moderate 

abundance of herbivorous fishes. The rnricro üigü assemblage is dominated by 

grue resistüct cülcrireous nlricro ülgrie (Hdinrcdcl) with a lesser abundiince of 

nutrient demanding fleshy rilgae. Dominance of mricro aigae on the Horseshoe 

Reef may be explained by a coruhinrition of possible nutrient enrichment and 

reduced herbi vory. 

5. The fish assemblage is showing signs of over fishing ~ h a ~ c t e r i s e d  by low 

densities and srnail size of comn~ercially valuable species. 



6. Standing dead colonies of A. paltnmu are indicative of past disturbance events 

since the last survey by Lewis (1975). The neür disappeürünce of Acmpora 

palmura as reef builder on the shdlow fore-reef was likely related to white-band 

diseases kiïling Acroporu in the mid 1980s. 

Establishing and enforcing fishing regulations ruid monitoring water qudity in the 

Tobago Cays Marine Park are critical steps to avoid future degradation of these reefs. The 

Horseshoe Reef is situated at 4 km from the neürest populated island and may therefore be  

considered a rernote reef. Even if the Horseshoe Reef is relatively isoiated from direct 

human influences, the most likely factors responsiblc !or ~ h c  degradaiion of these reefs are 

over fishing and the discharge of rüw sewiige by visiting ysitches in the bitck reef area of the 

Tobago Cays. Becciuse of the absence of'earlier quantitative surveys on the reef.5 of the 

Tobago Cays we cm only speculüte on the possible causes of the observed changes and/or 

degradations. This AGRRA survey witI serve as adequate biiseline information from which 

to measure future changes in reef condition through tirne and evaluate the management 

efficiency of the recently estüblished marine park. 



CHAPTER 3: The Use of Colour Aerial Photography to Map Coral Reef 
Habitats in the Shallow Waters of the Tobago Cays Marine Park, West 
Indies. 

Abstract 

The Tobago Cays are part of a string of smdl  islands called the Grenadines located 

between &Vincent and Grenada in the Lesser Antilles. They consist of four small islands 

protected by a semi-circular biink barrier reer, the Horscshoe Reef. Limited information is 

available on the reefs of the Tobago Cays. and. this study represents the first marine habitat 

map created for these shallow tropical wüter environments. A digital thematic map of the 

shallow marine habitats surrounding the Tobago Cays and the Horseshoe Reef was created 

using archived colour aerial photographs and standard remote sensing image processing 

techniques. True colour aerial photographs were digitised. georeferenced and rectified using 

ground control points and a second order polynomial transformation. A mosaic was created 

to cover the entire study area using seven aerial photographs. A linear stretch of water areas 

was done to facilitate the identification of benthic features. Masks were created to remove 

unwanted areas from the classification (land, deep wüter 210 m. boats and high surf areas). 

Ground thruthing and testing data were collected using a standard reef assessrnent 

methodology and benthic classes were derived object ive1 y using agglomerative hierarchicai 

classification of field data. Supervised classification of the Tobago Cays was done using the 

field derived benthic classes, the final thematic map comprises of 8 classes with an overall 

accuracy of 87% and a Kappa and Tau coefficients (other estimates of o v e r d  accuracy) of 



85%. Producer and user accuracies of individuai ciasses range between 53% and 100%. The 

deep water class was most commonly confused with the mixed coral community at depths 

greater than 4 meters. This confusion was mainiy attributed to the variation in water depth. 

The mixed coral community, the rnacro a@ dominated, the seagrass dominated and the dead 

coral substratum classes were occasionaiiy confused. This confusion may be attnbuted to the 

similarity in their spectral signatures since dl of these classes have components that contain 

photosynthetic pigments. The main sources of errors in this study are f r ~ r n  the discrepancy 

in the date of the aenal photogrüphs survey (1 99 1 ) and the field survey (1 999)- the non- 

availability of differential GPS, and the restriction to one field survey session. Our results 

suggest that digi tised aerial photographs and supervised classification provide valuable 

information on the composition and distribution of the shailow marine communities of the 

Tobago Cays Marine Park. 

3.1 Introduction 

This study focuses on the shnllow marine habitats of the Tobago Cays Marine Park 

(TCMP) located in the Grenadines, West Indies (Fig. 3- 1 ). Over the püst 15 years informal 

reports have indicated that the conditions of the reefs in the Tobago Cays have deteriorated 

due  to various factors including Storm damage, white band diseüses, physical damage, and 

local sewage pollution from visiting yachts (Smith et al., 1996; Wells, 1988). The TCMP 

has been established since 1998 and is slowly developing. The reefs of the Tobago Cays 

have not been the subject of any recent research; thus limited documentation is available on 

these reefs. Except for the preliminary descriptions by Lewis (1975), there is no recent 



information on the nature and the extent of the shallow marine communities in the TCMP. 

Obtaining an inventory of the major habitat types with their composition, distribution and 

location is an essential first step to protecting and managing the fréégile coral reef ecosystem 

of the TCMP. 

Reef research has long tried to use remote sensing techniques to map reefs areas. 

The use of aenal photography in conjunction with field surveys wu one of the first remote 

sensing meîhods for reef mapping. vertical air photos of the Great Barrier Reef have been 

taken as early as 1925 (Nopley, 1996). The use of iierial photography has decreased over the 

past decade and attention has been shifted towards digitai imagery from satellite and more 

recentl y airborne h yperspectrd sensors. The principal obstacles in using satellite imagery in 

tropical regions are the low spatial resolution of imügery and the prevalence of clouds. The 

best spatial resolution presently avüilüble in multispectral mode is from SPOT HRV (20 m) 

and Landsat TM (30 m) and in panchromatic mode from SPOT PAN (10 m) and IRS (5.8 m). 

We are presently at the brink of a new era in remote sensing with the iirrival of high- 

resolution commercial satellites. The first one of these high-resolution satellites, IKONOS. 

was launched in September 1999 with a spatial resolution of 1 m in panchromatic and 3m in 

multispectral. Unfonunütely. IKONOS images were not available in time for this study. The 

capability of satellite and airborne remote sensing methods for mapping Caribbean coral 

reefs has been reviewed by Mumby et ai. (1997). For the production of detailed maps of 

marine habitats, they suggested that triditional aeriül photo interpretation methods and 

airborne hyperspectral sensors (e.g. CASI-Compact Airborne Spectrographie Imager) should 

give the best results (Mumby et ai., 1997). 



Figure 3-1: Location map of the study site. 
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Previous studies have shown that aerid photogrriphs are particularly well suited to the 

study of tropical coastal ecosystems because of their high resolution and simpkity of 

acquisition. Hopley (1977) has recomrnended the use of true colour photography to 

combine a good penetration @lue spectral band) and a good definition of themes. Traditional 

aefid photography mapping methods have been used successfulIy to map seagrass and coral 

reef areas (Ferguson et al., 1993; Sheppard et al., 1995). Digitised aeriai photographs have 

the potentiai to be developed as a tool for mapping reefs at high resolution (Catt and Hopley, 

1988). Scanned aerial pho togrciphs can be processed using standard remote sensing software 

and semi-automatic standard image processing techniques. This has the advantage of 

reducing observer biüs by using statisticzil methods in the production of the final thematic 

maps. Scanned aenal photographs have been used for mapping srnail reef areas in Thailand 

(Thamrongnawasiiwat and Hopley, 1995) and the Red Seri (Manière et Jaubert, l985), 

tropical coastal marine ecosystems in Martinique (Chauvaud el d., 1998). seagrass beds in 

Martinique (Manière et al., 1994) and benthic ecosystems in the Mediterranean (Pasquahi et 

al., 1997). In general, habitat-mapping work conducted before 1990 lack quantitative results, 

ground data collection, and accuracy assessments of thematic maps (see references above). 

The use of tme colour aerial photography was selected for this project because of the 

presence of an important cloud cover during optimal remote sensing acquisition time in the 

Lesser Antilles, the complex nature of the coral reef habitats, the small size of the study 

region (4 km x 4 km) and the avaihbility of data for a low cost (i.e. printing cost). The 

specific objectives of this study tire the following: 



1. To develop a rapid and cost effective field methodoIogy for suweying the shallow 

marine habitats surrounding the Tobago Cüys and its buckreef area to provide a 

quantitative description of the main benthic rissemblages and bottom types present in 

the TCMP. From this, develop a classification scheme of the benthic habitats that 

will be used in the training process of the supervised classification. 

2. To  produce a digital thematic map (with a known accuracy) of the shallow marine 

habitats of the Tobago Cays uchived colour aerial photographs and standard remote 

sensing techniques, This will provide a visuül and digital inventory of the major 

habitats that c m  be eüsily upgraded for long term monitoring purposes. 

3. TO qualitatively compare resulw with those obtained by Lewis (1975). 

3.2 Study area 

Shallow wüter üreas of the TCMP consist of two main ecosystems, coraI reefs (patch 

reefs, fringing reefs. bank bÿrrier reeQ and seagrass beds. Figure 3-2 illustrztes the location 

of the Cays and the Horseshoe Reef. The four backreef Cüys are partially surrounded by a 

n m w  fringing reef consisting mainiy of low clurnps or  heüds of coral on a sandy bottom 

sloping gradually down into channels or lagoon. Smail patches of mangrove trees are also 

present on the south-east coüst of Petit Rameau. Petit Tabac is an east-west elongated Cay 

located on the windward side of the Horseshoe Reef. Ir is purtially surrounded by a fringing 

reef dong the south and south-west Coast and gradually püssing to a bank-barrier reef to the 

north and nonh-east with a shallow backreef lagoon. The Horseshoe Reef is a bank-barrier 

reef that can be divided into four major reef habitats based on the geomorpkology, depth and 



exposure to waves including; the fore reef (steeply sloping to depths of 20-30 m), the reef 

crest, the back reef and the Iagoon pütch reefs (Fig. 3-2). Narrow tidal channels of a few 

meters wide are present at frequent intervais dong the reef crest but spur and groove systems 

are absent (Lewis, 1975). The fore reef area of the Horseshoe Reef was studied in detail 

using the AGRRA methodology (see Chapter 2 in this study). The present chapter focuses 

on the shallow water areas in the TCMP including the following; shallow fore-reef, reef 

crest, backreef and Iagoon patch reefs of the Horseshoe Reef well as the fringing reef 

surrounding the Cays. More information on the local and regional setting of the TCMP is 

available in Chapter 1, sections 1.2 and 1.3 of respectively. 

3.3 Research methods 

True colour aerial photographs at 1 : 1 O 000 scde (M~ii-ch of 199 1 ) were available for 

the Tobago Cays area. Although not originally intended to study the marine environment, 

these photographs were perfectly exploitable for this study. The prints were available ' 

through the archives of the National Air Photo Library in Ottawa üfter the permission was 

obtained from the Office of the High Commissioner to the Countries of the Organisation of 

Eastern Caribbean States. The camera lens had a focal length of 152 mm and the flight 

altitude wüs cülculated as being approximately 1500 meters. A nüutical chart of the middle 

Grenadines at the scale of 1:32 500 (Hydrographie Office of the United Kingdom, 1999) was 

also available. The research methods rire discussed below in sections including: fieid survey, 

categorisation of field data into habitat classes, image processing and extraction of thematic 



information and accuracy üssessment (Fig. 3-3). The PCI O software was used for image 

processing and SYSTAT 8.0 O software for dl statisticd analyses. 

3.3.1 Field Surrey 

A variety of sampling techniques exists for surveying coral reef environments 

(English et al., 1997; Rogers et ai-. 1994). Compared to most other quantitative sampling 

techniques, quadrates have the advantüge of permitting rapid acquisition of data with 

moderate accuracy (Rogers et uf., 1994). One of the main disadvnntages in using quadrates 

for traditional ecological assessrnent is thüt it only provides data on a two dimensionul 

surface area, therefore underestimüting coverage of features which have a predominant 

orientation in the vertical pime. For this project, this was in fact udvmtugeous since vertical 

aerial photographs also acquire information on a two dimension surfice area. The use of 

quadrates us a method for ground thruthing has proven very efficient in many remote sensing 

studies (Murnby et al, 1998~1; Thamrongnnwüsawat, 1996). A quadrate method was selected 

to survey the wide variety of benthic components present in the bnck reef area and the 

shallow wüter areas surrounding the Tobago Cays. Given the high spatial resoiution available 

with the aeriül photographs we used a 1 m' quüdrütes with a grid every 20 cm perrnitting 

reasonably accurate measures of percent cover. Percent cover is estirnated counting the 

number of squares covered by each beiithic group. 

The field survey was conducted over a period of two weeks in June 1999. To 

maximise the diversity of habitats to be surveyed transcct location was pre-selected using 

Lewis (1975)- aerial photogruphs, nriuticul charts and preliminiuy results from supervised 

classifications of selected sites. Survey sites were limited to accessibility by boat and/or 



Figure 3-2: Mosaic of the Tobago Cays created from seven colour aerial photographs 
(1 : 10 000). The mosnic was georeferenced using ground control points collected 
in June of 1999. The overlay identifies the Cays and indicates the location of 
the subsets for the following figures. 
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Figure 3-3: Schernatic overview of the rnethodology used in the production of a shallow 
water habitat map o f  the Tobago Cays Marine Park using scünned aerid 
photogrriphs. 



Scanning of 1 :10 000 uue coIor aerial photographs from 
print (desktop scanner @ 6ûûdpi) 

Initial information extraction frorn scanned aerial 
photographs pnor to the field data colIection: r zoomed subsets of preselected areas 

histograms and unsupervised classifications. 

1 
Field data collection in the shallow water areas of the 
Tobago Cays: 

estimation of the 4% cover of biotic/abiotic 
substrates using a quadnte methodology 

e collection of ground control points using 
distinguishing landmarks or patch reefs visible on 
the aerial photographs. 

Development of a habitat classification 
scheme from field data using cIuster 
analysis (Bray-Curtis sirni1a"ty 
coefficient. group average so rting)- 
Clusters identified from the output 
dendogram and assigned a benthic class 
Iabel based on the quantitative field data. 

Field quadrates associated to a cIass and 
then used as training or testing sites in the 
supervised classification and accuracy 

Image processing steps @or to 
ciassi fication: 

geometnc correction of photos 
using CCP's and a 2"d order 
polynomial. 
registration of each photo to a 
central photo to facilitate 
rnosaicking. 
rnosaic of 7 aerïal photographs 
(nearest neighbourg resampling) 
creation of masks 
linear stretch of water areas. 

Supervised classification using a 
maximum likelihood algorithm, 

Accuncy assessment of supervised 
~Iassification. Revise and edit results to 
obtain a satisfactory output thematic map 
according to the initial goals. 



land and to depths of less than 10 meters. Field data were collected to: i) build a classification 

based on field data, ii) provide a detailed description of the shdlow marine habitats of the 

Tobago Cays and iii) provide training sites and testing sites for the image classification and 

the accuracy assessrnent of the thematic map. Percent cover wa. recorded using the 

following parameters: bedrock, dead coral, rubbles, sand, mud, hard corals, gorgonians, 

sponges, seagrass, green fleshy aigae, green calcified algae, brown fleshy algae, red and 

brown branching aigae, turf aigae and coralline red aigae. Hard corals and seagrass were 

identified to species level and algae were identifled to genus leveI when possible. It must be 

noted thüt the percent cover of the total substrate and biotic cover may exceed 100% because 

of encrusting dgüe and canopy Iayers (Le. dead coral encrusted by coralline red aigrie). The 

raw field data are avüilable in Appendix 3A. 

Quadrütes were sümpled every IO m using a transect line as guideline. 'hnsects 

were positioned perpendicular to the shoreline of the Cays cross-CU t ting most habitat 

zonations fringing the islands. The m s e c t  line was marked every rneter and weighted at 

both end to measure distance from shore md to provide an eslimate of water depth. The 

transect Iine wüs moved away from the shoreline until we reached the sand channels or water 

depths of 10 m. The sand channels usually occurred ar depths ranging from 4 m to 8 m and 

anywhere from 70 m to 200 m from the shoreline. In the backreef ueü, trmsects were 

started at mooring buoys with recognisable siarting points. Trunsect Iines were moved 

towcud the Horseshoe Reef up to the rcef crest, wave conditions permitting. The shallow 

water areas surrounding the Cays were surveyed using a more qualitative approach to 

determine the extent of the major habitats. Prirticulttr rittcntion wris given to Petit Tabac since 



it was not surveyed by Lewis (1975). Field surveys n e x  Petit Tabac were limited to the reefs 

north of the island and the backreef lagoon because of the high-energy more exposed 

environments dong  the south shore. Information on the shallow fore reef area was obtained 

from the AGRRA survey, which wns done conjointiy with this study (see Chapter 2). 

Distinguishing landmarks or patch reefs visible on the uerial photographs were chosen as the 

starting point and alignments of wansect lines. A geographic coordinate was obtained at the 

beginning of each transect using a GPS unit with an nccuracy of approximately 30 m. The 

precision of the ground control points was i~iiproved by tüking a 5 minute average reading at 

each location (Jensen, 1996). Diffèrential GPS wüs unrivriilablc becüuse of the absence of a 

base station in the study area. Ground Control Points rire rivailable in Appendix 3B. 

3.3.2 Categorisution of field data irz tu lzabitat classes 

Clasification schemes should be unambiguous, easily interpreted, objective and have 

a hierarchical structure to reflect the user needs (Mumby rr rrl., 1 998a; Sheppard et ul., 1995). 

The habitat cl~ssification scheme for the TCMP was developed using a hierarchical cluster 

analysis method. This rnethod was chosen becuusr i t  provides natural grouping of sites based 

on the biotic assemblage and substrüie meüsured in the field (percent cover) and provides a 

display of comrnunity patterns. IL is most likely thai rernoie sensing mapping wouid 

discriminate habitats on the basis of dominant benthic features rather thüt more cryptic 

species or substrates (Muruby rr cl / . ,  1997). Therelore, the percent cover data were not 

trcinsformed so that the dominani cover lèritures wcre ailowed to exert an approximately large 

influence on the classification. Like most reefs o r  the Wesicrn Atlantic, the TCMP cord 

cover only reaches ü maximum of sipproximritely 30% (Mumby et cil., 1998a). Since 



- 

Caribbean reefs typically have low cord cover; thus it is very unlikely that cluster analysis 

will produce a corai dominated class. To obtain a valuable coral class the dataset was first 

separated based on coral cover. N I  sites containing 5% or more of live coral cover (78 sites) 

were analysed seprirately and assigned to the mixed Iive coral community class (class A) and 

further divided into subgroups by cluster ünalysis. Thus, we have sacrificed systematic 

accuracy to obtain a more logical habitat clüssificrition scherne acceptable for Caribbean 

reefs. 

The Bny-Curtis dissimilarity measure has becn shown to be a particul, arly robust and 

reliable measure of ecological distances (Füith er d., 1987; Clarke, 1993). The Brty-Curtis 

similarity coefficient is given as: 

Equation (3.1) 

Where x, is the abundance of the ith species in the jth sample and where there are p species 

overall. It has a number of biologically desirüble properties such as ignoring joint absence of 

species, taking a value of 1 when two sites have no species in cornmon, and taking a value of 

O when the abundance for ail species ;ire identical (Faith er ol.. 1987). Ecological sirnilarity 

between sites was measured using the Bwy-Cunis dissimilarity coefficient (rnatiix); sites 

were clustered using an average iinking method. Mrijor clusters were identified from the 

output dendogram and the main teatures were obtüiiied by referring CO the original field data. 

To reduce the number of variables in the clusrer analysis the clustering was performed on a 

reduced number of categories to highlight the dominant cornponents. However, 

characteristic species have been included in each class descript ion for adding clarity. The 



level at which clusters were selected wüs influenced by the ability to distinguish habitats 

from scanned aerid photographs. Cluster diügrams sue üvüilable in Appendix 3C. 

3.3.3 Image Processing and extraction of thematic information 

Scanning- Shallow tropical reef habitats are composed of complex intermingled 

comrnunities, therefore an output pixel size of less than 1 m was chosen for this study. The 

digitisation of aerid photographs was crirried out using a flatbed scanner (AFGA) at a 

resolution of 600 dpi giving a file size of 80 Mb with an outpur pixel size of approximately 

42 cm. The scmning process splits the coiour image into its three component colours (red, 

green, blue) stored in channels, each chrinnel has spectral information corresponding to its 

reflectance intensity in 256 shüdes of grey (8 bit). 

Geometric correction- Image distortion at the margins of- the photographs is caused by the 

camera lenses and is most important when using wide-angle lenses (Ray, 1980). To reduce 

the radial distortion problem we eliminrited these areris as much as possible from the mosaic. 

Ground Control Points (GCP) were collected over the entire survey area using landmarks and 

underwater features clearly recognisable on the aerial photographs (Appendix 3B). A 

correction mode1 based on a second ordcr polynoinial was uscd for rectification and 

elimination of the geomeuic distortions. Geonictric;il rcctifiçation was npplied on the central 

image using the best GCPs with the following distribution: Baradal (2). Petit Rameau (3). 

Petit Bateau (5). Jcimesby (S) ,  Petit Tabac (3) and the backreef ürea (6). The central image 

was rectified with a residual mean square error (RMS) error of 13 pixels in X and 12 pixels 

in Y. Each subsequent image was registered io this centrül image and then rectified using a 

2"<' order polynomial with RMS error of less [han one pixel in X and Y. This step reduces the 



shift between adjacent photos and produces a better mosaic. Each aerial photograph was 

georeferenced with LatLong using the WGS84 ellipsoid. 

Mosaic- An image file was created with the maximum coordinates to contain the entire 

survey area. Al1 seven images were regisrered in individual channels of this file then used as 

a visualisation tool to trace the cutlines. The blue bands of adjacent pairs of images requiring 

cutlines were visuaiised using the following coIour gun combination: imagei:R, image2:G. 

image2:B. Cutlines were vaced as vector in areas showing minimal radiomeuic differences 

between two adjacent photographs; these areas appear in shüdes of grey. When possible. 

cutlines were traced in deeper water and less visible aeüs to riiinirnise the visibility of the 

cutlines on the find mosaic image. Radiometric correction was not performed prior to the 

mosaicking process since the main ueü  of interest was compIetely covered by two adjacent 

photographs from the same flight line with similar radiometry. Problems of specular 

reflection predominate on the left 25% of each photograph. Since these were taken with an 

overlap of about 60% it is possible to discrird niost of rhsse problernatic regions from the area 

of interest in the rnosaicking process. This increases the number of photographs required to 

build the mosilic of ~ ~ ~ T C M P  from four to seven. The procrss of rnosaicking is a balance 

between obtaining a visually pleaqing image while minimising the number of cutlines. The 

mosaic was resampled to obtain a pixel size of50 cm. 

Linear contrust enlzarzcemenf and musks- Contrat enhancement expand the original input 

brightness values to make use of the full dynaniic range (e.g. 8bit=256 shades of grey), A 

land mask was created to remove land areas from further image anaIysis and increase the 

contrast of the water areas using a linear stretch. The goal of this process is to Fzciiitate 



- 

visual interpretation of the submerged reef biotic substrates. A deep water mask w u  also 

created to remove water areas with depths greater than 10 m from the classification. These 

areas were not surveyed and would Iikely be confused with spectrally sirnilar classes since 

water depth variability is one of the most commonly cited confounding factor in remote 

sensing of underwater environments. It must be noted that the application of depth 

attenuation algorithrns w a  not applicable to scmned aeriül photographs since the wavelength 

information is lost (Sheppard er al., 1995). The deep wüter mask was created using results of 

a prelirninary clüssification in which deep waters forrned a distinct class, boundaries were 

delimited using the nüutical chart, It wiis also necessüry to manually create a mask to 

remove the boats and the high surf areus on the reef crest since these would have been 

rnisclassified sis sand or beach areris. The deep würer, boats. high surf and land rnüsks were 

added to a single bitmap md used to mask these rtreas from the classification. 

Chsiflcation- A supervised classification method uses samples of known identity (training 

sites) to classify pixels of unknown identity to a set 01-prcdclined classes (Jensen, 1996). 

Field sites were located on the imagery staning with thc linest habitat classification obtüined 

from the cluster analysis. Characteristic spectral signature was obtained for each class and 

results were carefully evduated and revised. Signature separability helps us determine how 

well each C I ~ S  is separate frorn each of the other classes, a value of O indicates cornplete 

overlap between the signatures of two classes and 2 indicates a complete sepüration between 

the two classes (Appendix 3E). The larger the separübility values, the better the final 

clnssificrition results. Classes with Iow sepiirtibility were pi-ogressively merged higher up in 

hierürchy since these couid not be resolved adequatel y: A=A 1 +A2, B=B 1 +B3, E=E 1 +E2. 



An exception to this scheme was for the macro algae dominated class (class D), which was 

not merged higher up in hierarchy. Clriss D was obtained by merging clüss F2 and B2 to 

class D, it was deemed that pixels with >50% of mncro algüe would classify together 

regardless of substrate type. Two cluses were added for classification purposes only. Class 

G is composed of deep water ranging from 6 to 10 rn with variable bottom types (mainly 

sand or mixed live coral), this class wzs added to increase the separübility between various 

classes. Class H (beach sand) was added for completeness and w u  self-evident. To rneet the 

statistical requirement for vaiidity the training sites need to be sufficiently large to be 

statistically representative (>50 pixels/class) and the spectrum in each channel need to be 

close to a Gaussim distribution and be unimodal (Jensen, 1996). The seed function was used 

to increase the number of pixels belonging to a clüss by allowing neighbouring pixels in 

visibly homogenous areas to be incorporateci in the signature. Once satisfying results were 

obtained in the training process, the spec~ra wrre used io classily the image using the 

maximum likelihood supervised classification algorithin (Jensen, 1996). The classification 

process assigns each pixel under the predefined shallow water mask to one of the eight 

classes. The resulting thematic mrip of habitats was evaluated visually and some 

modifications were necessüry. Manuül editing was done to reclassify the pixels in the sun 

spot area, West of the Tobago Cays since this was a known area of misclassification. The 

spectrum of the seügrüss habitats was obviously over clüssificd. The bias was adjusted (frorn 

1 .O to 0.75) to reduce the probability that pixels would be assigned to this cIass and by 

constraining the size of the hyper-ellipsoid. The threshold 01' the hyper ellipsoid (from 3 to 

1.5) was also adjusted by reducing the numbcr of standard dcviation for the decision limit. 



Finally, post classification filtering was done to eliminate isolated pixels from the final 

classification (median filter). Based on an elementary window of 3x3 pixels, isolated pixels 

were identified and attributed the value of surrounding pixeIs. 

3.3.4 Accuracy Assessnt erzt 

An error matrix is a very effective way of representing accuracy of a cliissification 

(Congalton, 199 1). The comparison between the supervised classification results and the 

actud field distribution of the themes (testing sites) provides an estimate of the accuracy for 

the overdl classification as well as for each chss  and givcs information on which classes are 

most commonly confused- Testing sites were selecied I'rorn a separrite dataset than the 

training sites to avoid an overestimation of the clüssificaiion iiccuricy (Congalton, 199 1). 

Where confusion between classes is high, a merge crin be performed and the resultant 

accuracies re-examined until satisfaciory rrsults are obtained. In the present study, a total 

of 209 testing sites were uscd in the accui.iiçy assessiiieni. Thcsc were obtained from both 

the field quadrates (about 50 sites) or from a more qualiiativc surveys of the Cays. The error 

matrix was constructed wi th interprrted classes (classified) as rows and ground-ihru thed 

clmses (reference) as columns. The error of omission, the error of commission, the Kappa 

coefficient and the Tau coefficient were calculüted according to Story and Ccngalton (1986) 

and Congrilton (1 99 1 ) and briefly explained below: 

Producer's accurtrcy- This is the probability that a relèreiicr: bèing correctly classified and is 

a measure of omission errors (Congalton, 199 I ). It givcs ihc producer of the müp sin idea of 

how well a certain area can be classi fied and is ptiriicularl y uscliil for assessing ~ h e  accuracy 



of individual habitat classes. The total number of correct pixels in a category is divided by 

the total number of pixels of that category &s derived from the reference data (column total). 

User's accuracy- This is the probability that a pixel clüssified on the rnap actually represents 

that category on the ground and is a measure of commission errors (Congalton, 199 1). It is 

also used to assess the accuracy of individual habitat classes. The total number of correct 

pixels in a category is divided by the totd nurnber of pixels that were classified in that 

category (row total). 

Overall accuracy- This is the simplesr descriptive stritisiic which is computed by dividing the 

totd correct (sum of major diagonal) by the toial number of test sites. It is a reasonable way 

to describe the overall accuracy of a map, but does not account for the accuracy component 

resulting from chance alone. A chance accuracy component exists because even a random 

assignment of pixels CO habitat classes would include sorne col-rect assignments. 

Kappa (K)  Coefficient- The resulc of performing a Kappa analysis is a KHAT statistic. It 

determines if the agreement between remotely sensed classification and the reference data is 

significantly greater than O (rcmdom clüssificrition). This is a discrete multivarinte technique 

to measure accorücy. This meuure incorporates the of-f=diagonal elements as a product of 

the row und column marginals. 

Equation (3.2) 

=nurnber of rows in the matrix, x,=the number of observations in row i and column i, Xi+ 

and x+i are the marginal totals for row i and column i, respectively, and N is the total number 



of observations. The overall üccuracy only incorporates the major diagond and excludes the 

omission and commission errors. Therefore, depending on the amount of error included in 

the matrix, these two measures may not ügree (Congülton, 199 1). 

Tau coefficient (T)- This statistical parameter is reridily interpretabie, permits hypothesis 

testing, and accounts for chance agreement within the matrix. A T of 0.8 inciicates that 80% 

more pixels were classified correctly thm would be expected by chance alone. Tau is 

calculated from: 

Ppoverall accuracy, M=number of habitats, i= ith habitüt, N= total nurnber of sites, ni=row 

total for habitat 1, and xi=diagonal value for habitat i (nurnber of correct assignments for 

habitat i). 

The reliability of the resulting rnap was üiso assessed using on a more qualitative but 

global method as determined by Pasqualini er c d .  ( 1997). This method assigns scores based 

on a scaie of reliability to a variety of hctors, which intluences the quality of image 

processing using scünned aeriül photographs. This nieihod gives us u better insight o n  the 

sources of errors that c m  influence the reliability rit any levels of the classification process. 

3.4.1 Supervised classification resrrlts arrd accuracy 

The hieruchical cluster andysis describes the field data at two levels of inter-habitat 

similruity, ri coarse level (Tabie 3- 1) with a Bray-Curtis siiililririty of 2560% and a medium 

level (Table 3-2) and with a Bray-Curtis similarity of 6S-8U% (Appendix C). The coarser 



level consists of six habitat classes that were readily identifiable from the aerial photographs 

and retained for the supervised classification (Trible 3-2). It must be noted that classes G 

(deep water) and H (beach sand) were üdded to the couse Ievel clüssification scheme for 

completeness and clarity, these will be explained below. The finer level classification 

consists of subdivisions of some of the main clusters and comprises eleven sub-clusters 

(Table 3-1). These sub-cluster classes could not be resolved using a supervised classification 

andysis and aerial photograph interpretation- The mosaicking process was very successful 

(Fig. 3-2) causing only minor misclassificution errors dong some of the seams; these will be 

addressed in the discussion. The clüssificütion results using the c o m e  level clusters resulted 

in an overd1 accuracy of 87%, a Kappa coefficient of 85% and a Tau coefficient of 85% 

(Table 3-3). User and producer accuracies for individual clüss ranged between 53%-100% 

and 74-100% respectively. Using u niore global index developed by Pasqualini et al. (1997), 

the reliability of the resulting mrip wris estimated at 69% (Table 3-4). The following section 

will provide a general description, overidl distribution and the accuracy for each individual 

class. Figure 3-4 and 3-5 illustrate the main benthic assemblage for most classes and the 

proportion of the image clüssified in ench class rcspcctively. Figurc 3-6 to 3- 12 illustraie the 

classification results for the eniire survey ares as well as l'or erich individual Cay and specific 

sections of the Horseshoe Reef. 

Class A: Mixed live coral cornnturrity - This clriss is represented by a mixed live 

coral community (Table 3-2). As mentioned in the introduction, this class is not necessarily 

dominrrted by hard corals in terms of percent covei-. Vcry few coral reefs in the Caribbean 



Table 3- la: Siiiiiiiiury and description of the main clusiers and subdivisions of the field data based on the 
Bray-Ciii-iis hierürchical cluster ünalysis with group average linkage meihod (n=209 sites). 

Table 3- 1 h: Suniiiiüi,y of the average percent (%) cover of the biotic coinponents and the subsiraie 
contrihiiting the main clusicrs and suhdivisions of the field daiü based on the Bray-Curtis 
hieruirliical cluster analysis with group average linkage nietliod. 



MIXED LIVE CORAL 
COMMUNITY: 

Main 
clusters 

A 

B 

C 

D 

E 

F 

DEAD CORAL SUBSTRATUM 
WITH MIXED ALGAES: 

% 
of 

sites 
35 

18 

8 

8 

22 

9 

SEAGRASS ON SAND: 

MACRO ALCAE ON SAND: 

SAND DOMINATED: 

RUBBLE DOMINATED: 

Distinguishing features 

.This bcnthic sub-cluster is characterized by sparse to dense livc corals. 
Gorgonians and zooxanlhids are also present in low perceniagc but arc 
characieristic af rhis class. The substratum is dominated by dcad coral 

bc prcscnt but in low cover. Thc substraluni is dominnied by sand, 
Visually dominated by macro-algae on a sand subsiraic. The macro algae arc 

A2 

B 1 

B2 

B 3 

I I 

8 

5 

5 

- 

El 
E2 

pavcmcni encrusicd by rcd corallinc algae, iurf algac, mixéd macro algae. 
b This benthic sub-clustcr is characterizcd by sparsc to dcnse live corals, 
Gorgonians and zooxanihids are also prcsenr in low pcrcentage but arc 
characteristic of this class. Thc subsiratum is dominated sand parches and 
dead coral pavement cncrusicd wiih iurf algae and mixed macro algac, 
Note: Thc following coral specics are common IO boih subgroups: Pontes - 
nsreroidcs, P. porires, Morrrnstraen nntirtlaris, Millepora spp,, Diploria 
s p p m d  ~idrtlstreo spp, 
,This bcnthic sub-cluster is dominaicd by dead coral substratum niixcd with 
sand patchcs, The subsiratum is cncrusted a ~nixed cover algac, 
b This bcnihic sub-clustcr is doniinated by dead coral substratum with an 
importani macro algac covcr. 
b This bcnihic sub-cluster is dominated by dead coral substratum. The 
substraium is encrusrcd by an important covcr of coralline red algae. 
This benthic class is dominakd by seagrass from the gencra Tliolassia and to a 
lcsscr exicnt Syririgodiirrri, Flcshy algae and calcarcous green algac arc also 
likcly to be prcscni, Corals such as Sidertls~ren spp, and Porires spp, may also 

FI 

F2 

18 
4 

mostly dominated by îlcshy grcen, calcnreous grccn, and fleshy brown algac. 
,This beniliic sub-cluster is doininaicd by barc sand, 
,This bcnihic sub-c~usier is doniinaicd by sand wiih ininor rubbles. Sparsc 
algac, particularly grccn calcnrcous and brown branching algae, are also 

5 

4 

prcscnt. 
b This bcntliic sub-cluster is domiiiated by rubblcs, The rubbles are 
commonly encrusteci by corallinc algac. 
b This bcnlhic sub-cluster is doininatcd by rubblcs mixcd with a lcsscr cover 
of and sand. The mncro algac cover is also importani in  ihis class, 



Substrate 
(a/ocover) 

Class 
A 1 
A2 
6 1 
82 
03 
C 
D 
E 1 
E2 
FI 
F2 

Dead Macro CoralIlne 
Coral Rubble Sand Hard coral Gorgonian Zooanthid m g e  Seagrass algae al- Turf algre 

55.8 1.3 2 23.2 3.8 2.6 0.2 0.5 18.4 24.0 22.2 
21,3 9.3 39 14,9 3,3 1.6 0.3 20.0 3.0 19.3 
54.7 4,9 22,9 1.4 2,5 3.6 23.7 7,1 36.6 
74.4 1.6 9.6 0.8 2,6 0.6 0.4 0.4 72.1 10,5 2.0 
86,5 1.8 2 5  7,3 2,9 19.3 50.9 20.7 

4.6 38.8 1.1 42.6 10,1 3.8 
2.4 4 34.5 0.7 1.2 0.2 1,2 55.9 0.6 1.2 
0,2 1.8 92.9 0.2 0.4 0.2 O, 1 3.7 0.6 1.4 
9,O 2 1 65,8 2.0 1.3 0.5 3.0 1 .O 13 
03 84,O 8.0 0.4 0.8 56 13.6 42.8 
0.4 64,O 15.6 3 0.6 0,4 55.6 5.3 16.0 



Table 3-2a: Summary and description of the niain clusiers after merging of clusiers which were noi 
identifiable on ihe scnnned aerial photographs (n=2 13 siles). After visuül inspection and 
pre-clüssification statisiical separability analysis, the following classes were merged: 
A=A 1 t A 2 ,  D=F2+D +B2, B=B I tB3,  E=E 1 +ES. 

Tnhle 3-2h: Sunimüry of the average percent cover (8) of the biotic coniponents and the substrate 
conirihuiing to the muin clusiers afier merging of clusters which were not identifiable on the 
sciinned iicrial plioiographs. Afier visiial inspection and pre-classificüiion statistical separability 
ünalysis, the following classes were nierged: A=A 1 t A 2 ,  D=F2+D t B 2 ,  B=B 1 tB3, E=El tE2. 



Main 
clusters 

% of 
sites 
- 
35 

Cluster name I Description 

MIXED LlVE CORAL 
COMMUNITY: 

Charactcrized by sparse to dcnsc live corals. The mosi conimon coral species are Porires asreroides, 
P. porires, Mott~a.slraea arrnitlaris, Millepora spp., Diploria spp,and Sidrasrrea spp. Gorgonians and 
zooxanthids arc also present in low percentagc but arc characteristic of this class. Encmsting rcd 
corallinc algac, turf algae, ficshy brown algae, green calcilied algae, rcd branching and brown 
branching rilgae and are abundani. The substra~um is dominaicd by dead coral pavement with 
scatiercd sand paiches with riiinor rubblcs. 
Note: This class is similar io class B, the main diagnostic fcûturc of the laiicr is the lowcr live hard 
corals cover 

DEAD CORAL SUBSTRATUM This class is dominaicd by dcad coral substratelpavemcnt. This substratc is commoiily encrustcd by 
WITH MIXED ALGAES: 

SEAGRASS DOMINATED: 

MACRO ALGAE DOMINTED: 

SAND WITH SPARSE ALCAE: 

turf, coralline algac and low covcr of mixcd macro algac. Livc corals niay also be prescni bu1 in 
much lawcr cover (4%) than in class A, Gorgonians and zwxanihids arc also present in low 
pcrccntage but are characicristic of ihis class, Ttic subsiraium is also CO-dominatcd by scailcred sand 
paiches wiih minor rubbles, 
This benthic class is dominated by seagrass h m  the gencra T/ralassia and Io a lcsscr extcnt 
Syrittgodiirrtr, Flcshy algae and calcareous grccn algae are also likely to be present. Corals such as 
Sidernsrren spp. and Poriies spp, may also be preseni bu1 in low cover, The substratum is dominatcd 
by sand, 
This berilhic class is doininaicd by macro-nlgac, The inwro algae are niostly dominaied by flcshy 
grcen, calcarcous grccn and flcshy brown ûlgac. The substraium can bc dominaied by sand, rubbles 
and dead coral pavcnieni, 
This bcnthic class is dominaicd by sand, There is usunlly somc sparsc algae, particularly green 

RUBBLE DOMINATED: 
calcarcous and brown branching algac, 
Thc subsiraluni in ihis class is dominaied by rubblcs wiih niinor sand, The rubblcs are conimonly 
cncrusied by turf and rcd corallinc algilc. 



Class 
A 
8 
C 
D 
E 
F 

Dead Macro CoralIlne 
Coral Rubble Sand Hard coral Gorgonian ZooanthM Seagrasi algae algae Tudaigae 









Factors 

Survey site: 
b Topograpliy, slopc 
b Balhymetry range 
b Visibilily in water column (Iurbidity) 
)Nature of assemblagc and bottom type 
Acrial photography: 
FQuality 
b Surface effcct (ex: spccular reflcciion) 

~canning: 
b Pixcl Sizc 
b Quality 
Geometrical reclification: 
bNuinbcr of refcrence points 
b Distribution of refcrence points 

Field data: 
b Area of siudy siie covered by field data 

Classification: 
FNumber of polygon pcr class 

Reliability of 
the TCMP 

classification 

Scale of reliability - 

Slight and cvcn 
0-5m 
100% or rangc clear 
Vcry diffcrcni 

3 points 

Very good 
No surface cffcci 

Sirong and cvcn 
0- 10ni 
75% of rangc clcar 
Differcnt 

Pixcls <2m 
Vcry Good 

2 points 

Good 
Surfacc cffeci at a 
disiancc from site 

Numbcr 220 
Covers al1 arca of 
image 

Slighi and uncvcn 
0-20m 
50% of rang clcar 
Similar 

2m< Pixcl <Siil 
Good 

Area 2 10% of sludy 
sile 

1 point 

Fair 
Surface cffcct close 10 
siic 

20> Numbcr 110 
Covcrs % of iniagc 

Numbcr >30 1 302 Numbcr > 15 1 152 Nuniber >5 

O points 

Strong and unevcn 
O- below 20m 
~ 5 0 %  of range clcar 
Very siinilar 

5m< Pixel 5IOm 
Fair 

IO%> Arca 15% af 
siudy siic 

2 
2 
3 
2 

Bad 
Surfacc cffcct ai siie 

1 O> Number 24 
Covcrs '/2 of imagc 

Number <5 

3 
1 

Pixel >IOm 
Bad 

5%> Area 21% of 
study site 

2 

3 
1 

Nuniber c4  
Covcrs $4 of image 

Arca < 1% of siudy 
site 

3 
2 



are tnily dominated by hard corals. The key diagnostic features for  this class is a hard coral 

cover greater than 4%. The hard coral assemblage is variable throughout the study area, with 

an average hard coral cover of 2 1%. The coral dominated areas commonly have a diverse 

assemblage of gorgonians (sea rods, sea whips and sea fans) but their percent cover varies 

widely with an average cover of 4%. Zooxan thids are also present but are restricted to high- 

energy areas such as the reef crest or bückreef uea s  where they have an average cover of 2%. 

Encrusting red corailine algae, turf rilgae, and fleshy macro algae are omnipresent in this 

class; average covers being of 17%, 2 1 %, and 198  respectively. The macro algae are mostly 

cornposed of Dictyotu spp., Hrrlimcdc~ spp., Arllphirf~tr spp. and minor LAlurenciu spp. The 

encmsting red aigae are represented by various algae of the Corriilinaceae family. The dead 

corals are the most abundant substriitum but rubbles and sand are both likely to be present. 

Figure 3-4 (a-d) illustrates the charxteristic assemblage of the mixed c o d  community. 

The most common coral species in the Tobago Cays rire M~~lzrasrreu unnuitris, 

firites asteroides, P. porites, Siderastreu s p p., Diplorici sp p.  and Milleporu spp. The 

shallow fore reef is dominated b y Porites ustrrt~ides, M~olrrcisrre~i crnnuluris, Pnrites porites 

and Milleporu cc~mpluncrra (Fig. 3-4e). The northern part of iIie reef is characterised by large 

bünks of Poritesporitcii-. As the water depth in the fore rcel'gmdually increüses, the cord 

comrnunity becomes more diverse and shifis iowards a dominrince by Monrastreu unnularis 

and Montastrea fuveolata (Fig. 3-4e). The reef cresr and reef flrit are predominantly 

cornposed of deüd Acroparu pulnzutci pavement covei-ed by crustose coralline algüe and 

encrusting zooanthids Palyrhotr, i t  may also be colonised by scattered colonies of MiZiepora 

spp. and Porites ctsreroides (Figs. 3-40, The reef flüt rnerges Jtigoonward into a calmer area 



Figure 3-4: Field photographs iIlustrriting the characteristic asemblage of classes obtained 
from the supervised classificuiion. Photos a-h iliustrate the live corai community 
=semblage of class A; photos i-k illustrrite the dcad coral substratum with mixed 
algae clüss B; photo 1-n illustrtrtes the rnacro iilgrie dominated class D; photo O 

iilustmtes the sund don~inated clriss E and; plioros p-q illustrate the rubble 
dorninated clas F. See text fur inore deiriiled information on individual 
photograph. 
*Abbreviations represent the following; Betlchrock (B), Gorgonian (G), Seagrass 
(S), Amphiporn spp. (A), Coralline algae (C), D i c f y o ! ~  spp. ( D ) .  Hulimeda spp. 
(H), Acropora palnratu (AP), Millepwu spp. ( M  1 ) ,  Montastrea annularis ( M A ) ,  
Montustreu fa veolc~tc~ ( M A  F )  . Pori~es porir es ( P P ) ,  and Porites asteroicies (PA). 









Figure 3-5: Chart showing the proportion of sublittoral substrüte classes. Data is for al1 
areas included in the supervised classification only (i.e. excluding masked 
areas). 





where the coral pavement is gradually colonised by Milieparu spp, Porites asteroides and 

Palythoa. Extensive growths of Millepuru cumplarrc~rrr and Millcporu squurrosa are present 

in the high surge area between the reef crest and the bückreef area. The backreef area is a 

relatively shdlow without much dope and with writer depth ranging between 1 and 2 meters. 

The patch reefs proximal to the crest are mainly dominated by large cluster Montastrea 

annuluris with a graduai transition toward a more scattered patch reef systems on a sandy 

bottom (Fig. 3 4 3 .  Mixed with the patch reefs are also large colonies of Siderastrea spp., 

Diploria spp, Pnrites asteroides and an occasional live colony of Acroportr pulrnalu (Fig. 3- 

4g). The coral community of the fore-reef and reef crest of the Petit Tabac bmk-barrier reef 

is similar to that of the Horseshoe Reef, except for the backreef areci. The patch reef system 

in the shdiow backreef lagoon is entirely composed of nicdium to large banks of Pnrifes 

porites with lesser P. furculcc and P. a.src.roicic.s (Fig. 3-4h). 

The rnixed coral community clnss represents 17% of the classified pixels (Fig. 3-5). 

This class is comrnon around ail five 01- the Cays as a ii-inging reef, the Horseshoe reef and 

Petit Tabac as a bank-barrier reef and the backi-eef'and lagoon arcas as patch reefs (Figs.3-6 

to 3-12). The rnixed coral coinrnuniiy lbrins n discontinuous band partially surrounding the 

five Cays. This class is best developed dong thc windwtlrd side and in areas where the 

current is strongest such as the nonhern and southern rips of the Cays and along the western 

side of Jamesby Cay. At Petit Rameau, it  surrounds the entire Cay while at Jamesby it is 

only present on the leeward side of the cay. The shüllow fore reef areas up to the  reef crest 

of the Horseshoe Reef are assigned to this class. Mixed coral communities are also identified 

by the classification as small paiches in decper (6- 1 0111) sund chrinnels with high current 



energy. These areas were not surveyed by the authors llnd therefore we cannot positively 

cenify their presence. 

The mixed coral community clnss has a user accuracy of 81% (19% commission 

error) and a producer accuracy of 53% (47% omission error) (Table 3-3). This means that 

only 53% of the mixed cord community areas has been correctly identified as class A but 

that 81% of the areas chssified as A are acturilly a mixed coral community. A more careful 

look at the error rnatrix reveals that there is some confusion in discrimin-ating mixed coral 

communities from the macro algae dominated substrate (D) and the dead coral substratum 

with mixed ülgae (B) (Table 3-3). 

C k s  B: Dead coral substratum with rnked algaae - This cclss is represented by dead coral 

substratum with an average cover of 67% (Table 3-2). This substrale is commody encrusted 

by coralline algae, turf and low cover of mixed rnacro ülgae; their average covers are 24%, 

3 1% and 22% respectively. Macro algae are mostly coiuposed of Dicryora spp., Halimeda 

spp., Amphirmt spp. and rninor LAttrrtwc-itr spp. The niajoriiy of dead coral substrutum areas 

have a diverse assemblage of gorgonians with a variable but low average cover of 4%. 

Zooxanthids are also present but are restricted to the high-energy crest and backreef areas, 

where they have an average cover of 3%. Corals such as Porites as~rroicies and Millepora 

spp. may dso be present but in low percent cover never exceeding 4%; this lower corai cover 

is the main feature distinguishing this class froiii class A. The substratum is CO-dominated by 

scattered sand patches hüving an avrrüir cover of 1 5%. Figs. 3-4 (i-k) i llustrate the 

characteristic üssemblüge of the detid corul substratum with rnixed aigae class. 



The dead coral dominated class represents 7% of the classified pixels (Fig. 3-5). This 

class is common around d l  five of the Cüys and in the backreef and reef flat areas of the 

Horseshoe Reef (Figs. 3-6 to 3-12). Irnrnediately behind the reef crest is a wide zone of dead 

coml pavement and rubbles, this high-energy surf zone ürea is known as the reef flat (Figs. 3- 

7ab). The Elkhorn coral, Acroporu pcri~ncltct, which once flourished in the high-energy 

shdlow areas of the Tobago Cüys, has now virtuaily disappeiued as a reef builder. The dead 

corais surrounding Petit Bateau, Petit Rameau, Petit Tabac und the wide zone in the 

Horseshoe Reef flat u e a  are mainiy conlposed of standing derid colonies and remnants of 

Acropora pcllrnufct (Fig. 3-4) .  The dead Acroprci p l m i r c i  zones fringing Petit Tabac are 

readily visible from the surface of the water (Fig. 3-4k). The patch reefs in the bückreef 

lagoon of the Horseshoe Reef are müinly composed 01' areris 01- dead Montastrea unnularis 

(Fig. 34j) while the patch reefi of Petit Ttlbüc frigoon are composed of dead Poritesporites. 

The dead coral substrrite with mixed a lgx community hüs ü. user accuracy of 74% 

(26% commission error) and ii producer accuracy or 85% ( 15% omission error) (Table 3-3). 

This means that 85% of the dead cord substrüte with rnixed algrie community areas has been 

correctiy identified as cliiss B but that 74% of the areas classified as class B are actually a 

dead coral substrate with rnixed dgae community. A more crireful look at the error matrix 

reveals thüt there is some confusion in discriminüting dead coral substrate mainly from the 

seagrüss dominated clüss (C) but also occrisionally froi~i the mricro algae dominated ciass 

(D), the mixed cord community clriss (A) and the rubble doniiiiated class (F) (Table 3-3). 

C h s  C: Seagrass dmirrated -This class is doniinued by seagiass, with an average cover of 

43% (Table 3-2). The sezigrus is coiiiposed OC two spccics, mtinly T/zcrlcr.s.rici testrulinum 



with a lesser abundmce of Syringodiunzfil~urnw. Flcshy green algae and green caicareous 

dgae (Halimeda spp.) are also Iikely to be present in this assemblage with an average cover 

of 10%. Cords such as Siderastreu spp. and Purifes purites may also be present but in low 

cover (~4%).  The substratum is rnainly composed of  mixed sand and rubbles with an 

average cover of 39% and 5% respectively. 

The seagrass dominated class represents 12% of the classified pixels (Fig. 3-5). The 

seagrass community is most commonly present in quiet protected ares  with Iittle current. 

This class is weti distributed in the shüllow backreef Iiigoon of the Horseshoe Reef and 

around the backreef Coys (Figs. 3-6 to 3-13). It is on~niprescnt riround Bartidal but is absent 

from Petit T~ibac. This c l a s  was aIso identitied in the northcrn region of the Horseshoe Reef 

but its presence csnnot be confirn~ed because ol' rhc Iack ol' licld sites in that area. 

The seagrass dominated comrnunity has a user riccuracy of 85% (15% commission 

error) and a producer accuracy of 8 1 % (19% omission error) (Table 3-3). This means that 

85% of the seagriiss dominüted community has been correct!y identified as class C but that 

8 1% of the üreüs clüssified as class C Lire actuülly a serigrriss dorninated community. A more 

careful look at the error matrix rcveals that there is some confusion in discriminating seagrass 

communities from the mixed coral comrnunity class (A), the dcad coral substratum class (B) 

and the mücro nIgse dominated class (D) (Table 3-3). 

Class D: Macro algae domirzated - This clrrss is don-iinntc.d by macro algae, with an average 

cover of 60% (Table 3-2). The macro algrie cltiss is coiiiposed ol'u mixture of fleshy green 

(Chaetornorpha INzunr), ciilcareous green (Htrlirricdt[ spp.) and fleshy red-brown algae 

(Dictyoru spp., Anzphiroa spp. and ininor Lturerlcia spp.). Afier an initial supervised 



classification, sub-clusters dominated by rnacro algüe (Table 3- 1 ; classes F2, B2 and D) were 

grouped in class D regudless of the subsrrrite composition. Either sand, rubbles or dead 

coral cm dominate the subswdtum with an average cover of 23%. 18% and 22% respectively 

(Table 3-2). Figures 3-4 (1-n) illustrate the characteristic assemblage of the rnacro algae 

dominated class. 

The rnacro algae dorninated class represents only 1 % of the ciassified pixels (Fig. 3- 

5). This class is present as srnail and scattered patches around Petit Rameau, Petit Bateau, 

Jamesby Cays and in some weas of the backreel- but is omnipresent uround Barcidal Cny 

(Figs. 3-6 to 3-12). This class is not identilicd on  Peiit Tubac (Fig. 3-8). 

The mücro dgae dominated comrnunity has ü. user riccurricy of 9 1 % (9% commission 

error) and a producer accuracy of 80% (20Q0 omission error) (Table 3-3). This mems that 

80% of the mücro algae dominrited coinmunity areas have bccn cori-ectly identified as ciass D 

but that 9 1 % of the areas classified as class D are actually ii rnacro algae dorninated 

community. A more careful look at the error matrix reveals that there is some confusion in 

discriminating rnacro dgae dominated communities h m  the mixed cord community (A) 

(Table 3-3). 

C h s  E: Sand donrinated - This clriss is dorninated by bxe sand, with an average cover of 

88% (Table 3-2). Sprrrse macro and turl'algae rnay be rilso pr-esent in  low average cover (4% 

and 3% respectively). Species or iiiticro algw Lire iiiiiiiily i-cpresentcd by Hulimed~~ spp. and 

Dictyntu spp. The substratum rnay aiso have ii minor rubble component with an average 

percent cover of 5%. Figure 3 4  (p) illustrates the charricteristic assemblage of the sand 

dominated class. 



The sand dominated class represents 3 1 % of the ciassified pixels (Fig. 3-5). This class 

covers most of the shdlow areas (<6 m) of the backreef Iagoon seafloor behind the 

Horseshoe Reef as well as the Petit Tabac lagoon (Figs. 3-6 to 3-12). It also forms sand bars 

in some areas. The sediments in the Tobago Cays are composed of calcüreous sand rnainly 

derived from the cdcüreous green algae of the genus HdNtredu. 

The sand dorninated community hüs a user accuracy of 9 1 % (9% commission error) 

and a producer accuracy of 100% (0% omission error) (Table 3-3). This means that 100% of 

the sand dominated areas have been correcily ideiitilïcd as class E but that 9 1 % of the areas 

classified as class E are actually sand dorninaied cornniunitics. A more careful look at the 

error rnatrix reveals that there is sonie conlusion in discriniintiting sand dominated 

comrnunities from the mixed coral cornniunity (A), derid coral substrritum (B) and seagrass 

dorninated community (C) (Table 3-3). 

C h s  F: Rubble domiiuzted -This class is dominüted by rubbles, with an average cover of 

84% (Table 3-2). The rubbles are com~~ionly encrusicd by turf, coralline red algae and macro 

algae with an average cover of 43%. 14% and 6% respcc~iveiy (Table 3-2). Macro algae are 

mafniy composed of Hdimeda spp. and Ampl~ir-oc1 spp. Sand can rilso be present with an 

average cover of 8%- 

The rubble dominated class reprcsents 1% of thc classilied pixels (Fig. 3-5). This 

class forms a discontinuous band dong ilic shorcIine ol'ilic tivc Cuys, i t  is also present in the 

very shallow reef flat püveri-icnt iii ihr so~itliern poi-iioiï ul'ilic Hoi-seshoe Reef (Figs. 3-6 to 3- 

12). In the quiet wüier environmenis such as Bandal or Jariicsby Cays, the con1 rubbles are 

rnainly composed of disarticulated Parites porites. In higher energy environments such as 



Petit Tabac, Petit Rameau and Petit Bateau Cays and the backreef area, the coral rubbles are 

mainly composed of large broken branches of dead Acrcpmi pafmura. The rubble zone 

proximal to the shore on Petit Tabac comprises extensive areas of turf encrusted beachrocks 

which are also classified as rubble dominated (Figs. 3-8, 3-4q). Figure 3-4 (p) illustrates the 

characteristic assemblage of the rubble dominated c l ~ s s  in cairn water environments. 

The rubble dominated community has a user accurricy of 100% (0% commission 

error) and a producer accuracy of 96% (4% omission error) (Table 3-3). This means that 

96% of the rubble dominated comriiuniiy areas have becn coi-rectly identified as class F and 

that 100% of the aresis classified as class F are iictuulfy il i-ubbk dorninrited community. 

Based on the testing sites, there wüs no coniiision ol* this class with uny of the other classes 

(Table 3-3). 

C b s  G: Deep waler (6-lOm) - Class G was üdded to reduce the confusion between deep 

water areas and other classes. This clüss wtis assigned to rrreas with water depths rünging 

between 6 and IOm, regardiess of substrtire. The deep water srrnd dominated class represents 

30% of the classified pixels (Fig. 3-5). Ciass G is distributed in the fore reef areas of the 

bank-barrier reefs and West of the Cüys as well as in thc high currcnt sandy channels 

surrounding the Cays. On the fore reef slope this class is rnainly a mixed corül community 

(class A), scattered patches of sand are coiiiinonly prcscnt ar thc bottom of the fore reef dope 

but this usually occurs between depths of 10-20 ri-ietcrs. In the brickreef arcas and 

surrounding the five Cays, the deep water class is müinly sand dominaied with low algae 

cover (similar to class E). 



The deep water class has a user accurxy of 74% (26% commission error) and a 

producer iuicuracy of 100% (0% omission error). This means that 100% of the deep water 

sand dominated comrnunity areas have been correctly identified as clüss G but that 74% of 

the areas classified as clüss G are aciudly deep water sand doininated community. A more 

careful look ai the error matrïx reveÿls that there is a significant confusion in discrirninating 

deep water sand dorninated areas from mixed coral communities (Table 3-3). 

CIass H: Beach sand - This clüss is composed of 100% beoch sand. This cfass was sirnply 

added for the purpose of classification. This class is self evident and is only present on the 

Cays in areas not covcred by the land iiiiisk rcpresriiiiiig less tliün 1 % of the classified pixels 

(Fig. 5). The beach s u d  class hüs a user accuracy of 100% (O% commission error) and a 

producer accumcy of 100% (0% omission errur) (Table 3-3). 



Figure 3-6: Thematic map of the main shallow marine benthic assemblages of the shallow 
water areas of the Tobago Cays. Areas excluded from the superviseci 
classification (deep water >10 m, land, boats and waves) are unclassified 
and visible as the original aerial photographs. The overlay identifies the Cays 
and indicates the location of the subsets for the following figures. 
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Figure 3-7: Subset of the thematic map showing the main shallow marine benihic assemblages of the 
northern (a) and souihern (b) regions of the Horseshoe Reef. Black pixels are areas that were 
removed frorn the classification process using a mask. The black arrows indicate areas of 
ohvious misclassifications. ln r )  the top arrow show medium surf areas classified as sand area 
(E), boilom arrow indicates an aver-classification of the seagrass class. In b) both arrows 
indicate an over-classification of the seagrass class (C) .  Refer to T(~hle 3-2fi)r a conrplete 
descripiio~~ $clusses m d  Fiptrr 3-6 fo i  le8 end sycihols. 
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Figure 3-8: Subset of the thematic map showing the main shallow marine benthic 
assemblages surrounding Petit Tabac Cüy. Black pixels are areas that were 
removed from the classification process using a rntisk. The black arrows indicate 
areas of  obvious misclassifications. Both arrows indicrite mixed coral 
communities (A) misclassifîed as deep water (G). Refit- ro Table 3-2 for u 
compfcte descriptimz of ciusses PIIJ Figure 3-6fiw fifgiflld symbols. 













Figure 3-1 1: Subset of  the thematic map showing the main shallow marine benthic 
assemblages surrounding Petit Bateau Criy. Black pixels are areas that were 
removed from the clüssificiltion process using a mask. The black arrows 
indicate areas of obvious rnisclassificütions. The top arrow indicates a depth 
gmdient on a sandy bortom misclüssified as a mixed coral community (A). Al1 
other arrows indicate mixed coml coiliniunities (A) misclassified as deep water 
(G)  . Refer to T d d e  3-2 fi))- ~r compiere &.scriprio~i of c1n.s.se.s und Figure 3-6 
for leg end symhols. 





Figure 3- 12: Subset of the ihematic map showing the main shallow marine benthic assemblages 
surrounding Petit Rameau Cay. Black pixels arc areas which were removed from the 
classificaiion process using u musk. The black arrows indicate areas of obvious 
misclassifications. The iop ürrow indicaies a depth gradient on a sandy bottom misclassilied as 
a mixed coral comniuni~y (A). The oiher two arrows indicaie mixed coral comrnunities (A) 
misclrssified as deep water (G). R$cr lo Tùhle 3-21or a miicplere descriprioi~ of clnsses and 
Figiirc 3-6 for legerid ,q~iibols. 





3.5 Discussion 

The results obtain in this study is comparable o r  better than other studies using 

scanned aeriai photographs (Thamrongnawasüwat, 1996; Manière et  Jaubert, 1985; 

Chauvaud et al., 1998; Manière et al., 1994; Prisqualini er al., 1997; and Sheppard et al. 

1995). The final classification obtained is similar ro that ob~ained by Sheppard et cri. (1995). 

W e  obtained fewer but comparable classes with greater accuracy. It is difficult to compare 

with the other studies because these studies did not rilways incorporate an accuracy 

assessment, while others have used geon~orphologic classes mixed with benthic classes or 

have Iimited their sumey to the very shallow reef flat (0- 1 m). Geomorphology is eüsily 

interpreted from aerial photogrüphy withou~ much, if any, ground thruthing. Ecological 

assemblages, however, are more difficuk to classi fy since the species and substrate cün be 

highly variable, and severd distinct assembIüges mriy be present in each geomorphological 

zone (Fagerstrorn, 1987). Coral reef habitat müpping requires more than a general 

knowledge of the study ürea, it requires exlensive ground thruthing to identify ecological 

assemblages present on the field. An important aspeci 01' this study is the systernatic 

approach üt defining habitat classes. This approach permits ti natural grouping of the habitats 

and provides the quantitative description of each component brised on standard reef sampling 

techniques. The foflowing sections will discuss in more details the selection of mapping 

accuracy threshold, habitat discrimination using aerial photographs, changes in the TCMP 

and the sources of errors in this study. 



3.5.1 Accuracy Requirenzerzis 

It is difficult to select u threshold accuracy requirement for successful habitat 

mapping using remote sensing rnethods. In most situations, it is unrealistic to evaluate the 

rnap accuracies with the sarne criteria as generally accepted by the scientific communicy. 

Cord reefs habitats commonly show a complex and intrrmingled biotic and abiotic 

cornponents with a gradational transition between habitats making them difficult to map 

using remote sensing. C o d  reef habitats also typicdly show a gradation with depth and 

wave exposure. Accuracies of 95% or greriter are unrealistic for remote sensing of marine 

habitats because of the degree of naturd uncenainty in the placement of boundaries between 

these highly gradational habitaw (Mumby el rrl. ,  1997). Ncvcrtheless. these auchors have 

suggested that an accuracy 01'65-70% is adequarc for this iypc of inüpping. The decision of 

the threshold acceptable iiccuracy is largely dependent on rhc goal O C  the project and the use 

that will be made of the thematic maps. Since the purpose of this study wüs to demonstrate 

the use of a low cost methodoiogy using archived aeriül photographs, ii wüs judged that an 

accurdcy of 70% or greater wüs acceptable. This will provide ndequate preliminary 

information on the shrillow marine habitats 01' the Tobago Cnys und wiII serve as the basis of 

future studies. 

A common way of assessing the accurücy is using an error rnritrix. It should be 

remembered thnt such procedures are brised on training dala only. Therefore, it only 

indicates how well the statistics extracicd ffom these tireris c m  bc used to categorise that 

same area. Good results suggest t h u  training tireris arc hoiiiogeneous, training classes are 

spectrüll y separable, and that the clussi lication stritegy bcing eiiiployed worlcs well in the 



training area (Lillesand and Kiefer, 2000). It indicates Iittle about how the classifier 

performs elsewhere in an image. The trriining area accuricies are overly optirnistic since 

they are denved from lirnited data sets (Lillesand and Kiefer, 2000). The overall accuracy 

measures obtained from error matrix are d l  in agreement, the Kappa coefficient of 85%. 

overall accuracy of 87% and the Tau coefficient of 85% (Table 3-3). Using the more global 

scale of reliability, we obtained a reliability of 69% (Table 3-4). This method provides 

insight on the source of errors in the classific~ttion process. Sorne of the fhctors that received 

low scores cannot be changed (specular rellrciion, topogrüphy, slopc, bathyrnetry and bottom 

assemblage) but other such ris the quality 01' the scaniiing process and the total field ürea and 

number of field sites couid be adjusted to obtain bctter classification results. Somewhere in 

between these two accuracy üssessment rnethods is probably the true accuracy of our 

thematic map. 

3.5.2 Habitat discrimilratiort usirzg scarzrred aeriul plzotograplts 

The most common problems in using remoie sensing ro map marine environments are 

the effects of the variable water depth and turbidity (Sheppard el al., 1995; Chauvaud ef al., 

1998; Pasqualini ef ul., 1997). There is an exponential attenuation of light radiation with 

increasing water depth, the blue radiaiion penetrates deepcr than the green and the red 

radiation does not penetrate more than a fèw ineters. This dicn rcsults in a variation of the 

spectril signature for a same benthic assetnbIrige or borioni iypc with varying depth. The 

coral class (A) had the largest error of omission with a produccr accurricy of only 53%. From 

a map producer point of view only 53% of the  testing sites were classified as mixed coral 

community, therefore the classification wsis not very efficient ut classifying the coral areas in 



the TCMP. The mixed live cord community clÿss is presem in a wide depth range from 0.2 

m to approximately 30 m, thus throughout the depth range of the classification (0-10 m). The 

deep water class (G) h;rs one of the largest errors of commission with a user accurücy of 

74%. The user of this map will find thüt 26% of the time the iirea identified as deep water on 

the map (class G) will not be a deep water area on the field. The deep water class was 

rnainly misclassified for the rnixed live coral community (class A). A cioser examination of 

the error matrix and the classified map of the TCMP reveal thüt these classification errors can 

rnainly be attributed to the increase in water dcpth. Tnr misclassification of deep water for 

hürd conil is more evident on the liinging rwlY surrounding thc Cays and the fore-reef areas 

because of the steeply sloping shelves and the greüier water dcpth variability (Figs. 3-6 to 3- 

13). The shdlow backreef, reef crest and lagoon zones of the Horseshoe Reef and Petit 

Tabac as well as the shallow areas surrounding the Cays do nor show this misclassification 

problem. These areas are shdlow (c4 mm) and do not have much variation in water depth. 

This classification cannot be used reliably to map the iiiixrd coral communities in the Tobago 

Cüys in areas deeper than 4 meters. 

Except for the mixed live coral cornniunity class. d l  othcr classes are reliüble from a 

user and producer7s perspective. The 9-26% commission errors obtained for the mixed Iive 

cord community clüss. the dead coral substrlitum with mixed algae class, the seagrass 

dominated class and the rnücro algae dominlited can be niainly attrihuted to confusion of 

these classes amongst themselves. The dead coral subsiniiuiii clüss has the largest error of 

commission with 26%. Cord reef' habitats iur doiiiinated by plants and animals which are 

simitar in size and contain similür pigments, ihus are very difficult io distinguish using 



remote sensing (Sheppard, 1995). Recent research hüs been conducted to determine the 

spectral signature of coral reefs using ground meaurements from an in siru hand held 

spectrondiometer (Hardy et al-, 1992; Holden and LeDrew 199th; Miyazaki et al., 1995; 

Nadaoka et al., 1998). The specuül signature of corai, maci-O algüe and seagrass is very 

similar (refiection peak at 0.575-0.600 p m  and absorption perik between 0.650-675 pm) 

because of the presence of chiorophyll in the tissues. Areits of dead cords  commonly 

encmsted with red coralline algae also have a similar signature (Holden and LeDrew, 1998a). 

The Red and NIR bands can potentially be used to discriminate between seagrass, algae and 

corais. Unfortunately these regions of the zlectromagnetic specti-un1 are strongly absorbed by 

the water and penetmtion is limited to aboui 1 m for NIR band and 3 rn for the red band 

(Harris ÿnd Kowülik, 1994). Where distinguishing peaks rxist within peneuating spectrum. 

only the very nürrow spectrül bands availtible from hyperspectml scanners may potentially 

detect these differences. It is therefore not surprising to find that coral reef habitats are 

difficult to distinguish using remore seiising iiiripping techniques. 

A closer look at the clüssified imagc revçals that contexrual errors can be found and 

not been accounted for in the error matrix. These errors are olien round in areas for which 

little o r  no ground surveys rire availüble. lt is nevenheless possible to detect these possible 

misclassification errors based on the general knowledgrr modern reef environments. Most of 

the large wave breüking areas hüs been ~ m o v e d  from the classification using masks. Srnall 

surf areas, which were omitted from thcse nirisks (i.c. Horscshoc Reef north of boat passage), 

were misclassified as sand dominateci areas (Fig. 3-7a). The seagrass clüss is obviously 

overclassified but this is not reflected i n  the error iiiurrix bccausr: oT the limited amount of 



testing sites. It is obvious thüt seagrüss should be a common cIass in the shallow Iagoon and 

in protected areLs surrounding the Cüys but not in high-energy environments, such as the 

fore-reef ares or even in the proximd back-reef (Fig. 3-7). For example, in the north east 

region of the Horseshoe Reef the classification process hzis assigned a large arnount of pixels 

to the seagrass class. Even if those ueüs were not specifically visited on the field, it is 

unlikely that these areas are seagrass dominüted. These areas are most likely confused with 

the sand dominated class (E) contiùning u tow macro algae cover. Seagrass and macro aigae 

are considered as transient cornponents (Le. lasting a short ierm) while hard corals and 

gorgonians are considered as non-transient components (Thamrongnawüsawat, 1996). It is 

therefore expected that important changes in the sragrass and mücro algae habitats may have 

occurred between the üeriül photogrüphy survey (Mürch 199 1 ) and the field survey (May 

1999). This mükes it even more difficulty to asscss the accuracy of these two classes. 

3.5.3 Changes in the TCMP 

Because of the absence of prior quamitative surveys on the reefs of Tobago Cays a 

cornparison of our results with Lewis (1975) is limited. Nevenheless, we will comment on 

the most obvious changes and speculate on the causütive agents. The two major changes 

observed in the shüllow waters of the TCMP since the elirly 1970 are: i) near absence of live 

Acroporu pulmutrr, and ii) increased abundance of flcshy macro ülgüe near Baradni Cüy. 

The hürd cord species assembhge for the reefs in the TCMP is very similar to thüt described 

by Lewis (1975) and typicd of similar r d  types in the Caribbcan (Milliman, 1975). The 

main difference in coral composiriun is t he nctir übscnce 01- l i vc Acroporcr palmaru from the 

reef crest, the shallow fore-reef, the bockrecf areas and the liinging reefs of the TCMP. 



Thus, A- palmatu, which once flourished and dominated the shallow reefs of the TCMP has 

now vinudly disappeared as a reef builder. Throughout rnuch of its rmge A. palmuru has 

been subject to the white band diseüse (mid 1980), from the Flonda Keys, Puerto Rico and 

the Virgin Islands, Antigua, St-Martin, Curacao, Nicaragua, Panama, Bahamas, Tobago, and 

Bermuda (Santavy and Peters, 1997). The WBD is the most likely cause of the A. Pulrnata 

dieoff in the shallow waters of the TCMP. 

From the classification scheme and the field data i t  is possible to observe that there is 

a dominance of the macro algae class principally on the easi and north-easi sides of Baradal 

(Fig. 3-6). This fleshy macro algae dominance wss noi obscrved by Lewis ( 1  975) üt the tirne 

of his survey. The massive reduction in the abundmcc of Dicrckirrrtt trrziilkc~rurn in the 

Caribbean (Lessios et ai., 1983, Bak aiid Nieuwland, 1995) coinbined with reductions in fish 

grazers due to over fishing are frequenily cited as causes of ilrshy algae dominance (Hay, 

1984 and Done, 1992). Another likely Fdctor in the degradaiion of the reef is the discharge of 

raw sewage by visiting yatches in the back reef areü of' the Tobago Cays. The east side of 

Baradal is a very shallow and protecied areü of ihe TCMP. which is probübly an ideal 

location for nutrient accumulation and flourishina n~acro algüe growth. 

3.5.4. Sources of errors 

The main sources of errors in this siudy arc Troin thc discrcpancy in the date of the 

aerial photogrüphs survey (199 1 ) and the field survey ( 1999). the non-availability of 

differentiül GPS, and the restriction io one field sui-vey session. Data for the training and 

testing sites are ideally collected on two scpüraie field irips ( M  utnby and Astaire, 1 999; 

Sheppard et cd., 1995). First the trüining sites are collcctcd, I'roii~ which are derived a 



~Iassification scheme using cluster analysis. Second, the testing sites and additional testing 

sites (if needed) are collected using the predeterrnined classificütion scheme. We were 

Iimited to collecting aH the field data in one field season; some of the difficulties and errors 

encountered in the projects could have been greatly reduced. Ground sampling units should 

allow for errors in the location of that particular pixel ris well as the reflectance value of that 

pixel to be spread over the adjacent pixels. For ground thruthing of remote sensing data the 

scale of sampling is set by the pixel size of the image and the errors in lucating that particular 

pixel on the ground (Jensen, 1996). Even if we had an excellent spatial resolution (50 cm) 

one of the most difficult task wu to locate the field sites on the rreriril photographs because of 

the unavailability of differentid GPS for our study ;irea. We used 1 m' field quadrates that 

correspond to training sites of 4 x 4 pixels. Choosing Iuger honiogeneous field sites readily 

visible on the aerial photography and placing more emphüsis on habitat transition and 

boundaries would help to reduce this problem. Another source of errors is the presence of 

scanning artefacts. A better desktop scanner, which riccepts large format photography, could 

be used. Photogrametric scanners could not be considered for this study since most of these 

scanners do not operate on paper prints. There is always a possibility of improving accuracy 

and reliability of a rnap but it is constrained by time, budget and the initial objective of the 

project. 

3.5.4. Future studies 

It is clear that airborne hyperspectral imslgery could provide a more detailed and 

accurate coral reef habitat mapping. Hyperspectrül sensors provide excellent spatial, 

spectrai, radiometric and temporal resoluiions thrit crin be adjusted for specific applications. 



Significant research efforts have been put into building ii spectral library for reef substrates 

(Myers et ai., 1999; HoIden and LeDrew, 1998). This spectrril Iibrary will increase the 

interpretability and facilitate the used of hyperspectrai imagery in this area of research. 

Despite its great potential, this option is costly and requires extensive calibration. Another 

alternative that is worth exploring is the newly available imagery from the IKONOS satellite. 

Imagery from this first commercial high resolution satellite hüs good spatial (4 m). spectral 

and radiometric (1 1 bit) resolutions- The greater spatial and spatial resolutions of these 

digital sensors coupled with the capacity of applying a depth correction aigorithm as well as 

applying a radiometric correction to reduce the iitmospheric effects would increase the 

precision and the accuracy of coral reef habitat mnpping. Finally, i t  would be interesting to 

perform a change detection analysis using recent ueriiil photogi-ziphs (or other type of digital 

images) of the Tobago Cays to document changes in the bcnthic cnvironments since 199 1. It 

would be especially interesting to document the loss and possible recovery andfor 

replacement of Acrnpora palmata as a major reef builder on these shdlow reefs. 

3.6 Conclusions 

Our results demonstrate the potential use of scrinncd aerial photography and standard 

image processing techniques for shallow tropical habitat iiiapping. An important aspect of 

this study is the systematic approach at defining habitat classes. This approach permits a 

natural grouping of the habitats and provides the quantitative description of each component 

based o n  standard reef sampling techniques. The major findings of this study are: 

1. Hierzirchical Cluster Analysis of benthic cover ructisui-cd using field quadrates is a 

rapid and effective method for surveying shallow iiinrine hnhiiats and obtaining a 



systematic habitat classification scheme. The ground survey results provided a 

quantitative inventory of the main benthic assemblages and bottorn types of the 

TCMP. 

2. The overall classification accuracy measures obtained from the error rnatrix are ail in 

agreement with a Kappa coefficient of 85%, an overall accuracy of 87% and a Tau 

coefficient of 85%. 

3. The cord class (A) had the largest error of omission with a producer accuracy of only 

53%. Deep water areas (class F) are commonly confused with corals at depth of 4 

rneters or more. Al1 other classes have lower commission errors (9-2696). 

4. The mixed live coral community class, the dead coral substrriturn with rnixed algae 

class, the seagrass dominated c l u s  and the macm aigrie don~inated class are confused 

mainly amongst these same four classes. This confusion is most likely due to the fact 

that corai reef habitats are dominüted by plants and ünirnals thüt contain similar 

photosynthetic pigments. 

5. The seagrass class is obviously over-classified but ihis is not reflected in the error 

- rnatrix because of the Iimited m o u n t  of testing sites. The serigrriss class is most 

likely confused with the sand dominüted class (E) contüining a low macro algae 

cover. Seagrasses and mücro algae are difficult reef habitat components to rnap 

becriuse of their sensonal und transient nature. 

6. The two major changes in the TCMP since Lewis ( 1975) arc: the near absence of live 

Acropar~t pultnatu from high energy shrillow reelS rircris of- the TCMP and the 

dominance of fleshy macro algae surrounding Baradal Criy. 



The results and the accuracy obtain from this project cire possibly inadequate for fine 

scale resource management purposes but they are quite acceptable as a preliminary working 

document and comparable to previous studies using scanned aerial photographs. This 

research provides valuable information on the shaIIow marine habitat composition and 

distribution in the Tobago Cays, where minimal resources and information were available. 

This survey will facilitate the monitoring through time and the evaiuation of the efficiency of 

the management of the TCMP. The rnethods devetoped here proved to be cost-effective and 

suitable for a wide variety of applications in deveioping countries where aericil photography 

surveys are often available in the archives and could be put to good use. 



CHAPTER 4: General Conclusions 

The reefs of the Tobago Cays are important to the local economy of the surrounding 

Islands (e.g. Union, Mayreau). Over the p u t  15 years a number of informai reports have 

indicated that the conditions of the reefs in Tobago Cüys have suffered from deterioration. A 

marine park has recently been established for the Tobago Cays, nevertheless limited 

documentation is availnble on these reefs. Our reserirch provides vrtluable information on the 

shallow marine habitat composition and distribution in the Tobago c a y s  as well as an 

indication of the current health condition of the Horseshoe Reef. These are essential in the 

protection and management of the corül reef ecosystem of the TCMP and provide the 

necessary baseline information for long term moniioring and thai can be used to m e s s  the 

management efficiency of the TCMP. 

For the first time, the current condition of the Horscshoc Recf was established using 

the AGRRA methodology. This survey also contributes to the Caribbenn wide AGRRA 

database and establishing a regional bascline of coral condition in the Western Atlantic and 

Gulf of Mexico. Using the indicaiors established by the AGRRA protocol. the results 

obtained from our survey suggest that the Horscshoc Rccl' is a i-clatively healthy reef but is 

also showing signs of disturbances.Establishing and enforcing fishing regulations and 

monitoring water qudity in the Tobago Cays Marine Park are rr criticul step to avoid future 

degradation in the health of the reefs. Even if the Horseshoe Reef is relatively isolated from 

direct human influences, the most likely factors in the degradation of the reef are over fishing 

and the discharge of raw sewage by visiting yatches in the brick reef area of the Tobago Cays. 



- 

Because of the absence of earlier quantitative surveys on the reefs of Tobago Cays we can 

only speculate on the possible causes of the observed changes or degrüdation of these reefs- 

Our study d s o  demonstrates the potentid use of scanned aerial photography and 

standard image processing techniques for shallow tropical habitat mapping, regardless of the 

limitations imposed by this technique. This reseürch provides a digital thematic map, with 

known accuracy, of the shallow marine habitats of the Tobago Cays, The thematic map 

provides a visual, digital and quantitative inventory of the major habitats that can be easily 

upgraded for long term monitoring purposes. The methods developed here prove to be cost- 

effective and suitable for a wide varicty of applicatioiis in dcvcloping countries where aerial 

p hotography surveys are often avaiIüble in the archives. Scanncd aerial pho togrüphs coupled 

with standard image processing techniques are an adequate interirn technology awaiting 

higher resolution and cost effective rernote scnsing options. 



References 

Adey WH (1978) Coral reef morphogenesis: a multidimensionrtl model. Science 2: 83 1-837 

Adey WH, and Burke RB (1976) Holocene bioherms (algal ridges and bank barrier reefs) of the 
eastern Caribbean. Geologicnl Society of America Bulletin 7: 95- 109. 

AGRRA (2000) htt~://coral .aoml .noria.nov/ao;ra 

Aronson RB, and Precht, WF (1 995) Landscape patterns of reef coral diversity: a test of the 
intermediate disturbance hypothesis. Journal of Experimentül Marine Biology and Ecology 192: 
1-14. 

Aronson RB, Pretch WF ( 1  997) Statis, biological disturbaiicr, aiid cotnii~unity structure of a 
Holocene cordl reef. Paleobiolopy 23: 336-46. 

Antonius A (198 1 )  Cord reef pathology: A revirw. Proceadings of the 4%" International Coral 
Reef Symposium 2: 3-6. 

Bak RPM, Sybesma J, and van Duyl FC (198 1 )  The ecology of the tropical compound Ascidian 
Trididemnum solidum II: Abundance, Growth and Survivat. Marine Ecology Progress Series. 6: 
43-52- 

Bak RPM, and Nieuwland G (1 995) Long-term change in coral comrnunities dong depth 
gradients over leeward reefs in the Netherlünds Antilles. Bulletin of Marine Science 56(2): 609- 
619. 

Bak RPM, Lambrechts DYM, Joenje M, Nieuwland G, und Van Veghel M U  (1996) Long-term 
changes on coral reefs in booming populations of o cornpetitive colonial ascidian. Marine 
Ecology Progress Series 133: 303-306. 

Bak RPM, and Meesters EH (1998) Cord population struciure: rhe hidden information of cotony 
size frequency distribution. Marine Ecology Progress Series 162: 30 1-306 

Birketrind C ( 1  977) The importance of rite 01' bio-riccuiiiulrition i n  etirly successional stages of 
benthic communities to the survival ot'corttl recruits. Proceediiips ot'tlir third International Coral 
Reef Symposium 1 : 15-2 1.  

Bosence DWJ (1  983) Coralline dgal reef frirneworks. Journal of the Geological Society 140(3): 
365-376. 

Brock RE (1979) An experimentd study on the effects of gr~zinp by parrotfishes and role of 
refuges in  benthic community structure. Marine Biology (Berlin) 5 1 : 38 1-388. 



Brown BE (1997) Coral bleaching: Causes and consequences, C o d  Reefs 16(SUPPL.): S 129- 
S138. 

Brown BE, and Ogden JC (1 993) Cordl bleaching. Scientific America, January. 64-70. 

Bruckner AW, Bruckner RJ, and Williams EHJr ( 1997) Spread of a black-bond disease epizootic 
through the coral reef system in St-Ann's Bay, Jamaica. Bulletin of Marine Science 6 I(3): 9 19- 
928. 

Bryant D, Burke L, McManus J, and Spalding M (1998) Reef at Risk: A map-based indicator of 
threats to the world's coral reefs. World Resources Institute- 56p. 

Catt P, and Hopley D (1 988) Assessrnent of large scak photographie itnagery for management 
and monitoring of the Great Barrier Reef. Proc. Syinp Rrmote Sensing ofthe Coasral Zone Gold 
Coast QueensIand. III 1 .1  - III 1.14. 

Chauvaud S, Bouchon C and Mrinicre R ( i 998) Remote sensing techniques adapted to high 
resolution mapping of tropical coastal marine ecosysterns (coral reefs, seagriss beds and 
mangrove). International Journal of Remote Sensing 1998: 3625-3639. 

Clack (1 976) Recent carbonate reef sedimentation off the Coast of Carriacou, West Indies. 
Unpublished Ph.D. thesis, McGill University, Montreal. 2 18p. 

Clark CD ( 1  993) Satellite remote sensing of rnarinr pollution. International Journal of Remote 
Sensing. 14: 2985-3004. 

Clarke KR ( 1  993) Non-parametric multivariate ünnlyses of changes in community structure. 
Australian Journal of Ecoiogy 1 8: 1 1 7- 143. 

Congalton RG (1 99 1 )  A review of assessing the accurxy of cltissit?ctition of remotely sensed 
data. Remote Sensing of the Environnient- 37: 35-46. 

Conne11 JH (1 997) Disturbance and recovery of coral assrmbhges. Coril Reefs 16s: f O 1 - 13. 

Cracknell AP, and Hayes LW (1993) Atriiosphrric corrections to passive satellite remote sensing 
data. In: introduction to rernotes sensing. Taylor and Francis, London. p. 1 16- 158. 

Defense Mapping Agency (1979) Nüutical Chart for Carriticou to Bequiri, Grenadine I d . ,  West 
Indies. Washington DC. 

Delgado 0, and Lapointe BE (1 994) Nutrient-limited productivity of calcareous versus fleshy 
macroalgae in a eutrophic, carbonate-rich tropical marine environment. Coral Reefs 13: 15 1-159. 



Dey S (1 985) Compositional and textunl anülysis of beach and shallow-marine carbonate 
environments in the southern Grenadines, tesser Antilles volcünic island arc: Facies mode1 for 
ancient island-arc iimestones. Unpublished M.Sc. thesis, Queen's University, Kingston, Ontario. 
281p. 

Dey S, and Smith L (1989) Carbonate and volcanic sediment distribution patterns on the 
Grenadines band, Lesser Antilles island Arc. East Caribbeun. Bulletin of Canadian Petroleum 
Geology 37(1): 1 8-30. 

Done TJ (1 992) Phase shifts in coral reef communities and their ecological significance. 
Hydrobioiogia 247: 12 1 - 132. 

Done TJ (1 997) Decadal changes in  reef-buildi ng communi ties: Irnpl ications for reef growth and 
monitoring progrùrns. Proc. 81h In[. Cordl Reef Symp. 1 : 4 1 1-4 16. 

Dustan P (1 987) Prelimintlry observations on the vitality of reel'corrils in  San Salvador, 
Bahamas. Proc. 3* Sym. on the Geol. Bahamas. p57-65 

Edmunds PJ (1 991) Extent and effect of Black Band Disease on a Caribbean reef. Coral Reefs 
10: 161-165. 

English S, Wilkinson C, and Baker V (Eds) ( f 997). Survey munual for tropicat marine resources. 
Australian Institute of Marine Science. Townsville- 390pp- 

ESA (2000) http://envisat.esttt~.esii.nl/ 

Fagerstrom JA (1987) The evolution of reef comn~unities. John Wiley & Sons, New York. 235p. 

Faith DP, Minchin PR, and Belbin L ( 1  987) Compositiond dissiriiilarity as a robust measure of 
ecological distance. Vegetatio 69: 57-68. 

Ferguson RF, Wood LL, and Graham DB f 1993) Monitoring spatial change in seagrass habitat 
with aerial photogrqhy. Photograiiinietric Enginneering & Reinote Sensinp. 59: 1033- 1038. 

Geister J (1977) Influence of wave exposure on the ecoIogica1 zonation of Cüribbean coral reefs. 
Proceeding of the third International Coral Reef Symposi~trii, Miaini FL. p.23-29. 

Ginsburg RN, Bak RPM, Kiene WE Gishler E, and Kosmynin E ( 1996) Rapid assessrnent of reef 
condition using coral vitsility. Reef Encounter 19: 12-1 3. 

Ginsburg RN, Kramer P, Lang J, Sale P, and Steneck R ( 1999) Atlantic and Gulf Rapid Reef 
Assessement: Trüining manuül frorn the Bonaire workshop. RSMAS, University of Miami. 

Giadfelter WB (1 982) White band disease in Acropora prilmiiia: Ii~nplications for the structure 
and growth of shallow reefs. Bulletin of- Marine Science 32: 639-45. 



Gleason DF, Wellington GM (1993) Ultrdviolet rddintion and cou1 bleaching. Nature 365: S36- 
838. 

Glynn PW (199 1)  Coral reef bleaching in the 1980's and possible connections with global 
warming. Trends in Ecology and Evol ut ion 6: 1 75- 1 79. 

Gtynn PW (1984) Widespread coral monality and the 198283 El Nino warming event. 
Environmental Conservation 1 1 : 133- 146. 

Glynn PW (1993) Coral-reef bleaching-ecological perspectives. Coral Reefs 12: 1 - 17. 

Glynn PW (1996) Coral reef bleaching: facts, hypotheses and implications. Global Change 
Biology 2: 495-509. 

Goreau TJ (196 1) Problems of growth and calciu~i~ deposition in reef corals. Endeavour 20:: 32- 
39. 

Goreau TJ, and Hayes RL (1 994) Cord bleaching and ocean "hot spot". Ambio 23: 176-1 8i0. 

Goreau TJ, Cervino J, Goreau M, Hayes R, Hayes M. Richardson L, Smith G, DeMeyer K, 
Nagelkerken 1, Garzon-Ferrard J, Gil D, Gzirrison G, Williuni EH, Bunkley-Williams L, Quirolo 
C, Patterson K, Porter JW, and Porter K (1998) Rapid spread of diseases in the Caribbean coral 
reefs. Review of Tropical Biology 56 (5s): 157- 17 1.  

Green EP, Mumby PJ, Edwürds A J, and Clark CD ( 1996) A revirw of rernote sensing for t h e  
assessrnent and management of tropical coristül resources. Coastal management- 24: I -40. 

Hallock P, Schlager W (1 986) Nutricnt excess and the dciiiise of coral recfs and carbonate 
platforms. Palüios 1 : 238-398 

Hallock P (1996) Reefs and reef limestones in earth history. In: Life and death of coral reefss 
(Birkeland C, ed). Chaprnan & Hall, New York. 536p. 

Hallock P. Muller-Kürger FE, and Halas JC (1993) Coral Reef Decline. National Geographic 
Research & Explordtion 9(3): 358-378. 

Hardy J, Hoge F, YungeI J, and Dodge R (1992) Remote detection of coril bleaching using 
pulsed-laser fluorescence spectroscopy. Marine Ecology Progress Series 88: 247-55. 

Harris PM und Kowalik WS (Eds) ( 1994). Satellite images of carbonate depositional settings. 
AAPG Methods in Exploration Series Number. 147p. 

Hay ME, Colburn T, and Downing D (1983) Spütid und teinportil patterns of herbivory on a 
Caribbean fringing reef the effect on plant distributions. Oecologia (Berlin) 58: 299-308. 



Hay ME (1984). Patterns of fish and urchin grazing on Caribbean coral reefs: are previous 
results typical? Ecology 65: 446-454. 

Holden M. and LeDrew E ( 1  998a) Hyperspectral identification of coril reef features in Fiji and 
Indonesia. Fifth International Conference on Remote Sensing for Marine and Coastal 
Environments, San Diego, CA Vol. II: 78-84. 

HoIden H, and LeDrew E (1998b) The scientific issues surrounding remote detection of 
submerged cord ecosystems- Progress in Physical Geogrciphy. 22(2): 1 90-22 I . 

Hopley D, and van S tevenick ( 1  977) Infrd-red aerial photogrüphy of coral reefs. Proceedings of 
the 3rd international Conl Reef Symposium, Miami, FL. 305-3 1 1 .  

Hopley D (1996) Cod Reefs: The problem child of environmental monitoring and remote 
sensing. Coral Remote Sensing Workshop, Miriirii, FL. p.2- 17, 

Hubbrird DK (1 996) Reefs as dynaiiiic systerns. In: Life and dssith of coral reefi (Birkeland Cl 
ed). Chapman & Hall, New York. 536p. 

Hydrogmphic OfTice of the United Kingdom (1999) Nauticsil charts of the Middle Grenadines 
Canouan to Carriacou, Windward Islands, Published by [mray Laurie Norie & Wilson Ltd-, 
England. 

Hughes TP (1 989) Community structure and diversity of coral reefk the role of hisrory. Ecology 
70:275-279. 

Hughes TP ( 1 994) Catastrophes. phase shifts, and Iürge-scale degrsidation of a Cari bbean coral. 
Science 265: 1547- 155 1.  

Hughes TP, Reed DC, Boyle, MJ (1987) Herbivory on coral reetk Cornmunity structure 
following mass mortality of sea urchins. Journal of Experimental Marine Ecology 1 13: 39-59. 

James NP and Bourque PA (1992) ReetS and inounds, 111: Facies Models: Response to Sea-Level 
Change Wal ker RG and lames NP (Eds.). Grological Association or Crinadci, p.-. 

Jensen JR (1 996) Introductory Digital Iiniige Processing. Prentictt HaIl Inc,, UpperSaddle River, 
NJ. 3 16pp. 

Kuhlmann DHH (1989) Ecologicril adaptation micl u cornpciisatory theory of coril assemblages 
in the maintenance of reef growth. Mem. Ass. A~istralns. Pulueontols. 8:433438. 

Kuta KG, Richardson LL (1996) Abundrince and distribution of blrick band disease on coral reefs 
in northern Florida Keys, Coril Reefi 15(4): 2 19-223. 



Lang JC, Wicklund RI, Dill RF (1988) Depth and habitat relateci bieaching of zooanthellate reef 
organisms near Lee Stocking Island, Exuma Cays, Bahamas. Proceeding of the Sixth 
International Cota1 Reef Symposium, Australia. 3: 269-274. 

Lang JC, Lasker HR, Gladfelter EH, Haliock P, Jadp WC, Losîdü FJ. Muller RG (1 992) Spatial 
and temporal variability during periods of recovery after mass bleriching on western Atlantic 
coral reefs- American Zoologist. 32:696-706 

Lessios HA, Glynn PW, Robertson DR (1983) Mass mortalities of coral reef organisms. Science 
222: 7 15. 

Lessios HA, Robertson DR, Cubit JD ( 1  984) Spread of Dicrtlenicr mass mortality through the 
Cari bbean. Science 226: 335-337. 

Lessios HA ( 1  988) Mass mortality of Diudmtu U I Z Z ~ ~ ~ ~ ~ I I I I  in the Caribbean: What have we 
learned? Annual Review of Ecology and Systemritics 1 988 1 9: 37 1 -93. 

Lewis JB ( 1975) Preliminary description of the comI reek i n  Tobago Cays, Grenadines, West 
. Indies. Atoll Research Bulletin 17B: 2- 14 

Lewis JB (1984) The Acroporu inheritance: A reinterpretation of the development of fringing 
reefs in Barbados, West Indies. Corül Reefs 3: 1 17- 122. 

Lewis JB ( 1989) The ccology of Mil lepru .  Corril Rrefs 8: 99- 1 07. 

Lewis S (1 986) The role of herbivorous fishes in the organisaiion of a Caribberin reef 
community. Ecological Monographes 56: 183-200. 

Lillesand T M  and Kiefer RW (2000) Remote Sensing and Image Interpretation. John Wiley & 
Sons Inc., New York, NY. 724p. 

Littler MM (1 976) CaIcification and its role among the rnacrorilgae. Micronesica 12:274 1. 

Lyzenga DR (1 978) Passive reinotc sensing techniques Ior mapping water depth and bottom 
features. Applied Optics. l7:379-383. 

Lyzengra DR ( 198 1 ) Remote sensing of bottoin refltrcrriiictt aiid writer attenuation parameters in 
shallow water using aircraft and Landsiit duta. Intcriintioiial Journal o f  Reiiiote Sensing 2:7 1-82. 

Loya (1976) Recolonisation of Red Sea corals affccted by natural catiistrophes and man-made 
perturbations. Ecology 57: 278-289. 

Macintyre IG ( 1988) Modern corül reef3 of Western Atlaniic: New Geological Perspective. The 
American Association of Petroleum Geologist Bulletin 72( 1 1): 1360- 1369. 



Macintyre IG (1997) Reevaluating the rote of crustose corzlIIine algae in the construction of coral 
reefs. Proceedings of the 8Ih International Coral Reef Symposium, Panama. 1: 725-730. 

Manière R, Bouchon C, and Bouchon-Navaro Y ( 1  994) Mripping of the seagrass beds in the bay 
of Fort-de-Frdnce (Martinique, French West Indies) by digitized aerial photographies, 
Proceedings of the First International Airborne Remote Sensing Conference and Exhibition, 
Strasbourg, France p.735-743. 

Manière R, and Jaubert J (1985) Traitement d'image et cartographie de récifs coralliens en Mer 
Rouge (Golfe d' Aquaba). Oceanologica. Acta 8 (3): 32 1-328. 

McCarty and Peters (2000) 

McClanühan TR, Muthigu, NA (1998) An ecological shili i n  a reinolr coral atoll of Belize over 
25 years. Environmental Conservation 25(2): 122- i 30. 

Meester E, Bak RPM (1993) Effects of coril bleaching on tissue regenertition potential and 
colony survivat. Marine Ecology Progress Srritos 96: 1 89- 198. 

Meester EH, Bos A, Güst GJ (1992) Et'tect of sedimentzltion and lesion position on coral tissue 
regenenrion. Proceeding of the 7'" International Coral Reef Symposium 2: 68 1-688. 

Meester EH, Pauchli W. Bak RPM ( 1997) Prediciing regriienrtiori of physical darnage on a reef 
building corai by regeneration cupacity and Iesioii shupe. Marine Ecology Progress Series 146: 
9 1-99. 

Meinesz A, Belsher T, Doudouresque DF, and Lefevre JR ( 199 1 ) Première evaluation des 
potentiales du satellite SPOT pour la cürtographie des peuplemenrs benthiques supetficiels de 
Meditérranée occidentde. Oceanologica Acta. l4:299-307. 

Milliman JD (1975) Caribbem coral reefs. In: Jones AO, Endean R (eds.) Biology and geology 
of coral reef3, vol. 1 : Geology. Academic Press, New York, p. 1-50. 

Miyazaki, T, Nakatani, Y, Harüshima, A (1995) Merisuring the cord reef distribution of 
Kuroshima Island by szlteliite rernoie seiising. 111: Proceedings of SPIE- The International 
Society for Opticül Engineering, Bellinghriin WA, USA. V. 2586 p.65-72. 

Mumby PJ, Green EP, Clark, CD and Edwrirds, AJ ( 1996) Rtxf  habitat rissessrnent using (CASI) 
airborne remote sensing. In: Proceedings of the 8th 1ntern:itional Coral Reef Symposium, 
Panama 2: 1499- 1502. 

Mumby PJ, Green EP, Edwards AJ, and Clark CD (1 997) Coral reet- habitat mapping: how much 
detail crin remote sensing provide. Marine Biology. v. 130, r.2, p. 193-203. 



Mumby PJ, Harborne AR, and Raines PS ( 1  998a) Classification scheme for manne habitats of 
Belize. UNDP/GEF Belize Coasral Zone Management Project. 42p. 

Mumby PJ, Clark CD, Green EP, and Edwards AJ (1998b) Bendits of water column correction 
and contextual editing for mapping coril rerf's. International Journal of Rrrnote Sensing l9(l): 
203-2 1 O. 

Mumby PJ, Green EP, and Edwards AJ (199%) Digital analysis of multispectra1 airborne 
imagery of coral reefs. Coral Reefs l7(l); 59-69. 

Mumby PJ, Edwards AJ, Clark CD, and Green EP (1998d) Managing tropical coastal habitats. 
Backscatter. May: 22-26. 

Myers MR, Hardy JT, Mazel CH, Dustan P ( 1  999). Optical spectrit and pigmentation of 
Caribbean reef corals and rnacroalgae. Coril Red>, 1 8(2): 179- 1 86. 

NASA (2000) http://seawifs.gsfc-nasa.~c~v/SEAWIFS.h~n.il 

Nadaoka K, Nihei Y, Omija T and Shimoike K ( 19911) The iniage malysis of coral reef area 
based on the spectral reflectance charxteristics of the sea bottom. Proceedings of the Second 
Regional Symposium on Infrastructure Planning in Civil Engineering. Vol 2. 

Neumann AC, and Macintyre (1985) Reef response to seii Ievrl rise: keep-up. catch-up or give- 
up: 5'" International Cori1 Reef Congres Procredings v.3 p 105- 1 10. 

NOAA (2000) http://mbsgi I .~~S~~S.IIO;~~.~~V:~(O~O/PSB/EPS/SS~I'/C~~I~~~~~.~I~I~II 

Ogden JC, Brown RA, and Saiesky (1973) Grazing by the echinoid Diatic~niu anrillururn Philippi: 
formation of halos around Wesr lndian patch rcct's. Scieiicc 1982: 7 15-7 17. 
Pasquaiini V, Pergent-münrini C, Fernandrz C, and Pergent G ( 1997). The use of airborne 
remote sensing for benthic cartography: advmtagrs and reliability. International Journal of 
Remote Sensing 1 8(5): 1 167- 1 177. 

Pearson RG (1 98 1 ) Recovery und recolonization of corril rtxfs. Marine Ecology Progress Series 4 

Ray R ( 1  960) Aerial photographs in geological intcrpreiiilioii aiid rnapping. Geological Survey 
professional paper no. 373. 

Reef (2000) http://www.reef.org 

Roberts CM ( 1  995) Effects of fishiiig or1 the ~ ~ o s y s t e ~ i i  structure ol-co~al reefs. Conservation 
Biology 9(5): 988-995. 

Rogers CS, Garrison G, Grober R, Hillis SM, and Frank MA ( 1994) Cori1 reef Monitoring 
Münual for the Caribbean and Western Atlantic. 70p. 



Rogers CS (1990) Responses of corai reefs and reef organisms to sedimenution. Manne 
Ecology Progress Series. 62: 185-202. 

Rowan R, Knowlton N (1995) Intraspecific diversity and ecological zonation in coral-al@ 
symbiosis. Proceedings of the national Acadcmy of Sciences USA. 92: 2850-2853. 

Rowan R (1998). Diversity and ecology of zooxanthellae on coral reefs- [Literature Review]. 
Journal of Phycology- 34(3): 4074 1 7. 

Rutzier K, Santavy DL, Antonius A (1983) The Black Band Disease of Atlantic Reef Corals III. 
Distribution, ecology, and development. P.S.Z,N,I.: Mar. Ecol. 4: 329-358. 

Santavy DL. Peters EC ( 1997) Microbial Pests: Cortil disrases in the Western Atlantic. 
Proceedings of the 8'" International Cord R e d  Symposiuin. Püniliiiü 1: 607-6 12. 

Schmitt EF, Sullivan KM (1996) Analysis of ti votunteer iiicthod tbr collecting fish presence and 
abundance data in the Florida Keys. Bullctiii of Marine Science 59(2):  404-416. 

Sheppard CRC, Matheson K, Bythell JC, Murphry P, Blair Myers C. and Blake B (1995) Habitat 
mapping in the Caribbean for management and conservation: use and assessrnent of aeriaI 
photography. Aquatic Conservation: Marine and Freshwater Ecosystems 5:277-298- 

Smith AH, Rogers CS, and Bouchon C (1996) Status of Western Atlantic coral reefs in the 
Lesser Antilles. Proceeding of the 8Ih Internücional Cord Reef Symposium. Panama. 1: 35 1-356. 

Steneck RS (1985) Adaptation of crustost: çorülliiic algrie to Iirrbivory: Patterns in space and 
time. In: Paleoalgology: Conternporüry reseurch aiid nppliwtiotis (Eds. Toomey DF and Nitecki 
MH). Springer-Verlag Berlin Heidelberg. p.353-366. 

Stoddart DR (1969) Ecology and morphology of recent cord reefs. Biological Review 44: 433- 
498. 

Story M, and Congalron R (1986) Accurxy assessniriit: ri user's perspective. Photogramm. 
Eng. Rernote Sens. 52(3): 397-399. 

Strong AE ( 1  992) Sea surface tenipertiture signtils tiom satellites. In: Encyclopedia of earth 
system science (ed. Nierenberg, A). Aczidcniic Prcss, S m  Dicgo. V.4: 69-80. 

Strong AE (1998) First years's report on NOAA's new intericiive "hotspot" website for coral 
reef bleaching- Fifth International Conference on Remote Sensing for Marine Coastal 
Environments, San Diego, CA. 1: 9 1-96 



Thamrongnawasawat T (1 996) Development of digitised aeriaI phorography for coral reef 
management, PhD. Thesis. James Cook University, North Queensland. 234pp. 

Thamrongnawasüwat T, and Hopley D (1995) Digitized axial photogrüphy applied to srnall 
aerea reef management in Thailand. In: Recent Advances in Marine Science and Technology 
94, Ecis. Bellwood, O., Choat, W. and Saxenu, N. Townsville, Austrdia: James Cook University 
of North Queensland. 

Tom blin JF (1 970) Field guide to the Grenadine, Lesser Antilles. in: International Field Institute 
of the Caribbean island-arc systern, Washington, D.C. no. i 9 . 5 ~ .  

Tucker ME, Wright VP (1990) Carbonate sedimentology. Blackwell Science Ltd, London. 
462p. 

Vine PJ (1974) Effects of algal grrizing and aggressive beiiaviour of the fishes Ponzucenrrus 
lividus and Acunrlturus sahcrl on cord rtxf ecology. Marine Biology 24: 13 1 - 136- 

Wells S (Ed.) (1988) Coral reefs of the world: Atlantic and Easicrn Pacific. United Nations 
Environment Program and International Union for Conservation of Nature and Naturat 
Resources. v. 1 227p. 

Wilkerson FP, Kobayashi D, Muscatine L (1 988) Mitotic index and size of symbiotic algae in 
Cari bbean reef corals. Coral Reefs 7:29-36. 

Woodley JD, Chornesky EA, Cliffor PA, Jackson IBC, Kaufinan LA, Knowlton N, Land JC, 
Pearson MP, Porter JW, Kooney KW, Tunnicliffe VJ, Wahle CM, Wulff JL, Curtis ASG, 
Dallmeyer MD, Jupp BP, Koehl MAR, Niegel S. and Sides EM ( 198 1 ) Hurrican AIIan's impact 
on Jamaican con1 reefs. Science 2 14: 749-754. 



APPENDlX 1 : Additional information for Chapter 2 

A-Detailed AGRRA methodoiogy (p. 132-1 45) 

8-Standardised abbreviations for AGRRA benthic survey (p. 146) 

C-Benthic field data (p. 147-1 56) 

D-Fish transect field data (p. 157-1 60) 

E-Rover diver fish field data (p. 161) 



APPENDIX 1A: Detailed AGRRA method. 

The detailed methodology wüs provided by the Atlantic and Gulf Rapid Reef 

Assessment (AGRRA) Organising Cornmittee and is d s o  available on the AGRRA website 

(AGRRA, 2000). 

1.0 Selection of reef and sites 

For the purposes of AGRRA, s defined as the coarsest scale category 

( 1 0  km scale); followed by an AREA ( I O  km scale); a REEF ( I  km scale); and a SITE (0.I 

km scale). We recognise that reefs vary greatly in size, complexity, depth, profile, and 

coverage per km of coastline throughout the region. What foIlows rire out recommended 

procedures for selecting survey sites, however we fully undersiand that it will be necessary to 

modify these procedures to üccommodaie the special conditions ai any single site. 11 is vital 

for the success of AGRRA that ihese procedures are followed as closely as possible and that 

al1 modifications to them be carefully noted when the data arc compiled. 

The method for selection of REEFS to assess will be inlluenced by their abundance 

and distribution in your areü. If the extent and/or number of REEFS (fringing, patch. barrier) 

is so limited that they can a11 be assessed in a reasonable iime kame there is no problem. 

However, if the extent and/or number of REEFS is larger. then they should be subdivided or 

"stntified" and representative exümples selected from esich. Use the best, locally available 

sources of information (benthic maps, aerial photographs, chans, local knowledge, 

reconnaissance by Manta tow-board) to subdivide the reefs in your area. Use secondary reef 

charticteristics such as size, depth, and position relative to land to hclp select representative 

ones. Alternatively, you can give each reef within a subdivision a number and use a table of 



random nurnbers to select which ones to assess. If there are no clear bases for making 

subdivisions ( c g .  a continuous bank barrier or fringing reef several kilometres long). then 

sites should be located at evenly spaced distances. When choosing REEFS, try to avoid 

hardgrounds, pavements and other habitats that lack a framework constructed of reef- 

building corals. Depending on the rnethods and resources available for your use, REEFS that 

are selected will generally fdl  into one of three categories: 

1 .Unbiased - chosen without local knowledge or pubiished reports; 

2.Representative- chosen with the aid of local knowledge to be representative of reefs in 

that area; 

3.Strategic - chosen with local knowledge because ii is threatened, suspecied to be 

degmded, or  in particularly good condition. 

Note: For regionai cornparisons. it is best to have REEFS thai are chosen by either ( 1 )  or (2). 

REEFS that are chosen by (3) can still be assessed. however, thcy should be clearly flagged 

as such, 

A SITE is defined ü s  an ürea o r  habitat thrit is ti1oi.r: or lcss homogeneous and 

accessible from a boat anchored or moored in one place. In this initial phase. we are 

suggesting thüt you concentrate your efforts on areas of maximum reef development. 

Generaily, this wilt be in the 1-5 m depth interval (shallow Acroporu palmura zone) and in 

the 8- 15 m depth interval (shallow fore-reef of maxiniuni coral growth). Beyond these 

general depth intervals, it is up to the assessors to loca~e thcir SITES. For each REEF that is 

chosen, you should try to survey one SITE within each choscn dcpth interval. 



A SITE description shodd be prepared for each reef. It is critical to explain in the SITE 

description how your site was selected and, if needed, why you deviüted from the 

commended selection protocol. The site description should tilso incfude information on: 

location (GPS coordinates) 

approxirnate size and shape 

relief features (e.g., spur and groove) 

position relative to shoreline 

orientation aï to windward or ieewürd (or both, if wind direction changes seasonaily) 

depth range corrected for tidal variations 

where possible, an outline map of reef showing location of SITES, nearby land, etc. 

2.0 Corals and Algae Method 

1. At eüch SITE. haphÿzürdly Iüy the 10 m transect line just tibove the reef surface in a 

direction thüt is pal le1 to the long axis of the reef. 

Note: Be sure to avoid any other trünsects ihüt are bring sct by your companions. and stay 

away from the edges of the reef. Also try to avoid areas wiili abrupt changes in slope, deep 

grooves, and large patches of sand or unconsoliduted coia! rubble. Unusuül reef features 

should only be included to the extent thlit their relative abundance zit the site is reflected. If 

the reefs are too smslll for you to avoid sandy palches, subtract thc length of the transect line 

where it crosses the sand from the 10 m total, to allow a Iriter crilculation of the number of 

coral heads encountered/m of reef surface, and note this leiigth on your slate. 



II. Approximate coral cover by swimming dong the mnsect line and using a measuring 

device to roughly estimate how rnany meters of the line are draped over live coral. Be sure to 

include al1 living stony corals covered by the line. regardless of size or species density. 

Record the live coral coverage (to the neuest 10 cm), and then continue with your survey. 

III. Swim towards the other end of the transect, stop üt the first coral head, cluster, or 

thicket of the appropriate species that is located directly beneüth the transect Iine, is at least 

25 cm wide, and which is either in original growth position or hiis become reattached to the 

substratum. Record each of the following: 

A, Name (genus and species) 

B. Record the water depth at the top of the corals at the beginning and end of each 

transect. In cases where bottom topogmphy is very irregular, record the water depth at 

the top of each coral beneath the transeci line at each major change (>1 m) in depth. 

C. Using a measuring device, meüsure to the nrürcsi 10 cm. ils maximum projected 

diameter (live + dead areas) in plan view and iiiaxirnu ni height (live + dead areas) 

above the substratum. 

D. Estimüte the-percent (96) of the coml thlit is "reccntly dead" and the % of the coral 

that is "long dead". "Recently dead" is defined as any non-living parts of the coral in 

which the corallite structures rire white and either still intact or covered over by a 

Iayer of fine mud. "Long dead" is defined as any non-living parts of the coral in 

which the corallite structures are either gone or covered over by organisms that are 

not easily removed (certain algrie and invertebrates). Rcmember to only estimate 



mortality as viewed from above in "plan" or "map" view. If it is entirely "long dead", 

indicate this on your data sheet ris 100% "long dead". 

E. Quickly scan over the surviving portions of the ENTIRE coral colony and note if 

there are any diseases andlor bleached tissues present. Characterise any diseases by 

the disease colour categories listed in Appendix 1 B. Underline any of these sources 

of disease (not bleaching) that are visible in plan view and which contributed to your 

estimate of "% recently dead". For more information about cord diseases see 

McCarthy and Peter's website (2000). Chuacterise irny bleaching as approximate 

area of Iive tissues that are affected and by approximate severity of discoloration. 

Severely bleached coral tissues in many species are trünslucent, but you can still see 

the polyps nbove the skeleton. Bleüched tissues should not be included with the 

"recentl y dead" estimates. 

FI Whenever possible, record any othcr sources of recent mortülity thüt c m  still be 

unambiguously identified: possibilities include sedimenis, storm damage, parrotfish 

bites, damsel fish bites andhr algal gardens, predation on the soft tissues by snails Iike 

- Cortdliophilu ctbhrevicrtcr or the brisile worm Henlrodic-CJ ~uirrrrrcnirtc~, various effects 

of adjacent benthic algüe, and any other spatial cornpetitors (e.g-, Erytirrt,/lndium 

curibuenrum, other stony corals). Underline any of ihese sources that are visible in 

plan view and which contributed to your estimnte of "% recently dead". 

G. While examining the entire coral head, count and record the number of damselfish 

or the total area of dümselfish algal gardens on ezich heiid. 



IV. Go to the next appropriate corai and repeat the measurements above. Continue 

evaiuating each coral head (>25 cm) until you reach the other end of the uansect. 

V. Tum around and go back towards the other end of the transect placing the 25  X 25 cm 

quadrate to estimate relative dga l  abundance. Place the quüdrate every two meters directly 

below the trzclflsect Iine starting at 1 m (1,3,5,7, 9 m). If a suitabIe area is not avaiiable at 

this mark, first try placing the quadrüte within 1 m in front of, ihen I m behind the mark, then 

1 m to either side. If there are still no suitable areas available, draw ri line through the space 

on your data sheet. Remember to rivoid conspicuous patches of sand, macroalgae and benthic 

animais (other stony corals, gorgonian holdhsts, spongcs. ascidians, etc.). Use your hands to 

remove any sediment that could cover crusiose corilline algae below turf algae. For each 

quadrate, record each of the foliowing: 

A. 1 .Substrütum type (as pavement or dead coral). 

2.The % of macroalgae 

3.The % of turf algue 

4.The % of living crustose corüllinr algar (pink or reddish in colour - include 

any thüt are visible below turl'algae or aiüçroalpac. even though your total 

wili exceed LOO%). 

5.The % other (e-g. invertebrates, srind, or btire tircas) 

B. Use the plastic ruler to approximiite the average canopy height of the macroalgae 

present within the quadrate. Nore: For ihose who find i t  easier to measure relative 

algal percentages, draw a Iine through the "% othci-" catcgory and simply record the 



relative (rather than absolute) % of each of the three ülgal groups, this is a 

simplification only. 

VI. Continue placing and assessing quüdrütes until you reach the other end of the transect. 

Under usual conditions, 5 quadrates should be meaured dong each 10 m transect. If you will 

be setting more than 10 transectdsite, you may want to scaie back on the number of 

quadrates per transect so that you dont  end up with more than 50 quadratesfSITE. 

VIL Using the 1 m measuring device for scale, swim a belt transect dong the 10 m transect 

line that was just surveyed for corals and algac. Count every Dicrdenia that you can see 

within 1/2 rn of each side of the transect line. Because this species is cryptic, you must 

inspect d l  shelter-providing spaces rilong the transect. (Be prepared to poke your head under 

the bases of large corals or into crevices.) 

Vin. After you complete a transect, collect the line and hriphazardly reset the next transect 

line, at teast 1 m Iaterally üwüy from its previous position. Remember to avoid other Iines, 

and whenever possible, abrupt changes in dope, large areris of sand and rubble, and any other 

unusual reef features. 

IX. Repeat the above steps for each transect. 

X. You can continue to reset transects in new positions as rnmy times as safe diving 

practices permit during any given dive. However, a brire minimum of 50 quadrates and 100 

coral heads should be üssessed at each SITE. Obviously, appropriate sample sizes will 

depend on the variance in the local habitats--so we cünnot prescribe "a one size fits d l  

protocol". 



- 

Note: In some cases, coral density extremes will require modifying the number of transects 

laid. If coral density is low, lay enough transects to evaluüte 100 individud corals (you may 

have to conduct additional dives). For exmple, if a site averages 2 c o d s  per 10 m transect 

Iine, you need to set 50 transects at that site. If corcil density is unusually low, be sure that 

you are working on a reef rather than an assemblage of corals on ü pavement. If coral 

density is unusually high, set enough wansects to evaluate about 200 corais. For example, if 

you avercige 20 corals per IO-m mnsect, you should Iay 10 trmsects per: site. Evaluüte every 

corai head dong the transect (don't skip any). Space the trririsccts to cnsure that you have a 

representative sampie of the site. 

XI. After surveying, enter data into a database, then check and verify their üccurxy. Back 

up data regularly and store in a safe place. 

Note: We suggest using a standard point-count method to assess large clusters or thickets in 

which colony boundaries are not distinguishable. There rire many point count methods in 

comrnon use. For exmple, you can haphrizardly lay transecis (using either a tape measure or 

rope with every 25 cm marked off) over the cluster or thicket and identify recent death, old 

deafh, or living coril tissue every 25 cm. The rnaxiniu~ii diainciur and height should be 

determined for the entire cluster or thicker. 

3.0 Fish method 

The AGRRA protocol for fishes includes two distinct niethods that should both be 

applied at each site. Each method provides difieren1 types of daia. The fish survey requires 

a minimum of two divers. One will count and record fishcs, while the second will assist in 



the deployrnent of m s e c t  tapes and will retrieve tapes for repeated use. A larger team may 

be able to increase the number of divers counting fish relative to the number assisting (Le., a 

team of four could include 3 observers and one tripe manager). 

Note: The transect lines to be set for the fish may dso be used for the benthic assessrnents. 

In these cases, the fish will be counted before benthic ussessments are made, and the benthic 

assessments shouid sti1l use 10 rn segments rather than the full 30 rn transect. Ali transects 

used for fish assessment should be located within the s m e  depth intervals specified for the 

benthic assessment (1-5 m and 8- 15 m). Trmsects for fish will tend to be funher a p m  and 

may range deeper and shdiower than urinsects for benthic organisms. The integration of fish 

and benthic smpling, while beneficisil, will require close coordination between team 

members for the two parts. It is recomrnended that the fish observations be conducted 

between 10:OO and 14:00 hours if at al1 possible, when visibility underwater is at a 

maximum due to overhead sunlight. Many fishes are würy of humans, hence it is necessary to 

keep away from other people while making thcse obscrva~ions. 

3.1 Belt transeet methods for detintd species list 

1. Lay a 30 m transect line by first plncing the weighted end of the line on the bottom, and 

then swirnming in a strüight Iine while releasing i t  frorii the reel as you count the fish. 

This minimises the disturbance to the fishes prior io thcir being counted. f eriodically 

fixing on an object in the distance as you swim will help you swim in ü straight line. 

2. Count and record fish found within ü 2 m wide visuülly estimiited belt trrinsect as you 

swim out the full 30 m transect line. Crirry ri data shect in standard format, and ü 1-m 

wide T-bar to ensure accurate moniloring of the 2 III widc bclt. Hold the T-bar aheüd of 



you angled downward at about 45 degrees, and try to focus your gaze on the  several 

meters of the transect ahetid of the T-bar. Count only those SPECIES listed in 

Appendix 5 and do not count juvenile parrotfishes o r  grunts less than 5cm in total 

length. This list of species has been chosen to provide coverage of a number of  the 

species most likely to be affected by humiln impacts, while preserving a relütively 

consistent search image. This should enhance the precision of trmsect data. 

SELECTED FAMILIES- indude EVERY SPECIES within the followine families: 
Surgeonfish (e.g., Acunthurus hdriurr~rs, A. c-hir~rr~qus, A. coeruleus) - 

parrot fish (e-g., Spürisomct viride, S. rrurr,jre~iurmi, S. rrrbripirine, Scc<ru.s tueniopterus) 
Gnint (e-g., Huemulonjluvolirieururi.r, H. c l i r ~ ~ s ~ r r ~ y r - e ~ . ~ ~ ~ ~ .  H. scïurus. H. plumieri) 
S napper (e.g., Lutjcrrtus gri.,.c.u.sy L. ttpoclrts, L. ~~~trlrogoiri, Ocy t  rus chry.surus) 
Grouper (e-g., Epinephelus grrrrurrrs, E. jÏrlvu.s, E- crrreirrtrrlcs, E. srriotus) 
Angel fis h (e-g., Ponzucurt tlrrts pctru, P. trrc.tccr/us, Holourn r1ilr.s rrimlor, H. d i u r u s )  
Butterfl y fish (e.g., Chaerociotl ccipisrrcrrus) 
Trïggerfish (e.g., Bulistes verulrr. Melicllrhys ri igcr) 

ALSO COUNT the followinp five saecies: 
Yellowtail damselfish (Microspcrrllolklri L.lir~.srtrrr.s) 
Hogfis h (Luchno Laimus mc~xinius) 
Spanish hogfish (Bodianus rufirs) 
Barracuda (Sphyruentr ha rrcr CU& ) 

Bar jack (Caranx ruber) 

3. Estimate the size of each fish and üssign [hem to the îollowing s i x  categories (4 cm. 

5-10, 10-20, 20-30, 3040, >40 cm) using a 1 m T-bar- wiih 5 cm increments to assist in 

estimating sizes. Large groups of individulils 01' a spccics will be classified by 

atternpting to put them into one or niore s i x  ca~cigorics us necessary. By rernembering 

to keep effort equivalent on al1 segments ol'thc Lixrisccl, you crin linlit the tendency to 

count al1 rnembers of a school crossing the trrinsecr, insterid of just those members 

which happen to be within the transect as couniing ol' thüi segment tnkes place. 



Note: Sümple the tr'ansect beIt giving uniform attention to eüch successive 2-rn segment. This 

requires swimming at a more or less constant rate, and looking consistently about 2 m ahead, 

except when actually recording data. It is permissible to pause while recording data, and then 

to start swimming again. It is important to swim in a consistent manner whiIe actually 

sampling the fish. A speed that counts each 30 m transeci in 10 minutes should be atternpted. 

High densities of counted species will slow this rate in sorne cases. Fish observers should be 

trained to estimate fish lengths by using consistency tnining methods both on land and 

underwater. The diver wilI be tempted to count al1 membcrs or ri school as they swim ücross 

the transect unless he/she concentrates on giving equaI ef'f'on to sampling each successive 

portion of the transect. Only those school nienibers that are uctually within the 2m wide strip 

of thai segment of the umsect is included in ihc census. 

4. When you reüch the end of the transect line, stop the survey and recoil the transect line. 

5. Continue conducting hüphrizardly-posiiioned 30 ni trinsccts at leust 5 m Iüterally away 

from the previous position. Repeat the above steps for each transect. 

6. Conduct a minimum of ten (10) transects at each site. 

3.2 Rover Diver census 

After finishing the belt trcinsects (or concurrently depending on the number of 

surveyors), conduct a roving diver census of ALL SPECIES of fishes following the 

methodology of Reef Environmental Education Foundütion (REEF, 2000). 

1. The Rover diver census is conduc~ed wiihin the gcnrrd area where the belt triinsec& 

are set. 



2. Swim around the reef SITE for approximately 30 minutes and record ALL fish species 

observed. Use dl knowledge you have of fish habits, and seuch under overhangs, in 

caves, and so on. The objective is to find the maximum number of species that you can 

in 30 minutes of search time. 

3. Estimate the density of each species by using logarithmic categories: Single (1 fish), 

Few (2-10 fishes), Many (1 1-100 fishes), or  Abundant (> 100 fishes). 

4.0 Coral Recruitment method (Optional) 

Several other useful a-ssessments niay be easily integrritcd into the core portion of the 

protocol given above. These optional components, whilr: not part of the core methods, can 

yield additional information that may lead to a beiter undcrsranding of the condition of a reef. 

These optional cornponents include fish bites, corzil recru i m e n  t, and the s tationary method 

for assessing fish communities. The only one included here is the coral recruitment method 

since it wars used in our study. Coral recruitment is an important indicntor of a reef s 

regeneration potential and is approximüied by counting the number of srnail (4 cm) corals 

attached to the bottorn within the 25 x 25 cm square quacirates. 

1. Count dl small (maximum diarneter 2 cm), stony corals (Scleractinians and 

Millepora) that you can see within the 25 X 25 cm quadrütes at the same time as the 

estimates of algd abundance are made. 

2. Whenever possible, record their'scientilic iiriiites rit icrist to the leveI of genus. 

3. If time permits, you can increase the suitiplc six 01' lhr3 observations by swimming in 

a haphüzard fashion ciround the r d  being surveycd and placing the 25 x 25 cm 



quadrate on the substratum in ûreüs lacking large (> 25 cm dimeter) sessile 

invertebrates. 

4. Try to repeat for a total of at lemt 80 squares (an overall sample of 5 square meters of 

reef surface). 

Note: Proper training and good eyesight (or corrective lensrs) are essential to accurately 

detect the presence of small corais due to their inconspicuous size and nature. 

5.0 Material 

A 10 rn long transect line (for coral). --> A 10 ni polypropylene line marked at the 1, 

3.5. 7, and 9 m intervals (with cübles-ties, eleciriçol iüpc or permanent ink) to which 

a srnail dive weight hüs been atrached üt each end- 

A 1 rn long rneüsuring device (for corül). --> A polypropylene line mürked a< 10 cm 

intervals (as above), plus a loop üt one end ro go around the wrist of your non-writing 

hand. Alternatively, a short metric mcasuring iapc or a PVC stick marked in 10 cm 

intervais can be used. 

A 25 x 25 cm quadrate (for algae and smüll cords). --> Construct quüdmtes using 

1/2" PVC water pipe and elbows (with holes drilled in them to let the air out). String 

can be used to make ü grid on the quadrüte. 

A smüll plastic ruler tied ülgd quudrare (for nlpac). --> Trim the ruler to have a 

narrow tapered point, but still bc Icgible, al thc basal 5 ctn. 

Underwater data templates ( d l ) .  --> The mosi cXciciit niethod consists of 

photocopying the data templüte onto boih sides ol'whitc underwater paper (contact 



J.L. Darling Corporation, phone: 206-922-5000, füx: 206-922-5300; address: 26 14 

Pacific Hwy East, Tacoma, WA 98424-10 17). This approach is more expensive 

(about $52.00 U.S./100 sheets), but &rit& are more likely to be entered in the correct 

column since the template is reproduced on every data sheet. Roving diver census 

sheet are to be ordered directly frorn REEF. Appendix 8 has an example of the data 

sheet designed for the fish and coral transects. 

6. Underwater date (dl).  -> Any 8 112 x 1 1 slate wili do for the coral survey but a 

specidly designed date is available for the fish from REEF (to fit their rover diver 

templates) 

7. At least two 30m fibreglass transect Iines with a 3 Ib (fish). --> weight attached at one 

end of each line. CommerciaIly üvüilüble PVC surveying tapes are suitable for the 

trmsect line, or a 30 m nylon cord atiached to a hornemade reel will work. A clip can 

be u~tached to the reel and suspended from the divcr's beIt, which dlows for the tape 

to deploy freely üs  the diver swirns. 

8. A graduateci T-bar or other iiierrsuring dcvice (fish). -->Construct ri T-bar using 1 " 

diameter PVC pipe and a T connector availiibIe at hardware stores. It has a 60 cm 

long handle and two equal length arms providing a total width ricross the top of 1 m. 

Use PVC electrical tape or paint to create a scale along one of the arms showing 5, 

10,20,30,40 cm lengths. 



APPENDIX 1 B: S tandardised abbreviations for AGRRA coral surveys 

Corals 
AC = Acroporu cervicornis 
A P  = Acropora palmata 
AG = Aga riciu agaricifes 
AT = Agaricia tenuvolia 
CN = Cc~&wphylliu ncitctns 
DCY= Dendrogyra cylindrus 
DIC = Dichocoenirr stokesii 
DC = Diploria clivosa 
D L  = Diplorici lrbyrinrhij3rmi.s 
DS = Diploria strigosa 
MIC= Millepnru compkunatci 
M A  = Montastraea annuinris 
M A  F = Montusrrueu unn ~tlcirisjù VLCJICI~CL 
MFR = Monrastraea annuluris frtirzksi 
M C  = Monzasrraea cuvernosu 
M D  = Madracis mirabilis 
M M  = Meanclrinu meandriles 
MY=Mycetophyll ia sp. 
MU= Mussu ungulosa and other sp. 
P A  = Porites astreoides 
PP = Porites pc~rites 
S B  = Solenastrea boumoni 
SI = Stephanocnenici interseptci 
S S = Siderusrrea sidereu 

Bleuçhing 
P = Pale 
PB = PrirtIy Bleach 
BL = Total Bleach 

L)isttüses 
BB = Blrick band 
WB = Whiie band 
YB = YeIIow band/blotch 
UK = Unknown 



, no. md &#l Cour(an) (an) 
A 1 1 12.8 470 100 
A 2 1 12.8 
A 3 1 12.6 
A 4 1 12.8 
A 5 1 12.8 
A 8 1 12.1 
A 7 1 12.8 
A 6 1 12.8 
A 9 1 12.8 
A 10 2 12.2 300 O 
A 11 2 12.2 
A 12 2 12.2 
A 13 2 12.2 
A 14 2 12.2 
A 15 2 12.2 
A 18 2 12.2 
A 17 2 12.2 
A 18 2 12.2 
A 18 3 12.2 330 30 
A 20 3 12.2 
A 21 3 12.2 
A 22 3 12.2 
A 23 3 12.2 
A 24 3 12.2 
A 25 4 11.8 350 100 
A 1 4 11.8 
A 27 4 l t . 8  
A 28 4 11.8 
A 18 4 11.3 
A 30 4 11.8 
A 31 4 t l d  
A 32 5 12.8 300 1W 
A 33 5 12.8 
A 34 6 128 
A 35 5 12.8 
A 30 5 12.8 
A 37 5 128 
A 38 5 12,8 
A 39 5 12.8 
A 40 5 12.8 
A 41 5 128 
A 42 S 12.8 
A 43 6 8.4 350 100 
A 44 6 8.4 
A 45 6 8.4 
A 48 8 8.4 
A 47 8 9.4 
A 48 8 9.1 
A 49 7 9.1 340 100 
A 50 7 9.1 
A 51 7 9.1 
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MK; M 60 15 O 
MK 60 70 60 O 
AP 120 40 100 
AP 110 80 100 
PA 30 15 s O 
PP 30 10 30 O 
AP 160 100 100 
AG 30 fO O O 
PA 80 2 0 8 0 0  
MC 50 4 0 2 0 0  
PP 00 3 6 3 0 0  
M C M I  3 0 2 0 0  
PA 35 ' 25 25 O 
PP 50 2 0 2 0 0  
PA 40 3 0 5 0  
PA 35 3 0 5 0  
PA 30 25 10 O 
PA 70 3 0 2 0 0  
PA 40 3 0 2 0 0  
PA 30 15 10 O 
PP 80 40 10 O 
PP 30 3 0 8 0 0  
PA 3û 2 0 2 0 0  
PA 30 10 20 O 
PP 60 30 40 O 
PA 55 3 0 5 0  
PP 120 30 75 O 
PP 50 30 85 O 
ME 30 20 60 O 
MIC 35 25 O O 
PA Ki 20 IO O 
PA ô0 30 15 O 
MC 40 30 25 O 
PA 45 3 0 5 0  
PA 25 10 O 50 
PA 40 20 0 5 0  
PA 40 10 Ml 5 
PA W 3 0 2 0  
PA 30 10 5 O 
PA 45 40 BO O 
PA 40 15 2 O 
PA 40 2 0 6 0  
MA 60 90 5 0  
PA 30 20 10 O 
MC 80 35 20 O 
MtC 80 30 70 O 
PA 30 20 10 O 
PA 35 35 20 O 

25 15 O 5 
25 2 0 0 0  
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' P  30 M O 0  
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1 PP 50 25 O 2 
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APPENDJX 2: Coral Reef Remote Sensing Literature Review 

There is a cntical need for detailed monitoring and üssessment of reef habitats in 

order to document where and how corn1 reefs are threatened and to understand what 

measures are needed to safeguard them. There are a variety of reef protecting organisations 

(such as AGRRA, Coral Cays, ReefBase, Caricomp, Reef Check, und GCRMN) some of 

which have developed specific techniques for assessing and monitoring corai reefs. The 

choice of monitoring method is usually a compromise between cost and detailed information. 

There is wide a range of options from satellite imagery to müp reef location (low cost and 

moderate detail) to running underwater trsuisects to measure reef health (high cost and high 

detail). The optimal approach is through rnultilevel sarnpling, where information obtained 

from limited detailed high-resolution sarnpling is extrapolated to large areas bzsed on low- 

resolution data of wide coverage. The god is to use as much information as possible to 

improve assessments at a regional scale, such as the Cüribbean. Satellite imagery is a low 

CO% couse scale way of mapping coral reefs. I t  is an effective way of building a 

comprehensive database locating reef distribution and provides information on seü surface 

temperature, wave prirnÿry production and pollution monitoring (Clark. 1993). The 

aim of this section is to give the reader a clear understanding of remote sensing and the 

limitations involved in rnapping of tropical marine habitats. This literüture review allowed u s  

to determine the potential sensors to be used for coral rnapping and evduate the cost of 

image acquisition. The avüilability, cost and technology of satellite imagery is constantly 

evolving, therefore, updated information should be obtained from referenced websites. At the 

time of this review we did not decided to ücquire satellite imagery for reasons that wili be 



outlined in this section. We nevertheless think that this remote sensing literature review 

contains valuable information for other researchers considering the use of remote sensing 

techniques for mapping coüstai habitats. 

1.1 Basic remote sensing concepts 

Remote sensing is the acquisition of information about an object, area, or event, based 

on measurements taken at some distance from it. Passive satellites sensors typically record 

reflected sunlight in the visible (0.38-0.75 um) and near infrared (0.76-1-00 ym) portions of 

the electromagnetic spectrum (Liltesand and Kiefer, 2000). Since the source of radiation for 

passive sensors is the sun, data collection is restricted to daylight hours with clear skies. 

When sunlight enters the earth's atrnosphere only a wcivelength-dependent portion of that 

Iight is transmitted to the earth's surfice because of absorption scattering by particies and 

gases in the atmosphere. The shorter wavelengths of the blue ürea of spectnim is mostly 

affected by Rayleigh scattering (Lillesnnd and Kiefer. 2000). Of the fraction of the light that 

reaches the exth's surface, some of the energy is absorbed, some is trinsrnitted and some is 

reflected. The reflected portion of the energy reflected upward passes through the 

atmosphere again and suffers additional losses due to absorption and scattering before 

reaching the satellite. It is the reflected radiation that is recorded on photographic film and 

digital sensors. When incident sunlight hits water a small portion is reflected by the air- 

water interface but most of the visible wavelengths enters the water and is absorbed. This 

absorption is wavelength dependent, wavelengths longer than 0.9 Pm (reflected infrüred) are 

totally absorbed within the first few centimetres of waters while shorter wavelengths of 

visible light penetrate much deeper (Fig. 1 ) (Harris and Kowalik, 1 994). The presence of 



suspended sediment particles in the water column c m  cause additiond reflection. If the 

water is shallow and clear enough, the shoner wavelength portion of the electromagnetic 

spectrum will be reflected off the bottom and uavel through the absorbing water column 

again. Any fraction of the upwelling light that survives will pass again into the atmosphere, 

suffering loss at the sea surface, as well as absorption and scattering in the atmosphere before 

reaching the satellite (Fig. 1). It is this portion of  the sunlight reflected off the water bottom 

in which we are interested for mapping coral reef habitats using remote sensing. 

Water and atmosphere introduce noise/error into remotely sensed data. Water depth 

correction algorithms have been developed to reduce the effect of water column when using 

digital imagery. Lyzenga (1978, 198 1) developed a model-based approach to compensate for 

variation in depth. The Lyzenga method, derived for clertr water. assumes that iight 

attenuation follows an exponentiül decüy curve wiih increasing depth. This model can 

usually be applied to clear waters with uniform bottorn substrate. Atmospheric attenuation 

can be reduced by applying radiometnc corrections based on a model atmosphere (Cracknell 

and Hayes, 1993). forihis. atmospheric variables at the time of image acquisition must be 

known. The best correction results for both waler and atmosphere attenuations are obtained 

by calibmting the remote sensing data with iil sNu biophysical measurernents made at the 

same tirne that the remote sensor data are collected (Jensen, 1996; Holden and LeDrew, 

1998b). The correction of these two parimeters is important when deüling with data from 

multiple sensors or multi-temporal imagery. 

Remote sensing images of the eanh surface acquired [rom ciihcr aircraft or spacecraft 

platforms are readily availüble in digital format. The data is composed of discrete 



Figure 1 : Diagram showing the passage of the sunlight from the atmosphere to the 
earth's surface and ocean floor back to the satellite. (from Harris and Kowalik, 1994) 





picture elements, pixels, and radiometrically it is quantified into discrete brightness levels 

(Jensen, 1996)- Data that is not recorded in digital form c m  be converted into discrete data 

by use of digitising equipment (e-g. scanner). The scanner transforms the colour in the 

photograph into a digital number into three different bands, red, green, and blue (Green et al., 

1996). Once digitised these aerial photogrriphs can be imported in any standard remote 

sensing software and processed in the s m e  way as satellite images. 

Information on the basic remote sensing concepts c m  be obtained from introductory 

remote sensing manuals such as Liliesand and Kiefer (2000), and Jensen ( 1996). Following 

are commonfy used remote sensing terms in this review: 

SpatiaCresolufiorz is a memure of the ürea on the ground covered by each sampling unit 

(pixel) and is dependent on altitude and sensor design, also known sis the pixel size. 

Swafh widriz is the totd width of the area on the exth's surface covered by the scanner. 

Together with the spatial resolution it determines the degree of detail and the size of 

the ürea covered, 

Temporal resolufion is the time inrerval between consecutive overpasses of a fixed point 

by a satellite. 

Bands are the location of spectrai rneasurement on the electromagnetic spectrum. Many 

sensors collect electromagnetic radiaiion in severil distinci bands (cg. blue band). 

Spectral resolution refers to the number and width of the bands. 

Radiomefric resolution refers to the number of digital levels uscd to express the data 

collected by the sensor, sometimes alternatively referred to as the dynamic range. 



The radiometric resolution of most sensors is such that the level of Iight intensity 

recorded for each pixel in each wave band crin have a value between O (no 

reflectance) and 255 (100% reflectance); each value being referred to as a digital 

number (DN). Frequentiy the radiornetric resolution is expressed in terms of number 

of binary digits, or bits, necessary to represent the range of available brightness 

values, Thus data with 8 bit radiometric resolution has 256 levels of brightness. 

Image interpretation refers to the process of deterinining or making educated guesses 

about the significance of features recognised in an image. Successful interpretation relies on 

your background knowledge including field observations, map and literüture, discussions 

with people who are familiar with the geographic area, experience in other areas, and 

common sense. Interpretation uses the following characteristic fearures that appear in 

satellite images or aerial photogrüphs: scale or size, the grey tone or colour, the two or three- 

dimensionai shüpe, the texture, the partern and relarionship of associuted features (Harris and 

Kowalik. 1994). Texiure is the frequency of tone or colour change of an ürea. Pattern is the 

order spatiül arrangement of features. These inrerpretations can be hand drüwn by tracing on  

overlays superimposed on the image that can Iüter bc convcrred into a digital thematic map 

by using a digitising table. If a digital copy of the image is üvüilüble a cornputer based 

statisticd clüssification aigorithm can be used to extnict useful thematic information based on 

the digital numbers associated with each pixel of the image. 



1.2 Considerations for remote sensing of coral reefs 

Many factors need to be considered when choosing a satellite and sensor type to study 

coral reef habitats. Subrnerged cord reef ecosystems are difficult to monitor remotely due to 

the spectral discrimination of opticülly similar substrates. and the specific problems of optical 

attenuation of radiation caused by the overlying water column (Holden and LeDrew, 1998). 

Imagery varies according to its spatial, spectral, rüdiornetric and temporal resolutions. 

Considentions should also be given to what time of year would yield the best imagery and 

exhibit the leaït atmospheric dis~ortion as well as the most appropriate sun angle to minimise 

Sun glare. The sensor should be chosen based on the following criteria: i) ability to 

discriminate land from water areas, ii) good water penetrütion. iii) excellent spatial and 

spectral resolutions to be able rnap the sea bottom types with clear boundüries, and iv) cost 

effectiveness (Harris and Kowalik. 1994). These topics will be discussed in the following 

sections. Chwücteristics of potentiül remote sensing technology available for coral reef 

mapping as well as their advantages and disadvanrages are Iisted in Table 1 and will discussed 

in the following sections. A description of sensor and plntlorm abbreviations as well aï the 

main marine applications for sensors are summarised in Tabie 2.  

The discrimination of exposed land from submerged areas is useful in reef mapping. 

Water absorbs infrüred and looks very dark on images, the hnd reflects infrared and looks 

very bright. Infrared and near infrüred bands are availabic in SPOT HRV, Landsat TM and 

MSS, IRS LISS-3, but is not available in SPOT PAN and IRS PAN. Colour Infrared film is 

aiso available in aerid photography survey missions. 





TECHNOLOGY 

Aerial photography b true color aerial photographs 
acqulred March 1991 at a scale of 
1:1 O000 

b scanned at a resolution of 600dpi 
giving us a ground resolution of 
approximately 50cm. 

Landsat TM b 30m resolution on al1 bands except 
band 6 at 75m 
b l85km swath, 1 8 days cycle, 
synchronous 
b8bit data 
b Bands:(in microns) 
1-0.45-0.52 4-0,76-0,90 7-2.08-2,35 
2-0.52-0,60 5-1.55-1 -75 
3-0,63-0,69 6-1 0.4-12.5 

SPOT HRV 

SPOT PAN 

b 2 0  to 27.2m resolution (off nadir 
viewing) 
b60km swath, 26days cycle, Sun 
synchronous 
b 8bit data 
b Bands:(in microns) 
1-0.50-0.59 3-0.79-0.89 
2-0.61 -0.68 

b 10 to 13,6m resolution (off nadir 
viewing) 
b 6Okm swath, 26 days cycle, sun 
sync hronous 
b 8bit data 
b Band 1 : 0.51-0.73 microns 

. .. 

ADVANTAGES 

bexcellent spatial resolution 

b good water penetration 

b digital copy can be obtained by scanning 
prints, This 1s done in 3 distinct bands, 
which can be analyzed using standard image 
processing software. 

bdigitized aerial photographs are proven to 
be an affordable and efficient tool for reef 
mapping. 

bgood spectral resolution (includes a blue 
and a green band) 

b good water penetration 

ability to buy portion of scene or specific 
bands only 

b adequate spatial resolution 
b off nadir viewing increases the revisit time 
to about 5dayslcycle 

bgood spatial resolution 
b off nadir viewing increases the revisit tirne 
to about Sdayslcycle 

bthe cost of commanding aerial 
photography mission 

b using archived aerial photographs does 
no1 give us the flexibility of selecting the 
acquisition date to correspond with the 
field sunrey, 
b aerial photographs need 10 be 
mosaicked to cover entire study area. 
bgeornetric distortions 
b limited spectral resolution 

P spatial resolution is inadequate for 
small scale mapplng of coral reefs 
b prevalence of clouds in scenes 

b spatial resolution is inadequate for 
small scale mapping of coral reefs 

b poor spectral resolution (lacks a blue 
band) 

b needs to be programmed to acquire 
scene, poor archives 

b prevalence of clouds in scenes 

binadequate spectral resolution 

b needs to be programmed to acquire 
scene, poor archives 

F prevalence of clouds in scenes 



TECHNOLOGY 

IRS-1C & - ID  
PAN 

SPECIFICATIONS 

b23.5rn resolution, resampled to 20m 
pixel detail (channel 1-3), 70m 
resolution (channel4) 
b swath width 120-140km, 24day 
cycle, Sun synchronous 
b8bit data 
F Bands: (in microns) 
1 -0,52-0.596 3-0,77-0,866 
2*0,62-0.686 4-1.%-1,706 

D5.8m resolution (resampled to 5m) 
b63-70hm swath width 
F 24day cycle, sun synchronous, with 
oblique viewing capacity (visit every 5 
days) 
b 6bit data (resampled to 8bit) 
F Band 1 : 050-0.75 microns 

b4-MS: 4m resolution rnultlspectral 

b Bands: (microns) 
1-0.45-0.53 3-0.64.0,72 
2-0.52-0.61 4-0.77-0.88 
F 1-P : 1 m resolution panchromatic 
b Band 1 : 0.45-0,90 microns 

ADVANTAGES 
- 

Fadequate spatial resolution 
bwith oblique viewing capacity (visit every 5 
days) 

bgood spatial resolution 
boblique viewing capacity with a revisit time 
of about 5 days 

b good spatial resolution 

Pgood spectral resolution (includes a blue 
an a green band) 

b high radiometric resolution, 1 1-bit 

b high revisit frequency 

F spatial resolution is lnadequate for 
smalt scale mapping of coral reefs 

b poor spectral resolution (lacks a blue 
band) 
b no data prior to December 1995, poor 
archive 
b lower radiometric resolution (6 bit) 
b prevalence of clouds in scenes 

b inadequate spectral resolution 
b no data prior to December 1995, poor 
archive 
b lower radiometric resolution (6 bit) 
b prevalence of clouds in scenes 

b no data prior to December 1999, poor 
archive 
b prevalence of clouds in scenes 







Figure 2: Interaction of the visible and reflected infrared sunlight with (A) the atmosphere, 
(B) water, and (C) land. These interactions tire strongiy wavelength dependent. (D) 
Wavelength bands of the Landsat and SPOT satellites. (from Harris and Kowalik, 1994) 
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The depth of Iight penemtion in the water is a function of water clarity and sun 

elevation. Usually clear water and high Sun elevation ( 1 l ho0 a.m. - I hOO p-m.) provide the 

best results. Overflight reflectance at the water surface d s o  reduces the image usefulness 

(Meinesz et al., 1991). Overflight time and angle should be carefully considered to reduce 

the specular reflection (sun spots), which cano t  be removed by filtering techniques. 

The water column above the corals is of variable depth and qudity. The complex 

geomorphologic structure of coral reef environment is responsible for its greatly variable 

bathymetry. Distinguishing between bathymerric or substrate variation c m  be difficult 

because of the interaction of visible iight with water. Ba~hymetric data from the study area is 

extremely useful in image interpretation. The opticül propctrties of seawater limit the 

penetration of the light spectmrn to about the first 10 to 20 meters, depending on organic and 

inorganic particulate rnatter within the wüter column (Harris and Kowalik, 1994). Because 

of the interaction of the visible light with the water, the only part of the light spectrum that 

penetmtes the water, to an acceptable depth, is ihe visible wavelength region between 0.40 

Pm (blue) and 0.60 Pm (green) (Fig.1). SPOT HRV h a  o green band that cm 

penetrsite up to Sm whiie SPOT PAN can penetrate the water up to depths of I lm in clear 

waters (Fig.2) (Harris and Kowalik, 1994). Lrindsrit TM hris two bands which can penetrate 

the wüter making it possible to better chürncterise and diflercntiate the bottorn types, of 

which the blue band can penetrate to a depth of up io 18 ni (Fig.2). Other systems Isck the 

separiltion of colour in the shoner visible wüvelcngths rrrid oftcn the deep water will be 

confused with dark bottom types such as corals and serigrriss (Harris and Kowalik, 1994). 

Remote detection of submerged corais is coniplicated by the facl that the spectral signatures 



of individuai con1 heads are strongly influenced by the surrounding cords  and other 

substrates as well as the overlying water colurnn often within a single pixel. In areas where 

large tidal ranges exist, the mapping of reefs at low tide can elirninate the effect of the water 

column absorption. The reef flat and backreef zones are usually Iocated in shallower waters 

and are emier to map using remote sensing. Reef slopes are problemritic when using 

vertically positioned sensors; the usefulness of the data is reduced by sen bottom dopes 

greater tban 5% (Meinesz et al., 1991). Although this region is more diffiçult to map using 

remote sensing methods the reef dope comprises an iniponant surfkce of the reef. 

Some regions of the electrornagnetic spectrum are more useful to characterise coral 

reef ecosystem. When using hyperspectrd systems (e-g. CASI) ihis information is essential 

since the band location. number and widih are usually variable and projeci specific. With 

spaceborne sensors these are pre-selected and usually lirniiec! to some wide bands (3-7). 

nevenheless this information c m  be useful in selecting the appropriate sensor. Recent 

research has been conducted to determine the spectral signature of coral reefs using ground 

meüsurements from ün in situ hand held spectrorridioriizrers (Hardy, 1992; Holden and 

LeDrew, 1998a; Miymaki et al., 1994; Nadook el trl. 1998). Miyazaki el al. (1 994) found 

that the spectrai reflectance of the corils in Okinawa Japan showcd a nÿrrow absorption band 

in the 0.660-0.680 Pm (red) spectral region and a very strong spectrül reflectance from about 

0.700 Pm (NIR) toward the longer wavelengrh range. Thcsc absorption and reflectünce peak 

regions were not observed for botiom sarids and bare rocks. Nadaoka et al. (1998) also 

conducted research on the spectral reflectance chürricierisiics of these Japünese corül reefs 

and observed ü common feature in the collected spectrti. They observed a mild reflection 



peak üround 0.575-0.600 Pm and a s h q  negative absorption peak at 0.650 or 0.675 Pm. 

Holden and LeDrew (1998a) have aiso come to very sirnilar conclusions for the reefs in Fiji, 

where they found an absorption peak üt 0.675 Pm for al1 substrates housing algae. The 

absorption peaks ciin be attributed to the presence of symbiotic algae, zooxanthellae, in the 

coral tissues. These peaks which have a characteristic absorption band around 0.650 Pm and 

0.675 Pm because to the presence of chlorophyll in the zooxantheilae tissues. The 

surrounding s m d y  and silty sea bottoms have larger reflec~ance and do not have this 

charsicteristic chlorophyll absorption peaks. They rilso t h n d  thai seaweed and seagmss show 

an absorption peak in that same spectral region but i t  is not as distinc~ as in the live corüls. It 

must be noted that the dead corais encrusted with red corülline ülgüe also show a minor 

negative peak at 0.650 Pm since the red algae contains some chlorophyll (Holden and 

LeDrew, 1998a). We c m  conclude thüt the Red and NIR bands are important to potentially 

discriminate between heal thy corals, coralline turf, mricro rilgae. sand bottoms and dead 

corals. Unfortunately this region of the elecirornagnetic spectrurii is strongly absorbed by the 

water, thus penetmtion is lirnited to about I n-i for NIR and 3 ni for the red band. A basic 

speclral signature library of Cüribbean coral reefs is bcing buili using hyperspectral datasets, 

which will enable us to increase our understanding oîihc application of remote sensing to 

coral reefs. 

The Tobago Cays area is rellitively sn-iüll and inciudcs Iive Cays and a bank, covering 

an area of about 4 km X 4 km (see Chapter 1). The substrates present in the area rue; 

seagrüss, bue sand, algae, rock pavement, dead corals, and live corrils (hard and soft). A 

total of seven distinct marine regions can also be distinguished; back reef. reef crest, fore 



reef, fringing reef, lagoon and patch reefs. The Horseshoe Reef is a bank barrier reef which 

can be separated into three main corai zones; a shallow MiIIeporu and encrusting red algae 

(0-2 m), a deeper mixed corai head zone (2-12 m) and an even deeper foliaceous zone (12-25 

m). Detailed mapping of the area requires good spatial resolution that needs to be smaller the 

smaliest unit to be mapped during ground thruthing. Ideall y we would like to resolve 

individual cord heads but a more redistic god may be to rnap coml zones. Reef zonation is 

charactensed by a specific assemblage of cord species and growth forms. Recent research 

ha5 found that the spectral reflectance response of herilthy branching and massive corals, 

regardless of morphology are not statisticaily different (E-folden et LeDrew, 199th). 

According to Hopley (1 996) the spectral chmcteristics of reef surfaces, however, vary 

greatly with the colony morphology, with greüter shadowing associated with the more 

intricate life forms. He suggested that these characteristics are sufficient to dlow the 

differentiation of life forrns using remote sensing iechniques. These iwo contradicting studies 

were conducted at different scales (iiz-sitir vs airborne). This could mean that reef zonation 

identification may only be distinguishable ot a Iargrr more genrral scale since there is no 

significünt spectral difference bu< rather m overall text~iiil diflèrence across the reef. 

Present day spaceborne satellites are unable to provide the resolution required for 

monitoring changes in biotic cover and reef hedth. Excellent satellite spatial resolution is 

needed to accurcltely map coral reef habitats with good precision. Jensen (1996) suggested 

that for a feature to be identified its image should comprise at least 20-50 pixels (spatial 

resolution= area'/min#pixels'"). Thus spatial resolution needed to map reef zonation will be 

of approxirnately 10-20 meters, and for individual coral heads would be well under the one- 



meter resolution. These approximations do not nccount for the effects of water attenuation. 

Only a few present day satellite sensors offer the spatial resolution for mapping reef 

zonations (Table 1). It is difficult to rneasure the rate of change from either natural or 

anthropogenic causes using reef zones, at this scale the changes are often too slow and are 

only detectabie weeks after the causative event (Hopley, 1996). Mumby et al. ( f  W8d) have 

suggested an optimal pixel size of 3 4  meters for surveying tropicül marine environments. 

This resolution shouid be srnall enough to detect the spatial and temporal changes of texture 

of many reef habitats and would be sufficient to remove sorne of the unwanted srnail scale 

variability in the data (background noise), nevertheless this remains to be tested. Hopley 

(1 996) suggested a much finer resolution ranging from 20 cm to 100 cm for reef habitat 

mapping, corresponding to the size of coral colonies on the türgeted reefs. Major reef 

habitats cün only be separated into thair compontm sprcics assriiiblüge (biotic cover) using 

expensive airborne sensors such as CAS1 or ügain more traditional aerial photographs 

(Mumby et al., 1998c; Thmrongnawasawat, 1996). 

In addition to adequate spatial resolution. good spectral resolution is required for 

detailed mapping of coral reef habitats. As an example CAS1 data (-cl  rn spatial resolution) 

give better results than aerial photographs, which have a inuch finer spatial resolution but do 

not have adequate spectral resolution. Hyperspectral sensors have a much greater potential 

since they provide both good spatiül and spectral resolutions (variable according to 

applications) for mapping cord reefs. Satellite sensors in the panchromatic mode have a 

good spatial resolution but poor spectral resolutions sincc they are sensing over the entire 

visible electromagnetic range between 0.5-0.75 p m  (Fig.2; Table 1 ). The Indian sateHite IRS 



PAN has the best spatial resolution availabie at 5 rn followed by SPOT PAN with IO m. 

Panchromatic sensors provide the best spatid resolution if spatial details are sequired but is 

not ided for su bs trate discrimination and water penetration. Mu1 tispectral sensors typically 

have a lower spatial resolution thrin pünchromatic sensors but they offer greater spectral 

resolution, sensing over distinct spectrül ranges (bands) of the electromagnetic spectrum 

(Fig.2; Table 1). 

There is a diversity of opinions on the choice of the best sensor for mapping reef 

environments. It cornes down to choose a sensor according to your specific needs and budget 

limitations. Mumby et al. (1997) compared the cost et-fkctiveness of various sensors 

including fused products for müpping marine tropical environments in the Cüribbean. They 

concluded that fused kindsüt TM/SPOT PAN images are no1 ri cost-effective sption since 

they do not provide the corresponding irnprovement and accuracy. They concluded that the 

most accurate and cost effective satellite sensor for mapping areas smaller than 60 km is 

SPOT XS but in area greüter than 60 km Landsat TM is piuki-rcd. SPOT XS f s less 

expensive thün SPOT PAN and offers greater habitat niapping accurücy- Hopley (1996) has 

suggested that the two most promising sensors for coral reef mapping were SPOT PAN and 

Landsat TM. Of the two, SPOT sensor is more desirable due to its greüter sparid resolution 

but he  did not make any reference to the scale of the study and cost. Because the choice of a 

sensor is project specific, there is no perfect sensor and campromises between xesolution and 

costs need to be made. 

Reefs are very complex and heterogeneous habitats bccause of their geometry, 

zonations, vüriability in growth forms, and species distribution. Satellite remote sensing is 



not well suited for mapping reef biotic cover but is none the less an appropriate and cost 

effective way of rnapping major physiogmphic habitats, geomorphology and regional reef 

studies (Mumby et al,. 1997). To obtain more detailed biotic information on corai reefs, high 

resolution images such as those obtained from aerial photogmphs or airborne hyperspectral 

sensors are required. 

1 3  Potcntial sensors for coral reef mapping 

Sensors that have been fully exploited or could potenlially be exploited in smdl scale 

reef mapping are discussed in this section (Table 1 and Table 2). A good review of the work 

done on remote sensing of coral reef habitats is providecl by Holden and LeDrew (1998) and 

Murnby et cri. (1998). Recent studies (i.e. post-1980) havc largeiy concentrated on the 

application of kindsat TM data to map coral reef and submcrged karures. A few studies 

have dso tested the capübilities of SPOT HRV and SPOT PAN. The use of both IRS and 

IKONOS data has potentid for coral reef mapping but have not yet been explored. The 

Indian Space Research Organisation successfully Iüunched IRS- 1 C in Decernber of 1995 and 

its twin IRS-1 D in September of 1997. Panchromatic and multispectrsil imagery frorn the 

IRS-1C and ID are available to the public. The spatial resoiution of IRS panchromatic and 

multispectral data is 5.8 m and 23.5 m respectively. The IRS multispectral sensor does not 

have a blue band; it only starts sensing at 0.52 Pm (green), which is not optimal for water 

penetration. It also has a reduced radiometric rcsolution 01-6 bits (64 shades of grey). This 

may not be ideal to discriminate between spectrrilly similrir objccts such as reef substrates. 

The most important obstacle wiih IRS data at the tirne ol'oui- survey was the absence of a 



ground receiving station covering the Grenadine area. A ground receiving station is now 

recently operating in Panama. The IKONOS commercial sensor has great potential for 

mapping corai reef habitats. This satellite wüs findly lriunched, üfter much delay, in 

September of 1999. Data is now accessible to the public since January of 2000 following a 3 

months calibration period. The first commercial high resolution satellite, IKONOS, has 

excellent spatial resolution in multispecual(4 m) and panchromatic (1 m) modes, both green 

and blue bands, radiometric resolution of 1 1 bits, and is available üt reasonable cost. The use 

of airborne hyperspecuril data (e.g. CASI) has recently gained interest in the rernote sensing 

community, These sensors provide exceptional spatial, spectral, radiometric and temporal 

resolutions, which c m  be adjusted according to specific need, The acquisition of airborne 

data, however, is very costly and requires extensive calibralion and expertise. Despite its 

great potentid, this option could not bt: considered lor our resciirch project because of 

financial limitations. 

An interesting option is the fusion of panchromatic and multispectrül irnügery. The 

main goal of fusing two images is to take the best spatial resolution frorn one image and the 

best spectral resolution from a second image and co combine them into a single image with 

supen'or information (Mumby et al. 1997). Careful consideration musc be given when 

merging these data, images musc be as sirnilar ris possible (Le. dates, tides, sun elevation, 

atmospheric conditions, and wind/ocean surhce püiierns). Two possible fusion options exist 

with IRS PAN; the first is with Landsüt TM and the second is with IRS LISS-3. The fusion 

with Landsat data will provide better spectral resolution [han wilh LES-3. But the fusion 

with LISS will have the advantage of being tiiken by the saine sensor and at the same time, 



- 

eliminating many temporal factors. The digital merging of SPOT PAN with Landsüt TM is 

also possible. This has been tested on land applications but little hüs been done on marine 

environments. Using fused data from Western Ausualia, Wyllie and Evans (1 994) concluded 

that fused imagery provided reduced depth (15-20 m) of penetration but increased spatial 

details. Murnby et al. (1997) compared the cost effectiveness of various sensors, including 

fused Landsüt TM and SPOT PAN for mapping marine tropical environments in the West 

Indies. They concluded that this is nor a cost-effective opiion since it does not provide the 

corresponding improvement and accurricy. De taiIed and updtiied information on products 

and pricing of satellite imagery is avüilrible through the distribuiors respective webpages, 

SpaceImaging is the official distributor of IRS. Landsac and lKONOS imageries while 

Radarsat International is the distributor for SPOT imügery (Spaceimicging. 2000; RSI. 2000). 

The uchived imagery dating back to the euly 1990 is usually avüilable for a fraction 

of the price. Imagery acquired between 1990 and 1992 could have been used to compare 

with aeriai photos of the Tobago Cays area from March of 199 1. A few archive images, 

however. are available for SPOT because the satellite dors not continuously record 

information dong its path unless ii has been progrümmed io do so. On the other hünd there 

is a great archivai system for Lÿndsat TM dating back ro 1 Y72 for Landsat 1-2-3 and 1982 for 

Landsat 4-5-6 since these satellites üutomaticall y record daiü dong i ts path. Nevertheless. 

image acquisition in the Cwibbean is also grrütly Iimiicd by cloud covrr. A search 

conducted in the DALi catalogue by Rridrirsrii In~crnritional (KGG9fJ325) for panchromatic 

and multispectriil SPOT images and through Spacelmage archives for Landsüt TM imagery 

reveaied that no scenes with less than 10-2095 cloud covcr werc available for the Tobago 



Criys area. Because of scarcity of cloud free archived irnagery, the option of cornparison 

with aerid photography and subsequent change detection andysis was impossible for this 

project- 

Frorn the nbove review of potential sensors it is possible to conclude no sensors are 

optimai for smdl scale reef mapping. Satellite data acquisition in tropical regions is also 

greatly Iimited by the prevalence of clouds. Lündsat TM Iacks the spatiai resolution, IRS 

lacks the radiometric resolution and panchromatic data and SPOT XS lacks the spectral 

resolution. The IKONOS imrigery htls ri grat potential Ior coril reef mapping but was not 

avaihble at the time of our study. The acquisition of hyperspectral imagery for this project 

was limited by finüncinl constraints. For the ahove reüsons, we opted not to use satellite 

imagery for this project and insteüd used colour üerial pliotographs ( 1 : 1 O 000) that were 

readily available and better suited for detailed habitat niripping of the Tobago Cüys (see 

Chapter 1 and Chapter 3). 

1.4 Potentiol sensors for large sale ocean monitoring 

Satellite sensors developed for oceanographic applications cm shed useful 

information for ü regionai scrile coral r e d  monitoring, the niost important ones being 

reviewed below. Some satellites such as the Advanced Vcry High Resolution Rudiorneter 

(AVHRR) and Coustal Zone Colour Scanner (CZCS) have bcen dcveloped for oceanographic 

sciences, such as studies in upwelling, primary prociuctivity and seri surface temperatures 

(SST) of the ocean and wiII be briefly discussed herc in the context of luge scde corai reef 



monitoring. A more comprehensive review of  these sensors can be obtained from Holden 

and LeDrew (1998b). 

Ocean colour can be converted into a meawrement of chlorophyll pigment 

concentration to identify pnmnry production levels in the vicinities of coral reefs and may be 

able to detect some pollutants as weil as suspended sediment concentration loüds over the 

marine dornain (eg. eutrophication üt the river outfiow of the Amÿzon). The first 

observations of ocean colour from space were cur ied  out by the experirnental Coastal Zone 

Colour Scanner (CZCS) from 1978 to 1986 aboard NASA's Nimbus-7 satellite. This 

instrument provided globd and regional data sets, whiçh yieldcd ri wealth of new information 

about the distribution and seasonül vuiability o f  primüry productiviry. The Advanced Earth 

Observation Satellite (ADEOS) wüs Isiunched successlully in August of 1996. The  ocean 

colour and temperature scanner (OCTS) is one o f  the eight sensors on board of ADEOS; it 

h a  eight bands in the visible and NIR but has a spatial resolution of 700m at nadir. 

OrbView-2 spacecraft (formerly SeaS tar) was Itiunched in August of 1997 carrying the 

SeaWiFS instrument. SeaWiFS collects broüd multisprcrrd remotely sensed imügery and is 

the first privotely owned remote sensing satellite to be launched and operated. It provides 

valuable information for global change research and large scüle environmental monitoring 

with a resolution of 1Oûû m (NASA, 2000). The Medium ResoIution lmuging Spectrometer 

(MERIS) will be launched by the Europeün Spacc Agcncy in Junc 2001. The primary 

mission of MERIS is the measurement of sea colour in thc oceans and in coastai areas. 

MERIS is ü 15 band programmable imaging spectrometcr wiih ri spectral range restricted to 

the visible and NIR portions of the spectrum (0.390- 1 .O40 prn), with unidirectionai spectral 



bandwidth rmging between 0.00125 and 0.030 Pm. MERIS will have a high spectral and 

radiometric resolution and will have a maximum spütid resolution of 300 m. Further 

information can be obtained at the European Space Agency website (ESA, 2000). 

Sea surface temperatures (SST's) are being routinely obtained from satellites operated 

by the US. National Oceanic and Atrnospheric Administration (NOAA) (Strong, 1992). 

These measurernents are obtained from the Advanced Very High Resolution Radiometer 

(AVHRR) sensor on al1 NOAA's polar orbiting satelliies and therefore permit coverige of al1 

oceans (Strong 1992). AVHRR daia rire being used extrnsively in analyses of the 

relationship between sea surface temperature anomalies (hot spots) and coral bleaching 

events. Since January of 1997, NOANNESDIS'S Oceanic Research and Application 

Division hm set-up an interactive website to help coral reef scientists monitor bleaching 

events (Strong 1998; Goreau and Hayes. 1 994). Coral rrrf "hot spots" are special ünomaly 

charts thüt highlight regions where sea surface temperature (SST) equals or exceeds the 

annual monthly maximum climatological value by 1°C. ihese rire areas where bleaching is 

most likely to prevail. A typicül anomaly chan for the Caribhean is given in Figure 3. 

Anomalies greater thÿn 1 .O "C are represented in shades O!- ycllow and oranges with 

anomalies between 0.25-1 -0°C in  purple-blue (Fig. 3). Tlirsc charts have a 50km resolution 

grid throughout ü11 tropical seüs. SaMite  values that arc observeci to lie just below this 

criticai level are purple or blue, indicating blesiching may be about to begin if local 

conditions permit. The hot spot website went on line experimentally üt the beginning of 

1997 and is ün essential information source for reef scientists. More information is available 

on the National Oceanic & Atmospheric Administration website (NOAA, 2000). 



Figure 3: Potential cord reef bleiiching hotspois for thc Western hemisphere for June of 

1999 at a resolution of 50km (red arrow indicares the general location of our study area). 

Anomalies greater thÿn 1 .O OC are represented in shiides of yellow and oranges with 

anomdies between 0.25-1.0 'C in purple-blue (from NOAA, 2000). 





APPENDlX 3: Additional information for Chapter 3 

A- Raw Field Data (p. 187-1 90) 

B- Ground Control Points (p. 191) 

C-Cluster Analysis (p. 192-1 93) 
i) Dendogram of the Bray-Curtis Hierarchical Cluster Anafysis 
for the corai dominated sites (2 S%cover). 
ii) Dendogram of the Bray-Curtis Hierarchical Cluster Analysis for the 
low coral sites (I S%cover). 

0-Histogram grey value under the classification mask (p. 194) 

E-Training site and general classification statistics (p. 195-1 96) 











LOCATION SITE # LATITUDE LONGIYUDE 
Petit Bateau 1 2d38'04.2OUN 61d21'35.40'W 
Petit Bateau 
Petit Bateau 
Petit Bateau 
Jarnesby 
Jamesby 
Jarnesby 
Jamesby 
Baradal 
Baradal 
Baradal 
Jamesby 
Jamesby 
Jamesby 
Petit Bateau 
Petit Bateau 
Petit Bateau 
Petit Bateau 
Petit Tabac 
Petit Tabac 
Petit Tabac 
Petit Tabac 
Petit Rameau 
Petit Rameau 
Petit Rameau 
backreef(D1) 
backreef(D 1 ) 
backreef (02) 
backreef (D2) 
backreef (D2) 
AGRRASiteA 
AGRRA-SiteB 
AG RRA-S iteC 
AGRRA-SiteD 

1 
2 
3 
4 
5 
6 
7 
8 
Tl 
T2 
T3 
T4 
T5 
T6 
T7 
T8=2 
T9 
Tl 0=1 
Tl 1 
9 
10 
11 
Tl 5 
T l6  
T l 7  
T l 3  
T l4  
T l  8 
Tl 9 
T20 
site A 
site B 
site C 
site D 

AGRRA-SiteE site E 



Bray-Curtis Dissimilarii 



Brav-Curtis Dissimilaritv 





TRAINING SlT E SIGNATURE STATISTICS: 

Value: 1 
Name: A-Coral 
Description: Mixed coral comrnunity 
Channel Mean Std. Dev. 
4 27.70772 42.31 260 
5 86.361 17 43.1 2625 
6 87.91 1 12 34.90845 

Samples: 3353 

Value: 2 
Name: 6-DCoral 
Description: Dead corals and rnixed algae comrnunity 
Channel Mean Std. Dev. 
4 168.25000 35.82948 
5 l7ï.01689 25.54090 
6 142.30574 34.1 1848 

Samples: 592 

Value: 4 
Name: C-Seagrass 
Description: Seagrass on sand with minor macroalgae 
Channel Mean Std. Dev. 
4 98.58447 69.41 977 
5 176.77930 26.76258 
6 150.01 979 30.32083 

Samples: 657 

Value: 5 
Name: D-Macro 
Description: Macroalgae dominated (various substrates) 
Channel Mean Std. Dev. 
4 29.341 46 18.82068 
5 76.46341 19.38204 
6 49.98955 20.9301 9 

Samples: 287 

Value: 7 
Name: E-Sand 
Description: Sand dominted (depth <6m) 
Channel Mean Std. Dev. 

4 52.69384 73.01 339 
5 164.23459 46.83521 
6 180.88379 33.1 7094 

Samples: 5533 

Value: 8 
Name: F-Rubble 
Description: Rubbles\Beach rock dominated 
Channel Mean Std. Dev. 
4 240.341 23 13-61 443 
5 225.38863 12.1 9784 



6 181.61611 18.551 95 
Samples: 422 

Value: 9 
Narne: G-Deep 
Description: Deep water (6rn-10m) 
Channel Mean Std. Dev. 
4 0.051 80 1.76890 
5 66.99702 8.74905 
6 87.91 559 1 4.1 8636 

Samples: 23456 

Value: 1 1  
Narne: H-Beach 
Description: Beach sand 
Channel Mean Std. Dev. 
4 255.00000 0,001 O0 
5 255.00000 0.001 00 
6 254.99733 0.07298 

Sarnples: 1500 

1 RAlNlNG SiTE SEPARABILITY MEASURE: Bhattacharrya Distance 

Average Separability: 1.841 930 
Minimum Separability: 1.1 58353 
Maximum Separability 2.000000 
Signature pair with Minimum Separability: (A-Coral ,D-Macro ) 

CLASSlFlCATlON REPORT: 

Name Code Pixels 
A-Coral 1 3003958 
B-DCoral 2 1280339 
C-Seagrass 4 2083358 
O-Macro 5 190090 
€-Sand 7 5295790 
F-Rubble 8 205528 
G-Deep 9 5137757 
H-Beach 1 1  60454 
NULL O O 

Total 17257274 

Image 
17.41 
7.42 
12.07 
1.10 
30.69 
1 .l9 
29.77 
0.35 
0.00 

100.00 

Bias 
1 .O0 
1 .O0 
0.75 
1 .O0 
1 .O0 
1 .O0 
1 .O0 
1 .O0 




