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ABSTRACT 

This thesis examines the growth rate of 452 colonies of the 

massive reef-building coral Porites from the Great Barrier Reef 

Province, Au~tralia. The corals were collected from thirty-four 

different reefs, and from different zones within those reefs. 

Five species of the genus were used in the project, each being 

a massive, hemispherical form, with a relatively smooth surface, small 

corall ites, and a readily-identifiable point of origin of colonial 

growth. 

The mean annual growth rate for each colony was measured using 

X-radiography of coral sections, and densitometry on the X-ray plates. 

The density variations found within the coral skeleton were used to 

identify periods of lunar and seasonal. extension. Growth was 

measured radially, along maximum colony diameter. 

The time of deposition of maximum density skeleton was found to 

differ with latitude, occurring In October/November in the south of 

the Province, but later, In April, north of Cooktown. 

Colony growth rate was found to vary by a factor of two on a 

year to year basis, and that of simi lar colonies. varied, even under 

!'uniform'! conditions. Despite this, broader patterns of growth rate 

variation were found within the Province. Colony growth varied 

according to location on reef platforms, with maximum rates on the 

leeward reef flat and slowest growth on the more exposed central reef 

flat and windward crest areas. Growth was faster and more variable on 

the fringing reefs of the inner continental shelf than at the outer 

barrier, where rates were depressed and stable. Annual growth also 

varied with depth and according to species. 

Examination of the spatial patterns of growth variability at 

each of the scales employed provides a background to the discussion 



of the relationships between scleractinian skeletogenesis and 

environmental and genetic factors. These findings are discussed in 

the context of modern reef investigations, in the light of their 

contribution to the study of reef development within the Province. 



ACKNOWLEDGEMENTS 

To the many people \<Jho helped \<Jith the product(on of this 

thesis, from the fieldwork to the finished article, grateful thanks 

are extended. Thanks are especially due to: 

Associate Professor D. Hopley, under whose supervision this 

thesis was completed. 

Professor J. 01 iver and the staff of the Geography Department, 

James Cook University, my colleagues. 

Dr N. Harvey, Mr T. Shearn, ~\r C. Grant, and Mr D. Backshall, 

\<Jhose help in the field and the laboratory \<Jas freely given, 

and much appreciated. 

Dr A. Hurphy , Dr E. Johnson, and Mr D. Wynn, It/hose tillIe, 

faci 1 ities and radiographic expertise were indispensable to 

th i s resea rch. 

Mr J. Hudson, from DuPont Corporation, for endless suppl ies of 

X-ray film. 

Mr D. Duncan, t~aster of the R.V. James Kirby, and crew members 

of that sturdy vessel, for their friendship, versatil ity, and 

sterling seamanship. 

The reef scientists of the North Queensland institutions, 

James Cook University, A.I .M.S. and G.B.R.M.P.A., who \<Jere 

ever ready with advice and support. Among others, Drs D. 

Barnes, J. Veron, 1-1. Pichon, D. 'vlllliams, J. Collins, P. Arnold, 

and A. Spain, and Messrs Len Zell, W. Ellery, A. Birtles, 

T. Walker and G. Bull deserve special mention. 



Mr G.T. Duce and Mr K. Adams, of the Computer Centre, James 

Cook University, upon whose programming skills I was 

dependent; and not least 

My wife Robby, and our parents, It/ho have put up with so much 

for so long, and have been so supportive. 



ABSTRACT 

ACKNOWLEDGEMENTS 

LIST OF FIGURES 

LI ST OF TABLES 

CHAPTER ONE 

CH,l\PTER nJO 

CONTENTS 

INTRODUCTION TO CORAL GROWTH RATE 
STUDIES 

Definitions 3 

History of Growth Rate Measurement 4 

Biology of Hermatypic Corals 7 

Influences on Coral Grm'lth Rate 9 

- Temperature 9 

- Sa 1 in i ty 11 

- Depth 12 

- Other Controls 14 

Systematic Controls on Coral Growth 15 

Aims of the St udy 16 

t-1ETHODOLOGY 

Introduction 

Fieldwork 

Taxonomy 

Specimen Cutting 

X-Radiography 

Den s i tome try 

Interpretation of Measurements 

Staining Experiments 

Statistical Analysis 

20 

20 

20 

24 

27 

28 

28 

41 



CHAPTER THREE 

CHAPTE R FOUR 

CHAPTER FIVE 

GROWTH RATE VARIATIONS IN A UNIFORM 
ENV I RON~1ENT 

GROWTH RATE VARIATIONS ON A SINGLE REEF 

Wheeler Reef and Its Environment 

Zonation vs Growth Rate: Hypothesis 

Analysis and Results: \vheeler Reef 
Zonation Study 

Discussion 

VAR! ATI ON IN GRo\HH RATES BEnvEEN REEFS 

SECTION l: Growth Rates on Different 

55 

57 

65 

68 

70 

72 

Reef Types 72 

- Barnett Patches 73 

-Three Isles 79 

- An a 1 y sis and Re suI t s 85 

- Discussion 91 

SECTION 2: Variation in Growth Rates 
Across the Continental Shelf 92 

- Analysis and Results 94 

- Discussion 96 

SECTION 3: Cross-shelf Variation 
Among Different Reef Types 99 

- Analysis and Results 100 

- DisclJssion 102 

SECTION 4: Cross-shelf Variation on a 
Provincial Scale~ Terrigenous vs 
Oceanic Influences 102 

- Analysis and Results 103 

- Discussion 104 

SECTION 5: Other Provincial Scale 
Variations 

- Analysis and Results 

- Discussion 

104 

105 

10E 



CHAPTER SIX 

SECTION 6: Provincial Scale Variation 
in Month of Mid-Point of HD Band 
Deposition 

- In troduct ion 

- Analysis and Results 

- Discussion 

SECTION 7: Latitudinal Variation Among 
Species 

- Analysis and Results 

- Discussion 

CONCLUSIONS 

PATTERNS OF CORAL GROWTH RATES 

107 

107 

107 

107 

III 

114 

116 

116 

118 

Introduction 118 

X-Radiography and Density Banding in 
POY'ite s I I 8 

Growth in a Uniform Environment 123 

Growth on Single Reefs 125 

Growth Rates on Contrasting Reef 
Morphologies 127 

Growth Rates Across the Continental 
Shelf 131 

Multivariate Relationships: Coral 
Growth, Genetic and Environmental 
Controls 133 

REFERENCES 135 

APPEND!X A COLLECTION SITE DATA 

APPENDIX 8 GROWTH DATA DISTRIBUTION 

APPENDIX C COLONY DESCRIPTORS 



£.i gu re 

2. 1 

LIST OF FIGURES 

Locat i on ~\ap~Co 11 ect ion Sites from the Great 
Barrier Reef Province 

2.2 SCUBA Collection of Massive Pori-tes from Reef 
Top 

2.3 

2.4(a) 

2.4(b) 

2.4(c) 

2.5(a) 

2.5(b) 

2.6 

2.7 

2.8 

2.9 

3. 1 

3.2 

3.3 

4.1 

X-raying Coral Sections with Medical Radiography 
~1ach i ne 

X-radiographic Positive of Pori-tes Section from 
Viper Reef Showing Annual Density Banding (X 0.8) 

X-radiographic Positive of Pori-tes Section from 
Leopard Reef (X 0.6) 

X-radiographic Positive of Pori-tes Section from 
Lark Pass Reef (X 0.6) 

Microdensitometer Trace of Porites X-radioqraph 
from Three Isles 

r1i crodens i tometer Trace of Pori-I;es X-rad i ograph 
from Wheeler Reef 

Microdensitometer Trace of Pori-tes X-radiograph 
from Mystery Cay Reef, Showing Fine Scale 
Skeletal Structures as Serrations 

X-radiographic Positive of Poorly Banded Pori-tes 
Section from Parker Reef. (x 0.6) 

Wedges from P. Zu-tea Colony, Geoffrey Bay, 
Magnetic Island, Shmving Skeletal Incl~ement 

During One Year Following Al izarin Staining 

X-radiographic Positive of Pori-tes Section 
from Moated Reef Flat, Holbourne Island, Showing 
Sub-Annual, Fine HD Bands (X 0.5) 

Fairey Reef (19 0 35'S, 148°52 I E)--Zonation and 
Morphology. 

Age-Growth Rate Plot for 28 Colonies of P. Zoba-ta 
fro~ Small Pool on Fairey Reef. 

Colony Growth Increment (% of Previous Year) 
from 28 Colonies of P. Zobata from Fairey Reef 
vs Year of Growth 

Hypothetical Platform Reef--Main Physiographic 
Zones. 

22 

23 

23 

29 

29 

30 

32 

33 

35 

30 

38 

38 

47 

49 

51 

56 



Fi gu re 

4.2 

4.3 

4.4 

5.1 

5.2 

5.3(a) 

5.3(b) 

5.4 

5.5(a) 

5.5 (b)-
(0 

5.6 

5.7 

5.8 

5.9 

5.10 

6.1 

\~hee ler Reef-Morphology and Surface Zonat ion 
Collection Zdhes Numbered 1-4. 

Spatial Scheme of Major Indo-Pacific Shallow 
Water Coral Associations (Frdm Rosen, 1975). 

Mean Annua 1 Grov-Ith Rate for \o/hee 1 er Reef 
Colonies, by Zone (95% Confidence Limits). 

Ba rn ett Pa tches-I-lorpho logy and Su rface Zonat i on. 
Collection Site~ Numbered 1-4. 

Three Isles·-110rphology and Surface Zonation. 
Collection Sites Numbered 1-3. 

Barnett Patches-Zone Growth ~1eans. 

Three lsI es-Zone Growth t-leans. 

Wheeler Reef, Barnett Patches, Three Isles-Zone 
Growth Means and Interaction Effects. 

Cross-shelf Variation-Leeward Zone Heans Plot 
(V i per, It'hee 1 er, and Rat t 1 esna ke/t-lagnet i c) -All 
Years. 

Cross-shelf Variation-LeevJard Zone Heans Plot 
(Viper', Wheeler, and Rattlesnake/Magnetic)-

58 

67 

78 

84 

87 

88 

90 

95 

1975-1971. 95 

Cross-shelf Variation-Contrasting Reef Types·-
Zonal Heans Plot. 101 

HD Band Mid-Point Deposition Time vs Latitude. 108 

Isotherm Movements, Surface Waters of Province 
vs Latitude 110 

Best Fit of HD Band Timing to Surface Isotherm 
Movement 

Mean Annual GrO\vth Rate of Five Species of 
Porites (95% Confidence Limits) 

Reef Classification Scheme (Hopley 1982). 

112 

115 

130 



Tab le

2.1

4. 1

4.2

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.11

5.12

LIST OF TABLES

Results of Staining--Magnetic Island Coral

Cape Cleveland--Wind Data.

Cape Cleveland-Temperature and Rainfall Data

Wheeler Reef-One-Way Analysis of Variance­
Effect of Habi'tat/Zonation on Growth

Cardwell--Wind Data

Cape Cleveland, Cardwell, Cooktown--Temperature
and Rainfall Data

Cooktown--Wind Data

Cape Cleveland, Cardwell, Cooktown--Temperature
and Rainfall Data·

Barnett Patches, Three Isles--One-Way Analysis of
Var i ance-Effect of Hab i tat/Zonat ron on Growth
Rate.

Wheeler Reef, Barnett Patches, Three Isles--One­
Way Analysis of Variance--Effect of Zonation on'
Growth Rate

Wheeler Reef, Barnett Patches, Three Isles--Two­
Way Analysis.of Variance-Effect of Zonation and
Reef Morpho logy on Gro\A/th" 'Rate.

Cross -She 1f Reefs (Townsv ill e Transect) -One-~/ay
Analysis of Variance--Effect of Shelf Location on
Growth Rates of Leeward Zone.

Cross-shelf Reefs, Contrasting Types--Two-Way
Ana1ys"is of Variance-Effect of Zonatron and Reef
Morphology on Growth "Rate

Correlation Between Growth Rate and Distance
to Land/Ocean.

Classification Results--Discriminant Analysis,
Groups Def i ned by Depth""

Summary Table-Discrinlinant Analysis, Groups
Def i ned by Depth

60

62

68

75

76

81

82

86

89

91

102

103

105

106



Table

5.13

5.14

6. 1

One-Way Analysis of Variance--Test of
Differences Between Species Growth Means.

Spearman Rank Correlation Coefficients: Species
Mean Growth VB Latitude.

Multiple Regression: Selected Variances with
Mean Annual Growth Rate.

114

114

134



CHAPTER ONE 

I NTRODUCTJ ON TO CORAL GRO\{TH RATE STUD I ES 

The marine ecosystems known as coral reefs have fascinated 

natural ists and scientists for centuries. Inquiry into the structures, 

the largest biogenic features of the earth's surface, have centred 

around three principal questions: Where do they exist, what is their 

physical/chemical/biological makeup, and how do they grow and decay? 

The early geological work of scientists such as Darwin (1842) and 

later Daly (1910 onwards) concentrated on the historical sequence of 

reef development, treating the origins and growth of reefs as exercises 

in deduction based on limited data. Biological studies on the growth 

and form of individual corals were based more on the intrinsic 

curiosity of the systematists. The rapid expansion of coral reef 

studies since the 1928-29 Great Barrier Reef Expedition has ~een the 

I ife histories of individual colonies become more important in general 

reef studies. Corals are seen in the context of their relative 

contribution to the growth of coral reefs with each of the other major 

taxa of the calcareous organisms. 

The importaoce of the study of the growth of individual colonies 

at present I ies in t '.-JO areas: contribution to the development of 

individual reefs, ltlhich in turn form the basis of reef complexes, 

and the ecological significance of differences or patterns of growth 

rates, in time and space. 

Earl ier ideas about the dominance of the role of coral colonies 

have been somewhat modified. The present broad model for coral reef 

development, as hypothesised by Chave et al. (1972) shows a single 

coral reef as being a function of the net production of calcium 
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carbonate at that location over a period of time. The relative 

contributions of corals and other major calcareous taxa in given 

locations within the reef area determine what kind of reef is built 

and retained over time. Coral growth rate values are essential in 

determining the calcium carbonate contributions for each location. 

Buddemeier and Kinzie (1976) point out, however, that reef development 

studies at present require little, if any, additional information 

from coral growth studies for the following reasons. Physical events 

such as storms can destroy centuries of structured coral growth. 

Other processes such as sea level changes, coral mortal ity or over­

crowding may intervene. Furthermore, the present state of the art of 

growth measurement, being so relatively precise compared with methods 

used In determining the growth rates of other contributing organisms, 

I~ perhaps too refined to use in conjunction with them. 

The major need in studies of coral growth r<:ltes (and growth 

forms) certainly lies with the biological, ecological and environ­

mental questions which are and will be posed in the frame~~rk of coral 

reef studies. The variability of growth rate and form which has been 

demonstrated remains of more than passing interest to the biologist. 

While the greatest diversity of growth form I ies· in species difference, 

the variability in rate can be accounted for by a combination of 

factors, both endogenous and exogenous, with the major influence 

probably lying with the latter. These exogenous factors are them­

selves spatially and temporally variable, thus posing the question 

of correl at ion between observed env i ronments and gro~Jth rates. The 

historical correlation of growth rate parameters such as density 

band patterns may provide information on past environments, though as 

Buddemeier and Kinzie (1976) have pointed out, inorganic chemical 

models alone do not equate skeletal chemistry with conditions at the 
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time of growth, but rath.er a'l.1ai.'t the refi-nement of bIochemical

techn i'ques and f i'nd ings to des-cr i'be the camp1ete effect of env i ron­

ment on gro\4tfi.

Thfs thesis contributes to the body of data on growth and

skeletal characteristics of a widely distributed genus of coral from

the Great Barrier Reef Province. It analyses geographic patterns in

rates of growth, and suggests some models of environmental causation

in these distributions.

Definitions

The discussion of the history of coral growth rate measurement

must be prefaced by some discussion of the definition of growth, and

of the 1 imitations of the types of corals under discussion.

The first definition, that of growth, is based on the form of

the colony, and the processes involved in creating that form. For

example, the growth of the plate-l ike corals is suited to measurement

on a horizontal expansion basis. The growth of the corymbose or

antler-type species may be measured in terms of tip extension, or

weight increment converted to volumetric parameters if necessary.

Growth in scleractinians is a function of skeletal framework

extension. Calcificati·on j's the rate of deposition of s·keleton,

irrespective of extension rate. The relatibnship of calcification

to extension rate is thus a Ineasure of skeletal density.

Since this study is based on the use of X-radiograph~ it uses

only those corals which are suited to the method, nanlely the fine­

grained massive, spheroidal types, and derives measures of 1 inear

radial expansion in em/year. Hany other methods of gro\vth rate

measurement have been employed in the past, ranging from direct
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sequential field measurement of di.menstonal increment, such as that 

of Mayer (1918), Edmondson (1929), and Shinn (1966), to the radio­

isotopic uptake methods of Goreau (1959). These have, of necessity, 

been expressed in differing units in many cases. The consequences 

of this lack of conformity have been discussed by Buddemeier and 

Kin z i e .( I 976) . 

The definition of a scleractinian coral, for the purposes of 

t his stu d y, i s t hat 0 fat rue II r e e f b u i Ide r ," 0 r her a t y pic co r a 1 . 

History of Growth Rate Measurement 

This subject has been very comprehensively reviewed by 

Buddemeier and Kinzie (1976). The earliest estimates of colony 

growth rate~ were made by direct measurement of the colony over an 

established period of time. In 1913, Mayer remeasured several large 

colonies of SyrrrphyUia~ Porites and Goniastrea lying off Vivien Point, 

Thursday Island, and derived growth rates for the colonies for the 

interval since the colonies were photographed and measured by Saville­

Kent in 1890. Previous to this, such workers as Gardiner (~1aldives). 

Guppy (Cocos-Keeling). Sluiter (Krakatoa) and Wood-Jones (Cocos­

Keeling) had all published dimensional gro'tJth ihcrements for 

individually measured coral colonies. Vaughan (1915) measured a 

large number of corals in terms of colony height and diameter on Dry 

Tortugas in the Caribbean, finding variability in grm..;th rate both 

intraspecifical ly and over time. He noted, along with later 

researchers (Mayor 1924; Edmondson 1929; Stephenson and Stephenson 

1933), the differences in growth rates between the faster-growing 

branching forms and the heavier, more robust massive types. Of the 

more recent direct I inear colony measurement workers, Shinn (1966) 

measu red Acropora extens i on rates in an a ttempt to cor re Ja te grm"th 
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with environmental condtttons, whfle Woodhead (1971) establ ished the 

annual growth increment for 1968-69 of 171 colonies representing more 

than a dozen species of corals from the Heron Island reef area, by 

r'neasuring weight i"ncrease and height increase, as well as two 

different diametric dimensions for each colony. The ultimate 

refinement of the 1 inear extension measurement method is probably 

that of Barnes and Crossland (1980), who used high resolution photo­

graphic methods in conjunction with an Sntervalometer to record slx­

hourl y grmvth increments in the tips of Acropora acuminata (Ver i J 1) 

taken from the Great Barrier Reef. Most of the more recent weight­

type growth measurement methodology has been used In conjunction 

with investigations of changing environmental conditions in laboratory 

studies on colony growth, e.g. Jokiel and Coles (1977) and Coles and 

Jokiel (1978). 

Barnes (1972) showed the applicability of vital staining of the 

coral skeleton to growth studies. He used alizarin sodium sulphonate 

(Alizarin Red S) to stain a time marker in the living colony, 

allowing growth after this event to be measured at a later date. 

Jell (197 1.f) app) led this method to investigations of the micro­

structure of several species of coral from Heron Island (Great 

Barrier Reef). This method was also used by Dustan (l97.5) in field 

studies of grol(Jth characteristics inNontasi71:,ea annuZa:('-is in Jamaica. 

G1ynn (1977) derived the growth rates of colonies of pocilZopora 

damicorais in the Gulf of Panama and the Gulf of Chiriqui using 

Alizarin staining. Jokiel (1978) noted the effect of Hater motion 

on growth of three species of Halr/aiian corals using the method to 

assess groHth parameters. 



6 

Two methods of coral growth meas,urement which have been appl ied 

tn a large numBer of recent tnvesttgations are the radiometric method 

of calcification measurement and the X-radiographic technique of 

density band analysis within the skeletal structure of colonies. 

The first method involves the estimation of calcification rates as 

an index of skeletal accretion. This is usually done either by 

direct measurement of calcium carbonate deposition or by using a 

"tracer" chemical which mimics the activity of the skeletal material 

being deposited. The measurement of isotopic ratios which are found 

naturally in the skeleton also form part of this approach. The many 

workers in this field have been reviewed at some length by Buddemeier 

and Kinzie (1976). Perhaps the principal value of these approaches 

is in the field of tissue/skeleton interaction, in conjunction with 

the algal symbionts present in hermatypic corals, with the 

ramification for coral grm;'th studies in the growth rate sense being 

largely a by-product of the research. Certainly, they have led to a 

greater understanding of the interactive effect of environmental 

parameters with individual corall ite chemistry. 

The appl ication of annual density band analysis in certain 

hermatypic corals by Knutson et al. (1972) has led to a widespread 

usage of X-radiography of coral skeletal structure as a tool for 

investigating coral growth rates. The density band·patterns form a 

record of colonial growth in each coral, a1 lowing historical assess­

ments of gro~~h response to environmental change, both in tenns of 

1 inear extension variation and density fluctuation (daily, lunar, or 

seasonal). A summary of the applications of this technique to the 

field of coral growth rate studies Is provided by Buddemeier and 

Kinzie (1976) who conclude: 



The development of the radiographtc technique 
has rendered almost trtvial the prevIously 
unsolved problem of measurtng long-term growth 
rates and growth hfstortes retrospectively ...• 

The standard reference to the procedure may be that of Buddemeier 

(1978). 

Biology of Hermatypic Corals 

7 

The hermatypic or reef-building corals are characterised by the 

presence of large numbers of unicellular dinoflagellate algae in 

their endodermal tissues. These algae perform special functions 

relating to the skeletogenesis in the coral colony, and in return 

derive some special benefits themselves from the metabolic activities 

of the cora 1 po 1 yps (see Goreau et aZ. 1979). 

The initial stage in the development of a sessile hermatypic 

colony is the settl ing of the planula, or fertil ised ovum on a 

suitable, hard substrate. This planula then secretes a basaJ 

calcareous disc, upon which it builds a column of aragonite, or 

thecal wall. Finally, it secretes the internal skeletal elements 

distinctive to the species (septa, synapticulae, pall, dissepiments, 

etc.), and the colony grows by polypal repl ieation either through 

fntra- or extra-tentracular budding. 

The simpl Istie model of growth above does not explain the 

chemico-physical nature of tissue growth and skeletal development· 

in its campI icated detail. While much is known about the algal/ 

animal and tissue/skeleton relationships, the complete story is as 

yet unavailable. In simple terms, the tissue lays down aragonite 

at the sites of calcification as a result of the creation of a 

suitable chemical Ilcl imate" by both the polypal tissues and their 

algal symbionts. The dependence of skeleton formation on the 

zooxanthellae is the principal focus of interest in coral 



8 

calcfficatfon, and is weI I reviewed by Johnston (1981). The 

relevance of thfs relationshfp to skeletal growth studies lies in 

the response of the alga to varying environmental conditions. In 

partfcular, the photosynthetic requirements of the zooxanthellae are 

light dependent, making that variable a controlling factor on the 

growth of the coral symbiont. 

This study concentrates on Porites, a wide,'-ranging genus found 

in both the Atlantic and Indo-Pacific regions. It should be noted 

that no species of POl-,{tes is common to both areas. In the Great 

Barrier Reef Province it is found from the Solitary Islands in the 

south to the northern I imit of the area, while on the west coast of 

Australia it Is found as far south as Abrolhos Island (Veron et aZ. 

1974). The colonies found at the extreme southern limits of the 

range are not as rounded or hemispherical as those further to the 

north, but tend to assume a flattened, encrusting layer on the 

substrate. As a genus, it shows two predominant growth forms, 

massive and branching (ramose), if the encrusting form is taken to 

be' an aberration of the massive form. It possesses very small 

coral lites (max. 2mm diam.), which divide extra-tentacularly. 

Highsmith (1980) also reports that heads of P. Zutea may disperse 

and resettle on ne", substrates as a result of dislocation due to 

storms, etc. G-Iynn (I 971.t) noted the existence of mobile Porites in 

the Gulf of Panama. (A few of these were collected from Heron 

Island for the purposes of this research.) WeI Is (1956) described 

P01.>ites as one of the most important hermatypic coral genera, being 

second on I y to ilc:t'Opol'a. 
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Infl uences on Coral GrovJth Rate

Coral growth rates can be said to be dependent on two broad

groups of influences, environmental (exogenous) and systematic

(endogenous). The first group includes such variables as depth,

temperature, salinity, nutrient supply and other 'r/ater qualities,

sedimentation and turbidity. The second group encompasses species,

size, colony age, and entrained biological rhythms.

It is the first group, the exogenous controls on growth, which

determine the limits of the geographical range of the corals, and

within these 1 imits it is both the internal :nd external influences

which determine growth rates. True scleractinian corals do not grow

outside these environmentally imposed thresholds.

Environmental controls over coral growth have been well

documented, and are summarised by Wells (1957), Stoddart (1969), and

Buddemeier and Kinzie (1976). The appl ication of the consequences

of these factors to this study lies not so much in the environmental

limits \-,ithin YJhich corals ?JiZZ grow, but ho"" they respond to change

't'ithin those limits. In this context the follov.'ing physical factors

will be discussed: temperature, depth, water chemistry~ emersion,

light availability, turbulence and sedimentation.

The lOvier limit of temperature that hermatypic corals can

survive for long periods is about 9°C (Macintyre and Pilkey 1969),

\vi th the upper 1 imi t at over 37°C (Orr and t..toorhouse 1933). The

1imits vary with the species involved, some being more responsive to

extremes than others. The mechanics of temperature control over

coral growth are reviewed by Stoddart (1969) as being perhaps more

concerned with control of reproductive ability rather than feeding
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or physiological death. 

Early v.'Ork sno'ded that corals lost their aDil ity to feed at 

certain upper and lower temperatures (Mayer 1915 and Edmondson 1929, 

respectively). The relattve tmportance of each of these mechanisms 

(reproductive or feeding innibition, or physical damage) is of less 

o 0 interest beb/een the temperatures of 25 C and 29 C, the range of 

optimum growth conditions. In this range, the proportional effect 

of temperature on growth rate values is important. Weber and White 

(1974) found a growth/temperature coefficient of 0.9mm/yr/o C for 

Platygy:~ from various Indo-Pacific regions, using radiographic 

techniques. Weber et al. (1975) found that greater skeletal density 

was associated with lower 180 content in annual coral bands, thus 

relating higher water temperature to an increase In calcification 

rate. An earl ier paper by Weber on the incorporation of strontium 

into reef coral skeletal carbonate discussed the relationship between 

"growth" in the calcification sense and temperature, finding that, 

withi.n the range of 200 C-300 C, calcification rates Increased with 

temperature (Weber 1973). However, Clausen and Roth (1975a) showed 

that calcification in PociUopora peaks at 27°C, and again at 31
0

C. 

Highsmith (1979) reviewed this point in relation to his own findings 

on Enewetak. corals, and postulated that the preferred optimal 

temperature of zooxantnellar photosynthesis I ies at about 27°C-28°C, 

and the rate decreases progressively at higher temperatures, with 

consequent results for coral growth. This may explain high density 

band formation in warmer water, an event he states is simultaneous 

~"ith a 10\." groNth period in corals. 

Many of the problems that have occurred in the investigation of 

cora 1 gro'dth rates and It/ater temperature have ari sen from the fact 

that all large-scc::le ecological studies encounter the dilemma of 
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whfch temperature tndlcator to use. For example, average annual 

water temperatures, when used ~gainst measured growth rates, may not 

sufficiently account for varfabf1 rty and seasonal ity, nor even 

extreme temperature effects, to make val id conclusions. Some mention 

should be made of the different responses of unlike species to 

changes tn temperature. Mayor (1924) subjected several different 

species of reef flat corals from Murray Island and Aua Reef to 

artificially produced high temperatures for various time intervals, 

and concluded that some corals were more resistant than others to 

upper temperature extremes. Among the more pertinent of his findings 

for this thesis was his conclusion that the larger massive Porites 

("aff. lutea ll
) were the most resistant Samoan coral to asphyxiation, 

dilution by fresh water and temperature rises of an extreme order. 

Sa 1 vat et al. (1977) reported tha t the only sc 1 eract i n i an extant in 

the isolated lagoon in Taiaro Atoll, Tuamotus, in fairly extreme 

physical and chemical conditions was Porites lobata. 

Sa 1 in i ty 

Many studies have investigated the effects of high and low 

sal inities on coral survival, but few workers have tried to determine 

the effect of altering sal inities on the growth rate of coral 

colonies. The literature to date has estab1 ished that most 

hermatypic corals survive between 25 and 48 parts per thousand 

(extreme values). 

Lowered salinities due to extremely heavy rain falling on wide 

sha1 low reefal areas has been documented many times ~s having severe 

physiological effects on corals. Mayor (1924) te11s of the large 

areas of coral kil led in Pago Pago harbour in June 1920, following 

heavy rains, aithollgh he makes no distinction as to the contributory 
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effect of increased sedtmentation. tn the Great Barrier Reef area, 

Hedley (1925) reported the destruction of the Stone Island frinqing 

reef near Bowen, Queensland, tn a cyclontc episode in 1918, when 

almost 1400mm of rain fell in three days in t1ackay, just to the south 

of the area. The tremendous dflution of the reef flat waters proved 

fatal to almost all the corals present. The results of this dovJn­

pour are still to be seen today in the form of dead, high-standing 

mlcroatoll formations on Holbourne Island, just to the north of Bowen 

(Hopley and Isdale 1977). Peel Island, in Moreton Bay, near Brisbane, 

was the scene of extensive coral damage when the bay was inundated 

with fresh water following heavy rainfall in 1956 (Slack-Smith 1960). 

Banner (1968) reported a similar event in Hawaii at Kaneohe Bay in 

May 1965. Lowered salinities and sedimentation ~."ere blamed for coral 

morta 1 i ty. 

Upper sal inity 1 imtts are discussed by Kinsman (1964) from the 

Persian Gulf. He records that Porites can tolerate sal inity levels 

in lagoonal areas along the Trucial Coast of up to 48 parts per 

thousand. Coles and Jokiel (1978) examined the effect of altered 

sal inity on grovrth in Montipom in conjunction vlith temperature 

variation. They showed that the temperature to~erance of the coral 

is lowered as salinity drops, and postulated that the reverse is 

true, since Kinsman (1964) described Persian Gulf corals 1 iving in 

temperatures of 49°C at up to 48 parts per thousand sal inities. 

These findings do not, however, show the relativity of sal inity 

alone to growth rate, and this relationship remains obscure. 

The physical parameter of depth is a compound variable, 

representing the effects of light penetration, water movement, food 
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availabflfty and other factors. The lower limits at which hermatypic 

corals grow and survive are generally agreed to be those at which 

the avaiiability of light does not attain the threshold requirements 

of the symbiotic zooxanthellae for photosynthesis. The variabil ity 

of growth rate and form in the surface layers of the ocean (down to 

15m) is thought to be fnfluenced by variables other than light levels. 

Below this depth, most corals show a decrease in grovlth \'iith depth. 

Wells (1957) gives the maximum survival depth of hermatypic corals 

as about 90m, with most corals growing above 50m, and the most 

luxuriant growth being above 20 metres. 

While most of the early work on the relationship of coral growth 

to depth was concerned with the variation in form of the corals, later 

efforts have concentrated on determining the relativity of depth to 

such factors as Jfnear growth, calcification rate, density va~iations 

within the coral skeleton, and rates of photosynthesis. Within the 

context of this thesis, which is mainly concerned with skeletal 

extension rate, the results of various workers have shown that grm"th 

is species dependent or dependerit on local environmental factors 

above about 15 metres (Buddemeier and Kinzie 1976). Hare specifically, 

Buddemeier et al.. (1974) suggested that the grovlth rate of P. l.utea 

from Enewetak Atoll was Jess than half the rate at 30 metres than it 

was at 4 metres. At depth 18m, they found that the same species 

grew almost twice as slowly as it did at 7 metres. Baker and Weber 

(1975) reported that the rapid fal I-off in growth rate at 18m of 

M. a:nnul.aY'is in the Virgin Islands was accompanied by a significant 

reduction in growth rate variance. Other researchers have found 

that some species do not show a significant decline in grovJth rate 

below any specified depth. Weber and White (1977) showed that 

M. cavernosa does not respond to depth increase, \'Ihile lv!. armul.aris, 



which is a faster grovJlng spectes, does. Buddenleler et aZ. (1971~)

reported that Fa~,ia speciosa from Enewetak showed no systen1a tic

variatlon V-Ji"th depth. Hlghs:mi.'tn (1979) suggested the reason that

different speci'es- are affected di"fferently by depth may be a function

of the corals possesslng different zooxanthellar strains, which have

unlike responses to the depth-dependent decrease in light levels.

Other Controls

Water turbulence is considered to be an important influence on

coral growth. Rapid movement at the air-water interface result~ in

oxygenation of surface waters, such an effect being demonstrated by

the higher oxygen supply avai'lab'le in surf zones. in some species,

however, heavy turbulence may have an inhibiting effect on growth

through disruption of feeding activlty. The corals most affected

\VOuld be those with snlal1 corall i tes, such as PoriteB. Turbulence

was considered by Mill iman (1974) to prevent siltation, a function

which aids the deeper-poly'ped corals such as the Favids. The

distribution of the Porites biotype in Rosenls (1975) model for fndo­

Pacific corals seems to support this suggestion.

Turbidity affects coral growth rate principally through

reduction of available 1ight to the algal sym~ionts of the coral.

Dodge et al. (1974) and AJler and Dodge (197L~) found an invet-se

correlation betv/een gro'tJth rate of Mdnt::zstrea an1~uZ.ariF3 from Discovery

Bay and the resuspension of bottom sediments. Heavy siltation has a

species-dependent effect on growth. Some genera (e"g. Porites and

Fwzgia) have very effective sediment removal capacities, \tJhile others

such as PociZ~opora do not. The death of the latter species on

Middle Reef in Cleveland Bay (North Queensland) due to the effects

of sedimentation from the dumping of dredge spoil to windward of the



reef, and the cant i nu i ng vita Ii ty of Porn:tes m icroato 115 ina 

similarly affected area on Magnettc Island bears this out. 

15 

Many of the above environmental controls act synergistically, 

with consequent problems for the researcher interested in assigning 

levels of responsibility for growth rate influence to each. For 

example, avai lable 1 ight may be a function of depth and turbidity, 

while turbidity in turn may be related to water turbulence. The 

breakdown of environmental causation is thus often difficult to 

ascertain with accuracy. 

Systematic Controls on Coral Growth 

Endogenous (internal) controls on growth rate have not been 

studied extensively to date. Among the earl iest references to the 

subject of determinacy in coral growth, Wood-Jones (1910) regarded 

growth as being Indeterminate, while Vaughan (1915) and Mayor (1924) 

thought that corals reached growth limits. More recent workers have 

postulated that certain species exhibit genetic 1 imitations on colony 

size (Gareau and Gareau 1960; Maragos 1972). Size-growth relation­

ships have been noted (Motoda 1940) In terms of Dolyp mUltipl ication 

rate, and geometric constraints (Barnes 1973), while Grigg and 

Maragos (19711) noted determinate growth in PociUopora. Buddemeier 

and Kinzie (1976) summarise the topic, pointing out that the new· 

retrospective methods of growth rate analysis (such as X-radiography) 

show that there is no decrease in rate with age in the massive corals. 

They illustrate the difficulty of verifying the existence of sizef 

growth rate relationships by noting that conventional laws of growth 

based on volumetric reasoning do not apply to corals, whose growth 

vector, the coral tissue, is largely tv..'O-dimensional, being a 

flattened ~ayer of material arranged on a skeletal surface. Thus 



they state: 

.. corals may exhibit determi'nate growth, 
but it fs unlikely to be predictable or 
rational izable on the basis of conventional 
grovlth la\""5. Secondly, the problems of inherent 
variability and environmental effects on coral 
grm·,th greatly compl icate observations and 
interpretations. 

Aims of The Study 
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This study examines the geographical distribution of the mean 

annual grovlth rates of 452 coral colonies from the Great Barrier Reef 

Province. It seeks to answer questions on the distribution of those 

rates at a number of scales: provincial, regional, single reef scale, 

and microhabitat within the single reef area. It also attempts to 

use year-to-year variances in growth rate in conjunction with 

historical environmental data to investigate external controls on 

grovlth. 

The importance of the problem of scale is emphasised. The 

variability of annual skeletal extension rata is analysed, from 

the smallest to the largest scale, since this statistic usefully 

del ineates geographical/ecological boundaries within the ecosystem. 

The thesis examines the growth rates of colonies from the 

entire length of the Great Barrier Reef Province. Several benefits 

accrue from having such a large sampl ing area. One of these is that 

the Province covers a large l<'ltitudinal range, from the Torres Strait, 

at about laOS, to the Capricorn-Bunker Group, around 24°s. This 

range encompasses several different climatic types and is within 

the amLlt of movement of several discrete bodies of water from oceanic 

sources. "fhese factors provide a range of environments within \'ihich 

to examine the response of coral growth rates to changing external 

influences. 
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Another feature of the Great Barrier Reef Province which makes 

it ideal for an extensive geographtcal/ecological sampl ing programme 

is the varying width of the continental shelf along the north-south 

axis. Thus, the effects of such factors as distance from landward 

influences and oceanic waters may be weighed in relation to each 

other, as well as in absolute terms. Sincethe shelf width ranges 

from about 24 kilometres in the north, at its minimum extent, near 

Cape Melville (14°l0'S), to 200 kilometres wide, east of Mackay, in 

o the region of 22 S, the degree of influence of each factor can be 

judged with relative ease. 

The range of cl imatic variables, and water qual ity and 

properties over the whole extent of the Province is quite large. 

For example, the northern region around Cape York has a monsoonal 

wet-dry (Koppen1s AY/g,Av/,Am) cl imate, whi Ie the the Capricorn-

Bunker Group in the south has a subtropical (I<oppen type Cw) 

cl imate. 

The range of monthly mean minimum temperatures is more than SoC 

for the Province, that of monthly mean maxima more than 120 C (see 

Pickard 1977, Figure 6). ~1ean annual rainfall is between 600-l800mm/yr 

in the Cape York area ( 100S), peaks at about 4000mm/yr on the 

lnnisfail coast ( l710 S), and drops to around 1000mm/yr at the 

southern extremity of the Province (Pickard 1977, from Figure 7). 

o 0 Sea surface temperatures of 29 C-30 C occur around Cape York in 

January, dropping to just above Z4°C in August (ten year average 

temperature field for each month-CSIRO 1979), while the same figures 

for the Heron Island area are Z70 C-2SoC in January and ZloC in 

September (CSIRO 1979). The ten year average sal inity fields for 

Cape York show a range of from 35. 6 part~; per thousand (October-

November) to 33.6 parts per thousand (Herch-April) The equivalent 
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figures for the Capricorn-Bunker Group are 35.5 parts per thousand 

(August-September) and 35.2 parts per thousand (April, October) 

(CS I RO 1979). 

This vJide range of environments allows systematic conclusions 

to be made from correlative studies between growth and growing 

conditions. The problem of comparing growth data from global scale 

differences in location (e.g. high rainfall period in Florida with 

the monsoon season in the Indian Ocean) is avoided, since the 

environmental "zones" of the Great Barrier Reef Province are 

contiguous. 

The colonies used in this research were all of the genus 

Porites Link, 1807. Of this genus only eight species were collected, 

those which formed hemispherical, massive colonies. The genus is 

widespread throughout the Province, and this allowed comparisons 

to be made between grO\'lth rate values of colonies in the certain 

knowledge that the conditions for growth are well within the 

environmental range for the whole genus. 

Pontes is a finely structured, relatively porous coral in its 

massive gro'dth form. It is also fairly slow growing v/hen compared 

\."ith the branching forms, such as ACl'opora, although its growth rate 

(linear extension) is greater than some of the Favid corals, \-,lhich 

are denser. It is the fine structure of the genus vJhich makes 

Pontes ideal for X·-radiographic studies, since the analysis of the 

X-ray plates is not confused by the intrusion of skeletal element 

images, as would be the case with some of the larger-structured 

Favid corals. 

The regular hemispherical or semi-hemispherical shape of the 

selected species proved a definite asset in colony preparation for 

X-radiography. The objective of X-raying the colonies was to 
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determine the full spectrum of annual density bands (see Chapter 

Two, Densitometry). Cutting of each colony required that the 

finished slab contain all the density bands, from origin to edge. 

this was facil itated by the rounded, symmetrical shape of the 

coral la, clearly identifying the point of origin of growth. 

Irregularly shaped colonies VJere not used, nor "'Jere those that had 

been severel y bored by b ioeroders (see Chapter TltJo). 

In summary, the genus Porites was used exclusively in the 

programme because of its ubiquity, structure, and suitabil ity of 

shape for dissection and X-raying. 
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CHAPTER TV/O

METHODOLOGY

Introduction

In this study, the methods of investigation employed comprised

three main components. These were:

(a ) fie 1dwo r k ;

(b) laboratory analyses; and

(c) statistical analysis.

The relative timespans allocated to each of the above were dictated

by the irnmensity of the study area, and its inaccessibility, and

reflect the large period of time needed to assemble the corals, and

the handl ing of the colonies in sectioning and screening them. The

high cost of tr~nsport to the areas of collection required that a

certain degree of opportunism appear in the sampl ing procedure,

entailing the avail ing of ship-time on the expeditions of other

scientists.

Fieldwork

The study of geographical variation in growth rates of corals

necessitated the sampling of colonies over as wide an area as

possible, in order to be able to investigate patterns in as large a

range of differing environments as was essential to show up the main

external factors influencing that growth. Therefore, at various

scales of intensity, sampling was undertaken over the complete

latitudinal extent of the Great Barrier Reef Province, from Port

~\oresby in the north to Heron Island in the south (see Location ~\ap,
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Figure 2.1). Several colonies were kindly suppl jed from Noumea 

(see Acknowledgements), enabl ing growth pattern comparisons from a 

different seasonal regime to be made with Great Barrier Reef corals. 

At the next smaller scale of sampl ing, the study required 

comprehensive sampl ings along lines or transects across the Province 

in an east-west orientation, over the continental shelf. This was 

intended to ascertain the relative effects of distance from oceanic 

and terrestrial influences on growth patterns. On a smaller scale, 

collections were made from single reef units on an intensive basis, 

with the reefs chosen to represent the greatest diversity of 

geomorphological types. Three reefs in this category were sampled, 

these being Three Isles (a low, wooded island reef), Wheeler Reef (a 

small platform reef), and Barnett Patches (a dispersed pattern of 

resorbed reefs). The intention of the examination of these reefs 

was to find if colony growth was in any measure affected by the type 

of reef on which it grew. Different reef types in both plan and 

profile cause different micro-environments to occur within their 

boundaries, as exampled by the fact that the height of a reef flat 

relative to mean sea level (MSL) influences the direction and 

intensity of the current regimes about it. At the smal lest scale of 

all, collections were made from a small (15m diameter) reef crest 

pool on Fairey Reef, all of the same species. The rationale behind 

this activity was the investigation of the assumption that similar 

corals in a uniform environment should show similar patterns of 

growth in time, having negated the effect of space. 

In each location, colonies were taken by hand using scuba or 

shallow diving, or '<<Jere collected at 1m-v tide (Figure 2.2). "'lith the 

exception of the collection on Fairey Reef, samp! ing was generally 
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Figure 2.2 

Figure 2.3 

SCUBA Collection of Massive Porites from Reef Top. 

X-raying Coral Sections with Medical Radiography 
Machine 
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confined to areas of about 50 square metres. The selection of 

individual colonies was opportunistic since no field identification of 

Porites could be done at the specific level (see Taxonomy section). 

TGe main limitation on taking a colony was that of size and shape. 

Colonies more than about 35cm In diameter were too big to section 

using the available equipment, while colonies which were exceedingly 

asymme~rlcal provided growth interpretation problems. This latter 

point is discussed in detail below. Initially, some Favid corals 

were taken, but this practice was discontinued as it became obvious 

that the skeletal "grain" of the family was too coarse for the 

densitometric technique. This was because of the minute size of 

the maximum beam width obtainable on the machine, it being several 

mill imetres smaller in diameter than that of the corall ites in the 

Favid family. The finer structure of the Poritidae proved superior 

in resolving the density banding patterns under X-radiographic 

examination. 

Descriptions of every field site sampled, along with relevant 

details, are given in Appendix A: 

Taxonomy 

The history of scleractinian taxonomy has been attended by debate 

and revision throughout its course. This has been principally due 

to the nature of the scleractinian skeleton, which shows an extra­

ordinary degree of structural variation. It is the range of this 

variation that creates difficulty for the taxonomist, since the 

specific Ilboundaries" are often hard to define due to the overlapping 

of principal skeletal characteristics. Veron and Pichon (1976) have 

reviewed the history of the species problem, and Veron (1981) the 

present state of thinking on variation within species boundaries. 
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Their use of the lIecomorph" approach to taxonomic differentiation 

has led to the divisions used in the present study. Although the 

genus was first described as such by Link in 1807, the first 

references to the group 'may have been those of Pallas (1766), in 

which an assortment of corals from a now lost collection were called 

Madl'epora porites. Li n k desc r i bed two spec i es, Porites polymorphus 

and Porites damicornis (the latter is now known to be a Pocillopora) , 

but since then over 100 nominal spe~ies have been added to the 1 ist. 

Bernard (1905) provided the first world-wide comprehensive study of 

the genus, but was unable to distinguish species, and abandoned 

the' binomial system of classification in favour of a numerical one 

based on geographical location. The difficulty of classification of 

the genus is well described by him: 

So great, indeed, is its apparent complexity, 
showing so many subtle differences which baffle 
all attempts to define or describe them, that 
the student stands long before the task in 
despair. 

Vaughan (1918) reverted to the binomial system in his revision 

of the genus, and his published work remained the best of its kind 

for many decades. The last revision of the tax6nomy of the genus 

has been that by Veron and Pichon (in press) . The results of this 

revision show that in Eastern Austral ia there are four groups 

within the genus, based on the structural similarities of their 

corall Itas and their colonial formations. Within the Great Barrier 

Reef Province there are 13 species of the subgenus Pori'/;es. Of these 

six form massive, generally hemispherical colonies of large 

dimensions, four form small hemispherical colonies, two are branching 

species, and two form flat plates or columns. These are widely 

distributed in the Province in the northern and central regions, but 
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the number of species represented falls off south of the Great 

Barrier Reef, so that Moreton Bay has two species and Sol itary 

Island and Lord Howe Island (both in New South Wales) have only one 

each. 

For this study, eight species were used. They were: 

P. lobata Dana 1846 

P. australiensis Vaughan 1918 

P. lutea Edwards & Haim~ 1860 

P. mayeri Vaughan 1918 

P. densa Vaughan 1918 

P. murrayensis Vaughan 1918 

P. solida (Forska I 1775) 

P. lichen Dana 1846 

Porites lobata is massive, hemispherical and generally forms large 

colonies. It has a very porous theca and each corall ite possesses 

three discrete pal iform lobes per trident or triplet. 

Porites australiensis is another massive species, similar to 

P. lobata, although the colonies may be "ribbed" or angular in a 

jelly-mould formation. It has angular calices and thin razor-edged 

theca, with deep, fused triplets and a single paliform lobe. The 

columella points to the trident and the directive. 

Porites lutea is another large hemispherical species with a 

much denser theca than the above. It has one high pal iform lobe 

per triplet (which is fully fused), and a deep conspicuous 

synapticular ring. It lacks a columella. 

POl'ites mayeri iss imi I ar to P. australiensis except that it 

has smaller cojumellae, thicker thecae and larger paliform lobes. 

Porites densa usuaily forms smaller hemispherical colonies and 

possesses very thick thecal walls, with small, rounded corall ites. 
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POl'ites mu:r'rayensis is another small massive species, with 

deep, hollow calices, inconspicuous columellae and very tall pali. 

POl"ites sol-ida is one of the larger mass i ve spec i es of the genus, 

and is distinguished by its large cora11 ites, absence of pal iform 

lobes, and free-ended triplets. Porites lichen is a massive, sub­

massive or encrusting species. It is also distinguishable from the 

other massive species by its coral 1 ites sometimes being arranged In 

rows or valleys. 

There were several colonies collected which did not fit any of 

the above descriptions, and these were not used in the study. 

Corals were not collected in order to define the range of any 

particular species, but collections were opportunistic, with only 

those species noted above being used. The identity of these species 

was determined using the criteria estab1 ished by Veron and Pichon . 

. One of the major difficulties encountered in identifying each 

colony \oJas the fact that all colonies had to be examined under a 

stereo-microscope. Owing to the small size of the corall ites 

(O.5-2.0mm), no field method of identification was found to be 

sufficiently re1 iable. 

Specimen Cutting. 

Using a very large diamond saw (SOcm diameter), each coral 

colony was sectioned so that a vertical slab about 10mm thick 

remained, from the centre of the colony. The slab was taken from 

the vertical axis of greatest dimension, and incorporated the nodal 

po I nt of growth on the unders i de of the co 1 ony. I t was then 

presumed to contain every radial growth feature in the 1 ife history 

of the corallum. In cases where the exact origin of growth on the 

colony could not be identified due to bo.-ing or encrusting organisms, 



the base of each colony was carefully shaved away until the 

concentric circles of banding (algal and depositional) could be 

identified. After the sections were cut, they were rinsed and 

scrubbed in fresh water to remove the fine products of abrasion 

during cutting, and allowed to dry. 

X-Rad i og raphy 
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X-radiographic images of the specimens were made on a Konrad 

600, 3-phase, 6 valve, medical radiography machine (Figure 2.3). 

Following experimentation to establ ish the optimum technique which 

shO\~ed the skeletal banding and fine structure at its best, the 

exposures were made with fine focal spot, with the beam coned to 

object size, at an object-to-filament distance of 100cm. This large 

distance allowed the incident beams to be as parallel as practicable 

on striking the film. The film type used was DuPont Cronex "LoDose ll 

l-1ammography film. Exposures were made at S2KvP/1SOmAs. The films 

were then developed at 3S"C in a Kodak MN6, 90 second automatic 

developer. The resultant plates were thus in negative format, and 

showed regions of high density as 1 ight bands, and low density areas 

as dark bands (Figures 2.4a, b, c). 

Densitometry 

Since the aim of the study was to measure only the annual 

growth increments of each colony, it was not considered necessary to 

undertake quantitative density measurements on each band of each 

colony. These would have been desirable in calcification 

determinations, rather than I inear growth measurements. The density 

of a particular band is essentially a function of calcification and 
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Figure 2.4(a) X-radiographic Positive of Porites Section from 
Viper Reef Showing Annual Density Banding. 
(X 0.8) 

Figure 2.4(b) X-radiographic Positive of Porites Section from 
Leopard Reef. (X 0.6) 
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Figure 2.4(c) X-radiographic Positive of Porites Section from 
La r k Pas s Re e f . (X o. 6 ) 

Figure 2.7 X-radiographic Positive of Poorly Banded Porites 
from Parker Reef. (X 0.6) 
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and skeletal extension, although it must be real ised that high 

density is not only the product of rapid calcification and low 

extension rate. It can readily occur where calcification is carried 

out at particular sites In the skeletal matrix (as in the case of 

very dense crystal packing) at normal rates of deposition and 

extension. This phenomenon is examined in greater detail later in 

this chapter. 

The dimensions of each annual increment were measured using 

only qual itative density pattern analysis. To do this, each 

X-radiograph was scanned with a Joyce-Loebl MK 111 CS double-beam 

recording microdensitometer. On this machine the beam sl it-width 

was set at 2.0-3.0mm. The greatest possible movement ratio 

between the beam and the recording carriage was used, so that while 

1 inear exaggeration was usually X2, a ratio of X5 was sometimes 

possible with smaller specimens. Each plate was scanned along the 

axis of maximal growth, from the outer surface of the corallum to 

the point of origin of growth. It was felt that the use of several 

scan 1 ines per colony was unnecessary. as the parameter of most 

importance to the exercise was maximum growth poss1ble for the 

colony in any year. To avoid the problem of spu~iously high growth 

rates being taken as representative of colony growth as a whole due 

to exaggerated asymmetry, those colonies with extremely elongated 

profiles were not used. In all cases then, the maximum growth axis 

remained relatively similar in dimension to the "average" growth 

axis. Where extreme lenticular development was found on the surface 

of a colony, the axis of maximum extension was taken to finish at a 

point on an estimated smoothed surface, and this fact noted on the 

graph output from the densitometer. Most densitometer traces showed 

a series of distinct peaks and troughs (Figures 2.5a, b). Some 
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showed small scale serrations corresponding to fine structural 

features of the skeleton (Figure 2.6). These were in no case large 

enough to mask the large density variations in the skeleton 

indicated by the traces.. Minimisation of the prominence of these 

small Irregularities was facilitated by using the maximum slit-width 

possible on the densitometer, in order to average the scan path over 

several coral lite diameters. Some traces did not show readily 

recognisable sequences of high and low density banding, reflecting 

a lack of density contrast in the original corals (Figure 2.7). The 

reasons for this lack of contrast could not be determined. These 

corals were of no use to the study and were discarded. The traces 

were unreliable at the very edge of the specimen image. When the 

slabs were X-rayed, the outer growth surface of the sl Ices was seldom 

parallel with the Incident X-ray beam. Thus, only where the beam 

passed through the full thickness of the slice was the image truly 

representative of skeletal density. This error was compounded during 

densitometry, as the entire beam had to pass through the image at a 

point representative of the full thickness of the coral 51 ice before 

a valid reading was obtained. The absolute dating of the density 

features within the skeleton depended on the date of collection. 

represented by the growth surface at the edge cif the colony. Thus, 

although for most of its length each trace gave sharp indication of 

the points of maximum and minimum skeletal density, it was often 

difficult to relate directly those features to the beginning of the 

t ra ce. 

lntereretation.of Measurements 

In all the X-radiographs, the last obvious feature before the 

growth surface was related to the recorded date of collection. From 
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interpolated analyses, all led with results obtained from vital 

staining experiments, it was found that in almost every case the 

density peaks occurred in the later summer months, and the lows in 

late winter. Some minor. departures were noted, arising perhaps from 

an inability to read the exact nature of the density band at the 

colony growth surface. A gradual shift in the time of deposition of 

density bands was also noticed as the latitude from which the coral 

was collected changed. This feature is discussed in Chapter Five. 

All the traces were analysed using the last detected low density (LD) 

band as a marker to represent the winter months prior to collection. 

In this fashion, all the skeletal features of the colonies could be 

dated. 

Annual growth increments were determined by measuring the real 

distance between the LD extremes (winter minima). It will be 

remembered that the densitometry techniques employed ensured that 

these values represented the optimal annual radial extension rate 

of the colonies. 

Staining Experiments 

When the investigation was started in 1975, it was felt that 

some verification of seasonality in density banding was necessary. 

Accordingly, fol lowing the method used by Barnes (1972), several 

large colonies of Porites z.utea in a large shallo""l pool at Geoffrey 

Bay, Magnetic Island, were selected for staining. The prograrrme 

entailed 24-hour Al izarin incubation periods at the extreme spring 

tide range during the months of April, August, and December in each 

year of a three~year period. Unfortunately the stains could only be 

laid in April 1975, April 1976, August 1976, December 1976, and 

April 1977. This spread of dates was sufficient, however, to 311m'l 



the correlation of density band types with time of year. The 

results of the experiment are shown in Table 2.1 (including real 

growth Increments for the largest colony). 
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The technique used in the Alizarin experiment is described in 

Barnes (1971, 1972) and in Lamberts (1974). Al izarin is a substance 

(sodium al izarin sulphonate) which can be incorporated into the 

coral's skeleton during calcification. It is deposited at the site 

of calcification and is an accurate measure of calcification 

activity In the skeleton (Lamberts 1974). The present use of the 

Alizarin dye method was not to measure calcification, but to insert 

skeletal time markers In the coral la, to correlate afterwards with 

X-radiographically determined density bands. The intertidal colonies 

of Porites were bagged in situ at 10'.'1 ItJater spring tide, and about 

5 grams of Al izarin powder introduced into each bag (estimated 

volume = 4- 5m 3), and well mixed by agitation. The bags were left 

on the colonies through two full tidal cycles, then removed. 

The colonies ~vere sectioned and X-rayed in April 1979, and 

showed five very distinct red bands in their skeletons. Figure 2.8 

shm'ls band after one year from a colony. Two staining periods showed 

as very heavy red bands, while the remaining three were lighter in 

colour. No reasons could be given for this difference. The finest 

line (April 1976) was less than O.5mm in vlidth, while the heaviest 

(April 1975) was more than lmm wide. The correlation between the 

position of these red bands and the type of density band in proximity 

to each of them allowed accurate determination of the month of 

density band deposition. The mean annual growth rate of this colony 

~uring the experiment was .83cm!yr. 

The experiment at Magnetic Island confirmed the seasonal nature 

of dens i ty band i ng in the cora 1 s. High dens i ty (HD) bands \,!ere 



Figure 2.8 Wedges from P. Zutea Colony, Geoffrey Bay, Magnetic 
Island, Showing Skeletal Increment During One Year 
Following Alizarin Staining. 

Figure 2.9 X-radiographic Positive of Porites Section' from 
Moated Reef Flat, Holbourne Island, Showing Sub­
Annual Fine HD Bands. (X 0.5) 
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formed between October and March, while low density (LD) bands were 

laid down from April to September. The importance of this is 

discussed in later chapters. It is essential here to differentiate 

betltleen growth (volumetric and 1 inear), and gross calcium carbonate 

deposition. In almost every colony used in this investigation, the 

LD band occupied the major proportion of the width of each density 

pair-band. A very few colonies excepted to this rule, and these 

showed extremely slow and consistent growth overall. The average 

proportion of HD to LD skeleton in the colonies was 1 :3. This would 

seem to indicate that the greater part of the annual 1 inear 

expansion of a colony took place in the winter half of the year, but 

it says 1 ittle about the seasonal ity of calcification, since the 

relationship between the two variables is not clearly understood. 

It proved possible, however, to make some statements on this 

problem, based on observations made on some intertidal Porites micro­

atolls From Holbourne Island, north of Bowen, in North Queensland. 

These colonies have been described in the I iterature in relation to 

their function as indicators of changes in reef flat morphology 

(Hopley and !sdale 197j). When sectioned and X-rayed, these showed 

very fine pair bands within the larger annual scheme of density 

pair-bands (Figure 2.9). There are 13 or so fine pair bands in 

every annual pair-band, indicating a lunar periodicity. These fine 

bands may approximate the periodicity reported by Buddemeier and 

Kinzie (1975), although they found that fine structure variation 

was closely associated with fine LD bands, in a 1 una r cycle. 

Interpolation of the s pac i ng of these fine bands reveals that 

only about one' third of the total 1 i near g roltlth in a year is 

comprised of the major HD band, this being laid down from October-

November to about March. The remaining months of the year show LD 



TABLE 2.1: RES ULTS OF STA I NI NG--MAGNET I C I SL/\ND CORAL

Date of Staining

April 1975

April 1976

August 1976

December 1976

Apr i 1 1977

Ap r i 1 1978
(colony surface)

Gro~"th Increment

1.5mm

2.5mm

5mm

7mm

Density Characteristics

slightly before minimum
density

almost at minimum
density

between maximum and
mininlum density

at maximum density

between maximum and
minimum density

difficult to read, but
close to minimum density
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banding. Since the relative HD-LD absolute density figures were 

not measured, it was not possible to ascertain the period during 

the year when the highest gross amount of skeletal material is laid 

cfown. However, results from elseltJhere (Highsmith 1979) suggest 

about equal deposition of calcium carbonate in each period. 

In summary, the staining experiments reI ied on existing 

techniques to verify the seasonal ity of density banding. These 

methods were quite suitable for time marker inclusions several 

months apart in the field, but would not have suited monthly 

stainings in fieldwork, chiefly due to the width of the Al izarin 1 ine 

deposited in the skeleton. The util isation of the fine lunar pair­

bands found in intertidal colonies effectively solves the latter 

problem. 

Statistical Analysis 

Of the more than 1000 colonies collected, the majority were 

rejected for study, for reasons described earl ier. In all, only 452 

colonies vJere deemed suitable for analysis. Statistical investig­

ations of the growth data were performed on the James Cook University 

of North Queens land 1 s DEC-System 10 computer. The grmvth data 

recorded on the microdensitometer traces were coded onto cards and 

read to disk. The fol lowing identifiers were placed with each colony 

data: reef code; latitude; shelf zone; reef zone; depth; date of 

collection; species. 

The reef code developed for the analysis consisted of a 

numerical code containing the elements of both a north-south sequence 

for each reef, and an identifier for each colony. 

Latitude was represented as a decimal value (i.e. 17°30 1 S became 
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17.50
5), so that the variable was able to be used in inter~al level 

calculations. 

The relative position of the collection areas on the continental 

shelf to the shorel ine and the open ocean was coded initially into 

three units; representing three equal divisions of shelf width in 

each location. The zone closest to shore received the highest value, 

and the most ocean-ward the lowest. Later, this scheme was found to 

lack sensitivity, and the real values from shorel ine and outer 

barrier in nautical miles were substituted. This variable was called 

shelf zone. 

Reef zone was coded as an ordinal variable from one to five 

units, in an order which represented the decreasing degree of energy 

in terms of water motion (windward crest to leeward edge). It was 

recognised that this ranking was based on assumed conditions rather 

than on any measurements made In the field, but follows the 

conventions described in the 1 iterature (see Stoddart 1969). 

Depth measurements were combined into three classes, those 

above one metre deep, corals between one and five metres deep, and 

those deeper than five metres. In the final analysis, it was found 

that, for the purposes of this study, the latter. two groups could be 

combined to represent "deeper" corals, as distinct from "surface" 

corals, without affecting the results of the statistical analysis. 

The date of collection was recorded to provide a time marker 

for the density band at the colony surface, in month/year format. 

The species of each colony was recorded in nominal form only, each 

species being assigned a numeral from one to eight. This level of 

measurement allowed for certain classificatory statistics only. 

Specially written computer programmes were used to calculate 

the following variables: 



mean annual growth rate for each colony; 

age of the colony; 

total diameter; 

standard deviation of annual growth rate; 

coefficient of variation of annual growth rate. 
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The values of the mean growth rate for all colonies were tested for 

normality (approximation to the normal distribution) and the 

decision was made to use non-parametric statistics in the Investig­

ation of relationships between variables. All these analyses were 

performed using the SPSS system package. 

The methodology used In the study ensured that for each colony 

there existed a complete record of Its growth for each year of its 

life, along with as detailed an array of the environmental factors 

associated with its location as it was possible to obtain. 



CHAPTER THREE 

GROWTH RATE VARIATIONS IN A UNIFORM ENVIRONMENT 

The multi-scale analysis of growth rate patterns In the Great 

Barrier Reef Province was initially based on the hypothesis that 

colonies of the same species from a uniform environment should show 

a simi lar response to changes vJithin that envi ronment. In the 

present case, the delineation of an environmentally uniform area 

represented no small problem, but it was assumed that the external 

controls on growth would be similar for al I colonies in a small 

isolated pool on a reef flat set some distance back from the reef 

crest. Such a srT'.all pool \,Ias found on Fairey Reef, located in the 

• • 
central part of the Province at 19 35'S, 148 521E. The pool was 15 

metres in diameter, having a flat sandy substrate, which remained 

submerged to about 0.5 metres at 11.L.H.S. The area was well 

represented by POY'-ites, vJ i th some 80 sma 11 co Ion i es bet\"Jeen 3.95 

and JBcm in diameter residing in the pool. The 28 colonies used in 

the analysis were taken from this popUlation in October 1976. 

t1any biological experiments which investigate the reactions of 

organisms to enyironmental change employ the principle of using 

control organisms against which to compare those reactions in the 

subjects of the experiments. The control organisms must be of the 

same species as the subject organisms in order to make any val id 

comparisons. The problem of species definition is fundamental to 

this exercise. Linnaeus bel ieved that the species was a unit that 

could be defined on a morphological basis. Since his time, a radical 

change has occurred in the species concept. Today, most taxonomists 



agree that geographically representative species are connected in 

an intergradational scale, in which there are suhspecies and even 

lower orders represented. This study has based its approach on 

the thesis of Mayr (1976) who summarises the problem by showing 

that tvJO areas of difficulty exist: delimitation of particular 

species taxa, and the definition of the '-'lord "species." In the 

first respect, this study accepts the findings of the current 

1 iterature on the taxonomy of Porites based on the morphological 

characteristics of the skeleton, and attempts to solve the second 

by defining the species being studied as being those colonies as 

being indisputably similar to each other in as many other respects 

as possible. This means that any colonies which were intermediate 

between definitions based on morphology were rejected, in the 

absence of any more detailed evidence (such as lack of hybriciisation 

between individuals) to aid placement. 

Under the above conditions, a sample of 28 colonies was culled 

from the original 80 colonies collected. These colonies were 

defined as P. Zobata. They ranged from four to 13 centimetres in 

diameter. It was assumed that this sample population r'epresented 

the basic, most homogeneous coral population un~t that could be 

found. This population unit was used as a reference group against 

which to measure the reactions of other, more widely spread 

populations, such as those on a whole reef scale, or from the total 

latitudinal range of the Province. 

It was surmised that the most basic pattern of growth rate 

response to environmental change would be reflected in the width of 

the annual banding in each of the colonies selected from Fairey Reef~ 

The measure of success of the postulate should 1 Ie in the Isochronous 

adjustment made to annual band width by each colony. The establ Ish-
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ment of this basel ine would then lead to the formation of hypotheses 

about coral growth rate patterns on other scales. 

Fairey Reef is a small platform reef sheltered by a complex 

of larger reefs on its windward side. It consists of two platforms, 

one about 5km by 2.5km, and the other 3km long by l~n wide. The 

larger, northernmost platform is separated from the smaller by a 

250 metre wide channel some 20 metres in depth. The larger of the 

two platforms has a 15-20 metre deep, semi-enclosed lagoon in its 

central portion. The collection, point lay in a small pool in the 

south-west margin of the central lagoon (Figure 3.1). 

Following the procedure detailed in Chapter Two, the corals 

were prepared, sectioned, X-rayed, and the resultant plates scanned 

with a micro densitometer. The traces obtained showed a series of 

distinct and alternating peaks and lows. Although they also showed 

small-scale "serrationsll corresponding to structural features of 

the skeleton, these were too small to mask the larger variations 

in density indicated by the trace. Shorter-than-annual cycles in 

density were not apparent in these corals. 

The traces were unrel iable at the outer edge of the s~ecimen­

image. When sl ices of coral were X-rayed, the buter surface of 

the sl ice was seldom exactly paral leI with the incident X-ray beam. 

Thus, only where the beam passed through the full thickness of the 

slice was the image truly representative of skeletal density. This 

error was compounded during microdensltometry, as the entire beam 

had to pass through the specimen-image at a point representing the 

full thickness of the coral sl ice before a val id reading was 

obtained. The dating of the density features within the 51 ices 

depended upon the date of collection, which was represented by the 

outer surface of the skeleton. The Fairey Reef corals were 
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collected in October. Although for most of Its length the trace 

in each case gave sharp Indication of the points of maximum and 

minimum skeletal density, it was not possible to directly relate 

these features to the beginning of the trace. 
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The separation of successive low density points on the traces 

was measured. Measurements were made up to and Including the low 

point preceding the last obvious 1 ight band. The separation of 

successive low points represented annual growth increments. 

The data derived from the traces for the 28 colonies showed 

the grand mean of the annual growth increments to be O.64cm/yr, 

with a standar~ deviation of O.114cm/yr. The highest annual growth 

value was 1.25cm/yr, and the lowest was O.25cm/yr. The menn growth 

rate of each colony lay in the range o.42-0.87cm/yr. The largest 

colony was l}tm In diameter, and the smallest had a diameter of 

3.95cm. 

In all the X-radiographs, the last obvious feature towards the 

growth surface was a I ight (high density) band. The corals were 

taken in October when deposition of the subsequent dark band was 

taking place. The spacing of the dark and light bands in the 

X-radiographs suggested that much of the outerm~st 1 ight band had 

been deposited when the corals were collected .in October. This 

indicated that the low density phase of the skeletons occurred 

during the southern winter. 

In the traces from the microdensitometer, this last 1 ight 

band was obvious as a peak. Colony age was determined by the number 

of dark (low density) bands. The outer band was excluded. The 

28 colonies fell into six age groups with ages of 3,6,7,8, 10 

and 15 years, with 1, B, 9, 4, 4 and 2 colonies in each group 

respectively. For each age class, the respective annual growth 
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increments were averaged, and plotted against the year in which 

they occurred (Figure 3.2). Younger colonies showed a faster annual 

grovrth than older colonies, i.e. the growth rate of all colonies 

decreased with age. The growth surfaces of the corals remained 

reasonably regular for the first 5-7 years of growth, but then 

began to break up into the irregular "bumps" or lenticular prominences 

typical of the species. 

Each of the annual growth increments may be expressed as a 

percentage of that of the previous year, and plotted (Figure 3.3). 

Thus, a point plotted at 100% for 1972-73 meant that during this 

time the specimen grew the same amount as it did in 1971-72. It was 

assumed that the last obvious low point in the traces represented 

the southern winter of 1976. Growth since this time was excluded 

from the calculations. From the grm'lth data, it was found that the 

maximum annual increase in growth rate for any colony was 200%, and 

the maximum decrease was 48%. 

·1 ncrease in the size of the cora 1 Goniastrea aspel'a has been 

correlated with a decrease in the mUltipl ication rate of the polyps 

(Hotoda 1940). It \'>/assuggested that senescence or a geometric 

effect accounted for this phenomenon. A geometric restraint on 

coral grm.,tth was later postulated by Barnes (1973). However, it 

was proposed that this restraint may be partially overcome by the 

development of irregularities in the growing surface of the colony. 

Data presented here confirm that colony growth rate decreases with 

size and age, but the sample was too small to distinguish the effect 

of size from that of age. Although the development of surface 

irregularities was found In these specimens after about five years' 

growth, the data were insufficient to accurately determine whether 

a change in surface form ah/ays correspcllded to a change in growth 
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The 28 colonies did not show similar growth trends at the same 

time. Figure 3.3 indicates that in anyone year some colonies 

grew more than in the previous year, while others grew less. Since 

'the corals grew in the same small area, it is unlikely that they 

were subject to different macroconditions of light, temperature, 

sal inity or wave action, all of which are considered to have a 

major effect on coral growth (see Stoddart 1969). If any of these 

factors had acted to increase or decrease the annual growth, then 

all the data points would fall to one side of the central (100%) 

1 ine in any given year. There may be several reasons why this did 

not occur, all of which have impl ications for the basic premise 

that underlay the Fairey Reef experiment. These may be summarised 

as fo 11 ows: 

(i) the gross environmental factors mentioned above 

are not major controls on growth rate; 

(ii) the seasonal variation in environmental conditions 

during the life of the colonies has not been 

sufficiently distinctive to produce any recognisable 

similarity in growth rates in all corals; 

(i ii) environmental conditions varied, but those which 

stimulated growth were counteracted by those which 

dep res sed it; 

(iv) the fact that the corals were assessed as being 

of the same species did not take into account the 

variabil ity of individuals within the species 

category. 

The first explanation is incorrect as the weight of evidence 

indicates that coral growth rate does respond to light and 

temperature changes, both in the long and the short term (Goreau 1961; 
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Shinn 1966; Muscatine 1973; among others). Consequently, it must 

be assumed that differences in gross environmental conditions from 

year to year on Fairey Reef were insufficient to cause all the 

colonies studied to exhibit a similar growth trend, and that there 

must have been finer exogenous or endogenous controls which caused 

adjacent colonies to show contrasting trends at the same time. 

Two such controls appear obvious. Nutrition of corals need 

not be uniform, even over a small area of reef. It has been shown 

that the distribution of plankton on reefs is "patch/' (LiMER 

Expedition 1976). Alternatively, there may be genetic controls 

which act on t~e individuals within a specific population 

independently of gross environmental parameters (Buddemeier and 

Kinzie 1976, p.220). If one examines the argument that it is this 

intra-individual variation in response to external change within a 

species category that is in some measure responsible for the 

evolutionary process in natural systems, then the latter form of 

control appears more acceptable. 

Whatever the conclusions reached above, the variabil ity 

encountered in grmvth rates within a supposed uniform environment 

has important impl ications for the study of that same variabil ity 

over a wider, more diverse range of environments, such as are to be 

found throughout the Great Barrier Reef Province. The question 

that must be answered is whether or not the Fairey Reef findings· 

hinder the attempt to explain larger scale variabil ity. 

The conundrum resolves itself into a bivariate problem which 

can be approached in two ways: theoret i ca 1> and stat i st i ca 1. The 

first is best illustrated by analogy with cl imatic studies. 

Critchfield (1966) states the problem of climatic classification 

as follows: 



A complete classification of climate should 
provide a system of pyramiding categories, 
ranging from the many microcl imates of exceedingly 
smal I scale areas, through macroc] imatic types, 
to major divisions on a ~"orld scale. But the 
description of cl imates is not easily accompl ished 
as the summation of a great number of micro-
cl imates, nor are microcl imates readily fitted 
into the pattern of major world cl imatic regions. 

By analogy with the above, the variabil ity of growth rates on 

a micro-scale (e.g. the pool at Fairey Reef) is not a determinant of 

the larger scale variabil ity over the Province, although it is 

control led by the same natural environmental factors in the same 

way as cl imate. In each case, the effect of averaging by 

category or scale rather than by accumulation becomes the basis for 

the next highest order. The coral problem is thus resolved by 

statistical means, such as analysis of variance procedures, which 

use this effect. Knowledge of the degree of variability which may 

take place in a small Iluniformil area of the Great Barrier Reef thus 

provides a standard against which the wider spatial patterns can be 

tested. 

In conclusion, the Fairey Reef study showed that a degree of 

variabil ity existed in the growth rates of a population of corals 

of the same species within a uniform environment. It also showed 

that the growth rate of any colony within that group tended to grow 

more slowly with increasing age and size, although the degree of 

responsibil ity of each of these variables for the phenomenon is 

unknown, due to the small sample size employed. 
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CHAPTER FOUR

GROWTH RATE VARIATIONS ON A SINGLE REEF

Introduction

In the previous chapter, growth rate variations of Porites spp.

were investigated over time, without the added effect of space being

considered. The logical extension of this pattern of study is to

include a small-scale spatial element, that is, in the present context,

to look at growth rate variation over the scale of a single (preferably

small) reef platform.

The distribution of reef organism taxa and morphological types on

a reef platform is far from ·uniforrll. Rather, the distribution is based

on several variables, such as morphological structure, reef orientation,

depth parameters) and local oceanographic factors. This biological

distribution forms the basis for the delineation of ecological zones.

Wells (1954) refers to a zone as an area where local species assemblages

and species dominance indicate local ecological differences. From the

descriptive zonation studies in the literature, a general windward to

leeward scheme has been adopted. In a platform reef example, the

physiographic zones from windward to leeward would appear as follows:

fore-reef slope, reef crest, algal rim, coral zone, reef flat, sand

cay (if present), back-reef apron and patch-reef area, and back-reef

slope (Figure 4.1).

The implications of this zonation for coral gro'tlth studies lie

in whether or not a growth rate variation can be identified and

associated with the various zones of the reef~ The approach used here

has been based on collection of Por1:tes colonies from various zones on

a reef and the stat~stical comparison of the gro\fJth data obtained.
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The application of analysis of variance techniques to the data

provides a measure of the ratio of the varianc~ between the zones

compared to that among the zones. The larger the ratio, the greater

the difference between the group means.

Wheeler Reef (Figure 4.2), a small platform reef off Townsville,

was selected, principally because of its structure (similar to the

hypothetical reef in Figure 4.1), and accessibil ity. To test the

effect of zonation on coral growth rates, the null hypothesis was

constructed which stated that the growth rate of the whole reef

population of t;,e genus was not composed of separate or stratified

sub-groups of population means whose variance differed significantly

from that of the whole population. The expected hypothesis of course

was that discrete groups of pop~lation means did exist. The analysis

of variance routines used the mean growth rate data from each zone

of the reef platform as the basis for grouping.

Wheeler Reef and Its Environment

Wheeler Reef is a ~mall circular platform reef about 1.25km
2

In

area lying 55km north-east of Townsville. It is. flat topped, devoid

of large lagoonal features, and has a high reef flat relative to

M.S.L. At mean low water springs, a small mobile sand cay is exposed

on its leeward margin. Echo profil ing by Harvey (1978) shows that

the reef platform lies in about 54m of water on a circular bathy­

metric high, and that the reef flat is close to tidal datum at

0.3 metres above H.S.L. The reef e.dge is steeper on the w'Lndward

side and trails off to a gentle sand slope to leeward. Wheeler Reef

1ies slightly to landward of the mid-point of the continental shelf,

and is not well protected by any large reefs nearby.
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Drill ing and subsequent radio-carbon dating of the cores 

reveals that the reef surface reached a level of 2.41m below present 

M.L.W.S. at 4390±100yrs B.P. (Hopley 1982). Since that time, the 

reef has reached the stage of a fully-formed platform reef, Infi11ed 

and developing to 1eevJard, in the scheme suggested by Davies (1977). 

The closest meteorological station to Wheeler Reef is the 

1 ighthouse at Cape Cleveland, near Townsville. The use of Cape 

Cleveland weather data in an analysis of the climates of offshore 

areas such as Wheeler Reef poses the question of whether or not the 

separation of t~e two areas materially affects the data. Pickard 

(1977) has examined the question In relation to the findings of 

Brandon (1973) regarding the relationship between c1 imatic data for 

Heron Island and that for Cape ~apricorn. The former author concludes 

that the correct ratio between the rainfall statistics (in this case 

annual totals for seven years) is 1.23:1, i.e., the reef island 

rainfall totals are not more than 15% different from the land totals 

at the same latitude. However, he does point out some areas where 

very high coastal rainfall totals occur (e.g. the Innisfai1 area), 

may not fol low this pattern due to the effects of orographic up1 ift 

close to the coast. In the light of the above, it was felt that 

the climatic data from Cape Cleveland could be used to represent the 

regime on Wheeler Reef. 

Table 4.1 shows the breakdown of wind speed and direction at 

0900 hours LST and 1500 hours LST for Cape Cleveland. The figures 

within each frame represent the percentage occurrence of each event. 

The most noticeable feature of the data is the predominant south­

easterly component of the 0900 hours wind regime between January and 

September (inclusive). In the same period, the 1500 hours data show 



TABLE 4. 1

CAPE CLEVELAND--WIND DATA

CAPE CLEVELAND (LIGHTHOUSE) 190 11'S, 1470 01'E

JANUARY 0900 HOUPIS LST

SPEED (KM/HR)

JULY 0900 HOURS lST

SPEED (KM/HR)

CALM
5 1 6 11 21 31 41 51 A

TO TO TO TO TO TO & l
Q~~~ ~__ lQ__~Q __~Q __~Q __2Q__~E k__

CALM
6 1 6 11 21 31 41 51 A

TO TO TO TO TO TO & L
QLB~ ~ __ lQ __~Q __~2__~Q __~Q~_~~ k__

N
NE

E
SE

S
SW
~J

~riJ

1 3 3 1
1 I.; 5 1
1 3 4 3
1 4 16 14
1 1 1 1
2 2 1 1
A:: 1 1 ..'r.
.'r 2 3

1
2
5
*'I,
,'(

1
2

*

7
'* 12

14
42
5
6
2
6

N
NE

E
SE

S
Sid
W

~'W

*
'* 1 1 'it

2 6 13 26 14 4
1 3 3 2 1 1
352 2 * *
* *' ,l;;

* ')',

*
2

* 67
* 11

12
1
1;

ALL 7 18 35 22 9 3 *
NO OF CBS.. 648

ALL 7 15 . 19 30 16 5 *
NO OF OBS.. 647

JANURARY 1500 HQU RS LST

SPEED {KM/HR)

JULY 1500 HOURS LST

S?EE D (KM!HR)

CALH CALM
1 1 6 11 21 31 41 51 A 2 1 6 11 21 31 41 51 A

TO TO TO TO TO TO & l TO TO TO TO TO TO & L
Q~~~____~ __ l~ __~Q__~Q __~Q __~2 __~~___k__ QL~~ ____2_~lQ __~Q __~Q __~Q __~Q __~~ ___b__

N' . "1 . 3 . 8 . , 3 . -u > ....(, ••• r6 N .... '1 .. 4 .. '1 ....... ............ 6 ' .

NE 1 6 16 7 ..\' ,.. 30 NE 2 7 5 2 * 17
E 1 2 9 14 7 2 1 35 E 1 6 12 14 7 1 1 41

SE * 1 1 5 4 2 1 14 SE * 2 5 10 8 2 '* 28
S ..'e )\, .{ ..~ * S .'t it )'t: ')'c * 1

SW 'Ie * SW )\, '}'c 1 1 * 2
W VI -)( '/( * *

Nw * 1 1 * )~ 3 N'ri * ,'r. '*
ALL 3 13 36 30 11 5 1 ALL 5 20 26 28 15 3 1

0'\
0

NO OF OBS .. 651 NO OF OBS .. 649

Source: Bureau of Meteorplogy, Surface Wind Analysis, 1978.
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a more easterly trend. 01 iver (1977) suggests that the latter 

figures more closely reflect the regional pattern. The summer months 

(November-January) are periods of more variable north-west to north­

east winds. This time also corresponds to the cyclone season in 

North Queensland. vJave and current patterns therefore give Wheeler 

Reef an "energy zonation l' with highest water movement values on the 

south-east rim of the platform, grading to the most sheltered region 

on the north-west rim. 

The mean annual rainfall for Cape Cleveland is 1253~m/yr, with 

the largest proportion fall ing in summer (January-March = 72% of 

annual total) (Table LI.2). This has major significance for the growth 

patterns of the reef flat corals especially, since the occurrence of 

recurrent heavy storms in the "wet" can have a bearing on the reef flat 

sal inity, not to mention the fluvial input to the closer reefs inshore 

which are susceptible to turbidity from the larger river systems. 

The latter effect has been found not to apply to Wheeler Reef, as 

studies show that the Burdekin River plume does not reach far out to 

sea at this location ('No1anski 1981). 

The tidal characteristics of the standard port of To\tJnsvil1e, 

directly to the south-west of Wheeler Reef, are similar to those 

experienced at the reef itself, though the tidal range may be slightly 

higher at Townsville due to the shallowing of the shelf near the 

coast. Tides are semi-diurnal, with a range of 2.5 metres at 

Townsville between ti.H.W.S. and M.L.\.J.S. t-1axwe11 (1968, Figure 113A, 

p.76) shows the flood stream over the shelf adjacent to Wheeler Reef 

tending south towards the coastline around Cape Cleveland. In the 

open waters of the shelf, most authors agree that the predominant 

component of the \-Jater movement is the wine! dr-iven CUrl"ent of the 



TABLE 4.2

CAPE CLEVELAND--TEMPERATURE AND RAINFALL DATA

CAPE CLEVELA.ND

JA...."J FEB. MAR APR ~....n..y JUN JUL AUG SEP OCT NOV DEC YEAR

AVERAGE DAILY l~X. TEMP. 30.6 29.8 28.8 27.6 24.9 22.9 22.3 23.5 25.4 28.1 29.6 31.1 27.1

AVERP...GE DAILY ~1IN. TEMP. 24 .. 6 24.'3 23.6 22.3 20.0 17.9 17.3 18.1 19'.9 21.9 23.5 24.5 21.5

AVERAGE DAILY ?v1EAN 'l'EMP. 27.6 27.0 26.2 25.0 2"2.4 20.4 19.8 20.8 22.6 25.0 26.5 27.8 24 .. 3

AVERAGE MTH AND YR RAIN 243.0 350.0 233~O 56.0 31.0 40.0 17.0 10.0 13.0 21.0 47.0 78.0 1139

(}".
N
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south-easterlies, setting the current to the north or north west 

(see Pickard 1977). This set or drift causes the total movement to 

resemble a northerly current with tidal perturbations superimposed 

upon It. 

Six collection areas on the reef platform were chosen as 

representative of four specific ecological zones (Figure 4.2). The 

four zones are described as follows: 

Zone I-The windward margin or reef crest. Only one colony of 

Porites with discrete enough banding to be able to determine any 

annua 1 growth data was found at th is locat ion. The few other Porites 

present in the area were flattened, irregular, encrusting forms. The 

coral was collected from a small, exposed location on the south-east 

extremity of the platform, where the water depth at H.L.W.S. vias 

between 0.5 and 1.0 metres. The fore-reef slope rose from about 50 

metres in depth to this point In a series of well defined spur-and­

groove structures, the deeper areas of which were covered In the 

larger forms of plate-like Acropora hyacinthus and smaller colonies 

of PociZZopora spp. The upper tV,IO metres of the reef crest area 

contained the more robust forms of branching Acropo.ra species, such 

as A. paZifera and .4. robusta~ along with a few encrusting or stunted 

massive corals, such as the Porites mentioned above. This zone was 

characterised by fast water movement and strong turbulence as a 

result of wave action. At the top of this surf zone, the surfa~e 

cover was almost entirely corali ine algae. 

Zone 2-The vlindward flat. The colonies used In the analysis 

were collected from two sites in this zone, both about 200 metres 

back from the reef edge. The substrate In this zone was characterised 

by scattered clumps of coral, mainly small branching types such as 

Acropora hUJ71ilis und Porites cyZindrica. The spaces betvleen the cora J 



patches were sand, and colonised by holothurians. The water depth 

at M.L.W.S. was about 1 metre, except for some small lagoons where 

the depth reached 3- l f metres. Thirty-two colonies of Pori-I;es were 

collected from these sites. 

Zone 3-The mid-reef flat. This area was char<lcterised by very 

sparse coral cover (about 5%), and the predominance of sanded reef 

flat. Those species that were in evidence were mainly small 

Pocillopora damicornis colonies and small Porites lutea heads, 

usually found in clumps, in association with fleshy masses of the 

brown alga Padina sp., calcareous Halimeda mac-:l'Oloba~ and the pale 

green Caulerpa racemosa. The relative rarity of massive Porites 

colonies here dictated that only eight suitable colonies were taken 

for analysis. 

Zone 4-The leevJard reef margin. This area VJas located ih the 

lee of the small mobile cay referred to above, and further around 

the reef platform edge towards the northern margin. The water here 

was deeper, ranging from 2-6 metres below M.L.W.S., and the principal 

coral growth form was made up of-large bommies, or compound patch reefs. 

These bommles hosted a wide variety of coral species, from the most 

delicate branching forms to the larger massive heads, in some cases 

up to 2 metres in diameter. In between the bommies were sediment 

chutes, taking the sand from the reef flat to the deeper water to 

leeward. The outer margins of these chutes provided a fine sanded 

substrate, vlhich y.;as widely colonised by the staghorn coral) 

A. formosa. Ten regularly-shaped, massive Porites corals ~vere taken 

from this location for study. 
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As discussed above, the variables which determine the placement 

of different reef platform locations into discrete eco/morphological 

zones are al~o the variables which are thought to have a significant 

effect on the growth rate of scleractinian corals. Chapter One 

examined these in detail. 

The fact that coral species on a reef platform are not homo­

geneously distributed throughout all the habitats on the reef indicates 

that some species react differently to environmental factors compared 

to others. In ~he case of adaptation to water movement, for example, 

both growth form and coral 1 ite size have some bearing on the abil ity 

of a colony to thrive in either very low or very high energy conditions. 

Porter (1974) describes the hig~ly efficient carnivory of Montastrea 

cavernosa in feeding on zooplankton, while Franzisket (196 LI) points 

out the relative inefficiency of corals with smaller polyps at the 

same task. Depending on the size of a species' corallites, increasing 

rates of water movement over a colony tend to inhibit rates of 

tentacular entrapment of food items such as zooplankton. At the 

other extreme, no water movement at all woul d re,duce the amount of 

food reaching the colony surface. Further compl ications to this 

schemear,isewlth the knmvledge that zooplankton are not alvlays an 

important source of energy for reef corals (Johannes and Tepley 1974). 

These authors found in the same study that Porites Z.obata in 

particular was an inefficient captor of zooplankton, and Jokiel (1978) 

postulates that corals with small coral I ites (such as Porites spp.) 

are better suited to autotrophic nutrition. 

Few data are available on the relationship between the population 

numbers of coral species and the growth rates of those colonies. It 
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could be argued that the number of individuals of a species in any 

location reflects its success as a coloniser and suitabil ity of the 

local environmental conditions for its growth. If this proves to be 

the case, it may be assumed that growth rates for the species in that 

location (or zone) will reflect this suitabil ity. Thus, a species 

will tend to grow faster where it is best represented on the reef 

platform. According to the scheme from Rosen (1975), and following 

the above argument, Porites species should be found to grow faster 

in calmer water, principally from the back reef areas, and at depth. 

The relationship between growth form and growth rate in the 

scleractinians has been discussed by Chappell (1980). In his 

simulated reef development model, form and diversity are shown to be 

related to the spatial balance of four stress factors operatin~ on a 

simple reef section. These are: exposure, 1 ight, wave stress, and 

sedimentation. Diversity is shown to be greatest li'/hen the sLIm of 

the four stress factors (environmental stress) is small. Chappell 

suggests that growth may be 1 imited by the same factors as those 

which control diversity, and tests this by constructing a model of 

reef growth which successfully compares with exi~ting real reef 

morphologies. Chappell's Figure 2 (p.250) suggests that growth rates 

should be highest in the more protected, mid-depth back-reef zone, 

grading though the reef flat margins and central areas, to the M.L.W.S. 

mark on the reef flat. This study tests that hypothesis by examining 

the mean growth rates of colonies from those areas. 

Rosen (1975) constructed a scheme of gradations of coral 

associations based on the degree of water movement at any location on 

a hypothetical reef platform. Figure 4.3 shows the scheme, for Indo­

Pacific reefs, representing the theoretical distribution of shallow 
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water associations. The Porites assemblage occurs wherever the

mininlum water movenlent conditions are found, Thus Pori-tes is a

genus which prefers a low energy, lee~vard existence.

Analysis.~nd.8~sults: v/heeler Reef Zonation·.St~dy.

A total of 51 colonies of Porites were collected from the above-

mentioned areas on the Wheeler Reef platform. The mean annual growth

rate for each coral was calculated and the group means from each zone

plotted with 95% confidence limits (Figure 4.4). Zone had only one

colony, and was excluded from the statistical analysis. The number

of repl icates from each of the other three zones was unequal, so the

statistical design was balanced by random sampling the two more

numerously represented zones to match the number of repl icates

(colonies) in the smallest (n=8). The variances from each zone were

tested for homogeneity, and a one-way analysis of variance performed

on the means.

The null hypothesis that there were no significant differences

between the growth rates of the colonies from different zones was

rejected (Table 4.3, F-ratio, p<.OS).

TABLE 4.3

......, a:a t .
5S df HS F S.i g.

......----.~iI_.

BElltJEEN ZONES .005 2 .003 4.796, .019

\!J I TH IN ZONES .001 21 .001

TOTAL .016 23 .001

Wheeler Reef. One-way analysis of variance testing
effect of habitat/zonation on growth rates of Porites.
(Cochran's C~O.582, variances ho~ogeneous.)
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The data in ~igure 4.4 show that the lowest growth rate zone

for PoyZtes \~laS that of the single colony from the v-Jindv·Jard crest in

Zone 1. This data must be regarded with caution because of" its

singularity. The next h.ighest zonal mean growth rate was that uf

Zone 3, the central reef flat. The remaining zones (2=windward reef

flat, 3=leeward reef margin) had the highest growth rates, but the

confidence intervals in Figure 4.4 reveal that their respective means

are not significantly different from each other. That their values

are statistically indistinguishable may be a reflection of the

physical proximity of the collection sites (a sampl ing error).

Df scuss ion

General conclusions which may be made from the pattern of growth

rate variation in Porites colonies on Wheeler Reef include the

observation that geographical location on the reef platform in relation

to the wave energy regime seems to have a significant effect on the

growth rate of those corals. The pattern of fastest growth on the

leeward margins and windward reef flat grading to slowest at the

wind\flard crest accords with the hypothesis of Chappell (1980) in

terms of the relationship between diversity and growth of corals on

a reef platform, and the balance of stress factors in each growth

location. Rosen's (1975) scheme for the location of generic

assemblages for Indo-Pacific reefs (Figure 4.3) also fits the pattern

of growth variation found on Wheeler Reef. Although no numerical

measures of the distribution of Pori,tes on the reef platform were

made, qual itative field observations revealed that th~ genus was

more abundant in the zones in which it was found to grow fastest.

No relationship bet\t.Jeen. I;]ro\"ith rate and zonation v.Jas tested for

at the specific level, although since 40 of the 51 colonies used in
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the sampl ing exercise were of the one species (P. lutea) , It would 

not be expected that any specific effect should be found in the data 

analysed. The relative variabil ity of growth in each zone proved to 

be of interest. Figure 4.4 shows that Zone 2 (windward reef flat) 

had the highest variance, followed by the leeward margin, while the 

reef flat In the central area of the platform showed very low 

variabll ity. The conclusion that may be drawn from this ordering is 

that those reef edge zones encounter much more variable environmental 

conditions than does the centrally located mid-reef area. The 

changing vJave energy patterns between the winter and summer periods 

may be a contributing factor, since the summer, variable north to 

north-west winds would certainly affect the leeward (west to northern) 

edges much more than they had been in the winter months. 

The findings presented here do not conflict with those of others 

on total reef carbonate productivity (e.g. Davies 1977), which is 

descr i bed as bei n9 at a max i mum on the wi ndvJa rd side. Porites is 

not a major carbonate producer 00 the windward edge, as is reflected 

in its abundance at that location. The results suggest that for 

other species (e.g. Acropora sp.) abundance may .be an indicator of 

growth rate. if so, then these other species, together with the 

corall ine algae, are responsible for the maximum total carbonate 

production here. 
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CHAPTER FIVE

VARIATION IN GROWTH RATES BETI4EEN REEFS

Introduction

The prey i GUS chapters have shown that the. gro'tJth rates of POY4ites

in the Great Barrier Reef Province vary through time and between

morphological zones on a single reef. In this chapter the geographical

scale of investigation is enlarged and growth rates on different reef

types and at different locations on the continental shelf are

examined. Finally, variations over the whole latitudinal extent of

the Province are analysed. The effect of depth on growth is assessed,

and variability in growth rate between different species of Poy~tes

are discussed.

SECTION ONE: Growth Rates on Different Reef Types

This section looks at the differences in mean annual growth rate

of 81 colonies of massive PO~ite8 from three corresponding zones on

each of three different reefs. The particular reefs were selected on

the basis of their different locations, contrasting morphologies, and

depths. They were Wheeler Reef (see previous chapter), Barnett

Patches, and Three Isles.

The three reefs have contrasting morphologies and are represent­

ative of common reef types of the Province. As indicated in the

previous chapter, \4heeler Reef (18°48 I S, 147°31 I E) is a small platforrll

reef, most of its reef flat bei.ng at or just below M.L.W.S., with

scattered corals over most of the surface on a sandy substrate.

Radiocarbon dating of reef cores (Hopley 1982, and personal communication)

indicate that the windward side of this reef reached modern sea-level



73

about 4000 years B.P·. In contrast, Three Isles (15°07 1 5, l450 25 1 E)

is typical of the low wooded island reef (Stoddart et aZ. 1978)

common to the inner shelf of the Great Barrier Reef Province north of

Cairns. These reefs are characterised by outer shingle ramparts, and

rampart rock platforms in the lee of which lie m~ngrove swamps.

Vegetated sand cays occupy the lee side of the reef platform. A

high proportion of the reef is occupied by these subaerially exposed

cays, while most of the reef flat is moated behind the ramparts at

levels up to mean sea level. Radiocarbon ages from the low wooded

island reefs have exceeded 6000 years (Polach et aZ. 1978) and some

retain evidence of slightly higher (c.lm) mid-Holocene sea levels.

Barnett Patches (180 04 1 5, 146°S0IE) is composed of a series of

irregular reef patches, most of which are at or below Tidal Datum.

An age of 3820±110 years B.P. from a depth of 3.7 metres (Hopley

1982) suggests that this reef flat is younger than those of the other

reefs. The reef is typical of the resorbed reef of the Maxwell (1968)

classification which he considered to be the end product of reef

development& However, Hopley (1982) has shown that these irregular

reef patches are relatively young and reflect the deep and irregular

natul-e of the pre-Holocene substrate upon which the modern reef is

growing. Both Wheeler Reef and Barnett Patches possess sand cays

but both are small, ephemeral, and could not be compared with the

major islands of the Three Isles reef.

1. Barnett Patches

Barnett Patches (18
Q 04 1 5, 146oS0 1 E) is an unofficial local name

for an area of sma i] (c.O .Skm
2
), irregularly shaped patch reefs near

the edge of the continental shelf, about 78km from the coastl ine,

east of Dunk Island. The total area of the patches covers an area
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of approximately 50km
2

, and the irregular-shaped features rise from 

a general shelf depth of about 65 metres. All the patches have a 

veneer of living coral, and the largest has an unvegetated cay, 

which is surrounded by sanded reef flat. This cay is probably 

mobile, and is only inundated at the very highest of spring tides, 

and then only when its aspect is at a morphological low. This can be 

deduced from the presence of nesting sea-birds during the spring 

months, principally the Brown Booby (Sula leucogaster) and the sooty 

tern (sterna fuscata). 

Climatic records for Barnett Patches are not available, but as 

pointed out in the previous chapter, coastal records from nearby 

may be used to provide a guide to annual weather patterns for the 

reef area. The nearest coastal weather station is at Cardwell Post 

Office. Wind data for Cardwell are reproduced in Table 5.1. This 

reveals the typical North Queensland pattern of strong consistent 

south easterly winds during the winter months (especially for the 

0900hrs readings--the 1500hrs figures reflect the confusing effect 

of the sea-land breeze at the particular location), and more 

variable north to north-east wind patterns in the. summer months. 

Thermal and rainfal I data are summarised in Ta~le 5.2. The figures 

show a very similar pattern to that of Cape Cleveland records 

(previous chapt~r) with a mean annual rainfall of just less than 

2QOOmm per year, 66% of that total fall ing in the period January to 

March. From these data it may be concluded that Barnett Patches 

enjoys a similar, though slightly wetter climate than Wheeler Reef. 

The tidal range (M.H.W.S.-M.L.W.S.) at Goold Island near the 

coast at about the same latitude is 1.9 metres. The range may be 

expected to be slightly lower at Barnett Patches than at Goold Island 

due to the shallowing effect of the shelf closer inshore increasing 



TABLE 5.1

CARDWELL WIND DATA

Cf..RDWELL POST orFI CE 18°16' S, llJG,002 f E

JANUARY 0900 HOURS LST

~ SPEED (KM/HR)

JULY 0900 HOURS LST

$ PEE D (KM/HR)

CALM CALM
17 1 6 11 21 31 41 51 A 13 1 6 11 21 31 ~1 51 A

TO TO TO TO TO TO & L TO TO TO TO TO TO & L
Q!~~____~ __!2__~Q __ lQ__~Q __ 2Q __ ~~ ___h__ QL~~ ____~ __ LQ __~Q __~Q __~Q __2Q __~E ___b__

< • ~ ~ • I ~ • • • + ~ , ~ ~ t ~ 'II. •••• + ~. . ~ ~ ... . ~ • ~ ~ • 4 ~ ~ • • • t

N 5 3 ,'t 8 N 1 "" * 2
NE 11 7 1 1< 20 NE 3 2 1 6
E 5 4 1 ,t.; 9 E 3 3 1 * 8

SE 12 11 4 3 30 SE 11 19 13 5 2 '* ·51
S 4 2 * * '* 7 s 6 4 2 1 ,'c '" 13

S'rl 3 1 '1~ 5 sw 4 1 1 i, 5
w 1 * 1 W * 'It *

N\./ . 1 2 3 f\rw '* '/( 'It

ALL 40 30 6 3 -Ie ALL 29 29 18 7 2

NO OF aBS. 648 NO OF 085. 650

JANUARY 1500 HOURS LST JULY 1SOO HOURS LST

SPEED (KM/HR) SPEEJ (KM/HR)

CALM CALM
5 1 6 11 21 31 III 51 A 1 1 6 11 21 31 41 51 A

TO TO TO TO TO TO & L TO TO TO TO TO TO & t
Ql~~________________________________ b__

Ql~~ ____2__ LQ __~Q __~Q __~Q __ ~Q __~~ ___b__
~ ~ ~ ... . ~ . . . • • •• < ~ • • • ~ 4 .. • ... • ~ ~ ~ • • ~ l T • 4 • • T • ~ • . ~ . . .

N 2 7 5 1 -Ie 15 N 3 6 3 1 13
NE 4 14 J3 i1 2 * * 44 NE It 12 10 3 it 29

E 2 3 1 1, 6 E 2 3 3 ..\ 'If 8
SE ' 5 7 6 4 * 22 SE 3 .12 13 7 2 * 36

5 1 2 1 * 4 s 1 2 1 1 )'t ,'t 5
s'W 1 * * 2 Sw 1 *. 1 2

\oJ *' * * 1 W '* * * *
N'tJ 1 1 'i't 2 ~r.J ,.. 'i'e )'c '-J

\J"'l

ALL 16 33 27 17 2. -.'r * ALL 15 36 31 13 3

NO OF 08S .. 640 NO OF CBS .. 642

Source: Bu~eau of Meteorology, Surface Wind Data, 1978.



TABLE 5 .. 2----
CAPE CLEVELAND, CARDWELL, COOKTOWN-TEMPERATURE AND RAINFALL DATA

JAN FEB MAR APR ~'AY JUN JUL AUG SEP OCT NOV DEC YEAR

CAPE CLEVELAND

AVERAGE DAILY MAX. TEMP. 30.6 29.8 28.8 27.6 24.9 22.9 22.3 23.5 25.4 28.1 29.6 3-1 • 1 27.1

AVERAGE DA!LY MIN. TEMP. 24.6 24.3 23.6 22.3 20.0 17.9 17 .. 3 1~. 1 19.9 21.9 23.5 24.5 21 .. 5

AVERAGE DAILY MEAN TEMP. 27.6 27.0 26.2 25.0 22.4 20 .. 4 19.8 20.8 22.6 25.0 26.5 27.8 24.3

AVERAGE MTH AND YR RAIN 243.0 350.0 233.0 56.0 31 • a 40.0 17.0 10.0 13.0 21 • O. 47.0 78.0 1139

CARDWELL

AVERAGE DAILY MAX. TEMP .. 30.9 30.5 29.9 28.6 26.3 24.6 24.1 25.2 26.9 28.5 29.9 31.1 28.1

AVERAGE DAILY MIN. TEMP. 22. 1 21.9 20.9 19.0 16.3 14 .. 1 12.5 12.8 20.8 17 .. 4 19.6 21 .1 17.7

AVERAGE DAILY MEAN TEMP. 26.5 26.? 25.4 23.8 21.3 19.3 18.3 19.0 23.6 22.9 24.7 26.1 22.9

AVERAGE MTH AND YR RAIN 419.0 422.0 363.0 186.0 90.0 53.0 30.0 27.0 35.0 52.0 99.0 176.0 1956

COOKTOWN

AVERAGE DAILY MAXM TEMP. 31.2 30.9 30.0 28.9 27 .. 4- 26.2 25.7 26.4 27.7 29.2 30.5 31.4 28.8

AVERAGE DAILY MIN. TEMP. 23.9 23.7 23 .. 4 22.7 21 .. 1 19.7 18.7 19.3 20.8 22.4 23.5 23.9 21.9

AVERAGE DAILY MEAN TEMP. 27.6 27.3 26.7 25.8 24.2 17.9 22.2 22.9 24.2 25.8 27.0 27.6 25 .. 3

AVERAGE MTH AND YR RAIN 364.0 348.0 408_0 204.0 66.0 53.0 26 .. 0 23.0 13.0 25.0 40.0 154.0 1724

'-J
0"



the magnitude of the range. The tidal streams and circulation 

patterns in the region of Barnett Patches arc similar tb those 

found in the Wheeler Reef are, as described in Chapter Four. 

Twenty-two colonies of Porites vlere collected from four 

different locations, with each collection site being chosen as 

representative of a distinctive ecological zone (see Figure 5.1). 

The zones were: 

77 

Zone 1: A fore-reef area on a small isthmus of the largest 

patch reef. This area was 2-4 metres deep at M.L.W.S., and fully 

exposed to south-easterly waves. The surface cover consisted of 

scattered colonies of hard corals, very stunted in form, with a total 

cover of about 10 percent. In betv.'een the corals the surface was 

almost completely covered with coralline algae, forming a dense, 

cemented substrate. Heavy turbulence in this area made collection 

difficult, as did the relative scarcity of large Porites colonies. 

The conditions described above have ensured that most of the corals 

tend toward encrusting growth forms, and these ~<Jere unsui table for 

X-radiographic work. One colony only from thIs area was found to 

be suitable for analysis. 

Zone 2: A transitional area on the south~east side of the 

large patch (see Figure 5.1). This area was the same depth as the 

collection site above, and possessed a similar cemented substrate. 

More of the larger Porites were present, and coral cover was 

estimated to be about 25%. The proportion of coralline algal cover 

was correspondingly smaller. It was also noted that more species 

of coral were represented in this area. The number of colonies 

taken from this area was seven. 

Zone 3: The reef flat. This area was situated on the southerh 

tip of the largest patch (see Figure), but was much more sheltered 
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from the preva i 1 i ng weather than both of the above areas. It 1ay

in 1-2 metres of water at M.L~W.S. Coral cover was estimated at

about 20%, with a similar number of species present as in Zone 2.

lhe intervening areas were predominantly sanded, with small patches

of soft green and brown algae present. Seven corals were collected.

Zone 4: The leeward zone. This collection area was composed

of two similar sections in the shelter of the body of the reef patch

itself. Many species of coral were represented in these areas,

ranging from the larger forms of the family Favi inae, to the plate and

digitate forms of the Acroporids. Mobile sediment fans covered the

slopes from the reef top to· the deeper back reef areas. Many green

and brown algae attached themselves to the substrate between the

colonies, whose basal portions were often cemented by coralline

algae. The seven Porites used in the survey were taken from the

upper portions of several large bommies lying to lee\1ard of the

reef margin proper.

The areas sampled from around the large patch at Barnett Patches

~Jere thought to represent the largest range of environm'ents in

ecological terms, as described in the 1iterature (e.g. Stoddart 1969).

The dispersed pattern of reef patches within the area and the

general lack of clear zonation necessitated that the zones chosen

were based on location with respect to wave energy only rather than

on purely morphological grounds, in order that comparisons couid be

made with the zones of the other two reefs studied.

2. Three Isles

Three Isles (15°07 1 5, 14So25 1 E) 1ies in that part of the Great

Barrier Reef Province which is protected by the l~rge chain of

ribbon reefs north from Cairns. It 1 ies to the east of the main



80 

steamer channel, about a third of the distance to the ribbon reefs 

from the shore. The reef forms a low wooded island of the type 

described by Steers (1929), and Spender (1930), and is about 133ha 

in area. The platform has three principal above-".."ater elements, a 

large vegetated sand cay on the north-west edge, and two mangrove 

islets, each with complex rampart and moat systems. First mapped 

by Spender in 1930, the reef has been more fully described by Stoddart 

et al. (1978). It represents a senile stage in the development of 

reef pI atfo rms. 

Cl imatic data from the nearest land station at Cooktown show 

that the predomi nant wind regime from ~\arch to November is the south­

easterly trade wind system, with a north to north-westerly influence, 

becoming more important in January and February. April is the month 

of most calms. These data are summarised in Table 5.3. Thermal and 

rainfall data are rpesented in Table 5.4. The mean annual rainfall 

is quite seasonal, with 63% of the yearly total falling between 

January and March. The reef, being so close to the mainland, comes 

under the direct influence of fluvial runoff from rivers to the 

south, sllch as the Endeavour River, during the wet season. The 

strength of this effect can be gauged by the presence around the cay 

of large driftwood trees, still containing mainland-originated rocks 

entv-lined in the roots. It could be expected that important salinity 

changes might occur during heavy wet periods, combining precipitation 

on the reef flat at low tide with strong terrestrial runoff, with 

consequences for coral growth. 

The tidal range (M.H.W.S.-M.L.W.S.) at Low Wooded Island near 

Three Isles is 1.7 metres. Admiralty Chart Aus 832 (1978 ed.) shows 

tidal streams of 0.5 knots in velocity running approximately north­

west and south-east in direction in the vicinity of Three Isles. 



COOKTOWN POST OFFICE

TABLE 5.3
COOKTOWN--WIND DATA

15°28'5, 14So15 1 E

JANUARY 0900 HOURS LST

SPEED (KM/HR)

JULY 0900 HOURS LST

S"EED (KM/HR)

CALM CALM
15 1 6 11 21 31 41 S1 A 11 1 6 11 21 31 41 51 A

TO TO TO TO TO TO & l TO TO TO TO TO TO & l
QlB~____~__lQ __~Q__2Q_~~Q __ 2Q __~E____h__ QL~~ ____~ __ lQ __~Q __~Q__~Q__~Q__~E___h_~_

• • ~ + ~ r • ~ • ~ • • • •• .... ~ . ~ ... . • • ~ + • ~ ~ ~ ........ ~~.~.~

N 2 * 2 N * *NE 4' 1 1 i, 7 NE 'It * *
E 3 1 1 -;'t 5 E * * * 1

SE 11 13 12 3 1 * ,'f 41 SE 6 15 19 17 lS 9 2 83
s 1 * 1 S

sw If 3 2 -;\' ..."c 9 SW * ..~ 1
VI 3 2 1 * 6· w * *. '*

1'-.'\01 8 3 2 1 * 14 NW 3 1 4

,ALL 35 24 18 5 2 '* * ALL 10 17 19 17 15 9 2

NO OF OsS. 643 NO OF 08S. 647

JANUARY 1500 HOURS LST JULY 1500 HOURS LST

SPEED (l\H/HR) SPEED (KM!HR)

CALM CALM
4 1 6 11 21 31 41 S1 A 1 1 . 6 1 t 21 31 41 51 A

TO TO TO TO TO TO & L TO TO TO TO TO TO & L
~~~~____~ __lq __~Q_~~Q __:2__2Q __~~ ____b__ Q~~~ ____~ __ LQ __~Q __~Q __~Q__2Q __~~ ___b__

. ~ ~ . ... . ~ ~ ~ ~. ... ••• r_

N 2 1 1 ~~: 4 N
NE 7 8 5 .'( ~\' 21 NE 3 2 ..t. 5

E 2 "\ 2 ..t. )'r. 8 E 1 1 ..t. 2
SE 7 13 18 7 I 1 116 SE 5 lS 24 22 15 7 2 91

S 1 ..'t ..'c 1 S * ,'c * * *
SW 1 1 ..~ * * 3 SW ~\' *w· ..'( 1 i -It 2 W CO

~n.! 3 2 2 1 * 10 N'ri

ALL 24 30 30 10 2 1 ALL 5 18 2~ 22 15 7 2

NO OF OBS. 644 NO OF CBS" 642

Source: Burear of Meteorology, Su rface \~ i nd Data, 1978



TABLE" 5.4

CAPE CLEVELAND, CARDWELL, COOKTOWN--TEMPERATURE AND RAINFALL DATA

JAN FEB NAR APR MAY JUN JUL AUG SEP OCT NOV DEC YEAR

CAPE CLEVELAND

AVERAGE DAILY MAX. TEMP. 30.6 29.8 28.8 27.6 24.9 22~9 22.3 23.5 25.4 28.1 29.6 31 .1 27.1

AVERA GE DAI Ly r., IN. T Er~ P.· 2 4 .. 6 24.3 23.6 22.3 20.0 17.9 17.3 18.1 19.9 21.9 23.5 24.5 21.5

AVERAGE DAILY MEAN TEMP. 27.6 27.0 26.2 25.0 22.4 20.4 19 .. 8 20.8 22.6 25.0 26.5 27.8 24.3

AVERAGE M~H AND YR RAIN 243.0 350.0 233.0 56 .. 0 31.0 40.0- 17.0 10.0 13.0 21.0 47.0 78.0 1139

CARDt~ELL

AVERAGE DAILY MAX. TEMP. 30 .. 9 30.5 29.9 28.6 26.3 24.6 24.1 25.2 26.9 28.5 29.9 31 .. 1 28.1

AVERAGE DAILY MIN. TEMP. 22.1 21.9 20.9 19.0 16.3 14. 1 12.5 12.8 20.8 17.4 19.6 21 .1 17.7

AVERAGE DAILY MEAN TEMPv 26.5 26.? 25.4 23.8 21.3 19.3 18.3 19.0 23.6 22.9 24.7 26.1 22.9

AVERAGE MTH AND YR RAIN 419.0 422.0 363.0 186.0 90.0 53.0 30.0 27.0 35.0 52.0 99.0 176.0 1956

COOKTOWN

AVERAGE DAILY MAX. TEMP. 31 .2 30.9 30.0 28 .. 9 27.4 26v2 25.7 26.4 27.7 29.2 30.5 31.4 23.8

AVERAGE DAILY MIN. TEMP. 23.9 23.7 23 .. 4 22.7 21 • 1 19.7 18 .. 7 19.3 20.8 22 .l~ 23.5 23.9 21.9

AVERAGE DAILY MEAN TEMP. 27.6 27",3 26.7 25.8 24.2 17.9 22 .. 2 22.9 24.2 25.8 27.0 27 .. 6 25.3

AVERAGE MTH AND YR RAIN 364.0 348.0 408.0 204.0 66.0 53.0 26.0 23.0 13.0 25.0 40.0 154.0 1724

co
N
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The southerly drift caused by the north-west monsoon may be greater 

than the tidal flood to the north (Pickard 1977) but the lighter 

nature of the winds in this season do not affect the flow as much 

~s the consistent south-easterlies In winter. 

The coral colonies used In this survey were taken from three 

discrete zones, representing different energy conditions (see Figure 

5.2). These were: 

1. The shal low moated area on the north-west end of 

the platform between the cay and the end of the 

cemented rampart. 

2. The front of the windward platform on the south­

east edge, between the largest mangrove islet and 

the smal I mangrove patch referred to in Spender's 

map. 

3. The moat system on the northern side of the reef 

between the cay and the largest mangrove islet. 

The first area was avery shallow, sandy bottomed zone of coral 

and coral1 ine algal cover (c.50%) off the north-west tip of the 

cemented rampart system. It is_ an area of strong tidal runoff, 

being the lowest part of the moating system on-the windward side 

of the reef platform. Most of the colonies collected from this area 

were Porites Zutea. although many Favids were present, mainly 

Favites spp. and Favia spp. Much soft algal growth occurred here, 

with long strands of the brown alga HydrocZathrus sp. attached to 

each cora 1 patch. Sma 11 patches of T"h.aZassia sp. appeared among the 

coral clumps. Twenty-one colonies of Porites were collected from 

this area. 

The second collection area lay on the windward side of the 

platform, in a series of moats along the surf zone, formed by 
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Figure 5.2 Three Jsl.es-Morphology and Surface Zonation" Collection Sites Numbered 1-3.
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heavily cemented ramparts. The moated pools ranged from 0.5 to 1.0m 

in depth at M.L.W.S., with the principal coral growth form being 

Porites microato11s, with typical dimensions of 12-15cm in height 

and 20-80cm in diameter. The substrate consisted of sand and 

shingle, quite bare and relatively mobile. Fourteen corals were 

taken for analysis. 

The third collection area lay in a fairly deep (c.1m) moat 

behind a very large consolidated shingle rampart system. In places, 

this cemel1ted~-Ja11 of Acropora shingle reached 2.5 metres in height, 

and up to 50 metres in width. Small breaches in the narrower 

sections of the rampart allowed much of the impounded water to 

escape at low tide, but isolated pools remained. As in the previous 

area, the colonies of Porites in these moated pools '>'Jere almost 

the sole sc1eractinian genus found there. They were principally 

P. lutea and very regular in shape and size. The substrate is 

Acropora shingle, cemented in some places, but mostly unconsolidated. 

The moated water probably reaches about 300 C during mid-day neap 

tides in the summer months, as many were found to be quite warm at 

that time, though no quantitative measurements we're undertaken. 

Nineteen colonies were collected from this arei. 

The areas sampled at Three Isles represented the widest possible 

range of shallow water environments that could be found on the reef 

platform, in terms of exposure to wave energy and possible low tide 

temperature and sal inity effects. 

Ana 1 ys is. and Resu1 ts 

The results of analysis of the variances between the zones on 

Wheeler Reef have been presented earlier. In a similar fashion, data 

are presented here for the ti;'O remaining reefs involved in this 
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section of the study, Barnett Patches and Three Isles. The Barnett

Patches colonies show slow growth at the windward and leeward m~rgins,

with faster growth on the central reef flat. The zone of maximum

annual growth was the windward reef flat. The zonal pattern of

growth rates on Three Isles showed fastest growth on the leeward

margin, followed by the windward reef flat, with the slowest on the

central reef flat. The 95% 1imits of the means for the different

zones are plotted in Figure 5.3(a), (b). After equal ising the number

of repl icates in each zone, analysis of variance showed that the

variations in growth rate between zones on both Barnett Patches and

Three Isles was significant (Table 5.5).

TABLE 5.5
ONE-W~{ ANALYSIS OF VA~IANCE TESTS OF GROWTH RATE VARIATION

BETh/EEN DIFFERENT ZONES ON EACH REEF (COCHRAN'S C=.493, .L~52

RESPECTIVELY, VARIANCES HOMOGENEOUS)

Barnett Patches
55 df MS F S i g.

Between zones .251 2 .125 It .165 .033

'tJithin zones .542 18 .030

Total .793 20 • OL~O

• t ••abodL. ""'IiI: ......

1-hree Isles
S5 df MS F Sig.

Between zones .857 2 .429 5.47 .009

'vIi th in zones 2~586 33 .078

Total 3.443 35 .098

'''IiJ·~~-

Hav i.ng done this, the data for all three reefs (\;Jhee 1e r Reef,

Barnett Patches, and Three Isles) were analysed t.ogether. The

analytical method used vias again 5 imi lat· to that used for the single

reef study.i n Chapter Four. 'rhe numbers of repl icates \·"ithin
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each zone on each of the three reefs were random sampled to provide

a balanced design for analysis of variance. The varianc~s of the

growth- means on the three reefs were found to be homogeneous and

significantly different' fran each other (Cochranl's C=.479, variances

homogeneous, F-ratio, P<.OOl). The results are given in Table 5.6.

TABLE 5.6

ONE-WAY ANALYSIS OF VARIANCE TEST OF GROWTH RATE VARIATION
BETWEEN THREE DIFFERENT REEF TYPES

55 df MS F Si g.:_-.. - -
Between reefs 5.7 2 2.8 38.7 .000

~I i th i n reefs 5.7. 78 .07

'rota 1 11 ,5 80

The growth rate data from the three reef~ were then subjected

to a two-way analysIs of variance to test for the existence of

any interaction effects between reef variances and zone variances.

(i.e. if similar zone~ did not show similar trends between reefs).

Table 5.7 reveals just such an effect in the present case. There

is a significant interaction between zones of one reef and different

zones on the others (F-ratio, P<.OOl). The plot of the zone means

for each of the reefs (Figure 5.4) shows the nature of the inter-

action. The leeward reef margin zone growth mean for Barnett Patches

is lower than that of the central reef flat on that reef, whereas

the opposite holds true for the other two reefs.
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TABLE 5.7
n~O-~IAY ANALYS I S OF VARIANCE TEST OF GROWTH RATE VARI/\T! ON

AMONG REEFS AND ZONES
... ;;Ii .... t '4

Source of Variation 55 df MS F S; g.

Main Effects

Reef 5.74 2 2.87 49.3 .000

Reef zone .423 2 .211 3.63 .031

2-\\'ay Interactions-
Reef/Reef zone 1• 17 4 .293 5.03 .001

Explained 7.332 8 .917 15.76 .000

Res i dua 1 4.188 72' .05i:S

Tota 1 11.52 80 .144

Discussion

In the previous chapter it was point~d out that significant

differences existed between the mean growth rates of corals from

different zones on a single reef platform. The analysis of the data

in this section from three different types of reef platform supports

the proposition that mean zonal growth rate also differs according

to the type of reef upon which it occurs. The earlier contention

that structural zonation of the reef platform is important to the

ordering of habitats or zones in energy terms is supported by the

data. Figure 5.2 shows that the highly structured reef, with

distinct vertical, as well as horizontal zonation (Three Isles)

has discret~ growth rate zonation patterns. The least structured

reef (Barnett Patches) shows a distinct zonation in growth rate

pattern, but in a different order to that of Three Isles. The reef

version which lies in between these two reef types (Wheeler Reef)

has a more concentric zonal pattern, al~hough similar in order to
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that of Three Isles.

It is possible to explain these findings in terms of the reef

descriptions given in the earlier part of this chapter. The higher

the reef platform, the more the zonal pattern reflects the

preva i 1 i n9 'llater movement (energy) reg i me.. Thus the high reef

platform of Three Isles reef is strongly zoned with very dist,inct

variation in energy levels and height with respect to tidal

fluctuation. This distinctiveness of the zones is paralleled by

the growth behaviour of the corals. In contrast, the much lower and

more uniform Barnett Patches shows a much less distinctive pattern

of growth rates. Wheeler Reef is intermediate between these two

extremes fn terms of both its zonation pattern and the distinct

nature of its growth patterns.

SECTION 2: Variation in Growth Rates Across the Continental Shelf

The continental shelf that Forms the foundation of the Great

Barrier Reef Province varies in width from less than 16kms (at 14°5)

to more than 2QOkms (at 21°30 1 5). The influence of terrestrial

inputs such as fluvial sediments, fresh water, and coastal

biogeographical entities (e,g. mangroves) decl ines outward across

the shelf. Thus, \vhile the shelf e.dge reef communities in the

Swains or Pompey Complexes (more than 150kms from the coast) are

not influenced to any degree by terrestrial inputs, the ribbon reefs

and mid-shelf reefs around the C~pe Melville area can be affected by

factors originati.ng on the coast and hinterland. The existence of

driftwood logs on Three Isles with rocks enmeshed in their root

systems illustrates this point. The influence of the large

circulating masses of oceanic water outside the Province margin is

less well documented, th~ugh the principal effect of this impinging
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on the shelf is probably as much a function of its lack of organic 

nutrients as any more positive influence. 

This section studies the effect of location on the shelf on 

the growth rates of 30 colonies of Porites from similar zones on 

four reefs near Tovmsvi lIe. The reefs used in the analysis were 

Viper Reef, on the extreme edge of the shelf "'lest of Townsville, 

Wheeler Reef, towards the mid-l ine of the shelf, and the fringing 

reefs of Magnetic Island and Rattlesnake Island, sl ightly north of 

Townsvi lIe (considered jointly). The three sites lie in a relatively 

evenly spaced sequence along an east-west line across the continental 

shelf. The colonies from each reef were collected from the leeward 

margins (the leeward zone, shown to be the most conducive for Porites 

growth at Wheeler: previous section) in similar depths. 

Viper Reef is a small platform reef which has a crescenttt 

shape. Hopley (1978) has shown the reef to be relatively young, 

radiocarbon ages from the reef top being younger than 2700 years. 

To the east of the reef, the sea floor drops away to depths of over 

100 metres in less than 3kms. Depths to the west of the platform 

are of the order of 30-40 metres. The corals used vvere taken from 

the leeward edge of the platform near the la906n entrance in about 

metre of water (M.L.W.S.). 

The corals from Wheeler Reef used in the analysis were those 

from Zone 4, described in the previous section. 

The fringing reefs of the two high granitic inshore islands, 

Magnetic and Rattlesnake, are similar to each other in appearance 

and structure. Both the collection sites on these Islands were 

close to the shoreline in water less than 2 metres deep (M.L.W.S.). 

Small non-'perennial creeks or gull ies flmv through the Quaternary 

sediments and decomposed granite fans and out over the reef flats. 



94

The reef edges support a variety of species of hard corals,

principally Favids and SOla 11 branching M{ZZepo.ra spp. The inner

part of the reef is covered with brown algae among the numerous

mass ive Por-ites heads, wh i ch form mi croato 115 where nloat i ng occurs.

Radiocarbon ages in excess of 5000 years have been obtained from

Rattlesnake Reef (Hopley 1980), which is 51 ightly emerged on its

inner edge.

Analysis and Results

Ten col~nies from the leeward margin zone (or its fringing

reef equivalent) were used as the basis for an analysis of variance

routine to determine whether the location of those sample groups

with respect to their locations across the continental shelf had

any effect on growth rate. The null hypothesis that there was no

significant difference betvveen the variances of the group means on

each reef was rejected (F-ratio, P<.05). Results of the analysis

are presented in Table 5.8.

TABLE 5.8
ONE-WAY ANALYSiS OF VARIANCE TEST OF GROWTH RATE VARIATION

BETI1EEN SIMILAR ZONES FROM SELECTED REEFS ACROSS THE
CONTINENTAL SHELF NEAR TOWNSVILLE. (COCHRAN'S C=.645,

VARIANCES HOMOGENEOUS)

Bet\~/een reefs

Within reefs

Total

55

.470

.824

1.295

df

2

27

29

HS

.235

.031

F

7.70 .0023

Figure 5.5(a) shows the respectiv~ group means plotted with 95%

confidence limitso The growth rates of the V;per Reef corals are

lower and less variable than those of the two locations further
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inshore. Maximum growth rates (more than 1.Ocm/yr) are obtained

from the fringing reef colonies on Magnetic Island and Rattlesnake

Island. The values for the Wheeler Reef corals lie between those

of the shelf edge and the inshore reefs.

The annual growth increment of each colony for every year

between 1971 and 1975 was obtained, and analysis of variance

performed on the data on the same cross-shelf basis. In each year

significant differences between growth rates were found (F-ratio,

P<.OS). Figure 5.S(b)-(f) shows that the overall sequence of a slow,

consistent growth at the shelf edge grading to faster but more

erratic inshore was maintained, although the values of the group

mean for the mid-shelf reef corals (Wheeler Reef) varied with

respect to the outer and inner reef colonies.

Discussion

The results of the analysis o~ growth rate data in the first

p~rt of this section (see Table 5.8) suggest that there are one or

more environmental variables ope~ati.ng in a selective fashion on

growth rates as the distance from the coast increases. The most

obvious group of factors are those which are atiributable to

fluvtally based salinity and organic nutrient variations. Fresh­

water inputs to the nearshore fringing reefs such as Magnetic and

Rattlesnake are certainly large enough during the summer wet season

to lower the ambient salinity values. Pickard (1977) concludes that

the lowest inshore salinity values occur in February in the ~wnsville

~egion, in conjunction with the coastal rainfall maximum. Recent

work reports that the inshore sal inity values in the area to the

immediate north of the Burdekin River outfall drop to as low as 10

parts per thousand in flood periods (Wolanski 1981). The fringing
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reefs on Magnetic Island are only a few kilometres from the mouth 

of the Ross River, which has a heavy seasonal outflow. The Rattlesnake 

Island reefs 1 ie somewhat further out to sea in Halifax Bay, but are 

~til 1 within the range of the wet season flow from the Bohle River 

and adjacent coastal streams. Whether the terrestrial runoff has any 

major effect on the mid-shelf reefs in the region such as Wheeler Reef 

is unresolved. Wolanski (1981) reports that the Burdekin plume at 

peak discharge does not reach that far out to sea. Surface sal inities 

are also affected by rainfall directly, although to a smaller degree 

than river runoff. The proximity of the shelf edge reefs to the 

Coral Sea waters has a moderating influence on the salinity variation 

in these areas, as data from CSIRO (Rep. No. 88, Div. Fish. Oceanog. 

1 9 79, Fig u reI 5) 5 h OltJ • 

The importance of organic inputs from terrestrial sources, in the 

present scheme can only be subjectively evaluated, due to a lack of 

knowledge of the exact requirements of Por~tes from this source, and 

the dearth of quantitative Information on the subject for this 

region. It is recognised that the oceanic waters of the Coral Sea 

are less endowed with organic nutrients than the waters in the 

vicinity of the coast. The principal source of 'these nutrients 

inshore is assumed to be fluvial runoff, although extended periods of 

turbulence caused by strong south-easterly winds in the winter months 

(dry period) may dampen the seasonality of this feature by 

resuspension and mixing of sediments inshore. The relative growth 

means of the colonies for each year (Figure 5.5) were examined to 

attempt to determine the magnitude of the eff~cts of such factors as 

river runoff-induced salinity changes and food availabil ity. 

Rainfall data for each year are included for each year on the plotted 

growth data. The percentage values on each graph refer to the amount 
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of rainfall in that year relative to the 21 year annual mean 

precipitation. The years are subjectively described as either dry, 

normal, wet, or very wet. It can be seen that the growth rate values 

for the corals from Viper Reef and the inshore fringing reefs are 

relatively stable through time. The apparent oscillation of the 

mean growth values from the mid-shelf reef (Wheeler Reef) follows a 

pattern that is consistent with the trend of annual rainfall over the 

five-year period. The Wheeler Reef coral growth rates are depressed 

during drier years, and elevated with respect to the rates from the 

other bIO shelf locations during wetter years. The mean salinity 

values over the whole of each year may be said to be lower inshore, 

and higher at the shelf edge, yet the growth rates of the inshore 

corals were greater in all cases. This either indicates a negative 

growth-sal inity relationship, or is an artifact caused by the 

exclusion of other more important variables from the case. The 

former conclusion is supported by the increased rates of growth for 

the mid-shelf reef during wetter years, although one must assume 

that salinity drops sufficiently in the region of that reef during 

those periods. The positive effect of increased nutrient supply 

on growth rates during wet years is easier to po~tulate from the 

data, as comparison between Figure 5.5(c) and Figure 5.5(1=) shay,s. 

it is clear from the above that more environmental data would be an 

asset to the construction of any hypothesis concerning growth rates 

and terrestrial VB oceanic influences. For example, the conjunction 

of high rainfall periods with increased cloud cover may Introduce the 

latter as a factor of importance. The results suggest a positive 

relationship between growth rate and cloud cover. This confl icts 

with the findings of Glynn (1977), who found that the growth rate 

of PociUopo.ra on Saboga Reef in the Gulf of Panama declined ~,Jith 
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increasing cloud ~over. A test of the strength of the terrestrla1/ 

oceanic influence on growth is made later in this chapter. 

It has been shown that there is a significant difference 

between growth rates of colonies of Porites from different zones on 

different types of reef. We also know that the location of those 

reefs on the continental shelf has a singificant effect on the value 

and variabil ity of the colonies' growth rates. This section combines 

the two types of reef division made in the last sections and analyses 

the variabil ity of growth among different types of reef which are also 

spread across the shelf. 

Early workers noted the cross-shelf change in reef morphology 

north of Cairns. Hedley (1925) described the shelf between 17°5 and 

190 5 as "recovering from a drowning movement." Spender (1930) 

proposed a scheme of classification for the reefs and reef-islands of 

this area in terms of their height, which In turn dictated the type 

of sediments found on the reef platofrms. He formed the opinion that 

the Inner reefs of the shelf had reached the upper limit of growth 

in sheltered water, while the outer reefs were lower and had not yet 

reached their upper limit. The idea of outer shelf subsidence was 

also referred to by Falrbridge (1950), principally for the area to 

the south of Cairns, where the outer barrier is well below modern 

sea level. He noted also that the inner reefs south of Caitns were 

small, with large sediment trains, and described them as being 

"more juvenile" than those north of Cairns. Hopley and Harvey (1981) 

I d C14 d' d 1 1 f' h d l' , lave use atlngs an eve surveys to con !rm t e ec Ine In 

elevation to seawards, concluding that the shelf edge reefs are 

younger and that significant dO'l'fmvarping hns occurred between Cairns 
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and Townsville. There is, therefore, in this area a combination of 

the factors which in the previous sections were shown to have 

influence on the growth rates of Porites" i.e. with increasing 

distance across the shelf there is a distinctive change in reef 

morphology. The arrangement is such that the t~"o factors should 

reinforce each other and provide very distinctly different 

populations of growth rates across the shelf from the different 

reef types. 

To test this assumption, this section examines the growth rates 

of ll8 colonies of Porites from three different morphological reef 

types lying across the continental shelf just north of Cooktown. 

The reef types chosen represented the island-reefs of Spender, found 

in the inner section of the shelf, the mid-shelf reefs such as 

~yrie Reef, which are mostly platform reefs with unconso1 ida~ed 

sediments, and either well-formed or incipient sand cays, and the 

third type, the elongated shelf-edge ribbon reefs. A total of 16 

colonies was selected from three zones on each reef. 

Analysis and Results 

The group mean growth rates for each reef .zone (windward reef 

flat, central reef flat, and leeward reef margin) were plotted 

according to the reef type on which the colonies were found (Figure 

5.6). Two-way analysis of variance techniques were employed to 

examine the differences between zones among reef types. Table 5.9 

shows that the group means between zones were significantly 

different, as were the reef means. A significant interaction effect 

was also evident. 
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TABLE 5.9
n40-\~AY ANALYSIS OF VARIANCE TEST OF GROvlTH RATE VARIATION
AMONG DI FFERENT ZONES ON DISSIMILAR TYPE CROSS SHELF REEFS

Source of Variation 55 df HS F Si g..
~ia in Effects

Reef type 2.67 2 1,,33 18.65 .000

Reef zone 1,,36 2 .682 9.52 .000

2-Way lnteracti~ns

Reef type/Reefzone 1.214 2 .607 8. L~8 11000

Exp 1a ined 5.478 6 .913 12.76 .000

Res idual 7.801 41 .0]2

Tota 1 13.279 47 • 115

Discussion

The data from this analysis support the findings in Chapter

Four and those of the first tv~ sections of this chapter. Mean

zona.l grovlth rate differs significantly according to the type of

reef it occurs on, and a significant interaction effect is found

between reef zone variance and reef type variance. The very

distinct differences in the growth rate population indicated by the

degree of significance of the results from this exercise clearly

support the o~iginal premise that a combinat,ion of different reef

types aligned across the shelf will produce contrastins growth rates.

SECTION 4: Cross-Shelf Variation on a Provincial Scale: Terrigenous
vs Oceanic Influences

From the foregoing section we can say that at a particular

latitude, coral. growth changes in both rate and variabil ity as we

move from the shoreline towards the edge of the continental shelf.

This section tests the relative strengths of the oceanic and
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terrestrial influences on growth rate, using the total data

collected by the survey, allowing for the fact that the continental

shelf varies in width by factors of up to 1-2 times. The hypothesis

takes account of the fact that there must be a finite 1 inlit on the

distance over which any of the sourced variables can operate

significantly by introducing an absolute value for each colony in

terms of distance from shore and shelf edge. It postulated that

variabil ity in growth rates should be more influenced by the more

changeable influences from the landward side, since the principal

feature of oceanic influences is their constancy or lack of

variability of intensity.

Analysis and Results

The distance of each reef coral population from open o~ean and

from shore was measured in nautical miles from the relevant Admiralty

Chart. The northernmost colonies were from Port Moresby, and the

southernmost from Heron Island (see Figure 2.1). Landward distance

VJas termed ilL" and oceanward "Oli. Spearman Rank correlat ion

coefficients were computed for the relationships .between mean colony

growth rate~ standard deviation, and Land 0 (Table 5.10).

TJ\BLE 5.10-----
CORRELATION BElVJEEN GRO~JTH RATE AND DIST/\NCE TO LAND/OCEAN

t1ean \·,;i th L -0.4584 5 i g. P<.OOl

t1ean ~li th 0 0.2200 sig. P~.OOl

S.D~ VJith L -0.2089 sig. P:<.OOl

S~D~ ~Ji,th .0 0.1719 sig. P<.OOl
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Discussion and Results

The relationship between growth rate and both distance variables

was highly significant. There was a much stronger correlation between

landward distance and growth (negative) than between open ocean

distance and growth (positive). The standard deviation of mean

annual colony growth rate followed the same pattern, although the

strength of these relationships was weaker, but still significant.

The hypothesis was supported by the data. Terrestrial influences

on growth rate (producing higher but more variable annual growth) are

more important than oceanic influences (prodltcing lower but less

variable annual growth rates). It is suggested that the more

consistent nature of the open ocean environmental variables induce

less departure from the I'norma 111 growth rate pattern because of

their passive nature, while the terrestrial factors induce greater

variabil ity in growth because of their wider range of intensity and

erratic nature. An example of this phenomenon \~ould be the

moderating effect of oceanic salinity levels as compared with the

widely varying effect of fluvial runoff.

SECTION 5: Other Province-Scale Variations

The moderating effect of a more stable environmental regime

such as that occurring on the edge of the continental shelf has a

vertical counterpart which operates over the whole Province depth.

Variables such as temperature (especially on shallow reef flats),

l.ight availabil ity, and to some extent salinity, show a fairly l~rge

range of variation with depth. While the latter two vary only over

large depth ranges «greater than, say, 10 metres), v-Jater temperature

on reef platforms varies considerably \"ithin the tidal rd.nge of a

reef ~ tloated pools on exposed reef flats often reach more than 30°C
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duri,ng summer nlid-day low spri,ng tides.

Much work has already been done on the effect of depth on

coral growth rates (see surrlmary by Buddemeier and Kinzie 1976, and

R.ighsmith 1979). This study examines some of the simple relation-

ships between growth rate and selected independent variables, taking

into account the depth ranges from which the experimental colonies

were taken.

Analysis and Results

The corals from the whole of the Great Barrier Reef Province

were graded into two classes: those from water less than 1 metre

deep, and those from deeper areas.

Analysis of the data was undertaken using discriminant analysis.

This technique distinguishes between two or more groups of ca5es on

the basis of discriminating variables. These variables measure the

characteristics on which the groups are expected to differ, while

ancillary tests provide measures of the success of the classification.

In the present example, the colonies, having been divided into

I'surface" and IIdeeper ll 'corals, were discriminated on the basis of

their means and standard deviations. Almost t0o-thirds of the 452

colonies used in the analysis were ftclassifiable" on the. basis of

their growth rate and variability (Table 5.11).

TABLE 5.11

CLASSIFICATION RESULTS-DISCRIMINANT ANALYSIS, GROUPS DEFINED
'BY DEPTH J N=452

Surface Corals
(0.00-1 ~OOm)

No. of Cases ~::.£ic ted Group. t~1~mbersh.!R
lSurfacey-- (Deeper)
130 94
58.0% 42.0%

Deeper Corals
(1m +)

228 82
36.0%

Percentage of "groupe<:P' cases correct 1y class if i ed: 61.06%
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Discussion

The analysis supported the proposal that depth was a

discriminating variable in determining growth rate, and growth rate

variabil ity (as measured by the standard deviation). The relative

importance of the discriminant functions (mean and standard

deviation) is shown in the summary table (Table 5.12).

TAB LE 5. 12

SUMMARY TABLE-DISCRIMINANT ANALYSIS-GROUPS DEFINED BY DEPTH

Step Entered/Removed

1. Standard Dev.

2. t~ean

Va rs. In.

2

Wilk I S Lambda

.978

•91~6

5ig.

.007

.000

From the order of inclusion in the stepwise analysis, the

standard deviation is seen to be the most important discriminant

function of the two. We may conclude that the variabil ity of the

growth rate has higher powers of correctly classifying the colonies

into populations according to the depth at which they grew.

The techn i que does not desc r i be the dil#ect,ion of the fu nc t i on

Jlvar iabil ityil "lith respect to the action of the' variable DEPTH.

However, from the knowledg~ gained in Section 2 of this .chapter

~egarding the effect of more stable environments such as those

found on the outer ~dge of the continental shelf on growth rate

variabil ity, we may surmise that the relationship is negative in

direction, i.e. the greater the depth at which a coral_ grovJs, the

less variable is th~ growth rate, a findi~g which is supported by

previous work (~.g. D~dge and Vafsnys 1980).
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SECTION 6: Province-Scale Variation in ~lonth of .Mid-f?.~int HD Band 
Deposition 

Introduction 

During the course of this study, it was noticed that the time 

of deposition of the HD bands in colonies varied from reef to reef. 

While these findings do not conflict with the idea of seasonality 

of banding in hard corals, they are interesting in their spatial 

pattern. 

Analysis and Results 

The X-radiographs of the coral sl ices were examined In 

conjunction with the data concerning their date of collection, and 

reef location. Many colonies 7rom reef flat areas possessed the 

smaller (lunar monthly) bandlngs within the annual density band 

regime. From these colonies, the months of HD banding deposition 

were calculated. The mid-point of this month range was then 

determined to ± one month, one per reef. These values were then 

regressed against latitude (Figure 5.7). 

The data revealed that there was a positive, significant 

correlation between decreasing latitude and the passage of time 

throughout the year. The mid-point of the HD band was laid down 

progressively later in the year the further north the corals gre~, 

from October/November at 21 0S, to April at l50S. 

Discussion 

The literature concerning the environmental factors which 

influence density banding in hermatypic corals is summarised by 

Dodge (1978, unpuh. thesis) up to that date, reveal ing a confusing 
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pattern of findings in respect of the seasonal timing of density 

band formation and the contributing variables to that phenomenon. 

Among other factors reckoned to be Important to the production of 

the HD bands in coral skeletons, Dodge's summary quotes hi~h rainfall, 

warm water, and reduced light. In contrast, Buddemeier and Kinzie 

(1975) report a LD band/warm water relationship from Hawaii. The 

same authors found that the nature of the HD band consisted of a 

thickening of the trabecular wal Is of the corall ites. This agrees 

with the findings of Dodge and Valsnys (1980) who equate HD bands 

with thickening of the skeletal elements such as septa and 

dlssepiments. Highsmith (1979) proposed a model of density band 

formation which states that the production of the skeletal matrix 

of the coral is accelerated relative to the rate of extracellular 

calcification about an optimum temperature of around 27°C, forming 

a LD band at that point. The HD bands are formed either side of 

these optimum conditions. He also states that extracellular 

calcification is not independent of light intensity, suggesting that 

decreasing 1 ight levels may reduce the widths tif the LD bands relative 

to those of the HD bands. 

As reported in Chapter Tv,IO, the density peaks In the colonies 

collected from the Great Barrier Reef Province for this study 

occurred in the late summer, with densities reaching their minima in 

late winter. The late summer months (January to April) form the 

period when the ten-year average temperature field isotherms retreat 

northward, the 27°C contour moving from Moreton Bay to north of 

Cooktown in that time. The data for the movements of this Isotherm 

and the 28°c isotherm are plotted against the months of the year in 

which they occur in Figure 5.8 (data from CSIRO 1978). The regression 

line for the northward migration of the HD band mid-point is super-
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imposed on the plot. Examination of the residuals In this graph 

reveals that the regression 1 ine most closely fits the data 

d . d f h F L 27°C" 1 hI' erlve rom t e movement o' tile Isotnerm a ong t e coast Ine. 

If the I ine is phase-shifted, the fit becomes weaker in the case 

of both lines at the ± one month level, although a slight shIft of 

about half a month forward in time indicates that a fit as good as 

the in-phase fit is obtained (Figure 5.9)~· This shows that there 

may be a small lag-time response of HD deposition to water temperature 

change. The line of I'migration" of the high density banding parallels 

the northward movement of the 2SoC isotherm after about December. 

The 1at i tud i na 1 movement of these surface Irlater isotherms does 

not entirely explain the shift in the time of deposition of the HD 

band mid-point. It seems that VJater temperature is not the only 

controll ing variable of density banding. Highsmith's model is not 

supported with regard to Increase in density under reduced light 

levels, since the onset of the "wet season" occurs in December-

January in most years (see Table 5.2), with greater cloudiness in 

the wetter north of the Province, and the density mid-point does 

not reach this area until after iv1arch. it is clear that more data 

are needed on other "migrating" influences in order to find an 

explanation. 

SECTION 7: Latitudinal Variation Among SE.e_~i~2. 

As it was not possible to statistically describe the species 

of Porites collected at anything more than a nominal level, the 

consideration of the effect of this factor on growth rate VIas 

treated separ1tely from other variables. The question of genetic 

controls on growth was alluded to in Chapter One. A great deal of 

evidence Is available to show that different genera of scleractlnians 
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grow at different rates, even among similar morphological types (see 

Highsmith 1979, p.107, for example). What is not so well documented 

is inter-specific growth rate variation, especially among the massive 

Indo-Pacific corals. 

Genetic "blueprints" determine the growth form of a coral 

colony within the constraints of the local environment. Among the 

Acroporidae, some species form stunted branching colonies on the 

high energy reef crest, while the same species take on a more 

elongated staghorn form in the sheltered waters of the back-reef 

slope (Veron and Pichon 1976). This same effect can be seen in 

Por-ites on most reefs, with flattened, encrusting forms I iving on 

the reef front, and large rounded colonies on the reef flat. 

This section describes the analysis of growth rate patterns 

according to species. Five species were used (see Table 5.14), the 

criterion for selection being a sample number of repl icates 

exceeding 30 colonies (more than 5% of the total P01:ites collected). 

The species are all similar in gross morphology when found In similar 

environments, but the finer skeletal characteristics of the coralla 

may differ. 

The aim of the study was to identify differences between the 

species grm'/th means, and determine any spatial patterns of species 

growth respons~. The variable LAT!TUDE was selected as a surrogate 

variable containing elements of many other Factors (such as 

available light, salinity, and surface water temperature), against 

"'Ihich the pattern of species growth response "las to be measured. 

This had the additional benefit of forming a model of preferred 

latitudinal distribution for each species. 



Analysis and Results

The mean annual growth rates for each of the five species

chosen was plotted, with 95% confidence limits (Figure 5.10). One-

way analysis of variance was used to test for the significance of

differences between the means for each species (Table 5.13).

Significant differences did exist (F-ratio, P<.OOO) with the order

of rank of the species means as shown in Figure 5.10. The mean

annual growth rate was correlated with latitude for each species

(Table 5. 1
'
.. ) •

TABLE 5.13

ONE-\~AY AN/\LYSIS OF VARIANCE TEST OF DIFFERENCES BEThfEEN SPECIES
GROWTH MEANS. (COCHRANlS C=O.216, VARJANCES HOMOGENEOUS)

Source of Variation

Between Species

Within Species

Total

df

It

448

434

55

4.03

38.11

43. 15

MS

.57

.088

F

6.45 .000

TABLE 5.14

SPEARMAN RANK CORRELATION COEFFICIENTS SPECIES MEAN GROWTH
VB LATiTUDE

Speci~s Hean Standard Dev. SpE:~a rman Rank (R) Sig.-----
P. lobccta .893 .32 -.322 .003

P. Zutea .841 .26 -.206 .012

P. aust,raZiens'£-s 1.046 •31 -. 110 • 11 1•

P. maye r1..- .834 .26 -.192 .032

P. nrtJ..J:1rayensis 1.-069 .34 -'.367 .015

The five species fall into tv,fO distinct categories of growth rneans,

the II S 10't1 gro\t-;ers 'l (I.). Zobata.J P. Zutea and .P~ mayeri), and the I'fast
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growers showed a ~ignificant relationship with latitude, while only

one of the faste~ growers was significantly related. P. austraZiensis

was not significantly related to latitude.

Oi scuss ion

The ranking of the significantly-related species in terms of

their R-value gives an index of preferred latitudinal range for

each. Those with higher coefficients of determination (P. Zobata and

P. murrayensis) are more growth responsive to the latitude at which

they grow, while those with low R-values are the least particular

about their location (P. z'Lt"/;ea and P. mayeri). Further down the

scale, the corals which are not significantly related to latitude

at all may not have any locational preference (F. australiensis).

Each of the species above is found throughout the latitudinal range

of the Pray i nee, a 1 though two (P. Zobata and P. Zutea) may be found

further south in the Sol itary Island area, off the coast of New

South Wales (Veron and Pichon, in press).

CONCLUS IONS

Th isla rge-sca 1e approach to growth rates of Pori-tes has

demonstrated a number of geographically s,ignificant characteristics,:

1. Morphol~gical1y different reef types produce growth

rates which cluster into distinct populations.

2. Patterns of growth change with distance out across the

continental shelf. This appears to be related to

terrigenous influences more than oceanic ones.

3. li~here different morphological reef types are al.igned

across the shelf, these patterns are reinforced.

4. It is confIrrned that the depth at \oJhich the corals grovi



also has an effect on skeletal extension rate. 

Variabll ity was at a maximum on the reef flat where 

environmental fluctuations are greatest, a situation 

which is similar to that produced across the shelf, 

where the largest environmental fluctuations occur 

closest to the mainland. 
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5. The different species of Porites shO\>J at least h/o 

patterns of growth, varying in both rate and response to 

parameters controlled by latitude. 

6. The timing of the deposition of the mid-point of the HD 

band varies with latitude over a five month period. 

The significance of these findings wi 11 be discussed in the final 

chapter. 
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CHAPTER SIX 

PATTERNS OF CORAL GROWTH RATES 

This investigation has been concerned with the patterns of coral 

growth rate variation which exist within the Great Barrier Reef 

Province. Studies were carried out into the nature and timing of 

sequential density banding in rnassive Porites colonies, and the data 

from these findings were used to analyse the geographical patterns 

of variance in coral growth. The scale of investigation ranged from 

small reef pools to Province-wide. 

X-Radiography and Density Banding iri POi"?:tes 

The X-radiographic techniques uti 1 ised in this research were 

based on the \!Jork of Knutson et aZ. (1972), Buddemeier et aZ. (197lf), 

Moore and Krishnaswami (1974), Macintyre and Smith (1974). HOv-lever, 

they were modified to allow faster screenings, so that as large a 

number of corals as possible could be used in the proj~ct. Most 

industrial-type X-ray machines and processes use exposure times of 

between 30 seconds and two minutes, whereas the medical machines 

such as the one used in this research use rapid exposures at higher 

voltages. Buddemeier (1978) warns that faster exposures mean loss 

of contrast and resolution. This research has shown that the use of 

lOW-density contrast mammography film removes this I imitation, 

producing very reasonable results (see Figure 2.4(a)-(c)). 

Parallax error at the specimen edge is avoided by the use of a fine 

focal spot and large object distance. Some colonies of Porites 

which were X-rayed did not show a sequential dansity banding of 1 ight 

and dark bands on the X-radiographs. These colonies were found in 
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association with others which did produce banding, indicating that 

some factor in addition to micro-environmental controls must have 

been influencing the formation of density bands. The nature of these 

is unknown. 

The appl ication of microdensltometric measurement to X-radio­

graphs required careful theoretical reasoning. Plates were scanned 

along only one 1 ine of growth-the axis of maximum length. The 

justification for this approach 1 ies in the fact that only relatively 

hemispherical colonies were used in the research, so that there was 

seldom a large discrepancy between the greatest and smallest axis 

of colonial grov,Jth. Further, the parameter Ilaxis of maximum growth" 

is comparable between colonies in absolute terms. 

The annual nature of the pairs of high and low density bands 

in hermatypic corals has been demonstrated by many comparative 

methods, such as radioactive labelling in the skeletal framework, 

and vital staining of growth surfaces. These have been summarised 

by Buddemeier and Kinzie (1976). This research confirms the annual 

spacing of density bands in Porn:tes from the Great Barrier' Reef Province, 

by using Al izarin stalnings at seasonal Intervals to compare with 

X-radiographically determined bands. The periOdicity of stainings 

al lowed each type of density variation within a year1s growth to be 

correlated with a season of the year. High density deposition 

occurred between October and March, while low density skeleton was 

laid down from April to September. The use of the date of collection 

of each colony as a time marker against which to al ign the type of 

density b6nd deposited at the growth surface made possible the 

determination of the month(s) of HD band deposition of colonies from 

each of the 34 reefs examined in the Province. As shown in Chapter 

Five, the timing of the mid-point of the HD deposition period is 
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latitude dependent. The mid-point of the band occurred later in 

the year as one moved north. Recent work (Schneider and Smith, In 

press) on the correlation of density b-andlng In Porites from the 

Hawaiian chain of Islands with environmental changes indicated that 

thinner sections (O.45cm) for X-radiographic analysis reveal that 

the change from low to high density Is relatively abrupt. The densito­

meter traces described in Chapter T"'lo show that Porites colonies from 

the Great Barrier Reef Province have no such abrupt density shift. 

The continuum of density is a symmetrical curve for every annual 

cycle. Experimentation with thinner sections at the beginning of 

the research did not alter this phenomenon, but reduced the contrast 

between HD and LD bands. There appears to be no Great Barrier Reef 

counterpart to the rapid density shift reported by Schneider and 

Smith (in press) from Hawaii. 

These authors introduce an alternative to the annual "pair-band" 

method of assigning seasonal effects to changes In skeletal density, 

noting that in both Hawai ian and Abrolhos Reefs, banding consists 

of one band per year. This band is composed of an abrupt shift 

followed by a gradation in density. They contend that improving or 

deteriorating conditions produce the density changes and claim they 

are "explaining some of the disagreement in the literature about 

season-density reiatlonships." This disagreement has arisen from 

attenlpts to correlate environmental variables, principally water 

temperature and light intensity, with shifts in density In coral 

skeletons, (e.g. Buddemeier 1974; Macintyre and Smith 

1974; Weber et a1-. 1975; Hudson et 0,1-. 197Lf; Dodge and Thomson 1 97Lf ; 

Buddemeler and Kinzie 1975). While the oxygen isotope method of 

Weber et a1.. (1975) and 1 ater authors has tended to conf i rm the 

positive temperature-density relationship, the vlork of Schneider 
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and Smith (in press} using Sr thermometry, shows no llsystematic 

correlation l
! between the two. The results from this study suggest 

that the correlation between water temperature and/or related 

seasonal factors and d~nsity is positive. 

The Porites from the Great Barrier Reef Province studied in 

this research exhibited a seasonal banding pattern coupled to a 

unique migratory northward shift. This could not be clearly 

correlated with any available environmental data for the region. 

No evidence of this type of shift has been reported elsewhere. The 

symmetrical density curves and the out-of-phase deposition periods 

within the Province may be a function of the large latitudinal range 

of the Great Barrier Reef, and the fact that It lies well within the 

1 imits considered conducive to coral growth. This may not be said 

about areas such as the Hawaiian Archipelago or the Abrolhos Group, 

\tJhlch 1 ie further towards the extreme latitudinal 1 imits of gro\tlth. 

Grigg (1981) examined the mean gross carbonate production for 

the Hawai ian Archipelago and reported that the rate for the north­

west extreme of the chain was just sufficient to offset erosion 

and subsidence. Corals accounted for 20-60% of this production. 

Agegian (1981) refers to the Increasing contribution of corall ine 

algae compared to that of corals in carbonate production as the 

northern 1 imits of the Archipelago are reached. The latter 

situation may explain the rapidity of density shifts in terms of 

sensitivity to environmental change, rather than the quality of 

the change itself. However, although these studies suggest changes 

in carbonate deposition latitudinally, there is no indication of 

any temporal variation in the laying down of HO and LD bands. 

The occurrence of 12-13 very find high density bands within 

the annual Ilpair-band 1
! sequence in shallow moated colonies of 
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Porites from Holbourne Island, north of Bowen, suggests that 

environmental changes on a lunar timescale may influence density 

variation within the skeleton. The central region of the Great 

Barrier Reef Province has a semi-diurnal tidal regime, with summer 

extreme low/spring tides mainly occurring at night, and winter lows 

in the daytime. Any radical temperature Increases in moated waters 

tend to be ameliorated by this non-synchronisation. The intensity 

of any effect of solar radiation on a moated pool is a function of 

the time between Isolation of the pool from the falling tide, and 

inundation from the flood. This period may be longer during spring 

tides. Buddemeier and Kinzie (1975) reported low density phases 

in skeletal deposition in P. Zobata in association with the ful I 

moon on Oahu. These bands were only visible in the summer, low­

density phase of the skeleton, and did not occur during the denser 

winter bands. In the discussion section of the same paper, 

Buddemeler suggests that periodic growth variation in corals such 

as Por-ites reflects the change in fullness of the moon. He 

suggests that bright moonl ight may stimulate autotrophic genera 

to feed. Johannes and Tepley (1974) have shown Porites to be 

Inefficient at catching zooplankton, so moonl ight-response may be 

an Important tool in the energy requirements of the genera. 

Another suggestion for the lunar density variations in corals 

is based on reproduction activity. Porites, hOv/ever, has been 

shovm to have no lunar periodicity in spBwning. Marshall and 

Stephenson (1933, p.237) demonstrated the release of planula from 

colonies of P. haddoni (cf. P. australiensis ?) extended from 

before January unt[l May, 1929, and only decreased in June-July. 

The colonies from Holbourne Island used in this research presumably 

have no lunar spawning pattern. Thus, reproductive activity does 
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not seem to explain any lunar variation in density bandi~g for

Porites. However, it may be of significance to the major seasonal

banding observed in Great Barrier Reef corals, since the peak

periods of planula release correlate with the deposition of densest

skeleton. Final verification of this relationship awaits the

acquisition of data showing whether the time of spawning alters as

one moves up the coast, in the same manner as the HD band.

The resolution of discrepancies between density band data from

the Gre~t Barrier Reef Province and that from other areas may be

aided by the collection of band-width ratios (HD:LD) according 'to

latitude within the Province. Shifts in the proportion of one

density type to another would indicate a closer 1 faison between

changes in the eo»ironment and skeletal response.

Growth in a Uniform Environment

One of the most striking features about the growth rate,

however measured, of any species of coral, even over short periods,

is its variabil ity. The work of \4ood-Jones (1910) at Cocos-Keel ing

was the first to show that corals grew "in fits and starts il for no

apparent reason. Mayor (1924) reported that a massive PoriteB in

Paga Paga Harbour grew 37mm in diameter in 1917 .... 18, not at all the

following year, and a further 54mm in 1919-20. Buddemeier and

Kinzie (1976) review variability in annual growth rates for the

same species from equivalent macro-environments and report that

both year-to-vear intra-colony and inter-colony growth (on a

larger time scale) vary by a factor of about two. The results of

the analysis of growth rates of the POl~tes colonies from Fairey

Reef in this research support this. As shov/n in Chapter Three,

intra-colony gro\'/th rate varied year by year by almost exactly
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this factor_ (Figure 3.3). 

Intra-colony varfation occurs in most massive corals. Very few 

have perfectly regular hemispherical shapes. Differential radial 

growth may ensue in response to external or internal forces acting 

upon the colonial form. The example of microatoll formation is an 

indication of the extreme adjustment that a massive colony can make 

in response to adverse external influences. Exposure ki lIs the 

upper surface of the growing hemisphere, so the colony expands 

laterally. Should the water level in the moated pool rise, the 

growing edge of the corallum begins to grow back inwards towards its 

dead centre, in an apparent effort to regain the original hemi­

spherical shape. This desire to maintain a genetically determined 

form could be seen as an opportunistic response by individual 

coral I ites growing into newly created "free" space, ',vere it not for 

the fact that groups of polyps are often found restructuring the 

growth surfaces of a colony to regulate the corallum1s shape 

following injury or polypal crowding. Examples of both types of 

these activities can be seen In the section of the Holbourne Island 

rulcroatoll in Chapter T,.1O (Figure 2.9). In the present study, this 

intra-colony growth variation was excluded by using only those 

growth axes which had not experienced such modification. 

Inter-colony growth varlabil ity is less explainable in terms 

of external influences. Within a micro-habitat, minor fluctuations 

in water qual ity/current/nutrient status conditions may exist. 

LIMER 1976 illustrated the patchy nature of plankton distribution 

on a reef flat. Either the selection of the small habitat on 

Fairey Reef In the present case failed to mask this variabil ity, 

or some mediated response 'das being generated by the corals. 

Although the colonies selected for study ~vere all identified as 
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the one species on the basis of skeletal morpbology, It is possible 

that sub-groups were being examined for similar growth trends. 

The difficulty of ensuring that identical (clonal?) sub-groups are 

investigated is presumably incapable of solution at present. 

One approach to the total problem may be to look for zonation 

in growth responses within the microhabitat, by mapping colony 

positions prior to analysis. Checks could then be made for 

gradations or patterns within the pool population. 

Growth on Single Reefs. 

Sign I f I cant differences between the grm'ith means of Porites 

colonies from discrete zones on the Wheeler Reef platform (as 

reported in Chapter Four) may have imp! Ications for the development 

of the reef itself. Differential coral growth rates at specific 

locations on the platform cause preferential growth of the reef 

surface where those corals are a major source of carbonate, in 

either sediment or matrix form. The nature of the contribution of 

corals to upVJard reef development depends largely on the species 

and growth form of the colonies In question. Mayor (1924) 

speculated that reef growth was probably three times faster in the 

Pacific because of the more rapid grov/th of the dominant coral 

P. astraeoides in that ocean, than in the Atlantic, where the 

s IO\'ier grovIi ng OrbicelZm' anm,-Zaris (Montastl'ca?) is the dom i nant 

massive coral. Corals such as ACl"opora species contribute to 

up\'lard reef gro\'Jth by producing a porous open framework and eas i ly-­

broken down fragments, making them a major source of sediment in 

the reef system. The massive corals form a more \'iave-resistant 

matrix, and may contribute sediment only through the activities of 

bioeroders such as boring bivalves and sponges. 



The differential rate of upward reef building is thus 

dependent on species and growth form distribution as well as 
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growth rate. In the present study, the distribution of Porites 

on the Wheeler Reef platform precludes it from being a major" 

carbonate producer since it is not common on the windward edge. 

Smith and Kinsey (1976) have publ ished carbonate productivity 

measurements from both windward (seaward) and leeward (lagoonal or 

protected) environments. The figures, which are derived using the 

alkalinity reduction method on several reefs and atolls, show that 

windward area Cae0
3 

production is five times that of the protected 

leeward or lagoonal environments. This phenomenon is interpreted 

by the authors to be 1I1argely a function of variable water motion" 

(p.938). As Rosen's (1975) scheme postulates, the Porites biotype 

is confined to the deeper and/or more sheltered parts of the reef 

environment, unl ike corals such as Acropora ",/hich are among the 

major carbonate producers of the windward regions. 

Porites gro'tJth rates are important factors in the development 

of reef flats on the inshore fringing reefs of the Province. Kinsey 

and Davies (1979), from calcification values, propose a maximum 

vertical growth of 3.1mm/yr around the perimeter zone at One Tree 

Reef, using the figure of 50% porosity after normal aragonite 

compaction. They postulate that the central zones of the reef 

flat would have been subjected to growth-l imiting factors, and 

lagged behind the vertical accretion rates of the perimeter. More 

recently, Kinsey (1981) proposed a model of calcification and 

community metabol ism of increased complexity, forming the opinion 

that there are three modes of metabolic levels, from high energy 

environments, grading through a mixed mode of relatively high 

energy, and a low energy mode. This suggests that the vertical 
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accretion rates from different parts of the reef flat may be 

higher than the 3.1mm/yr figure stated above. In zones of high 

coral cove~, rates as great as 7mm/yr may be achieved. The zone of 

most favourable growth conditions for Po'pites, the leeward reef flat 

margin, should present rates of accretion approaching those of the 

colonies themselves. Where Pori'/;es is the dominant reef flat coral, 

the growth rates of the colonies are almost solely responsible for 

the upv!ard growth of the flat. Hopley et al. (In press) report 

colonial growth rates of 11 .3mm/yr (average) from Orpheus and 

Rattlesnake Islands, north of Townsville. Dating of cores from 

these same fringing reefs Indicates vertical reef flat accretion 

rates of 6.7-7.3mm/yr. The cores reveal that the principal reef 

flat builders are the massive corals such as POY'ites. These 

colonies remain relatively intact within the cemented sediments 

after being buried, forming a solid matrix. The reef flat uses this 

matrix as a platform for further upward growth. Thus, where Porites 

is a dominant genus, as on a fringing reef or leeward patch reef, the 

the rate of reef accretion may be largely controlled by the rates 

of colonial growth, particularly when a small negative factor Is 

introduced into the rate of skeletal deposltibn to account for 

bioerosion. 

The development of a reef platform from a veneer of corals 

on a deep substrate into a highly structured and vertically 

differentiated biolith standing above mean sea level, covers a 

period of changing environments within the boundaries of the plat­

form itself. These changes are wrought by the development of the 

platform surface, in relation to sea level, becoming progressively 
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more significant as mean sea level is attained. Hopley (1982, 

Chap. 10) describes the development in terms of change in the 

degree of environmental fluctuation, from the relative stabil ity 

of the deeper water, to the diurnal and seasonal variabil ity of 

shallow waters. Pichon (1974), working in Tulear, shows how 

energy gradients develop, differentiating windward environments 

from leeward. Sedimentary regimes and biological processes are 

affected, producing small variations in platform surface morphology 

and height. Feedback mechanisms among the biological components 

may develop, producing even greater differentiation in reef 

zonation over time. 

The three contrasting reefs studied in Chapter Five are examples 

of different stages in the development of reef platforms as discussed 

above. Barnett Patches is a comparatively young, largely submerged, 

reef, Wheeler Reef is older and at or about M.S.L., while Three 

Isles is a senile, highly structured platform which, because of 

moating, rises to above M.S.L. The zonal growth rates revealed 

from the three reefs in this study are suggestive of the degree of 

change in zonal growth patterns which parallel the development of 

the reef platform, as it progresses from the aarnett Patches type, 

through the Wheeler configuration, to the senile Three Isles stage. 

The zonal growth means plotted in Figure 5.4 show the sequence 

of development through time of the environments on a reef platform. 

The zonation on Barnett Patches is less discrete than on the other 

reefs. This is especially true of the different in growth means 

between the windward reef flat and the central flat, which is 

negligible, while it is sfgnificantly different on both Wheeler 

Reef and Three Isles. In energy terms, the vlindward and central 

reef flat environments are similar, prlncfpally due to the depth 
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of the substrate, and the scattered location of the reefal 

elements. The leeward reef zone on Barnett Patches has a 

significantly different grovJth rate mean to the other two zones. 

The integrity of this zone may be a function of its location with 

respect to the protection of the largest of the reef patches 

(see Figure 5.1). 

The zonation growth pattern on Wheeler Reef is an intermediate 

stage in the sequence. All the zonal means are significantly 

different, with the central reef flat becoming distinctive from the 

windward reef flat in zonation. This development parallels the 

upward growth of the platform at about M.S.L., with depth becoming 

a less important energy manipulator than reef platform configuration. 

Zonation becomes more concentric,with platform perimeter energy 

conditions determining windward/leeward zonation in growth rates. 

Three Isles has a discrete zonation in the growth patterns 

of corals on the platform. The growth rate means in Figure 5.4 

show that by the time the Three !sles stage of development is 

reached, the height of the reef flat above M.S.L. has become a 

significant factor in energy zonation. 

The protection offered by the reef platform to its leevJard 

perimeter sites is almost complete, with consequent improvement 

in the growth conditions of the calm water types such as Porites. 

This is reflected in the leeward growth figures for Three Isles 

( F i gu re 5. 4) ., 

The reef development sequence described by Hopley (1982, 

Chap. 8; reproduced in Figure ·6.1) refers to Barnett Patches as 

an example of a juvenile reef, with irregular reef patches rising 

from substrate highs in the pre-Holocene surface (Type! 1 I). 

Wheeler Reef 1 ies between the Type IV and Type VI reef, as an 

infilled multiple-lagoonal reef (Type V). The author 
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suggests th~t the multi-lagoonal (Type V) reefs can have relatively short

existences, especially if the pre-Holocene surface upon which it

grew \~faS shallovl or lacked significant relief. Three Isles is

represented in the scheme as a senile planar reef (Type VI). It has

reached the last stage in the development of the sequence, and

consists of the sanded reef flat with microatoll formation in

depressions, significant coral populations mainly on the leeward

margins, and is colonised by mangroves behind a well developed

rampart system.

The growth rates of the zonal coral populations concur with a

changing pattern of energy-control led environments through the sequence

of reef development discussed above. The relative zonal growth means

show the changing morphology of the platform as it approaches and

passes M.S.L., turning from a juvenile collection of patch reefs to

a senile planar reef. The occurrence of Pori-tea increases through

th is sequence, beg inn i ng wi th few co 1on i es alnong the dam i nant

Acropora on the juvenile reefs, then becoming more in evidence

in the lagoonal reefs, especially on the leevlard reef flats, and

finally dominating the coral assemblages in the moated margins and

leeward shelves of the senile reefs.

For the above reasons, coral growth rates vJithin a zonal

framework may ~id the classification of reef types into those 5ub-

groups proposed by Hopley (1982) at sorne future stage.

Growth Rates Across the Continental Shelf__0_.__----._.. _114 _

The relative growth rates of corals from the inner shelf reefs

and those of the outer barrier reefs affect differential reef

platforrn development according to shelf location. The data in

Chapter Five reveal faster, erratic growth in corals on inshore
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reefs, grading to slower, more consistent growth on the outer reef 

platforms. 

The intensity and frequency of occurrence of the environmental 

variables controlling coral growth determine the cross-shelf 

patterns. Intensity influences the growth rate, while frequency of 

effect alters the variability. Both the intensity and frequency 

of these controls decrease to seaward. This gradient suggests that 

controls on growth which are important in other parts of the world 

may not be as significant on the continental shelf margins of the 

Great Barrier Reef Province. Variability in growth rate is lower 

at the shelf edge, indicating the effect of distance from the 

coast on controll lng-variable intensity, resulting in a lack of 

stimulation and/or repression of growth. Shelf edge conditions 

such as seasonal upwelling do not appear to be significant 

influences in the Province (compare with the findings of Glynn 

1977, in the Gulf of Panama). 

The depression of growth rates in the shelf centre during 

years with less-than-average rainfall indicates the centre section 

may be a transition zone, with the intensity of ·climatic events 

being the limiting factor. The influence of terrestrial factors 

can be seen to be more important than those from oceanic regions, 

since it is clear that there are no "dry" season effects which 

vary from the ocean direction. The correlation coefficients 

measuring the significance and relative strengths of the land/ 

ocean influences on growth (Chapter Five) support this conclusion. 

The cross-shelf growth rate pattern for corals may have a 

parallel in the contrasts betl:Jeen continental shelf reef accretion 

rates and atoll grm·Jth. Hopley (1982, Chapter 8, Table 8.3) 

summarises the data from the 1 iterature on the publ ished results 
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of radiocarbon dating of reef cores from Caribbean and Indo-Pacific 

reef areas relatLng to accretion rates of different reef types. 

These show that fringing reefs from both oceans have the largest 

rate of upward growth, followed by shelf, bank, or barrier reefs, 

with atoll development being the slowest. It would be of interest 

to know whether growth rates for coral coZonies reflect this 

pattern, but a search of the available literature reveals that not 

enough species have been measured from each location to make this 

comparison. The findings of this study suggest that coral growth 

rates should vary between fringing reefs, barrier reefs, and atolls 

in much the same manner as the cross-shelf pattern within the 

Great Barrier Reef Province. 

Multivariate Relationships: Coral Growth and Environmental Controls 

In Chapter Two it was pointed out that only those statistical 

techniques which could be used with non-normally distributed data 

were utilised in this analysis. The distribution of colony growth 

values from the Province is plotted in Appendix B. T~is spread 

of values is possibly within the ambit of parametric analyses, so 

the appl icatlon of these methods was attempted, to provide an 

Interesting, if less robust, measure of the combined influence~ 

on coral growth rate. The results of this statistical exercise 

should be regarded as indicators of relationships rather than 

definitive measurements. 

Several independent variables If Jere chosen against which to 

regress grmvth rate. These were variables Itlhich had snm,r11 that 

they were related to growth in earlier analyses. Age of colony 

was chosen as a genetic parameter, latitude, shel f-zone, and 

reef zone and depth as loeational variables, and the mean annual 
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rainfall as an environmental variable. With this mix of independent

variables, the relative effects of each type of influence on growth

rate could be found.

Multiple regression runs on the annual growth values with the

independent variables indicated that the total portion of the

variability o~ growth rate which could be explained in terms of

those variables was very low (Table 6.1).

TABLE 6. 1

MULTIPLE REGRESSION: SELECTED VARIABLES AGAINST GROWTH RATE
(DEPENDENT VARIABLE: MEAN ANNUAL GROWTH RATE)

Variable Mult. R R. Square beta-
Age .311 .096 -.28

lat j tu.de .419 .175 -.26

Shelf-zone .1~69 .220 .21,3

Hean ann. r a i nfa 11 .501 .251 -.206

Reef zone .505 .256 -. 113

Depth .513 .264 .105

The indication for this type of analysis is that, for any large

ecosystem such as the Great Barrier Reef, the. selection of

variables against which to regress such measures as growth data

is of prime importance. !n the present case, the independent

variables used may not be the most influential variables, or there

may not be enough independent variables in lise in the analysis.

The development of a reliable data base from \t.Jhich to choose

measures of environmental variables seems essential if more than a

cursory effort is to be made to describe the patterns of coral

growth usi.ng multivariate techniques.
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p,. PP END I X A 

COLLECTION SITE DATA 

Port Moresby-July 1977 (collection month) 

- several small colonies from leeward side of small island off 
coast 

- depth about 1 metre 

tbrth Triangle Reef-November 1975 

- several small heads from top of bommie on leeward side of 
plug reef in surge channel 

- depth about 1 metre 

Carter Reef-June 1976 

- large collection made from lee side of large bommie on leeward 
face of main reef 

- depth about 2 metres 

Nymph I s I and-June 1976 

- two collections from west and south side of island platform. 
- depth .3 metre 

Eyr i e Reef -December 1977 

- severai colonies IO-15cm diameter from back reef area to south 
of sand cay 

- depth 2 metres 

Long Reef-July 1976 

several colonies taken from reef in lee of platform 
- depth 1 metre 

Low \~ooded Island-july 1976 

- severa 1 larger heads Pontes and three GoniastY'ea coIl ected 
from leeward reef face 

- depth 3--5 metres 

Three isles-July 1976-

- see text, Chapter Five 

Lark Pass Reef--July 1976 

- several samples taken from under leevJElrd anchorage, more from 
reef flat 

- depth 12 metres and 1 metre 



Ca i rns Reef-June 1976 

nine colonies taken from small bommie south of opening 
on NE side of reef 

- depth 1-2 metres 

East Hope Is1and--June 1976 

- large collection from east face of bommie to north of anchorage 
- depth 2-15 metres 

Pickersgi11 Reef-June 1976 

- sma 11 number of Porites co 11 ected from N\~ face of reef 
platform to leeward of cay 

- depth 2-5 metres 

Yule Pt Reef-June 1974 

- three large heads taken from fringing reef approximately 
150 metres from shore 

- depth 0.5 metres at M.L.W.S. 

Barnett Patches-October 1975 

- see text, Chapter Five 

Pe10rus Island--May 1977 

- large collection from reef shelf to lee of southern sand spit 
- depth 2-5 metres 

Lodes tone Ree.f_-Ap r i I 1976 

- small number of 15-20cm diameter heads from lee 6f reef 
platform 

- depth 2 metres 

Keeper Reef-October 1976 

- several small colonies taken from reef tlat at lOW tide 
- depth 1 metre 

- three colonies 15cm diameter from leeward reef slat 
- depth 1.5 metres at H.L.W.S, 

I,.!hee 1 er Reef-June 1975 

- very large collection from a1 I parts of platform 
- see text, Chapter Four 

Pandora Re~--May 1977 

several medium sixed colonies from leeward slope of platform 
behind shingle cay 

- depth 1-5 metres 



V; pe r Reef -June 1977 

- large collection of small heads from back-reef slope of 
III agoonll 

- depth 2-3 metres 

Bowden Reef-December 1975 

small number of colonies taken from reef flat in centre 
of south east platform 

- depth 1-5 metres 

Ra ttl e s n a k e I s 1 and -- ~\a r c h 1 976 

- fifteen coral heads from reef flat on NW side of high 
island (fringing reef) 

- depth 1-2 metres 

Leopard Reef-May 1977 

- several colonies taken from eastern patch reef of group 
- depth 15 metres 

Hagnetic Island-April 1978 

- five medium colonies and wedges from three very large 
microatolls from Geoffrey Bay fringing reef 

- depth 0.5 metres at M.L.W.S. (moated) 

- several medium colonies from south eastern tip of largest 
patch of the complex 

- depth 1-2 metres 

Fa i rey Reef-October 1976 

- eighty sma11 colonies taken from small P?oJ 
- see text, Chapter Three 

Ho1bourne Is1and-l'lay 1974 

- several large sections of moated microato1 Is from middle 
Ildouble ringed" pool close to shore on fringing reef 

- depth 1 metre at M.L.W.S. (moated) 

Parker Reef-t'lay 1977 

- six medium corals from leeward crest of reef platform 
- depth 1-2 metres 

Bushy Island (Redbill Reef)--October 1977 

eight small colonies from base of bommie in small lagoon near 
cay 

- depth 3-5 metres 



Molar Reef-October 1977 

- several small to medium colonies from east face of platform 
near anchorage 

- depth 1-3 metres 

Cockatoo Reef-October .1977 

many small colonies from rim around "blue hole ll (see Backshall 
et az' 1979 for map) 

- depth 0.5 metres at M.L.W.S. 

Mystery Cay Reef,-July'1975 

- six small to medium colonies from western tip of reef platform 
- rlepth 1-2 metres 

Heron lsland--August 1977 

- small collection made from reef platform due west of research 
station about 200 metres from beach 

- depth 1 metre at M.L.W.S. 
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GROWTH DATA DI~TRIBUTION 
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APPENDIX C 

COLONY DESCRIPTORS 
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:~J13 

22015 
21016 
2:0CS 
2~Cll 

:"2C~9 

~:012 

:::020 
22328 
::J01 
220\~6 

23~h"'5 

2.3l;O: 
2~;,C07 

23GJS 
:3JJ~1 

2.3D03 
~..: ()07 
2·h~J3 

:-!OlG 
2~ G :.2 
2·h1! ..t 

:':'~CJ 3 
2-!CtL~ 

2 ':1..1J5 
2';001 
:':Sl}20 
~Si.~lo 

:SC:!l 

25012 
'::5'::06 
~5010 

.. 94 

.82 

.97 

.50 
1 .. 37 

.. 64 
1.14 

• S 5 
1~14 
, A, 
~. u_ 

.61. 
1. 2 5 

.72 
1.17 

.72 

.. 6 5 

.55 

.51 

.6-: 

.70 

.75 

.78 

.71 

.62 

.79 

.53 

.53 

.56 

.66 

.64 
• 7 ~ 
.59 
.61 
.69 
.0 ~ 

.75 
1.04 

.~S 

• G 3 
.99 

1. 0 2 
1. OS 

.91 
1.09 
1. 0 9 
1.11 

.. 7 4 
• ri 9 
.63 
.B 
.76 
.91 
.69 

SDV 

.13 

.08 

.07 

.03 

.16 

.. 0 -! 

.1·: 

.08 

.10 

.10 

.04 

.1S 

.05 

.11 

.05 

.. 0 4 

.03 
• 0 ~ 
.06 
.10 
.06 
.0 G 
.03 
.04 
.06 
.0 .; 
.04 
.03 
.03 
.04 
.04 
.02 
.03 
.04 
.114 
.05 
.05 
.11 
.. 0-1 
.04 
.H 
.09 
.03 
.10 
.05 
.11 
.12 
.: .\ 
.. 07 
.11 
.06 
.06 
.03 
.04 
.07 
.12 
.OS 

CVR 

.14 

.10 

.07 

.07 

.12 

.07 

.12 

.09 

.os 

.10 
.. 0 6 
.15 
.08 
.. 1 0 
.07 
.07 
.06 
.06 
.09 
.15 
.09 
.07 
.05 
.06 
.07 
.07 
.0 G 
.05 
.05 
.06 
.07 
.03 
.05 
.07 
.06 
.OS 
.07 
.11 
.05 
.C7 
.07 
.09 
.03 
.09 
.06 
.. 10 
.13 
.13 
.07 
.09 
.08 
.09 
.04 
.06 
.09 
.13 
.07 

VOL 

269.94 
305.89 

1712.11 
2600.00 
835.69 
911.05 

1306.40 
199.59 

13J1. 20 
2759.14 

799.62 
325.00 
970 .. ·i·i 
911. 05 

4006.08 
1991. 76 

97,],44 
1032.37 

575.76 
57.08 

236.92 
1233.84 
2600.00 

444.';8 
1281.90 
1281 .. 90 
lBlL~. 79 
507.29 
236.93 
253.07 
681. 57 

2832.87 
309G.6~ 

1653.75 
105.84 

1177.76 

990.80 
1296.SG 

287.54 
2718.76 

5.:7.68 
60-i.78 
-120.88 

3555.84 
634. 77 
420.38 
~2C.t3iJ 

~~O.83 

76·\. b 1 
365.58 
·14':'~U 

40.63 
lO:h; .. 11 G 

24'; .. 91 
12&.43 
287.54 

ID.NO 

25008 
25030 
25025 
25024 
25029 
25026 
25003 
2GOOl 
26002 
27300 
27024 
27030 
27025 
27027 
27026 
27017 
270: 3 
27019 
27020 
27021 
27018 
27004 
27009 
27003 
27011 
27014 
27lL22 
270C8 
27023 
27101 
17102 
27006 
27001 
27015 
27016· 
28053 
2S002 
260dS 
28032 
28045 
211062 
28G38 
28050 
2tl 0 30 
20009 
2~~006 

280';6 
2tH;QO 
2,1002 
2B99Sl 
28007 
2~OJ9 

280J1 
2U012 
28017 
280ti·: 
28025 

MEAN 

.76 

.73 

.76 
1.18 

.64 

.59 

.59 

.88 
2.07 

.84 

.93 

.95 

.76 

.62 

.91 
1.14 

.76 

.69 

.80 

.73 

.68 

.92 

.66 

.97 
1.17 

.84 

.9 G 

.63 

.S8 
1. 2 2 

.94 

.66 

.63 

.66 

.66 

.51 

.62 

.73 

.93 

.. 43 

.72 

.64 

.72 

.73 
,,53 
.68 
.fi9 
.59 
.57 
.72 
.64 
.54 
.79 
6" 

.75 

.54 

.71 

SDV 

.04 

.04 

.02 

.10 

.05 

.03 

.02 

.04 

.29 

.06 

.09 

.05 

.06 

.06 

.07 

.0-1 

.05 

.03 

.07 

.0<1 

.07 

.04 

.06 

.06 

.07 

.07 

.ou 

.08 

.05 

.08 

.07 

.. 0 4 

.04 

.O~ 

.02 

.16 

.13 

.07 

.23 

.0 J 

.03 

.09 

.04 
~ 0 5 
.04 
.Oo! 
.09 
.05 
.09 
.06 
.06 
.05 
.10 
.00 
.10 
• O~) 
.05 

CVR 

.05 

.05 

.03 

.08 

.07 

.06 

.03 

.04 
~ 14 
.. 0 7 
.10 
.05 
.08 
.09 
.08 
.03 
.05 
.05 
.09 
.05 
.10 
.04 
.10 
.07 
.06 
.09 
.08 
.12 
.09 
.06 
.C8 
.07 
.07 
.07 
.03 
.32 
.21 
.09 
.24 
.06 
• Q 4 
.14 
.08 
.06 
.08 
.C6 
.13 
.U9 
.15 
.12 
.10 
.09 
.13 
.09 
.14 
.10 
.08 

VOL 

590 .. 15 
71.7.49 
590.15 
533.99 
236.93 
393.14 
185.83 

5912.22 
49S7.22 
202'.~9 

1075.08 
2967.03 

835.G9 
131. 70 

1433.56 
244.91 
335 .. 69 

2841.09 
681. 57 

2759.14 
SYO.lS 

1786.02 
747.49 
817.52 
520.52 
799.62 

2300.31 
2.1. 27 

111.43 
305.89 

2125.24 
747.49 
334.85 
nO.63 
261. .j 2 

22.'; 0 
77.72 
63.41 
15.72 
63.1,1 

121. 31 
85.20 
B5.20 

214.01 
10.65 

799.62 
290.52 
116.32 

60.19 
85.20 

507.29 
69 1.67 
160.24 
IJ1 .. 70 
236.93 

51.18 
315.35 

ID.NO 

28888 
23019 
28027 
28063 
28005 
28014 
28059 
280') :> 
28015 
28051 
23C52 
28037 
28004 
28044 
28016 
2fl001 
28021 
28019 
1801,2 
2302G 
2B02S' 
28061 
28024 
28023 
2B034 
28011 
n040 
28010 
23041 
28056 
28013 
29036 
29C 38 
290S1 
29004 
29006 
2<)034 
2~002 

29026 
nco 3 
2t) 0 0 1 
2905i 
31008 
31004 
31001 
310 :0 
31002 
31020 
JJGOJ 
31007 
32008 
J2002 
320 II 
J2010 
32015 
320% 
32007 

HEAN 

.62 

.87 

.72 

.44 

.65 

.65 

.73 

.68 

.58 

.70 

.65 

.72 

.42 

.59 

.. 65 
1.13 

.70 

.83 

.62 

.54 

.48 

.. 55 

.75 

.68 

.57 

.61 

.82 

.. 44 

.74 

. e 5 

.83 

.77 
1.18 
1. 49 

.35 

.79 
1. 26 
1. 0 5 
1.17 

.80 

.78 
1. 7 5 
1. 0 6 
1. 49 
1. 0 6 
1. 23 
1. 55 

.. 94 

.93 
1. 50 
1. 05 
1.00 

.94 

.45 

.62 

.B 
1.10 

SDV 

.07 

.07 

.06 
.. 0:> 
.09 
.04 
.14 
.06 
.10 
.04 
.10 
.20 
.04 
.03 
.09 
.52 
.08 
.09 
.06 
.05 
.05 
.04 
.11 
.08 
.03 
.07 
.12 

.• 04 
.10 
.10 
.08 
.05 
.13 
.09 
.03 
.08 
.09 
.08 
.04 
.07 
.07 
.05 
.08 
.] 0 
.09 
.14 
.12 
.11 
.0'. 
.12 
.08 
.1 1 
.09 
.U6 
.02 
.07 
.09 

CVR 

.12 

.09 

.09 

.12 

.14 

.06 

.19 

.09 

.17 

.05 

.15 

.27 

.09 

.05 

.13 

.47 

.12 

.11 

.09 

.09 

.10 

.08 

.15 

.11 

.06 

.12 

.1 :> 

.09 

.13 

.12 

.10 

.07 

.11 

.06 

.07 
• 10 
.07 
.07 
.04 
.09 
.09 
.03 
.0-; 
.07 
.08 
.11 
.08 
.12 
.. os 
.08 
.07 
.11 
.10 
.13 
.04 
.09 
,08 

VOL 

131.70 
365.58 
121.31 

48.39 
154.23 

89.25 
221. 48 
179.19 
172.72 

57.08 
244.91 

25.84 
142.67 

33.74 
154.23 

29.52 
57.08 

315.35 
214.01 
50.68 
35.9~ 

420.88 
137.11 
420.88 

1331.20 
296.62 
72Q.63 

77.72 
365.58 
102.19 
507.29 
619.65 
930.:;7 
547.68 
723..94 
665.72 

2(,78.78 
81. 27 

1474.62 
287.54 

2125.24 
891.80 

1596.73 
2924.65 
1075.08 
2484.75 
3320.95 

26Y.94 
2091. 13 

561.6:l 
G50.12 

350(1.00 
728.94 

29.62 
IC75.0e 
2229.17 
2522.78 

ID.tlO 

32012 
32002 
32003 
33010 
33011 
33046 
33017 
330J3 
33028 
33015 
33001 
33002 
33005 
33014 
33006 
33007 
33011;) 
3';204 
3·,003 
34009 
34007 
34001 
34017 
34014 
34021 
340C6 
3'~003 

35004 
360C1 
37018 
37005 
37005 
37007 
37004 
33011 
38004 
38GG9 
38007 
38013 
38002 
38001 
38016 
38005 
38012 
38010 
38015 
38018 
3dOl~ 

38017 
38020 
38003 
38006 
38019 

HEAN 

1.05 
.90 
.65 
.65 
.84 
.71 

1.40 
.82 
.69 
.66 
.83 
.65 
.64 
.73 
.74 
.94 
.69 
.61 

I .. 15 
.. 61 
.62 
.73 
.77 

1. 28 
1. 00 

.7? 
1. 20 
1. 39 
1. 4 2 

.80 
1. 02 

.88 

.95 
1. 22 

.78 

.83 

.77 

.85 
1. 27 

.90 

.92 

.72 

.77 

.98 
1.14 

.84 

.85 
7" 

.95 

.98 
1. 04 

.,)7 

.73 

SDV 

.20 

.04 

.04 

.03 

.06 

.06 

.21 

.12 

.11 

.03 

.07 

.04 

.04 

.08 

.10 

.08 

.02 

.04 

.1') 

.05 

.06 

.02 

.06 

.19 

.11 

.04 

.0') 

.12 

.13 

.10 

.06 

.05 

.07 

.16 
.. 03 
.03 
.11 
.15 
.07 
.15 
.07 
.C2 
.07 
.14 
.l8 
.07 
.09 
.13 
.12 
.07 
.09 
.12 
.06 

CVR 

.18 

.05 

.07 

.04 

.0.7 

.08 

.15 

.. 14 

.16 

.04 
.. 09 
.06 
.06 
.11 
.13 
.09 
~04 

.07 

.08 

.07 

.09 

.03 

.07 

.15 

.11 

.05 

.07 

.09 

.09 

.12 

.06 

.06 

.07 

.13 

.04 

.04 

.14 

.17 

.. os 

.17 

.07 

.02 

.09 

.14 

.11) 

.09 

.11 

.18 

.13 

.0; 

.08 

.12 

.08 

VOL 

199.59 
2551.19 
2924.65 
2372.95 
2639.20 

325.00 
en.so 

38.24 
106.77 
160.24 
507.29 

1991.76 
U3. }7 
126.43 

·335.1'; 
720.'>4 

2372.95 
296.62 
2S~.'J7 

126.43 
d1.70 
990.30 
409.H 
H8.37 
561.60 
337.GB 

2~v(J. ~l 

2~09.B3 

32Gi .. S5 
456.60 
3~4.e9 

1281. 90 
4397.S0 
590.15 

3:'.74 
40.63 

JAB. ;7 
199.59 
.1~2.67 

51.l8 
253.07 

25.34 
1~8.37 

305.e9 
421.S0 
520.52 
34~.S9 

142.;:'7 
1257.i2 

185.83 
63.41 

344.89 



ID.:W SPP ACE DPT!! 

1003 
1005 
1042 
1030 
lC47 
102'1 
1 I) J·l 
10~1 

10'..~ 5 

200<3 
2003 
2001 
~OJ2 

3C·~ 8 
3051 
':C4~ 

J l~~-l 
3(;01 
30 ~16 
30n 
3C-:6 
3CC4 
30·~ ~ 

3\';C 7 
"'\·1" 
,)U_ .... 

JLiJ: 
30J3 
~O-lJ 

';823 
·hi::2 
40~~ 

5~93 

50L'~ 

5 0 .. ~_~ 
50C2 
sues 
5J06 
5C0i 
5003 
5Cll 
50C9 
5010 

6086 
~CS7 

60G~ 

6~Ol 

6009 
Gee6 
60G4 
6005 
7003 
7008 

7(1:1 
7;)09 

3 
3 
3 
.3 
3 
3 
3 
3 
1 
1 
1 
1 
4 
.l, 
2 
2 
2 
7 
1 
7 
1 
2 
-I 
4 
2 
1 
7 
1 
3 
5 
5 
3 
3 
2 

3 
3 
3 
2 
3 
3 
3 
3 
2 
5 
4 
~ 

2 
2 
5 
5 
1 
3 
3 
4 
3 
3 

10 
5 
4 
7 
5 
·1 
5 

Ie 
7 

6 
3 
5 
5 

6 
12 

4 
6 
7 

11 
9 

13 
10 
15 

5 
5 
5 

11 
5 
6 
5 
5 
3 
5 
7 

4 
7 
5 , ~ 

..1.,:-

17 
8 

9 
9 
6 
5 

16 . , 
~. 

7 
::"0 
11 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
J. 
1 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 ., 
3 

2 
2 
2 
2 
2 

2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 

IO.NO SPP ACE DPT!! 

7005 
8044 
8047 
8045 
800 
tl033 
BOH 
8931 
80Jl 
8067 
8066 
8 G12 
806S 
8614 
BOG4 
8610 
no,> 3 
0611 
8041 
81>1 
8611 
8613 
86~5 

8069 
8061 
80c2 
80S1 
8087 
BSlO 
8088 
8812 
8085 
8312 
8210 
U033' 

8035 
8310 
8034 
8314 
8311 
8313 
8310 
8032 
8039 
80 J7 
9051 
9007 
9004 
9151 
9011 
9001 
9017 
90J5 
9031 

10003 
10031 
10002 

2 
5 
2 
5 
2 
2 
2 
1 
2 
5 
4 
5 
5 
1 
2 
4 
2 

2 
3 .. 
2 
2 
5 
2 
3 
5 
5 
1 
3 
3 
3 
5 
4 

5 
5 
5 
.3 
.; 
5 
5 

5 
5 
2 
3 
3 
2 
2 
2 
3 
2 
2 
3 
3 
3 

6 3 
11 1 

7 1 
7 1 
7 1 
8 1 
6 1 
9 1 
5 1 

1 
1 

6 1 
9 1 
3 1 
4 1 
6 1 
3 1 
.3 1 
5 1 
8 1 

1 
4 1 
5 1 
3 1 
6 1 
7 1 
4 1 

10 1 
11 1 
14 1 

9 1 
3 1 
5 1 
G 1 

11 1 
9 1 
7 1 

14 1 
o 1 
e 1 
5 1 
7 1 

12 1 
12 1 

B 1 
10 3 

6 3 
12 3 
12 3 
11 3 
13 :; 
14 3 
15 3 
10 3 

5 1 
5 1 
7 1 

ID.NO SPP ACE OPT!! 

10001 
10001 
10005 
11038 
1.1015 
11034 
11 020 
11412 
11033 
11044 
11041 
11032 
11045 
DO 1 
ll046 
11031 
110",8 
ll051 
113 71 
11317 
11410 
11049 
12007 
12011 
1300l. 
13003 
lJ005 
13004 
11,010 
15002 
15819 
15023 
15007 
1502J. 
15010 
ISG20 
15056 
15011 
J5028 
15001 
15G18 
15053 
15057 
15023 
J 50 ~ 5 
15024 
15029 
15016 
15015 
15017 
15020 
16009 
lr,OOl 
16008 
16201 
1610: 
16106 

3 9 
3 8 
3 8 
2 13 
1 9 
3 6 
1 6 
3 8 
3 9 
3 6 
2 9 
3 11 
3 14 
3 6 
2 9 
2 9 
3 8 
3 6 
2 15 
2 13 
3 J.O 
3 7 
3 9 
2 6 
3 9 
3 7 
3 9 
3. 6 
3 6 
.3 7 
2 11 
4 7 
2 6 
1 II 
4 
1 5 
3 6 
1 4 
1 10 
1 4 
3 G 
1 9 
1 G 
3 3 
2 4 
3 2 
1 8 
4 5 
1 7 
1 5 
1 7 
3 11 
1 7 
3 6 
3 7 
3 6 
3 8 

1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

ID.NO SPP JlCE DPTH 

16102 
17003 
17005 
17007 
17004 
10051 
lS001 
19002 
2()OlO 
20015 
20151 
20033 
20025 
20021 
20027 
20029 
2 (;f) 34 
20022 
20 Oii 7 
20(j70 
2007G 
20066 
20075 
20077 
20073 
~OOG5 

20069 
200~7 

20042 
20002 
2C{)06 
20037 
20055 
20U9 
200t.~ 

20490 
20149 
20041 
20054 
20144 
20044 
20046 
20050 
20052 
20901 
20~ 0 3 
20902 
~0903 

20904 
20905 
20912 
20910 
20911 
20915 
20916 
20943 
20935 

3 
3 
3 
3 
3 
3 
1 
1 
2 
2 

2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
3 
2 
5 
2 
3 
2 
5 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
.; 
4 
2 
1 
7 
2 
2 
2 
4 

5 2 
10 3 

6 3 
.; 3 

10 3 
a 2 
8 1 
7 1 
5 1 
4 1 

10 1 
9 2 
3 2 
9 2 
6 2 
5 2 
7 2 
6 2 
a 2 
5 2 
5 2 
7 2 
8 2 
6 2 
8 2 
6 2 
3 2 
6 2 
5 2 
2 2 
4 2 
3 2 
4 2 
4 1 
6 1 
9 1 
3 1 
5 1 
6 1 
6 1 
7 1 
8 1 
5 1 
5 1 

12 2 
6 2 
3 2 

11 2 
5 2 

11 2 
11 2 
10 2 
13 2 

7 2 
7 2 
9 2 
6 2 



I D. NO 51' P AGr: OP'I'H 

20931 
20,13~ 

22002 
21081 
:? lOl1-t 
2:'lh~7 

21,')08 
~ 1 ~10 'J 
.:: 1111 
21211 
21212 
21107 
21110 
211GB 
21109 

22019 
':';:::J17 
2201·1 
2,2013 
22015 
:'::':016 
22COS 
~:;O:l 

:'::::('~\9 

::.~ l)I.~7 

2.2C05 
2200': 
22012 
2:CCO 

::::'('1,.1 1 
:'::':CC6 
23 ... ·)\:15 
2301.")1 
23007 
23JOS 
23ClH 
23003 
2 .. h)07 

.... ..,\.-'l .. 

:-!:O..:. 
~..f003 

2~0l~2 

'24005 
~";'0Cl 

2"10:::0 
':Ju.!.~ 

2SU: .. \ 
25012 
250{)o 
25010 

4 
3 
3 
5 
3 
3 
5 
J 
3 
3 
1 
1 
1 
'1 
3 
4 
.; 

4 
3 
4 

4 
3 

4 
4 
4 
4 

1 
3 
.1 
3 
3 
~ 

4 

3 

4 
~ 

2 
4 

5 
6 
9 

20 
5 

11 
7 
5 
7 

10 
11 

4 
10 

6 
16 
1-1 
13 
12 

9 
.j 

6 
10 
14 

10 
15 
14 
10 

8 
7 

10 
30 
18 
14 

5 
12 

9 
7 ., 

.U 

10 
16 

6 
6 
5 

14 
<> 
6 
5 
5 
6 
7 

" 10 
6 
4 
7 

2 
2 
3 
3 
3 
J 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
:2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2. 
2 
2 
3 
3 
3 
3 
3 
3 
3 
.3 
3 
3 
-, 
., 

2 
2 

ID.NO SPI' AGE OPTH 

25008 
25030 
25025 
25024 
2,.029 
25026 
25n03 
2(>001 
2(,002 
27300 
27024 
2703Q 
27025 
27027 
27026 
27017 
27013 
27019 
27020 
27021 
2701B 
27004 
27009 
27003 
27011 
2"7014 
27022 
27003 
27023 
27101 
27102 
27006 
27GOl 
27015 
27016 
28C53 
28002 
28088 
280.32 
28 O'i 5 
2(l062 
28038 
23050 
28030 
2HG()'J 
28006 
28046 
2lJ060 
28002 
2o~)9 

2B007 
2G 030 
2H031 
2tlU1.2 
28017 
2Utlb4 
288G8 

2 
2 
2 
1 
4 
2 
~ 

3 
3 
3 
4 
4 
4 

,4 

3 
4 
5 
5 
4 
4 
3 
3 
4 
4 

4 
4 
4 
3 
4 
4 
4 
4 
4 
2 
2 
4 

2 
2 
2 
2 
4 

" 4 
2 
2 
4 
4 

1 
1 
1 
1 
1 

8 
9 
8 
5 
7 
9 
7 

IS 
6 

11 
8 

11 
9 
6 
9 
4 
9 

15 
8 

14 
9 

18 
10 

7 
5 
8 

10 
5 
6 
4 

10 
10 

8 
10 

4 
5 
4 
2 
6 
5 
5 
7 
6 
3 

10 
7 
6 
5 
7 
9 

12 
5 
6 
6 
5 
7 

2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
J. 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ID.NO SPI' AGE OP'I'li 

28025 
28049 
28027 
28063 
28005 
28014 
2HO'~9 

7.8095 
28015 
2U051 
28052 
280-'7 
2BQG4 
28044 
280J6 
2HOOl 
28021 
28019 
28042 
28026 
2UO?9 
28061 
28024 
23023 
28034 
28011 
2fJ 0·1 0 
28010 
2UOH 
28056 
20013 
29036 
29038 
29\J51 
29004 
29006 
29034 
29002 
29026 
29003 
2900, 
290S1 
31008 
31004 
31C01 
31010 
31002 
31020 
31003 
31007 
3~OOa 

3L002 
32011 
32010 
32C15 
32006 
32007 

1 6 
1 6 
1 5 
1 6 
1 6 
1 5 
1 6 
1 6 
1 7 
1 4 
1 7 
6 3 
1 9 
1 4 
1 6 
3 2 
1 4 
1 6 
2 7 
1 11 
1 5 
1 10 
3 5 
3 8 
2 14 
3 8 
3 8 
3 7 
3 7 
3 4 
3 7 
1 8 
1 6 
2 4 
2 16 
2 8 
2 3 
2 3 
2 15 
2 6 
3 12 
2 4 
3 8 
2 7 
3 7 
3 8 
3 7 
2 5 
2 10 
3 4 
4 6 
4 11 
t, 6 
2 5 
3 12 
8 12 
8 9 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

ID.NO SI'P AGE OPTH 

32012 
32002 
32003 
33010 
3~0 11 
33046 
33017 
33u 13 
3J028 
33015 
33001 
33002 
33005 
33014 
33006 
33007 
33016 
34004 
34008 
34009 
34007 
34001 
34017 
34014 
34021 
34006 
36003 
36004 
36001 
37018 
37006 
37005 
37007 
37004 
3eOll 
38004 
38009 
38007 
38013 
38002 
3fJ001 
33016 
38005 
38012 
~8010 

38015 
38018 
3B014 
38017 
38020 
38003 
3G006 
38019 

3 
4 
4 
5 
5 
4 
S 
7 
5 
5 
1 
1 
3 
4 
3 
8 
5 
8 
8 
8 
8 
8 
2 
8 
8 
8 

4 
2 
1 
3 
3 
3 
3 
4 
2 
2 
4 
4 
2 
2 
2 
2 
4 
2 
2 
1 
2 
2 
4 
2 
4 
2 

4 2 
11 2 
16 2 
15 2 
12 2 

7 2 
5 2 
3 2 
5 2 
6 2 
7 2 

14 2 
6 2 
5 2 
7 2 
6 2 

14 2 
8 1 
4 1 
6 1 
6 1 

10 1 
7 1 
3 1 
6 1 
7 1 
8 2 
7 2 
8 2 
7 .2 
5 2 
9 2 

13 2 
5 2 
3 1 
3 1 
5 1 
5 1 
3 1 
3 1 
5 1 
3 l 
5 1 
5 1 
5 1 
7 1 
6 1 
4 ·1 
4 1 
a 1 
4 1 
3 1 
7 1 



ID.NO 

1003 
lGes. 
lC42 
1030 
10-17 
1027 
103-1 
lO~l 

2805 
':uSS 
20 O~:: 
:CO 3 
2001 
::C02 
30~8 

J;;51 
3J45 
30:4 
30Ul 
3 \,,~ 06 
3041 
30~6 

308 ,~ 
3Q~~ 

3CG7 
30::1 
JOt." .2 
JCOJ 
~ ('\ .... 

., u.,.) 

~G23 

4,)22 

5993 
5L:O-4. 
5001 
50C2 
seo;; 
SO ~~ 6 
5JJ7 
5003 
50!J. 
5089 
5010 
6010 
l,(\()6 

60S7 
Gel}2 
GC:C 1 
0.0;."\9 
60\..'16 
h)J~ 

bOOS 
700 J 
7008 
7Cl14 
7011 
7009 

L.\T SHZ RZ 

950 
950 
950 
950 
950 
950 
950 
950 

1065 
1065 
lCGS 
1065 
106S 
1065 
1-!65 
l-i65 
1.!6S 
1.465 
141) 5 
146:' 
1 ~ G 5 
1465 
1465 
1.;65 
U65 
1~G5 

1~"5 

:~65 

.l~ 66 
:';66 
l·i 6 6 
1~66 

1';72 
1472 
1~72 

1.:7 2 
147.2 

1~72 

1 ~ 72 
H7:2 
1501 
15<11 
1501 
1:, lJ 1 
1501 
1501 
1501 
15G1 
IS01 
1 S(I:.? 
1502 
1 ~\O:1 
1502 
1502 

3 5 
J 5 
J 5 
3 5 
3 5 
3 5 
3 5 
3 5 
1 -1 
1 4 
1 4 
1 
1 4 
1 4 
1 4 
1 4 
1 4 

1 " 1 ~ 

1 .~ 

1 4 
1 4 
1 4 

4 
4 

1 4 
1 4 
1. .: 
2 4 
2 4 
2 
2 4 
2 4 
2 -I 
2 4 
2 4 
:2 
2 4 
2 4 
2 
:/ 
2 .: 
2 ·1 
1 3 
1 3 
1 J 
1 
1 
1 J 
1 3 
1 J 
1 3 
2 2 
2 2 
2 2 
2 2 
;( 2 

ID.NO 

7005 
80~4 

8047 
8045 
8043 
8033 
8034 
8931 
8031 
80G7 
8.066 
8612 
6CG8 
8614 
8064 
8610 
8063 
8611 
80":1 
Btl" 
86U 
8613 
8615 
8069 
8061 
8082 
8081 
8087 
8810 
B C~?, 8 
8312 
8035 
8312 
8 ~lD 
8038 
8035 
8310 
80}4 
8314 
S 311 
S 3 1 J 
8310 
8032 
8039 
00.17 
9051 
9007 
9004 
<)IJl 
Y011 
9001 
9017 
')0 ·35 
9031 

1000] 
10031 
10002 

LAT SHZ RZ 

1502 
1503 
1503 
1503 
:503 
1503 
1503 
1503 
1503 
IS03 
I5() 3 
1503 
1503 

'1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1',03 
1503 
1503 
IS03 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
1503 
IJ03 
J.503 
1503 
150.J 
lSC3 
1503 
1503 
IS03 
1504 
1';04 
1504 
1.50·i 
lS04 
lS0-l 
1504 
1,,04 
1504 
l'}o} 
1563 
1.5(,3 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
.<. 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 

1 
i 
1 
.\ 
1 
7. 
2 
:2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
.: 
4 

4 
.: 
'\ 
4 
4 
4 
2 
2 
2 

ID.NO 

10004 
10001 
10005 
11033 
11035 
110.14 
11020 
11412 
11033 
ll044 
llOH 
11032 
11045 
11431 
11046 
11031 
11048 
11051' 
11371 
11317 
11410 
1101,9 
12007 
12011 
13001 
13003 
13005 
13004 
14010 
150~)2 

15019 
(502) 
15007 
15021 
15010 
15020 
15056 
15011 
IS028 
1500l. 
1:;018 
15053 
15057 
15023 
15025 
1:;024 
1S029 
15016 
J5015 
1)017 
1 I) 0 ~:o 
IG009 
J (,no I 
1600B 
16201 
16101 
1610G 

LAT SHZ RZ 

1563 
1563 
1563 
1573 
1573 
1573 
1573 
1573 
1573 
1573 
1573 
1573 
IS73 
1573 
1573 
1573 
1573 
1'; 7 3 
1573 
1573 
1573 
1573 
1587 
1587 
1638 
1633 
1638 
1638 
1632 
1806 
1306 
1806 
J.806 
1806 
1806 
1806 
1 U C 6 
1806 
1806 
1306 
Ib'C6 
1806 
1805 
IHOG 
113 06 
IB06 
la06 
1806 
!006 
1806 
1 HOfj 
1856 
1 g':'G 
IB 56 
IBSG 
1856 
lH 56 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
7. 
3 
3 
3 
3 
3 
3 

2 
2 
2 
< 
4 
4 
4 
4 
4 
4 
4 
4 .. 
4 
4 
4 
4 
4 
4 .. 
4 
4 
4-
4 
4 
4 
4 
4 
5 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
<\ 
4 
4 
4 
4 
·1 
3 
3 
3 
:I 
4 
4 
4 
4 

" 

ID.NO 

16102 
17003 
17005 
17007 
17004 
18051 
19001 
J9002 
20010 
20015 
20151 
20033 
20025 
20021 
20027 
20029 
20034 
20022 
20067 
20070 
20076 
20G66 
20075 
20077 
20073 
20065 
20069 
2001,7 
20042 
20002 
20006 
20037 
20055 
20129 
20049 
20490 
2014:3 
20041 
20054 
20144 
20()44 
20046 
20050 
20052 
20~Ql 

20903 
20J02 
20903 
2')9()4 
20905 
20912 
20910 
20'Jll 
20915 
20916 
20943 
20935 

LAT SHZ RZ 

1856 
1870 
1870 
J.870 
1870 
1871 
1872 
1872 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
1873 
127 3 
1073 
1873 
1873 
1873 
1373 
1873 
1373 
1873 
1873 
1873 
1873 
lA73 
1873 
H173 
1873 
1873 
1373 
1873 
IBn 
1873 
1373 
B7J 
1873 
1873 
1873 
urlJ 
1873 
1,n 3 
1873 
1873 

3 4 
2 4 
2 4 
2 .: 
2 4 
2 3 
3 3 
3 3 
2 4 
2 .: 
2 4 
2 3 
2 3 
2 3 
2 3 
2 3 
2 3 
2 3 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 1 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
:2 :2 
2 2 
2 2 
2 2 
:2 2 
2 2 
2 2 
2 2 
:2 2 
2 2 
2 2 
2 2 
2 2 



ID.NO 

0931 
0932 
1002 
1001 
1 CG·~ 
lCG7 
1.00:3 
lOG9 
:"111 
1211 

ll07 
1110 
1108 
1109 
11 ~ 1 
:01S 
:::,119 
:017 
2Jl~ 

2J13 
2015 
2016 
2003 
20':"1 
::ell9 
.2 0 ~J 7 
2805 
.... , ... ! _v...., ... 

2020 

2,101 
2006 
3005 
JCJl 
3JJ7 
31108 
3CJ~ 

3003 
~~()7 

·:008 
~l)lO 

';01::: 
-l0l.":' 
~CO~ 

";003 
·;0,,2 
:'ll,lS 
J, (';'J 1 
:'020 
:'l) 1 tl 
5021 
501-l 
)0.:2 
5006 
:-OlO 

LAT SHZ RZ 

1873 
1873 
1881 
1381 
ISS1 
18S1 
l~Sl 

18S1 
1881 
1831 
ISS1 
1881 
1881 
1881 
1881 
1881 
1386 
1:386 
16S5 
1$86 
1886 
1386 
1836 
1886 
1886 
1886 
1886 
1886 
1886 
1086 
1836 
1886 
1886 
18S6 
1901 
:901 
19,)1 
1901 
1901 
1901 
1902 
1902 
1902 
190: 
19 02 
1902 
19C~ 

1902 
1902 
1902 
1903 
190.1 
190) 
1903 
1903 
1903 
1~03 

2 
2 
3 
3 
3 
3 
:< 
3 
3 

3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
J 
3 

1 
1 
1 
1 
1 
1 
1 

2 
2 

4 

4 
4 
4 
4 

4 
4 
4 
4 
4 

4 

4 
4 
4 
4 

.: 
4 
.: 
.: 
2 
2 
2 
2 
2 
2 
4 
4 
4 

ID.NO 

25008 
25030 
25025 
25024 
25029 
25026 
25003 
26001 
2G002 
27300 
2702~ 

27030 
27025 
27027 
27026 
270J7 
27013 
27019 
27020 
27021 
27018 
2700, 
27009 
27J03 
27011 
27014 
27022 
27003 
27023 
27101 
27102 
27006 
27001 
27t1l5 
27016 
28053 
22.002 
211QS8 
28032 
280·)5 
28062 
2BO 38 
2~tl50 

2l<1130 
2C:009 
28006 
2S0":G 
28';('0 

2H ')~9 
~8u07 

2t1 [) 39 
28031 
28012 
28017 
::!80b4 
28388 

LAT SHZ RZ 

1903 1 
1903 1 
1903 1 
1903 1 
1903 1 
1903 1 
1903 1 
1913 3 
1913 3 
1921 1 
Inl 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
19;~ 1 1 
1921 .1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
1921 1 
19 21 1 
1921 1 
1921 1 
1921 1 
19 S 3 2 
1953 2 
1953 2 
1953 2 
1953 /. 
1953 2 
J.953 2 
19 S 3 2 
19'>3 2 
1953 2 
1953 2 
1953 2 
.1 '153 /. 
1~) 53 2 
1953 :2 
1953 2 
195) 2 
1953 2 
19 S 3 
1953 2 
19 I:; 3 2 
1953 2 

4 
4 

4 
4 
4 
~ 

4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
J 
3 
3 
3 
3 
3 
3 
3 

ID.NO 

28025 
280~9 

28027 
28063 
28005 
28014 
28059 
28995 
28015 
28051 
28052 
28037 
28004 
28044 
28016 
28001, 
23021 
28019 
28C42 
n026 
28029 
28061 
28024 
28023 
28034 
28011 
28040 
28010 
280·a 
28056 
280]3 
29036 
29038 
29051 
29004 
2') 006 
29034 
29002 
29026 
29003 
29001 
29051 

'31008 
3l00, 
3fOOl 
31010 
J 1 OU 2 
31 o:~ 0 
HOU3 
31007 
32008 
j20G2 
32011 
32010 
3201:) 
J2GUG 
32007 

LAT SHZ RZ 

1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
1953 
195~ 

1953 
1953 
1953 
1953 
1903 
1953 
1953 
1953 
1953 
]953 
1953 
1953 
1953 
1971 
1971 
1971 
1971 
1971 
1971 
1971 
1971 
19)1 
1971 
1971 
205·1 
20S4 
2054 
2054 
205·l 
20 Sf; 
2054 
20 'j 4 
2095 
2095 
2095 
209S 
2095 
7.C ') S 
2095 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
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