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ABSTRl\CT 

Analysis of the pat-tern of zonation of reef corals off 

the Kona coast of Hawaii revealed the existence of four 

clearly defined zones. This pattern was confirmed at three 

sites \vhere corals were counted using a series of 45 meter 

long transects running parallel to shore from depths of 3 to 

40 meters. Clustering analysis dendrographs, spatial changes 

in illumination and rates of water movement, as well as 

growth and survival of coral transplants also confirmed the 

zonation pattern. 

Each of the four zones is characterized by a dominant 

coral species, substratum type, depth, 2.nd range of physical 

conditions. Each zone also appears to be in a different stage 

of community succession due to the frequency of large scale 

environmental disturbances from winter storm waves. 

The shallowest zone begins at the base of the shorelin2 

cliff, ranges in depth from 2.5 to 8 meters, and has a bottOffi 

cover consisting mainly of irregularly shaped basaltic boulders; 

Pocillopor~ meandrina dominates coral cover in this zone. 

This species appears to be the first to colonize neVJ substrata 

and persists in large numbers only in the near-shore boulder 

zone where mechanical stress from wave action is great enough 

to J:"estrict the growth forms of more competitive species. 

Due to this high wave s-tress I the P. meandrina l~oulde:r: ;~onE; 

appears to be in an early successional stage with low coral 

cover and dominance and relatively hiqh species diversitv. 
~ -" - ~, 



Moving into deeper water the Porites lobata reef 

building zone ranges in depth from 6 to 14 meters and is. 

charac-terized by a gen-t1y sloping solid basalt and limestone 

bottom. Porites lobata dominates coral cover by grovling in 

massive lobed and encrusting colonies. \Imile succession 

seems to be in an advanced stage, monopolization of available 

space does not appear to be complete enough to exclude a 

variety of less compe-titive species, resulting in relatively 

high species diversities. 

The third zone occurs on the reef slope and ranges in 

depth from 14 to 30 meters. Solid substrata is scarce and 

succession may be a late stage due to domination of bottom 

cover by thickets of Porites s;ompressa. Nost of the o·ther 

species that persist in this zone avoid competitive inter

actions by growing above the level of £:..:.. compressa. Storm 

wave stress is most devastating to corals in this zone, and 

breakage of living colonies seems to increase diversity by 

reducing L.. compressa dominance. Transport of living coral 

fragments appears to extend zonal boundaries and create new 

colonies. Extensive "rubble channels" occur in this zone/ 

and these channels may get progressively larger due to 

churning cf rubble fragmen.ts with each successive s-torm. 

The Porites lo~at3 rubble zone occurs belov} the d(~ep 

bo~cder of the E..:.. compressa thickets and extends to aFr'X-oxi-

rnat:ely 50 rnei:::ers, the depth at ',,'hich cora Is cease to appear. 

Substrata consists mostly of fine sand and a variety of small 

encrusting corals are found growing on scattered rubble 
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fragments. Specialized species with narrow physiological 

tolerances limited to this zone also increase species diver

sity. While maximum size of corals may be reduced in this 

zone due to low light intensity, lack of solid substrata 

probably determines the lower depth limit of coral OCC\.1.rance. 

Sand and rubble that is carried downslope during st01:-rns 

cause this zone to be physically unstable and succession 

appears to be constantly interrupted at early stages. This 

is in contrast to other deep reef areas, such as off Maui 

and the Red Sea, where substra.ta. is solid to the depth limit 

of coral growth. These communities appear to be highly 

stable and diverse, and in late or climax stages. 

The depauperate nature of Hawaiian coral fauna is 

probably due to fairly rigorous environmental conditions in 

combination wi-th difficulties in larval transport from coral 

evolutionary centers in the western Pacific. However, reef 

areas off Kona are relatively rich for Hawaii due to complete 

protection from tradewind generated seas, partial protection 

from long pexiod north swells, and the steep nearshore slopes 

that extend below wavebase. 
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I. INTRODUCTION 

Goals of this study 

Most of the previous research concerning coral reef 

ecology has been limited to qualitative descriptions of the 

geomorphical and biological zonation patterns, or the envir-

onmental tolerances of the component coral species. 

comprehensive review of such studies has been compiled by 

stoddart (1969). villile much has been done to record various 

zonal patterns, few studies have attempted to show what 

factors are responsible for these patterns. Also, most 

generalizations regarding ecology of reef communities have 

been derived from reef flats (Maragos, 1974). The present 

study deals with an open ocean reef slope, an ar:'ea that has 

been largely neglected in the past because of inaccessibility 

and the risks involved, such as decomprp.ssion limits and 

interference from sharks. 

The first goal of this study is to systematically survey 

a coral community using chain transect methods, in order to 

quantitatively determine coral species composition, abundance, 

vertical and horizontal zonation and diversity. In a similar 

manner, Loya (1972) and Porter (1972a) have described coral 

communities at Eilat, Red Sea, and Panama, respectively, 

primarily in texms of vertical distribution and abundance of 

different coral species. Maragos (1974a)h28 quantitatively 

investigated a coral community on a lee\,yard ocean reef slope 



2 

at Fanning Island using a quadrat transect technique. 

The second goal of this study is to determine what 

factors, whether physico-chemical, biological, or both, are 

resp,onsible for the observed community structure. Ivlaragos 

(1972) carried out an investigation to determine the effects 

that physical environmental parameters have on the abundance, 

growth and other biological characteristics of reef corals in 

Kaneohe Bay, a large Hawaiian estuary that is partially pro-

tec'ted from the open ocean by a barrier reef. Loya (1972), 

Porter (1972a), Maragos (1974a) and Dana (unpub. manuscript) 

have attempted to rela'te assemblage characteristics determined 

from species-number relationships .to environmental factox's and 

ecological theory. 

zonation and Causal Factors 

A zone r2fers to an area where local ecological differ-

ences are reflec'ted in the species associations and represented 

by one or more dominant species (Wells, 1954). Umbgrove and 

Cat ala (1950) use the term "facies" in this sense. Zonation 

of plant and animal species has been described for many 

ecosystems since the classic work of Merriam (1890) on the 

altitudinal zonation of the San Francisco Mountain region in 

J'....rizona. In the marine environment many st'udies have been 

conducted on zonation, especially of intertidal regions 

( Fna"eaJ-' e· t -·1 1956 •• _11 ._ - Ci_'~1 _ I Lewis and Powell, 1960, Connell, 1961, 

Lewis, 1964, Foster, T,LJ"""'C'on 1 0'71) «--.( vv u J. I ..L...; J ~ • S"cephenson and 



3 

stephenson (1949) have been able to devise a universal zona

tion pattern for rocky intertidal coasts. Zonation of open 

ocean hermatypic coral communities has been examined by Loya 

(1972) in the Red Sea, Porter (1972) off San BIas, Panama, 

and Maragos (1974a) off Fanning Island. Using a submersible, 

Lang (1974) has observed the biolog'ical zonation at the base 

of a reef to a depth of 300 meters at Discovery Bay, Jamaica. 

The region of contact between adjacent zones may repre

sent a physical or physiological barrier to component species. 

Distinct boundaries between zones may result from an envir

onmental discontinuity presenting a physical or physiological 

barrier that affects habitat selection and dispersal (Heller, 

1971). Continuous physical gradients may control zonation·' 

through a "threshold effect". In this situation, the physio

logical tolerance limit of a species falls somewhere within 

the range of variation of factors affecting the ecosystem. 

The geographical location of this tolerance limit may represent 

a threshold for the species range, or the border of the zone 

that the species can inhabit. If the factors controlling 

zonation are purely physical, changes in corrununity structure, 

particularly species composition and diversity :3hould reflect 

gradients of various physical parameters. 

Reef coral zonation is affected by gradients in light 

energy, temperature, water turbulence and sedimentation. 

Decreasing- light energy limits photosythesis by zooxanthellae, 

the endosymbionts of reef building corals (Yonge and Nicholls, 
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1932). According to Gareau (1961a, b, 1963) the effect of 

photosynthesis by zooxanthellae in coral tissues-may be to 

increase the speed with which CO2 produced in metabolism is 

removed, driving equilibrium in the direction of calcium 

carbonate precipitation. However, Ivlusca-tine (1973) presents 

two alternatives to this C02 removal hypothesis. He suggests 

that zooxanthellae may influence the rate of calcium deposi

tion by supplying additional substrates for skeletal organic 

matrix synthesis. 1-'1.1 so , symbiotic algae, as_ a normal concom

itant to their nutritional activities, remove phosphate from 

the calcifying microenvironment,. thus creating a more favor

able milieu for calcification. Increased removal of phosphate 

in the light, as has heen observed by Yamazato (1966), may 

explain how light accelerates calcification. 

\\1hile sea water temperatures on open ocean coral reefs 

are almost always well within tolerance limits -(Stoddart, 

1969), Lang (1974) suggests that under conditions of extremely 

low aIll.bient illumination calcification rates -are particularly 

sensi ti ve to tempera-ture changes. Upper and lower temperature 

limits for con-tinued coral survival have been placed at 36 0 C 

and 16-lSo c respectively (Vaughan and Wells, 1943, Kinsman, 

1964, Stoddart, 1969). Optimurn temperature values for coral 

growth appears to be at 25-29 0 C (Vaughan and Wells, 1943). 

Water movement is necessary to corals for supplying food 

and oxygen, removal of carbon dioxide and dispersal of planulae. 

However~ intense wave action and high sedimentation rates can 

:!.iInit coral distribution by cau.sing abrasion and breakage of 

adul-t colonies and preventing planular settlement {Haragos, 
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1972). 

Biological factors may also play a role in determining 

zonation. Hutchinson's (1957) distinction between a funda

ment.a1 and realized niche provides an example of this situa

tion. A fundamental niche is characterized as meeting the 

physiological requirements of the appropriate species. This 

miche may then be defined by the parameters within which a 

species population can maintain a steady state (Slobodkin, 

1961). On the other hand, the realized niche is the ecologi

cal space. that a species actually inhabits. To have completely 

different fundamental niches, species must have striking 

differences in physiology, morphology, and/or behavior 

(Beller, 1971). If the fundamental niches of two species 

overlap, but their realized niches do not, competitive exclu

sion can be the caus.al factor for the observed separation • 

Simply stated, competitive exclusion implies that ecological 

differention is the necessary condition for co-existence 

(Hardin, 1960). If this is so, complete competitors cannot 

co-exist in the same niche when resources are limiting. While 

physical parameters of environmental space change continuously, 

the outcome of competition between species vJhose fundamental 

niches overlap may produce sharp boundaries. 

The actual process of competition is the active demand 

by t'VJO or more individuals for a corrm10n resource that is 

actually or potentially limiting. Two different strategies 

are found in competitive interactions: exploitation and 
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and interference (Hiller, 1969). Exploitation occurs when 

different individuals have free access to a limiting resource 

and the outcome of competition is determined by their rela-

tive abilities to use the resource efficiently. Access to the 

resource may occur at the same or different times, but is 

assumed to involve little or no spacial interaction between 

the competitors (Miller, 1969)." Pre-emption of space is an 

example of an exploitative competition. Interference prevents 

the access of a competitor -to a required resource, and usually 

does involve spatial interac·tion between competitors . Terri-

toriality is an example of competitive interference that 

limits distribution patterns. 

Hairston et al (1960) suggest that since green plants 

are abundant and largely intact, obvious depletions by herhi-

vores are exceptions to the general picture. Rather, green 

plants appear to be resource limited. In the same manner, 

corals on open ocean reefs appear to be mainly controlled by 

the limits of requisite resources rather than predation. 

r -'-.L, in this situation, physical conditions remain stable long 

enough for species evolution to proceed toward stenotopy, 

and hiC:Sh degrees of competitive specialization, species 

diversity should increase. In the 8tability--1'ime hypo"chesis 

developed by Sanders (1969) species such as these are 

biologically accollnrodated to each other. 

On the other hand, if -the variabilit:y of environnK:ntal 

parame'cers are relc:;-tively high and unpredictable I buth terC!-

porally and spatially, eurytopic species with high rates of 

nat:.m::al increase and poor competitive specialization should 
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be sel·ected for. Sanders defines such species as physically 

controlled. The unpredictability of the environment may 

result in competitive interactions which will lead to per

sistence of fewer species (lower diversities) than in stable, 

predictable environments. 

However, the Stability-Time hypothesis does not appear 

adequate to explain the diversity of some communities (Dayton 

and Hessler, 1972). If periodic, unpredictable oscillations 

in environmental parameters prevent the establishment of 

stable equilibrium situations, resources may be less limiting 

and the probability of competitive exclusion should be reduced. 

Under disturbed conditions more species that are potential 

competitors may be able to co-exist than in the same community 

which has reached a climax state. 

The intention of this study is to apply these theoretical 

considerations to the zonation of re~f corals off the Kana 

Coast of the island of Hawaii. Gradients of light energy, 

water turbulence, sedimentation, salinity and temperature are 

correlated with coral species abundance, survival, and growth 

in order to determine if zonal boundaries are the result of 

environmental discontinuities or physiological threshold limits. 

An attempt was also made to analyze the effects of inter and 

intraspecific competition on community structure in terms of 

coral abundance and diversity. 

During the course of this study it was possible to 

quantitatively determine the damage caused to the coral 

community by a severe Pacific winter storm. From this data, 



conclusions were drawn concerning the successional stages, 

and processes controlling succession in each zone. 

8 



9 

The Study Area 

Hawaii is the largest and southernmost island in the 

Havlaiian archipelago, lying between approximately 190 to 200 

North latitude and 155 0 to 1560 West longitude. The island 

covers an area of 11,105 square kms. and has a maximum north

west distance of 125 km. 

The presence of rift zones makes it likely that the 

island was built from the ocean floor by the coelescence of 

lavas poured from five volcanoes, each with independent rift 

zones and individual geological histories (see Stearns, 1966). 

The Kona area is on the leeward west coast of Hawaii and 

extends south from Kawaihae to Ka Lea (South P~int), a dis

tance of 115 km. The study area lies at the base of Hualalai, 

an inactive volcano, which stretches about 28 km in diameter. 

This entire mountain- appears to have been built in the 

Quaternary Period c:nd all E'xposed rocks are Pleir:tocene in 

age. This volcano was last active in 1800-1801, which resulted 

in what is called the Kaupelehu flow. According to stearns 

(1966), in the late Pleistocene (20,000 years B.P.) the ocean 

receded to a shoreline 18 meters below present sea level. 

Subsequently, sea level rose 25 meters, and benches and sea 

caves were cut. The ocean again receded, this time 5 meters 

and sea caves and benches were cut 2 meters above present 

sea level. Later, a glacier formed on the summit of JYlauna 

Kea, the highest volcanic peak. At abou·t this time sea level 

dropped approximately 6 meters to a level \·vhere the bench 

constituting the present reef shelf was cut. During prehistoric 
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recent time, this and other glaciers melted and the sea rose 

6 meters to it's present level. The submergence of previous

ly cut benches due to subsidence and possibly slumping, has 

resulted in the developement of fringing reefs along much of 

the Kona Coast. A reef is classified as fringing if it is 

growing hard upon a shoreline, with no separating moat or 

lagoon (Goreau 1969). It is important to note that these 

Kona Coast reefs are in the early stages of developement, 

consisting of thin calcium carbonate veneers over basaltic 

basement rock. The maximum thickness of this veneer is 

approximately 2-'3 meters, while well borings at the foot of 

Diamond Head on Oahu drilled through coralline reef deposits 

400 meters thick (Pollock, 1928). 

The mountains of Ha'i,\7aii are sUfficiently high to pierce 

the layer of trade winds. The resulting eddies cause the 

prevailing winds on the lee side of the island to be predom~ 

inantly light from either the north or south.~\TIile the Kona 

Coast is completely protected from tradewind generated seas, 

the area is partially exposed to long period swells from the 

north and south, and directly exposed to long period swells 

from the west. The island of Maui also partially protects 

the Kana coast from large long period swells generated in tIe 

northwest Pacific. 

The three study sites are located near Keawekaheka Point, 

which lies 1.3 km north of Cook Point in KealaJ<.ekua Bay and 

4.1 km south of Keauhou Bay (See figure 1). Study site A lies 

on the north side of the point and at this site the shoreline 
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faces m1t\T. Study Site Blies off the seawardmost proj ection 

of the point and the shoreline faces directly west. Site C 

lies on the south side of the point and faces WI:-JW. 

The "Kona Coast was picked for this study for several 

reasons. Physical conditions and the geologic structure of 

"the coastal slope and shelf appear to provide very favorable 

conditions for coral growth. Since light penetration is 

essential for coral growth, the extremely clear water of the 

area allows for deeper coral growth than found elsev,.,here. 

The steep submarine slope makes transplantation convenient 

and keeps distances corals are transplanted to a minimum. 

Lastly, the dominant calrrl weather pattern provides for 

excellent field Vlorking conditions over much of the year. 

Field J.vork for this study began April 3, 1973 and was 

terminated May 1, 1974. 
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II. Methods and Materials 

]\,11 field work for this study employed SCUBA apparatl:s 

and was conducted from a thirteen foot skiff. 

Transect Methods 

Part of this study consists of a quantitative survey 

of the coral community. Stoddart (1969) reviewed the v2i:ious 

methods previously used in quantitative field studies and the 

problems involved at the level of sampling and field record-

ing. For this project, line transects were used rather than 

quadrats. This technique has been employed by Greig-Smith 

(1964) in surveying plant communities, and by Loya and 

Slobodkin (1971), Loya (1972), Kinzie (1970, 1973) and Porter 

(1972a,b) in comparative st.udies of coral reefs . This method 

is advantageous because it is not affected by complex bottom 

topography and is very efficient with respect to time spent 
.. 

underwater. In the present study each transect was 45 meters 

long and ·followed depth contours parallel tu the shoreline 

(see Fig. 2). Transects were of this length to minimize the 

effects of patchy distributions of both species and substrata. 

Transects were separated by a horizontal distance interval of 

7.5 meters. A distance interval was used rather than a depth 

interval because wide areas of the reef bench a~e nearly flat. 

A vertical interval would mean that these areas would be 

largely ignored by transects. The distance between transects 

was measured with a tape measure held by two divers parallel 

to the bottom and normal to depth contours. The transect line 

was made from a length of brass plumbers safety chain, with 
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wi th each link 1.3 cm long and 1.0 cm wide. Every t:enth 

link in the chain was marked with red paint for ease in 

counting. The transect line was paid out by a diver swim

ming a wooden reel just above the bottom, starting from 

small buoy ciarkers affixed to the bottom at 7.5 meter inter

vals. A wrist mounted underwater compass was used to orient 

the transect line parallel to shore. 

The number of chain links lying over each coral colonv 

or area of bare subst:ca'te was recorded on F,lastic urJCteJ:'water 

wri·ting slates. 'I'l"!.ree spatially separated sites '\'Jere s1.Jrv(-:y

eO. in this manner from the shallowest accessible area to the 

depth where most herrnatypic coral growth stopped. One site 

was transected twice; before (Site A) and after (Site l\J\) a 

major winter storm. Sites A, AP. and B each had 15 transects 

and Site Chad 18 transects, totaling 2,835 meters of bottom 

sarnpled. 

Samples of all coral species were collected and identi

fied by the "Key and Field Guide for Common Hawaiian 

Scleractinia" (Haragos I 1973). 

Samples of each transect were recorded photog-raphic

ally using a Nikonos camera equipped with a Subsea Mark 50 

electronic strobe. 

physical Parameter l'·'1easurement r1ethods 

Initial qualitative observations of comnnmi ty structure 

showed that a distinct zonation pattern does exist within the 

study area. At a location vIi thin each of these zones at sites 

A and B is a "'l'ransplant Station". Several physical paramete:r:s 
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Table 1. 

Depth and distance offshore of 63 transects of Sites ii, Jill, 
Band C. 

'l'ransect number Depth Dis'c.ance offshore 

A .. - J_, AA-l 2.7 m r. f"\ 
IT! U.U 

A-2, Nl-2 3.4 m 7.5 m 

11.-3, 'P..l ... - 3 4.3 m 15.0 m 

.A-4, AA-4 4.6 m 22.5 m 

A-5 , AA-5 5.8 m 30.0 m 

A-6, 1-\,:4-6 7.1 m 37.5 m 

A-7, As-7 7.7 m 45.0 m 

A-8, Jl.,A-8 9.2 m 52.5 IT! 

.l-~-9 , AJ';.-·9 11.1 m 60.0 m 

A-IO, AA-IO 14.7 m 67.5 m 

A-II, p,A-ll 18.5 m 75.0 m 

A-12, A.t:1-12 23.4 m 82.5 m 

A-13, A.A.-13 28.3 m 90.0 m 

A-14, AA-14 . 32.9 m 97.5 m 

A-IS, 'P.A-15 37.5 m 105.0 Tn 

B-1 3.1 m 0.0 In 

B-2 3.7 m 7.5 m 

B-3 4.3 ITt 15.0 m 

E-4 5.2 m 22.5 III 

B-5 6.1 m 30.0 m 
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Table 1 cant. 

Transect number Depth Distance offshore 

B--6 7.4 In 37.5 m 

B-7 8.9 m 45.0 m 

B-8 9.8 m 52.5 m 

B-9 10.7 m 60.0 m 

B-10 13.8 m 67.5 m 

B-11 16.9 m 75.0 111 

B-12 21.5 m 82.5 In 

B-13 26.7 m 90.0 m 

B-14 32.3 m 97.5 m 

B-15 36.9 m 105.0 rn 

C-l 3.1 m 0.0 m 

C-2 4.0 m 7.5 rn 

C-3 4.6 In 15.0 m 

C-4 6.5 m 22.5 m 

C-5 8.0 m 30.0 m 

C-6 8.0 In 37.5 m 

C-7 8.3 m 45.0 m 

C-8 9.1 m 52.5 m 

C-9 8.9 m 60.0 m 

C-10 9.2 m 67.5 m 

C--l1 11.1 m 75.0 m 

C-12 14.1 m 82.5 rn 

C-13 17.5 m 90.0 ITt 

C-14 21.5 m 97.5 rn 



Table 1. cont. 

Transect number 

C-1S 

C-16 

C-17 

C-1B 

Depth 

24.6 

30.8 

34.S 

40.0 

m 

In 

m 

In 

18 

Distance offshore 

10S.0 m 

112. S m 

120.0 lTl 

127 . S In 
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were periodically monitored at each station. Transplant 

stations were 3.6, 10.5, 18 and 30 meters deep at Site A, 

and 3.6, 10.5, 18 and 45 meters deep at Site B. 

Light intensity was measured with a Model 703 Weston 

Illumination Meter fitted with a visual correction filter 

(4000-7000~) with a range of 0-6000 ft-cdls. This meter was 

housed in a "watertight transparent plexiglas case. To obtain 

underwater illumination measurements the meter was placed on 

the bottom and the illumination, in footcandles, was recorded 

on a writing slate. These measurements were made every three 

meters in depth, on ten occasions during the study period. 

One liter polyethylene bottles with 2.6 cm. diameter 

aperatures secured in an upright position inside of hollow 

cement tiles served as sediment traps (Maragos, 1972). After 

a fixed period of ti~e on the bottom, the bottles were removed 

from the stations and returned to the laboratory. All collect.:.... 

ed sediment was filtered with suction and washed several times 

with fresh water. All visible organic matter was removed 

from the sediment with tweezers. Sediment samples vJere placed 

in a drying oven for five days at 95 0 P. and then weighed to 

the nearest .01 gram on a Mettler electronic balance. 

the area of the bottles's aperature is known, sediment 
-2 -1 

deposition can then be calculated as grams cm yr 

Since 

'1' emperature measu:l:'ements ""ere recorded periodically at 

each station using Taylor maximum-minimum thermometers accurate 

to +loC. (Shinn, 1966). These thermometers were secured in 
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an upright position to the frames of the settling platforms. 

Taylor thermometers record the temperature range over a 

period of time as well as the present temperature and can 

easily be read and reset in situ. 

Gross water movement was measured by plaster of paris 

"clod cards" (Doty, 1971). These cards consist of a plaster 

of paris (calcium sulfate) cube cemented onto a 3"x3!! plastic. 

card. After the plaster hap hardened and dried for several 

vJeeks each card is weighed to the nearest tenth Df a gram • 

. Pairs of cards were secured with elastic bands to ~ement 

blocks which were placed on flat areas of the bottom near 

each station. After 24 hours, the cards were retrieved and 

dried for several weeks. Each card was again weighed to the 

nearest tenth of a gram.· Loss of weight is linearly propor

tional with time and water motion. 

Duplicate water samples were collected by a diver 

periodically at each station in 1 liter polyethylene bottles~ 

These samples were analyzed for salinity with a Beckman 

Portable Inductance Salinometer. 

Transplant Methods 

To determine the effect that physical characteristics 

of the environment and biological interac·tions of species 

have on coral growth, survival and distribution, coral 

colonies were transplanted to areas where they ar:e not the 

domi~ant species. 
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At each of the eight transplant stations were two 

transplant grids. Each grid consisted of a 24" x 48" section 

of I" mesh galvanized wire screen. Plastic coated steel 

cabl;e secured grids to the ocean floor. The four species 

of corals that were used in the transplant studies were 

Pocillopora meandrina Dana, Porites lobata Dana, Porites 

compressa Dana, and Coscinara.ea ostreaeformis Van der Horst. 

Coral colonies were pried from the substratum with the 

blade of a hand axe, taking care not to damage the living 

basal portions of the colony. Five colonies were then 

placed inside a 30"x24" clear plastic bag along with a 

small vial of the indicator dye, alizarin red (Lamberts, 

1973). Each vial cont,ained approxirila"tely 0.5 grams of the 

powdered dye. After the bags were tied closed and secured 

to the bottom, the vials were opened and the dye dispersed 

throughout the bag. After twenty-four hours the corals 

were removed from the bags and tied to the transplant grids 

with plastic coated telephone wire. wnenever possible, 

corals were tied to the grids by their basal portions 

avoiding contact between wire and living tissue. 

To test if gradients of physical parameters influence 

coral growth and survival six colonies of each of the four 

species were tied on the grids separated from each other by 

a distance of approximately 20 cm. One of these grids was 

placed at each station. The six colonies of the species 

that dominate at that particular zone serve as experimental 

controls. 
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To test if biological interactions between species 

affects coral survival and growth, transplant colonies were 

tied to the grids in the following arrangements. Four 

colonies of each of the four species were -tied down and 

then each was surrounded by four colonies of the dominant 

species at that particular zone. Attempts were made to tie 

each one of the surrounding colonies so that it was in 

constant physical contact with the center colony of the 

cluster.· Control clusters consisted of a center colony and 

4 surrounding colonies all of the same species. 

Due to the small colony size and rarity of C. ostreae

formis it was not possible to transplant the full complement 

of clusters in the deep P. lobata rubble zone. 

At the conclusion of the growth interval (72 days) all 

transplants were collected, bleached with KOH, and cross-, 

sectioned with a water lubricated rock saw. Survival condi-

tion (dead or alive) of each colony was noted and the distance 

from the alizarin red dye mark to the outer edge of the coral 

skeleton was measured. It was then possible to calculate 

distal growth rate in terms of Cm yr- l . According to lYlaragos 

(1972) there is no colony size effect on grovJth rates when 

grovlth is E>xpressed asa linear diameter or radius increase. 

Settling Platforms 

To determine the influence that planular settlement has 

on adult patterns of distribution, settling platforms were 

constructed and placed at each station. The frames of these 
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platforms were made from 1" galvanized fence stripping bent 

to form 24" squares. Four of -these squares were bolted 

together to form a cube. f\ 24" by 24" piece of 1/8" thick 

non-toxic asbestos flexboard was attached to the top of the 

cube. Leaving half of each side of the platforms open 

allov·]ed free iA'ater circulation ,.vi thin -the structure. V{hen 

possible, platforms were secured to the bottom with plastic 

coated steel cables. The succession of organisms growing 

on each platform was recorded photosraphically using a 

Nikonos camera equipped with a 1:1 extension tube. Pit -the 

conclusion of the study samples of asbestos from each station 

were collected and the organisms growing on them identified. 
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III. RESULTS 

Descriptive Pattern of Zonation 

'Ehe firs"t approach to describe coral zonation was 

based on the differences in topographic fea"tures and rela

tive abundances of coral species. The four zones encountered 

off Kona were labeled according to both the dominant coral 

species and the prominent topographical feature. Figures 3, 

4, and 5 show the vertical profiles and zonal boundaries of 

the three study sites. 

Pocillopora meandrina-boulder zone - _The shoreline at all 

three sites is formed from a vertical basalt cliff that 

extends approximately 3 meters above and below sea level. 

The cliff is marked with numerous small caves and fissures. 

The P. meandrina boulder zone encompasses the submerged 

portion of the shoreline cliff and extends seaward over the 

submarine surface for a distance of 27-36 rne"ters. The 

dominant geological feature is a scattered cover of large 

basaltic boulders of irregular shapes and sizes which appear 

to have origina"ted as broken sections of the shoreline cliff 

(see Plate I). The exposed surfaces of mos"t of these boulders 

are covered with a short mat of algal turf. Most of the 

larger boulders have angular edges and appear to re-main 

sta-tionary even under the most intense storms, while the 

smaller basaltic chunks are rounded and movable. The boulders 

rest on a basaltic pavement which slopes gently from depths 
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of 2.5 to 3 meters at the cliff base to 6-8 meters at the 

seaward edge of the zone. The small a~ount of sand occurring 

in ·this zone lS cO~'lposed p:cimarily of coarS'2 grain calcium 

carbonate fragments. Small patches of this sand are found 

in p'.:)cke·cs formed bet\'F.::en adj ac,entboulders. Nost of the 

exposed li~es·tone substraturn consis'cs of d'2aC1. P. meandrina 

The dominant coral species in this zone is Pocillopor~ 

meandrina Dana var. nobilis Verrill. Colonies are found in -----
abundance secured to the tops and sides of the basalt boulders 

as well as on the flat lava pavement. Colonies are also 

found on the submerged shoreline cliff up to the low tide 

level. NUll1("rous sinall flat colonic:::s of c.::ncl:ustinrjspecies 

are also found in this area. These encrusting jpecies include 

patula Verrill, Pavona varians Verrill, Leptastrea purpurea 

Da'.13, _L_<:-?p-ta_s_t:._r_'2_a_" bottae (Hilne-.8dvJards and Haime) and 

Cvphastrea occellina (Dana). The ahermaypic, alcyonarian 

soft core'l, Anthelia2drnondsol1:\:. (Verrill) also occurs 

abundantly in this zone. Parrotfish (Scaridae) and large 

schools are often seen 

browsing in this area. Due to the shallow depth and the 

close proximity to the shoreline cliff, water conditions are 

~ften extremely turbulent. During these turbulent p~riods, 

sedi~2nts become suspended and water clarity is low. 

This zone should be termed a coral community rather than 

a structural reef because corals are growing on a substrate 
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other than that of their own making ('\·vainwright, 1965). 

Porites lobata-reef building Zone - The seaward edge of the 

boulder field marks the beginning of the Porites lobatg-reef 

building zone. This zone begins 27-36 meters from shore and 

extends another 30-35 meters seaward. Depth ranges from 6-8 

me·ters at the shoreward border to approximately 14 meters. 

The submarine surface consists of a flat basaltic pavement 

that is largely covered with a limestone veneer. Occasionally 

a large basaltic boulder is found in this area (see Plate II). 

Porites lobata dominates the coral cover in this zone, both 

as broad flat. encrustations and large proj~cting conical 

shaped colonies (see Plate III). ~ meandrina is also 

abundant, occurring mostly on the exposed basaltic areas. 

]\ .. 11 of the small encrusting species found in the~ meandrina

boulder zone also appear in this region, but are of greater 

size and number. The solitary corals, Fungia (Pleuractis) 

scutaria Lamarck and Cycloseris vaughani Boschma occur 

scattered on the reef surface. The branching corals, 

Pocilloporaeydouxi Milne-Edwards and Haime and Pori·tes 

compressa Dana also occur in this zone. Most P. compressa 

colonies are found in depressions on the reef surface or are 

partially sheltered from surge by large colonies of .~ lobata. 

Branches of these P. compressa colonies are noticeably 

shorter and thicker than branches of ·this species growing in 

deeper zones. 

Several rubble channels originate at the seaward edge 
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Plate I. Pocillopora meandrina boulder zone. Many of these 
P. meandrina heads are dead and covered with filamentous algae. 
Small colonies of Porites lobata can be seen grovving between 
Pocillopora heads. Depth is approximately 5 meters. 
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of ·the P. lobata reef building zone and extend several met.ers 

belmv the shelf break (see Plate XIII) . These channels are 

usually 8-10 meters wide. Dead coral fragments, that can be 

distinguished as mostly dead P. compressa, line the floors 

of these channels. Sweeping this rubble a\'lay reveals a layer 

of fine grain white sand. Occasionally, living colonies of 

encrusting species are found attached to large rubble fragments 

on the floor of a channel. Fungia scutaria is also found. 

interspersed among the rubble. Several colonies of P. lobata 

were observed projecting from the floor of the channel by 

a stalked extension of the colony's base of attachment. 

The deepest point and seaward border of this zone is 

determined by the shelf break. A't this point I which is 

app:coximately 12 rneters deep at all three si-tes, the slope 

angle increases sharply. In some areas (Site C) the shelf 

break is marked by a row of projecting basaltic outcrops. 

The coral assemblages on' these outcrops is similar to tha't 

found in the P. meandrina boulder zone. At Si-tes A and B 

the shelf break is lined with large heads of P. lobata. 

The seaward edges of these colonies have an overlapping 

pla-telike growth form that extends several meters down the 

reef slope. 

Water turbulence in this zone is less than in the 

shallower~ meandrina boulder zone. 

Reef fish, especially butterfly fis~ are ~ore abundant 

in this area than anywhere else on the reef tract. The 

calcareous green alga Halimeda discoida and the brown alga 



32 

Plate II. Porites lobata reef building zone. Basaltic 
boulders at center and upper right are covered with h2ad of 
P. meandrina while surrounding flat pavement is covered with 
1~"ta3sive P. lobata colonies. Several small branches of P. 
cOliroressa can be seen growing between P. lobata colonieS-at 
bottom left. Depth is approximately 9 meters. 



33 

Plate III. Hassive Porites lobata colony measuring approxi
mately 2 meters in h'2ight. Notice P. m<2andrina colony 
growing near center -top on non-living part of Porit.es colony. 
Large colonies such as this are responsible for much of the 
calcium carbonate deposition in the reef building zone. 
Depth is approximately 8 meters. 
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Plate IV. Porites ~ompressa slope zone. Thickets of the 
branching coral dominate almost all bottom cover at ~his 
site. Depth is approximately 23 meters. 
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Plate v. Porites compressa slope zone. At deep regions of 
this zone Porites lobata occurs frequently in overlapping 
plate-like colonies. This growth form is advantageous in 
maximizing use of available light and eliminating competition 
from ~ compressa. Since these two species occur in fairly 
equal proportions and other species are very rare, evenness 
is unusually high. Depth is approximately 30 meters. 
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Turbinaria ornata are also found abundantly in ·this area 

growing between living coral colonies. 

This zone is termed reef building because corals are 

actively contributing to the topographical development of 

·the reef and occur on substrates of their Q\>vn makineJ (Loya t 

1972). 

Collectively, the ~ meandrina-boulder zone and the 

P. loba-ta reef building zone comprise the reef shelf region. 

Porites compressa-slope zone - '_Phis zone ex·tends to 

a depth of 24-30 meters and extends 18-37 meters down the 

slope. The slope angle in this region is between 300 and 45 0 • 

Most of the substrata in this area is fine grain sand or 

limes-tone rubble fragments. L.. compressa is the dominan-t 

coral species in this zone. In the upper regions of this 

zone contiguous mats of the branching coral extend the width 

of the zone and completely cover the bottom (see Plate IV). 

Branches are connected to each ~ther by a lattice framewo~( 

beneath the living portions of the colonies. Only the upper 

10-15 cm. of the framework contains live.polyps. This lattice 

is very fragile in structure and can easily be broken. In 

the deeper r(::'?gions of this zone colonies of L.. lobata, and 

Porites (Synaraea)convexa verrill are interspersed in the 

P!.. compressa thickets (see Plate V). ~Most of these colonies 

have an overlapping platelike grow·th form that extends above 

the level of the L.. compressa thicket. 

Porites lobata-Rubble zone - At the point on the slope 
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",,,here ?-!.. co~ressa thicke'ts cease to exist the L. lobata 

rubble zone begins. This zone begins at depths of 24-30 

me'ters and ex-tends to depths where reef corals no longer 

occur, usually about 50-60 meters. The slope angle remains 

between 30-45 0 and the bottom cover is almost entirely 

cmnposed of fine sand and limes'tone rubble fragments. 'rhe 

larger pieces of rubble have become partially buried and 

form stable substrata. outcrops of lava and basal'tic 

boulders occur sporadically in this zone. Corals are less 

abundant in this region than anywhere on the reef tract 

and colonies are smaller. The larger pieces of rubble 

provide settling sites for small flat encrusting species 

(see Pla-te VI). Porites lobata is the most abundant of 

these species along with Leptoseris incrustans (Quelch), 

Leptoseris digitata Vaughan,l Coscinaraea ostreaeformis 

Van der Horst, Montipora verrucosa and Montipora patula. 

Occasional colonies of E...:.. meandrina are found attached to 

exposed basal,t or limestone. proceeding downslope f rubble 

chunks and th,:::; associa-ted coral become 1es;3 frequen't until 

-the substratum consists entis.:'ely of white sand. ,As in the 

P. compressa-slope zone, water mov,ement and light intensity 

are considerably reduced compax:ed to the reef shelf zones. 

These two deep water zones comprise the reef s,lope 

region. Since corals are mainly growing on substrata of 

th(:=ir own making (primarily rubble) ,these zones appear to 

lIt is very likely that h digitata is synonymous v-Jith 
;&..!... papyracea Dana. (J. Maragos personal communication) 
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be developing coral reefs (Wainwright, 1965). 
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Plate VI. Porites lobata rubble zone. Most of the colonies 
seen here are grmving on unattached rubble chunks. Dominant 
substratum in this zone is fine white sand. Depth is 
approximately 38 meters. 
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Coral Species and .Abundance 

In Ha\vaii there are 14 CO-:~1mO:1 shallow \·V'ater coJral 

g2nera and subgenera with an average of 2.67 species 

per genera (Maragos, 1973). In this study 21 species of 

he:r~<la-typic corals and one alcyonarian soft coral were 

recorded. Appendix B lists each coral species and each 

substratum type at each transect in terms of percent cover

age. Appendix A lists each species and each substratum 

at each transect in terms of percent occurrance (frequency). 

'rable 2 shows the proportion of coral cover and the propor

-tion of coral encounters fo:r each species summed over all 

63 transects. Table 2 also shows the proportion of tran

sects that each species occurred on. Only one species, 

Porites lobata, occurred on every transect. On the'basis 

of abundance ,it is possible -to assign each coral species 

to one of four abundance categories (Loya, 1972). Corals 

·tha'toccurred in proportions (totaled for all transects) 

of less than 0.10 are considered rare, from O~ll to 0.50 

sporadic, from 0.51 to 3.0 common. Corals that occurred 

in proportions greater than 3.0 are consid(3red dominant 

species. Seventeen of the 22 species are either rare or 

sporadic, while 2 .species are cons ieered common and 3 

species are dominant. 

Table 3 lists the percentage of total bottom cover 

and percentage of living coral cover of the three dominant 

species. The three dominant species account for almost 



9~/o of all coral cover and 47% of total bottom cover. 

Total coral cover for all species at all transects is 

48.3% 

41 
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Table 2. 

Column 1 is the sum of proportions of each species percent 
cover for all transects. Column 2 is the sum of proportions 
of each species occurrance for all transects. Column 3 is 
the proportion of transects on which each species occun:-ed. 
Column 4 is the abundance class of each species. Species 
with occurrance proportions less than 0.10 are considered 
rare, from 0.11 to 0.5 sporadic, from 0.51 "co 3.0 common 
and greater than 3.0 dominant. Six rare species were 
observed, but were not encountered on any transects. 



Species 

Porites lobata Dana 

Pocillopora meandrina Dana 

Porites compressa Dana 

Montipora verrucosa 
(LalTtarck) 

Montipora patula Verrill 

Pavona varians Verrill 

Leptastrea purpurea Dana 

Pocillopora eydouxi 
Hilne-Edwards and Baime 

porites (Synaraea) convexa 

Cyphastrea ocellina (Dana) 

Sum 
% 

Cover 

27.60 

16.25 

15.08 

1.60 

0.62 

0.31 

0.27 

0.14 

0.04 

0.04 

Anthelia edmondsoni (Verrill) 0.03 

Leptastrea bottae 
Milne-Edwards and Haime 0.01 

cycloseris vaughani Boschma 0.01 

Psammocora (SteEhanari~ 
s"tellata Verrill 0.00 

Pavona duerdeni Vaughan 0.00 

Fungia (Pleuractis) scutaria 
Lamarck 0 . 00 

Montipora dilatata studer 0.00 

1v1ontipora verrilli Vaughan 0.00 

LeEtoseris digitata Vaughan 0.00 

LeEtoseris incrustans (auelch)O.OO 

Coscinaraea ostreaeformis 
Van der Horst 

Porites brighami Vaughan 

0.00 

0.00 
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01- ProEortions 
% 0>/ 

/0 Abundance 
Occurrance Transects Class 

29.17 1.00 Dom. 

15.23 .889 Dom. 

13.56 .810 Dom. 

2.99 .778 Common 

0.68 .524- Common 

0.50 .349 Sporadic 

0.43 .429 Sporadic 

0.09 .127 Sporadic 

0.02 1.016 Rare 

0.14- .095 Hare 

0.11 .095 Rare 

0.02 .032 Rare 

0.01 .032 Rare 

0.01 .016 Rare 

0.01 .016 Rare 

0.02 .032 Rare 

0.00 .000 Rare 

0.00 .000 Rare 

0.00 .000 Rare 

0.00 .000 Rare 

0.00 .000 I"Z2re 

0.00 .000 Rare 



44 

Table 3. 

Percent of total bottom cover and percent of living coral 
cover of the three dominant coral species. 

Species 

Pocillopora meandrina 

Porites compressa 

Porites lobata 

Totals 

% of total 
bottom cover 

9.58 

19.25 

17.97 

46.80 

% of living 
coral cover 

19.83 

39.85 

37.21 

96.89 
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Test for Pooling Data 

Since three different sites were surveyed, it lS 

possible to test for homogeneity of data recorded at the 

vaiious locales (Loya, 1972). If there are no significant 

differences between zones at the three different sites, 

transect data from similar zones at different sites may ~e 

pooled. Table 4 shows the analysis of variance for 5 sets 

of data recorded in each zone of all three sites. In the 

~ lobata reef building zone, living cover and species-area 

diversity show significant between site variance at the 

.05 level. In the !:.:.. compressa slope zone living cover, 

species-area diversi-ty, and species-nv_mber diversity show 

significant between site variance at the .05 level. 

\'v11ile Jchese significant variations provide a basis 

for not pooling transect date, the majority of the contrasts 

WGre not significantly jifferent and there are common 

distributional patterns evident at all three sites. In 

the following results sections these patterns are presented 

and described along with any variation and departures from 

the general trends. 
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Table 4. 

Calculated F values for one way analysis of variance 
bebveen the three study sites. Five statistics were 
analyzed at each of the four zones. Further explanation 
of diversity and evenness is provided in following results 
sections. 

P.meandrina P.lobata P.compressa p. lobata 
Statistic boulderzone reefzone slope zone rubblezone 

Degrees of freedom 2.11 2.11 2.10 2.40 

Critical F '05) value 3.98 3.98 4.10 6.94 

Species number 1.14 3.10 '1.73 4.40 

Living cover 1. 38 25.99* 9.32* 0.56 

Species-area 
diversity 2.74 6.85* 5.63* 2.71 

Species-number 
diversity 2.61 0.63 5.21* 3.68 

Evenness 2.51 0.44 2.36 1.69 

* Significant at .05 level 
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Dominant Coral Species Distributions 

Figures 6, 7 and 8 show plots of the percent cover 

of the three dominant coral species versus the distance 

offshore. In the P. meandrina-boulder zone at Site A 

(Pig. 6) this species reaches a peak cover value of 24.3)'6 

at. transect A-2. !.'ocillopora meandrina cover decr'eases 

across the ree:E shc.~lf and ceases to occur in ·the P. compressa 

slope zone. Porites loba·ta cover steadily increases across 

·the reef shelf up to transec-t A-5 'lt1here the peak cover value 

of 43.4% is reached. J>lov ing seaward from this point 

P. lobata cover steadily diminishes. However, a small 

secondary peak of 18.8% occurs in the deep ~ lobata rubble' 

zone. Porites compress"'!. cover increases at each successive 

transect in the ~ lobata reef zone. Seaward of the shelf 

break (transects A-9-12) ~ ~Eressadominates bottom 

cover, reaching a peak value of 77.00/0 at transect A-IO. 

In ,the ~ lobata rubble zone, ~ compressa is comple·tely 

absent from the deepest 2 transects. 

Site B (Fig. 7) has similar species distributions, 

while at Site C (Fig. 8) the same pattern is apparent 

aI-though the curve is somewhat flattened, and the secondary 

peak of ~ lobata is greater than the primary peak. 

At Site C, P. meandrinacover remains nearly constant 

across the entire reef shelf with a peak value of 22.5% at 

transect C-S. Porites lobata abundance on the reef shelf is 

greatly reduced co~pared to cover values at Sites A and B. 

011 t~he reef shelf P. lobata cover peaks at, 25.0%. (transec·t 
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C-8), only about one half the peak cover value encountered 

ai: Site A. The seco.ndary peak at transect C-17 in tIE: deep 

P. loba·ta rubble zone is the highest coral value for any 

species at Site C. Porites compressa cover at this site 

similar to Sites A and B, although the peak cover value 

is only 56.vfo. 

Non-Coral Substrata 

Plots of non-coral substrata at each transect of 

Site A (Fig. 9) also reveal distinct zonation patterns. 

In the P; meandrina boulder zone basalt and its associated 

algal cover is the dominant substratum. The percentage of 

basaltic cover is highest (62.8%) at transect A-I and 

decreases steadily across the reef shelf. Very little 

basalt occurred on transects of the reef slope zones. 

Bottom cover consisting of solid carbona-te substratum 

(limestoIH?) is fairly constant in t.lle P. meandrina boulder 

zone I averaging approximately 24%. Almost all o:E this lirne-

3-1:one consists of r..:..cneandrina skeletal remains. Limestone 

c:)ver is highest in the ~ lobata reef building zone \>Ji-th a 

peak value of 26.6% at -cransec-t A-8. Solid ca~bonate occurs 

in small but fairly constant percentages in the two reef 

slope zones. Solid limestone, consisting almost entirely 

of dead coral skeletons is the only bottom cover that 

occurred at every transect of all sites. 

Any calcium carbonate fragment larger than sand and 

11:)1: firmly clt:tached to the submar ine surface is considered 
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limestone rubble. lvlost of -these rubble fragments appear to 

be skeletal parts of P. compressa and T. meandrina colonies. 

\vhila limestone rubble appears in only ohe transect (A·-5) 

of the reef bench, it occurs on every transect of the reef 

slope. Limestone rubble is the dominant bottom cover in 

the deep P. lobata rubble zone where i-t reacr..es a peak value 

of 58.7% at transect A-14. 

Sand bottom cover has an occurrance pat-tern similar 

~to limestone rubble. Very little sand is encountered on 

the :t:eef shelf and in the !:..:.. compressa slope zones. In the 

P. lobata rubble zcne sand cover steadily increases to a 

peak value of 53% at -the deepest transect, A-IS. 

Slight variations in this zonation pattern exist at 

Site B (Fig. 10). Dw:? to scattered lava Ol.'ltcrops, basalt 

cover is higher in the reef slope zones than at Site A. 

Solid limestone cover peaks at transect B-5 (25,.7<'/0), which 

is included in the'!:..:.. meandrina boulder zone. Limestone 

rubble and sand cover are much lower than at Site A. Lime-

stone rubble cover peaks at 32.1% at transect B-15 compared 

wiJch 58.7% at transect A-14. Similarly, sand cover at 

transect B-15 is 24.1% while at transect A-IS the cover 

value is more than doubles with 53.0%. 

At site C several topographical varia-tions oc~ur 

(Fig. 11). Due to a ridge of lava outcrops on the shelf 

break, basaltic cover reaches a secondary peak at transe~t 

C-ll. Considerably more solid limestone (peak of 45.8%) 

occurred on the reef shelf at site C than at Sites A and B. 
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Also, the pattern of lirnes·tone rubble distribution does no·t 

f::'t -the p:reviously described pattern. A rubble channel 

just below the shelf break caUsed rubble cover to peak 

(24.2%) at transect C-12. Rubble cover in the ~ loba-ta 

rubble zone of Si-te C is very low compared with ·transects 

from thf~ same zones at the other 2 sites.' 

Correlation Between Corals and Substrata 

To estimate the association, or interdependence, 

between corals and substrata product-moment correlation 

coefficients were computed (Sokal and Rohlf, 1969). Table 

5 shows the correlation coefficients between the percent 

coverages of the three dominant coral species and the four 

non-coral substrata. 

At all 3 sites P. meandrina cover correlates positive

ly with the two solid substrata and negatively with both 

unstable substrata. P. compressa cover correlates negative

ly at all sites with all non-living bottom covers with one 

exception (r==.243 for ~ compressa and limestone rubble at 

Site B). The only substratum that shows sigriificant 

positive corre1a-tion wi th ~ lobata is solid limestone. 

~ lobcl'ta cover correlates negatively at all sites with 

basalt and limestone rubble cover and at Sites A and B with 

sand. 
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Table 5. Correlation coefficients for percent 60ver of 3 
dominant coral species and percent cover of non-living 
subst~cata . 

Basalt Limestone Limestone rubble Sand 

~ meandrina 

site A .953* .506 -.507 "'".465 

B .747* .755* -.731* -.495 

C .396 .532* -.572* -.360 

P. compressa 

Site A -.436 -.413 -.268 -.301 

B -.834* -.566* .243 -.105 

C -.581* ~.507* -.70J* -.172 

P. loba-ta 

Site A -.148 .559* -.466 -.469 

B -.130 -.059 -.287 -.295 

C -.664* .260 -.011 .076 

*Significant at .05 1ev~1 
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Dendrograph ill!alysis 

A dendrograph is a 2 dimensional correlation diagram 

in which the spacing used to separate the variables reflects 

the dissimilarities between the groups to which the variables 

belong. The dendrograph arrangement is derived from the 

results of a cluster analysis preformed on the matrix of 

intercorrelations of the variables (McCammon, 1968, £IlcCammon 

and Wenninger, 1970). Dendrographs have the advantage over 

dendrograms in that between group correlations among 

variables I as well as wi"thin group correlations can be dis

played. Loya (1972) employed a dendrogram to determine if 

there was a basis for dividing ree~ coral transects into 

separate zones at Eilat/Red Sea. Maragos (1974a) used 

de!1drographs to cluster contiguous reef coral quadrats at 

Fanning Island. 

In the present study I the correlated paramet"'2rs are 

the percent cover of each coral species and substratum at 

each of "the 48 transects of Sites A, Band C. rrhe arc

cosine of each correlation coefficient was used to convert 

this statistic to a distance measurement. Figure 12 is a 

dendrograph representing the correlations of transects in 

terms of total bottom cover (corals and substrata). It can 

be seen that there are four main clus"ter groups correspond

ing to the zones described in section III-A. However, 

·several transects correlate with clusters in which they do 

not sp~tially occur. Transects C-ll, c-18 and 3-14 all 

contain exposed basaltic outcrops and consequently cluster 
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in the P. meandrina boulder zone. Similarly, transects 

C-IG and C-17 cluster wi"th transects from the P. lobata

reef zone even though they occur in the deep L:.. lobata

rubble zone. 

The cluster array does not necessarily correspond 

with the geographical zonal arrangement. The P. lobata 

rubble zone correlates closely with the .. ~ lobata reef 

zone, even though the .~ compressa slope zone spa"tially 

separates the two areas. 

Figure 13 is the dendrograph representing the 

correlations of only the living coral species cover at each 

transect. Exclusion of non-coral bo"ttom cover alt"ers "1::he 

zonation pattern in Figure 11. Due to relatively low 

p:roportions of Porites lobata cover on the reef shelf a"t 

Site C, transects C-6, 7, 8, 9, 10 and 11 cluster with the 

~ meandrina boulder zone rather than the ~ lobata reef 

ZOXl(";.\IJhen only coral cover is consid,?red, transects in 

the deep £:..:... lobate. rubble zone cluster tigh"tly wi"th transects 

from the £:..:... lobata reef zone. This i3 the reason the dendro-

graph in Figure 12 has only three main clusters. withou"t 

considering the basaltic substratum of transects B-14 and 

C-18, these transects correlate in the combined P. lobata 

zones rather than the £:..:... meandrina cluster as in Figure 11. 

Another difference appears with transect C-16. vtnen only 

coral cover is considered this transect occurs with the 

~ compressa slope cluster rather "than the ~ lobata reef 

group. 
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Diversity Indices 

Diversity indices provide another analytical approach 

for evaluating community structure and zonation pat"terns. 

Loya (1972) presen"ts a comprehensive review of these indices 

along" with the different ecological interpretations of each. 

Slobod1-:;:in and Sanders (1969) have theorized on the rela"tion

ships between species diversity and environrnental variability, 

unpredictableness and harshness. In the present study, 

several indices were employed, each of which is sensitive 

to different aspects of the diversity concept. These 

indices include: (1) Species count (2) species-number diver-

si ty L e . the number of species per certain 'unit of ind:lvi

duals (colonies) {3} species-cover diversity, i.e. number 

of species per certain unit of bottom cover (4) Species 

evenness, a comparison of the observed distribution of 

individuals (colonies) to the distribution the same number 

of individuals (colonies) would have if they were apportion

ed as evenly as possible. 

Species count is simply the number of species per 

transect. This measure does not incorporate the different

ial abundances of species, and is dependent on sample area 

size. However, in this study all transects are of equal 

length so sample area does not vary. 

For large collections, from which random samples can 

be drawn and the number of species can be found, the Shannon

Wiener i~dex (1948) can be used to estimate diversity. 

Diversity is equated with the amount of uncertainty that 
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exists regarding the species of an individual (colony) 

selected from a population. "The more species there are 

and the more nearly even their representation the greater 

the uncertainty, and henc'2the greater -the diversity" 

(Loya ,. 1972). Therefore, the Shannon-Wiener index is 

sensitive to both -the number of species (species richness) 

and to -the d(~gree of equal apportionmen-t of the individuals 

among the species (equitabili-ty). r1'he Shannon-I1iener formula 
s 

is H';:::_ L:pilnpi, where pi is the proportion of the ith 
i=l 

species in -the population, and s is the nurnber of species. 

This formula car; be modified so that pi is defined in terms 

of relative biomass, or linear cover, rather than relative 

abundance (Wilm, 1968, Dickman, 1968, Loya, 1972). Thus, 

the Shannon-Wiener index can be used to estimate both 

species-number (H ' n ) and species cover (H ' c ) diversity. 

If corals within a zone are all of approximately 

the same size, H' n and H'c should correlate highly for all 

transects of a zone. Loya (1972) found that this was the 

case for reef coral zones at Eilat, Red Sea. Table 6 shows 

the correlation coefficients between H'n and H'c for the 

transects of each zone off the Kona Coast. No correlation 

coefficient is calculated for the ~ lobata rubble zones 

at sites Band C since these zones have only 2 transects. 

Non-significant correlations indicate that the corals 

wi thin a zone are not of the same size. At Si-ce A, corals 

in the P. lobata reef zone and the ~ compressa slope zone 

are of significantly (.05 level) different sizes. This is 



62 

also the case in the P. cornpressa slope zon,~ at Site B 

and the P. meandrina boulder zone and P. lobata reef zone 

These non-significant correlations are a result of 

the very different growth forms of the 3 dominant coral 

species. Pocillopora meandrina is a hemispherical branching 

colony that rarely exceeds 50 cm in diameter. Porites 

lobata has a massive, encrusting, _~o}Jed or conical growth 

form ranging from several centimeters to 3 meters in dia

meter. Po_rites compressa grows in branching contiguous 

ma-ts covering many square meters. Also, the many rare 

species are generally small colonies, so their occurrance 

rnay bias species-number diversity upwards.' In fact I 59 

of the 63 transects had higher species number diversities 

compared to species cover diversities. Since correlations 

ana_ observations of gro\v-th forms indica-i:e that corals \i'Jithin 

some zOl~es are not of the same size I it appears -tha-t species~ 

nu;nber diversity does not represent communi_ty structure as 

accurately as species cover diversity. By t<:tking in-to 

account the bottom cover of each species, rather than just 

the information that a colony has been encountered, a more 

valid picture of the community can be achieved. For this 

reason all following references to species diversity will 

i-mply species cover diversioty only. 

The evenness index (Pielou, 1966) compares the 

observed distribution of colonies a~ong species (diversity) 

to the values H' would take if the sa:ne number of individuals 
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Table 6. 

Correlation c-::>efficients for values of species-n1_FtUx:r 
(H'n) and species cover diversity (H f C ) at each zone of 
each site. Non-significant: r's indica-te that co:cals in 
. .. . ...... ..... ani..l d' C " r t . 
~ne zone are O~ slgnlrlc L Y lr~e en Slzes. 

Correlation Degrees of Critical Value 
Zone Coeffici en-t Freedom r at .05 level 

P. meandrina-
-boulder 

Site A .986* 2 .950 

Site B .925* 3 .878 

Site C -.425 3 .878 

E..:.. lobata-
reef building 

Site A .914 2 .950 

Site B -.492 2 .950 

Site C .660 4 .811 

P. comEressa-
slope 

Site A .532 2 .950 

Sit.e B .952* 2 .950 

Site C .991* 3 .878 

E..:.. lobata-rubble 

Site A 1.0* 1 .997 

Site B 0 

site c 0 

*Signigicant at .05 level 

of 
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W,2re apportioned as evenly as possible among the same 

number of species ( TJ'ma y ) .t • ..L :..u -x_ 1O Since it cante shown that 

H'max is equal to In s, evenness, represented by J' equals 

HI/In s, where s is the number of species (l?ielou, 1966). 

Lloyd and Ghelardi (1964) stat.e that whereas the number of 

species depends primarily on the structural diversity of a 

habi·tat, !I equitabili·ty"is more sensitive to the stabili·ty 

of physical conditions. 

Fager (1972) states that scaling diversity indice~ 

is a prerequisite for comparison of samples with different 

number of species and individuals. Scaled diversity is 

equal to HI ~Hmin where H'min == In (N/N-s). In this case 
Hmax-Hmin 

N is the number of coral colonies. vvhere 'sample sizes 

~re large (N 250) Pielouls evenness index will suffice 

for scaling HI since H'min will be Sufficiently close to o. 

, While non; of the transects in the present study had N I s 

gr',2a"l:er than 250 (range from 2-187) scaled divei:sity values 

are nearly the same as evenneS3 values (see Figs. 14-16). 

By adjusting th,2 diversity index so ,tha-t all sa'~(\ples have 

'C~12 sar:1e number of sp~'?cies, the species richn c2ss component 

of diversity is lost. 

When measuring species equit:.ability bo-ch the pa·ttern 

of species distribution and -the sample size -may , . 
.olas resul-cs 

(Ll'.:)yd and G1H?lardi I 1964). If the individuals of ~ species 

aggregate into patches and the position of the patches be~r 

li'ctle r21ation to l:Jatches of o·tll<:?r :3pecies, the aV;2rage 

l~cal equitability will fall below the ovarall equitability. 
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This phenomenon of patchiness will most likely lend a 

downward bias to sample estimates of equitabilit,y. all. ,the 

otlH::r hand, if it were possible to sample individuals at 

random, it turns out that this would ~lso yield a biased 

estimate of equitability, but this time the bias is upwards. 

Since the commonest species are not as plen'tiful as all the 

rare species put tOJether, species may in.i tially accumula·te 

as rapidly as individuals. As collecting continues, the 

addi·tion of new individuals piles up indefinitely, while 

the addition of new species is a rare event. This sampling 

bias can be reduced by including a g'reat many indivi:iua7.s 

in the total sample. .Although the two kinds of bias work 

in opposite directions, there is no guarantee that they will 

cancel one another out (Lloyd and Ghelardi, 1964). 

Plots of species count, scaled and unscaled diversity, 

and evenness versus the distance offshore (Figs. 14, l4a, 

IS, l5a, 16, l6a) show several trends regarding the distri

bution of species in -the coral community. 

Values of species counts, and unscaled diversities 

are generally highe~ on the reef bench than on the reef 

slope, and peak values usually occur in the Porites lobata 

reef building zone. These values drop to minimums on 

transec·ts of the P. com):)ressa slope zone and then rise 

~lightly .in the deep P. lobata rubble zone. This pattern 

is in contrast to findings by Loya and Eilat (1972) and 

M.arugos (1974a) at Fanning where species number and diversity 

showed successive increase with depth. Porter (1972a) 



66 

found at San BIas, Panama, that diversity rose to a peak 

from the surface to 5 m, remained high, between 1.5 and 

3.5, down to 25 m and then fell to 0,. where the comnn.mity 

ended. 

At Site B, a variation in this pattern occu~s in 

that unsealed diversity is highest at transects B-1 and 

B-ll. These transects occur in the h meandrina boulder 

zone and the k compressa slope zone respectively, rather 

than the h lobate:. reef zone where values are generally 

highest. At transect B-li coral cover of the dominant 

species h ~.pres~.§., is relatively low (20.5%) v.Jhile 

P. meandrina cover is relatively high (6.5%). The relative

ly high equitability of species distribution and the rela

tively high species count (5) for this zone result in the 

high unsealed diversity. In the same manner, the relatively 

high percentages of the 4 sporadic and rare species that 

occur on transect B-1 account for the highest unscaled 

diversity (H ' c=1.l9) anywhere in the study. 

When species richness is unusually high, species 

evenness and unscaled diversity are generally low, due to 

the high number of rare species. Of the 9 species encounter

ed at transect B-3 (J'c=.379) and B-5 J'c=.433), each of 

7 comprised less than 1.0'/0 of the bottom cover. The low 

equitability and high species richness tend to counteract 

each other to produce diversity values consistent with the 

general pattern, but result in very low evenness and scaled 

diversity_ This is also the case in the P. lobata reef zone 
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at Site C. Diversity is highest in this zone but low 

equitability due to relatively large numbers of rare species 

(6-10) cause evenness and scaled diversity to be lower than 

in any other zone at this site. 

Conversely, when species richness is low, due to the 

absence of rare species, evenness and scaled diversity are 

highest. l\t Site A, the highest evenness (.741) occurs at 

transect A-IO in the P. compressa slope zone. Appendix B 

shO\vs that P. compresg and L. lobata are the only two 

species that occur on this transect. Even though unscaled 

diversity is relatively low on this transect (H'c=.5l3), 

evenness is relatively high due to the lack of rare species. 

Figure 17 shows species cover diversity plotted 

versus depth. On the relatively flat reef shelf (0-10 

meters) diversity is high and variable. DiVersity values 

are lowest in the P. compressa slope zone at depths of 

20-25 meters and then peak secondarily in the L. lO;Jata

rubble zone at depths between 27-33 meters. 

Storm Damaqe - Effects of a Large Scale Disturbance 

On January 6, 1974, 8-10 foot waves generated from a 

large winter storm in the North Pacific reached the coast 

of Hawaii. Sea conditions remained extremely rough until 

January la, 1974. Study Site A, which faces west-northwest, 

received the most direct force of these waves. On February 

21, 1974 transects were surveyed for a second time at ·this 

si te. ]:-;.ttempts were made to duplicate the orig inal transects 
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as closely as possible. The before and after transects 

show quantitatively -the effects of the sto:r:rn on comm'Lmi ty 

strnct-nre. 

}ippendix B is a list of the percentages of l::ott.om 

cover at each transect for each species and substrate 

befor;'e (Sit.e .i-:') and after (Site AA) the storm. l\ppendix C 

is a list of the diversities, species counts and species 

evenness at each transect before a~d after the storm. 

FigJJ.re 18 show:;:, pIo·ts of the total living coral 

cover versus the distance offshore before and after the 

storm. After the storm, many colonies of P. lobata and 

L compresscl were fa-und detachec!. from 1:he substr2te, but 

still alive and in apparently good condition. These corals 

were included in the living bottom cover in the following 

statistical tests. It is of interest to note that none of 

these detached and alive colonies were found intact on the 

rE~ef shelf. 

There was significantly less total live coral cover 

after t.lle storm (Wilcoxon sign rank test (P=. 022) (Tate and 

Clelland, 1957). 

Figure 19 shows plots of the percent bottom cover of 

the 3 dominant coral species before and after the st:.orm, 

versus the distance offshore. Since it was expected that 

abrasion and breakage from large scale water movement would 

cause a reduction in living coral cover, E priorj knowlese 

dictates that a one-tailed test be made on this data. 

I'ocil1o.pora rne2n6rina cover: is s isnLficantly reducecl at the 
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.071 level (Wilcoxon sign rank test, 1 tailed). However 

7 of the 8 transects on the reef bench had less k meandrina 

cover following the storm; the probability of this occurrance 

is .0312 by chance (binomial expansion). Change in Porites 

lobata cover shows no apparent trend and is significant 

at >.20 level (Wilcoxon sign rank· test). Change in P. 

compressa cover significant at the .072 level (Wilcoxon 

sign rank test, 1 tailed). However 6 of the 7 trdnsects on 

the reef slope had less P. compressa cover after the storm; 

the probability of this occurrance by chance is .0547 

(binomial expansion). 

It was also expected that more n.on-living bottom 

would be present after the storm. Figures 20 and 20a 

show plots of percentages of non-living bott"om covers at 

each transect before and after the storm. One-tailed 

Wilcoxon sign rank tests indicate that there is significant

ly more so:'id limestone (p <.005) and limestone rubble 

(P=.030) after the storm.· However there is no significant 

change at the .05 level for basal tic bottom cover (P >.10). 

Significantly· less sand is found within the coral community 

at the .05 level (P=.042) after the storm (see discussion) . 

Figure 21 sh6ws plots of diversity, evenness an.d 

species counts at each transect before and after the storm. 

Diversity is significantly higher at the .05 level after 

storm damage (P=. 038, 2 tailed [fhlcoxon sign rank tesJc). 

The greatest increase in diversity following the storm 

occurred in the Po· compressa slope zone. However: both 
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species count (P=.069) and evenness (P >.20) ~ere not 

significantly different at the .05 level aft~r wave damage. 

Due to its fragile structure, Porites compressa 

cover is affected by storm damage more than other species 

(Fig.19). Since this damage reduces dominance and results 

in a more equitable species distribution, species diversity 

and evenness were substantially higher in this zone after 

the storm. Species counts in the deep E...:.. lobata rubble 

zone were also higher following the disturbance. Four 

species (E...:.. lobata, E...:.. compressa, ;L.. meandrina and N. 

verrucosa) occurred at transect AA~14 and 5 at transect 

AA-15 (all of those above and Pavona varians). Only one 

species (L.. "lobata) appeared on both of these transects 

prior to the storm. It appears that many of these colonies 

are broken fragments that originated in shallower zones and 

were tumbled' down the reef slope by wave action. The dis

placed peak of maximum coral cover to deeper water (Fig. 18) 

also appears to indicate that storm action carries coral 

fragments downslope. 

Increases in abundances of certain species after the 

storm may be caused by either transfer of living fragments 

to areas which were previously low in coral cover or to 

sligbt deviations in positions of latter transect locations 

to that of the former. 



!,'!: ..'( 1::':.::: 
.Ci· ......... . 



Plate VII. storm damage to ~ compreS2:'2. \'J1ile large 
parts of the ~ compressa thicket ore broken, many rernain 
alive vJhere they form new colonies and e~(:pcmd. the r2nge 
of -the specie[:; in the slope zones. Depth is approxin~ately 
18 meters. 
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Transplant and Growth Studies 

It is possible to investigate the factors influenc

ing community structure by manipulating a coral's position 

in the habitat in a controlled way and noting the coral's 

response to these manipulations. One way this can be done 

is by transplanting corals into zones where they do not 

normally occur as a dominant species. Growth of trans

planted corals has been studied by Wood-Jones (1907) ,

Vaughan (1915), l\layor (1924) I Edmondson (1928), Shinn (1966) I 

Maragos (1972) and Lang (1974). 

If a coral is transplanted into an area where it 

does not normally occur, then the survival and growth rate 

can be used as an index of the coral's adaptation to the 

environment (Shinn, 1966). If spatially isolated trans

plants fail to survive or grow, and no biological factors 

interfere, it may be assumed that some physical property of 

the environment limits the geographical distribution of 

the coral. 

Table 7 shows the chi-squares for survival of the 

four transplant species calculated from a 2 x 7 contingency 

table (Snedecor and Cochran, 1967). In this C2se, the nul] 

hypothesis is that there is no relationship between the 

rJ.UIC'..Oer of transplants that died or survived and the locatior. 

(tr2nsplantstation) of the corals. Chi squares for L 

meandrina and P. lobata are not significant, indicating 

that survival of these species is independent of their 

location on the reef. However chi-squares for Porites 
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compressa show that survival is dependent onzohal location 

(p <. 005) . . Specifically, it can be seen that when !:..:.. 

compressa is transplanted into the shallow !:..:.. meandrina 

boulder zone, its survival rate decreases. This is "cested 

by 'computing chi-square for survival with h meandrina

boulder zone transplants excluded. In this case, there is 

no significant reason for rejecting the null hypothesis. 

j\ppa~'ently, P. compressa does not have the physiological 

tolerance to withstand the relatively rigorous conditions 

of the near shore P. meandrinaboulder zone. Maragos (1972) 

also found that h compressa growth and survival were 

adversely affected by high wave action. 

Survival of Coscinaraea ostreaeformis transplants 

showed very definite dependence on transplant location 

(p <.005). All eighteen colonies that were transplanted 

to the reef shelf died, while only one of the nineteen 

colonies that was transplanted on the l:eef slope failed to 

survive. Filamentaous algae was observed growing on all 

reef bench colonies just four to seven days after trans

planting. 

Growth rates of colonies th~t survive transplanta

tion can also be used to measure the adaptive ability of 

various species. Table 8 shows the analysis of variance 

for growth rates of each species clt each transplant station 

and the mean grovJth rates in mm yr- l . Porites lobata 

growth rates show no significant differences between stations 
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at the ·.05 level. Howev·er E-:. compressa and ~ meandrina 

do show significant growth rate differences between stations 

at the .05 level. This indicates that for these two species 

physiological processes i.e. calcification and growth, are 

affected by variations in physical properties of the 

different zones. It can be seen ih Fig. 22 that the mean 

growth rates for both P. meandrina and h lobata decrease 

with increasing depth. Since these species appear to 

possess the physiological tolerances to withstand the 

vigorous watermovellent of the shallow nearshore areas, 

their calcification rates may be light dependent. ·In fact, 

gro~lth rates decrease as light intensity diminishes with 

depth (see results on light intensity measurements) . 

J.It1aragos (1972) also found that growth of E-:. meandrina is 

light dependent. Loya (1972) found significantly smaller 

coral colonies at greater depths, perhaps due to the 

influence of l.ight attenuation on c~lcium carbonate deposi

tion. 

On the other hand, L. compressa growth rates are 

. low in the shallm'17 zones (4.95 mm yr- l at Site A, 8.56 mm 

yr- l at S5.te B). It appears that the increased turbulence 

of the ne~rshore areas strain the pl1ysiological tolerances 

of this coral. This may 'be due to abrasion of the exposed 

polyps by suspended sediments or interference with the 

feeding mechanism. lv'laragos (1972) found growth of Porite,§. 

cornpressa transplants to be rapid in shallow water when 

the coral was protected from of'en ocean conditions. Dense 
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thickets of ~. con:pressa have been observed growing close 

to shore in 2-3 meters of water in lihihi Bay on l'-1aui and 

in Kealakekua Bay on Havlaii. Both of these areas are 

protected from s-trong open ocean conditions indicating the 

limiting factor for ~ compressa appears to be surge. 

It was not possible to measure any growth rates 

for surviving c. ostreaeformis colonies. w~en these trans

plant colonies were sectioned, the dye Hi_ark always appeared 

at the out_er edge of the colony. This indicates that for 

the dura-tion of the transplant experiments (139-172 days), 

h ostreaeformis E1howed no measurable growth. 

It is possible -that community structure is affected 

by biological interactions between corals. Lang (1970) 

has found interspecific compe-ti tion in corals in the form 

of between-species predation. She was able to establish 

an aggressive heirarchy I in vJhich each species was able 

to Clttack ell species below it and be attacked by all species 

ranked above. 

Connell (1961) found interspecific competition 

between two species of intertidal barnacles that grow in 

contact with each other. He found that barnacle zonation 

was determined I in part I by one species I greate:': population 

density and faster growth rate which allowed it to success

fully domina-te the limiting space resource bycompcti-tive 

interference. 

The biological transplant grids were not retrieved 

from their stations prior to the storm of January 6-10. 
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Table 7. 

Chi square values from 2 x 7 contingency table for survival 
of transplanted corals. The null hypothesis is that there 
is no relationship between survival of corals and location 
of corals. Significant chi squares indicate tha·t there is 
a .05% chance of being wrong in rejecting the null hypothesis. 

Probability of 
c . ,-,pecles :;-t: survived ,. 

'if dead X2 df a greater value 

P lobat.a 20 1 6 28 6 .50 ,)to:: · J. · . ""-' 

I · meandrina .27 11 3 · 32 E . SO . 75 

F · cCirnr.J:C{; ~~ s a 72 20 214 01 -)~. 6 005 . 

F. cornpressa 
(excluding . F .M • 

boulG.er zone) 63 Co 2 24- 4 75 .. 50 · . 

c. os·treaeformis 18 19 38 · 28-;1: . 005 

'\.-significant reason to l:ejecJc null hypo·thesis 

Table 8. 

Analysif; of variance for gr.:·owth of transplanted corals. 
Significant F values indicate that there is a difference 
in growth rates at the different stations. 

P. meandrina P. lobata P. compressa 

Calculated F 3.72* 2.82 6.54* 

Cri·tica1 F (.05) 2.63 3.09 2.23 

degrees of freedom 6, 19 6, 11 6, 68 

*Significant at .05 level 
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The four grids in the reef shelf zones were aIr torn from 

the bottom LY storm action and all coral transplants were 

lost. vmile the gr ids in the s lope zones rema ined in 

place, the corals tied to them did not remain completely 

stationary. It proved to be very difficult to secure a 

coral to a grid in such a manner that no movement occurred. 

Since these corals were in physical contact with each other, 

mechanical ab:r:asion occurred where colonies touched. .Many 

of the con·tact points were }che growing branch tips, causing 

distal growth measurements to be invalidated. Thus, it 

was not possible to monitor accurately the competitive 

responses between adjacent corals. However observations 

of natural corals growing side by side did reveal some of 

the interspecific interactions between species. focillopora 

meandrina appears to be the least aggressive coral off 

Kona. Porites and Montipora colonies were frequently 

observed growing over Pocillopora heads, especially on the 

slope zones. J:-1.ontipora appears to be more aggressive than 

Porites and is frequently seen growing over P. lobata heads. 

In areas of Hawaii that may be less subject to wave surge, 

such as Puako and Anaehoomalu Bays, Ivlontipora is often seen 

growing up E..::.. compressa branches. Branhamet al (1971) 

also noted N. verrucosa growing over P. compressa in deep 

water off the protected coast of south Molokai. 



91 

Settling Platforms 

"In analyzing the ecological conditions of an animal 

population it is important to" focus attention on the most 

sensitive stages within the life cycle of the animal, that 

is,' the period of breeding and larval development" ('I'horson, 

1949). Zonation patterns may be in part dependent on the 

settling behavior of the planulae. Type of substratum has 

proved to be the major factor influencing settling of nearly 

all pelagic larva (Thorson, ,1949). Harrigan (1972) showed 

that planulae of E...:. damicornis preferred dark substrata 

tovered with a film of filamentous algae and that these 

planulae could exercise some choice over their settlement 

sites. Harrigan also states that any non-toxic substance 

could presumably become attractive for settlement if it 

is left in the ocean long enough for such an algal film 

to develop. 'Edmondson (1929) observed that planulae of 

~ cespitosa (=E...:. damicornis) have the ability to determine 

settling location by crawling over the bottom using cilia. 

Zonation may also be influenced by differential 

behavioral responses of planulae to gradients in physical 

factors of the environment. within a restricted area, 

temperature is the greatest influence upon the duration 

of larval pelagic life. Young larval stages need more 

precise and limited temperature intervals than older larval 

and adult benthic stages ('I'horson, 1949). However tempera

ture required for spawning is usually so high and limited 

that if spawning can take place, larval development will 
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usually not be 2clversely affected by -tempera-ture (Thorson, 

1949) . 

ship. 

Biological interactions may limit planular survivor

stimson (1974) hypothesizes that planular settlement 

may be prevented by predation from invertebrates living 

symbiotically with adult colonies. Harrigan (1972) has 

obser"qed annelids and crustaceans that live in dead coral 

substrata feeding on nE.~wly settled polyps. 1'hese processes 

may rnask the initial p1anular settlemen-t pa-tterns which 

may not be reflected in adult species distributions. 

All settling platforms were secured in position on 

July 18 and 19, 1973. \lvnen nex-t inspected, on August 28, 

1973, the sides of all platforms were covered by various 

patterns of concentric rings of filamentous algae. By 

October I, 1973 the concentric ring pattern had changed 

into solid film~ of filamentous algae on the outer surfaces 

of all platforms. Bryozoans, sponges and calcareous algae 

encrusted nruc1.l of the inner platform surfaces. No coral 

colonies were observed 9-rowing on any of -the platforms. 

There was little change between October 1 and January 6, 

1974, when the winter storm struck the area. P latfOrTns 

in the reef shelf zones had been secured to the bottom with 

cables. These cables held the frames in place but wave 

surge was sufficient to tear the asbestos sheets from the 

frames. Fragments of these sheets that were salvaged were 

wedged in position of the bottom so that it was still 
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possible for larval settlement to take place. No solid 

substrate was available in the slope zone to which plat

forms could be secured. After the storm, all four slope 

zone platforms were missing from their stations. OnE 

platform was recovered, wedsed between boulders at a 

depth of approxima"tely 68 meters. The other three plc:\t-

forms were presumed to be carried further down the slope, 

out of retrievable range. 

At the conclusion of the inves"tig"ation on li'lay I, 

1974, after more than nine months underwater, no coral 

larval settlement had occurred on any asbestos settling 

s"urface. 
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Plate VIII. Settling- Platform in L lobata reef zone of 
Site A. Concentric rings of green algae covered sides of 
platforms after being in place for 1 month, and lasted an 
additional 6 weeks. Taylor maximum-minimum thermometer 
is attached to platform frame. Depth is 10.5 meters. 
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Physical Parameters 

Liqht Intensity -. Light intensity is a physical parameter 

that controls coral growth and can be directly related to 

dep'th and turbidity ("Wells, 1957). Haragos (1972) reviewed 

the literature concerning the functions that light energy 

plays in the growth and maintenance of coral reefs. De-

creasing light intensity limits photosynthesis by symbio-

tic zooxanthellae (see Introduction). Kawaguti (1940) has 

shown that the compensa-tion point for most corals lies at 

15-20"10 of surface light. Calcification has frequently been 

shown to be light dependent (Kawaguti and Sakamoto, 1948, 

Goreau and Goreau, 1959, Goreau, 1959, 1961a, b, 1963, 

Yamazato, 1966, Buschsbaum-Pearse and Muscatine 1971, 

BUl:;chCcl1 .. 1H1-Pearse, 1971, Loya, 1972 and J'.1aragos J 1972). 

I~this study light measurements were made in foot-

candles with an illumination meter fitted with a visual 

correction filter. This filter allows passage of light 
o 

between wave lengths of 4000 and 7000 Ii. Within the accuracy 

of the instrument. (lO"h) , this is the same spectral range 

that is effective for photosynthetic production of plant 

substances in the ocean 
o 

(3800-7200A) (Strickland, 1958). 

Light measurements were taken within one hour of noon 

both sites on ten occasions from Feb:r:'uary 21, 1974 to Flay I, 

107" n ] t.c '11' t' d ,". (I"'" "?) J 4. vne p_o OL mean 1 umlna lon versus ep~rl !lg. ~~ 

represented bo·th Sites A and B, since light measurement.s at 

bot.h sites alv.'ays coincided vlithin the 10% accuracy of the 
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instrument. On all ten occasions, illumination intensity 

from 'che surface to a depth of approximately 3 meters 

exceeded the upper limit of the meter (6000 ft-cdls). 

For this reason, Fig-_ 23 does not show illumination values 

from the surface to 3 meters. 

Since light intensity decreases exponentially wi~h 

depth, the greatest change occurs between the shallowest 

two stations. A measure of total extinction is given by 

the coefficient 
0:. Z 

0:., defined as 1=1 e- ~ where z is the o 

depth of the layer into which a light beam of intensity 

10 enters and leaves with intensity, I. 

Stations in the P. lobata-reef zone were E meters 

deeper and received only 58. S% of the illumination of -the 

P. meandrina boulder zone. ------- However, at site A the station 

in the P. lobata rubble zone is 27 meteri':] deeper tban the 

P. compressa slope zone· and receives 27. f;% 0 f the illumina--

t.ion .. 

It should be noted that sui-table light enex:gy, rather 

than illumination is functionally related to the biological 

processes of calcification and photosynthesis (Maragos, 

1974a). since the vertical distribution of light energy 

and illumination are not the same, due to preferential 

absorption of long W2.ve length (red) ligh-t by watex: I 

measurerClents of energy should give Flore accurate da-t", on 

the effects that light has on coral growth. Sverdrccp 

et al (1942) state that "It is not possible to give any 

table by means of which the energy reaching a certain depth 
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cc::.n be converted into units of illurrtinc::.tion, or vice 

versa, because the conversion factors will depend on the 

quality of the light and the tur1::idity of the water." 

Table 9 shows the correlation coefficients between 

mean coral growth rates and the mean illuminc::.tion values 

at each transplant station. Both P. meandrina and P. lobata ----
show positive sig-nificant (.05 level) correlations, while 

L compressa shows neg'ative correlation between grmvth 

and illumination. This negative correlation is pro1::ably 

due to the low grow,th rates of L compressa in the shallow 

high surge, shelf zones (see Fig. 22). 
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Table 9. 

Correlation coefficients between mean coral growth rates 
and the mean illumination values at each transplant station. 

!:...:.. meandrina F. lobata L. compressa 

Site A .9638* 1. 0* -.9183 

Site B 1.0* .9583* -.OS80 

*Significant correlation at .05 level. 

Table 10. 

Correlation coefficients between mean coral growth rates 
.. and mean peroent weight loss of plaster of Paris II clod 
cards. II 

P. mearidrina P. lobata !:...:.. compressa 

Site A .9347 1.0* .8268 

Site B 1.0* .8867 .7095 

*Significant correlation at .05 level. 
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water Movement Currents and wave energy affect corals in 

many ways t such as acrasion t Inechanical stress, sediment 

accumulation, light penetration, organic food supply; and 

levels and variations in the physical properties of sea

water (Haragos, 1972). vJhile some water movement is 

necessary for removal of carbon dioxide, supply of food 

and oxygen, and the dispersal of larvae, storr (1964) 

states that wave energy on open reefs is the primary en

vironmental factor causing ecological separation of the 

various corals and coral reef animals. 

Figure 24 shows plots of mean percent weight loss 

for ten sets of plas-ter of Paris /I clod cards" versus depth. 

Weight losses, and therefore water movement, are higher 

at all stations of Site B. These differences between. 

corresponding sta-tions at the two sites ranged from· 21. 48"10 

for stations'in the·P. meandrina boulder zone to 12.18% 

for stations in the L:.. lobata reef 7.one. Stations in the· 

L:.. compressa slope zone and the ~ lobata rubble zones at 

Site B had higher weight losses by 14.13% and 14.76% 

respectively.· The to-t.al range of weight loss was 21. 94% 

at Site A and 28.66% at Site B. 

Currents appear to be substantially intensified at 

Site B compared to Site A. The dominant direction of current 

flow at both sites is parallel to the shoreline. The 

proj ect ion of Kea\vekaheka Pt. may constr iet the width of 

thi~ current flow, causing a corresponding increase in 

current velocity. Also, Site A may be partially sheltered 
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from southerly currents by Keavlekaheka Pt., while Site B 

is fully exposed to currents frorn all directions. 

Salinity - Experimental work has shown that the salinity 

tolerances of most corals falls outside the range of most 

naturally occuring open ocean salinities (Stoddart, 1966). 

However, low salinities may affect distributions by intense, 

constant fresh water percolation and runoff. Maragos (19740) 

found no colonization of hard substrates by reef corals in 

shallow'N2-ter \vhex:e salinity is re6u ced, c~l though he ci.oes 

not specify by hown,uclL Prolonged laborat:ory eXpOEiUy'e 

to seawater diluted below 75% -of normal is damaging and 

sometimes lethal (Edmondson, ] O?O 17~w~crultl' lOdO) - ~~~ , ... u I :'\.C;. C J ~. I --' .... I 0 

Salinity ElalTlples \ve1:'e collected four times during 

the study period. Analysis of variance showed no signi-

ficant differences in salinities between stations at the 

.05 level (Table 11). The lowest salinity encountered 

was 34.16 0/00 at the !:.-=-. compressa slope zone of Site A 

on Narch 23, 1974. The highest salinity was 34.93 0/00 

at the P. lobata rubble zone of Site B on September 5, 1973. 

Temperature - Many stUdies show -that reef corals can survive 

only within a cer'tain range of ternperatures and that both 

zonation and geographical distribution of corals is oontrol-

led by mean temperature levels (Maragos, 1972). Stoddart 

(1969) states that sea water temperatures on open ocean 

coral reefs are always well within the lethal limits. 

However: terliperatL~res not high or low enoDgh to ce lethel 
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Table 11. 

Average salinity values. for duplicate samples at 8 stations, 
and analysis of variance to test if salinity values are 
significantly different between stations. 

Date 

P. meandrina 
boulder zone 

Siote A 

Site B 

P. lobata 
reef zone 

Site A 

Site B 

L compressa 
slope zone 

Site. A 

Site B 

P. lobata 
rubble zone 

Site A 

site. B 

Source 

Bet"(.;Jeen stations 

within stations 

Total 

C, j t::/73 _'I J 1/18/74 

34.87 34.32 

34.88 34.35 

34.88 34.28 

34.89 34.35 

34.83 34.32 

34.90 34.37 

34.88 34.22 

34.93 34.39 

SS 

.0234 

2.19 

2.22 

Ii' = .036 Critical F ( . 05) = 2.43 

Df 

7 

24 

31 

3/23/74 

34.23 

34.27 

34.22 

34.31 

34.16 

34.31 

34.30 

34.32 

MS 

5/15/74 

34.21 

34.29 

34.17 

34.30 

34.19 

34.31 

34.36 

34.27 

.0335 

.0914 
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may s-till impair feeding responses (Ilayor, 1915, l-1ayer, 

1916, 1918) and reproductive capacity of corals 

(Edmondson, 1928). Lang (1974) suggests that since cal

cification rates apparently vary directly with -temperature 

(Clausen, 1971) it may be that under conditicns of extremely 

low ambient illumination calcification rates are particular-

ly sensi ti ve to ternperature changes. Corals in deep reef 

zones may be limited by the location of the top of -the 

thermocline even though the absolu'ce temperature may be 

well within the temperature tolerance range of the species 

at -the surface. 

The extreme upper and lower tempera-ture limi-ts for 

continued coral survival have been placed at 36°C and 

16-lSoC respectively (Vaughan and -vvells, 1943, Clausen, 

1971, 1972). Maragos (1972) has found that in Kaneohe 

Bay, Oahu, water ten'lperatuJ:e drops below 25 0 C for 4--5 

months of the year. During this time period corals were 

observed to gTow significantly slower than during the rest 

of the year. 

Table 12 lists the temperat_ure ranges and mean 

high and low ternperatures at each st:ation provided by 

Taylor rnaximum-minirm_nn thermometers. 'I'ernperatures ranged 

frore, 23-28 o C and mean temperatures decreased slightly vvi th 

increasing depth and distance from shore. These valu.es 

fall well within known ter~erature tolerances for reef 

corals in Hawaii. (Edmondson, 1928, and Coles, 1973) and 
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Table 12. 

1<iaximum ranges and mean high and low· -temperatures at each 
station for 8 measurement inte~vals from May 17, 1973 to 
lVlarch 19 I 1974. 

Zone 
Maximum 

Range 

P. meandrina-bou1der 

Site A 26-28oC 

Site B 25-27o C 

E:- lobata~reef 

Site lA 23-26o C 

Site B 24-27o C 

P. comEressa-s1ope 

Site A 24-26o C 

Si-te B 23-26 oC 

h lobata-rubb1e 

Site A 24-26o C 

Site B 23-26oC 

Mean High 
Temperature 

27°C 

26.8oC 

2E.OoC 

25.90 C 

2S.S oC 

2S.SoC 

2S.SoC 

2S.0oC 

Nean low 
Temperature 

26.4o C 

26.0oC 

25.0o C 

25.4oC 

24.8o C 

24.2o C 

24.6o C 

24.2oC 
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therefore probably have little effect on the distribution 

and abundance of corals off Kona. 

Sedimentation - Sedimentation may play a significant role 

in ,determining" community structure, either in preventing 

planular settlement (Motoda, 1939) or reducing the efficiency 

and survival of adult colonies (see revievJs by Levin, 1970, 

Naragos, 1972). Branching corals are relatively better 

able to withstand sedimentation than massive corals, and 

those with large polyps have developed efficient mucus and 

ciliary cleaning mechanisms (Yonge, 1935, Marshall and Orr, 

lS3l). Loya (1972) equates the steepness of the submarine 

slope wi i:h sedirnentat ion ra"te in that water currents wash 

sedilnents downslope, vJhile they accl.1lT;ulate in flat areas. 

Sediment in suspension can also have an indirect effect 

on coral growth and survival by reducing available lig"ht 

energy (Verwey, 1930, 1931). 

Table 13 lists the mean sediment accumulations in 

gms Crl1"-2yr-l for two time intervals. The first set of 

sediment traps were placed at each station on Sepi:ernber 17, 

1973 and retrieved 116 days later on January 1, 1974. 

During this interval the area was not subjected to any 

severe storm conditions. The second set of sediment traps 

were on station for 4·1 days, from Febrl.~ary 25, 1974 t.O 

Ilpril 9, 1974. During this period a severe VI/inter storm 

struck" the area. The sediment trap at. Si te B located in 

the P. me a nc!.r ina boulder zone was not recovered during the 
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second interval. It can be seen that in every case, mean 

sedimentation rates were higher during ·the interval when 

the storm struck the area. This difference was most. 

dramatic in the shallow Pocillopora meancl.rina boulder 

zone at Site A, where mean sedimentation rates varied 

from O. 51 gm -2 -1 -2 -1 cm yr to 1,521 gm cm yr Approximately 

one half of the I liter sediment bottle was filled with 

fine grain deposits following the storrn. These results 

indicate that the nature of change on coral. reefs may be 

greater in one day t~han in several years which supports 

the hypothesis that community structure on coral reefs is 

a function of catacl.ysmic events. 
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Table 13. 

Me~n sedimentation rates at eight stations for two time 
periods. The first lasted 116 days from SeptemJ:::er 17 
to January 1, 1974. 'I'he second lasted 41 days from 
February 25, 1974 to April 9, 1974. During the second 
interval an intense winter storm struck the area. 

Zone 

P. meandrina 
boulder zone 

Site A 

Site B 

P. lobata 
reef zone 

Site A 

Site B 

R.:.. cornpressa 
slope zone 

Site A 

Site B 

P. lobata 
rubble zone 

Site A 

Site B 

Interval 
9/17/73 - 1/1/74 2/25/74 - 4/9/74 

-? -1 .51 gms cm -yr . 

-2 -I .97 gm cm yr 

4.71 gm cm- 2yr-1 

13.39 gm cm- 2yr-1 

1,521 gm 

60.13 gm 

-2 -1 cm yr 

84.95 gm cm- 2yr-1 

96.53 gm cm- 2yr-1 



109 

IV Discussion and Conclusions 

Historical Considerations 

Hawaiian coral fauna ]_s depavperclte in both species 

and abundance compciJ::ec1 to r;lore tropica 1 res-ions (Vaughan, 

1907, Edmondson, 1928, M.aragos, 1972, Coles, 1973). Only 

21 species of corals, with diversities ranging from 0-1.19, 

were encountered off Kana compared with 97 species and 

diversities ranging from 1.70 to 3.07 at Eilat, Red Sea 

(Loya, 1972) and 47 species with diversities ranging from 

.18 to 2.24 at Fanning in the Line Islands (Maragos, 1974a) 

"Occupying an isolated pos i-tion as they do, the 

qlJes-tion is whether conditions in the Hawaiian Islands 

today are simply unfavorable for many coral species, or 

-wl1ether many species have not as yet been successful in 

invading or recolonizing these islands, or whether both 

of these factors are operating together': (Dana, 1971). 

One important_ factor limiting the nUft1ber of coral species 

found in Hawaii is the lack of successft:!l larval transport. 

Movement of surface waters within the region most favorable 

for hermatypic coral growth is principally east to west, 

vilhich hampers the east",'ard spread of planktonic coral 

larvae. Since coral planulae probably cannot swim against 

currents, corals in the central Pacific are essentially 

upstream from the Western Pacific which is the center of 

evolution of reef corals in the Pacific (Stehli and Wells, 

1971). The similarity of coral faunas from Hawaii in the 
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northern hemisphere (Vaughan, 1902) and the Marquesas in 

the southern hemisphere (Crossland, 1922) suggests that 

only a lirnitec1 number of coral genera contain species 

which are capable of crossing broad oceanic barriers 

(Daha, 1971). 

Areas of maximum coral diversity north of the 

equator suggest that despite the importance of zooxanthellae 

in the metabolic economy of hermatypic corals, diversity 

is not uniquely tied to the capture of radiant energy, 

or depth of light penetration. However, the evolutionary 

centers north of the geographic equator are in close associa-

tion with the thermal equator suggesting a strong relation-

ship between coral diversity and temperature (Stehli and 

Wells, 1971). The inability of tropical Pacific species 

to undergo necessary adaptations to lower and fluctuating 

temperatures may parJcly explain the depauperat.e nature of 

Hawaiian rt:;;efs .. 

Coral communities along the entire 100 km of the 

Kona Coast appear to ba consistently more flourishing than 

those off similar coasts of most other islands in Hawaii 

(r1aragos, personal communication). 

The large size of the island of Hawaii and the 

height of the three major volcanic pe~(s may provide enough 

pro-tection from tradewind generated seas to aCCOlHyt for more 

favorable environments than found elsewhere in Havvaii. 

Grigg and Maragos (1974) found that coral cover averagee 

17 ;::C:;? C r '12 -Fn .... +·PY"l ~cr""'re· mpi-p·,-c:: r.n r'ol.lt_T"ol t-r· riollE" .. pct-c; aoto ""IV ..... ...) 1..1. ............................................... :J., ..... kC'" "~" ____ ~_""'" ......, ...... _ _ _ _. _______ _ 
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leeward stations on Hawaii compared to 23,040 cm2 at 

windward stations. HOWEver ~oth unscaled species cover 

diversity and evenness were higher at vJinc.ward stations 

. ~. . t' ]. ::]. lnalca lng .ess aomlnance . Diversity and evenness average 

. 91. and .52 at windward s-tations compared to . 74 and .39 

at leeward stations. 

The positions of the island of Maui may also cause 

physical conditions to be more stable and favorable on the 

Kona Coast·by partially blocking and deflecting long period 

. north swells. While s-torm energy reaching Kona is sufficient 

to affect community succession patterns it does not appear 

to be intense enough to be completely catastrophic to 

corals. The winter storm pIoducing the effects measured 

i~ this study caused waves reaching 35 feet iti height on 

the north shore of Oahu (Grigg, personal communication). 

Waves reaching the Kona Coast from this storm peaked at 

10-12 feet. 

The steep slope close to shore characteristic of 

the Kona Coast may also be advantageous for coral growth. 

Water depth may be great enough so that much of the reef 

environment is below wavebase causing physical conditions 

to be rela-tively stable. Very few areas in Hawaii have 

such steep bottom profiles. In most areas bottom contours 

slope very gradually resulting in turbulent water conci-tions 

for relatively great distances offshore. Since Hawaii is 

a relatively young island, very little sand has been pro-

duced and substrata on the Kona reef shelf is almost 
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entirely solid. The low percentage of sand on the reef 

shelf also may indicate that potentially coral inhibiting 

sediments are beirtg transported to deeper water (see 

following discussion). In many other near shore environ

ments in Hawaii, substrata consists mostly of sand, which 

is unsuitable for coral settlement. 

P. meandrina bdulder zone 

Off Kona the shallowest zone ranges in depth from 

2.5 to 8 meters ahd extends from the shoreline cliff sea

ward for a distance of 27-36 meters. Basaltic boulders 

cover most of the bottom and Pocillopora meandrina is the 

predominant coral in this shallow near-shore environment 

(see Figs. 6, 7, 8). The decreasing abundance and percent 

cover of this species with increasing depth and distance 

from shore provides support for the theory that E....:.. meandrina 

distribution is controlled by harshness of physical conditions 

and that it will be expected tabe eliminated from less 

rigorous area by competition from o-ther species. Pocillo

pora meandrina appears to have the adaptive advantages 

that enable it to successfully settle and grow in areas 

where strong water movement prevents attachment or causes 

mortality, via abrasion and breakage, to other species. 

Dana (1971) also found~ meartdrina in shallow rough areas 

on Kure l'.toll. Results of the present study show that P. 

meandrina growth rates correlate highlY (P=.9347) with 

wate:r- movement. 
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The growth form of Pocillopora may be one of the 

adaptive advantages that enable the species to populate 

successfully the relatively severe environment. Pocillo

para colonies are typically sturdy, branching, hemispheri

cal corals that are firmly attached to the substratum. 

Fragile branching species, such as Porites cmnpressa, 

are absent from this zone, and when transplanted into it 

growth rates and survival are adversely affected (see 

Table 8, 9, Fig. 22). 

Edmondson (1929)~ Maragos (1972) and Grigg and 

J>1aragos (1974) have observed that ~ meandrina grows 

quickly but reaches only limited size. This is also the 

case off Kona where E..:.. meandrinCi colonies "had an average 

diameter of approximately 20 cm. and the largest colony 

"that was encountered on any of the transects had a dia

meter df 44 cm. Since these colonies seem to reach only 

a limited size, Focillopora growth is either determinate 

or is constantly interrupted by mortality (Grigg and· 

Haragos, 1974). storm action may act as a pruning mechan

is:ll that limits the size and number of E..:.. meandrina 

colonies. As the radius of the colony increases branches 

becorne longer and more sur face area is subj ected to wave 

action and susceptibility to breakage increases. In 

support of this theory, colonies of Pocillopora eydoxi, 

a cm:al similar in structure to E..:.. meandrina, occur up to 

2 meters in diameter in the clear water several kilo~eters 

offshore and below wavebase (25-30 meters) off the island 
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of Haui. The largest colony of t...:.. evdo::d orservec on the 

reef shelf off Kona (5'-10 rrcters deep) 'VJaS c;ppr:m::i_,cately 

45 CD. in diameter. 

Maragos (1972) proposes that this colony size 

limitation is the result of shading by outer branches which 

reduce the availability of light at interior portions of 

the colony. Since light ene:cgy is more intense near the 

outer growing surfaces of branches, coral energy require-

ments may increase at a faster rate than the ability to 

capture light energy. At some size, light energy may 

decline relative to total energy requirements and inhibit 

fUI'ther grow-th. If a coral is limited in this manner it 

would be characteristically light dependent, high metabolic 

form. Results o:E the present study show a significan-t 

positive correlation betvveen ~ meandrina growth and 

illumination (r=.9&38). Similarly, Maragos (1972) found 

that E.:.. meandrina showed r;igh light dependence ~_n growth 

studies conducted in Kaneohe Bay. 

Determinate growth could also result from a declining 

gradient of inorganic carbon food that may also occur: from 

outer to inner areas of branching coral colonies (Maragos, 

1972) . 

Another adaptation that could increase biotic pot en-

tial in sur.;-optimal environments is a hig-lJ reprociuctive 

potential. Pr-:r''O'l' c;l"O-L'- (1060 1 0 70') _ C'H.J.L..J I_J".~ -/ .... I ~ J fO'l.:'.nd P. meandr ina to 

have very small, densely aggregated polyps which presump-

tive could possibly be an adaptation to increase the 
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surface area and sites of larval production. vJhile larval 

mortality is probably high in the turbulent environments, 

enough planulae are available to survive and maintain 

the species. 

The geometrical shape and complexity of the basaltic 

boulder substratum may also be a factor in the dominance 

of P. meandrina cover in the near shore 20ne off Kona. 

Pocillopora cover and basalt have the hig-hest posi-tive 

correlation of any species-substrat.um pair I while P. lobata 

and P. compressa have negative correlations wit':l basalt 

(see Table 5). It is important to note that almost all of 

the exposed basalt on the reef tract is in the form of 

irregular shaped boulders rather than flat pavement. 

Pocillopora may dominate in the boulder zone because P. 

labata growth is restricted to small colonies by the 

complexity of the substrata or the increased current flow 

around t:his substrata. ll.t study Site A there are more 

colonies of P. labata per transect in the shallow P. 

meandrina boulder zone than in the deeper and flatter P. 

lobata reef building zone (mean of 39.25 and 34.25 colonies 

per transect respectively) But these P. lobata colonies 

account for only 7.95% of the total bottom cover in the 

P. meandrina bc>'ulder zone compared to 40.55% of t.otal 

bottom cover in the P. lobata reef zone. This seems to 

indicate that while P. lobata is capable of settling and 

surviving in large numbers on bc)ulde:cs I colony grow·th· may 

be restricted to small encrusting colonies rather them the 
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massive projecting colonies found in a~undance on the 

flatter and less turbulent areas of the reef bench. Al.I 

of the corals found in the near shore environment (except 

P. P.1eandrina) have a flat encrusting- mode of grow-th anG. 

most of these colonies are small in size. These species 

include Pavona sp. Hontipora sp. Cyphastreae ~ and 

Leptastrea sp. Observa·tions show isolated exposed baE;al tic 

outcrops in the reef building zoneE' support mainly colonies 

of !:.:.. meandrina and are sur:r:01.::nded 1'Y massive growths of 

L.. lobata (see Plate II). Also, it can be seen that in 

some areas the seaward edge of the boulder field defines 

distinct borders between areas of dominant F. meandrina and 

F. locata bottom cover. 

The relat:ively low core:l cover (mec:,n of 32. 8%,) and 

relatively high diversity (mean of .923) in th~ P. meandrina 
, 

boulder zones also indicate that many species of corals 

settle and grow in this environment hut they may be 

restricted in size due to physical conditions of the 

environment. Flaragos (1974a) found that at Fanning Is land 

a variety of small corals are found in the near shore reef 

environment, vir-dch is periodically c"lisrupted by wave ac"t:ion. 

Despite the adaptive advanta~es that enable P. 

meandrina to successfully populate the environment, the 

coral has not yet reached the point of dominance where it 

E~onoFolizes limiting resources, in this case available 

substratum. .If this were "the si.tl1.ation percent coral cover 
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would be expec"ted to be higher them observed while 

dorr,ination by ~ mecmdrina would depress diversity. 

Several factors may account for the lad\: of domination. 

Since ~ meandrina g-rovlth is either determinate or constant--

ly interrupted by mortality, recruitment rates would have 

to be extremely high to keep substrata completely covered 

by livina P. meandrina heads. 
-' - Also, the high wave energy 

of the area is capable of breaking large colonies from 

their base of attachment, leaving exposed surfaces. 

Fishelson (1973) postUlates that physical disturbances 

caused by unpredictable extreme low water, could be a 

factor that prevents crowding on reef tables at Eilat, 

Red Sea, thus keeping the level of coral species diversity 

high. 

In"traspecific compe"ti tion or predation rnay also 

prevent resorirce monopolization. Stimson (1974) found 

uniform dispersion of P. meandrina ~eads off Waikiki Beach 

and r.lolokini Island. Stimson proposes that. since planulae 

can exercise some choice over their settlement site, they 

may choose to attach themselves out of the shadow of adult 

colonies resulting in a uniform distribution. Also, in-

vertebrates living symbiotically within P. meandrina heads 

may browse on settling planulae within a certain range of 

the host coral. Since coral p12nulae could only settle 

and grow ovtside of this browsing range, P. meand:cina may 

be prevented from utilizing all available substratum. 
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distribution does not appear to be a characteristic of 
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~ meandrina comrrn_mities off Kona. In some areas branch 

tips from adj acent colonies may interdigi-tate while in 

oth~r area colonies are widely and randomly separated (see 

Plates I and II). Grigg and Haragos (personal communica

tion) consider an even pattern of distribution for P. 

meandrina to be an exception to the rule. 

Maragos (1972) and Grigg and Maragos (1974) suggest 

that Pocillopora meandrina is a fugitive species (Hutchinson, 

1951). Grassle (1973) suggests that the less predictable 

areas on reefs have fugitive or opportunistic species. 

These are species that adapt to the environment through 

short-term selection measured by rates of mortality and 

maintain high degrees of genetic variability through increased 

effective population size in order to adapt to a wider 

range of unpredicta~ble conditions. Relatively o}lportunistic 

species are best able to respond to li sInall open spaces" 

t-ha-t appear following disturbances by rapidly establishing 

themselves (Grassle, IS73). Pocillopora meandrina is the 

first to se-t-tle ne\'1] substrata I and unless it is in areas 

too harsh for other spe2ies to populate it appears to be 

gradually eliminated from the community by competitive 

interactions with other corals. Pocillopora was also found 

to be a pioneer species on the Great Barrier Reef (steph~n

son and Stephenson, 1933, Connell, 1973). Maragos (1972) 

found Lbat L meandrina transplants grew J:::est-: in areas 
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peripheral to the species normal distribution, indicating 

that the factors controlling distribution of the species 

are different from those con-tJ::-olling growth.. Apparently 

larval set·tling hehavior, cornpetition for space by other 

corals I or other biotic factors are inlport.ant in confining 

P. meandrina to only cer·tain reef areas. 

Evidence of cODTetitive processes may be seen by 

examinihg percent coral covers on dated lava flows off 

'-·"')a·j i (·t =1're'q , I'"'''' 0"" G:·y,; CO"" al"'O~ i'V -'racfo'" .I.J. Q 11\ __ _ _ q 1'.... . .. -~ ~.J.. H l _~ __ ':J '::.,: ,l '. L - C. -i ~ I It C211 be 

seen (Fig. 25) that on the three most recent flow8 (1, 

II, 15 years old) E.:... r,leandrina comprises at least 132% 

of -the coral cover while .E...:.. lobata cover is relatively 

low (less than 17%). At the two next oldest stations 

(20 and 44 years) this trend is reversed with P. loJ:ata 

replacing P. meandrina as the most abundant coral. Hovvever 

it must be noted that the three youngest flows are also 

t1:~e most exposed to opell ocean swells. The dominance of 

P. meandrina at these sites may be due in part to the 

adaptive advantages of this species that enable it to 

populate relatively severe environments, as well as new 

environments. On the oldest flow (104 years) exposure 

to swells may be severe enough to arrest the successional 

po-t.tern at a point: \vhere E...:.. meandrina rerClains the dorninant 

coral. 

If P. meandrina is a fugitive species, it would be 

expected that tb.e species would not be found in communities 
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close to, or at climax stages. ~~hi.le climax communities 

are the exception in Hawaii , 'Iilhere most of the reefs are 

the exposed fring-ing type, several areas appear to be 

relatively stable communities. One such area is Kaneohe 

Bay: which is protected from open ocean swells by a 

barrier reef and contains essentially no L. meandrina 

except in channels (Maragos, 1972). The interior of 

Kealakekua Bay also appears to be protected from long 

period swells and also contains very fewP. meandrina 

colonies, while species of Porites dorninate bottom cover 

close to the shoreline in depths as shallow as 1 meter. 

Most of the P. meandrina colonies that do occur in this 

area are being grown over by branching Porites compressa 

(see Plate XI). Maragos (1974c) found that in the interior 

of Honokohau Harbor, the community began shifting from 

Pocillopora to Porites dominated within a period of two 

years after harbor ~onstruction. 

Loya (1972) and Fishelson (1973) suggest that 

Stylophora pistillata, a coral morphologically and tax

onomically quite similar to Pocillopora, is another example 

of a fugitive species that can temporarily invade vacant 

ecological niches or occupy relativ2ly harsh and unpre

dictable environments. 
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Porites lobata Reef Building Zone 

At depths seaward of the :E.:.. mecmdrinaboulder zone 

the environment is more stable and suitable for coral 

growth with respect to turbulence. The solid flat pavement 

of basalt and limestone appear to be optimal substrata 

for coral growth 2nd set·tlement. For these reasons coral 

cover in the E..:... lobata reef building' zone is relatively 

high, ranging from 40 ·to 7(Y}£. Unscaled diversity, with a 

mean of 1.009 per transect and species count with a mean 

of 6.5 per transect. , are g·enerally higher than anywhere 

on the reef tract. This seems to indicate that more corals 

co-exist more equitably in this zone than in any other off 

Kana. However the relatively large number of component 

corals in the P. 10bata reef building zone are not special

ized species limited to narrow ecological niches. No 

species found in this zone is peculiar to it and most of 

these corals are found in both shallower and deeper areas, 

indicating broad physiological tolerances. Dana (unpublish

ed manuscript) hypo·thesizes that corals at mid-depth 

environments on atoll seaward reefs may be of many species, 

but few of these species are restricted to the mid-depth 

range. 

Porit.es 10bata., the dominant cOL'al in this zone 

off Kana i:3 the only coral to occur on eveD.l transect of 

every zone. Maragos (1972) also found Porites occupying 

a variety of habitats in Hawaii from very shallow areas 
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to depths of up -to 50 meters. Porites lobata seems to 

}:;e able to successfully populate almost any environment 

in Ea'waii by lTlodifying its grow·th form in response to the 

physical conditions of the particular environment. 

this species occurred only as srnall encrusting colonies 

on the irregular bottom of the P. meandrinc! boulder ;:-;:;one I 

~ lobata grovJs in large I massive and Fcoj ecting colonies 

un the flat reef shelf. The abundance of these rnassi ve 

P. lobata colon.ies accou.nts for the high percentages of 

limestone bottom cover in this zone. Colonies of P. lobata 

may account for solid carbonate bottom cover up to 2 meters 

in thickness, which iEi: indicative of -the active reef building 

process that is taking place in this zone (see Plate III). 

At Fanning Island Maragos (1974a) found that Lobophyllia 

and Sarcophyton grcfltJ Jco large size which results in 

dominance and exclusion of other forms. 

'I'hese characteriE tics of ~ lobata make it appear 

that high coral cover and high co-existence are not due 

·to specialized' competitive interactions and/or the absence 

of competitively superior species. On the Hawaiian reefs 

surveyed in this study it does not appear that the species 

of a more diverse cornmunity is ecologically more specialized 

in one way or another than the average species in a less 

diverse community, as is characteristic in a biologically 

accorccmodated community (Sanders. and SloDodJ.;::in, 1968). 

Rather, the relatively mild physical conditions of this 
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environment (compared to the P. meandrina boulder zone) 

may make i-t possible for community succession to proceed 

to a stage where diversity is relatively high. However 

physical conditions may not be stable enough for succession 

to reach a climax state. It appears that the coral community 

in the P. lobata reef building zone may be at a point 

where diversity is greater than it would be at climax since 

dornination is not yet complete and space it still available 

for the large number of species that are physiologically 

capable to inhabiting the zone. Non-living solid bottom 

cover ranges from 30-6CfIo on transec·ts in the P. lobata 
. -

reef building zone (see Figs. 9, 10, 11). Small encrusting 

species such as Pavona, Hontipora, Psammocora,· Cyphastrea 

and Leptastrea persist by settli~g between, or on, dead 

parts of large Porites colonies. Solitary corals such 

as Funqia. and Cycloserls that are found in this zone also 

occur in the s~aces between large colonies. This pattern 

of diversity increase, peak and decline with succession 

appears to be typical of physically controlled communities 

(Grigg and Maragos, 1974). 

Sin~e the ~ lobata reef building zone is a fairly 

stable and favorable environment with a high percentage 

of coral cover, biological interactions may affect the 

distribution of species. Paine (1966) suggests that in 

some co~munities local species diversity is directly related 

to the efficiency with which predators prevent the mono-
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polization of major environmental requisites by one 

species. One exarrple of this process may be predation 

by parrot fish (Scaridae) and surgeonfish (Acanthuridae) 

that browse on Porites lobata colonies. Frequently, large 

non-living parts of these colonies bear bite marks from 

fish (see Plate IX). If the fish are actually grazing on 

the coral polyps I -che result is that P. lobata is preventecJ. 

from f[:onopolizinq all aV2ila1::1e space. Ho'wever if fish 

are grazing on algae that is growing on non-livinq ~arts 

of coral colonies, conFetition for space between coral and 

algae would be expected to be reduced, thereby . ~. alc<.J.ng 

substratum monopoliza-tion by corals. In Plate III a colony 

of P. meandrina can be seen growing on part of a ~ lobata 

colony that was probably cleared ly fish predation. 

Mayor (191Sb) Motoda (1940c) I Nesterhoff (1955) I 

Robertson (1970) and Maragos (1972) have also described 

browsing on corals by fish. Bardach (1961) noted thai.: 

breakage of coral skeletons from fish browsing was consider-

able off Bermuda. Glynn et 211 (1971) concluded that pre-

dation by fish on corals significantly reduced net carbon-

ate production on reefs in Panama. Maragos (1972) has 

also found bite marks on P. lobata as well as on M. 

verrucosa, F. scutaria, L.. compress"!. and P. mean.9.rin~. 

The coral eating starfish, Acanthaster planci was 

observed only in the P. lobata reef building zone off Kana. 

However Branham et al (1971) examined a dense agg-reg2Jtion 
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plate IX. Effects of fish predation on Porites lobata. 
l\1any non-living parts of colonies bec!r t:i·te rrlCir1-;-_s Crr;pCirent
ly caused Ly parrotfish or s~rgeonfish browsins. This 
preC2t.io.c In2y prevent L lo12ta comi.nation ty. cx'e2tin~r 
substrata that other corals can settle aD. Depth is 
apFro:;;:iru2tely 10 'net:e:r.s" 
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of Acanthaster in the KalohiChannel off the southern 

coast of holokai where the bo-ttom cover was approximately 

SO% L.. compressa. -I';'hile Porter (1972a) found that in the 

tropical eastern Pacific Acanthaster prevents resource 

monopol.ization by feeding preferentially on the fastest 

growing and most abundant species, the reverse seems to 

be true in Hawaii. Starfish off Kona were observed preying 

preferentially on relativelY uncommon Pocillopora and 

Montipora rather than the much more abundant Porites. 

Branham et al (1971) also found 80 to 90"10 of -the feeding 

stars were extracting polyps of 1-1ontipora .§E..:.., a minor 

component of the reef. However Acanthaster occurrance off 

Kona is so sporadic that their effec-t on community structure 

is probably very slight. 

Predation and interference between coral species 

may also affect community structure in the ~ lobata reef 

bu_ilding zone. Since c~ral cover is high, there is a hi.gh 

incidence of con-tact between neighboring colonies. Rapid 

growing branching corals may effectively eliminate flatter 

or slower growing species by shading or restricting water 

circulation (see Plates XI and XII). When the polyps of 

different corals touch each other, the species which lS 

a "stronger" aggressor extrude mesenterial filaments over 

their less aggressive neighbors, dissolving those tissues 

within reach by extracoelenteric forms of digestion. Most 

highly aggressive species are usually massive or encrusting 
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forrns and are minor components of coral reef communities. 

They use aggressive interactions as a defense against 

overgrowth by the more rapidly expanding ramose and foliose 

corals and to clear space for their own growth (Lang, 1973). 

Observations indicate that the strongest aggressor 

off Kona appears to be Montipora verrucosa and Montipora 

patula which are frequently seen growing on, and apparently 

digesting, living polyps of Porites. In turn, Porites 

lobata colonies appear to be stronger aggressors than 

Pocillopora (see Plate X). Montipora is generally an 

encrusting form and is a fi1inor component of the community 

off Kona, fitting Lang's description of a highly aggressive 

species. 

The low percentage of Montipora cover (2.02% of 

coral cover, 1.07% of total bottom cover) and small colony 

size may also indicate that the Kona cornmunities are in 

relatively early successional stages. Maragos (1972) states 

that Jl1on·tiEora establishes itself as a maj or reef con'ponen·t 

after communities have been settled by PocilloEora meandrina 

and Porites. Grigg and Maragos (1974) found that MontiEora 

verrucosa was not recorded or observed on any lava flow 

younger than 10 years. The coral c'.Jmmunities at Puako Bay 

and l:naehoomalu Bay, approximately 40 km north of the Kona 

study sites appear to be subj ected to relatively mild vlave 

stress (stroup, personal comnn.:,nication), and also 2Fpear 

to be in a more advanced successional stage than the Kona 

reefs. Ivlontipora comprises approxirnately 20-30% of the 
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Plate X. Interspecific aggression between corals. Porites 
lobata appears to be a more aggressive species than P. 
~eandrina. In area~) idheJ:e polypr; of the- two colonie~toud.ll 
I'orites af'pears ·to be digesting Focillopora tissue. .LJ(.::pth 
is cipproximately 1.2 llieters. 
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Plate XI. Interspecific aggressi~n between co~als. The 
rapid and spreading growth form of Porites cornpressa enables 
it to interfere, by shading or restricting water circulation, 
v-li-th slower s-rowing. In this case ~ l"lleanC'xina is .being 
grO\-m over by Porites branches. However c:!t regions of 
cont_act I it. appears that Pocillof'O:CC: is digesting Pori~ces 
tissue. Depth is approximc:tely 12 meters. 
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Plate XII. Interspecific aggression between corals. ~. 
compressa successfLJ.lly gTowing over ~. lobata. Depth is 
2Plx[oximat.e1y 24 meters. 
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coral cover in these areas and large colonies are fre

quently seen growing over Porites and Pocillopora in the 

manner that Lang describes. 

por~tes compressa Slope Zone 

Seaward of the shelf break slope angle increases to 

35-45 0 , coral cover is higher (49-97%) and unscaled species 

cover diversity (mean of .6829) and species counts (mean 

of 3.69) are lower than anywhere on the reef ·tract off 

Kona" Dana (unpublished manuscrip·t) also found that the 

middle depth gradient (8-10 to 18 meters) is the least 

diverse and most highly dominated area at McKean Island. 

The inverse relationship between coral cover and 

unscaled diversity seems to indicate that this zone is at 

a late stage of succession, possibly even at climax, in 

which one or two species have developed a competitive edge 

that enables them to monopolize available. limiting resources. 

Following the pattern previously described for physically 

controlled communities, environments close ·to climax should 

be less diverse than environments in earlier successional 

stages (Grigg and Maragos, 1974). 

Off Kona, the topography of the E.:.. compressa-slope 

zone is characterized by unstable sand and rubble substrata, 

which most corals find unsuitable for se"ctlement and gr.-owth. 

HOvJever the grovJ"ch fonn of E..:.. compressa enables successful 

habitation and domination of the zone (see Figs. 6, 7, 8). 

The branching colonies form connected platforms I or thicket.s, 
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some of which are hundreds of square meters in extent 

(see Plate IV). The significantly negative correlations 

between P. compressa and solid substrata also indicate 

that P. compressa does not require solid substrata to 

est8bl~sh. This negative correlation also indicates that 

!:.:.. compressa may generate unconsolidated substratum. Villi Ie 

this framework is fragile compared to the sturdily attached 

corals on the reef shelf, it is strong enough to withstand 

the normal water movement of the area. It appears that 

the stability of the mid-depth environrnen-ts on the reef 

slope may allow biological interactions to determine, in 

part, the nat_ure of the community. 

Porites compressa has the adaptive advantage of the 

most rapid growth rate of the three dominant species (see 

E'ig. 22). Because branching corals effectively occupy 

space more quickly than massive types, -they have a distinct 

advantage in enviromnents favorable to their growth (IVia:raaos - ..) , 

1972). Very few colonies of other species occur in this 

zone. ~mile this is due in part to the scarcity of solid 

substrate, it is also probable that ~ compressa successfully 

interferes with other species by growing over them and 

consequently deprives these corals of necessary water cir-

culation and light (see Plates XI and XII) . Shinn (1972) 

documented similar interference of head coral growth by 

the rapid growth of the branching coral :>.croPora cervicornis 

off Floric~.a. 
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While L.:.. corr.pressa has a rapid growth rate there 

appears to be a limit on the amount of vertical grow-th in 

the direction of light radiation (Maragos, 1972). Int~rior 

par-ts of colonies die off at SOIree fixed c1istance from the 

grmving branch tips. The effec-tofthis Fhenomenon may be 

to maintain energy input at the same ra-terelative to 

energy requirements. Porites compressa·may achieve this 

balance· b,Y restricting vertical growth and s-:r:eatly expand

ing lateral growth to form the extensive thickets (Harag"os I 

1972). Vertical growth may also be limited by gravita

tional stre~s. Shinn (1972) describes a self-pruning process 

by Acropora off Florida that supposedly alleviates mechanical 

stress. 

This factor of restricted vertical growth may be 

important in understanding how other corals (especially 

P. lobata and P. (synaraea) convexa) coexist with P. 

compressa in the slope zone. While "pure stands" of P. 

compressa cover much of the upper portions of the reef 

slope, colonies of P. lobata and P. (Synaraea) convexa do 

occur with a characteristic plate~like growth form that 

extends above the level of the L.:.. compressa thicket. This 

growth for.a appears to be an adaptive advan-tage because it 

eliminates competitive interactions wi-th ~ compressa and 

exposes the TllclXinn_:ul1 arnount of coral surface area to ittciden-t 

radiation. In the lower regions of this zone, decreased 

light intensity raay reduce L.:.. compressa growth rates to t_he 
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point where this species can no longer effectively out-

conpete the plate-like forms (see Plate V). This may be 

the reason for the secondary ~ lobata peak at the lower 

edge of the E..:.. compressa slope zone. The flat and plate-

like growth form at greater depths has been interpreted 

by Goreau (1959, 1963) to indicate the physiological need 

for illumination in skeletogenesis. Loya (1972) found 

flat and plate-like colonies of f,lycedium tubifex on the 

lower fore reef region (20-30 ~ off Eilat. Grigg (personal 

communication) has photographed, from a submarine, a flat, 

plate-like colony which appears to be a species of Porites 

(Naragos, personal communication) at a depth of 112 meters 

on Jche Penguin Banks off Hawaii. 

In Kaneohe Bay t Hawaii, Porites corrcpressa occurs over 

the entire depth regime of 0 to 11 meters and the over-

V<Jhelm.ing abundance of the species dampens any trend of 

zonation (IVlaragos, 1972). Porites compressa.. effectively 

excludes other corals from settling and gaining a fciothold 

on protected lagoon slopes in Kaneohe Bay in much the same 

manner as on open ocean reef slopes off Kona. Similar 

domination of substraturn by excluding other corals by re-

ducing light and circulation has been noted for Acropora 

by Manton and Stephenson (1935), Crossland, (1938) and 

en i Dl·) ( 1 0 7 ') ) ).,.) .~~. _ -I L. • In Samoa, the alcyonacean SclerophytoD also 

inhibits other species by gTovlins:r in continuous patches 

(Cary, 1931). 
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The low diversity and high dominance found on the 

slope off Kona is in contrast to what Maragos (1974a) 

found at Fanning Island, where species, richness, diversity 

indices, and ~venness were significantly, or nearly 

significantly, higher on steep reef slopes compared to 

values obtained from moderate or flat slopes. Loya (1972) 

also found that the steeper parts of the reef at Eilat are 

relatively rich~r in number of species per transect as well 

as in area covered by living coral. Loya attributes this 

. high coral cover and diversi·ty on slopes to lack of sedi

ment accumulation which would prevent settlement and 

inhibits growth in flat areas. -Also, since these slope 

areas at Fanning and Eilat consist of solid substrata and 

are in +,elatively deep water, stable and favorable physical 

conditions may enable biologically accomn10dated communities 

to develop, i'n which many highly specialized species can 

co-exist. 

An apparent anomaly in the community zonation pattern 

off Kana is the relatively high evenness and scaled diver

sity values in the highly dominated t..:- compressa slope zone. 

Dana (unpublished manuscript) found samples ranking lowest 

in scaled diversity are also the most highly dominated. 

The opposite trend at Kona can be explained by noting that 

~ compressa and .. :E..:.. lobata are the only b\'o species that 

occur abunc.antly in this zone (see Appendices A and B) . 

The high evenness and scaled diversity reflect the distri

l::v·tion of these two dominant species, while rare species 
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occur so sporadically that they have little influence on 

evenness. If competitive interactions or a large sc21e 

physical change would result in elimination of either 

species of Porites in the P. compressa slope zone, evenness 

and scaled diversi·ty would be expected to drop. 

Porites lobata rubble zone 

The L lobata rubble zone lies between the lOi.'Jer 

edge of the L. compressa platform and the depth where corals 

no longer occur. Off Kana, this depth range is from appro

ximately 30 to 50 meters. Since the E.:.. lobata rubble zone 

is essentially below wavebase (the depth at which hard rock 

erosion ceases to occur (Bascom, 1964), water movement is 

low but the zone is still adversely affected by wave action 

(see discussion on effects of storm). In terms of available 

light and soli.d substrata physical conditions in this zone 

are severe, so that few species are able to survive and 

growth rates are low. These factors reduce the likelihood 

of resource monopolization and increase potential diversity 

resulting in a community that is not near climax. vlhi Ie 

coral cover is very low in this zone (.4-32%), species 

counts (mean of 4.0) and diversity (mean of .7025 per 

transect) were higher than in the shalloi.'Jer L cornpreSE;a 

slope zone. .l'~araqos (1974a)postuJ.2tes that environments 

'which are predictable and subopt.in~al are more diverse thar1 

"chose environments 'ii1hich are both predictable and optirrlal 

because dominance is less likely to occur in suboptimal 



environments, which allows greater co-existence, and 

perhaps more rapid evolution of new species. 
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Corals are predominantly found growing on unattached 

pieces of rubble -that have been carried down -the reef slope 

by wave action. Maragos (1974a) found a similar marginal 

zone at Fanning Island between reef and sand in which corals 

are frequently found attached to isolated rubble fragments. 

Since the size of these rubble chunks limit the size of 

corals growing on -them, colonies are generally small. 

Loya (1972) suggests that corals are significantly smaller 

at greater depths due to decreased light energy. 

Dendrographs show that the species found in the deep 

E...:.. lobata rubble zone cluster tightly with species in the 

P. lobata reef zone. 'l'he grow-th forms and physiological 

ranges of P. lobata and other flat, encrusting slow growing 

species seem well suited to colonize the deep rubble zone. 

Also, the lack of competition from E....:.. compressa is probably 

a factor which enables these small colonies to habitate the 

rubble zone and probably explains the secondary peak of 

E....:.. lobata at the upper edge of thjs zone. 

Coscinar2ea sp. and Leptoseris ~ are small encrusting 

corals found only in the L lobata ::ubble zone. These are 

the only corals in this study that are limited to a single 

zone. In all cases mortality of Coscinaraea transplants 

on the reef shelf was rapid and con~lete. Transplants of 

tJwse sI1ecies in the F. compress§. slope 2;one survived, but 
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since no c6lonies of Coscinaraea or Leptoseris were found 

occurring naturally in this zone, it is probable that 

interference by P. compressa limits their distribv_tion. 

Maragos (personal communication) has commonly found 

Leptoseris Spa growing in shallow water environments (8-26 

meters), but invariably the coral is confined to the 

undersides of large shaded ledges. This suggests that these 

species occupy areas where light intensity is very 10v,1 and 

there is little competition from faster growing- corals 

and algae. Loya (1972) also found two species of Leptoseris 

(L. tubilifera and L. fraqilis) exclusively limited to 

20-30 meters. 1"1::: appears that these deep wa-ter corals 

are species which develop high speci2Jlization to their 

stable local environr.:'.ents. These species show narrOvler 

. physiological tolercll1ces than corals that occur in both 

shallow and deep water. 

At Fanning Island, Maragos (1974a) found 17 0:[ 47 

species limited to deep water (below 18 meters) while only 

7 species were confined to shallow reefs. Similarly, Loya 

(1972) found 26 out of 34 species on the reef flat also 

occur in deep water while 33 of the 59 species which occur 

in deep water (below 20 meters) are absent from shallower 

water. The greater number of :tooth total and unique forms 

in deeper water suggests that this environment is more 

favorable for the co-existence of corals than are shallower 

environments. Loya (1972) found that the presence of 

specialized corals did contribute to the species richness 
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component, causing higher diversity values in the stable 

deep reef environments. However off Kona these specialized 

corals are so limited in size and number that "none were 

encountered on any transects. Therefore, their presence 

only in the deepest zones did not measurable affect diver-

"" sity measurements. 

The greater nun:ber of total and unique forms is 

deeper "also fit Sanders and Slobodkin's (1969) prediction 

that invasion of low predictability areas by species from 

high predictable areas is less likely than the reverse 

process. 

The depth limit for coral" growth at Kona appears 

to be dependent largely on the type of substrata. Off 

the island of Naui, deep water environments (greater than 

50 meters) have areas of sofid substrata formed from ~ub

merged shorelines. -These environments have been observed 

to be populated by relatively diverse and high cover coral 

communities. "The cora~ species found in these communities 

include species that are characteristic of shallow water 

unstable environments (Porites, Pocillopora, ~ontipora, 

Leptastrea) as well as those species found only in deep or 

shaded reef areas (Leptoseris, Coscinaraea). L'Jya (1972) 

has observed Sinai reefs where the angle of the fore reef 

slope is 900 down to a depth of 100 meters and the slope is 

entirely covered with living scleractinian corals. 
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The depth limit for coral growth may be determined 

by light energy which limits the development of corals by 

no longer stimuluting biological processes of photosynthesis 

and calcification (Goreau, 1961a, b, Goreau and Goreau, 1959, 

1960a, b). Loya (1972) suggests that light intensity and 

radiant energy may have a critical effect on coral species 

only below a certain depth which may vary from reef to reef 

according to local visibility. Loya1s study at Eilat 

presents evidence that at least until a depth of 30 meters, 

light is ~ot a limiting factor in coral abundance. Results 

of the present study show that transplanted corals continued 

to grow at depths well below wh~re they normally occurred 

(50 ftleters). This seems to indicate that light energy is 

not the factor determining the depth limit for coral growth 

off Kona. However the slower growth rates at deeper depths 

may account for the high diversity found off Haui and in the 

P. lobata rubble zone off Kana. Growth of ~ E2mpressa may 

'be depressed enough so that it cannot successfully dominate 

all available substrata. 

Temperature rnay also have some effect on coral growth 

in deep environments. Since the calcification rate apparent

ly varies directly with -temperature (Clausen, 1971), it may 

bE::i that under conditions of extremely low ambient ill1..1mina

tion calcification rates are particularly sensitive to 

temperature changes. In deep zones reef corals and cal

careous algae may be limited by the location of the top 

of the thermocline, even though the absolute temperature 



may be well within th~ ranges of these species at the 

surface (Lang, lS74). 
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Corals may be able to at least maintain life well 

below their normal depth limits. Lang (1974) transplanted 

6 s~ecies of reef corals on wire frames from 40m to 182 or 

190m with a submarine off Jamaica. After a period of 3 

weeks, all corals remained alive and were brought up to 

26m, \','here they were s·till alive ai"te:c 12 mon·ths. 1-ill 6 

species lost most of their zooxanthellae by bleaching 

responses while they were at 182-190m, indicating that 

sufficient food for corals to maintain life may be present 

at depths below normal limits. 

Effects of storm l-I.cti vi ty on Comrnuni ty structure 

Up to this point, C01TlJ.l1unity str"l'.cture and svccession 

have been discussed with respect to normal physical pro

perties of the environment. However, periodic catastrophic 

phenomena may also significantly affect community structv.re 

in a very short Jcime period. l! For most species predictability 

is reduced by sudden large deviations from the mean monthly 

range of any environmental variable" (Grassle, 1973). 

Intense annual winter storms originating in the north 

Pacific appear to have such an affect on the coral reefs off 

Rona. It appears that at exposed stations in Hawaii succes--

sion is constantly interrupted by devastating physical 

processes at a point where diversity is greater than it 

would be at climax. Under predictably disturbed conditions, 
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resources appear to become less limiting, the probability 

of competitive exclusion is reduced and competitively 

su.perior species canno-t dominate available resources 

(Dayton and Hessler, 1972). 

The effects cf storm waves can be seen in all zones 

of the study area (see results). In the P. meandrina 

boulder zone, wheI:e wave s-tress is greatest, P. rneandrina 

cover was significantly lower following the storm (see 

Fig. 19). l"lany L.. meandrina colonies were observed -to 

be broken from their base of attachment and many that were 

still attached sustained broken branches. storm surges 

appear to be another rig-orous condition of this zone which 

prevents L.. meandrina domination and keeps this zone in 

an early successional stage. 

Irllii1e storm stress is less vigorous in the deeper 

L.. 10bata reef, damage to corals may still affect community 

structure and succession. ~Vhile L.. 10bata cover did not 

change significantly after the storm (Fig. 19), large 

colonies appear to be damaged relatively more than small 

ones. Thin protruding edges of these large conical colonies 

were frequently found broken and scattered in rubble patches 

on the bottom. 'I'his break.age results in space being made 

available for smaller, less competitive forms. 

The relative abundances of P. lobata and P. meandrina 

on the reef shelf at the various sites may also indicate 

the effect that storm damage has on community succession. 

On the reef shelf at site C, the percent cover curves for 
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P. lobata and h meanc1rina are fl~·ttened compared to similar 

curves for sites A and B (see Fig. 8). Pocillopora abundance 

is relatively greater at site C while less P. lobata is 

present and colonies are smaller. At Site Conly 9 L. 

lobata colonies had transect chord intercepts exceeding 1 

meter, while Sites A and B had 32 and 29 such chord intEr

cepts, respectively. Site C also showed limestone rubble 

on all reef shelf transects while Sites A and B showed 

rubble on a and 1 reef shelf transect respectively. These 

observations suggest that Site C has recently been sub

jected to a severe storm and is in an earlier phase of 

recovery from this decimation than either sites A or B. 

The flattened coral cover curves may indicate that succes

sion has not reached the point where Pocillopora is being 

effectively eliminated from the shelf zones by compe'titive

ly superior P(orites lobata. .At the other two sites, 

succession may have proceeded past this point, causingth~ 

Porites lobata peak and diminishing P. meandrina cover 

values (see Figs. 6, 7). Since succession appears to be 

at an earlier stage and percent coral cover is relatively 

low at Site C, resources, especially available space, may 

not be as limiting, allowing greater opportunities for 

co-existence by potential competitors. This may explain 

the higher unsealed diversities at site C (see Fig. 16). 

h'hile storm surge was probably less intense on the 

reef slope, damage to corals was most int~nse in the P. 

compressa slope zone (see Plate VII). Large areas of the 
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P. compressa thickets were broken from their attaChtf,ent 

and reorien'ted on the slope. Preferential damage to the 

dominant species appears to account for the more equitable 

species distribution, higher unscaled diversities and 

lower percent coral cover following the storm (see Figs. 19, 

21). As in the shallower reef shelf zones, periodic large 

scale disturbances act to decrease resource monopolization 

and competition bet_ween species, resulting in higher diver

sities than would be expected at climax. However it appears 

that storm damage produces other effects in the slope zones 

that do not occur'on the reef shelf. The sandy slope 

provides a vast space resource that only Porites can 

effectively monopolize. It appears that storm surges 

break off t~ranches of P. compressa and move many of them 

downslope (see Fig. 18). '~vhile these colonies are unattached. 

many remain alive and continue to divide, grow and expand 

the P. compressa ne-twork. Percent cover of P. compressa 

was higher on the deepest three transects of site All. 

following the storm (see Fiq. 19). It appears that storms 

may serve as agents to speed up resource utilization by 

expanding the range of the dominant species. 'l'his may be 

the factor that determines the lower limit of the zone. 

Transplants of P. compressa st:lrvi ved and grew, although at 

a lower rate below the depth where the coral ceased occurring 

naturally. This may indicate that the lower bor~er of the 

P. S'0mpres::;a slope zone may be the poin't where l::t'ar~ches 

have beerl carried by storm activity. loot Site C, which 

;rlay :have been recently subjected to an in,tense stan:" t..=.. 
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compressa cover is lower and extends deeper than ot either 

sites A or B (see Fig. 8). Since no living rubble was 

found on the reef shelf, it appears that water movement 

in ·this region is too rigorous for broken corals to form 

nevl colonies. 

Maragos (1972) found that branches of Porites 

compressabroken by waves were carried to other areas 

where they formed new colonies in Kaneohe Bay. Shinn (1972) 

found that hurricane damage to Florida reef tracts caused 

large scale devastation, and many living fragments of 

Acropora cervicornis re-established in a wider area due to 

storm dispersal. 

It would be interesting to sample Site A a third 

time, after a period of calm weather to measure the extent 

of porites compressa regeneratiori. If the adaptive advantages 

of this species enable rapid utilization of vacant slJbstrate 

and successful competitive interactions with other pio

neering species, diversity should be lower and coral cover 

higher than immediately after the storm. 

The rubble channels may also be a result of storm 

activity (see Plate XIII). It appears that patches of 

E...:.. compressa growing near the reef shelf break may be 

broken from the thickets and ground into small rubble frag

ments by vigorous wave action. with each successive storm, 

churning of these rubble fragments n-lay cause breakage of 

~olonies at the periphery of the rubble patch, causing 

gradual increase in the size of the patch. It would be 
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P late XIII. Rubble channel. Churning- 0 f rubble fragments 
by storm activity relay increase size of rubble patches witrl 
each successive storm. Large conical shaped P. lobata 
colonies at upper right are growing on shelf break at 
site B. Depth is approximately 14 meters. 
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of interest to measure the diameter of these rubble channels 

before and after several storM surges to determine if they 

are increasing in size. 

While the deep F. lobata rubble zone is the most 

stable with respect to water movement, this community-

appears to be very unstable with respect to storm activity 

and community succession. Vihile li'ving coral fragrnents 

carried down the reef slope by wave action ruay increase 

:'! • • t (IT"'? 1 ) CO! '" ~ ~ b'h 1 1 - th' J Ol vers J_ y _ 19. < ... _ , QC,ne ane ru, 'N e c 'J.un.k:.s a1: are a ,so 

carried downslope and -the rezrrangelT,ent of already preE:ent 

rubble cause the conlHluni-ty to be very l .. 1Ds'table "d-th respect 

t6 severe disturbances, and far from z climax state. 

This instability of the coral community in the 

deepest zone appears ,to be -the !:naj or difference between 

the cora 1 communi ties off l(ona and those studied in arezs 

vJhere substrata remains solid znd stable to the depth limit 

of coral growth. In these areas, such as the Red Sea 

(Loya, 1972), Fanning Island (I\),aragos, 1974a) and off :M.aui 

(personal observa'tion), diversity is greatest in ·the deepest 

zones and not on ,the reef shelf as it is off Kana. v-i'hile 

diversity and succession are physically limited in the deep 

areas off Kana, similar depth zones in other areas appear 

to be in advanced or climax states. Since reduced light 

levels seem to cause a reduction in coral size, the potential 

for resource monopolization in the stable deep reef zones is 

reduced and diversity can remain high down to the coral 

compensation depth as long 2S suit~ble substrata is 2vaila~le. 
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l\PFENDIX 1\ - Froportions of species and subs·trata· OCCl.l.rrance 
on each transect. 

·Cr2nsec·t FocilloE:ora Porites Porites !Jiont iI20r a 
nUDber meandrina lobata compressa verrucosa 

1\-1 .247 .036 .010 
A-2 .285 .063 .002 
~'\-~ 3 .252 .143 .003 .023 
]'--/1 -. ~ .217 .217 .011 .003 
1\-5 .153 .4·0f .040 .017 
2\-6 .129 .362 .074 .033 
)\-7 .126 .321 .099 .055 
}:,-8 .104 .331 .171 .022 
l\-9 .008 .324 .438 
A·-I0 .258 .670 
ii-II .010 .193 .537 
1\-12 .206 .528 .011 
A.~13 .005 .263 .1.19 .011 
A-14 .233 
A-IS .019 

B-·l .179 .152 .030 
)3--2 .252 .174 .018 
B-3 .249 .141 .003 .017 
B-4 .248 .140 .007 
B-5 .238 .220 .003 .034-
B-6 .185 .. 245 .007 .. 017 
B-7 .195 ;262 .041 .041 
B--8 .117 .359 .191 .005 
B-9 .064 .354 .2=,9 .01C 
B-I0 .036 .255 .343 .014 
B--l1 .119 ?"O • ~ .) c· .198 .Oll 
B-12 .04.6 .250 .462 
B-13 .180 .360 .009 
B-·· 14 .005 .310 .048 .112 
f:)~~ 15 .203 .010 .060 

C-l .13/.], .18 LJ .033 
C--2 .212 .128 .01E 
C-3 .189 'ln • .1.-_ C .003 .023 
C-·4 .172 .243 .018 n /I -:' • U-,,· . .' 
C-5 .14·8 .251 .012 .033 
C-·6 17r::, 

.. - I...) .257 .011 .. 033 
c- ..., 

.207 ,,25,7 .013 I .C20 
C~~~8 ,,255 .2 J.8 .026 ~O13 
c-:::: _229 ? :;?" .. _ ... ~ v .. 023 _ 03~; 
C--I0 .17C " 27[: • or:j 0 .017 
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.AP P EJ::,1DIX .A. -- cant . 

transect Foci11oEorCl Porites :torites !v1ontiEora 
nLlmber meandrina lobata comEressa verrucosa 

C-ll .174 .226 .070 .007 
C-12 .093 .268 .199 
C-13 .029 .264- .247 
C-14 .031 .210 .437 
C--15 .020 .244 .394 
C-16 .312 .233 .030 
C-17 .010 .333 .138 .087 
C-18 .004 .252 .008 .073 

A.A.:"'" 1 .218 .022 .003 .OOS 
AJ\.-2 .191 .065 .003 .045 
&"1.\-3 .2.28 .145 .026 
1"V\-4 .169 .204 .010 .031 
;'Vl.-5 .124- .356 .013 .026 
1-\l\.-~6 .092 .375 .048 .032 
p.J\-7 .106 .326 .098 .051 
AA-8 .077 .298 .257 
AA-9 .012 .333 .339 
J~A-10 .020 .241 .351 
Al:l.-11 .009 .250 .289 
A.?-\-12 ,,017 .188 .145 .017 
J1A-13 .005 .256 .089 .011 
A Tl,,-. 14 .017 .165 .047 .017 
AA-·1S .006 .118 .018 
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APPENDIX A -- cont. 

transect Pavona .t'lonti:eora Foci11oEora Anthe1ia 
number varians patu1a eydoxi edmondson; 

A-I .005 .010 
P.l:-2 
A-3 .003 .015 
A-4 .018 
A-5 .003 .006 
A--6 .004 
1'..-7 .007 
l-i-8 
j:'j,-9 

A-IO 
A-II 
A-12 
.A-13 
A--14 
P.-15 

B-1 ~013 .013 
B-2 .009 
B-3 .006 .003 .003 
B-4 ,.003 
B-5 .009 .003 .009 
B-6 .010. 
'B-7 .004 
B-8 .005 
B-9 
B-10 .007 . 
B .... 11 .005 
B-12 
B-13 .005 
B-14 . 005 
B-15 . 005 

C-1 .005 .005 
C-2 .028 .012 
C-3 .003 .015 
C-4 .003 .006 
C-5 .003 .003 
C-6 .008 .025 
C-7 .003 .026 .006 
C-8 .. 003 .006 .013 
C-9 .003 .003 
C-1O .005 



PJ?PENDIX A - cant. 

transect Pavona 'lYlontipora Focillopora Anthelia 
nUnl.ber varians :eatula evdoxi edmondsani 

C--ll .003 .011 
C-12 
C-13 
C-l4-
C-lS 
C-16 
C-17 .005 .005 
C-IB .004-

l\A-l .011 .011 
1-'V~-2 .015 
P...l.-3 .006 
AA-4 .010 .003 
AA--S .006 
AA-6 _006 
Apl"-7 .003 .003 .014-
A-i\-8 .005 .005 
PlA-9 .024-
All-IO 
AP,-ll 
~:G.J-1.-12 

All-13 .005 
Ai'l-14 
AA-1S .018 



.APPENDIX A - cont. 

transect 
number 

A'":1 . 
11-2 
A-3 

. A-4 
ll-5 
Ji-6 
1'-,-7 
A-8 
A-9 
A~10 

A-II 
A-12 
A-13 
A-14 
A-IS 

B-1 
B-2 
B-3 
B-4 
B--5 
B-6 
B-7 
B-8 
B-9 
B-I0 
B-ll 
B-12 
B-13 
B-14 
B-15 

C-l 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8· 
C-9 
C-10 

Psammocora Favona Cycloseris 
stellatE! explanulata vaughani 

.003 
.003 

.003 .003 

Funqia 
scutaria 

.008 
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APPENDIX A - cant. 

tral1sect 
n1.unber 

. C-ll 
C--12 
C---13 
C-14 
C-1S 
C-16 
C-17 
C-IB 

Al-\-2 
AA-3 
AA-4 
AA-S 
)\)\-6 
AA-7 
Al'~-8 
Al-,-9 
.("'_J\-10 
j;-'iJ-"\-11 
AA-12 
AA-13 
1'..]' .. --14-
AA-1S 

Psammacora Pavona Cvclaseris Funcda 
stellata e}~planL~lata vanqb2ni scutaria 

.003 
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APPENDIX A - cant:. 

-transect 
nll])'l;er 

i:.--l 
ii-2 

A--4 
A··-5 
)':,.-(, 

~C\._" 7 
1':.-8 
A-S 
{!.,·-10 
1:.-11 
A-12 
J.o~-.. 13 
2~'-]A, 

1~-15 

B--l 
B,-·2 

B-·5 
B,-6 
B-7 
B-8 
£-,9 
B--I0 
£-,11 
£ .. ·,12 
B-~13 

B-·J/~ 
B·~·l r.; 

C-,·~l 

( '-') 
...,; .:-

c-s 
c--( 

,-1 () 
1".-'-0 

C-s 
C-·I0 

Forites (S.) Leptastrea Leptastrea Cyphastrea 
canvexa purpurea bottae occellina 

.011 
.007 
.010 
" OO"t 
.007 
,,005 

,013 
.004 
.003 
.. 007 
.006 
.003 
.OOS 
.005 

.C05 
" (;0,1· 

.012 

"C03 

. l'03 
,003 
.002 

.005 

.009 
.006 

.003 

.OC2 



i.,FPENDIX i\ - cont .. 

·trClll.~_: e ct 

C-II 
'. C-12 

c·-13 
C-14 
C--IS 
C-16 
C-17 
C-18 

l\A-2 
p .• l\- 3 
Al".-4 

]',]."1-6 
lV-'.,.-7 
12)A,-8 
&"-\-9 
Aii-IO 
All.--ll 
N.-12 
k'"\-13 
.A2;-14· 
P .. A--15 

Forit:es (8.) 
canveza 

.012 

Leptastrca Leptastrea 
purpurea bottae 

.003 

.007 

.009 
.024 

.010 

.005 

.006 

.003 

15E 

CYFhas~crea 

occellina 

.019 

.014 
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J-'.PFENDIX i~ - cont. 

t]~·c; r~s c~ct Bc:.:::alt. L ~~tone LiL1cstcnc Sc.Ld f or itE,r. :C1.~tble 

n.l'L ;"~'J=-- E :r ([:0 1 ~.c.) rt'l:tle 

i~·,·l .. 4·69 .211 .005 
}\,- 2 .485 .157 
]~·-3 . (·10 .155 
1~ .. --~,:1· .357 .154 .011 
;:~~,~ 5 .235 · 126 
p ... f; .lf6 .216 .008 
/: .... 7 .202 .162 .015 
l~-~ f.3 .066 .298 
1\·-S: .008 .184 ~008 .017 
1\ .. ·10 .058 .011 
A-II .086 .172 
jJ.···12 .022 .160 .068 
li-13 .059 .347 . 191 
l\ .. ·14 .106 . 446 .213 
1-).-15 .067 .076 .336 .500 

B--l .471 .,096 
B-2 .463 .068 
:8-3 .370 .193 
13-4- .345 .241 .007 
B--S . 182 .279 .003 .006 
B-6 . 274 .213 .017 .021 
B-·7 .250 ~ 162 .033 
13-8 .162 · 134 .016 
B-9 .Of9 .204 .032 
B-10 .094 · 138 .072 .036 
B-1l .113 .159 .130 .022 
13-12 .092 .092 .055 
13··13 · 144 .252 .054 
B·-14 .197 .048 .192 .074 
B-15 .218 .142 .182 .177 

C-1 .502 .111 .016 
C-2 .4-61 .132 .004-
C-3 .401 .208 .011 
C-4 .322 .166 .015 
C .... s .29E .221 .006 .012 
C-6 .184- .263 .005 .033 
('1 ..., 
\..." I .110 .304 .043 ,--1 0- .097 ~!356 .003 003 ~-CJ . 
C-9 .069 .349 .006 .032 
C·-IO .106 .344 .005 .004 
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I\PFENDIX 1\. - cont. 

transect Basalt Limestone Limestone Sand .Fori tes rubble 
number (solid) rubble 

C-1.1 .301 .189 .007 
C-12 .143 . 118 .156 .018 
C-13 .158 .170 .111 .017 
C--14 .007 .171 .140 
C-15 .006 .17E . 129 .027 
C-16 .006 .270. .055 .024 .049 
C-17 .292 .015 .107 .005 
C--18 .091 ')00 .021 .243 ... _ • • ",r -' 

}\/\ .. -l .505 ;?24 
&\-2 .475 .. 168 
AA-3 .360 .205 .003 .012 
P.\.i~--4 .316 .214· 
2\.l\-5 .175 .272 .013 
A?\-6 .086 .352 .003 .C03 
&'\-7 .032 .296 .043 .018 
All-8 .304 .046 
l\.;.),-9 .006 ,206 .078 
}1/'.-10 .1[;6 .096 .101 
A].\-ll .14·9 .079 .219 
AA-12 .. 0[:5 .230 .008 .307 
1\1\.-13 .195 .335 .072 .027 
1-~i\-14 .218 .319 .213 
Az~-15 ,.018 .156 .312 .343 
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l~FENDIX B - Proportions of species and substrata cover on 
each transect. 

transect Poc i 11oEora Porites Porites lV'i.ontiE'ora 
number meandrina lobata compressa verrucosa 

A-I .181 .022 .004 
A--2 ,.243 .034 .005 
1':..-3· .196 .017 .003 .015 
1-1-4 .205 .175 .005 .001 
A-5 .132 .484 .025 .007 
A-6 .106 .414 .071 .020 
A-7 .102 .376 .109 .021 
A-8 .061 .348 .244 .004 
A-9 .011 .264 .599 
A~10 .204 .770 
A-II .001 .096 .754 
A-12 .063 .757 .002 
A-13 .003 .188 .065 .002 
A-14 .056 
A-15 .004 

B-1 .182 .007 .006 
B-2 .234 .103 .010 
B-3 .270 .090 .001 .006 
B-4 .241 .096 .005 
B-5 ~256 .223 .001 .017 
B-6 .195 .247 .004 . 015 
B-7 .151 .388 .025 .009 
B-8 .073 .426 .180 .OC1 
B-9 . 026 .393 .284 . .011 
B-10 .016 .259 .452 .002 
B-l1 .065 .205 .333 .001 
B-12. .010 .146 .. 664 
B-13 .140 .470 .002 
B-14 .006 .245 . 027 .029 
B-15 .076 .003 .011 

C-1 .094 . 055 .006 
C-2 .160 .060 .008 
C-3 .174 .067 .001 .014 
C-4 .176 .168 .012 .024 
C-5 .173 .203 .009 .017 
C-6 .193 .202 .018 .013 
C-7 .219 .236 .029 .011 
C..:..8 .225 .136 .013 .004 
C-9 .214 .250 .052 .016 
C-IO .209 .209 .051 .005 
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l'..PFENDIX B- cont. 

transec·t Poci11opora Forites forites £I!.ont. i 1201- c; 
num.ber meandrina lobata compressa verrucosa 

C-11 .126 .169 .050 .002 
C-12 .045 .182 .256 
C-13 .011 .219 .283 
C-14 .012 .156 .550 
C-15 .003 .169 .562 
C-16 .279 .305 .007 
G-17 .005 .375 .211 .034-
C-IB .004 .136 .011 .035 

A.A.-I .121 .010 .002 
AlJ,.-2 .153 .033 .001 .018 
,l',A-3 .243 .088 .019 
AA-4 .156 .192 .004 .014 
liA-5 .115 .411 .015 .009 
A...'-\-6 .079 .405 .052 .009 
lJJ-';.-7 .OBO .384 .168 .021 
Al',-8 .038 .340 .312 
1\i-:..-9 .003 3"~ • L...J .. 44·5 
Ai.'-'!.-lO .009 .159 .532 
11.A-11 .003 .240 .'326 
AA-12 ~002 .129 .125 .001 
AA-13 .001 .141 .044 .001 
Ai:..-14 .001 .054 .007 .004 
A1-\--15 .024 .002 
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llPPENDIX B - cont. 

-trcmsect Pavona 1-Iont i pora Foci11oT:2ora Anthe1ia 
number varians pa-tu1a 1 • eycoxJ. . edmonc1soni 

A-I . 003 .003 
A-2 
A-3 .003 .008 
A-4 .013 
A-5 .001 .001 
A-6 .008 
A-7 .009 
1-'.-8 
1-\.-9 
A-10 
A-II 
A-12 
A-13 
A--14 
1-\-15 

B-1 .025 .009 
B--2 .008 
B-3 .003 .003 .001 
B-4 .001 
B-5 .003 .002 
B-6 .009 
B--7 .001 
B-8 .003 
B-9 
B-10 .003 
B-11 .001 
B-12 
B-13 
B--14 .001 
B-15 .001 

C~l .001 .003 
C-2 .010 .014 
C-3 .020 .008 
C-4 .001 .006 
C--5 .001 .004-
C-6 .002 .020 
C-7 .003 .017 .001 
C-E3 .002 .003 .023 
C-·9 .001 .007 
C-IO .001 



l:.PPENDIX B ~- cant. 

transect 
number 

C-l1 
C-12 
C--13 
C-14 
C-15 
~-16 

C-17 
C-18. 

AA-1 
AA-2 
lV\-3 
1'>.A-4 
J-\A-5 
]\]:.).-6 

APr 7 
];1\-8 
A].~-9 

AA-10 
1~J\.-11 
1',1\-12 
111.:.".-13 
A1-\-14 
]).1'-15 

Pavona ---varians 

.004 

.005 

Hontipora 
patula 

.002 

.001 

.001 

.015 

.007 

.001 

.007 

.002 

Pocillopora 
£Ydoxi 

.006 

.003 

1-\nthelia 
edmondsoni 

.001 

.001 

.004 
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APPENDIX B - cont. 

transect Psammocora Pavona Cycloseris Funqia 
number stellata explanulata vaughani scutaria 

A-I 
A-2 
A-3 
A-4 
A-5 
.P~-6 

A--7 
,Z\-8 . 
Fr9 .001 
A-IO 
A-II 
A-12 
A-13 
A-14 
A'-15 

B-1 
B-2 
B-3 
B-4 
B-5 .001 
B-6 .001 .001 
B-7 
B-3 
B-9 
B-10 
B-ll 
B-12 
B-13 
B-14 
B-15 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 .001 
c-s 
C-9 
C-IO 



11FPEND!X B - cont. 

transect 
number 

- C-II 
C-12 
C-13 
C-14 
C-lS 
C-16 
C-17 
C-IS 

l'.A-I 
AA·-2 
1'.:A.-3 
Ail.-4 
AA~5 

. APr6 
Ai)..;... 7 
AA-S 
lAA-9 
A.A.-IO 
AA--ll 
AA-12 
AA-13 
AA-14 
AA-15 

Psammocora Pavona 
stellata exp1anu1ata 

Cycloseris 
vaughani 

Funqia 
scutaria 

.001 

164 



APPENDIX B - cant. 

transect 
number 

A-I 
A-2 
A-3 

A-5 
A-6 
I\: .... 7 
A-8 
l1.-9 
]1 .. -10 
A-II 
A-12 
A-13 
A-14 
A-IS 

B-1 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 
B-8 
B-9 
B-10 
B-11 
B-12 
B-13 
B-14 
B-15 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
C-10 

Porites (~ Leptastrea Leptastrea 
canvexa purpurea bottae 

.008 

.004 

.006 

.002 

.003 

.015 

.005 

.002 

.002 

.008 

.001 

.008 

.002 
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Cyphastrea 
occe11ina 

.004 
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}l2PENDIX B - cont. 

transect 
number 

C-11 
C-12 
C,...13 
C-14 
C-15 
C-16 
C-17 
c-IB 

.:A..A-1 
AA-2 
AA-3 
Af\r4 
A.p...-5 
AA-6 
AA-,.7 
AA-8· 
AA-9 
AA-IO 
Al-~-11 
AA-12 
AiJ,.-13 
}\ .. 1\-14 
AA-15 

Porites (8.). Leptastrea Leptastrea Cyphastrea 
canvexa Eurpure~ bottae occellina 

.025 

.001 

.003 

.004 

.001 

.002 

.002 
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P..PPENDIX B - cont. 

transect Basalt Limestone Limestone Sand Porites rubble 
number ( solid) rubble 

1\-1 .628 .153 .002 
1',,-2 .585 .130 
A-3 .528 .147 
A-4 .441 .139 
A-5 .228 .111 .012 
1';,-6 .156 .215 .003 
A-7 .200 .155 .020 
1\..-8 .054 .266 
A-9 .007 .104 .005 .016 
A-I0 .019 .005 
A-II .044 .102 
A-12 .015 .079 .081 
1'.-13 .028 .436 .275 
A-14 .075 .587 .279 
A-IS .034- .031 .399 .530 

B-1 .601 .088 
B-2 .580 .057 
B~3 .380 .238 
B-4- .376 .257 .015 
B-5 .227 .253 .003 
B-6 .282 .200 .020 
B-7 .24-3 .150 
B-8 .187 .109 .018 
B-9 .053 .161 .067 
B-I0 .075 .074 .104 .011 
B-11 .094 .103 .177 .016 
B-12 .049 .075 .054-
B-13 .060 .. 286 .040 
B-14 .285 .043 .267 .092 
B-15 .211 .132 .321 .241 

C-1 .760 .059 .011 
C-2 .646 .094 .001 
C-3 .503 .211 .014-
C-4 .394 .178 .037 
C-5 .355 .207 .009 .007 
C-6 .192 .333 .003 .027 
C-7 .086 .376 .017 
C-8 .094- .458 .020 .001 
C-9 .059 .399 .013 .022 
C-10 .138 .358 .018 .003 
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APPENDIX B - cont. 

transect Basalt Limestone Limestone Sand Porites rubble 
number (solid) rubble 

C-11 .478 .156 .004 
C-12 .139 .098 .242 .036 
C-13 .172 .126 .168 .018 
C-14 .003 .121 .155 
C-15 .001 .109 .114 .039 
C-16 .009 .273 .031 .019 .047 
C-17 .245 .021 .100 .005 
C-18· .166 .323 .017 .302 

AA-1 .722 .125 
~~A-2 .623 .151 .006 
AA-3 .476 .150 .004 .010 
AA-4 .416 .197 
AA-5 .207 .230 .004 
AA-6 .104 .337 .006 .002 
1'AA.-7 .025 .236 .065 .011 
Al~~8 .225 .081 
AA-9 .003 .117 .098 
A11.-10· .103 .095 .099 
AA-11 .061 .053.· .315 
AA-12 .040 .270 .001 .427 
A.A.-13 .132 .587 .065 .023 
AA-14 .171 .553 .206 
A.A.-IS .090 .348 .518 
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JI .. PPBNDIX C - Species counts I nurc,1:-er of colonies I scaled ano 
unscaled diversities and evenness for corals 
on each transect. 

transect 
nUElber 

ll-1 
11-2 
1~-3 

A-4 
.A-5 
1'\--6 
A.-7 
A-S' 
A-9 
A-lO 
1i-l1 
A-12 
1-:.-13 
.A-14 
A-IS 

B-1 
B-2 
B--3 
B-L} 
B-5 
B-6 
B-7 
B-8 
B-9 
B--I0 
B-l1 
B-12 
B-13 
B-14 
B-15 

C-l 
C-2 
C-3 
C-4 
C-S 
C--6 
C--7 
C-·8 
C-9 
C-IO 

Species 
count 

6 
3 
7 
6 
7 
6 
6 
5 
.4 
2 
3 
3 
4 
1 
1 

(, 

6 
9 
5 
9 
7 
6 
6 
4 
5 
5 
3 
3 
E 
4 

6 
6 
7 
6 
7 
E-
10 
7 
7 
7 

NUE;ber of 
colonies 

61 
8i1 
112 
129 
187 
147 
156 
116 
89 
79 
69 
65 
67 
24-
2 

99 
102 
126 
113 
168 
133 
133 
122 
129 
90 
101 
82 
61 
91 
55 

6E 
100 
00 jU 

158 
93 
lEa 
lE,5 
160 
162 
121 

Unsca1ed 
H ' n 

.7959 
.5770 
1.1573 
1. 0313 
1.06iB 
1.1230 
1.2867 
1.1484 

.7897 

.5955 

.6453 

.6645 

.8046 
0.0 
0.0 

1.3635 
1. 0274 
1.0982 

.8530 
1.1901 
1. 0532 
1.2106 
1.1155 
1. 0191 
1.0017 
1.1820 

.83BO 

.7097 
1. 0030 

.7571 

1.1229 
1.1673 
1.1564 
1.1405 
1.1420 
1.1940 
1.2844 
1.1403 
1.1478 
1.1486 

Scaled 
H' n 

.4101 

.5086 

.5808 

.5640 

.5284 

.6178 

.7118 

.7055 

.5549 

.8423 

.5200 

.5871 

.5609 
0.0 
0.0 

.7523 

.5584-

.4823 

.5165 

.5298 

.5281 

.6670 

.6616 

.7290 

.6085 

.7258 

.7544 

.6289 

.5423 

.5199 

.6057 

.6390 

.5782 

.6285 

.5E9E, 

.EEOO 

.54·5 i l· 

.5762 

.5e03 

.5773 

Evenness 
Jl n 

.4220 

.5252 

.5947 

.5744 

.5376 

.6257 

.7181 

.7135 

.569E 

.8533 
.. 5873 
.6048 
.5803 

0.0 
0.0 

.7609 

.5734 

.4998 

.5300 

.5416 

.5412 

.6756 

.6223 

.7344 

.7G27 

.6460 

.5597 

.5461 

.5597 

.5461 

.6267 

.6514 

.5942 

.6365 

.52E8 

.6663 

.557<3 

.5860 

.5898 

.5902 
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APPENDIX C - cont. 

transec·t Species NlJmber of Unsca1ed Scaled Evenness 
nU1Tlber count colonies H' n F' 1 n J' . n 

C-11 8 135 1. 2583 .5934· .6051 
c-12 4 f"· ., 

:;.) 1.1288 .8082 .8142 
C-13 4 95 .9789 .6967 .7061 
C--14 3 f.7 .7883 .7082 .7154 
C-15 4 101 .9186 .6525 .6626 
C-16 5 104 1.1365 .6969 .7061 
C--17 7 114: 1.1408 .5723 .5862 
C-IB 5 7S' .7611 .4505 .4729 

AA--l re' 
:J Ll·7 1.0271 .4139 .4548 

AA-2 7 91 1. 3801 .6758 .6885 
P..J\-3 5 126 .9827 .6287 .6381 
A~\-Ll n c) 133 .9923 .6533 .663E 
1-Vl-5 6 160 1.3251 .5386 .5484 
flli--6 5 173 1.0925 .6094 .6165 
iV',.--7 8 166 .8925 .6284 .6372 
]';J:1~- 8 (, 127 1.1541 .5988 .609E 
l:.ii-~ 9 4 117 1.1474 .6346 .6438 
P .. A-I0 5 104 1.2309 .7081 .7170 
AA-ll !1 77 1. 0597 .8208 .8226 -,-
llt:j,_w 12 5 79 .9632 .7548 .7648 
P.J':.-13 7 71 .9797 .5189 .5445 
AA-14 4 47 .9567 .6739 .6945 
l-lA-15 5 27 .9324 .5517 .6087 
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APPENDIX C - cont. 

transect Unsealed Scaled Evenness 
number HI HI JI 

C C c 

A-I .5983 .2930 .3339 
A-2 .4615 .4002 .4200 
A .... -.,) 1.0899 .5450 .5600 
A-4 .9538 .5195 .5323 
A-5 .7999 .3993 .4110 
A-6 1.0137 .5553 .5657 
A-7 1.1118 .6120 .6205 
A-8 .9682 .5903 .6015 
A-9 .6314 .4359 .4554 
A-IO .5135 .7308 .7408 
A-II .3635 .3026 .3308 
A-12 .2911 .2768 .2649 
A-13 : .6782 .4655 .4892 
A-14 0.0 0.0 0.0 
A-IS 0.0 0.0 0.0 

B..,.l 1.1929 .6537 .6657 
B-2 .8983 .4839 .5013 
B-3 .8329 . .3574 .3790 
B-4 .7621 .4583 .4735 
B-5 .9534 .4193 .4339 
B-6 .9627 .4803 .4947 
B-7 .8628 .4678 .4815 
B-8 .9281 .5040 .5178 
B-9 .8864 .6310 .6394 
B-IO .7892 .4716 .4903 
B-ll .9653 .5867 .5997 
B-12 .5350 .4690 .4869 
B-13 .5601 .4862 .5098 
B-14 .,7357 .3873 .4106 
B-15 .6228 .4175 .4492 

C-l 1.0848 .5832 .6054 
C-2 1. 0764 .5864 .6607 
C-3 .9911 ~4899 .5097 
C-4 1.0892 .5992 .6028 
C-5 1.'0887 .5410 .5594 
C-6 1. 0853 .5981 .6057 
C-7 1.1865 .5017 .5152 
C-8 1.1673 .5904 .5998 
C-9 .9993 .5022 .5135 
C-IO 1. 0560 .5282 .5426 
C-11 1.1793 .5540 .5671 
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PJ?PENDIX C - cont. 

transect Unsealed Scaled Evenness 
rn .. l.i'nber Hie Hie JI 

c 

C-12 1.1171 .7995 .8058 
C-13 .8992 .6374 .6486 
C-14 .6094 .5400 .5547 
C-15 .7431 .5222 .5360 
C-16 1. 0885 .6661 .6763 
C-17 .9383 .4677 .4821 
C-IB .8480 .5068 .5268 

&'l.-l .6967 .3902 .4328 
Ai1.-2 .9681 .4759 .4975 
AA-'-3 .8273 .5015 .5140 
AA-4 1.0969 .5129 .5374 
Ali.-5 .7699 .4172 .4296 
AA-6 .8109 .4946 .5038 
p.di-7 1.0849 .5101 .5217 
Ah-8 .8908 .4832 .4911 
AA-9 .7448 .5252 .5372 
AA..,.10 .9476 .5758 .5890 
Jill-II 1.1093 .7922 .8002 
l>....s-12 .9582 .5782 .5954 
1-.. z: .. -13 1.0091 .4914 .5185 
liA-14 .6868 .4608 .4945 
AA-15 .7154 .3635 .4445 
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