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Summary. The most significant factor determining the 
structure of Hawaiian reef coral communities is physical 
disturbance from waves. Sequential analysis of commu- 
nity structure off the west coast of the island of Hawaii 
shows that variation of wave energy and storm frequency 
clearly affects organization in time and space. Normal 
conditions of low wave stress maintain four well-defined 
reef zones; diversity is highest at intermediate depths and 
decreases in physically rigorous shallow areas and stable 
deep reef slopes. Intermediate level storm wave events 
cause variable effects within the reef zones, but the zona- 
tion pattern, as a whole, is maintained. Diversity increases 
in zones that are dominated by a single species largely 
through nonlethal fragmentation and transport, but de- 
creases in the zone of most equitable species distribution. 
Conversely, severe infrequent storm disturbances that 
cause massive mortality to all coral species wipe out the 
pattern of community structure and return the entire com- 
munity to a low diversity early successional stage. 

Introduction 

Wave energy has long been recognized as one of the most 
important factors that control coral growth, reef develop- 
ment and coral island formation (e.g. Yonge 1940; Storr 
1964; Roberts 1974; Adey 1978). Since Darwin's (1842) 
observation that atoll islands are formed ".. .  by matter 
thrown up by the winds and the waves of an open sea", nu- 
merous reports have documented the effects of tropical 
storm and hurricane-generated waves on the geomorphol- 
ogy of reefs (e.g. Stoddart 1963, 1965, 1969, 1974; Glynn 
et al. 1964; Cooper 1966; Perkins and Enos 1968; Ball et 
al. 1967; Maragos et al. 1973; Hernandez et al. 1977). 
However, for the most part, reports of the effects of these 
extreme events on the biotic components of reefs have 
been limited to qualitative assessments of damage. Direct 
quantitative evidence linking variation in storm wave en- 
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ergy to change in coral community structure remains mea- 
ger (Connell 1978; Pearson 1981). 

Such natural events can be used as experiments to test 
ecological theory relating community structure (as ex- 
pressed by species abundance and diversity) to the magni- 
tude and frequency of change in environmental con- 
ditions. Local species diversity may be directly related to 
the efficiency with which disturbances prevent the mono- 
polization of the major environmental requisites by one 
species. According to present theory, high diversity can be 
maintained only in a non-equilibrium or sub-climax state 
(Patrick 1967; Odum 1969; Slobodkin and Wilson 1969; 
Loucks 1970; Grigg and Maragos 1974; Connell 1978; 
Grigg 1982). Diversity declines during long stable interlu- 
des due to competitive elimination, resulting in resource- 
monopolized climax stands comprised of one, or a very 
few, species. Disturbances interrupt and set back this pro- 
cess of competitive exclusion. Organisms are killed, dam- 
aged, or moved by episodes that occur at various scales of 
frequency and intensity. If the intensity and frequency of 
disturbance is sufficient to affect all, or most, species, the 
community will return to pioneering stages and diversity 
will be low. If, however, intensity and frequency of distur- 
bance are of a magnitude which affects only certain spe- 
cies, thus acting in a selective manner as a "pruning de- 
vice" to prevent resource monopolization, diversity will 
attain a maximum relative to the extremes of no distur- 
bance or severe disturbance. 

Subtropical Hawaiian coral reefs appear to be ideally 
suited for testing the "intermediate disturbance hypothe- 
sis" (Connell 1978). Indeed, the first indication of this pat- 
tern for corals was reported by Grigg and Maragos (1974), 
who found that diversity increased during succession, but 
attained a peak value before climax conditions were 
reached on recolonized submerged lava flows off Hawaii. 

At the southeastern end of the Hawaiian Archipelago 
conditions for the growth of corals are optimal (Grigg 
1982), but the islands are isolated by distance and current 
transport from the center of evolution of reef corals in the 
Pacific (Stehli and Wells 1971). As a result, a relatively 
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small number of  shallow water species (42) occur in Haw- 
aii and only five species of coral are quantitatively signif- 
icant components of Hawaiian reefs (Maragos 1972). As 
a result, coral communities are very simple assemblages 
compared to more tropical, less isolated reefs. In addition, 
most Hawaiian reefs are fringing and exposed to a wide 
range of sea and swell, so that physical stresses associated 
with wave energy such as mechanical breakage and scour 
are important determinants of  community structure. 

The purpose of this paper is to show how coral com- 
munity structure varies on a seaward Hawaiian reef with 
respect to physical disturbance from wave stress and to 
use the data as a test of the intermediate disturbance hy- 
pothesis. 

Sequential analysis of the reef at three different times, 
under a "normal" wave regime, following an intermediate 
intensity storm, and following a severe storm, show the in- 
stantaneous effect of the magnitude of  disturbance on the 
pattern of community structure. 

Materials and Methods 

The study area was located approximately at the midpoint of the west 
coast of the Island of Hawaii approximately 10 km south of the town of 
Kailua-Kona (Fig. 1). 

Significant deep-water wave heights and periods were obtained by 
estimating wind speed, fetch and duration from synoptic U.S. Weather 
Service charts and employing the Sverdrup-Munk-Bretschneider (SMB) 
hindcasting method (U.S. Army Corps of Engineers 1973). Significant 
wave height and period are defined as the average height and period of 
the one-third largest waves (Sverdrup et al. 1942). Deep water waves 
have characteristics that are virtually independent of water depth. For 
most practical purposes the transition from deep to shallow water waves 
occurs at a depth of approximately one-half the wavelength (Sverdrup et 
al. 1942). Estimation of breaking wave height (height of wave just prior 
to breaking) and breaker depth (depth of water where wave break oc- 
curs) followed the guidelines and methodologies adapted from empirical 
relationships devised by Goda (1970, in U.S. Army Corps of Engineers 
1973). 

Available data for deepwater storm waves approaching from the 
southwest sector was statistically analyzed using Gumbel's first asymp- 
totic distribution to determine the frequency of wave height as a function 
of return period (R. Rochleau and S. Sullivan, personal communication, 
1981). Return period is defined as the average interval between occur- 
rences of a given event. 
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Fig. 1. Map showing location of study area on island of Hawaii and Ha- 
waiian Archipelago 

Quantitative reef surveys were carded out with line transect 
methods (Loya 1972; Porter 1972a, b). Each transect was 45 m long and 
followed depth contours parallel to the shoreline. Transects were of this 
length to minimize the effects of patchy distributions of both species and 
substrata. The most shoreward transect was located at the base of both 
species and subtrata. The most shoreward transect was located at the 
base of the sea-cliff shoreline; 14 subsequent transects were sequentially 
located at horizontal intervals of 7.5 m to a depth of 40 m where reef cor- 
als ceased to occur (Fig. 2). A distance interval was used because wide 
areas of the reef bench were nearly flat. The origin of each transect was 
marked by a small weighted buoy and the transect lines consisted of ny- 
lon cord stretched over the reef surface. A brass chain was paid out along 
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each transect line and the number of chain links lying over each coral col- 
ony or non-coral substratum type was recorded. The reef was surveyed 
three times in this manner, following periods of different wave stress be- 
tween 1973 and 1980 (see section on Wave Climate). While an effort was 
made to replicate transects as closely as possible in follow-up surveys, 
there was some unavoidable error in exact placement of the chain. Tran- 
sect data provided estimates of percent cover of coral and non-coral ben- 
thic components. Diversity was measured by the Shannon-Weaver index 
where//~ = - ZPl lnpl (Pl = the fractional coral cover of the ith species). 
This index was used because it is sensitive to both the number of species 
and the apportionment of cover among species, and permits calculation 
of an index of evenness J~ = Hj/Hm, x where //max is the most equitable 
distribution possible of i species (Pielou 1966). 

Wave Climate 

The west coast of the island of Hawaii is completely sheltered from 
northeast tradewind generated seas but is subject to three other classes 
of wave exposure, each having distinct characteristics. 

SwelIs generated by storms in the South Pacific and Indian Oceans 
during the northern hemisphere summer arrive in Hawaii as long period 
waves with periods typically between 12 and 22 s and deepwater wave 
heights of 1-2 m although they may be considerably larger. Figure 3 in- 
dicates that return period for a south swell 1.5 m in height is close to zero, 
indicating that this is a constant and predictable situation. Therefore, 
wave climate resulting from south swell is considered the ~176 condi- 
tion" of water movement on the study reef. The first set of reef transects 
was conducted in 1973 following an observed period of such normal con- 
ditions of at least two years' duration and the pattern of community 
structure is assumed to have developed under this range of conditions. 

North Pacific swells generated by winter storms produce waves with 
heights up to 10 m in Hawaii. While north swells are relatively predict- 
able seasonal events only those storms with a strong westerly compo- 
nent significantly affect the study area since the islands of Maui, Molokai 
and Lanai block north swells (Fig. 1). A northwest swell with deep water 
waves 3~4 m impacted the Kona Coast in January of 1974 with breaking 
waves near 4 m in height that persisted for 3 days. Such an event has a 
return period of ~ 4 years (Fig. 3). In this study breaker height and re- 
turn period from this event are considered "intermediate" in intensity 
and frequency. The second set of transect data, collected 14 days after 
the storm, characterized the effects on the coral community. 

Local storms and fronts which generally cause high winds and 
waves from the south through the west are termed "Kona storms" in 
Hawaii. These storms are extremely unpredictable with respect to 
frequency and intensity but they may generate large destructive waves 
which directly impact the study area. Commonly, wave periods range 
from 8-10 s, with have heights of 3-5 m. In January of 1980, an intense 

10 

~- 8 -1- 
(.9 
w 
T 

6 

rY 4 
bJ 

n 2 

w 

J 
/ 

/ f  

i J I I I I l l l  I f I 

5 I0 5 0  

R E T U R N  PERIOD (years) 

Fig. 3. PIots of deepwater wave heights (upper 10th) as function of aver- 
age return period of stm-m events. (From Rochleau and Sullivan, un- 
published data, 1981) 

73 

Kona storm formed west-southwest of the Hawaiian Islands as the result 
of the joining of two strong low pressure systems. Significant deepwater 
waves of 5-7 m, and breaking waves peaking at 7 m directly impacted the 
west coast of Hawaii and breakers of at least 5 m persisted for 5 days. 
The average return period for such an event is approximately 40 years 
(Fig. 3). I consider this relatively low frequency but high wave energy 
event to be a "severe" disturbance and the third set of transect data col- 
lected 30 days after the storm quantifies the effects to the reef coral com- 
munity. 

Table 1 shows estimates of the average wave heights and breaker 
depths for the three sets of conditions. 

Results 

Variation in Space - Zonation Pattern 

F o u r  zones, each characterized by a distinctive sub- 
s t ra tum type, depth, range of physical condi t ions  (particu- 
larly water movement)  and  single d o m i n a n t  coral species 
were encountered  on the study reef. A steep vertical profile 
and  nar row reef bench causes the zona t ion  pa t te rn  to be 
compressed compared to other Hawai ian  offshore areas. 
As a result boundar ies  between the zones are fairly dis- 
tinct. The physiographic setting consists of a shoreline 
cliff, nearshore reef bench, sharp shelf break and  a steep 
reef slope (Fig. 2). The shoreward half  of  the reef bench is 
covered with large basalt ic boulders  apparent ly  b roken  
from the cliffed shoreline, while the seaward half  is char- 
acterized by a relatively fiat calcareous surface. At  the sea- 
ward edge of the reef bench, the slope of the bo t tom in- 
creases sharply to 40 ~ . The subs t ra tum on the upper  slope 
is p redominan t ly  unconsol ida ted  rubble.  Below the level 
of coral growth the slope cont inues  to descend as a sand 
plain to depths of 1000 m. 

Twenty- two species of  hermatypic  coral were observed 
on the reef dur ing  this study, althoug~a three species, Pocil- 
lopora meandrina Dana ,  Porites lobata D a n a  and  Porites 
compressa D a n a  accounted for 97% of all coral cover. 
Poeillopora meandrina, a sturdy hemispherical b ranching  
species (Fig. 4a), predominates  in the shallowest areas of 
the reef platform. This "fugitive" species rapidly colonizes 
newly cleared surfaces (Grigg and  Maragos  1974), has a 
small adult  size of short densely packed branches and is 
thus adapted to live in areas too harsh for other competi-  
tively superior species (Maragos 1972). Porites lobata oc- 
curred on every transect of  the present  study in a variety 
of growth forms ranging from small flat encrustat ions on 
the near shore boulders  and  deep reef slope rubble  frag- 
ments  to massive mushroom-shaped  colonies up to 2 m in 
diameter covering the reef bench (Fig. 4c). Porites com- 
pressa colonies occur as thin vertical cylindrical branches 
1 to 2 cm in diameter  and  up to 25 cm in height. In  areas 
favorable for growth such as the reef slope in the present 
study, this coral forms dense interconnected thickets 
(Fig. 4e) which can rapidly overgrow massive or encrust-  
ing corals. Hawai ian  reefs completely protected from 
wave stress, such as embayments  (Maragos 1972) and  
lagoons (Grigg 1982), are a lmost  always monospecific 
stands of P. compressa suggesting that  this coral is the 
most  effective compet i tor  on Hawai ian  reefs. 



Fig. 4A-G. Typical coral assemblages following periods of normal  wave 
stress in the Pocillopora meandrina boulder zone (A), the Porites lobata 
reef bench zone (C) and the Porites cornpressa reef slope zone (E). Photo- 
graphs of the same areas following the severe intensity storm show exten- 
sive damage to corals on the boulder zone (B), on the reef bench (D) and 
slope (F). Close-up of rubble cover on reef slope (G) shows most  frag- 
ments are less than 5 cm in length 
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Fig. 5. Percent cover of three dominant coral species and total coral cover 
at each transect following interval of  normal wave stress 

Under normal conditions clear-cut peaks in cover exist 
for these species in each physiolographic zone (Fig. 5). 
When transect data within each zone are pooled (Table 2) 
coral cover increases moving seaward except in the deep- 
est P. lobata rubble zone where mean cover drops sub- 
stantially from a mean of 75% to only 3%. 

Pooling transects diversity values within zones during 
normal wave conditions results in a parabolic shaped 
curve (Fig. 7, Table 3). Diversity is lowest in the Porites lo- 
bata rubble zone, where cover was extremely low and the 
Porites compressa slope zone where cover was highest. 
Pooled diversity is highest on the P. lobata reef bench zone 
where mean coral cover was 64% and intermediate on the 
P. meandrina boulder zone where cover was 30%. 

The factors which control these relationships appear 
to be water movement and substratum type that interact 
to produce habitats of  varying suitability to corals. 

Several workers have estimated the forces due to water 
movement necessary to break corals from the substratum 
(Vosburgh 1977, Hernandez-Avila et al. 1977, Highsmith 
1981). Logistic considerations precluded direct measure- 
ments of  water velocity during the storm events described 
in this paper, but calculated estimates and observations 
during the actual episodes of breaker height as well as lo- 
cation of wave break on the reef do correlate well with pat- 
terns of  community structure. It is suggested that on the 
study reefs, the force of  concussion from breaking waves 
is the most important factor responsible for coral break- 
age and hence reef zonation. Horizontal drag forces are 
probably more significant in terms of  causing mortality 
from abrasion by suspended particulate material. 

Breaking waves approximately 2 m in height from an 
average south swell have an estimated breaker depth of 
1.7 m (Table 1). Observations of  such events concur with 
this estimate as waves always broke against the shoreline 
cliff so that none of the coral community was subjected to 
direct wave shock. However, waves breaking against the 
cliff were reflected back out over the reef and created an 
extremely turbulent environment over the boulder zones. 
Poeillopora meandrina predominates in this area and other 
species capable of surviving on the boulders are restricted 
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to small encrustations or hemispheres. The irregular relief 
of the boulder covered bottom also does not appear to be 
a suitable site for the large lobed colonies found on the 
flatter parts of the reef bench. Thus, the normal range of 
water motion and the boulder covered bottom results in 
moderate levels of  coral cover ( 2 = 3 0 % )  consisting in 
large part of  a single preferentially adapted species and 
medium levels of diversity (2=0.78). 

The solid flat pavement of basalt and limestone reef 
seaward of the boulder field appears to be an optimal sub- 
strata for a wide variety of Hawaiian corals and growth 
forms. The most abundant are massive colonies of  Porites 
lobata, which contribute a large proportion of live coral 
cover, while dead colonies provide a complex of cal- 
careous surfaces to the reef that are available for settle- 
ment by other species. It appears that the turbulence due 
to approaching, as well as reflected waves, is sufficient to 
prevent the competitively superior but fragile Porites com- 
pressa from establishing as a dominant coral on the reef 
bench but is not severe enough to prevent many lobate, en- 
crusting, and compact branching species from flourishing. 
The suitable substratum and intermediate stress of water 
movement result in a habitat with high coral cover (2 = 
64%) and the highest diversity (2 = 0.97), suggesting that 
corals coexist most equitably in this zone. Seaward of the 
shelf break, water depth rapidly increases and the normal 
range of  wave action appears to be insufficient to cause 
mortality by breakage to even the most fragile corals. The 
steep reef slope and unconsolidated substratum appear to 
be an ideal habitat for Porites cornpressa colonies, which 
establish interconnected lattice-like thickets, so that the 
coral essentially provides its own substrata. Rapid vertical 
growth of  these thickets appears to be sufficient to over- 
grow most other corals on the slope. The resultant high 
coral cover (2 = 75%) and low diversity (2 = 0.45) indicate 
a high degree of dominance by resource (space) monopol- 
ization and competitive exclusion. 

Below the downslope limit of the Porites cornpressa 
thickets (30 m), normal water movement is very low but 
unconsolidated substrata and reduced light levels may se- 
verely restrict growth. Here only a few small corals are 
found growing on rubble fragments (cover 2 = 3 % )  and 
only one species (Porites lobata) was encountered on 
transects. 

Table 1. Estimated average unrefracted wave characteristics for three 
wave types on the west coast of island of Hawaii (bottom slope .~ 1:8.3) 

Wave Deepwater Deepwater Breaker Breaker 
period wave wave height depth 
[s] height length [m] [m] 

[m] [m] 

South 20 1 682 2.4 1.7 
swell 

North 15 2 384 4.6 3.3 
Pacific 
swell 

Kona 9 6 138 7.7 6.0 
storm 
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Variation in Time - Storm Effects 

1. Intermediate Disturbance. Sequential analysis of tran- 
sects revealed changes in total cover, dominant species 
cover, diversity and evenness due to intermediate storm 
wave impact (Fig. 6a-i). Total transect coral cover was sig- 
nificantly less following the storm (Wilcoxon matched 
pairs signed rank test, p = 0.022). However, there was not 
a significant reduction in live cover of any of the three 
dominant species tested alone (Wilcoxon matched pairs 
signed rank test p >0.05). Table 2 shows the change in 
total coral cover of pooled transects in each zone in terms 
of absolute change and percentage change between nor- 
mal conditions and each storm event. Percentage change 
may be a more accurate estimator of storm effect since the 
magnitude of absolute differences are limited by the nor- 
mal cover values, i.e. zones with low normal cover would 
show only small absolute reductions even if all coral was 
removed. 

Following the intermediate stress coral cover de- 
creased by approximately 11% in the Pocillopora mean- 
drina boulder zone (Table 2, I-N). The high percent change 
in the shallow P. meandrina boulder area may be consid- 
ered unexpected since this area is faced with a normal re- 
gime of high wave stress. However, during normal con- 
ditions the breaker depth of average south swells (1.7 m) 
is less than the minimum water depth; waves break against 
the sea cliff and dissipate much of their energy. However, 
with the increased breaker heights of northwest swells, 
breaker depth is estimated at about 3 m (Table 3), and ob- 
servations during the storm showed that waves were 
breaking on the upper reef bench. The concussion caused 
by breaker impact appears to be sufficient to damage even 
the most sturdy species, P. meandrina, as many colonies 
sustained broken branch tips. 

The lowest percentage change ( - 9 % )  occurred in the 
P. lobata reef bench zone following the intermediate storm 
stress. This area is deeper than breaker depth (5-10 m) 
and the increase in water motion from the storm swells 
does not seem to be sufficiently great to cause extensive 

damage to massive or encrusting forms. These ob- 
servations seem to agree well with Highsmith's (1980a) 
calculations which suggest that massive corals are seldom 
broken off by simple water movement (horizontal drag 
forces). The effect of the intermediate storm was most evi- 
dent in the reef slope zones. The coral cover in the Porites 
compressa slope zone had a percentage decrease of 11% 
while coral cover increased in the deepest P. lobata rubble 
zone by 35 % (Table 2, I-N). Hydrostatic forces associated 
with waves on the order of 4 m in height appear to have 
caused fragmentation and transport of parts of the fragile 
reef slope framework. Inspection of the slope zones sug- 
gested that some of the damage may have been due to im- 
pact from rubble fragments broken off in shallower water 
and moved downslope. Most of the coral fragments re- 
mained alive with apparently healthy tissue covering most 
of the skeleton. Following the storm, the peak in coral 
cover shifted 7 m further offshore and 5-10 m deeper 
(Fig. 6a-d), as broken corals were transported downslope 
into areas that were previously rather barren, a process 
that appears to be actively expanding the range of the 
P. compressa zone by asexual fragmentation. 

Species cover diversity was significantly higher over 
the entire reef following the intermediate episode (p = 
0.038 Wilcoxon matched pairs signed rank test). However, 
species number (p>0,20) (Fig. 6e) and species evenness 
(/)>0.20) (Fig. 6i) were not significantly different after 
wave damage. 

When transect diversity is pooled within zones 
(Table 3, Fig. 7) the means increased slightly in the Pocil- 
lopora meandrina boulder zone and both slope zones, but 
decreased on the Porites lobata reef bench zone. The three 
zones where diversity increased were all dominated by a 
single preferentially adapted coral and also showed the 
greatest changes due to increased wave stress. Storm effect 
was preferential on the dominant species (Fig. 6b-d), thus 
increasing the equatability of coral distribution. In the 
deep P. lobata rubble zone movement of Porites compressa 
fragments downslope increased both the species number 
and species equitability components of diversity. 

Table 2. Mean  total coral cover (%) and s tandard error  (in parentheses) on each zone and differences in cover following s torms (expressed in 
absolute change and percentage change in total cover) 

Zone  Wave stress Absolute change Percentage change 
in mean  coral cover in mean coral cover 

Norma l  Intermediate Severe 
I - N  S - N  I - N  S - N  

P. meandrina 30.70 27.47 12.48 - 3.73 - 18.22 - 10.52 - 59.35 
boulder,  n = 4 (4.00) (5.57) (3.07) (6.86) (5.04) (2.53) (16.52) 
P. lobata 63.87 58.17 20.34 - 5.41 - 43.53 - 8.92 - 68.15 
reef bench, n = 4  (1.02) (3.67) (4,36) (3.78) (4.54) (0.58) (14.64) 
P. compressa 75.60 67.14 8,45 - 8.46 - 67.15 - 11.19 - 88.82 
reef slope, n = 5 (12.69) (11.89) (2.22) (18.09) (12.87) (2.73) (27.69) 
P. lobata 3.00 4.60 5.01 + 1.60 + 2.01 + 34.78 + 40.12 
rubble, n = 2 2.61) (2.00) (3.79) (3.78) (4.20) (53.82) (43.73) 

n = number  of transects per zone 
N = normal ;  I = intermediate; S = severe 
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Table 3a. Mean coral cover diversity (Hi) and STD error (in parentheses) for each zone following periods of 
different wave stress 

Reef zone Wave stress 

Normal Intermediate Severe 

P. meandrina H~c 0.777 0.876 0.833 
boulder (0.167) (0.085) (0.174) 
P. lobata Hc 0.973 0.850 0.564 
reef bench (0.057) (0.136) (0.044) 
P. eompressa H'c 0.495 0.622 0.593 
slope (0.074) (0:042) (0.106) 
P. lobata H~ 0.0 0.453 0.535 
rubble (0.182) (0.002) 

Table 3b. Two-way analysis of variance summary for transect coral cover diversity as a function of reef zone 
and level of wave stress. Significant interactive effect indicates that the effect of storm waves on diversity 
differs in the various reef zones 

Source of variation Sum of Degrees of Mean square Frequency Probability 
squares freedom 

Mean 15.9279 1 15.9279 399.76 0.000 
Reef zone 1.3400 3 0.4466 11.21 0.000 
Wave stress 0.1285 2 0.0642 1.61 0.2146 
Interaction 0.6646 6 0.1107 2.78 0.0267 

(Zone x wave stress) 
Error 1.3148 33 0.0398 

Decrease in mean diversity in the Porites lobata reef 
bench zone may be due to the opposite effect. This area 
may be close to a peak diversity Hawaiian reef with the 
highest proportion of relatively uncommon corals. Storm 
stress seems to have affected these corals more than the 
most common species, P. lobata, which seems to be very 
resistant to intermediate level disturbance (Fig. 6c). Thus, 
on the lower reef bench coral cover as a whole was not 
greatly affected by the storm stress, but the added physical 
rigor seems to have lowered the equitability of coral dis- 
tribution. 
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Fig. 7. Mean zone diversity and standard error following normal, inter- 
mediate and severe wave stress 

2. Severe Disturbance. Observations of storm breakers 
during the severe Kona  storm event showed that storm 
surf broke over the entire reef bench. Due to the very steep 
topographic slope very close to shore, storm swells quickly 
changed from deep water to shallow water waves and wave 
energy was transferred from the horizontal to the ver- 
tical extremely rapidly, with little energy loss to drag on 
the bottom. The result was very steep plunging breakers 
that appeared to suck up much of the water on the reef 
bench before crashing. Thus, it appeared that the cushion- 
ing effect that might be expected to protect corals from 
concussion by larger waves breaking in deeper water was 
largely negated on the study reef. Also, it might be ex- 
pected that areas of the reef shoreward of the zone of 
breaking waves would be subjected to less destructive 
force since much of the wave energy is dissipated at the 
point of impact. However, on the study reef, the distance 
from the shoreline to the shelf break is only approximately 
50 m and large (7 m) waves broke over the entire reef 
bench so that the shallowest zones were as severely im- 
pacted as those on the outer reef bench. 

The effect to the reef from this episode was clearly 
catastrophic. Damage to corals was uniformly extensive 
over the entire reef tract. On the reef bench, most P. mean- 
drina colonies were either sheared off at their base of at- 
tachment or sustained extensive breakage of branches 
(Fig. 4b). Large Porites lobata heads were overturned on 
the reef bench, sustaining loss of most living tissue 
(Fig.4d). Only flat encrustations or solid block-like 
Porites colonies were relatively unaffected. On the reef slo- 
pe, damage was even more extensive. The entire expanse 
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of P. compressa thickets was reduced to a carpet of rubble 
with most fragments less than 5 cm in length (Fig. 4f, g). 
A very small percentage (< 1%) of the fragments retained 
live coral tissue. Scattered over this rubble carpet were 
broken P. lobata plates. At the base of the P. compressa 
rubble slope (30 m) a rampart had been formed consisting 
of large Porites colonies (up to 2 m in diameter) that had 
apparently been dislodged from the reef bench region by 
wave shock and transported downslope to the point of ac- 
cumulation below wavebase. Colonies that were oriented 
upward retained live coral tissue. The development of this 
rampart made it obvious that part of the devastation to 
the P. compressa thicket was due to crushing as these large 
colonies tumbled down-slope. 

Subsequent to the storm, heavy algal blooms occurred 
in a clearly defined sequence (Walsh 1982). Within two 
weeks of the storm, a thick mat of green algae (Ulva sp. 
and Enteromorpha sp.) covered all debris and exposed pa- 
vement. Grazing by herbivorous fishes on this mat was in- 
tense, and within one month, red algae started to prolifer- 
ate on exposed substratum. Species composition included 
Spyridia filamentosa, Liagora papenfussii, Hypnea 
chordacea, Trichogloea requienii and Trichogloeopsis haw- 
aiiana. Growth of these algae was rapid and large expan- 
ses of the reef shelf were blanketed by thick algal mats. 
However, no red algae was observed on the beds of small 
rubble fragments on the reef slope. The present study was 
conducted during this phase of algal succession and the 
entire reef tract appeared a dull grey in color due to the 
preponderance of dead coral rubble surfaces and mats of 
the pinkish-grey algae. Red algae continued to dominate 
for approximately 31/2 months, after which tufts appeared 
to naturally decay and break up and were gradually trans- 
ported out of the area. Following the decline of the red al- 
gae, a brown algae Rosenvingea orientalis appeared, 
though in a much more restricted abundance than the red 
forms. Five months after the storm R. orientalis abun- 
dance peaked and within another 3 months had essentially 
disappeared, leaving non-c0ral substrata barren of ma- 
croalgae. 

Inspection of transect data shows a highly significant 
reduction in total coral cover and the three dominant spe- 
cies following the event (Fig. 6a-d). Destruction of most 
live coral on the reef slope drastically altered the pattern 
of increasing coral cover moving seaward across the reef 
bench and down the slope (Fig. 6a). While the amount of 
solid non-coral substratum did not change significantly 
(Fig. 6f), the amount of unconsolidated non-coral bottom 
cover (rubble) was substantially higher everywhere on the 
reef, but especially in the lower bench and upper slope 
zones which previously had been the zones of highest coral 
cover (Fig. 6g). Pooled transect data (Table 2, S-I) indicate 
that the absolute and percentage reduction in coral cover 
between normal and severe conditions were high (absolute 
max of -67%,  percentage max= -89%) and increased 
moving seaward across the reef except in the Porites lobata 
rubble zone, where coral cover increased due to transport 
of fragments. Percentage change was lowest in the deepest 

zone, the opposite effect of the intermediate event, where 
the greatest percentage change occurred in the deepest 
zone. 

Significant changes in zone diversity also occurred fol- 
lowing the severe storm impact. The pattern of high diver- 
sity on the reef bench decreasing on the reef slope was 
greatly disrupted following the severe event (Fig. 6g, 7, 
Table 3). While highest diversity remained in the shallow 
P. meandrina boulder zone, apparently due to the survival 
of small encrusting coral patches, the mean zone diversity 
was uniformly low (0.53-0.59) throughout the rest of the 
reef. However, numbers of coral species (Fig. 6c) did not 
significantly decrease as a result of the severe storm 
(p > 0.20 Wilcoxon matched pairs signed rank test). To see 
if these observations of community change due to storm 
stress were statistically valid, a two-way analysis of 
variance tested the effect of wave stress and location on 
the reef (reef zone) on coral cover diversity (Table 3b). The 
significant interaction effect (p = 0.027) indicates that the 
effect of storm wave stress on coral community diversity 
does indeed differ in the various reef zones. Thus the effect 
of wave stress on community structure (H') depends on" 
both zonation patterns and the magnitude of disturbance. 

Discussion 

Coral reefs, along with tropical rain forests, have univer- 
sally been considered highly complex systems due to coex- 
istence of many specialized species that evolve in response 
to stable and predictable environments. However, many 
reefs are situated in areas of frequent hurricanes and tro- 
pical storms, on open coasts exposed to a wide spectrum 
of sea and swell, and on shallow flats that are periodically 
exposed to air or extremes in temperature and salinity 
(Bak and Luckhurst 1980; Highsmith et al. 1980). These 
factors greatly increase environmental rigor to the point 
where coral community structure may be mediated to a 
large extent by physical processes. The physical variability 
of Hawaiian reef environments examined in this paper 
appears to provide a clear example of how stability, in 
terms of intensity and frequency of stress affects coral 
community structure. 

The actual mechanisms by which disturbance causes 
changes in community structure are also apparent on Ha- 
waiian reefs. The effects of wave stress on corals is gener- 
ally considered to be mortality due to breakage and abra- 
sion. Production of new colonies by fragmentation may be 
an extremely important mode of reproduction and local 
distribution on many reefs (Highsmith 1982). Corals 
adapted to fragment may have less restricted habitat 
requirements and life history features with respect to cur- 
rents and storms, provided these events are not so severe 
as to kill the resulting fragments (Highsmith 1982). Se- 
quential analyses on Hawaiian reefs has shown that de- 
tachment and redistribution has decreased dominance and 
led to colony multiplication in otherwise unsuitable settle- 
ment areas, extending reef boundaries. Similarly Maragos 
(1972) and Shinn (1972) found storm dispersal increased 
coral distribution in Kaneohe Bay, Hawaii and off South 
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Florida, respectively. Following dragging and dredging 
during harbor construction in Diego Garcia Lagoon at 
Chagos in the Indian Ocean Sheppard (1980, 1981) found 
many coral colonies that normally occur as attached 
forms growing free from the substratum when the relo- 
cated fragment remained right-side up. Sheppard (1980) 
also noted that although much of the substratum was 
dead rock and rubble, diversity of the remaining viable 
fragments appeared to be enhanced compared to nor- 
mal reef assemblages due to juxtapositioning of species by 
the dredging operation. Highsmith (1980) has suggested 
that heads of Porites lutea that are torn loose from the 
substratum by bioerosion or mechanical stress may colo- 
nize soft bottom lagoons and begin the process of patch- 
reef formation. Highsmith (1980) suggests that long-term 
reef calcification rates may even be higher in locations 
with periodic disturbance due to increased growth rates 
and space availability. 

Bak and Luckhurst (1980) have shown quantitatively 
that dynamic processes linked to disturbance affect coral 
community structure. In five years of sequential analyses 
of reefs of Curacao, Netherland Antilles, coral cover re- 
mained remarkably constant yet the combined effect of  
settlement, growth, dislodgement and substrata collapse 
resulted in considerable temporal instability of the living 
components. In this temporally varying mosaic, space was 
repeatedly covered by coral growth and cleared by various 
physical and biological processes (intermediate distur- 
bance). As a result, Bak and Luckhurst (1980) suggest that 
space may not be as limiting as it is purported to be on cor- 
al reefs (Connell 1978). 

The present study has dealt only with the processes im- 
portant to the maintenance of community pattern and the 
instantaneous effect of  disturbance on this pattern. How- 
ever, community recovery also appears to be a function of 
the magnitude and duration of disturbance. While there 
are no underwater quantitative studies of recovery follow- 
ing storm damage (Pearson 1981), Stoddart (1974) ob- 
served qualitatively from the surface little or no recovery 
of  a reef off  British Honduras ten years after a major hur- 
ricane caused massive damage. Shinn (1972), on the other 
hand, reported complete recovery of a Florida coral com- 
munity five years after a severe hurricane. While the rate 
of  recovery may depend on factors such as dominant coral 
growth form (Pearson 1981), there may be a threshold of  
damage beyond which storm effects are likely to be pro- 
longed (Stoddart 1974). This threshold may occur at the 
point where wave destruction of live coral tissue is total, 
such as on the British Honduras reefs. In such cases, rec- 
olonization would be by planular settlement alone. When 
planular settlement is augmented by re-establishment of 
living fragments (such as on the Florida reefs), recovery 
may begin immediately and proceed rapidly. 

Grigg and Maragos (1974) estimated the recoloniz- 
ation time for lava flows off Hawaii to be between 20 and 
50 years. For  the tradewind-sheltered west coast, complete 
recovery appeared to be on the order of 50 years. When 
considering recovery of coral reefs from storm distur- 

bance, a shorter recovery time would be expected because 
of regeneration from fragments. If the interval between se- 
vere storms is close to 40 years, coral communities should 
fully recover before the next severe event. The lack of pre- 
vious quantitative studies of pre- and post-storm coral 
communities (Pearson 1981) will make continued time- 
series surveys of the Hawaiian reef a valuable case history 
in determining the rate and process of coral community re- 
covery. 

Conclusions 

An analysis of the effects of intermediate and severe dis- 
turbance on fringing coral reefs off west Hawaii appears 
to support the non-equilibrium hypothesis, i.e. that highest 
diversity occurs at intermediate levels of  physical stress or 
disturbance (Grigg and Maragos 1974; Connell 1978; 
Grigg 1982). Normal conditions of sea and swell maintain 
a mix of successional stages in the total reef mosaic. The 
nearshore zone is frequently turbulent and moderate coral 
cover is dominated by Pocillopora meandrina, a pioneering 
species. In deep, steep slope regions not normally sub- 
jected to damaging wave stress, community succession 
proceeds to a point where dominance by a single superior 
competitor, Porites eompressa, keeps diversity low. Be- 
tween these extremes, at intermediate depths on a very 
suitable substratum, wave stress is sufficient to prevent 
space monopolization by the superior competitor, but 
does not restrict settlement and growth of a variety of 
other species, resulting in the highest diversity on the reef. 
The effect of  storm wave stress in these zones is as follows. 
Following a predictable event of  "intermediate" 
frequency and intensity, community pattern is maintained 
over the reef as a whole. However, diversity is affected dif- 
ferently across the reef, increasing in zones that were 
dominated by a single species, and decreasing in the zone 
of most equitable distribution. Thus, events of moderate 
intensity seem to prevent dominance and resource monop- 
olization by differentially affecting both the most abun- 
dant species or the species highest in competitive ability 
(Connell 1978). In contrast, infrequent, and unpredictable 
events that are intense enough to be equally destructive to 
all species, effectively wipe out the zonation pattern and 
return the entire reef to an early, low diversity, suc- 
cessional stage. 

Acknowledgements. I wish to thank S. Sullivan and B. Rochleau for pro- 
viding storm wave data, and P. Hendricks for support in the field. I am 
especially appreciative to R. Grigg for his consistent support, valuable 
comments and critical review. S. Smith and R. Highsmith also reviewed 
the manuscript. This work was supported in part by the University of 
Hawaii Sea Grant College Program and the Water Resources Research 
Center. 

References 

Adey W (1978) Coral reef morphogenesis: a multidimensional model. 
Science (NY) 202:831-837 

Bak R, Luckhurst B (1980) Constancy and change in coral reef habitats 
along depth gradients at Curacao. Oecologia 47:145-155 

Ball M, Shinn E, Stockman K (1967) The geological effects of hurricane 
Donna in South Florida. J Geol 75:583-597 



81 

Connell J (1978) Diversity in tropical rain forests and coral reefs. Science 
199:1302-1310 

Cooper M (1966) Destruction of marine fauna and flora in Fiji caused 
by the hurricane of February 1965. Pacif Sci 20:137-141 

Darwin C (1842) The structure and distribution of coral reefs. D. Ap- 
pleton and Co., New York 

Glynn P, Atmodovar L, Gonzalez J (1964) Effects of hurricane Edith on 
marine life in La Parguera, Puerto Rico. Caribb J Sci 4:335 345 

Goda Y (1970) A synthesis of breaker indices. Proc Jpn Soc Civil Eng 
no 180 

Grigg R (1982) Community structure, succession and development of 
coral reefs in Hawaii. Mar Ecol Prog Set (in press) 

Grigg R, Maragos J (1974) Recolonization of hermatypic corals on sub- 
merged lava flows in Hawaii. Ecology 55:387-395 

Hernandez-Avila M, Roberts H, Rouse L (1977) Hurricane generated 
waves and coastal boulder rampart formation. Proc 3rd Int Coral 
Reef Syrup 2:71-78 

Highsmith R (1980) Passive colonization and asexual colony multiplica- 
tion in the massive coral Porites lutea Milne Ewards & Haime. J Exp 
Mar Biol Ecol 47:55-67 

Highsmith R (! 981) Coral bioerosion at Enewetak: agents and dynamics. 
Int Revue Ges Hydrobiol 

Highsmith R (1982) Reproduction by fragmentation in corals. Mar Ecol 
Prog Ser 7:206-226 

Highsmith R, Riggs A, D'Antonio C (1980) Survival of hurricane-gener- 
ated coral fragments and a disturbance model of reef calcification/ 
growth rates. Oecologia 46:322-329 

Loucks O (1970) Evolution of diversity, efficiency and community stabil- 
ity. Am Zool 10:17-25 

Loya Y (1972) Community structure and species diversity of hermatypic 
corals at Eilat, Red Sea. Mar Biol 13:100-123 

Maragos J (1972) A study of the ecology of Hawaiian reef corals. PhD 
dissertation, University of Hawaii 

Maragos J, Baiues G, Beveridge P (1973) Tropical cyclone Bebe creates 
a new land formation on Funafuti Atoll. Science 181:1161-1164 

Odum E (1969) The strategy of ecosystem development. Science 
164:262-270 

Patrick R (1967) The effect of invasion rate, species pool and size of area 
on the structure of the diatom community. Proc Natl Acad Sci 
58:1335-1342 

Pearson R (1981) Recovery and recolonization of coral reefs. Mar Ecol 
Prog Ser 4:105-122 

Perkins R, Enos P (1968) Hurricane Betsy in the Florida-Bahama area 
- geologic effects and comparison with hurricane Donna. J Geol 
76:710-717 

Pielou E (1966) The measurement of diversity in different types of bio- 
logical collections. J Theor Biol 13:131-144 

Porter J (1972a) Predation by Acanthaster and its effect on coral species 
diversity. Am Nat 106:487-492 

Porter J (1972b) Ecology and species diversity of coral reefs on opposite 
sides of the Isthmus of Panama. Bull Biol Soc Wash 2:89-116 

Roberts H (1974) Variability of reefs with regard to changes in wave 
power around an island. Proc 2rid Int Coral Reef Syrup 2:497-512 

Sheppard C (1980) Coral fauna of Diego Garcia Lagoon following har- 
bor construction. Mar Poll Bull 11:227-230 

Sheppard C (1981) The reef and soft-substrate coral fauna of Chagos, In- 
dian Ocean. J Nat Hist 15:607-621 

Shinn E (1972) Coral reef recovery in Florida and in the Persian Gulf. 
Environmental Conservation Dept, Shell Oil Co, Houston, Texas 

Slobodkin L, Sanders H (1969) On the contribution of environmental 
predictability to species diversity. In: Diversity and stability in eco- 
logical systems. Brookhaven Symp Biol 22:82-95 

Stehli F, Wells J (1971) Diversity and age patterns in hermatypic corals. 
Syst Zool 120:115-126 

Stoddart D (1963) Effects of Hurricane Hattie on the British Honduras 
reefs and cays, October 30-31, 1961. Atoll Res Bull 95:l-142 

Stoddart D (1969) Post-hurricane changes on the British Honduras reefs 
and cays: Re-survey of 1965. Atoll Res Bull 13:1-25 

Stoddart D (1974) Post-hurricane changes on the British Honduras reefs: 
Re-survey of 1972. Proc 2nd Int Coral Reef Symp 2:473-483 

Storr J (1964) Ecology and oceanography of the coral reef tract, Abaco 
Island, Bahamas. Geol Soc Am Spec Pap 79:1-98 

Sverdrup H, Johnson M, Fleming R (1942) The oceans, their physics, 
chemistry and general biology. Prentice-Hall Inc, Englewood Cliffs 

Walsh W (1982) Catastrophe on a coral reef: storm effects on a Hawaiian 
reef and its fish community. In preparation 

US Army Coastal Engineering Research Center (1973) Shore protection 
manual, vol 1. US Govt Printing Office, Washington DC 

Vosburgh F (1977) The response to drag of the reef coral Acropora re- 
ticulata. Proc 3rd Int Coral Reef Symp 1:477-482 


