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Abstract In the high Hawaiian Islands, significant ac-
cretion due to coral reef growth is limited by wave
exposure and sea level. Holocene coral growth and reef
accretion was measured at four stations off Oahu,
Hawaii, chosen along a gradient in wave energy from
minimum to maximum exposures. The results show
that coral growth of living colonies (linear extension) at
optimal depths is comparable at all stations
(7.7—10.1 mm/y), but significant reef accretion occurs
only at wave sheltered stations. At wave sheltered sta-
tions in Hanauma Bay and Kaneohe Bay, rates of long
term reef accretion are about 2.0 mm/y. At wave ex-
posed stations, off Mamala Bay and Sunset Beach, reef
accretion rates are virtually zero in both shallow (1 m)
and deeper (optimal) depths (12 m). At wave sheltered
stations, such as Kaneohe Bay and Hanauma Bay,
Holocene reef accretion is on the order of 10—15 m
thick. At wave exposed stations, Holocene accretion is
represented by only a thin veneer of living corals rest-
ing on antecedent Pleistocene limestone foundations.
Modern coral communities in wave exposed environ-
ments undergo constant turnover associated with mor-
tality and recruitment or re-growth of fragmented
colonies and are rarely thicker than a single living
colony. Breakage, scour, and abrasion of living corals
during high wave events appears to be the major source
of mortality and ultimately limits accretion to wave
sheltered environments. Depth is particularly impor-
tant as a modulator of wave energy. The lack of coral
reef accretion along shallow open ocean coastlines may
explain the absence of mature barrier reefs in the high
Hawaiian Islands.
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Introduction

It is well known that the accretion of coral reefs during
the Holocene (last 10 ka) is sea-level dependent
(Goreau 1969; Pirazzoli and Montaggioni 1988). Dur-
ing the peak of the Wisconsin glaciation 21 ka, sea level
dropped about 110—120 m below the present day level
(Chappell and Polach 1991; Fairbanks 1989; Fletcher
and Sherman 1995). As sea level rose during the de-
glaciation and approached the critical depth (30 m) of
modern reefs in Hawaii (Grigg and Epp 1989), coral
reefs took hold and began to grow in suitable habitats
on many island shelves. Sea level rise during the de-
glaciation was not monotonic; rather, it was marked by
two (Fairbanks 1989) or three (Blanchon and Shaw
1995) intervals of rapid rise. At about 8.5 ka, sea level
was approximately 30 m below present and was rising
at a rate of about 15 mm/y (Fairbanks 1989). Hence, all
modern reef structures in Hawaii are younger than
8500 years.

Wave exposure is also a major determinant that
controls the development of coral reefs (see reviews by
C.S. Rogers, S.R. Massel and T.J. Done and T.P.
Scoffin in vol 12: 3—4 of Coral Reefs, 1993). In many
parts of the world, windward reefs may be favored over
leeward reefs because of greater exposure to moderate
wave energy which in turn optimizes mixing and nutri-
ent uptake or exchange (Stoddart 1969; Smith and
Kinsey 1976; Adey 1978; Bard and Atkinson in press).
In Hawaii, this pattern of reef development is evident
but not in areas exposed to exceptionally large open
ocean swell. In fact, the thickest Holocene reefs in
Hawaii appear to be restricted to wave-sheltered em-
bayments or in locales sheltered by adjacent islands. In
this study, the hypothesis that coral growth and reef
accretion in the Holocene are controlled primarily by
wave exposure is tested by comparing their rates of
increase at sites ranging from minimum to maximum
exposure to wave energy.



Table 1 Community structure and growth of coral reefs at sites selected for study. Attributes of community structure are based on one 50 m
transect at each station. Annual coral growth rates are averages of 10 colonies

Site Depth
(m)

Coral
cover
%

Coral
diversity
(H@)

Algal
cover
%

Bare
limestone
%

Sand
%

Dominant
coral,
algae

Coral
growth
(mm/y)

Kaneohe Bay 1 2$5 0.16 5 1 95 P.c. Negligible
2—5 69$20 0.35 9 3 19 P.c. 7.66

M.v.
Hanauma Bay 1 (1 (0.01 90 10 0 P.o. Negligible

12 73$14 0.87 0 5 10 P.c. 8.13
P.l.

Mamala Bay 1 6$3 0.15 90 5 5 P.m. Negligible
12 10$5 0.35 2 40 40 P.l. 10.1

Sunset Beach 1 9$8 0.53 60 20 0 P.l. Negligible
12 15$13 0.68 20 65 0 P.m. 8.08

P.l., Porites lobata; P.c., Porites compressa; M.v., Montipora verrucosa; P.m., Pocillopora meandrina; P.o., Porolithon oncodes (coralline algae)

c
Fig. 1 a Map showing location of four primary stations on Oahu, Hawaii. b Location of Checker Reef, Kaneohe, and drill sites on the
windward and leeward edges of the patch reef ; location of transects 1 and 2 also indicated. c Map of Hanauma Bay, showing the fringing reef
and location of core holes and transects 1 and 2. d Map of Mamala Bay, showing location of transects 1 and 2 and cores 1 and 2. e Map of
Sunset Beach on the north shore of Oahu showing location of transects 1 and 2. Cores 1—3 were collected at location T-1 and cores 4—7 were
collected at location T-2. Depth contours in feet. Transects"–– , cores"f

Wave climate in Hawaii

Five types of open ocean swell occur in the Hawaiian
Islands. The two that are most significant in terms of
disturbance to coral reefs are north Pacific winter
waves on the north and northwestern coasts, and hurri-
cane generated swell on south or southwestern coast-
lines. The other three wave types in Hawaii are
tradewind-generated swell from the northeast or east,
long period southerly swell from the southern ocean
during the austral winter, and kona storm generated
waves (Moberly and Chamberlain 1972). The latter
three type ocean swells are characterized by low to
moderate non-destructive waves.

North Pacific winter swell is the largest and most
frequent source of large waves in Hawaii. These waves
typically have periods of 14 to 20 s and heights from
3—7 m although breaking waves may be as great as
10—12 m. Waves of this magnitude re-suspend large
quantities of coarse sand and sediment which scour,
abrade, and topple living corals.

Hurricanes also generate destructive waves that peri-
odically cause high mortality to reef building corals in
the Hawaiian islands. While hurricane waves are ex-
tremely infrequent with return periods up to 40 years
(Dollar 1982; Dollar and Tribble 1993), they can be
highly destructive. Hurricane Iwa caused 75—100% mor-
tality to reef corals in Mamala Bay in 1982 (Grigg 1995).

Tradewind waves in Hawaii normally approach
from the northeast or east. These waves typically have
heights of 1—3 m and periods of 5—9 s (Flament 1997)
and persist 90% of the time in summer months, and

55—65% of the time during the winter. Their effect on
coral reef ecosystems is usually beneficial due to in-
creased circulation and exchange of nutrients between
the water and organisms.

Long period southerly swell in the Hawaiian Islands
originates in the southern ocean. It arrives as low
(1—2 m) long period (14—22 s) waves and is most com-
mon between April and September. Like tradewind
swell, the effect of southerly long-period swell on coral
reefs is generally positive, increasing circulation except in
environments where sediment re-suspension is excessive.

Kona storm waves are generated by local winds
associated with winter low pressure fronts that pass
over the islands from northwest to southeast. These
waves commonly approach from the southern through
northwestern quadrants. Their period is between 6—12 s
and wave heights range up to 4 m. Occasionally kona
storm waves are destructive causing mortality to reef
corals and significant beach and shoreline erosion.

Materials and methods

Four stations on the island of Oahu were chosen for study situated
along a gradient of increasing exposure to significant wave energy
(Fig. 1a). Station selection was based on prior knowledge of their
exposure to episodic wave events. At each station, community struc-
ture of reef corals was described using a standard 50-m transect line
(Grigg 1983) and coral growth and reef accretion were determined at
1 m depths and at depths of optimum reef development (Table 1).
The growth rate of living coral colonies of Porites lobata was based
on the linear extension of annual growth bands (Grigg 1995). For
Porites compressa, coral growth was determined by in situ measure-
ments of weight differences taken over one year (see Demers 1996 for
details of the method).
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Table 2 Core depth, water depth and age of core (or vertical cut)
samples at sites selected for study

Station Sample
no

Core depth
(m)

Water depth
(m)

14C age

Kaneohe
Bay

1 Surface 0.5 580$80

2 1 1.5 2560$140
3 2 2.5 3010$240
4 3 3.5 3520$190

Hilo Bay! 1 0—1 top 0 480$100
2 0—1 bottom 1 1070$100
3 3—3.5 3—3.5 2760$70
4 5.8 5.8 4490$200
5 7.9 7.9 5420$160
6 9.7 9.7 5550$80
7 12.2 12.2 5500$80
8 12.5 12.5 5300$160

Mamala Bay, core 1
1 0.04—0.09 24 11 790$70
2 0.32—0.37 24 17 080$100
3 0.68 25 32 120$660
4 0.94 25 35 650$800
5 1.06 25 28 430$320

Mamala Bay, core 2
1 0.06 58 6600$80
2 0.27—0.32 58 23 820$140
3 0.55—0.67 59 26 190$190
4 0.92—0.98 59 32 510$1010
5 1.42 59 32 800$390
6 1.87 60 40 400?

Sunset Beach
1 Surface 1 16 500$500
2 Surface 1 19 250$350
3 Surface 17 390$40
4 0.05 17 580$40
5 0.10 17 200$30
6 0.15 17 10 360$160
7 0.25 17 21 520$180

!From Easton and Olson (1976)

Measurement of vertical reef accretion at each station was
obtained by drilling and dating cores or vertical cuts through
limestone foundations (Table 2). The location and number of all
transects and cores are shown in Fig. 1. Fossil corals within intact
sections of the cores were identified to the species level. Sections
of the best preserved material (aragonite, as determined by X-ray
diffraction) were 14C dated. Samples were prepared by cutting
sections into 5—10 g blocks and cleaned to remove secondary
carbonates and cements within cracks and voids. Cleaning was
accomplished with grinding tools and acid etches. Radiocarbon
dating of the samples was conducted by Beta Analytic, in Miami,
Florida.

Description of stations

Kaneohe Bay, Hanauma Bay, Mamala Bay, and Sunset Beach were
selected for study because they represent stations along a gradient
from the most sheltered to the most exposed coral reef habitats to
wave energy on Oahu, Hawaii. Oahu lies midway within the high
islands in the Hawaiian Chain and receives a minimum of wave
shelter from surrounding islands.

Kaneohe Bay (Fig. 1b)

Kaneohe Bay is the largest embayment in the high Hawaiian Is-
lands. It is protected from open ocean swell by an almost continuous
fringing reef. Morphologically, the bay is considered a reef sheltered
lagoon. Salinity in the bay is about 35 ppt but may decrease as much
as 20% during periods of heavy rainfall (Banner 1968; Jokiel et al.
1993). Mean monthly temperature of the seawater in the bay varies
between 19.5°C and 30.0°C. Much of the shoreline is bordered by
shallow fringing reefs. Seventy-nine patch reefs ranging in size be-
tween 1.9 and 320.8]103 square meters exist within the bay (Hunter
and Evans 1995). The maximum depth of the bay is 17 m.

The site selected for study and coring in Kaneohe Bay was
a 350]750 m patch reef named Checker Reef. It is completely
sheltered from open ocean swell (Fig. 1b) but at the same time
sufficiently offshore to be unaffected by run-off of terrigenous sedi-
ment (Tribble et al. 1990). Checker Reef rises steeply from the lagoon
sea floor from a depth of 15 m. The top of the reef shoals at low tide.
Coral cover is very high, up to 100% along the upper slope and
edges of the reef, while the top of the reef is covered by coral
fragments, algae, rubble, and sand (see Table 1). One 5 cm diameter
core, 3 m deep was drilled and dated from Checker Reef. It was
taken about 5 m inside the windward reef edge (Table 2). Seismic
studies of the bay show that Checker Reef rests on an ante-
cedent platform (probably Pleistocene in age) at a depth of 15—18 m
(Hollett 1977).

Hanauma Bay (Fig. 1c)

Hanauma Bay is the second most sheltered site from wave energy
selected in the study. Hanauma Bay lies within a double-sided steep
volcanic crater on the southeastern shoreline of Oahu. It is exposed
to ocean swells directly from the southeast and indirectly from the
south and east. The entrance to Hanauma Bay is 350 m wide,
approximately 60% of the width of the inner bay. As a result, the
inner bay and fringing reef is semi-sheltered from open ocean swell.
Refraction of wave energy around the outer points of entry into the
bay creates a zone of divergence along the front of the inner reef.
Based on changes in wave amplitude between the open coast and the
middle portion of the inner fringing reef, only about 30% of the wave
energy from the open ocean reaches the middle inner reef (personal
observation). Water quality within Hanauma Bay is oceanic in
character as a result of high mixing between bay water and the open
ocean.

The inner fringing reef provides a protective barrier to a back reef
flat that extends shoreward about 90 m. The fringing reef itself is
about 500 m long (Fig. 1c). The top of the fringing reef and back reef
flat is covered primarily by coralline algae (Table 1). Few small
corals and other invertebrates are found along cracks in the fringing
barrier and the sides of inner pools (Table 1). The most significant
build-up of living coral in Hanauma Bay is found in deeper water
toward the middle of the bay at depths ranging between about 8 and
18 m. This reef is one of the best developed reefs on Oahu (Wells
1988). Reef transects were conducted on the reef in the middle of the
bay at 12—13 m (transect 1) and shoreward from the front edge of the
fringing reef for a distance of 50 m (transect 2) (See Table 1).

In 1964, ten cores were drilled through the shallow fringing reef
(Easton and Olson 1976) (Figs. 1c and 2). This work showed that the
reef at Hanauma began growing about 7000 y ago at 15 m depth
when rising sea level flooded the bay. Initially, the rate of accretion
was high, especially at the reef crest where between 7000 to 5000
years BP, vertical accretion averaged 4.5 mm/y. Horizontal ac-
cretion seaward at the reef crest was even greater, averaging almost
20 mm/y. During the past 3000 y, the rate of vertical accretion at the
reef crest has slowed to about 1 mm/y. In the middle of the reef flat,
the youngest reef material present today is dated at 2000 to 3000 y
(Fig. 2), suggesting that sea level reached its present level at this time
and prevented the growth of younger material, or, that a higher sea

266



level existed for a time in the middle Holocene (Pirazzoli 1991; Gross-
man and Fletcher 1998) allowing younger growth to accrete but that
subsequently sea level fell back to its current level and truncation
(physical and biological erosion) removed younger material. Overall,
the vertical accretion rate of the entire reef at Hanauma Bay during
the last 7000 years has averaged 2.0 mm/y (Table 2). No further coring
of the reef at Hanauma Bay was conducted during the present study.

Mamala Bay (Fig. 1c)

Mamala Bay is a 30 km long shallow coastal bay bordering the
southwestern shore of Oahu. It is openly exposed to southerly

Fig. 2 Cross section of Hanauma Reef, Oahu showing location of 10
cores drilled through the reef. Vertical and horizontal scales equal in
upper figure; 5 to 1 in lower figure (from Easton and Olson 1976)

and southwesterly swell from the deep ocean. Much of the inshore
coastline is bordered by discontinuous fringing reef constructed
primarily of coralline algae interspersed with isolated colonies
of P. lobata and P. meandrina. Mamala Bay is also openly ex-
posed to kona storms and hurricane generated swell from the
south and southwest. Two major hurricane events struck Mamala
Bay in the last 16 years, Hurricane Iwa in 1982 and Hurricane
Iniki in 1992. Both storms were magnitude 5 hurricane events with
waves up to 7.5 m (Grigg 1995). Prior to these storm events,
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Fig. 3 Photograph of reef at 2.0 m depth on leeward edge of
Checker Reef, Kaneohe Bay, showing dominant species of coral,
Porites compressa (finger coral) and Montipora verrucosa (rice coral,
platy growth form)

offshore reefs at depths ranging between 10—20 m supported well-
developed coral reef communities with coral cover between 60—75%
except in areas of low relief and high sand cover (Grigg 1995). The
condition of the reefs after these storm events is described in the
results section of the study.

At the present time, water quality as measured by salinity, temper-
ature, PO

4
, NO

3
, NH

4
, and chlorophyll a, is relatively invariant

exhibiting little influence from shore run-off (Grigg 1995). The gen-
eral flow of water in Mamala Bay is parallel to depth contours.
Current speed is primarily forced by, or dependent on, a tidal
exchange.

Sunset Beach (Fig. 1e)

Sunset Beach is situated on the North Shore of Oahu, and is
directly exposed to large winter long period swell from the north-
west. During the winter, large swells with periods of 14—20 s
and heights of 3—8 m are frequent events. Larger waves ranging
to 10 m or even greater occur at decadal intervals. The water
quality at Sunset Beach is oceanic in terms of most chemical
and physical variables. The community structure, coral growth
rate, and reef accretion at 1 m and 12 m stations at Sunset Beach
are described in the results section.

Results

Community structure and species diversity of coral reef
communities at the sites selected in this study were
strongly correlated with depth (sea level) and wave
exposure. At a depth of 1 m below mean sea level, reef
communities at every site were poorly developed. At
these stations, live coral cover ranged between 1—10%
(Table 1). In Kaneohe Bay, this habitat represents es-
sentially the tops of patch reefs. There, sand is the
dominant substrate on which isolated small patches of
algae and small coral heads exist. The most common
species of algae are Dictyota spp., Padina japonica,
Gracilaria sp., and Euchuma sp. Small isolated coral
heads consist of Pocillopora damicornis, Cyphastrea
ocellina, and Porites compressa. Collectively, these or-
ganisms occupy less than 2% of the bottom cover
(Table 1). This community is constrained by subaerial
exposure during the low tides. The community struc-
ture of 1 m depth communities at Hanauma Bay,
Mamala Bay, and Sunset Beach is also constrained
by subaerial exposure, however, greater exposure to
waves favors the growth of coralline algae, primarily
Porolithon onkodes which covers between 60—90%
of the bottom (Table 1). Given the age of the underly-
ing reef at Haunama Bay (480—3000 y) and Sunset
Beach (390—19 250 y), the contribution of coralline
algae to reef accretion is negligible. The balance of the
available substrate at 1 m depth is fossil limestone on
which varying amounts of fleshy algae exist (depending
on season). The dominant coral in this habitat is P.
lobata. Colonies occur as small veneers or crusts which
rarely exceed 10 cm in diameter. Other species that
commonly co-occur in this environment are M. flabel-

lata and P. meandrina but colonies are very small
((10 cm).

At all 1 m depth stations reef accretion was either
insignificant or negative. In the core drilled on the
windward edge of Checker Reef (Table 2), the youngest
dated coral fragment situated directly below a living
colony of P. compressa was 580$80 y BP. At 1 m
depth in the Checker Reef core, the age of fossil
carbonate was 2560$140 BP, at 2 m it was
3010$240 y BP, and at 3 m it was 3520$90 y BP.
Clearly, no vertical accretion occurred in this environ-
ment during the past 500 y. Prior to this between 2.5
and 3.5 thousand years ago, the rate of accretion aver-
aged 2 mm/y.

At Hanauma Bay, the youngest sample obtained
from the top of the reef was 480$100 y BP (Easton
and Olson 1976). On the surface of the reef flat
50—100 m shoreward from the edge of the reef, the
limestone ranges between 2000 and 3000 y BP (Fig. 2).
Younger reefal limestone may have never grown in this
environment or it may have been truncated by bioero-
sion and/or physical abrasion. If true, this result sug-
gests that sea level could have stood somewhat higher
(&1—2 m) during mid-Holocene time (Grossman and
Fletcher 1998). The 580$80 y BP date for the lime-
stone on the top of Checker Reef also suggests that
patch reef surfaces in Kaneohe Bay may be erosional
features.

At greater depths, more optimal for the growth of
corals, both community structure and rates of accretion
correlate with wave exposure. In Kaneohe Bay, where
there is virtually no exposure to waves, coral cover is
high along reef edges at depths where light is optimal
and other factors such as sedimentation are not limit-
ing (Table 1). Along the edges of Checker Reef at 2—5 m

268



Fig. 4 Photograph of quadrat on transect 1 at 12 m depth in
Hanauma Bay showing dominant species of coral; Porites lobata
(lobe coral) and P. compressa (finger coral)

Fig. 5 Photograph of quadrat on transect 2 at 12 m depth in
Mamala Bay (off Waikiki Beach), showing bare limestone (dominant
cover) and recently colonized colonies of Pocillopora meandrina

Fig. 6 Photograph of substratum on transect 2 at 12 m depth off
Sunset Beach. Average coral cover at this station is 15$13%; P.
meandrina, a fugitive species, is the dominant coral. Approximately
65% of the substratum is covered by the coralline algae, Porolithon
oncodes

depth, coral cover averages 69% and is dominated by
P. compressa and M. verrucosa (Fig. 3). Their relative
abundances are 90% and 10%, respectively, explaining
the low value (0.35) for species diversity in this habitat
(Table 1). P. compressa is an extremely friable coral. It is
easily broken by even small wave forces. In Hanauma
Bay at 12 m depth, community structure is dominated
by P. compressa and P. lobata (Table 1) (Fig. 4). Their
relative abundances are 55 and 45%, respectively.
Other species present, but rare, are M. flabelata, M.
verrucosa, M. patula, P. meandrina, and Pavona varians.
The growth rate of P. lobata at this depth is 8.13 mm/y
(Table 1) about twice the rate of vertical reef accretion
(4.5 mm/y) measured by Easton and Olson (1996) in
core hole 10 between 5—7 ka when sea level was rapidly
rising within the bay. Overall, during the last 7000 y,
the average accretion rate in Haunama Bay has

been 2 mm/y producing a 15 m thick reef (Easton and
Olson 1976).

In Mamala Bay and Sunset Beach, coral reef com-
munity structure is similar, and P. lobata is the domi-
nant species. Transect data show that coral cover in
each area at depths of 12 m is 10—20% (Table 1) and
diversity (H@) ranges between 0.35 and 0.68. At both
sites, bare limestone cover is high, 40% off Mamala
Bay (Fig. 5) and 65% off Sunset Beach (Fig. 6).
Measures of reef accretion at the Mamala Bay and
Sunset Beach stations are very similar for both living
reefs in the present and during the Holocene. However,
while both areas support living coral colonies with
almost identical growth rates (10.05 mm/y for Mamala
Bay and 8.08 mm/y for Sunset Beach, Grigg 1995), no
significant reef accretion has occurred over the entire
Holocene at either site. The Mamala Bay cores drilled
at 24 and 58 m water depth revealed that only the
upper 6 cm of reef is of Holocene age. Below this depth,
the fossil limestone is all older than 11 790 y BP (Pleis-
tocene; Table 2). At Sunset Beach, 14C dated samples
from the top 10 cm of the reef at a water depth of 17 m
vary in age between 200$30 and 580$40 y BP. Be-
low that, the fossil limestone is all Pleistocene from
10 360—21 520 y BP.

At Mamala Bay and Sunset Beach, most of the dated
limestone ranges in age from 10 to 40 ka. During this
time interval, sea level was universally below the depths
where these samples were collected. Therefore, these
samples may be too old (carbon dead) to yield reliable
dates or they may represent composites of older mater-
ial deposited during the Sangamon Interglacial
(114—131 ka) and recent carbonate encrustations laid
down by boring organisms. The only samples from
Mamala and Sunset Beach which could have been
deposited below sea level during Holocene time are
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those within several centimeters of the substratum
surface. Hence, living coral colonies at both Mamala
Bay and Sunset Beach represent only a thin Holocene
veneer resting on an ancient Pleistocene foundation.
Even where wave divergence reduces wave energy,
Holocene accretion is limited to the thickness of single
colonies. Wave induced mortality at both sites appears
to prevent significant long-term net accretion.

Discussion

Coral communities at shallow (&1 m) depths within
the high Hawaiian Islands are best described as transi-
ent veneers or crusts of living corals. Small patches of
living corals take hold, live and grow (mostly laterally)
for several years and then disappear, most often during
high wave events. Samples of the underlying founda-
tion range in age from several hundred years on the
fringing reef top in Hanauma Bay (480$100 y BP) to
Pleistocene age (greater than 10 000 y) at 1 m depths at
Sunset Beach (Table 2). Virtually no vertical accretion
due to the growth of corals appears to be taking place
in shallow water habitats. This lack of accretion may be
due to sea level stasis during the last 2—3000 years or
due to a mid-Holocene sea level high and subsequent
fall which could have caused truncation of younger reef
material (Grossman and Fletcher 1998).

At deeper (optimal for development) depths, long-
term rates of reef accretion are also correlated with
wave exposure. At wave sheltered sites in Kaneohe Bay
and Hanauma Bay, where wave exposure is 0 and 30%,
respectively, the average long-term rate of accretion is
about 2 mm/y. (Table 2). Although this rate is low
relative to some areas in the Caribbean (MacIntyre and
Glynn 1976; Fairbanks 1989); the Pacific (Pirazzoli and
Montaggioni 1988; Kan et al. 1991; Kayanne 1992;
Kayanne et al. 1993; Yonekura et al. 1994); and the
Indian Ocean (Woodroffe et al. 1990), it is nevertheless
positive. The thickness of reefal limestone accumula-
tion during the entire Holocene at both sites has been
about 10—15 m (Easton and Olson 1976; Hollett 1977).
In contrast, at wave exposed sites, very little accretion
has taken place even at optimal depths off Mamala Bay
and Sunset Beach during the entire Holocene. Living
corals in these areas are but thin veneers resting on
Pleistocene foundations. Both of these sites are exposed
to extremely large wave events (7.5 m or larger). While
disturbances of this magnitude are annual events at
Sunset Beach and only decadal in Mamala Bay (Iwa in
1982 and Iniki in 1992), they are still sufficiently
intense and frequent to prevent any long-term vertical
accretion of in situ reef. High coral cover communities
were common in Mamala Bay prior to Hurricane Iwa
in 1982, suggesting that a relatively long uninter-
rupted period of recovery preceded this event (Grigg
1995).

The lack of coral reef accretion off wave exposed
coastlines on Oahu during the Holocene may explain
the lack of mature barrier reefs in the southeastern high
Hawaiian Islands. The only reef structure on Oahu that
is close to becoming a barrier reef is off Kaneohe Bay.
This side of Oahu faces east, and as such, is exposed
only to moderate trade wind generated swell. The lack
of destructive high waves on this exposure may account
for its formation.

As convincing as wave control may be as an explana-
tion for the absence of true barrier reefs in the high
Hawaiian Islands, it does not explain their presence in
the Northwestern Hawaiian Islands at French Frigate
Shoals, Pearl and Hermes Reef, Midway and Kure
Islands. All of these islands have well-developed barrier
reefs. Also wave control cannot explain the presence of
other barrier reefs common throughout the tropical
Pacific islands. Other factors must play a role.

One factor limiting barrier reef formation in the high
islands of Hawaii may be low species diversity. Species
of Acropora, the fastest growing genus of coral in the
world, are present in the middle of the Hawaiian Archi-
pelago but are conspicuously absent in the high islands.
Interestingly, Acropora was present throughout the en-
tire Hawaiian Archipelago during the Pleistocene
(Wells 1982; Hagstrom 1979). The robust Pleistocene
foundations that exist on Oahu may owe their existence
to this fact.

The present-day barrier reefs at French Frigate
Shoals, Pearl and Hermes Reef, Midway and Kure may
also be veneers of Holocene growth on top of Pleis-
tocene foundations. Evidence for this is a soil level at
23 m (indication of subaerial exposure) in the Midway
core (Ladd and Gross 1967). It is also possible that
present day Pleistocene reef foundations might have
accreted partially under sub-aerial conditions when sea
level was substantially lower than present, 20 k to 100 k
years ago. Storm deposits and lithified dunes could
have created substantial limestone build-ups that were
later drowned as sea level advanced during the Holo-
cene transgression. Carbon-14 dated samples ranging
in age between 10—40 ka from depths between 17—58 m
off Sunset Beach and Mamala Bay support this hy-
pothesis. Moreover, abundant lithified dune deposits
exist today above sea level in many places on Oahu
(Stearns 1966).

Pleistocene reefs may have had more time to develop
in the past than the present. Because of rapidly rising
sea level during the Holocene, modern reefs have only
had about 7.5—8.5 ka to develop. In contrast, during
the last interglacial between 114—131 ka (Szabo et al.
1994), reefs may have had about 17 ka years to form at
depths near present sea level. This condition would not
have applied to Maui or Hawaii where high rates of
subsidence would have carried reefs below critical
depth (Grigg and Epp 1989). Subsidence on Oahu and
the Northwestern Hawaiian Islands, however, is negli-
gible or not a factor. On Oahu during the last 500 ka,
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and on Molokai and Lanai during the past 300 ka
years, there appears to have been slight uplift due to
lithospheric flexure (Szabo et al. 1994, Grigg and
Jones, 1997).

Finally, one corollary to the wave control hypothesis
for open coastline reefs in Hawaii is that impacts from
anthropogenic sources may be of secondary import-
ance, particularly in habitats where community struc-
ture is under the primary control of wave forces.
Impacts related to point and non-point pollution may
be of potential significance only in wave sheltered envi-
ronments where the residence time of the water column
is great.

Summary

1. The community structure of coral reefs in Hawaii
appears to be primarily controlled by wave energy and
depth. In protected and deep environments (below
wave base but not deeper than critical depth, Grigg and
Epp 1989), the dominant species is P. compressa. In
more exposed habitats, P. lobata is the dominant reef
builder.

2. Reefs at or near the surface are constrained by sea
level which has been nearly stable or undergone a slight
fall of 1—2 m during the last 4 ka. Accretion on these
reefs is limited to horizontal growth along the edges of
patch reefs in sheltered lagoons or on seaward edges of
fringing reefs in areas partially sheltered from large
waves. In some areas, reef tops appear to be undergoing
erosion.

3. During the entire Holocene (last 10 ka), the only
significant reef accretion that has occurred on Oahu
has been in areas sheltered or partially sheltered from
large open ocean long-period swell. In these environ-
ments, maximum accretion has been on the order of
10—15 m thickness produced by an average annual rate
of accretion of 2 mm/y. In wave exposed environments,
the growth of living corals is frequently disturbed by
wave induced breakage, scour, and abrasion. In these
areas, Holocene accretion has been negligible and coral
communities are generally thin and transient veneers
limited to the thickness of single colonies growing on
Pleistocene foundations.

4. Substantial Pleistocene reefs appear to underlie
many Holocene coral communities on Oahu. The more
massive Pleistocene accretions may owe their existence
to lithified sub-aerial accumulation caused by storm
and/or dune deposits during periods of low sea level
between 20 ka and 100 ka. These features were sub-
sequently drowned during the Holocene transgression.
It is also possible that sub-littoral accretion of Pleis-
tocene limestone occurred during the last interglacial
between 114—131 ka when sea level was slightly above
the present-day level. Such build-ups, however, could
only have been within the depth zone of reef building

corals in relatively stable areas not undergoing rapid
subsidence.
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