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fiG. 7.-A) PIOI of modeled bed shear stress (WINBSS) due to nOrlh swell as a function of water depth along Ihe southwest shore of Molokai. Gray shading denotes
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change in water depths < 5 m where Pocillopora meandrina becomes a
significant assemblage component, though in depths> 10m Porites lobara
in massive form is the interloper. As with the low-energy assemblage,
percent living coral cover in the mid-energy assemblage increases with
depth.

At bed stresses from - 0.4 N/m 2 to - 0.6 N/m 2 there is a shift to the
high-energy assemblage such as the HOL site. Fragile branching Porites
compressa disappears completely from the dominant corals. being replaced
by MOlllipora sp., Pocillopora meandrina, and encrusting Porites loOOta.
At depths> 10 m, Porites loOOla in encrusting and massive forms takes
over as the dominant coral as M01lfipora sp. and Pocillopora meandrina
diminish. This assemblage is characterized by low living coral cover and,
unlike mid-energy and low-energy assemblages, has an optimum for coral
growth between 5 m and 10 m water depth. There is surprising continuity
across a range of depths in this assemblage. Even though WINBSS at
depths> 5 m is similar to that seen in the mid-energy and low-energy
assemblages, the coral grouping remains very different. Boundaries be­
tween the mid-energy and low-energy assemblages are less distinct than
those between mid-energy and high-energy assemblages.

Although the model provides a good description of general coral zona­
tion, WINBSS is not the sole factor controlling type and location of coral
growth along the southwest shore of Molokai. For example, although in­
creasing WI BSS explains decreasing coral cover in shallow water for both
mid-energy and low-energy assemblages, the high-energy assemblage does
not fit the expected profile, inasmuch as the lowest percentage coral cover
is at the greatest depths (Table 1). Additionally, although habitat in the
high-energy assemblage has regions suitable to growth of Porites com­
pressa (Fig. 8), this coral is not a major component of the seaftoor. Some
possible explanations for these differences may be related to interruption
of coral recruitment and physical degradation of living coral by sources
other than WINBSS.

The substrate available for colonization at HOl is an antecedent paleo­
reef platform that forms shore-parallel bands interspersed with large sand

fields. Height differences between the paleoreef platforms and the sand
fields are usually < I m, and Halimeda sp. which might bind the sediment
(bound Halimeda sp. mats are common in Hawaii; Harney 2000), are
scarce. Refracted north swell regularly sweeps these sand fields and car­
bonate platforms, suspending coarse carbonate sediment and coral rubble.
Although coarse suspended sediment remains low in the water column,
sites of coral recruitment do not have sufficient relief to place them above
the sediment cloud. Additionally, as sediment sweeps back and forth it
physically abrades the seaftoor. The abrasive action likely disrupts recruit­
ment activities and significantly slows growth rates by chafing any estab­
lished living coral. We speculate that coral rubble accelerated by wave
energy, in addition to the physical abrasion of the reef surface, acLS ballis­
tically, smashing coral that might otherwise survive sand abrasion. Hence
we speculate that physical disturbance of recruitment processes, and phys­
ical degradation of the established living communities, in addition to ele·
vated WINBSS at shallow depth, combine to limit living coral cover at
HOL (Table I).

Lithofacies

Reef cores from HOL and Hikauhi contain components very similar to
those found in the modem reef community. When compared with the mod­
em assemblage zonation, lithofacies components allow identification of
probable past depositional environments.
Common to both coral-algal bindstone and mixed skeletal rudstone are
heavy encrustations of coralline algae, small coral clasts that have been
significantly rounded, and no indication of corals in growth position. This
suggests that a modem analog for the depositional environment of these
lithofacies is the high-energy coral communities seen at HOL today.

Coral framestone lithofacies are composed predominantly of one coral
species. massive Porites lobata. Massive Poriles lobata in the modem en­
vironment grows in all three modem ecosystem communities, but it seems
to prefer calmer water at depths> 5 m (> 10 m for high-energy com-
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munities). In cored section however, it is not always easy to differentiate
encrusting from massive morphologies of Porites lobara by skeletal com­
parison. The depositional environments for encrusting Porites lobara tend
to be high-energy environments near the reef crest or toward the end of
the island, distinctly contrasting with massive Porites lobata. Fortunately
in the modem environment encrusting Porites tobara has low vertical relief,
whereas massive Porites lobata has much higher relief. Thus, for this study,
any section of Porites lobata 15 em in height or less was identified as
encrusting Porites lobata and is interpreted as coral-algal bindstone within
a high-energy depositional environment. An example of this occurs in the
top section of core #8 (HaL), composed of three separate colonies of en­
crusting Porites lobata.

Unconsolidated f1oalStone, a mixture of rubble suspended in a sediment
matrix, is likely deposited in a moderate-energy environment. This litho­
facies is ubiquitous throughout the reef at Hikauhi, in places reaching the
surface, and consistently dates younger than 1,000 cal yr BP. Also, coral
types identified in this lithofacies are similar to the coral types identified
in our benthic surveys from Hikauhi. Thus we infer that moderate-energy
communities, as at Hikuahi, are the predominant depositional environment
for this lithofacies.

Finally, Porites compressa is the dominant structural component of the
coral framestone-bafflestone lithofacies. Hence we would expect the de­
positional environment for this lithofacies to be conducive to growth of
Porites compressa and sheltered from wave impacts. Where this lithofacies
has been identified in our cores, Porites compressa shows no close asso­
ciation with Montipora sp., which would be expected if this lithofacies
were deposited in a mid-energy community. Additionally, because fragile
thin columnar coral appears to have been deposited in growth position, the
depositional environment for this lithofacies is likely to be deep or calm
substrates like those seen today in low-energy communities of central
southern Molokai.

Holocene Reef Accretion

Early and Mid-Holocene (9,000 to 4,000 cal yr BP).-The early to
mid-Holocene reef at HOL was characterized by a pattern of backward­
stepping reefal limestone outcrops that decrease in age toward shore. In

addition to this transgressive sequence, accretion on any given outcrop
appears to have ceased with initiation of a new accretion center in a shore­
ward direction.

Some time before 8,000 cal yr BP at HaL, a reef community, actively
accreting (5 mmlyr), was established at a present depth of-21 m (Fig. 9).
This community, now exposed as outcrop I (cores #8-10), is composed of
encrusting coral-algal bindstones intennixed with occasional Porites sp.
and mixed skeletal rudstones. This lithofacies indicates a high-energy de­
positional sening, similar to the modem high-energy community seen today
at HOL. These same groupings have been described by Maragos (1995)
and Grossman (2001) as high-energy lithofacies (see also Camoin and
Montaggioni 1994 and Cabioch et al. 1999 for Indo-Pacific similarities),
usually deposited near the reef crest. Carbonate accretion at this outcrop
terminated at -.... 8,100 cal yr BP.

Outcrop 11, ranging in depth from - 8 m to -.... 18 m, is 125 m landward
of outcrop 1. Sometime prior to -.... 7,900 cal yr BP accretion started taking
place on the lower flank of II at site II-A (cores #5-7). Site II-A accreted
upward at a rate of 23 mmfyr until accretion ended at -.... 7,900 cal yr BP.
This rapid vertical accretion is recorded in the coral framestone-bafflestone
lithofacies present throughout cores #5-7. Branching coral framestone-baf­
flestone is indicative of low-energy environments as noted in this study as
well as by Dollar (1982), Grigg (1983), and Grossman (2001) (as well as
in other Indo-Pacific studies, i.e., Cabioch et al. 1999). Grossman (2001)
found this same lithofacies on the seaward edge of Kailua Bay, Oahu, in
a portion of the reef characterized by early Holocene rapid vertical accre­
tion. The presence of branching coral framestone-bafflestone suggests that
water levels changed rapidly enough to produce a deep-water condition
where the energy was low enough to be conducive to branching growth of
Porites compressa.

Somelime between - 7,900 cal yr BP and - 6,700 cal yr BP the middle
section of outcrop II, site Il-B (cores #3-4), was accreting vertically at
rates of 9 mm/yr. The lithofacies of this section, consisting of coral-algal
bindstone and mixed skeletal rudstone, are very similar to lithofacies seen
in outcrop I. This implies a return to moderate-energy to high-energy con­
ditions at this site. By -.... 6,600 cal yr BP all upward accretion at this site
ended.
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FIG. 9.--overview of feef outcrops present at Hale 0 Lono. Interspersed between rocky outcrops are sand fields that are regularly swept by large waves and strong
currents. Because vertical relief is quite low, suspended carbonale sediment physically abrades lhe reef surface. Cores laken at II-A (#5-7) show anomalous low-energy
branching coral framestone--bafflestone lithofacies, whereas the remaining cores are composed of lithofacies indicating high-energy depositional environmems.

After accretion ended at sile II-B, the accretion center shifted landward
to the upper flank of outcrop II, at site II-C (core #2). Once accretion ended
at site II·C (.... 5,600 cal yr BP). there was another landward shift of the
accretion center to outcrop III (core #1). Site II-C and outcrop III are
similar in composition to outcrop I and site I1-B but have accretion rates
of only - 2 mm/yr, the lowest for any of the cores, and implying either
a slowing in the rate of RSLR or a strengthening of wave energy. Outcrop
111 appears to be the last major accretion center in this area during the mid­
Holocene. Since - 4,800 cal yr BP, little or no accretion has taken place
al HOL.

Factors Controlling Early to Mid-Holocene Accretion at HOL.-We
infer that relative sea-level rise at HOL is only partially responsible for
controlling accretion over early to mid-Holocene time. The landward trans­
gressive shift of reef outcrops can be explained by rising relative sea levels.
This, however, docs not explain the end of accretion on deeper, more sea­
ward outcrops, occurring coincidently (or nearly so) with establishment of
a new accretion center landward.

The high-energy lithofacies of outcrop I (- 8,100 cal yr BP) suggest
deposition near sea level. This would likely place site II-A Oandward of I)
in a supratidal range and the other outcrops above the waterline for the
same period. Between - 8,100 cal yr BP and - 7,900 cal yr BP outcrop
I experienced no accretion, but during that same period site II-A was an
environment conducive to growth of nearly monospecific stands of P. com­
pressa. Our assemblage zonation model indicates that monospccific stands
of Porites compressa grow in deep water in moderate- to low-energy en­
vironments. Porites compressa docs grow in other environments, and it is
possible to find stands of monospecific Porites compressa at shallower
depths, though usually of limited extent and restricted to moderate- to low­
energy environments. The presence of branching coral framestone-baffl.e­
stone in three separate cores suggests that this was not an isolated patch
of Porites compressa, but rather an extensive feature. Hence we infer that
between - 8,100 cal yr BP and - 7,900 cal yr BP sea level rose rapidly
to produce the deep calm substrates necessary for the growth of Porites
compressa. This is not an anomalous finding, inasmuch as evidence for
rapid rise in sea level close to this time has been previously described in
the literature, though there is significant variation regarding timing and
magnitude of the event (Blanchon and Shaw 1995; Kayanne et al. 2002;
Blanchon et al. 2002).

Sometime between - 7,900 cal yr BP and 6,600 cal yr BP, perhaps as
the rate of RSLR decreased, the accretion center at site II-A was abandoned
in favor of the more landward, II-B accretion center. The shift from the lI­
B to the II-C accretion center (between - 6,600 cal yr BP and - 5,600
cal yr BP), and from I1-C to III accretion center (between - 5,600 cal yr
BP and - 4,800 cal yr BP) occurred under slowly rising sea level as seen
by the presence of high-energy lithofacies and very slow accretion rates
(- 2 mmlyr for 111 and II·C and - 9 mmlyr for II-B).

Relative sea-level change explains the transgressive nature of the reef
system at HOL, but it docs not explain the unique pattern of increasing
benthic surface age with distance offshore. The venical relief between sites
is small enough (- 2 m to - 4 m) that we would expect continued ac­
cretion across the entire structure under slowly rising sea levels, but we
find no evidence for this. One possible explanation is a progressive decrease
in wave sheltering from nonh swell by Laau Point. The bathymetry at Laau
Point, ...... 5 km west of HOL, is a broad, shallow shelf that grades to the
southwest onto a large carbonate bank at-50 m. With sea level at - 20
m below present at ...... 8,100 cal yr BP, the exposed surface of Laau Point
would have extended a fuJI kilometer to the west of its present position.
Although it has not been modeled, we infer that this may have been suf­
ficient to shelter HOL from the main energy of north swell. Outcrop I was
established under these conditions. With sea-level rise, the extent of shel­
tering from north swell would have been reduced with progressive drown­
ing of Laau Point, and accretion centers would have been forced to migrate
landward to find habitat suitable for sustained growth. Continued sea-level
rise would have set up a cycle of reef accretion on progressively landward
sites with accretion terminating at former accretion centers.

The Laau Point model does not address the absence of continued reef
accretion during middle to late Holocene time. We must invoke a factor
beyond sea-level rise and wave sheltering to account for this difference.
Two possibilities are (I) increasingly steep topography and (2) changes in
the energy associated with north swell. While the bathymetry below Laau
Point is gradual, 20 m over I km, the present topography above the point
is much more dramatic, 20 m in ...... 0.27 km. With continued inundation
during the Kapapa Stand (the late middle Holocene sea-level highstand in
Hawaii; Fletcher and Jones 1996; Grossman and Fletcher 1998; Grossman
et al. 1998), the steep topography directly inland of HOL would have
opened up relatively little new substrate to colonization, and deepening
waters at the point would have allowed more nonh swell energy to be
refracted around Laau Point. The other possibility is strengthening of the
north swell over the course of the middle to late Holocene time, perhaps
due to strengthening of EI Nino Southern Oscillation (ENSO) (Sandweiss
et al. 1996; Rodbell et al. 1999; Sandweiss el al. 1999; Moy el al. 2002;
Rooney el al. 2003).

Mid to Late Holocene: 5,000 to Present.-The major unconformity
represented by the ca. - 4,800 cal yr BP age seafloor spans middle to late
Holocene time at HOL. Complete absence of accretion during this period
attests that the environment was not conducive to reef growth. The only
late Holocene age samples were recovered from Hikauhi. Here the accretion
patterns are not nearly as complex as HOL.

The main accretionary feature at Hikauhi is the growth of the reef struc­
ture through combined aggradation and progradation as evidenced by the
decrease in age of isochrons in both upward and seaward directions. At the
reef crest vertical accretion has reached the intertidal zone. This has resulted
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in a seaward shift of the Hikauhi accretion center resulting in lateral and
venical extension dominating reef growth over the last 1,000 yr. In the
absence of north swell, the main control on reef growth at this site is limited
vertical accommodation space and lateral substrate suitable for colonization
(a large sand field fronts much of the reef). Where early to mid-Holocene
units are situated at this site is not known, but we speculate thm they would
be below what is presently the backreef area.

CONCLUSIONS

Reef history at Hale 0 Lono and Hikauhi on Molokai is revealed by
combining cored lithofacies with modem community surveys to develop
an analytical model of the relationship of carbonate accretion pauems to
past environmental conditions. At both Hale 0 Lana and Hikauhi the mod­
em community is zoned by depth: < 5 m, 5-10 m, and> 10 m. At Hale
o Lono, coral cover, species diversity, and growth morphology diversity
all peak between 5 and 10 m and diminish sharply above and below this
zone. At Hikauhi, coral cover, species diversity, and growth morphology
diversity all peak at depths> 10 m and decrease toward shore.

The main cOnlrol on modem ecosystem zonation in southwest Molokai
is the exposure to wave-induced near-bed shear stress. As bed shear stresses
increase, the coral community changes from a low-energy community dom­
inated by Poriles compressa, to a mid-energy community dominated by
mixed Porites compressa and Momipora sp., to a high-energy community
dominated by Porites [obala, MOlllipora sp., and Pocillopora meandrina.
Additionally, coralline algae cover increases with increasing bed shear
stress and decreasing living coral cover. Other factors controlling coral
assemblage zonation are success of recruitment activities and physical deg­
radation of the living community by abrasion.

Reef lithoFacies, determined by comparison of modem assemblage zo­
nation to lithologic components of reef cores from both Hale 0 Lono and
Hikauhi, are dominated by five classes corresponding to differing environ­
mental conditions. In order of decreasing depositional energy they are:
encrusting coral-algal bindstone and mixed-skeletal rudstone (high-energy
environment), massive coral framestone (moderate energy), unconsolidated
f1oatstone (moderate-energy environment), and branching coral frame­
stone-bafflestone (Iow-energy environment).

Reef accretion at Hale 0 Lono during early Holocene time occurred in
discrete events, with accretion centers stepping landward under relative sea­
level rise. Rising sea levels, responsible for opening new habitat for col­
onization, exhibited variable rates throughout early to middle Holocene
time. We infer from lithofacies that between -- 8,100 cal yr BP and -­
7,900 cal yr BP sea level rose sharply to produce deep calm substrates
necessary for the growth of Poriles compressa in monospecific stands. Sea­
level rise also contributed to the termination of former accretion centers by
reducing wave sheltering associated with Laau Point. At -- 4,800 cal yr
BP, increasing venical topography and possibly increased wave energy
associated with nonh swell ended significant reef accretion at Hale 0 Lono.
The record at Hale 0 Lono strongly suppons the hypothesis of Rooney et
al. (2003) that enhancement of the EI Niiio Southern Oscillation beginning
approximately 5000 years ago led to increased energy of nonh swell and
signaled the end to net accretion along exposed coastlines in Hawaii. The
exposure of Hale 0 Lono to nonh swell and the age of sea floor there (ca.
4,800 cal yr BP), coupled with the lack of north swell incidence at Hikauhi
and the continuous accretion that has occurred there over the last millen­
nium strongly supports the ENSO reef hypothesis as outlined by Rooney
el al. (2003).

The reef at Hikauhi has both aggraded vertically and prograded seaward
over the past 1,000 yr. The impact of bed shear stress at Hikauhi is sig­
nificantly lower compared to Hale 0 Lono. Accommodation space below
wave base rather than wave energy appears to be the major factor con­
trolling reef growth at Hikauhi in shallow depths. At greater depths, reef

growth is limited by substrate suitable for colonization due to sediment
accumulation at the base of the reef at depths> 17 m.

Age discrepancies between HOL and Hikauhi make direct comparison
of accretion histories impossible. Analysis of these sites together, however,
yields a picture of shrinking habitat suitable for reef accretion during the
Holocene.
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