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ABSTRACT

1Vse goaZ of this proJ'ect axre to pzavMe info~5,on to the County of
aaaaii and to the etate for the inteZZigent management of the marine and
coastal res~s of Vest Bcnuaii, ~:icuZarZy the South Kohala and North
Xcmz areas. This mrs accompZished through compiZation of inventories of
biologicaZ, hy&otcgicxxZ, and eche ~mcogmpMc data for four eeLected
eitee, PuakB, VaiuZua, 'Anasho'aneZu, and Xiholo bays.

Rrai~:ion axe made of evicting hydrologic, geoZogic, oceanographic,
and ecologic data in order to determi,ne the voZume and infZuence of ~nznd-
~ discharge to coastaZ areas ae mZZ as the bioZogicaZ awmunity struc-
t44l'B cn the ne~sho?% bxfte2'8.

Research reeuZts have yieZded a cZassi ficaHon, of the bays according
to mneme ence~ and groundwater intrusion. Poor circuZation and high
grounkaxter inibmricrn resuLt in turb& conditions hn,th cammunitiee of imp
&vereity-a coastaZ situation, euitabZe perhaps for a emaZ.Z boat harbor or
naxrina, but undeeirabZe foz a marine park oz preserve.

These resuZts prov&@ an aeceZLent refezence point for pZanning the
use or deveZopnent of the s~ sites or areas of related hydroZogic and
ecoZogic conditions. The methodoZogy and techniques empZoyed can be
adapted for monitoring other coastaZ sone sitea in the state.
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I NTRO DUCT ION

The Kona  west! Coast of Hawaii Island is unique in the Hawaiian archi-

pelago in that it is both a leeward coastline protected from Hawaii's domi-
nating northeast trade winds by high mountains and, at the same time, a

coastline subject in prehistoric and historic times to the catastrophic ef-

fects of lava fEows and tsunamis. Present day interest in the Kona Coast as

a major resort and recreational area stems both from its aesthetic attrac-

tions, and from its recreational potential, easily accessible coral comuni-

ties inshore, anddeep sea fisheries offshore.

In this report we describe the topography, hydrology, and marine biota

of four open ocean bays along the Kona Coast, those of Puako, Ãaiulua,

'Anaeho'omalu, and Kiholo, Both topographic and hydrologic conditions have

determined the marine biota, a biota which was exploited in prehistoric

times as is indicated by the meerous remains of ancient Hawaiian settle-

ments which fringe the coastline, and which today is vulnerable to modern

types of exploitation.

GENERAL DESCRIPTION

The Kona or west Coast of Hawaii Island extends from the district of

South Kohala in the north to Ka'u in the south. Between South Kohala and

Keahole Point in North Kona, the coastline fringes a shallow bight which is

underlain by a narrow shelf sloping from the coastline to depths of more

than 100 m within a few kilometers of the shore. The four bays surveyed are

located within the limits of this bight.

The coastline consists of a series of open ocean bays dissected from,

and lying between, relatively recent basaltic lava flows of the Mauna Loa

series. Dominant wave direction is from the north, but the coastline is

variously exposed to the effects of wave energy, ranging from minimal expo-

sure on the north at Puako to maximal exposure on the south at KKholo. The

varying exposure of the coastline to wave energy contributes to its topo-

graphical diversity; rough and cliff-like benches of aa; smooth, horizontal

benches of pahoehoe; and boulder, terrigenous and calcareous sand beaches.

E. Alison Kay, Project Associate Investigator.



The Kona hinterland is bleak and barren, crossed by lava flows dating

from prehistoric times to those formed by an eruption of Hauna Loa in 1950.
Between the lava flows are kzpukaa, islands of vegetation. Rainfall is less

than 30 cm �2 in.! a year. There are no perennial streams, but groundwater

intrusions from subterranean wells are expressed subaerially as anchialine

pools and springs along the shoreline.

Puako Bey

Puako, the northernmost of the four bays, is a wide bay, some 0.65 km
�,4 mile! at its mouth  Fig. 1!. Prehistoric lava flows define the north-
em and southern termini. In the north the flow is of aa, rough and cliff-

like; on the south it is of pahoehoe, low and flat and infiltrated with

tidepools. The central section is comprised largely of terrigenous sedimen-
tary beach interspersed with boulders and rubble. The beach is overhung
with kiawe, Prasop7'.v paKEida, the lower branches of which brush the surface
of the water at low tide  Fig. 2!. The hinterland is dry and dusty, covered

with a secondary scrub vegetation of koa-haole, Mucaena gKauca, and other

exotics. Groundwater seepage is apparent only in the southern section of

the bay where swamp-like ponds occur back of the beach and intrude into the

seaward tidepools.

The shallow, shoreward sections of the bay itself, at depths of about

1 m, are characterized by a substrate of basalt, rubble, and mixed terrige-

nous sediments. In the outer bay, at depths of about 3 m, the northern part

is characterized by a series of coral-covered ridges running perpendicular
to shore; in the southern section the near-shore basaltic shelf slopes grad-

ually to depths of about 9 m and coral cover is primarily of thickets of

parietes comp~88a.

Haiu3ua Bay

Waiulua Bay is the smallest of the four bays under study, consisting of

a shallow embayment about 0.12 km at its mouth. The shoreline consists of
the basalt of a prehistoric lava flow and is continuous seaward as a tidal
flat with a pebble and cobble floor  Fig. 3!. A boulder ramp separates the
inner section from an offshore section. Beyond the rubble bar the shelf is

studded with heads of the coral Poci7.kapok mearui~na. Both inner and outer

sections of the bay are shallow, with an average depth of about 1 m. Ground-



water intrusions are an especially noticeable feature of the bay, with
springs gushing from crevices along the length of the shoreline.

'Anaeho'omalU Bay

'Anaeho'omalu is one of the few areas along the coastline of Hawaii

Island with a calcareous sand beach  Fig. 4!. The shoreline, like that at

Puako, is defined at the north and south by prehistoric lava flows. On the
north the KanikG flow is composed of brittle, aa clinkers, and, where it

meets the sea, there are numerous tidepools. Shoreward the northern termi-
nus is fringed by a margin of calcareous sand and a barrier of native ma-
rine vegetation, consisting largely of Scaevola aerioea Vahl  beach naupaka!
and Messevsehm&ia argentea. The hinterland back of the marine vegetation
is studded with the largest single concentration on the Kona Coast of an-
chialine ponds, unique limnetic ecosystems recently described by Maciolek
�974!. The seaward basaltic bench slopes towards sea level to the east
and merges with the central calcareous beach. The crescent-shaped beach,
some 0.32 km in length, has a steep foreslope and a well-developed berm.
Beachrock found at the present beach line indicates the presence of an an-
cient beach. Shoreward the sand is fortified by coconut trees. The south-
em boundary of the bay is formed hy a low, smooth, pahoehoe flaw.

Three fish ponds are associated with 'Anaeho'omalu Bay: two large
ponds, Ku'uali'i and Kahapapa, and a smaller pond, Kuali'i. The ponds were
partically demolished by the tsunamis of 1946 and 1960  Kikuchi and Belshe
1970! but are still recognizable as significant bodies of brackish water.
Ku'uali'i Fishpond communicates with the bay by the ma'biha  sluice gate!
which protrudes between the Kaniku flow and the calcareous beach.

The floor of the bay is covered by white sand for distances of 30 to 50
m offshore, at depths of 3 to 4 m. Inshore the bay floor is studded with
large colonies of the coral, Poaches 2abaM; 20 m offshore, at depths of 3
to 4 m, the bottom topography is a flat, basaltic shelf covered! with a lime-
stone veneer,

Klholo Bay and Mainanali'i Pond

In 1823, William Ellis described Kiholo:
A small bay, perhaps half a mile across, runs inland a considerable
distance. From one end to the other of this bay, Tamehameha built
a strong stone wall, six feet high in some places, and twenty feet
wide, by which he had an excellent fishpond, not less than two miles
in circumference.
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The sea wall and most of the pond, as well as the adjacent pond,

'Wainanali'i, were destroyed by the 1859 lava flow which gave the bay its

present contours. Thus, the northern terminus of the bay is a major sec-

tion of the 1859 lava flow which destroyed the village of Wainanali'i and

which cut off a section of the Wainanali'i Pond as a "lagoon". We arcuate

central section of the bay now consists of a basaltic boulder and black

sand beach, back of which lie the remnants of Kamehameha's fish ponds. '1he

southern section of the bay is fringed by a prehistoric lava flow.

Wainanali'i Pond  Fig. 5! is an elongate body of water formed by a

cobble and sand bar lying a few hundred meters on the 1859 pahoehoe lava

which constitutes the eastern boundary of Kiholo Bay. The bar connects

FIGURE 5. WAINANALI'I POND, EASTERN BOUNDARY OF KIHOLO BAY

with the lava at its seaward end, enclosing the head of the pond; at the

landward end the bar is crossed by two shallow passes which connect the

pond with the inner part of Xxholo Bay. Freshwater springs enter the pond

at several points along the edge of the lava flow, with the most noticeable

springs at the head {north end, of the pond!, Freshwater springs also enter

the bay at various points along the arcuate central section of the bay.

The near-shore shallow shelf consists of black sand. interspersed over

a flat, basaltic shelf, and with a few coral colonies. At depths of 3 to

4 m, Bovines lobar is the dominant coral in the bay, extending more than

50 m out into the bay; at depths greater than 9 m, Pontes aomp>e88a cover

increases over P. Lohz&.



Local Geology

The study area is underlain by lava flows from Mauna Kea, Mauna Loa, and

Hualalai. The flows are predominantly aa with some pahoehoe, We rocks are

almost completely basaltic with small areas of ash and trachyte. A map of

the surface geology of the study area is presented in Figure 6; for hydrolog-

ic purposes, the study area extended to the summits of the three volcanoes.

The soil cover of the study area in the gulches, and where it occurs else-

where, is generally very thin. For the most part, soil cover is practically

nonexistent.

The northern part of the study area is covered by flank fIows from Nauna

Kea. The lavas of Nauna Kea are of two series: the older Hamakua volcanic

series  capped by Pahala ash! in the north, and the younger Laupahoehoe vol-

canic series in the south. The lavas of the Hamakua volcanic series, capped

by Pahala ash, are generally moderately to highly porous and permeable, and

freely yield water to wells. A narrow strip, about 3 km � miles! wide, of

the Pleistocene lavas of the Muplhoehoe volcanic series, extends to within

2 km �. 5 miles! of the coast. The lavas of the Laupahoehoe volcanic series,

extends to within 2 km �.5 miles! of the coast. The lavas of the Laupahoehoe

volcanic series are poorly to moderately permeable and not as permeable as

the rocks of the HRakkua volcanic series, but because of their limited thick-

ness and areal extent, their effect on groundwater is probab1y small. The

Hamakua volcanic series is covered by Pahala ash which is generally less per-

meable than the lavas, but not sufficiently impermeable to produce perched

water.

South of the Mauna Kea flows are the historic and prehistoric lavas of

the Ka'u volcanic series, the youngest lavas from hlauna Loa, which are highly

permeable, and small areas of pumice cones and trachyte lava flows which are

of minimal consequence to groundwater in this study.  A detailed geologic

description of the entire area can be found in Stearns and Macdonald �946!.

Geological controls on the seaward discharge of groundwater in the

study area are poorly known. The extension of the northeast rift of Huala-

lai, which might conceivably act to channel fl.ow into the basal groundwater

lens, was interpreted as line H in Figure 7 from data of an audiomagnetotel-

luric  A%I'! survey and an aeromagnetic survey  Adams et al, 1969!. The

L. Stephen Lau, Project Associate Investigator



SOURCE: Adapted from Macdonald and Abbot t   l970! .

FIGURE 6. SuRFACE GEOLOGY OF THE 'I4EST HAGGAI I STUDY AREA FROM
P UA KO TD K I HO LQ BAYS



F I GURE 7. MAJOR STRUCTURAL FEATURES INDICATED BY AUDIOMAGIIE-
TOTELLURIC AND AEROHAGNETIC DATA

higher, apparent resistivities occurring in the area north of line X as de-

tected by the same AYI' survey were attributed to the higher resistivity of

the Mauna Kea lava or to a higher water table depressing the salt-brackish

interface. It was interpreted that the rift zones, defined by the lines H

and X, probably have low permeability and, therefore, funnel the basal water

into a swath between Hapuna and 'Anaeho'omalu bays. Electrical resistivity

profiles made from Puak5 to 'Anaeho'omalu bays narrowed anomalous apparent

resistivity to the line segments Q and R in Figure 8. However, no extensive

discharge of fresh water has been reported.

The ANI' and aeromagnetic data agreed well on the position of the two

anomalies given as lines J and K in Figure 7, Line K is the known north-

west rift of Hualalai and Eine J is without apparent surface expression.

These two lines diverge from the possible groundwater recharge area of the

Hualalai summit. The structural controls of basal water movement are there-

fore probably not significant  Adams et al. I969!.

Dikes could occur within rift zones of Nauna Loa and Hualalai, impound-

ing groundwater to levels above those of the basal water bodies. No dike

outcrops or dike rock in the study areas have been observed or previously

reported; however, they could occur deep below the surface.



FIGURE 8. TWO LINES, P AHD R, CORRES-
PONDING Ta THE RELATIVELY
HIGH APPARENT RESISTIVITY
ANON, LIES, ARK SHOWN FOR THE
kAPUHA-PUAYJ5 BAY AREAS.
POINTS Q AND Y ARE CONSID-
ERED TO BE REPRESENTATIVE
SITES FOR LINES P AHD R,
RESPECTIVELY.  AFTER ADAMS
ET AL. 1969!
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HYDRGLOGY

Cl iIMte

The study area is charactezized by low rainfall, high to moderately
high evaporation, high temperature, and at times strong winds. A few storms
occur during the winter months bringing about areally-wide rainfall that may
account for most of the annual rainfall.

In general hydrologic data are extremely scarce and, therefore, the
totals and distributions of the hydrologic variables are difficult to de-
fine. The inadequacy of data necessitated the installation, of evaporation
pan stations to estimate potential water loss through evaporation and trans-
piration before a water budget could be constructed. This, in general,
posed severe limitations on the degree of desired accuracy.

RAINFALL, Rainfall accounts for virtually all the precipitation for
the study area, although snow falls on the suaaIits of Mauna Loa and Mauna
Ke'a during the winter months.

The mean annual rainfall for the area is 63 cm �1 in,! with a range

from about 102 cm �0 in.! in the uplands to less than 25 cm �0 in,! in the
coastal plains  Fig. 9!. There is a gradual increase in rainfall with ele-
vation to a maximum of Sl to 76 cm �0 to 50 in.! on the northern slopes of
Mauna Loa,

Rainfall controls are the high mountains of Mauna Ke'a and Mauna Loa,
both rising above 5,962 m �3,000 ft!, and an atmospheric inversion generally
prevails at an elevation between 1,290 to 1,829 m �,000 to 6,000 ft! with
high humidity below the inversion level and drier conditions above, Thus,
the tradewinds coming generally from an east-northeasterly direction are
effectively blocked and trapped and unable to reach the study area. There
is, however, some spillage of orographic rainfall over the plateau or saddle
area between the mountains, thus recharging the groundwater in the Waimea
area, which is located to the north of the study area. Still another area,
but of lesser importance, is the general area of Phhakuloa, located between
Mauna Ke'a and Mauna Loa. In both cases, the isohyetal patterns quite evi-
dently reflect the effects of deflection and diversion around the mountain
passes. The sea breeze phenomenon which brings considerable rain to Kailua-

L. Stephen Lau, project Associate Investigator.



F I GURE 9. MEAN ANNUAL RAI BEFALL, KOLA COAST
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Kona, which is just south of the study area, is effective only in raising

humidity rather than in increasing rain.
The average monthly rainfall at the coastline of the study area, such

as Puako, reaches a low of approximately 0, 6 cm �. 25 in.! in June, July,

and August and a high of no more than 5 cm � in,! in January.

For the purpose of this study, it is essential to recognize that the
major groundwater recharge is due primarily to winter storms which bring
about moderate to high intensity rain over a large area in a period of a few
hours. Thus, screening of the already few rainfall stations with daily
rainfall records narrowed down to only 6 stations which were selected for

water budgeting in this study. Table 1 shows the average monthly and annual
rainfalls for the four indiv'dual years.

TABLE l. AVERAGE MONTHLY AND ANNUAL RAINFALL FOR SIX STATIONS
1952, 1955, 1958, 1961

Station kame and |Iumber
PU'u p I

Hu'ehu'e Kamuela Ke'amuku Puako Anahulu ala'awa'a

92. I 192. 2 96, I 95. I 93. I 94. 'I

32. 06 22.1917 53 19. 127- 71Average Annua I

NOTE: in. x 2.54 = cm.

EVAPORATION. Evaporation data from which potential evapotranspiration
may be estimated for water budgeting is almost nonexistent for the study
area. The closest evaporation station, Lalamilo {191.4!, is lcoated outside
the study area and is, at best, an approximation of the mid-elevation sec-
tion. Transposition of data from other dry leeward regions from other is-
lands, such as Rhaina, Maui, was considered a poor approximation because of
the possible evaporation-suppressing effect of the sea breeze known to be
effective in the area. It was finally decided to install temporary, simple

Average Monthly
January
February
March

Apri I
May
June

July
August
Sep tembe r
October

November

December

3,5i
2. 74
4.14
2. 78
3.67
5. 84
I ~ 55
1. 56
3. 54
1. 48
3,12
2. 90

36. 83

4.11
3. 96
2.86
2. 81
1.92
1. 78
3. 62
3. 01
O. 64
i. 96
2. 67
2. 4o

 in. !
2.52
1-57
3-34
1.34
0.92
O. 71
1 . o8
O. 74
o. 50
O. 58
2.59
1. 66

2.25
0. 27
1.19
0. 11

0.17
O. 38
o. 79
0.15
0. 41
o. 47
0,63
O. 9i

1. 62
2.51
2.91
1.62
0 93
1.84
1.96
0.40
1.45
0. 8 i
1. 99
i. 09

2.4o
2.25
3 90
1.46
1.19
2.28
2.00

o.86
1.21

1.65
1.62
I. 36
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wash tub-type evaporation pans at two locations within the study area to

obtain short-term records for both the winter months of 1975 to 1976 and the

sunder mnths of 1976. 'Ihe monthly averages are respectively 0.46 cm/day

�.18 in./day! and 0.91 cm/day �.36 in./day!, reflecting a distinct seasonal
variation.

TEMPERATURE AH0 MIND. The study area is characteristically sunny, dry,

and frequently windy. The mean temperature ranges from about 24 C �6 F!

near the shoreline to below 10'C �0'F! on the mountain summits  Fig, 10!,

Wind data are scarce, During the course of evaporation measurements, there

were four consecutive days �3 to 26 March E976! with average wind velocities

from 56 to 88 km/hr �5 to 55 mph!.

Surface Water Drainage

There are no perennial streams in the study area. In the upland areas,

the natural drainage net is slightly developed as represented by a number of

gulches, the most extensive being ' Auwaiakeakua in Waikoloa  Fig. 11!. None

of these intermittent stream gulches reaches the ocean; 'Auwaiakeakua Gulch

terminates about 2 km � mile! landward from Puako. There are no intermit-

tent streams in Pu'uwa'awa'a, the area south of 'Anaeho'omalu because of re-

cent lava flaw cover �ava flow of 1859!. Streamflow discharge data are

nonexistent for the study area.

Because of the highly porous and permeable surface, the absence of less

permeable materials, such as soil, and the low rainfall for the study area,

much of the remaining water is lost to infiltration and becomes unavailable to

surface runoff. However, the upper reaches of gulches carried discharge

during periods of infrequent, intense storms recorded at two gage stations

located at about the 762-m �,500-ft! elevation level west of Mamalahoa

Highway  Hwy. 19! on the eastern slopes of Hauna Loa. Because of the sur-

ficial geology, stream hydrology, and lack of direct streamflow discharge

into the ocean, surface water drainage will not constitute a part of the

water budget study.

Land Use and Mater Development

For the most part, the 1and remains in a near natural state, i.e., arid

lava land. Cattle ranches, notably Parker and Pu'uwa'awa'a, represent most
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of the present land use. The only major urban land use plan now being slowly
implemented is Waikoloa, a hotel-urban residential development complex con-
trolled by Boise Cascade. At present, the development consists of a golf
course-recreational center, less than 100 houses, many miles of wide highway,

and the basic utilities for urban subdivision. A new state highway, Kaahu-

manu Highway, completed and opened to public use in 1976 skirts the coast-
line.

Por water supply, there are three drilled wells operated by Waikolaa:
Parker Wells 4 and 5 � km [4.6 miles] from the coast; 365-m [1,200-ft! ap-
proximate elevation!, and Parker Nell I � km [4 miles! from the coast, 260-
m [850-ft] approximate elevation!. Contrary to all water ~elis in the Kawa-
ihae and South Kohala areas, Parker Wells 4 and 5 produce fresh water of ex-

ceptional quality. Parker Well 1 water is expectedly brackish with a chlo-
ride concentration of about 500 mg/R. Farther south is Pu'u Ia'awa'a Hell

� km [2.8 miles! from the coast; 275-m [900-ft] approximate elevation!, the
only other producing well in the area with a chloride concentration of about
300 mg/k. Pumpage averaged 1,022 m /day �. 27 mgd! from Parker Wells 4 and
5 for the calendar year 1975, and 2,839 m /day �.75 mgd! fnm Parker Well l
for the first 6-mo. period of 1976. Pu'u Wa'awa'a Well pumpage is unknown
but is believed to be of small quantity. Domestic waste water effluent from
the Naikoloa development is discharged into an injection well.

These water wells and a number of drilled holes in the study area to-

gether with wells outside the study area are listed in Table 2 and located
in Figure 12.

Groundwater

The known groundwater occurrence in the study area is, for the most
part, a thin basal lens with the water level located generally only a few
feet above the sea level and with a slightly sloping water table toward the
ocean. The gradient is not determined except for the Kawaihae-Puakb area
 Fig. 13! which is 0,24 km/ha �.3 ft/mile!. The lens water is slightly
brackish with increasing salinity towards the ocean.

The only exceptions to the low water level and the brackish water qual-
ity are Parker Wells 4 and 5 which had a reported high water level of 5 m
�6 ft! and a low chloride concentration of less than 30 mg/R. This high-
head, low-chloride anomaly is probably caused by subsurface dikes that im-
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TABLE 2. WELI.S AND DRILLED HOLES IN THE AREA FROM PUAKO TO KIHOLO BAYS

Static

Head

 ft!
Chlori des

 mg/X!
Des cr i pt i onUSGS No.

4.0
1.8
2.8
2.6

370
378
300
345

1,000
5006.1

SOURCE: Nlyasato �974!,

pound water to an exceptional height and separate and protect the impounded

water from the salt water. By means of radiocarbon dating described in the

section on Water ~lity, the Parker Wells 4 and 5 water is determined to

have a radioisotopic age substantially older than that of the basal water

area.

Along the coastline of Waiulua and IGholo bays, there occur many dis-

crete points of visible, concentrated and gushing discharge fry the basal

lens. These two coastlines are formed by historic or prehistoric lava

flows with typically highly porous and permeable rock. Coastal discharge

of basal water probably also occurs but in a more uniform and diffused man-

ner along other shorelines, such as at 'Anaeho'omalu Bay. A considerable

part of the 'Anaeho'omalu shoreline is a beach composed of mostly medium-

textured calcareous sand. Seepage through these sediments would cause a

diffused discharge. Variation of the shoreline porosity and permeability

will thus create a nonuniform discharge into the ocean even though there may

be a uniform flux of groundwater approaching the shoreline from the inland

recharge area. Furthermore, the strong acean waves and currents at open

shorelines would quickly obliterate any characteristic basal water quality

4858-01
4858-02
4858-03
4953-01
5452-01
5548-01
5552-01

to -05
5648-01
5145-01
5745-02
5948-01
6048-01
6049-02
6049-03
6147-01
6148-01
6148-02

Kona Viilage Well 1
Kana Village Well 2
Kona VII Iage Well 3
KTholo Mell  Pu'u Wa'awa'a Well!
Boise Cascade Parker 7  drilled hole!
Boise Cascade Parker Well 1
Boise Cascade Parker 6

� drilled holes!
Boise Cascade Parker 2
Boise Cascade Parker Hell 5
Boise Cascade Parker Well 4
Hapuna Beach Well
Kawaihae Exploratory Qel 1 No. 2
Mauna Kea Beach 3 Hawaii Weil 17
Nauna Kea Beach Wel 1 4
Kawaihae Mel 1 16
Kawaihae Meii 14
Kawaihae Exploratory Wel 1

1.5
5.1

16

2.6
3.3
2.0

1.0

5.2
3-3
3.3

1,500
380

30

430
500

900
1,600

250
300
300
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FIGURE 
. WATER SAHPLING STATIONS AND DRILLED SELLS, 'IJEST
HAGGAI I STUDY AREA
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I'I GURE 13. GROUIIDlJATER GRAG I EHT, KAblA IHAE TG PUAKO AREA
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parameters, such as low salinity and low temperature, in the coastal water.

In contrast, at both Waiulua and Kiholo bays, the basal water from these

visible concentrated spring discharge points drains into a partially en-

closed embayment, rather than into open coastal waters. The discharged wa-

ter floats on top of the coastal water and forms a persistent layer of water

of low salinity and low temperature, varying in thickness on the order of a

few inches and in areal extent. These were the only coastal waters in the

study area exhibiting such easily observable and measurable phenomena. A

detailed hydrographic and ~ater quality description of the Wainanali'i Pond

at Kiholo is given in a Eater section.

Water Quality

Samples of groundwater, near-shore pond water, and coastal water were

collected from a net work of 11 regular sampling stations and a few selected

locations from October 1974 to October 1975. The water quality parameters

analyzed include nitrogen  total, ~onia, organic, nitrite and nitrate!,

phosphorus  total, soluble!, chemical oxygen demand, bacterial indicators
 total coliform, fecal coliform, and fecal streptococcus!, chloride, elec-

trical conductivity, turbidity, and solids  total, volatiIe, suspended, vol-

atile, suspended, volatile suspended!. Several groundwater samples were

assayed for tritium, radiocarbon, and ~sC. Table 3 presents the mean and
range of the chemical parameters. The complete data are included in Appen-

dix Table A.l.

CHLOE>DE. The average chloride concentration in the basal water was in

the slightly brackish range �01 mg/k at Parker Well 1! with an annual vari-
ation of +50 mg/R for a distance as far as 6 km � miles! inland from the

coastline. In the south at Pu'u Wa'awa'a Well, the average chloride concen-

tration was slightly brackish and fresher �22 mg/i! than the Parker Well I,
even though the Pu'u Wa'awa'a Well is closer � km or 2.8 miles! to the
coastline. This difference may be due to the higher rain water recharge in

the south although the pumping differential could mask the natural differen-

tial.

%he average chloride concentration increased seaward as expected as
greater tidal effects were felt. The average chloride concentration was
1,662 mg/k, in a shoreline pond 0.2 ka  O.l mile! from Waiulua Bay and 1,066
«g/j in a lava tube less than 0.2 km from the shoreline at Kxholo Bay. The
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water from the two shoreline springs was more brackish: 2,653 mg/i at Ku'-

uali'i Pond and 2,922 mg/R, at Waiulua Bay. At Wainanali'i Pond at Kiholo

Bay where the sampling point was directly affected by high tides, not only

the average of concentration was high �,6ll mg/i!, but also the range of

concentration varied the widest �70 ta 9,450 mg/i! among all the sample

locations.

ELECTRICAL CONDUCTIVITY AHD TOTAL SOLIDS. The electrical conductivity

data correlated well with the chloride concentration data as expected since

the ocean water was the only significant source in the area for both chloride

and the electrically conductive solutes, The total solids data correlated

well with the electrical conductivity data since the dissolved solids concen-

tration expectedly accounted for nearly all of the total solids in the water

samples.

HITROGEH. The average nitrate nitrogen concentration in Parker Wells 4

and 5 water was l.l mg/IL, satisfying drinking water standards and accounting

for over 90% of the total nitrogen. The highest nitrate nitrogen concentra-

tion in the more inland part of the basal was respectively 0.8 mg/R, at Parker

Well l � km or 4 miles from the shoreline! and 0.9 mg/II, at Puu Waawaa Well

� km or 2.8 miles!. The nitrogen is significantly derived from nitrogen-

fixation plants, such as kiawe  Pmeopis paEEida!, which is plentiful and is

known to produce nitrate, No other known source of nitrogen exists in the

area except for the small quantity of sewage treatment effluent. Irrigation

return flow from the Waikoloa Golf Course is discounted as a source because

of the great nitrogen removal capability of the sod-soil system  Lau et al.

l975! and the small quantity of return flow. A small anomaly exists at the

Parker Well 6 where nitrate nitrogen accounts for 66't, rather than the 80% or

or more, of the total nitrogen in all other sampled waters.

The nitrate nitrogen concentration in the basal water decreased seaward

to about 0 6 mg/II, at the Waiulua Pond station and the V3holo lava tube sta-

tion near the shoreline. This decrease is mostly accounted for as the effect

of salt water dilution because ocean water has a much lower concentration of

nitrate than the groundwater, and mixing with salt water by tidal effects

becomes greater towards the ocean.

'The areal distribution of total phosphorus in the groundwater has a

great similarity with that of nitrogen; however, the concentrations are dif-
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ferent. The highest concentration was present in the more inland part of the
basal water: 0.102 mg/R, at Parker Well l and 0.114 mg/i at Puu Waawaa Well,

The groundwater near the shore had a lower total phosphorous concentration:
0.07l mg/k at Waiulua Pond and 0.074 mgjt at Kiholo lava tube. At the shore-
line discharge points, the concentration was 0.056 mg/R at Naiulua Spring and
0.077 mg/II, at Ku'uali'i Spring. The soluble phosphorus accounts for nearly
all the phosphorus present in the spring water at Waiulua and at Q.holo.

The groundwater discharge into the ocean definitely supplies an impor-

tant and sustained source of nitrogen for the near-shore coastal water. For

example, the average concentration at Waiulua Bay spring is over 400% higher
than that in the coastal water. Likewise, a continuous enrichment of phos-

phorus in the coastal water takes place in the groundwater discharge since
the average concentration in the groundwater is about 100% higher than that

in the coastal water. However, it is less than obvious whether there is a

discernible enrichment effect on the biota in Waiulua and Kiholo bays where

the concentrated groundwater discharge takes place.

MICROBIOLOGICAL WATER QUALITY. The coliform concentration of the water

examined was low and without indication of fecal contamination. 'Ihe only

possible exception was the 6holo lava tube site which shoved a moderately
low concentration of fecal coliform and fecal streptococci. These could be

caused by animal wastes.

RADIOISOTOPIC AGE. Triti~ was determined for a number of groundwater

samples collected in 1975 by the Water Resources Research Center Environmen-
tal Tritium Laboratory. The results listed in Appendix Table A.2 indicate a

uniformly low tritium activity lev'el and an isotopic age of less than 50
years relative to the time since the rain water entered the ground, The re-
suits for the basal water were not unexpected because of the known low rain-

fall in the study area and, thus, the low groundwater recharge, However, the
resu?ts do not differentiate the relative age between the basal water  Parker

Well 1, Puu Waawaa Well! and the assumed dike water  Parker Wells 4 and 5!.
Three, 60-gal water samples were subsequently collected in 1976 and,

assayed for radiocarbon   C! by the same laboratory. The results listed in
Appendix Table 2 have been adjusted for carbon 13 using chemical data ob-
tained from supplementary water samples and by criteria developed in an Oahu
groundwater study  Hufen 1974!. Theoretically speaking, a c apprehensive
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study should be made for arid regions, such as the study area, in order to

check the value of the several constants used in the computation of the ra-

diocarbon age; however, the magnitude of work would be far beyond the scope

and the available resources for this study. The average adjusted radiocar-

bon age for Parker Well 5 water is about 1,800 years while Parker Well 1

water is of recent age. The age differential is considered great and sup-

ports the groundwater impoundment theory for the area. Further, it implies

limited capacity of the impoundment and necessary management measure for the

development of the groundwater from Parker Wells 4 and 5. A prudent measure

would be monitoring the water level and the associated pumpage from the

wells for a number of years to obtain another indication of the impoundment

and to assess the balance between recharge and pumpage.

Wat,er Flux

Water flux discharging fram the land mass into the ocean is primarily

groundwater flux. The surface water contribution should be negligible. For

the purpose of water budgeting under present water and land use conditions,

the groundwater flux can be approximated by the groundwater recharge. Three

water budgets, each with increasing refinement, have been constructed, yield-

ing successively improved estimates of the groundwater recharge. These es-

timates were checked independently with two different hydraulics methods.

Direct field measurement of the groundwater flux was not feasible.

WATER BUDGETS. The basic equation of water budgeting is that the

groundwater recharge equals rainfall less evapotranspiration, surface run-

off, and net extraction. The surface runoff and the net groundwater extrac-

tion  pumpage minus return flow! should be negligible for the study area.

The boundary of potential recharge is assumed to coincide with the boundary

of the watershed since the aquifer is phreatic and since there are no known

geologic boundaries that would significantly invalidate the assumption.

For the first budget, the entire watershed was taken as a single unit.

The areal rainfall was taken to be the average of the mean annual rainfall

of the five rainfall stations. All four years of rain record �952, 1955,

1958, 1961! were selected and utilized because of the concurrence and com-

pleteness, Since there was a nearly total lack of evaporation data for the

area, pan evaporation data were transposed from climatically similar areas

of other Hawaiian islands to the study area. The annual groundwater re-
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charge was determined to be 7.1915 x 10 m' �9 bil gal! by the first budget.
This would be equivalent to a basal water flux of 7,526 ms/day/km �.2 mgd/
mile! of coastline.

The methodology and data base were improved in several ways for con-

structing the second water budget. Daily rainfall data were used and the

watershed was divided into 6 subwatersheds, each encompassing one of the rain

stations and treated separately in water budgeting before totaling the entire

watershed. It was assumed that the daily rainfall that is less than a thresh-

old value is held temporarily in a shallow zone below the surface and sub-

sequently evaporates. Only the daily rainfall exceeding the threshold value,

after an estimated evapotranspiration is subtracted, is contributory to

groundwater recharge through deep percolation. The threshold value was based
on estimated values of field capacity of the rock and soil. The evapotrans-

piration values were transposed from evaporation pan data from climatically

similar areas with due adjustment because of the moderate sea breeze effec-

tive in the project area.

'The probable value for the annual groundwater recharge for the watershed

based on the second budget was 11.355 x 10 m �0 bil gal!, which is equiva-,

lent to a basal water flux of 11,760 «3/day/km �.0 mgd/mile! af coastline,

Probable maxim' and minimum values were also obtained based on a range of

value for the assumed budget parameters. 'lhese maxima and minima represent

a rather wide range, reflecting uncertainty in the assumed values of the

several parameters.

The improvements made for the third and final water budget included

utilizing daily pan evaporation data, fragmenting the watershed into thou-

sands of "cells"  average size 0,195 mile~! for which the water budget was
made, utilizing a high-speed digital computer, and the SYMAP mapping tech-
nique. These improvements enabled computed recharge values for the individ-

ual cells. Summation of recharge over time  daily! and space  cells! was

made to obtain annual recharge values for the four-year study period. The

results are summarized in Table 4.

HYDRAULIC METHODS. The two hydraulics methods are different from each

other and from the water budget approach in both methodology and much of the

data base. The first hydraulics method is an approximate application after

Cooper as adopted by Mink �975!. The second hydraulics method is an approx-

imate application of Darcy's law.
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TABLE 4. ANNUAL GROUNDWATER RECHARGE FOR THE MATERSHED

Groundwater Recharge
Hax. Prob, Hip,

37,959
3.1

i 4.8

104
6.4

192
11.8

51
3.2

NOTE: Basin area ~ 711. l3 miles
Coast 1 ine length = 16. 3 mi les,
Heap annual rainfall ~ 21 in.

Onder idealized conditions, where no caprock occurs, seepage from a

basal lens will be uniformly distributed across a strip of near-shore water

whose seaward width, x, depends upon the flux fram the lens, hydraulic con-

ductivity of the aquifer, K, and the density difference between fresh and
ocean water divided by the density of fresh water, a. The relationship is:

Q~ 2a EzI,

where Q is the freshwater flux for specified length of shoreline Z. In this

application, it is recognized that the project aquifer is occupied by a
brackish water lens with a zone of transition of water density rather than

a classical freshwater lens with a sharp freshwater-salt water interface.

The computed flux is presented in Table S as a function of seepage width and
hydraulic conductivity of the basalt; the selected range of values for these
two parameters is believed to be reasonably representative of the field con-
ditions.

TABLE 5. CONPljTED BASAL MATER FLUX, HETHOD I

Com uted Basal Mater Flux, d/mile of Coastline
H draullc Conductivit ft daSeepage Midth, x

 ft! ,0002 7001 300

7.90

15.80

5-33

I 10. 66

15 99

2- 57

23. 707-71

Annual, mi1 gal/yr
1952
1955
1958
1961

Average Annual,
mil ga]/yr
in.

4 of Ann. Rainfall

Average Annual
mgd
mgd/mi le coast 1 ine

90,360
68,451
62,036
69,634

70, 120
5 7

27. 1

59,778
31,150
33, 041
27,866

38,105
11,902
i 3,858
11,206

i 8,768
1.5
7,1
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TABLE 6. COPLPUTED BASAL MATER FLUX, METHOD 2

Hydraulic
Conductivity

 ft/day!

Coypu ted
Basal Hater Flux

 mgd/mlle of coastline!

2 59
5.38
7- 96

1, 300
2,700
4,000

EVALUATION. The seaward flux of basal water, which is assumed to be

equivalent to the groundwater recharge under the existing condition on a
long-term basis, is determined to range between 27,754 and 7,526 m'/day/km
�1,8 and 3.2 mgd/mile! of coastline with the probable value being 15,052
m /day/km �.4 mgd/mile! or 393,640 m3/day �04 mgd! for the whole area.
The probable value is equivalent to l5% of the mean annual rainfall for the
area; this probable value is supported by a value of 20% reported by the
Hawaii Water Resources Regional Study �975!. This probable value is larger,

but is believed to be more reliable, than those obtained by the first and

second water budgets �.0 for the second budget and 3.2 for the first bud-
get!. The flux values, as determined by the two hydraulic methods, fall
within and support the above values determined by water budgeting.

NUTRIMENT FLUXES ~ The computed value of nitrogen and phosphorus fluxes
is based on the probable groundwater flux and the average concentration of
these water quality parameters present in the groundwater at sufficiently
inland locations. These values presented in Table 7 are intended to repre-

sent the nutrient fluxes that are terrigenous with minimum dilution effects

by the transition zone water.

The second computation method involves the application of Darcy's law
as a first approximation of the seaward basal water flux across a groundwater
contour. At the 1.5-m �-ft! groundwater contour, the gradient was 0. 25 m/km
�. 3 ft/mile!. The freshwater thickness could be reasonably assumed to be
that of the Ghyben-Herzberg depth plus the freshwater head �0 ~ 5 + 5 205
ft!. Table 6 presents the computed basal water flux as a function of the
hydraulic conductivity.
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TABLE 7. NiTRQGEN AND PHOSPkORUS FLUXES

Average
Flux

ib/day/mile lb/dayF lux

O. 948
0,840
0.108
O.060
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Tote 1 Nitrogen
Nitrate + Nitrite Nitrogen
Total Phosphorus
So iubl e Phosphorus

SOURCE: B.Y. Kanehiro �977, Tech. Rep. No. 110!.
Average of Parker Well 1 and Puu Waawaa Well

~Length of coastal line ~ 16.3 miles.

45. 24
40.08

5-15
2.86

737
653

84
47
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APPENDIX TABLE A.2. TRITIUH ACTIVITIES OF MELL WATER
SAHPL ES

Date of Tritium Con-
Co'I lect ion tent in T. U.

APPENDI X TABLE A,3. AVERAGE ISOTOPIC AND CHEMICAL DATA FOR
WATER FRY PARKER 5 AND PARKER 1

HCOg
mg/k

C
4 IIBS

1!C
'4 PDB

Cl
mg/II,Source

66,51 -14.70 23*
52.20 -7.74* 567*

109*
15P*

Parker Wel I 5
Parker Well I

*Separate sample collected on 10-27-76.

APPENDIX TABLE A.4. RADIOCARBON AGES FOR WATER SAHPLES COLLECTED IN THE
SOUTH KOHALA COASTAL AREA, HAWAI I

Collection Lab C 6I ~C e*
Date I.D. X NBS CoPOB r ad5 amp 1 e

76-E 63,67 � I 5,OP 3473 2350
76- J 69. 35 -14. 39 2787 1 300
76-K 52.20 -7.7C 5070 +1700

Hay 1976
06-28-76
07-08-76

Pa rker We! I 5
Parker We' ll 5
Parker Well I

For methods of calculation see T.H- Hufen 197, pp... 9
Values assumed for water at time of recharge: Ar = 98.14, 6~~Cr
-17.2 g, PDB;
Values assumed for sources of  radiocarbon-free! bicarbonates:
At = 1.94, 6 C> ~ -0.84. PDB,

TSeparate sample collected on 10-27-76.

Parker Wel 1 I

Parker Well 5
Parker Well 5
Parker Well 6
Parker Well 6
Puu Maawaa Well

o2-17-75
02-1 7-75
05-28-75
02-15-75
05-28-75
03-24-75

0.0 + 0.3
1.1 + 0.4
O.l +0

1.8 + 0.5
07+03
0.4 + O,Z



CORAL COM%JNIT1ES OF PUAK5, 'AIIAEHO' NALU, AND KPHOLO BAY5

Introduc ti on

Most research on coral reef ecology has been limited to qualitative des-

criptions of geomorphical and biological zonation patterns; few studies have
attempted to show what factors are responsible for these patterns. Recently

open ocean coral communities have been quantitatively examined in Panama

 Porter 1972a, b, c!, in the Red Sea  Loya 1972!, at Fanning Island  Naragos

1974a, b!, and at South Kona, Hawaii  Dollar 1975!.

The purpose of this investigation is to gain an understanding of the

factors that control the composition and distribution of coral camanities

in three open ocean bays on the west coast of Hawaii Island. Sy relating

species assemblage characteristics to gradients of environmental factors and
ecological theory, it may be possible to identify some indicator species

that may serve to quantify the degree of stress to which an environment may

be subject.

The environmental variables that seem to affect coral comity struc-

ture most directly are wave energy  breakage and abrasion!, available light

energy  associated with photosynthetic and calcification processes!, sedi-
mentation, available solid substrata  associated with settling!, and inter-

specific competition between corals. By examining changes in species number
relationships along depth gradients within each study site and comparing data
between the three bays that differ in bathymetry, geological structure and

origin, and current, wave and wind patterns, it may be possible to gain some

insight into exactly how the environmental variables affect ammmity struc-

turee.

Methods

All field work far this project was carried out using SCUBA equipment

during a series oF dives conducted from an anchored 5-m �7-ft! skiff. Sam-
ples of the benthic comunities at Puako, 'Anaeho'oma1u, and Q.holo bays
were surveyed using a contiguous photographic transect techniques This
method appears to be more efficient with respect to time spent underwater
and area surveyed than either a chain transect or conventional quadrat

S.J. Dollar
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method. Xn this study each transect was 30 m long at 3-m depth intervals

ranging from 3 to 18 m. Two sets of these transects were run in each of the
three bays, one in the northern half and one in the southern half  Figs. 14,

15, 16!. Wo transects were run at each site so that within bay differ-

ences, associated with factors such as wave energy and bottom topography,

could be evaluated.

The photographic transect technique involves mounting a Nikonos II cam-

era  loaded with 36-exposure color slide file! and a Subsea Mark 50 elec-

tronic strobe light on a supporting frame approximately 1.25 m above a 100-

cm by 70-cm quadrat  Fig. 17!. This entire frame and quadrat is constructed

of 4-in. brass tubing and the camera is mounted on a Plexiglas plate at-

tached to the four supporting arms of the frame.

At each transect location a 30-m polypropylene line was laid across the

bottom parallel to the shoreline by two divers. The camera-quadrat frame

was then placed on the bottom so that the first meter of transect line

touched the entire length of a l-m side of the quadrat. A color slide was

taken of the I by 0.7-m area within the quadrat, and the camera frame was

moved to the second meter of transect line where another picture was taken.

This process was repeated untiI the entire 30 m were photographed. Transect

locations and depths were written in large letters on an underwater slate

and photographed with the remaining film for later identification. Because

small and rare colonies may not show up in the transect photographs, a diver

with a species checklist on a clipboard recorded the presence of all coral

and echinoderm species in each quadrat of all transects.
The developed slides were projected onto a grid with the same dimen-

sions as the quadrat and the abundance of corals and noncoral substrata es-

timated by counting the number of cm occupied by each coral colony or bare

area. From these counts estimates of percent cover, colony size, and spe-

cies cover diversity can be determined.

There are several drawbacks to this method. The use of horizontal cor-

al coverage to estimate abundance of corals is biased in favor of fl.at or

encrusting forms such as Pariles, Non&po~, and Leptasfzea  Maragos 1974!,

This method is also disadvantageous in areas where the bottom topography is

irregular or where corals are found growing on the dead basal parts of other
colonies. In these cases, corals may be hidden fram the view of the camera

and estimates of coral cover will not be totally accurate.
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Results

The percent of coral and. noncoral bottom cover at each of the 35 tran-
sects is shown in Table 8 and as mean percent cover in Table 9. Table 10

shows percent coral cover and percent total bottca cover for each species
and noncoral bottoa type for all transects. Thirteen coral species were
encountered, but the 2 most alxmiant species, Puttee oornpreeea and P.
&beta, comprise 95.73% of all coral cover and 81.7% of total bottom cover.
Porftaa dominance is typical of many reef areas in Hawaii. Pomme coaprises
approximately 80% of coral cover in reef coamunities off South Kona, Hawaii
at depths ranging from 3 to 35 m  Dollar 1975!; P. acrnpreeen comprises an
average of 90't of coral cover in Kane'ohe Bay, Oahu  Margos 1972!.

Figures 17 and 18 show plots of the percent bottom cover of the four
most abundant coral species, P. cmqrressa, P. Lohzta, Poli LZopom mande'~,
and h&e&pm'a spp. versus the depth on each transect. Trends in vertical
zonation of corals are apparent in these graphs.

For large collections, from which random samples can be drawn and the
number of species can be found, the Shannon-Wiener index �948! can be used
to estimate species diversity. Diversity is equated with the amount of un-
certainty that exists regarding the species of an individual  colony!
selected from a population. The Shannon-Wiener index is sensitive to both
the number of species  species richness! and to the degree of equal appor-
tionment of the individuals among the species  equitability!. The formula

sfar this index is O' = .E p- ln p where p is the proportion of cover for
C i~] 1

the ith species in the population and s is the number of species. Figure 19
shows plots of the Shannon-Wiener diversity index versus the depth of each
transect, computed in terms of both coral cover and total bottom cover.

Puako Bay

At Puako patterns of coral abundance are strikingly different from those
at 'Anaeho'omalu and Kiholo. The shallowest transects �-m! at both north
and south Puako are covered almost entirely with thickets of Pori5ee aom-
pz'eeea  99. 38% at north, 98.87% at south; Pig, 17!. these dense stands of
P. oomp~eea appear to be growing on, and forming, a structural reef platform.
Fissures in this reef platform that open on sand patches show that this reef
is 2 to 3 m thick. Although this is not a typical situation on Hawaiian
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TABLE 10. PERCENT TOTAL BOTTON COVER AND PERCENT OF LIVING
CORAL COVER FOR 35 TRANSECTS

'4 L<v>h9
Coral Cover

Species/
Bottom Cover

5 Total
Bottom Cover

reefs, P. compreesa is also found dominating bottom cover in very shallow,

nearshore areas at 'Ahihi Bay, Maui and at Kealakekua Bay, Hawai'i. As in

the innermost areas of Puako Bay, these areas appear to be well protected

from open ocean wave energy.

Several species of small encrusting corals, Honfzpora pa&2a, Ã. vermu-

oosa, and Pontes 2obaM are occasionally found in this zone, growing on

dead portions of the P. eompresga branches. Poei22opora meand~na, the cor-

al that is usually the most abundant species in near-shore Hawaiian habitats,

comprises only 0.18% and O.ll't, respectively, of the bottom cover on the

north and sooth 3-m transects. Diversity is lower on these transects than

on any other in this survey.

8eterocen&otu8 marrnr~22aMe is the most abundant sea urchin in the

shallow zone. Momerous Eohinanetz a mathaez are found within the P.

presea framework and Tripneustes grati22a and Diadems pauoispzmen occur oc-

casionally on the reef surface.

The P. canpre8sa platform extends approximately 10 to 15 m seaward to

a depth of 3 to 4 m at which point bottom topography begins to grade into a

flat basaltic pavement covered with a limestone veneer of both living and

dead corals. P. oompressa abundance is greatly reduced on the 6-m transects

compared to both shallower and deeper areas  Fig. 17!.

Porztee compressa
P. Lobata

P.  +naraea! coeval
Pooi 22opora meara&ina
P. damioo~is
Hon&pora ve~ooea

patu 2a
Pavo' variane
P. exp hvuc2ata
Lep~Mea purpwrea
Cyphastrea ooe2H~<w
Pa2ytltoa spp.
Pumgia eeu~ia
Basal t

Limestone

Sand

49 75
32.02

0. 001

l. 37
0. 002

0. 94
O. 67
0. 07
0. 56
0. 003
0. 001
0. 02

0. 04
2,06

1 I . 98
0. 47

58, 20
37- 53

0. 002

1 . 64
0. 003
1. IO

O. 8O
O. 08
0.65
0. OO4
0. OOI

0. 03
0. 05
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Parietes lobata is the dominant coral and covers from 50 to 70% of the bottom

in large, massive colonies. The other species that are found in this zone
include the braching coral, P. meamfrina, and the flat encrusting species of

hfantzpo~, Leptastrea, and Pauona. Species cover diversity is higher on the
6-m transect than at any other at Puako. The topographical structure of the

bottom and the species composition indicate that this area is absorbing most

of the wave energy to which the bay is subject. Sea urchin populations in

this zone are greatly reduced compared to shallower transects and consist

mainly of ~pates gmtilht on the reef surface and Echinometra mathaei
occupying indentations in the limestone and basaltic substratum.

The reef shelf zone extends to a depth of approximately 8 m and to a

distance of approximately 40 to 50 m from shore. Seaward of this area the

bottom topography and community structure are quite different in the north

and south regions of Puako.

At depths of from 8 to 15 m in the northern half of the bay, bottom

structure is characterized by a series of coral-covered ridges that run per-

pendicular to shore and are separated by broad channels of fine white sand.
These ridges may be up to 50 m long and are generally 10 to 15 m wide.

Transects at 9, 12, and 15 m were made in this ridge and channel area. When

viewed in cross section, they are dome shaped. with a height of up to 5 m and

appear to be formed from accumulated coral skeletal growth. Pomtee oom-

preasa covers the tops and upper flanks of these ridges; overlapping plate-
like colonies of P. lobar, P.  spnamea! conveza, and Montipo~ occupy the

vertical lower ridge walls. P. canpreaaa branches are noticeably longer and
thinner in this region compared to the shorter, thicker branches found on

the shallow nearshore platform, ~pnewetes gratiK7a and Eehznet~ spp.
are the predominant echinoids found on the coral ridges, but overall urchin
abundance is reduced compared to the shallower areas.

At depths of approximately 16 m and 200 to 300 m from shore, the ridge
and, channel zone grade into a flat, gently sloping shelf that is largely

covered with Poritea spp. It can be seen in Figure 14 that the distribution

of P. ccrnpressa  S2.56%! and P. Kabala �9.60%! is more equitable at the
18-m transect than at any other transect, resulting in a relatively high

level of diversity. Numerous colonies of bfontipara are also found in this

region, often growing up the shafts of living P. comp>essa branches. Colo-

nies of the small, deep water corals, Leptastrea and Coeciruzmaa occur on
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scattered rubble chunks. Beyond a depth of approximately 25 m, corals and
solid bottom become increasirgly rare.

The bottom topography at south Puako differs from the north in that the

ridge channel zone does not occur. Instead, the near-shore basaltic shelf

slopes gradually to a depth of 9 m, at which point the slope angle increases
sharply to approximately 30'. Coral cover on the shelf break  9-m transect!
is almost entirely P. oanpreeea thickets  97.4'%!, similar to the thickets

found on the tops of the ridges. Downsiope P. ccmpreasa dominance declines,
possibly as a result of suboptimal light conditions. P. Zobata and Ãcmti-

poz a abundances increase down the slope causing diversity values to steadily
increase with depth. At a depth of approximately 20 m, the coral-covered

slope merges with a flat sandy bottom that is barren of all coral cover. As

in the deep transects at north Puako, the urchin populations consist mainly
of W~pneuetee gra8iEhz and Eohinanetra nrathae~.

'Anaeho'omalu Bay

At 'Anaeho'omalu white sand covers the bay floor for a distance of 30

to 50 m offshore and to depths of 3 to 4 m. Isolated large colonies of

Pa~tee Eobata occur scattered across the sandy expanse and occasionally the

tops of these coral heads grow to within 0.30 m of the sea surface.

At approximately 20 m offshore and at depths of 3 to S m, white sand

occurs only in isolated pockets and bottom topography consists of a flat

basaltic shelf that is largely covered with a limestone veneer. It can be

seen in Figures 14 and I5 that the coral assemblages of 'Anaeho'omalu and

Hholo bays differ most from Puako in this shallow 3-m region. While P.

aompsessa dominates bottom cover up to the shoreline at Puako, this species

occurs very rarely at both the north and south 3-m transects at 'Anaeho'omalu.

Poc~52opora rnearrdrina colonies are more abundant in this area than on any

other transect in this study, composing 6.6% of bottom cover in the north

and 8.02% in the south. Encrusting colonies of P. EobaM are the most abun-

dant coral in this area, and hkmtipora spp., ~taeMea pusgut'ea, Prana

and Cyphaatreae oceETina are also found. Several large patches of

Paula ~kmu4zta were encountered on the 3- and 6-m transects in the south-

ern sector of 'Anaeho'omalu Bay. This coral seems to be limited to shallow,

high wave stress areas on the Kona coast.
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Urchin populations in this area consist mainly of Echirumetru nazthaei
which occur in the crevices on the shelf. Heter'ocentrotue mme.IKatue, Trip-

~tee ga'atilt, and Fchinoihrix spp. are also found occasionally in this
region.

Moving seaward across this gently sloping shelf coral cover increases,

due to primarily to an increase in P. cornpresaa cover, which peaks at 55.2%
and 70.7't of the bottom cover at the 9-m transects at north and south 'Anae-

ho'omalu. P. mean&ina abundance drops sharply with increasing depth, ap-

parently due to this species' inability to successfully compete for availa-

ble substratum with the faster growing Port'|;ea spp. in areas of low wave

stress.

It can be seen in Figure 14 that as the level of P. ccepreeea domina-

tion increases, diversity correspondingly decreases. MonHpom spp. abun-

dance also decreases and colonies appear more often on the living Paries

colonies rather than on the noncoral substrata as they are at shallower

depths. Occasional patches of white sand as well as lava boulders and fis-
sures occur on the reef shelf. At a depth of approximately 10 m, the shelf

angle increases sharply in the same manner as at south Puako. It can be

seen in Figure 14 that while P. compz'ee8a cover drops with, increasing depth
on the deep slope at south 'Anaeho'omalu, the peak P. camps'essa cover at

north 'Anaeho'omalu occurs at the deepest  IS-m! transect. Since no corals

occurred below 15 m at this site, it may be that the bottom is too unconsol-

idated to allow settlement of any corals other than P. eompresaa. It may be

that an adaptive advantage of the P. ~esca lattice structure enables

these colonies to increase their range by spreading horizontally over the

sandy bottom. With time and consolidation of the substratum due to the ac-

cumulation of P. canpreeaa fragments, other corals may be able to settle and
compete against P. ccepresea for space. Very few living coral fraynents oc-
curred on the sandy slope, indicating that storm activity may not be an im-

portant factor in expanding the range and depth limits of corals.

Urchin populations in this area are hach the same as described for the

deep transects at puako Bay.

Ksholo Bay

At 6ho1o Bay the nearshore shallow shelf area consists of patches of

black sand over a flat, basaltic shelf. Water turbulence appears to be high-
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er and water clarity lower at KIholo relative to the other two sites. While

large and apparently very old colonies of P. Elba& occurred in the sandy

shallows at 'Anaeho'omalu, very few corals occurred on the solid bottom at

Kiholo at depths of from 3 to 4 m and at a distance of 30 to 40 m from shore.

The corals that do occur are P, meander'ma, P, duezoornie, P. >hxM, and

Montipa~ spp. These colonies, usually very small in size and often found

in fissures in the lava shelf, are as numerous as are the sea urchin, Echi-

ncmeCra mathaei.

At depths of 3 to 4 m, coral assemblages resemble those described at

'Anaeho'omalu Bay, the main difference being that the colonies are smaller

and more bare basalt is present. As at 'Anaeho'omalu, Prana gzpkpggjata is

abundant in the shallow 3-m transect at both north �.23% of bottom cover!

and south �,0% bottom cover! Kiholo,

Pontes camp+esca cover increases seaward, except at the 12-m transects

which show a drop in P. canpre88a cover. This drop may be due to the pres-

ence of numerous lava caves, arches, and boulders that provide irregular

surfaces that may be better locations for settlement and growth of encrust-

ing species rather than the branching P, canpreasa. On the reef slope where

bottom structure is flat and not as consolidated, P. oanpresaa abundance

parks on the 15-m transect. Bare ?imestone on the deepest transects is con-

siderably higher at the south end of Kzholo �0.02't bottom cover! than at

the northern end  8.77%!, indicating that wave stress and the resulting cor-

al damage may be greater at the southern end of Kiholo Bay,

Discussion ark Conc1usions

Hawaiian reefs may represent physically controlled communities in
which species tend ta be generalists with broad niches tolerant to
relatively large ranges of physical factors, but tend also to be
relatively poor competitors unable to resist resource monopoliza-
tion.  Grigg and Maragos 1974!

Because Porzte8 canpveesa and P. Wbata comprise almost 82% of bottae cover

and 96't of coral cover, these two species appear to be the best coral com-

petitors an Hawaiian reefs and their relative distributions should be impar-
tant in drawing conclusions on environmental effects and community structure.

The significantly negative correlations between P. compr essa cover and

diversity  Table ll! and between P. cmpresaa and other species' cover  Ta-
ble 12! indicate that P. ~anpreasa tends to dominate bottom cover in areas
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where it occurs. The high values of r indicate that it is not necessary to
look much beyond the percentage of P. compreaea cover to predict the diver-
sity of any reef area. P. ~raaea occurs as branching colonies that form
connected platforms or thickets that may stretch for hundreds of square meters.
Because branching corals effectively occupy space more quickly than massive types,
they have a distinct advantage in environments favorable to their growth
 Haragos 1972!. Because of this rapid growth rate, P. ccrrpresaa successful-
ly interferes with other corals by growing over them, depriving these corals
of necessary water circulation and light, Because the branching thickets
also spread rapidl.y in a horizontal direction, they may preempt other carals
from settling by covering available substrata. The thin branching structure,
however, causes P. compz'essa thickets to be very susceptible to breakage by
strong water movement. These two characteristics of P. eanpmaea, campeti-
tive superiority and a fragile skeletal structure, appear to be very impor-
tant in explaining the patterns of coral growth in the three bays in this
study and on Hawaiian reefs in general,

Because energy from wave stress appears to be on an increasing gradient
from north to south on the Kona Coast, P. compree8a may be expected to be-
coze increasingly more abundant at the more northern sites. Plots in Figure
l4 and the mean. coral cover values in Table 15 support this assumption: the
highest peak and mean of P. aanp~esaa cover is at Puako, the least at Kiholo
Bay. Dominance should decrease with greater wave stress and species cover
diversity should increase south. It can be seen in Figure 16 that, indeed,
that is the case, with diversity higher in the southern areas, It is also
apparent that there is a greater gap between total bottom cover diversity
and coral. cover diversity with increasingly southern location. The widening
gap bet~can the diversity curves may verify the increase in wave stress mov-
ing south because it would be expected that greater wave action would be re-
sponsible for greater amounts of noncoral bottom cover.

With increasing wave stress at more southerly sites, it may also be ex-
pected to find greater proportions of P. cornp2'eeaa in the northern sectors of
the study bays relative to the southern sectors. However, this trend is not
apparent from coral abundance data. This may be due to the variations in
physical structure of the three areas. ln order to quantify the differences
within the bays, it will be necessary to correlate the physical parameters
of each individual bay with the coral assemblages,
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TABLE 11. CORRELATION COEFFICIENTS BETWEEN PERCENT
CORAL COVER AND SPECIES-COVER DIVERSITY

Poratee Porztea Poczl lcpora hkmWporo hfonH,porn
~eea lobata meand~na verruooea tria

NOTE: H'c is the species diversity; r is the percentage of variance of
diversity to Its linear regression on 0 coral cover.

TABLE 12. CORRELATION HATRIX FOR PERCENT COVER OF FIVE

HOST ABUNDANT CORAL SPECIES ON ALL TRANSECTS

Po~ tee Puttee Pom opm'a AbnMpom PkmWpoz'a
meea lobata meandvina ve~ooea tulsa

-0. 701
0, 368

-O. 856* -0. 499*
0 456*

-0.171
0. 269-0.856*

-0.702* 0.367 0.502*"0.287

-0,287
0.502*

0.296
0.456*

-0. 171
-0-499*

0. 051
0. 051

*S i gn i f I can t cor re I a t 1 on a t the 0, 01 level,

TABLE 13. HEAN PERCENT COVER FOR Poritee ocmpreeea,
P. lobata, Poei Zion a meancMna, BASALT,
AND LIHESTONE FOR ALL TRANSECTS AT EACH SITE

Pomme P~llopora
Basalt LImestone

Lobata meandvimz
- Hean 4!-

PoH.t8e
oanpmeeaS 1 te

H ' c  cora I cover!
r �!

H'c  total cover!
r'  t!

Poritee oompreeea
P. lobata

Poli l Lopom
mecvuMna

Nontipom
v~oea

H. pat@la

IIo. Pua ko

So. Puako
No. 'Anaeho'oealu
So. 'Anaeho'omalu

No. KT ho I o
So. KTholo

0 794*
63.04

-0.916*
83.90

75-45
76. 43
40-39
36. 88
32.63
35 50

0. 765*
58. 52

0. 813*
66. Og

19. 28
18. 83
38. 17
35. 75
45.00
34. 50

0. 360
12. 96

0 556*
30. 91

0,38
O. 18
2.04
2.23
I ~ 33
2.09

0,442"
19.53

0.314
9-85

0.00

0. 00

3.17
1,70
I. 44
5. 61

0.350

12.25

0.438"
19.18

2.11

2.14
i0.66
19.01
16.00
22. 27
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The relationship between P. compt'casa cover and degree of wave stress is
apparent when each site is examined separately. It can be seen that at puako,
P. ccmpz essa dominates all bottom cover except at the 6-m transect, While
Puako appears to sustain relatively low levels of wave stress, most of this
energy seems to be absorbed at the 6-m depth and not at the shoreline regions
as is the case at 'Anaeho'omalu and !Gholo bays. Since the outer reef shelf
acts as a wave absorber, conditions in the 3-m nearshore area at Puako are
both optimal and. predictable with respect to wave and light conditions. In
this situation P. oornpr essa is able to effectively exclude other corals from
settling and growing in much the same manner that it dominates protected
shallow lagoon slopes in Kane'ohe Bay.

At the 6-m transect at Puako, breaking waves and scour cause unpredict-
able and suboptimal conditions which seem to prevent resource domination and
results in the coexistence of a variety of other corals. It can be seen in
Figure 14 that P, Zobata is the most abundant of these corals. This species
is found occupying a variety of habitats in Hawai'i from very shallow areas
to depths of up to 50 m, and is able to successfully populate almost any
area by modifying its growth form in response to the physical conditions of
the particular environment. Sy being such a generalist, P. Wbata can fill
any niche that P. compz'essa leaves vacant. It can be seen in Table 6 that
there is a positive and significant correlation between P. Lobata cover and
diversity, and that diversity is highly predictable with respect to P. Zaba-
ta cover.

Wave and possibly storm activity at shallow depths and reduced sunlight
at deeper areas may prevent P. acepreesa dominance in the zones where P.
hrbata is the most abundant species. However, diversity is also relatively
high in these areas. P. Lohrta does not dominate bottom cover to the point
of complete exclusion of other forms, as does P. compz'essa. This may be for
several reasons. The rigorous wave conditions in shallow areas, such as the
3-m transects at 'Anaeho'omalu and Kiholo and the 6-m transect at Puako, may

constantly disrupt commmity succession and create new bare substrata that a
variety of encrusting corals can. settle with a minijmjm of competition for
space. In these shallow zones there is usually an abundance of massive dead
P &bala skeletons that are probably the result of intense scour from storm

waves. Sma?1 colonies are often found settling on these bare surfaces so

that P. Loba~a may create a complex of new settling environments as well as
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adding ta the structural deposition of the reef. The positive correlation
between both P. Eababz and diversity, and, P. Kabakx and P. meamMntz, K
verrwoosa, and H. patella  Table 7!, also indicate that more corals coexist

more equitably in the regions where P. Lo&& is the dominant species.
At intermediate depths of 9 to 15 m, the environment may be both stable

with respect to wave action and optimal with respect to light. At north
Puako the' ridge channel system falls inta this depth range as does the lower
reef shelf and upper reef flat at all other sites. Poritea acntpresaa domi-
nates coral growth an the ridges except an the lower vertical ridge walls

where overlapping colonies of P, Kohzfa and P.  Synmxea! convenz are better
adapted to settle and grow. At south Puako, where the bottom is a steep
slope, it can be seen that P. cong@'aesop cover peaks at the 9-m transect and

gradually decreases with depth. It may be that as depth increases, decreas-
ing light energy may reduce P, oampr casa growth rates to the paint where
this species can na longer totally,outcampete the plate-like growth forms
which expose the maximum amount of coral surface area to incident radiation.

Thus, P. Labata and several specialized forms may coexist with P. cmqn eeaa
on sloping bottoms, causing diversity to be higher than at intermediate

depths in flat areas, This may also be the case at the 18-m transect at

north Puako, which occurred on a sloping bottom rather than on the ridge and
channel area.

Haragas �972! suggests that MonHporg establishes itself as a major
reef companent after cameaunities have been 'settled by Pc+i &aport and Pori-
tea. If this is the case, it would be expected that there would be more

h&ntipora at puako than at either 'Anaeho'aaalu or Kihala since Puako ap-
pears to be a more stable area and may be at later stages of calmunity suc-

cession. Qualitative observations indicate that more Nonfipo~ did occur

at Puako even thaugh transect data does not substantiate this. Much of the

Montipora at Puako occurs on the nonliving parts of the P. eampreeaa lattice
and is, therefore, not easily visible in the transect photographs. It can
be seen in Table 12 that 8, vavrucaea does nat correlate significantly with
any other coral indicating that campetitive interference may not have a can-
trolling effect on K verrwaosa abundance. bkmWpara pa&la correlates pos-
itively and significantly with P. hrba0a and P. maznd~mz and negatively
with P- compt'esca, indicating that this species is found in areas where P.
oampr casa does not occur. Observations show that Al'. patuLa occurs mostly on



the near shore reef flat, where P. empreaaa is restricted because of rig-

orous wave action.

Pari lKopa~a is a major coral on the shallow reef flats at 'Anaeho'omalu
and Kiholo. It appears that P. mnmi~~na can successfully settle and grow
in areas where strong water movement prevents attachment, or causes mortal-

ity of other species. It has been suggested that P. rrre~na is a fugitive
species that is the first to settle new substrata and, unless it is in areas
too harsh for other species to populate, it appears to be gradually elimi-
nated from the community by competitive interactions with other corals. The
significantly negative correlation between P. meandrina and. P. empr eaaa in-
dicates that P, maaru&ina occurs predominantly in areas where P. carrpreeaa

cannot dominate. The low levels of P. meandrina at Puako substantiate the

hypothesis that this area is subjected to less stress and that conditions
have not been disturbed for a relativeEy long time. The low levels of P.

rrtecmdrina indicate that Puako may be at a later stage of succession than the
other two bays and P. aornpvesaa has had time to successfully eliminate this
species by successful competitive interactions.
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MOLLUSCAN ASSEMSLAGES

Introducti on

Mollusks are ubiquitous inhabitants of marine environments throughout
the Hawaiian Islands, found fry the vegetation line marking the upper limit
of the littoral fringe to depths of «ore than l,080 m �00 fath<ms!. En this
report, «olluscan assemblages of the intertidal zone and subtidal reaches of
bays to depths of 18 m �0 ft! are described. Two types of assemblages are
distinguished: those characterized as macr~llusks, that is, mollusks with
shells greater than 10 mm �/8+ in.! in greatest dimension, and those ter«ed
microeollusks, mollusks with shells less than 10 mm in greatest dimension
 Kay 1973!. Macromollusks are the dominant coaponents of the intertidal
zone, micromollusks of subtidal reaches. Because aicromollusks represent a
variety of trophic and spatial habits, their assemblages are assumed to re-
flect the structure of the communities of which they are a part. The shells
of micromollusks are assmed to be deposited in situ. This latter assumption
is based on observations throught the islands which indicate that distinctive
assemblages are associated with different depth regimes and different envi-
ronments  Kay, 1973!.

Methods

Samples for the analysis of benthic molluscan assemblages were obtained.
by a variety of methods between August 1973 and March 1976. Stations, meth-
ods of collection, and dates of collection are listed in Table 14, and the
sampling stations used, in the quantitative analysis are shown in Figures 20,
23, 24, and 25.

The stations at Puako, 'Anaeho'omalu, and IGholo bays include three
depth groups: shoreline stations encompassing tidepools and inshore waters
at depths of less than 1 m; mid-bay stations located on transects across the
mid-sections of each bay at depths of 3 to 15 m; and outer bay stations lo-
cated on transects running across the «ouths of bays at depths of 6.5 to
20 m. Sampliag at Iaiulua Bay was at depths of less than 1 m.

Observations on the macromollusks, those species more than l0 mm in
greatest dimension, are qualitative, and the macro~llusks observed are

E, Alison Kay, Project Associate Investigator.
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TABLE 14. STATlOH NUMBERS, DEPTHS, DATES, AND HETHODS OF COLLECTIOH

Collection
Station
Numbers

Depth
 m!

Date He thod

Puako:
01C-04
Inl -In38
ShA-C

SB, SC, H2
Waiulua Bay:

lnl -3
1-3

'Anaeho'cmalu:
01-04
Inl-ln3
ShA-8

TP

KThofo:
01-05
Inl -3
10. 2-10. 20

12-15
3-6

1

Shore 1 inc

Har. 1975
Har. 1975
0ct. 1974
Her. 1976

SCUBA
SCUBA

Snorkelling
Shoreline

Shoreline

5 horel i ne

Snorkel 1 1 ng
Snorkell 1 ng

Her, 1975
Her�. 1975

7-18
5-7

Shoreline

Shoreline

Har. 1975
Her. 1975
0«. 1974
Mar. 1976

SCUBA

SCUBA

Snorkelling
Shoreline

6-9
2-5

0. 3-'1

Oc t. 1975
Oct. 1975
Aug. 1973

SCUBA

SCUBA

Snorkelling/
SCUBA

ShorelineShoreline Aug. 197312.20-12,25

dried in the laboratory, Micromollusks were picked from the sediments under

a binocular dissecting microscope from volumes af 10 to 25 cm . Standing

crops vere determined by dividing the number of shells in each sample by sed-

iment voleaes. Species diversity was calculated from the Shannon-Wiener di-

versity function, H' -Epilog2pi  Pielou 1969!. Species composition repre-

sents relative abundance values determined by calculating the percentage com-

position of each assemblage.

Similarity indices were computed for all sample pairs using a modified

Sorenson similarity index  Maragos 1976!. The resulting similarity matrix

is reduced to dendrographs  Figs. 21, 25, 26, 27, 2S!, where similarity

within groups or clusters is represented as distance along the vertical

scale and distance between any two adjacent samples on the horizontal axis

is proportional to their dissimilarity.

merely reported.

Micromollusks, those species less than 10 Im in greatest dimension, were

obtained quantitatively from sediment samples retrieved at each of the inter-

tidal and subtidal stations. Sediments vere washed in fresh water and air-
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FIGURE 21. OEHDROGRAPH SHOWING INDICES OF AFFIHITY 8ETVEEH STATIQHS

AT PUAKO BAY
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FIGURE 23. STATIONS IN WAIULUA BAY, KOMA COAST
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Puako Bay

HAI:ROMOLLUSCAN ASSEHBLAGES. The supratidal shoreline at Puako is com-
prised of basalt benches which form the northern and southern termini of the
bay, and of boulders, rubble, and kiawe trees  Prcaopis pa226h! on the ter-
rigenous beach of the central section. On rocky substrates, the highest lev-
el of tidal action. is marked by a sparse growth of the crisp red alga,

Ahrtfe2tia; below the Anhfeltza the substrate is encrusted by a thin cover of
the coralline alga, Poz'02ithcm.

Three species of littorine and one species of nerite occur in the supra-
tidal. The littorine, lrittorina ecabza, is found only on, the lowest branches

of the kiawe which overhang the waters of the bay. Two other littorines,

Mtto~na pin~ and Nodi2it&&na piazza, and the nerite, lfemta pI,'cea, oc-
cur on basalt substrates, No living macromollusks were found on the terri-

genous beach, The macromo?lusks associated with the intertidal are the gas-
tropods, Hipponm gz'aycmua, hforu2a gmnuKata, and Pfitre 2ittez ata, and the
bivalve, Zsogmrrrom peseta. An assemblage of brackish-water associated mol-
lusks was found only in one tidepool on the south bench. The dominant
brackish-water species in the pool were the macromollusks, Theodore neg2ec-
tua and Mekmia sp., and the micromollusk, Eatonie2la sp.  see bel'ow!. The
marine gastropods, Bippcmia; graycpma and AbvuZa gmnuiaM were also present.

Hl CROHQLLUSCAN ASSEMBLAGES. The micromolluscan assemblages are grouped
into two major clusters of stations in the similarity matrix  Fig. 21!, one
series of stations comprising the intertidal and inshore stations, the other
composed of the mid- and outer-bay stations {Figs. 20, 21!. Standing crop,
species diversity, and species composition are recorded in Table 15, and the
distribution of dominant species among stations in Figure 22.

The inshore substrates of the bay at depths of less than a meter consist
of silty, calcareous sediments studded with occasional heads of the coral
Paeillopce a meardrimz and stands of frondose algae, such as PaChna. The dom-
inant micromollusks are three species of Cerithiidae, Bzttium pmcurn, B.
sebum, and 8. impendent; the rissoids Biseoimz miktoaona and JHerg2irm pzsirt-
na; and. the archaeogastropod Eeptothym rubrsei.nba. The micromollusks are
predominantly epifaunal. Standing crop averages 19.8 shells/cm, and the
species diversity index H' averages 4.2. The micromolluscan assemblages
characterizing the inshore stations are distinguished freya those of the mid-
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and outer-bay stations by the high porportion of Bittium parcae and B. zebra
proportional to B. &rperdens  z = 21,4% vs. 14.6%!, and the relatively higher
proportions of Leptothym rubz ~nota and, lesser proportions of the Dialidae
than are found in the offshore stations  Table 16!.

TABLE 16. SUPRATIDAL AND INTERTIDAL HOLLUSKS
RECORDED IN THE 1971 TRAkSECTS

Transect

2Species

102

SOURCE: l4ey, Guinther, and HIller �971!.

Beginning at a distance of about 20 m from the shoreline and extending
to the outer reaches of the bay at depths of more than 30 m, the substrate
is covered with coral infiltrated with pockets of calcareous sand  see Coral
Coeanities!. Sediment sizes vary from fine sand to coarse fragments of
Halimeda and coral, but there is a high degree of faunal similarity among
the offshore stations, indicated by their inclusion in group A in the dendro-
graph  Fig. 21!. The daainant micromollusks are the cerithid Bitt~ irnpen-
dens, the rissoids Rissoina eiKtoaoraz and it'&riaithna marmore5x, and the
dialids Ce+.thiditpn perp~mLam and DiaLx varuz  Table 16!. As in the in-
shore section of the bay, the micromollusks are predominantly epifaunal.
Standing crop averages 39,6 shells/cm , twice that of the inshore stations,
and the species diversity index, H', averages 4.2.

Two stations lie between the two major groups in the similarity matrix,
the tidepool station  SBl, Table 15! with the brackish-water associated gas-
tropod Sztonielia sp., and the station located in a small cove adjacent to
the pier  SC, Table 15!, At this latter station, the sediments contain a
peculiar association of infaunal mollusks, the gastropod Qxecwm and the small
bivalve Aniaodont~.

WaiuEua Bay

HACROHQLLUSCAN ASSEMBLAGES. This is the smallest of the four bays sur-
veyed and consists of little more than an indentation in a prehistoric lava

Theackxeus neglects
Seri& plea
Peaszel2a ted&.LLa
hittorirux pintado
Pe~ta polita
PLaraxri,s sp.

886
90 165
29
25 70

5
46
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flow which meets the sea. The bay is fringed entirely by basalt, with low,

vertical benches at the northern and southern termini, a basaltic flat form-

ing the central section, and a rubble bar dividing the inner section of the

bay from the outer section. There is abundant evidence of groundwater in-

trusions throughout the bay, with noticeable freshets gushing from crevices

along the shoreline.

A survey of the macrofauna in 1971  Key, Guinther, and Miller 1971! des-

cribes the distribution and density of macromollusks on three transects  Fig.

22!, The dominant species are supratidal and intertidal forms, Lt.ttorimz,

Ne~ta, and Theodccua. These species and their densities on each of the

transects are shown in Table 16. Two bivalves were reported at densities of

less than 250/m , Zaognomon aa2t'.fount-rum, associated with fresh water, and

its congener, 2. perrm, which is less tolerant of fresh water. The position

of these two species on the rocks to which they are attached, one above the

other, indicates that conditions of vertical stratification with respect to

salinity are probably permanent  Key, Guinther, and Miller 1971!.

H CROHOLLUSCAH ASSEMBLAGES. The substrate in lfaiulua Bay is composed

of pebble and black sand in the inner and outer sections, and occasional

heads of the coral Pooillapom maae&iraz stud the floor of the outer section.

A freshwater lens several centimeters in thickness lies across the inner sec-

tion of the bay and extends into the outer section beyond the rubble bar.

Standing crop, species diversity, and species composition of the micro-
molluscan assemblages are shown in Table 17. Of the 1,203 mollusks counted
in the sediment samples, 67% were associated with fresh water. The dominant

mollusks of the inner bay are 2%eodwma neg2ectus, which comprise about 46%
of the mollusks in the sediments, and SztanielLa sp., found in two of the

three samples in the inner bay and comprising respectively 12'0 and 31'4 of
the samples. The outer bay sediments are dominated by the cerithids Bit@~
zeb~  X = 695! and the rissoids Fhas~mz ambigua and R. mi2toaona. Ea~-
el' sp. comprised 83't of one of the outer bay samples. Standing crops av-
eraged 24.4 shells/cm in the inner bay and 15.7 shells/cm in the outer bay.
The species diversity index, H', averaged 4,1 in the inner bay and 3.0 in the

the outer bay.

'Anaeho'omalu Bay

MACROMOLLUSCAH ASSEMBLAGES. The shoreline at 'Anaeho'omalu, like that
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TABLE 17. STANDING CROP, SPECIES DIVERSITY, AND SPECIES COHPO-
SITION OF HICROHOLLUSKS, IJAIULUA BAY

129 220
12.9 22.0
3-7 1.3

346 210 177
34.6 21.0 17.7

2.4 1.1 2.1

121
12. I

No. /sanp I e
No. /cm'
H'

4 Species Composition

+

15
2

ll
+ + +

13

+ +
12

31

45

12 30 3
+

26

11

+

10

12 83

60

at Puak5, is composed of several distinctive topographic features. The
northern and southern boundaries of the bay are defined by sea-level benches
interspersed with tidepools which are open to the ocean. The basalt boun-
daries of the tidepools of the northern terminus are thickly encrusted with
the coralline alga, PoroH4hcm. The basaltic bench with its associated tide-
pools which define this section of the shoreline slopes inland, terminates
at the mab&a  sluice gate! through which Ku'uali'i Fishpond eepties into
the bay. The bench is intertidal, covered with a dense mat of the bivalves,
iso~omon caHf'arnica and B}achidonhm crebmstna&s, both of which are
tolerant of fresh water. Beyond the makaha a sandy, arcuate beach is the
central feature of the bay. No living mollusks were seen on the beach, but
the ghost crab, ~pode, burrows in the upper portion of the beach, To the
south the bay is fringed with basaltic boulders and bench. There is a sparse
population of Isogmrnon orzLigomicum and Theodceus eeg7.sc~ in crevices of
the bench and between the boulders.

NIICRONOLLUSCAN ASSEMBLAGES. As at Puako, the stations saepled for mi-
craaollusks at 'Anaeho'omalu cluster in two groups in the similarity analysis

Archeegas tropods
~coSia var~abi Hs
ZapMIhym rubrici nota

Ri sso 1 dec
Rissoina ambigua
R. mil8oaona
Merelina pis~rma
Vitmmthna mcumora0a

Cerithlidae
Biftium impsrdens
B. pcucum
B. aeb~

Eatoni el 1 idae
EafonieKLa sp.

Heritidae
Thmdazus neg Lac~

Stat on

lnl ln2 ln3 01 02 03

2 4
29

7

12 7

33

15
17
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 Figs. 24 and 25!, a shoreline and inshore series of stations which also in-

cludes one station on the inner bay transect, and an offshore series of sta-

tions. Standing crop, species diversity, and species composition are shown

in Table 18.

The inshore section of the bay consists of a broad, sandy flat which is

succeeded some 30 m from the shore, at depths of 3 to 4 m, by a zone of iso-

lated colonies of the coral, Po~tes Lobata. Beyond the zone of P. &ba5x,

coral cover increases and is dominated by P. campreeea  see Coral Comauni-

ties!. Sediments of the bay floor are primarily calcareous.

The inshore stations  including the tidepools! are characterized by high

proportions of Bittiunr par~ and B. sebrum, and relatively high proportions

of the rissoid, Rissoiraz ambigua, and pyramidellids  Fig. 25, Table 19!.

Standing crop averages 7.1 shells/cm and the species diversity index, H',

averages 3.8-

The outer bay stations are clearly distinguished from those of the shore-

line stations by high proportions of Bittiua &tpandms, Rise'oink mi&osona,

Vitmeithna rmrmorata, and TriooHa uariaNNe. Standing crop is higher than

in t he shore1ine sections of the bay  Z = 41.8 shells/cm !, and the species

diversity index, H', also averages higher �.2!.

Ksholo Bay

MACROMOLi.USCAH ASSEMBLAGES. The shoreline at Kiholo, like that at Wai-

u1ua Bay, is formed by a continuous fringe of basalt. The northern terminus

is steep, more than 3 m above sea level and there is a short, vertical in-

tertidal zone. The mid-section of the bay consists of pebble beach and

benches of smooth p5hoehoe. The southern terminus is formed by a low, flat

pahoehoe bench with a broad, horizontal intertidal zone, A prominent feature

of the shoreline is WainanaEi'i Pond, which intrudes into the bay on the

northeast between the northern terminus of the bay and the central pebble

beach. The pond is separated from the bay proper by a rubble shoal.
The dominant supratidal mollusks are the littorine, liitto~na gvinhzdo,

the nerite, Jemima ~oaa, and, on the horizontal bench, the pulmonate limpet,

8~phonazwa rxreJaLie. The dominant mollusks of the intertidal and shallow sub-

tidal waters are the gastropods, Hipponix grapanus and Perzeie~kz ohLoroa-

tama, and the bivalve, Isagncm~ penna.
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Hl CROMOLLUSCAH ASSEHBLAGES. Two assemblages of micromollusks are iden-
tified at Kzholo in the similarity analysis  Figs. 26, 27!, one associated
with a predominantly offshore cluster of stations  Group A, Fig. 27!, the
other characterizing predominantly inshore and shoreline stations  Group B,
Fig. 27!. Standing crop, species diversity, and species composition are
shown in Table 19.

The inshore area at Kiholo is comprised largely of sediments of black
sand studded with rubble at distances to 10 m offshore and at depths of less
than 1 m. A variety of corals, such as Po&-tee probata, Poeil2opara mecm-
~na, and McmÃpora uerruaosa, also occurs, although coral cover in the in-
shore area is sparse. A prominent freshwater lens is present al.ong the
northeastern sector of the shoreline, from Wainanali'i Pond to the central
rubble beach, and the lens extends well into the mid-section of the bay, at
least during the early morning hours. This lens causes considerable turbid-
ity and reduced visibility, resulting in a rather uninviting prospect to a
diver interested in clear water and colorful coral communities.

The dominant micromollusks of the inshore stations are 2ht8ium parcae
and B. aebrwn. Two species associated with fresh water are also prominent,
Za&eiekhz sp. and Phxruzxhr sp,, which occurred in 87% of the smples. Stand-
ing crop averages 9.5 shells/cm~, and the diversity index, H', averages 3.7.

The dominant micromollusks of the offshore stations are Bittiun irepen-
dens, Vitr~cithmr marmoraM, and Parashiela beeMi. The offshore stations
are distinguished from those at 'Anaeho'omalu and Puako by consistently lower
proportions of Biesoirra F7,Mzona and higher proportions of Pama&e&  Table
18!. Standing crops average 31.9 shells/cm , and the mean of the species di-
versity index, H', is 4.4.

Three inshore stations occurring in the cluster of offshore stations in-
clude mollusks associated with fresh water, EatonieLEa and Fkanazis, as well
as pyramidellids which may be associated with sessil invertebrates, such as
oysters and sponges,

'MA/HAHAL1'l POND. Wainanali'i Pond is characterized by strong physico-
chemical gradients in the water column. These gradients primarily affect the
fauna in the upper 0.5 m of the ~ater column where a brackish to freshwater
lens operates in conjunction with tidal flow and selects for euryhaline or-
ganisms. The dominant macrenollusks in the pond are, thus, two species which
are primarily associated with fresh water, Isogncmon caLifornicum and Oetrea
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aamhriceneze. Details of the molluscan assemblages are described in the sec-

tion on Wainanali'i Pand.

Di scussion

Benthic marine c~ities are traditionally separated into supratidal,

intertidal, and subtidal zones on the basis of discrete faunal comaunities

characterized by the regular occurrence of conspicuous, usually numerically

dominant elements of the fauna within each of the zones, No cammmity of

organisms is continuous, however, and differences in topography, depth, water

chemistry, and the presence or absence of substrates such as coral, algae,

and sediment determine the occurrence of local, specialized assemblages of

organisms, The Kona Coast of Hawaii is a case in point: in the four bays

considered here, localized assemblages of organisms appear to be the rule

rather than the exception, and although each of the bays is generally charac-

terized by the traditional zonation pattern, there are also marked differ-

ences in assemblages of mollusks  and other organisms! among and within the

bays.

At Puako the shoreline is one in which topographic and biotic features

are primarily determined by tides rather than wave action, and marine condi-

tions generally predominate along the shoreline. The overhanging kiawe

trees, the sparse intertidal biota restricted to a few boulders and basaltic

outcrops, and the presence of a broad, shallow inshore zone with coral growth

reaching the tide Zine reflect both the lack of wave energy and freshwater

intrusions in the bay. At 'Anaeho'omalu where the shoreline vegetation is

restricted to the berm shoreward of the shoreline, where a wide, calcareous

sand beach forms a central feature of the bay, and where tidepools at the

northern terminus are surrounded by boulders encrusted with a rich growth of

Pom7ihhcm, the situation suggests that wave energy rather than tides is a

predominant determinant of the configuration of the bay. As at Puak5, marine

conditions generally predominate. At Naiulua and Xiholo, the basalt shore-

lines with pebble, rubble, and black sand beaches are suggestive of areas

receiving even more wave energy than is effective at 'Anaeho'omalu. Fresh-

water influxes are noticeable features of the shoreline of both bays, indi-

cated not only by freshets of groundwater which gush from crevices in the

basalt but by the freshwater lens present in the inshore areas of both bays.

The assemblage of macromollusks associated with the shoreline and in-
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shore areas of the four bays reflect the conditions cited above. The most
consistently encountered assemblage of mollusks is that found in the rocky
supratidal, the assemblage characterized by Litto&ruz pie~, HodiLiftorina

and Zemlya plea, This assemblage is characteristic of all rocky su-
pratidal substrates in the windward Hawaiian Islands. One supratidal «ol-
lusk, Lit~na aaabz'a, however, is found only at Puako, on the kiawe trees
overhanging the bay. This gastropod, which is widespread throughout the
Indo-West Pacific, is unusual in the Hawaiian Islands, and found only in
protected areas such as in bays and harbors  Whipple 1967!.

In the intertidal there are two assemblages of macromollusks, a marine
assemblage with B~ppm~ g~arma, Horuhz ~Kata, and 2'sacrmeam perrux
most frequently encountered, and a freshwater-associated assemblage of Theo-
danra nag Zen~, Isognanon AH fornieurn, and ~chidomtas crebmatruztue.
At Puako Theodore was found only in one shoreward tidepool. At 'Anaeho'-
omalu Ze~mcmo~ and Braehidoetas were similarly found in a single area, At
Waiulua and Kiholo the four mollusks were consistently encountered the length
of the shoreline. That the freshwater intrusions at Waiulua and Kiholo are
permanent features of the shoreline is indicated by the distinct zonation
exhibitied by these mollusks along the shoreline at Waiulua Bay and in
Wainanali'i Pond at Kiholo.

Analysis of the micromolluscan assemblages of the four bays indicates
even more subtle differences among and within the bays. Some of the differ-
ences are summarized in the similarity matrix which includes all stations
sampled at Puako, 'Anaeho'omalu, and 1G.holo  Fig. 28!. Two major groups and
five subgroups of stations are distinguished. In one major group  Group A!
are the offshore stations of Puako, 'Anaeha'omalu, and Kiholo and the in-
shore stations at Puako; in the other major group  Group B! are the shore-
line stations at 'Anaeho'-omalu and Kiholo. Standing crop and the species
diversity index are generally lower at the shoreline and inshore stations
than in the offshore stations  except for the high species diversity index
calculated for the inshore stations at Puako!.

The distinguishing species of the shoreline stations at 'Anaeho'omalu
and Kiholo are Biaaoina ambigua, Bi5Hgm paronym, and B. aab~. All three
species are ubiquitous shoreline species in the Hawaiian Islands, B. paz'cajun
associated with frondose algae, Biesuina cmbz'yea and B. aebrm with rubble,
The Kiholo stations  subgroup B2! are distinguished from those at 'Anaeho'-
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FlGURE 28. DENDROGRAPH,SHOMIHG SIMILARITY INDICES FOR PUAKO,
'ANAEHO'OMALU, AND Kl HOLO BAYS
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omalu by the occurrence of Rnkr~l.La sp. which is associated with fresh
water. The effect of the freshwater intrusions on the benthic marine co~-
nity at distances of some 30 m from shore is also indicated at Keyhole by the
presence of FalonielZa sp.  and Puma:ebs! at three offshore stations where
the freshwater-associated species are admixed. with marine species  Table 5!.
'The admixture of species associated with freshwater and typically marine
species at these stations suggests that although the freshening effect per-
sists offshore, the low salinity water is mixed with the water mass of the

bay,

Differences in species composition in the subgroups of the other major
group  Group A! in the similarity matrix are more difficult to explain than
are those of the inshore waters because we know less of the habits of subti-
dal mollusks than of intertidal forms, Bib&wn imperujens which is a domi-
nant component of these assemblages is peculiarly associated with the Kona
Coast of Hawaii Island and with the leeward Hawaiian Islands of Midway, Lay-
san, and the like, It is found on Kauai, Oahu, Maui, but it forms a domi-
nant component of micromolluscan assemblages only on Hawaii and in the lee-
ward islands. The other dominant species include four ubiquitous subtidal
species found elsewhere in the islands at depths of 10 to 100 m; Ce~thiChm
pe~arvu ban, NaM v~a, Vibmcilhmr marmorata, and Pamehie& beets'; and
three species found from the intertidal to depths of about 50 m: Lepto~re
rubricincta, ~coXia variabilie, and Biesoiex ~Hosona. The Kiholo off-
shore stations  subgroup A2! are distinguished by higher proportions of
~alia, Viirimthex, and P~hiehz 'than occur at puako or 'Anaeho'omalu.
~colia feeds and breeds on frondose algae, such as PaChm  Iertxberger
1967!; Vitz icithna and Pamehiela appear to be associated with substrates
which have more rubble than coral cover  although no statistically signifi-
cant correlation was found!. It is tempting to suggest that their dominance
at KIholo is associated with the lesser coral cover characteristics of this
bay than occurs in the others  see Coral Coeanunities!. The Puako inshore
stations  subgroup A2!, with their admixture of deep and shallow species are
consonant with the protected calm waters of the bay and the extensive in-
shore coral cover.
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MAINNALI ' I PONo

Wainanili'i Pond in Kiholo Bay represents a unique shoreline ecosystem

among the four bays studied, and perhaps in the Hawaiian Islands, and is here

described in detail.

Wainanali'i Pond  Fig, 29! is an elongate lagoon formed by a cobble-and-

sand bar lying along the 1859 pahoehoe lava flow which constitutes the east-

em boundary of Kiholo Bay. The bar connects with the lava at its seaward

 northern! end, enclosing the head of the pond. At its landward end, the

bar is crossed by two shallow passes which connect the pond with the inner

part of Kiholo Bay.

The pond is roughly 457 m �,500 ft! long by 30 m �00 ft! to 91 m �00

ft! wide, with an area of nearly 2 ha � acres!. Detailed soundings were

not made, but observations indicate steep sides and a relatively flat bottom

at depth of 3 m �0 ft! to 4 m �2 ft!. There is a partial barrier, about

halfway along the pond, formed by a submerged extension of the lava flow.

The gap between the end of this shoal and the cobble bar is about 3 m deep,

so that while this feature restricts circulation, it does not form a sill

behind which the deep water might tend to stagnate.

The main  northern! pass has a "channel" about 6 m �0 ft! wide with a

sill depth of about 1 m � ft! at mean low water. The sides of the pass

shoal very gradually, so that the total width varies with the stage of the

tide between approximately 30 m �00 ft! and, 61 m �00 ft!. The small sec-

ondary pass, in which no measurements were made, has a maximum width of about

IS m �0 ft! at high water.

Freshwater springs enter the pond at several points along the edge of

the lava flow. The most notab1e spring was observed at the head  northern

end! of the pond.

The measured range of tide in the pond was 0,8 m �.5 ft! at an extreme

spring-tide maximum. More interestingly, a persistent 10- to 13-cm �- to

S-in.! seiche, with a period of 6 to 8 min, was observed throughout the study

period. The seiche was virtually undetectable on the open shoreline, but was

easily visible within the quiet pond, and was strikingly evident in the pass-

es over the bar, where the fairly strong current alternated in direction

every few minutes, The mechanics of this seiche have not been investigated,

Edward D, Stroup, David P. Fellows, and E. Alison Kay.
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but the period would suggest a reflection of wave energy between the east and
west sides of Kiholo Bay, that is, greater Kiholo Bay with a breadth of some
2.5 loa. Other types of edge-wave effects may also be possible sources of
this oscillation.

Physi ca 1 measurements

Observations of temperature, electrical conductivity, and dissolved oxy-
gen concentration were made at stations extending the length of the pond, on
the entrance bar, and just outside the bar, as shown in Figure 30. At each
station within the pond, measurements were made at the surface, 0.6 m � ftj,
1.5 m � ft!, and just above the bottom  usually about 3 m!. At the station
on and outside the bar, observations were made only at the surface and bot-

tom. FIGURE 30. APPROXIHATE LOCATIONS OF KIHOLO BAY
TRAIISECTS OUTS IDE WAINANAI. I ' I POND,
NORTH KONA
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The stations were occupied near low water �81S to 0950! on l0 August

1973, and again near low water �930 to 1030! and near high water �500 to

1540! on 11 August 1973. Only the data from 11 August are illustrated; there

were no significant differences between the distributions at low water on

this and the previous day,

TEMPERATURE. At low tide  Fig, 31-A! the cold, fresh  see below! out-

flow from the springs extended over the whole surface of the pond. The de-
velopment of stratification was aided by calm or very light winds during the

night. The cooling seen in the deeper pond near the bar may be caused by
mixing generated at the bar by the seiche.

At. high tide  Fig. 31-B!, and after some hours of a brisk sea breeze

from the WNW, the surface of the pond was 3 to 5'C ~armer, with stratifica-

tion very much reduced. The deeper layers have also been warmed by the sun,

especially toward the inner end of the pond, where seiche-induced mixing would

have least effect. The effect of the freshwater springs can be seen only in

the slight cooling near the surafce at the very head of the pond.

SALINITY. Again, at low tide, the freshwater layer shows up clearly

 Fig.32-A!, Note that this layer mixes away rapidly as it crosses the bar

into the bay The station outside the bar show salinity lower than the usual

oceanic value of near 35't, in Hawaiian waters because there are many springs

entering the ocean along this coast.

Salinity in the deeper pond is 28 to 29%, during the low tide period

At high tide the stratification has nearly vanished, with surface salinities

sharply increased and deep salinities somewhat reduced from the earlier values.

Evidence of saltier water entering over the sill is indicated in Figure 32-8,

since the observation at Station 3 was made during the inflowing phase of the

seiche. Ouring the outflowing phase, the bottom salinity on the bar dropped

sharply,

DXYTY. The dissolved oxygen concentration  oxyty! distribution  Fig. 33!

shows strong photosynthetic-respirational effects. En the early morning, at

low tide, the deeper pond has depleted oxyty. The stable stratification has

restricted downward mixing from the surface.

At high tide, in the late afternoon, oxyty has increased everywhere in

the deeper pond, and also i.ncreased markedly in the water outside the bar.

At the surface of the inner pond, the oxyty has decreased somewhat from the

morning values, probably by a combination of mixing with deeper water and
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F I GURP 3'I TEMPERATURE DIJON I NG LOFTI ANO H I GH T I DES ~ QA I HAIIAL I I POND
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FIGURE 32. SAL INITY DURING LOW AND HIGH TIDES, WAI NANALI ' I POND



FIGURE 33. DI55OLVED OXYGEN CONCENTIIATION DURING LOS AND HIGH TIDES,
MA INANAI I ' I POHD
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loss to the atmosphere.

Observations on the Biota

General turbidity in the pond, coupled with extensive silt deposits over

most of the substrate surface, permitted on?y quantitative sampling of the

benthic community. Five cross-sectional transects  Pl to P5, Fig. 34! were

sampled at random to determine the composition of communities associated with

the substrate in the pond. Based on the results obtained from the cross-

sectional pond transects, a longitudinal transect was also established. This

transeunt ran the length of the pond approximately I m below the low tide mark.

Starting approxisLately 30 m fram the pond entrance, samples were taken every

5 m for the first 100 m and thereafter at 10-m intervals. In all, 40 samples

were taken over a distance of 300 m. Depending upon substrate composition,

four double-handfulls of sand or four rocks �0- to 35-cm diameter! were ex-

amined at each sample point and the relative abundance of each organism char-

acteristic of the pond habitat was noted.

Figure 35 illustrates a generalized cross section of the pond as deter-

mined by transects P2 and P5, The cross section is generally representative

of all areas in the pond except: �! the entrance, which consists of a shal-

low, predominantly cobble sill; and �! a restricted beach area close to the

entrance where Zones I and II consist of coarse angular black sand rather

than cobble,

General substrate conditions and cmumnities characteristic of each

zone are summarized in Table 20. The strong physicochemical gradients re-

ported above appear to have little effect on the fauna except in the upper-

most 1.5 m where a brackish to freshwater lens operates in conjunction with

tidal flow and strongly selects euryhaline organisms. Elsewhere, throughout

the pond, community composition appears relatively consistent within a given

substrate despite variations in water quality parameters.

The general, within-substrate faunal consistency noted above was more

critically examined in Zone II by means of the longitudinal transect. Based

upon a preliminary survey of organisms within this zone, each species encoun-

tered at a given sample point was rated either common or rare relative to

its general abundance throughout the zone. The results of this survey are

shown in Table 21 by groups of five successive sample points. The relative

local abundance of each species is indicated and the number of sampling points
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F IGURE 34. CROSS-SECTIONAL AND LONG ITUDII4AL TRANSECTS,
KIHOLO, NORTH KONA



88 FIGURE 35. GENERALIZED CR055 SECTION OF 4fAINANALI'I PONO, KIHOLO,
NORTH KONA

on which it occurred is shown for each segment of the transect, Also indi-

cated in Table 21 is the relative abundance of species inhabiting the channel

at the mouth of the pond as determined by transect Pl.

From Table 2l is apparent that the majority of the Zone II cobble com-

munity is distributed throughout the length of the pond wherever suitable

substrate occurs. This generalization does not, however, extend to the pond

entrance where an ecotone comnunity inhabits a substrate and depth commensu-

rate with t he cobble areas surveyed in Zone II, Moreover, within the pond,

at least three species  E~tkwe ccmpWmzM, Iaagncmon c~2='. ~i~, and

OaMea earrdvice~~! and, possibly, a fourth species  Bipp~- sp.! display

longitudinal population gradients indicative of adverse selection in portions

of the habitat. Efforts to determine factors limiting these organisms might

prove them to be of value as indicator organisms.

Hicromollusks

Two distinctive assemblages of micromollusks were identified in the

pond, one at the entrance, the other mid-way in the pond itself. In both

assemblages, brackish-water or freshwater-associated mollusks predominate

At the entrance of the pond, the dominant species are k'a~ie22a �4.5o! and
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marine-associated cerithids PBittium pareum, B. zebra!, rissoids  Rissaina
am&~, R. mi-Z&zona!, and pyramidellids. On the shoaling sill mid-way
into the pond, TFeodams and He~i+ which are associated with fresh water
comprised 27% of the assemblages, and the remaining micr~ollusks consist
of dead shells of marine species such as rissoids, ~ooHa, cerithids, and
the like. An interesting component of the micromolluscan assemblages in
the middle of the pond is the endemic Hawaiim capulid, Capulus tri~natus,
which probably lives on the oyster Os''ea saek~~is.
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A study of the topography, hydrology, and marine biota of four open
ocean bays along the Kona coast of Hawaii, Puako, Waiulua, 'Aneho'omalu, and
Kiholo, has yielded some distinctive differences that are significant to the
future use of those waters and coasta! areas.

From hydrologic evaluations, the seaward flux of groundwater is in a
range frcm 3.8 to 15.4 mgd/mile  8,938 to 36,221 m /day/km! of coastline,
with a probable value of 7.3 mgd/mile �7,170 m /day/km! or 116 mgd �5{I,415
m'/day! for the entire study area �6.3 miles or 26 km of coastline!. This
probable value is equivalent to about 17% of the meaa annual rainfall for
the area.

Associated with this groundwater flux is the terrigenous nitrogen and
phosphorus loading. The total nitrogen load is 936 lb/day  flux of 57.4416/
day/mile! and the total phosphorus load is 106 lb/day  flux of 6.5416/day/
mile!.

Wave energy varies from minimum exposure on the north at Puako to maxi-
mum exposure at the south at Kiholo. The offshore groundwater input varies
from a minimum at Puako to maximums at Waiulua and who?o.

The distribution and diversity of coral and micramolluscan caaaunities

in the bays followed the trends of groundwater flux and wave energy. Pyrites
aompraasa and Parietes lahzta account for almost 96% of coral cover and 82%
of all bottom cover. P. aompr essa dominates coral cover in any area where
wave stress is not rigorous enough to cause breakage and abrasion and light
energy is sufficient for maximum growth rates. P. 7obata appears to be able
to successfully occupy any niche left vacant by P. compreesa.

In the intertidal zones of the bays, both marine-associated and,

freshwater-associated assemblages of micromollusks were found, with fewer of
the latter at Puako and 'Anaeho'omalu bays. In the subtidal zones, standing

crop and species diversity index are generally lover at the shoreline and
inshore stations than in the offshore stations. At 16holo, freshwater-
associated species were found in admixture with typically marine species at
offshore stations,

Water uses and development independent of water clarity and a "typical-
ly tropical" marine biota would be favored in a situation as at Kiholo or

Reginald H.F. Young, Project Principal Investigator.
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Waiulua bays. However, a use such as a marine park would require excellent

water clarity and diverse coral reef communities, i.e., a low wave energy,

groundwater influx situation as at Puako and 'Anaeho'amalu. These are broad

generalizations based on a study of the hydrology and communities of these

water areas but they together with the results of the study can serve as

appropriate guidelines for planning and ImLnagement of the West Hawaii coast-

al area. The methodology employed in this study can serve as a basis for

field evaluation of other coastal areas in the state that may be under con-

sideration for development or changes in land-use designation.
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