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I ~ AN EXPEIUMENT IN UNDERSEA MARICULTURE

Kenneth S. Norris, william 0- Madden, and PhyHis S. Norris



AN EXPERIMENT 1N UNDERSEA MARLCULTURK

Abstract

1. The potentials of maricultural activity in moderate to deep
ocean water below the turbulent zone are discussed. The major
advantage is the presence of large unused areas of sea floor
that are largely non-competitive with other human uses. Uses
envisioned are for the development of habitat enhancement areas
by use of "plastic grass beds" made of plastic strips, either
enclosed by nets or not, the development of herbivore and
carnivore trapping areas, algal rope or net culture, and for
shellfish culture.

2. An experiment is described in which a 6 x 12. 5 meter PVC pipe
frame was s.nchored in 26 meters of water off Oahu, Hs.waii, to
which were attached 4500 2,5-meter long, 10-cm meter wide strips
of two kinds of plastic  polyethylene and olefin! each with a.
buoyant bubble plastic border which floated the strips more or
less vertically ia the water. The course of microfloral and
faunal establishment on this bed was followed for five months,
as was invasion by local fishes. Algal growth quickly � weeks!
reached maximum standing crop, though the composition of the
biota fluctuated constantly throughout the test period. At
maximum expression the biota was an incrustation of algal
colonies, diatom films, some barely visible foliose and branching
colonies, including hydroids, fiagellates, minute worms and
molluscs, and a la.rge complement of sea hares  Notarchus
lineolatus!, the largest organisms actually liviog on the plastic
constantly. Heavy graztng both by passing Qsb and the hares ucas
evident for most of the test period. Fish of 15 species gathered
around or in the beds, with the density of grs.zing scarids and
acanthurids increasing throughout the test. Possible economic
potentials are discussed.



NT BODUC TION

Mariculiure faces one verv difficult problexn: it competes with many other
activities and needs for space at the sea surface. These competing needs
include such things as recreation, the movements of commercial vessels,
aesthetic considerations, and fishing. This competition is made especially
acute because maricultural activity generally requires the calmest water
available, which is also prime axea for other activities. An attractive
alternative is to use the sea bottom for mariculture while the surfa.ce is

left wholly or largely free for other activity. Even though storms xnay whip
surface waters or swells xnay course across the surface, not far down one
can expect to find relatively cairn water. In most areas such water will be
found 20-25 meters below the surface.

It is obvious from the start that sea bottom mariculture will have its

own special set of problexns. Our approach here is to come to grips with
these problexns by means of a pilot project on the sea bottom. We were
aware at the start of a number of probleins we wouM face. First, where
water clarity is low due to turbidity in the water column, primary productivity
would be reduced. The saxne ca.n be said of any very deep placement where
sixnple light attenuation would have the saxne effect. Sea bottom mariculture
under such situations might not profitably depend upon natural productivity,
but would have to turn to filter feeding organisms utilizing ambient particulate
food material, or to local nutrient enhancexnent, or actual ixnportation of food
materials. Second, if enclosures are contemplated one must face the problems
of water currents induced by tidal change. Fixed structures on the sea
bottoxn encounter great forces from such currents; with water about 800 times
as dense as air a two-knot current on the bottom means more than a 20-knot
wind above the sea. The necessity of diving to reach a sea bottom farm adds
an additional dixnension of expense, effort snd time. Yet the idea remains
attractive, and we feel the great coinpetition for sea space that has hardly
yet been realized will force the developing maricultuxe industry, both in the
United States and elsewhere s.round the world, to consider seriously the
alternative of sea bottom use.

This paper wiH present first a brief account of some possible methods
and opportunities for sea bottom use, and then describe a short experiment
designed to test certain of these ideas. The possible uses we envision are;
�! sea bottom habitat enhancement, �! shellfish culture, �! production
and trapping of detrital feeders, carnivores or herbivores.



1. Sea Bottom Habitat Enhancement

Most work on sea bottom enhancerrient has been directed at sport
fishing, and has used large items of solid waste such as old car bodies,
railroad cars, and the hke  Carlisle, Turner and Ebert, 1964; Klima snd
Wickham, 1971; Randall, 1963; Turner, Ebert, and Given, 1969!. When
such materials are placed on a flat sea bottom they rather quickly assemble
a biota which eventually includes fishes of suitable size and species for
sport fishing. The enhancement is, of course, local and is relatively
expensive. Furthermore, it is probably unharvestable by any other means
than sport fishing. Other alternatives exist. It shouM be relatively simple,
instead, to design enhancement systems that could be easily harvested by
inechanical means, or which could be designed as traps to capture and
concentrate the vagrant fauna,

A number of experiment have been carried out using "plastic sea grass"
in which thin flexible strips of buoyant plastic are arranged in closely
adjacent parallel rows usually by being attached to a net or a line stretched
over the sea bottom  Richards, in Odurn, 1968!. If rope is used, it is payed
off a vessel and stretched back and forth over a rectangular grid until a
"grass bed" is formed. Strip length varies with the application desired.
Very long strips tend to tangle, and in any case, currents tend to fiatten
such beds periodically, thus varying their thickness. Such beds have been
used in ponds at Oceanic Institute and over shallow flats for shrimp culture,
but so far as we know their possible use in deeper, niore open sea has not
previously been. tested. If successful, the areas available for grass bed or
other construction are very large.

Conceivably, source organisms can come either from species indigenous
to the area, or by planting of desirable species. Thus, grass beds established
near rocky or coral habitats quickly asseinble a fauna drawn from residents
or their reproductive products. Anyone attempting this economically has only
minor choice of the kinds of organisms that will colonize, and productivity
will inevitably be spread over many species of little economic worth. In
fact, such unwanted organisms are likely to be preponderant, at least early
in the establishment of such beds.

Planting specific valuable fish species in such beds faces severe
difficulties such as wandering, predation and competition, unless beds are
enclosed by netting. Our experience suggests that even completely enclosed
beds cannot exclude competitors. Many competitors are simply too small
to be excluded by nets. For instance, in the test we report here the major
cotnpetttor, and a very ethctent one, was the sea hare  Netarchus ~tlneolatus
which swarmed in the plankton at sizes so small as to be scarcely visible.

Our test showed that a vagrant mass of detrital algae continuously moved
over the bottom of the test area, in our case primarily composed of masses



From other diving experience we know such masses to be common phenomena.
Such algal masses typically serve both as food and as shelter for a variety
of organisms, some of which  shrimps, young spiny lobsters, young of
valuable fish species! have commercial value. It could prove valuable to
trap such ma.terial m the region of a. sea bottom farm, both to provide brood
stock for the farm and to provide food. Such trapping should be easily
accomplished with some efficiency since without our help it tended to gather
on guy ropes. anchors, and amidst the grass itself. In this way, productivity
in the turbulent zone might be imported and concentrated for farming in
calmer, deeper water, which hence would not be dependent solely upon
direct light penetration.

Harvest of sea bottom grass beds might be relatively simple since it
is uniform and can be bent down to the sea bottom, causing fish and other
organisms to flee. One can envision a harvest device on skids that is
drawn. over a grassbed causing organisms to flee upward into the water
where they are swept up by a net attached to the skids.

The biota that collects on grass beds includes a large variety of species
of plants and animals. Those accumulated wil.l be enumerated later, but in
our test, the most common forms included many algal diatom and dinoflagellate
species, a protist fauna, hydrozoans, worms, molluscs, and c rue taceans.
Such a biota is subject to increase in biomass through proper fertilization.
Though we did not attempt this in our tests because we wished to observe
natural colonization, growth, and competition, we see no serious obstacle
to local fertilization of the ambient water in and around a sea bottom farm.
The major consideration we feel will be efficiency. Fertilizers released
into the water mass will quickly disperse beyond the limits of any farm, even
in areas of very calm water. The usual currents of half a knot or so will
move such nutrients across a farm in minutes. Strategies such as placement
of fertilizers in dispersal containers which leach slowly into the surrounding
water can keep a continual supply of nutrients available, but cannot contain
them within the farm. Placement of such dispersal containers deep in the
grass bed may take advantage of the reduced currents found there.

Curren.ts, in our test, did not always move in the same direction, but
changed with the tides. This, too, will affect the placement of any such
dispersal containers.

Such containers can be perforated drums or bags filled with nutrient
materials whose availability for solution is kept low enough to leach slowly
into the passing wa.ter.

Perhaps the most promising solution would be the development of special
plastics for the strips of the grass beds, which themselves contain nutrients
that very slowly leach into the surrounding water, perhaps being available
only to settling organisms. If properly designed, such strips might be
renewable. A grass bed hauled to the surfa.ce for cleaning might be immersed
in a nutrient bath allowing recharging of its fertilization capability.



Because some of our settling orga.nisms seemed to actually penetrate
into the plastic strips one can envision a nutrieut plastic in which the exterior
surface is designed to allow attachment, with a nutrient-rich core available
only after penetration.

Not only the sea bottom may be usable, but also the water column itself.
It is well known that flotsam and floating kelp rafts are highly attractive to
a variety of pelagic fishes, many of which have commercial value  Gooding
and Magnuson, 1967!. Every fisherman in Hawaii knows that if he trolls
his lures around floating logs, boxes or other debris he is very likely to
catch the mshimahi tCorrhaena~ht urus . Fishermen in the southern
California area know that considerable tonnages of certain fish  principally
the genera Medialuna, Chromis, Girella, Anisotremus and Sebastodes!
congregate under kelp rafts primarily composed of the algal genera

here we built the gear so the grass bed could be suspended at different
heights from the bottom on an anchored frame. However, our experiment
told us little beyond giving us a graphic demonstration of the complicated
seamanship and marine design involved in reliable anchoring of such a bed
in a moving water mass.

2. Shellfish Culture

'A'e feel that the potential for subsurface shellfish string culture is
considerable. Mussels and oysters are amenable to string culture  Ryther
and Bardach, 1968!, in which growing shellfish are allowed to set on
ropes or kept from setting by use of "setless cultcb" and held in baskets,
which may then be arranged in strings. In sea bottom application such
strings can be suspended up from the bottom, to a floating frame above.

In the Lummi Indian Aquaculture project, such frames have been
designed to have adjustable buoyancy through regulation of air volume within
floats, thus allowing the entire shellfish farm to be brought to the surface for
harvest or treatment as desired, simply by use of compressed air  W. Heath,
personally communication 1972!. The potential of this sort of shellfish
culture is great because the organisms do not depend upon sunlight, but,
indeed, may sometimes grow in total darkness, as when mussels grow
inside salt water pipes. Further, detrital drift is greatest near the bottom
and may provide greater nutrition than is found in surface waters. Proper
design should avoid benthic predators and parasites that tend to plague
simple bottom culture.

3. Production and Tra i of Detrital Feeders Carnivores or Herbivores

Our test showed us that a sea-bottom grassbed is attractive to both
predatory fish and to herbivores. The predators presumably came t.o seek

7



out the variety of smaller fish that come to live on the plastic strips, and to
feed upon the growing consumer organisms feeding on the grassbed--in our
case, primarily sea hares. The herbivores fed constantly upon the grass
bed, leaving the marks of their teeth everywhere on the plastic strips, Many
o< such fish were of commercially useful species, especially scarids and
acanthurids, while numbers of labrids snd other species from other groups
also gathered.

The point is thai. the attraction of such grassbeds allows design of
limiting nets so that they could be made to draw in and capture wild fish
from the local region. These could either represent a direct harvest or
food for captive predators.

Production of herbivores will depend for its success upon the feeding
efficiency of the herbivore used, in relation to unsolicited competitors for
the food which is raised, the degree to which such competitors can be
controlled by exclusion or by selective use of predators within the enclosure.

MATERIALS AND METHODS

A "plastic grass bed" was established in 2S meters of water, 2 kilometers
off the coast of rahu Island, Hawaii, and 800 meters northwest of Manana
Island. It was located over an irregular coral sand patch, which sloped
gently toward the northeast. Twenty meters to the south and the north were
located outcroppings of coral and rock which supported a moderately rich
resident biota. The water in this area is generally quite clear, the bottom
often being visible from the surface. However, turbid inshore water frequently
obscures the bottom when tidal currents are forced seaward during heavy seas.

The grass bed itself was designed to be stationed s.t various depths in the
water. It consisted of a 6 x 12. 5 meter polyvinyl chloride pipe frame with
the lines holding the pI.astic strips laced bs.ck and forth across it  Fig. I!. In
this way 19 rows of plastic strips � mil clear polyethylene! were produced;
or about 4500 individual strips in all, each placed directly adjacent to tbe
next. The strips were formed by slicing a large sheet which had been heat-
sealed on the bottom rope into 10-cm wide strips, 2. 5 meters long. Each
strip had a 5-cm wide border of bubble plastic heat-sealed to its top edge,
providing flotation to the entire strip.

The entire frame with its plastic strips rolled and held in place with
rubber bands was towed by small boat to the chos en area, sunk and attached
to three 550-kg cement weights. A bridle from each extended to the side pipes
of the frame. Directly above these attachments were drums fil.led with
syntactic foam which provided approximately 55 kg buoyancy per float. These
six drums were sufficient to suspend the frame about 3 meters off the bottom
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and to maintain it in that position during the tests. Thirteen-mm, braided
polypropylene line was used for bridles.

The temperature regime in the area of the bed was one of a minor
fluctuating thermocline which horizontally transected the bed at about the
rniddle of the plastic strips. At ebb tide, when an eastwa.rd drift of
1. 0-1. 5 knots developed, a thermal boundary could be detected at about
20 meters depth, with turbid inshore water above at 25. 5-26.0 C, and
clearer offshore water below which was l. 5-2. 0 C cooler.

The status of the grass bed was checked approximately weekly by a
diver, and three strips of plastic cut--one from each of the NW and SE
corner areas, and one from the center. In addition to the smooth
polyethylene strips of the main bed a group of 500 strands of a more textu.re-
surfaced olefin plastic PuPont Tyvek No. 1079-D! were tested. A strip of
Tyvek was also taken weekly for examination. Each such strand was
carefully rolled and placed in a smaIL plastic bag and sealed closed. Care
was taken to dislodge neither algae nnr associated animals from the plastic.
Many of the latter were found swimming free in the bag when it reached the
laboratory. These strips were examined along their lengths and identificai.ion
of species made. Estimates of percentage composition were made.

At first, weights of accumulated organic material per unit area of each
strip were taken but it soon became evident that natural grazing was so
efficient that such films were not increasing, but being kept constant at a
very low standing crop. Count a.nd species compositions of the fish and
invertebrate faunal elements of the area were kept throughout the test.
Observations of behavior allowed identification of fishes and other organisms
involved in grazing on the plastic and those that proved destructive to ii.

RESULTS

1. Colonization of Plastic Stri s

After one week of immersion, to the eye the plastic appeared clean.
Microscopic inspection, however, showed a growing colonization of widely
separated brown clusters of E~ctocar s snd diatoms, especially near the
edges of the strips. A few unidentified green patches could also be seen.

By two weeks few macroscopic organisms were evident but a thin brown
film could be seen over much of the strips, especially within a meter of the
top. This was found to be composed of approximately 70 percent E~ctocar s
sp. and 30 percent unidentified diatoms. Some flagellates were found, and on
the strip taken from the center of the bed the filtn was present, but also
filamentous Ectoc~aup to 3 cm long, and smaller filamentous red algae,
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 Ceramtum sp.! plus several colonies of encrusting red algae. By this time
some of the colonies had penetrated slightly into the surface of the plastic.
Growth was greatest wherever the plastic provided unusual protection, for
example in folds or seams where the plastic had been heat sealed to the
bottom. rope.

Samples taken after three weeks of submersion showed that the biota had
diversified in species composition and that grazing had begun in earnest.
Filamentous red and brown algae were common, though filaments were short
 generally less than 1 cm! and interspersed with diatom scums, mixed with
hydroids, dinoflagellates, flagellates and much evidence of grazing from
the sea hare, Notarchus lineolatus. Much broken or digested material could
be seen, presumably derived from these animals, especially materials from
encrus ting red alga.e.

By the fourth week, N. Iineolatus had become exceedingly common and
was swarming over plastic surfaces iu some areas. Algae had become patchy;
in some places spotty green patches were interspersed with clear patches.
In others, especially on the central sample strip, mostly diatoms were found,
with occasional patches of a filamentous red alga, {Jania sp.!. In general,
standing crop was somewhat less than the previous week, while grazing by
N. Iineolatus was markedly increased.

The fifth week sample showed very light growth in the peripheral strips,
with heavier growth in the central sample. Notarchus lineolatus were extremely
common, mostly very small  less than 1 cm!, and the detrital remains of
their grazing were very evident, especially on red algae such as Jania and
Porolithon. One could see red algae in the intestinal tracts of the
N. Iineolatus, through their body walls. The s.lgae Codium, Cent.roceras sp.
and Ceramium sp. had made their appearance, and some Iong  several
centimeters! ~Ectocar us filaments were found. Both diatoms and flagellates
were very common over most parts of the central strip.

The sample from the sixth week showed that the N. Iineolatus were
generally larger, approximately i.wice the size of last week's sample, but
still very abundant, and the effects of their grazing continued to be very clear.
The strips showed somewhat more overall growth, but visible filaments
remain slxtrse. Flagellates, small worms, and groups of a globose
microscopic alga lC~ol omenia sp.! were found. Some of the worms had
ingested red algae as could be told by the color of their gut contents, and the

washed along the bot tom and accumulated on guy wires around the anchors  Fig. 2!.
This alga could be seen in small patches away from the frame, creeping over
the sandy bottom in the current.

The seventh week sample showed a reduction in the numbers of N. Iineolatus
but egg masses were present, a continued grazing of algae, especially the
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reds, and a diversification of the biota. For the first time very small

became quite widespread over the plastic strips. Socle of the algae, even
though they were essentially only films on the surface, showed well
developed fruiting bodies.

The eighth week sample showed an increase in growth, especially on
the central strip, but almost wholly as a mat without significant filamentous
algae standing up above it. Much grazing was evident, and a number of
N. lineolatus were taken from the bag, some as long as 1 crn. Predominant
algae were the same aa before: P~esonnetta, E~ctocar a, Janta, Potottthon,
and a newly reported green matted algae was very common the attachtnent

more spotty.

The ninth week sample showed a regression in the mat over outer strips.
Hydriods had become common, and N. lineolatus was still in evidence,
including egg masses of a variety of sizes up to those 1 cm in length. In
many areas the clear plastic could be seen, and often the microscopic
inspection showed scraping marks, probably from the radulae of sea hares.
Much debris of grazing was evident. Macroscopic filaments were rare.

No sa.mples were taken for 29 days  Sept. 1, 1971! and when the bed was
sampled, growth was found to be sparse, and grazing very evident, both by
N. lineolatus and fish. The sea hares, as always, seem selective in their
grazing, preferring red algae while the fish leave raking tooth marks that cut
across all the algae and other organisms present. Notarchus lineolatus was
very common and m.ostly quite large, approximately 1. 5 cm in length. Many
were found free floating in the plastic sample bags. Egg masses of the
sea. hare were common.

For the first time the plastic sheets were perforated in one place, along
a fold, and tooth marks were evident nearby. One tear along a fold was found,
as if the plastic had become somewhat brittle. On an outer strip four ovoid
holes approximately 2 cm long were found. These are thought to have been
produced by Diodon holocanthus, the spiny pufferfish, which had taken up
residence in the bed  Fig. 3!.

The September 9th sample showed no significant change from the
patterns noted above.

The olefin plastic seemed to be a considerable tmprovement over smooth
polyethylene. Its textured surface tends to hold a reservoir of algae  Fig. 4!.
partially protected from grazing, even from the very selective grazing of
the sea hares. Its opaque quality did not seem to inhibit growth though our
sample was small en.ough that ambient light from the sides might have induced
growth were a full dense bed might inht»t growth deep in the bed. It seemed
somewhat less brittle than the polyethylene after exposure to seawater, and
it is extremely light and tough. One can conclude that texture is an important
feature of grassbed plastics, and that further checking of available types of

13



Fig. 3 Perforations in plastic grass strip.

Fig. 4 Tyvek fronds showing algal accumulation.
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p»sties is in order, as is the attempt to develop new ones specifically
designed for this application.

Thus, in the uncontrolled environment of the subtropical open sea one
can expect grazing to be so efficient that only a matting of algae and
associaied organisms is produced. I'ilaments are quickly cropped off.
Sea hares, in this test at least, were in continual supply and were able to
reproduce on the plastic, and probably provided food for carnivorous fish
in the area. No obvious way to control them is apparent.

A fairly representative fish fauna of specr'es typical to moderate depth,
nearshore coral and rocky reef areas was present at the time the bed was
put in place. These fish, naturally enough, were concentrated over the
adjacent rocky refuges and only occasionally strayed as far as the grass bed.
The composition of this fauna is shown in Table 1.

Schools of adult acanthurids and scarids were frequently seen in the area
but fled as soon as the diver s.ppeared. These fish are thought to be responsible
for the grazing marks attributed to fish. Small schools �-20 individuals! of
juvenile acanthurids, prtncipatly the Achtlles Tang  Acanthurus ~achilles
were common around the bed.

The spiny puffer, Diodon holocanthus, was typically found at the bottom
of the frame or amongst the lower ends of the plastic fronds. In the plastic
it tended to match the motion of the strips as they swept in the tidal current.
It was felt that this fish was feeding in part on the population of sea hares, and
that it was responsible for the large ovoid perforations of the plastic
occasionally found.

The Trumpet fish, Aulosiomus, was common throughout the bed, taking
up the alignment of plastic strips or ground tackle to which they oriented.
They, too, are likely to have been feeders on sea hares.

3.

The light regime was generally rather bright at the level of the plastic
strips, though storms did cause a layer of murky surface water to enter the
area from tine to time. A series of light readings were made during October
and November at the grassbed site. These are listed in Table 2, They were
performed using a Kahl Scientific Instrument Corporation submarine photometer
Model 268WA3IG. This instrument has a wide spectral range with 50 percent
of its sensitivity in the visible wavelengths between 4000 and 6400 R. Water
clarity during the period of light readings was approximately the same as
during the grassbed tests, though later in the year. Hence we expect that
actual light levels at the time of growth tests would have been somewhat
higher than indicated in Table 2.



Table l. Fish species found in the area of the submerged pls.stic grassbed

S cies

Chaetodontidea
Holocanthus arcuains

Cent~ro p~e 2otteri
~Farci i er
Chaetodon corallicola
Chaetodon fremblii X X
Chaetodon tniliaris
Chaetodon ornatissimns
Chaetodoa Innlticinctns
Heniochus acuxninatus

Zanclida.e

Zanclus canes cens

Pornacentridae
~cCrllus albiseBa
Chromts leucnrns

X X

X

X X

Mono canthidae
Alutera ~sert ta

Cirrhitidae
Paracirrhites forsteri

Lab ridae

Bodianus bilunnlatns X X
Coris ballieui
Thalassorna ~du erre~i

 feeding!

Mullidae
X

~pate usus utultifasciatus

Scaridae

Scarus up.

 young of two
species feeding
on plas tic!

Balis tidae
Balistra bursa

Caathigasteridae

Anlos totnidae
Aulostotnns chinensis

Present in Present Resident in

X X X X X X X

X X X X X



Pres ent in Present Resident in

d t ea near Frame GrassbedS ecies

Acanthurus achilles

X

X

 Table I - continued!

A canthuridae

Acanthu res sandvicensis
Acanthurus olivaceus

Acanthurus ~ni rofas cue
Acanrhurus ~ni roris
Naso lituratu8

Diodontidae

Diodon holacanthus

Sphyraenidae
~ah racon barracuda

Lutjanidae
~Arion vivescens

Mala chanthidae

Malacanthus hoedetii

X X X X X XX X X X feeding!
 feeding!
 feeding!
 feeding!
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DISCUSSIOX

The experiment reported here points to some of the difficulties anyone
faces in attempting sea bottom or water column mariculture. Grazing proves
to be extremely efficient in the subtropical waters of the test, with species
specific grazing being carried on by small molluscs, and less specific
grazing by herbivorous fishes. I.ittle filamentous algae appea.red during the
tests because of this extensive grazing, even though some forms became
reproductively mature. A simple ecosystem developed in which predators,
primarily on the mollusc population, took up residence in the plastic; and
various herbivorous schooling species fed from the beds at va.rying intervals.
There seems no way to exclude the molluscan grazers from such beds,
and the only obvious solutions are to trap vagrant herbivores, using the
beds as a lure, and the netting enclosures as traps, and to utilize the molluscs
as food for desirable predators, none of which took up residence in the
bed s pontaneously.

Even the modest tidal currents encountered gave serious problems of
anchoring and dra.g upon the bed as a whole, especially since it was suspended
in midwater. Stresses upon the ground tackle and the frame required
important maintenance within six months of submersion, including repair
to ropes, the pipe frame upon which the plastic strips were mounted, and
other minor r epai rs.

The plastic itself, both for polyethylene and Tyvek, showed signs of
degradation by the end of the test. Brittleness seemed to have increased,
causing cracks to appear a.t folds, and minor damage from fish was also
apparent. This sort of problem would be expected to reach important levels
in approximately a year of submersion. %'hether the plastics could be
expected to remain usable over two or more seasons is uncertain.

It is concluded that while a variety cf problems have appea.red for
undersea mariculture in this simple test, that certain problem areas can now
be pinpointed for further work. SpecificaIIy these are- the development of
new and more rugged plas ties, and especially those that might incorporate
slow leaching nutrients from a central core, the study of proper anchoring
and grass deployment, the development of net barriers that could trap
vagrant herbivores and carnivores, and experiments with the planting of
beds with desirable species for mariculture.

19



gi JMMARY

l. Undersea mariculture deserves intensive study because it will provide
large areas of calm water relatively free from the intense human
competition one encounters at the sea surface. Open sea areas can be
used because surface turbulence becomes unimportant at modest depths
beneath the surface.

2. Plastic grassbeds are attractive to both carnivores and herhivores, and
this feature may allow their ca.pture by properly designed net barriers,

3. Detrital algae typically creeps along the sea botiom in masses, and might
be collected to enhance food supply in sea bottom farms.

4. Plastic grassbeds quickly grow a matting of plants and anitnals, principally
diatoms, hydroids, red and green algae, worms and molluscs, tha,t is
very efficiently grazed from its initial appearance both by fish and by
smaller organisms. The sma11er organisms, chiefly the sea hare
Yotarcttus lineolatus are selective feeders, primarily upon red algae.

5. Presently used plastics are not expected to be long lived in the sea,
primarily because of their tendency to grow brittle and because certain
fish species perforate them during grazing.
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HEFURBIS1KNG AN HAWAIIAN FISHPOND

Abstract

Approximately two hundred stone-walled fishponds were built
by early Hawaiians along the shores of the islands, chiefly on
shallow reef flats. The majority of these ponds have fallen into
decay from tidal wave damage, siltation and clogging with mangroves.
But some are in a fair state of preservation and are still used for
low level production of mullet and milk5sh.

The ancient ponds are af much historic interest, and efforts
have been made repeatedly to preserve the best as historical
monuments. Most plans to refurbish the ponds and to reinstitute
mullet and other mariculture have failed before repair has been
completed. Still, the popularity of "restoration" remains as a way
to �! assure the continued existence of the ponds in the face of
land development, hotel and marina plans; and �! provide a
profitable commercial venture, especially considering the
increasing cost of mullet.

To test the economic feasibility of restoration, the Oceanic
Institute undertook the refurbishxnent of a moderate-sized pond
on Molokai Island for experimental culture of mullet and other
pond organism@. Total refurbishment of half the pond has
required 18 months for completion and cost a total of $50,799.
The details of refurbishment are described and costs are listed,
with an idealized projection for the refurbishment and long-term
operation of other ponds.



INT RODU C TION

Rather frequen.tly one sees in the public press comments about the fa.te
of the aboriginal Hawaiian fishponds. They dot the shores of the islands,
and many are very old, some perhaps having been built in the 13th century
 Summers, 1964!. They are, indeed, antiquities of great value. Yet their
existence is constantly threatened by the various pressures of znodern society.
Shorelines are at a premium everywhere, and in Hawaii such pressures are
especially great because of the strong marine orientation of Hawaii's people
and its tourist industry. It is at once apparent that such ponds can be
filled to produce prime hotel sites, or dredged to provide marinas, Those
who would preserve thein often speak of refurbishing them and operating
them a,s fish, shrimp or oyster farms, or as areas for controlled
sports fishing.

This study details the refurbishment of Ali'i Pond on Molokai Island,
a 25. 8 acre enclosure located three miles to the east of Kaunakakai  Evans,
1937! for a research pond for fish culture studies. Ali'i Pond is one of
fifty along the Molokai shoreline  Summers, 1964! and is of a class called
loko ~kua . This means that its wall was a solid barrier of lava boulders
and coral, pierced only by a gate or makaha which, when in operation, was
blocked by a solidly fixed weir made of wood and slim branches set close
together to form a barrier to large fish  McAllister, 1933!. Ali'i Pond
apparently originally had only a single such gate in its 2700-ft long wall,
though there are now two. The second was doubtless built in recent years.
Other ponds of the loko umeiki type had walls pierced in many places, each
equipped with a station for net fishermen, wbo stood on one corner of each
gate and dipped fish that passed in or out with the tide. There are several
loko umeiki on the Molokai shore, though the preponderance of ponds a,re
of the loko ~kua type, which were used for fish culture, or fish holding,
by ancient Hawaiians. Culture fish were priniarily mullet ~Ama ama--
~Mu 1 ~ce balue or milkfish tAwa � Chance c~hanos .

Hawaiians kept the ponds in repair in a variety of ways. Walls, of
course, were continually repai.red when waves rolled rocks from them.
Excess algal mattings were rolled up and removed. Phelps �937! reports
that a bamboo rake was used to clean ponds by towing it behind a canoe.
Mud from mountain runoff sluices into the sea in large ainounts, and if
stream courses are included within the walls of a pond, much siltation can
occur. Even in ponds built with streams ruling outside the walls, general
storm siltation over the reef flat causes the entry of much sediment into
the ponds, and very violent storms may move much znud into ponds without
regard for normal drainage channels. At any rate, siltation was, and is,
a major problem for pond operators. Communal effort, using coconut
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shells as scoops, is reported as an ancient method for silt removal. Todav
when labor costs are high, silt removal is the major deterrent to pond
refurbishment, and in many cases a hundred years or more have elapsed
since silt was removed from the pon<ls. Ii is novv common to encounter silt
layers, varying in depth from a few inches to five or more feet, covering
the old coral fiat surface. In Ali'i Pond the mud accumulation reduced
water depth from zero at lov tide in the eastern side, which i» also heavily
invaded with mangroves, to about I 8 inches on the western and outer edges
of the pond.

RE FURRISIIMEYT

Refurbishing Ali'i Pond  Fig. I! to provide experimental facilities
for field studies of pond production of a variety of fish, shellfish and
mollusc species included the following major items;

I, Dred~i

The first stage of refurbishment included dredging of half the
pond to accommodate a minimum of one foot of water at low
tide, with an ultimate capacity to hold v.ater at a minimum
of 2,5 feet regardless of tide fluctua.tions outside the pond.
A deeper channel, 20 feet wide and five feet deep at low tide,
extends from the outer makaha to shore for a thousand feet, and
provides a siltatio~ trap to protect the newly dredged areas
from silt invasion from the undredged half of the pond.

The western wall was mdened to allow passa.ge of vehicles
 Figs. 2 and 8! from the research station ashore. The original
plan was to build the inner wall from rocks obtained on nearby
island slopes, with dredge spoils as the inner fill. However, a
cheaper method proved more satisfactory; the inner wall was
built of I/2 in., form-lumber plywood sheets  obtained as
waste from a local construction company! supported by
mangrove poles. Dredge spoil was used to fill the 12-foot
space betv een the plywood barrier and the outer rock wall.
The double waH extends approx>mately 85 yards, and is
20 feet vide--ample length and width for vehicles.
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3. Installation of tidal ates

The ancient llawaiians relied upon the porosity of their
rock walls to allow movement of sea water during tidal

change. However, our impervious west wall requires
gates, each blocked by a one-way, 8-foot weir. These
retain desired water depth in the pond as the tides fall.

4. Nurse ond and ex erimental en.closures

Inshore. along the beach that abuts the west base of the wall,
seepage of fresh water constantly enters the pond. Ultimately
dredged material is planned to enclose a pond, which
could be expected to bc nearly fresh, for shrimp culture.

Experimental enclosures within the pond a.re to be constructed
of netting according to experimental requirement.s. Further,
fill from the siltation-trap channel will provide a. 200' x 60'

tnid-pond island to support other experimental gear.

The initial refurbishment does not include complete removal of the
mangroves along the eastern and northeastern borders of the pond.
Removal would expose tnuch otherwise stabilized mud and make more
dredging necessarv. Nor was this phase designed to improve the
eastern half of the wall, or to dredge an east-west tidal flow channel.

REBUILDING THE POND

A project grant  NSF GH-78, Sea Grant Program! of $104,735 allowed
us to begin repair operations on March 15, 1970. The other portion of the
grant was used concurrently for other open ocean rnariculture experiments
at the Makapuu laboratory. Ultimate expenditures at Ali'i Pond totalled $50, 799.

Subcontracts were let for engineering design and construction of
two major pieces of equipment:

 a! A two- ntoon 20' xl2' ba e,  Fig. 4 a!! capable of being
disassembled and placed on a two-ton truck for movement to
va ri ous wo rk si tes .



The barge was equipped with a 6-in. Midwhirl Trash Pump,
driven by a 50-hp Ford diesel engine, a.nd 500 feet of
demountable, 6-in. Rlngtight Blue Bell PVC discharge pipe,
 Fig. 4 b!!, plus a movable suction head equipped with a
screen deflector that rejected a.ll particles bigger than 3 inches
in diameter. In addition, a 3-1/2 hp gas engine for opers.tion of
the hydraulic spud and winch sweep system was purchased.

 b! A li twei ht ile-driver capable of driving heavy mangrove
poles for dike construction. The pile-driver was equipped
with a 200-lb weight and a 2-hp gasoline motor to run a winch
for hoisting the driver.

The total cost of these two critical items was $16, 000, including design,
construction and delivery. Both are in excellent working order at completion
of the first phase of refurbishment, and will continu.e to serve without major
overhaul.

2. WaH and ate construction

The double-walled dyke supporting the road extends 250 feet from
shore. The original pond wall was retained as the outer wall,
and a new parallel inner wall was constructed of lava boulders
from nearby slopes. The boulders were placed manually to
form a dyke 10 ft wide, five ft high, and 250 ft long. At high
tide, the wall is I-l/2 feet above water line, as is the ancient
outer wall. The space between was filled with approximately
500 cu. yds of dredged fill, and forms the main service dock.
At the end of the broad wall, a bridge was built to cross one
of the two existing makahas. The remaining wall is 12 ft wide,
and extends 1000 feet to the dease maugroves oo the eastern
side of the pond

In the middle of the new dock-road area of the wall, a cement
awai and makaba were constructed. Instead of using the ancient
method of binding sttaight saplings vertically on the makaba to
keep out predators and competitors, sheets of a special heavy
duty plastic screen  Filter X, Cartage Mills, Inc. ! for hydraulic
filtration were used. This plastic proved to be self cleaning in
the tide and is expected to be much more ef6cient than the sapling
barrier in keeping the pond free of unwanted 6sh. The awai  Fig. 4 c!!
�' h x 8fw x 4'l! is constructed of cast cement, and provided
with three slots for plastic screen frames, rubbish grates, and



 d! Detail of wall filling, showing
plastic lining

 d! Filt ration gate, awai

Fig. 4. Dredging barge, filtration gate,
detail of waH construction.
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 a! Dredging barge in Ali'i Pond  b! Close-up of dredging barge pump



weir hoards. A mangrove pole bridge was built over the awai to the
other half of the service dock area.

3 ~ The pond was dredged in a series of arcs. A manually operated
system allows a spud to be set in the pond bottom off a res.r
corner of the barge. The bs.rge, with its dredge head, pivots
around the spud. Then the spud is re-set on the opposite rear
corner, advancing about 1-1/2 feet with each sweep. The dredging
barge, in effect, "walks" across the pond. Dredge spoil is
carried by 6000 g/hr to the fill area between the walls. At times
excess spoil wa.s available and sold as fill. Manual operation
of the spud was later replaced by a motor-driven hydraulic cylinder
system.

The pond bottom is silty mud, of variable depth, resting upon a
calcareous crust three to four inches thick. The crust is composed

of coral and shell fragments cemented firmly together, but can be
penetrated with effort by a steel bar. The crust covers only part
of the pond bottom; a central, pie-shaped area approximately 500 feet
wide by 1000 feet long, coming to a point at the maks.ha,
is clear of crust. It is presumed that the ancient Hawaiian operators
of the pond kept this area free of encrustation and had a deeper
spot here. The maintenance of such deep spots in mullet ponds has
been described to us by Molokai residents familiar with pond
operation. Fish were supposed to have retreated to them to find
cool water and shelter during low tide.

Interspersed in the muddy silt were shells and stones of various
sizes, mostly less than l-l/2 inches in diameter. In dreding the
bottom down to the crust, only stones larger tha.n three inches had
to be rexnoved by hand.

4. Nine-foot Inangrove posts, cut from cleared trees, were pile-driven
three feet into the pond bottom leaving six feet above ground. They
were placed 3-3/4 feet apart to provide support for used, balf-inch
plywood. The 4' x 8' plywood sections, narrow edge down, were
nailed to the mangroves from the inside of the section to be filled.
The section was thea lined with 6 mi1 clear polyethylene plastic to
keep water and small fines from leaking out through the overlapping
joints, junctions of plyboard to pond bottom, and holes in the
old wall  Fig. 4 d!!.
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4. Costs

The major overall expense, as would be expected for pond
refurbishment, was for labor and supervisory personnel  Table 1!.
A project director was hired who supervised all aspects of the
pxoject. Other staff included a local resident hired as general
forexnan and pond manager, and a variable force of unskilled
laborers, usually 2-3 young men from the local community
of Kaunakakai.

The major equipment expenses were the specially designed and
fabricated barge, dredging equipment and pile driver. During the
course of refurbishment, a variety of other equipment was rented,
including a truck used to haul rocks from the nearby quarry, and
a skip Loader to xnove excess spoil from the dredge discharge area.
The difficult job of cutting and trimxning xnangrove poles proved
more arduous and expensive than contemplated. The very hard
wood took its toll of the lightweight chain saws. If further mangrove
clearing is required, we would invest in heavy-duty equipment
for this purpose.

The major construction expense was rebuilding the pond wall, and
new inner wall which cost $928/100 linear feet, including cost of fill
material. Dredging cos t approxixnately $200/100 cubic yards of
dredged material. We were able to recoup $500 of this cost by sale
of excess fill. The materials in each gate cost $102, including concrete,
aggregate, reinforcing wire, screens and frames, plus installation cost.

The adjusted amortized cost of refurbishing Ali'i Pond. is $474
per acre  Table 2!. Because our staff at Ali'i Pond was performing
functions concerned with work related to other scientific projects,
we have prorated actual expenses on refurbishment during the time
of repair to inclu.de only those items directly concerned with this
aspect, and not total expenses during the period, which would
inlfate the per acre figure to $944/acre. With a staff such as ours
and with the sole job of refurbishing the pond, the lesser figure
is correct.

Because our operations were heing carried out by a nonprofit
scientific organization, the costs listed above do not include usual
fixed costs such as return on investment, general ovexhead, taxes
and lease cos ts.
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Table 1

EXPENDITURE SU1VIMARY  Two years!

~Ad'ustedTotal

Materials and Supplies

Equipment

839

12 893

$ 13,732

1, 039
15 893

$16, 932

Purchased

Fabricated

Subtotal

Expenses

531

505

$ 1,036

531

1 005

$1, 536

Sbippm
Rental of equipment

Subtotal

$30 120

$50, 799

5 56 320

$809 999TOTAL

30 200

$50, 799

$10 540
40, 259

Per acre amortized over 5 years ~474
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Quarry rock
Plastic filter screen

Lumber and cement

Fu.el

Oil

TOOlS, batterieS, ld, parts
Miscellaneous hardware

Office supplies
Subtotal

Labor and Supervisory Personnel

Less research expenses not attributed
to GH-78

Less depreciation  four years I $2,635!
Total Direct costs  for 17 acres!

$ 487
563

759

2, 981
396

606

409

10

$ 6,211

$ 487
563

759

2, 981
396

406

309

1G

5, 911



Table 2

JOB COST BREAKDOWN

Ad usted Refurbishment Costs
JOB Labor ui 't Mat'l Total Cost IJnit
Pond Wall Construction

�660 linear feet!

. 52/linear ft
~ 63 II

'll 11

05 'II

90 T1 IT

3, 858 133 2, 234 6, 225 2. 34

Drei~a �4, 080 cu.yds. ! 17, 600 2, 816 2, 112 22, 528 l. 60/cu. yd.

Gate Construction � gates!

83 12 218

8 0 12

30 2 48

120 84 G

617 102. 00/gate241 98 278

Stone Wall Re ir �00 cu.yds.!

I, 700 200 800 2, 700 6. 75/cu. yd.
1,300 0 0 I, 300 3. 25/cu. yd.

0 0 487 487

3, 000 200 I, 287 4, 487 IO. GO/cu. yd.
excluding

5,421 5,421 quarry rock8
rngt salary not charged
directly to labor!

531 I 036i tnent Rental k Shi in 505

$30, 120 3, 752 6, 442 40, 314TOTALS

Total cost per acre $2, 371
Cost/acre amortized 5 yrs $474

Mangrove pos ts  cutting!
 driving!

Plastic liner

Bracing wire

Plywood
Totals

Cement 8E aggregate
Reinforcing wi r e
Screens and frames

Ins tallation

Totals

Field gathered stones
Stone setting at pond
Purchased quarry rock

Totals

I, 330
I, 596

67

67

798

53 12

72 16

0 558

0 53

8 I 595

1,395
I, 684

625

120

2 401

313

20

80

204

52. 00/gate
3. 00/gate

13. 00/gate
34. 00/ te



THE ECONOMICS OF HAWAIIAN POND OPERATION

Considering these costs for pond refurbishment and considering that
the work was done by a nonprofit organization, can a. private pond operator
expect to refurbish such ponds elsewhere and rea.lize a reasonable return
on his investment? We have made a series of calculations relating to these
questions. Our figures were based upon the following criteria-

1. The pond operation is a family or sole proprietorship operation.
2. The family provides 50% of the refurbishment work force and

100'% of the annual operating work force.
3. Complete refurbishment of the pond is required.
4. Water depth is maintained at 2-1/2 feet, providing

4,000 cu yards of water per acre.
5. Sixty percent of required capital, including startup costs,

will have to be borrowed.

6. A stable market exists in which fish can be sold at a price
of $1.20/lb and rising to $1.53/ib on the retail market.

7. Two years are required to grow the first crop, and an
annual crop is produced thereafter.

8. Family labor can be substituted with hired labor at a
vaLue of $3. 50/hr.

9. Loss to poaching will be figured at 10%, of the cash balance.
10. The pond contains 17 surface acres of productive water.

In order to achieve an 8%/yr return on investment, one has to project
a yield of approximately 4,000 lbs/acre/yr, or I lb per cubic yard of water/yr.
This figure is unrealistic for present mullet culture where expectable
productivity is about 500 lbs/acre/yr. We concluded that for the refurbishment
of Hawaiian ponds to be financially feasible at the present time mullet cul.ture
alone will not suffice, even with great technological improvement. Multiple
culture of soigne sort must be considered, and even this is apt to be marginaL,
Costs and profits revealed by analysis of such culture would have to be
matched against culture costs in other sorts of enclosures.
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SUMMARY

Thus, in summary, the present cost of labor makes it
expensive to refurbish aboriginal Hawaiian ponds for economically
production. To succeed in such a venture an operator must follow.
of the suggested paths:

I, Find ways to significantly reduce the refurbishment costs
we encountered in rebuilding Ali'i Pond. The most likely
route is through znethods to reduce labor costs significanti
as for example, by community effort, by obtaining donated
time from Community Action Programs, or by dedicated
family effort. If large ms.chinery, such as dragline
equipment could be obtained cheaply, dredging costs might
be significantly reduced.

2. Await or participate in field tests of existing laboratory
data, to determine their validity in actual maricultural
s ituations.

3. Await additional developments that will significantly
increase yields from pond acreage. In any case, anyone
who contemplates pond operation faces a rather long pericx
prior to debt-free operation, and must face a number of
uncertainties, the greatest of which is nearshore pollution
areas optimum for pond production.
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