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face of the water a dense setting of serpulid worms usually results in
a paucity of barnacles, but the gradual fading out of worms at depths
of from 4 to 6 feet permits an increasing development of barnacles at
and beyond these levels.

At station B in Pearl Harbor barnacles were a significant factor in
fouling only on panels submerged near the bottom. During periods of
9 to 16 days barnacles readily settled on near-surface panels and made
a good start but were unable to attain normal maximum development
in competition with fast growing serpulid worms.

Under optimum conditions, as in Kaneohe Bay or at station A,
Pearl Harbor, the common barnacle (Balanus amphitrite Darwin)
may reach a diameter of 24 mm. within the first year and increase in
size but little after that although its life span probably is several years
(fig. 10, a-d).

Spawning of B. amphitrite usually occurs for the first time when
the shell reaches a diameter of 12 to 15 mm., which may be within
one month after attachment under favorable conditions. The fertile
monoecious organism releases large numbers of free-swimming nau-
plii, which show strong positive phototropic responses (fig. 11, a, ).
After a period of time, probably a week or more, the nauplius is trans-
formed into a cyprid which externally resembles somewhat a minute
bivalve mollusk (fig. 11, ¢). This organism creeps about over the
surface until it becomes attached at some suitable spot by its antennae.
It is soon converted into the fixed barnacle stage. The investigations
of Visscher (9) show that the cyprid, before becoming attached,
exhibits negative phototropism which serves to explain why barnacles
are more likely to become affixed on dark than on light colored areas.

Cyprids brought into the laboratory on panels in the evening are
converted into young barnacles during the night. As the juvenile
barnacle assumes form, the empty shell of the cyprid rests over its
summit like a cap. This, however, is soon lost (fig. 11, d).

Test panels at station B, submerged for 9 days during October,
presented an even distribution of barnacles over unpainted surfaces.
averaging about 50 specimens per square inch of area. The larger
specimens were 2 mm. in diameter. During this period, on non-toxic
painted surfaces black areas supported slightly more barnacles than
did white ones.
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Ficure 10.—Growth of barnacles and bryozoans: a-d, growth of barnacles
during first, second, third, and twelfth month, respectively; e, growth of
Bugula during 3 months; f, fused colonies of Schizoporella developed in 105
days. ( All natural size.)
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Freure 11.—Metamorphosis of barnacle: a, nauplius, ventral surface; b,
lateral view of posterior extremity of nauplius, forked process ventral; ¢,
lateral view of cyprid, preceding affixation; d, young attached barnacle
capped by cyprid shell.

In 16 days many of the barnacles reached a diameter of 3 mm.,
and in 23 days some were 7 mm. in diameter. In 38 days a very few
had attained a diameter of 10 mm. During these periods serpulid
worm tubes were developing on the panels at a rapid rate. In a period
of 30 days, October to November, on a panel densely coated with
worm tubes, black and white surfaces accumulated about an equal
number of barnacles, the larger ones 3 mm. in diameter. The worms
were overriding the barnacles and probably deprived them of food and
oxygen. At station B during one period of observation (141 days,
Decemiber to April) under conditions very unfavorable to themselves,
the largest barnacles developed were but 14 mm. in diameter, a size
reached in Kaneohe Bay in less than one month, according to Edmond-
son and Ingram (3).

It is a common observation that on panels covered by non-toxic
paints the external coloring of the shells of attached barnacles corre-
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sponds with the coating of the panel. This is because the cyprids bur-
row through the coating of the panel to become affixed to the solid
surface, the plates of the shell of the barnacle lifting the colored paint
as they expand.

From a limited use of commercial antifouling paints during the
investigations, there is some evidence that such treatments have greater
inhibiting effects upon barnacles than upon serpulid worms. Although
there is no doubt that worms limit their development, there is still a
suggestion that the absence of barnacles from some test panels is due
to the antifouling coatings. Panels coated with Copper Red completely
inhibited the attachment of barnacles as well as serpulid worms during
16 days in October. In 49 days, however, March to April, a few scat-
tered barnacles became affixed to panels treated with Copper Red, the
larger ones attaining a diameter of 3 mm. Other similar panels sub-
merged for 51 days, March to May, were free from barnacles. During
the periods of 49 and 51 days the painted surfaces were more or less
heavily fouled by serpulid worms.

Treatments of panels with Yacht Green gave similar results, for
the most part. During a period of 32 days; April to May, the affixa-
tion of barnacles was completely inhibited on surfaces coated by Yacht
Green, although there was a good setting of worm tubes. In 35 days,
November to December, panels treated in a similar manner were also
free from barnacles. The settling of a few barnacles on a Yacht
Green surface was noted during a period of 42 days, October to
December, the larger specimens reaching a diameter of 3 mm. Here,
during this time, the total fouling, chiefly worm tubes, was more than
twice that of an untreated area of similar dimensions. At station A
it was found that antifouling paints had considerable merit in the
inhibition of the affixation of barnacles. According to Edmondson
and Ingram (3) similar results were obtained in Kaneohe Bay, where
serpulid worms were not a principal element in fouling.

On comparing panels submerged just beneath the surface at sta-
tion B with those at a depth of about 14 feet, the greater development
of barnacles is usually seen at depths of 6 feet or more below the
surface. Serpulid worms normally find their optimum growth at more
superficial levels.

It is readily observed that if barnacles maintain themselves under
certain ecological conditions they must endure strong competition from
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Ficurg 12—Vertical distribution of fouling from surface to a depth of 12
feet during 13-day period: a, fouling on first submerged foot of panel; b,
fouling at a depth of 8 feet; ¢, fouling at a depth of 12 feet.
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other sedentary forms. Moore (6) points out that barnacles and
sea weeds (Fucus spp.) are not suitable associates, as the sea weeds
screen the barnacles and prevent their obtaining adequate food. In
like manner, the rapidly growing worm tubes prevent the normal
development of barnacles.

Ii the worms do not develop in sufficient quantity to smother the
barnacles the latter may reach their maximum growth at or near the
surface. This is shown on panels suspended from the surface to depths
of 12 feet at station B for 13 days, November to December. Here,
although worms became affixed in considerable numbers near the sur-
face they were not crowded enough to hinder the development of
barnacles which reached a diameter of 4 mm., about normal size,
under favorable conditions (fig. 12, a-c). At the eight-foot level both
worms and barnacles were fewer in number and smaller, the latter
attaining a diameter of 3 mm. At a depth of 12 feet, few worms were
affixed and the largest barnacles were but 2 mm. in diameter.

- Another series of panels, extending from the surface to a depth of
54 inches, illustrates the competition between serpulid worms and
barnacles. After being submerged for 27 days, November to Decem-
ber, the surface panel accumulated a heavy coating of worm tubes and
scattered barnacles, the latter reaching a diameter of 3 mm. On the
panel 54 inches below, a lighter development of worm tubes permitted
an increased population of barnacles, the larger ones attaining a
diameter of 5 mm. (fig. §, a, 0).

A clear inverse gradation between the development of serpulid
worms and barnacles is seen in a series of 5 panels suspended at inter-
vals from the surface to a depth of 9 feet at station B. The surface
panel after 35 days, October to December, was heavily fouled by ser-
pulid worms and Bugula, a bryozoan, and supported a few barnacles,
the larger ones of which were 2 mm. in diameter. At a depth of 9
feet, with the worms almost faded out, the barnacles were thickly
scattered over the surface, the larger ones being 12 mm. in diameter
(fig. 9, a, ).

On a panel extending from the surface to a depth of 12 feet, dur-
ing a period of 51 days, March to May, the first foot was heavily
fouled by worm tubes and Bugula with a few barnacles, the largest
of which were 3 mm. in diameter. The lowest foot of the pancl, while
almost free from worm tubes, was thickly set with barnacles, some of
which were 14 mm. in diameter (fig. 9, ¢, d).
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BRYOZOA (POLYZOA)

Among the common fouling organisms of Hawaiian waters are Bry-
ozoa. A number of species are almost constantly present on the bot-
toms of boats or on experimental test panels. Some develop into
upright branching structures, whereas others form flat, platelike colo-
nies. One of the most familiar species is Bugule neritina (linnaeus),
a widely distributed form which develops into an erect, tufted colony
several inches in height. If great numbers of these reddish-brown colo-
nies cling to the bottom of a boat, its speed is much reduced. Bugula
is abundant in Pearl Harbor, Honolulu Harbor, Kaneohe Bay and
other coastal waters of Oahu (fig. 10, ¢). At station B the species
often develops luxuriantly and may become a fouling organism second
in importance only to the serpulid worm with which it is associated.

Colonies of Bugula are formed as a result of the affixation of
minute, brown free-swimming larvae released from a mature organism.
If attached at night, under laboratory conditions, by the following
morning the larvae have been converted into moundlike or mushroom-
like bodies 0.25 mm. in height. In 24 hours they develop into erect
forms 0.75 mm. high with narrow stalks and present the beginning of
a longitudinal suture which is to mark the separation of the first pair of
zooecia (fig. 13, a-¢). Twenty-four hours later the suture is complete
with the young colony 1 mm. in height (fig. 13, f). A colony 1.25 mm.
tall shows a rapidly growing tip which will hecome sutured to form a
second zooecium (fig. 13, g).

The stem and branches of a colony of Bugule are composed of
elongated zooecia which are fused with each other for the greater part
of their length and arranged in a spiral fashion. Fach zooecium
encloses a complete monoecious animal (fig. 13, 7). Colonies 4 mm. in
height, composed of about 40 zooecia, may be developed in 9 days or
less (fig. 13,4). When a height of about 25 mm. is attained the fer-
tility of the colony is indicated by the appearance of spherical mem-
branes or ooecia which are formed on the anterior edges of the zooecia
(fig. 13, /). An ooecium is a protecting sheath enclosing the develop-
ing egg or embryo which is eventually released as a free-swimming
larva.

Colonies of Bugula neritina frequently develop in large numbers
on submerged surfaces in Pearl Harbor. They may reach a height of
100 mm. during a period of 3 months, which seems to be about the
maximum age of the species in local waters. In laboratory culfures
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Fi6urg 13.—FEarly stages of Bugula neritina: a, egg; b-d, phases shortly
after affixation of larvae; e, four hours after affixation, showing initial
suture; f, colony two days old, first zooecium formed; g, the same a few hours
later ; h, zooecium with an ooecium attached : i, colony 9 days old; j, zooecium
enclosing an expanded animal, om, ooecium; sm, zooecium. (a-d, h, j, greatly
enlarged.)



26 Bernice P. Bishop Museum—Occasional Papers XVIII, 1

127 colonies have been counted on a surface 100 mm. X 24 mm.
n area. '

Bugula is nearly always associated with serpulid worms on experi-
mental panels. There is very little competition between these two
organisms as they both rise from the surface in the course of develop-
ment, thereby gaining advantage over the close-clinging barnacle.

Antifouling coatings, such as Copper Red and Yacht Green, at
times show little efficiency in repelling the attachment of larvae of
Bugula. In other experiments the paints have delayed the affixation of
the organisms, but the properties repugnant to the larvae apparently
do not last long. Some of the largest colonies of Bugula I have
observed were attached to supposedly toxic surfaces.

Observations on the vertical distribution of Bugula neritina at
station B show that the species reaches its maximum development near
the surface of the water. During a period of 35 days, October to
December, surface panels supported many colonies of Bugula 40 mm.
in height, whereas none was found at a depth of 9 feet (fig. 9,a, 0).
On other panels, during 51 days (March to May), the first foot below
the surface was heavily fouled by serpulid worms and Bugula, colonies
of the latter being 35 mm. in height. At a depth of 12 feet few worms
and no colonies of Bugule were attached (fig. 9, ¢, d).

incrusting forms of Bryozoa forming flat, circular colonies are
also common sedentary organisms likely to become fixed to the bot-
toms of boats and to experimental panels. In Hawaiian waters the
prevailing species, probably Schizoporella unicornis (Johnston), often
forms colonies 2 or 3 inches in diameter, spreading rapidly over
smooth areas or over the shells of barnacles, tubes of serpulid worms
or other irregularities of the surface (fig. 10, f). Since the colonies
cling closely to a surface, the friction caused by them is less than that
produced by erect colonies of Bugula or by masses of worm tubes.

The early stages of encrusting forms of Bryozoa may be obtained
by submerging panels in the water for a few hours only, either day or
night. After the affixation of a free-swimming larva the initial zo-
oecium is quickly formed, serving as a basis for the colony. From this
basic zooecium a thin transparent foundation is secreted, giving rise to
a second chamber, and successive ones are formed in a similar man-
ner (fig. 14, a-1).

Observations on the rate of growth of the common species have
been made, and the following information may be considered normal
under favorable conditions. On panels submerged for 6 days colonies
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Ficurg 14—FEarly phases of encrusting Bryozoa: a-c, affixed phase of
initial zooecium at intervals of a few hours; d-f, three successive phases of a
young colony within a period of 14 hours; g, a young colony shortly after
affixation; h-i, phases of another colony at an interval of 24 hours.
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2 nm. in diameter are developed ; in 69 days a diameter of 50 mm. may
be attained ; and in 3 months many colonies exceed 60 mm. in diam-
eter. If large numbers of larvae become affixed on a surface at about
the same time, the resulting colonies may fuse and form an almost
solid encrusting layer. During 26 days, August to September, no less
than 200 colonies were established on one surface of 2 wood panel
5 X 7 inches in area.

In tests of vertical distribution colonies of Schizoporella developed
best near the surface, if competition with other organisms was not too
severe. In short periods, up to 13 days, on panels extending from the
surface to a depth of 12 feet, colonies of encrusting Bryozoa were more
abundant and much larger in the upper levels than at greater depths.
There was not vet sufficient time for dominance by serpulid worms.
However, another experiment (51 days) showed that numerous colo-
nies of Schizoporella were established at a depth of 11 feet, where
worm tubes were few, whereas none was observed at the surface where
serpulid worms densely fouled the panel.

MOLLUSCA

Two species of bivalve mollusks, Anomia nobilis Reeve, and Ostrea
sandvichensis Sowerby, are potentially important fouling organisms in
Pearl Harbor. They constitute a substantial part of the material
scraped from the bottoms of some boats after they have been anchored
in the harbor for some time.

Of the two mollusks, Anomie is seen on the hulls of boats more
frequently than i1s Ostrea, and this fact may be accounted for by its
mode of life and rapid development. Anomia is recognized by the flat,.
circular shell, the lower valve of which is perforated by a hole through
which the byssus passes in attaching the mollusk to its support (fig.
15, a, b). There is a tendency for individuals, when the fouling is
heavy, to pile upon each other forming clusters. several inches deep
which would greatly increase the friction of a boat moving through
the water. '

Opportunity for the study of the larval phases of Anomia was not
provided during these experiments, hence only the rate of growth
after affixation was ohserved. At station B, the species was constantly
present on test panels and under favorable conditions grew rapidly
(fig. 15, ¢). In 10 days, specimens of Anomia reach 2 mm. in long
diameter of shell. In 23 days a diameter of 8 mm. may be attained, 15
mm. in 32 days. Panels submerged 42 days have supported shells 24
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Ficure 15.—Anomia nobilis: a, b, lower and upper valves, respectively.
natural size attained in about 3 months; ¢, panel lightly fouled by Anomia in
72 days at station B.
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mm. in long diameter, and within 141 days the species has deposited
shells 48 mum. in diameter, which probably is near the maximum size.
Dall, Bartsch, and Rehder (2) list a Honolulu Harbor specimen 57
mm. in long diameter of shell.

The native Hawaiian ayster, Ostrea sandvichensis, is abundant in
certain parts of Pearl Harbor and may become attached to boats which
have been stationary in the harbor for considerable periods of time.
I saw a decommissioned naval vessel which had been anchored for 5
years in Pearl Harbor, the hull of which was almost solidly coated with
masses of this oyster several inches in thickness. Apparently, however,
the mollusk is not a fouling menace in the vicinity of station B, as at
no time during the observations has it been affixed to test panels.

TUNICATES (ASCIDIANS)

Tunicates, both simple (single) and compound (colonial), are fre-
quently associated with other sedentary organisms in the fouling com-
plex. During periods of rapid development in local waters, simple
tunicates may necessitate the cleaning of the hulls of ships at intervals
of three or four months.

Several forms of simple tunicates, undetermined as to species,
appear on test panels at intervals during the year at station B. An
erect species with transparent tunic is frequently seen (fig. 2, d). It
has attained a length of 30 mm. in 21 days and 50 mm. in 60 days.
Some specimens 5 inches long probably developed within a period of 6
months. Boats anchored in Pearl Harbor for a few months sometimes
have their hulls densely fouled by this tunicate to the almost total
exclusion of other organisms.

There are also many compound tunicates of undetermined species
in local waters. Some are brilliantly colored spreading over a surface
in a soft gelatinous layer, whereas others form globular masses several
inches in diameter (fig. 1, a). Imbedded in the investing mass are the
individual members of the colony which may or may not be grouped in
systems. An increase in size takes place by budding, the individuals
of the colony not developing separate tunics but being held together by
the fleshy mass. Bulbous colonies have attained a diameter of 70 mm.
in 60 days in local waters.

The tunicate represents a chordate organization which reaches its
highest development in the tadpole or larval phase during which period
the organism possesses a notochord in the tail (fig. 16, d-¢). Fixed
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FIeurg 16.—Early development of compound tunicates: a, egg; b, ¢, tad-
pole stage evolving from egg; d, active tadpole stage; e, tadpole shortly
before affixation; f, g, development following settling of larvae, about 14 and
20 hours, respectively, after affixation; h, i, later phases of two colonies. am,
ampulla,
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adult individuals or colonies result from the attachment and metamor-
phosis of the free-swinuning larvae. With the affixation of the larva
the organism degenerates into a non-chordate form, the tail and noto-
chord becoming atrophied.

In the metamorphosis of a compound form, as observed, the unfold-
ing of the tailed larva occurred after the egg had left the body of the
parent (fig. 16, a-c). The duration of the free swimming period of the
larva is uncertain but after affixation the transformation following is
rapid. Larvae becoming attached at night are small colonies on the
following day, ectodermal ampullae have made their appearance and
the organism expands into a gelatinous mass. The future colony is
developed by budding from the initial member (fig. 16, f-).2

AFFIXATION OF ORGANISMS

Various factors, chemical and physical, have been suggested as
being influential in the affixation and metamorphosis of sedentary
organisms. Visscher (9) demonstrated that the cyprid stage of the
barnacle is negatively phototropic which supposedly accounts for the
excessive accumulation of the organisms on dark rather than light sur-
faces. My experiments in Hawaiian waters have generally substan-
tiated this fact. Pomerat and Reiner (7) have recently emphasized
the photic factor by comparing day and night catches on black, opal,
and clear glass plates. With daylight contacts, twice as many barnacles
were affixed to the black surface as to either of the others, but little
difference in number was observed as a result of night exposures.

With respect to the oyster, Prytherch (8) pointed out that small
amounts of copper constituted a definite stimulus for affixation and
metamorphosis, which suggests that trace elements of one kind or
another may possibly function in a similar manner in the attachment of
other sedentary forms. Hopkins (4) ascribed the greater accumula-
tion of oyster spat on the lower than on the upper face of a horizontal
surface to the swimming position of the larva with the foot directed
upward. Hopkins saw no phototropic response in the hehavior of the
oyster larvae.

The view that the formation of a film of slime produced by bacteria,
algae, and other organic matter must precede the affixation of seden-
tary organisms has had considerable support. The work of Angst (1)
suggested a direct relationship between the bacterial film and the

2 See Phil. Trans. Roy. Soc., B, series “Studies in tunicate development™, pts. I-V, by
N. J. Berrill, 1929, 1931, 1935, 1936.
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appearance of attached forms. His conclusion was that barnacles did
not become affixed to a surface in advance of the slime as its presence
was necessary for the development of the young organisms.

After extensive experiments ZoBell (10, 11) concluded that a
primary film encourages the attachment of sedentary forms. Advan-
tages of the bacterial film, as indicated by ZoBell, include : supplying
a foothold for larval organisms and food for their development; dis-
coloring bright surfaces thereby encouraging the attachment of nega-
tively phototropic forms; protecting fouling organisms from toxic
elements of the surface; increasing the alkalinity of the surface which
may stimulate the deposition of calcareous material ; influencing the
potential of the surface thereby attracting larval forms, and favoring
the growth of algae by the concentration of plant nutrients.

That the formation of the film begins almost at once after a surface
has made contact with the water, is indicated by the short time required
for the initial attachment of fouling organisms. Ouly a few hours, day
or night exposures, are needed for submerged test panels to collect a
considerable number of sedentary forms. An interesting phenomenon
associated with a surface coated by non-toxic enamels is mentioned on
pages 20-21. Frequently on panels so treated barnacle cyprids, instead
of becoming attached to the surface where the bacterial film has sup-
posedly formed, burrow through the slime and the underlying coating
of enamel as well, to settle directly upon the solid surface of the panel.
Here, apparently, has been set up an initial stimulus of activity rather
than a stimulus of attachment. It appears that the cyprids are seeking
a foothold other than that offered by the bacterial film. Whatever may
be the role of the primary film in activities of this nature, obviously 1t
may provide food for the growing organisms.

SUMMARY

Preliminary studies in Pearl Harbor indicate that barnacles are
most prominent in the fouling complex at the junction of the east and
middle lochs (station A), whereas serpulid worms prevail in the
vicinity of the coaling dock (station B).

The rate of growth of various sedentary organisms in Pearl Har-
bor is noted and some phases in the metamorphosis of certain forms
are recorded. Measures designed to inhibit affixation of the organisms
must take into consideration the responses of the larvae.

In the fouling association one organism may be a limiting factor in
the development of another. In competition with serpulid worms and
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compound tunicates, forms like barnacles—which cling close to the
surface—usually succumb, Dbecause they are smothered by the others.

Serpulid worms reach their maximum development immediately
beneath the surface of the water. Barnacles, under these limiting con-
ditions, may develop more fully at depths below normal for the worms.

Bryozoa, both erect and encrusting forms; the molluscan species,
Anomia nobilis; and tunicates, both simple and compound, usually are
associates of serpulid worms and barnacles in Pearl Harbor. Only
occasionally do they play more than a minor role in the fouling
complex.

Limited tests with commercial antifouling paints indicate that they
are effective in preventing fouling for short periods of time only.
There is evidence that these coatings, as used, repel barnacles more
efficiently than they repel serpulid worms.
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