on the natural underwater objects.
tensively, especially in cases of fouling of ships-bottoms and light-buoys (See Anon. 1952 for the
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Introduction

The phenomenon of marine fouling by various invertebrates on the surfaces of objects submerged

in the sea happens as a matter of course because there are so many sessile animal-forms that settle

review). The problem is important also in the salt-water cultivation of edible oysters, pearl oysters
and other organisms which are economically important in Japan. These suffer a great deal from the
overgrowth of fouling animals settling not only on the surface of the shells but also on the rafts,
buoys, cages, anchor ropes or chains and other materials submerged in the sea for cultivation. It
is said that the cleaning of shells and cages is one of the most laborious works in pearl oyster cultiva-

tion.

The biological aspects of this problem have been studied ex-
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Many authors have dealt with this matter from the fisheries or biological point of view (MIYAZAKI
1938, TaNITA and KikucHr 1953, MAWATARI and KoBAYAsHI 1954, KAwAHARA 1961 and KAZIHARA
1964). Their observations are limited to the fouling animals appearing on cultivating farms or the
artificially settled substrata such as test-collectors for oyster-spats. Ecological observations of
marine fouling animals in their natural habitat are lacking in spite of many works on the phenomena
of artificial substrata or on the natural sedentary communities on rocky substrata.

The field of cultivation of marine organisms is restricted to shallow and less exposed waters such
as coves or sheltered bays. In such places sessile animals are abundant and most of them are, like
oysters, filter-feeders. There are so many kinds of organisms in the fouling communities that a
complete list of fauna and flora in such communities cannot be compiled.

It is noteworthy that only a few species of animals in the fouling communities are large enoughor
abundant enough to be a nuisance in salt-water cultivation. There are some differences in the com-
position of fouling communities according to the localities or to the degree of “‘exposure” to use a
term suggested \by Muus (1968). But the most conspicuous fouling animals are limited to the follow-
ing groups; sponges, hydrozoans, bryozoans, serpulid annelids, bivalved molluscs, barnacles and
ascidians. The most important fouling animals in Aburatsubo-Moroiso Inlet, near Misaki Marine
Biological Station, are listed in Table 1. Their occurrences on the artificial and natural substrata are
discussed in the present paper.

Table 1. Common fouling animals in Aburatsubo-Moroiso Inlet.

Porifera Halichondria japonica

Grantia sp.
Coelenterata
Hydrozoa Obelia spp.
Clytia spp.
Actiniaria Haliplannella luciae
Bryozoa Bugula neritina
Tricellaria occidentalis
Zoobotryon pellucidum
Dakaria subovoidea
Shizoporella sp.
Microporella orientalis
Celleporina costazii
Mucropetraliella watersi
Membranipora sp.
Mollusca
Pelecypoda Mytilus edulis
Annelida
Polychaeta Hydroides norvegica
Dexiospira foraminosus
Arthropoda
Cirripedia Balanus trigonus
Balanus amphitrite hawaiiensis
Balanus amphitrite albicostatus
Chordata
Urochordata Leptoclinum mitsukurii

Botrylloides violaceus
Ciona intestinalis
Styela plicata
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Observations

1. Fouling animals on eel-grass and algae in comparison with those on artificial seaweed.

1-1. Fouling animals on the eel-grass, Zostera marina.

Aburatuso-Moroiso Inlet opens westward into Sagami Bay and has two coves each about one
half kilo-meter long. The prevailing coast is rocky and there are very few sandy beaches in the
inlet. The rocky coastal slope falls rapidly and is soon replaced by sandy or muddy bottom. The
deepest part of the inlet is located where the two coves, Aburatsbo and Moroiso, join together and
the depth varies between 5.5 and 7.0 meters according to the tidal rhythm.

The distribution of a bed of eel-grass, Zostera marina, was determined from the observations
from boat through the clear water which prevails there in autumn and winter. Several bundles of
eel-grass were collected at twelve sites in the shallow zones in the inlet in August, 1965 (Fig. 1). The
Leaves of Zostera were about one centimeter in width and one or one and a half meters long.
One bundle of the eel-grass had several fully-grown leaves that gathered not only fouling animals
but coraline algae and other small seaweeds on their surfaces. Old leaves were reddish in color due
to the tints of these algae. It was not clear how fast the leaves grow or how long each of them remained
attached to the rhizomes. However, it was assumed that the period of one cycle of leaf-turnover,
i. e. the longivity of a leaf, might be about several weeks in summer because a tubeworm, Dexiospira
(=Spirorbis) foraminosus, could grow to the adult state on a leaf of the eel-grass. Old leaves were
easily detached from the rhizomes and decomposed after drifting and dropping to the bottom.

The flower of the eel-grass develops in early summer. The eel-grass beds expand in spring and
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Fig. 1. Aburatsubo-Moroiso Inlet.
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decrease in summer after flowering. The fouling communities on the eel-grass might change seasonal-
ly in their abundance and composition. However, fouling animals thrive mostly in summer and
the results of this observation was thought to represent the fouling characteristics on the leaves of
the eel-grass.

The tubeworm, Dexiospira foraminosus, was dominant on the leaves of the eel-grass but the other
common fouling tubeworm, Hydroides norvegica, many kinds of bryozoans and two common fouling
compound ascidians, Leptoclinum (= Diplosoma) mitsukurii and Botrylloides violaceus, also appeared.
Barnacles were very rare on the leaves. The solitary ascidians, bivalved molluscs, hydrozoans and
sponges were not found in the samples. The densities of these animals varied markedly among the
twelve sampling sites. That of Dexiospira was very high at the middle parts of the eel-grass beds,
both on the northern and southern coasts. The bushy bryozoans, Bugula neritina and Tricellaria
occidentalis, occured only in the beds of the southern coast. The above results are summarized
in Table 2.

Table 2. Fouling animals on the leaves of the eel-grass.

“- STATIONS
1 2 3 4 5 6 7 8 9 10 11 12
SPECIES A - o - L
Dexiospira foraminosus R R + C CcC + + + + C + R
Hydroides norvegica RR RR RR R RR RR RR
Microporella orientalis R R + R R RR C + R R R
Mucropetraliella watersi | + R + + R R RR R R R
Celleporina costazii + RR R R R
Dakaria subovoidea RR
Schizoporella sp. RR
Bugula neritina + R + + + R
Tricellaria occidentalis L+ € C c C C
Leptoclinum mitsukurii | RR R R RR RR R R R
Botrylioides violaceus RR RR RR
Balanus amphitrite RR RR
CC: very common.

C: common

+: present

R: rare

RR: very rare

1-2. Fouling animals on algae.

The fronds of algae are generally poor substrata for the marine fouling animals. Only a few
larger brown algae, i.e. laminarians and sargassums, can be the substrata for sedentary animals. The
small hydrozoans Obelia and Clytia frequently appeared on the edges of the fronds of laminarians.
They are a nuisance in the cultivation of the edible laminarian, Undaria pinnatifida. Several kinds of
bryozoans encrust on the fronds and stipes of laminarians. Large thin colonies of a bryozoan,
Membranipora sp., are common on two dominant laminarians, Eisenia bicyclis and Ecklonia cava,
in the waters adjacent to the Aburatsubo-Moroiso Inlet. The gall-shaped bryozoan, Celleporina
costazii, is abundant on a laminarian, Eckloniopsis sp., which thrives along the inner rocky shores
in the inlet.
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The tubeworm Dexiospira was aboundant on the fronds of laminarians and sargassums as on the
eel-grass. Most of the common fouling animals appeared on these algae, especially on the stipes and
rhizoids. Encrusting animals such as bryozoans and compound ascidians were found frequently
not only on the fronds of laminarians but .also on those of sargassums, Sargassum serratifolium and
S. ringgoldianum. However, the fronds of sargassums are short-lived and become detached from the
rocky substrata in summer. There seems to be no persistent substrata for the fouling animals to
reproduce on.

1-3.  Seasonal changes in the fouling animal communities on artificial seaweed.

An artificial seaweed was devised for the purpose of making shelters in the artificial reefs. This
was made of a plastic, polyethelene, imitating laminarians in its shape; sixteen sheets of black film
(15 cm wide, 1.5 m long and 0.05 mm thick) were attached to six arms of a float (500 grams in buoy-
ancy). It resembled very closely a large laminarian in the sea because the specific gravity of the
material was a little less than unity (=0.95). But the fouling animals increased the weight of the film
and its leaves drooped after a short period.

The artificial seaweed was submerged at the depth of between two and four meters on the anchor
chain of a test-raft settled at the place where the two coves meet in the Aburatsubo-Moroiso Inlet.
One of the sixteen leaves of the artificial seaweed was cut at interval of three or four weeks soon
after the submersion in August 3, 1964. Then the intervals were changed to about six weeks and
the sampling continued until August, 1965. One more series of the artificial seaweed was submerged
in September 19, 1964 and the films were cut one by one at the same intervals of the first series. T he
plastic films were collected in the sea by diving and they were fixed in formalin immediately after
collection.

The fauna and flora on the artificial seaweed were rich and complicated but only those fouling
animals that adhered firmly to the films were counted in this study. The results of these observations
are shown in Fig. 2. Occasional species were excluded from the figure. The counting of numbers
of individuals or colonies of the fouling animals was limited to those visible to the naked eye. The
numbers were calculated in the densities per square meter and then the exponent (base=10) of the
numbers of density were plotted in the figure. The enormous fluctuations of the population densities
of fouling animals seem to be reduced in the figure by these procedures. But the changes in the number
of exponent showed the patterns of succession of fouling animals very well in the figure, being compa-
rable between different species at the same time. The exponent of zero means one as the number of
the density, but the density was calculated from about a half square meter (multiplied about double)
and there were no numbers of one per square meter in the data. In short, the number of zero in the
figure means absence of the animals in the samples.

The latter series showed the same patterns of succession as the former except for a bryozoan,
Zoobotryon pellucidum, and the barnacles. It was apparent that these animals recuced their rebroduc-
tive activities distinctly during the six weeks between the two series of submersions of the artificial
seaweeds.

The film was not a stable substratum for animals with calcareous shells or tubes. Serpulids and
barnacles were easily detached from the surface of the artificial seaweed and their number decreased
rapidly after they stopped reproducing in the seasons of lower water temperature. However, most
bryozoans and ascidians showed rather constant population densities on the substratum. They
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seemed to be mostly continuous breeders because the younger forms appeared in every sample.
For example, the size distribution of a compound ascidian, Botrylloides violaceus, is shown in Fig. 3.

Its colony grows exponentially
Then the area of the colonies in

This animal increased its numbers of zooids asexually by budding.
in its area, expanding on the flat surfaces (Yamaguchi in press).
the figure three was divided in the intervals of multiple sizes for the purpose of showing the grades

of age groups. The youngest group of this ascidian was the chief component of these populations

in most samples.
The patterns of the succession of fouling animals on the artificial scaweed seemed to represent

their patterns of seasonal reproduction. They grow very rapidly and their reproductive cycles were

thought to be very short. Some of these bryozoans were studied by MawATARI (1951a, 1951b and
1952) in central Japan and their reproductive cycles were observed to be one or two months in summer.
“The breeding of the individual colonies of these bryozoans continued for several months after they
were sexually mature. Therefore, they could reproduce several overlapped generations in a year
during the warmer seasons. The growth rate of a barnacle, Balanus amphitrite hawaiiensis, was

determined by HIRANO and OxkusHI (1952) at the same site as the present study. The acorn barnacle

also reached sexual maturity in a month in summer.
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Fig. 3. Size distribution of Botrylloides violaceus on artificial seaweed. The youngest group was domi-
nant all year around.

1-4.  Fouling animals on the eel-grass and algae in comparison with those on the artificial sea-
weed.

The fauna on the artificial seaweed was typical of marine fouling animals. They covered the whole
submerged surface of the black plastic film which simulated as the fronds of the large algae. The
artificial seaweed were covered by the overgrowth of fouling animals while the fronds of some of
the true seaweeds were only partly covered with these animals while the fouling animals themselves
seemed to be little different from those on artificial substrata. Some of the natural seaweeds such
as laminarians make good substrata for the animals because their fronds live long enough for the ani-
mals to grow and reproduce on them. However, the fouling animals on the fronds of laminarians
were considerably limited.

The reason why marine algae collect fewer fouling animals on their surfaces may be that they
generally excrete mucous substances and also that they are very flexible. It is known that sargassums
excrete tannin and that this substance repels, the larvae of fouling animals (SIEBURTH and CONOVER
1965). It is true that some sedentary animals are closely associated with certain algae (RYLAND 1962
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and NisHIHIRA 1965), and this is explained by chemical stimulants secreted by algae to promote the
settlement of larvae (Crisp and WiLLIAMS 1960 and Gee 1965). However, most fouling animals can
not expect to find a stable habitat on natural seaweeds.

Leaves of the eel-grass, Zostera, were colonized by fouling animals as they grew older. But
their longivity was rather short and only a few animals such as a tubeworm, Dexiospira, could re-
produce on the substratum. A solitary ascidian, Ciona intestinalis, a social ascidian, Clavelina
lepadiformis, and a compound ascidian, Botrylloides leachi, were common on the leaves of Zostera
on the west coast of Norway (DYBERN 1969). However, ascidians were scarce on the leaves of
Zostera in Aburatsubo-Moroiso Inlet. The compound ascidians appeared there occasionally, but
never Ciona.

Larvae of Ciona were common in plankton and they settled on the glass surfaces of test collectors
submerged in Aburatsubo-Moroiso Inlet. They were thought to attach to the eel-grass there.
However, they might have been eaten by fishes such as Rudarius ercodes or by shrimps, Heptacarps
and others, which inhabit the eel-grass bed. These animals were observed feeding on young ascidians
in the laboratory. Therefore, Ciona could not survive on the eel-grass to grow to a visible form.
Thus the fauna on the eel-grass is limited by predation as well as by the short longivity of the leaves.
2. Fouling animals on the hard bottoms.

2-1. Under stones.

There are overlapping round stones from ten to forty centimeters indiameter just beneath the
low water level on the rocky slopes at some parts in Aburatsubo-Moroiso Inlet. They are covered
with muddy detritus on the upper surfaces and are colonized by green algae in the season of lower
water temperature. However, rich animal communities are found throughout the year under these
stones.

Most fouling animals common on the artificial substrata were recognized in these fauna but many
other sedentary animals were also found. The communities under the stones were dominated by the
encrusting forms of bryozoans and compound ascidians. Some stones were completely covered on
their undersurfaces by a compound ascidian, Leptoclinum mitsukurii. Another common fouling
compound ascidian, Botrylloides violaceus, occurred very commonly, but the number of colonies
decreased in early summer as the result of predation by a freeliving flatworm, Cycloporus japonicus.
The flatworm sucks the body fluid of the ascidian by attaching to the common test of the host. Its
breeding seemed to be very active in summer, producing vast numbers of larvae hatched in the sea
from the egg-masses layed under stones.

Solitary ascidians, Ciona intestinalis, Ascidia zara, Pyura mirabilis and Styela partita, were
common among the sedentary animals in this habitat. The most conspicuous fouling ascidian on
artificial substrata in the inlet was Styela plicata but it rarely occurred under stones.

Encrusting bryozoans, Microporella orientalis, Dakaria subovoidea, Shizoporella sp., Mucrope-
traliella watersi and Celleporina costazii, were common under the stones. On the contrary, bushy
colonies of Bugula neritina, Tricellaria occidentalis and Zoobotryon pellucidum were scarce in this
habitat. They appeared occasionally on the side surfaces of the stones.

Sponges, dwarf hydrozoans, acorn barnacles and serpulid polychaetes were the major sedentary
animals in addition to the bryozoans and ascidians mentioned above. The fouling tubeworms
Dexiospira foraminosus and Hydroides norvegica were very common among them.
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2-2. Overhanging rock walls.

Diving observations were carried out directly by the author frequently at every spot in the inlet..
Overhanging rock walls usually had the richest fauna of sedentary animals as was mentioned by
FoRsTER (1958). The faunas of this habitat varied according to the location probably because of
the degree of “exposure”. Overhanging rock walls were usually densely covered by a bryozoan,.
Dakaria subovoidea (=Watersipora cucullata), at the most sheltered sites. Some oysters (not iden-
tified) and a solitary ascidian, Pyura vitata, were found associating there, but the so-called “fouling
animals” which are common on artificial substrata were found only rarely on the rock walls with
the exception of the bryozoan, Dakaria. A beautiful soft coral, Bellonella sp., was found colonizing
the overhanging rock wall at the point of Nakou-zaki where the two coves branch off. Gorgonians.
also appeared at the mouth of the inlet.

Rock crevices may be important habitats of fouling animals, but they were very hard to study
by underwater observations. A horned turban shell, Turbo cornutus, was common in the crevices.
of shallow rock walls around the inlet. The serpulid worm, Hydroides, and acron barnacles, usually
gathered densely on the surface of the shells of this species.

2-3. Mussel and oyster beds.

The mussel, Mytilus edulis, is a famous fouling animal of pipes and ducts for cooling water in
maritime power stations. It also appears abundantly in oyster farms. It is one of the most important
fouling animals in an economical sense.

On artificial seaweed, the spats of this mussel settled densely in spring and grew very rapidly in
summer, at the same time decreasing in number. The primary settlement of Mytilus larvae in Abu-
ratsubo-Moroiso Inlet was observed on the colonies of bushy bryozoans, such as Bugula and Tri-
cellaria. The spats of Mytilus were observed to move from these bryozoan colonies just as they did.
in the observations by BAYNE (1964) at Menai Straits, North Wales, from the filamentous algae
on which they settled primarily. This was a dominant animal along with the acorn barnacles,
Balanus tintinnabulum and B. trigonus, on the buoys of set-nets at the outer part of the inlet. However,
the mussel-beds of this species were very limited in number and size. Only two small communities.
of the mussel were found on the rock wall beside small islands outside of the inlet by the author during
his diving observations from 1965 to 1969. Numbers of a starfish, Coscinasterias acutispina, were
feeding on these mussels just as Asterias amurensis does on the mussel beds in Tokyo Bay. The
O. acutispina usually occurs under stones in the tidal zones and rarely comes out in zones which the
mussel has colonized below the low water level and on the open surface of rocky substrata. A.
amurensis does not occur in the neighborhood of the inlet and its ecological niche is occupied by
O. acutispina. A settlement of young Asterias amurensis was observed in the inlet in spring. Young
starfishes were abundant everywhere until summer but they disappeared from the inlet as the water
temperature became higher. Larvae of Asterias were transported from Tokyo Bay but they could
not survive in Aburatsubo-Moroiso Inlet. The planktonic larvae of the mussel also seemed to be
carried from Tokyo Bay where a vast population is established on the coast. Both species, Asterias
and Mytilus, are animals that occur in northern districts. They breed in winter in central Japan. It
was interesting to see that these animals could survive and colonize successfully in Tokyo Bay where
the temperature falls greatly in winter while they survived poorly in Aburatsubo-Moroiso Inlet where.
the water temperature is kept higher by the effect of the Kuroshio Current. '
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An oyster, Saxostrea echinata, formed a bed on the rock in the lower tidal zone in the inlet. How-
ever, it was not a component of fouling animal communities.

2-4. Intertidal fauna on the rocky coast.

The surface of the rocky coast in the inlet was covered mostly by small acorn barnacles, Chtha-
malus challengeri. Another larger acorn barnacle, Tetraclita squamosa japonica, and a goose-
barnacle, Mitella mitella, were associated on rock exposed to the outer bay. On the other hand, a
tubeworm, Pomatoleios kraussii, and a solitary ascidian, Pyura michaelseni, appeared on the over-
hanging rock wall of the lower intertidal zone in more sheltered parts of the inlet. Among these
animals mentioned above, there were sponges, Halichondria japonica and H. okadai, and sea-ane-
mones, Haliplannella luciae, Anthopleura japonica and A. stella. These sedentary animals appeared
occasionally in the fouling communities but never established themselves as the major fouling con-
stituents.

3. Fouling animals from the soft bottom.

The foulihg ascidian, Styela plicata, was commonly observed on the soft bottoms in the inlet.
It was noted that this ascidian was collected in vast quantities by dredge net for bottom organisms
and this caused serious trouble in this type of fishing at Omura Bay, Kyushu (KAZIHARA 1964).

The ascidian attached to firm surfaces such as gravel-stones, tubes of polychaetes or the upper
exposed surface of shells of Pinna bicolor which acorn barnacles also covered at the same time.
However, many individuals were found not attaching but burying the lower parts of their tests in the
sand bottom like the sponge, Tetilla serica, in beds on the shallow bottoms of the inlet. A large
finger-shaped sponge (not identified) was common on the sand bottom of the inner part of the inlet
and it appeared among the fouling communities in considerable numbers.

Discussion

The origins of the fouling animals on the artificial substrata in the sea are, without doubt, larvae
being discharged or hatching from eggs spawned by the animals on the natural substrata. If the
artificial substrata were settled to the extent of supporting large numbers of animals on them such
as the farms of oysters or pearl oysters, the fauna could be sustained by themselves, reproducing
their larvae in the established communities. They could establish their own eco-system. The com-
munities were very different from those of natural substrata in many aspects. The artificial substrata
had selected animals from various habitats in nature as the components. These animals adapted
to the artificial substrata in various ways according to their abilities or morphological characters.
Most of them are cosmopolitan because they have been carried on the ship bottoms throughout the
world. It is well known that the mixing process of fouling animals is still going on.

Most of the marked fouling animals were thought to be selected from subtidal and shaded habitats
such as under stones or in crevices of the rocky substrata. Only one fouling ascidian, Styela plicata,
and a sponge came from soft bottoms. Many of the conspicuous sedentary animals on the natural
substrata did not appear in the fouling communities in spite of their abundance. The process of the
selection could be variable according to the specific animals. Larval behavior to select suitable sub-
strata may be of much value in that respect. Lack of intertidal inhabitants in the faunas of fouling
animals on the artificial substrata could be explained partly by this fact. The intertidal animals
rarely settled on the collectors submerged continuously in the sea. The intertidal acorn barnacle,
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Chthamalus, settled on rather shaded surfaces of intertidal rocky slopes, probably avoiding com-
petetion with algae. The tubeworm, Pomatoleios, prefered more shaded parts in the intertidal zone
than Chthamalus. However, their larvae might settle only in the tidal zones and were rarely found
on subtidal fouling communities. Most larvae of typical fouling animals prefered strongly shaded
substrata for settlement on both artificial and natural substrata. Their rheo-taxis, photo-taxis and
geo-taxis should be adjusted to do so in the course of the history in adaptation.

Smaller animals such as Dexiospira, Microporella and dwarf hydrozoans, Obelia and Clytia,
showed extremely short reproductive cycles of about several weeks. They are not rich on the old
artificial substrata covered by larger animals. But they are very abundant on surfaces newly sub-
merged in the sea. They are inhabitants of algal fronds or leaves of eel-grass in nature. Algae and
eel-grass provide short-lived substrata suitable only for these smaller fouling animals.

The competetion on the artificial substrata is known to be very severe because fouling animals
grow very rapidly and they have short reproductive cycles and continuous settlement of larvae.
The continuous breeding could be an adaptition for the settlement of new surfaces of the artificial
substrata. The primary settlers of the larger fouling animals usually established dense communities
dominated by single species on the newly appeared substrata until the sudden extinction of the com-
munities at their end of their lives. This phenomenon is well known in Styela plicata and Bugula
neritina as described by KAwaHARA (1960).

Most animals dominating the artificial substrata were not abunant in the natural habitats and
their populations were limited because their natural habitats were not so plentiful in the sea. It was
difficult to recognize the distribution of bushy bryozoans in natural habitats. They appeared some-
times on the over hanging rock walls, but only in small numbers. However, they did succeed in
colonizing artificial substrata very abundantly. The causes of such a phenomenon, i.e. the difference
of the faunas on the artificial and natural substrata, should be studied in order to understand the

fouling characteristics in the sea.
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