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Interactions of microorganisms and their use as
biocontrol agents in aquaculture

Masachika MAEDA'

Abstract : The function and activity of microorganisms are the key factors in understanding
the quality of the aquacultural environment. In fact, both harmful and useful microbes exist in
aquaculture water that directly affect fish growth. Among these microorganisms, useful bacte-
ria that can repress pathogenic microbes in the process of microbial antagonism and are util-
ized in biological production are called biocontrol (biological control) agents (BCAs). BCAs
were applied to aquaculture production in this study to prevent bacterial and viral diseases in
fishes and crustaceans. This paper describes the results of a study of biocontrol for fish and
crustacean production, and also reviews research reports on the use of microorganisms as

BCAs in aquacultural processes.
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The main purpose of this study was to find
and utilize microorganisms that promote fish
growth, while at the same time repressing the
growth of pathogenic microorganisms. The re-
sults are presented here, in addition to a review
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of the use of microorganisms as biological con-
trol (biocontrol) agents (BCAs) in aqua-
culture.

Antagonism among microbes is a naturally
occurring phenomenon, through which patho-
gens can be killed or reduced in numbers. In or-
der to apply such biocontrol to the aqua-
cultural environment, BCAs that can repress
the growth of pathogenic bacteria and viruses
were sought. Initially, microorganisms that
promote fish and crustacean growth were iso-
lated, since BCAs should not be harmful to
them. Prawns (Penaeus monodon) were cul-
tured with and without soil extracts (the
source of organic matter). Higher survival and
molt rates of prawn larvae were obtained in the
experiment that contained soil extracts, the
bacterial strain that promoted the growth of
the prawn larvae being isolated (MAEDA and
L1ao, 1992). The same bacterial strains also
promoted the growth of a crab (Portunus
trituberculatus) (MAEDA et al., 1992; MAEDA,
1999). Following this procedure, several other
bacterial strains that promoted the growth of
fishes, such as striped jack, sea bream and
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flatfish were also isolated (MAEDA, 1999).

These useful bacteria were marked with a
fluorescent dye following the method of SHERR
et al. (1987), and fed live to rotifers (Brachio-
nus plicatilis) and crab larvae (Portunus
trituberculatus). Under an epifluorescent mi-
croscope, the stained bacteria could be seen in-
side the guts of the rotifers and crab larvae.
Thus, the utility of bacteria as live food can be
determined from the survival data of their
predators, as well as through direct observa-
tion of the former following ingestion (MAEDA
and L1A0, 1994; MAEDA, 1999).

Vibrio anguillarum and infectious hemato-
poietic necrosis virus (IHNV) were used as mi-
crobial pathogens to test whether or not iso-
lated microbial strains could repress the
growth of those pathogens. Accordingly, sev-
eral bacterial strains that strongly repressed
the growth of the pathogenic microorganisms
were obtained. Determination of anti-viral ac-
tivity in isolated bacteria indicated that bacte-
ria that showed vibrio—static activity were also
able to repress the infectious activity of the vi-
rus (MAEDA et al., 1997).

One of these BCAs was applied to the culture
of crab (Portunus trituberculatus) larvae that
were found to be infected by a pathogenic
Vibrio sp. Before this application, crab culture
methodology included the addition of several
antibiotics to the larval rearing water, such
treatment being initially able to repress the
growth of pathogenic Vibrio sp., however, the
appearance of resistant microbes (mainly
fungi) killed all of the larvae within a few days.
Infection of larvae by pathogens interfered sig-
nificantly larval production wherein whole
batches of diseased larvae were abandoned and
a new production cycle initiated. Although the
shortcomings of antibiotic use were apparent,
few if any alternative means for controlling
disease were known. It was therefore essential
that new approaches should be adopted,
wherein the antagonism of certain microorgan-
isms could be used to repress other pathogenic
microbes in aquaculture systems.

Subsequently, the addition of a bacterial
strain as a biocontrol agent, instead of antibi-
otics, to the Portunus trituberculatus larval
culture facility was found to improve growth

and protect larvae from pathogens. Among the
bacterial assemblages monitored, the added
bacterial strain dominated the bacterial popu-
lations, Vibrio spp. counts decreasing or be-
coming undetectable in seawater. In this way,
production of crab larvae was greatly increased
(MaEDpA and Nocami, 1989; Nocami and
MAEDA, 1992; MAEDA, 1999). T'wo possible ex-
planations for the reduction in concentrations
of Vibrio spp. when the BCA was added are: (1)
the production (although not high) of vibrio—
static reagents by the BCA, and (2) niche ex-
clusion between the zymogenous bacteria and
BCA. The latter is particularly important in
controlling microbial communities. In experi-
ments not involving the addition of a BCA, sur-
vival rates of larvae from zoea I to zoea IV were
high, larvae not always being infected with
pathogenic microbes. However, the larvae died
on reaching the megalopa I growth stage in
many experiments, probably because of nutri-
ent deficiency. These data suggest that the use
of the BCA might improve the physiological
state of the larvae by serving as a nutrient
source for growth (NogaMr and MAEDA, 1992).

One of the bacterial strains used in aqua-
cultural processes showed an ability to prevent
infection of fish larvae by Striped Jack Nerv-
ous Necrosis Virus, baculo-like viruses and
irido virus. When this strain was added to wa-
ter containing the larvae of the Penaeus
prawns, striped jack and sea bream, the sur-
vival rates of these larvae were much higher
than those without the bacterial strain, all fish
larvae dying due to viral disease in the latter
experiments (MAEDA et al., 1997; MAEDA,
1999). Viruses spread from infected fish to
healthy fish through the seawater, thereby re-
ducing the fish numbers gradually or rapidly.
However, BCAs could help to inhibit the spread
of viruses among fishes. In addition, if fish fed
on such BCAs, a probiotic effect might be
strengthening of the immune system. With
such useful effects and features, BCAs could
prove to be effective in protecting fish from the
spread of bacterial and viral diseases in aqua-
culture.

Following the feeding of an artificial com-
pound feed (ACF)/BCA mixture to fish, the
bacteria contained in residual ACF and feces
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after digestion sank to the sediment. Eventu-
ally, bacteria, including BCAs, degraded the
organic matter in the sediment (MAEDA, 1999).
In the sediment, the many benthic animals that
feed on detritus, microorganisms and other
small animals, move and agitate particles,
thereby allowing greater penetration of oxy-
gen-rich water into the sediment (bioturba-
tion). In heavily stagnant and eutrophicated
sediments, if such BCAs are added and grow
well, the bacteria stimulate the growth of
benthic animals, resulting in accelerated bio-
turbation and material processing, which in
turn stimulates the growth of various other
microorganisms and animals. In this manner,
the activity levels of these organisms at various
trophic levels is accelerated and an improved
sedimentary environment evolves.

Through these studies, the author deter-
mined that a bacterium exists that promotes
the growth of microalgae, rotifers and fishes at
the same time. Since microalgae — rotifers —
fish are linked in the food chain, this bacterium
functions well as a growth promoter on each
component, and this microbial process is
termed the “microbial line” in aquaculture.

Following is a review of the interactions of
microorganisms and their use as biocontrol
agents in aquaculture.

2. Biocontrol Agents (BCAs) and Probiotics
Biological control (biocontrol) utilizes the
naturally occurring antagonism between or-
ganisms, having been frequently used to en-
hance the activity of natural antagonists to
repress growth or kill pathogenic organisms in
agriculture (LANDIS et al., 2000). The method is
especially familiar in the example of the bacte-
rium, Bacillus thuringiensis, which infects the
mouth of pathogenic insects and eventually
kills them (KERRr, 1972 and 1980), the process
having been commercialized in Europe and
North America where several thousands of
tons of the former are used in agriculture. The
results have encouraged further studies on the
use of viruses, fungi and protozoa as biocontrol
agents to eliminate pathogenic organisms. The
three main biocontrol methods include classical
(augmentative), conservation and integrated
biocontrol. In the classical method, exotic

agents are used against pathogens being re-
leased or those released augmentatively (GURR
and WRATTEN, 1999). The use of conservation
biocontrol in conjunction with classical or aug-
mentative methods, is called integrated bio-
control. As a method of habitat manipulation,
conservation and integrated biocontrol include
actions with multiple functions, such as sowing
one plant near another in order to release ma-
terials, whilst having a negative influence on
the plant’s natural enemies. Thorough research
of the ecosystem and careful management is re-
quired to manage these trade-offs.

LiLLy and STILLWELL (1965) coined the term
“probiotics” to describe substances produced by
one protozoan which stimulated another. Sub-
sequently the term became used to describe ani-
mal feed supplements that had a beneficial
effect on the host animal by affecting its gut
flora (PARKER, 1974). FULLER (1989) used “pro-
biotic” to describe live microbial feed supple-
ments that beneficially affected the host ani-
mal by improving its intestinal microbial
balance. The best evidence for such a protective
effect on gut flora stems from the observation
that germ—free animals are more susceptible to
disease than animals with several intestinal
flora. NURMI and RANTALA (1973) showed that
young chickens reared under modern hus-
bandry practices and orally pretreated with a
diluted faecal solution or mixture of intestinal
microorganisms obtained from healthy adult
birds, developed resistance to the establishment
of Salmonella infantis in the intestine. They at-
tributed this increased resistance to competi-
tion between the newly-established intestinal
flora and the invading pathogen, S. infantis.
According to GOMEzZ-GIL et al. (2000), a pro-
biotic ought not to be classified as a biological
control agent in the strictest sense, since a pro-
biotic microorganism does not necessarily at-
tack the noxious agent (pathogen) (i.e. a
natural enemy of the latter), but it merely pre-
vents damage to the host caused by the patho-
gen. Such prevention, usually through com-
petition, may produce substances that inhibit
the growth or attachment of the harmful mi-
croorganism. Neither should probiotics be clas-
sified as growth promoters, since their actions
are not confined to improved growth but are
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also associated with general improvements in
health.

Based on these views, biocontrol agents
(BCAs) can be considered as natural enemies
that kill or repress the growth of pathogenic
organisms, and are beneficial or at least not
harmful to the plants and animals cultivated.

3. Biocontrol of Bacterial Pathogens in Aqua-

culture

Following Dorazo et al. (1988), the activity
of antibiotic-producing marine bacteria was
assayed against bacterial pathogens (Vibrio,
Aeromonas, Pasteurella, Edwardsiella, Yersi-
nia and Pseudomonas) of fishes with the aim of
evaluating the possible use of these marine
strains for controlling epizootics in aqua-
culture. Inhibition tests on solid media showed
that the majority of fish bacteria were highly
sensitive to the strains tested, only two strains
(Edwardsiella tarda and Pseudomonas aeru-
ginosa) being resistant to all of the antibiotic—
producing strains. TANASOMWANG et al. (1998)
isolated Vibrio-inhibiting marine bacteria
from a black-tiger shrimp hatchery. MORIARTY
(1998) reported that as a result of using a Ba-
ctllus species for over 160 days at about 10° to
10° cells/ml, Vibrio numbers, especially those
of luminous Vibrio, were low in prawn ponds
where the Bacillus sp. was maintained in the
water column. Vibrio numbers were also low in
the sediments and luminous Vibrio absent.
Since this report gave no data for fluctuations
of Bacillus sp. concentrations in the pond, it is
unclear whether or not the species added could
grow in seawater. One strain of Alteromonas
showed greater antagonism against fish and
shrimp bacterial pathogens than other strains
(JAYANTH et al., 2001). In addition, Ruiz et al.,
(1996) found antagonisms of Alteromonas sp.
to a large number of bacteria in the aqua-
culture biotope. The inhibitory effect of Vibrio
alginolyticus against a Vibrio harveyi strain
was greater in seawater at 10 ppt. of salinity
compared with 20 and 30 ppt. (RUANGPAN et
al., 1998). According to Rico-MORA et al.
(1998), a bacterial strain (SK—05), selected for
its active growth in organic—poor substrates
and inoculated into a Skeletonema costatum
culture in late exponential growth, prevented

the establishment of Vibrio alginolyticus, pur-
posely introduced into the diatom culture.
Since SK-05 has no bacteriostatic or antibiotic
activity against V. alginolyticus, they con-
cluded that it had the effect of competitive ex-
clusion, due to its ability to utilize the exudates
of S. costatum, which maintained an organic-
poor environment within the culture, unsuit-
able for Vibrio growth.

These observations indicate a need for fur-
ther studies of how individual microbes inhibit
or promote fish health and growth, several re-
ports next having indicated beneficial effects to
fishes.

JOBORN et al. (1997) reported the production
of a growth inhibitor against two common fish
pathogens Vibrio anguillarum and Aeromonas
salmonicida by Carnobacterium sp., such being
demonstrated in vitro in mucus and fecal ex-
tract. The Carnobacterium cells remained vi-
able in the gastrointestinal tract for several
days, no detrimental effects on the fish being
observed as a result of the presence of the bac-
terium. SMITH and DAvEY (1993) noted that
fluorescent Pseudomonas was capable of inhib-
iting the growth of Aeromonas salmonicida in
culture media, such inhibition being probably
due to the siderophore effect, resulting in com-
petition for free iron. They found that the
strain used was also capable of excluding A.
salmonicida from the fish with stress—inducible
infections, and suggested that as the strain did
not significantly invade the fish following bath
treatment, the effect must have been generated
from external sources. Siderophore is a micro-
bial iron (IID)-transport agent that sequesters
a limited supply of iron (III) and limits its
availability to pathogens, ultimately suppress-
ing their growth. Also, as a siderophore effect,
GATESOUPE (1997) described the proportion of
Vibrio sp., dominant in healthy turbot larvae,
as being artificially increased in a rotifer en-
richment medium and rotifers fed to the larvae.
The main purpose of such Vibrio enrichment
was to improve the resistance of larval turbot
challenged by a pathogenic strain of Vibrio
splendidus. GATESOUPE (1997) concluded that
the biocontrol effect of the Vibrio sp. used may
have been at least partly due to competition for
iron with the pathogen.
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ANDLID et al. (1995) reported 3.8 X10° to 2.3
X 10° viable yeast cells per gram of intestine or
feces in fish. Although the concentration of
yeast in their experimental fish tank water
never exceeded 10° viable cells per milliliter, no
indication of fish sickness as a result of the
high yeast colonization was recorded during
any of the colonization experiments. During
the period of their experiments, the concentra-
tions of intestinal aerobic bacteria were lower
than the intestinal yeast concentration.

Biocontrol effects and the manner in which
biocontrol agents affected the growth of shell-
fish were reported by NAKAMURA et al. (1999).
They showed that 12 strains of 51 isolates had
inhibitory effects on the growth of 3 vibrios
(V. alginolyticus and others) tested by a smear
technique on an agar plate. One strain, which
demonstrated the greater inhibitory effect, had
no harmful effects on oysters. The challenge
test of V. alginolyticus with this bacterium in-
dicated greater than 70% survival of shellfish,
while only about 8% survived without the bac-
terium. This report presents biocontrol agents
that promoted the survival rates of shellfish.
However, identification of biocontrol agents is
still necessary, because of their possible harm-
ful affects on humans.

Several studies have focused on the identifi-
cation and use of bacteria as biocontrol agents
in aquaculture. RIQUELME et al. (1996) noted
that a culture supernatant of Alteromonas
haloplanktis stationary—phase cells delayed the
growth of pathogens, although the super-
natant of the same strain from early and mid-
dle log phase growth stages did not negatively
affect the growth of pathogenic Vibrio spp.
Their larval scallop survival experiments
showed that preconditioning of larvae with the
bacterium for a short time (1 h) was effective
in providing larval protection against such
Vibrio spp. Pre-incubation for 24 h resulted in
no significant differences from the control, the
most effective result being obtained with the 1
h bath and the addition of the pathogen at 10°
cells/ml. However, at a concentration of 10°
cells/ml of the pathogen, the protective effect
decreased. This technique, termed “bacteriz-
ation” in agriculture, wherein bacterial inocu-
lation of seeds or roots leads to changes in

plant growth, sometimes yields positive effects
and the biological control of some plant patho-
gens (BROWN, 1974). AUSTIN et al (1995)
showed that following the addition of freeze—
dried culture supernatant of the BCA, Vibrio
alginolyticus, to Vibrio ordalii, there was a
rapid decline of V. ordalii numbers (compared
to the controls) occurred within 3 h. Following
similar treatment, Aeromonas salmonicida and
Vibrio anguillarum counts decreased steadily
over 24 h, whereas Yersinia ruckeri increased in
numbers and did not appear to be adversely af-
fected by the BCA supernatant. These authors
also applied the BCA to Atlantic salmon, which
led to a reduction in mortality due to Aero-
monas salmonicida, and to a lesser extent to
Vibrio anguillarum and V. ordalii. GRAM et al.
(1999) reported that sterile-filtered culture su-
pernatants from iron-limited (0.1 mM)
Pseudomonas fluorescens inhibited the growth
of Vibrio anguillarum, whereas sterile—filtered
supernatants from iron-replete cultures of P.
Sfluorescens did not. P. fluorescens inhibited the
growth of V. anguillarum during culture, inde-
pendently of iron concentration, when the ini-
tial count of the antagonist was 100 to 1,000
times greater than that of the fish pathogen.
GRAM et al. (1999) also tested the BCA effect in
vivo by exposing rainbow trout to Pseudo-
monas fluorescens at a density of 10° CFU/ml
for 5 days before a challenge with Vibrio
anguillarum at 10* to 10° CFU/ml for 1 h. Some
fish were also exposed to P. fluorescens at 10’
CFU/ml during the 1-h infection. The com-
bined BCA treatment resulted in a 46% reduc-
tion In calculated accumulated mortality;
accumulated mortality was 25% after 7 days at
12°C in the BCA-treated fish, compared with
47% in fish not treated with the BCA.
ROBERTSON et al. (2000) showed that feeding
salmonids with diets containing a probiotic
(Carnobacterium sp.), being antagonistic
against several pathogens, revealed that the
strain remained viable in the gastrointestinal
tract and that after 14 days of feeding chal-
lenge by cohabitation demonstrated its effec-
tiveness in reducing disease caused by Aero-
monas salmonicida, Vibrio ordalii and Yersinia
ruckeri, but not Vibrio anguillarum.
NIKOSKELAINEN et al. (2001) administered
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Lactobacillus bacterium, Lactobacillus
rhamnosus at different doses (10° and 10%
CFU/gfeed) to rainbow trout for 51 days. Af-
ter sixteen days the fish were challenged with
Aeromonas salmonicida spp. salmonicida,
which normally causes furunculosis. However,
the administration of Lactobacillus rhamnosus
resulted in a significant reduction in fish mor-
tality, from 52.6% in the control to 18.9% and
46.3% in the 10° CFU/g feed and the 10% CFU /g
feed groups, respectively.

GIBSON et al. (1998) studied the BCA ability
of a bacteriocin—like inhibitory substance—pro-
ducing Aeromonas media strain A199 by as-
sessing its action on the survival of oyster
larvae (Crassostrea gigas), challenged with
Vibrio tubiashii. The larvae challenged with
Vibrio died within 5 days, whereas the presence
of the pathogen and BCA strain together did
not affect the viability of the larvae over the
same time period. The viability of larvae chal-
lenged with strain A199 alone was also unaf-
fected. In addition, that BCA exhibited
antagonistic activity against a wide range of
fish /shellfish pathogens in vitro.

Introduction of the spores of Bacillus sp. into
a culture medium of rotifers, which filtered
more than 90% of the spores in 1 h, greatly al-
tered the associated flora of the rotifers. After
5 days of culture, a species of the family
Vibrionaceae was dominant in the control roti-
fers, whereas the spore-fed rotifers had very
diverse flora. The mean weight of turbot at day
10 was significantly improved with the spore—
fed rotifers, their survival rate also increasing
(GATESOUPE, 1991).

Studies of MaEepA (1988), MAaEDA and
Nocamr (1989), Maepa and Liao (1992),
MAEDA et al. (1992), Nocami and MAEDA
(1992), MAEDA and Liao (1994), NoGAMI et al.
(1997), MAEDA et al. (1997) and MAEDA (1999)
have reported biocontrol ability in isolated bac-
teria, Thalassobacter utilis and Pseudoaltero-
monas undina, in promoting the growth of
fishes and crustaceans, and inhibiting the
growth of pathogens. The use of these bacteria
for larval production of Portunus trituber-
culatus (crab), Penaeus monodon (prawn), and
Caranx delicatissimus (fish), not only resulted
in high survival rates of all but also repressed

diseases caused by bacteria and viruses. In ad-
dition, Thalassobacter uwtilis inhibited the
growth of pathogenic fungi as well as bacterial
pathogens (NOGAMI et al., 1997).

4. Biocontrol of Viral Pathogens

Several viral diseases have had serious impli-
cations for the fish rearing industry. Similarly,
the culture of penaeid shrimps (Penaeus
monodon and P. japonicus) has been infected by
baculo-like viruses. In Taiwan, the production
of P. monodon decreased from about 90,000
metric tons in 1987 to 30,000 in 1988, dropping
further to 20,000 in 1989. SINCE 1993, the P.
Japonicus rearing industry in Japan has been
seriously affected by a virus infection, many
nursery ponds in the western part of Japan
having stopped production. Other viruses exist
which are also significant pathogens of finfish.
These include infectious hematopoietic necrosis
virus (IHNV) and infectious pancreatic necro-
sis virus (IPNV) (which infect salmon),
Hirame rhabdovirus (HIRRV) (flounder), the
vellowtail ascites virus (YAV) (yellowtail),
striped jack (Sima—Aji) nervous necrosis virus
(SINNV) (mainly striped jack) and an
iridovirus (sea bream). All of these can cause
serious harm to aquaculture.

In the marine environment, viruses that are
obligate parasites of cellular organisms, which
are usually specific to certain hosts, are abun-
dant. Virus infections have been found in al-
most all organisms, although it appears that
most of the viruses present in seawater infect
bacteria and are responsible for about 10-40%
of total bacterial mortality. In addition, the re-
lease of dissolved organic matter (DOM) dur-
ing the lysis of microbes is thought to
stimulate the activity of other bacterial compo-
nents in the water column. Viruses are also in-
volved in genetic transfer and can influence
species compositions (FUHRMAN, 2000).

FAURE-FREMIET et al. (1963) and BERGH et
al. (1989) reported that the use of direct count-
ing methods with an electron microscope re-
sulted in virus counts that were much higher
than those previously reported from natural
aquatic environments (based on counts of
plaque—forming units using various host bacte-
ria) (SPENCER 1955). According to BERGH et al.
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Biocontrol agents

Pathogens tested

Table 1. Biocontrol agents used in aquaculture

Fishes reared Resources
Thalassobacter utilis Vibrio anguillarum shrimp(Penaeus monodon) Maeda & Nogami(1989)
Pseudoalteromonas undina THNV crab(Portunus trituberculatus) Nogami & Maeda (1992)
SINNV striped jack (Caranx delicatissimus) Maeda & Liao(1994)
baculo-like virus sea-bream (Pagrus major) Maeda et al.(1997)
irido virus Maeda (1999)
Bacillus sp. through rotifers  Vibrionaceae turbot (Scophthalmus maximus) Gatesoupe(1991)
Pseudomonas sp. Aeromonas salmonicida brown trout(Salmo trutta) Smith & Davey (1993)

Atlantic salmon (Salmo salar)

intestine bacteria
Vibrio ordalii
Vibrio anguillarum
Aeromonas salmonicida
Alteromonas haloplanktis  Vibrio alginolyticus
Vibrio anguillarum
Vibrio sp. through rotifers Vibrio splendidus
Carnobacterium sp.  Vibrio anguillarum
Vibrio salmonicida
Thalassobacter utilis Haliphthoros sp.
(fungus)
Aeromonas media Vibrio tubiashii
Pseudomonas fluorescens  Vibrio anguillarum
bacteria not identified Vibrio alginolyticus
Vibrio tubiashii

yeast
Vibrio alginolyticus

Aeromonas spp. THNV
Vibrio spp. OMV
BF-NNV

Carnobacterium sp.
Vibrio ordalii
Yersinia ruckeri

Lactobacillus rhamnosus

spp. salmonicida

Vibrio harveyi

Vibrio fluvialis

Vibrio

parahaemolyticus

Vibrio damsela

Vibrio harveyi

Pseudomonas sp.

Vibrio spp.
Bacillus spp.

THNV: Infectious Hematopoietic Necrosis Virus
SINNV: Striped Jack Nervous Necrosis Virus
OMV: Oncorhynchus masou Virus

BF-NNV: Barfin Flounder Nervous Necrosis Virus

(1989), viral concentrations changed from 10
to 10° virus particles/ml, which indicates a pos-
sible effect of anti—viral microorganisms on the
presence of virus particles in seawater. In fact
microorganisms in both sea and fresh water
commonly inactivate viruses (see below), being
responsible for great fluctuations in viral con-
centrations in the aquatic environment. In ad-
dition, water borne viruses have the ability to

trout(Salmo gairdneri)
Atlantic salmon(Salmo salar)

scallops (Argopecten purpuratus)

turbot (Scophthalmus maximus)
rainbow trout(Oncorhynchus mykiss) Johorn et al.(1997)
Atlantic salmon(Salmo salar)

crab(Portunus trituberculatus)

Pacific oyster(Crassostrea gigas)
rainbow trout(Oncorhynchus mykiss) Gram et al.(1999)

Pacific oyster (Crassostrea gigas)

masu salmon (Oncorhynchus masou)
barfin flounder( Verasper moseri)

Aeromonas salmonicida Atlantic salmon(Salmo salar)
rainbow trout(Oncorhynchus mykiss)

Shrimp (Penaeus monodon)

Shrimp (Penaeus vannamei)

Andlid et al.(1995)
Austin et al.(1995)
Riquelme et al.(1996)

Gatesoupe(1997)

Nogami et al.(1997)
Gibson et al.(1998)
Nakamura et al.(1999)

Yoshimizu & Ezura(1999)

Robertson et al.(2000)

Aeromonas salmonicida rainbow trout(Oncorhynchus mykiss) Nikoskelainen et al.(2001)

Chythanya et al.(2002)

Gullian et al.(2004)

transfer from one infected organism to an-
other. If anti-virus bacteria dominate the
aquatic environment, virus transfer among
fish communities could be repressed to a large
extent. Based on this concept, anti—viral bacte-
ria are now used in larval rearing procedures in
commercial aquaculture (MAEDA et al, 1997;
MAaEDA, 1999; YosHmmizU and EzURA, 1999).
The bacterial strain VKM-124, Pseudoaltero-
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monas undina, when used in aquaculture, pre-
vented fish larvae from being infected by
SINNV, baculo-like viruses and iridovirus.
When added to water at a concentration of
about 10° cells/ml in rearing containers of
Penaeus prawn and striped—jack (Caranx
delicatissimus) larvae, the survival rates of the
larvae were much greater with the bacteria
than in its absence. In fact, without the addi-
tion of the bacteria, all fish and prawn larvae
died due to viral infection (MAEDA and LIAO
1994; MAEDA et al., 1997, MAEDA, 1999). Ac-
cording to HERRMANN et al. (1974), WARD and
AsHrry (1976), CLIVER and HERRMANN (1972)
and HERRMANN and CLIVER (1973), viral inacti-
vation is mainly due to degradation of the viral
capsid by proteinases. Thus, biocontrol agents,
for example proteinase—producing bacteria,
may inhibit the multiplication of viruses
among fishes.

According to YosHIMIZU and Ezura (1999),
fish intestinal bacteria, such as Aeromonas spp.
and Vibrio spp., producing anti-viral sub-
stances, were isolated from masu salmon
(Onchorhynchus masou), Japanese flounder
(Pararichthys olivaceus) and barfin flounder
(Verasper moseri). The Aeromonas strains pro-
duced anti-infectious hematopoietic necrosis vi-
rus substances, and the Vibrio strains showed
anti-THNV,  Oncorhynchus  masou
(OMV) and barfin flounder Nervous necrosis
virus (BF-NNV) activities. When Aeromonas
spp. strains were mixed with feed pellets and
fed to rainbow trout (O. mykiss) and masu
salmon, the bacteria became dominant in the
intestinal microflora and anti-IHNV activity
was observed in homogenates of the intestinal
contents. The rainbow trout and masu salmon
that were fed the Aeromonas spp. showed more
resistance to the artificial THNV challenge test.
Barfin flounder fed on Vibrio sp. strain with
Artemia salina showed anti-OMV and anti-
BF-NNV activities in the intestinal contents.

virus

5. Virus Distribution and Survival in Sea-
water
Several reports have considered the abun-
dance of viruses (although in some cases,
short-term inactivated) in seawater. FAURE-
FREMIET et al. (1963) found that the ciliated

protozoan, Zoothamnium alternas, was at-
tached to and formed a considerably large com-
munity on the body surface of the crab, Cancer
pagurus. Bacteria attached to the surface of the
ciliate showed enormous numbers of bacterio-
phages (two kinds apparent) inside the cell un-
der an electron microscope examination. BERGH
et al. (1989) also reported virus counts in the
range of 10*-10° virus particles/ml of water us-
ing a direct counting method with an electron
microscope. Distribution patterns of virus par-
ticles in seawater have also been reported by
HEeLDAL and BRATBAK (1991), WEINBAUER et al.
(1995), BRATBAK et al. (1996) and STEWARD et
al. (1996).

According to GERBA et al. (1977), significant
concentrations of human viruses occurred in
water and sediments of a coastal canal into
which secondarily treated sewage was dis-
charged. LABELLE et al. (1980) found that vi-
ruses existed in greater numbers in sediment
than in overlying seawater and SMITH et al.
(1978) reported that viruses survived for
longer periods in sediment, than in overlaying
estuarine water. LABELLE and GERBA (1979)
studied the adsorption and elution characteris-
tics of several enteroviruses and a rotavirus in
estuarine sediments under varying conditions
of pH, salinity and presence of soluble organic
matter. More than 99% of the added poliovirus,
coxsackievirus, echovirus and rotavirus were
adsorbed into the sediment. Under similar con-
ditions, some viruses were attached signifi-
cantly less than the poliovirus. GERBA and
SCHAIBERGER (1975a) investigated the loss of
viral titers of Escherichia coli B bacteriophage
in natural seawater without kaolinite and with
500 mg kaolinite/l, in which the virus activity
was protected by the presence of kaolinite. Vi-
ruses accumulated in sediments near the shore
could be easily released into seawater by simple
mechanical shaking (FLORA et al., 1975). Dur-
ing feeding, bivalves (oysters, mussels and
clams) can accumulate pathogenic human en-
teric viruses from sewage—polluted seawater.
Enteric viruses, such as polio, echo, coxsackie
and reo viruses, have been detected in shellfish,
field and laboratory studies having indicated
that enteric viruses can survive in shellfish for
long periods (GERBA and GovaL, 1978).
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METCALF and STILES (1965) reported coxsackie
and other enteric viruses from the eastern oys-
ter, Crassostrea virginica, which were located
in estuarine waters at distances as great as 4
miles from the nearest raw sewage outlet. The
virus remained relatively stable within oyster
tissues stored at 5C for at least 28 days. Of all
the tissues examined, the digestive gland
showed the greatest retention of the virus, but
it was not possible to demonstrate the occur-
rence of virus multiplication in any of the oys-
ter tissues examined. METCALF and STILES
(1965) suggested that the vector potential of
oysters resulted from the stability of the virus
within oyster tissues following ingestion from
environmental seawater. SUZUKI et al. (2001)
showed that marine birnavirus (MABV), a
member of aquabirnavirus, an opportunistic
pathogen in eukaryotic marine organisms with
a broad host range in wild and cultured fish
and shell-fish, was widely distributed in
coastal and pelagic seawater as well as in sam-
ples of zooplankton collected from the Pacific
Ocean.

6. Inactivation of Viruses in Seawater

A number of studies have considered the in-
activation of viruses in seawater. PLISSIER and
THERRE (1961) stated that poliovirus was inac-
tivated to a significant degree after several
weeks in seawater. According to MATOSSIAN
and GARABEDIAN (1967), surface seawater was
found to inactivate poliovirus type 1 in some
six to nine days. However, boiling of seawater
or filtration through a Seitz filter removes the
virucidal properties of the former. TORANZO
and HETRICK (1982) investigated the survival
rates of two fish viruses (infectious pancreatic
necrosis virus, and infectious hematopoietic ne-
crosis virus) pathogenic to young salmonids
and poliovirus type 1 using untreated fresh,
estuarine and sea water samples held at 15 and
20°C. The results indicated longer survival of
the salmonid viruses than the poliovirus in sa-
line water, whereas in fresh water, the
poliovirus was the most stable. They also noted
that at 20°C, the inactivation rate for each vi-
rus was independent of salt concentrations in
both estuarine and seawater samples. BAUDOUY
(1976) found that the cyto-infectious power of

the infectious pancreatic necrosis virus sub-
sisted for at least 300 days at 4°C, and for 60
days at 14°C in less highly mineralized water.
Comparatively, the virus strength decreased
more slowly at 4°C in more highly mineralized
river water. When filtered, the same river wa-
ter maintained its infectious power better than
untreated homologues.

Physical factors in the aquatic environment
also affect the activity of viruses. PIETSCII et al.
(1977) showed that salinity distinctly affected
viral survival rates. DENIS et al. (1977) investi-
gated the stability of twenty strains of DNA
and RNA viruses in natural, heated and syn-
thetic seawater over a period of 400 days. Their
studies, under controlled laboratory condi-
tions, indicated temperature as a critical factor
affecting viral inactivation in seawater. Differ-
ences were noted between viral groups,
serotypes, and also between strains of the same
serotype. Lo et al. (1976) also showed that tem-
perature, rather than salinity, was the critical
factor affecting viral stability, in that the
higher the temperature, the more rapid was the
loss of viral infectivity. O’BRIEN and NEWMAN
(1977) have reported that inactivation of the vi-
ruses was exponential, and the rates of inacti-
vation appearing to be affected principally by
water temperature. BERRY and NoORTON (1976)
investigated the stability of T2 bacteriophages
in seawater under laboratory conditions and in
the natural waters of a bay, and reported that
inactivation was temperature—dependent, being
enhanced by sunlight and sewage pollution.
WEINBAUER et al. (1995) and WEINBAUER et al.
(1997) subsequently described the role of sun-
light in the removal and repair of viruses in
seawater.

According to GERBA and SCHAIBERGER
(1975b), extensive aggregation, including that
of viruses, takes place in artificial seawater. Vi-
ral clumps formed in both natural and artifi-
cial seawater might be disaggregated by an
increase in the amount of organic matter or a
decrease in salinity. GERBA and SCHAIBERGER
(1975b) have suggested that aggregation
might play a role in the initial decline of viral
titers in seawater, as well as reducing the num-
ber of “infectious foci” present in seawater.
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7. Virus Inactivation by Microorganisms in

Seawater

MAGNUSSON et al. (1966) reported that heat-
ing seawater to temperatures above 45°C for
one hour destroyed its virus inactivating capac-
ity. This function of seawater required a NaCl
concentration of 0.1 M or higher, although not
directly caused by salinity, suggesting that the
presence of marine bacteria inactivates viruses
which require salt for their growth. TorRANZO
et al. (1982) stated that in estuarine water and
sediment, the stability of poliovirus type 1
showed a 2-log reduction in virus titer at 15°C,
occurring within 6-7 days in water samples
taken from estuarine waters of Rita of Ponte-
vedra and Chesapeake Bay in the Atlantic
Ocean. They also indicated that bacterial
extracellular products appeared to be involved
in the virus—inactivation process, including
coxsackie and other enteric viruses. According
to LABELLE and GERBA (1980), the time re-

quired to inactivate 999 of poliovirus increased -

from 1.4 days in seawater alone to 6.0 days
when the virus was adsorbed into sediment at a
relatively non—polluted site. TORANZO et al.
(1982) indicated that the addition of sediment
to natural seawater containing poliovirus in-
creased the length of virus survival to over
three times that in seawater alone. Although
this effect was not attributed to virus absorp-
tion into sediment particles, thereby aiding vi-
rus survival in some way, a similar result was
not found under sterile conditions, suggesting
that the sediment can protect viruses from in-
activation by marine microflora. TORANZO et
al. (1983b) reported that virus—inactivation
rates in infectious pancreatic necrosis virus dif-
fered significantly in untreated and filtered (or
autoclaved) estuarine water samples. In un-
treated water, the time required for a 90% re-
duction in IPNV infectivity was only 9 days,
whereas it took over 35 days in autoclaved wa-
ter. IPNV viability was also favored: in filter—-
sterilized water, where it survived nearly four
times longer than in untreated estuarine water.
Interestingly, the period of the most rapid viral
inactivation was correlated with the highest
bacterial numbers in untreated water, which
suggested that autochthonous microbial flora
played an important role in the virus inactiva-

tion process. FUJIOKA et al. (1980) found that
the time for 90% reduction of poliovirus type 1
at 24°C in seawater in Hawalii ranged from 24
to 48 h, complete inactivation occurring within
72 to 98 h. In fact, their accumulated evidence
strongly indicated the presence of virus—inacti-
vating agent(s) of a microbiological nature in
both clean and sewage—polluted seawater.
Antiviral activity was lost when the seawater
samples were subjected to boiling, autoclaving
or filtration through a 0.22— or 0.45 um, but
not through a 1.0 um pore size membrane fil-
ter. Other enteric viruses, such as coxsackie vi-
rus and echo virus, were also shown to be
inactivated in seawater. Before these studies,
GUNDERSEN et al. (1967) had already reported
the effect of marine bacteria in restoring the vi-
rus inactivating capacity (VIC) of seawater,
depleted of such by heating and filtration. The
bacterium responsible for this inactivation was
identified as Vibrio spp. MAGNUSSON et al
(1967) found that Vibrio marinus possessed
certain antiviral properties. Characteristically,
this property of the bacterium was maintained
only if the latter was subcultured at a low tem-
perature (4-12°C), whereas the antiviral pro-
perty disappeared after a number of sub-
cultures at 25°C. KaMEI et al. (1987) also
reported the presence of anti-virus bacteria in
estuarine and seawater. DIREKBUSARAKOM et
al. (1998) described several strains of Vibrio as
showing the antiviral activities to THNV and
Oncorhynchus masou virus, as measured by
plaque reduction rates. On the contrary,
SUTTLE and CHEN (1992) suggested that most
bacteria were not responsible for the decay of
viruses in seawater.

8. Substances which Inactivate Viruses
TORANZO et al. (1983a) investigated the
mechanism of enterovirus inactivation by ma-
rine bacteria using poliovirus type I as a model
virus, with strains of Pseudomonas and Vibrio
spp. isolated from the marine environment.
Treatment of the virus, with a cell-free filtrate
from late log phase bacterial cultures, seemed
to produce alterations in the viral capsid, as
shown by a reduction in efficiency of adsorp-
tion to host cells, increased sensitivity to
ribonuclease, and by the release of ribonucleic
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acid from the treated virions. In fact, filtration
of a "C-labelled virus sample through 25-nm
pore size filters revealed that the majority of
the isotope (85-96%) passed through the fil-
ters, indicating extensive capsid disruption.

Several reports have indicated that proteases
may alter the infectivity of a few enteroviruses.
Because many viruses possess a protein capsid,
they should be susceptible to at least some pro-
teolytic enzymes. HERRMANN et al. (1974) sug-
gested that proteases play a role in inactivating
viruses by degrading their protein coat and re-
ported more rapid inactivation of two entero-
viruses in a natural lake than in sterile lake
water. WARD and ASHLEY (1976) also indicated
that the mechanism of inactivation of a virus in
sludge involved cleavage of viral proteins, fol-
lowed by nicking of the encapsulated RNA.
CLIVER and HERRMANN (1972) reported that
the inactivation mechanism by proteolytic bac-
teria (notably Pseudomonas aeruginosa) could
be distinguished from adsorption or aggrega-
tion of virus particles because “C labels from
the virus coat protein, but not *P from the vi-
ral nucleic acid, was taken up by the bacterial
cells.

HERRMANN and CLIVER (1973) investigated
the means by which coxsackievirus type A9
(CA9) was inactivated by proteolytic enzymes.
After the reaction of C-leucine-labeled CA9
with the protease, only free leucine was liber-
ated, not the infective viral RNA. However fur-
ther treatment with 1% sodium dodecyl sulfate
at pH 7.0 promoted viral RNA release. Sodium
dodecyl sulfate treatment of CA9 that was not
reacted with the protease did not inactivate the
virus or cause viral RNA release. These results
demonstrated that the primary means by
which protease—sensitive enteroviruses were in-
activated was by the degradation of the virus
capsid, with subsequent release of viral RNA.

Evidence exists, however, that some viruses
are highly resistant to protease action. In fact,
LERNER and MIRANDA’S (1968) study of the in-
teractions of a number of hemagglutinating
enteroviruses, reovirus type 2 and poliovirus
type 1 after treatment with sodium boro-
hydride, several proteases, or carbohydrases,
showed that the hemagglutinating activity of
virus particles was destroyed by sodium boro-

hydride and certain glycosidases, but was not
altered by a number of proteases. MATHEKA et
al. (1962) have also reported that some
enteroviruses from cattle and swine were stable
in the presence of protease, but that the
coxsackievirus was inactivated by the latter.

Biologically active materials have been re-
ported as inactivating viruses in the marine
biotope. EHRESMANN et al. (1977) found that
ten members of Rhodophyta (algae) from sea-
water contained substance(s) which caused a
greater than 2 log reduction in the infectivity
of herpes simplex virus types 1 and 2. In addi-
tion, anti—coxsackie Bs virus activity was de-
tected in extracts of Constantinea simplex
Satchelt. DrIG et al. (1974) reported that ex-
tracts from two species of marine red algae,
Cryptosyphonia woodii and Farlowia mollis,
specifically inhibited in vitro herpes simplex vi-
rus replication. GERBER et al. (1958) mentioned
that extracted polysaccharides from Gelidium
cartilagenium (seaweed) and carrageenin
showed a marked inhibitory effect on the
growth of influenza B and mumps viruses.
KATHAN (1965) stated that a preparation from
crude kelp inhibited bacterial and viral
neuraminidases, and also the multiplication of
some influenza viruses in embryonated eggs.
The inhibitory mechanism of kelp extract
might be due to the prevention of penetration
of the virus into host cells by direct binding of
the virus or by inhibiting the viral enzyme,
since the inhibitory effect occurred when eggs
were treated with kelp extracts prior to inocu-
lation with the infective virus. RICHARDS et al.
(1978) tested extracts of two species of marine
algae, Constantinea simplex and Farlowia
mollis, for antiviral activity in tissue culture
and in experimental infections of mice. Treat-
ment of confluent mouse embryo fibroblast cell
mono-layers with either compound before viral
inoculation was effective in inhibiting the repli-
cation of the herpes simplex virus, types 1 and
2, and vesicular stomatitis virus, but not
encephalomyocarditis virus, semliki forest vi-
rus, or murine cytomegalovirus.

9. Antagonism of bacteria and microalgae
Burgess et al. (1999) isolated over 400 strains
of surfaceassociated bacteria from various
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species of seaweed and invertebrates from Scot-
tish coastal waters, and found 35% of them to
be producing antimicrobial compounds. This
was considered much higher than the free liv-
ing marine proportion or soil bacteria pro-
ducing antimicrobial agents. They also
reported that many strains which did not nor-
mally produce antibiotics could be induced to
do so by exposing them to small amounts of
live cells, supernatants from other bacterial
cultures or certain chemicals.

Gil-TURNES et al (1989) reported that em-
bryos of the shrimp Plalaemon macrodactylus
were remarkably resistant to infection by the
fungus Lagenidium callinectes, a recognized
pathogen of many crustaceans. An Altero-
monas sp. bacterial strain, consistently isolated
from the surface of the embryos, produced 2,3-
indolinedione (isatin), a compound that inhib-
ited the pathogenic fungus. When exposed to
the fungus, bacteria—free embryos quickly died,
whereas similar embryos reinoculated with the
bacteria or treated only with 2,3-indolinedione
survived. Gil-TURNES and FENICAL (1992) also
reported the resistance of American lobster
(Homarus americanus) embryos to infection
by the pathogenic fungus, Lagenidium calli-
nectes. The surlaces of healthy lobster embryos
were found to be covered almost exclusively by
a single, Gram-negative bacterium, which
grew in a dense mosaic pattern. The bacterium
produced 4-hydroxyphenethyl alcohol (tyro-
sol), an antibiotic substance known to be pro-
duced by terrestrial fungi to inhibit the growth
of the pathogenic fungus.

10. Probiotic Effects and Antagonisms of In-

testinal Microorganisms of Fish

According to the review paper of OLAFSEN
(2001), mucus in the gastrointestinal tract of
fishes is known to serve as a source of nutri-
ents, and enhance colonization by serving as an
initial attachment site for bacteria or as a ma-
trix for permanent bacterial attachment. Con-
versely, the mucus layer in some instances may
serve as an effective barrier, providing pro-
tection against penetration by invading micro-
organisms. Evidence of a high proportion of
bacteria growing as attached forms in the gas-
trointestinal tract of several larval groups was

considered beneficial for both bacteria and
host, where the internal bacteria prevent the
colonization and proliferation by pathogens.

Accordingly, the gastrointestinal tract of
fishes provides a nutrient—rich habitat for mi-
crobial growth, most data indicating that like
mammals, fishes have an indigenous intestinal
microbiocta, at least so far as having auto-
chthonous gastrointestinal microorganisms of
different composition from these in the sur-
rounding water. Some authors, however, claim
that the intestinal biota mostly reflect the feed-
ing and drinking habits of the animal, and are
therefore influenced by the external environ-
ment. GATESOUPE (1999) asserted that it was
unclear whether or not the intestinal micro-
biota of aquatic animals changed rapidly with
the intrusion of microbes from water, but
noted that the influence of food has been
clearly demonstrated in larval and juvenile
fishes, the influence of bacteria introduced via
live food organisms being particularly dra-
matic during first feeding.

According to a review paper by GOMEZ-GIL et
al. (2000), the ingestion of bacteria by cold-wa-
ter fishes at the yolk sac stage resulted in the
establishment of a primary intestinal micro-
flora, which persisted beyond first feeding.
This was followed by a bacterial succession un-
til the adult microflora was established. It is
therefore important to add potential probiotics
as soon as possible after hatching, in order to
effectively colonize the larval gut before the in-
troduction of live food.

GraM  (1993) found that one-third (67
strains) of the total number of bacterial
strains isolated from the intestinal gut of
fishes inhibited the growth of one or several of
six target pathogenic organisms. The inhibi-
tory action was most pronounced among those
strains producing siderophores; mediated com-
petition for iron may explain the inhibitory ac-
tivity of these strains because the addition of
iron eliminated the inhibitory activity of two—
thirds of the strains tested. On the other hand,
the antibacterial action of 21 strains was not
completely eliminated by iron supplementa-
tion, such possibly being attributable to the
production of several different bacterial inhibi-
tors, such as antibiotics and bacteriocins.
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Commensal bacteria with inhibitory activity
against pathogens have been isolated from the
mucosal surfaces of healthy fishes by several
researchers (WESTERDAHL et al., 1991; Olsson
et al., 1992; BErGH, 1995). WESTERDAHL et al.
(1991) found that most of the inhibitory bacte-
ria occurred in the rinse and mucus fractions of
the gastrointestinal tract. Of the isolates from
the gut with an inhibitory effect against Vibrio
anguillarum, 60% had an inhibitory effect on
five other fish—pathogenic V. anguillarum
serotypes. Inhibitory effects of the isolates
were also shown against Aeromonas salmoni-
ctda and Aeromonas hydrophila. SUGITA et al.
(1998) isolated Bacillus sp. from a dragonet
(Callionymus sp.), which had an inhibitory ac-
tivity against other bacteria, although they
presented no data on the proportion of Bacillus
spp. among the gut microbial population. As
indicated by SAkATA (1990) and ONARHEIM and
Raa (1990), Bacillus spp. are not dominant in-
testinal microorganisms in fishes. OLAFSEN
(2001) reported that lactic acid bacteria pro-
duced growth inhibiting factors that could in-
hibit various Vibrio spp., especially Vibrio
anguillarum. Although some reports have de-
scribed the effect of gut microorganisms on
fish health, some of the former presented only
the composition of bacterial flora (SugiTa et
al., 1996). Since some bacterial strain isolates
from the gut inhibited fish growth (Ross and
TotH, 1974), when distributed at high concen-
trations, the growth of fishes in the presence of
bacteria, even if gut isolates, should be assayed
before the application of a probiotic or BCAs.

Many investigators have reported that lactic
acid bacteria play an important role in the
beneficial biological functions of industrial ani-
mals. Accordingly the effects of lactic acid bac-
teria as a growth promoter in fishes have been
studied, resulting in commercial probiotics ap-
parently improving the dietary value of roti-
fers for flatfish larvae (GATESOUPE et al.,
1989). ROBERTSON et al. (2000) reported that
feeding salmonids with diets containing a pro-
biotic (Carnobacterium sp.), which showed an-
tagonism against several pathogens, revealed
the viability of an isolate of Carnobacterium
sp. in the gastrointestinal tract. NIKOSKELAINEN
et al. (2001) administered Lactobacillus

rhamnosus at different doses to rainbow trout
before the fish were exposed to Aeromonas
salmonicida ssp. salmonicida, thereby reducing
fish mortality significantly. This effect could
be attributed to the immune system improve-
ment of the fish, the stimulation of the immune
system of terrestrial animals by lactic acid bac-
teria having already been demonstrated. How-
ever, in spite of their beneficial effects, lactic
acid bacteria formed a minor component of the
adherent intestinal microflora of salmonid fry
in seawater (OLAFSEN, 2001).

On the other hand, Ross and Tots (1974) re-
ported that pathological conditions of rainbow
trout were associated with a species of Lacto-
bacillus. RINGo and GATESOUPE (1998) also
stated in their review paper that pathogenic
lactic acid bacteria, such as Streptococcus,
Enterococcus, Lactobacillus, Carnobacterium
and Lactococcus spp., have been detected in the
ascites, kidneys, livers, hearts and spleens of
fishes.

11. Prebiotics

GiBsON and ROBERFrOID (1995) have pro-
posed that prebiotics are significant for estab-
lishing intestinal flora. Probiotics have been
used to change the composition of colonic
microbiots, but the possibility of such changes
being transient has limited the implantation of
exogenous bacteria. Prebiotics are non-
digestible food ingredients that beneficially af-
fect the host by selectively stimulating the
growth or activity of one or a limited number
of bacterial species already resident in the co-
lon, thus attempting to improve the health of
the host. Nondigestible oligosaccharides in
general, and fructooligosaccharides in particu-
lar, are types of prebiotics, having been shown
to stimulate the growth of endogenous
bifidobacteria, which after a short feeding pe-
riod of these materials became predominant in
human feces, for example.

RiNGo (1993) showed that the total counts of
viable colonies in the feces of Arctic charr fed
linoleic acid supplemented diet, were higher
than in fish fed an unsupplemented diet. The
Gram—positive bacteria species (Lactobacillus
and coryneforms) found in the faeces of fish
fed the unsupplemented diet were not present
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in feces of the linoleic acid group, linoleic acid
having a stimulatory effect on the growth of
Aeromonas sp., Pseudomonas sp. and Vibrio
sp., whereas the growth of Lactobacillus sp.
was inhibited. However, the role of these trans-
formed flora in fish fed with linoleic acid has
not yet been clearly demonstrated.

12. Conclusions

More than million microorganisms per milli-
liter inhabit the aquaculture environment and
affect each other, both through the substances
they produce and emit, as well as through the
various ways they come into contact with one
another (EpDY and JONES, 2002). These micro-
organisms in an aquaculture environment can-
not be eliminated by sterilization with ultra-
violet radiation or ozone treatment, or even by
filtration. Bacterial counts decrease with these
treatments, but quickly recover to their origi-
nal levels because microorganisms abound in
the surrounding environment. In the case of
sterilization using drugs, the number of drug—
resistant microorganisms increases in water to
levels much higher than those in non—sterilized
water, because the chemicals destroy the micro-
bial interactions of the antagonists. In fact, the
growth rates of the specific microorganisms
increase without antagonists. Furthermore, no
one can foresee which bacterial species may
occupy the niche vacated by these treatments.
Throughout the world, many fish diseases are
spreading in aquaculture systems as a result of
pathogens that dominate the microbial
community. This in turn has resulted in more
chemicals used and further increases in
pathogens (ABDELZAHER and ELNAGHY, 1998;
DIJKSTERIUIS et al., 1999). As described in this
review, a number of reports have heen pub-
lished on the inactivation of virus infectivity in
seawater, and the presence of anti—virus micro-
organisms. The growth of these anti-virus bac-
teria should be almost certainly repressed with
antibiotics.

Biocontrol agents (BCAs) that promote fish
growth as well as inhibiting pathogens, belong
to a variety of bacterial genera that include
Pseudomonas, Vibrio, Pseudoalteromonas,
Alteromonas, Carnobacterium, Lactobacillus,
Aeromonas and Thalassobacter. The antago-

nistic effect of these BCAs on pathogens is due
to the production of bacteriocins, siderophores
and enzymes, as well as niche exclusion. Several
reports have suggested that niche exclusion
among microbial populations can possibly
eliminate pathogens, even if the microorgan-
isms used do not exert antimicrobial effects on
the pathogens directly. In addition, certain bac-
teria have been found to repress viral patho-
gens in aquaculture, but the virus inactivation
processes generaled by these bacteria have not
been elucidated, although several reports cited
have suggested degradation of the viral capsid
by proteases.

Due to the risks of chemical intervention in
aquaculture and concerns about the safety of
aquacultural fishes as food sources, the use of
drugs as a mainstream response to pathogens
1s likely to be increasingly constrained by regu-
lations, and consumer and environmental pres-
sures. Thus, alternative methods for disease
management such as biocontrol should remain
as one of the key strategies. In addition, an in-
creasing need for biocontrol agents seems
highly likely, owing to global climate changes
combined with increasing free trade most likely
leading to an expansion of a range of diseases,
from tropical and subtropical to northern
countries.

MaLAKOFF (1999) described biocontrol as
“fighting fire with fire,” in which exotic ene-
mies that have been released against pathogens
become harmful and disturb the natural eco-
system, and HOwWARTH (2000) warned that the
administration of non-indigenous agents could
potentially result in an irreversible impact on
the natural environment, although most of the
environmental harm caused by native agents
would normally be reversible. In similar vein,
WRATTEN and GURR (2000) noted that after a
first target of pathogens was reduced in num-
ber, further biological control programs would
have to be developed in a potentially never end-
ing cycle of adventive organisms exploiting
anthropogenic or natural resources, forming a
“biological control treadmill”.
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Direct Current Measurements with special reference to
Velocity Fields of Mesoscale Eddies in the Shikoku Basin

Yoshihiko SEKINE*' and Toshiyuki MASUzZAWA **

Abstract : We have made two direct current measurements at 29.50°N and 135.25°E in the
Shikoku Basin over the periods from 20 February to 16 April in 1999 at a depth of 470 m and
from 17 April to 9 December in 1999 at a depth of 730 m. Main results of these direct current
measurements are presented in this paper. It is shown that variations in the velocity is essen-
tially due to the inertial oscillation with a period of a day. It is also shown that the inertial os-
cillation is added over the mean flow of mesoscale eddies estimated from the sea surface height
observed by the TOPEX/POSEIDON pass the observational station and it commonly coincides
with the deepening of the current meter by the larger dragging effect of the larger horizontal
velocity. The mesoscale eddies have a horizontal velocity of about 15 ecm sec’ in a middle layer
with a depth of 500-700 m, which indicates the mesoscale eddies detected from the satellite al-
timeter have a vertical structure and it has a possibility to give a dynamical influence on the

path dynamics of the Kuroshio.

Keywords : Inertial oscillation, mesoscale eddy, direct current measurement

1. Introduction

Recently, some long—term direct current
measurements have been carried out (e.g.,
Fudgio et al, 2000; IMAWAKI et al., 2001) and
various velocity variations are detected. In par-
ticular, general deep layer circulation in the
Shikoku Basin has been observed by some di-
rect current measurements (TAIRA and
TERAMOTO, 1981, 1985; NIsHIDA and KURAMOTO,
1982; ISHIZAKI et al., 1983; FUKASAWA et al,
1986; TAIRA et al., 1990). On the other hand, in-
fluence of mesoscale eddies on the path varia-
tion of the Kuroshio has been discussed by
some authors (YOsSHIKAWA et al, 1998;
IcHIKAWA, 2001; EBUCHI and HANAWA, 2003). It
is commonly pointed out that the anticyclonic
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Faculty of Bioresources, Mie University, Tsu 514—
8507, Japan

** Department of Hydrospheric-Atmospheric Sci-
ence, Graduate School of Environmental Studies,
Nagoya University, Nagoya 464-8601, Japan

* Corresponding author, E-mail:sekine@bio.mie-
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eddy formed in the Kuroshio Extension propa-
gated southwestward and collided with the
main Kuroshio flow in the south of Kyushu,
and triggered a small meander off Kyushu.
Furthermore, EBucHI and HaNnawa(2003)
showed that the cyclonic eddy propagated to
the south of Shikoku and collided with the
Kuroshio to form a small meander path of the
Kuroshio.

Several numerical experiments have been
performed to see the dynamical effect of an
anticyclonic eddy inserted artificially in ocean
models on the Kuroshio path variation
(Ak1TOMO and KUroal, 2001; MITSUDERA et al.,
2001; ExpoHd and HiBIva, 2001). They com-
monly showed that the anticyclonic eddy given
in the numerical model yields a meander path
of the Kuroshio.

Here, we should notice that the mesoscale ed-
dies discussed in these studies are essentially
detected from the sea surface height estimated
by the satellite observation of TOPEX/
POSEIDON (e.g., KURAGANO and KAMACHI,
2000), the vertical velocity structure of
mesoscale eddies has not been well observed by
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Fig. 1 Location of the station (SHIBT) of the direct current measurements of the present study. Isopleth of
depth with a contour interval of 1000 m is also shown and the regions with the depth shallower than 1000

m are stippled.

direct current measurements. Therefore, the
assumption of the vertical structure of the
mesoscale eddies inserted in the numerical
model should be checked by use of the observa-
tional data.

In order to see this problems, we have made
a direct current measurements at Station
SHIBT (SHIikoku Basin Time series; 135.25°E,
29.50°N) in the Shikoku Basin shown in Fig. 1
(L1 et al., 2004). The observational station is in
the interior region where mesoscale eddies have
a tendency to pass over this latitudes
(MITUDERA et al., 2001; EBUCHI and HANAWA,
2003). Even though a small meander of the
Kuroshio off Kyushu is generated, the path of
the small meander can not develop to the obser-
vational point. The first observation was made
over the periods from 20 February to 16 April
1999 and the current meter is set at a depth of
470 m. The second observation was made {rom
17 April to 9 December 1999 at a depth of 730 m.

The main results of the current observation
is presented in this paper. In the following, de-
tails of the observation will be mentioned in the
next section. Results of the direct current
measurements will be noted in the section 3.
Summary and discussion will be made in

section 4.

2. Observations

Direct current measurements were made by
use of a doppler current meter (AANDERAA
RCM-9)deployed at 20 m above the upper sedi-
ment trap of a sediment trap mooring system
at 500 m and 4000 m (L1 et al., 2004). The first
mooring system with the current meter at a
depth of 470 m at 135.251°E and 29.507°N with
a ocean depth of 4511 m was set on 20 February
1999 by Research Vessel “Yokosuka” of
JAMSTEC and was recovered on 16 April 1999
by use of the Training Vessel “Seisui-maru” of
Mie University. The observed velocity data at
every 30 minutes in this period is hereafter re-
ferred to as the first mooring case.

The second mooring system with a current
meter at a depth of 730 m at 135.234°E and
29.473°N with a ocean depth of 4610 m was set
on 17 April 1999 by use of “Seisui-maru" and
recovered on 9 December 1999 by use of the Re-
search Vessel “Tansei-maru” of Ocean Re-
search Institute of University of Tokyo, of
which observed velocity data at every 60 min-
utes is referred to as the second mooring case.
The difference in the current meter depth
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between the two mooring cases was due to that
of sea floor depth and to intertwining of moor-
ing ropes during the second mooring case. Type
of the sinker and the buoyancy force of the
mooring system by use of the sixteen buoys are
same in both the observations, in which the
weight of sinker is 650 kg (565 kg in situ)and
the actual buoyancy force of the buoys is 140
kg.

3. Observational results

In order to see the observational condition of
the mooring system, the observed pressure of
the current meter is shown in Fig. 2 together
with the observed absolute velocity, tempera-
ture and salinity. In the first mooring case
(Fig. 2a), semidiurnal variation of the pressure
is observed in early March, while the
semidiurnal variation is relatively weak in last
10 days in March. Two periods of increase in
the pressure are observed in early March and in
April. Periodic vertical change of the pressure
is observed in early March and the amplitude of
the pressure variation exceeds 100 db, in which
the current meter moves in the depth range
from 470 m to 580 m. A long period downward
shift of the current meter with a diurnal varia-
tion is observed in April. As the salinity mini-
mum layer formed by the North Pacific Inter-
mediate Water exists in the depths of 800 m in
this region (e.g., SEKINE, 2002a), low tempera-
ture and low salinity are essentially observed
when the current meter shifts to a deeper level
in the first mooring case. As the current meter
shifts to a deeper level than 800 m, salinity is
slightly increased in the second mooring case,
whereas some noises are also observed.

More prominent downward shift of the cur-
rent meter is seen in the second mooring case
(Fig. 2b). Here, please notice that the scales of
the ordinates and abscissas of Fig. 2b is differ-
ent from those of Fig. 2a. During early Septem-
ber, the current meter moves in the depth
range from 720 m to 910 m. Other two down-
ward shifts of the current meter are detected in
middle July and October and low temperature
and high salinity are observed in these periods.
Another prominent downward shift of the cur-
rent meter is seen in the last period of the ob-
servation, complete observational data during

the downward shift have not been obtained.

It should be noted that a larger absolute ve-
locity is commonly observed in the periods with
the downward shift of the current meter. It is
suggested that the larger velocity induces a
large horizontal drawing force on the mooring
system and it forces the mooring system to
shift to the downstream area. Since the length
of the mooring system from the sinker to the
current meter is constant, the large horizontal
drawing force induces the downward shift of
the current meter.

We should correct the observational data by
the influence of downward shift of the current
meter. However, because the vertical velocity
difference estimated from the geostrophic flow
estimation is not so large in the depth range
with the vertical shift of the current meter (S
EKINE, 2002b)and because we will not discuss
the temperature, salinity and velocity variation
at a fixed depth in this range, the revision of
the observational data by the vertical shift of
the current meter is not carried out.

Stick diagrams of the observed velocities at
every 30 minutes (60 minutes)observed by the
first and second mooring cases are shown in
Fig. 3 (Fig. 4). In general, velocity oscillation
with a period of one day essentially dominated.
However, some periods with almost uniform
larger velocities are also detected and a me-
chanical velocity variation is inferred.

To see the velocity variations more quantita-
tively, rotary spectrum of the observed velocity
is shown in Fig. 5. In both cases, a prominent
peak is found in a period of 24 hours. Another
peak with a period of 12 hours is also com-
monly seen, however there exist no other com-
mon peaks between the two mooring cases.
Rotary coefficient of the rotary spectrum is
shown in Fig. 6. For both cases, positive coeffi-
cient showing the anticyclonic (clockwise) cir-
culation is significantly large for the peak with
periods of 24 hours and 12 hours. Velocity
variations with the period of 24 hours is caused
by the inertial oscillation induced by the
Coriolis force with the period of a day (7); 2
7w /f=T/(sin (¢))~T, where fand ¢ are the
Coriolis parameter and the latitude of 29.50° in
this case. The velocity variations with the pe-
riod of 12 hours are due to the tidal flow
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oscillation. Detailed analyses on the diurnal
variations including the inertial oscillation, K
with the period of 23.93 hours and O; with 25.82
hours, and on the half diurnal variations in-
cluding M, (12.42 hours) and S, (12.00 hours)
seem to be possible by use of the long—term ob-
servational data. However, because FFT analy-
ses by use of hourly data yield some inevitable
error, results of the detailed analyses are not
shown.

Mean slope (gradient) of the rotary spec-
trum (Fig. 5) in the shorter periods between 10
hours and 4 hours is —2.1 for the first mooring
case and —-2.3 for the second mooring case.
These slopes are larger than the —5/3 power
law of the Kolmogorov Spectrum (OzMmIiDov,
1965) and relatively well approximated by the
~2 power law of the GARRETT and MUNK Spec-
trum (GARRETT and MUNK, 1971, 1975), which
indicates that the short period velocity varia-
tion is mainly due to internal waves. However,
the slope of the spectrum is decreased if the es-
timated range is shifted to shorter period.
Therefore, the slope of the spectrum has a ten-
dency to represent the inertial subrange of the
—5/3 power law of the Kolmogorov Spectrum in
more shorter periods.

Based on the dominant inertial oscillation
shown by the rotary spectrum (Fig. 5), pro-
gressive velocity vector diagram of the second
mooring case is shown in Fig. 7. It is clearly
seen that the clockwise inertial oscillation with
a period of 24 hours is dominant in the

La mer 42, 2004
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mooring case (left panel) and the second mooring

observed velocity fields. Here, it should be no-
ticed from Fig. 7a that the inertial oscillation is
relatively weak and it is not clearly seen in
some time periods; from 190 days to 210 days,
240 days to 260 days, 280 days to 300 days and
320 days to 340 days, while a large horizontal
shift is commonly detected in these periods. In
these periods, northward progress, southwest-
ward progress, a cyclonic southward progress
and northwestward progress are suggested
from Fig. Ta, respectively. Mean velocities dur-
ing these periods are 5.8 cm sec' 11.4 cm sec™,
6.3 cm sec” and 6.2 cm sec”. These periods com-
monly correspond to the downward shift of the
current meter shown in Fig. 2b. The power
spectrum during the large horizontal shift is
shown in Fig. 8. Here, period of 5.3 days during
the large velocity with coherent direction is
adopted from Fig. 4. It is shown from Fig. 8
that the peak of 24 hours are still clear, while
its intensity is not so clear as that in total pe-
riod shown in Fig. 5. The constant of the FFT
analysies of these case is large in comparison
with the total period shown in Fig. 5. There-
fore, the inertial oscillation with the bias of the
mean flow is suggested in these periods.

In order to see the oceanic condition of the
larger velocity periods accompanied by the
downward shift of the current meter,
sea surface velocity estimated from the sea sur-
face height observed by the satellite observa-
tion of TOPEX/POSEIDON (KURAGANO and
KamacHl, 2000)is shown in Fig. 9. Together
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with Figs. 4 and 7a, it is found that the north-
eastward flow during the period of 190 days to
210 days is caused by the approach of the anti—
cyclonic eddy with the northeastward flow in
its western part (Fig. 9a). During the period of
240 days to 260 days, the southwestward flow
is also suggested by the approach of the
anticyclonic eddy and cyclonic eddy (Fig. 9b).
Southward flow from 280 days to 300 days and

northwestward flow from 320 days to 340 days
are also explained by the coupled anticyclonic
eddy and cyclonic eddy (Fig. 9¢) and approach
of the anticyclonic eddy (Fig. 9d), respectively.
As for the downward shift of the current meter
in early April in the first mooring case (Fig.
2a) with larger westward flow (Fig. 3), the ap-
proach of a cyclonic eddy south of the observa-
tional point and an anticyclonic eddy in
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northern region are seen in the surface velocity
fields shown in Fig. 10.

Since mean velocities of the westward shift of
the mesoscale eddies are about 6.8 cm sec®
(EBUCHI and HaNAwa, 2000), the monthly
westward shift of a mesoscale eddy are about
180 km, which is not so fast and the almost uni-
form velocity has a possibility to be maintained
in a horizontal distance shown in Fig. 7. It is
thus resulted that mesoscale eddies have a ver-
tical structure deeper than 700 m with a mean
velocity of 15 cm sec'. Together with larger
surface velocity shown in Figs. 9 and 10, a pos-
sible dynamical influence of mesoscale eddies

on the path dynamics of the Kuroshio is sug-
gested.

4. Summary and discussion
We have made two direct current measure-

ments at 29.50°N and 135.25°E in the Shikoku
Basin ( Fig. Dover the periods from 20 Febru-
ary to 16 April in 1999 at a depth of 470 m and
from 17 April to 9 December in 1999 at a depth
of 730 m. Main results of these direct current
measurements are summarized as follows.

(1) Inertial velocity oscillation with a period of
one day is dominated in the velocity variation
and the clockwise circulation is seen in the pro-
gressive velocity vector diagram. However,
some periods of large uniform velocity are also
observed and the inertial oscillation is added
over the bias of uniform velocity in this period.
(2) During the periods of some almost uniform
velocities, downward shift of the current meter
and the large velocity are commonly observed.
It is suggested that the larger uniform velocity
vields a larger dragging force on the mooring
system, which results in the downward shift of
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and (c)Naha.

the current meter by the constraint of constant
length of the mooring system from sinker to
the current meter.

(3) The larger uniform velocity noted in (2) is
caused by the approach of mesoscale eddies,
which were detected by the satellite sea surface
level. It is resulted that the mesoscale eddies
have a vertical structure deeper than 700 m and
a mean velocity of 15 em sec” at an observed
depth.

Larger velocity with an inertial oscillation is
observed in 20-23 in March (Fig. 3), which is
also shown by the large absolute velocity in
Fig. 2. Because no significant atmospheric dis-
turbance such as typhoon was observed in this
observational period, it is inferred that the
large inertial velocity may be related to the

large sea level difference during the spring tide.
So, the sea level variations at Kushimoto,
Aburatsu and Naha are shown in Fig. 11. It is
seen from Fig. 11 that the period of 20-23 in
March is in the neap tide and the amplitude of
the sea level variation is rather small. However,
since the diurnal tide is essentially dominant in
this period (Fig. 11), the resonant phenomenon
between the tidal current and the inertial oscil-
lation is suggested in this case. Similar large
amplitude velocity oscillations in 23-25 June
(Fig. 4), and 30-31 October are also observed in
the neap tide with a diurnal tide variation (not
shown). A resonant effect between the inertial
oscillation and the diurnal tide is inferred,
however its detailed dynamics will be left out
for future study.
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Larval and juvenile ichthyofauna in artificial beaches facing Tokyo Bay
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Abstract : A total of 95,804 fishes of 35 species and 8,008 fishes of 38 species were collected from
Kasai and Hakkei-jima artificial beaches, respectively, in the inner Tokyo Bay by monthly seine-
net (mesh size 1.0mm) samplings from July 2002 to June 2003. Cluster analyses based on species
and individual numbers collected from each station and sampling month showed that each
month by stations were classified into seven groups such as 1) early summer in Kasai, 2) sum-
mer to autumn in Kasai, 3) summer to autumn in Hakkei-jima, 4) winter in both stations, 5)
spring in Kasai, 6) spring in Hakkei-jima, and 7) June in Hakkei-jima. Comparisons of fish spe-
cies collected from the two sites suggested that the difference of fish assemblage between the
both sites would be caused partly by the salinity tolerance of the species and partly by the geo-
graphic condition of the sites, Kasai being located in the bottom, whereas Hakkei-jima near the

mouth, in the bay.

Keywords : Tokyo Bay, artificial tideland, fish fauna, juveniles
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Fig. 1. Map of sampling sites in the inner Tokyo Bay.
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Table 1. Fish collected from artifical beaches of Kasai and Hakkei-jima in Tokyo Bay from July 2002 to June 2003

Family Species Kasai Hakkei
Number é‘iﬂ rr::‘g) Develcgr;eemal Number (Ssllz? ::K)E Develcgg;n:ntal tlvfe Sgggiees
Gymnuridae Gymnura japonica 1 225 A 0 - M
Clupeidae Sardinella zunast 8399 4.4-103.7 L-Y 150 6.7-46.9 L-J M SZ
Konosirus punctatus 2966 5.4-72.8 L-Y 174 5.5-60.6 L-J M KP
Engraulidae Engraulis japonicus 8 8.0-32.7 L-J 2 9.3-217.0 A M EJ
Plotosidae Plotosus lineatus 0 - 2 28.5-128.7 A M
Plecoglossidae  Plecoglossus altivelis al tivelis 1181 4.4-56.1 L-Y 1006 16.1-45.1 L-J Am PA
Osmeridae Hypomesus nipponensis 1 37.7 L 0 - An
Atherinidae Hypoatherina valenciennet 3 11.0-12.5 J 30 5.6-84.7 J-A M HV
Scorpaenidae  Sebastes inermis 1 38.1 J 0 - M
Platycephalidae Platycephalus sp.2 60  6.2-45.1 Y 0 - M PS
Cottidae Pseudoblennius cottoides 0 - 36 147528 Y-A M PbC
Liparidae Liparis tessellatus 0 - 1 23.4 A M
Moronidae Lateolabrax japonicus 500  10.7-365 J-A 1 125.4 A M LJ
Teraponidae Rhyncopelates oxyrhynchus 4 10.9-14.8 J 18 9.9-28.1 J M RO
Sillaginidae Sillago japonica 63 124-70.0 J-Y 152 8.3-32.6 J-A M SJ
Lelognathidae Leiognathus nuchalis 1586 5.8-34.4 L-Y 92 5.0-24.9 J-Y M LN
Gerreidae Gerres equulus 0 - 1198 10.3-23.8 J M GE
Gerres filamentosus 2 154-16.2 J 0 - M
Gerres japonicus 1 10.3 J 0 - M
Sparidae Acanthopagrus Schlegelii 1 11.1 J 2 10.3-50.8 - M
Acanthopagrus latus 3 10.3-11.8 J 0 - M ApL
Sciaenidae Pennahia argentata 11 15.3-39.3 J 0 - M
Embiotocidae  Ditrema temmincki 0 - 33 40.0-1334 Y-A M DT
Mugiliformes  Mugil cephalus 20 21.7-30.0 J 0 - M MC
Chelon affints 0 - 1 13.4 J M
Pholidae Pholis nebulosa 0 - 10 37.8-112.2 Y M PN
Pholis crassispina 0 - 31 39.6-68.9 Y M PhC
Blenniidae Omobranchus punctatus 2 3.7-5.1 Y 0 - E
Omobranchus fasciolatocep 12 2.9-12.7 Y 0 - E
Stichaeidac Dictyosoma rubrimaculatum 0 - 1 14.9 Y-A M
Callionymidae Repomucenus beniteguri 0 - 1 55.7 Y M
Gobiidae Luciogobius guttatus 8 6.8-15.2 2 10.1-10.8 J E
Luciogobius sp. 0 - 4 4.3-8.5 J -
Eutaeniichthys gilli 20 5.0-34.2 J 5 4.2-6.9 J E
Gymnogobius urotaenia 623 5.2-30.0 L-J 3 153175 J AM GU
Gymnogobius macrognathos 9911 7.6-44.0 L-A 0 - E GM
. Gymnogobius heptacanthus 5 7.7-34.3 J 4097  5.0-49.0 I-A E-M GH
Gymnogobius breunigii 3761  5.4-39.7 L-Y 29 5.3-13.0 L E GB
Acanthogobius flavimanus 64691 10.1-52.8 J-Y 249 11.3-1724 J-Y E A
Acanthogobius lactipes 52 5.3-434 J-A 0 - E AL
Favonigobius gymnauchen 13 14.6-53.1 J-A 67 134-545 J-A E FG
Acentrogobius pflaumii 0 - 28 121457  J-A M AgP
Tridentiger spp. 1745  4.2-15.6 L-J 563 4.3-33.1 L-J -
Gobiidae sp. 0 - 1 J -
Gobiidae spp. 25 5.3-9.9 L-J 17 4.4-8.8 L-J -
Siganidae Siganus fuscescens 0 - 1 15.6 Y M
Centrolophidae Psenopsis anomala 1 13.2 J 0 - M
Pleuronectidae Kareius bicoloratus 7 9.5-11.9 J 1 52.8 J M KB
Triacanthidae Triacanthus biaculeatus 117 5.4-38.4 L-Y 18 5.9-42.8 L-J M TB
Monacanthidae Rudarius ercodes 0 - 11 6.3-35.6 J M RE
Tetraodontidae Takifugu niphobles 0 - 10 6.2-1374 J-Y M
Tetraodontidae sp. 0 - 1 12.1 J M
Developmental stage : A, adult; J, juvenile ; L, larva; Y, young.;, and —, absent. Life type : Am,

amphidromous fishes ; An, anadromous fishes ; E, estuarine fishes ; M, marine fishes; and —, indetermin-
able. Species codes being used in Fig.4.
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Tokyo Bay from July 2002 to June 2003. Species codes are given in Table 1.
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Characteristics of Tidal Currents Observed at Five Mooring

Stations in Sagami Bay

Ping Astony ANGMALISANG', Masaji MATSUYAMA', Hironori ISHIDOYA®,
Yujiro KiTaDE' and Shizuo IwaTa’

Abstract : Tidal currents in Sagami Bay were investigated by the long—term records of current
and temperature obtained in the surface and deep layers at five mooring stations during the pe-
riod from July to November, 1996. The time series and power spectra of the current and tem-
perature records showed the predominance of the semidiurnal period fluctuations at all
stations. The semidiurnal current was high correlation to the temperature at the same depth
at all stations. The semidiurnal current amplitudes observed at the station in the inner region
of the bay were dependent on the depth, and was very larger than tidal current amplitudes to
be due to the surface mode estimated by the numerical experiments. These results indicate the
observed tidal current to be due to the internal tides mostly. The predominance of the
semidiurnal internal tide supports the key idea that the internal tides observed in Sagami Bay
are mostly generated at the northern part of the Izu Ridge (OHwaKI et al. 1994, KitapE and
MaTsuyaMa 1997). The current and temperature data obtained at three depths (10m, 35m and -
60m depths)near the northwest coast show that the tidal current amplitude with the
semidiurnal period had a maximum at 10m depth and gradually decreased with depth. Its
current amplitudes were variable with the change of the stratification. The phase relation be-
tween the current and temperature with the semidiurnal period indicates the internal wave
propagation in the upper layer along the coast to be right the hand. These results are consis-
tent to the results obtained by both the temperature measurements along the coast and the

numerical experiment (KiTaADE and MATSUYAMA, 1997).

Keywords : tidal current, internal tides, inertial period, internal Kelvin wave,
internal inertia gravity wave, vertical structure of the tidal current

1. Introduction

Sagami Bay is located in the central Japan,
facing to the Pacific Ocean and its length from
the mouth to head is about 55km and the width
is about 60km (Fig.1). The Oshima island is lo-
cated at the bay mouth and divides into two
channels, ie., the Oshima West Channel and
East Channel. The Sagami Trough extends to
the northwest region of the bay head through
the Oshima East Channel, and the shallow wa-

"Department of Ocean Sciences, Tokyo University of
Marine Sciences and Technology,
4-5-T7 Konan, Minato—ku, Tokyo, Japan, 108-8477

* Fisheries Institute of Kanagwa Prefecture.
1-2-1 Hayakawa, Odawara, Kanagawa, Japan,250-
0021

® Japan Fisheries Information Center
4-5 Toyomi, Chuo—ku, Tokyo, Japan, 1040055

ter region is only found off the northeast coast
of the bay head. The Kuroshio flows south of
Sagami Bay and part of the Kuroshio water
usually inflows through the Oshima West
Channel and flows out through the Oshima
East Channel (TAIRA and TERAMOTO, 1986).
The anticlockwise current circulation in the
bay is formed by this current and the strength
of the circulation is closely related to the loca-
tion of the Kuroshio path (IwaTa and
MaTtsuvyamMa 1989, KAWABE and YONENO
1987).

Tidal phenomena in Sagami Bay have been
observed by some methods, and the observa-
tional results have represented some interest-
ing features. TERAMOTO (1971) observed the
surface current by GEK on the ship and the
volume transport by the Electronic Potential
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Measurements through the Oshima West
Channel. He reported the strong current with
semidiurnal period in spite of the small volume
transport across the channel. KoNAGA et al .
(1979) carried out the current measurement at
the mooring buoy near Oshima Island in the
same channel and found the strong tidal cur-
rents and the predominance of the semidiurnal
period, especially M2 constituent. However, the
characteristics of these tidal currents were not
sufficiently explained by them. MATSUYAMA
and TwaTa(1985)made the current and tem-
perature measurements at 30m and 60m depths
on the shelf off Jogashima (JO shown in
Fig.Dand reported the existence of internal
tides on the shelf. MATSUYAMA et al
(1988)also showed the existence of the internal
tides from the temperature measurements by
the thermistor chain near the northwest coast
of the bay (near EN in Fig.1). OHWAKI ef al .
(1991)showed that the tidal current due to the
surface tides is smaller than lems™ in the main
part of the bay, estimated by the numerical ex-
periments. They also indicated the observed
tidal current in the upper layer at the five
mooring stations of the inner region of the bay
to be much larger than the tidal current due to
the surface mode. Then they documented the
observed tidal current to be mainly due to the
internal tides in the upper layer of the inner re-
gion of the bay. KITADE et al. (1993) and K
ITADE and MATSUYAMA (1997) clarified the
predominance and behavior of the semidiurnal
internal tide by the temperature measurements
at seven mooring stations in the upper layer of
the inner region of the bay and the numerical
experiments by using a two—layer model.

The current measurements of the previous
studies were made only in the upper layer of
the bay, and the temperature measurements
were made at some depths, which were shal-
lower than 60m depth (MaTSUYAMA ef al .
1988, KiTADE and MATSUYAMA 1997). There-
fore the existence and characteristics of the in-
ternal tides were clarified to be mostly due to
analysis of the temperature measurements in
the upper layer near the coast. The current
measurements in multiple layers are required
to investigate vertical structure with the tidal
current at the mooring stations in not only the

shallow shelf region but also deep waters to
confirm the previous studies and to verify the
predominance of semidiurnal internal tide in
the deep water.

The data set obtained from the mooring sta-
tions during the period from the summer to
fall of 1996, was used to study the tidal current
variations and verify the predominance of the
semidiurnal internal tide.

2. Tidal current due to the surface tides in

Sagami Bay

It is very difficult to extract the tidal current
due to the surface tides from the observational
current data for including the internal tidal
current in the records and for the large water
depth in Sagami Bay. Then OHWAKI et al.
(199D estimated the tidal current amplitudes
and phase for M2 and K1 constituents of the
surface tides in Sagami Bay and Suruga Bay
by the numerical modeling. Figure 2 shows the
horizontal distributions of the length of major
axis of the tidal ellipses for both constituents.
In Sagami Bay, the length of the major axis of
both constituents is very small in the inner re-
gion of the bay. The numerical calculation was
carried out with square grids of 2km spacing,
so it 1s not so sufficient to clarify the local phe-
nomena of the surface tides in the complicated
bottom topography region, i.e., the small bank
such as Okinoyama Bank nearby the mouth of
Tokyo Bay. But, the characteristics of the sur-
face tides in the most part of the bay are con-
sidered to be grasped from the numerical
experiments. In this numerical model results,
the current amplitude due to the surface tides
in Sagami Bay is very weak, below 1 cms™, ex-
cept around Oshima Island for both M2 and K1
constituents, while the current amplitude for
M2 constituent is over 10 cms™' in the Oshima
West Channel. These results will be useful for
the analysis of the current data in this study.

3. Current Measurements and Data

The observations were made during the pe-
riod from July to November, 1996. The moor-
ing stations, as shown in Fig.1, were located in
the Oshima West-Channel (ON), on small
bank of Okinoyama facing to the mouth of To-
kyo Bay (OK), at the eastern coast off
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Fig. 2. Tidal current amplitudes for the M2 and K1 constituents for the surface tides estimated by numerical
experiments. Contour numerals are in cms ™' (after OHWAKI, et al., 1991)
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Station Period of Observation Sensor Water
Depth (m) | Depth(m)
Jul. Aug. Sep. Oct. Now.

ON 27 3 320 560
] . 420

OK 27 26 30 70
60

JO [ 3 E e I H 20 30 90
----------------------------- 60

SK 12 19 50 510
248
b i I 440

EN 10 70
A4 35
60

Current and Temperature ———— Current -_____. Temperature

Fig. 3.

Jyogashima (JO), near the center of the bay
(SK)and at the northwestern coast off
Odawara (EN). The mooring periods and sen-
sor depths for each station are represented in
Fig.3. Both ON and SK were located in the deep
water, while other three stations were located
in the shallow and/or coastal regions. The
sampling interval was 30 minutes for ON, OK,
JO, SK and 10 minutes for EN. Each record
length was different among the stations, so
that the starting time and the record length at
each station are shown in Fig. 3.

4. Results
Current and Temperature Fluctuations
Although the observation periods were dif-
ferent among the stations, as shown in Fig.3,
the observations at the same time were made in
the latter half of September, 1996 except JO.
Then, for comparison to each other, we show

Mooring information at five stations in Sagami Bay.

the time series of the current and temperature
fluctuations at four mooring stations at the
same time during the period from September 15
to September 29 (Figs. 4 and 5). We can find
the predominance of tidal period fluctuations
in both the current and temperature records at
all stations. The temperature at 60m depth
abruptly increased at OK, JO and EN on Sep-
tember 22, so that the temperature difference
between 30m and 60m depths at these stations
became small, ie., the change of the vertical
stratification in the upper layer (Fig.5). As the
results, the temperature variations with the
tidal periods at 60m depth at OK and JO were
slightly small in the latter half of the record in
comparison with those in the former half.

The tidal currents in the deep layer of
Sagami Bay have rarely reported from the long
—term measurements except the study of TAIRA
and TERAMOTO (1985). Even they focused on
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the bottom current in the Sagami Trough.
Therefore, the current data observed in the
deep layer at ON and SK are expected to supply
the information of tidal current characteris-
tics. The current data at ON were obtained at
320m depth, but were not obtained for the me-
ter trouble at 440m depth unfortunately. The
tidal current at 320m depth at ON was usually
over 10 cms™ and the north component of the
current dominated over the east component, so
the orientation of the tidal current ellipse was
almost north—south direction, i.e., the along—
channel direction. The temperature records
were obtained both at 320m and 420m depths in
the same period as the current records. The
temperature in the deep layer at ON also shows
the remarkable tidal fluctuations, and the high
frequency fluctuations also existed at 320m
depth during the period from September 24 to
30, 1996.

At SK, located near the center of the bay, the
current data were obtained at three depths, i.e.,
at 50m, 248m and 440m depths and the tidal
current amplitude at 50m depth was larger
than those at 248m and 440m depths. The cur-
rent amplitudes were not so different between
248m and 440m depths, and their variations
closely resemble each other in this observa-
tional period. The temperature fluctuations
with the tidal periods at 50 m depth were found
through the record, and at times had very large
amplitude, while they were very smaller at
248m depth than at 50m depth. The depth de-
pendence of the current amplitude and partial
intensification of the temperature fluctuations
with the tidal periods suggest the predomi-
nance of the internal tides at SK.

The tidal current fluctuations at the station
on the bank (Okinoyama Bank)near the bay
mouth, OK, had the large amplitude. The cur-
rent fluctuations included both the several-day
period and high frequency period fluctuations
together with tidal periods, so the more de-
tailed analysis is required to grasp the charac-
teristics of the tidal current fluctuations. The
temperature fluctuations with tidal periods
had the large amplitude at 60m depth, while
they were not so clear at 30m depth. At JO
(Fig.1), as shown in Fig. 3, the current data
were not useful for the current meter trouble

except those in August, but the temperature
data were obtained at both 30m and 60m
depths. The temperature records with the tidal
periods at 60m depth resemble those at the
same depth at OK, but the amplitude at JO was
clearly smaller than OK. The amplitude differ-
ence of the temperature at the same depth be-
tween both stations was expected to be
difference of the internal tidal amplitude be-
cause the basic stratification was little differ-
ence between both stations.

The current and temperature fluctuations at
the northwestern part of the bay head, EN,
were also shown in Figs. 4 and b, respectively.
The tidal current fluctuations were the signifi-
cant phenomena at the three depths, and the
north component of the current was dominant
over the east one. The north component of the
current almost agrees with the alongshore di-
rection at EN, so the results indicate the pre-
dominance of the alongshore component. The
tidal amplitude of the north component of the
current gradually decreased from the upper
layer (10m depth)to lower layer (60m), that is,
the current included the characteristic of
baroclinic mode. In addition, the temperatures
at both 35m and 60m depths also fluctuated
with the tidal periods, so that both tempera-
ture records also suggested the existence of the
internal tides. The tidal period fluctuations
were rarely found in the temperature record at
10m depth at a glance, because the temperature
sensor at 10m depth was already set in the sur-
face mixed layer with a weak stratification in
the latter half in September.

Statistical Properties

Power spectra were calculated for the current
and temperature records at four stations, ON,
OK, EN and SK to detect the predominant peri-
ods in more detail. Figure 6 shows the power
spectra for both east and north components of
current at four stations. The current data were
obtained at the two or three depths at these
stations except at ON. The significant peaks
are found at the semidiurnal period in all re-
cords, while the peaks of the diurnal period ex-
isted at 320m depth at ON, and at 10m depth at
EN. The weak peaks at the inertial period
(about 20.9 hour)are found at 248m and 440m
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Fig. 7. Power spectra of the temperature at ON, OK, SK and EN for each period of observation.

depths at SK. The phenomenon is expected to
be relation to the near-inertial motion. The
peak at 1/4 day period existed in all spectra,
and was especially remarkable at 320m depth at
ON, at 60m depth at OK, at 440m depth at SK
and 10m depth at EN.

The current records were obtained at each
station in the different observation period, but
the records at the different depth at the same
station were obtained for the same time. There-
fore, it is useful for the comparison of the ki-
netic energy among the records at the same
station. At EN, the energy level of the north
component of current with the semidiurnal pe-
riod gradually decreased with the depth in-
crease from 10m to 60m depths. The peaks at
diurnal period and 1/4 day period existed at
10m depth, while it is not found at the two
deeper depths at EN. For the semidiurnal pe-
riod at SK, the east component of current
dominated over the north component at 50m
depth, but vice versa at 440m depth, and both
components were almost equal at 248m depth.
The energy level of the semidiurnal current
was a minimum at 248m depth among the three
observation depths. The results suggest the
complexity of the vertical distribution of the
semidiurnal current at SK.

Figure 7 shows the temperature spectra at
the four stations. The semidiurnal period peak
is found in all records, but the energy levels are
different from each other at this period. The di-
urnal period peak is found only at 60m depth at

OK, at 10m depth at EN and at 320m depth ON,
but is not found at all three depths at SK. lo-
cated near the center of the bay. The reason of
no peaks at diurnal period at the station near
the center of the bay is explained as follows;
the diurnal internal wave have the characteris-
tic of the internal Kelvin wave, and distance be-
tween the station and coast is longer than the
internal radius of Rossby deformation (5 to
7km). In addition to it, the diurnal internal
wave does not have the large amplitude in
Sagami Bay (OHWAKI et al. 1994, and KITADE
and MATSUYAMA 1997).

The power spectra of both the current and
temperature fluctuations indicate the predomi-
nance of the semidiurnal period in all records.
Then it implies the semidiurnal period fluctua-
tions to be deep relation to the internal tides.
The spectra in some records have the peaks at
the diurnal period as well. So, it is expected to
be a closely relation between the current and
temperature fluctuations with not only
semidiurnal but diurnal periods.

Table 1 shows the coherence between north
and east components of the current and tem-
perature for the diurnal and semidiurnal peri-
ods at the same depth at all stations. The
coherence at the semidiurnal period is higher
than the value of the 95 % confident limit in all
case. This result indicates that the current with
the semidiurnal period is a closely relation to
the temperature, as expected. So the predomi-
nance of the semidiurnal internal tide is
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Table 1. Coherence between current and temperature.

Semidiurnal Constituent Diurnal Constituent T
Station |Observation Period Depth — e
east comp. north comp. east comp. north comp.
ON Jul.27 to Oct.21 320m 0.64 0.82 0.37 0.38
OK Aug.27 to Nov.26 30m 0.21 0.66 0.43 0.43
60m 0.79 0.84 0.35 0.35
SK Sep.12 to Nov.13 50m 0.66 0.19 0.52 0.52
248m 0.42 0.35 0.29 0.29
EN July 4 to Oct.2 10m 0.43 0.35 0.52 0.52
35m 0.62 0.61 0.37 0.37
60m 0.80 | 0.78 0.38 0.38

Confidence limit of 95% is 0.39

clarified in the inner region of the bay.

The other hands, the diurnal period is high
coherence at 30m depth at OK, 50m depth at SK
and 10m depth at EN, so that the diurnal pe-
riod shows the high coherence in the record of
the upper layer only. We do not have the more
data to explain the reason of the phenomenon
in this paper.

5. Discussion

Predominance of the semidiurnal internal
tide

OHWAKI et al. (1994) and KITADE and
MATSUYAMA (1997) indicated most of the in-
ternal wave observed in Sagami Bay are gener-
ated at the northern part of the Izu Ridge and
propagated into the bay by the numerical ex-
periments as follows. The semidiurnal internal
wave are propagated into the bay head, having
the characteristic of the internal inertial grav-
ity wave, while the diurnal one can not be
propagated into the bay head for having the
characteristic of the internal Kelvin wave. As a
result, the semidiurnal internal tide dominates
over the diurnal period. Both studies also dem-
onstrated the predominance of the semidiurnal
internal tide by the observational results in the
upper layer in the inner region of the bay.

In this study, the power spectra of the cur-
rent and temperature data illustrated the pre-
dominance of the semidiurnal period in not
only the surface layer but also deep layer at all
stations as shown in Figures 6 and 7. The pre-
dominance of the semidiurnal internal tide im-
plies that the internal tides observed in the
inner region of the bay are generated on the Izu
Ridge and propagated into Sagami Bay. Our

results support the key idea of the internal
tides generation on Izu Ridge and propagation
into Sagami and Suruga Bays indicated by O
HWAKI el al. (1994) and KiTADE and M
ATSUYAMA (1997).

Characteristics of tidal current in Oshima
West Channel

In order to comprehend the characteristic of
the tidal current ellipse, we calculated the ma-
jor and minor axis, and orientation of the cur-
rent ellipse of four major constituents, i.e., M2,
S2, K1 and Ol for 29.5 days record at 320m
depth at ON. The harmonic constants of two
segments, i.e., from August 27 to September 25
and from September 22 to October 21, are
shown in Table 2. The M2 constituent is pre-
dominant over the other constituents, and the
length of the major axis and orientation for M2
constituent were less variable between the two
segments. In addition, the other three constitu-
ents are also not large different between the
two segments. The tidal currents due to the
surface tides (Fig. 2) are slightly smaller than
the observed current amplitude. These results
suggest that the tidal currents observed at
320m depth in the Oshima West Channel are
not so strongly affected by the internal tides.
The internal tidal currents are expected to have
a large amplitude in the Oshima West Channel
as indicated by
TERAMOTO (1971). Unfortunately, we have no
information of the detailed vertical structure of
the tidal current in the bay.. We have measured
the vertical structure of the tidal current near
the center of the bay by the mooring ADCP to
investigate the structure of the internal tides.
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Table 2. Harmonic constants of tidal current ellipses at ON for 29.5 days period

. Depth Maj. Axis Min. Axis Orientation
Period (m) Const. (ems) (ems—) (deg.)

Aug.27 to 320m M2 13.2 1.1 7
Sep.25 S2 5.8 0.1 13
K1 2.7 0.1 51

Sep.22 to 320m 01 2.9 0.7 31
Oct. 21 ’ M2 13.1 0.9 5
S2 7.7 0.6 24

K1 4.4 0.6 27

01 3.2 0.2 34

Tidal currents near the northwest coast of
the bay

We obtained the current and temperature re-
cords at three depths, i.e., 10m, 35m and 60m
depths at EN at the same time during about
three month from early July to early October
1996. We do not yet have the data in the three
layers except the above ones in this bay, so it is
important to investigate the vertical structure
of tidal currents. The observations were cur-
ried out during the existence of the seasonal
thermocline, but the thermocline depth varied
for this three months. The observation was
made at the steep slope sits near the northwest
coast of the bay (Fig. 1). The power spectra of
the current and temperature at EN with the
semidiurnal period had the significant peaks in
all records (Figs.6 and 7). However, the energy
level of both current and temperature was dif-
ferent among depths, that is, the current and
temperature were the highest energy at 10m
depth and 60m depth, respectively. Then we in-
vestigate the vertical structure and behavior of
the semidiurnal internal wave near the coast,
using the data at the three depths at EN.

Figure 8 shows the 25-hours running mean
records of temperature at each depth at EN.
The temperature records show the abrupt
change of the vertical distribution, so that we
firstly examine how the difference of the verti-
cal density distribution affects on the charac-
teristics of the semidiurnal internal waves. At
second, we investigate the behavior of the
semidiurnal internal wave near the coast.
Then, we separate the records into three seg-
ments as shown in Fig.8, and calculate the har-
monic constants of the tidal currents for each
segment, which is the record length of 29.5
days.

Figure 9 shows the amplitude of the north
and east components of current for the four
major constituents, <.e., M2, S2, K1, and Ol
constituents. As expected, the M2 constituents
are dominant over the other three constituents.
We will focus on the M2 constituent. The north
component of current was predominant over
the east component at each depth. The current
amplitude was a maximum at 10m depth in all
segments as indicated in the power spectra. The
north component of current was the maximum
for Period I from early August to early Sep-
tember. Period I agrees with that of maxi-
mum value of the mean temperature difference
between 10m and 60m depths. The results sug-
gest the magnitude of the current amplitude in
the upper layer to be related to the strength of
the stratification.

Figure 10 shows the coherence and phase dif-
ference between the temperature at 60m depth
and the north component of current at each
depth. The temperature is useful as an index
for expressing the vertical displacement of sea-
sonal thermocline. The temperature at 60m
depth was high coherent with the alongshore
current at 10m, 35m and 60m depths, and the
phase difference was about 180 degrees, that is,
the northward current in the upper layer was
out of phase to the subsurface temperature.
This relation implies the southward current
with the downward displacement of the sea-
sonal thermocline, that is, the phase relation
implies the southward propagation of the in-
ternal waves. Therefore the semidiurnal inter-
nal waves propagated to be right the land, near
the northwest coast of the bay head. KITADE
and MATSUYAMA (1997) indicated the behavior
of the semidiurnal internal tide in Sagami Bay
by the numerical experiments using a two—
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Fig. 8. Time series of 25-hour running averaged of temperature fluctuation at 10m, 35m and 60m depths at EN,
during the period from July 4 to October 2, 1996. Divided in three segments : Period I : July 8 to August
6, Period I : August 7 to September 5, Period III © September 3 to October 2, 1996.

layer model. They showed the internal wave to
behave an internal Poincare wave near the
coast for the reflection at the coast, and for the
phase of the internal wave to propagate along
the coast as the above results. We can summa-
rize that the behavior of the semidiurnal inter-
nal wave observed at EN agree with those of
the numerical experiments using the layer
model.

The coherence for the diurnal period was
high between the north component of current
at 10m depth and temperature at 60m depth,
and the phase difference was about 180 degrees.
As the same as the semidiurnal period, the di-
urnal period fluctuation also propagated the
southward along the coast to be right the land
in the upper layer. The diurnal period is over
inertial period at this latitude, so the phenome-
non behaved as the internal Kelvin wave at EN.

6. Summary

Tidal currents in Sagami Bay were investi-
gated by the long term records of current and
temperature obtained at five mooring stations
during the period from dJuly to November,
1996. The current data were obtained both in

the surface and deep layers at the same time.
The time series of the temperature and current
records at all stations showed the remarkable
fluctuations with tidal periods and power spec-
tra of these records clearly expressed the peaks
at tidal periods, especially semidiurnal period.
The semidiurnal period fluctuation was pre-
dominant over the diurnal one in the current
records at all records. The semidiurnal current
was high correlation to the current in the all
observation depths, while the high correlation
between the current and temperature for the
diurnal period was limited in the upper layer.
The semidiurnal current amplitude depended
on the depth. The tidal current amplitudes for
the M2 constituent are very larger than ones of
the tidal current due to the surface tides (less
than lems ') estimated by the numerical ex-
periments in the inner region of the bay
(OHWAKI et al ., 1991). Therefore the observed
tidal current is considered to be mainly due to
the internal tides.

The current and temperature data obtained
at three depths (10m, 35m and 60m depths) at
EN shows that the tidal current amplitude with
semidiurnal and diurnal periods had a
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Fig. 9. Amplitude of the north and east components of current for four major constituents at EN

for three segments.

maximum at 10m depth and gradually de-
creased with depth, while the maximum ampli-
tudes for temperature fluctuations appeared at
60m depth. The seasonal thermocline existed
slightly under at 60m depth, so that the cur-
rent fluctuations show high correlation with
the temperature fluctuations at 60m depth. The
phase relation between the current in the upper
layer and temperature in the subsurface layer
indicates the internal wave propagation in the
upper layer along the coast to be right a hand.

These results are consistent with the results
obtained by the temperature measurements
along the coast and the numerical experiment
with a two-layer model (KITADE and
MATSUYAMA, 1997). At EN, the diurnal period
fluctuations also indicated to be high coherence
and phase lag of about 180 degrees between
alongshore current at 10m depth and tempera-
ture at 60m depth. The diurnal internal wave
also propagated the southward along the coast
to be right the land in the upper layer, as
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Fig. 10. Coherence and phase difference between the north component of current at 10m, 35m and 60m depths
and temperature at 60m depth at EN, during the period from July 5 to October 2, 1996.

having a characteristic of the internal Kelvin
wave.

Taira and TERAMOTO (1985) observed the
currents at the depth of 7m above the sea bot-
tom in the Sagami Trough (water depth of
more than 1500m) and showed the tidal current
of about 5 ems ' and the energy concentration
around the semidiurnal period. The strong deep
current due to the internal tides were observed
in the bottom layer in the Suruga Trough (M
ATSUYAMA et al. 1993). We are also interested
in the bottom tidal current in relation to the in-
ternal tides such as Suruga Trough. In addi-
tion, we have examined the observations to
take the vertical structure of the tidal currents

at mooring stations by the ADCP

measurements to investigate the detailed char-
acteristics of the internal tides. In near future,
the observation results will be offered. We will
also examine the numerical experiment with
the continuously stratified model both to ex-
plain the observational results and to clarify
the characteristics of the internal tides in
Sagami Bay.
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