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Abstract

Although a diversified supply of fish is now required to support the recent increase in fish demand, fish
culture, which is the second largest source of supply for fisheries, is facing a serious deterioration of water
quality due to material loading by fish feeding. Establishment of fish feeding culture with least material
loading has been tried by recovering the loaded materials with the help of useful organisms in Uranouchi
Inlet, Kochi Prefecture, in the present study. Loaded dissolved matter, 62 % of total feed, is expected to be
absorbed directly by phytoplankton, and loaded particulate organic matter, 28 % of total feed, will also be
absorbed by phytoplankton in epilimnion during the period of vertical water mixing after decomposition
to inorganic nutrients in hypolimnion. Phytoplankton are then fed to a filter feeder, the Japanese littleneck
clam, followed by harvesting 3™ year clams over 30 mm in shell length from autumn to the next spring
in order to establish a zero-emission type of fish feeding culture by recovering the loaded materials. It is
estimated that loaded materials by current fish culture can be removed by maintaining an individual (ind)
density of 2™ year or older clam such as about 1,000 ind *m™.
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1. Introduction

Looking back at human history, we have been
mostly dependent on terrestrial animals and birds for
sources of animal protein, but fish has not been utilized
so extensively. People in the world, however, have
recently increased their interests in fish for foods because
of newly found diseases caused by viruses and prions
from animals and birds which are extremely difficult to
cure using current medical treatments, and because of
recently pointing out the superiority of fish for human
nutrition (Oshima, 2006).

Even though various wild animals, birds and plants
were used greatly for human foods in the prehistoric era,
much of the wild supply of human foods has not been
continued because of insufficient supply of food mate-
rials due to rapidly increased human demand, and those
terrestrial wild food supplies are now mainly used for
game hunting and collecting wild plants for medicine or
decoration. Almost all wild food materials supplied in
the past are now replaced with food materials produced
in agriculture fields and cattle farms under human care.
On the other hand, fish are still harvested mainly from the

wild. Due to a great improvement of fishing technolo-
gies such as “how to find catch” and “how to concen-
trate catch” in the 20™ century, useful fish species have
decreased in number throughout the world. Then people
made efforts to find new fishing grounds and new useful
fish species, which accelerated the decrease of stock of
useful fish. If we continue the present trend, the decrease
of stock occurring in useful fish species could accelerate,
and result in collapse of the fishery industry in the world
by 2050, which has been demonstrated by a persuasive
study made by Worm et al. (2006). The present world
fishery captures the marine life at a faster speed than the
reproducibility of wild fish. As a result, human beings
could harvest the complete stock of useful fish as we did
for useful large mammals on the five large continents on
earth in the past.

Because of the possible increase in demand for fish
as an animal protein source for human nutrition in the
future, as mentioned above, it is urgent to consider how
to guarantee a constant supply of high quality fish for
human foods while preserving a large diversity in spe-
cies. For this realization, establishing various ways of
increasing fish supply will be essential. The continua-
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tion of current fishery activities in regard to wild fish is
unquestionably important, and sustainability needs to
be strengthened (Takahashi and Ikeya, 2003). The most
important point for sustainability of fisheries will not be
to catch as many as possible, but to maintain the stock
of wild fish thorough consideration of the structure and
function of the ecosystem.

Since the wild fish catch cannot satisfy the present
human requirements, fish supply by aquaculture cannot
be discarded. In fact, the recent increase of the per-
centage share of cultured fish production in the entire
fish production indicates the importance of aquaculture
in fish supply (FAO 2008). For example, cultured fish
production in Japan shared only 2.5 % of all fish produc-
tion before 1990 but increased to 8 % in 2005 (MAFF
2008). However, the expansion of fish aquaculture has
not always been easy and there are several essential dif-
ficulties. The first difficulty of possible expansion of fish
culture will be the requirement for more human care and
the resultant cost due to feeding duty because of the car-
nivorous of most marine fishes for culture, which results
in choosing expensive fish species for culture and in lim-
ited production. The second difficulty is limited space
available for culture in areas such as semi-enclosed seas
because of the necessity for fish holding cages for culture
to be set in semi-enclosed seas with high protection from
storms and easy access from land.

At the same time, some problems occurring with
fish feeding culture also serve to prevent the possible
expansion of fish culture. One of them is material load-
ings supplied as wastes and excretions from fish feeding
culture and attached materials onto fish cages, which
could result water in low oxygen in the hypolimnion,
and susceptible to forming red tides (Nishimura 1982,
Gowen and Bradbury 1987, Wu 1995, Islam and Tanaka
2004). Huang et al. (2008a) has reported that 10-15 %
of feed was recovered by fish with fish feeding culture
of yellowtail and red sea bream, and the rest of 85-90 %
was loaded to the environment. In addition, chemical
loadings of various substances such as antibiotics and
vitamins and anti-bio-fouling agents also cause a deterio-
ration of water quality due to keeping an extremely high
density of fish for culture in a limited space (Tacon et al.
1995, Wu 1995). Furthermore introduction of new dis-
eases by juveniles in culture and perturbation of species
diversity in the local ecosystem are other possible prob-
lems (Wu 1995, Elliott 2003).

It is then required to develop technologies for fish
culture in offshore water (Hansen 1974) and on land
under special consideration in order to minimize the neg-
ative effects of fish culture mentioned above (Tacon and
Forster 2003).

As mentioned above, current fish feeding culture

is confronting several difficulties in which the most
serious two are feed and material loading. Since feed
is mostly wild fish harvested in a large quantity, fish
feeding culture cannot survive if fisheries collapse due to
a large drop in fish stocks which could happen in the near
future. On the other hand, minimizing material loading
has been stressed for strengthening the sustainability
of the fish feeding culture (Wu 1995), but there has not
been any actual action plan yet. Materials loaded by fish
feeding culture should be zero, or be recovered (zero-
emission fish feeding culture). It will be a two-birds-
one-stone solution if loaded materials are recovered by
useful products. In the present study, current fish feeding
culture has been challenged to enhance its sustainability
by recovering loaded materials with useful organisms in
Uranouchi Inlet, Kochi Prefecture.

2. Fish feeding culture carried out in Uranouchi Inlet

Uranouchi Inlet located in the middle of Kochi
Prefecture is a narrow fjord type estuary having the sur-
face area of 9.74 km?, depths of 23-24 m at the center of
main basin, an average depth of 7.8 m, and depths less
than 5 m at the east end with a 0.26 km wide opening
to the outside sea (Fig. 1). A sandy/mud bottom area
having an area of 1.26 km? with depths shallower than
5 m is distributed mostly near the opening and partly in
the main basin. The total volume of the inlet is 75.6 x
10° m*, and volumes of shallower and depths deeper than
5 m are 38.9 x 10° m* and 36.7 x 10° m’, respectively.
There are 9 small rivers flowing into the inlet although
total freshet is limited because of a limited water catch-
ment area due to the steep hills around the inlet. Surface
water temperature was recorded at the lowest of ca 11
°C in February, and increased slowly by April followed
by accelerated increase after May, reached over 30 °C in
August, showed a decrease down to 26 °C in October,
and dropped to 14 °C in December (Fig. 2A, Huang et
al. 2008b). Water mass became vertically stratified by
the middle of May having thermocline at 1-5 m depth,
and started to mix vertically in the middle of October by
loosing its stratification structure due to a temperature
drop down to ca 15 °C (Fig. 2B).

Feeding culture of yellowtail was started in 1970
using floating net cages (9 m x 9 m x 9 m in size for each
cage) in the inlet, and feeding culture of red sea bream
jointed in 1974. During the last 10 years, cultured fish
production was recorded as large as 73.0-340 t (fresh
weight, fw)-year! for yellowtail, 62.0-372 t (fw)-year™
for red sea bream, and 170-569 t (fw)-year! for both fish
species. Fish cages are set in the main basin which has a
depth of ca 15 m, and 6 small culture areas of 9,477 m?
covering less than 0.1 % of total inlet area were set in
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Fig. 1. Map of Uranouchi Inlet showing depth contour in meters. Closed squares indicate the areas for set-

ting farming net cages.

Dotted areas indicate sandy/mud bottom of less than 5 m in depth. “X” off

Mitsumatsu represents the monthly observation point for determining various oceanographic parameters
carried out by Kochi Prefectural Fisheries Experimental Station.
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Fig. 2. Monthly vertical changes of temperature

(°C) (A) and seawater density (ot) (B) in

2005 off Mitsumatsu, shown “X” in Fig. 1,

in Uranouchi Inlet. (Plotted upon monthly

fixed point observations by Kochi Prefectural
Fisheries Experimental Station)

2005 (Fig. 1). Fish production per unit culture area was
ca 0.6t (fw)-year'.

In the inlet, yellowtail is cultured for 9 months
starting from April by introducing individual juveniles of
ca 10 g (fw) into net cages and by feeding them extruded
pellets every year, and fish reaching ca 1,200 g (fw) are
harvested in December. Total numbers of yellowtail for
culture were ca 168,000 individuals. On the other hand,
red sea bream is cultured for 20 months starting from
May by feeding them dry pellets after the introduction of
juveniles of ca 10 g (fw) into net cage, increases in size
to ca 200 g (fw) by December, and reaches ca 1,000 g (fw)
by the following December for harvesting. Total num-
bers of red sea bream were ca 620,000 individuals.

3. Material loading due to fish feeding culture in
Uranouchi Inlet

Total rations for yellowtail, and 1% and 2™ year red
sea breams were all concentrated from June to November,
particularly from August to October, due to active fish
growth, and the material balance of feeding showed con-
sistent patterns both in ration and material loading except
for an initial few months of juvenile stages (Huang et al.
2008b). Total yearly ration in Uranouchi Inlet in 2005
was recorded as large as 1,587 t (dry weight, dw)-year.

Fig. 3 (Huang et al. 2008b) represents monthly
changes in material loading due to fish feeding culture in
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Uranouchi Inlet in 2005. Material loading from January
to April was low, for example, 17.0-30.8 t (dw) - month™!
because of the low metabolic activity of fish at low tem-
peratures and small fish sizes of 10 g (fw) as well as late
introduction of fish in April for yellowtail and May for
the Ist year red sea bream. Along with fish growth and
accelerated fish metabolism with temperature increase,
material loading increased rapidly from May, and reached
a maximum of 234 t (dw) - month™ in September followed
by a decrease to 94.2 t (dw) - month! by December. Total
material loading in Uranouchi Inlet in 2005 was 1,437
t (dw)-year! in which dissolved (DM) and particulate
organic (POM) forms were 985 t (dw)-year! and 452 t
(dw)-year!, respectively.
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Fig. 3. Monthly changes of material loading due to
fish feeding culture in Uranouchi Inlet in 2005.
Solid column, particulate organic matter
(POM); open column, dissolved matter (DM).
(Huang et al. 2008b)

Assuming that the element composition of organic
matter loaded by the current fish feeding culture is the
same as that of organic matter in the sea proposed by
Redfield (1934), the amounts of nitrogen and phosphorus
loaded by fish feeding culture can be estimated based on
carbon content as 35.8 % of dry weight, and molar ratios
of carbon to nitrogen and carbon to phosphorus as 6.6
and 106, respectively (Fig. 4).

Most of excreted DM is in inorganic forms (Foster
and Goldstein 1969, Gowen and Bradbury 1987), and
inorganic nutrients such as nitrogen and phosphorus are
essential (Fig. 4A). These nutrients will be diluted into
the surrounding water and partly to the outside due to
surface water movement such as by tidal currents, and
the nutrients will be synthesized into organic matter
by phytoplankton. Maximum loadings of dissolved
nitrogen and phosphorus occurred in September for
example, 10.1 tN-month' and 1.40 tP-month, respec-
tively, but daily loadings will be extremely small such
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Fig.4. Monthly changes of material loadings in
carbon, nitrogen and phosphorus due to fish
feeding culture in Uranouchi Inlet in 2005.
(Estimated based upon Fig. 3) A, dissolved
matter (DM); B, particulate organic matter
POM).

as 0.00062 pMN-day' and 0.000038 pMP-day™! if DM
is dissolved completely in the surface water above 5 m.
Assuming that primary productivity by phytoplankton in
Uranouchi Inlet is higher than in the neighboring Tosa
Bay (Ichikawa and Hirota 2004), nutrients at the levels of
a few pMN-day"' and a few 0.1uMP-day™ will be easily
absorbed by phytoplankton even at higher concentrations
than those of homogeneously mixed mentioned above.
A percentage of phytoplankton will be eaten by zoo-
plankton and other filter feeders, and then fecal pellets
will be settled out to hypolimnion as secondary loading.
On the other hand, POM settling out underneath and
near the net cage will be decomposed by using oxygen
in hypolimnion (Fig. 4B). According to the estimated
monthly consumption of oxygen during the stratified
period (May to October) for decomposing the POM sup-
plied to hypolimnion in Uranouchi Inlet (Fig. 5, curve of
/\; Huang and Takahashi 2008c), oxygen consumption
increased from May and reached 87.1 tO, month in
September followed by a gradual decrease towards 36.2
tO, month™ in December although that it was small such
as 7.9 tO, month™” from January to April. Considering
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the carbon contents in dry pellets was ca 44.3 % (Pawar
et al. 2002) which was greater than 35.8 % of Redfield
(1934) applied in the present study, oxygen consumption
for oxidizing the loaded POM could be 19 % larger than
the present estimate mentioned above.

Assuming that the in situ changes in dissolved
oxygen below 5 m in the stratified water in the present
inlet is represented by the point off Mitsumatsu, the max-
imum of 328 tO, was observed in February, decreased
to 272 tO, by April, and further dropping to 146 tO, by
June (Fig. 5). However dissolved oxygen below 5 m is
maintained almost at a constant level followed by a rapid
increase after September and recovering to 277 tO, by
December.
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Fig. 5. Total amount of saturated dissolved oxygen
(O), in situ dissolved oxygen ([]), oxygen
required for oxidizing particulate organic
matter supplied by fish feeding culture(£),
and [ ] plus 2 (A) below 5 m in Uranouchi
Inlet in 2005. (Huang and Takahashi 2008c¢)

In situ dissolved oxygen mentioned above was
added to the amount of oxygen consumption for decom-
posing the POM settled out to hypolimnion, and the
results were shown graphically in Fig. 5 (&). Probable
time delay for decomposing organic matter was ignored.
Results obtained showed that most of in situ oxygen con-
sumption before April was probably due mainly to the
other processes other than fish feeding culture because
of extremely small supply of organic matter in fish feed
during that period. After June, the curve showed almost
constant increase which suggested possible oxygen
supply occurring below 5 m. Saturated dissolved oxygen
estimated at in situ temperature and salinity showed the
highest at the lowest temperature of February such as 330
tO,, and decreased almost proportionally with tempera-
ture increase towards August following with an increase
again (Fig. 5).

As shown in Fig. 2B, vertical water stratification
developed from June to October in Uranouchi Inlet,

and then the water mass below 5 m was isolated from
the surface water. Therefore POM settling out will be
decomposed using dissolved oxygen in hypolimnion, and
the resultant products by decomposition are expected to
be accumulated in hypolimnion. Assuming that water
mass in hypolimnion does not mix with the surface water
as well as outside water, dissolved oxygen of 182 tO,
contained below 5 m at the beginning of water strati-
fication in May will be entirely used before the water
stratification disappears. POM supplied to hypolimnion
by fish feeding culture from May to October was 338 t,
and oxygen requirement for complete oxidation will be
403 tO, (Huang and Takahashi 2008¢c). However decom-
position of POM might not be completed during the
water stratification period but be extended after October,
because water temperature of hypolimnion in the strati-
fied period from May to October was lower than the
surface, for example, 20-28 °C. Decomposition of POM
supplied to hypolimnion by fish feeding culture requires
2.2 times more oxygen of the total dissolved oxygen in
hypolimnion during water stratification. When vertical
water mixing occurs in November, decomposed products
accumulated in hypolimnion will be mixed and diffused.
This situation will be continued until the end of March.
Since primary loaded POM was changed to inorganic
nutrients (secondary loading) when it was returned to
epilimnion by vertical mixing. Assuming that the total
loading from May to October was mixed thoroughly by
vertical water mixing, 21.3 tN and 2.9 tP will be supplied
as nutrients to the surface.

As mentioned above, dissolved oxygen in hypolim-
nion could be consumed completely during the period
of stratification (Fig. 5), however the actual decrease
was only up to about a half of the saturated oxygen and
stopped by June following with a constant oxygen con-
centration until September and rapidly recovery after
October. Considering the saturated dissolved oxygen of
284 tO, for starting in May, the difference between the
apparent dissolved oxygen in May and the saturated dis-
solved oxygen was 102 tO,, where oxygen consumed for
oxidizing organic matter will be ca 29.4 %. Similarly
the proportions of oxygen demand for oxidizing loaded
materials against to the apparent oxygen demand were
obtained as 41, 66, 89, 72, 110, 189 and 93 % from
June to December, respectively, in which the propor-
tion was always fairly high with extremes of over 100 %
in October and November. Munekage (1992) reported
that there occasionally occurred frequent intruded water
containing rich dissolved oxygen from outside sea, and
recovered oxygen environment in hypolimnion. Huang
and Takahashi (2008c) also recognized the probable inva-
sion of outside oxygen rich water into the hypolimnion
of the inlet at least once or more times per month from

- 133 -



Ping-Yi Huang, Kazuo Okuda and Masayuki Mac Takahashi

July to September by analyzing monthly observation
data. Consequently water in hypolimnion in Uranouchi
Inlet seems to be supplied with oxygen by possible occa-
sional invasions of outside water, which could explain
no apparent oxygen consumption in the hypolimnion in
the inlet from June through to September (Huang and
Takahashi 2008c), and could be largely minimized the
development of poor oxygen water due to oxygen supply
from outside water. Otherwise it is highly possible that
the water in hypolimnion of the inlet becomes anoxic.

Concluding the material loading due to fish feeding
culture in Uranouchi Inlet, (1) DM mostly of inorganic
nutrients were supplied into epilimnion mainly after
May, showing a drastic increase from May to August and
maintaining high loading until November, and giving
more than half of the yearly loading from September to
December (Fig. 4A). Yearly total loadings were 62.0 t
for nitrogen and 8.6 t for phosphorus. (2) POM having
similar loading pattern as DM was mainly loaded to the
hypolimnion below 5 m (Fig. 4B), and was decomposed
to inorganic nutrients followed by returning the nutrients
to epilimnion by vertical water mixing after October.
Therefore the most loaded materials supplied from
hypolimnion to epilimnion were expected to be inor-
ganic nutrients. Materials originally supplied as POM
amounted to as large as 28.5 t for nitrogen, and 3.9 t for
phosphorus from January to December. In Uranouchi
Inlet, there is a possibility that loaded materials to
hypolimnion could be transported out to the outside seas
with possible intruded water from the outside sea occur-
ring occasionally during summer stratification.

4. Useful recovery of loaded materials by fish
feeding culture in Uranouchi Inlet

Since inorganic nutrients loaded by fish feeding cul-
ture in Uranouchi Inlet were supplied mainly into epilim-
nion of depths shallower than 5 m, they can be absorbed
smoothly by phytoplankton. On the other hand, loaded
POM settling out to hypolimnion was impractical to be
recovered directly by organisms in deep water of more
than 15 m such as the present Uranouchi Inlet. Then
possibility of recovery by phytoplankton was considered
when the POM was returned to epilimnion in the forms
of inorganic nutrients after decomposition during vertical
water mixing in autumn.

Fig. 6 represents the monthly nutrient loadings
into epilimnion, at a depth shallower than 5 m, in
Uranouchi Inlet. Materials from the loaded POM were
added as nutrients of secondary loading in November
and December splitting into two equal amounts. So,
it is obvious that material loadings in Uranouchi Inlet
centered from May to December. Since efficient POM
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Fig. 6. Monthly changes of primary and secondary
loadings of nitrogen and phosphorus due to
fish feeding culture in shallower depths than 5
m in Uranouchi Inlet in 2005. (See details in
text)

removal of some filter feeders has been pointed out by
Cloern (1982), Japanese littleneck clam, a filter feeder,
and one of the important fisheries products in Uranouchi
Inlet (Kuwahara 1984, Taino et al. 2006), was evaluated
as a possible solution in recovering the loaded materials
by fish feeding culture through utilization of phyto-
plankton which absorbed nutrients as the following.
Japanese littleneck clams spawn twice, spring and
autumn, in year in Uranouchi Inlet. Individuals spawned
in spring have low survival rate due to lowered salinity
occurring in rainy season before summer and high water
temperature in summer, but those in autumn have a high
survival rate and support the major clam population in the
inlet (Kuwahara 1984). Autumn Japanese littleneck clam
grows up to a size of ca 15-16 mm shell length by the end
of first year, and reaches a harvesting size of ca 30 mm
shell length with total weight of 8.2 g (fw) including shell
by the end of 2" year. Increase of biomass of Japanese
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Fig.7. Growth curves of Japanese littleneck clam in
shell length ([]) (Kuwahara 1984) and flesh
weight (A) (Robert et al. 1993) in Uranouchi
Inlet. Dotted lines represent estimated curves
for clam size of over 30 mm in shell length
after Robert et al. (1993).

- 134 -



Sustainable fish feeding culture with least material loading

littleneck clam in Uranouchi Inlet was estimated from the
growth curves of shell length and flesh weight shown in
Fig. 7 where increase of shell length was firstly estimated
after Kuwahara (1984) and shell length was then con-
verted to flesh weight by using the data of Robert et al.
(1993). Above a size of 15 mm shell length, survival rate
reaches 100 % (Kakino 1996). Japanese littleneck clam
could grow up to a size of 45-50 mm in shell length in the
south of Kanto district (Toba 2005), and then the reported
growth curve of clam in Uranouchi Inlet was extended
over the size of 30 mm shell length according to Robert
et al. (1993) in which it took 1 year to grow from 30 mm
to 40 mm shell length as shown by the dotted line in Fig. 7.
Based upon the growth curve shown in Fig. 7,
monthly growth of clam spawned in autumn was esti-
mated (Fig. 8), where the solid line was applied until
September of 2™ year and the dotted line was used there-
after. Actual growth of clam was fairly minimal from the
initial September to January in the 1* year, but rapidly
increased after that and particularly increased from April
to August followed by a sudden drop after September.
By representing the growth curve of clam with nitrogen
and phosphorus weight, minimum requirements of those
elements to support clam growth can be estimated. The
following conversion factors were applied such as 40 %
for flesh of total fresh weight including shell (MECSST
2005), 80.4 % for water content of flesh (Saeki and
Kumagai 1980), 41.8 % for carbon content of dry weight
(Kasai et al. 2004), 10.3 % for nitrogen content of dry
weight (Kasai et al. 2004), and 1.97 % for phosphorus
content of dry weight (after molar ratios of C/N and N/P
reported by Redfield (1934) and Kasai et al. (2004)).
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Fig. 8. Monthly changes of growth rate in fresh
flesh weight of Japanese littleneck clam in
Uranouchi Inlet. (Estimated based upon Fig. 7)

The 1% and 2™ year clams coexist from January to
August, and the 1%, 2™ and 3™ year clams coexist in the
rest of the months. Since material recovery by clams

is highly dependent on shell size, most recovery can
be made by the later stage of 2™ year clam. Assuming
1,000 ind-m™ for the density of >15 mm shell size
clam, because clam density was reported as high as
3,000 ind*m? in the south of Kanto district in Japanese
islands (Kakino 1992), total clams of 12.6 x 10° ind
can be expected in shallow sandy/mud bottom of 1.26
km? in Uranouchi Inlet if clams are equally distributed.
Because the mortality of clams was high in sizes smaller
than 15 mm shell length (Kakino 1996), special treat-
ment is required for keeping the necessary clam density
of 1,000 ind*m? in sizes larger than 15 mm shell length;
such as how to obtain juvenile shells for maintaining the
deficit of natural decrease, or how to supply >15 mm
shell size clams cultured artificially. Consequently from
September to December, three year classes of clam with
densities of >1,000 ind-m™ for 1% year, >1,000 ind*m™
for 2" year, 1,000 ind - m? for 3" year and total of >3,000
ind*m™ could be coexisting, and expected total density is
>2,000 ind *m with coexisting 1 and 2™ year clam from
January to August.

Assuming that the later 2" year clams are distrib-
uted at a density of 1,000 ind*m™ in the entire sandy/mud
bottom of Uranouchi Inlet and they maintain the growth
rate shown in Fig. 8, recovery of nitrogen and phosphorus
by clams was estimated and shown graphically in Fig. 9.
From January to August, recovery of nitrogen was nearly
twice compared to the loaded nitrogen, and that for phos-
phorus was three times. However the estimated recovery
after September dropped to 1/3 for nitrogen and to 1/2
for phosphorus. Such monthly discrepancies between
recovery and loading of materials were asked to be taken
care by the existing basic productivity of the ecosystem,
and the following discussion will be carried out on a
yearly basis.

Considering that the 3" year clam in January having
an individual size of 31 mm shell length, flesh weight of
3.7 g (fw), dry weight of 0.72 g, carbon content of 0.30
g, nitrogen content of 0.074 g and phosphorus content
of 0.014 g are all harvested, total expected yield is ca
9,163 t (fw) for whole clams with shell and 3,665 t (fw)
for flesh, and recoveries of nitrogen and phosphorus are
expected as 75.4 t and 14.2 t, respectively. Since the cur-
rent yearly material loadings by fish feeding culture is
90.5 t for nitrogen and 12.8 t for phosphorus, phosphorus
can be recovered completely but 17 % of nitrogen will be
left.

Japanese littleneck clams are actually harvested in
Uranouchi Inlet, and yearly yields were several 10 t until
1976 following with a rapid increase reaching 1,936 t in
1982 and 2,800 t of maximum in 1983 although it again
declined to 78 t in 2003 (Kuwahara 1984, Taino et al.
2006). The present proposal for recovering the loaded
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Fig. 9. Monthly changes of nutrient loadings in nitrogen
and phosphorus (£, 4), and their absorption
by later age of 2" year and 3" year Japanese
littleneck clam ([]) under the assumption of
individual clam density of 1,000 ind *m in the
sandy/mud bottom area of 1.26 km? with depths
shallower than 5 m. A represents nitrogen, B
represents phosphorus.

materials using Japanese littleneck clams requires at
least 4 times more of the yearly maximum yield of clam
on record, and then clam density in the inlet has to be
increased extensively. Since clams have become less
abundant compared to the past years in Uranouchi Inlet
as observed almost throughout in Japan, special treat-
ments are highly requested for recovering increased clam
density under natural condition in Uranouchi Inlet or arti-
ficial supply of juvenile clams to meet the required clam
density.

5.Sustainable fish feeding culture in semi-
enclosed seas

Human activities carried out on earth having lim-
ited sizes of both space and activity are now strongly
requiring zero-emission throughout our activities (Gunter
1995). A direction towards zero-emission of fish feeding
culture has been challenged in the present study. Since
the present trial was a case study focusing on current fish

feeding culture conducted in Uranouchi Inlet, proposed
material recovery by Japanese littleneck clam needs
to be evaluated thoroughly before actual application.
Furthermore there are also other possible candidates in
organisms such as Japanese oyster, rock oyster and some
seaweed like nori and sea lettuce, and there might be
possibilities to be found in one single better species than
the Japanese littleneck clam or combinated application
of multiple species. For example, additional recovery of
nitrogen of 5.1 t and extra removal of phosphorus of 0.68
t can be made if Susabi-nori, Porphyra yezoensis, is cul-
tured during September to December in sandy/mud areas
in a depth shallower than 5 m of 1.26 km? in Uranouchi
Inlet.

The present attempt can be applied to other fields
although suitable useful organism(s) has/have to be
selected based upon the characteristics of actual mate-
rial loadings and the environment. A similar situation
could occur in Uranouchi Inlet if pattern and quantity of
material loadings are changed in the future. To complete
thorough zero-emission, life cycle assessment (LCA)
involved in the entire fish feeding culture including pro-
duction and consumption is highly requested. To do this,
many factors including changes in our ways of thinking
about environment are also involved. Therefore inte-
grated efforts concerning research, administration, fish
feeding culture industry, transportation, marketing, con-
sumers and so on have to be considered.

References

Cloern, J. E. 1982. Does the benthos control phyto-
plankton biomass in South San Francisco Bay?
Marine Ecology Progress Series 9, 191-202.

Elliott, M. 2003. Biological pollutants and biological
pollution-an increasing cause for concern. Marine
Pollution Bulletin 46, 275-280.

FAO. 2008. Food and Agriculture organization of the
United Nations (FAO) website http://www.fao.
org/fishery/statistics/en

Forster, R. P. and Goldstein, L. 1969. Formation of
excretory products. In “Fish physiology. Vol. 1.
Excretion, ionic regulation, and metabolism” ed.
by Hoar, W. S. and Randal, D. J. pp. 313-350.
New York, Academic press.

Gowen, R. J. and Bradbury, N. B. 1987. The ecological
impact of salmonid farming in coastal waters:
A Review. Oceanography and Marine Biology
Annual Review 25, 563-575.

Gunter, P. 1995. Zero emissions - Action for recycled
industry system with no waste. BIO-City 5, 26-31.
(In Japanese).

Hansen, 1. A. 1974. Open sea mariculture; Perspectives,

- 136 —



Sustainable fish feeding culture with least material loading

problems, and prospects. 410 pp. Stroudsburg,
Pennsylvania, USA, Dowden Hutchinson & Ross,
Inc.

Huang, P.-Y., Ando, H. and Takahashi, M. 2008a.
Organic loading derived from an enclosed fjord
type inlet by fish feeding culture. Submitted.

Huang, P.-Y., Ando, H. and Takahashi, M. 2008b.
Seasonal changes of material loading due to
marine feeding fish aquaculture in a fjord-type
inlet. In preparation.

Huang, P.-Y. and Takahashi, M. 2008c. Acceleration
of oxygen depletion in hypolimnion by material
loading due to fish feeding culture in a fjord type
inlet. In preparation.

Ichikawa, T. and Hirota, Y. 2004. Seasonal changes
of primary productivity in Tosa Bay, Japan.
Oceanography in Japan 13, 259-269. (In Japanese
with English summary)

Islam, Md. S. and Tanaka, M. 2004. Impacts of pollu-
tion on coastal and marine ecosystems including
coastal and marine fisheries and approach for
management: a review and synthesis. Marine
Pollution Bulletin 48, 624-649.

Kakino, J. 1992. Recent situation on the Japanese little-
neck fisheries. Fisheries Engineering 29, 31-39. (In
Japanese)

Kakino, J. 1996. Growth and survival of Japanese little-
neck clam Ruditapes philippinarum in cage test
related to the sharpness index. Nippon Suisan
Gakkaishi 62, 376-383. (In Japanese with English
abstract)

Kasai, A., Horie, H. and Sakamoto, W. 2004. Selection
of food sources by Ruditapes philippinarum and
Mactra veneriformis (Bivalva: Mollusca) deter-
mined from stable isotope analysis. Fisheries
Science 70, 11-20.

Kuwahara, H. 1984. Ecological survey of Japanese
littleneck clam in Uranouchi Inlet. Fisheries engi-
neering 21, 19-23. (In Japanese)

MAFF. 2008. Ministry of Agriculture, Forestry and
Fishery of Japan (MAFF), web site http://www.
tdb.maff.go.jp/toukei/toukei

MECSST. 2005. Standard tables of food composition in
Japan. Fifth revised and enlarged edition. Ministry
of Education, Culture, Sports, Science and
Technology, Japan (MECSST), web site. http://
www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu3/
toushin/05031802/002.htm (In Japanese)

Munekage, Y. 1992. Studies on the formation and dis-
solution mechanism of anoxic water in Uranouchi
Bay on the seawater exchange and dissolved
oxygen balance. Memoirs of the Faculty of the
Agriculture, Kochi University 56, 1-81. (In

Japanese with English summary)

Nishimura, A. 1982. Effects of organic matters produced
in fish farms on the growth of red tide algae
Gymnodinium type ~65 and Chattonella antiqua.
Bulletin of the Plankton Society of Japan 29, 1-7.

Oshima, S. 2006. What is the key for stable food supply
by fish aquaculture? In “Attractions of kuroshio
science” ed. by Takahashi, M., Kubota, S. and
liguni, Y. pp. 142-151. Tokyo, Bio-City. (In
Japanese)

Pawar, V., Matsuda, O. and Fujisaki, N. 2002.
Relationship between feed input and sediment
quality of fish cage farms. Fisheries Science 68,
894-903.

Redfield, A. C. 1934. On the proportions of organic
derivatives in seawater and their relation to the
composition of plankton. In "James Johnston
memorial Volume" ed. by Daniel, R. J. pp. 176.
Liverpool, University Press.

Robert, R., Trut, G. and Laborde, J. L. 1993. Growth,
reproduction and gross biochemical composition
of the Manila clam Ruditapes philippinarum in the
Bay of Arcachon, France. Marine Biology 116,
291-299.

Saeki, K. and Kumagai, H. 1980. Seasonal variations
of nutritive components and several nutritive
elements in short-neck clam, Tapes Japonica.
Bulletin of the Japanese Society of Scientific
Fisheries 46, 341-344. (In Japanese with English
abstract)

Tacon, A. G. J., Phillips, M. J. and Barg, U. C. 1995.
Aquaculture feeds and the environment: the Asian
experience. Water Science and Technology 31,
41-59.

Tacon, A. G. J. and Forster, 1. P. 2003. Aquaculture and
the environment: policy implications. Aquaculture
226, 181-189.

Taino, S., Ura, Y., Hayashi, Y., Ohkawa, T. and Ando,
H. 2006. Investigation of the cause of Japanese
littleneck clam poor catch. Seasonal changes
of Japanese littleneck clam planktonic larvae
in Uranouchi Inlet. Annual Report of Kochi
Prefectural Fisheries Experimental Station 102,
81-83. (In Japanese)

Takahashi, M. M. and Ikeya, T. 2003. Ocean fertiliza-
tion using deep ocean water (DOW). Deep Ocean
Water Research 4, 78-87.

Toba, M. 2005. Japanese littleneck clam. In “Aquaculture
and propagation system. Shellfish, crustacean, sea
urchin and seaweed” ed. by Mori, K. pp. 287-298.
Tokyo, Koseisha koseikaku. (In Japanese)

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E.,
Folke, C., Halpern, B. S., Jackson, J. B. C.,

- 137 -



Ping-Yi Huang, Kazuo Okuda and Masayuki Mac Takahashi

Lotze, H. K., Micheli, F., Palumbi, S. R, Sala, E.,
Selkoe, K. A., Stachowicz, J. J. and Watson, R.
2006. Impacts of biodiversity loss on ocean eco-
system services. Science 314, 787-790.

Wu, R. S. S. 1995. The environmental impact of marine
fish culture: towards a sustainable future. Marine
Pollution Bulletin 31, 159-166.

- 138 —



