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1. Introduction

Even though aquatic organisms have been important for animal protein supply even in
the seas with high productivity, but they have never been extensively utilized compared to
terrestrial animals. However, fish for human foods has recently been recognized the
importance in the world because of newly found diseases of terrestrial animals such as bird flu
and mad cow disease which are extremely difficult for curing by current medical treatmenﬁs,
and of recently being pointed out the superiority of fish for human nutrition.

Wild fishes have mainly been utilized, and the increased fish demands have been
supported with the improvement of fishing technologies which has resulted into a great
decrease of useful wiid fish resources. It has now been demonstrated that the current world
fishery industry might be collépsed by 2050 if we leave the current situation with no special

care. Therefore, it is then urgent to develop ways for supporting fish supply other than
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wild figh catch.
Cultured fishes have already been recognized for substituting the wild fish catch, and the
| percentage share of fish made by aquaculture in total fish supply is increasing in the recent
years. For example, cultured fish in Japan shared only 2.5 % of total fish supply iJefore 1991
but increased to 8 % in 2005, although actual fish production by aquaculture did not change
during the last 15 years. Since feeding fish culture has several fundamental problems,
cultured fish could be difficult even to maintain the current production. Two major
difficulties are (1) obtaining feed for culture and (2) material loading due to feeding fish
farming. Since most of feéd for fish culture ‘are supplied by wild fishes, possible collapse of
fisheries industry due to over-fishing in the near future could make feeding fish culture
unsustainable. On the other hand, material loadings due to feed wastes, excretes and
metabolites for feeding fish culture, could cause water déterioration such as eutrophication
and forming red tides. - Farming grounds for feeding fish culture are usually chosen
semi-enclosed areas having poor water exchange because of easy access and preventing from
rough weather, which could accelerate ﬁater deterioration in those seas.

The present study was aimed to solve one of the above mentioned two difficulties,
namely m;aterial loading due to feeding fish culture. Uranouchi Inlet in Kochi Prefecture, a
typical semi-enclosed sea, and feeding fish culture under operation, was chosen as the model
site to determine the material loading derived from feeding fish ;:ulture, and an acceleration
of oxygen deplefion was evaluated. Under through understanding of material loading due to
feeding fish culture, a zero-emission feeding fish culture was challenged to propose by

recovering materials with the help of useful organisms (Fig. 1).
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Fig. 1. Schematic presentation of material loadings due to feeding fish culture and a possible
“zero-emission feeding fish culture” by recovering loaded materials with the help of useful

organisms. (DM, loaded dissolved matter; POM, loaded particulate organic matter)

2. Uranouchi Inlet and feeding fish culture activity

Uranouchi Inlet located in the middle of Kochi Prefecture in Shikoku is a narrow fiord
type estuary having a surface 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. Total volume of the inlet is 75.6 x 106 m3, and volumes of
shallower and deeper depths than 5 m are 38.9 x 106 m3 and 36.7 x 106 m3, respectively.
Water mass become stratified by the middle to the end of May having a thermocline at 1-5 m
in' depth, and started to mixed vertically in the mid_dle October along with loosing

stratification structure due to temperature drop down to ca 25 °C. There are 9 small streams |

flowing into the inlet although total freshet is limited because of limited water catchment
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area due to the steep hills around the inlet. Water exchange is limited only to surface by

tidal current as affected by freshet in the inlet. On the other hand, water containing rich |- '

dissolved oxygen with higher density could be occasionally intruded into the hypolimnion of
inlet from outside sea.

Feeding culture of yellowtail was started from 1950s and that of red sea bream joined
in 1974 in Uranouchi Inlet. Yellowtail and red sea bream are now cultured by feeding in the
inlet. In 2005, 6 small culture areas for fish cages of 9,477 m?2 coveripg 0.1 % of totél inlet
area were set in the main basin having depths of 15 m. Fish production per unit culture area

wasca 0.6t fresh weight (fw)-year.

3. Yeérly based matérial loading due to feeding fish culture in Uranouchi Inlet
In Uranouchi inlet, yellowtail culture was started by introducing individual juvenilés of
ca 10 g (fw) into thg cages from April to June and finished in’ November. Raw fish was
originally used as feed followed with a& recent change to extruded pellets (EP). Red sea
bream culture was started by introducing individual juveniles of ca 10 g (fw) in May by
feeding dry pellets (DP) and finished in December of second year. Cultured individual
numbers of yellowtéil and red sea _bream in 2005 were 168,000 and 620,000, respectively.
Material loading in dissolved (DM) and particul;g\te organic (POM) forms due to feeding
fish culture Wasr estimated based upon mass balances originated from ration (Fig. 2). A part
of ration absorbed by cultured fish is used for fish growth, and the rest of excretes (faeces),
metabolites and feed waste becomes material loadings to the environment. POM of feed
waste and faeces are settling out to the bottom followed with utilization by animals and
heterotrophic microorganisms. Metabolites mostly in dissolved inorganic nutrient could be

“diluted and diffused into surface water immediately after the discharge from net cages.
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Fig. 2. Schematic diagram of mass balance starting from ration for fish in feeding fish culture.

Production over ration (P/R ratios) obtained from the yearly fish growth (P, the same as
production) and ration (R) was used for estimating the proportion of growth in total ration.
The rests of excluding the growth, material loadings, were estimated in dissolved and
particulate organic forms, separately, by using efficiencies of feeding, assimilation and
metabolism. Yearly total ration for yellowtail culture from 1970 to 2005 were 43.3 — 2694 t
dry weight (dw)- year! of raw fish, and 116 — 479 t(dw) year! of EP. P/R ratios in dry basis
were 14 — 15 % for raw fish and 11 — 12 % for EP. Respective POM loading for raw fish and
EP were 36 % and 25 %, and DM loading were 49 — 50 % and 63 — 64 %, respectively.
Material loading reared by EP was ca 1/3 smaller, but DM loading was 13— 15 % greater than
those reared by raw fish., Yearly ration of red sea bream culture in 1974 — 2005 were 1.19 —
1108 t{dw) year! with bP. Ten percent of total ration was used to growth, the rest became

material loadings with 30 % for POM and 60 % for DM.
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Since water exchange in the inlet of semi-enclosed type is limited due to its
morphological characteristics, material loadings by feeding fish culture are apt to be serious.
Particularly loaded POM settling out to the bottom could cause oxygen depleted water in the
hypolimnion due to oxygen consumption during the stratification period, and could supply

reducing substances eluted from the bottom sediment under oxygen depletion.

4. Seasonal changes of material loading due to feeding fish culture in Uranouchi Inlet

Understanding of seasonal changes of material loading is essential in considering the
problems caused by material loading. Since ration changes dependiné on growth stage of
fish and fish growth changes seasonally, material loading is then expected to be seasonally
changed. Seasonal changes of materi.al loading due to feeding fish culture in Uranouchi Inlet
were then elucidated.

Since m_aferial loading can be estimated from ration after subtraction of growth,
monthly growth and ration were concerned. Applying growth cuﬁes of yellowtail and red
sea bream for determining daily growth, daily ration wes then estimated by using the relation
between the fish body Weight and approximated recommended daily ration, because ration
data are only available by year. Monthly growth and ration were calculated by monthly
summations of daily grow.th and ration. Assuming a constant proportion of DM and POM in
material loading throughout the growth period of fishes, material loadings by ration minus
monthly growth were estimated separately for DM and POM forms.

Since the proportions of growth in ration was large in the early period of cultivation,
the share of material loadings became small, and no significant effects were recognized as
well as being affected by extremely small biomass. Monthly ration of yellowtail and red sea
bream changed greatly according to temperature changes. Monthly 1_nateria1 loading shared

79 - 95 % of monthly ration except for the initial month of cultivation. Material loadings
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during May to October made 86 % of the yearly ration showed a share of 75 % of the yearly
material loading, andx POM was 31 %. Consequently, it has been concluded that material
loadings were concentrated during the water stratification period with high temperatﬁre, and
particularly the oxygén consumption in hypolimzlion could Be accelerated by gradual organic

loadings. .

5. Acceleration of oxygen depletion due to loaded POM in the hypolimnion of Uranouchi Inlet

Since semi-enclosed seas have poor water exchange and no vertical mixing during
stratification period, material loadings due to feeding fish culture settling out to the
hypolimnion accelerate oxygen consumption which could lead oxygen depletion. POM due to
feeding fish culture was intensively loaded during warm temperature period in Uranouchi
Inlet, and thus acceleration of oxygen depletion was expected. Then, acceleration of oxygen
depletion in hypolimnion due to feeding fish culture was evaluated by using apparent oxygen
consumption which was estimated based upon saturated' oxygen and the in sifu oxygen at a
fixed point, and oxygen consumption by loaded POM.

Amounts of saturated oxygen and the in sifu oxygen in the hypolimnion of the inlet
were estimated, in which saturated oxygen was calculated based upon the 7 situ salinity and
temperature. Oxygen consumption by loaded POM decomposition was estimated according
to Richard et al. (1965).

In situ oxygen amount decreased to 1/2 of the saturated oxygeh from February to June
during low temperature period, kept a constant level until September, and then increased

‘towards the oxygen saturation to December. In situ oxygen decreased significantly from
June to September, in which percentage. share due to oxygen consumption by POM
decomposition was expected as large as 41 % — 89 %, and became over 100 % in October and

November. It has been observed that oxygen rich outside water intruded into the .
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hypolimnion once or more times per month in Uranouchi Inlet, and the apparent oxygen
consumption was then less than the actual consumption. Tﬁérefore, oxygen consumption
due to feeding fish culture in Uranouchi Inlet coulci be lower percentages than the estimates
mentioned above, but actual acceleration of oxygen depletion due to loaded POM could be
indispensable. | In addition, oxygen depletion by feeding fish culture could be accelerated
| more, because some organic matter produced by loaded DM and bio-fouling of net cages were
supplied to hypolimnion and consume oxygen. As the results, material loading by feeding
fish culture could affect significantly on oxygen depletién in hypolimnion, and should be
minimized such as by recovery of loaded materials.
6. A direction towards féeding ﬁsh culture v;ith least material loading in semi-enclosed: seas .
In the semi-enclosed Uranouchi Inlet, 10 % — 15 % of total ration were recovered by
harvesting fish, but the resté became a material loading to the environment. Dissolved
matter of material loading, inorganic nutrients, were diluted and diffused into water following
with sub‘sequeilt absorption by phytoplankton to cause a secondary material loﬁding in
organic form. Primary and the seconda;ry organic loadings could accelerate oxygen depletion
in hypolimnion. Present feeding fish culture has been carried out with a sacrifice of
environmental deterioration due to oxygen depletion, and the effects could be accumulated
year after year. Then a new feeding fish culture should be established with a great
sustainability having zero material loading or recovery the loading. Therefc;re, possible
recovery of loaded materials with the help of useful oi‘ganisms was challenged. Considering
the rﬁost of loaded materials were inorganic nutrients and POM were also supplied to
epilimnion from hypolimnion as inorganic nnutrients after decomposition in Uranouchi inlet,

uptake of nutrients by phytoplankton having rapid absorption activity was assumed following
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with a recovery by a filter feeder, Japanese littleneck clam. .

Since inorganic nutrients are usually absorbed rapidly by phytoplankton, and
increased phytoplankton are fed by Japanese —little_neck.clams. Japanese littleneck clam is
harvested commercially in Uranouchi Inlet, furthermore the clam born in autumn has low
mortality and their large shell of 30 mm at the 3 year grow fast and absorb nutrient actively
from spring to autumn, corresponding the period of material logding made by feeding fish
culture. By harvesting large size clams from autumn to fhe following spring sequentially,
loaded materials could be recovered effectively. From the present study, it has been expected
that recovery. of loaded materials by the current feeding fish culture could be made with the
21d year or older clams with in(;'lividual density such as about 1,000 ind-m2 (Fig. 3). The
expected density to be aboﬁt 4 times larger than the yearly maximum yield of clam in record,
but it is realistic level such as the clam density reported in the western part of Japan.
However, épecial treatments are highly required to maintain this densit;ﬂz/in Uranouchi Inlet
including artificial supply of juvenile clams. Japanese littleneck clams with the proposed
density can be recovered most of loaded materials with 83 % of nitrogen and 111 -% of
phosphorus, but, as shown in Fig. 3, thére occurred a large discrepancy between loading and
recovery of material such that Japanese littleneck clam absorb ca 2 times more than the
material loading before autumn, and the recovery by clams greatly decreased after autumn.
In the present study, the discrepancy between material loading and recovery of clams is
expected to be taken bare by averaging with natural productivity in Uranouchi Inlet. If
useful organisms are found to absorb nutrients effectively form autumn to winter, better
removal of loaded materials can be made with concomitant use along with clams. In that
case, clam- density can be reducing to a half.

Fish production has ohly be considered in the feeding fish culture currently carried out

and environmental deterioration due to feeding fish culture has never been concerned. This




WX OABTDEE

kind of trend does not only occur in the feeding fish culture but also in many other human
activities. Recently, zero emission has been paid much attention in many human activities,
and it should be concerned urgently in feeding fish culture. Important point is to include

useful activities as much as possible, and the present study could be a guide for such trial.
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Fig. 3. Monthly changes of nutfient loadings in nitrogen and phosphorus, and those
absorption by later age of 251 year and 3*d year Japanese littleneck clam under the K
assumption of individual clam density of 1,000 ind-m2 in the saﬁdyfmud bottom area of 1.26
km? with shallower depth than 5 m. A and B represent nitrogen and phosphorus,

respectively.
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