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Hypoxia Formation in an Aquaculture Ground of Short-neck Clams
(Ruditapes philippinarum (Adams and Reeve, 1850))
at the Tidal Flat of Isahaya Bay and a Preventive Measure
Against Mass Mortality due to the Hypoxia
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Fig. 2-1 Map of Isahaya Bay and stations for data collection. The solid rectangular box
indicates the model domain. Intensive surveys on the horizontal distribution were
conducted in 2003 and 2004 within the broken line.



FEET  [MEETBRO T YU B8 2 ABMEL L € OBEH L35

DO DEIEET v
7 U AFER L 72 2004 SR 8 A & 7Y U ASFERR L7220 72 2003 4E 8 A A xS L LT, TIRERICRT
% DO OEBOBER Z 272018, FT—F %FIH LT V2R L TENEROER OF
EONRZ AR U, LIRS EOMEEZTTT,

T BRETIE A DRy 7 R KER 7 —/L 2kmX2km, KEE 2m) SIET AL, B
Wi ) OFEKF O DO OB LIS TCEbLEND,
dc A

= uCy = uC) + achl - % (C-O0w,,)- % R simens — %Rm (1)

ZIT, VIEEETVEROBE (), dc WBHIERE (md), 4s 3R (5 E@E ), CIHEERR
WE (gm®), Cp ZEEFILE (gm?), u 3B (s), o FEN7 ua > ¢ VIREE DT Y OBRTEA PR
g (gmg/sec), chl X7 a7 4 )VIEE (mgm®), Vor 1IMER %8 U COBERERERE (ms) THY,
piston velocity & FHIN L8 TH 5 (Salaetal 2000), Co IFFRIKIR & 537025 E F D BRFRAFNRESE &
U772, Oxyoa VIMEFREUFIRE (gm®), Rcdmen VIEVRIC X DBEFRMEHRE (gm¥s), Roum 1379 VICK
HEERHEEE (gm? /5) #ROT, u %, ERBGHED 24 FFBEITSELBAER L L TRV,
ZICE, ARHEROREN NS WSO L LTINZER LT, o ORERATIC X 5 RHEOREMIC D
W, AEORBITRAND A, e OFHESTEIFO 2003 4L 2004 FEOHRH CIIREREN R/ 5D T,
BEED a DEZTNFNHE LU CTHRE LT, 728, piston velocity (Vo2) XA TOQ)AUICL W HEH LT,

v,, = (kflow + kwind) --- (2)

kflow [ XRIFTENC K DA (m/s), kwind 13JEIC X AHERER (m/s) H LT, Kow id, K
Ik WEHL7 (O’ Connor and Dobbins, 1958),

kflow = W 3)
hf
u bx, bf EFOKE (M) CBTAHE (m/s) THY, (DRUTKT S u &R CEZRNTND, FHK
BIIIFEHROEEKE Qm) ZHVZ, DIXBREOS AR m%s) THY, TI T, 2.09
X 10-9 m?*s % FV 7z (Chapra, 1997),
JRUC X BEEEREE (hwind) 1%, IRATHRKD IS (Wanninkhof, 1992).,

LKW (252 e (4

Jwind = ( _
3.6x10 660

FRT K RS AERTH Y, AR IR RO #RK)Z2METH D 031 Z Az (O’ Connor
and Dobbins, 1958), w IXAE (m/s) 2F7T, =3I v M (So) Aok E,



RIFIEKERRSGHIZEHE  H455  20204F
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Table 2-1 List of the parameters used for the DO budget model, with their units

and values (see the text for the details).

REETRBO T ) BB BT 2 BRI L Z OB ER L5 ]

_parameter term uhit value
v volume me 8 x 10°
A area ofloross m 4%10°
section
A, surface area m’ 4x%10°
C DO g m”° output
Gy saturated DO g-m’ o%j:rvlzgo.:.] :::jms
T temperature ‘c observation
) salinity observation
u current speed m +s” observation
W wind speed m *s observation
chl concentratlpn af mg *m "> observation
gchlorophyl a
oxygen sensitive analysis
o production per g -mg' 2003 :1.7%10°
chlorophyl a 2004 :22%x10°°
molecular
D diffusivity of  m” +s' 2.09%10°
oxygen
average depth
h durin‘.g duration 9
time of
calculation
h¢ flow depth m 2
a o cEmUsue oy 60
temperature ;
0 coeffecient 1.04
sedimental
Ri=20 repiration at g m° 14
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Fig. 2-2(a) Temporal variations in water temperature and DO in August of
2003(a) ,2004(b) and 2005(c).
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Fig. 2-2(b) Temporal variations in water temperature and DO in August of

2006(d) ,2007(e) and 2008().
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SR ORI EFIRRRE 2m/L(2.8mg/l)
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Fig. 2-3 Horizontal distribution of dissolved oxygen concentration (DO), water

temperature (W'T) and salinity in the bottom water (B-1m) around the Kama tidal flat
on 6-7 August 2003.
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Fig. 2-4 Horizontal distribution of dissolved oxygen concentration (DO), water

temperature (W.T) and salinity in the bottom water (B-1m) around the Kama tidal flat
on 10-11 August 2004.
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Fig. 2-5 Temporal variations in 24 hour moving averages of temperature, current
velocity, wind velocity, and the chlorophyll concentration for the periods of 18-25 August
2003 (thin lines) and 7-15 August 2004 (thick lines).
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Fig. 2-7 Temporal variations in the oxygen transfer rate from the air to the sea surface
(thin line), phytoplankton production rate (grey line), advection (thick line), respiration
rates of sediment (sediment) and clams (clam) for the periods of 18-20 August of 2003
(upper panel) and 7-14 August of 2004 (lower panel). Positive and negative fluxes
indicate the oxygen supply and consumption, respectively.
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Fig. 2-8(a) Time series of daily mean speed of the wind at B3, tidal range (depth) and dissolved
oxygen saturation (mg/L) in the bottom water at Stn1 in the Kama tideland during the period

from 1 August to 10 September in 2003-2005.
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Fig. 3-1

Mass mortality of fishes caused by "Aoshio" off Port

Kikitsu in

Tsumizu Bay on 21 September 2007. The white points in the upper picture are dead

fish. Flathead fish (Platycephalus sp., body length: ca. 50 cm) and black sea bream

(Acanthopagrus schlegeli, body length: ca. 30 c¢cm)

were identified (lower left and

right pictures). Blow fish (Takifugu niphobles, body length: ca. 15 cm) and crabs

(Portunus trituberculatus, body length: ca. 15 cm) were also identified.
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Fig. 3-2 Map of Omura Bay and station locations. The model region is indicated
by the solid box with the model axis.
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Nagasaki Prefectural Institute of Fisheries stations.
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Fig. 3-3(a) Map of observed DO at 1 m above the bottom on  August of 1987-1992.
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Fig. 3-3(b) Map of observed DO at 1 m above the bottom on  August of 1993-2003.
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Fig. 3-3(¢) Map of observed DO at 1 m above the bottom on  August of 2005-2006.
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Fig. 3-4 Map of observed T (left panels) and DO (right panels) at 1 m above the
bottom on 22 August 2002 (a), 31 August 2005 (b) and 5 August 2007 (¢). The lowest
areas (T< lowest temperature + 0.6°C and DO < 3 mg/L) are shaded.
Contour intervals are 0.2°C and 0.5 mg/L for T and DO, respectively.
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area of DO < 3 mg/L are shaded. The contour intervals are 0.5°C and 0.5 mg/ L for T and

DO, respectively. Arrows indicate the observation stations.
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Fig. 3-7 Map of calculated T (left panels), DO (center panels), and clevation (right
panels) at 14-15 m layer on the 5th day under the condition of NE wind (a), calm (b),
and on the 2nd day of SE wind (c). The areca of DO < 3 mg/L are shaded. The x-axis and
y-axis correspond to coordinates of the model domain. Contour intervals are 0.1°C, 0.2

mg/L and 2x10? m , respectively.
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Fig. 3-8 Map of calculated residual currents in the surface (left) and middle layers

(right) on the 5th day for the case of calm.
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Fig. 4-1 Study site in Isahaya Bay and the Kama tidal flat, showing the locations of
Stn.1 for continuous observation of temperature, salinity, and dissolved oxygen, and

B3 for wind observation.
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Fig. 4-2 (a) Schematic demonstration of the hypoxia prevention system used

at the Kama tidal flat.
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Table 4-1 The overall description of the various features associated with hypoxia

formation at the Kama tidal flat, including water temperature, dominated species

of red tide and mortality of cultured clams during 6 years (2003-2008).

Duration of Water

temperature  Anoxia*

Mass mortality of

ies of red tide**
Species of red tide clame***

Date hypoxia

(hours) )
22—23 Aug. 2003 14 24~26
5—8 Sep. 2003 32 25~28
11—14 Aug. 2004 43 28~35

15 Aug. 2005 5 27
5—6 Aug. 2006 15 24~25
23—26 Aug. 2007 15 24~28
11—15 Aug. 2008 29 22~29

— Hetrosigma akashiwo —

+ Chattonella antiqua —
C. antiqua

— Akashiwo sanguinea —

— Diatom —

C. antiqua

+ +

C. antiqua

*Qccurrence (+)/non-occurrence (—) of anoxic water (under 0.3 mg/L)

**Dominated species of the red tide accompanied by hypoxia formation

***(ccurrence (+)/non-occurrence (—) of mass mortality of short-neck clams
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Fig. 4-3 Variations in the daily tidal difference at Oura, (see Fig.4-1)
corresponding to hypoxia formation at the Kama tidal flat in 2003, 2004,
2007 and 2008 (no hypoxia occurred in 2005-2006). Bold open arrows
indicate the period of Chattonella red-tide outbreaks. Asterisks indicate

that daily mean wind speed was bellow 5m s'! at B3.
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Fig. 4-4

(a) Time change in the wind speed (daily mean values) before and after the occurrence
of the hypoxia at the Kama tidal flat.

Date 0 indicates the date of hypoxia was first observed (5 Sep. 2003, 11 Aug. 2004, 25
Aug. 2007 and 11 Aug. 2008).

(b) Time change in the tidal range (daily maximum) after the Chattonella red tide was
first observed (2 Sep. 2003, 5 Aug. 2004, 6 Aug. 2007 and 1 Aug. 2008) .

Larger marks indicate the beginning of the hypoxia in each year.
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Fig. 4-5

(a) Time changes of dissolved oxygen (DO) concentration and water temperature in the
bottom water at Stn.1 from 10 to 16 August 2008.

(b) Comparison of dissolved oxygen (DO) concentration in the bottom water between
the experimental and control areas from 10 to 14 August 2008.

* The fence for preventing intrusion of hypoxic water was partly broken.

**Hypoxic water probably got over the fence and entered into the experimental area.
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Fig. 4-6 Time changes of the vertical distribution of dissolved oxygen concentration
at the control (a) and experimental (b) areas from 10 to 14 of August 2008. It should
be noted that the height of hypoxic water exceeded the fence height (1.5 m above the
bottom) of the experimental area on 13 August 2008.
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Table 4-2  Total hours exposed to hypoxia at the control and experimental

areas under various water temperature conditions.

10 Aug 11 12 13 14

25-26°C 3.0
26-27°C 4.0 3.0
Control area 27-28°C 3.0 2.0
28-29°C 4.0 2.0
29-30°C 6.0 1.0 1.0
25-26°C
26-27°C 4.0 0.5
Experimental area 27-28C 2.0 3.5
28-29°C 1.0 1.0 0.5
29-30°C
100% B A
N 93% A
S m 91%
0, s
_ 80% -
X 78% | --
~ 0 S
fé 60% - m
~
59%
E
g 40% |
9] )
20% | —4&— Experimental area
- @ - Control area
0% 1 1 1

11 Aug. 12 13 14 15

Fig. 4-7 Comparison of the survival rate of short-neck clams between the
experimental (A ) and control (M) areas from 11 to 15 August 2008. See the text for

the survival rate estimation on 15
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