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Effects of oxygen deficient water and properties of surface sediments on the
mass mortalities of the ark shell (Scapharca kagoshimensis) in the northwestern

part of Ariake Bay

Kazumaro OkaMURA'T, Katsuhisa TANAKA'*, Katsunori Kimoto',
Takayasu Funta**, Yuichiro Morr** and Yoko Kiyomoro!

An investigation of the water mass and surface sediments was conducted in 2004 to clarify the cause of mass mortali-
ties of ark shell (Scapharca kagoshimensis) that have occurred during summer of recent years in the northwestern part
of Ariake Bay. In May, a hypoxia event had already been observed near the bottom in the marginal area of the mudfiat,
where the surface sediment was oxygenated. A red tide was observed simultaneously with the hypoxia event, suggest-
ing that oxygen consumption occurred due to the decomposition of organic matter originating from the red tide phyto-
plankton in the bottom layer. Since the end of June, a continuous occurrence of red tides and enhancement of the strati-
fication caused frequent hypoxia events, and then intrusion of low oxygen water from offshore enhanced the hypoxia in
the marginal area of the mudflat, resulting in the highly reducing conditions in the surface sediments after July. Hydro-
gen sulfide was considered to be formed due to the decomposition of red tide phytoplankton and/or dead benthos in-
cluding ark shell under the anaerobic-reducing conditions, which enhanced the hypoxia. The more ark shells died in the
surface sediments, the more hydrogen sulfide would be generated from the surface sediments. The large amount of hy-
drogen sulfide generated under such reducing conditions could have induced large-scale anoxic water mass and also the
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mass mortality of ark shell in the mid and late August.
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Figure 1. Map of the sampling and monitoring stations in the northwestern part of Ariake Bay. Numerals on isobath

contours are in meters.
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Figure 2. Temporal variations in the vertical distributions of water temperature (a), salinity (b), dissolved oxygen (c),
and chlorophyll a (d) along the transect (Stn T1-P6) in the northwestern part of Ariake Bay.
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Figure 3. Temporal variations in water temperature (a), salinity (b), and dissolved oxygen (DO) (d) near the bottom
at Stns T1, B, and P6 in the northwestern part of Ariake Bay, shown as 13-hour moving average values. Temporal
variations in discharge of the Chikugo River (c) and difference in tide levels (e) calculated with tide level data at
the Oura tide gauge station are also shown. Difference in tide levels was calculated as an average in one tidal cycle
from a flood tide to the next one. The sets of an arrow and the date in the lower axis show the timing when vertical
observation and bottom sediment sampling were done.
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Figure 4. Temporal variations in redox potential (Eh) (a), sul-

fide (b), chlorophyll a and pheopigment (c), organic carbon

and stable isotope ratio of organic carbon (6*C) (d), and me-

dian grain size (Md¢) (e) in the surface sediment (0—1 cm) at

Stns T1 (left) and B6 (right). Temporal variations in dis-

solved oxygen (DO) near the bottom are also shown as 13-

hour moving average values in Figure 4a. Bars in figures in-
dicate standard deviations of triplicate measurements.
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Figure 5. Temporal variations in population density of each
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(Scapharca kagoshimensis) at Stn T1 from May 2004 to
March 2005. Bars in Figure 5b indicate standard deviations
exceeding triplicate counts.
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W TN T D (KEET SUINESEFEE T, 2005). [l
REHIDERTI, BIZk T 2 RBHER D om0 L&
FKERIIFIT0ug- gDW ! (Fig. 4c) & E IR EIEMN
M & 2> T B KIRE OKEE20mBIR) L RIBEICE
WZens (MRIEH, 1991), 51O H#R KB AN
TT Vo b OV L RS KD IERREHE DR 2 R
CRRHB SN CRELZEZZ 6N D, AT
FLEZIZIE, 6HOH-7H15H (37HM), 8 H9-24
H (16 HIM) 23S - $EEEOKRMIARIZ b2 0 R4
U OKEEF JUINESEFRE RS T, 2005) , ERITL, B TIEE&
JEHERI It O s aa T 4 LEREESL TN T N0 ug-
gDW™!, 70 ug-gDW ™' &2 T\ = Z &2 5 (Fig. 4c) , ok
WA OV RSB L, HRIC X D IR TRED
BRRAME IR TN EEZONR%. 8 ML,
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A WAL PEEE OOV AR 7 Kim P55 2 % BT & R D

TI, BCRERBHRMMO 7 a7 4 LEaEERIZWDT S
2, 9 FTRLEEMML, 10HDEMSTI TIREERLD
& EOIE (123.1 ug-gDW ) &7R L 72 (Fig. 4c). Z OHAMIC
KHE 2 A O 1 A, Rk Tl 9 A T HE
PEIZZ7aa7 4 LaD¥— 2 Bl XN T D (Fig. 20),
ISR CIIRE 7" v o b v RIEE N & 5 KEORHEY
HN9H PRIz & T2 gelnd 5.
FHREZEREIT, EETHUCEW T4 FVar s 7 AwA
ST TS 2 2 eh 6, RENOEEYOER D RE
Iha, SPCIIHEEMORIEOHEEIZHWS (Bl A,
Wada et al., 1987), AR EETIIILAIE A (2006) 23iRE
Wit v o v v (BhERE) I K OBk Y (A
HERAMINHKE) O §BC Al L, Wikl L ORER
TFEBIO T Y ¥ AV IN—% F TN —18.7%0, —24.5%0 &
L CHERE h O EIRIEEHEE L TnWad, ZhoDxy
F X VN —fli& T, ERTL, BORBHERMNZ BT 3
WAL IEE RO T RO 5 R ER T TS L, Th
F42-54%, 37-53% & 5%, SEPCHm/IMEE 59 |
&R < LEEIFE I EROIRIES0% & o, ik
WK (8°C=—23.1%0 ; AT IE A, 2006) D 24% 12 MR
T2HIEE L, AN T IR A o B8
HERKREO, ERTIORPLEFICIT COHBEKRES
HOBMREZE, Wil - PEREARRRE R L2
BEMMERNC & 2 2%, PEldIiAa iR 3R & ORI A EE 75 &
ETHHE IR R R ERIIRD T A @I H 5.
AT AR R A PRI LT 200, BERIEO
MR (Fi) KT ORI & > TR RS LTH30
ML, SPCOT— a6 TE v, —H CHBIRE
EROBMEZIE, Mdo A8 GIK: 1) 3 2 fdigic
HB. IIARIZ2 (2006) 1, HEIWEEERIZ B T 5 HERHIO
K4 A4 XHOSECHMIZ LD, HERh ORR > L b
O3 (16-63 um) O SECAHIEA BHER A M O oKD 1
b & RIFERE 2K <, MRS L b 35 KOG+ 20 0 (16 um B
) O SECHE R IFEAEY O I X 0 B s s
BTEAMELTWS, LE2-T, AHRESEORM
IZ& & 789 Mdo DRI, kS 5T HEH O BN A3 C
W Z EAERET S, ok, IHEIEZA (2003), Al - ffE
(2009) 1ZFAHED Mde & 9L L &5 L Th D AT LD
EBWMEERT 5T, fEAIEA (2005) IZRANE A 7.6 & [F

FEEOEZRE L T 5. iricid, mi#HEeXy ke,

BB IR LR C L — 5 — B 06 1 5 A il 2 %
WTWBZENS, HMITTRICKDENRECTND EH
ABNE. LEsoT, AFKIZHIT S MIgIZONTO
i, DR EOZENDO D S,

HAE O R 2 5 6 A A LIBE IR O KM A L5
UG 72 7% D sk 2 Ho0 S/ NI DO AMIKTT 4 2 fi i
MNAZ B (Fig. 3a, d, e). ThEMAET 572012, wriAN
WIRZEE DO (& {12 B O FIfE) & ORRE A3

ZoL¥x,

y=0.790x + 2.53
?=0.136, p<0.01

‘_/‘-\
~
ON 8 y = 1.40x + 0.236
0 6 ¥ =0.353, p<0.01
A
=
& 2
= 0
= g%
S 87stmpe
E 6 i T 'y oo, y =0.267x + 2.64
-2 4 o O oo i!&?'-‘ ....-.o--v‘: r= 0.044, p<0.01
=] Ay .
2 het U Y AR
0
d)
8 Stn P6 (DO with —3-day phase shift)
o
6 B3 y =0.575x + 1.65
4 #=10.207, p<0.01
2
0

0O 1 2 3 4 5 6 7 8
Difference in tide levels (m)

Figure 6. Relationship between difference in tide levels and
dissolved oxygen (DO) at Stns T1 (a), B (b), and P6 (c, d).
Difference in tide levels and DO were calculated as an aver-
age in one tidal cycle from a flood tide to the next one. Data
at P6 (d) show the relationship between difference in tide lev-
els and DO with —3-day phase shift.

&, JEMITI (Fig. 6a) TlE, B L WM ZEIANI VT E
DOMME F$ 2 MHANIZH D (r2=0.136, n=211, p<0.01), il
7254 D DO D /MBI MR ZE D IRA 12 & & A L,
WA 2E 3 m A i T DO D i /Ml 13 2mg O, 1 R & 2 B .
L2L, MEOHEZ S D &< Z0nold, ERTIOK
HEHRRImERNDIT, MRACICKDATEE,?S
BEMMEG SN2 720 EELI6Nh 5. EE, ©ETIXD
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RASFIE, HHBEA, ATCsll, HEHEFH, & 55—, HAET

HEDERB (Fig. 6b 5 KERSmM) TiE, I¥52 X130
S0, MEHEOHBITE &5 (r7=0.353, n=123, p<
0.01). —J4, MMADERPe OKHEHN12m) TIX, —RT
5 LN ZEIZ K 5 DODZEALIZA S WA (Fig. 6¢), —3
HREIONMHEE 5 2 2 LHBIIEE > & < &5 (Fig 6d;
r2=0.207, n=172, p<0.01) . ZFULHIN &AM/ N 7 5 723
HEIZDO MMM 5 Z & 2 BT 5.

ARFAKBOTRIZIE, KEDO EFIC X 2 GFRERED
WD R KL B R O 5RALIZ & B K FE A 6 O B G
SHREEEEREEZZ 5N TNS (W, 2004). AWIZET
&, ARSI AR EEAKIR O 7 — 4 bz
WIZKRETTE A 57208, BIBHHEDRILDOREIZDONT
I, SIS T — 2 EBEUS L2 ERP6ICB T, 4miEL
WK E02m D o,DFE & EEZE TR L 72 & O % K Eg o
L L, Witz KOS L 02md DO (-3 HIE DAL
M%EA5Z27-80) OBk M L2 (Biidae Tk
BHEtMS4a D7 — 2 KD EMHY) . DO & REHE DIRERYIZE
it Fig. 7) 226, THH -TRIZKRE, MEEEIIHEZD
DODZEAL L IEIFFEMI L T3, K/ N o sk g 12
FHEFIZ B D, NI O BE R 233 H %O DOK FIZBY
boTOBTRINAZ S, —F, TH E—TFandikie
LU O 23 < (Fig. 7T OIREER) , Z O Hi# O DO
(W 2E D ZE D) & R kR IS L2 6 A M -7
A FERESRBIN O KD B O (Fig. 3¢), ERP6D 4miE
T3 6 A30 H RSG5 3655 IR T (<30) A& 5Nz
Zens (MSATBGEANKEREMIZE L v % —, 2005) ,
ERP6 DR TIX, RIA 5 DWAKFAIZL D FREh
b Uk iss it <, £ 6 O REHG
kD U 7272912 DO kIR T L2z Ab B,

6 H FA)O/NEHENZESS TI TDOWK T4 5 4% (Fig. 3d),
Z O TIRE IR LIRIEIZ 5 - 7= (Fig. 4a). T D, &
MPOICBWTTH LA» b kEmibickb&EA2 6N
DO DG AKX T A3 A b =t , ERTL, BO/NHHE
D DOfEIFIRAITIK T L7z, 3K (2007) 13, [AlHHIZ 50
TN AR - B O A O K DS RO SR 12
MATZZLEREL TS, EHTITIR6A TA (&
MBTE7H kA)) LIk, Alidiat&mo o igic Xk %k
KB IZ & > TNEBIZDODIK T AR S NB Lh, 7
A PRI A2 6 KDo K (KA - @i Ak
ATBZEIZE>TEHIZDOK FABHEICAD | KED
BILEWEITLZEFEZ LN, 72, A2 S{IKDOK
PBHAT S Z &, B TIZ7H FA-8 A4z DO A8
EIMTIED AR T T2 L B Icm/MEB KL & D
(Fig. 3d), BWEOETL B EMTUIHNRTRELS Loz L
XN 5 (Fig. 4a).

S HIZADEE KD DO % & VIREDEhE, EHBXD
R T1 TR L & D (Fig. 4a), WLE BAVE M T1 TRUR
IZHEIN L 72 (Fig. 4b). JERIT1 TR M BIZ He TR R HE Rl

Dissolved oxygen
(mg O1™")

| PTPY PRPTY PYRTY PYTYY PYPRY IR FPOTY PYeey P | Lisesl Lovalisablonaalannl 1 1 Loalosebnaalaly
T T 1
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Stratification
strength (m™)
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Figure 7. Temporal variations in dissolved oxygen (DO) (a),
stratification strength (b), and difference in tide levels (c) at
Stn P6. Stratification strength was calculated by dividing dif-
ference between sigma-t at the depth of 4 m and that of 0.2 m
above the bottom by distance between two layers. DO is
shown with —3-day phase shift. Remarkable increase of
stratification strength and decrease of DO with 3-day time lag
were observed in the gray area.

MOEHEINERDEN2OBRRNEELLNEELEND
A, ZRUTIA THALY & RO BINEHAIL KRB O A %R
U, BALORIC & % B AU E DAL % 5 »ovb
% (fEAIZA, 2009). 22T, dGEEHODO (HIKE
20em), K, ¥ & W THEE L2 E R TI, B, P6IC KT
B RN E R IE ORREZAL A Fig. 81T, Ak, BRREN
PR L, I A KL & U R 0 DO DB
w6 RD 7z, ZOFE, [—KBANDDODE(LE%E A S
72®IZ, KB MS4aD K, Y EOMERGE (%%
+0.1°C, £0.2) #FE L, K, 5 DZEHK 4 0.2°C,
04PNDF — 2 DA%, Kl - /INEHIE 21230 TC
K 7RI ERED S IR KEAR L7z, ERTI T
6-8H L)% T0723¢g0,, m3-day '&iR4IZEHL, 8
Hep - FAIZIE44-52g0, m > day ' & 0%, 9H L
2138020, m 3 -day ' & FH L SVl AR Y. EMB
TIE7-8HET0.7-282g0, m > day ' &L CTEMTIICIE
N AH, 8 H k- d g nEr 2R84, WA OE R P6
TUEE U AR TR C TRV 2Y, DO LG 727
Hw¥A)l24.1g0, m 3 day ' & @i 27783, REIEH,
(2009) 1, HE D RS M T E Y O B F I SR E A
0.07-3.72g0, m *-day 'DHIPHIZH 2 Z L A WME L T
3. AW T L -RSRHE S ¢ 8 H A% TIRIRIE
A CHPANIZH 225, 8 H FANZIF 145 RS 55 2
e b, TLARRIC & 2RI EHEE OB AVRE S h
5.
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Figure 8. Temporal variations in the oxygen consumption rate of the bottom water at Stns T1, B, and P6. These were
calculated with decrease of dissolved oxygen in one tidal cycle from a flood tide to the next one, and the maximum
value was selected in each spring (S) and neap (N) tide phase.

9H FANZIZEHTL, B E BIZEEDEhIZ100mV BLEIZ

ME L, ERTI, B TIZRBHREDO §°C DIKT R Mdo D
WA (Fig. 4d, e) BA LI, FHBMOE R TI TIIEBIRZE
BRSPS ZWICID L7 (Fig. 4d). BIMoORTH (9OH7H)
IZIE KD B 185 O IZ & O s RS2 %
W EZ N, EEEEYE 2 < Sk L b B &
UK LS (IARIES, 2006) AWEEL» 65X i ohi:
FEER, REHERD D §PC DK TR Mdo DIk 2 & 72 &
HREIN5, ERTITIIABRKREZOWRDIEC, Wi
¥ & OPSEEA R EZ RO D LTS 7201
K25 DEE LIFHEAEE L SN 52, ERBTIEER
FABRZEEOHMC KD AR EENENL T3
Z &6 (Fig. 4d), JEhAuEsn & BSEIEA M A HRA L 7=
AREMEAZ 2 5N B, BMOEEIZ X KBE K OEREIC
G aBEMEG SN, 9HSHDENDIIEIZ D508 >
TeeALGNEN, BROBEMLZ9H7HIZERTITADL
N7FE L BVBREEHRE 8.0g0, m > -day ) 1%,
FIHB DL NIRBEICEM S h 2L K Rombifibh
b lELoN, REBLAEINTH 722 & &5 20
bt s,

PILEIDERRIEE L TOEER

MEHIC~NEZ O Y 2 GTE5 LRI EHED T X 54 FtD
B, o RIS HREER R A O 28 &
&N 3 (de Zwaan et al., 1991; van den Thillart et al., 1992;
A ES 1997) . HAHED (1997) 12 MR KIRGE OKiR
25°C, DO 0.05mg0,- 1" DR TT H 1) & H IR DHEIE
TRV, 7YY A HBEIZECREER A B L 220kt
U, YULARTIEZTHHETHHR L A2 5722 L 2WMEL T
W3, AMFRIZENT, FARTEETH B EMTI TR
BB MO R A2 S LA (K 120cm) © DO A
ImgO, I Y T2 R L7203 K T4HMEE, Thi

Wikif T 5 Z &2 5, HBFRIRRED LR o DEFEN 7
BOEEIR & 13 Z 212 v, —TF, ERTIOREHERO
Ehid8 HOH B K U8 H23 HiIZomV L FOME (—69, —137
mV) /R L7z, Eh20mV % P15 & BRIIFEL BN
&2 5 (Jorgensen, 1977b), 8 H B4~ 6 TN W THKE
TOHRORIEAKIZERERETH 72 HFELbN 5.
ZDZ &L, WEROKEN L THERBUKEE R0
RN 5T, WEEFROEE & B2 5 R0 K]
EEATOEBIEEHNTWIZ &2k D, FILR ARk
ANDHEZB RTINS,

TR SR N CHER h O H B IR TS T ) T
Do IZ K D IRALAKRE AR X I (Jorgensen, 1977a), 2K
ENATALAKRZFIL & < ITEAKR T IS W TOKEEMITIZE
EL XN B (Theede et al., 1969). HiAHEA (1997) idhifbA
ROMMEFREE (Ki25°C, DO 1mg0,-1 ' LI, &% 20)
ET7THVEFLARYTEEL, 79 10mg- I~ DIEE
T2HHIZ BT T 2D L, LA 713 10-30
mg- 1 OYRIEA S H L EfE < & EiRIE EERX 2 5 FE ik
AT 2 Z L AME L TWS, BITKRIEIC BV TR
LN T Tk > THER I N A HibARRIE, FHICEER
PHBHAITZHORL XN 2 -0 RRICE
{E L 22328 (Jorgensen, 1977c), DO 23 1mgO, -1 'LITFIC7%
% LK OIS & A Liho KBz BRI R B
(WP, 1985). s T1 Tk, 8 A BALIFEIC K IEHER
DAL E AR L T3 Z & p Sl AKED R AR
1% XN (Fig. 4b), /INFIHIOAIKE DO KR % HD ICiR bR IZ &
BIEAEY (—HOFILART EEL) OBIELHET L T
kEioh3.

TREEE TCHE O WGP AE & AR C A X h, &1
IZHBE L > TRELSET S (Jorgensen, 1977c). L7=h >
T, SH2HOEM T BT 3 K@U h ORI &
HORWE E5- (Fig. 4b) (&, EEEFRIF TORREOHH
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RASFIE, HHBEA, ATCsll, HEHEFH, & 55—, HAET

W d 5722 L #RET 5. B TIES HO/NE

MDD LT 300MRE T Y (HEHIES,

2007), FERT1ITIE8 A4 HIZHIL AR T OBESEH A8 &
N, 9O 1 HITIZEESEH A 80% # kA 7= (Fig. 5a, b). 71
A DIRE, @M T CIRIRE R ICIREIZ R B 50, R4
IR EESE LIRY | F DAY DR ICEREE FCTor i
ENBALKENRE L Tz ah 5. Ak L =iklb
KFRIEW R % 30 I8 LR Ml b I K OEH
OBITCEBE A b L, Zhic k> TEIEL 2R H X
LIZKEOMLAKEEFRAE X T BMEREPEL, B
LD BR NS IL R 7 FTHKREIEIE S 5 HREIZH - 7=
EEZONS. Kk, OHIHIZEBIEHEE DK Z WD
LT3 0, BIEHIIWMEET 25 2L TS 552 &n
5, WIRSIC X B HPIC K o TR, & 72 3R 5
W L= EEERE L o h B,

20044128\ T, YL AR A HOMREEZ 13K 5
AR T N9 HTHICREIZWMA L7z, LaL, 111
1HICE, EHOMAREEEE A 2000 & - m2FEEICE T
By, 7% 40 mm DL EOfEAD B BESE H KO Tl s
WH 5 EOMROZE G A6z, KiFEIZE T 5K
Ot EGERZE (SD- 7Y 1350%ICET A8 H D 11
HO LR HARTFZEE O EANFIFEOZE E LT E K
ML TS 2ICDOWTIFEM2A S 528, OHTHLIFFEILH
IHOMHAE TOMIZ, 9H7H, 29H, 10H20H & AR
O (FHEEEIZ150cm M ) BPHRWEZ 26,
BRUHE O BRONEELIZ & 0 LR O AGIRIENZE L L 724
ReyE26N15. 11 A MELEOMAREEE X 500-700
Mk -m2RETHER L T, SEEREE50% EHF AT
Lo LRI (SHEZERS) ITHARTKLS 5> T
WBZEhE, KEBEIERITIRTEEE OBk 2 & T
BUHEMEARIBE X NG, LA L, KEEOHKEREDKE
ERV LAY BHORIHUEDEH L EZETHL, LRy
B JIE T KRR BICO I & MGl § 5 7201213,
PV R AT E L BID, KD IAFEH & A
HEFEL THRAET 2 LERH A S .

FEH

AR & b, FEBIEBOEmB® (ERTI2EC) A
ARSI ORE I 2 BB EARO R LR TH 5
Z MR S Nz, FAEMEYD (2004FD49H) 12k
B I DEFE TS S A M ENCBI &, AR AR
DRELTWZ eh s, BRMFARMIITEMT 72 b
BERUZDOT N 74 4 200 - OB TERREKD
Fae—INICKENE L CRELEZZ EDRIE I N,
Z D% DMK 7 AN & 2 AR & 2 O BN R0 g ni
L& D B EARMABTE, X 512PA 2 5 OIKEEEZE KD
A& B EWFABOmIIZ L D 7 HURICERE A E Tt
L7zd DL 7z, EILBRE N Cld, A7 v o b

VREEIL L 22V R Y I E ORI O S & DR EAK
RHPRAET S Z L THRIREEBE LKL, SHUROR
BFAKOBILIZO LR 57-eELOND. XHIZEBE
KERD BRI 23 LR & DEEFEH KD — g DRI & Z Al
SHALARFEO REFE &S BISER 2%, AW -
D KB 25 MR ZARBEO T & H )L R 7 O K RIEIE A =
gt ng. AWV TS - & & BB
THREAEEZENDBFILR T OKEEIIRE RO B
ERBEEEDTHY, HILKR Yy EIHREOW AR
B OTE & Z ORI OKEHLRE )& K& KF ¢
N0 D 5. FROKEFACRE ) Z MR T 27290128,
AR AKBFAE O FHE T H 5 A0 R LWL ARZED T
EEBLIREOETTL 2P < 720 OHik O R s LR L
Fhs.

A f3

AWFFENE, AKPEFT A W i 2 e S8 /K B S 77 1 o o 3
B kOB AT AR - A R R KBRS MR TR
HO—BRELTHEX N2, KFE - EFEOBREDH 4,
BUHbFAA I Z W I TE O 7= 1 DA g e S W AT R A IS T
FHOBAGREDTT 2 IZZ OB & E THEH#P L T E3.
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LR EE R ERI O FF BRI KRB Z I < R L
E
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