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Estuarine Circulation and Red Tide Outbreaks in the Dokai Bay, Japan

Kuninao Tada, Kazuhiko Ichimi, Kenichiro Hamada, Naoko Ueda,

Machiko Yamada and Shigeru Montani

BECERELLZAETSH 5N ORBEEIC BT 2 OERE & REERIC2WT, FELPINETORE -
MEPSBALARERALTEELL, WBBIIBVTI}, FR%E L TEBERREISED THEVICO22b 5T, 1l
T P BAERIEEENELRTAREICKREL, FOMOFEHFINI VI ENREHTH L. HIb, KETIIEFIC
DAEEFORBHIREL, WEEFESER L2V, WBEETIINOBRESEAFEESEL, BROKBKIIHERSTS
ZE%2.0~2.5ATEIMNIKHT 2. 20720, Kilt, LIRS UELEFIIOAMEEEORE VHEEHIERTE,
—%, BEEFREFORELGTILH > COBANOHRHRE Y LR MERELH L TE6F, RKETAE (#HET
HILIFEDLOTHETHL I LAREEINI, 4B, BEREIIAERE T LML TS, £DOHMEBEHE
L) LEHWREROEEDOH ALK E V. T/, BHAOWEAKT THIBED NHOAREDEEHED Skeletonema
BREEPZHELZVOICH L, HEREOMEZHAETAZ L OABTHERENEBR L 2WEREEZ S/, E564Z,
BROBBERETICBWTERBEOEEHED Skeletonema DKIEHMEOREIBBE ST 2 VOIIT L, BEEEO Y
AFDORFRIMETTALAZEIERE L TEZ LN

Dokai Bay, Kitakyusyu City, is the most heavily eutrophic embayment in Japan. Estuarine circulation and red tide outbreak
in the bay are discussed based on the knowledge and information obtained from our previous study. Despite sufficient nutrient
concentration for phytoplankton growth during the entire year, Dokai Bay is characterized by high phytoplankton biomass
dominated by diatoms during summer and low biomass during other seasons. Diatomaceous red tide occurred only in the summer
season and flagellate blooms were lacking in this bay. Throughout the year, the surface water mass at the head of the bay was
advected out within 2.0 to 2.5 days by a strong estuarine circulation without mixing vertically. Therefore, diatom blooms could
form only in summer under high temperature and sufficient irradiance. However, even in summer, the flagellate growth rates
were low compared to the flash-out speed of the surface water mass, and therefore they did not form a bloom in this bay.
Although it is well known that flagellates can move vertically in the water column, the residual current speed was markedly faster
than the daily vertical movement of the flagellates. Moreover, the high concentration of NH, in surface waters reduced growth for
some phytoplankton species, although the growth of Skeletonema, the dominant species in this bay, was not reduced. The
germination number of cysts for some flagellates was also reduced under the low oxygen environment in the interior part of the
bay. However, germination of the dominant diatom species, Skeletonema was not influenced. They were also thought to be the
reason why flagellates do not form a seasonal bloom.
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%W - —R OMEZ - EEE-E - BB OB IIRERF - ME K

YBENTERE I NS £ TREREILME L 72 (Yamada
et al., 1991V ; I H 3 2, 19982 ; Yanagi, 2000°). L %
L, g RRe LCAREREICH Y, BEFICEE
FREPERL, BRTRIEEBRIKAPEETI LY,
BAETHENTERIBERELLLABLINTVS
(Ueda et al., 1994Y ; 85 - IHH, 19979 ; B3,
19989) .

ARTIE, BEICERELL 7Z2AEEICBIT 50O
Rt E AR DONT, FELFIINE THRE - %L
PORIHEEREG L TEET 5.

2. RABBORR
2.1, RERRE
AEEOBNE A% Fig. 1 IR L7z, KEBOREIEE
BEOFHEAO—FIE LT, BHRED Stn. T (KEH
5m) DWW TORERE Fig. 2 lIIRL7Z. BHEBEHOE
Bl EOFHEEN LR ST, B =% % (DIN :
NO;+NOz+NH) (2 LiZLIF100 uM %8z, € 52 DIN
D727 T NH EE DS NOs+NO B L ) b FE W I & AF
HHWTHAH, 7, POLiREL Si (OH)iRED 21
ZN1.5uM, 10 uM % LI LITE 2 Tva/z (Tada et al.,

20017). ZOXIICARBOFFIIH VKB REIZE
BEOTI0 6 OFRBIE & FND 6 ORKTAILE S B
DThH5bH., BONTRERERENSHITL T, KBTI
FEEHOBREIEMEELTHER 7T » 7 b i
WCRTEGHEVPHEL, KEERESWEY T 7 DK
HEHIRT A vk b, Kk, EEElbEw
I R, MBOKEOEBERRAS Y RTSET, BKE
THWLNTEZ, HwkRICIET, W77 N>
OBEFEIZH L TEEL Y V2BV REWE I+ H
D, W77 b rOMIEIIZERE ) VHHIRER
EkoTwA, 2L, NEEEOHMKICE,, EFER
v e EOREEFHEORBEEEEAOBMAE L BN
L, ZO#BELE LT TS > 7 Pk L, -
FRIES>THIERI SN EKEDOEMLB LI LT
BERENR] VI HEEHVTWS, L2ALRHD,
LTI OERBILE SISHETL, KEBEOLHE
SEIEESEICHEAL, IR I OXBIEEOBMIT
LCHWM TS > 7 b o FRICIEE L THIEL TWi Wy
KEBZHy, ZoRmiE TEXE] L0k ExEE] &
THEIPHEYTHLELEEZLNS.

\ —36°N
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Fig.1 Dokai Bay and the sampling stations.
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Fig.2 Seasonal variations in vertical profiles of NO;+NQ., NH., : (; 101, ° o
PO, and SiO; at Stn. T. (Tada et al., 20017) SE ° e °

2.2. VTSI PN OBE-REEROEHTL
AEOIZIZHRIFOBE L (S T) T, EAELEE
WeEHLLZA, WHTIT 2 N BOREL LD
Chla JBJ%130.11~23.2 ug/1, BCEE BV THIE L7k
A DS — KA ER1233.7~3,450 mgC/m%/d % 2 &)
L, MEIIMNDKEIBCTE I 2 5EFIBGVELF
L7z (Fig.3). 72, HMICWRE R0V, BROFEN
THEROBZERK L, KENOBE —REESIT
43.0~3,400 mgC/m%/d TH o /. EM—KREFES B
HORER, BHETE N ZE R, 180gC/m¥/y, 295gC/mY/y
T, £D65%BLU66%NT~9HD3 » AMICERE S
NTwBERES SN —F, BUR ORISR LR
BOX)IHW TS > 7 b o ORI E iR
Tholz, TOEHT, RETIE, REEEEIEEIC
ﬁh#ﬁk%wkéﬁﬁb%T,ﬁ%77/7b/$t

<

AMJJASONDJFNA
1996 1997

Fig.3 Seasonal variations in average water temperature (a), depth-
integrated Chla and productivity (bars) (b), and depth-integrated
Chla-specific productivity (c). (Tada er al., 20017)

—REERIIEFICOLEF ., BHRBTORERE
EHIZDOWTRTADL L, BREZTLDORESEIZEIL
0.06~13.6 ugC/ugChla/h, ¥ 72, KENBEEXLS K
% 3 145.53~61.7 mgC/mgChla/d D& T & - 7= (Fig.
3). KENBEEARMEIL, REXOLEFEH
25E/m?%/d DL I, REKIEI20CL LD Ri- 723
BT VME (>30 mgC/mgChla/d) & 7% - 72 (Fig.
4). ®, BROZEATYH, BhhgLARENES L

CRBOMIEN GRS L. 5512, KREPREEA R
LR ARBORIZIIABIRRARED 5 N b o 7295,
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Fig.4  Correlation between surface irradiance, water temperature and
depth-integrated Chla-specific productivity. (Tada et al., 20017")

REKONEFE L OMIZIZEE R HBEERIED 5
7z (Fig.5). F 72, KHMN® Chla 5 O SE DA 121
HERE 22 3 RE M 2SRED b NV b DD, FKET L DK

Chla specific productivity

(mgC mgChla* d™)

0+
® 0 10 20 30 40 50 60

BN D L OCRABEEERZIIRES L &SI T LM Surface irradiance

ARG BN (Fig6). SRLDZERL, KED (E m?d")
E@@E}b‘*ﬁ(ﬁ{ﬁﬁii, %E&%%:ﬁ@ be Tﬁ%f# Fig.5 Correlations between water temperature and depth-integrated
LKBFRMDE S LEFIIH R, TOEERIIKER Chla-specific productivity (a), surface irradiance and depth-
INSRBEFEIRELFLGLTVWL I N EZ N integrated Chla-specific productivity (b). (Tada et al., 20017)

(Tada er al., 20017).
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Fig.6 Vertical profiles of Chla concentration, Chla-specific productivity and primary productivity at Stn. T in the water
column. Each plot shows the average value (n=17). Error bars show the standard deviation. (Tada et al., 20017)
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R HEE O LI BRI & AR AR

2.3. YT FNOBEOHRTE EBER
REOHRILERIZ BV TI9804E A 5 154ER 12 b 72 D %R
SN7RKBAFOEHY TS Vo v OMBEEY RS
& (Fig.7), RBTHREIPBIEIND6 A» 51081
M TOBEKBIIZIZI0 cells/l 2B IBEETH 5
A, TRLAN ORI IIER (REE CHR L Tt
(ZHIIA, 20049). £72, KEBEOWYW T 7+
MBI DWW T, I - 2 (2004)9 258 K THR AL
U7-A ik aR & 200 (%5, 1980) TR - B
L7ZHBOMFIZOWTHE - §HzfroTw5b. £0
KT R A&, FM %8 L THE D Skeletonema
costatum DMELTAHEMICH Y, SHBREEIGVEE
CRHEREEOEAE LY DI EL, HIZFAL
Skeletonema J& O S. tropicum 7B HE L TW5b., ¥ % b
L, W75 b CBAFEPKE VEKIRIIIIEE
EVEICELSLTBY, HEEEN ES TSI LIZED
Th%v, iz, BREFREICHLWEETIE, ¥a7
77 b ¥ A X0 Chla gL (0~11.7 ug/1),
% Chla REANDHFGOEMEZEL TED o722 &2
H2xhTws (HHiEh, 2001Y).

150

{7 Others
1 [] Prasinophyceae

: N Euglenophyceae
1004 I Raphidophyceae
{ [M Bacillariophyceae
4 B Dinophyceae

1 Cyanophyceae

Cell density (% 10° cells mI™)

Month

Fig. 7 Annual variation of phytoplankton abundance in surface

seawater at a station in Dokai Bay during 1980-1994. (Tada et

al., 2004%)

2.4, FEBOHH

DEDZ %8BT LERDEHICHE. REOHH
LT, FFEIC, KEEBEIAECEYIIEFCE
WD A b5, REMOBEITEAKRIICOABE S
NBEZEDBITONE, T2 &, BilFE L) REE
BEOKVEFTER KRB TIIAFTICORETEHEERD
D RET S T & L BT 5 & IEH ICBIRIE V.

F7z, B, FOEKIREIKMEIE L /oMY T >
R UBEREICEERICI o THEBERENTEY, R
BHEPELETAZILIZEBEAELWI EREITONS,
Bz, HERMEIHET 5 Chattonella antiqua X7 7

T N THAB Alexandrium catenella 7z %, FEAH
iR CEFICHEB T 2 WEEHORERETH L2,
75 12 B \» T, Heterosigma akashiwo X° Prorocentrum
minimum FOIZ OV THO THICBE S HEE
P, HAEVIRE S BEER TR,

3. EBETCEFRIOAFEIrHREIh3EH

BB OKMOFHE Ny — VIZBEI R T AF 2T Y
—EERTH Y, RETRBOCMD ) LA, KB TIE
BRCEPIFENPERTBEL TEBRLTWAE, fEto
T, BROKBKIBERETSHI L%, EBE TN
5EH122.0~2.5HTHEOIGET A L STV (HilE
A, 1996 5 A0 - 1L, 2000%). 2 F h, RETIH1
H T40~50% 22472 5 KB IKDSESHIBRZ: (Flush out)
ENTnwBZ el s, AL, B Lidwmrs 7 &
YHL0EE (div.)/d DL EOEE THERE L 2 b g, 1B
PANEHER ENE 2T EEEmTcE e EI6N0 5
(Fig.8). #1 - [LEH (2000)°1%, ABTEHEFIZES
WHEE L BKRO-DICHEY 7T v 7 Y IdEEE L
BB ENTELD, FRUSNOBHTREY TS v 2
M OWEERENMES BSZ oM, REEEIGET AL
RIZENICEE SN E L TWwa, F72,1.8div./d KL
L OGEERE CHIET USRI RIS EE S L T
B, —F, EEOHIE, PCEEHWTHE Lo —XREE
DS T EHE R, (Harrison er al., 198219) % fwv
T, WISy OSREBEEREL L.

U2 (div./d) =logz [(PC+ 4 PC)/PC]

ZZT, PCIRKETI v N EDOCTHY, —KRAE
PERIE 72K D Chla B & POCEEZ 72 v b
LCE-EHK (POC=37.9Chla+501, © =0.624) #
LEMEL 72, F72, APCIZ1IHDOKREKCETHS.
ZoFtERICE v ER E R EB KD OGS EE u,

Phytoplankton
growth

~

Flash out
() =i
L=

Estuarine
circulation

Fig.8 The scheme of water mass movement and phytoplankton

growth in this bay. (Tada ez al., 2001)
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Fig.9 The estimated phytoplankton growth rate in surface water at
Stn. T. The broken line shows the growth rate of 1.0 div./day.
(Tada et al., 20017)

1%, 0.26~2.35div./dTH Y, BLIT~9H D3~
AMENCL.0div./d Bz 5fEE % -7 (Fig.9). Tk
B3, 1.0 (div.)/d D\ EOBEGEEED 7~ 9 A DR
Zid, EANCEKRFE (Flush out) S Z LR YT S
YO MNYDPEATRPITEEBETELZLEERLTW
5. Hib, RETIEIEELRXEEOL LT, EF0EN
BFELEKBOSUE o 2B coREY TS v s
NONESEEERLIENTELIEEZRLTVA
(Tada et al., 20017).

4, REBEETHEERSrAHMEL EVIEH
KEOWYW T 7 b HBIZOWTE, Biko &9
2, ZOTEMME AB EFEMEEL THEED S costatum
75‘1%5 L, EFIZWES tropicum WELELTWAE. S5
, M7 7 7 b VBAREEVERKIBIC I EEEE
#@Eb,ﬁ%&ﬁﬁ@ETégkuﬁbTQQM.%
ZT, ABIZBWTHEKIRIICHEEEREA R L 2\
BEIOWCERNICHGEZ T o 72, BEICBWTE
CHBEESES T AHEAIICOWTIIARD &) HEHE
ZoNnn, OFEEBEOHKTIIIEEERONIM L HE
THMOEPOWENEITN TS, OHFBEEDOHEHEE
BREREEHOEFNIILERTIEWZ E2s, BANDHE
KOBFHEEIFT BB o TR 2 2 EHFTELR WY, @
BN O E iR D NHy 3 E RO B © ERAICHE
T5, OBBERETICBI 27T 2 » VB ED
JBEDE.
HHOEMIET 272012, KBEOEFOBEETH 2
S. tropicum ERBETIZIZ L A LBIEE N7\ C antiqua
(774 Vi) ZEBEORRE S BIFKERVTERER

BRxfTo7:. FOfRKR, TO2RIIOVTIIE K,
RAEEEIPPOLLT, b LCBELZ. ol
&, Ak & D BAEDORBERAKRICHERHEOME %
FHESTAZWE IRV L, BLY, MEORETIZBY
TA % L b S, tropicum B C. antiqua O Y458 % FHE§
HILEhwIeEmRIBELTEY, BHOOIBETE
% (£WIEH,2004%). %3, LIHIZA (19822, 1982b')
W, B S gURHEK R 7 0 2 4 M LB
REDTHHARDOHIZIE, HAZRET HIDOET TR
{, BREMHEZETE L2303 HLILEHELT
Wh, o T, B AR ISTF S S T 7219804
DK IIEEEREOMME Y HET 2WENFLEL T
HRENRBETE 2. Lal, % EVBHEEDH
WEICBWT, BAEHEWEIC L > TR KIEIE
TERVETIHBHOEIGETE 5.
HHOZEHTLE, UTokH1ihs. 8L, BA
DWW T T v 7 b VKRB CTHIEIZT 54, KBET
M OEREA S, BAANLLEEShTLEY, &
BELRREEODL LT, EFOGLEFELEKEOLN
Wi B OARY TS0 7 b U EBEL DS
ENTED, —F, WEREEIEREEICERTEFOHMIE
HEIIEL, BEETELEKBOEEI R BT
E 2 RBKDEI D Flush out DHEEIZH) B> TH
WEIIRAILIITELRVWEWVIZETHE. TOHB
@%MFET B 72®, S. tropicum & C. antiqua O 2 FEIZD
W, KiE25C, K= T-#100 uE/m?*/sec DEHT T,
BH, BHNOMEKkT FREN0, 20, 40%5cH L 278
LEEEERTo7. ThIE, Bido & IEEE0ERBK
HIAF27 ) —ERIZELYD, 1 HT40~50%1247-5
FRBADBINIE TSN T VD & & RSN TR
KHEHLADDTH L., EBROIHR, S. tropicum 1340%
RSB XAZ BT O MBS L 72, C. antiqua
1Z20% AR REBEX BT b e IcEmL 27210
T, 40%X TIIBINATERD 5Nk h o7z (Fig. 10). H
WOEHIIKETIE, WYWT7 27 b P 20BREFEY
BinsEs7:01213, Hiw1.0div./d & 0% HE5EE
BEWLEL 25, WHLEEOBREMEIZIOWTIE, KES
#ﬁ%n%nmimfﬁﬁofwé‘tﬁa Bk
WML L3I TEhw., LaL, #BFE, Skeletonema J&
Kowf@ﬂMWﬂ%ké<L@%%iﬁE#§ﬁﬁ
HINTWEY, 20— THERBEOMHEE ORE
fEIZ1.0div./dRED, HAVIZFNETEELDHNE
V., INRHOZ &, WEREER, EEORBELHTIC
HoTHBENNOFHEEL LN 2 IEEEZH L TB
59, MEBETKEHMETLIZILIZIEDLODTHETH
AT ERRLTWA (LHITH, 2004%). B, HEE
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T HEE O LB BRI & AR
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Fig. 10 Growth of S. tropicum and C. antiqua in cultures of 20% and 40% dilution.

BHEIISEBH T A LML N TV AA, BEEHEN
SEAIMICEXK LA LTY, FRiEHEm/d E&TH
D 1cem/sec) DEETH A, HNIH (1996) 212 L hid,
BARBOKRERIIBOIER2, £OHEIZ 1 ~ 3com
/sec BRET, BARBAKIIH 2 BTEMNMIHER SN S,
BREMIIBOIAP») RETHE, BRICED» ) HE -
KR CEBVOT, MEESHERHL TS, TOREIL
PRI TEMEC, KB TOBEOFMNOBEE
B, hiE - KB TOBERAFANOREHEEE X ) K&
(, WEMICHEELIBHMTEO»SHHI IS Z L
2% 5.

BHA®FRILT 2720, 0~500 uM ¥ TO NHq g
NC, S.costatum %2 C.antiqua 7 K OBEOEEES, HF
ERFOMEEETRE L. TOME, KEBEOELTE
Tdh b, S costatum '3 NH BB LT T, 1313
—EDWERHHEEE (1.8~2.0div./d) 7/~ L7225, C. antiqua
13150 uM F T NH4 i T TI20. 8 div./d D EE THE
L7 DD200 uM L NH, 2 F T T E %
Motz (Fig. 11). REDORKE KO NH g, FRI2E
BETLIELIE200uM % 22 THBY), RECTHEEE
WRMBELEZWHEEHOUDEDE LTENHGEE D 28
LT\ AEREMEAE 2 57 (Suksomiit er al., 2005'7).

BHOIZOWTIE, M4 (2000)WICFFL (x5 h
TWa, Y7707 b D%, ZOEERO—ER
WARKIREIZ 3D, AFICTERRE I ALED S 5 KIR
BB THIT I LAHON TV A, BEEHOKRIRME
iz —fic v A b (eyst) LIpEH, T A MIZEREE
SMUHE) FTHERFTHEAIL, FHESLIRELERE

100000
) p—u\ﬂ\ 40%-dilution
< ~~
/ 0
o

10000 3 7

1000 §

Cell density (cells mI?)

100?

A A

10 5 \'\
i [o-s tropicu \\‘
—&— C.antiqua

0 100 200 300
Time course (h)

(Tada et al., 2004%)

FLBUOKEMREZY, @BRPTHELZED .

L L, BEICEREAEST Lo O @R+ 12
3, EHoOEBRFLICHEY, SREOMIIELS L
. BRALKEIZAEWICE o TRITRHESR & LTl <&
HFCTHLH, BIOTEHNT S &, WERS ORI
AMECEHORILDIRED D & TIRZOBRBERIF T
ERLLVODREFTE RV OBE THEHIKS I,
ZOMER, WEREFELHNEZR I LVIZINTH
. FE, 0~2.1mgS/g DALY RE T THRF AR
AT o 72 4 R, W E & B D Scrippsiella, Peridinium,
Gymnodinium, Alexandorium, Heterosigma O A s D5

23 ~O—H.

—@— Chat

~ 20 ——8(D)

3 ——S(H)

215 —fr— Chaeto

g

o

w10

1.

=

%05

(-]

1 9

o

© 00

0 200 400 600
NHs (£ M)
Fig. 11 Growth rate of test species exposed to various ammonium

concentrations.

H: Heterosigma, Chat: Chattonella, S(D) : Skeletonema
(Dokai Bay clone), S (H) : Skeletonema (Harima-Nada clone),
Chaeto : Chaetoceros (Suksomijit et al., 2005!7)
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ZH FiE R ONE - REE- - R OETF - INHERT - ME K

PRI P OB E QBN & b 2 viEd
THMEAAFED S, §FIZ, Scrippsiella & Alexandorium
DY A M4 mgS/g D EDOTHALMIEE T TIEBF L%
H o 72 (Fig. 12) . — 77, B HH O Skeletonema , Chaetoceros,
Thalassiosira 3TRALWIZ L 2B Z T o7 %
72, REOKRHFOFHWREIE LNz DL EENT
0.2~1.5mgS/g TH Y, LiIFLIF 1ImgS/g B2 5H1MH
ASEIH X LTV A (Montani ef al., 1995"). 2D & 912,
BEECWERE CIERERETICB T2 77 ~
7NV ANORFIRENRELRY, T0L) REEE,
B IERE T ISV EEEREREANGIR S, RRICE
RESELSTATREIZEZOND.
DEEBALTEZD L, KBIHEREERHIFEE
LavEEBELTEUATOL I cELZONRS, HIL, K
BT OERE L CHERBEENANCH LIRS
NTLEV, BRNTEEEEL LI LEITERNILE
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