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Oxygen-deficient Water Volume and Marine Lower Trophic Processes

in Dokai Bay after Large Decreases in Nutrient Concentrations

Kenichiro Hamada, Naoko Ueda, Machiko Yamada, Kuninao Tada and Shigeru Montani

FUNALER ISR 2 BSOS, 2=E - ) VAR ICHA T 2 BHERECH o 7o, 1997THEIZEER - &
v BRI VERIASE SN, 20014E ISR EZEETROBBIC L Y HEE 2 ) T Lz, AR TIIREEEDZRA
BB LEBEREORL EEMTARCHEY 7T 7 P VBOEICOVWTHRET 2. ERATEOHHIZLY
NH4-N 120.97~1,590 uM #* 50.120~63.0 uM ~KIEIZ A L7z, L7 L Chl o iR ISR ELIE O ERATL. 5~ 146 pg
LY, #ERf41.4~218ug LITEILL Twidk o7z, T/, MTRABPOERLEIZORILIR O R0/, JOHRR
B R E ORI T T Y 7 P OEREEFIE L TV AW LA o o, BEERAKSEOBBILERATS21 X104
md, EHEE08X 104 m3TEAL LTV, BRMEEEC > T2 eEz b/, £/, WSS HET 2 BERFEK
BOBRER L L CHBERBYOBEIKEVEEZONL. INLOMRENS, BEIEDZRME CENDEME
DB RLERAETEBRBIIAE BN L TRV EA o7,

Dokai Bay is a small enclosed bay, located in the northern part of Kyushu Island, Japan. This bay is hypertrophic, as
evidenced by extraordinarily high total N and P concentrations (TN & TP). TN and TP environmental quality standards (EQSs,
TN : less than 1.0mg L1, TP: less than 0.09 mg L~!) were applied to Dokai Bay in 1997. Through reductions in nitrogen
loading, TN and TP concentrations had declined to below the EQSs by 2001. In this study, we report the decrease of nutrients
and change in phytoplankton biomass in an oxygen-deficient water mass in Dokai Bay. After the reduction of nitrogen loading,
the annual range of NH4-N concentrations remarkably decreased from 4.97—1,590 uM to 0.120—63.0 uM. However, Chl a
concentrations remained relatively unchanged, from 1.5—146 pg L~} before the implementation of EQSs to 1.4—218 ug L~!
afterward. Furthermore, the quality and quantity of particulate organic matter did not change. This result shows that even such
a remarkable decrease in nutrient concentrations did not inhibit phytoplankton growth in a hypertrophic bay. The oxygen-deficient
water mass volume was approximately the same: 521 X10*m? before the implementation of EQSs and 508 X104 m? after.
However, we presume that the duration of the oxygen-deficient water mass was shorter after EQS-implementation. Moreover, we
think that the oxygen-deficient water mass in Dokai Bay was affected by the bay sediment. These findings show that the oxygen-

deficient water mass volume and marine lower trophic process did not change after the implementation of EQSs.
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Fig.1 Study area and location of observation stations. Closed
circles represent observation stations. The open circles repre-

sent environmental standard points.

EEFR -2V VREIIET L.

HU3 2> (1998)91L19944E 12 M L 72 3 4+ H B o 5 it
BRE RS, KIROE RS O B FE KB I R E R
&L TREBIREEDNS (, RAY 7 EOBEWELBS
ZHRELTWA. Lo L, HEOHEEI, BELED
BT X ) 199447 1B & Hi U OB SR E (R
b, REFFETIE, ZO L9 RREEEEORIE: A
PWENOWY 77 > 7 b v BERPARF KO R
EDLHIBRBAEL S LTWADNIZDONWT, S
BRI RRE SN B EMERT D6 L BN 7 BT ISR E
L7zi& e s (Fig. 1) OBARER» O ZE L2 KA.
R CIREFIBEREE (LRI DO & 35) 3mgL!
DT oK AEREKRE L, ZoliE, 8 (1989)7
PERFAROEFR L LTRLZ DO EE0. 036 mg L™!
Uk, 3.6mg L' LLFOFEFHATH 5.

2. REBEERBREOZELICIOVT
REBAESDOICBIILEEE - &) v (FBiK)
DEFEEDOEALE W5 &, BIEHAMEDHEH S N 721997
FLURBICEERREVRL L TWEZ Ldb 5 (Fig.
2). CORKRE, BREOFENPLOEZAMEIY
40%HIH (RIFITH, 20048) Sh-FREL L ELT
Wi, SITEHEEPLELZ O, REEUEEREZ20014
DD D6 O EA MM (%%, 1.0mg L™ ; &)
¥, 0.09mg LY XV BwoRBEEOEEE - &Y
VIRESENO 2RERLES (D2, D6) LEND2
FUER (K7, K8) DFHETROONLZLTHS.
KEEREOLLIZOWTIE, EHNO 7 HEE L TR
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Fig.2 Time course of Total Nitrogen (TN) and Total Phosphorus
(TP) at the environmental standard point (D6 ) in Dokai Bay.

B L 72#7K D DIN : NHs-N, NOs;+NO:-N & DIP . POs-P
IZDWTHRE L7z, 57— 7 BRI R T 0 19954F 8
H-9A, 19968 7 (21E), 19974£5 4 - 8 H - 11
JI, 19984 8 A ™ 8 o] & 3ER A D20064E5 H - 77 - 11
A, 200746 1 HO 40D FEBE (0m) OAFHEHL 7.
1995~19984F @ 5 % 15 it B 13, NHa-N £%4.97~1, 590
UM, NOs;+NOz-N 7%%3.63 ~812 uM, PO:-P 7%0. 066 ~
11.3 uM, Si(OH):-Si #%0.750~98.6 uM T& - 72. 2006
~20074F @ % 2 35 i £ 13 NH-N 250, 120~63. 0 uM,
NOs +NOz-N %%0.140 ~ 157 uM, POu-P %%0.105~5.08
uM, Si(OH)4-Si #%0.720~115uM T & - 7. Si(OH)s-
Si bR REERBEL AL L, 2006~20074F 131995~
19984 L DR WEZ /R L, %% Td NHe-N & PO-P IZ
EMERETRELBA LTV (Fig3). 2hbso

: 1995~1998
: 2006~2007

PO4-P (M)

OoON DO

1 2 3 4 5 & 7
Station

Fig.3 NHs-N and POs-N concentrations of the surface for each

station. Error bars show the standard deviation.
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B ORI AT RER R O T L
TWb LD E#EZ LN, —J, Si(OH)-Si 131995~
19984F & 2006~ 20074 D M CHEIEIZEN Lo T2 Z &
M5, BRI EENERTIE R, BRIZKEALTY
LEHEEEZ BN,

TR, BRAM

3. W#¥7I U FEDZEI

W75 v 7 b v DB L % B Chlorophyll a (LA
Chl a &§5) BE, AIBOFREEEELFE—DEB
(0m) OF =%ty PEERL/7:. Chl aREZR5
&, 1995~19984F 7%1.5~146 ug L™, 2006~20074 2%
1.4~218 ug L' TdH » 7= (Fig. 4 ). BREEIEUEF ORI
TStm.1~5?Chl a BEIETHEASR SN, &
B S 6, Sn. 7TIZEGEL o7, RIZHEW T F > 7
NoBERKERT A0, KIEFOCH o BFEE (0~ 8
mBREEE) %R, 1995~19984ED Chl a HifF &L
10.2~429 mg m?, 2006~2007$ 1210.9~250 mg m™2
T, SRR EN 72 S BRI D T AV B
(Fig.4). DLEOFERR Chl o BEL R DK VAL Stn.
1 OFHEH.3ug L bdH 5D I LI LT, KK
CLTEEOHY TSIy N RISV EEZ LR
7z,

K ROEOEBRWERE YRS L, MPREKERE
(LAF#1Z POC & 5) 131995~ 19984E 50, 317 ~2. 83 mg

Surface Chl a concentrations

[ 1995~1998
: 2006~2007

Chla(ugL™)

c 3288888 ons3888388

Chl a standing stocks

Chl a (mg m?)

Station

Fig.4 Chlorophyll 2 (Chl a) concentrations of the surface and Chl
a standing stocks (0 — 8 m) for each station. Error bars show

the standard deviation.

A U i D BRI & ARR AR 12DV T

L, WTORAHEREEE (LURIZPON X9 5) £%.042
~0.599mgL !, 2006~20074 (X POC %%0. 150~3. 05 mg
L~!, PON %%0.030~0.694mg L ' T& - 7= (Fig.5).
POC, PON IZBEEIREAEZR A T S, 1 ~ 512217 T
ETEINA R 5 N7225, BEOSm. 6, Sn. 7125 E
Motz BRAEESD POC, PON OFHED 5H KD 72
C N3, 1995~19984F #35.7~8.1, 2006~20074F 7%
5.5~6.3CH FRIEOEMELITR SN, Ly F
74—V FH6.6 (Redfield ef al., 1963Y) (Z¥L\VZ &2
5, FOXLEBIIMYW ST 7 ThHrEEZLR
7z, RICKEFOPOCH TR (0~8mBHEEM %
KoOB R B OB % 3 A7z, 1995~ 19984F @ POC
B 131.99~11.7¢ m™?, 2006~20074F (1.57~18.2
gm*T, f/kiﬂ.%/i@ ERAIH TENEILOEm N LA
¥| > 72 (Fig. 6
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Fig.5 Particulate organic carbon (POC) and particulate organic
nitrogen (PON) concentrations for each station. Error bars show

the standard deviation.
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Fig. 6 Particulate organic carbon (POC) standing stocks (8m) for

each station. Error bars show the standard deviation.
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PlED & 51z, REERESKIBIE T L2%DBR
D Chl g BEERE LTHBVEET, HERWEDE
REIIOVTKEREPEDN 722 L H D, BHICS
VB AR A E R AL LT o B I S T, B
HHSERC X ) SBIARE O IR SN, O
BRI T V2 N v OBREIMET T A LV T
LTwhholbEzoNns. ZHIED (2007) 10131996
~19974E DIHEE TI1E, JOBE DR IAE AL,
ZORERRECHEY ST s b U AURE L THEIE L 2
Wik E TS X 01d DENE] &3 2130 25EY)
ThHEHRBLTRD, SEOEELSHIFT 2 &,
W B b RSB R S EET 5 BRIk (2
HHEELLNT.

4. WREEEEDGICHTBDORE LEHEDEELL
REAVMES D6 TR OKETm, FRHIOEEIME) 128
T A5 DOWE L EWEORELILE Fig. TI2R L 7.
DOREIZDWT AL L, BBELERITH (19974 L)
AT (33mg L DT OEMBRENETIE £ Bl
NTWV 525, 20014ELBEEBI S hTwiw, Fikd 5
B, TOERO—DE LT, BEIZERBEKILOTLEL
R o722 A 1 B OEEH Tl % 058 %
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Fig.7 Dissolved oxygen (DO) concentration and transparency at
environmental standard point (D6 ) in Dokai Bay between 1990

and 2008.

B - IWHEST - Z2H #BE - 8 X

T % 2B &, 20014 LURIZAZFEDBEHEOM LA 2
B, & CIREEAMEERRT (19904F 3 A ~19974F 3 /1)
EFERE (20014 3 H ~20084E 3 ) DEBEED A RIT
WEZ BT 5L, 558 BI3EREIL.3m & EKE
1.7m, £ZF 1 F I ERANLOm & EH%3.6m T, 4
FEOBEHEOWENE L VI LA 572, &F0EYE
ORI EEZEMEOHIRIC L 2R L EL SN DA,
T3 7% T — 5 WD FROHFEE H 2w,

5. EENERZICHTDBHBABEOEL
BREFAEOBHEOEALIY, BAD 7 REELTEE
L T2 51994~20094 £ TOEZFED e EIIE 5 % H
L7z (2001~20034F & 20054 13 1) . &6 & L C,
BREEFUEZ AT D 19944E 8 H31H & B E ik
20065E 9 A 5 H D DO EE OSRE S % Fig. 8 1278 L
7z WENOBHE BRI BAFCRICERKL TV
%, DOBEN2mg L' LT DKL DI % B gL ue
AR THE T 5 &, FERRTE Stn. 4 ~ 7 D 2m LU
CIREPICER ST WA, EHEIE S5 ~703
m LR EHBED /L T/, Lo L, DOEBE 3mg
LY UTOKRETRET AL, Wi d Sm.4 D 3m b
B DBRE I - TR SN TEY, BREEHEE
HBETEIRON L., 22T, AEBEIERIAPLT
WEE (7~9H) OBERESN.5 ~ 7181 288E
IKBEDARRE & ROFEZAL % LB L7z (Fig. 9).

Station DO (mg L")
4 3 2 1

N

Depth (m)

Depth (m)

2006.9.5

Fig. 8 Vertical sections of dissolved oxygen in Dokai Bay.
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Fig. 9 Summer oxygen-deficient water mass volume in Dokai Bay
between 1994 and 2009.
X : No data available.

S HE SRR 1994~ 199745 & SR 02004~ 20004
1281 % 2mg L™ T O KSLEE O PR 8 % T B
L, FRNFNAIIXIGmS, 213X 10'mP TH ), FEWE
EHEMERICH o7z, LarLl, 3mgL PEUTOKIER
BT ERAT521 X 10 m® & ERHES08X 10 m® TEIER 5
NFEEMBEAROAE SEBLLL TRV &35 -
7.

6. BEFRKAFEREREEDHHA

FIT A (1998)F A HEE I BT 5 BEERKI DK
R E LT, REAEmOATERICE D ARBAIEL 2
Bz, FNLUETCIE—HEICERRPHE S5 WTREME:
RIgH L CWh, 22°C, W77 7 NV EDRIET
5 Chl a i & DOEREOHKRICOVT, FRAEEN
DORESM T TImE (£63HE, FHITOY v T
Bux 7 ~17) IC19944E 5 520004EDEZE (7 ~9H) O
TR OBEE % LTRSS 24T, EURE
PROTEBZEABOERERIZOVWTOWRE & A
7. Zok &y, DOEME ; x, Chl a2 ; A, [HFHR
¥B, WHLTA2%208REEAOKEGIIRDLN
HOREMRRXIE y=Ax+B TSNS, K xHKT S
BEHY TS o b L EICEET A EFOREEI
BWT, ARBLUE (W4~5mlliE) TR
VI N UDBEOEELTRIHEBELRET S L,
Chl a iBENEL B AICHEV DO REOR TP TFHEIN
L. F07H, TROBFBHREKAZERICH~NEL
L EEICRBEOEIC R EEZONS. B, HE

B30I T2 /RLZSM 7D Tm & 8m & BRiTE

r=0.190~0.9490 #i [l T, F1130.646TH » /2. &
7z, MIBEARELr 550, 7VL L O# S I3 2 069% % 5o b
ehn, WREHARTR BOEZEH L TERIC

BIT5 DO DA REEOMELITIET 5 Z L mTaE2

EEZ .

MIFEAE KD 7B LT Stn. 7128155 Chl 2 i&FE
& DO EEDBR%T Fig. 10I0/R L7z, BEkTRS L,
ADERR L7 HFRBABERL SN 7D8m (—
0.004) @ & T, % N PAHF120.015~0.759 (I 18,
0.121) O#F<T, #E (0~2m; FHE, 0.075) &
DT (7~8m; FMl, 0.196) O KE ko
oo FOl0, Ll ESERBLUEOWY TS 2 b
VIS BEEFEKILO R & RIS & O R RHEE
IR 27 nweEZ SNz, RIS, BIREHOYA B
BHEY 7T v 2 N VAR L R WIREE T O £ IKIED DO
BELRTIEDD, TOMBZILBTLILET, YT
S0 N OEBERVIZEND DO RESMIZOWT
WEErRKA7, MFEEHOUFBO—E (Tablel) %
RAL, BEOPSERSN 1~ 4120 TIELRE 3.5
mg L' EDBD, BEHSM5~7TDFRRE (0~1
m) LUEIR3. 0mg L' U TOEMKIRET, BOKED
LEBER TR > THEIMEL 2 2 HAPHERETE 5.

TR OBEMEE BV TYHR B O % R

DO (mg L")

O 5m H
1 y=0015x+18!
| RY=0.061 :
1A 6m H
L y=0076x+20"
i R?=0035 :
A Tm :

L y=0015x+186
0 20 40 60 80 100 120 ; R*=0008 !

ix 8m H
}y=-0004x+2.1!
+ R?=0.000 i

Chla(ugL")

Fig. 10 An example of linear regressions between dissolved oxygen
(DO) and chlorophyll 2 (Chl @) concentrations at station 7 in

Dokai Bay. A line shows the regression line for each water

depth.
Table 1 A list of the section B of regression lines at every station
and depth in Dokai Bay.
Depth Station
(m) 6 5 4 3 2 1

0 46 6.5 5.7 5.8 70 6.6
1 . 47 57 62 61
2 4.1 42 55 6.2
3 35 48 53 54
4 54 45 57 59
5 43 46 56 52
6 41 43 54 57
7 43 45 53 54
8 43 37 53 51

]2.1-30mgL"
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LTWwa%s, BHEERHTKSTO DO EEIIE(LTAD
T, BUIREOBECICL 5 EEL R L7z, 199848 A
2001088~ 8 210 SHF TOER Stn. 6 12 BT 5 KIE
2m D DO REDKERFZL (Fig. 11) %75 &, DO
BEIZTH2 O FRICPT TE L 20 18~ 200 |2 K&l
ZiR L7z, 0%, DOBEGEAICEL, 0~8KE
TRHEMIEEORELREMIIEL, FIF—EREDT F
HELCTY, COEREPS, 2mlEO DO EEDH
TALIEKRE VA, KFE4Am BEOHELIZAE T &
D) o 72 RICEWDOEEBIZOWTHE L=, BUIE
KEIT, 8 H20H D21I526%5 & 8 H21H @ 9 By2045 A%
BTHoz, KE6MmEKESm DDOEELHSL L |
TEIRFICETO EAERIZR SN2 3mg L LT T
Holz. LEDZEHNE DOBEDHEALD/NE\V4m
DO B DR, BREHOBMFEALEEER D
HEE I REZ L 2 7.
FHBOKMORE S — Y IZMRBIR 2 T A F v 1) —
BWRTH Y, RBETIIEBILICED ) TR, ERBTIIE
7 HEEIZD ) NS EMZ B L CHBEL TV Z
Lo T A (B3 Dy, 1996'V). Table 1 1ZE 1 T2
PHEN L72ANEKIZERNOBE)BEE CHEIHEE S
N, BEIZENET HEICITAEBERRE I Z->Twb 2k
ERTEEZONS, WBETIEFTOLRE2~3m
WCHRERE (BEIZH, 2007?) HWELEN LEI SO
BRFEMARPHE SN 20, EREKEOELEHER
ELTRHEF DOBREYESLHRED I L AMENEIE 2
BNG. EHEHIED 20022 L 5 LEEORBEBEICE
T HEENEDE VN TT v N HRTHE L
PHloTWwE, 20720, ikl L5y 7rs v
FORELABREWBETIIZVI LS, BEWEIC
LLMABEEVELCEMBAUOTEERN L 3% 2 i
V. o T, MBI BT 2 BEERKIOERIL, #E
WRWICL ABRRHEEORENIKEIVEEZ b,

10 r S o o m SO am)
8 ]
T
> 6
E
o 4
(a]
2
0
10 12 14 16 18 20 22 0 2 4 6 g Time
20 August 1998. 21

Fig. 11 Time course of dissolved oxygen at Stn.6 between 20 and
21 August 1998.

7. BERKBERIBEOZEL

19944E D 6 ~ 9 FIZHF T, EHEEL Stn. 6 D/KE6m
T DO RED MBI % £t L 72322 (1998)° DfsH
& B &, BHHICEIE (9 18EM) COEMRKA
DILHRH 3HEMOER I b 72 2 BREF KB DO MR & 1%
M (2~3H) BRERSTEHIL Cn5. g
AL SRS R A ST o B - B CGRE
) 7520044F 9 HIZ19944E & [Fl—DHbh s, AKiET 1A/”
DEMEZEKL TwE (Fig.12). Z0RER 5 L,
DO BT BB S ETEEB R 51, 9 A15H
122.6mg L™ ORARME %R L7275, LR inceE
T/ (Fig. 11). 72, 3mg LU TOBREFIRER
FI26MsE LBl S nTwinn, Xy, F—2ARR
WEED RS, 20044813 19944F OFEF & b L 48
(1B TEHABEKEIERSNE 2->TH
0, TEOEMRFKBIEEIPEIEIE L o T2 & HER
S5,

- 10
Lo ke e oo e o ool

(a)
A
Livsiy
23 30 7 14 21 28 4 11 18 25 31 7 16
1994  Jun, Jul. Aug. Sep.

1
)

o o

DO (mg L

-t
>

(1]

- (b)
) M""W&

(o]

2 4 ng

o]

[=]

0 i 1 1
10 12 14 16 date
2004 Sep.

Fig. 12 Time course of dissolved oxygen 6 m below the surface of
Stn. 6.
(a) : Between 16 June and 16 September 1994 (from Higashi et
al., 19989).
(b) : Between 10 and 16 September 2004.

8. ¥ & &

BB TIHEEEB L UL v OBREEDERIC L
B REIEE OB T IIMR I N05, HFIRIE DY
BILDOWTOELIZR O N d oz, BREELE
T DWEIEBRICOCT O EDEDP - 12 Kk &
72, ZOX) BRI, REHESEY ST 0 bt
MERTSELEBETF CTRAL TRV P BEREEE
RONTz F7o, RERELER LD OOXEEEE
MO NGB & TR E LTE L, W 2SI
HIEPBEIATET HEREBREICH 5 Z L0 - 72,
BEEEKBICERE L TAL L, BEBEEZHREZD 3
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KEIRRE DRI L 7218 E O BT AN & ERAEERREIC OV T

mg L' LT OABER Z#/ L T v X 2SR S
N, TOERERE L CGREHERDICL 2B RE W
CEZ N, EWMFTKBOEBMEICOVWTE, 72
FAEAR L - OWEICITHE TE RV, o007 —
I HLHBEOERITRENTWS, BE, EFOEBEY
TUYYAPKREICTHE/HEINSL L H)IC 2722 L% L H
(2008) 38 LCBY, ZOEKRDO—DL L THRK
FKBERHHOERHEIEG LT DTREVWNEE
ZTW5h, BEIE» Q000)YFERBRET NV EHW
SHEAERNS, REXREENOOICEBIN-EEA
T EA0% B CIE BRI O AR P B F KB F 4 2 41
BITELRWIE2ERMLTWA. S510, BREORE
REMFEARBIEF IS 512135 % L LoERENE
HIEASMLE 72 & BT Wb, BIROATE V4 ERE
FVOEFERERL I —HT A0, HEBORE
YEDOLDHITE, ELRLZAWMEHIIMICLY, BRED
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