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Temporal and spatial variation in primary production in Obama Bay

Hisami Honpa'™, Ryo Sucivoro?, Shiho Kosayashr’, Daisuke TanarA? and Osamu ToMINAGA®
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Submarine groundwater discharge (SGD) is an important nutrient source for the coastal ecosystems of Obama Bay as
well as river water. However, the response of phytoplankton to nutrients supplied from freshwater is unknown. In this
study, we evaluated the spatial and temporal variability of primary production from phytoplankton in Obama Bay.
From May 2011 to March 2012, we made monthly field observations of Chlorophyll-a (Chl-a) concentration and cal-
culated potential primary productivity (PP) using a simple mathematical model. Chl-a concentrations and PP were
each higher in the upper layer from November to February, when the river discharge was high. During the months from
March to October, when the nutrients in the upper layer were almost depleted, Chl-a concentrations and PP were high-
er in the lower layer. In May 2011, we observed significantly higher concentrations of Chl-a (51.8 ug /') in the bot-
tom layer at an area 2 km offshore from the river mouth. We also observed low-salinity water in the bottom layer at
around the same area in June 2011, one week after a notable flood. Together these observations strongly suggest that
SGD led to the phytoplankton bloom observed in the bottom layer during the spring.
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MR, AMES S D EE R REESMG SN D (ERIZ
A, 1997 ; FEREIZ 2>, 2005 ; Sugimoto et al., 2009). ¥ 7z,
WBHNZIEAE LR T WEMFE AL, K SEL L
7o AR A B 73 \ R R 9 2 T2 1 FH 2R 0 AR AT
REEICER SN, BKE OB S TH OB A% S h—
WHAEICFIHE NS OBk - B, 2000 ; 41322, 2002
Sugimoto et al., 2010). & 5 (ZH4E, B O H T /K A% E
PO 2 MEKE KD, RIS RO R E T 2 I
LTW3ZEPHESNIED TS (Taniguchi, 2002 ;
Moore, 2010). FNZFENOFEEE D SRR HEEA~MLE S 5
KA RIS R & (LT 5720, RERO—R
AEREMAED F72, BREMMICKRE LSBT S Fhw i,
REIEEC BT 2 — KB T 2720121, w4
LT BIRRHEEAO G ORI, W75 s b
YHREDIHITBEL TV L0 T THIRT L LEND
5%

ARIFFE TG LT H/NEE L, EHE ORISR ALE 3
LPHBEoONETH L (Fig 1A). BOMIIBIZE, —
AN O & ZFN O ANE X, FE L RFEI
BeoTwd (M- T, 1996). Zo—J, Willo
TR IR & N7z ah R R R T d A /NI BRI I i K
BEPEEICH D (FEN, 1962). BElid & /NEE IS A
T A K, BB L OERKKARD D BRI23% %
HOTHBY, REHMERBEICOWTAL L, BAAEERS
FTIIR 2%, BRI © Tl 65%, BT 1%
TIERI33% SIS L, TP KEkDR#EED BHTE %
v (Sugimoto etal.,, 2016). LA L7255, /NEENOHE
W75y b ras, KR TP KIS LTED X ) I
HLTVLONEIHL NI R TW RN

Z TR T, MNEBHNOWY T F > 7 b v 0BT
BORMABLOZOFHELETHO,IT LI LEZHW
2, 7087 4 Vil s —RAEBREOHIBRER (Kik
eiE T, REWERRE) 27 4 — )V FBINC X L 7.
KSR O NEBN ORI 75~ b BRI
gz (- EHE, 1996), BUFROATIE—RAEEE
EHECEHET 2 2 L ZWREECH B, ZThwz, —RAEEN
ORF VX VEENFT—FHO8EHL, /MNEBNO—K
EFEBR RN ST vy b yBUERE —RIEFENRT
Ty VO HFHMIT 5 Z & 2 il

MRELUFHE

SR B

NEEELE, TAT58.7 km?, FEHKEE 13 m, EINRE2.4 km O
LRI TH L. LA LEAS, BRI LIERE
L ORI MR, BEFETH2,000m’ s 112d 2D, KD
SRR RN 4 HAREE & (P - KAT, 1996). —
ANEEE R OB BN O AL (ISR 215.0 km?,
SRR 127 m’ s & RN o®N (GRS 215.4 km?,

P 128 m’s™!) 2% A LT % (Sugimoto and Tsuboi,
2016). T OFEFEIL AR I3/ EE SR ORISR O 72%
WCHEL, WIS 2R D% S AVNEERFICET Y, b
NEFNOMA% S L TENNE AT S (Sugimoto et al.,
2016). /NI TS O A P Bk 813 2,000 mm % |0l %
LM TH 5.

W1 O T FASHRE S N7z o BRIk o /NMESEER I, b
N O HEWT TS 14 km, 37 J1RERE H5 10002 1.5 km A2
FEWZIEA > T A UNETH, 2015). /NEFER O s i RE 1E
TEEE - btk - LESEE» S5 %) (Fig. 1B),
bR L, PO BHT K (RE#TIAK) 2555
WK & 2o TWD (IS, 1962). He T oo /K BLH L B
(NEETH, 2015) X0, /NEPEICIZ 4B OWKIEDAAAE L
B AKE 2B CHIKE (WTh b EE) 2/NEE O
EEFTHMiLTwDEFREND, F72, 2, H36K
JE &AL A MR R, TSR T RIS A ) R & s
&R IS I A ) KRB ASRD H i, HF KK S
L/MEBHKANOH T KO OFAE BRI N TV D
(INETH, 2015).
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H31H, sHe6H, 6 A7H, 7TH1H, 8A1H, 8AI12H,
9H14H, 10 12H, 11 H29H, 12713 H, 201241 H
18H, 2H23H, 3H27H) fro7z. HIRIE, EILEH»S
B o 6 % 6 S HEWT R B FH 130 8 & 5 U 72
(Fig. 1). T_XTOHIZBWTO.1 m HFETERIE D S I
¥ CoKim, s, BAARFIRE (DO), Z7unu 7 4 Vi
J%:% CTD (RINKO-Profiler ASTD102, JFE 7 K8 7 v 7 #k)
EHOWCHBM L, F25 UK, CTDICAE) —Elo
S 15 (MDS-MKV/L, JEET KN 5 v 7 4t) L iRER
(MDS-MKV/T,JFE7 KNV F v 7%k) #2000 T, 18
MRECTLEREREFEEZOKEZHE L AT
(Stns. 1-8, Fig. 1) IZBWTIE, KEHL 7007 14 )la
(Chl-a) B 25720, 221 T—BEWRKLEEEL 61
INY R = VAR B E W TS RBIRAKE 1T - 72, R
HEZEE, WAYMREEZEE, ) UREEY O, FAMREES [ FER
WoET 2728, FRAKLZZHKEZ 080 umDENVT—AT %
5 — FM7 4 V% — (ADVANTEC, 25CS080AN) % HI\V>TH
ETFCIiiBz L, oMK% BILIFAD S0 m/ R
Yy7uvlLy (PP) HElRAFL. Ty E=ZTRER
RAET 5720, KK ZE BT A D 60 ml Dl PP
B C40mIPRAE L7z, Chla BT 5720, KlEHAKZE
100 m/ PP AR T ARIZ 2 5 X 5 L7z, $XToRE
X, ETIEZ —5—FKy 7 2h Tl - BB L7z BF%E
SR - 728, MBI 2 i L 72T v 7 idd <Ic
WHRE (=30°0) L7

ROz, 3H3MHOS. 7 AlBIsH6HD
Stn. 8 IZBWVTIE, IRTOBUMEELZE-RTE T, T,
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(A) Locations of the study area. Sampling stations are indicated by circles. CTD was casted at all sampling stations, whereas

only at Stns. 1-8 (closed circles) water sampling was conducted. Boring points in Obama Plain are indicated by squares (Sasajima,
1962). (B) Geological profile of Obama Plain to Obama Bay (Modified from Sasajima, 1962).
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7200-072, Turner Design 1) % W0 }1F, WG54T % 47 -
7o WREEREEERR, WIMEEBERIE, FI7FALIFLIUIT
IV (HMRERZII FITAICE @A EED),
U UEEREY Vi, BYTTF Y IN—FELZINEF - T F T
4 ¥ — (TRAACS 800, Bran Luebbe 1) % H\> 72 H B 5547
Firolz, WESNT vy Eo 7RSS, WHBERE W
HIRERE RO GIHMEZ A AR ER (DIN), V) VY
VR BATEIERS Y © (DIP), 7 A MRET A KA BRI A
#% (DSi) & L7

—REEHKRT > 2 v IIVOFF

FEELE A (1999) 12HEWy, 2011485 H 425 20124E3 A O
Wr—% Ok, Jewmfa, REERE) 235212, —K
RHENORT Vv VEFHI L7z, tEEE R T 5729
OARHAFEIZ, Bl H ICHEBERE G THRIN S 7z 1R
TEoEE . KPR TED SRD oM ER &
1B & & o &R ASHROF L, S KB OSEEREZ L7
INSOfEEHNT, 1M EICUTOREZITY, 1H
GO—WEFENRT vy VEER L.

- IS X DR 7T v 7 b RO BRI T Steele
(1962) IZHEVELTF D X 5 12RKD 72,

1 1

F, = xexp|1- (1)
Iopt Iopt
T T

Fr= xexp|1— (2)
Topt Topl

CZTHRIBGIC X AW, NIEREE, 1, (s,
Fd/Kiic & 2 HIRH, 713K, 7, 3 REKRTH 2.

SR OHIRIEIE, Michaelis-Menten D3 X ) LLF D X 95
125,

DIN
Foy = 3
PN (K, + DIN) )
so__ DI
" (K, + DIp) @

Fon A REMRR SR, Fop SEAFRBIER) V10X 5 —K
AR O I BRI, DINIEDINGR I, DIPIXDIPiRIE, K. K,
FENRZTRER, Vo PREillEiz €3, DINRE LS
DIPIEFEED I R LU T CH - 72354, DIN & DIPIZ, 0.01
ARE L BFE ) VIS X BHIBRIED ) b/ S W
%, REBEICLAHREF L L W75 27 bro
BERHAEE (G) 1, LAT ol ) 37 oo ] BRIH & o5 B gl
% (G,,) OFEEL7.

G=G, XFXFXFy (5)

—WREENET v %V (PP) 1 GE Chl-aiEE (Chi),
Chl-a 7 S RUIRIEA B FEADLEBER () Ofk

Table 1. Parameters used in the estimate of primary production.

Parameter Units Value
PP Primary production mg Cm™ 3 day !
Chl  Chlorophyll-a concentrations ug ™!
G Growth rate day !
F;  Limitation by temperature
F,  Limitation by irradiance
F\  Limitation by nutrient
Fp Limitation by nitrogen
Fpp  Limitation by phosphorus
T, Optimal temperature °C 25
I, Optimal irradiance Wm™2 104.7
K,  Half suturation constant for uM 1.7
nitrogen
K,  Half suturation constant for uM 0.19
phosphorus
G,,.. Maximum growth rate day ! 1.05

The values were obtained from the studies of Fujiwara et al.
(1999), Yanagi and Onizuka (1999), and Fujii et al. (2002).

PP=CXChIXG (6)

& L7z ClI/MNEE CHEIl S Wb REA K FE (POC)
& Chl-a ® ft (POC/Chl-a) % Fl \» 7z. POC & Chl-a I,
20094F5 H 7225 20114E3 H £ TOMIZ, HH 1125 2100
AEt2em) MEBENTNE SNz, 26 OB S b,
Chl-a#EFED 4 ug I YL TdH - 72 & & D POC/Chl-a (716101
O EE B L, POC/Chl-a=55.5 (ug C 1™ '/ug Chl-al™")
L L7 (g, K3%). RNhoK8T 2 —5 offiix, &
E DRI TSN T B EE M L7 (Table 1).

B R

WIBIRE (KR - B9 - DO) OEBTHZE1L
INMEBHNOKIEREEICOWT, 5-9 HI3KIERAEEIT L5
WIEEIREEDS, 10-3 AI3KIRATFERE 1T &y, F 720380
—HRORAIRENTED b7z (Fig. 2). KEHPAIE, 2011
E3 HHY10.2-12.1°C, 5 H A312.8-16.4°C, 6 H A315.7-21.2°C,
7 H7%17.9-26.3°C, 8 A %%22.9-29.9°C, 9 H A321.7-28.4°C, 10
H $%21.4-22.9°C, 11 H #%16.0-19.2°C, 12 H #%12.5-17.5°C,
20124FE 1 H 7%8.8-13.8°C, 2 H 78.5-11.2°C, 3 H #78.8-12.1°C
Tholz. B, WEAKIZ20114E8H 12 HD Stn. 25K E
(0m) 1ZB1F529.9°C, HfEKiRkIZ20124E2 H 23 H D Stn
1D%FEE (0m) 12B1F585°CTHo7.

INEBNOYE IO WT, 36 KRB (15 mPLE)
WZEEGAK (>34) 29504 L, K LK OIES O DK
Eo7zs, T-8 HIXEIES KD HB LFKRRE LR DS
DFEIINE Do 72 (Fig. 2). 9 HI13EE (10 m PIR) (K5
K (<33) 2354 L, 10 HIZENEEOES T LT
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Figure 2. Longitudinal distributions of temperature, salinity and DO observed in Obama Bay on 31 March, 6 May, 7 June, 1 July, 12 Au-

gust, 14 September, 12 October, 29 November, 13 December 2011, 18 January, 23 February, and 27 March 2012.
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Figure 2. Continued.
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(Fig. 2). 112 A, 201243 B3R R 5K (<33)
ZEbLNLTWDE—0, BOMD S EESK (>33.5) A
AATOLRETAHER SNz (Fig. 2). 3E45#PAIE, 2011
3 H A38.4-343,5 H A324.9-344,6 H H%14.6-342,7 A H*
30.2-34.2, 8 HA%31.1-33.8, 9 H4%25.4-33.7, 10 H %%25.8-33.0,
11 A A%23.1-33.7, 12 A %%10.2-33.6, 2012 4£ 1 A %%26.6-33.9,
2 HA%18.6-34.0,3 HA$3.9-341 TH o /2. F 72, 201146
H7HIZEERRE (St A) OIERE K LR 1.5m) 12
B TSR G KR ABI S 7z RERTZBRR).

INEBENODOI33-114mg "' O TEB L, K/
12201248 H 12 HO Stn. DOJERE (268 m) 2B W TH#I
Wz 3751002 E5mg 7' LETH Y, BHOD
DO X 4@ CTIZITMAIF TH - 72 (Fig. 2). 8 H B I8
PO E LA EDJERE (Stn. 6-D) 1 25mgl ' BLN & & 1K
DOMEATE E Tz, 9 HITiE, 8 HIZHI S /72X DO
BIIRO 5NA o725 St 4DIEKRE GBEE LK 1m) (2
BUTDOAS5mg ™' PUF & 7% o Tz (Fig. 2). DO #EPA I,
201143 H A¥8.0-11.4mg /™', 5 H #%6.2-103mg "', 6 H #°
57-105mg !, 7HH5.7-82mg !, 8 HA333-74mgl ', 9 H
H34.1-7.6mg =1, 10 HA355-7.5mg ™', 11 HA%6.8-8.7mg ™!,
12 A 256.9-99mg ! ', 20124F 1 A #55.9-9.6mgl™ ", 2 7%
7.1-10.1mg ", 3 HA¥7.0-10.6 mg [~ TH - 7.

70087 1 I)vaiBE ERBRRBREDBTZEZL{L
FBWHOR 25 —~WEENRT v ¥ ¥y VOS2 i L
B H (o4EsH6eH, 6H7H, 7H1H, 8H12H,
9H14H, 10A12H, 11 A29H, 20124¢1H18H, 2A
23H, 3H27H) I22WT, Chl-aifE, DIN#EEE, DIPi%
B, DSiikFEDMEW 545 & Fig. 312R 3. BUNMIR T, (3
IFERITHh D HFEEN 1% %2 Li->TBY), KErd
JEJE F TAE NG L 7o T,

BN P o Chl-a #EEEIX, 0.2-51.8 ug I OHIPHCTEH)
LTz, 20114E5 H & 9 H, 201243 HIZKkE S, 6-8 H,
102 A3 ERBEAHE £ 72 3B RICERESSTER i Tn
7= (Fig. 3). ¥¥12, 20114E5 A 6 HIZ@EHIeEffliE (Stn. 4)
DJENZ (12m) IZHIKZR Chl-aBRPSER SN TEY, 4
B PCROBWE G1l8ugl™) ZRLA T4
LMEDOStn. 6 DIKIE (20m) TH98ugl 'L FH o7
[{ Bk 42, 20124E3 H 27 H O Chl-a 04 &, Stn. 4 @ K &
(13.6ugl™") LS ADKE (102ug!1™") THEHWHZR
LT,

B0 191 [ v @ DIN i BE 1A H BR AL LT A2 5 44.2 1M, DIP
BB R A LT A 5 0.5 1M, DSi i IR R AR DL
5 104.3 uM OHPHTZEBY L T2, DINIZDWT, 2011
ESHIZERIEE, 6 L 8-10 I & & hIEk 5
B OEBMNIIC2 MU E & 7% 2 FHiRESATEK S
Twiz, L2Lads, £E (lombhik) 0% < oYt
TIZ1uM BN TdH ) DINIRE K2 > 72 (Fig.3). — K
T, N2 HEAREI, 2012453 H I3 EE4E & EHh gt

SBLHOEIC 2 M L 1 & ST LT/ (Fig.
3). DIPIZDWTC, 20114E5 H, 7H, 10 B iZB Nk T
0.1 uMBLFTH D IFZIZMELTWA2s 6 HLE89H,
20124F 1-3 A& P Uil & 7213 LT DK T 0.2 1M
Vb 72 25388 S 7z (Fig. 3). DSIlZ2 W, 2011
ESH L 10 FIEBREREE % BV 72 EBNERTs uM DL
TTHY, IHLOAI) DEBETH 72, 20114E6H L
11 ARERBIC, 7-8 HIRKEIC, 9 & 2012413 HidFKE
AR L B S B O KB 10 uM BAE & 72 5 ik
FEIATIERL S LTz (Fig. 3)

WIS, HEWE AT THHBE 22 Chl-a B R STER S CTw iz
Stn. 4 DK, H5r, Chl-aigfE, REMHBED AL VT LA
% Fig. 4\ IR 7.

K 1% 8.9-30.4°C DHPATEAL L, BINE 2 ZFHIZ LA
bh7z. 6 HEDPHERBOKIR EADNKRE SR, 8-9HIZ
BRI 5% LTz, 9 H M & KIS 23R
—RRICZ D) KRB RO SN h o7z 12 HIdEREK
MAT10°C 2 Tl Y, b o 7z #5513 14.3-34.1 O
PHCRFZEMIANCR & L L Tz, 59 H LA F CKIiE
2.5 mAHE ISR 23 585E LTz, 20114610 H 12 A8
PRI 260 g I R S n g, SRERAPHE > T
W7z, F£72, 20114E3H31H, 6 H7H, 9H14HE 11 A
DR QO H IR ofE QmbliE) 3MEEs K (<30)
IZEDbN Tz, KIEEIESOBRAK R, S, FI1259H
AEJEN], SRERAIZIOA TUXVET D 10-3 HIHRAW
ThhE L7

KAWL IZOWT, DINIIBIL AL 225 19.9 uM,
DIP IZ M BR AR LU 20 5 0.2 uM, DSi ld B H R AL LLF 2 5
711 uM E TOHPFATRE (L L Tz, DINREDK
ZBELIZOWT, BREIEAE T uMELT & KEE T
Ho72A%, 20114E8 H 12 H DK TN AS§E o & 7z,
ZnELE JEEODOR6mgI ' UTFTHY, FBLIH D
K< % oTwiz (Fig.2). BEMIEEET2uMBL L F T
oL, 20114E12 H 13 H &£ 20124E3 H27 H D KJE Tk
I5pMBLEIZEL Tz, —J, WA TH»62H T
ToONE (10 mLPUE) TId3 ML R & B WIREEAS R L
Tz, DIPIREDORZEMZLIZOWT, Bz 4akE T
0.1 M A TH D 1ZITAE L T 7z, RAMIZDIN R DSi
D &) AR R IRERINEED SN h o725, 1HT
HAhH2HTFAECHOKRE 1ombiE) Tido15uMBl L
EENIREEDSKGE L T 72, DSIEE OBz iz ow
T, KEMIZ2011FE6cH7H, THIHOREESH1H,
2 HDEFETIZ10 MU EIGELTW225, 2 2w
2R - B CIES MU T & R 280 % o1, RE
B DINFARIS, & Ts5uMBLEFCHmL, 20114E12H
13HE201243 H27HDOEETIE70 ML EITZEL TW
7. —J, RARH2rE2A THOKRE (8mPlEE) Tl
10 M DL & BRI ASK e L TV 7.
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Figure 3. Longitudinal distributions of Chl-a, DIN, DIP and DSi observed in Obama Bay on 6 May, 7 June, 1 July, 12 August, 14 Sep-
tember, 12 October, 29 November 2011, 18 January, 23 February, and 27 March 2012. The dashed lines indicate 10% and 1% of the

surface irradiance.
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Figure 5. Longitudinal distributions of limiting factors of light (F;) and nutrient (Fy), and primary production (PP) on 6 May, 7 June,
1 July, 12 August, 14 September, 12 October, 29 November 2011, 18 January, 23 February, and 27 March 2012.
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Figure 7. (A) DO vs. DIN and DIP concentrations. (B) Appar-
ent oxygen utilization vs. DIN and DIP concentrations.
Dashed lines are theoretical regenerated nutrient concentra-
tions calculated by the Redfield stoichiometry at Stn. 7 on 12
August 2011.
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