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al., 1998), % DfER, IFHHRD “MLRFEDE (RK
9425 patm) 3R D @ {LEFZ S H (£ 400 gatm) 1<
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Map of (a) sea-air flux (mmol C m2 day!) and (b) salinity, binned into a 500 m 500 m horizontal resolu-

tion grid. Positive flux values (red) represent the outgassing of CO; to the atmosphere, and negative values
(blue) represent uptake. This figure is modified from Kubo et al.. (2017).
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Fig. 2. Seasonal variations of (a, d) pCO, and atmospheric pCO, (the dotted line), (b, e) salinity, and (c, f) Chl a
at the Bay Mouth (35.19N, 139.70E), Central Bay (3542N, 139.79E), and Tokyo Port Entrance (35.59N, 139.79E).

This figure is modified from Kubo et al. (2017).
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Fig. 3. Carbon cycling model in Tokyo Bay in (a) 2011-2012 and (b) the 1970s. The illustration was created by
the image library, which was free material provided by Integration and Application Network, University of
Maryland Center for Environmental Science (ian.umces.edu/imagelibrary/). This figure is modified from Kubo

and Kanda (2020).
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Chl a relationship. The color of the plot indicates
(a) Salinity and (b) Chl a, respectively. Circles in
the map are the sampling stations. This figure is
modified from Kubo et al. (2021).
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Fig. 5. Long-term changes in water temperature, salinity, nutrients, Chl ¢, and DOM during the 27-yr period at
the surface water of Station F3. Solid and dotted lines indicate the 12-month running means and original data,
respectively. This figure is modified from Kubo et al. (2019a).
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Table 1. Results of the Mann-Kendall tests for the temporal trends of nutrients, chlorophyll a, and DIN/phos-

phate from January 1989 to December 2015, DON, DOP, and TDN/TDP from June 2006 to December 2015 at
station F3. The test was applied to concentrations at each depth and the vertically integrated concentrations.
Decreasing and increasing trends with significance are shown as and “+”, respectively. “***” indicate signifi-
cance level at =001, “*” at =001, “*” at a«=0.05. “+” indicates that no significant trends are detected. This
table is modified from Kubo et al.. (2019a).

“w 9

Depth NH4" NOs NO» DIN PO Si(OH4  DON DOP Chla  DIN/POs* TDN/TDP
0 _kkk _kkok _kskok kskok _kkok _kok + ok + + 4k
5 _kkk ok kdkok _kkk ok _kdeok + + _kdok + 4k
10 _kokok _skokok _kokok _kokok + + + + _kokok + 4k
15 _kkk _kkk _kk _kokk + + + + + + +
20 —HAE —HEE + —HkE + + + + + + +
Integrated _kkk _kskok _kkok _kskok + ke + + ke + 4k

Table 2. Results of the Mann-Kendall tests for the temporal trends of nutrients, chlorophyll a, and DIN/phos-

phate from January 1989 to December 2015, DON, DOP, and TDN/TDP from June 2006 to December 2015 at
station F6. The test was applied to concentrations at each depth and the vertically integrated concentrations.
Decreasing and increasing trends with significance are shown as and “+”, respectively. “**” indicate signifi-
cance level at «=0001, “*” at «=0.01, “*” at «=0.05. “+” indicates that no significant trends are detected. This
table is modified from Kubo et al. (20192).

“w 9

Depth NH4* NOs NO» DIN PO  Si(OHu  DON DOP Chla  DIN/POs* TDN/TDP
0 _kskk ks _kkok LTS ks _kok + _kskk + + +
5 _kskok ks _kkok TS ks _kok + + _kok + +
10 _kkk ok _kkok _kkok + + + + _kdok + +
15 ok ok _kkok _kkk + + + + _kok + +
20 ok ok + ok + + + + k% + +
25 ks Uk + _kk Uk + + + + + +
Integrated _kkk ek ke ok ek ke + + _kok + +

515, TDN/TDP B ELEMNMEmEZRL TE D, BLIHEEEOMICERICZ 2 AN H 5, U VIR
B F3c BTV IR E 2000 AR fEBRE T, MEVMEIT LAY 7327 78 —X %Al
R TFIichsZ EBERD -T2, SHICEBKFODOP  HLTDOPLAYZAHT 2 LRTES, HAET
JEEE1Z 2006 220 5 2015 SE I A L 7253, DON 2 1%, 1970 424X (Taga and Kobori, 1978) 7> 5 1980 41X
2L Twizd - 7z (Table 1, 2), DOP i3 DON & (Hashimoto et al., 1985) 1 tb_C 10 5 L@ 7L A
fRTafEEsne T wizd, DOP OFHIZY VEEEDSK, V74 A7 72 —EiEEP 2013 FEFicRBi I
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(a) y =—32x + 56
o R? =0.79, p <0.001
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Fig. 6. The relationship between the annual mean
volume of advanced treatment effluent and annual
mean concentrations of (a) dissolved inorganic ni-
trogen and (b) phosphate in the surface waters of
stations F3 and F6. This figure is modified from
Kubo et al. (2019a).

(Sim, 2013), ZD7%d, WYTI7 > 7 by ORI v
Rl X > THABIRESNTVwE EEZ BN 5,

U U TESEREE 1B A F6 OJEfEKTHIHA LTz
(Table 2), HEECTIREMREAKBIIELE M OEL 5 H
P69 HICEICTHET D, ZTOME, ZoRHICEND
Mo REao ) vBEIRE SN S (eg., 83K 5,
2003; Yasui et al., 2016), HEEOEMRFKIMORIEIZ,
1984 45> 5 2002 4E 0 Iz 134 B 2 B 12 & 5 his
Dot (ZHES, 2005), L2 L, HEEOmME (35458 N
DIEE) R (13998 E MIH) 0 &FEFKILOKIRILZ D
%o 10 FEMTHAEATH 2 2 EAHESIN TV DS (KL

5, 2005 L5, 2014; Ando et al., 2021), 7z, W
HBEBORGERERE L2 ViREOMICHHRED &
LEERRENTVD (ZHES, 2005), Z2D7d, Bl
HF6 EREAT OV v BEIREORRE AL, AR
FKIL DA THE S HEEEY 2 5 0 ) o BRIETA I B D
DIk BbDOREEEZLND, HEETIEKEICHERE
EHERN, REKEERBKPRBET S, 20k, EF
WCHEREI D VAT 2 U VIR IR T 5 L RIE - P E
~NO Y VSR OGN B, £ OREE, KiERED
U UBRIEIREDE T2 SR L, —REECHTZY
VHIRRAY & b —f@ IS 5 A B B,

TARBE L HEEEE A ETS RS iz (Ta-
ble 1, 2), L22L, WEEOT AERE L T/KOEEML
HAKRICRERSZHBEBEREIES N o oMPHE
HIFARHTH - 7z (Kubo et al., 2019a), BEKIEK - iR
WS B 2 W EIERITI I AR E 02 2 50 21
EFE -V VIERMAICER LIt b D% H 205, 7
ABCEHLZb DI R0, BPEICEWTH 7 1 8
ERARI D ST H LS - xS h2b0EEZX S
nTEH, AEIEHCk->THEEZZI VLD EEN
TWwd, 2070, HHIREDLIT> T 5283 K
T T ABRIOMEHELTEaENTESLT (eg, Ku-
bo et al., 2020a), WEDTAMBBED T —212EEAL
ZiEshcwze (55, 2012),

VAR, NFENEEIDS 7 A BRIEBRICH B2 52 T3 T
EMGEHENT WS (Tréguer and De La Rocha, 2013),
Zo A, A HZAY (Struyf and Conley, 2009)
RV LOEFMNF 2 50 5 (Humborg et al., 1997),
Humborg et al. (1997) 134" L3RR O K F 7)1
%77 A BRI A3 14 umol L™ 205 54 pmol L™ ~ & 4
L7l L ZPSPIC LTz, ZOZMIZY L TARDPIES IE
DEND T EITE D HHEERI AL, EEEEHEAE - L
e« HERGE T 2 2 LI & D PR~ OEHG R T 2720
KElERIEhIEEZONTVDS, ZDd, IhFE
THARBEOMEICL>TOALEHTIEEZI LT
73, NARIRIC X 28 EET 208835 %,

¥/, R[UELBOFEIC L b FoKELE RO E
SWNIAKOHKZEMERTH 2 L FHSNL TS
(Scavia et al., 2002; Touma et al., 2019), &k fEE
BICHE S BRI AN X » B & O RFr sz - Y
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VB R RAEOHTEEDO 2N E 1 20% (Sinha
etal., 2017), #33~16% (Jeppesen et al., 2009) ¥/n
TrLlvwbhTws, —7, 7ABERREICO VTS
LTHREZINZDBDODIFLEAEZL 2w ERESINT
W52 (Seitzinger et al., 2010), T4 A B L H T
Kz LICEBEPLPEELTORVEDELEEZS
N5, TNE TN - HARRIZITIDKARAKICHRS 1
TATRBEIMETN T 2 LW oEE (eg, Su et al., 2018)
Db B0, HAKRHHES 7 A R R OHEEIZIZLA L
BEINTELTAHLZENS W, £, TETEREE
BT AE S WK O SR KR D B E KRR DN
FE ORISR R O AL 2SS & T v B (Staten et al.,
2018; Chauvin ef al., 2020), 512, 0% FiREEMD
HEFT T 2 E RDIEEROZMMICHE Y, HAR L22 oS ED
A ELEROBEHEIME T T2 LB FHRINTVDS
(Yamaguchi et al., 2020), Z D7z, H/KSEE OBIIR
HIZK B DI KALATEE Z 2 W REME D B %

HHBICBY 27 A BRERADEREZH ST 57
O, HEUBEWRAMIT & 257D Eifid 5 M2 T
ERZE LB Z TV, 71 BROBRBIEHE 2T -
Teo F7z, 2019 10 HicHAI LREL 7258 19 5 - 21
BT & B KR O W FB A~ D7 A et A5 B 2 5Tl L 72
(Kubo and Yamahira, 2020),

2 A BRI P I3 ARE % 8 U T R < (130 wmol L
BREE), it - TN (240 umol L™ BLEE) ¥ 2
iz R L Cwic (Fig 7). i/l LD & LN TP
U NI O BHE R R A BEIRE MR D o 7o 72, fEk
EZ 6N Tw»5HE DI/ ERDO Y LN T b IGFE LY
WEENC K O T A AD LTl eEZ 5N, UL,
P b B 1% 10 umol L™ RRFE T & - 72 7 o hifissh - T
NDY LTOTABBREDFEINSVEEZLN S,
—7, BHIA D S TRIFRE T A BREEO LR
A LN (Fig. 7). EFMHEIADN AR S B RO LR
3PS R R OF KLy & —23H 5, FKE
L LTHHRKD—ERIEH T A% A EFCHALTHY 3,
BRASHIC S0 5 OFEKIE TSI L, JABRAK D
WINCBORE N5 2 L TTIIRD T A BRIREAHIMS %
ERHE I Tw3 (BFE - R, 2006), Zauid, —#&
I P KICIEEIREO 7 A B E&EEN TV 272D TH
%, Fiz, WD S O &t 5 O F AL

BTKREZNL:1THsZ LM 5RTY3 (Kubo
etal, 2015), SEBIC, FRINFFRERD 7 A B 13511 L
Tk & T ALER AR K (300 umol L7 FLEE) 1 B 2
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Fig. 7. Spatial variations of (a) Si(OH), concentra-
tions during normal water level, (b) particulate sili-
con (PSi) concentrations during normal water lev-
el, and (c) Si(OH)4 (black circle) and PSi (cross)
concentrations on October 26, 2019, during the
flooding events. X-axis indicates the distance from
upper stream water. Green arrows indicate the po-
sition of the dam and sewage treatment plant. This
figure is modified from Kubo and Yamahira (2020).
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ERELABRECH -7, 2Dk, FIFHEicEs
B D 7 4 BRI EE O BEINE T KUK DA TR
T2 E0TE S,

T KTRA R OIEIC & D IR B O 7 A B
NS 2AREMEDSH B, LA L, HEHESN T 1990
FERPEHTARD L A LFRBIZIZIFFECREICH D
AEOHFTBED 7 A RIS T 2 E /NI VwEEZ S
N2 (REHEER, 20060), ZD7-», HEEWEICE
F 27 A D FER AR TARKLEE©H 5 2 L2y
o oDy, REGE T ORI EAERIZ £ 721 H
Th b,

HEAKIRE D 7 A Wi FE 1K IR B 20 % R EEAR W E T
B, WA K> TJIIRBFERS NS 72 DREHIE T L
TwietEzons (Fig 7). FH (2018410 H 1 HA 5
2019 4F 9 H 30 H) & HizkiRE (2019 4£ 10 512~ 26 Ho 15
HR) o7 A Bas 2 E 2 il s T 5 s
(Beal’s unbiased ratio estimator; Fulweiler and Nixon,
2005) % W THF o 72 %5 8, 4ERE € 15%10° mol year ™,
K3 1.2%10° mol 15days ™' & 72 b 15 HREC4ERI O£
faf BAIC VU $ % & & 75 > T\ 7z (Kubo and Yamabhira,
2020), Su ef al (2018) &, HAKHAM X7 A BEEESEY ©
JFAGIZRE S 7 A B EG & b LEEAGRINIC & 2 7 1 B AtG
DELGNREL LD LEHREL TV S, ZDd, H
KIZ & B AL DOIEHESR FEOKDRH IR E D o7z EF X
b D, KEBEHKIRFICE T 2WEERT —2 1%, 5%
SRR C b 9 2 RBBHKITHE 5 G RiESIC 8 1 2
WEMERZHEE D - 0I5B bkt L TIT w7 =2 0
BT T RBEDLH 5,

1)

4. £&EOD

B R A ) IR PRIE O T /K& - T KALERAT=E
DM CKLRE R R « 50 A AR R O
fEEPSKIRITHA LTz, —17, HEDMRIESREARERK
RICERE LMD R SN2 Dd > Tz, TN AKLERE©
1995 42> & Bilth X 4 7 E EEALER I A SR EIRSHIR B (8
SR - ) VIBIRIREE) oAb o T, Bl
TED LB F L DI & 135870 b Rl FE DK
R E e o Tz, ThiE, TARMEEIC X R
brEz LRl 2 RREER R - G0 RIEERRZEDORED

TEPHNWICREOIFERZEEZ SN D, £z, 1970
FEAROFEFIBIC BT 2 KK — M FER o Wl F IS
&, BIEO M A OB EMHRFER RS AN ORI L 75 T
Wi, D70, HEBEREO FKEMICEWIES - 7-
TIBAL R R O D & WIS A D R RIEER 2L, I
T O T KEESHET IR W R O E TR R TR Z %
FREEED D B

# OB

COEE, HARBEYRMEE L VI RELEHDE
FOWEREEZLT, BlHVPIESITI0ELE, 20
LRI, 5B FTETHIHEAOFKEDOICHEL
TwELZWVE, BoRlEfE 2B vcd, HXEIHT:
D, FLEBREZEOKAT, HEL LS50t
X UCOBEROREHF LI VEHFEL BT ET, 2o
O REMHBEZHEI DX, FEERNAD» SHES
TICHFSE % 0 U 72 AR R 72 & T BRI R 21T
BENDITAZIZLDELESELDHADTHRE, T
HOEPTTT,

HEHERY: - PHBEASE I I3 4 EE DR R
FlE LU, AR E To 9 FERAREBIMETIC
D E L7, IZEIRERZ I Tk ORISR ICB T 2WE
TEERFREEIT O T ELIEZHZI TV EE LT,
RO ERAE - JIEETRIed, fEEsLidatic et
A - RS - R R E LT H 2 b % L OISR
HBiELTORZEE L, HAEERADOM AT
FE - VR YA - AR E o BRI
FRFEMECRE BT ICZ 0 £ Lk, Ko, BIHRE
PEEG (3 - JAMSTEC) 1213 Wt 29 F 2 pH ot
HIEFFEICOOTHAT L EE L, HalEERE.
WAEEF L — 3 a vk vy — QBRI I BN
v T YA LD EREBMERICD £ L, B
KD T LI I FH K AE Tt & IR S
R L TIREIC BT IC R o TR, £/, AR
AN OB M > THND T4 L —FEIC 8Ll - it
IO NS0l TT A, HIERIEETTSRRT - 5%
TLEA =S 1Ic 3 - T 2 v - R FEFR IR IER I B
I E 720 F U7z, FILAAEZIZLD, FHEURY - DI
I SRS AR S RN A WTSURT - SaR Bl A ic TEA
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BPNRREE, FTARAAY T a v IS TELDIRIFFICEL
ol T, £, MEHABRNRY SHEE T, diF
WA - TR I HOE IR AR O o - 1R
FreREBHGICZ->T0ET,

ARCEIZZR L TR A, 2011 FEDOHEHAK
RIS WEE T IR ERT R AR, 155 R
LHEFE TG > 7 L O HPLERICO W TIIE R
fT>T&% L7 (Kubo et al, 2018; Kubo et al., 2019b;
Kubo et al., 2020b), #F9E%1T 512 72 b BEHFERT -
A AR o P AN BN S PR B 3R e
LOFHRMEOD £ £ TREBMERICZD £ LT,

2 TOMFRERIC B W CHEM - #F78H © o iE
FLEARRIR T U, BRBERYAHEM THIE, T
& &0y B THEAL, ALHRE KRR EE AR A
FTBL &AM, PEME N3x7%, oMBELCICEHAED
BRI L LW g 3, RRcAE 4 D 589 7 R
FIEHHTES T THEN) AL IcBHEEICRD
F L7z, 20214F 10 H TR B FDEHICEEZBAL TL
52 ERIEHIERTTY, TOLED, THikEL T
HEBOBAINThN TV L E2H->TWwET,

F 72, FAOMFRZBAEDOHEE LitaE O HEE OREHR
UL C, WHEHERZEHEELZDODLLHD F
T, SNE, S ECHIEE CWEIGRIFR 2T TET
ARESIEROEPIFTT, ADESTELT =2 D
PR DI AT Z T > T AR ICEBRTEIE
EBoTwET,

RBIL, ROFEEREZXHDFOTICANDZLAT
CNTFTEMBUICIEREBEH L Cwgd, 2LC, Bl
DFNDAEIFDEFN—2 av L THBER (i v—
S AR YT Ry ) I L TCwET,
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The carbon and nutrient dynamics in Tokyo Bay:
sewage maintenance alters carbon and nutrient cycling

Atsushi Kubo ™

Abstract

This article summarizes results of the study conducted on the cycling of carbon and nutrients
in Tokyo Bay. Extensive surveys on the partial pressure of CO: in the bay showed that the
bay acts as a strong net sink for atmospheric COs, as a result of active photosynthesis driven
by nutrient loading from the land, which overwhelms the decomposition of terrestrial organic
matter. This is because sewage treatment plants in the watershed remove most of the labile
organic carbon and provide mainly recalcitrant organic carbon to the bay. Furthermore, nutri-
ent concentrations in the bay significantly decreased from January 1989 to December 2015.
These reflect the reduced loading of nutrients into the bay due to the implementation of ad-
vanced wastewater treatment techniques.
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