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Examination of the Environmental Criterion for Mariculture Based on
Benthic Oxygen Uptake Rate and an Attempt to Evaluate Assimilative
Capacity, by Using a Three-Dimensional Numerical Model

Katsuyuki ABo' and Hisashi YOKOYAMA

The Law to Ensure Sustainable Aquaculture Production that was established in the year 1999 determined an environ-
mental criterion based on the relationship between benthic oxygen uptake rate (BOII) and organic matter loading rate.
In this criterion, the maximum value of BOU against the organic matter loading is regarded as an indicator of the phase
of the maximum biological mineralization process, and the acid volatile sulfide content of the sediment (AVS-S) corre-
sponding to the BOU maximum is defined as the standard value. To examine the method for determining the standard
value, we have developed a three-dimensional numerical model, which takes advection, dispersion, deposition and de-
composition of organic matter from mariculture system into account. Numerical simulations by the model revealed that
it was quite difficult to estimate the BOU maximum through in sifu investigations, because it was greatly influenced by
the water exchange and oxygen supply. We suggest that the numerical model should be used instead of in sifu investiga- ’»
tion to determine the standard value. We also applied this model to evaluate the assimilative capacity of existing fish
farms in a basin.
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Bull. Jpn. Soc. Fish. Oceanogr.

iEU®IC
1999 4F-5 FUZ AR, HifT &7z [Ham s 2k s p iR vk
T, FHERY A BN LE BE DR % 130 B 7o 1Tk Il
A%ﬁi‘?@ﬂ%aﬁlé‘ FHEE 1R T 5 & 5 KD T \'é T DM
ICEBEL CRBEOSEIED—2 LT, Wit TEHD5E
?IML‘ O TOKREIZE 2R, 2 DOIEEDORE
B AMENEENRRL LD L EZDOWHLMEOMET
.o"('«’é Ll EBMKERERCEKDED ST
4. ZOBIEHMEIL . Omoretal (1994) B X UM - k#
(1996) DHEZFIZFEIWTE D, TOFELFEI—MRIC [k
- RKEEG] 2 EbhTnd, Hoid, BRSO
PEEEIB U8 LB - 332010, BEIZE-T
BT S NIE A S X AERERICHZA TN T LY

2002 4F 10 7 11 R, 20034F2 A 14 H 52
KEERBEIZE & >~ & —FERIIFTRT
National Research Institute of Aquaculture, Fisheries Research Agency,
422—1 Nakatsuhamaura, Nansei-cho, Mie 516-0193, Japan

" abo@fra.affrc.go.jp

BIEBICER L, WREOBIRIYESE #IBE L LA
BMOFEBENEEFRBEL-. BB O2EDLIITER

7o, ERIZ X A EBEMERAMb B &, HEROBRIHE
WM 5. Lo L, FEMERORKIZHEOBERD
REBZRENRTT 520, HRYOBRIRNERELH
A% LS BRIKTT 5, BENEHRERALEED
F CIERMWHSEE BT RICRA LRI, ERER
ICBICH AR ENRTWEDT, ZOMRIHEREDRK
BB 2 AR 4REETOREEL TS, /2, K
[ - KFE (1996) 1, BUBHE A 5 e RIYEHE D RKE

KD B HOEKNFEREEER L, H5 FEREMGHE
iz & 0 AL L, 2 TR OEENC DWW TR
BHEHEN RAL L ST b E %KD, Z Ol % IR O
FODIRFEE T BT HIREL TS,

[k - RFAEEES | oD%, BUBMAEIC L D BREHE
HEORAEABRE L ERbHle LT, ZFEROFH
B35 (Omori ef al., 1994) & TIgE (FER, 1995) D20
RBITONS. FEOFTIE, EEONE - IRFKIZE T

— 99—



MR, Il

2 48 o fiti B 0.3~14.4 ymol O,/cm*/day (Seiki et al., 1989)
b%wd?%wﬁﬁ%@%Twﬁéhtgsmmo
0,/cm*day (Wu er al., 1994) & K& < L[H % &M RIHE B E
D KAl 90~220 umol O,/cm?/day 7345 5 717"_. =L, &
g THITE X M2 AL b X ORI E BUE O fiEid ok
e DnTE D, MHEOMGL S BEHEHRZOHRAK
EABR Lz &RE VR, BFOFITIE, Eilzih-T
B & MR B O A IS 5 M - BRI BEHE O
m@ﬁT%WQmﬁmmhfia<ﬁwiw%MiLML
EORIZED S WEEERH D, TdH 5 & BUFRUEE
ELTORMETEZENT %zl< 7;»5 F/-, #b - w
R (2002) 3, REFREEO P THBYOIITEN S m&r
Hed 2 AR RIEE A ME T RE DL ARHL, SEHE
DRy FIEIZ BT, RREI RS & QPB4
FEBLL 2D BIEREIC K 2 AR ER O8R4 5 Bl 28
ATHE#T -7z, 146 M8 - SRR E R E O I8
@W@'HFWMKH5%BWTE%I83Mmm
0,/cm*/day T . RO SRV B L e SR Y
D27~ M%T@ot.tﬁb AEERIEEEE |
RHBEAE L S IIRKEEZ RN T 2 EETELL 572,
PlED3pliz v h g FE—EN (b 25 0id—205N)
DERETOFBTIE SN ETH D, RE - k7%
(1996) MHREZE L 7= 1B FILIC & 0 B SHEHIE DRk
EaRD=FNZEF 0, ZTOXS51T, BIBIC B TRt
AR RD N HlEHFTEI LT TEY, ZOBE
HUEAE T 2 2010, [k - REMEG ] oFEAD
R A X SIIRITABERH I EEIONS.
AR T, iTOmou et al. (1994) IZ9E - 7= #¥E 1 2KTT
EFLERGERSIZED ?%ﬂ«éé'TF%:FPW%ﬁth
Fo K OBESVHEH T & KSR & OB AL, |
B DFRTMUAC & 2 BRI FEUENE D P J5 wa@%%ﬁ
AL, DL, 3RTEFTLEHNT, ZhETIC
TN ZR—BAOEE R TOBEFEIC & 5 B
DPTEFHEERIE L7, 612, Iy B0 BIEEmEIC
B 52 AMANGER (BMEEFER) #A L, F3W
BEAD 3 RICE T N DOEF O AIEEM: A& BEf L 7=,

F &

ME1RTETIV

Omori et al. (1994) 1, S8 1 XTCE F LI & O TG ER
EHERMIOMRIHE R E OBIRAFI R L 72, EF LTI,

ﬁ*ﬂiﬁ(mhﬁ MR A ROCER T GE2kE) &4
ML (3R SLUHBYTRE GE548) OFt4fE

#H@L,Eﬁﬁﬁm VETHRR . BT E O $8IE 1 2RTC
TOFHiRE & BIEE I L O RO TV B (Fig. 1). EF
NMERDFERTRINS,

Surface

1st Layer Og] 01 De1

2nd Layer De2

Oxidation
Bottom

3rd Layer D
el €3
; Oxidation
Oxidation
4th Layer Og4 l Dea

Figure 1. Flow chart of the vertical one-dimensional numerical
model. Og, to Og, represent organic matter in the Ist to 4th
layer, respectively. O, to O, represent dissolved oxygen in the
Ist to 3rd layer, respectively. S; and S, represent reduced sub-
stances in the 3rd and 4th layer, respectively (after Omori et

al. 1994).
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Figure 2. Schematic views of the three-dimensional numerical model. (a) Multi-level stratified flow model. (b) Ad-
vection and diffusion of organic matter and dissolved oxygen. (c) Flow chart of the sedimentation, oxidation and
anoxic decomposition of organic matter.
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Figure 3. Plain view (upper figure) and sectional view (lower
figure) of the model geometry (Case 1). Fish farming sites
(dotted areas) are distributed equally in the basin. Numerals
in the figure indicate the station numbers of the calculation
grids.
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Figure 4. Plain view of the mode] geometry (Case 2). Alpha-
bets in the figure indicate the station of the calculation grids.
Dotted areas indicate fish farming sites. The sectional view is
same as in Fig. 3.
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Figure 6. Results of the calculation by the one-dimensional
model (4,,/AZ ,=25). (a) Relationship between benthic
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tween reduced substance concentration and organic matter
loading rate.

ESITHNT % & TRAROBEBRLAHED Z LIZX0EY
MEEFNE 2 X A o h b, FTORE, ARmETRH
B BT 5 & YN E RS ke & 0, TO
BIWAPIZImCTo s, TRARKOAERRLE L EIZ, &
TEPNE IR AR U LSRR E AR 5 7
%, RN ERE SO RIZERC 3.

DOEID, WEIECET S/ A -4 DEEELT, B
R BEHEEE L OBREFREL 2 (Fig. 7).
ZIT, 189 A=A ALAZ, HENKECEELRKE
EBAOBEMESRE NI L e RT. EUNEBRINE
PR & ARG IENERE I & S ITEE AR BISH L TRK
ExEEHS, ThoORKEEZOLEOEHBPAEREEK
a0, Ak, R TIREYINER RIS W & B ARE
OFHEE LTHELZ, ZhURITAYNERRMEEEIZ D0
TOARRS ., ENRESREEE S, SRR O
2H5THBMAREISE L CRAMEA D, S IEHA
(4,,/AZ,,) PN E TG A ER R TEEN
BHEERAL A0, B A E < & BIEEHRRH

B sk nd L 2ORHBMENRERSZ 5. &k,

TR R E AR AN CHE U 2 O S O ILER T h
D, BkEAEBETS I LGy, £72, BREER
FEOMISRO KR E XL > TRELER L, JLED/NE
Ve B TS RREEEEE IR L, O kE W E
EIZRBREEEE IR AL D, DT EIE, AL
DREEIHRHPLTERLE DL, TNTHhOBHTTRD 218
RIHERE L AR OBRE IR TERLS 55 I L%

107 A1/AZa12= 10 7 At2/AZat2 =100 —Total
=== Biological

""" Chemical

At12/AZa12 =25

8
6
4
2
0
10
8

[
4 4
2.' <
0 |
107 A12/aZa2 =50
8 | -

DO Uptake Rate (umol Oz/cm?/day)

o N B

Organic Loading (umol Oz/cm2/day)

Figure 7. Relationship between benthic oxygen uptake rate and
organic matter loading rate calculated by the one-dimen-
sional model under various vertical diffusions (4,,/AZ, ,=
10-200 cm/day). Solid thin line, thick line and broken line in-
dicate total, biological and chemical oxygen uptake rate, re-
spectively.

— 104 —

|

|
{



I 5T o el

BT 5. BRFRHERE ORKME A KD 20101 84
LA (RROHEEES) PMEICS L A2 k5 IcHES 4
BIRT 50855 5,

B - KT (1996) %, WFEKO WA RS 7~ D AD %
HAGRET (08) Ik DIEFASEIL L | OSDIF{RL L 7= Bk
DIUSH DR RN EHE & ARDR L ORISR A & BT
EDRKIEZRD B XHIBELTVS, LrL, 1 XTTF
TODFERS, BRI E R A W%(Mﬁ%ﬁ)ww
BeM<ZUI5ILERLThD, BEMBELHDLTEE
hiud, % L%TIbmem%&E&ﬁ%WEtwﬁ
frzF—DEEMIZ W THIKT 2 Z N TELL BB D
EARIEL T3, BEOREE TR, BRAGEEH L
“%ﬁ?,nﬁak§<®gm Ko TkED, HEALE

IZRE S RIEH & OERFEME 721 Tl < AR 2 Fesin it -
PO MRS BT 208 H B, @%@mmma;m
Wm HEGHRE DR AE % K 2 701213, lBEMEEE

FLL, AHYEREN R 5% w%%%ﬁﬁ@%%ﬁ@
%ﬁr, BIERNIBIERICE LW e ELZ 5N 5,
SRITEFIICL BIREE
ZITH, A—EAOEESE TOBRBIEEIC & b s
BAERETEZEDRUMIZDNTIRTEFTAL A FNT
WEt L 7=,

1) Case
BN A ALY A D B (Fig. 3) 12DWC, &HiA

BT HAMBYRATRE &AM ENE ST AR L .
Fig. 8IZIXT D 3 BT 1, 5,9, 13, 17, 1912 k51T B 51 EkE S
TR L7z, BRED (HiH9~19) IoBWTid, HEDE
OBWRIZHECEREERT I, 558 (k)
THA D EXEIIMADT . ThABERE TRy 5 x
MeRHEREDORAMTH D ﬁﬁhﬁh®JEMﬁ§%
T (MhDRH). ZDOHFE BINES< 2L
ﬁofk%<&% Ll wﬁsﬁhémxbwmﬁf
&, BEL - {“&*M/]ﬁﬁ&@ﬁlﬁ] I (1~100 gmol O,/cm’/day)

i@%mﬁﬁﬁiWM?é —HTRAME Ak,
uHﬁT Téé#éotk%u,a%fbfmé
K91, BRI ESE OB AE IR RIS EIC
km%rw%mwf ﬁﬁ%ﬁfﬁfﬁméﬁfwmm
B AT, BREREERE SR L L3 HEYE
i & RS f&)'é EBTE, E5ICFDOL ZOHTD
MORTTYEIRE #5145 2 210 L 0 B 4 5k o
ST EMNRETH S,

DEIC, BEEEEOREFHEIZIOW TRt 5. B
BT, dIBEOHHRMENED S LT, BADORH
FUZ B W TIESRIEE Y & HERYIh 3T B 14 L By
REET ST LICh %, Fig 93, HEMEATHSEAZ% 2
T, BHRICHE T 34BN % 3R F NS

D

FORIRLAEEDTH S, COREMERREICBVLTY,
I RIHE B S BRE TN E < 2o hE O A

Rz HEAERD.

WD R BB ki

%

e

HRil & AR 2 i 2

5 - .
= 2 Stn.19 Sin. 9
> |
o
T, ] !
Q.2-+ ]
<0
£ °7stn.17 1stns
3 4 |
2 39
© B
x 2 v 1
o 11 1
~ /\
&0
£ 57stn.13 1Stn.1

4 ]
(@]
O 37 + ]
9 27 1
m1-/_\ 4

0

0 20 40 60 80 1000 20 40 60 80 100

Organic Loading(umol Oz/cm?/day)

Figure 8. Relationship between benthic biological oxygen up-
take rate and organic matter loading rate at six stations (see
Fig. 3), calculated by the three-dimensional model (Case 1).
Arrows indicate the maximum of benthic oxygen uptake rate.
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Figure 10. Relationship between benthic biological oxygen up-
take rate and reduced substances concentration at each sta-
tion (see Fig. 3) under six cases of organic matter loading
rates (10-100 umol O,/cm¥day), calculated by the three-di-
mensional model (Case 1).
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Figure 11. Three-dimensional views of the results of the calcu-
lation by the three-dimensional model (Case 1). (a) Relation-
ship between benthic biological oxygen uptake rate and or-
ganic matter loading rate at each station. (b) Relationship be-
tween benthic biological oxygen uptake rate and organic mat-
ter loading rate at Station 17. Arrow indicates the limit of or-
ganic matter loading rate. (c) Biological oxygen uptake rate
at each Station when organic matter loading rate is 50 mol
0O,/cm?/day. Arrow indicates the apparent maximum of the
oxygen uptake rate.
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ing rate. Broken line indicates the apparent maximum of oxy-
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Figure 13. Results of the calculation by the three-dimensional
model (Case 2). (a) Organic matter loading rate to the bottom
at Stations A to K (see Fig. 4) when organic matter loading
rate to the surface water of fish farming sites is 100 gmol
0O,/cm*/day. (b) Relationship between benthic biological oxy-
gen uptake rate and organic matter loading rate to the bottom.
Solid line: relationship at Station D when organic matter
loading rate to the surface water of fish farming sites is
changed from 0 to 200 umol O,/cm’/day. Solid circles: rela-
tionship at Stations A to K when organic matter loading rate
to the surface water of fish farming sites is 100 gmol
O,/cm?*/day. (c) Relationship between dissolved oxygen con-
centration of the bottom water and organic matter loading
rate to the bottom. Solid line and solid circles denote same as
in (b).
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Figure 14. Relationship between benthic biological oxygen up-
take rate and reduced substances concentration of sedi-
ment based on the three-dimensional model (Case 2).
(a) The relationship when organic matter loading rate to
the surface water of fish farming sites is changed from 0 to

7 {300 pmol 0,/cm*/day (Stations A to D). (b) The relationships
at stations A to K when organic matter loading rate to the
surface water of fish farming sites is 50 (solid circles), 100
(solid triangles) and 200 (solid square) ptmol 0,/em?/day, re-
spectively. Arrows indicate the maximum of oxygen uptake
rate.
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Figure 15. Relationship between benthic biological oxygen up-
take rate and organic matter loading rate at six fish farming
sites in Gokasho Bay (see Fig. 5), based on the three-dimen-
sional model. Arrows indicate the maximum of oxygen up-
take rate.
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Figure 16. Isopleths of the limit value of organic matter loading
rate (fmol O /cm¥/day) in Gokasho Bay, based on the three-
dimensional model.
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