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Recirculating aquaculture system (RAS) (Review) I . System structure and technological components
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Many studies concerning recirculating aquaculture systems (RAS) have been conducted worldwide over the past four decades.
RAS have the advantage of using much smaller quantities of water for fish production than flow—through systems. Using these
systems, makes it is easier to maintain an optimum temperature for rearing species and also to disinfect the rearing water.
Further, they have the advantage of having less direct impact on the aquatic environment than open systems when the waste
materials and discharge water from the system are managed properly. The principal components of an RAS include a rearing
tank; mechanical filter (form fractionator); biological filter, which removes ammonia, nitrite, and nitrate (nitrification and
denitrification) ; CO: stripping unit; DO control (oxygenator); sterilization (UV light); and temperature control (heating—cooling
unit) . The biological filter is the most important component of the system. In this review, many types of biological filters and

the current status of RAS development in Europe, the USA, and other countries, including Japan, are described.
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Fig.1 Schematic diagram of the three different culturing systems in aquaculture.
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1.3 PBA$ETER A (Closed Recirculating System)
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Fig.2 Schematic flow diagram of a typical recirculating aquaculture system.
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2.3.21 FEHEKZE (Emerged Filters Method)
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Emerged — Rotating Biological Contactors
—— Trickling Filters
Packed Static Packed Bed
Fixed film biofilters
Expandable Up Flow Sand Filters
— Floating Bead Bioclarifiers
Submerged — Fluidized Sand
E
Xpanded Downflow Microbead
—— Moving Bed BioReactor

Fig.3 Fixed film biofilters can be clustered into four fundamental categories that represent “emerged”, “packed”, “expandable”

and “expanded”.
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D, EEEEL LCT Yy ESTOBREIEHENS,
Z0720, BN RHEERPLETH L, WREKRSE LT
X, LiiaiEEeE, FE Y — X EYERZSETH D,

2.3.22.b-1 _LRAAmFIEESE (Up Flow Sand Filters)
RyEAeHE, KKH 77—Vl S, AR
EHERTH D, AYEBEiRL LTHHEHIN TV,
T F AR AT O BN D B 72D WD E R I,
AKREECIRIE S STV 228, EPEO A K 13K
D TEWIFRESLETH Y, HRICHE ) KOBELIK
Eniw, BAEEMICFREFEH I N TV,

T E — XEMiEERS
(Floating Bead Bioclarifiers)

e Y — APEEERE, B & RS, BIRRCIRIE
#MeHL7zbDTHAS (Malone and Beecher, 2000), A
IR, B R AT A WAL LT bk
% (Chen et al., 1993), [FERFICIEAET v E=THEERT IR
BT BMEMIAET 2 DI TR hEREEFF> T b
(Malone, 1993), Y — XyE#e5i3, AW & WIEE
5 OFERE % Hfedafi 2 72 lgr &L e s hTwnb, ¥—
AT ANY—=TIE, KLY BBVEERIVEEDT T
AF v 7 €= X% ANTEAXOEEEIC R CfE
KEEBAT L, E—X LI ENERFEICL->TT
VEZTEORES TS LIS, ¥ — AHEmEAl L
BICERHT 5720, ©—ZX@ o T OEsG Tld iz BEH Y
(SS) DL T v FEND, SSOBRFIIIHED THM % HF
ThY, FWBEREICE L TH R TRER & 2%
Wk DOHEN % SN TWw b (Malone and Coffin,
1991) o

PolyGeyser U — X 7 4 L ¥ —I%, ZERJEIZL ) BHEIWIC
HED TN S, KIZE — AHBTEHE I N2 JER O T ER
LAY, 74NV8 —FHOPE LAZICHNL, ZDH
W ERIEE & AR SRR IS AT b IS, F T, BRA
Ao HIHE SN, FORE SNz E 26 -
THPREND, FRASVEIIR D L, HEINICZREADE
BEDOEKDWRDOT O ADAKR, T4IVF—E—X%
RAEL, BNFEIT, KOMEERIE, K771 7 M2
X 0frbh, HHROKIE, BEHIKwW SN, JEE)
FR SN D, Wpkicrk ) kofEskida L, By (7
1) OHHEOBEOKOIEIIZESI RS, 1o T, K
MEE, FRIC L A ROUANEN D, HREE CE
HE2GEERTH L, ZRIFICLBBMEDLD, 77
AF v 7= ADRL|ESINL 2D, 74 V5 —KH
DEWREEA RN, A LER 2SR S L5 (Malone,
1992),

2.3.2.2.b-2
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2.3.22.c #ENFERIEAKR (Expanded Bed)
REEBSBOE=077T) — & LT, REBEEER
Bd b, EBHAEICKPICILA > TWD 720, EEWIC
E5 74N —DRENEL, EWENEICRINS,
WM ORERREIIKE L, FFICEZOMP LR T T X
F v 7 BOE - AR INL, REIIEERE, <17
U —X74NV8—, MEIRANATNVT 75 —D35 4T
Wb

2.3.2.2.c-1 #HEMPRES (Fluidized Sand)

WEIRANA F 7 4 V% —1F, KB LEmKZ (15m’
/min X 1% 400~4,000gpm) THEH SN2, AE#HZFDOHF]
ZEE, EMORKRER/IERICKRENI L TH DL, M
INDFSR T T AF v 78 — X TlE, HFEEE L4, 000
~45,000m¥m’ TH Y, BHUKIEKETIE, 100~800m*/m’,
Y—X7 4% =TI, 1,050m’m* TH5, iEIRIEEE
&, AT—=VT v THESHTHY, WENEEE DS W
(Summerfelt and Wade, 1998), L7, gt OEHIZ, il
DIEHOYMEEFD D DICH~_EETH L, REBEHRDT
VEZTHREZRER, BKRTCTOEENYEE1302~04
kg/m'/day TH V), m/AKIRIEGEIC BV Tid0.6~1.0kg/m’/
day T& % (Timmons and Summerfelt, 1998) o

KIEBEFO RN, R FICLBEKITA MFFH N
&L, BOKMEIR MIEEATEIR & RIS, BREiTh %W
e THbB, BT, ML <, FERBYORED
WEETHY, 77 7)) v 72RZI$TIETH5S,

RIEBLFZIBVTIE, @RS EDLZ L, B
TEETH S (Summerfelt and Cleasby, 1996; Summerfelt
et al., 1996) . JEBEFDENDEAKIZIIHA R TERD 5
B, AR S, TR EEEF DK E TIEbE 2 VD
5o T 74T —OTEEIZEKL, REIJEDFHT~IK
WTFERICTEHDTHD, ZOTHEKAK &I EAK S
AT LE, BISRY TIEE O 13~ 12 DA & 2552 H
F%,

ARG EEO KX RF I, A% 50 b HALOKBET
FBELBATD, TVESTRBEHRRLZLETH D,
L2 L, ARSI E T 5 RIS i - T b,
EAEARIEE ORISR AMZ S, BLEOEOMH
MoKREANDLZET, BEHENEZKRPEY %055 A
WIFHL %D, LORFERCERNEKRIBLERICZ o
72 (Timmons et al., 2001) .

KIEEZE D EWIEANOBEZE O, BEIEER & FkE
WEBKRIZE > TORITON LD, WF, EEE~OH
BAKOTEAREAE N0, WM, BRI
IRERN & 2 2 & idlEn, F72, MANOBEELREEL,
—BERT B AR TR L7 DSTRE & 7% 56



2322¢c2 YA U7OE—-XT71)bZ—
(Downflow Microbead)

YA 7 0¥ — XL, BEOFEY — B &
SRR B, FilEY — XZEEE o F 2D S,
WA E LTEMCFLLTEY, EHOERI)EEE1
k720 700kg LETH Y, e~ A4 70— X2
NIEEMTH B, ¥4 70 —XiFKY ZFL v # (1
b 24720 16kg) T, FEI~3mmTHb, ¥/ 7HE—
g% (Timmons ef al., 2006) 1%, EHDIEEZ & 0K
JAMNT, KRBEEPTRETH D, T2, T A MIRH
WiEEIRD50% EMKT A M THY, ZIUILVKEEIESE
EEWEBDOR Y IHMEHERL NS THL, ¥4 1
Y — Xl 1m M NS0 —HIZTAN (&7 V%
STHEEER) R 2kgUEHR S, (HOKOT v EZT
B % 2~3mg/L \THERAE R . IR OBAT, K
WAL %25 £ 50% < HVRENIDINT T 575, iRENbIE
s L FREORNZECTH S (Timmons ef al., 2005) .

TRENRNAF )T 7 82—
(Moving Bed BioReactor)

1980 EARIIALS, /vy = — THEARLIERIC L Y ki
HY AR 5 BT Sz, fEROIEEZRICIEN
TENTWLEE LTI, REHRIDR L, Mg
Yz eToHY, BAEI—1 v 2B 5 PR i
BT, JAKHHSINTED, #HEIZBWTIE, BEEO
TR DHLTER LTV,

ARPEEE, FIEEDTTRETH ), WM OFEL 0
#E:C, REBEIAD %, REMMEITRE {, HHEIIA
BCThb, ZOWEBEIE, IFREMTIIMILYS, Bi5%k
HTIIREDSTTRETH 5, HILT 27O DHRGM 2 1E
LI ERDWE FIIEER S, TEDZOOHRSMN
T BIIEAKRF I F =D RETH D, BHITEE, W
HEAEEDT0% HH LTV 5, W2 O» Sz v
FRICTSLED Ay ¥ 2R MAFEIRO R 7 ) — 2 h3EE RN
IR ICELE S NTB Y, ZOdhICIEM LTI AN
BNTW5D, JEMIE, BFEERYZFL Y (095cm®) #
T, AN HEFIRTHE, SEBICEEIRDZHE v T
% (Odegaard et al., 1994) o

2.3.2.2.c-3

2.4 pHREU7I A EFRZ (pH and Alkalinity Control)
WALERC RIZTEROER D DI, pH, T
BE, KR, AR, B _BLRE, HOSrd b,
TEALVERNC RT3 pH D58, 387560 4EMIIZE. ) F9E
ENT &7 (Biesterfeld ef al., 2001) o Nitrosomonas \& pH
7.0~7.8, Nitrobacter \ZpH7.2~82 W%l 2 HE ST
% (Painter and Loveless, 1983; Antoniou ef al., 1990) o

7V EZTIIKFCONHA & N DT THEEL, 0
EEGIIARRE pHIZ K D E 5, fIZE 5 THERNH;
W pHAE W EEIEDE L B D, WAL IS pHT ~8 Tif
P, pHO LT TSR LEB 24213 5, 72, ML
W7V VWEEEE L, 7V E25mg CaCOs/L
DTl fbidfE4 4%,

FALICEED T A VHOHERBE _RLikFzOE
PO pHIE TALMEMIIH L, ZD70, EFCO DR
R T NI WEOHKEI LY pHZFRET 2 UEN D 5,
pHEY v — L@ &8, 7UhVWE (NaHCOs) ZIRhN
T5HEbHL, TVAHVYEDHEERNT YV E=ZTD
WL=ICIBIT 22 &20, REEIBLTT VA
BrREMT2HELH5, —7F, hFEeT v THOF
HAbEZONDH, BURRERPH - T, KEOZKHEL
HIZKEANZ T TIZEDN, TVAVWEOEHE
PWAT 5o flE kg 123 LT 0.25g D NaHCO; ASLE T
& % (Loyless and Malone, 1997) o

2.5 BEIEBB{ERFDRRZE (CO, Stripping)

RN 7)) T OWRIC X ) LR EDTAET B0
IR DOEIFIVAAE COx 1349 0.5mg/L T, BWEIFI & 72 o 72856
&, R & oM, SRS b, HEREE LITA
2o, KHPIZEREICEFET S (Summerfelt and Sharrer,
2004) .

DCO. (BAF _MRALRTR) Mk EmEIc L) B2 205,
—fAZKAENE 20mg/L LT ICT 5 2 LSS ST B,
DCO; & D b DN MOIERIZFZES 5755, HIZIHTEDH %
BATYH, BIBEICLLEKROpHE FIF 5 DT, DCO,
DRFILETHY), ZOOBRTR, BRI TONS
(Summerfelt et al., 2000; Bergheim et al, 2009; Kristensen
et al., 2009)

2.6 ATFEEZHIH (DO Supply)
BOREICEEL 2 2D0 (AFRRER) 1, o
60% FEE L ShHN TS (Summerfelt ef al., 2000), fit->
T, KHEHITTODOA60% U127 2 BRI R % ka4
BULBEND B, KENOMIGEEREIL, BOKRML72D
WFEHBEDPOEIE SN, BN ) OFFEEIL,
mX (BEMERIEE -GG REEX06) &k b,
F 72, LR QRO BBECHETHE T LH05, 0
BLUREEDORIHETRTH S,
HATITBELT L—Ya Yk W AEREEE LS
DBEW, TT7L—3a TN EICT A2 & idH®k
e\, BRI OBEFRE A ST 5720120, MiEEER
BERREDOFEVAEREBEBEARTHRG T 2LEVH S
(Summerfelt e al., 2000), Z DS, BEIZILL 7> T



LI )L, BEREARRLEFIMGE 25 Rk
LU —=ZHWTHIET 2 8D H 5

Knowles et al. (1965) 2 X % &, Nitrosomonas i, 2.0
mg/L ® DO T b i LIERIZ R BT E\ DS, Nitrobacter 13,
Amg/LULF T, BT LI E2WEL TV 5,
Wheaton ef al. (1991) & Malone et al. (1998) (2 X 5 &,
KO TODO2mg/L %, WALIEM % MEFF3 % 1 CRefiiR
VERZDOL NV THDL L LT,

2.7 KEBEHIUHREFIHE
(Water Temperature and Flow Control)

KIBIIKE LB OEELZ2EHEHCH Y, AOREC
B L FPHICHEE L R e & v, KIEHIENIC
1, KREBEBENRGHT Sk, ENEERTLHH%
BHb, MNLBEYR AT LZDLDOREE 4512
TV, B AV F—OBER T RANBIZTRETH D, K
FHEBEINRG T 5 53T, FRAERE (Bl &b
KIEDE WAL, FAEKOERDILL 2HDT, TE
PLETH 5o HIAKIAME < FHSIREE 2 = VW B aid,
WS T Chw EEBEBFRE L, BRI EL RIT
TZEDDH D,

TEBER L, KENOT »EZ T, EYIEBORY
ft&, KE~OMmEMEESLAKENOTHEIHE L IIT
FTo MEEBRPABTEEICDLAMED TV ba— Ui
HETH L, MHEMLME SIEEE, HHREIrOBEI
207 B THEOEFPRMEDFE SN, EROME
KRR AKEIG U727 v B TRALEE D S LEE T 5
EHMER BN T LLEND 5,

TG T ILFR K D T >~ & = T HESE L 12 & ) &AL
T 2795, BFIINHAN SmgLU T CIERE AT 5, &
KEALHEE OWE TIE, NHeN 10mg/LLL ELOFENT
ZTRETHNEEINEGEELL DT, HHT LMD
TEALREE DS & DR RE CTHIE S N7 TH 5 »iLET
NEThHbH, EBICFHABTTL2HEOT v EZTIRE,
NH:—N 1mg/LIEETH 505, FEHMILHEE TR ML
HE L) 2RV %5,

FEALVER T 2 KIRO BT, EWILFNIER &
FRELS, Wb CEZEALRZER (Okey and Albertson, 1989) T
3dH 505, WIFERSEIZES N T A, KIBDSTEILIERM 12
KA 2L, van Hoff-Arrhenius X & [AEECTH Y, %
HKIRIE, 28~38CCH Y (Sharma and Ahlert, 1977), 14
~27C OHFPHTERED T I S Twiud, BE%
W E I NTWA (Zhu and Chen, 2002), F72, %=
FEx SAE O IE 22 F B AKIRO S TH UL, Ko L5
&SRR ITERRAIC E53 4 (Wortman and Wheaton,
1991),

TEBRGBITE > A 7 & L EHRA 89

2.8 XDOFZE (Photoinhibition)
HIWALMEOREZHEL, BHOARZMRT
(Guerrero and Jones, 1996) . fSfUAIE 1L, WHEH, Rk
BRI L CTEZEDEY, T 7 a— L CONEL
IZEBHEEROA AZEDTREN TS (Muller-Neugluck
and Engel, 1961; Bock, 1965), Nitrobacter | Nitrosomonas
SIS EAT5ES (Bock, 1965; Olson, 1981), Nitrosomonas
oceanus DIETEDIH| S L5 (Watson, 1965) . J%F480nm
DEINE O D B2 HIH] S5 (Schon and Engel,
1962), —7J7, Ml & 872> 6 OEAIZIE, AT T
HOR#ENVETH S (Yoshioka and Saijo, 1984) .

29 #HE (Sterilization)

TSR e REEREA L, REMER Y A VR
L PERET A I e L, FLT, REEYL
LCEERDPER S NS 720, MoOfLZEHBER LD b5
BIZE LV, YV VKO RLH R ORI L
THRO TEHWRIBEETET 505, MESPEJEMIZE 5T
BEETH B, WMEHEMITIE, —IKEITIC X 55
Wik EORIRES P E BRI L A IREREIC L > TE
BENDH, HEIEL, TOEVI0%BRETH 2
(Summerfelt and Hochheimer, 1997) . KF AR, 4512
WA AET A L E IR L, BEMELT TIP3
(Rosenthal and Kruner, 1985), HEHEE=CFBRA 4 » DSFHE
FTAHBICH, OHIEZHET 27-0, FICREREIME
9% (Legube ef al., 1986)

TV, WEMEERT O, wkPTiRP R L
b, 0.02mgL D OHENFWETH L, Lo L, PFKFTIE,
HICEWIEE CAHEERE AL EE 2 5 (Liltved ef al.,
1995)5 0.0093mg/L DIEFEDF ) U HFERE LT b L <A
FUNTHEEMD D S (Liltved ef al., 1995) o THN 7 £ )L A
WX B4 Y OFHERIERIL, 0.20mg/L DIEEET 10551
DB THENTH S (Owsley, 1991), —J7, Colberg and
Lingg (1978) 12X 5 &, fERMEE S AT AIZB VT
Aeromonas, Pseudomoas, YersinaiZsOFREHE 247 LT
VUIE9% FRITIES B DR VY OREFIL
WTHY, TVT I THEDHEFILD ZOHEEDITR
ENTW5B (Theisen er al., 1998), LA L, HEEWEND
KEBARIZEIARBETH H720, HEHHERLOD W
KR SNERETH B, T2, BEZETHEAKIC
TV rEERAT L, FERBIELTEYA N (BrOs) »°
AT A 72% (Summerfelt, 2003; Von Gunten and Hoigne,
1994), &M T 4 V& — %l L7zt SIBKISHEKT S
VERD L,

Ehis (UV) BED A v LB, BEICEYEL
TEBRIEEET ISV S TH7z, Spotte and Adams (1981)



W& B e, UVESHIERIES S AT A12BI1T BIEARD
BEICHERTIEH 525, UVREEE ORI D
59, WEMARIGEEICYIICES 2 Eid v, [EERS,
WERY, LM TEICLAREICBVTD, BallE
DA Z i\, o T, RAMMOAL ST, K
MORERDOBEILREL TBL I LIEEETH b,
UVHEBSHE, KR K E B ICHKDREICHR
(Liltved et al., 1995) T, 7 A NVA L) HHHE I LTE
DEMTH D5, AW OL K CTIIBRER RIS
TE 7\, P 300-200nm OEIEAFIH T FETH 5 75,
254nm 2% b KR TH 5,

3. FEEOY) A&

TEERIE AN Y A T AT A %R, FlcF—uy
N A(Frv~—=0, X925, A4V, JVIz—, 75
YR) RT AV, A ATITI, HEETHEDSNTE
720 HEOE L RKFEOMFEABE T M F N TRF
P 7z f0fE R0 SCHRSE & Table 1Y £ & 072, FTAEARFH
BIFSAEAC R Y, FkOR R 5§, iE, @E, 1>
FEOEA IO WKL T 5,

3.1 KE

IRESIREE OB 2 O WG RIZEFE 1§ 2 H M Ak L <,
MEHFD [7F] 252 DI 2 B3 5720, EE
BT OERMIINETH 5, WBrfED 0T,
DT, HER, BOESEOL Y vy —, REOHLELTO
WHMELT2EZIVPEMEL 2o TWb, o THEGH
13, BEETH ) b BT O TS (SFFF, 1999 ;
< Tk — T L2V KEREEIZES, 2003),

fafE & LTI, Rainbow trout, Arctic char, Tilapia$®
RKEDERTH Y, KGR OREES 206, K&
1 7 e M OGSk LAHIE D v, KV AT A1 E
(R A & BB BRI ST b, KFEENTTeRk
B & ARG AN EHE L TR D, IR EARE] AT
KTWb ELMFEHMEZLTISHNT %0

3.1a North Carolina State University

J=AF v 7 A FNRFCE, KEIZB T 5165
B > X 7 LZEOMERL T. M. Losordo 258 1), 1970 451§
PO AYEEEE, AT AREHEEONITE, HAlHIEAHE
JTE 24T T W % (Losordo and Westerman, 1994;
Losordo, 1997; Losordo et al., 1998; Westerman et al., 1996;
Losordo et al., 2000; Losordo and Hobbs, 2000; Delong and
Losordo, 2004) o 1990 4812 I ARELA (2 B3~ 2 M) D[~
PRI LR RBFET Lz, £72, ABH & V7o
HEFEICH A B T A PHIZO W TR 2R E 2T > T

% (Losordo and Westerman, 1994; Dunning et al., 1998) .

3.1b University of Maryland

AN =T Y FRFETIE, FlEKENA T R OBEY
FORME L D HIE %1 > TWw A (Hochheimer and
Wheaton, 1998), Z DWFZEHERLTIE, N4 4727 /0y —
12 & D EEICEE S N fIE, e HBIEBKAE &
MLTHBEINTV D, #lzksy 4 TOMERE ON1F
VT 75 =) 2K BARMBEGN 24T L (Tal et al, 2003),
gk, B ICBES ABUEM DX Y 7 AR AT &
12, TR E THEE 2 LD TV LIREET FE v
7 AHEDOWERIT > T\ D (Tal et al., 2006) o

3.1c Louisiana State University

WA DT FIMNRKFOIEERY AT L TlE, W71V
57— B 7 2B RAISE 1T Y, FilER e — X7 ¢
NV —FRHAL, BEO/NULER > TWh (Gutierrez
—~Wing and Malone, 2006), ¥ — X L121d, BiHim & —
ptlE R EME = 1% <4 (Malone and Beecher, 2000),
RyTEEH LAWY 7 b RICE - T, BEEAHFE
DFEHER > TWb, fFRY AT LOFERI VLT M,
2oy M, [T, [%EHE] £ LT T#EFENHT]
T& % (Malone and Pfeiffer, 2006) o

3.1d University of Texas Medical Branch

T XY ARFOEFERTI, FEFSE O I
ELTA M (Yang et al., 1989; Lee et al., 1994) DFH
IIERAEEBZHHLTWA, KV AT 4L, fAET
BAMNHE L 72T L O, RFIREED ERET S
TANY —, APEEROBE (X5 =), ek
SrHEREIE, WAV REE, =TV 7 MRV TR
S5EHET LA —F IV ERENDE, TheD
VAFATHEERIE, 32—y 2k EELSN
(Lee, 1995; Lee, 2000; Lee et al., 2001), IHARD/ T 7+ —
YA EBVRAERKEDOMFEASTEETH ), AEEITK
E R NSO [HERF] 25217 T b (Lee et al., 2001) o
AEEREB L, EFEWE (NH;, NO,, NOs), pH,
ORP (AL@ICERL), /Kil, M4, DO, WMETH 5B, K
BUMNCHRICEE 2 EHEAREE, WAKH ImL 4720 O
WETH b, BREBREOR P TRENLRT Y EZT
REFZOMILERE 2T 720121E, MEKZEIZ
LUENH Y, BHEEE 100/ mLLFIZL TWwab,

3.1e Cornell University
I — F VK12, North Carolina State University O T.
M. Losordo & £ ICHIDEEY ¥ KT A &AW FEAT L7
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Table 1 Main universities and institutes conducting research and development on RAS

Nation University and institute

Target species

Examples of references

United States of America North Carolina State University

Tilapia

Losordo and Westerman (1994); Losordo (1997);
Losordo et al. (1998); Westerman et al. (1998);
Dunning et al. (1998); Losordo and Hobbs (2000);
Losordo et al. (2000); Delong and Losordo (2004)

University of Maryland

Gilthead Seabream

Wortman and Wheaton (1991); Hochheimer and
Wheaton (1998); Tal et al. (2003); Tal et al. (2006);
Lyssenko and Wheaton (2005); Tal et al. (2009)

Louisiana State University

Blue crab,

Manthe et al. (1988); DeLosReyes Jr. and Lawson
(1996); Malone and Beecher (2000); Gutierrez-Wing
and Malone (2006); Malone and Pfeiffer (2006); Pfeiffer
and Malone (2006);

University of Texas Medical Branch

Loliginid squid, Shrimp,
Flounder

Yang et al. (1989); Lee et al. (1994); Lee (1995); Lee et
al. (2000); Lee (2000); Lee et al. (2001)

Cornell University

Sturgeon, Arctic charr,
Rainbow trout

Chen et al. (1991); Weeks et al. (1992); Chen et al.
(1993); Timmons et al. (1995); Bullock et al. (1997);
Timmons et al. (1998); Greiner and Timmons (1998);
Singh et al. (1999); Timmons et al. (2002); Timmons et
al. (2006)

The Conservation Fund Freshwater

Institute

Rainbow trout, Arctic
charr,

Summerfelt and Cleasby (1996); Summerfelt et al.
(1997); Summerfelt et al. (1999); Summerfelt et al.
(2000); Summerfelt (2003); Ebeling et al. (2004);
Summerfelt et al. (2004a); Summerfelt et al. (2004b);
Summerfelt (2006); Summerfelt et al. (2009)

Technical University of Denmark

Turbot, Flounder, Parch,

Suhr and Pedersen (2010); Kirkegaard (2010); Pedersen

Denmark Rainbow trout, European )
(DTU Aqua) cel, Atlantic salmon et al. (2012); Dalsgaard et al. (2013)
France Eiislz:/jtseI?;rng;glzfag:;nz? tl}{lzsse;rch Sea bass, Rainbow trout, Blancheton et al. (1995); Sauther et al. (1998); Leonard
(IFREMER) Turbot, et al. (2000); Blancheton (2000); d'orbcastel et al. (2009)
Institute of Oceanoeraphy of Kiel European eel, Cat Fish, Otte and Rosenthal (1979); Kruner and Rosenthal (1983);
Germany Uni ur it graphy Tilapia, Rainbow trout, Rosenthal and Kruner (1985); Thetmeyer et al. (1999);
fuverstty Turbot, Stiller et al. (2013)
Euronean Eel. African Bovendeur et al. (1987); Heinsbroek and Kamstra (1990);
the Netherlands Wageningen University (Aquaculture catfi sl; Rainl;ow trout Nijhof (1995); Kamstra et al. (1998); Eding and Kamstra
and Fisheries Group) Tila ia’ > (2002); Eding et al. (2006); Verdegem et al. (2006);
P13, Verdegem and Bosma (2009)
Institute for Marine Resources and Turbot, Flounder, Parch, Schram et al. (2009); Martins et al. (2010); Schneider et
Ecosystem Studies (IMARES) Sole, Sea bass, Sea bream al. (2013)
The Nlorweglan Institute of Food, Atlantic qu, Altantic Terjesen et al. (2008); Kolarevic et al. (2012a);
Norway Fisheries and Aquaculture Research ~ salmon, Rainbow trout, Kolarevic et al. (2012b); Nobel et al. (2013)
(Nofima) Atlantic halibut, ’ ’ ’
Norwegian University of Science and gtlraomg;nczi’ j;li?t)ic:’ Odegaard et al. (1994); Eikebrokk and Ulgenes (1998);
Technology (NTNU) C}lllarrp ’ Kristensen et al. (2009); Attramadal et al. (2012)
Tilapia. Common ca Aboutboul et al. (1995); Arbiv and van Rijn (1995); van
Israel Hebrew University Chaﬁnél catfish Eelrpj Rijn (1996); Barak and van Rijn (2000); Barak et al.
’ (2003); Cytryn et al. (2005); van Rijn et al. (2006)
Sea bream, Sea weed, Schroeder (1987); Krom and Neori (1989); Neori et al.
Israel National Centre for Mariculture Abalone, Sea urchin, Sea (2000); Krom et al. (2001); Mozes et al. (2003); Neori et
cucumber al. (2004)
. Wang et al. (2007); Liu et al. (2009); Xial et al. (2009);
. Chinese Academy of Fisheries Channel catfish, Spine Zhang et al. (2011); Zheng et al. (2011); Gao et al.
China . stickleback, Yellow . .
Sciences catfish. Silver ca (2012); Zheng et al. (2012); Liu et al. (2013); Peirong
’ P> and Wei (2013)
India Cochin University Shrimp, Prawn Kumar et al.(2008); Kumar et al. (2008); Kumar et al.

(2009a); Kumar et al. (2009b); Kumar et al. (2010)




Table 1 Continued

Nation University or institute

Target species

Examples of references

Tilapia, Common carp,
Channel catfish, Eel,
Abalone,

South Korea Pukyon National University

Kim (1997); Kim and Jo (1998); Kim et al. (2000); Park
et al. (2001); Seo et al. (2001); Park et al. (2008); Park et
al. (2009); Harwanto et al., (2011)

Central Research Institute of Electric

Japan Power Industry

Japanese flounder

Honda (1988); Kikuchi et al. (1990); Kikuchi et al.
(1991); Kikuchi et al. (1992); Honda et al. (1993);
Kikuchi et al. (1994); Honda (1998)

Miyazaki University Eel

Maruyama et al. (1991); Maruyama and Suzuki (1998);
Suzuki et al. (2003)

Tokyo University of Marine Science

and Technology Tilapia

Takeuchi and Endo (2004a); Takeuchi and Endo
(2004b); Takeuchi and Endo (2013)

M. B. Timmons #°\* % , Sturgeon, Arctic char, Rainbow
trout 5F DY A Z X FRIZ, FIH A O bR ia kit
218 (foam fractionation) DPAZE (Weeks et al.,, 1992; Chen
et al., 1993; Timmons et al., 1995), FIZHERD 5 DOFKIE
REF 7B E—-ZT 4V F —&DREBKEE %17 - 72

(Greiner and Timmons, 1998) o

3.1f The Conservation Fund Freshwater Institute

WoKRERE S v ¥ —120E, REAMICET 2 MM
o < Rk L 72BF2ER S 247> T\ A S. T. Summerfelt 288
D, FEIEAKBESGRE L TEMBAZEICERY HLATY S,
BEEEL LT, V8 0E A (Summerfelt et
al., 1997, Summerfelt, 2003; Summerfelt ef al., 2009) < A
71 A7 1) — (Ebeling et al., 2004) %\ 728S%1) >~
D B B O B %, B F AR R ZERAL R FE OB %R
(Summerfelt ez al., 2000) ZDFTEE4T > 720

3.2 M

-1y 3T, RO OERAEHERME Y AT A
MHRFEEN, TFF, VT AHORKAEITRICER
ftEhTnbd, AT LHEO=—XL LTiE, ORK
KDHEY & THERKOTFEMI & 2 HARE, @ik
DYLELZHILTOE T ANV F —E0EEREH - 72,
F 72, @HEIAR E@QFEHOPHERIH~D = — X
NET oI enFIFS5N 5,

HRBRBIORER L Dy —EEPSBRINL 720, i
T2 O FE R IR D CTHEETH Y, FESRURE F2E5E I
T HIFEBSE AT 1970 -8 HAT b N T 5, FREMEICH
BT B0, HARIIIHLESHA SN TBY, K
Bk, MAOHOMER, IS AT L0H%
DERE SN T VD, FIHER T LTI P EHHEE
DRE %7 L2, OB HIMIEEZTVO D8
WAHRRIZID T B ¥ AT A0SR TV A (PR, 1999 5 <
) 7 F — T K21 KERFERTFES, 2003) 0

3.2a Technical University of Denmark (DTU Aqua)

7~ — 2 @ Technical University of Denmark (DTU
Aqua) TlE, FIZ=ZTV Y AZWFRE LI-WIEREI KA
TdH % (Dalsgaard et al., 2013), #iffE & BRI ONT
>~ A (Pedersen et al., 2012) REERIE B & TTEIRIEHE
O FEHBETOLEMEFT 21T > T b (Subrand
Pedersen, 2010) o FEERIIFH, A ¥ — FTHRBIR (€—
ZHUREE) 1245505, SSDFEL A4 (RN E T
H Y IKOMEHEN D7 THED,

—7Jj, Turbot, Flounder, ParchZEiEfADEH biThH
THY, RMICHELRESRMEE LT, F, T4
FASHIG BRI S A D, FHAE BT 55 b AT
bhiTwa,

3.2b Palavas IFREMER Station

7 5 ¥ A D Palavas IFREMER Station fifii¥ (3 1970 4E |2 F
WEEOET VL LTERSI N, ZRDRENIAH
DAL TH Y, BAUTRDOEE 217> Tz,

C DX DEREAMOER KA > ME, PIE# 7 «
Ve —Thl), FABEHRFOREWE % HRLEY B
THI LD D, FAROMARIE S/ HIRAKL ETHIUL,
Pk osEFEREL, TR LRNEFELTHLE, ¥ =N
Z  (Blancheton and Canaguier, 1995) O #E %1 100kg
m* T, FKROUKEEIZ0.5%FEEE, FIFEARPERIZERT
LS D BDS, M@, 74 V5—, TV UMBEIZE
AT > TV Do DOIX80% UL L% HERFT %, pHIL8.0
~8S5VHETH 5, FIFEKIE L LB ORI,
LISHERTH S, PLeEflilg, BIREIAFEA (Sauther
et al., 1998)

Blancheton (2000) 1, %4, AXFOMEERAEEHF
7ex L, MhiEE s o~ 7 aofEEAERE, BHEICh
EFLTWD, By 2T 2R HR O YHES K 4
WA AR EEAL T2, HPEHKORIEDZ <,
HE LD B 20~30%/ HIFKEEAE VN,



3.2¢ Institute of Oceanography of Kiel University

F A 7 @ Institute of Oceanography of Kiel University ®
Rosenthal 413 3 — 1 v SOIERIEEF T I 5 MR
T& %, European eel, Cat Fish, Tilapia, Rainbow trout
S5 D PRI E R Turbot 55 D HERE 1 2 3 R BREIH 12 B 5
LIfFEBHSE % 4T > 72 (Otte and Rosenthal, 1979), AT X5
K7 T3] & [HEREE] X, 2 TER L4
BDDH Y, BFIES L AERFENNT v AR ROME
RN AREEDIETH D, NAF T4V —I2&
LRKEEALIX, BODMEZ KEFHIOREREL L, pHOZAL
ZEMLTVD, FIMBREKEORE 2 M 70 Ui
EIZ L, PEBKISHT 2 VKm0 78 % 8§ 5 720 i
BREELTHALCnwD, AV VR LABICEET S
FXTF U N RBRETAOICERRE VTS, L
D UG RGNS TN ET 5720, 234 T OFLED
LMD & o 7273, VI A M AE» LB &0
fifile % [0 - 72 (Rosenthal and Kruner, 1985) o

3.2d Wageningen University
(Aquaculture and Fisheries Group)

%+ Z » %@ Wageningen University ( Agquaculture and
Fisheries Group) Tld, European eel, African cat fish,
Rainbow trout, Tilapia% ¥ —% v I (Bovendeur et al.,
1987; Eding and Kamstra, 2002) & L 7=34liBI5 TN
TWwWhb, B2 F%%5H (Heinsbroek and Kamstra, 1990)
ARV AT L2l LTk 2z BT d, AR T
1, BOUKIEIE (Nijhof, 1995; Kamstra et al., 1998; Eding et
al., 2006) 2SFHWHNTWA,
3.2e |Institute for Marine Resources and Ecosystem
Studies (IMARES)

77— = 27 KO Institute for Marine Resources and
Ecosystem Studies (IMARES) Tl¥, Turbot, Flounder,
Parch, Sole (Schneider ef al., 2012), Sea bass, Sea bream
THHE AR D FE M S 4L (Martins et al., 2010), i 2 £
(Schram et al., 2009) ASEIZAfTHN TV %,

3.2f The Norwegian Institute of Food, Fisheries and
Aquaculture Research (Nofima)

/ )V 7 1. — @ The Norwegian Institute of Food, Fisheries
and Aquaculture Research (Nofima) Tid, Atlantic cod,
Altantic salmon, Rainbow trout, Atlantic halibut D& E 2T
DI, FEIRWEEST 7 O AERE IIFRNXET VAT 4
AL, mEIRMEES N N CO MR EEL L, BElL
2L BETMEDH SN T A (Terjesen et al., 2008; Nobel
etal,2013), —F, BEEEHBERLITOBIC, Wik

BB > A 7 & L EHEA 93

DT VBT YT OF A T T AR,
MR OGTEMFNFEE VT Tw 5
(Kolarevic et al., 2012a; 2012b) .

3.2g Norwegian University of Science and Technology
(NTNU)

Norwegian University of Science and Technology (NTNU)
T3, Atlantic cod, Turbot, European eel, Arctic char, %
XFHATFEBSE AT H T & 72 (Eikebrokk and Ulgenes,
1998)c A:Wpis# 2B LT, PEAMEL IR T ST
ZHEYEEOFEAT (Odegaard et al., 1994) % JEBRIEM > A
TANCHT 2R ENTBY, ¥ 7 OME AR
BT B EFAPOBAEW ORI (Attramadal et al., 2012)
DR ZHEL T 5,

3.3 ZOtDE
331 A XZIJ
3.3.1a Hebrew University

AT FTAKETIE, Tilapia, Common carp, Channel catfish,
Bel EZ0 %KM E L7225 D, Van Rijn, 1% Hb
ETAMEEICLY, EWNEBICBIT AL - BEEIcE
T % B L ISHBIFE IR ST % (Aboutboul
et al., 1995; Arbiv and van Rijn, 1995; Van Rijn, 1996), 1
RIEEATFEMICLY, Yurnivyary2HIBLAM
AW ARFZEIC RS L C, EFRBRZ: (Van Rijn et al., 2006)
DH 759, 1) (Barak and van Rijn, 2000; Barak ef al.,
2003) ALY (Cytryn et al., 2005) ZEDERFIIIOWTH
i & ERTERL TV,

3.3.1b Israel National Centre for Mariculture (NCM)

A AT T)VEM L Y ¥ —TlE, N. Mozes, M. D.
Krom, A. Neori 5 D712 & S WZEB%E 771980 K55
THhbNBY (Krom and Neori, 1989), FELE5H < Eik L
P QRPN T ARV 31 s A =1 b <R Y T =l B
RUBHE ORI ANT-FBIHESHEENTEY
(Schroceder, 1987), Sea bream, Abalone, Sea urchin, Sea
cucumber A E SN TW A (Neori ef al., 2000; Mozes
et al., 2003; Neori et al., 2004) ,

3.32 HHE
3.3.2a Chinese Academy of Fisheries Sciences

Fp [E] 7K 7 Bl 2% BE Chinese Academy of Fisheries Sciences
Tld, FITPIKMATH % Channel catfish, Spine stickleback,
Yellow catfish, Silver carpZF & x}F & L T\ 54, FEHHIE
DFE HAMT OF%E% (Wang et al., 2007; Liu et al., 2009;
Zhang et al., 2011) O &% 53, Al - BLEEME OB



(Zheng et al., 2011; Zheng et al., 2012; Gao et al., 2012) *°
EELHEFMT OIS (Peirong and Wei, 2013), HIZT FE v
7 AW (Xiao et al., 2009) 25D A % 47 ) LK b T
W5,

333 1K
3.3.3a Cochin University

I —F K& Cochin University Tld, F(ZShrimp, Prawn
FOL LRI, MR 28725 08
OB (Kumar et al., 2008) AL - Bz ol % 15
TEYZ B S B JERER 2 iF7E A A (Kumar et al., 2010)
TdHY, TEYEHESGEAROYR (Kumar e al., 2009
a; Kumar ef al., 2009b) 1S Y ATV 5,

334 #BE
3.3.4a Pukyon National University

% B# K 7 1% Pukyon National University 'C |, Tilapia,
Common carp, Channel catfish, Eel % DiR/KA DEF A
ATHADY (Kim, 1997; Kim and Jo, 1998), ¥T4E, Abalone
DFEGE % BIWIERIEEFTE ¥ 2 7 A0 HEIN TS
(Park et al., 2008; Park et al., 2009) . AE¥iE# 2B L CTHE
b, WMEFICHTGT 5EYOEENHH (Kim et al.,
2000; Park et al., 2001; Seo et al., 2001) |2 AHF7E AT
bITwb,

335 HAXK
3.3.5a Central Research Institute of Electric Power
Industry (CRIEPI)

IR ILHFFERT Central  Research Institute of Electric
Power Industry Tld, 19864E2> 5 IKEEDIEMAL & —KiE
FICBIT L EIAMHBAM OIEZ BAIZ, YRSl
DiFEH o728 T A W RITTEBRIERAIEH > A 7 L D
BTNz,

FkFIH# &= (Honda, 1988) R ZEFHEH (Kikuchi er al.,
1990; 1991; 1992; 1994) &Mt 5 * DAY FHE R OIVE
o, i, BEMEoRE, AWl (7827,
BRI OMAEW ) VB %EEHTE (Honda
et al., 1993) HEDOREIES LT,

3.3.5b Miyazaki University

‘B WK Miyazaki University Tl&, 7 FEIE~NDEH
1bx Bk L 73 B AT H L (Maruyama and Suzuki,
1998), W HIE A ICF L C, Wik BEREE O AR
(Maruyama et al., 1991) Z#%EiEL, ¥uz3Iv i a v %H
& L72WF2ER% (Suzuki ef al., 2003) ASTh a7z,

3.2.5c Tokyo University of Marine Science and
Technology

WU K5 Tokyo University of Marine Science and
Technology DT & Hls & § B HUD fLAAS, IEAFRTHR
AR 4L T\ 5 (Takeuchi and Endo, 2004a), 7 1 7
¥ 7% DKM (Takeuchi and Endo, 2004b) 5[ TdH
B, MSHMERNEATE ¥ A 7 &% Hv 7z o fE Bl
LEHEKEEDITRL - 2 VB EBLTEY (Endo
and Takeuchi, 2013) V¥H &N 5, —J, EERIEEEGHIC
B aiHMER & mEEMREL, REATOm &% KIS I
DHATWVES,

Bhi)Z

TEERIEBNIEE > A 7 2L, EHS, eI
LIEE RIS 5 —TRE LT, BREEODLHELR >
AT LEFBR D, TR, mAEN, BT AHFLICE
WCBABMODTHMCTHD D, Ry AT LI A L TR,
AR ASHEIC BA% STV B85, i H IS Ic &3
L7z AT L &S 2000, SikfE, Ko A b 2928
FTLEDIZEEETHA ),

PEERIE BTN BT A ER Y R Y7 4 (AES News,
Summer 2013) &, FREHEOMKICEEINTBY, KRE,
WA 20 oESORNEBbI s, REGNE, 20
HALOMNICHAEDO IR ¥ A7 LB L TE, 13135
BOWIE LS b, LaL, BAEICIIREA 2
EhH Y, 8, B HRESFAKEIICLTHEA
OMFEFICRELTRO SN T WD, ¥ AT ADEHRF
ML TH, ZORMMEMORE &I, FHERED
f LDz i3IS BRSNS,

REHT B B BHE2 0 2 AR R IV TH ), =
DYAT LHRBAT L2 C, FEQEFNLRTIEE
Ve HATIE 1990 4R I R4 1C & 0 1B BRIEE U EEgH
VAT LOBREN TN, BeELFMEIIE AT,
W ZPHANBEO®E EICH BOVBURTH B, A
B, KERBAM L oI 8%, 5 &4k,
HEEEEICAR LV AT LAOBESLETHY, 1
2B R A 72O — NS 2 HAT B3 R G ig A
RKOLNDL,

KUY AT LDEETH B AMBEBATIZE LT, KL
LD TS5BS R 8 & OFHEIC X 2 HAlT#EH AT Ik L
bLETH L, ML CL, HET LMK OHRCE;
A, SACHW O BB 2RI L 72 kot B
MEZ LR D, FHHEERKIRAGEHBAME 4 DY EIC X
b AT LOfGH, TNy MEBEETHY, Uk
DT ANLVF—T A D ERIANIAR IR B 275, KT 2 b
LICKRECEHBRT2FIH 2T TH D, R
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