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[0.1990 g/(kg i7" &)]> Cu [0.0422 g/(kg fi 77 )]>Cr [0.0081 g/(kg ff 7~ &)]>Pb [0.0007 g/(kg 77 &)]>Cd [0.0004 g/
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' Fe. Cu. Mn. Cr. Cd #1 Pb JE¥HER W] 5y
BT FRGETG SRR A AL ) 2 HEE AR S R G TIBERY
SR B LRI, AT Sy 5 8 7 Ml R R R 5 A A B
PEAERLE AR

RH R HA EEL TN E K A,
HFRm e Rk b ik e s M Rk
FES 1 AP0, SRk, R AR R K
A H AR B W1, 30K HE S A AR 37
SEAE RN A, A BT 2D R R
A R RFE IR AIRC) . N P RYHECR A
e B2, (8 A7 5 4 R I W HE RO T A B0
J& 5 = . Song %5 ik Hu 5 AR IR 5 AN SR 5 Vg
KUY Cu. $%(Zn). Cr. Cd. Pb Flfifi(As)
RS, TEN T TRV K M R
IRV TR B 5o M IR A HE
() EE 4 A e, OME DL X 3 TR v 1 A R A2 K
T A FEPH O TS Y R I R . N P ORI
TR A BRI L F2 R0, 3T 30 4E K, BEE Fe
UL, Fe X iR EE VR IR RE 4 A 1 R 9 A 7=
J7 AR W) B LA B b ER 2 A1 A A7 S AT,
i1 35 758 1 A v nT [ B DL SR G % ) R 3SR HE L
NP il Fe, b DX I 7 V7 e A 0 A 95 A4 7=
JIHE 2 — A EAR RS W R, AR T
— o =P AR 575 K Fe, Cu. Mn. Cr.
Cd F Pb %54 @ W HECE 1 ik, IR
WTESES N, PEYHEXR, BENH
B K SR A & ST R AT AR S R AR
P R A

1 #MBEFE

11 KREEMEFELRERESFEARLEA
R
2020—2021 4ELEAL T VLA S Ll 8B X8
A B B v B R A R K™ FRBE A AR e SR e T
6 A IFEFRIH LI, PP K 0 55 T SR AR R
ARG 1R 1o TR A Y 1A
F, 76 1 mx1 mx2.5 m {9 M4H I FR5E 56~70 d, %
IR SR 30~40 JBfh, WILRIRE R 19.48~
36.03 g. AFFIERL W K2k A S R E 5K
PSR A LI w5 T IR R O RC A iRRE, dRDRE

JERLIE 1 WV LA AR DR A BR AR . AR 5L 5
WIIE) A K 5:00 F1 17:00 FHei & mme . R4S 77 5H
g, ME TR ARG R AR, AR
/), R HRCR (R R B B €L NG P
FIBER I AROCR) . emAmokys . HEHR. IR
5. KA. 8. BRFIBER & ) MIFEIE C. N Al P
P P

FRHH S A AR O RC A IRDRE BE LR AR, R
A TR A5 3 FAS TR IR RAFUKAR (-20 C)N . 52
Y5 FF 4 RN 25 HCAsE 43 HPRE A0 (50 24 ho SEEGTF AR AT
3 difn, ENEARK ., AER¥ARARS
I 2 AR IR AFAEVKFE (20 C)IN; LB 25 R
IE AR RIAE I E 3 R, MR PR AR
FEFEVKFR (20 “C)IN . FLA IR FIR B R AR 5
VAT PE LT SR, 6 AN MIAE IR A Se s Jh R 4
Be G IADRRE i 48 A, K faf it i 144 1
1.2 H@&RHH

KEMFE B ER TR . RE. REHE
LDZX-50KBS & e K T B (i H 22 R P A,
mE)HZE (121 C) 20 min. &) I 4T
(105 C)o FH/INES & SR BRI HE T A )Rl AN oK B
fRE R I 80 H, AR 20 % A4S NIt
TRAETE T 4o o SR FH E AR ETT I (GB/T 5009)
W5 F) R AR fA Y Fe, Cu, Mn, Cr, Cd il Pb
T BRI IR . H MS104TS HF K
(0.01 mg/200 g, Mettler Toledo, Fij—)7H i FK HL
2.00000 g FE&, A SR N, M T
1% HNOs (R4l iR i . REEKIEUE . M1
o BE i 7E 30 XUBE N i fE =SS, KR RS A
SX2-4-10N L 3f b (g —TE B AN ER A BRA A,
HE)HRIBE(650 C) 7 he RN IA 20 mL
30%M1 HNOs (PG4l WAl K 3 56 2 s ik, SRJa
P W A 50 mL 25 89T 1% HNOs (PL 4 4t)
WIES . Fe. Cu, Mn, Cr. Cd Fl Pb FrfE(Hk
£ 1000 mg/L)W [ 1 EAT €0 4 J& S F AR
rputy, R W (MR B2 R 20 pg/L). ] Thermo
Fisher ICE 3500 A7 28 % J5i T W I )% 3% (Thermo
Fisher Scientific, Z£[E)M%E Fe. Cu. Mn. Cr,
Cd Ml Pb &, RRPEHRIR B AR LI 2 N
2, BAEENE 3R, BOFAEE I E 4558,
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*1 XEENAFEIHREEMEARSEABNEFRER
Tab. 1 Duration of the net-pen feeding trials and nutrient composition of the
experimental diets for large yellow croaker

TRE K, WRIRIIKE, AR AR K/

S Tkt SIS () /d B R I
trial diet (g{kg) A(g/kg) ) (g/kg) duration data source
protein level lipid level fish meal level
1 43P6L, 46P6L, 49P6L, 52P6L, 430, 460,490, 520 60, 90, 120 56 Chen et al., 2023al%!
43P9L, 46P9L, 49P9L, 52P9L,
43P12L, 46P12L, 49P12L, 52P12L
2 BD, F24, F16, FD24, FD16 490 100 400, 240, 160 63 Chen et al., 2023b1*?
FG24, FG16, FGD24, FGD16
3 F40, F24, F16, F8, F16D4, F16DS, 500 100 400, 240, 160, 80 70 Wang et al., 20241*!
F16D12, F16D16
4 FM40, FM32, FM24, FMIle, 490 100 400, 320, 240, 160, 56 Wang et al., %%
FMN24, FMN16, FMC24, FMC16,
FMCN24, FMCN16
5  F16A0, F16A1, F16A2, F16A3 490 100 400, 160 56 Wang et al., k%
6  F24S0, F24S1, F24S2, F24S3, 500 100 240 70 Leietal., fi%k®

F24S4, F24S2D1, F24S0D1

M SCHR 1 v 43P6L. 43P9L N 43P12 MR H &l 430 g/kg, BRI & 514 60, 90 1 120 g/kg; 46P6L . 46P9L Al 46P12L M HEH
Sl 460 g/kg, BEMF &AM 60, 90 Fl 120 g/kg; 49P6L. 49P9L Fl 49P12L K& [ 0 490 g/kg, BEWi&H4205K 60, 90 Fi
120 g/kg; 52P6L .52P9L H1 52P12L #HEE 1% ik 520 g/kg, MBI 451248 60.90 1 120 g/kg. L4 2 1 BD My & it h 400 g/kg, F24
T F16 K 5 14 2 1153 3% BD A3 Y 40% 1 60%, FD24 1 FD16 43 B 4E F24 Fl F16 HlA 0.5%H) K& 11, FG24 .FG16 .
FGD24. FGD16 %8B M40 5% 4t F24. F16. FD24. FDI16 H K. F25 3 1 F40 k& & 400 g/kg, F24. F16 F1 F8 XY
PRI 43 AR F40 k1) 40%. 60%7F1 80%, F16DD4, F16D8., F16D12 #l F16D16 43 I7E F16 A 0.5%. 0.8%. 1.2%Hl 1.6%
i AR 1. 5280 4 b FMA40 fa &8l 400 g/kg, FM32, FM24 1 FM16 H K 548 38 19 43 B I% FM40 hfad (9 40% . 60% 1
80%, FMN24 Fil FMN16 7 3175 F24 #1 F16 HF A 0.5%M % 1R, FMC24 #1 FMC16 73 5175 F24 Fl F16 HMA 0.5%HY% 26 %, FMCN24
FI FMCN16 435I 7E F24 Fl F16 TR JILA 0.5% 922 8 R A 0.5% M HTR. S8 5, F1I6A0 5525 4 1 F16 #H[W, F16A1, F16A2 il
F16A3 43575 F16A0 HAIA 0.5% . 1.2%7F1 1.6% KRR, 28 6 11, F24S0 55250 3 v F24 #H[R], F24S1., F24S2. F24S3 Fl F24S4
JYIAE F24S0 A 0.5%. 1%, 1.5%. 2% TR @R, F24S2D1 il F24S0D1 43578 F24S2 Fl F24S0 HAIIA 2.5%HY % EL R,

Note: In trial 1, 43P6L, 43P9L and 43P12 were formulated to contain 430 g/kg crude protein and lipid at 60, 90 and 120 g/kg; 46P6L, 46P9L
and 46P12L were formulated to contain 460 g/kg crude protein and lipid at 60, 90 and 120 g/kg; 49P6L, 49PIL and 49P12L were formulated
to contain 490 g/kg crude protein and lipid at 60, 90 and 120 g/kg; 52P6L, 52P9L and 52P12L were formulated to contain 520 g/kg crude
protein and lipid at 60, 90 and 120 g/kg. In trial 2, BD contained 400 g/kg fish meal, and 40% and 60% of the fish meal was replaced with
SPC, with 0.5% DPS supplementation (FD24 and FD16) or non-DPS supplementation (F24 and F16); FG24, FG16, FGD24 and FGD16 were
formulated by replacing soybean meal with irradiated soybean meal in F24, F16, FD24 and FD16. In trial 3, F40 contained 400 g/kg fish meal,
and 40%, 60% and 80% of the fish meal was replaced with PBM (F24, F16, and F8); F16D4, F16D8, F16D12, F16D16 were formulated by
adding 0.5%, 0.8%, 1.2% and 1.6% DPS in F16. In trial 4, FM40 contained 400 g/kg fish meal, and 40%, 60% and 80% of the fish meal was
replaced with SPC in FM32, FM24 and FM16; In FM24 and FM16, 0.5% nucleotides (FMN24 and FMN16), 0.5% curcumin (FMC24 and
FMC16), or both nucleotides and curcumin (FMCN24 and FMCN16) were added. In trial 5, F16A0 was same to F16 used in trial 4, and
F16A1, F16A2 and F16A3 were formulated by adding 0.5%, 1.2%, and 1.6% salicylates in F16A0. In trial 6, F24S0 were same to F24 used in
trial 3, and F24S1, F24S2, F24S3 and F24S4 were formulated by adding 0.5%, 1.0%, 1.5% and 2.0% serotonin in F24S0, while F24S2D1 and
F24S0D1 were formulated by adding 2.5% dopamine in F24S2 and F24S0.

1.3 HIJIHEMEIT S FIFRBE S YR N I AR T RR AR W HE R,
K SRR M HE O A R GG BRSO SPE, AR R RS PR, b
R KA E R R Sk R AT IR SR A A R AR R B IR R B HE
WO IERYE IR R G AR R R 22 531 BES AR, BT T K IR R W HE AT
TR R R, TEWEEASFM e SR B
Hh B A A R R, R A R — R Bl Cho SR T3 35 5 ey HEJC ik 1) 5 37
AT Y R R SRR L R BT, L1 5 o3 i) S TR (SW) A A 4
UURMB I SE R, TSR IFREEYTE  OW)FRFEY, HR4E SW 5 DW it 5 Sk vk
KA BRI, IR R AR AR R BT, SW=(HFRA S PR £ LI AL
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WAL 1 SR ) -k 5% 5 Bl e Ak LIV AR AR DY Y
BIRY ), DW= M1k 4k 77 5l sh P 5 2
B IR 9 TR 5 5 W B EL T AR TR A i ) R
B IR W) IO+ 1 VR A e 7 A SN A i fRDRE R Y
BIRY ) AT 20 5 BT SWH DW,
TIHRAEAE, Ao iR, Mk, Wang 250
XA R R AT A, BB TT A A R AR W HE i
TW [TW=SW+DW=(# M1k} v 14 55 F2 9 i — %
b BV AEAE SR FE SR N 138 FR W 00 ] B0
TR G 5 B T IR B k£ VRN A o B
£ UOFEFE () N R W R DL B IR R s 1) g
frit H AR E e U R g U O R ok
fPFPEE R N P RYHECR

AWFFEH, FIH Wang 2500k Al R 0 145 35
FHKIEMA) Fe. Cu, Mn, Cr, Cd 1 Pb JE¥HE
R, K A4 R I BUSCR (MRE) A 58 R 4
HEBEE (MW) 235045 T 51 A =0

MRE (%)=100%x(Wi/N¢x Cyr—Wio/Nox Cypo)/[2%
I/(Ng+No)* Cus]

MW [g/(kg 7 5)]=1000x[2x1/(Ni+Ng)* Cy¢ /
100]%(1-MRE/100)/(Wy/Ni—Wo/No)
Ao, | SRR I ()RR AR TR A TR R, B
h gy Wo T W 3501 SRy S 55 G R 285 B A D 4
P SE B 0 AR EE, B35 g5 No FIl Ny o331 o 52 55
T Ufs F 45 o B A PO A P S £ R R t o SRR R
$40; Cato F1 Coe 73 51 K 5256 TF U RN 25 AR B f {4
J& & A A (%); Cur ATRKE S8 &R A4
(%). Fe. Cu, Mn, Cr, Cd fl Pb ) MRE 433l
JH FeRE., CuRE. MnRE, CrRE, CdRE Fl PbRE
FR, H MW 2351 FeW. CuW., MnW ., CrW,
CdW F1 PbW FR .

SRR R T YE AR 25 (X £SD) . ]
FH R B4 t Rz 95 (Paired t-test) LA AR 4R 2
] 43 FE LS . R RS & . MRE Fl MW
T 2E 5. I JT 2253 BT (ANOVA) FIUXS 5 K6 45
(Duncan’ test)73 i Ho 4 [R]— 52 56 o AN [R] b 21 22 [1]
FANELENREAKRSE. MRE fil MW (122
5+ o Al FH B2 JR #h AH 543 #T (Pearson correlation )£ 46
MW St K AR5 N PR 2 16 i
KZ, \IH 587 B KB S FIFR5H NP JRY)

HE s i B 51T 18R DG 48 37 58 5L 0 (R DY
P o tRGHR . J7 22500 o X H AR AT I 43 B A
SPSS 26.0 F {58, 52 5 W MEIKF- P2y 0.05;
FIH Origin 2021 #2414

2 HREHMH

21 BRAEFAMNMAXEGRESESE

AN R BE G Rk A B 45 WA [) e ek F R 2 £ 44
Fe. Cu, Mn, Cr, Cd fil Pb &5 WL 1 FIE 2,
AN TR 4 i@ 22 (B e ARk B i RN o AR 5 i T
PIAEAE 3 22 5 (P<0.05) . #iF-301A = 2R
WS, Ak 4 R F s KK M [(709.284+
456.724) mg/kg, n=48]>Fe [(175.154+66.092) mg/kg,
n=48]>Cu [(34.215+15.779) mg/kg, n=48]>Pb
[(7.339+5.898) mg/kg, N=48]>Cr [(0.688+0.575) mg/kg,
n=48]>Cd [(0.413+0.204) mg/kg, n=48]; K& falAdE
GBS EAMKICN Fe [(10.187+1.752) mg/kg, n=144]>
Mn [(2.392+1.360) mg/kg, n=144]>Cu [(0.581%
0.514) mg/kg, n=144]>Cr [(0.464+0.116) mg/kg,
n=1441>Cd [(0.014+0.011) mg/kg, n=144]>Pb [(0.013+
0.002) mg/kg, n=144],

] — AR SE g, A [R) sk A 3 2 ] K £
& Cr. Mn., Cd. Cu, Pb fll Fe £ &
25 5%, BARTEIE I S8 5 o S 1 rh, SRR AR
52P6L MY fafA Cr & it i T HA R EHE #E(P<0.05),
AR 43P6L A fafR Mn 5 & /= T H Al iR R}
AbFE(P<0.05), 528 2 Hh, MR BD Bk Cd
F1 Cu F 1 050l v T HL A AR RE AL B (P<0.05), #Eii
Tk F24 FF16 (Al Cr &8 5 Rk SG24 |
SG16 M fifffE i 3 25 7 (P<0.05), &Mk}
SD16 [y fafk Cr & &R T HABMPEHE B (P<0.05).
S8 3 v, BRI F40 B fadk Cd SRR TR
R K R (F24 . F16. F8)AY£1(P<0.05), M1
BEF8 (i fk Pb & it T H AR R AL HE(P<0.05),
PR R Fl6D4 By fafk Mn &5 5 T HoAt fm kb
H(P<0.05); SE55 4 v, $MEAEEL FM40 iy fa Ak Fe
R THREER FM32 910(P<0.05), 5355
TR FM24 5 FM16 . (P<0.05); faffk
Cr 7 5t BE AR R 2 i BT W2 T [5(P<0.05);
IR GEEL FM40 F1 FM32 Bk Mn & T
WLRRE FM24 F1 FM16 4 £(P<0.05); M4k}
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Fig. 1 Contents of the heavy metals in the experimental diets
The contents of Cr, Fe and Cu were amplified by 10, 10% and 10, respectively.
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Fig. 2 Contents of the heavy metals in whole-body of large yellow croaker
The contents of Mn and Fe were amplified by 10 and 10%, respectively.

FMCN24 1) fafk Fe & i 5 T H At 18 L 40 28
(P<0.05); #&ME4ak FMCN24 5§, FMCN16 () ffi{A
Cu & 5 & T HAB R (P<0.05) 5256 5 7, %
WEER F16A3 fUfafR Pb &5 T HAb i Al kb 3
(P<0.05), S5 6 1, HMEARR} F24S0D1 (1) fhfhk
Cu 7 & = T HAb R AL HL(P<0.05)
22 AEAESEMPRYENMFHEHEDHINE
PR RRL B KB 4 MRE F1 MW 4351 I
B 3 MK 4, Fradrey 6 FE4 )R+, PbRE 5
CuRE 2 [0] JC g % 22 5+ (P>0.05), CrRE 5 FeRE Z
6] JG i 35 25 7 (P>0.05), HAAH 48 A MRE 2 ]
BIfAAE I 35 22 7 (P<0.05) . #7241 H 5 2RI
J¥, FeRE [(6.36+3.33)%, n=48]>CrRE [(5.71+

5.43)%, n=48]>CdRE [(4.58+3.93)%, n=48]>
PbRE [(2.90+2.85)%, n=48]>CuRE [(1.75+1.72)%,
n=48]>MnRE [(0.35+0.25)%, n=48], AN[FlE 4 /&
MW Z[RIfF7E ik 3 25 5 (P<0.05), M BRI
4: Mn [(0.9764+0.8715) g/(kg =), n=48]>Fe
[(0.1990+0.1012) g/(kg ;= i), n=48]>Cu [(0.0422+
0.0217) g/(kg fay=g), n=48]>Cr [(0.0081+0.0065) g/
(kg 77 &), n=48]>Pb [(0.0007+0.0004) g/(kg
FEAE), n=48]1>Cd [(0.0004£0.0001) g/(kg fay=4E),
n=48],
] — AR S rh, S R AR AR B 2Z 6] Mn

Cu. Fe. Pb, Cr fll Cd 1§ MW ¥JRBH B &% 57,
BT R S g0 5o S5 50 1 v, B0 e k) 43P6L
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(1) MnW & T ABEDEHE BE(P<0.05); $ W 4a) kL
52P12L f CuW Ml FeW @ T H b fa] K} 4b B
(P<0.05). 5245 2 tfr, #&ME{E%E BD 1Y PbW . CrW
MnW Fl FeW 5 T H A4 kL ab 2 (P< 0.05), &M ia
L FG16 1 CuW & T HAh fR R 3 (P<0.05) . 5K
55 3, CrW Fl FeW Pifi fa] e} fa k3 75 f2: B AIG 1f BH ik
TRE(P<0.05); #MEEL F16D8 ) PbW = T HoAth
TR HE(P<0.05); &ML F16D12 [ CrW &
T Al 4R AR B (P<0.05); BEIRTEEL F16D4 1Y
CuW H:flk(P<0.05); MMkl F16D16 [ FeW &
F HAb A RAEE(P<0.05), 525 4 HF, CrW . MnW
F1 FeW Pifi frfe} £04 5 122 B A1 17T BA B R % (P< 0.05);
B iR R FM40 5 PbW &= T At fR] R AL 3
(P<0.05); #ME4ER FM40 3 FM32 () CrW & T

8 Jcd zzpe A

u [ Mn |l Fe

—_ —
N w
L

metals of large yellow croaker
o
T

KB AP 4R I B/ %
retention efficiency of the heavy

299

[ W [

PIREEL FM24 1R HEEE (P<0.05), 54 =
TR FM16 1Y IE W HE i (P<0.05); #iE
Tkt FMN24 () CdW FI PbW 25 T~ Ho s 4] 4k 3t
(P<0.05); #&MEMEE FMC24 5, FMC16 1 CrW i
B5(P<0.05); #M25 % FMCN16 (1 MaW & F Hfb
T EHE B (P<0.05); $MRTAEL FMC24 . FMN24 F
FMCN24 i) FeW & T4 MakE FMC16. FMNI16
1 FMCN16 1) FeW (P<0.05), 346 5 w1, % 0iw
#} F16A3 ) CAW., PbW, CdW., CuW, MnW A
FeW ¥l 2 = T H AR R AL FE(P<0.05) . 5240 6
i, SR F24S0D1 ) PbW = T Ho A iR b B
(P<0.05); HEMEiEkL F24S3 By CrW Fll CuW & T
HAb IR BE(P<0.05); B IEKL F2484 19 MnW
= T H A R R B (P<0.05)

n=48; x:SD
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Fig. 3 Retention efficiency of the heavy metals in large yellow croaker
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Quantifying waste outputs of heavy-metals from large yellow croaker
(Larimichthys crocea) farming and its ecological effects

LIN LulJia, WANG Yan
Ocean College, Zhejiang University, Zhoushan 316021, China

Abstract: The quantitative evaluation of the heavy metal waste output from marine fish farming can provide
scientific data for improving industrial planning and farming management of aquaculture. In this study, we
analyzed contents of iron (Fe), copper (Cu), manganese (Mn), chromium (Cr), cadmium (Cd), and lead (Pb) in 48
samples of formulated feed and 144 samples large yellow croaker (Larimichthys crocea) whole-fish collected from
six net-pen feeding trials, and determined the retention efficiency and waste outputs of the heavy-metals for the first
time using a modified nutritional model that has been widely used for assessing nitrogen (N) and phosphorus (P) waste
outputs of fish farming. The results showed that, the sequences were Mn (709.284 mg/kg)>Fe (175.154 mg/kg)>
Cu (34.215 mg/kg)>Pb (7.339 mg/kg)>Cr (0.688 mg/kg)>Cd (0.413 mg/kg) for the content of the heavy-metals in
the feed, Fe (10.187 mg/kg)>Mn (2.392 mg/kg)>Cu (0.581 mg/kg)>Cr (0.464 mg/kg)>Cd (0.014 mg/kg)>Pb
(0.013 mg/kg) for the content of the heavy-metals in the whole-fish body, Fe (6.36%)>Cr (5.71%)>Cd (4.58%)>Pb
(2.90%)>Cu (1.75%)>Mn (0.35%) for the retention efficiency of the heavy-metals, and Mn [0.9764 g/kg fish
gain]>Fe [0.1990 g/kg fish gain]>Cu [0.0422 g/kg fish gain]>Cr [0.0081 g/kg fish gain]>Pb [0.0007 g/kg fish
gain]>Cd [0.0004 g/kg fish gain] for the waste outputs of fish farming. The heavy-metal contents depended on
either the heavy-metal content in the feed or the retention efficiency of the heavy metals. Fe and Cr in whole-fish
bodies were mainly affected by retention efficiency of these elements, while contents of Mn, Cu, Pb, and Cd in
whole-fish were mainly affected by the feed content of these elements. The waste outputs of Fe, Cu, and Mn
significantly positively correlated to wastes of N and P, respectively, suggesting that the wastes of Fe, Cu, and Mn
increased with the increase of wastes of N and P. Considering the critical roles of N, P, and Fe as the nutrients
limiting growth of phytoplankton and primary productivity in ocean, the results indicated that waste outputs of
offshore aquaculture of large yellow croaker could remarkably elevate biomass of phytoplankton and primary
productivity in ocean.

Key words: large yellow croaker farming; waste output of heavy-metal; retention efficiency of heavy-metal; iron;
food safety; ecological impact
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