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PINSENG S5 - AN (] 57 B 8 R 0 Tl A 1 R ik 9 7 42 ) 27

T 7RI Sy Wl T R 1Y S e i A R 0 B e S
(FRARLLAE, 2021), FURL AR A KTV 3 5 B A2 30 Vi Vg
A Yy MR AC A G A SR B, HA
5 HEAE (KRR SE, 2017). 14 (Saccharina
Jjaponica) &3 [F 77 5 e i Y SRS, HAE RO R aE
TGRS Ak, WORFRGE P i) LR VE
A% A e, S LAY B < nT AS H B E A R
Tl ) B B 43 (Tang et al, 2011; JEJA T
8, 2016; SKIKHISE, 2017; sKAKLLAE, 2021), iR 45
R BE T FH PRI S A EEATE = A, —EFRAI
Y ST RS B A SR, R SR A A R A T A AR
AOUTRR S RBCR , —i FR FRLaE R b i A A 20 I A e A
I v 4=l BE 2 0 B fE PR B A A BL Bk (RDOC,
refractory dissolved organic carbon) (Guan et al,
2025), SR, ALgFRaEA b i s S B A 2
[Fi) S (AN [ B R R R . MR AR Z B B 5 R %
[:(Zhang et al, 2012; ZE%i M55, 2025) , Wl i o 2% BF
R S B A 7 S 5 T e 80N 1Y) B I AR A R R
it R B Bk 2 [R) R

SV VEAE g F [ LAY i) 2 B P SR AR RV, TR
AR IR G AL, LR A5 A4 1R R S R RH SR
FERRML T ARG, AP R, ISR 2 R
A EIEFEMAR (Sun et al, 2021), SEEW A K MGE
MR B . A RFTE R, Fr5H % 2 i i 5 D't
PRGREE | K S # AV TR o0 A, ELARAE T T 1Y)
e BRGS0 VE W b v AL SR AR A U
T % T % T REAR S, AT 9 A 4R T RR B AR
30.82%, P H BIFGIER A SRR T 1 (s S0UE
A5, 2020), HHEl F5 58 2% B e 23 i 30 ] A AR R
Z &K (Sun et al, 2020), AN, W F7 G2 B T
Vs A WL TR O TE (Li et al, 2018; %30T 4%,
2024), PRI G 2 8 2 5 0 T AT 1) X 40 [ Bk

SRINT, BUA BESY 2 R A T AR R AR AR BB I 12 119 P
— A U HEZE, 2024; Guan ef al, 2025), BRZXF %
JE AR R MR KRR RGN, JUHERT
205 T R R ) DR AR A gl SR B AL R 9 R Bk T 4 s
D% L 22 2 ) A G i DA R g g AT A AR L DA
L33k Al 5 we ey B st T B E L H ETA stz 5E IR
o Zf b, AW LIRS SR X &, i i
SE AN [R) 57 58 %% 8 1 X ) O R JH 3 RS2 HEK CDOM
WSO R IR R AT A= MR RE A A ] 57 5 5 B 2%
FTF A8 B T Btk TRk S, SRS ] 57 5 8 B AT A= K 3
AR, BAERIE =AML R (1) IR
QRT3 Ao AR S BR B T S el YT AR KRR 2 () AN TH]
FrHH 5 L S R I IR A R SIS A ALY 1Y DG Ry

PEZES 7 ()W R JURRYIA HLRR 518 1 7 i
A LR B [ Tk 5T R A2 7 B R A B R
F 2SS LU R B I 5 H R i A sk e A S
BE%

1 #RERFE
11 HRREELBFE

T 2023 4F 11 A ZE 2024 46 1 A, {ER W
FRFH X T J T 97 8 5% BE 5L o 2% DX 3l g i R 58 R
MUEIAT Ry, SR K N 100 m, AHARAE SR Al IE
4.6m, FHMBEIE N 23 m, GEIEEE N 30 HE.
M 2024 4 1 H HPRITE IR A 37 5E 5% B SE A b
PEBR 15 7 58 40 1 B0 R B T TR A A R, Ho
KO s X AL, PR3FIAT 100 28 /4828 1%
HWEARIAIRE 24 1 m; K1 sl (37 SR8 % B PR AIR 22 67 4R /48 40,
SR PR 2 1.49 m, FRUH % B AXTIEIX Y 2/3 5 K2 24
FRIH R PEREAR R 50 Z0/7808, MRMIBESY 2 m, FRAA%
JERXTIRIC I 172, TASFRAE B E B E 16 NS, A
[7) 7 5 2 BE Vi IX A] PR FE B 29 1000 m, 3 NEFREEL R
BEIX AN 1 hm?, E SRS T LR I M BRI %
BRI SR GC S ) MRS BR TR 485 (X,), U
Ko 6 7 S0 25 SR AT ISCER B4 VY S Y (W) R Y 77 B
B (X) o

12 HmR&ESNE

ST MR AR 11 A B, 3. 4,
5. 6 A By Ay E 3R X Bl 6 IR B, SREETRAT
K AR TR S R i, I T ik an R
121 kRmEE KT YERRIC R (LI-COR,
I L1-1400) T 2023 4F 11 H .2024 4E 3 AF1 5 A
B RIAE 3 AN ) 55 5 8 3 1 DX R A 7 A [ SR 0 TR
KT 0~3 m)fY )t B i 75 5 g R 4, B3R
i 88 P DXCR P L R IR 5 UCATRE o IR
HEBC R AR 10— B0bE , A 3 0350 R A A 4
HH A0 P A 758 40 v A5 8 11 R 405 1 AR VAT 5 A 4 1 P
R
1.2.2  HRKHE TR KRR il 3 ROK B (B SL)
KA, BT 2023 4F 11 A, 2024 4F 1, 3. 6 ARy
HIAE 3 AN/ [R] 37 48 2 B g IX SR FH S HORE 3064 T 5 1K
RIZMG AR, IERER AR RS, 20
JH GF/F JE U8 5 % 22 30 mL A5 A3 s, WHT
KA (A7 76 B (CDOM) Y 28 40 AT WG 416 Fn
i UL (DOC) TR bR I A2 , IR T—20 CHELAR
T Z M RT#ZR . DOC R B iR AL A AL el 5
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¥ B 547 %

CDOM W61 % I 5 HE UV-2550 224 AT DL 6t

FETHEATIN A , BRI S B8 550 5 (2024) ) ik
AT
123 B HS T 2024 45 1 H Ha) £ R B il

FRES 150 cm AYIEHE T F P b - A5 IR T L, FEAR
[vi) % 08 5 R VR DX 4 S B 10 RRVAHE UEATHTFLIRORE, =2
JE A BIAE 2024 4F 3, 4, 5. 6 H AT LRI B i
W BB B e %, A ATk R R 5
[F) i 7 A ) S B B VAT AR 150 e BVRRHT I
HL AL PRI ATFTFLEORE , T i 14 R R A
H(Tala et al, 2005) . JIrA W R g5 J5 18 U [0l 52
WM EFTFL A AR . F 2024 45 1 H A 6 AFE
AN ) 35 4 2 P S 0 45 BT S 30 A4 S [ml 92 00 2
i, FHRE S ANC N My R Mo B DL L BT i AR
i T 60 CHETIFFREE , Z X555 (2020) 1Y 77 154
Elementar EL 7450 2 43 AT A (72 [ ) il 7 HLok &5 1

1.3 HIFELESHT

FE SO 7K SR T FE R B 5 R — g K IR B A O IR
5V 8 114 2 (45 0 /K T ' BB 1) EU A R Y T DR
L= 100%(So—S,)/So (D)
K, L RaisiR(%); S, i /KFRMDHGIRE,
Sy R H— KRB AL YE IR B, BAA N umol/(m?s)
AFFEIEER 355 nm AWK R L a(355) KRR
CDOM [YAHXS e FE (X 47858, 2013), MRl R EGE T
AN A5 (Stedmon et al, 2003):
a() =2.303%xA4(1)/L )
Kb, a) MK 4 BRI RE(/m); AQ) MK 4
AP EEE, L o He A A BE (m) o
HE R AN G (SUVAs4) A 254 nm I I R 5 S
ZHESh DOC RIEZ L, Al /RERE/K REH CDOM )
F5 M (Stedmon ef al, 2000), SUVA,s, A
SUVAsss=a(254)/Cpoc (3)
K, SUVAys, JHEAIMESERE[L/(mg m)], Cpoc N
DOC ¥ (mg/L), a(254)H 254 nm AWK R 5 (/m).
TR I SRR A 2R
E=H~H, \/t 4)
K, E MM AR (em/d), H N5 @ ol
FIALALIE B AR AR K (em), Hoy R i1 IRAT
FLA7 R B A AR BB I B (em), ¢ WA i IRFTHALIE S
55 i1 WATFLES (R3s A= K iRl (d) o
TRt I 3 SRR 53 2 (Tala et al, 2005):
T=T~T;,\/t ()
Kb, TR R IEERmm/d), T, 85 § IREEE
TR AR 50 em A AT I L Ak it B B JER B (mm) 5
Ty N5 -1 BB ARTE 50 em (AT IE 7o rbus

Ab I B JEEBE (mm) 5 ¢ S FTFLER S i1 WHTHLAS it
A5 K] (d) o

o, (R 258 % B g ISR BB B o 1 H Ay
FEH 9 R A I A AR A e T S I 4 TR A AR £
SR E 2 (W) o SEYG 25 A A [R] 97 77 48 2% B TE B
B A W TR 2 I K 4 2125 (2005) A1 S TH45(2022) 1Y
JriET R AN TR) AT %58 2 B TE 1 1 M i A L
Z M Wu GE(2025) 5 W THE, BT SR Y B
RDOC & 5 HFRFE AR A=y o [ ik 1 119 18.91% 5
AN [ g 7758 2% B TV 1 URR P A 2 B Guan 55
(2025 318, BN FRAETE LAY RDOC 24
FEFE MR B A 0y I 1 1 5%

SIS EPE K Surfer 8.0, Microsoft Excel 2021
F1 Matlab GE 34434780805 0 #r Se 2z 161, R SPSS
Statistics 23.0 {4 %) 24 W] 22 S A7 B R 2R 07 25 73 B
(one-way ANOVA), P<0.05 N2ZF 03,

2 FR

21 ARFEZEEXRHALTEER

TREAY 5 58 25 B 0 DX R = A T I 3 R
(1 1)52023 45 11 H 4500 XA A R R BE A 6 280 %0
25 (P>0.05), FTA WAL 0.5 m WA FEE R
TN 29.85%~34.66%, 1 m R M ETERER Y 1T
T 50%, fE 3 mIREEAGIEINE N 98.34%~99.12%,
2024 4% 3 R VRS, A SRS R IX 0~1 m
RERDC R 2ZE R W, Hf, K2, K1 it
R B R T KO 35 32(P<0.05), KO 7E 0.5 m IR
FETEVR ) K1 AT K2 ) 1.13 550 1.47 £% . 2024
4E 4 AR FIMBEHIXTE 0~1 m FOLERRE ST
F, Ho K2, K1 3B eR B I8 T Ko 5
(P<0.05), KO 7E 0.5 m B RDEEBFH0 K1
K2 [ 1.20 f%#1 1.66 1o

22 AEFEEEEFHHHHERKRMEER

KO. K1 Fll K2 R i S 1 3UAE
E3 rBe (K 2), S KA 5100 1.21,1.52 Fi1 1.71 em/d,
He/ MBI R PR RIS BTE Be BB, SR/ MEST
0.12, 0.17 A1 0.21 em/d. /N [R) FE5H % 1 V7 - e
KR B3 ek, ZIRREW PR FRE%E
XV A SRR JE SRR B A T I e, KL
K2 B I R YE B3 B4, ES A1 E6 MrBtdY
B3 T KO (P<0.05) (& 2a); K2 (R H- K3
WI7E B3, B4 F ES B Be3d 8 35 & F K1, Mi7E E6 BBt
ZFRAREP>0.05), KO, K1 Al K2 Mg K i
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Fig.1 Light attenuation rate at different kelp mariculture densities
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Fig.2 Blade elongation rate (a) and thickening rate (b) of kelp under different mariculture densities

E3: 1—3 Apiif A KRB BL; B4: 3—4 HIFAERKH B ES: 4—5 AWl A KB B
E6: 5—6 JfEai KB Be . AR A A< B B AR B HE bR AN ) 57 B 387 22 53¢ . 35 (P<0.05), ),
E3: Kelp growth stage from January to March; E4: Kelp growth stage from March to April;
E5: Kelp growth stage from April to May; E6: Kelp growth stage from May to June. Different letters for
the same growth stage indicate significant differences in the corresponding indicators (P<0.05), the same below.

1l BAE B4 BB 2b), e RAE SR 514 0.031
0.036 1 0.041 mm/d, He/NEHFH F 4 R R4 A
E6 B, fe/MESY 31 0.009, 0.014 F10.015 mm/d,
AR FRFE 5 B v v G JESR N B3 BB El] E4 BB
WG, ZJE 2B FREEE. K1 K2 i
R HERYE B3, E4. ES Ml B6 MBI EERT KO
(P<0.05); K2 M7 342 R I7E E3 . E4 1 ES [
B T K1, MifE E6 B2 58 W3 (P>0.05),

23 FEEZERABWNEEFHRKENEE

TR B R R i T (A B A A AL an /] 3
B FRFHSERELRT, KO, K1 Fll K2 = uifify
K R 22 AN, BRI 227.55~241.17 cm; S
LRIt , KO, K1 A1 K2 =ASub 47 g i 1 B 1
9 342.01~411.15 cm, K1 FI K2 &% T K0, H K2
B4 BE B 35 T K1 (P<0.05) (K 32). K1 Fl K2 [
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Fig.3 The length (a) and wet weight (b) of kelp before and after stocking density adjustment
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Tab.1 Total wet weight of kelp harvested and removed at different mariculture densities by the end of the experiment

Egéﬂ X\ /48 M,/(kg/ind.) W/t Xo/9 M,/(kg/ind.) W/t Wit
Density group
KO0 0 0.58+0.05% 0 1 600 1.53+£0.17* 73.44+2.72°  73.44+2.72°
K1 536 0.51+0.04% 8.20+0.21 1064 2.35+0.14° 75.01+1.48°  83.21+1.77°
K2 800 0.53+0.06" 12.72+0.48 800 2.41+0.21° 57.84+1.67"  70.56+2.04°

T =3 YA R 7R 3R 22 53 35 (P<0.05), R,

Note: Different letters within the same column denote significant differences (P<0.05), the same below.

— " 2 (P>0.05), 11 KO K1 35 7E 3.4.5 Fil 6 H a(355)
24 RRFMERBEH COOM KR P ST K2o A[FFRGHE FEE XA SUVA,s, Pl

FOHE TR AR XA a(G355) M SUVA BIE gy g2 K I BB WER I a3, ELISITE 6 1 k5%
AL 40 AT LR IXHY aBSSMERMFT Bl A SN SUVALs, B % 0.29~
AR BLZATE NS, HI7E s HA6 HiA®Ii 146 L/(mgm); H, KO, K1 Al K2 1 SUVAs, 76 1 A
I {E, AL IIE] a(355)IARLTEEY 0.44~2.73/m;  22RHREE(P>0.05), i KO. K1 76 3 AR 6 A
H, KO, K1 f1K2 #9 a(355)7E 11 AR 1 HZEFHR  SUVAL 25T K2,

35r,  mKO @Kl OK2 201y vo BRI OK2
3.0F k k—lg 16 £
g . ~~ B _
25¢ 0t {_::: f fn Srfe
20} HEE E12t o
o - .::: § [y
o 15T HEE Fos
S e " I
1o} HE
o o %0,4
0.5 o, o
B i T
0 . 2l i Y 1 ml l 0 .
11 1 3 4 5 6 1 3 6
AFA+K A 4 Different growth month A4 K A 4 Different growth month

F 4 A[RIEEAT 5758 5 R T XY a(355)(a) il SUVA s BIE(b) B 18] 77 31 25 1k
Fig.4 Variation in mean values of a(355) (a)and SUVA,s, (b) before and after adjustment of kelp density

25 FAEFEBEERES (P>0.05), K1 L7 IRF8 A 0 A W o | 18 1k 3% it
o 5k e O [ 2 B i s AR e ek e o, A DLBR . DUBRMLBCHR B B BRI DTHIR LX) 5 T KO
% zo 3 mm@wa@%mt\ TR EFyARE AR UL, SRS L KO AR 15.19%,



%2

PINSENG S5 - AN (] 57 B 8 R 0 Tl A 1 R ik 9 7 42 ) 31

R2 AEAFEFZEBFTHREIKE

Tab.2 The contribution of kelp from different mariculture densities to the carbon pool at the end of the experiment

FEHH TR &S AR YR RA MR DU SR TR
Mariculture Wit Dry-to-wet  Carbon content Biocarbon Recalcitrant Sedimentary Contribution to
densities ratio/% /(%, dry basis) ntC dissolved organic  carbon/t C  the total carbon
carbon/t C stock/t C

KO 73.4442.72°  20.42+1.06°  30.47£1.33%  4.57+0.11° 0.86+0.02% 0.23£0.01* 5.66=0.15%

K1 83.21£1.77°  20.68+1.37°  30.56+1.49" 5.26+0.23°  0.99+0.05" 0.26£0.02°  6.52+0.31°

K2 70.56+£2.04"  20.71£1.15*  30.62+1.54*  4.47+0.21° 0.85+0.04" 0.22+0.01* 5.54+0.27*
3 e TE NG WO B B, e Oy 48 J5 S 4 ) BT JRE R A

It
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I B %% RN G BE i 8 2 5 W 96 Y A K S B R i
B P B B AR T, e OCEK, EFEfE
FH g 0 A B AR 3 A O B AR T DA o U 3
A A R S AR 1 [ 58 (Reed et al, 2015), R4
WAL PRI S AR, FR58 B B mT 43 A s £ 1A P
PR AN S8 A BE AR (11 A ZBWRAE 1 A MR
Wy b R B R S 2 —4  H) R A 1 T 0
HI(5—7 )3 D BL(Ding et al, 2019), W 1E Mo il
JTRUAS /0N, IS B iR B AN S H A K Y 32 B RR
PR, Bk, AW EPRE MO E A )0
N 5% 5 5 o X AN [) R 3 Y T DR I 2 i) AR 45 SR i
TN, 3NFREEB I IXAE 0.5 m R A6 R R
K 29.85%~34.66%, TE 1 m G BOGERER LB T
50%. X5 AR (20240 R SR A5 R —E, B SR A
DX ' i 3 i o R B BRI I s /D, 2 m R AR 1) DG
S R A 0 I B B R, AS IS AN [ 55 B % R I X
0~1 m VR B AR B 5 25 5%, KO 34 0.5 m
R BE B IR e, o A AN IR B st 67 K1
K2 9 1.13~1.66 15 . Mt B AT ML FE A P 5%
(MCP)IREI T, ##%4kh CDOM., X2y 5 ik o 21
s SO ANL , SEUKMRIE R T, B HRL
AT S (Wu et al, 2025), 5 785 30 A ) o b s
R, X TIERATE R KRR, 2015), MEE
TR B K, AH LRGeS e HOG A AR
FRCR (5 FHESE, 2020), S22 M A2 4 0 B2 A
o AR TREEABTNRKEMBEREST
KO 41, WEAtiR BERARKE PR R ERR

T 1 A R A B R N S B A T P R 8
FHFRFE B, ]tk 35 8 % 0 50 77 A (R A 41 5%
2021), FRHHEE HHEYOE T AR BT RE AR5 1Y 25
[B) . B FRAIOE IR A AR R BRI 0 B B[]
{738 Ak R PEAR TR A K 19 EE BL 48 B (Tala et al, 2005).
AHFFE R, A [A) 28 B 2H A TR B R i SR Y e B

B, 5MANIRAIR B (R, 2015, BEFES,
2018), KO 4 a7 i - fif < SR 2 21 i LT
K1 F1 K2 41, 22 il T 5 IR 58 2% -5 B0 AR PR 1)
FHEGEER , R 20 B0 R ' IR I 2 BRAIC
(B VESE, 2020), SBOCEIEHBCE TR, ALY
FHEAR JE (Paine et al, 2021); FARSRIE BTG, 7
MMRREEEZ T R LI, fEE T AE KA N LR
(Weigel et al, 2021), FEFE~mIGEM, WAMTR H K1
YL AR T KO 41425 T 44 13.30%; {H %% Bk
SR DR IR K SR it , PR TR ™ i M B Al s T
K, DORARDFIT T K2 4= 88T K1 41 R 2R
PRl PRI, 7 Tl 5 Y 0 3 ok 3 ] R Vg 7y 7R
5 R B BRI SR T o, AR ST S KR I
SRR B AR R R AL T B S
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FRFE G S — R 7 A KB, 3 A PR AR R
RS | LA ZUBE RS | I R AR A e R e A R
7 A HLY (Pedersen et al, 2020), T Y 8 7E 37
BRI FE T, SE A W R EAR R AR R RO & R
(AR 24— 5> A A A Pl (CDOM), 2 Kl
B FR AR BT A ALY ) BRI Z — . CDOM
HAETEME T, HOGRSRRIE AT AEAE DOC
i, AR EE DOM 7R 7K o 1 5 % 55 AL B A
(Stedmon et al, 2003), FEWFFEIGAE I k% H2AF
Mo ¥ 4 (355 nm) F AR R AL a(355)H 5
CDOM ¥ B GE L, # 8% H T 3RAEK & DOC )
&4k (Stedmon et al, 2000), ABFFRLGER BR, AN
[Fi) 7 8 %% BV X a(355) B A il 1Y) AR K 1 2 A
W pg e, ¥E s AR 6 AR mAEE, KO,
K1 31 a(355) (35 545 T K2 3L, KU A
[F) AE 4 B B N 5 4 %% H4 e 552 L CDOML B i
AT FRIE X DOC B il H AN ARLAS F 3R
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Analysis of Growth Dynamics and Carbon Sink Effects of Saccharina
japonica Under Different Mariculture Densitiesin Sanggou Bay

SUN Haoming'?, XU Dong’, ZHANG Ya'nan™’, HUANG Xintong™",
SUN Yanmin®’, YANG Fan’, WANG Yapeng’, YE Naihao®”

(1. College of Fisheries and Life Sciences, Dalian Ocean University, Dalian 116023, China; 2. State Key Laboratory of Mariculture
Biobreeding and Sustainable Goods, Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Laboratory for Marine
Fisheries Science and Food Production Processes, Qingdao Marine Science and Technology Center, Qingdao 266071, China;

3. College of Bioengineering, Qingdao University of Science and Technology, Qingdao 266042, China;
4. School of Computer Technology, Hainan University, Haikou 571924, China,
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Abstract To investigate the growth dynamics and carbon sequestration effects of kelp under different
cultivation densities, this study used the traditional cultivation density of 100 ropes per raft (K0) in
Sanggou Bay as the control group. During the tender stage of kelp (January), the cultivation density was
reduced to 67 ropes per raft (K1) and 50 ropes per raft (K2), respectively. Methods such as on-site
instrument monitoring, in—situ perforation sampling, UV—Vis absorption spectroscopy, and organic carbon
analysis were employed to measure the light attenuation rate, absorption spectra of colored dissolved
organic matter (CDOM) in surface seawater, elongation rate, and thickening rate of kelp blades in
different density areas of Sanggou Bay. Differences in kelp growth dynamics under varying densities were
analyzed, and carbon sequestration under different cultivation densities were estimated. The results
showed that: (1) The light attenuation rates in the 0—1 m depth layer differed significantly among the three
cultivation density areas. (2) The highest blade elongation rate in all three density groups occurred during
the E3 stage (January—March), while the highest thickening rate appeared during the E4 stage
(March—April). By the end of the experiment (June), the wet weight per individual kelp in the K1 and K2
groups was significantly greater than that in KO, and the total wet weight of kelp cultivation in the K1
group was significantly higher than that in the other two groups. (3) The absorption coefficient a(355) of
colored dissolved organic matter (CDOM) at 355 nm in the KO and K1 cultivation areas was significantly
higher than that in K2 from March to June, while the SUVA254 values at the KO and K1 stations in March
and June were significantly higher than those at K2. By the end of the experiment, the total carbon pool
contribution of the K1 group increased by approximately 15.19% compared with KO. The findings
indicate that reducing kelp cultivation density to a reasonable level can significantly enhance kelp growth,
yield, and the carbon sequestration of the cultivation system. This provides data support and technical
references for developing models to enhance carbon sinks through large macroalgae cultivation in shallow
seas.

Key words Saccharina japonica; Mariculture densities; Light attenuation rate; Growth; CDOM;
Carbon sink
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