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FAE N T A0 il ) 25 M RR AR, A0A THEIX =2 AY)
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e A ST N T AR K B TR E, F8 N T
Tifk 3 3k 3 R K AR R ELIR A RN R IR 6, AR i
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R RAE T, HARRE S A SRS B 9 i 25,
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G I A a3 2 Mz, DA
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FOAEL 20 B LB 25 AR FB R AIE o SR, TR 18 JRRAE 3k
WU e B R R R I VR A M B T AT A
E— & R PE, 75 208 o A R FE AT #h 5 .
Wang 45 PTVRE T 15 70 30 5 308 SR S ot 5030 g A 1
BRI IRAER, WAL T ERIGEIMEAT I8 M
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Fig. 1 Map of survey stations in the study area

(2 m ZKTRAL), TN 1 mL RFEREE B TAR I, JE3
Yrid 3, RERIERRT-20 ClEEAM R AT R SL gk
%, A E Chl-a ¥R JE . /KRG AR LR
(NO;-N)., WAl EE(NO,-N) . Z A (NHZ-N) | fE
PR £6 (S105-Si) S i PR W 1R £k (PO3 -P) ¥k B2 Rk H]
SO EE R E . Bl £ 2 BOK B (YSI
Proplus)i 5 SST. $hE | pH . % i S FlHL 5K 55
fabr, 0 5R PR UK R (DMT-20) Fi %€ [ 5
P e AR A B . A RE R AR R I
187 7™ ket T SF I VE JH A LY (GB/T 12763.2—2007
1 GB/T 12763.4—2007).
1.3 VGPM 1REGZ i EY EfkEE N E
AHF5E (8 F Behrenfeld 25042 i1 VGPM £
R PEAE 2023 4F 6 H F 2024 4F 5 H I EIAF5T X 38
N TR A A 1O [ B RE J1 o VGPM JEF 6 IR | Chl-a
W B R EOL R R SR N R, A EOR 20
WA= 7= J] (net primary productivity, NPP), 15
wHHR:

PAR
PP. =0.66125xPB x———— «
e °P' " PAR +4.1

Z,, xChl-axDL (€9)
H, PP, K AE BRI 7 7 (mgC m2d™); Pl

KA H LAY Chl-a ¥R E7E BB 54
(GA VR, DL AOG R A, (1] Python
() Astropy FEHFATIHEE; Chl-a NifE/K3KR)Z Chl-a ¥
J, KA 4 HER 250 m B9 GOCI-IT L2 447 i
(https://www.nosc.go.kr/eng/main.do); PAR G4
RS [mol photons/(m*d)], FRHZSMEI4HE% 4 km
#J MODIS-Auqa L3 2% i (https://oceandata.sci.gsfc.
nasa.gov/); Ze, HOGH AR ST PAR %k 2 R 2 H
1%, BIEEEEE m)PY, AR N
= 4.605 2)
K4 (PAR)
A, Kq (PAR)N A A3 0 48 S 1o 18 e el R 4505,
HEALA:
Kq(PAR) = 0.672x K, (490) + 0.0569  (3)
X, Ka(490) i K 490 nm Ak 1918 0 R 5L, R
2843 HE % 250 m By GOCI-IT L2 2=
(https://www.nosc.go.kr/eng/main.do); Phy 8 24
X h KI-PS, P
PB _ 0.071xSST —3.2x1072 xSST? +3.0x10™ xSST )
ont Chl-a
(1.0+0.17xSST —2.5x107> xSST? —8.0x107 xSST?)
(4)
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3P, SST ORI, BRI HG GK-2A AMI,
NOAA-20 VIIRS . Terra MODIS ., GCOM-W1
AMSR2 ., GPM GMI, LA K [ G5 WL 32t 19 28 il
HESZ RS NIFS & gk iREdE, 255
2 1 km (https://www.nosc.go.kr/eng/main.do),
W IXIN, EOGRIRETE 3~10 m Z[A)742
3, HAN R DX R) 22 S 3R o B - P A
TR R E R RE T, SR R bR MEAR
ZEKRZPY, BB KR IR B [ BRGR . P,
mgC/(m’-d)], HEARR:
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=P AR
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Ry i — 20 VAR TR O R S AN, A S
TR AT (2011 4F 6 H 2 2012 4F 5 )Y
Chl-a %fls, RIZSE] 70 HEF 500 m 9 GOCI L2
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6 H % 2024 4= 5 H)) Chl-a ¥R IEAT LI 4047 o
B Bl it Python #PFHEAT FUAL B, ) GOCI-IT
(%) Chl-a U4l 7™ it A AR, SEATA e | 4R
WD) R SRR, 2 B P
1.4 HiE4hE
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AR 2 A AT MR B K A8 fh i 34, R
I, 15822 bias. 7R 1R2E (root mean square
error, RMSE) il i1 {37 % 4t X} 41 X I 2% (median
absolute relative difference, MARD)Z: 485, &&=
VA B Bt 5 B e 2 [ A 22 5, AT

N
. 1
bias = NZ(xsat - Xinsitu) (7)
i=l

8 32%
|
RMSE = ﬁz(xsat = Xinsitu) ®
i=I
X — X
MARD =100 x median {M} (9)
insitu

FH, Xoae T Xinsiea 7302 128 SR H AR 007 250805 N
P RS Y DA 6

KA R 4.40 A “stats™ 5 0BG #E AT
Kruskal-Wallis #2565, 31454 Dunn.test fHHY
Dunn #5465 % Chl-a V& 5 1 [ ¢ it B2 78 A 7] X 380
FHZEMEEEZES . R mgev @ gam
BRI ER 0 BT B 5 5 5 MR B - Z M G &R, TR
77 Z K [H ¥ (variance inflation factor, VIF)LAK:
WA N ZEm AL, HIFR VIF>10 IR
PR o RS RUADLS T, K Tk o B R A 7 X 5 e 46, il
HAFEIER 0, JFYE AIC [Eik#H &I GAM.

2 #R59H

2.1 EREENEACHIETE

AU SEN Chl-a YRR SST 5 i Al A
Z I AIMSEEE 2 Fis. g5 EoR, BRATERE
55 3 B 2 18] LA B i — Bk, HAHSCE R
2 (Chl-a: R*=0.79, P<0.001; SST: R’=0.99, P<
0.001) . JL A £ 4 Al JER A4 =2 1] 32 B0 MR I 1)
Hh S B0 48 X A X 25 (Chl-a: MARD=5.63%; SST:
MARD=10.40%) 1 ¥ /)N i) ¥ J5 #R & 2= (Chl-a:
RMSE=0.23 mg/m’; SST: RMSE=1.05 C). i T-iFf
VAT 1K A2 2 IR B 25 1, T8 v 118 K AR 3
JE RN G2 ReE AR A,  1 IR A A B = [ A
TE—E 25, RIS, B i A i
Chl-a V& i J SST My fb ka3 I A — B, K8 Ik
B AT T 430 7L L v I AR f R B
2.2 Chl-a iR EHIBZ 5 i

TR TS, P9I Chl-a WA
FI RN A 9 25 AR AR AR AE . B RLHT, A5 XY
Chl-a AN AL R W E5#8, F7176 3 4>
WEEmEEGT AH>2 A>10 H), HE(@6—8 H). &%
(12—2 )M Chl-a WEHEIILNEIZL, A XK
Chl-a ¥ 7F 2717 0] G i 35 25 57 (P>0.05), HAx4%
X#&FZN Chl-a #RE 5% & T HAMZT(P<0.05);
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Bias = 0.01 mg/m?
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N

% X Chl-a¥k ¥ /(mg/m®)
remote sensing Chl—a concentration
w

(3]
N

JBIXSST/C
remote sensing SST

2 3 4 5

JE Chl-a¥fk BE/(mg/m?)

in situ Chl-a concentration

301 b

y=0.99x +0.16
R2=0.99, N= 60
Bias=—0.03 C

RMSE = 1.05 C
MARD = 10.4%

[ ]
S

—
(=

0 10 20 30
JEAISST/'C in situ SST

B2 D R 5 R AH DG Ak 23 A

Fig. 2 Correlation analysis between in situ and remotely sensed data

Chl-a ¥WREMFW A OEZEN: FE>EF F>HK
>4 (K 3a~3d). HHUG, XY Chl-a kB 4E
AR AL 2 B M RLZE R, B — A g 0 AR
BT PEWI(8—9 H), 2B Al b AR A& ok U
W(—3H), HMA =] r Chl-a vk B
NGk, A X Chl-a WEETEE &= 58k Z 0] (P>
0.05), X Z=5HE 2> [6)(P>0.05) LB E L5, H
B EBR DS T 48/ % P<0.05);, C X
Chl-a R EAUAER | &2 2 [0 J0 I 3 22 57 (P>0.05);
MHAE XA Chl-a WRETER AR EES
(P<0.05); Chl-a ¥ i 2= A8 fb SR 290 k>
H > F>H 75 (] 3e~3h),

4r g &3 A IFH X (A) raft culture area
& %} #& [X (D) control area

3r #
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e,
E \Bk,
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MZSRIRAE, EHT, FZ A XA Chl-a Wk
B EE T HAK X (P<0.05); FkZ&, Chl-a ¥k
A DX LI B.C X ZIATC 3 2 5 (P>0.05), {5
A. D XEEFEET B, CX(P<0.05); fEH ., &7,
Chl-a ¥ J¥ 7525 0] _ 440 8 3 25 55 (P>0.05) . 1%
HOFIX 1 Chl-a 35 AEF- B4 4 (1.92£0.36) mg/m’,
AENE Sy 1.11~3.03 mg/m®, HA, A, B, C KH4E
SE44 Chl-a ¥ 73 51 4 (2.05+£0.45) . (1.91£0.34) .
(1.80£0.25) mg/m’ . D X f#J Chl-a #¢ B 4EF- 3448
(1.99+0.34) mg/m’, 75 Hy 1.24~2.78 mg/m’,
HHIAIX K Chl-a MR L D XIKZY 3.52%.

#JE, . 2. %, Chl-a WKELEZSE] L
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(fF%E to be continued)
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(82K 3 Fig. 3 continued)

51 ¢ B8 ATfERX (B) artificial reef area
o g Bl X} HRIX. (D) control area !
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E 3 WEERIHE NG (a-d) . 5 (e-h)45 X 5%F IR IX A Chl-a ¥k & AR fb#a e L X &

a—d: 2011.06-2012.05; e-h: 2023.06-2024.05.

Fig. 3 Trends in Chl-a concentration in marine ranching sea areas versus the control area before (a) and

after (b) the establishment of the marine ranch
a—d: 2011.06-2012.05; e-h: 2023.06-2024.05.

WIfEAE B 25 25 5 (P<0.05); 42, A X% Chl-a ¥
BT HAKIX(P<0.05), (HD X5 B, CIX
Z A0 B % 2 5(P>0.05), HEFEHIAIX K Chl-a
W B AE 7 B {H M (3.34+0.41) mg/m’, 7F HF K
2.15~5.88 mg/m’, Hi1, A B C X [J4EF-3 Chl-a
e o W)k (3.61£0.34) . (3.37£0.38) . (3.07+
0.35) mg/m’, D [X ) Chl-a ¥ & 4F - {1 M (3.24+
0.32) mg/m’, 781K 2.42~4.26 mg/m’ ., HEER
X[ Chl-a ¥ I D X m £ 3.09%.
IG5 R (R 1), WPEBOREHTE,

F5E X3k A Chl-a ¥R &AL & A8 4k . A ALHT, A
[X /) Chl-a ¥ 5 D X JC . 3 22 % (P>0.05), &
¥12£%5/170.06 mg/m®); B X ¥ Chl-a ¥ FE IR AL T D
X (-0.08 mg/m’), M # Z b K i F % 7 (P>
0.05); C X Chl-a ¥ I E{KT D X (P<0.01),
HIHZEHKE0.19 mg/m’), EHK/G, A. B X
Chl-a ¥R ¥ 8 % = T D X(P<0.01), H522450 51
49 0.37 mg/m’ F1 0.13 mg/m’; C X[ Chl-a % &
R FERT D X (P<0.05), 10254 Fr i/
(—0.17 mg/m°).

x1 BEHBERNEEXRSXMERX Chl-aiREERHSEITHRIGER
Tab.1 Statistical test results of differencesin Chl-a concentration between ranch areas and control
area before and after the establishment of the marineranch

] Wi i 75 B Sy i W {H ¥z RN P
time period response variable independent variable degree of freedom W value mean deviance effect size
NS Avs.D 11 55.5 0.06 0.36 0.211
BT

pre-establishment Bvs.D 11 15.5 -0.08 0.53 0.066
(2011.06—2012.05) Chl-a ¥e Cvs.D 1 1.5 ~0.19 092 0.001"
dRE Chl-a concentration Avs. D 11 78.0 0.37 1.01 0.000™
post-establishment Bvs.D 11 77.0 0.13 0.95 0.001"
(2023.06—2024.05) Cvs.D 1 8.5 ~0.17 072 0013

WA RS, B. ATAFEX, C. MAFRIEX, D. XX, **: P<0.01; *: P<0.05.
Notes: A. raft culture area, B. artificial reef area, C. net culture area, D. control area. **: P<0.01; *: P<0.05.
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TERF T XSk P, [ ik o 58 10 4 1 728 b S R o
3 LR, Syl TE 6 H)MA&Z(12 )
KB KAE A/ IMEL(E] 4). AL B, C X%
SRR . B2 AT 3 2 7 (P>0.05), D IX.
(1% Tl 5o B 7 25 ) A7 A I 35 25 55 (P<0.05) . A
B D KANEF>HUE>FF>XZF A, B, CIX
Do = & S

23 [B) oA b, [ R B A 2 ) LA A 2 2
5(P<0.05), H4% 2= 1Y %5 (8] 73 A5 R fEAT BT A ]
F.AZE, FREENE B, D KZELEEZE
5(P>0.05); FkZ&, [ERIREINAE C. D XZHT
& 2 7 (P>0.05);, H 2=, [ kim £ 2s [ L A7
TE 5 35 25 5 (P>0.05) o WF PR DX 114 31 B¢ 5t 88 4
I H}(58.76+17.21) mgC/(m*-d), Z5IE K 26.49~
104.23 mgC/(m*-d). H, A, B, C X (i [ i o
AR BIE 43 5 K (63.19+18.53) . (58.97+16.78) .
(54.00+15.21) mgC/(m*-d), D X [ [& B 35 5 45 -
11 H(56.85+16.28) mgC/(m*-d), Z5IE N 29.12~
95.00 mgC/(m’-d). HFFEHIIX B FRKGEE H D X

O AR FFH X (A) raft culture area
C_IXfHBX (D) control area

—_
B (=) [ (=3
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Fig. 4 Trend of carbon sequestration intensity in each marine ranching sea area versus the control area
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24 = R IFEIX(A) raft culture area x4 7. W=0.98. P=0.26
M — =3 ATfEfEX(B) artificial reef area = ﬁiﬁ(lg ’ . ’ . )OH .

o = MFFEFEX(C) net culture area %’ﬁl} GAM ﬁaﬂﬁ’ﬂﬂgiﬂm%%& Rz j’\] 0.965,
0.8 — [] — — 3 27 D y -
5"5 Ll L 5 R 97.5%, AICAEH —236.78, FEHHRI
22 = - HABSIGEMTE ., SRR EIRER 4), B
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Fig. 5 Trends in carbon sequestration by areas - o
of the marine ranch én%ﬁﬂ_\‘, kR ER A pH B9 H HEERT 1, KWy
*2 BEHGHERENBXEEBEE/ERE
Tab.2 Carbon sequestration intensity/carbon sequestration amount in different areas of the
marine ranch and the control area
[X 42k - [ B 5k B [mgC/(m? - d) /[ Bk 12 (kg C)
o region-carbon sequestration intensity/carbon sequestration amount
season
EAFRFLIX(A) AL AffEX(B) EHER V() TERZ X (M) Xt IR X (D)
raft culture area artificial reef area net culture area marine ranching area control area
57 summer  80.73+£8.00/1.30x10°  75.03£8.29/3.20x10°  67.88+9.32/1.81x10°  74.63+£9.99/6.31x10° 72.03+10.88/—
BZ autumn  68.29+6.25/1.04x10°  63.98+£6.22/2.41x10°  59.00+4.66/1.26x10°  63.79+6.77/4.70x10° 60.58+3.12/—
42 winter 35.37+1.02/0.51x10°  34.71£3.71/1.21x10°  32.76+3.94/0.70x10°  34.35£3.42/2.41x10° 33.45+1.83/-
2% spring 68.38+10.78/1.06x10°  62.16x11.11/2.55x10° 56.35+11.26/1.45x10°  62.27+11.90/5.07x10° 61.38+10.80/—
44 year 63.19+18.53/3.91x10°  58.97+16.78/9.37x10° 54.00+15.21/5.21x10° 58.76+17.21/1.85x10° 56.85+£16.28/—
=3 HERFHAZEEKEFSEHXEERIEER
Tab. 3 Resultsof variance inflation factor multiple covariance test for environmental factors
R A A L S M B TS N EL IS 1 e B
ST g TEE gy wiwdh wamiy AR TEERREE g, T
S . dissolved e . - ammonia active - suspended
univariate latitude salinity nitrate nitrite . silicate .
oxygen nitrogen  phosphate sediment content
R ﬁ'ﬁ.ﬁij/ﬂ&% 1.69 4.03 9.17 2.25 6.80 4.76 3.56 3.65 1.43
variance inflation factor
x4 GAM HERGHINER
Tab. 4 Hypothesistest results of the GAM model
BT it A ZH A HE p T EMRRER (%) TREH I RB(R)
univariate  estimated degree of freedom reference degree of freedom deviance explained adjusted R
s(Lat) 1.000 1.000 4952 0.0314"
s(DO) 1.000 1.000 2831  4.05x10°™
(S 1.000 1.000 42.63 <2x107'"
S(pH) 4.475 5.341 39.06 <2x1071¢"
S(NO;-N) 1.000 1.000 0.100 0.7538
97.5 0.965
S(NO;-N) 1.000 1.000 0.831 0.8310
S(NH;-N) 1.000 1.000 0.043 0.8362
s(POj’—P) 1.000 1.000 1.857 0.1801
S(Si03-Si) 2.877 2.976 8.953  8.84x107°""
S(SS) 1.659 2.069 0.102 0.9250

TE: *3RR P<0.05;

kR IR P<0.001.

Notes: *means P<0.05; ***means P<0.001.



554 A T TR B A TR T2 R a YRS N PR AL 11 B BE ) 0150 531
021 02} 02F
0.1r & 0.1f 0.1
2 o a
3 o I o)
z 0 E 0 % 0
0.1 «w —0.1 0.1
-0.2 -0.2 -0.2
1 1 1] 1] | | RN T T | Hi, 1) (VRO | G I} | Ll A 1l 1 im |
70 75 80 85 9.0 95 0.05 0.10 0.15 0.20 0.25 5 6 7 8 9 10 11
pH SiO5—Si/(mgL) 4R/ (mg/L) dissolved oxygen
02} 0.2}
0.1 0.1
g ot % 0
-0.1 0.1
-0.2 02t
§ O RWTLIE, BULNITINY, RORNE G0l 1 VUil Lim 1 L 1 ' I} LRI
36.67 36.68 36.69 36.70 36.71 36.72 30 31 32 33 34 35
4B/ latitude EhF salinity
K16 PRI A1~ X0 [T Btk 55 B2 )52 i)
IR A 2544 (P<0.05) Y 152 [ T
Fig. 6 Effect of environmental factors on carbon sequestration intensity
Only significant (P<0.05) environment variables are shown.
BV pH BIEAASE, 4 pH T 9.0 B, JLIH Bk
E SREETCH] BARME . RERRERVR EETEMNT 0.15 mg/L
2 N
8 B, JHC [l i S L 5 1 R 0N 19 78 Ak i 3
E MEFRRER I R T 0.15 mg/L B, X [ sk A
;‘fﬂ A IERON o VA ik AUV JBE 5 [T Bk iR JBE 00 22
= FHOG, BEE VA AR A e E G T, [T ik i B2 2 2 e ik
E .04 N HEATEMER RS ER &ETE
36.67°N~36.72°N Z [H] i, X [ 5 5 A5 4 B I
o, , . 1 , A TE RGN, B S 10, [ Bk 5 58 5 B 2 1
2 0 ! 2 IO <R

HS i Y theoretical quantiles

K7 [FERRSEE GAM BRI 5% 2 Q-Q
Fig. 7 Q-Q plot of residuals of the GAM model for
carbon sequestration intensity

Wil B 5 Z TR AFFEAR LR PR R &R, 2B . I S A
ThEER) B ST 1, KRB R 2 (A A7 A
bR AR HP, pH AERT 7.5 B X [ Bk o A
I TN, pH 7E 7.5~9.0 Z RIS, [ fie i B2

3 itig

31 Chl-a i REMZTELELSH

Chl-a ¥ 19 2= 15 A2 A0 S 25 (8] o A 43 Bir 45 2R
W, RO R R S TR A i
Chl-a ¥ I, FpBlIEAEZS (8]0 A0 77 o FHRTIER
ABCST 2LV Chl-a ¥R WD A2 1) 3 15
T REAR o TR AR B A KR IR R, et



532 Hh [ K R

%3248

R AR K, I Chl-a WeEEHEPY B
BRI, ERY B, TR A K
Z B, Chl-a e J¥ Wbt 2 FFEARD . ABFTE 255 51k
— 5, BMATE, Chl-a WX B T 7]
Vg DR ARG AR A, SR, HERUS, Chl-a MRS
1o 5 A A0 AH EE A B R B i R , HLE{K Chl-a 3
FEAK- B E T . BRI, IR X AT
FREX Y Chl-a ¥ B i 25 5 X REIX, 11 (R4S 7
FEIXHY Chl-a V& EE AR 2T X BRIX, (HE
B2 25 A O . X e g SRR, R4
S 10l B FEAS [R) DX 30T 5 75 40 o 1 A 3R R V7 it A
PR AER A TN F R B e, L e TR
B DX T AR R IX 80 3 A e E R T . kb
SRS, Zhai U0 E M I BF 58 K,
2011 % 2019 4E[], T FER S0 FiE 520 0
AR, JUH R X I, Chl-a WEZRET
R o X PP 22 S mT A WA TR B IR — T, BF
FE DX I R K SR A 1 SN T SR AR R R,
FRTRMAE PR BEIRE, e
g KR Ty, W TEHOA R T AR A
I B 1R it 3 o 2 AR K Bl ) S L B R K AR 1) 2 L
RAE, B8 FRNGEZEKH R ELZE, Xk
N7 ] B I 2 B [ % T, A T S A VR U
Py e T

TR R, WFOR XS ZE T AR b S i
BT D, A P 5 SR g LR 5 30 1 )
25 A AR AE AR, SERT>H B> E>L
Z [FEE, Z=9 A Rk s, HE SR

BRI A K2 BRI . DE IR INE I s Y
WERW . S, Chl-a MR 14 9 AR Tk i g
RBATE IR, 2FERT>ET>AF>HF X
SRR AP S A RAFAE 2 S, FIRE S RAEE
LRI I 2R AR AN R A 5
32 FEEYMERNETENS N

PR A, T B 53R 3 A 2= 1 s ) L
Py WE AR o TRk 5 R 2 B Y I v W A A
PR F B E, KRR T8 TR E
FIE IR A 25 e HE PRI A DL B A, AT

PETHERRAE T, ATl AR ADEIOR R, W
S A AR R RR E 4E N A8 Ak I SR
FERCR, B 2R WS T HALZRTT; 17 Chl-a ik B 4F
PR S Ab U B0 B AN, AR R B U RN AR
VA 0, L AE 2R N AR b R AT
% X BRI N [ o B A7 BRI A Pt
SRR M Chl-a ¥ 328 R WL
W R B AR R RS A b, A IX
) [ Bl o B 25 5 0 3, AR E X FRIEIX > A T
DX > B IX > AR FRFE X, X5 Chl-a #BE%5 (]
oy —E . [RIRE, [k 0 A N AR Rk 34 5
5 AR, B 7RI [ A W v A R AR
I, 7SR B XA T 2 B X 74 1 A o 441
H R RO 25 1 X R DL R B R R
ZEFITE
3.3 IMEEF X ERREE R R

it GAM BERIZE SR, [ AR 1) A8 1k
Z %) pH. GEMREL | WA SREERILE R B
Wi AR SEBTFZE F A pH 32 M S T 1 5
T W R 1 [ B RE S, — S R R R 25 TEHLRR
(A o DA B B T 8 SF- A5, 108 T 5 T 7 D A 4 A
T BRI, R TR AR ) O A S el AR i
IR BRI, DA 52 W 7 ife 4 400 A 5 245 F AN A
R o T TSR OV L 2 30 v 1 T R I 5 R,
pH 5 Chl-a ¥ FEAAAE 0 2 IEAHOC, FLILTE XY
= pH {EXTR B Chl-a ¥R, XgE—H000F T
GAM F 7 55 S BRAs Bl i —BOME o RERR LV M kb 8
AR B SR, X kR B A R .
SRR S5 POV I 5 & B, Tk 3 o 7L LS Y B i
FEP) I B, HoA K A2 REIR R Wk B 1 B 42 BR
il o Bl ik R SR VR B A B, U R MR SR I
0.15 mg/L, [BRREE 2 B g Wy
DA R N T A T R 55 5 3% it o 3k 7k s g 4 T,
PETHE K LR RERRER M B, (R UERE i 19 AR K
B, B T 5 AR R P (TR B AR, B A R
FUER B B, [ sR BE  F R, MG IE R
AL 2 Chl-a Y BERBIRAT, SIS UMK,
X 55 [ Rl B AV i A AR A i A — 2, ORI
Al RE S KRS 4 58 1 BB TH RN HILTS YL i B4



55 4 3]

B A AE: T TUR 8 B IR MO M 4R 3R a YRR KR A D [Tk BE T 5 533

Ao MAN, FLIE TP WA ) 32 2 h Ak R
i 25 ) RN (RO R, i $h B 7E 20~
30 Z PSSO ML BE>30 B, R AR E AT AR
PR AR 0 R, AT S 3800 B 3 B AR AR
AR R e S5 ORI ST R B, BRI U
Y F R SR MRS, fE2S (0] L, GAM #A!
5L BUAIAT, B 26 R A R, Ak 5 R D%
18 LTk, KRBV B R AR AR Ak, W
AT R TSR [ e o e P A R A

WFFERI, RO R B T T P TE
HE3S ) Chl-a ¥ 8 TP i AL O [T B BE 1, 7R
H A E S SR BRI RE ) O T B BRIV o AR,
FAAFE—EJR PR IE . T, GAM B RIREA 45
/N, AT RERZ MRS HER 1, RORT Y FEREA R 2
FrREE RIS IE o LK, BRI DR 5[] 14 PR [R] 28007 1
RIFETENT, AR T B 2 A 52 50 5 TR 20 1Y)
BRI AT AR B AR T A, i R Y 25 (] 23
B A< 0] RE T IA VE B A P /N R AR S R A AL,
Al iz LA o ) SF RS A B B . B,
AR 2 B4 PR B, 3 W i R O 1 1 R
P e HX e D RE Y RS2 me, LU B
M A A A A

4 #ig

JEA B 5 18 AR Y Chl-a W (R=0.79,
P<0.001)H1 SST (R*=0.99, P<0.001)H X1 i35 H.
—2, R VGPM BLRUIRE ) NPP B8] /5517 i,
AT FH T VPl Y A0 P D 0 [Tk 7 722 Ak 3

MBS, Chl-a ¥R Ry MBI X4 25
(R F>HE T4 F>H5F), 0 E, R IX
() Chl-a ¥ B AEF- 2441 4 (3.34+0.41) mg/m’, 725
N 2.15~5.88 mg/m® (FEFIFRHHIX > A Tl [X > %}
MK > A FRTE X)), PR 8RR B 3w T
FHEWEHT SRR IX

MG PEROA RS, T A B 2 g 25 4
(R Z>HF>MPFE>4F), 0L, BHFERSIXY
[i] Bk R B 4F 7 {8 K (58.76+17.21) mgC/(m*-d),
SR K 26.49~104.23 mgC/(m’-d) (B FiFl X > A
T A DX B D> PR 5 59 1K) o T 0 X AR
SEBR RN 1.85%10° kgC, HZ=TFI2s Al B A 5

[ il 5k 5 AL AR R AR £k

GAM iR %, pH ., RERRER | M S FEh
Xof [l 5 8 347 A Wi 8 25 5 T (P<0.0011), 4 0
FR(P<0.05), pH AR LR X i 1 A7 AR £k
PR, Vs A SRR B SR A O, S R A G

5% 3k

[1]  Friedlingstein P, O’Sullivan M, Jones M W, et al. Global
carbon budget 2020[J]. Earth System Science Data, 2020,
12(4): 3269-3340.

[2] Li W, Gao K S, Beardall J. Interactive effects of ocean
acidification and nitrogen-limitation on the diatom Phaeoda-
ctylum tricornutum[J]. PLoS One, 2012, 7(12): €51590.

[3] Hader D P, Villafafie V E, Walter Helbling E. Productivity
of aquatic primary producers under global climate change[J].
Photochemical & Photobiological Sciences, 2014, 13(10):
1370-1392.

[4] Field C B, Behrenfeld M J, Randerson J T, et al. Primary
production of the biosphere: Integrating terrestrial and
oceanic components[J]. Science, 1998, 281(5374): 237-240.

[5] Dai M H, Sul Z, Zhao Y Y, et al. Carbon fluxes in the
coastal ocean: Synthesis, boundary processes, and future
trends [J]. Annual Review of Earth and Planetary Sciences,
2022, 50(1): 593-626.

[6] Jiao N Z, Tang K, Cai H Y, et al. Increasing the microbial
carbon sink in the sea by reducing chemical fertilization on
the land[J]. Nature Reviews Microbiology, 2011, 9(1): 75.

[7] Jiao N Z, Liu J H, Jiao F L, et al. Microbes mediated com-
prehensive carbon sequestration for negative emissions in the
ocean[J]. National Science Review, 2020, 7(12): 1858-1860.

[8] Pan Y W, Fan W, Zhang D H, et al. Research progress in
artificial upwelling and its potential environmental effects[J].
Science China Earth Sciences, 2016, 59(2): 236-248.

[9] Portner H O, Roberts D C, Masson-Delmotte V. The ocean
and cryosphere in a changing climate: Special report of the
intergovernmental panel on climate change[M]. Cambridge:
Cambridge University Press, 2022.

[10] Tang Q S, Jiang Z J, Mao Y Z. Clarification on the defini-
tions and its relevant issues of fisheries carbon sink and carbon
sink fisheries[J]. Progress in Fishery Sciences, 2022, 43(5):
1-7. JBET, B, BERE Wl Sl e X
R H ARG R HERT[I]. ol BHFiE R, 2022, 43(5): 1-7.]

[11] Jiang Z J, Li J Q, Qiao X D, et al. The budget of dissolved
inorganic carbon in the shellfish and seaweed integrated
mariculture area of Sanggou Bay, Shandong, China[J].
Aquaculture, 2015, 446: 167-174.



534

o il K B 2

%3248

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Mahmood T, Fang J G, Jiang Z J, et al. Seasonal distribution,
sources and sink of dissolved organic carbon in integrated
aquaculture system in coastal waters[J]. Aquaculture Interna-
tional, 2017, 25(1): 71-85.

Ding D W, Suo A N. On the theoretical paradigm of marine
artificial ecosystem[J]. Chinese Journal of Marine Environ-
mental Science, 2021, 40(5): 653-658. [T 153, RET. %
THENTAS ARG BB ). EERERE,
2021, 40(5): 653-658.]

Ding D W, Suo A N. Theoretical thinking of artificial ecosy-
stem for modern marine ranching[J]. Bulletin of Chinese
Academy of Sciences, 2022, 37(9): 1335-1346. [ T3¢, &
LT, PUCEFERIA RN TAES RIS RED]. +
ERL2=Be BT, 2022, 37(9): 1335-1346.]

Qin M, Sun M X. Effects of marine ranching policies on the
ecological efficiency of marine ranching—Based on 25 marine
ranching in Shandong Province[J]. Marine Policy, 2021, 134:
104788.

Wang Y F, Hu Q W, Yu J, et al. Effect assessment of fishery
resources proliferation in Zhelin Bay marine ranching in
eastern Guangdong[J]. South China Fisheries Science, 2019,
15(2): 12-19. [EFF, SR, 5%, % SAMmMKETE
PO O B RIS B RCRITAN (1. WK™ Bk2¢, 2019,
15(2): 12-19.]

Li C H, Jia X P, Qi Z H, et al. Effect evaluation of a
low-carbon fisheries production by marine ranching in Daya
Bay[J]. Journal of Agro-Environment Science, 2011, 30(11):
2346-2352. [ZE4HJE, TR, 5754, . RIS
Gyfisiaoly A 7= RORIEAN 0], AL IR B2 4R, 2011,
30(11): 2346-2352.]

Cui C. Preliminary study on carbon sink function of artificial
reef area in Xiangyun Bay Marine Ranching[D]. Baoding:
Hebei Agricultural University, 2021. [{£&. #E= TSR
N LA XA RERI 2P W 5E (D). fRE: bRl ok
2#,2021.]

Ma H, Qin C X, Chen P M, et al. Study of biomass carbon
storage in Zhelin Bay marine ranch of South China Sea[J].
South China Fisheries Science, 2017, 13(6): 56-64. [Zh3X,
ZFEH, AR, 5. FARARIL O A Yk ik BT
). KRR, 2017, 13(6): 56-64.]

Li Z P, Chen Y, Wang G, et al. Ecological carrying capacity
and carbon sequestration potential of bivalve shellfish in
marine ranching: A case study in Bohai Bay, China[J].
Frontiers in Marine Science, 2023, 10: 1174235.

Li J, Guan C T, Gong P H, et al. Preliminary analysis of
carbon sink mechanism and potential of artificial reef ecosy-
stem[J]. Progress in Fishery Sciences, 2013, 34(1): 65-69.

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(2=, oK, AR, %5 AT faffd SR Gl P
LB AT, Ml Rl E R, 2013, 34(1): 65-69.]

Shu A P, Zhang Z R, Wang L, et al. Effects of typical
artificial reefs on hydrodynamic characteristics and carbon
sequestration potential in the offshore of Juehua Island,
Bohai Sea[J]. Frontiers in Environmental Science, 2022, 10:
979930.

Deng Y B, Zhang Y L, Li D P. Progress and prospect of
remote sensing on phytoplankton primary productivity
estimation[J]. Remote Sensing Information, 2017, 32(3): 1-9.
RH i, SKishk, 7. FERHEYRI AL 1 8 T
FEERT). BIEEE, 2017, 32(3): 1-9.]

Yezhova Y, Capelle D, Stainton M, et al. Carbon fixation by
the phytoplankton community across Lake Winnipeg[J].
Journal of Great Lakes Research, 2021, 47(3): 703-714.
Yang X G. Chlorophyll and primary productivity estimation
based on remote sensing in Yellow Sea[D]. Qingdao: Chinese
Academy of Sciences (Institute of Oceanology), 2013. [#
. B GR RARA T 1B AN D). S h
B BEWFIT A B (R EERIF ST ), 2013.]

Xu W L, Wang G F, Jiang L, et al. Spatiotemporal variability
of surface phytoplankton carbon and carbon-to-chlorophyll a
ratio in the South China Sea based on satellite data[J].
Remote Sensing, 2021, 13(1): 30.

Wang Z W, Yao L J, Yu J, et al. Evaluation of the ecological
carrying capacity of Wailingding marine ranching in Zhuhai,
China by high-resolution remote sensing[J]. Frontiers in
Marine Science, 2024, 11: 1354407.

Wang Y F, Yu J, Chen P M. Remote sensing assessment of
ecological effects of marine ranching in the eastern
Guangdong waters, China[J]. Journal of Geoscience and
Environment Protection, 2018, 6(12): 101-113.

Yan G H, Yin X Y, Wang X, et al. Analysis based on GAM
model for the relationship between chlorophyll a concen-
tration and environmental factors in Dongting Lake[J]. China
Environmental Science, 2022, 42(1): 313-322. [ J&, B&
TUE, A, & BT GAMBRIMRERM R a kS
PG A ARG A AT 0] T E R B RR 2, 2022, 42(1):
313-322.]

Behrenfeld M J, Falkowski P G. Photosynthetic rates derived
from satellite-based chlorophyll concentration[J]. Limnology
and Oceanography, 1997, 42(1): 1-20.

Joo H, Park J W, Son S, et al. Long-term annual primary
production in the Ulleung Basin as a biological hot spot in
the East/Japan Sea[J]. Journal of Geophysical Research:
Oceans, 2014, 119(5): 3002-3011.

Noh J H, Lee Y, Korea Ocean Satellite Center of KIOST,



55 4 3]

B A AE: T TUR 8 B IR MO M 4R 3R a YRR KR A D [Tk BE T 5

535

(33]

[34]

[35]

[36]

[37]

[38]

[39]

(40]

[41]

[42]

Busan, Republic of Korea. Primary Production[Z]. Nation
Ocean Satellite Center (NOSC), 2022.

Kameda T, Ishizaka J. Size-fractionated primary production
estimated by a two-phytoplankton community model appli-
cable to ocean color remote sensing[J]. Journal of Oceano-
graphy, 2005, 61(4): 663-672.

Zhang H B, Pei S F, Zhu Y X, et al. Study on the distribution
characteristic of primary productivity and its controlling
factors in Bohai Bay in the early summer[J]. Acta Ecologica
Sinica, 2019, 39(17): 6416-6424. [3KifE, LA, BAEFT,
8. MRS I R R BSE R R (0], 2R3
2741k, 2019, 39(17): 6416-6424.]

Zhao SH, Ye Y H, Luo F, et al. Preliminary study on carbon
sequestration accounting in Shenzhen offshore area[J].
Environmental Science & Technology, 2019, 42(S2): 140-147.
DRARAE, M1, DK, A5 GRYINT R 3 ik e A )
EWIFEI]. HEIRA SR, 2019, 42(S2): 140-147.]
Zhang X Q, Yang F X, Zhang L J. A study on ecological
characteristics of phytoplankton in different seasons in
Rushan Bay and its adjacent waters[J]. Periodical of Ocean
University of China, 2021, 51(7): 46-56. [FKKR, W,
TR T, UL R GRS Y B AN ) 2 VR A A A A
FRAERTFE[T]. v [ P R 24 2 4R (H SRR ), 2021,
51(7): 46-56.]

Chen A H, Li Q, Dong Y C, et al. Seasonal distribution and
influence factors of chlorophyll-a contents in eastern Rushan
Sea area[J]. Chinese Journal of Fisheries, 2024, 37(5): 87-94.
(Brte, 200, #5300, 55 FLILARIERM SR a &
BT AR RO M N R [J]. IKF=2240E, 2024, 37(5):
87-94.]

van Meerssche E, Pinckney J L. Nutrient loading impacts on
estuarine phytoplankton size and community composition:
Community-based indicators of eutrophication[J]. Estuaries
and Coasts, 2019, 42(2): 504-512.

Siswanto E, Sarker M L R, Peter B N. Spatial variability of
nutrient sources determining phytoplankton chlorophyll-a
concentrations in the Bay of Bengal[J]. APN Science
Bulletin, 2022, 12(1): 66-74.

Zhai F G,LiuZ Z, Gu Y Z, et al. Satellite-observed interan-
nual variations in sea surface chlorophyll-a concentration in
the Yellow Sea over the past two decades[J]. Journal of
Geophysical Research: Oceans, 2023, 128(4): €2022JC019528.
Li HM, Li X M, Li Q, et al. Environmental response to
long-term mariculture activities in the Weihai coastal area,
China[J]. Science of the Total Environment, 2017, 601:
22-31.

Zang J Y, Zhao C Y, Liu J, et al. Distribution and budget of

[43]

(44]

[45]

[46]

[47]

[48]

[49]

[50]

(51]

[52]

[53]

nitrogen and phosphorus in the coastal area of Rushan Bay([J].
Haiyang Xuebao, 2019, 41(12): 26-38. [JkZk, & B, X
22, 25 FLILTE M R E B o3 AT S G BT
[7]. HEFESEAR, 2019, 41(12): 26-38.]

Hoang T M H, Te M S, Hieu Duong V, et al. Relationship
between water quality and phytoplankton distribution of
aquaculture areas in a tropical lagoon[J]. Environmental
Monitoring and Assessment, 2024, 196(11): 1099.

Plew D R, Spigel R H, Stevens C L, et al. Stratified flow
interactions with a suspended canopy[J]. Environmental
Fluid Mechanics, 2006, 6(6): 519-539.

Zhang Z H, Huang H J, Liu Y X, et al. Effects of suspended
culture of the seaweed Laminaria japonica aresch on the flow
structure and suspended sediment transport[J]. Advances in
Marine Science, 2016, 34(1): 37-49. [3kF1E, B4, X
2, A5 VAT IR X ] 0 Y S R E R R M)
WIIE[I]. ARl RE, 2016, 34(1): 37-49.]

Xu T J, Tang M F, Dong G H. Analysis of the influence of
fish behavior on the hydrodynamics of net cage[M]. London:
InTechOpen, 2018.

Hou S 'Y, Duan W Y, Zhang K X, et al. CFD-based analysis
of the flow field in aquaculture net cages[C]// Proceedings of
the 32nd International
Conference. Cupertino: ISOPE, 2022: 470-476.

Wu M, Zhao Y F, Sun L E, et al. Remote sensing of spatial-

Ocean and Polar Engineering

temporal variation of chlorophyll-a in the Jiaozhou bay using
32 years Landsat data[J]. Journal of Coastal Research, 2020,
102(ST): 271-279.

Cai L N, Tang R, Yan X J, et al. The spatial-temporal consi-
stency of chlorophyll-a and fishery resources in the water of
the Zhoushan archipelago revealed by high resolution remote
sensing[J]. Frontiers in Marine Science, 2022, 9: 1022375.
Zang J Y, Zhao C Y, Liu J, et al. Characteristics and benthic
processes of organic carbon in the adjacent area of Rushan
Bay[J]. China Environmental Science, 2017, 37(3): 1089-
1102, [EZO, R, X%, 5. FLILELRIT A Pl
BRI Al 5 I AR FE (D). THEBREERLSE, 2017, 37(3):
1089-1102.]

WuY M, Zhu H P, Dang X Y, et al. Spatial-temporal change
of phytoplankton biomass in the East China Sea with MODIS
data[J]. Journal of Ocean University of China, 2021, 20(2):
454-462.

Falkowski P G. The role of phytoplankton photosynthesis in
global biogeochemical cycles[J]. Photosynthesis Research,
1994, 39(3): 235-258.

McCluskey E, Brewin R J] W, Vanhellemont Q, et al. On the

seasonal dynamics of phytoplankton chlorophyll-a concen-



536 Hh K R £ 32 %

tration in nearshore and offshore waters of Plymouth, in the dynamics and depletion in an intensive bivalve production
English channel: Enlisting the help of a surfer[J]. Oceans, area in the coastal sea off Rushan Bay, China[J]. Marine
2022, 3(2): 125-146. Ecology Progress Series, 2020, 649: 53-65.

[54] Ma T L, Wan Y, Wu P J, et al. Effects of environmental [59] Tunca H, Ongun Sevindik T, Ergiil H A, et al. The effects of
factors on phytoplankton growth and community structure[J]. salinity on phytoplankton community structure in the 6
Advances in Environmental Protection, 2024, 14(3): 459-466. lagoons of the Marmara Basin (Tiirkiye)[J]. Biologia, 2024,
(ST, T, RMR, 5. BB E R A K 79(5): 1251-1266.

BEBLER M [T]. SR AT, 2024, 14(3): 459-466.] [60] Santos Orizar I D, Lewandowska A M. Intraspecific trait

[55] LiZ L, Jiang H C, Zhang J, et al. Distributions and influen- variability of a diatom and a dinoflagellate along a salinity
cing factors of pH in Shandong coastal area in summer[J]. gradient[J]. Frontiers in Marine Science, 2022, 9: 880309.
Marine Environmental Science, 2023, 42(2): 193-199. [Zi [61] Chen B Z, Wang Z L, Zhu M Y, et al. Effects of temperature
M, M, B, 85 AR FIEIEE ZE pH A REIE X and salinity on growth of Prorocentrum dentatum and
SRR ATI]. PERRRRLAE, 2023, 42(2): 193-199.] comparisons between growths of Prorocentrum dentatum

[56] Wang QL, XuY, Zeng R, et al. Spatial and temporal charac- and Skeletonema costatum[J]. Advances in Marine Science,
teristics and trend of pH in the Bohai Sea[J]. Haiyang Xuebao, 2005, 23(1): 60-64. [MARTE, TR, RUHE, 5. HE.
2020, 42(12): 101-109. [ERKHE, FH, B2, & b B L T A K R S ) B HL S v B AR Y LR
7K pH B2 S0 AR RS RSB [0]. 1R, 2020, 42(12): [7]. MEEERFEER, 2005, 23(1): 60-64.]

101-109.] [62] Shao H'Y, Wang Q, Gao C X, et al. Analysis of phytoplan-

[57] Zang C J, Huang S L, Wu M, et al. Comparison of relation- kton community characteristics and influencing factors in the
ships between pH, dissolved oxygen and chlorophyll a for Yangtze River Estuary[J]. Journal of Dalian Ocean Univer-
aquaculture and non-aquaculture waters[J]. Water, Air & sity, 2024, 39(1): 124-133. [HiVEHE, LM, mHFE, % K
Soil Pollution, 2011, 219(1-4): 157-174. YL VWA PR I8 A B i R A M 0], R R

[58] Wu W, Liu J, Bouwman A F, et al. Exploring oxygen 2R, 2024, 39(1): 124-133.]

Study on chlorophyll-a concentration and phytoplankton carbon
sequestration capacity in marine ranches based on satellite remote
sensing

CUI Guanwei', LIANG Hui', LIU Shude’, TANG Yanli'

1. College of Fisheries, Ocean University of China, Qingdao 266003, China;
2. Shandong Fisheries Development and Resources Conservation Center, Yantai 264003, China

Abstract: Marine ranching, through the establishment of artificial reefs and mariculture facilities, effectively
promotes the proliferation of marine organisms in an area. It is a promising strategy for enhancing the carbon sink
function of fishery ecosystems, thereby contributing significantly to climate change mitigation. Currently, most
research on carbon sequestration in marine ranching focuses on artificial reef areas, but studies on the carbon
sequestration potential of different functional zones across the entire system remain limited, especially regarding
their dynamic changes at high spatial and temporal resolutions and their relationship with environmental factors.
Therefore, this study integrated in situ sampling with satellite remote sensing and conducted multi-seasonal and
multiple-cruise surface water sampling to analyze chlorophyll-a concentration (Chl-a), sea surface temperature
(SST), and other environmental factors. Comparisons between Chl-a, SST data, and remote sensing products
validated the applicability of satellite data for monitoring long-term marine trends. The Vertically Generalized
Production Model (VGPM) was used to estimate the net primary productivity (NPP) of phytoplankton, quantifying
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their carbon sequestration capacity and analyzing the spatiotemporal variations of Chl-a concentration and
phytoplankton carbon sequestration across different functional zones. The Generalized Additive Model (GAM)
was applied to examine the relationships between environmental factors and carbon sequestration intensity and to
assess the impact of marine ranching on the carbon sink capacity. Additionally, by comparing the changes in Chl-a
concentration before and after the construction of marine ranching, this study further analyzed its impact on the
regional carbon sink capacity. The results showed that: (1) The trends of Chl-a concentration and sea surface
temperature observed in both remote sensing and in situ data were largely consistent, validating the reliability of
using remote sensing data to assess long-term trends in marine environments. (2) Following the establishment of
the marine ranching, Chl-a concentration exhibited significant seasonal and spatial variability, characterized by an
“M”-shaped double-peak pattern, with peaks occurring during the summer-to-fall and winter-to-spring transition
periods. The overall Chl-a concentration was significantly higher than both pre-establishment levels and those in
the control area. (3) Carbon sequestration intensity also showed notable spatiotemporal distribution differences,
featuring a pronounced peak in summer (June). The overall carbon sequestration intensity was significantly higher
than that of the control area, with a total annual carbon sequestration of 1.85x10° kgC, indicating that marine
ranching contributes significantly to enhancing the regional carbon sink capacity. (4) In the optimal GAM model,
pH, silicate, dissolved oxygen, salinity, and latitude were identified as significant factors influencing carbon
sequestration intensity. Notably, silicate promoted carbon sequestration within a certain concentration range. This
study emphasizes the important role of artificial reefs and aquaculture infrastructure in enhancing carbon
sequestration by promoting phytoplankton growth and altering hydrodynamic conditions. The findings suggest that
future research should focus on optimizing marine ranching practices to maximize carbon sequestration effects.
Future studies should explore the interactive effects of multiple environmental factors, examine the roles of
different functional zones within marine ranching, and develop improved management strategies to enhance the
carbon sink functions of these ecosystems. Furthermore, the integration of satellite remote sensing with in situ
sampling provides a comprehensive approach to understanding the spatiotemporal dynamics of carbon
sequestration in marine ecosystems. This method enables high-resolution monitoring of carbon fluxes, making it
an important tool for assessing the effectiveness of marine ranching and its contribution to the global carbon
budget.

Key words. remote sensing; marine ranch; chlorophyll-a; phytoplankton; carbon sequestration; generalized
additive model
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