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Abstract — In Korean aquaculture environments, the patterns of water quality were gradually improved by contin-
uous management approaches. Nevertheless, the one of aquaculture systems (e.g., shellfish) reported their decreased
production after 2010. As aspect of the improvement of shellfish productivity, suitable strategy can require systematical
diagnosis/evaluation involved in the aquaculture health. In the shellfish aquacultures (Jinhae Bay), we investigated the
water quality (nutrients, Chl-a, primary production, dissolved oxygen), sediment quality (total organic carbon, total
sulfur, acid volatile sulfide, heavy metal, polycyclic aromatic hydrocarbon), abnormal disaster (harmful algae bloom,
hypoxia, high/low temperature, low salinity), food safety (Escherichia coli, heavy metal, polycyclic aromatic hydro-
carbon) to effectively establish the evaluation index of aquaculture health. In addition, we intended to re-establish the
evaluation cretia of aquaculture health by using aquaculture monitoring data (hanging shellfish data during 5 years).
Especially, based on principal component analysis, our results provided more developed strategies of aquaculture
health index by adding the weighed values of key components within shellfish aquacultures. Finally, these approaches
were simulated along the expected scenarios such as hypoxia and eutrophication, demonstrating reasonable interaction
among aquaculture health parameters. Thus, our approaches may provide valuable insights for systematic management
of aquaculture environmental and sustainable growth of aquaculture operation.
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Fig. 1. Sampling locations of seawater and sediment from study site (oyster farming (n=8)), Jinhae-bay, Tonyeong, South Korea.



6600; Xylen Analytics, USA)E- ©]-8-3}o] ¥SH-E] AF7HA] 4=
£, 9% 9 §EALE SFeSh UA A2 o] g3t
A 9 a5 ARE DR 242 2990 1) BEEsT, 44
7h @ 25 mm 2] A 0] 22| (GF/F; pore size, 0.7 pm) % ¢ 2}5+
5 9ok 254 7)(QUATRO, BRAN+LUEBBE, Germany)
= ARg-ato] PR OKNH,"), oFEANE(NO,), A (NOy),
ZFS(PO,Y), THALA(SIO)E #4183t

% Wl Chl-a 2415 S8l vl2] Bl24507C, 4413 @ 25
mm 2]/ 7] 72| (GF/F; pore size, 0.7 pm)Z 500 ml o 2}3}
o] 90% oFA|E O 7 FE3 F &334 = A (Fluorometer; 10-AU
fluorometer) & ©]£3lo] S % = 3 Aarskgltt. 7]
% AR 578 98 7 2APIelA
50%, 12%, 1%)°l whe} 5 AHFst & 5
&t7] 914l 200 pm sieve® A 211, Al 5 U] NaH CO4(98%) &
7P AR 119914 EA5R= "Ce) 2 Al oF
10%% 5ol 5 Aol A 3A17F F3F ijekalqich wjeko] &
AR v)E] BR(450C, 44171 @ 25 mm 2] A o] 944
(GF/F; pore size, 0.7 um)°f| 300 ml & 3}5}33 T} o] 7} o 342 =
A 1A2(-807T) Fofl IN gAE712 #7845 A7 sk €
-2 252 7] (elemental analyzer-mass spectrometer; Elemental)
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A dato] A& East B A0S ARE-sto] A8kl Al
3k B A& 9F 0.5gS B & 7] (Teflon vessel, Savillex Corp.)©]]
W 71 24180l (HNO,HF:HCIO,=2:2:1) & 78+ & oF 130°C &
8~9A]1F 7k ste] B4 &g w3kl th o] F 2% AAHHNO,)=
B7beha Ao A oS W7HA 591 5 1 um o] 912 (Toyo

5C, Advantec, 110 mm)Z ] ¥}3+ T} 100 mL S~ % 73

WU 2 R AR 0E ) 91

f-3lo] FEAdEdZe=r) AR 7] (ICP-MS, Perkin Elmer,
ELAN DRC-e)% S48l th 4] 71 717] 22k glstr] 9]
3l 3% (PACS-2, marine sediment, NRC)E A}-8-3}31 ©. 1, 3]
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7](Thermo Scientific, ASE350)& ©]&3}o] &3t} &+
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(20.6ppm) T} Bl 3te] A4k $F gS AFESHITEAAE AR
PAHs 415 918l A= oF 2g0] ARR-¥ Q1o Wi F3E
(deuterated Mix9, 0.5 ng/ul)E 100 pl T4 5 7145815
ol gofo] 2T} ol F WA W BHAYL HHE A
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A&k 224 5A4GF2, 9F 9 54 )2 717 6.0+0.1TC,
33.8+0.6 psu % 10.4+0.9 mg/L2] W1 9)E K3 th(Fig. 2). X137k o
A A B, 9 9 S54SR HA4)
= A8l 23 2o &5 oA ETHANOVA, p>0.05).
FEAF(EET7 AL, §ET77I E A9 FEe O
T 02 mg/Lelate] w1 WolE Blom, Chl-al] sk 242t
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o G SRR Y FE Wi THANA TP S A
#4305 pswe] S = oH, o= FA T F daFo] 4y
Ak R Zlojgt ddnt ol & B, ¥ A7AY U 54
€ PFATE A5 P FAFERE, gL bkl
A F2 % ookl W9(DIN, 0.2+0.1 mg/L; DIP, 0.140.1 mg/L) 5.
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Fig. 2. Spatial distribution of hydrological and sedimentary feature (temperature, salinity, dissolved oxygen in surface, dissolved oxygen in bot-
tom; A-D, dissolved inorganic nitrogen, dissolved inorganic phosphate, chlorophyll a, primary production; E-H, total organic carbon, total nitro-
gen, total sulfur, acid volatile sulfide; I-L, cadmium, lead, copper, total polycyclic aromatic hydrocarbon; M-P) in Jinhae-bay.

o} ARk o 7 ko W95 518} t(Lee er al.[2000], Jung et
al.[2011], Kim et al.[2020]). 53] o]& A=t $=8}2] oF21 4 mpak
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177+73.3 mg/m*/day®] W)= 2.g]
thFig. 2). ¥+ &1 A A IH-2)°A 718 =2 YA (327.6 mg/
m’/day)®] 915 Blow, v Ul FHJH-7) A 7 e
7] %78 4F2(88.6 mg/m’/day) W S5 ) o] 9} Aste] M
= k] FA (AT, ZHEhel A A | 7] & A4 (440
mg/m’/day, 334mg/m’/day) 5.t} S+ WM 9= gHel a3 th(Lee et
al.[2016], Lim and Baek[2017]). A&}k o) 5+-& 7] 2 A& &
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7l 8H‘“J(JHI 8)011*1 XHXJE] HAE W THEA T4
(3.0£0.4 Wt.%, 0.4+0.1 wt.%,)= F A7t 523 2po] 5 w3}
(Fig. 2). o] & B0l &, J&fivr Wl 325 HA =0l 5249 T/7
e gl Fd A R E A ek Ak, g 7
whell Al 24 E T7 e A H91(1.540.2 wt.%, 0.2+0.1 wt.%)
Hu}l 58 218 5118 tH(Cho ef al.[2013]). LREA 07 5
o E87 54 Aol(Y %, 2FA4E, A5AP)ol wet 54
EUY A7194 BEE 593 H5AS 2Y 5= 2 thGao and
Collins[1992], Fan et al.[2009], Liu ef al.[2016]). F &l = F|
A5 A8 e ¢ EEE(8.0d ©]3}, Cho and Lee[2012])9} U] &
ol Jodo R “¥ 2RHAFTS 5 U AFE 171E H 4]
¥ QRQlojz} Ateh 019} Fsto], xpE A Q1 C/NH| (3l &
71 5-10, S 719; >10)= F71 571 (A B EFAE, S
A2, A e 7Y 57 /7 %91 S K e
A Bdo] 9lom. o] & &-gsto] B4 7= 7|9 et
2 23} 5= Q) THRedfield. [1958], Prahl e al. [1994]) L
Ul S4¥ ONR|(74£0.7)= B A& W A7 frl=(H e
Bl

AE)2 A &2 Q1 F2 o] vl ¥ A} AetEc
St B2 5 ) F3H(1.5£0.2 wt.%) B A 33} eha
(0.740.6 mg/g)®] HE= AH7F EA A §2) 3 2}o)(p<0.05)=
Eoﬂr/]-(]:ig 2). 0|59 T A 551 kAl =4
A(F L, 0.640.4 wt.%; A3 3151918, 0.340.2 mg/g) Hoh 3=
"ZOIUi(Chm et al.[2013] Kim et al.[2012]), B A& ] F-7]
of W a4 v DA s A o] Q1S Aol gk
], 2 A7H S ) AlAbE C/SH](2.440.6) A7A]
gk 2o (p<0.05)F HA o, ¥ A& o ke &3
71%-‘4 el = F7He o] A3 Adol gl
F tH(Crowe et al.[2014]). ©] &} ¥elslo], B &
% “d(oxic)y& Hol= A f71= 5 C/SH]+=
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3 A Ell(suboxic) E Q13 A EIAH © 2 F{7| 84T} Sl HlS
w-a] B3 2 4= 9l Tth(Leventhal[1983], Berner[1984]). T <o) &
F 37(C/1S<1.5) M= FA A 7 (anoxic) W) Zsh 3t
FAor e F3lra FUHE IR0 N
TH(Leventhal[1983], Berner[1985]). o] & Eth 2 a7t ¥ %
Yl C/sule] Hele 73 A7 7122 HA $ 3k A
(suboxic)ol A Z3ll G -& AA = AR dddA) vFol, f
o] =g|al o] At A o7 ke B ol x| o 279l

1= AEA ] AA-H A S HAE U AR E SR

Fﬁ

(o3

pn J“
of =

o

1o

w2 4 B J{N'
o
r&a Jo

9
)

10w mo oX A A omE
5;

e
= o

> L
2
o
Y

)

[e

2 F\F

4
£ e 32 o2

WU 2 R AR 0E ) %

81 2 (Kim and An[2022]),
o] <laf %ﬂ?iﬁl =7 h S A= e sl
A Al @7t d 5 Qs Aol et ket

B A& ZF Z3223(Cd 0.740.3 mg/kg, Pb 34.5+2.1 mg/kg, Cu
12.6+1.8 mg/kg) @ PAHs(211.9+62.2 ng/g)2] s 5= AA7F &
o)k 7o) (p<0.05)F B U THFig. 2). o152 FEE 354 o)
F(E) A gl WAlal 9l 124 wH(Cd, 0.2+£0.1 mg/kg; Pb,
27.0£7.1 mg/kg; Cu, 38.6+10.1 mg/kg), Ae+7HCd, 0.2+0.1 mg/
kg; Pb, 40.0+7.4 mg/kg; Cu, 9.0+1.8 mg/kg)ell H] 3l Cd¥} Cu =
2 FEE HTh Pbel Cus WU RolM B2 RS B O
H, Cdi oF 9ol & FEE Btk AWtE o g gt ¥
A& U 559 v 94 ER S 715 o
A {75 o] 2 A HHE U E2

T2 ¥QItHyun ef al.[2003], Lee ef al.[2017]). 3+
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FH e Sud s Atolol FRE S HolA ot
CHR?<0.5). o] &= W U 7|3 o] o] % $=512] = F2] e
A SR oF 2 FakE gl A EoA] 7]R18E /19141 2.4
2 (anthropogenic sources)] G 3-S Wil Q&= A0 F AdkHTh
(Hwang et al.[2012], Lee et al.[2017]). DA &2t B A &) F-<&
LA E sketabr] A3l sl 7)ol Al AN A E 7
(TEL, Cd: 0.75 mg/kg, Pb: 44 mg/kg, Cu: 20.6 mg/kg )& &85}
oi 2 Q=2 Frlakgitt ek vl 871 84 % Pbsl Cuts B

= A oA TEL 7]% B} W 2+ 5 A tHFig. 2). 8H4 4k,
Cd" 75 A4 2(0.9 mgkg), 40.9 mgkg), 5(0.9 mg/kg), 6(0.8
me/kg)ol A 7S 23 e Ho| T F2 4o ul4E
Cd 9957 =8 Ao golygn) 240 B EAS
Aaf o] F zabel] ok et {8} A fE5e Aol =
L°H RIS el T°r e 2% o] 0 2 B ol aodef P

¥ A& W F PAHs (2 ,PAH) &%=+ 211.9+62.2 ng/g®] H $]
= VRS THFig. 2). % PAHs & Pyro] 7H & 7101 &(154%)
S B.%31 BbF(14.2%), InP(11.7%) <=°| 2t} H A& U ZA14
ko) PAHs(S)PAH, BaA, BbF, BKF, BaP, InP, DbA)¢] 55+
101.3+20.8 ng/g?] =W S Holm 3 PAHs 5 49.3%2] 7|
&S B F PAHsY T & X TH5 Cdel FAFS
A Bom vk S HT Sl v AEE Bt
(Fig. 2). =ru] A<t H & Eo|A] & PAHs 52 4l W4
= 8.80~18,500 ng/g 0. & B 1% 31 ¢l S (Yim ef al.[2007]), A
A3} B BAISE AgtelA 2 FEE e
214 olch Aaint U ¥4 &2 F PAHs & =1u A<}

o7 ok



94 TAA -

99k 130~2,100 ng/g, 53E A<k; 4.79 511 ng/g) Kt} v 4
Z=0] 91 tHMoon et al.[2007], Kim et al.[2010]). =+% 8] Sk} 7] =+
(National Oceanic and Atmospheric Administration; NOAA) | 4]
A|Agk & PAHsE] E| A= 7ho] Se}RI(ERL; Effects Range Low)
©] & 24,022 ng/g) 9 W] k& W KRk f PAHs 527 &
FHoh= RS ERA] ottt Bl 2o] PAHsE] 719 TS
213l PhA/AnT 9} FluA/Pry 9] vl &5 E1ak3itt 574 PAHs H]
(PhA/ANT > 10 FluA/Pry < 1)3= -7 7192 9n|&bn, o] 9} vk
O] == 8] &2 A7 €98 vt Moon ef al.[2007], Yim et
al.[2007]). R13|wE U] A5+ 747 o 4] PhA/AnTS] H]E©] 5 10
o]st= ekt o FluA/Pry 2] B]&-2 A A (H-4)& A <]
akal 1o o 2 vrelstth o] el dt AE vlg o ® sl ¥
A& U PAHs= Al 71 E T A7 Qo] -8k, Sl
A g SRR ATt R B U 4 S 1A
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3.3 ZoH 2 L) SE-E[MEE THE 2N

Aafnt f =4-5 233 EAS getslr] Q)& FA A
(principal component analysis, PCA)S- 2 A 5}91 THFig. 3). A1
2 F(PCHH AT R(PC2) 8] 7] 7)o &8 57.8% 0.5 Ve
ok b o 2 S92 1-3h(Eigen value)©] 1 o]/ uj
F-2)u) sk A¥}E K¥.o)=d|(Janmohammadi er al.[2014]), ¥
A3t ANFAR2.5)F AT R(1.9)9] ALfg B 1 0%
O 7 vepd oM 7t X f-oJu| g AT & Bglth Al
FAJE-2 A BAke] tial] 36.9%2] 7]ed&S HeloH, B <l
T W =Y FE(E-A E54L, dE

S (chl-a, ARAYALE)} FEOIN, 2742 4 54(10C,
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Evaluation category Poor (score = 1)

Fair (score = 2)

Good (score = 3) Fair (score = 2) Poor (score = 1)

Aquatic environment

DIN (mg/L) LOD < 0.01 0.01 ~ 0.10 ~0.30 0.30 <
DIP (mg/L) LOD < 0.01 0.01 ~ 0.02 ~ 0.06 0.06 <
Chl-a (ng/L) < 043 043 ~ 1.01 ~ 5.65 ~ 1335 1335 <
DO (mg/L) < 6.0 6.0 ~ 8.0 8.0 < - -
Primary production (mg C m” h™) < 13.0 13.0 ~ 50.0 < - -
Sedimentary environment
TOC (mg/g dry) - - < 10.0 ~ 20.0 20.0 <
TS (mg/g dry) - - <20 ~ 10.0 10.0 <
AVS (mg/g) - - < 0.03 ~0.30 03 <
Metals (mg/kg dry) - - < TEL TEL < PEL <
PAH (ng/g dry) - - < ERL ERL < ERM <

Evaluation category Poor (score = 1)  Fair (score = 2) Good (score = 3)  Fair (score = 2)  Poor (score = 1)
Abnomal hazard
Damage - - None ~ 20,000,000 won 20,000,000 won <
Aquaculture biota
Good (score = 3) One out all out (score = 0)
E. coli 230 MPN/100g 230 MPN/100g <
Pb (mg/kg) <20 20 <
Cd (mg/kg) <20 20 <
Hg (mg/kg) <05 0.5 <
PAH (png/Kg) < 10.0 10.0 <
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B) Structure of the aquaculture health index
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C) Evaluation criteria range
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Fig. 4. Flowchart of aquaculture health evaluation process, structure, evaluation criteria range and application of aquaculture health index in shell-

fish farming system (A-D).
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Table 2. Factor loadings and weighting of aquaculture health parame-
ter in Jinhae bay

Index Factor loadings  Proportion ~ Weighting
L, P Wi

Temp -0.3 0.036 0.09

Salinity -0.245 0.024 0.06

DO (surface) -0.352 0.05 0.124

DO (bottom) -0.352 0.05 0.124

current velocity 0.37 0.055 0.137

DIN 0.252 0.025 0.064

DIP -0.027 0 0.001

Chla -0.182 0.013 0.033

PP -0.23 0.021 0.053

TOC 0314 0.039 0.098

N 0.179 0.013 0.032

TS 0.11 0.005 0.012

AVS 0.06 0.001 0.004

Cd 0.312 0.039 0.097

Pb 0.044 0.001 0.002

Cu 0.213 0.018 0.045

PAHs 0.153 0.009 0.024
2 o)A QItHLim ef al[2017]). ©] 2] 8k 27 o)A B AFA] <]
Ql R Aol A -4 © 7 W& Sli= Pseudo-nizchia spp.
of o ae] F& 7194 )5 (domoic acid)E 34 32
ow z delA glo, ojmislF o] AEEA FFHol Uit F9
hed Ao delA drkSon et al2015]). T 50 5%
oAl F-JokslE Qs F7hE DIPE HH-E4, 2w 5 4
A Agetel A%l 47 AAHe), 4% ) Pt
Ak s ol o] Az bl Aado] =2 A ow deA Qv
(Kim[2001]). H] % ¥ AT-olA = #38 A5 5 G835t0] o] 43
HEE FARGO, AFE BHE BAAA 7 EAE 2
2 53 k) ARl HUEY 4aE Baske] 7]ES 4
A tH = Atk [2022]). o] & Bl E Alve] e w44
3 5o o) o B WHE] BAEHE A A SN Ak S

s
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Fig. 5. Application of aquaculture health index in shellfish farming system (A-C; weighting parameter).
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