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Effects of Electrolysed Ship's Ballast Water on Growth and

Survival of Marine Organisms

So Eun Jo

Department of Fisheries Biology, The Graduate School,

Pukyong National University

Abstract

Diverse ballast water management systems (BWMSs) have been developed
worldwide in order to' regulate international transportation of invasive alien species
by ship’s ballast. water. Among them, an electrolytic method generates active
substances and disinfection by-products (DBPs) in.ballast water. The DBPs exert
apparent toxic effects on marine “organisms and have adverse impacts on marine
environment.

In this study, toxicity experiments were conducted to investigate for effects of
eletrolysed ship's ballast water on growth and survival of marine organisms.
Experiments were carried out for three marine organisms, i.e., diatom Skeletonema
costatum, rotifer Brachionus plicatilis and olive flounder Paralichthys olivaceus at
two salinity condition (35 psu and 19 psu). The results revealed that S. costatum

was the most sensitive organism that showed apparent effect of growth inhibition
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to the electrolysed ballast water; it showed no observed effect concentration
(NOEC), lowest observable effect concentration (LOEC) and effect concentration
of 50% (ECsp) values of T25, T50 and T55.7, respectively, at seawater condition
(35 psu). And hatching larva (yolk-sac larva) of P. olivaceus showed effects of
survival rate at the seawater condition. On the other hand, B. plicatilis and
juvenile of P. olivaceus showed no effects at the both salinity conditions. The
chemical compounds revealed that electrolysed ballast water contained total
residual oxidants (TROs) below 0.03 pg/L and a total of 20 DBPs (297 ung/L)
such as bromate, volatile halogenated organic compounds, halogenated acetonitriles,
halogenated acetic acids (HAAs) and chloral hydrate at seawater condition. The
chemical compounds revealed that electrolysed ballast water contained TROs below
0.03 ng/L and a total of 13 DBPs (271 pg/L) at brackish water condition (19
psu). Among DBPs, total concentration of HAAs showed gap, in seawater and

brackish water, that 218.22 and 100.56 ng/L, respectively.

_iv_
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Fol TS st U HR T YI(MEPC: Marine Environment
Protection Committee)E 7HH 3t “HEW & Alds 23 A9F P+ u)

=9 G " A7 FAS STt AYAE AEYSATAMO, 1973). ©]

AYANE AFC 2 A 20970

ﬂd
&2
rlo
(i
lo
Ll
Y
o
e

A3, 2004 2€ ¥
A 4 IMO2| 2w Bl ojoll A =7t kel Adnbg ol o7t oY HUFY
ds TFHoE At ASH] g AHE ¥ 32 Y F(nternational
Convention for the Control and Management of Ship's Ballast Water and
Sediments)’ = A &3 o] FeFoA A= vpAd H 73 & AL BE A
ol FAFESANA 2Fss Aee ZE AUEIT FYAX(BWMS:
Ballast Water Management System)e] AX|E o F-3}3tEs A|Astal Ut o]

gore AT 3070 ol gol B Esta, BEE 7o = MEaAA el

o

35% ©1% FFE F5EH 19 Fol] FEEHHIMO, 2004), 20149 49 @A, A

s e BEdete 39/l 2 3025% AEeke] wlEstel LE oY Aol
o

doF g A4 AAA B dAS0] A AATS AFEATIZ] A7
BWMSE /Wtatar ok AsAA =23, AnlEeld 5), Z1AHCH,
UV 24 5) 2 B4=de FUAY A4S Fste] dee A7sts 3
AR (A=A, A7ES, L€ 5) WHER 22 ANEIs #Y V1Ees0
IMO°ll 9J8 1 Aes AT Ehow, B BWMSTE on] AlFe] EAHA
U 7 Fo]lth(Kazumi, 2007; Gregg et al., 2009; Tsolaki and Diamadopoulos,
2010; Goncalves and Gagnon, 2012; Werschkun et al, 2014). IMOYA & A=
A3 A&S e 2oy
AEZ AFoJslal AtHKim et al, 2012). EHEZL S AE3= BWMSS 7%,

IMOOl| 2|3 7E&5d HFede A5 AsiAAe Adds el =3

e Felds 2 Aol st IRk E==

J{m
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Hol e AES AMEATIE A5AHE R oflg, AE83 SAMEE
P35 A AL JATHIMO, 2005; Gollasch et al, 2007; Goncalves and
Gagnon, 2012).

ofe] 7hA WAel BWMS 5 &7&s] ZAE ol&sts WHE, 20149 4

Q712 MLE 69712 BWMS =0 A 25719 A7} F8 AHewHo=z A4

ol

I ot FWolAE=E F 167012 BWMS = 10719 /g A7 A7) &) W

ClassNK, 2014). A7]&38] ¥ o2& ol Hls) &8AnE dad +
A, F R ZATE 28skA fon, W2 SRR w2 AE AA &£&
S AL et al., 2002; Matousek et al., 2006; Tsolaki et al., 2010).
AZ1Edl= E8=4d GLCh)s B8t AFAddely #3949 &=
e g BHAE FHFTY LEAE AA 5§ FE APHSE o]&FH fUoh
s A7 s Wl EAste dSUEFNaChS HaEd=
o] zpold A4 E F(sodium  hypochlorite, NaOCl), =}o}$ ZA~4F(hypochlorous
acid, HOCI), &#to}da4ko]l(hypochlorite ion, -~ .OCI), -~ 3}o|EZolH FAF
(hypobromous acid, HOBr), 3}o]30}H & 4Fo]l(hypobromite ion, OBr) 52 &
AEZAES A A3 (Patermarakis and  Fountoukidis, 1990; Li et al, 2002;
Deborde and Gunten, 2008; Martinez-Huitle and Brillas, 2008; Goncalves and
Gagnon, 2012; Werschkun et al, 2012). ©¢] SAAEZEES 52 =94 A4
nAd =S EZASe] & &S HE F 7] "o 5ol SAske &
Eall, A 9 AEAIE g§¥€3 &35 71 T(Pascho et al, 1995; Lee et al.,
1997; Kiura et al., 2002; Yoon et al, 2005; Kim and Gil, 2007; Huang et al.,
2008; Banerji et al., 2012; Werschkun et al., 2012). 3 Aut3 g &7 Qhof

A ZAReEA Aduto]l fEHE ¢ ALEHor £25FFe 7] WEd A
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g&o] ot 244, old% EAEAEC] B2 FEiUIE 2 7718
desd dA&5Fo=m Agsiy EVHSHA kg &=
by-products, DBPs)E< AA3tAl Eth o] &25FAEEAES FANET A

of A wIAd L =AWl ' 5 9134 (Richardson et al., 2007)<

=

o,

7T, 53], s olA= HolAaw Ao wek A Wl =32 2 JHe

(Gregg et al., 2009)°] U= T 3HF AHANS FAHAYES B5F ofy <A

[‘

= WM ZAES ©XTh(Woo et al, 2002; Deborde and Gunten, 2008;
Werschkun et al., 2012). WetA, 7|23 A2 A3 AAHE L25FAEE9
HFAEC PR Falld Bl BFE o2 HULEojoF & Algrolth

2 A7 523& HAYHFS Tt dAZIES AZAAY sl
HS-BALLAST®l ¢Jafl 2]
A 02 UelU = Skeletonema costatum, ZE|H, @] FAT, F 3o

1 Aojo] mA = A=y FF o5t I A=E Bel= o Utk

P!
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1. 43889
FAMAZIFAMO)AN A= ARtE P2 o] &ate 5] et st
£ st EE 10 psu o zel7F Us 2 TR/ ol AFFE o] &5k
2 WHE o) 4te] A8 AIFITHIMO, 2005). WEkA, RE SAAFH L 4335
pswt 715519 psu)e F M FdEEZAA AP e, 20123 2¥€ 7935 p
sw 2 149(19 psu)ell 24 E&e A@TE 35 R&A (Yangsan, Korea)ol
d AuERY AAH A
SAAEE  FHY] fleted, AAA AREFEHTEAAA A FH S
HS-BALLASTY] Al@An] A2 kst 1089 A5 F 582 95 Wy A
EE5S AMEA7IZ] S8 ArIEs] AMedAE THAR TR A
T)EA A 2l G(treated water) B Z o 5Y S HASFATE UHA 5ELS AE

BAE FHA A %L HIA 2 (control water) B ol H ST AHt

AP 5= AR E HS-BALLASTS] Al

nt

rﬂl

Ho
2

7174& 7143 5Y &, deballasting Aol TAA S AH 7|83 A4 W

35
1%
(i
ol
2

F4F8}E(total residual oxidants, TRO)S] FE=E& Y& §& H|E&FH
= Agget vAgsE AFd&YoE 47y 700 Lo 1,000 L¥ A3kt

(Fig. 1). AHT AFEAL 200 L el AAe] &7]ol], RbZF9| npz

of WAXE o] &3] HS-BALLASTS A|@AH] AAZRE SAATINZ &
Hhsk Atk
_5_
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:Syshem control modalel
>}  (Control Pandl) :4 Treated Water|

1| - TRO Sensor | Tank
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pH Sensor (5m?)
Conductivity Sensar
4

Sodiumthiosulfate
Storagetank

+ Ballastng Flow
= ¢ == Do PBallastng Flow|

@ ~ :Sampling Position (@ = @)

Ed @ @1 Gas Sarmpling

Fig.

1. A schematic ~layout -diagram showing  ballasting and deballasting
processes of a BWMS (ballast  water management system),
HS-BALLAST of HWASEUNG R&A Co.,, Ltd (Yangsan, Korea)
(MEPC, 2012b). Sampling points for toxicity experiments are S2
(NT100) and S4 (T100). The three sampling points for total residual
oxidant (TRO) measurements are S2 (ballasting), S4 (deballasting: before

neutralization) and S2 ~ (deballasting: after neutralization), respectively.
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_ o _
APdE &vrd 4

ot
L
lo

£NL2 1 um CP (chisso polypropylene) filter (Chisso
Filter Co., Ltd, Japan)2 %3k & HIAZF(NT100)E thE7 2 A7)l A
2 =(T100)o] tigk X442 o] &3t T1002] HIES 6.25% (T6.25), 12.5%
(T12.5), 25% (T25), 50% (T50) 2 100% (T100)Z 3|43l &= 672 AT
2 Azx3ATt TEEHE A2 APERLS 4 A= AP =X
3 AP AHEEH A

Ao AHEH AP L&Y TRO SAHZAITable 1) P AZFHAES 4

(Table 2)2 TH=3}3Fg-34 3 A7 (Ulsan, Korea)oll Al 3315t}

2. AFNE

2.1 T+ ZF Skeletonema costatum
T2 Skeletonema costatum= S| FAENA L] 7] ZAYLAZA] S 23St

Ao A g FEdse HESFAESE A EFA 4 (International

b

Organization for Standardization (ISO) 10253, 2006)° HA| =] A= AP Fol
ok vAM R AR AREE S ocostatum- G 8 FAY B 7] = A T4 (Busan,
Korea)oll A 671 o3 A&EH o= wjgkEo] & Ao E A o5 o]

AR\ AFAE71Y S costatums A-&3t7] s AFAZ 39D Ao &

>

al
<
i
S
o
BN
N

A3 A oA Aul F(pre-culture) S A AITFARIL, 719(19 psu)oll A AF

st7] AsiM= A 3 A 25 oY 19 psu R0 =AE AHH E=J, 2
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Table 1. Total residual oxidant (TRO) concentrations in electrolysed ballast water
during a BWMS operation, which was installed in HWASEUNG R&A Co.,

Ltd (Yangsan, Korea)
(unit: pg/L; mean value + SD)

Ballasting Deballasting
(Day 0) (Day-.5)
Condition
After Before After

electrolysis neutralization neutralization
Seawater

9.44 + 0.11 5.97 + 0.02 < 0.03
(35 psu)
Brackish water

9.75 £0.09 5.33 £ 0.04 < 0.03

(19 psu)

Ballasting date was Feb. 2, 2012 at seawater condition and Feb. 9, 2012 at
brackish water condition. Deballasting date was Feb. 7, 2012 at seawater and
Feb. 14, 2012 at brackish water.
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Table 2. Compositions of generated disinfection by-products in the control water
(NT100) and treated water (T100) at two conditions in experiment
(unit: pg/L)

Disinfection by-product Seawater (35 psu) Brackish water (19 psu)
(DPB) NT100 T100 NT100 T100
Bromate - 2.22 - -
Chloral hydrate - 0.02 - -
Volatile halogenated organic compounds (VOCs)
Dichloromethane 0.04 0.38 0.03 0.03
cis-1,2-Dichloroethene - 0.17 - -
Bromochloromethane 0.49 0.38 0.05 0.36
Trichloromethane 0.34 0.43 1.05 0.51
Dibromomethane - 0.75 - 0.26
1,2-Dichloropropane 0.56 0.60 1.50 -
Dichlorobromomethane - 0.38 - 0.84
Dibromochloromethane - 2.39 - 8.77
Tetrachloroethene - 0.19 0.29 -
Tribromomethane 0.35 69.1 1.17 159
1,2,4-Trichlorobenzene 0.14 0.57 - -
1,2,3-Trichlorobenzene 0.09 0.29 - -
Halogenated acetonitriles
Bromochloroacetonitrile - 0.04 - 0.08
Halogenated acetic acids (HAAs)
Dalapon 0.34 3.43 - -
Dibromoacetic acid 5.14 45 3.24 10.3
Bromodichloroacetic acid - - - - 8.62
Chlorodibromoacetic acid - 1.79 0.17 -
Tribromoacetic acid 1.90 168 0.72 76.5
Bromochloroacetic acid - - - 5.14
Halogenated phenols
2,4,6-Tribromophenol - 0.61 - 0.54
Total number 10 20 9 13
Total concentration 9.39 296.74 8.22 270.95
VOCs 2.01 75.63 4.09 169.77
HAAs 7.38 218.22 4.13 100.56

‘-* represents the value which less than the detection limit.
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2.2 2FEIH Brachionus plicatilis

ZH3 Brachinus plicatilis (%) A AAFHOE E3xste sHFAYEHAY
o 12 AH|REA], H2 M7, UEE, W (cyst)e] HFEE THEA 2

rl

BRAT A=A HolEHol X &4 59 ol E ZAHAAF Bol AHRHE
FTo =2, A EFA Y4 (American Society for Testing and Materials (ASTM)
E1440-91, 2012)cl HWAIEH = AE Folth. £ Ao ALEdH ZEFH O U
T2 MicroBioTests Inc. (Gent, Belgium)ol|A FU3tH o™ F33 2o A3 A

o] wel FE 20 psu, 3,000 lux 2EZRAY] AL zwsloA 244 7FFQE B3}

g
>
ool
2
>
w2
H
<
5
i
ﬁ
©
~
=
>
"
2
2,
>,
ol
FH
N
Y
BN
By
o,
i
i
r o
ol
I
.
>

2.3 QX Paralichthys olivaceus
YA Paralichthys olivaceus (1) S FAENA H HTE FEFTAA 24
A2A, T tHEHQ FaolFoln - dEdHor @ A7} o
Ak, Ade 9% AEY FHIF Kol Folnh A AT H A
FTHAE(Yeosu, Korea) S EHE TS5l Ago o]l&stnen,
7rolo] A < T8 3 AR ol FATS ARESATE A9

Y2 F3 F 30-50L ol AAEE A7I7F FARRE AAAAAR:

/\21

s
ael
Lo
by
o

o=
by

2.64~2.79 cm)E 2 o] AFA WolA e HFE(35 psu, 19 psu)oll =3}

AA Aol o] &3ttt

_10_
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3. AFWH

3.1 Skeletonema costatum® A3 A3
Skeletonema costatum< ©]-& A AP FAZZAFTAISO 10253,

2006)° wel 72A13F Fte]

oZ:
o

FES AESY AF 4d2 sEEE A
23 AP&Al 2 wAE £33t 10 mLH 15 mL AP Ho] EFsHoH
A2, 3RETFE FHHAT. S costatum®] 27 HIFUEE 9F 3,000
celmL7} H =& 3t 22 + 1T, 3,000 lux Z2E=ZF19] ALzH3lo] <A
©]EJ(JSCC-150, JSR Co., Ltd, Korea)E ©]&3}o] HjFstith AlgdS wdo}
A AP Yol & Aol F ESFAL S. costaum®] AEEE=E BG4
7](Turner Designs Model 10 AU, USA)®] 460 nm (excitation filter)2} 683
nm (emission filter)e] Z}&olA FFEE ©] 83} chlorophyll ¢ TEE =
dots WHoE olFojxn. EE tEt R Ad = H 4400 25

Z

-

(>

Fe&dol g HESE & EFEE ¥ 247 1 mLY 23

=
O E S 2 chlorophyll .aE FE31593L, MEUE9} chlorophyll a 59 3

BAS  wHSE ANPAHE (TPl S8 dzTe AzZg=:

Sedgewick-Rafter chamberg ©]-&3st Z=H AP (CKX 31, Olympus, Japan) S}
oNA AlFetRATh o] IAARBA S o] &t 2T H BE AP Axd
ATt

S. costatum® 737E(growth rate, 1) T 22 A& o] &3t A4EES

=

Oll

=8 3%

¥ = (InN; - InNy) / ¢t

r = 8. costatum® BAE

o =
=2 -

b

Nt =d Q4 %9 Al

-11 -
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No = A8 AFAY AEDE

AN pHE WQC-22A Multiparameter Water Quality Meter (DKK-TOA

Co., Japan)E ©|&3te] A A& Mgk T35 Al SAHSAH.

32 2E|¥ 9 AE 49

A ZFZAGTAASTM E1441-91, 2012)0) wel, s =HZ A 23 238
of 24A17t B¢ ZEIHO FE-FA(neonate)S =EAIA AEL vR= I
< dotr7] 98 ZE|HS] AL AP ol FojHT EE dxT 2 AF T
A2 o2 12709 BT E Fo1, 48 well plate?] Zt wellol]l F0lE 23
£HES 1 mLy & % 3pto] welloll 242 sube o] 485 micropipets

o] g3t FJA Tt MAY Fhol ¢EH 48 well plate parafimS = L&
325+ 1C, 9% 2102 AFHo]E(JISCC-150, JSR Co., Ltd, Korea)
ol A mjFsldty AESS AF AR 24A1%F T AA# w7 (SZ51, Olympus,
Japan)= ©|-&3ted AES HIFAS AFstd WELS 4FESAT dw A

o5 FsES wW AYE/E A EEAY BH5Y 4TS 7Yl

8N 2, pH 2 DO WQC-22A Multiparameter Water Quality Meter

(DKK-TOA Co., Japan)E ©]&3std A3 A& Ao} T8 Ao SA3IAT

2EHY A AL FAZEZAIGTAASTM 1441E-91, 2012)F} Janssen et

HFuste, FEEE A X3 AP EH 96AIZF B ZE|T B

o
o

al. (1994)

SHrA(neonate)& =EAA NAT AAEAN VA= dFS Lotrr] 9l

2

-12 -
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N

FolAT Ee dzxT @ A9 Ao E 29 wETE FoH,
B Zhztol AP gdol| HolWERM XZEF Chlorella vulgarisS 1 x 10°
FEE HFSIAT. 48 well plate®] 72+ wello] Ho|7} xEg+

1 AgedS 1| mLY 25 F Sk wellel ZH2 suke Ao FAS mi-
cropipets ©] &3t T4t th MA S Fo] 2EH 48 well platex parafilm
o2 B F 25+1TC, AF dxd o2 AFH|oEIJSCC-150, JSR Co., Ltd,
Korea)oll Al Hifstith. A@7IF & o 24A%wier A AW A (SZ51,

Olympus, Japan)=

tlo
o
ofo
ol
ol
£
)
2>
o2
r
=
i‘—‘ﬂ
>
ot
ofo
N
i
(>
H
>,
ot
il
N
i
bad
)
i
1o

ASAE Yol = JHAhES A& LFGYAES A&l AASAL,
stttk ZE|H O JHATAERE

(population growth rate, r,)< OFef ok Z-E 2ol °jste] ALE ATt

o,
o
]
i)
A2
flo
o
ok
e
oZ,
=
N
S
rr
M

= (InN, - InNp) / 4
ra = ZE3 S NATE ARE

AggAe] L, pH 2 DO= WQC-22A Multiparameter Water Quality
Meter (DKK-TOA Co., Japan)E ©| &3t A3 A& A&} F5 Ao SA3A
=3

34 QA9 £AT B Hixole A& AY
dHe £A® 9 RHAF o7

oz
N

AP FAEZNGTFA

(Organization for Economic Co-operation Development (OECD) 212, 1998)¢l

_13_
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NA F8A 1A

2 Polrs] 913 ol Fo Frk.

o

i

E

o 7B AL AEE PA=

=
=

79] 60%)

(3

SL 2=
HOEE S

i

g " A

H]

==
fLN

PRI 3788 ke 2 3 AT

A3 S

o
=

Fstom,

1,000 lux2]

Ho
E

5.0~7.0 mgLZ FA 5

il

A

=
=

| Eupgol Zhehere 7iA

=+ WQC-22A Multiparameter Water

°o]-&

BH

A3k

=
=

kol 24713kt et

S

=
=

Quality Meter (DKK-TOA Co., Japan)

FAYE AE

ksl
-,

SCESOE

3.5 9219

5

7F 2 (OECD 203, 1992)°l uw}&},

&)
=

EFEA]

= A

g1 A

35

o o]-&d Ao

#+ AEL 009 + 0.03 g (mean + SD)©]

24

Fobrr] 98 o] FefF Tk #4(35 psu)el

5L O
S

3

35

A2 271 +£ 0.07 cm (mean + SD),

} 273 £ 0.06 cm (mean = SD),

AL 714719 psu)<]

0.09 £ 0.04 g (mean +SD)°]

Aol 3788 wkETR 0o

[e=]
A

Bl

A3y

=
=

T 9] 60%)

(T3

S~
W RE 85

712 2070

- 14 -
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ZF Adgde] & pH, DO ¥ €E&FET WQC-22A Multiparameter Water

Quality Meter (DKK-TOA Co., Japan)E ©] &3} 24A17kujt} A3

4. TAEH

Skeletonema costatum®] 737 AFolA MELZS AF=E=S g txT9
chlorophyll a =9} MELAEALC| AJaaA 43 3#AEA2 SPSS 12.0
program (IBM Inc., USA)S ©|&3}3 T XE8F TOXCALC 5.0 program (Tidepool
scientific software, McKinleyville, CA, USA)S ©°] &3l 7t AdAxE9 FA
B4 S Fd8AT. S costaum®] 3FE, 2E|HO HEE B AT HAE,
Hxol AEE] 245 o2 ANOVAE AR, tixzT AFFE
ke FAAQ 7Y AE YEH = A sE= JAD

served effect concentration, LOEC)EX 4t=3tH om, FA AR xol7} e

FH25 = (lowest ob-

A v HAUEEE FIFHZEFE(no observed effect concentration, NOEC)Z
A A=Y AR A ¥ (normal distribution)= Shapiro Wilk's test2}
Komolgorov D testE ©]83le] ZHF3R AL, Bartlett's test2 24kl TAA
(homogeneity of variance)S 753+ 2™, Dunnett's testE ©] &3t {4+
p = 00594 A3t AEEE WE2A AU FEAl UEHUYA Ze
7d§-& Steel's many-one rank testE ©]&3te] EAM3IAT. S costatumI} ZE] T

9] 50% YFEE(50% effect concentration, ECs)= 413K I (linear inter-
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polation)= ©|&3st A&, ZEHE JA9 50% AAFEE(50% Lethal

concentration, LCsp)= Maximum likelihood-probit methodZ 4+= % AT},
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m. 2 3

1. A7 838 X8 F=o| WE Skeletonema costatum 2 37
AEA & NT1002] chlorophyll a 5= AF AXATE 39 &

2% A3, slFollAE y = 1.22x + 2.67 (R = 099, n = 16, p < 0.05), 71570l

MEy=096x + 323 (R =098, n =16, p < 0.059 3ALAA o] 2= ¢S]

I, F A 2F AFAFR)7F 0.98~0.992 =S AFEZ B Y UHFig 3).

1.1 AAE

A717s] B¢ s 3l Skeletonema costatum® A ES HIFgE A

o

Ay, s 2HNHE S costaum® 27 HFEE=7F HH 1,821 cellmL ©] Y
ok ARNA 24A%F SRE ZF A FES] MEEET7F g EZF(NT100)o] B3]
WA GERsTH
THRO w2 AZASNE Holth, AF FTSAlde 48AA] MExE =R

e

[

3], T503% T10090A4 48A1FF A Fol= & T A3

d

o YolxS HATHFig. 4). AT TEAL AEZUEE NTI100°] 400,084
cellmLZ 7} E9koem™, 150 TI1009MA Z+2Zb 27,820 cel/mL <} 2,692
cel/mLE gkt o]E A3 & HITESY AEDE+ 288,775~198,355
cellmLolR o™ H7|Es| Mo F=7F FoldsE AEUEr Zolgls
HATHFig. 4). 2AZEA 9 AZTHLERZ =" AAELS NTI009A 1.7982
7 =9ko Y, T50374 T10091 A= 0.999F 0205 Ho FAS A4 442 e&e
YER ™ NT1003 #2)3F 2ol 7} WM TH(Table 3, Fig. 5, p < 0.05).

[110

- 17 -

Collection @ pknu



Cell density (log10, cells/mL)
%]

Brackish water
2 1 1 1 1 1

0 0.5 1 1.3 2 25 3

Chlorophyll-a ( log10, pg/mL)

Fig. 3. Linear regression between chlorophyll a concentrations (ug/L)
and cell density in the NTI100 (control water) of diatom
Skeletonema costatum exposed to electrolysed ballast water for 72 h

in experiments with seawater (35 psu) and brackish water (19 psu).
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Fig. 4. Variation of the mean cell density (cells/mL) of
diatom Skeletonema costatum exposed to electrolysed
ballast water for 72 h in the experiments with
seawater (35 psu) and brackish water (19 psu). NT:

control water, T: treated water.
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Table 3. Specific growth rate of diatom Skeletonema costatum exposed to
electrolysed ballast water at the end of the experiments (after 72 h) with

two conditions

Condition Concentration Growth rate
(mean + SD)

NT100 1.79 + 0.12

T6.25 1.66 = 0.03

Seawater T12.5 1.53 +0.03
(35 psu) 125 156 = 0.19
T50 0.99 + 0.17

T100 0.20 = 0.13

NT100 1.74 + 0.03

T6.25 1.5 + 0.04

Brackish water TI2.5 1.49 + 0.18
(19 psu) 125 150 + 0.07
T50 1.57 £ 0.08

T100 1.45 £ 0.11

NT: control water, T: treated water.
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Fig. 5. Concentration-response
diatom Skeletonema costatum exposed to electrolysed ballast water
at the end of the experiments (after 72 h) with seawater (35 psu)

The dotted lines

represent at the 0.05 level of significance. Vertical bars represent

and brackish water (19 psu).
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maximum and minimum value. NT: control water, T: treated water.
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‘|_
Uelgoy, FAIAcE2s o A7 UEhA] St TtH(Table 3, Fig. 5;

ANOVA, p > 0.05).

ol
rlr
ol
ot
S

Uz A Fo s AAES] 1.53~1.662. 2 NT100°] W& i

71 2719 AR@oAAME S costaum®] 2713 F WEIZF Bt 3,580 cell/mL
ojAth. A@MA ¥, 48X A MRS AEls F=ek BAGlel AR Al
IUERE Z7ISGE oty 4842 $HE 438 FE AA 4 AFTE
o] AZUE7F NT100914 Boh A UebsthFig 4). 438 T8 A9 Alxd
T NTI100°] 651,845 celmLZ 7} =9kom™, T100914] 295,739 cel/mLE
7 gkt Um A APFTEAE 312,989~409,811 cel/mLol o™, T25,
T50 2 T1008] AFFoAAE A3 571 =olda4s MEdnr) gold s
B AHFig. 4). AFETEA L NT1008] BAHFELS 1.742 718 &%, Ti2.5,
T25 2 T1002] AFFolMe 42 149, 150 2 1459 A34ES YeElH NT
10037 Frolgk ztolE HPa, & A@FEANAE Aol UEUA &ttt

(Table 3, Fig. 5; p < 0.05).

12 9FE=

AP A2 FE NOEC, LOEC ¥ ECs #= 4t=d Ay}, siezddA zt
ZF T25, T50 3 T55.7% A7]&8] Aol gk ZAA N F&Fol =4 e
W THTable 4; p < 0.05).

71z E T12.59 T25904 NT1003 23k zto)7F yebhgA vl 1 1o}
E& 5% T50°] NT1003} ok 2fol7} gllom, Halte =% ez A
7128l Al wxo wWE Yol B L hth(Fig. 55 p < 0.05). wEHA,
o]F FrelA UERd Folxke= askA] kol T500] NOECE AFHEH UL, LOECE

Al NT1003} #2]3+ ZFol7t yebd T1000] 4FHEE AtKFig. 5, Table 4; p < 0.05).
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Table 4. Results of growth experiment of diatom Skeletonema costatum exposed to
electrolysed ballast water at the end of the experiments (after 72 h) with

two conditions

95% Confidence

. of limit
Condition NOEC LOEC ECso
Lower  Upper
Seawater
T25 T50 T55.7 T37.2 T71.8
(35 psu)

Brackish water
(19 psu)

T50 T100 > T100 - -

NOEC: no observed effect concentration, LOEC: lowest observed effect
concentration, ECsy: effect concentration of 50%, T100: 100% of treated

ballast water, - : not applicable

_23_

Collection @ pknu



TR, ECso kol T100 ooz 4tE= o] mefeiAt A Asfddol A=
Ao 2 yetal, sjet 7 219 AY AR Rlade u dgolA A

2. A71BH AP sxo] e 2EHY 4= L 4%

21 AEE

2HH Y RIFAS A7ES Aol 242 FF =E23AZ AE AR
Ay, sl 219 AFdAE NTI00S X33 BE 559 APFoNA A
w3k RAZE ol 100%S) BEES UEFATHFig 6). 7l 210 A A
= T6.259F T25°04 17012 Alisle] 98.3% HEES B oW, NTI00S =
g3k Uz g2 ATl 100%2] =S YERTFig 6). AEES
ol &% AR A, gt 7 =9 AolA tHx7< NT10034 9

gk atolg Rol: APTE YUATHEFig. T p > 0.05).

22 AAE
2e ] AAT A HEL

A3, sl e APINA 2443 o) FHE JNATE SF87] AlEFSE A TH(Fig.

f

s AZEs] Ao 96417 T =EAIZ]

8). AFFTEAIY JNAFE NT100914 627/0A = 71 wker, 71 @ 1A
FE T6.25°014 587/0A2 YelthFig 8). AFFEA2] NT1003 T1002] 7)A)
T AAES 0.632 7P =33, g2 AFTFEAAME 0610622 YERSRTH

(Table 5). AITFEL MNAT HAZELS FABIA Y T6.25, T12.5 ¥ T259] 4
FToAE NT1003} FAFHCE {Fod ztolE& B, & AFFdA= o

27?0 NT1003} 2]’k 2ko] 7} YeEbA] 3 TH(Table 5; Fig. 9; p < 0.05).
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Fig. 6. The average survival rate of rotifer Brachionus plicatilis
exposed to electrolysed ballast water for 24 h in the experiments
with seawater (35 psu) and brackish water (19 psu). NT: control

water, T: treated water.
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Fig. 7. Concentration-response curves of survival rate of rotifer Brachionus
plicatilis exposed to electrolysed ballast water for 24 h in the
experiments with seawater (35 psu) and brackish water (19 psu). The
dotted lines and symbols (*) represent at the 0.05 level of significance.
Vertical bars represent maximum and minimum value. NT: control

water, T: treated water.
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Fig. 8. Variation of the mean number of rotifer Brachionus plicatilis
exposed to electrolysed ballast water for 96 h in the experiments
with seawater (35 psu) and brackish water (19 psu). Vertical
bars represent the standard deviation. NT: control water, T:

treated water.
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Table 5. Population growth rate of rotifer Brachionus plicatilis exposed to
electrolysed ballast water at the end of the experiments (after 96 h)

with two conditions

Condition Concentration Growth rate
(mean + SD)

NT100 0.63 + 0.01

T6.25 0.61 + 0.01

Seawater T12.5 0.62 + 0.01
(35 psu) T25 0.62 £ 0.01
T50 0.62 + 0.01

T100 0.63 + 0.01

NT100 0.62 + 0.01

T6.25 0.63 + 0.02

Brackish water T12:5 0.62 + 0.01
(19 psu) T25 0.63 £ 0.01
T50 0.64 + 0.02

T100 0.63 + 0.01

NT: control water, T: treated water.
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71Tl A E APINA 24A17F o] FRE BE AFFAA AAF] F7HE B
A ThFig. 8). AF F8 Al T50004 MAF7F 65AAZ 7HE Bk om, NT100
ol A 59702 MAF7F 7HE S THFig. 8). MAT AZAEL T50004 0.64%
7HE =A YER o™, NT1003 T12.5914+= 0.622 71 $A] YEFSTH(Table
5). sl 2l 71FdE SAZAL NT1003 F23 2ol Kol AdF

© YERA] ZUAThFig. 9; p > 0.05).

NOEC, LOEC ¥ LCs #2 32} 714

A9 A3 BT AV)EEM AT $E7F 100%2] T100 o] o= e 7]

a3l Aglaert AEE PAE 54 GOl gl TH(Table 55 p > 0.05).
MAT FFEZHEE 4AE% NOEC, LOEC ¥ ECs #t =S dl¢} 714 =
A9 AgeA EF T100 o] 3o 2 et "7 &8 27t 283 JRA
T AR mAE Z49%0] e ALE YERGTHTable 7; p > 0.05). 3¢
o7 JgF = 4E A, T6.25, T12.5 & T259] A
A77F NT1003% 793k Zpolzk YebRF AR, B =& 55 T503 T10091 A
NT1003} 9@ zfol7h fllem, M= IA FSkthFig 9; p < 0.05). ot
A, T6.25, T12.5 B T259] AP FolA vebd Folxke= A7s] Aol 9

3k g gko] oyt Foksle] 1EEHA &UThFig. 9; p < 0.05).
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Fig. 9. Concentration-response curves of population growth rate of rotifer,
Brachionus plicatilis exposed to electrolysed ballast water at the end of
the experiments (after 96 h) with seawater (35 psu) and brackish water
(19 psu). The dotted lines and symbols (*) represent at the 0.05 level

of significance. Vertical bars represent maximum and minimum value.

NT: control water, T: treated water.
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Table 6. Results of survival and population growth experiment of the rotifer,

Brachionus plicatilis exposed to electrolysed ballast water at two

conditions
95% Confidence
- LCso / of limit
Type Condition = NOEC LOEC
ECso Lower Upper
SeAWAET” 1io0 > TI100  >-T100
(35 psu)
Survival rate
(24 h) )
Brackish
water T100 > T100 > T100 - -
(19 psu)
Seawater

T100 > T100 > T100 - -
Population (35 psu)

growth

(96 h) Brackish
water T100 > T100 > T100 - -
(19 psu)

NOEC: no observed effect concentration, LOEC: lowest observed effect con-
centration, ECso: effect concentration of 50%, LCso: lethal concentration of
50%, T100: 100% of treated ballast water, - : not applicable
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3. A718E APs o] BE R FAT D FHR0lY AE

3.1 A&EE
A71Es] At gxeo FAT 2D REgzio]e] = nAe= Y

A7l S8 793 =2 A, sl 21 APddAMe AF A 2dd

o

SO AT RIr GEEHJCH, ojufo] F3lE&L2 T5094 91.1% = 744
=

=9k, T12.590 A4 85.6%=% 71 YWokth(Fig. 10). NT100S Z&3F o2 A+

SolME 86.7~88.9%FA], sl AP AR FATY HI&S e AF
Toll A 85% oS EITHFig. 10). 3 & 3LAFE T2504 Uw=A AF
TEol vl HEEo] WA Ueston, 59 F5EH TI0091A4 7HE @& 4E
&5 BEYATHFig 10). A T35 Al AEELS NTI100914] 72.2%= 71 =8k
I, T10091A] 55.6%% 71 @Egtom o 99 AFTLEL 66.7-70.0%2] H=

&5 HAHFig. 10). T1009] AP FolA Ta 2F& AEES Hol™ NT1003%
frolgt Aozt JERSEAIRE o2 AP FES NT1003 23 xFol7F it
(Fig. 11; p < 0.05).

717 2719 AFAx Ad IiA 29 Fo] 23Ut gEFHAoH, Bilge
NT10091 4 94.4%= 7} =k, T12.5904 80%= 7F& 2kthFig 10). Um

2 APFLEL B3l80] 86.7-96.3%= ERIH, R3S =

it

AP T A
80% °©14S EATHFig. 10). A TE Al NT1009] HEEL 77.8%= /M =
kAL, Ti12.5914 67.8%% 7HE @Eskow, UmA TS5 68.9~74.4%°A
(Fig. 10). AEES B o2 A 4% 23, NT1002 Hlwste] Fog =t

o|F Hol& A= YEhA FShtkFig. 11; p > 0.05).
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Fig. 10. Variation of the mean survival rate of fertilized eggs and
yolk-sac larva of olive flounder Paralichthys olivaceus exposed to
electrolysed ballast water for 7 days in the experiments with
seawater (35 psu) and brackish water (19 psu). Vertical bars
represent standard deviation. HO: hatched out, NT: control water,

T: treated water.
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Fig. 11. Concentration-response curves of survival rate of fertilized eggs and
yolk-sac larva of olive flounder Paralichthys olivaceus exposed to
electrolysed ballast water at the end of the experiments (after 7 days) with
seawater (35 psu) and brackish water (19 psu). The dotted lines and
symbols (*) represent at the 0.05 level of significance. Vertical bars

represent maximum and minimum value. NT: control water, T: treated water.
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>,

dxe 8T 9 Raole A AAE ng oz FARAG A7, 5
z79 Ay A= NOECE T50, LOEC7F T100 ¥ LCso©] T100 ©]’de =z 4k
5 FA Y] el T(Fig 11, Table 7; p < 0.05).

W, 7l 219 Aol e Ti2594 AEEo] 7P WESkAIT NT1003%
fFogk ZFol7) YIS e = E, NOEC7F T100, LOEC ¥ LCs©] T100 °©]do2 4k

=5H A7Es) Aol e STl YEbA U tK(Table 7; p > 0.05).

4. A7)BE NP5 0 02 WYX Xolg A=

ERtTh NT1003 T509] AR FolA 96.7%= AE L) 7h4 WA Yebgta, v
M2 AFFANAE 983%E LS WESS HAK(Fig. 12). TAEY 23
NT1009] AEE&F F3 zo]E Hole APF= UEA L UThFig. 13; p
> 0.05).

71 279 AoAe NTI00S Z33 BE AFFAA ARG A7}
UEFA] ob AEE 100%E HAoH, 723 AolE Hole AP FE YE

U= gkth(Fig. 12, Fig. 13; p > 0.05).
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Table 7. Results of survival experiment of fertilized eggs and yolk-sac larva of
olive flounder Paralichthys olivaceus exposed to electrolysed ballast water

at the end of the experiments (after 7 days) with two conditions

95% Confidence

of limit
Condition NOEC LOEC LCso
Lower Upper
Seawater
T50 T100 >T100 - -
(35 psu)

Brackish water
(19 psu)

T100 > T100 > T100 - -

NOEC: no observed effect concentration, LOEC: lowest observed -effect
concentration, LCsy: lethal concentration of 50%, T100: 100% of treated

ballast water, - : not applicable
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Fig. 12. Variation of the mean survival rate of juvenile of olive

flounder Paralichthys olivaceus exposed to -electrolysed ballast

water for 96 h in the experiments with seawater (35 psu) and

brackish water (19 psu). Vertical bars represent the standard

deviation. NT: control water, T: treated water.
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Fig. 13. Concentration-response curves of survival rate of juvenile of olive

flounder Paralichthys olivaceus exposed to electrolysed ballast water at

the end of the experiments (after 96 h) with seawater (35 psu) and

brackish water (19 psu). The dotted lines and symbols (*) represent at

the 0.05 level of significance. Vertical bars represent maximum and

minimum value. NT: control water, T: treated water.
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Bn, A7 8 Aelst gA Aoje A

AO 2 EFSTH(Table 8; p > 0.05).
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Table 8. Results of survival experiment of juvenile of olive flounder Paralichthys
olivaceus exposed to electrolysed ballast water at the end of the

experiments (after 96-h) with two test conditions

95% Confidence of

o limit
Condition NOEC LOEC LCs
Lower Upper
Seawater
T100 >T100 >T100 - -
(35 psu)

Brackish water
(19 psu)

T100 >T100 >T100 - -

NOEC: no observed effect- concentration, LOEC: lowest observed -effect
concentration, LCsy: lethal concentration of 50%, T100: 100% of treated

ballast water, - : not applicable
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AugE s AdAA T A7IE Hyol Fald= Al w¢ &Aool
L, oleid Al WY dREEe ZHAEE ¥ oot AsHEdEES
(DBPs)= 43T SAE" 2 223 o® AHE L5HAE2 S A
oA e Ao A IS vH F v A2 IHA Yot
(Banerji et al., 2012; Werschkun et al., 2012; Zhang et al., 2013). W&}A, 2 A

TollAE A7IEa A AE (A28 el A= v
B thal AR

ERGHoZ AE 8 AET &3ke 359 dFPES o83t 7]
Fof thelk d&FS H7Iek Ay F 272 Skeletonema costatum©) 3
z79] Ao EC500] Z7 T55.73 T100 o4 o2 ZAio] A&
b gt AEZ YEeRgth ol 7S Al gl tis] o] Fozl
oA ATFEANNE S costaum<S EZT WA ZF7} 7P I3 W3S
d Aoz Y B AFA o] F3SEH THMEPC, 2009, 2010a, 2010b, 2010c
2011a, 2011b, 2012a; Shon et-al, 2013). ©o|& g A= S costatum©] A3l

olgd The AEES W 45T 4

e

o=

=olH, ul-¢ mAZ fFr]A oA TAl

Aeoliz, SAEE £ 5 &4 td A5 ¥ UzsiA et

P

i

o2 HRIY ERh daAZe MlEes e &F TRO= 53] 4
sy H
S ERAA TNE2AAHY FAE T F v dEA Ao

(Brook and Baker, 1972; Carpenter et al, 1972; Morgan and Carpenter, 1978;

3=

o

B4 5L

Poornima et al., 2005). ¥ AFA HITE F3 AHYste] THFAS)

“r

(TRO) &7} AETAIYL 003 pgl viHtez HEHJoY, In|Fozm
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costanum®) A FFe WA F 9t Ao TR 13 AR A
257k 59 B A el A nesE 5 A
o A R AE FINBETG ALHOR Wgse] IR &%

1=
5
Aot HmR, olE Aole] 44 D AgAgol AREHOR UehtE Zle

2 ddEY. o]yd AFFEAEES AL pH
5, 54 9 IFALY & Tl wak e AolE YEEE(Lee et al,
2003; Kim et al, 2005), F°l tg VA== 24 Yepd & o

A, EY|¥ Brachionus plicatilis| A& AEE 9 AT AHFE VA=

[‘

dgFo] YEeElA 9kth MEPC (2011a)ol A& 714= 274 NOEC, LOEC
g ECs, @tol 271 T50, T100 2 T100 oo = A& vokst 549TFS
Hof B A5 g4 AolE UHHT Zely, 2EIHE o] &3t H7]|E
A gl el T3 2ddA AFT oA AF B = FEHA FFol

e A kol B Aol 2 X3 THMEPC, 2010¢, 2012a). ©]&= ZE|H7} t

QA Paralichthys olivaceus®}- 4 & 81" F-3lzpo] o] YE& Ao sl
ZZ79l4 NOECZ} T50, LOEC7} T100, LCs%©] T100 ©]4o 2 At&H o
T1009 A wefRt ZA FaFo] EAst= 2 o2 YEET. MEPC (2010b, 2012a)
NAME it 71 ZHoA EF MEPC (2011a)dlAE 719 ZHA =
Aol ey, g o zeols AU JFFREAH0] A B AT
o] Ao} LA ATE 2, A3 ATE MEPC (2010a)d4+= HA40] HE
HA ot B AFAAe} AolE HATh X o FAHT B Aol B A7A

}E Aunm, APede] sxo] e Fage o)z} dUAW, 1 A%
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Ao1 710 S A FE T1000] it F&Fo] o WasHAl vebwgt. o2l F
3 A FATe AL e dHel 9Fe SA4=dY dEs Adss
(Rosenthal and Alderdice, 1976; Rombiogh and Garside, 1982; Hallare et al,
2005) Haet A4S & B9 ofyz), AT G fF7(oil globule)oll =

el A H ABA B 7 FHer A2 dFe v Aol A

dLeol fle AR Uetow, M7 A
gol Uigk g2 AFZ234ET IAFTE EHHYTHMEPC, 2009, 2010a, 2010b,
2010c 2011a, 2011b, 2012a). A& ALEHE Xoj= AF 3 D U] AHY

2 A% 2 Fgoing ol A /IR AN oR@Ae) Yrizos

S. costatum< HEUA - 2 ZoE d#HAH QO™ (Shimura et al.,
1979; Ravail and Robert, 1985; Park et al., 2005), =] HA| FHAH AJFZ &
A ) TH(Daniels and Borski, ~1998; Kelsall and Balment, 1998; Atwood et al.,
2001; Higashimoto et al., 2001; Sampaio and Bianchini, 2002). E3F dx]e] &
Ak g Aoy AEEE A& WwE AoVt gl A= HiH v Ao
(Min et al., 2007; Park et al, 2008). 35 ©]&3 H4 APdA dE<S UHA
Ao g zHsHA HHA 5 T &Y FHE Qs 4ol Wste AFS
HolAl FlZZ(Hall and Anderson, 1995.), 344 AES o] &3t AT A&

At (Park et al., 2008), & ATFANAE ol HESS AHESIATH

a8y, B AT SAAYE AHRE THEH, TFolArRg s =219

ANA AEEANA vA= I3l ¥ =2 Ao=Z YEIYT S costatum-<
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bromoacetic acid, tribromoacetic acid 2 trichloroacetic acid) & T =273} AL=5H
AbEo] #3F ZAdd ol &= Al$HH o|tH(Burton et al., 2008; Fisher et al., 2014).
MEPC (2013)%} Fisher et al., (2014)°l 4] A A]¥ dibromoacetic acid®] 7} S
TEAA AEE AH 54 S HusEH G50 F Pimephales promelas©ll
41 96 h-LCso %#k°l 69,000 pg/Lo]aL, tribromoacetic acid & HVP|AZF<
Psuedokrirchneriella subicapitata®| ] 96 h-NOEC #te] 1,000 pg/LZ YERSETE
B Ao A7) &3] A e]goll A dibromoacetic acid, tribromoacetic acid’} A=
H TEE dlls 26 72 45 ng/Lok 168 ng/Loldom, ol& oA AA]
H AE=EA @ A X vXs o, 4 3FgEEAEY 9% ofd
o2 Addn. Autg g ZE A4F ET A o8 A g EE
EdAow EAst7] wjiel ststE4o] 71A = AAHQ] A4 FTFS Bt
st7] oy, 27) oo EFEc U FFAEY ZAL 9 st
o] 7kl EAET =AY 2A YErd F Atk(Lloyd, 1987).

H] = HS-BALLASTE Z7]&s] At ARrg&rolx Azol e =4

apol AW bk 0 AR} o Fol Halatojel Aut tha Uk
o) Bave

=8 AEY AE L AANS =3 =2 E9-38 54 ¥ 1 v59

ESAZE a8 2, 98 7Y $EeIT AETA me B2 xolE K
o] Al =X Z(Laughlin and Neff, 1980; Millemann et al., 1984), A¥}HF P2 Af
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V. 8 oF

webA, B AFoAE F25F Skeletonema costatum, ZE|™ Brachionus plica-
tilis R AX| Paralichthys olivaceuss ©1-&3t] 7| &E3|AeFe 54 AP
AAISAS. A2, S costatum®] AT 2 AA FFFEEZNOEC), HAH

29 EE(LOEC) ¥ 50% G 3F&S(ECs) at°l Zh2h T25, TS0 2 T55.72 4b=
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32
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AE &< | A9 LCsZke] T100 o] o2 meksl =4 S Ryt
S ZANA dx 2 g 2 zlojol Al T1002] LOEC#H®] AFEE A gk

LCso#kol T100 o]/F o= w|ekgt S FEFol Yebsth. wtd o, 2E 32} FX) 9]
K

Aol e F A8 A BT AEE AAE AZEN

A71Es Ak AutE e go] FRASIE(TRO)S st 714 =79
A B5F0.03 ugl ©l3tE AESEHU T es APE L5F4HEZ (bromate,

volatile halogenated organic compounds, halogenated acetonitriles, halogenated acetic

N

acids (HAAs) % chloral hydrate)©] % 20%°] 297 ng/L 5= HAZHHAAL, 7|

ol

]
HAAs®| F=7} 879t 7oA 22k 218 ng/L} 101 pg/Lo]l AZEH o] 2u) ©]

& zbolE EAh

A= F 13F0)Yo F FEE 271 pg/Lolth AZHAEZ T, E
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