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t}.(Eliane et al., 2011).

Y =Dy +b1 Xy +boXo+bsXa+haXatbi Xy +bpo Xo +D3s X +ba X+« « - (8)

Xy : represent the codified values of independent variable
X;, Xy @ interaction effect between variable
b, : the coefficient of the equation

by : the coeffieient of independent variable
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(E 2-2> o|rtstgbao] et =) BEAATE dFH7 23

Exposure
Species Class Bio-endpoint impact Contol LOEC
hours

Vibrio fischeri Microbial Biomass - 12 8.1 7.4
Vibrio fischeri Microbial Biomass - 18 8.1 7.2
Vibrio fischeri Microbial Biomass - 24 8.1 6.8
Perinereis aibuhitensis Annelid Energy available - 168 8.18 7.04
Perinereis aibuhitensis Annelid Energy consumption - 168 8.18 7.53
Perinereis aibuhitensis Annelid Cellular Energy Allocation - 168 8.18 7.53
Paralichthys olivaceus fish Cellular Energy Allocation - 96 8.02 7.69
Paralichthys olivaceus fish Cellular Energy Allocation + 168 8.02 7.04
Paralichthys olivaceus fish Cellular Energy Allocation = 240 8.02 7.04
Oplegnathus  fasciatus fish DNA damage(blood cell) - 1 8.22 7.81
Tisbe sp. Crustacean  Population growth (Naupllar) - 480 7.99 6.88
Tisbe sp. Crustacean  Population growth (copepodid) - 480 7.99 6.88
Tisbe sp. Crustacean  Population growth (Adult) - 480 7.99 6.88
Hemicentrotus pulcherrimus Echinoderms Development(total body length) - 72 8.12 7.48
Hemicentrotus pulcherrimus Echinoderms Development(post-oral arm length) - 72 8.12 7.79




Hemicentrotus pulcherrimus Echinoderms Fertilization 0.33 8.12 7.48
Strongylocentrotus nudus Echinoderms Fertilization (egg) 0.33 7.96 7.2
Strongylocentrotus nudus Echinoderms Fertilization (sperm) 0.33 7.96 7.79
Strongylocentrotus nudus Echinoderms Fertilization 0.33 8.01 7.94
Hemicentrotus pulcherrimus Echinoderms Fertilization 0.33 7.99 7.69
Tisbe sp. Crustacean  Survival 480 7.99 6.88
Monocorophium acherusicum Crustacean  Survival 1104 7.99 6.61
Community microbial Decreased abundance 384 7.8 7.4
= No effect, - negative effect increase, + positive effect increase
A4 AW E T, 2014
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(E 2-3> ZEHHM}EF(Sodium bicarbonate)ol] €3+ HE/MAFE IFH7} Abe

Target organisms Experimental Condition Effect References
Range(mg/L)  Duratio End point Result
n
Microalgae  Chiorella vulgaris ~ 4.200-16800 72 h  AAEMY HAE D %;gmond et dl,
. _ Jayasankar &
- AAAE2(h! AAE =
Chiorella salina 84-420 5d  AZEN) I%E 7t Valsala, 2008
. . _1 . ,Z_
Tetrgse]ms 0, 1,000, 28 d  Pigment(cell™ pigment <7} White et al. 2013
suecica 2,000
4338 (nmol
Coral Porites porites 42-672 8h CaCO; h' ug A33 =7} Herfort et al., 2008
chla™
433 (nmol
Acropora sp. 84-672 8h CaCO; h' ug 233 =7} Herfort et al., 2008
chla™
Paratya - Mortality 1
Decapoda qustraliensis 750-3,000 10d LCus) 1273 mgl. Vera et al., 2014
. Lampsillis ~ I
Bivalve siliquoidea 256-2488 4d LGy 1120 mgL Harper et al., 2014
Fish Cyprinus carpio 420 120 h  Plasma pH pH 543 7} &, ¥4 Claiborne et al., 1986
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6pHnoec Species Sensitivity Distribution

A acridiscus aequilatera
09 Igriopus sp
| Ophiura sp.
08 Ophiura sp.
i Monocorophium acherusicum
0,7 ®  (Oryzias melastigma
E ] ® Tigriopussp.
T 06 ®  Vibrio fischeri
g 1 Heso Vibrig fischerr
e U B *  Macridiscus aequilatera
g 1 ; e Tisbesp.
-"3 0.4 | ®  Perinerefs arbuhitensis
E b * : Strongylocentrotus nudus
w03 *  Wibrio fischeri
T Hemfc‘e{rrrorus pulcherrimus
0.2 L Hemicentrotus pulfcherrimus
. :_H_Cl[] _______________ . Microbial Community
2 HCH * Oplegnathus fasaiatus
i 'em. fjpen frotus pulch, erd‘fm us
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1A s 7 CO; T7H ME BEFXH7L T

MN

<= W CO, 5 F7lc sl pHE #aA7]aL, 2Hd8ke] &
A

B =RdAe dlg W olitstebiel SR ol 93 pH Wstol
°J3k pCO9t DIC =l o3 HE=FFE HluwEAstr] flsf, 2059 3l
FA = pCOL mA= HEZAH G gk 102714 2] A=rE FH 5}
A thBasallote et al., 2012; Bignami et al., 2013; Crim et al, 2011;
Dickinson et al., 2012; Eberlein et al.,, 2016; Kikkawa et al., 2004; Moon
et al., 2013a, 2013b; Sung et al., 2010; Sung et al.,, 2014; Tatters et al,,
2013; Van de Waal et al., 2013; Watson et al.,, 2012; Wu et al., 2010).
B ARe <(F 3-Dol Attt 987 ddAzEs =5 Al
dd et A8 (2014)¢] CO, =7+ Aol &&H HET &

o

ol

pCO, =% ¥5= 196 ~ 97,705 ppmv Q@om, s@sl= pH W=
550 ~ 8.309th DICEEE= pH, pCO, AE @ £xo] 2Aste] COSYS
2z 2 77 3 (http://cdiac.ornl.gov/ftp/co2sys) 0.2 Al4tst A tHLewis and Wallace,
1998). Al4td DIC &=+ <Z#std 8<=(HCO; -induced seawater)®]

A=dFH vluwsty] $s) 2833t



<G 3-1> 74

CO9| FYE=SHF

Sl

37 el

Flt

Taxon Species Endpoints References
. . . Luminescence Sung et al.,
Bacteria Vibrio fischeri inhibition 2010
Alexandrium Eberlein et
th rate inhibiti
Jfundyense Growth rate inhibition al., 2016
T 1.
Chaetoceros Growth rate inhibition atters et al,
2013
L e Tatters et al.,
Coscinodiscus Growth rate inhibition 2013
e Tatt t al.,
Cylindrotheca Growth rate inhibition a e2r(s) 163 a
. o Tatt t al.
Microalgae Navicula Growth rate inhibition a ezr(s) 12 o
Phaeodactylum Growth rate inhibition Wu et al,
tricornutum 2010
Pseudo-nitzxchia Growth rate inhibition Tattezr(s) 1? al,
. e Tatters et al.,
Thalassiosira Growth rate inhibition 013
Thoraco‘sg l‘zaem Growth rate inhibition Van de Waal
heimii et al., 2013
Copepod Tisbe s, Mortalit Moon et al,
pep p- Y 2013a
. Monocorophium . Moon et al.,
Amphipod acherusicum Mortality 2013a
. o Cellular energy Moon et al.,
Polychaete Perinereis aibuhitensis allocation inhibition 2013a
Echinoiderm Strongylocentrotus Fertility inhibition Sung et al,
nudus 2014
Dicki t
Crassostrea virginica Mortality ieinson ©
. al., 2012
Bivalve
Tridacna squamosa Mortalit Watson et
1 Y al., 2012
Haliotis Crim et al.
t th rate inhibiti ’
Gastropod kamischatkana Growth rate inhibition 2011
. Basallote et
Sparus aurata Mortality al., 2011
. . . Kikkawa et
Fish Pagrus major Mortality al., 2004
Rachycentron . Bignami et
Mortal
canadum ortality al., 2013




1E FRAGL YEEE HPAAL ARSI B =RAAE 2%
Fuadel HPYEIFS Fobatr) A ABeEIL FI543
= g WA

AR, B AGNAE AExE AFEES AR fA87] A9
Azste] AGAT AEHE WA 4 ©)9) gol CO, 7hash 543
v 42 WA A, 8ol HOOs Sh Bhatnl v 0.2 A AR T

CaO(s) + seawater [H,O() + Mg*(ag) + ---]1 = Ca*(ag) + Mg(OH)(9)
)
Mg(OH)o(s) + 2C0O«(2) + H,O() = Mg*+2HCO3(ag) + MgCOs(9 + H.0() (9)

Az 2 L iAo dssis 1 L 2 #43kek 1w 5 (Mg(OH),,
Sigma-Aldrich, St. Louis, MO) 13.0 g 30& =<t nl1uvg wyHl7|2 &%
39tk 15% CO, 7F2E B4 500 mL(FH2E A2 AHHZ F93 pH
H3lE A#ZsYtHSeven  Compact, Mettler Toledo, Greifensee,
Switzerland).

AMEo] pH7F 7.8 o]& wf CO, 72 F+Y<& HF1 wsle pH A3
e 71F3RAL, AR ¢ O o] pHYF WEkekA] e o
045 ym HME== oMHO|E HHAE Tl oHstal, o3 =
1559 DIC ¢4 40 mL vlo]gel] 715 ¥ HEE AHEE =237/
o 2g-stAtt

TE&A4e] HCOy = AgH COp 7129 &4 & fal UdFsHTE ol &
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DIC #4]& TOC-L(Shimadzu, Kyoto, Japan)¥} H]E4+g ZelHd &
(Shimadzu, Kyoto, Japan)& ©]&3tHth rlavls ol29 %
g A A Z(C-CIT Sensors, Wadenswil, Switzerland)©. 2 ¥413}9t}.
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& Hristdth Hrhd AEFS sl e g oW Vivrio fischerd, 3%
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o wEglon, 54 B DICEAL st sddRel dd %
g2 ARGk AAT 2 2d L PP E 3o AL,
4224 A %36 et =% 9 DIC $EE 30 mMelA 190
mM, pH #2 7.61014 845A T 2t =EA P2 3~43] vH&E3AT-.

rj(g
2
filo
i)
4
rit
X
2
m

i



(E 32> WEEF FUNY ARIYYL ABSE AYED =F 22
Taxon & Species DIC Bicarbonate pH Replicates Exposwre  Endpoints  Test methods
concentrations concentrations duration & References
(mV) (mV) (m) (h)
Bacterium
3.0-190° 2.8-180 7.72-8.04 3 0.5 Luminesc  ISO
Vibrio: fischeri™ JCASEN) ence 11348-2008
— inhibition ~ (ISO, 2007)
Mcroalgae
5w 4.0-180 3.8-170 7.61-8.01 4 72 Growth ASTM
‘Dunaliella (10 levels) rate E1218-97
«gﬁhm e ion LASIuL
3.0-180 2.8-170 7.87-8.05 4 72 Growth 1997
lsocrySIs galbana (8 levels) rate
2 inhibition
- 4.0-140 3.9-140 8.03-8.37 4 72 Growth
- (10 levels) rate
: inhibition
3.0-170 2.9-160 8.00-8.23 4 48 Mortality ~ ASTM
Tigriopus japonicufCRSED) E2317-04
(ASTM,
2012b)
Rotlfer
) 3.8-140 7.89-8.09 4 24 Mortality ~ ASTM
E144091
(ASTM, 2012a)
3.0-170 2.9-160 8.00-8.23 4 96 Mortality ~ ASTM




Taxon & Species DIC Bicarbonate pH Replicates Exposwre  Endpoints  Test methods
concentrations concentrations duration & References
, (mV) (mV) () (h)
i . (8 levels) E1367-03
acherusicum
3.0-130 7.83-8.00 3 0.66 Fertility US EPA
inhibition ~ 1008.0
(US EPA, 2002)
5.0-180 4.9-170 8.06-8.29 4 9% Mortality ~ Kurihara et al.,
(7 levels) 2007
Cyprinodon 4.0-190 3.1-190 7.75-8.45 4 9% Mortality ~ US EPA
AT i (12 levels) 1004.0
variegatus (US EPA, 2002)

@ Test solutions for DIC exposure were prepared using the serial dilution method.
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2. MAlzR{ AL

n A 2F AFE ANPS ASTM E1218, USEPA 712, OECD 201(1984)2]
ANEHE &8st Y3ttt vAzRRE BaAdssol Azl =
Ao AHg3E T ZF AlgTE 10,000 ~ 20,000 cells/ml #=2 F<3}
[k BY F, 20 C + 1 C, F 244 Hol FF Qlo] 72413t v

Bl

i
S
R\
p‘l
k]
=
—
=
—
=
—
%
—
5
ut
o
2
>
a
ofh
o
oy
tlo
A
oxl
Q‘L
32
v
ofh
o

R =7
A& 717Hh) 72h
TEE TS ) 110(c) =), 171, 244, 384, 707, 1,330,
(mg/L) 2,573, 5,277, 10,381
Al &5(C) 21C = 1C
o vl 24 : 0L : D)
A3 87 50 mL culture flask
Ay Fu 27 mL + PAZF 3 mL
ANEad og N
A= WA 10,000 ~ 20,000 cells/mL
AgE e 4 o]
| o] TEIA 2=
FHE SHA At A &S (Relative Growth Rate)
T2A1ZE o] % M AAE] 7] e 16
3= #A "l o)X, T2A1F BUel HFE CVOFkol
35% ©| gk




3. 847 AIE¥H

k)
S
2
o
o
%
£

Bl =7
Al 717Hh) 48h
TEAEFE ) 120(th =), 178, 245, 383, 654, 1,156, 2,336,
(mg/L) 4,824, 9,478
A L5(C) 22 £ 1
Al d & (psw) 5~35
J=A 16L : 8D
A &7] 6-well plate
A4 B 10 mL
A4 n g A=
A& NA T 10 vl
A ukE 4 3 o]
Ad AE F7] 100 ~ 200 ym(E=A 719
Hol Z7] TEoHA ¥
HE SAA A E=EAHEE)
A= A 2T A BEE 90% ©




4. &7 AALH

% (Brachinous plicatilis) A& %932 ASTM E 1440-91 7}e]=2}<le

et JPstdek AP 2= F3 & 243 oY AAE AHE

st £RlE Algde] 10 vy £t £ F 25 T +1 T,
=

pzel A wo] FFelel UM WEHH AW F

_1
I

T = =7
Al 717Hh) 24h
TEHAE TS ) 114 =), 169, 232, 361, 617, 1,103,
(mg/L) 2,114, 3,688, 8,248
Ag 25(T) 25 + 1
Mg FE(psw 17 ~ 23
Bz i 2pck
AN &7] 24 well plate
AN@g Fo 1 mL
AT w3 e
A= AT 107}2]
APTE dh eSS 3 o]
ANE A= =7 73} & 243 oy
o] 3B otA e
5] |44 23157 80 % oldtd A gl vt
B Z7]
HE FAHA AEEALTE
A= #A oA AEE 90% ol
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3 = B
Ag 7]1zHh) 96h
ST Tl 120(ch =), 178, 245, 383, 654, 1,156,
(mg/L) 2,336, 4,824, 9,478
Alg &5(C) 22 + 1
A E i (psw) 30 £ 1
Fzx4 9 2ok
A &7] 250 mL ®#
AN@g 7o 200 mL
ANEg wg =
ANE NA S 104}
Ay gkES 4 o]%
ANg AE 7] 300 ~ 500 ym(EZ=A 7))
H o] oA S
5] {224 2357} 80 % ©]FY Aot
Z7]
HE SAHA AEEAEE)
A= #A 2Tl A AEE 90% ©)%
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A AFLE 96A1%E, v AR 1047t

Hole A s

oculata, Cheatoceros gracilis<

At

AR ABEE 5

AE AASAT 23

AE AWsATh 28 F Ay A

stR e, & % [sochrysis galbana, Nannochloropsis
5

b w244 3butg AE A E

Aeskal AR A

Z3(FA AT, T8 10Y) & yE AT
IR 23S HEa A A 7k 9

E AAE AYAAZ BEGh FA A

(F 3-9 155 TN =8 olmuF A Az
& = =2
A 71z 173(96h), TH3(10¥)
TEANE w5 Tl 112(ch =), 130, 301, 730, 1,427, 2,917,
(mg/L) 95,580, 10,116
AP 25(C) 21C + 1T
A& FE(psw 31 ~ 33 psu
F=z7 16L : 8D
A 87 1L ¢ Hlol7
N@5 23] 1L
N@F g 2gmict AA B
A& NAT 5 wie
AgTw wEs 4
v8(FFsHA &F),
o] oA (m] Al 25 Isochrysis galbana,
- Nannochloropsis oculata, Cheatoceros gracilis
Y 111 v &2 E£38te Fo
AT 547 EENEE




8. o7 A

AFAEE 9YFH 7= USEPA method 1004.0 F3 A dFR
X|(Cyprinodon variegatus) = ZEEE Slgoll 9641 B =EAIR]
T AEES HUreATh

offF FARCERE F33 A 14Y o]t JMAE FHeta, Frd
MA S ol7k 19 o) AeluA &2 MAE A¥ste] Adol ARgst
Aot HE=2T2 AR Adae dFdTE ol &kt

82

1

018 2t AP §716 10 vheld FYsAs

=
=
g, ojuf A& oz o] Lt o F FEjol ool gle

BE =Y F 2
At F deivlol FAQIAZE TR AAD) 0.2 mLE Hol2 FFdha, ol

JTEEAE ol 8T TS FFA M MYSE B o) 2440w

5
21L& <E 3-1009 YERR T



& 5 =z
NEETF s BBt
A 713D 96h
FTRAE = A (103, 190, 293, 473, 826, 1,624, 3,466,
(mg/L) 6,894, 11,198
A £=(C) |20 £ 1

AN EE(psw 5~ 32

#F FTHF 9 7] | ¥35, 16h light : 8h dark

HjF &7 250 mL H|A

Al 53 4 200 mL o]/
Ald ¢ w1 g 242 2950 135] w g
AE NA S 10v}2]

AgaE wESL |4 o)A

3 5 1~ 4L QA T 1 o] Ao yA

A= A
H o] S E2A1Z 29 Fof &H|v|ol 0.2 mL &5
= } © R
2] SE24H4 4.0 @g/L o)l SR EE=
100 bubbles/min
A%x 244 [HEECITE)
AV A ] = | 24, 48, 72, 96 h
A= A =T A BEE 90% °1




A3d BEIFH7E A3 £4 WY

AEGEH7 Axp B4e (a9 3-D3 go] F33ay. dd el
(pCO;, T4 WE F4S SAE #A 4 (sigmoid curve)S &-83+
£F-vkg

BAE 2835, pH W] o i< W Hghacled e
il

L= & = O 3T
AEddF +42 &

Injected

Atmosoheric seawater Qcean Acidification
co p(g) e '

Blioassayiofi
mianine
CO, conversion Jelrganismi

Mg(OH)x(s) p HCO;(aq)

Ocean Alkalinization

eawater

EffectioflC@,and BICon
Marine @raganisms

Sigmoid relationship
Response Surface Method

<19 3D £4(C0, HCON mE Py BIFH7 2

[} <]

relationship)g E3) welath B Ade] far-ng
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3R o, Windows & Sigma Plot(Version 10.0, SPSS, Chicago, IL)& ©]-&
3to] SAHE A #HAI(Sigmoid relationship) S 2 -&3FA T}

FeFa7]= 20%([EC20), 50%EC50), 80%(ECI0)S] A= A& FEste=
FFEe= HAZ AteAth AESH FFHY AL ToxCalc" =2
I3e AR&3FTHVer. 5.0, Tidepool Scientific Software, McKinleyville,
CA).

B w=RolAE s pH, pCO, 2 DICO| Ws 5 Bg acle] o

AEANIYEF HHTES FA8str] Hsli, ws3EH AW (Response

RSM £2& (DZZ=x X A(missing value imputation), (2) 7] 25 A &4
Z7 At=(optimization) SAE X YstA T H A
23, Change point 7], WkS-3%HE4(Response
A Y 3-2> =),

of| A 3T A CO, FDal, &

g
AR FHHY FDAF YEIF FAAEE HETE BE5E

= 1=

value imputation) .=+ GAMLSS(Generalized Additive Model for
Location, Scale, and Shape) ®¥'H-< #8331 thRigby and Stainopoulos,
2005). GAMLSS+= pH& #Zol A4 #HA A3, ¥AGE w=Es
non-normal®] 7§ AR&7}s3it

GAMLSS&= #32 39| wizi wie7h Am ®spol] it A3 - vAdd

-



ojy} HEFA R JHAste SGEEY HT WHoE Hd, 24
A Be wiZl "o dis) A8+ Jdvkes Afol Aok B4 R
3.6.1 package “ImputeRobust” ¢} “gamlss” ©]-& 3} T},

AE Aol tig pH, pCO, DICS B g BAe o

218 3] 7 =4 H(multiple linear regression)< 2 -83}4, SPSS 255 Al-&

o

ol

ted B4t pH, pCO, DIC7F A&l Y& F= F82 2UUA
g olril, o @ g3 =& o] Ae whgEd
A

A zAe] e 4= ANEo] He AFF FH BEL ATk

e~ -OE8E 2 BAEY

« GAMLSS 2t

+ 38 2% ofHE b. Change

« Mann- point
Whitney test c. U 2HH
= 4(RsM)

A A .

<9 3-2> 53} 82IH, pCO, DIC ®WEhel &3t =R s HA=H




A4 olAtsterA AL A WE

ojttsteba Fdd sl AEIdFE L} =27] pCO; =& o7t

N R 207 BEFo tHF AHAE AYsiATKE 4-1> FH=).
_/_’ri

PCO, ¥E7h FobA L, pH7} Boldss ABAN &L FolAE AFL
<1 5 ok
A5 pCO, ol SI% pH WBH= pCO, FYUF Bkl wheh 44

S HoFAok. AAA S (coefficient of determination)= 0.942 pCO, &
& pH %

SO w Taes AAAdol JAFEAT I E g =E2AF
A COy 722 4Hd8H e H4A pH 5.57HA] AA3ATKad 4-1
2 z)
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8.0 - h
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= 74 - a -
B Ny s
'\O
6.0 1 y=-0.94x+ 11 * o
x-log (pCO,) o’
094 p<0001
102 103 104 10°
pCO, (ppmv)

<29 4-1> % pCO, B9 pH W3 Abolo] 43
#A B4 Az

|2bd 8EF71940I0) 5= HA 7.7 mM 7HA ofE SUHEE e
™, A4 3HCO.-induced seawaten® |+ DICEEE WA F7HA
71E Ao YEyth DIC ¥%& pCO; =9 pH #e &3t At
d #E BTG KE 4-1> F=2).
W33 v) A E(Vibrio fischer)-& pCO; &% 3,000 ppm, DIC 2.43 mMol| x=
= JE& o, 50%9 TP AfE&S RAY. v M ZF(micro algae)= A%
A&7t pCO; % 1,400ppm o] dollA A F(Thoracosphaera heimi)ol
A BYow, giRE T3 =F F=olA FFo] YeElA &uth. 8.7
F(copepod)¢} ©zHF(amphipod)= pCO,7} 10,300ppm ©]4 =Z=4 60%
ol Apat= AE BT o] pCO, TEA DIC BEE 2

)

r-\n:



2 AL

t} = F(Polychaete)= pCO; 3,030ppmoll A 81%°]142] A 84S XAt
10,300ppmoll A= 68.8%= 12.2% 43R, I 50 30,100ppmel A
5% A3&s BT

pCO; ®vx<} pH Hslel b sk A= A A(Strongylocentrotus
nudus)E pCO, 380ppm, pH 7.98, DIC 1.18mMolA 10% ABEAHE&S B
om, pCO, 450ppm, pH 7.91, DIC L45mMellA 55% A&ie= Lpebs
t}. pCO; ¥W3}7} 70ppme] z}olo A=
o =¥ AE A& ST E FFo] FHHoE VA3 sog &
A= A

o) uf 7)) F(bivalve)x= pCO; ¥% 470ppm ~ 676ppmol] == = uf AAA
o] 20% A= BRAY. B=F(Gastropod)= pCO; ¥ =71 400 ppmeil A
AR 35%S B, 800 ppmoll A 60%2] Fa&FS Bt olnu 7o}
BEF+ pCO; w57 5713k, pH7E ol i ghatzi <ol 93] A4 F
= Au717F Al %S Fv= AL gl

AAfF+ ILEFE 20,000 ppmolde] pCO, FEA AE=FeFS EAT

2 A= AEFH EFart =259l = pCO; &%, pHel w2t A=A

OIS



{E 4-1> CO, U8 =

(A Ehe] =Ed A=9] pCO,, pHoll WE B=FEF

Taxon & species Endpoints pCO: pH Calculated Inhibition References
(ppy) DIC(mV) 9
Bacteria Vibrio fischeri Luminescence inhibition 380 7.70 0.61 0 Sung et al., 2010
1,000 7.60 1.28 0
3,000 7.40 243 50.0
10,000 7.10 42 70.0
30,000 6.70 5.58 90.0
Microalgae %"g"gg"" Growth rate inhibition 237 839 208 0 Phoren et al,

813 791 222 19.3
1,018 7.82 225 50.9

Chaetoceros Growth rate inhibition 196 831 1.96 24 Tatters et al., 2013
199 831 1.96 0
333 8.13 2.02 0
355 8.10 2.03 0
519 7.97 2.15 7.5
553 7.95 2.16 6.5

Coscinodiscus Growth rate inhibition 196 831 1.96 0 Tatters et al., 2013
199 831 1.96 14.0
333 8.13 2.02 0
355 8.10 2.03 0
519 797 2.15 10.0
553 7.95 2.16 0

Ollindrotheca Growth rate inhibition 196 831 1.96 4.8 Tatters et al., 2013
199 831 1.96 0



Taxon & species Endpoints pCO, pH Calculated Inhibition References
(ppnm) DIG(mV) ()
333 8.13 2.02 10.8
355 8.10 2.03 0
519 7.97 2.15 0
553 7.95 2.16 0
Navicula Growth rate inhibition 196 8.31 1.96 0 Tatters et al., 2013
199 8.31 1.96 122
333 8.13 2.02 52
355 8.10 2.03 7.7
519 7.97 2.15 0
553 7.95 2.16 4.8
Phacodactylun Growth rate inhibition 388 8.18 1.98 52 Wuetal, 2010
388 8.16 2.00 52
1,000 7.82 2.14 0
1,000 7.80 2.15 0
Pseudo-nitzxchia Growth rate inhibition 196 8.31 1.96 89 Tatters et al., 2013
199 831 1.96 0
333 8.13 2.02 0
355 8.10 2.03 0
519 7.97 2.15 0
553 7.95 2.16 11.6
Thalassiosira Growth rate inhibition 196 8.31 1.96 7.7 Tatters et al., 2013
199 831 1.96 0
333 8.13 2.02 5.0



Taxon & species Endpoints pCO: pH Calculated Inhibition References

(ppnw) DIGmM) %
355 810 203 54
519 797 215 0
553 795 216 143

Thoracosphacra Growth rate inhibition 150 852 1.98 0 yan de Weal t ol
380 824 213 0
750 800 223 9.7
1,400 773 229 484

Copepod  Tishesp. Mortality 395 7.9 1.26 0 Moon ct al, 2013a
998 767 1.49 100
3,030 733 210 100
10,300 6.8 273 875
30,100 661 473 95.0

Amphipod %‘%%mm Mortality 395 7.9 1.26 0 Moon et al., 2013a
998 767 1.49 0
3,030 733 210 0
10,300 6.88 273 625
30,100 661 473 583

Polychacte ~ Lerinercis. Colluar encrey 390 818 1.95 0 Moon et al, 2013b
3,030 753 327 813
10,300 7.04 378 6838
30,100 662 480 75.0

Echinoderm  Sronglocenrons racks Fertility inhibition 380 798 118 100 Sung ct al, 2014



Taxon & species Endpoints pCO; pH Calculated Inhibition References
(ppn) DICmV) *9
380 8.01 127 18.0
450 7.94 127 55.0
550 791 145 75.0
550 7.94 1.56 520
750 7.84 1.67 77.0
750 7.81 1.56 95.0
1,000 172 1.68 95.0
1,500 7.62 2.00 80.0
1,500 755 1.71 95.0
Bivalve S:;jfuojg e Mortality 39 836 305 40 Phckinson ot al,
470 8.11 1.58 2.0
676 797 1.64 18.0
802 8.10 324 9.0
Tridacna squamosa ~ Mortality 416 815 1.84 0.0 Watson et al., 2012
622 8.01 1.95 250
1,019 7.84 211 50.0
Gastropod ga,ffs’jzmkam Growth rate inhibition 400 8.30 297 350 Crim et al,, 2011
800 8.07 338 60.0
1,800 7.81 411 60.0
Fish Sparus aurata Mortality 436 8.00 236 100  Susallotectal,



Taxon & species Endpoints pCO; pH Calculated Inhibition References

(ppnw) DIGmM) %
981 750 273 120
2659 7.00 260 300
4,406 6.50 313 370
22,089 6.00 433 60.0
67,763 5,50 7.66 100.0
Pagrus major Mortality 48,853 6.16 377 850  oawaetal,
97,705 586 536 100.0
Ractycentron Mortality 300 813 1.29 178 Digrami et al.,
500 795 135 175
800 779 1.50 13.1
2,100 740 1.60 17.7
3,500 722 172 381
5,400 7.04 179 493




B % pH 789 =23dd. 2& AE Mg? ol tET
(Mg(OH), F943kA ¢k-&)oll w3 4.88) Z7kstglom, DICE ozl H]
3 42v] Z7}sldth(eF 360% $¢] DICEEE 293 mM, Mg* o]& Hx=
4,550 mg/LX19 4-2 (b), (©». FASIIv|s-& ntavlE o2& A
gtE|o] FEHE o]0 ® A EI, HEEAIZte] FUHgY| weEt TRV F
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<% 4-2> AYF(Cyprinodon variegatus)ol 3+ MgClLe A=A A3k

Treatment Concentration Replicates Mobility inhibition
(mg L™
%, 96 h)
Mean SD

Control - 4 0 0
MgCl, 625 4 0 0
1,250 4 0 0
2,500 4 0 0

5,000 4 2.5 5.0
10,000 4 15 13
20,000 4 100 0




slerell FAE v IvES ¥ CO, 7h=%b whg AIZS d, HCOs,
COy”, OH o] 29| #A4<

Q

2
't
iy
(@)
e
r
Q
ol @)
Lo
do b
:cg
ut
rO
QE
£
off
bt
N
o\
N
ol

2017)
B oERolA 243 sl Gzt el ols) Y4E HCOsE DICE
=8 2 oz Z/AAC. 2YsPEe 3 dojw DIC A F=

ol X Axrct 193 mM, oF 258 & A
C oA delst S s pHel A gjlol B2 el CO,

|
-
ofo
12
oy
1o
T
O
Q
fu
off
Ay
o
o
1
_?L
v

2. AFS FTEAAF A% BHSAHIF

AES TEHEL 57122000 o7 it =T

FrEL BE s I AT TA

Q1
N
L
i)
ol
i

.

/\
=4
™~
%
2
i
o
3T
o
s

ZF(Dunaliella salina)= 21mMoll Al 57.5%°]72] AEANE HIoH,
Isochrysis galbana= 93mMolA 51.5%¢ AAAHNE el o7/
(copepod)+= 12mMoil Al 50% Ad|&S HPoH, &FFotifer)= H| =3+
1ImMell A 50% A 3l&< Yelt

@GZFF(amphipod)+=  12mMol A 47.5%2] AslE&S EAT. FSITE
(echinoderm)& 16mMoll A 44.1% FAHANE B, 3~8mM F =l A
16~19%°] Aale< detdth. o]uj 3 F(bivalve)= 42mMeoll A 55%2] A sf
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(E 43 1%F FEAY FYY AHLBYDo) =59 YE DIC, pHol ©HE Y2IF A3}

Taxon & species Endpoints pH Measured Inhibition (%o)
(]1?1{\%) Mean SD
Bacteria Vibrio fischeri Luminescence inhibition 7.72 186 0.0 0.0
7.89 94 0.0 0.0
7.95 53 0.0 0.0
8.10 25 0.0 0.0
8.07 12 0.0 0.0
8.05 8 0.0 0.0
8.05 5 0.0 0.0
8.04 3 0.0 0.0
Microalgae Dunaliella salina Growth rate inhibition 7.61 177 100.0 0.0
7.73 104 100.0 0.0
7.81 44 100.0 0.0
7.88 21 57.5 28.5
7.93 12 7.5 42
7.92 9 2.5 1.9
7.93 9 0.0 0.0
7.92 6 0.3 0.5
7.96 5 0.0 0.0
8.01 4 0.5 1.0
Isochrysis galbana Growth rate inhibition 7.87 180 73.5 6.0
7.98 93 51.5 44
8.05 46 30.8 14.0
8.09 24 14.0 17.1
8.11 13 3.0 2.6
8.10 7 0.0 0.0
8.08 4 2.5 29



Taxon & species Endpoints pH Measured Inhibition (%)
(13]{\(/:[) Mean SD
8.05 3 0.8 1.0
Nannochloropsis oculata Growth rate inhibition 8.03 140 64.0 4.7
8.16 69 15.5 3.1
8.19 34 43 7.2
822 17 5.8 6.5
8.25 16 8.0 34
8.25 14 6.8 7.0
8.26 11 6.8 49
8.29 9 5.5 4.1
8.33 7 3.8 24
8.37 4 5.0 4.5
Copepod Tigriopus japonicus Mortality 8.00 168 100.0 0.0
8.13 87 100.0 0.0
8.20 43 100.0 0.0
823 21 85.0 12.9
8.22 12 50.0 8.2
8.19 7 27.5 5.8
8.13 4 5.0 5.8
8.07 3 0.0 0.0
Rotifer Brachionus plicatilis Mortality 7.89 144 95.0 5.8
8.01 65 87.5 5.0
8.06 38 71.5 5.0
8.09 20 62.5 9.6
8.09 11 47.5 9.6
8.08 6 0.0 0.0
8.06 4 0.0 0.0
Amphipod Monocorophium acherusicum ~ Mortality 8.00 168 100.0 0.0



Taxon & species Endpoints pH Measured Inhibition (%)
(g{\(/i) Mean SD
8.13 87 100.0 0.0
820 43 100.0 0.0
823 21 675 9.6
822 12 47.5 5.8
8.19 7 17.5 5.0
8.13 4 2.5 5.0
8.07 3 0.0 0.0
Echinoderm Strongylocentrotus nudus Fertility inhibition 7.83 135 99.2 0.8
7.87 110 95.4 0.5
7.90 81 74.1 42
7.93 73 71.7 1.3
7.98 34 712 2.4
7.99 28 56.3 4.5
8.00 22 54.0 1.7
7.99 15 44.1 33
8.00 8 19.7 1.8
7.98 7 182 1.9
7.96 6 16.5 3.8
7.89 4 19.4 1.8
7.91 3 16.9 32
Bivalve Crassostrea gigas Mortality 8.06 182 100.0 0.0
8.21 84 97.5 5.0
827 42 55.0 41.2
829 22 5.0 10.0
8.26 12 10.0 11.5
8.20 7 10.0 11.5
8.14 5 5.0 10.0




Taxon & species Endpoints pH Measured Inhibition (%)
(1[?,{\(/:[) Mean SD
Fish Cyprinodon variegatus Mortality 7.83 193 100.0 0.0
8.26 62 35.0 5.8
8.34 30 275 12.6
8.39 15 20.0 0.0
8.44 9 25.0 212
8.45 5 6.7 5.8
8.45 4 0.0 0.0
7.75 191 100.0 0.0
7.93 45 60.0 17.3
8.02 24 40.0 82
8.07 12 35.0 12.9
8.06 7 0.0 0.0




ATo ABE <Y 4-4>olM <Y 4-8>9 <E 4-3>2 UEWT. DIC
$5 Z7b) Of@ wgolA AHSH 9FS F Sol4e /X, F 3

fraEF=(Ge., EC20, EC50, and EC80)= ThdatiKId 4-3>. <& £,

¥ EC50-DIC &%2] W= 11 mM to 85 mM). LZ4F(7. japonicus)2]
AAES 7HE 22 DIC FEdA 9ES BEPoH<ad 4-5, F o]
G2+ [ (M. acherusicum)™ 2€)S (B, plicatilis) <ol QtK1E 4-6>. B}HE|
oW V. fischerp®] AELF AA|= DIC =B.0 - 190 mM, == AF
A |EEA FUTKE 4-3. PAEFY A &A= F AbolollA
A3 k. oS W, D osalinas Bt E T uAZF 2 galbana
and N oculata® ot © Riztste], M ZFE= DIC =0 tid 5498
o] Fultk & F A= AL HAFU

)

Taxon & species Effective DIC concentrations (mM)  Endpaints
1 10 100 1000

Microalgae  Isochrysis galbana ; | I I > Growth inhibition
Microalgae  Nannochloropsis oculata | e l- Growth inhibition
Fish Cyprinodon vanegatus | | E—— I Maortality

Bivalve Crassostrea gigas | Wis [ Maortality
Echinaiderm Strongplocentrotus nudus | | I i Fertility inhibition
Microalgas  Dunalielia salina | i | Growth inhibition
Rotifer Brachionus plicatifis | LI i Martality
Amphipod  Monocorophium acherusicum ] = [ ECE | I Mortality
Copepaod Tigriopus faponicus | I EC-EDJEEEG | I Mortality

<I1# 4-3> A&=a¥ DIC &= tigk FFHEC20, EC50, and EC80)

HCOy =A4WAe ol2dd T3 g AHAE olFEo ¥ 7lsAol
2lth(Ciparis et al., 2015; Harper et al., 2014). o] AF o)A G4 &9
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PAAAE 2HsE F23 WAYZolAtKHarper et al.,
2014). £3], Na+/K+ HZ(Na'/K* ATPase)2} HCO;/ClT T+ (o] 2HZE
CIeb mghsted HCO; wHDS &3 ol2uge 1E = HCOs &=o 9
s 9A 2 4 JoHHarper et al., 2014; Hoke et al., 1992; Vera et al,
2014).

Aes4 A5E &3-98(Dose-response) HAo =z yeRITH V.
fischerell W3t HolEl= 37} FEEHA] ol o] Aol £

g AES HCOs Z7H= A&l JAIEE 435, Alx det d d=
-G HE S FAE ¢ gltH(Vera et al, 2014). IF &3] © o]L9
T Ut 25 2 A= ol B i Ay wg 54
S YEFITHSETAC, 2004). S8 thate] FAAEA]l 723 ol
K*, HCO5,, Mg* o9, K*, HCOs™ o] 2<& dutzlo 2 sy EoA HA s

e

Adol e AR TFHTKSETAC, 2004). HI7F# HCO;7F &4
of WAL B4E 2R AFE A YAtk APy o
A mAAEY FHY F AA, of
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Ao QAL o o Be ATl W as
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0 Microalgae (Growth rate inhibition) Microalgae (Growth rate inhibition)

=10 : )

$ Dunaliella Isochrysis

£ 80 o salina 1 galbana
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2 801 qecso=2omM | 1. ____g8mm__
2 40 1 -

2 20 A R?=099 | -

=]

: p < 0.001
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DIC concentrations (mM)

<19 4-4> DIC v%=¢} vM ZF(Dunaliella salina, Isochrysis galbana)®)

A=A &FRks B

Microalgae (Growth rate inhibition) Copepod (Mortality

9 e Nannochloropsis Tigriopus
% 80 - oculata 4 Japonicus
2 60 1 -
¥ 40 - :
£ 20 - ]
§ ol bedlh iy P00 | |
1 10 100 1000 1 10 100 1000

DIC concentrations (mM)

<19 4-5> DIC &%} v M ZF(Nannochloropsis oculata), 8727/ Tigriopus

japonicus)®] el =4 SRS B



Rotifer (Mortality)

e Brachionus
80 A Plicatilis

60 -
40 -
20 1

Ecotoxicalogical effects (%)

Amphipod (Mortalim
¢ Monocorophium
acherusicum

1

100 1000 1 10 100 1000

DIC concentrations (mM)

<19 4-6> DIC ¥=9} &FF(Brachionus plicatilis), +Z}F(Monocorophium

acherusicums)®] el =4 S3FWH-g TA

100 Echinoiderm (Fertility inhi'bition) Bivalve (Mortality)
9 Strongylocentrotus ’ Crassostrea
§ 80 1 nudus 4 gigas
601 & 2mM | ga1mM
¥ 401 y
£ 201 oo%@ R2=095| 1 ++ R?=0.98
S I LY I Y & & S

1 10 100 1000 1 10 100 1000

DIC concentrations (mM)

<48 4-7> DIC ¥=° =355 (Slongylocentrotus nudus), ©]v

(Crassostrea gigas)e] el =4d S&dk-g I



Fish (Mortality)

100 )
Cyprinodon
80 - variegatus

R?=0.89
p < 0.001

Ecotoxicalogical effects (%)

10 100 1000

DIC concentrations (mM)

N B O
o o o O
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<1¥ 4-8> DIC &&=} o/ (Cyprinodon variegatus)
o M =A &FW-E B
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+ GAMLSS 2He e =¥

- dHd 83
» Mann-Whitney test

* R package

et EL

<a¥ 4-9> E38E(pH, CO, DIC) AMEAN & et FFe

Al nEE FEAY fUQLM o ABIYARE
5

pCO,, DICel &3t AE=As] JYIFEAS f3l, 2FAE Boste
(missing value imputation)©.2 GAMLSS(Generalized Additive M

Location, Scale, and Shape) WX -& & -83Hth. GAMSS H& 3
AnE st dZEs Axo dd IFHe &4

i

[

3 Atz o] AZo] WABIHUKE 4-3> Fx).

odel for

pCOz

Fath CO, #¢

(2H3d3h) Atz olA pCO, == pH &3 287 0949 =2 adA

£ HIHKIH 4-1> =)

Bgacld 93y 2AL A, /1254 A4S stgth B4E pH,

pCO,, DICSH MEAS & HF, wEUs, Az - AUke okl <



4-4>) YEePAY. pHE H++ 7.95+0.46, A3k 550, Hdzk 8528 B
t}. pCO= HTF 2,678 ppmeol™, DICE 33.1 mME Yelgth =& A3
Aol EAHNEL H 36.7%= A= AT

{F 4-4 83 &Y E4<& 917 pH, pCO,, DIC, A=Asl &2 7]

T 37 | mzua | Hag 22k
pH 7.95 46 5.50 8.52
pCO(ppm) 2678 11097 10 97705
DIC(mM) 33.1 50.1 0.61 192.9
Inhibition(%) 36.7 375 0 100

Eacd 2ol delst Ase IF Aolvt deAE AHE

L4

71 8l, 712EAELE SPYTUKE 4-5 > Fx). A3 a5 Haik
< pCO; 8,685.2 ppmv, pH 7.59, DIC 2.46 mM, Aall& 30.7%= ‘te}wth
o283t FHFgS pCO, 447.8 ppmv, pH 8.08 DIC 44.48 mM, A 38]-&
38.9%= EAHAT. EAAH, 435 1FS pCo; v=7F ¢ZE 1%
Btk £3, pHe 2 @< 2o, DIC #5< 2 mM &4 w74 3l
I FEE BRYY. dZEs 35S DIC v57F H 44.48 mME 4Hd s}

o 52 &5 B30 A& 153 & AolE HolA skt



<E 4-5> 2209 kst <Zgst 15 943FE B4 9% pH,

pCO,, DIC, WEA 3| &2 EAEA Az}

e S A=
3 8685.2
= 0] =
s =92 750.0
33 w=ag 20185.8
pCO; AES S 9 2650
(opmy) Bt 447.8
o i =92 397.4
ARSI 9 250
B 7.59
e %_% _/_F 794
/\]'}\o:o:]' E%“?ﬂi} 735
AHESI S 9] 17
pH ot 8.08
== O] *~
. ] EXTEN 8.07
%_Z‘—_}E] p:]- E%:\_‘éj]_ 169
ARSI 9 .23
o3t 2.46
= 0] *~
. EXI P 2.09
/\]-/\op:]‘ _}:}_%*‘?ji]’ 118
DIC AHESI S 9] 17
oL _ =T 17.24
A5 9] 58.04
B 30.7
=z 0] *~
s EXT P 12.2
2 &) & AFE o= W 9 60.0
o [t 38.9
eg | EAE 20.1
AR5 89 704




O3 BEgacde ik gho] FY3A E43k7] fa A8 dAS
T3Pt A ot Shapiro-Wilks testoll o3t A4 AR A, 4ol dzte
st 25 I1FXEY pH, pCO,, DIC, Asll &2 BitAde mEA %ok, A4
3, <Y dig F IF9 Hdvlas HESHJ] EE
Mann-Whitney Test <33} %3t}

Mann-Whitney test 482 A2 & F I zolE EA4sts YRty
W]l T-teste} 28] &A5o A7 &HH =AY Ad-e UHeHA]
23t 4 F&3sk= WHolth. pH, pCO,, DIC, AEANE& 80 4HA4
sto} st TEXEY AbolE LotH At gk, B9 ok ol thek
AR =9 A= <GE 4-600 YERATH

pH #te] 4bdst 127, &Zels) 342, =& /I8 #Y & &5 &9
o] gto] 4k}t 20,326, &L 89,888= UEFRTE &=9vlnstr] 15t
of &89 &< AElTFE Urden, O Us #d Hdede st
160.05, &Ze)slr) 262.830.2 ¢zt o wA UErET

pCO, #tel 4HAd3l 127, &z s 342, =& /ME 3o <€ & <
91e] o] 43 39,136, ¢EElst 71,0792 UEETH &HHlasty] 9
st =919 e AR Urdlen, I Us e FHEsdde A8
7} 308.16, &Zelslrl 207.8302 AU H =4 YERSTH

DIC e =& /NE @8 <& I3 =AY &ol 23 9,098, &2
g3} 1011172 Yeyt &9nlasty] fste] 99 e Atblas=E v

ANew, I e el Beels ST 71.64, EZe 3o 295.66 2
2 23Ut ¥ =74 e

AeEAel&e Ze M8 @4 A8 4T =99 ol A3} 27,074,
a3t 8314002 UeET &fulwstr] 9t =99 @& AE
S8 Urgon, 1 UE el HEEgE Ads 21319, ¢z2gsit

ol



2431002 &3t oft ¥ =A YElETh

{3 4-6> pH, pCO,, DIC, AEA & g 4Hdstel dzgs 153t
Mann-Whitney A% <<% 23

OF N B9 Sk

o Ak 3} 127 160.05 20326
422 3} 342 262.83 89888

pCO; AkA 3} 127 308.16 39136
(ppmv) A7) 3} 342 207.83 71079
DIC Ak 3} 127 71.64 9098
(mM) U7k 5} 342 295.66 101117
RS AkbAd 3} 127 213.19 27074
(%) Uz 5} 342 243.10 83140

I3 Hevla A= pH, pCo,, DIC, Adl& =F #2|&E 0.05°]

31 kS Ko, £93F 2polrt AJTKE 4-7> =),

(& 4-7> pH, pCO,, DIC, M=Aal &l that 4HAdstel a3t 1F
7t Mann-Whitney A4 SA % A3

" pCO» DIC ) 8 &

P (ppmv) (mM) (%)
Mann-Whitneye] U | 12198.5 12426 970 18946
Wilcoxone] W 20326.5 71079 9098 27074
Z -7.300 -7.124 -15.907 -2.142
o8& .000 .000 .000 .032




E3, pCO, pH, DIC 370 8217te] AAAAE <& 4-8> yetwih
AEAN & dsll 25 3 FRAAE BA o, pCO; 0.215, pH -
0.279, DIC 0.599¢] ##=E Uehidtt. HEAF L] e DIC =
7} A =e ABAS BAT, pCOE pHSF -0.8092 713 &L &
FABAE eI

<& 4-8> B=A3&, pCO, pH, DIC Atele] FAE4 A3
CO DIC
B A 3 &% pLL
T 3l 2(%) (ppmy) pH (m\D
A &l &(%) 1
pCO2(ppmv) 0.215** 1
pH -0.279** -0.809** 1
DIC(mM) 0.599%* -0.108** 0.027 1
AEAN & e FFHS s 37 2003 2ol YEET

BEAARNAAE <F 4-90

g3t 39

(== R

-0

F &A%l p=.000

oA 127.6082 FXE HolH, 34 o] thd R® = 045202 45.2%2
Am#ES Holx 9l Durbin-watson& 0.538% ZxE 7holl Ad#AA 7}

ol slFmPel AT 2 OT Uehge,

AEA & = 147.952 + 0.00041 - pCO, - 16.053 - pH + 0.463 - DIC (10)

oot
o

FAAE 247 2%

AEAS & g pCO, pH, DIC =<t <



pCOL(t=2.044, p<0.42), pH(t=-3.3

77, p<0.001), DIC(t=17.789, p<0.000)=

FRoue GFS VAT Qi A0 vehgth =3 YEAN & v

252 ARy S8 mE3 IAASFE vw

pCO«( £ =0.121), pH(B=-0.198), DIC(p=0.618)% €I} DIC7} 7} 73
QS = Aoz Jelgth 4 (104 =23 3ANL 3 A4
A gol that HAZS 7+ A AL & 5 Uk
GE 49> AeAded] U JFLENL 9P 9FIALELH
(R?=0.452, F=127.608")
" H| % & xE #Z3} o ol 51
TE | ga@ | ex | Awp | b | HHE
<) 147.952 38.349 - 3.858 0.000
pCO; 0.00041" 0.0002 0.121° 2.044 0.042
(ppmv)
pH -16.053" 4.754 -0.198 -3.377 0.001
pIC 0.463" 0.26 0.618 17.789 0.000
(mM)
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sttt CO; fdol oA HES HHAIFS UehlE pHE Az
550458 83714 H&QI, DICE 061 mMelA 7.6

gtk 1%% FRud 9o o ARY dresIFe Yehis
DIC+= 3 mMPE FHdi 193 mMollAl Webal, pHE 7.7200A4 8.3471A &
3o,

e acidification @ alkalinization
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01, >
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. o °
min 5.5 5.0 '

50 100 150 200

DIC concentrations (mM)
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Ha A3 AT A7 HE F, 2059 AE thd pHet Y SA
FEFe 83 LF-IAAR? = 047, p < 0.00DE NP1y 5-2
@>. olek fFARSHAl ol AFto] A&7 dzest YHAME Y=
of dis =4I FH DICEE Atelo]l Fa3 SAY &F-RSHAE
HATR? = 0.73; p < 0.001) <% 5-2 (b)>.

Z, B =ol vA = HHFHAIFS AHdst iAo pH 2 &2
g3} Wi A DICE=e sl & A4S 7Hh sl pH(eF
8.0)= 493 dddE W2o® pHE FASH] T S4Fo2 Astd
&3] ¢HA A o]tHCCME, 1999).

AE fFAAES] AHFA IS DIC w50 vt &

EolAdS 71RY. AAle.g., Strongylocentrotus nudus), ©)vl3 F(e.g.,

—

=)
X
N
P>
o
rd

Tridacna squamosa), &% ¥(e.g., Haliotis kamtschatkana)®] ¥+ &2 vl
- wle] pHel Zra(pH= 0.1~0.2)d = wj-$ ®ZscHCrim et al., 2011;
Watson et al., 2012).

I = el SHEHE YdoJ|= F& pH @2 7.820% A,
7160% <A, 6.380% A= SAB=HIJY. DIC 9Fs=+ 44 11
mM(EC20), 28 mM(EC50), 78 mM(EC80)°] Tt melA], B =2 &t
SHAE T AEYFTEE FYE MA 80%E BHEstr] A% &g
Z 7]z=o] pH 7.83 DIC 11 mM=Z A|F+gtt},

NI EL Gy Eo] gtz oz zh= DIC F7bol ek AeisAn
AEE 7MKL oA AFdME B FEH I E(Ceriodaphnia
dubia), WEAFZMN(Lampsilis  siliquoidea), 3k (Scaphirhynchus
albus) £¥1(Scaphirhynchus piatorynchus)® ™3k DIC-LC50(8F=X] Al
)= 724zt HCOs” 11 mM, 14 mM, 14 mM, 17 mME vtebytchHarper et



, 2014). A & dFNNE @5 = EFIAE(C dubia, Daphnia
magna)°ll 3+ DIC-LC50 #-2 Z+Z 12~16 mM, 14~26 mM&E H]<=3+ 4
#= HYrHHoke et al., 1992; Vera et al., 2014). o] AT sfeF
A=d dis) DIC 548 o7+ 54 w7USS HeuAs XA,

2 ¥ % gk
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A2d HEdald o HERE HEH5E FH

sf<=ti pCO,, pH, DICE A& HIZA FFS Eoh & HolA 2

g pHe} DIC AEFFS 2HzF ajlel o AEMNA 80%E KB 317
A% 71ES AABIAT. & HolA= pCO;, pH, DICY &7 2]l ¢

A 218 27 A BadA= D 3AE4, (2 Change point 2

2}(Response surface Method, RSM)<=o.2 <343}t

zs|
7], 3 RFEEHEEA

2. Change point

= iy
H A
= =

« Box-Behnken
g dA

+ R package
« AMOC(at most

(multiple linear one change)

regression)

1% 5-3> AEAG UF BEee AH EussE 4L AD

5 A 83 A4 (multiple  linear  regression)2  HAA FE FF
(optimization)& ¢lal A3& 20% ol3tel ASE FE3+4, pH, pCO;,
DICO] E3ald dFdS 48 EAstATh

AEASE 20% ol 3k pCO, pH, DIC Fs=9te] FEFAAZS B3
A= <E 5-Dol Aok AeAdE 20% g dFH 2 v o
<37 4 QD% 2Zo] YEtsTh



A=A3)& = 0.077 - pCO; - 0.098 - pH + 0.144 - DIC (1D

AEAE 20% ol W pCO, pH, DIC F=te] HEYFAAE &4
F AT}, pCOt=-0.912, p<0.363)9} pH(t=-1.155, p<0.249)%= o]8k=] ¢
go=z yelgth DIC(t=2.267, p<0.02d)+= Fov|st FFS v A=
Ao Z eyt BAASE fold a<le DIC % shuolA|yk a4
el A= pH, pCO& =Z33 37| 8% EF T3 alo=z JHFH1,
Mz ZTRAA BANA SAst] F4HIL Ao =3, FA
o3t PHgx: A7 2Hol He 54 #A HEFE EZis)
T Atk AEFATAAE AR BAA ouet 24 A 2 5 U
(Scott jackson, 2017). wehA], B AFo|A = pCO,; pH , DIC 891 EF
£ 23st] AEANE 20%0] HF HH FFEs ==3Auh

rlo

<G 5-1> AEAS& 20%°] g pCO, pH, DICS] ¥ £4& <
& g AEH2H

TE aem | ex | A t relsE
e 20.317 16.571 - 1.226 221
pCO; -1.862 2.042 0.077 -.912 .363
(ppmv)
pH 0.000 0.000 -0.098 -1.155 .249
DIC 0.049 0.022 0.144 2.267 024
(mM)

a. FEHT Al &%)

AE A& 20% A pCO,, pH, DICO] =& 27] f8 72+ a9l



o] change pointgE &ItAth EAZA3, pHe 1984 AS7HA A 1F
(B=730 2, 20Hx AEHE TIEEHF=8.Do=2 EFFUTt pCO,
£ 22994 AE7A AD2FEF=396.722 230WUA AEREH 1I1EF(
7=6220.8) 0.2 FEHT. DICE 186WA| AE7IA] AIAF(FHTE=42)=2
187HA AE5FH 32 FHT=32.302 EEFFHAY. O <O 5-O+=
AEANE 20%S Z3xol A3k pH, pCO, DICS] Change pointE e}
Wt
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2 or=7) pH pCO2 DIC
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<E D vM %% Dunaliella salina®l BESEFH 7 +2AAR
0 day 3 day
APEE | Bl | M BE | HOO 5= MZ 5% | HOO 55
TFA0) | FE(psw pH F2(C) | GE@Esw | pH
(mg/L) (mg/L) (mg/L) (mg/L)
Stock 1,993 10,243 24.3 32.3 7.61 1,909 8,415 234 325 7.99
1 1,658 6,314 24.3 324 7.73 1,688 3,989 23.3 2.7 8.06
e 2 1,435 2527 24.2 32.3 7.81 1,530 2,183 234 324 8.01
3 1,269 1,286 24.2 32.0 7.88 1,435 1,035 23.3 321 8.33
ZERI0)
4 1,212 683 24.2 318 793 1,396 542 23.2 318 8.44
<3l 5 1,228 579 24.2 318 792 1,178 488 22.8 32.0 8.32
Mg(OH), 6 1,133 512 24.1 317 7.93 1,175 3% 229 319 8.3
Ge 7 1,166 371 24.1 317 7.92 1,168 336 23.0 318 8.31
8 1,228 284 24.0 317 7.96 1,203 273 22.8 319 8.30
9 1,261 232 239 30.7 8.01 1154 203 229 315 8.27
A8l 10 1,224 108 24.7 312 8.19 1,14 105 23.1 314 8.22

- 117 -



<& 2> "A|ZF Nannochloropsis oculata®l AE&JEFH 7} AR

0 day 3 day

ARED | AP | M = | HOO 5= M 5% | HOO 5%

TAC) | HEE@psw | pH FA0) | d(psw) | pH
(mg/L) (mg/L) (mg/L) (mg/L)

Stock 1,846 8553 231 325 | 803 1823 733 | 230 315 | 817
1 1,540 4185 229 320 | 816 1672 3086 | 229 320 | 821
[, 2 1,346 2,051 229 317 | 819 1,604 1923 | 220 314 | 813
<ol 3 1312 1,052 229 317 | 82 1,455 a5 | 29 316 | 819
o 4 1,216 990 28 317 | 8% 1,348 0w | 27 317 | 83
5 1,160 860 227 318 | 8% 1295 65 | 226 30 | 820
Mg(OH, 6 1,130 699 231 315 | 8% 1,217 56 | 231 317 | 815
+ 00, 7 1,104 545 230 314 | 829 1351 53 | 234 304 | 816
8 1,078 414 230 314 | 833 1,137 30 | 20 314 | 811
9 1,052 2% 230 313 | 837 1,168 0 | 25 30 | 822
Ao | - 1,130 120 243 305 | 828 1,266 121 | 243 305 | 831
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0 day 2 day
sl | Mg B | HOO 8% Mg 5 | HOO 5=
FAC) | E8psw | pH TAC) | E&psw | pH
(mg/L) (mg/L) (mg/L) (mg/L)

Stock 2,104 9,478 22.5 33.0 8.00 1,961 6,509 22.5 32.0 8.14
1 1,729 4,824 22.5 324 813 1,660 4,298 22.5 32.0 8.42
2 1,388 2,336 22.5 32.6 8.20 1,437 1,994 224 319 8.27
3 1,308 1,156 2.4 315 8.23 1,278 881 22.3 318 8.4
4 1,228 654 22.3 313 8.22 1,139 481 22.3 319 8.01
5 1,191 383 224 30.8 8.19 1,107 340 224 32.0 8.36
6 1,175 245 22.3 305 8.13 1,064 236 22.2 31.8 8.30
7 1,156 178 22.3 30.3 8.07 1,056 171 22.3 319 8.20
- 982 120 22.2 30.3 7.90 1,040 112 22.2 318 8.01
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4L E5FY AEYTFHY F4HA=
0 day 1 day
APEA | Ml | Mg" = | HOO s Mg FE | HOO 6%
F2C) | GE@psw | pH TFC) FE(psw | pH
(mg/L) (mg/L) (mg/L) (mg/L)
Stock 2,074 8,248 24.7 301 | 7.89 1,720 7752 25.2 301 | 815
1 1,662 3,688 24.3 300 | 801 1,39 3,395 25.2 300 | 809
57 =
e 2 1,449 2114 24.4 302 | 806 1,230 1,924 25.1 302 | 7.92
Fhito]
3 1,299 1,103 24.4 302 | 809 1,116 1011 2.1 302 | 7.89
234
4 1,228 617 24.6 301 | 809 1,013 577 2.0 301 | 807
Mg(OH),
5 1,183 361 2.5 300 | 808 978 347 2.2 301 | 821
+ CO,
6 1,121 232 24.6 300 | 806 1,047 227 2.0 300 | 817
7 1,152 169 24.7 301 | 800 1,030 173 24.9 302 | 811
AA 4= - 1,219 114 24.5 301 | 799 875 115 25.0 301 | 793

- 120 -



0 day 4 day
APEd | skl | M B | HOOTBE Mg FE | HOO 5=
T0) | E8psw | pH TC) | Ppsw | pH
(mg/L) (mg/L) (mg/L) (mg/L)
Stock 2104 9.478 25 330 | 800 1,949 5,440 215 35 | 828
1 1,729 4,824 25 324 | 813 1,786 3,824 213 326 | 859
=7 =
rLES 2 1,388 2,3% 25 26 | 82 1,630 1,655 214 328 | 860
Ferto]
3 1,308 1,156 2.4 315 | 823 1312 70 214 317 |83
ek
4 1228 654 2.3 313 | 82 1.376 320 213 317 | 820
Mg(OH),
.0, 5 1,191 383 2.4 308 | 819 1,327 284 215 316 | 810
6 1175 245 2.3 305 | 813 1,357 249 216 37 |83
7 1,156 178 2.3 03 | 807 1,300 177 216 316 |82
A - 982 120 2.2 03 | 7.9 1,016 117 213 317 | 802
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TEE HCOs 5=
A EZ ksIES): e TF0) FE(psw) pH
(mg/L) (mg/L)
Stock 2,125 7,770 21.7 3.7 7.83
1 2,070 6,205 216 3.3 787
2 1,930 4658 217 327 7.90
3 1872 4,184 217 325 793
] 4 1,557 1,940 218 320 7.98
LES 5 1,503 1577 21.9 319 7.99
ZEhatol 23l 6 1,444 1,241 21.9 317 8.00
M(OHD, + CO, 7 1,34 853 21.9 317 7.99
8 1,297 468 22,0 318 8.00
9 1,281 425 22.0 316 7.98
10 1,262 322 22.1 316 7.86
1 1,203 253 22.2 314 7.89
12 1273 184 22.2 313 791
A4 - 1,297 123 22.2 313 783
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0 day 4 day
3| Xl

TAC) | g&psw | pH FAC) | d&psw | pH

Stock 20.2 30.1 7.83 20.2 304 | 789
1 20.7 30.4 812 20.6 303 | 851

2 20.8 30.4 8.26 20.3 302 | 854

3 217 30.2 8.H4 20.4 3L0 | 829

4 215 30.2 8.39 20.5 301 | 810

5 21.2 30.2 8.44 20.6 302 | 816

6 20.9 30.2 8.45 204 30.1 | 830

7 20.7 304 8.45 20.6 301 | 825

- 20.1 20.5 8.57 199 205 | 794
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0 day 4 day
dEEd | Al | Mg B5 | HOO 5= M 5% | HOO 5=
TAC) | FRpsw | pH TAC) | E&@psw | pH
(mg/L) (mg/L) (mg/L) (mg/L)

Stock 2,047 10,116 21.3 30.7 8.09 2,363 11,348 24.0 313 8.14
1 1,511 5,580 21.6 28.7 8.26 1,814 6,712 23.3 30.1 8.28
2 1,186 2,917 20.5 28.7 834 1,487 3,540 22.9 28.9 8.37
3 955 1,427 20.6 28.3 8.39 1,219 1,492 22.8 28.2 8.43
4 898 730 20.3 28.0 8.39 980 744 22.6 2.1 8.49
5 800 310 20.0 21.7 8.38 808 321 22.2 2.1 8.48
6 800 130 20.0 21.6 8.3 706 150 22.1 28.0 8.46
- 585 112 21.5 26.3 7.9 885 109 22.7 28.1 8.43
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Abstract

Study on Biological Effect Assessment of Greenhouse

Gas Offshore Sequestration Methodology

Byeongo-Mo Gim
Department of Earth and Environmental Sciences

The Graduate School
Sejong University

Carbon dioxide has been increasing in atmospheric concentration due to the
rapid increase in fossil fuel consumption since the Industrial Revolution. As a
measure of carbon dioxide reduction, developed countries are studying offshore
storage technology. Representative technologies include carbon dioxide offshore
storage and CCS technology, and carbon conversion and sequestration
technology that converts carbon dioxide into highly concentrated bicarbonate
ions in aqueous solution and injects it into the ocean.

The oceans can be directly or indirectly affected by ecosystems and
organisms due to carbon dioxide and highly concentrated bicarbonates
introduced during the application of abatement techniques. The oceanic influx
of carbon dioxide has been confirmed in a number of studies by the biological

effects of pH reduction. Ocean acidification inhibits the growth of organisms
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composed of calcium carbonate, such as corals and micro algae.

Concentrated bicarbonate sequestration technology increases seawater pH and
can store large amounts of CO, in the oceans without acidifying seawater, but
there is no information about the potential adverse effects of bicarbonate on
marine life. However, highly concentrated bicarbonates have the potential to
adversely affect a variety of marine organisms. In freshwater organisms,
increased dissolved inorganic carbon concentrations have been shown to have
adverse effects.

This paper assess the marine biological effects of COs-induced seawater and
HCOs™-induced seawater, which are responsible for the pH change of seawater
entering the ocean according to carbon dioxide storage technology. An attempt
was made to estimate the level.

In general, biological effect analysis is performed by estimating dose
response relationships. An organism exposed to a single substance is estimated
using a sigmoidal relationship curve as a function of response to stressors after
a certain time.

However, carbon dioxide and bicarbonate have a characteristic that the
chemical species have an organic change relationship with the hydrogen ion
concentration continuously by the chemical equilibrium process in seawater.
Therefore, the estimation of the safety level for each carbon dioxide and
bicarbonate using the capacity response relationship for evaluating a single
substance has failed to consider the biological effects of the seawater complex
factors. Therefore, it is necessary to derive the safety level that takes into
account the complex biological factors introduced in seawater.

In this paper, we first conducted an effect assessment on various marine
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organisms on carbon dioxide and highly concentrated bicarbonate in seawater
according to the carbon dioxide reduction method, and estimated the protection
criteria according to the capacity response relationship for each substance.

The biological effects of CO, influent seawater were confirmed through
exposure experiments and literature studies. Biological effect assessments for
highly concentrated bicarbonate ions with no existing data produced test data
for 10 marine species.

Second, the minimum protection concentration for inhibition rate was
estimated by applying multifactorial influence analysis and response surface
analysis as a method for establishing a new safety level.

Based on the dose response relationship, the pH and the criteria for
protecting 80% of marine organisms of dissolved inorganic carbon, respectively,
were measured at pH 7.8 and DIC 11 mM, respectively. In addition, the
minimum level for maintaining the bio inhibition rate of 20% in consideration
of the complex factor characteristics was estimated to pH 7.63, pCO, 3,587.2
ppmv, DIC 26.8 mM.

These results may be useful data for providing baseline information on the
ecotoxicological impacts of marine organisms with changes in pH and DIC. In
addition, it can be used as an environmental assessment for marine emission
control and safety evidence for the CO, marine storage business. In addition,
the method of deriving the marine life protection level is newly applied, which

can be used as a more rational standard setting method.

Keywords: Climate change, Carbon sequestration, Ocean acidification, Ocean

alkalinization, Biological effect
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