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The combined effects of elevated CO: and temperature in seawater

on early life stage of olive flounder Paralichthys olivaceus

Kyung Su Kim

Department of Marine Biology, The Graduate School,

Pukyung National University

Abstract

Since the industrial revolution, CO2 in atmosphere has been increased rapidly
from 280 ppm to 400 ppm. Greenhouse effect caused by enhanced atmospheric
CO:2 has resulted in global warming, and about one third of CO:z in atmosphere
dissolved into the ocean, which causes ocean acidification. Due to the high rate
of CO2 increase, therefore, marine ecosystem in world ocean have seriously
been influenced by global warming and ocean acidification. Oceanic pH already
decreased 0.1 unit compared to the pre-industrial times and these impacts were

observed around the ocean. In this study, we investigated the effects of ocean



acidification and global warming on the early life stage of marine fishes, olive
flounder Paralichthys oliveceus. To figure out biological response to
environmental changes, olive flounder were reared from fertilized egg to
metamorphosis stage for four weeks in the various carbon dioxide
concentration (479, 838, 1422 pyatm pCOz2) and water temperature (18 and 22°C).
The result of this study indicated that total length and wet weight (i. e., growth)
had a tendency of increase with inhanced CO2 concentration at 18°C (p<0.05).
However, at 22°C, this tendency reversed. Condition factor (K) was not changed
significantly by the various level of CO2 concentration and water temperature.
Otolith size was increased with inhanced CO2 concentration. At the present CO:
concentration, total length, wet weight and growth rate display a tendency of
increase with temperature increase. At the enhanced CO2 concentration,
however, this tendency was weak or reverse. Furthermore, the incidence of
skeleton malformation was increased with inhanced CO2 concentration. Also,
frequency of malformation was high at both temperature conditions (18 and
22°C). It means that the synergistic impact of high temperature and low pH

seems to negative for olive flounder larvae.

Xi
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Table. 1. Ocean acidification effects on fishes relevant to acid-base regulation

Exposure

Species Experimental condition X Process impacted References
duration
Demersal marbled .
0, 7°C/356, 2179 patm Adult fish . . . B B ) Strobel et al.,
rockcod increased white muscle intracellular HCO3, extracellular HCO3 concentrations 2012

(Notothenia rossii)

pCO2

(29~36 days)

Eelpout

10°C/control, 10,000 u

Adult fish (42

altered NBC1, AE1, NHE1A, NHE1B mRNA expression

Deigweiher et

(Zoarces viviparous) atm pCOz2 days) al., 2008
European seabass 22°C/control, 10,000 p | Adult fish (4 Yy . Rimoldi et al.,
. reduced NHE1 expression in gills and kidney
(Dicentrachus labrax) atm pCOz2 days) 2009
22~25°C/380, 560, 750, increased plasma HCO3, pCO2
1,000, 1,900 patm pCO2| adyit fish (1 increased intracellular white muscle pH (pHi) Esbaugh et al,
gulf toadfish 22~25°C/1,000, 1,900 p day) ) ) 2012
reduced blood carbonic anhydrase expression
(Opsanus beta) atm pCO2
22~25°C/control, 1,900 | Adult fish (3 ) ) Heuer et al,,
increased rectal base excretion rate
patm pCO2 days) 2012
Embryos and ) )
28°C/412, 1,218, 4,155 p hathl altered expression changes of NHEs, proton pumps, carbonic anhydrase
atchlings
Medaka atm pCO2 0~10 d g | isoforms, bicarbonate transporters, ATPase subunits and rhesus proteins Tseng et al,
~ ays
(Oryzias latipes) - : - 2013
28°C/393, 7,081 patm | Adult fish (2 altered expression changes of NHEs, proton pumps, carbonic anhydrase
pCO2 days) isoforms, bicarbonate transporters, ATPase subunits and rhesus proteins
L 13°C/control, ) ) . . .
Midshipman ) Adult fish | increased plasma HCO3, pCO2, carbonic anhydrase activity, carbonic anhydrase | Perry et al,
21.9(approximately ) . ) ) ] )
protein expression, branchial net acid excretion, total CO2 rectal fluid 2010

(Porichthys notatus)

50,000) mmHg pCO2

(lhour~3 days),

-9-



Perry et al, 2006, 2010; Randall et al.,, 1982). Sf~0{Q} d{~0{2| AH-H7| HH

f

e
i

= FF0ME =

ot
0x

At tCHS (respiratory acidosis)2 F =L 7| 9

=l

Sff 1tEtAH(hypercapnia)Z=710| BIHHSEAH M EE|QCHCameron et al, 1972
Haswell et al., 1980; Janssen et al,, 1975; Loyd et al., 1967; Randall et al., 1976).
OR22 A== F AT 3 Y AO[Of] =HAMSIHME [ NEOE 4

TCHESAS 28A|7|7] 98| 10,000 patm €O, O|Ate| ILCISHA =2 O|Ats}

A BiEOILE MZRIF HCOz ol 5 E£&= RAIE Sl & WS40l

M

AL RACHCameron et al, 1978, 1989; Claiborne et al.,, 2002; Evans et al., 2005;
Goss et al., 1992; Heisler, 1993, 1989; Larsen et al., 1997; Marshall et al., 2006;
McDonald et al,, 1989; Michaelidis et al., 2007; Perry et al, 1982, 2003, 2006;

Randall et al.,, 1982; Toews et al., 1983; Wheatly et al., 1984; Wood et al., 1984).

N

Ol A+ OIM FHSHA LiEtLIE AXME, OFs OfF zitHez g
ZHO| 7tsotH, sk O[MetEia 2hZ0| ==& 0 StEZtE W2 Of4t
ofEta RHelof ooty Ml Uds ZAZ + UACHGutowska et al,

2008; Kroeker et al., 2010; Melzner et al., 2009b; Portner, 2008). %|22| &0

M L2 21t T2 E, 500~1000 patm CO2 He|0 A= Of4t=tErao)

02

20| OfFO|A XFHOIX| HCh= AS & = UA20, MZEL| pH HEIE

X527 gt CHE =% HS 7I%E L& 0|2u20| LiEfE Aogts AS
oF 2 QICh AN KO SAOIM LIEFE JHSAO| &S Pry,(560~1,900 patm

-10 -



CO)TT0IM Ot OfF/e 4-F7| HABIS ZASH A0 M=, Peoz 7t
750 patm €O, HCF 2 [f MUl HCO;E SIHAZCZM I A|ZH O|LHo
CHAFE EMBESO| LtEtLEE X7 2570 A 1fCHS(respiratory acidosis)it &
AbgH Ty B2 LIEFLHQICHEsbaugh et al., 2012). & CHE 0| A<= 2,000 patm
Coz2 Of ==& 5= oRFe E% M HCO; o S7IE SoiM M=l pH7Zt
2SI RAlEle AS EQF/A=0, oot = o7l MY pH=E %}
$E O U2 AZt0| @& HOE LIEFGCHStrobel et al,
O|ME B7tel oLttt 2F0 == Olfes RUHCZE MU pHE
ZESHX|2 O T Peop@F HCO3 2| MZEQ| 2HE2o| k7t X|EHez is
E2 RAEE SdS LIEHDE MZRSl pHIt Hdetk= s, 7t
Peor A HCO; SE=HLH H2 Q7 Py, Z70|2} &X|2tke) o7 S
(behavior), O|A 24 ZH(otolith growth), AEZXH(osmoregulation)0f Xt A
S & Ao 2 0| EICHHeuer et al, 2014).

HE Lj pH7 OFZHBE ZASHE CieEo] MBS QAra YRS Fof

Ul

B, SEEES Aate HAet FE¥E A & ChHazel et al, 1978

Somero et al, 1985). [2}AM, CHEES| SEE0| XtAQ M= Lf pHE Of2

bl

SulotA =FotH, pHO| Z f=tob LOLX| REF LFYSHA FAISHC
(Wood et al, 1991). tiF 22| ZXLOIM M=ZL] pHO| =H2 FEH2Z2:=

Cl~/HCO3 1=tBrauner et al., 2009; Concepcion et al., 2013; Roos et al., 1981;

-11 -



Stewart et al,, 2007) tE= Na*/H* W 2HClaiborne et al.,, 2002; Krumschnabel et
al., 2001; Orlowski et al., 2004; Parks et al., 2010; Part et al., 1996; Roos et al.,

1981)2 &¢t 4te| HiE0l| 25 O|RNX|7| = 3th, OfF2| M7 MZE Lo

Ot

M 2EStE Nat/HT Wgh FHHSOtRI0| o5 Z=H-E|7|= otCH(Baker et al,
2009; Berenbrink et al., 2005; Brauner et al,, 2004). { &7} HZS| Z7tEl Peo,

of ==EfS M OfFe| MZ L pH7} 4ot Abdgetels AT oLz,

RE FR0= MZE 2 pHel 24 2SI ME W pHZF X|LEX[A Hst
ot= o4O| LIEtLEZ|= oLy O|2fet LIS pHe| X[Lfxl HHat= 24A[7ES 0t

1,900 pyatm €0, Of === OFELH gulf toadfish(Opsanus beta)Q| BHAM20f| A
LtEtG 0 (Esbaugh et al, 2012), 48A|Zt=Qt 15,000 patm €O, Off =&= 2CH
white sturgeon(Acipenser transmontanus)®| M& T, k|, 7F MZAO|AM ZHE L]
QA CH(Baker et al., 2009).

StH, 0|t CHEMOo =2 = marbled rockcod(Notothenia rossiyQ| HHAH A
b Zh2 2,000 patm CO2 O ==E JE0ME MZELFE pHe| ZEO| 7ts
St7] W&o pHe| 2 Hatt Y= A2 2 LIEHECH(Strobel et al, 2012). 4=
of 7|gtut XS =2 of XFYHQ HAeb EIHZE, /MM OE = 35
of tict 2doiMe & g0 Yo (FE L= AME) ME WRel HCos

Hots Al A0, MZL pH7F =EEAY 2 =

|0

= Beoion,

i
A
J

ek gH Peop 2l S7t= LtERRIEL Of2{gh HFZAut= 7|2 -t AlLE2E

Jlgto = o Ojaf BHAO| Py, 4E(500~2,000 patm CO,)0|AS HZLY pH

12 -



o Halrt o7 ME|H g 2 2ME oI 7580l Aol Yl AN

L1
il
N

Ot

A

ot

7 QULE SFX[2, MZ HCO3; sE=(0|A42 £t MZC =0

|.|-|
0Q
0%
mjo

= 7 AURDHe| Bizt= pH =7 0|Q0= BHE M=ZH 7|50 = B

0%
mjo
O
>
rir
Pl
|0

2 ot M=o, olgfet 7|=Bzto| oSt Pep, =

rlo

MEL pHo| Wit of 204 DXl= Hto| CHSME= XI&H ol AT}

re
-

7t 2 Q3}CH(Heuer et al, 2014).

Lt. 0|2 Z=Z(ion regulation)

ot7tolof EHXSt= H'+=EHE SH2=

o
£

-g71 =E7I1He 2HENM

MEHEMH, MOET 3742 Nat/H* L3N SYChEd A (transportor isoform)&

(NHE1, NHE2, NHE3)1} Hzo| H*HZ7F O{Fo| A-G7| @0 oSt R

Ct. Claiborne et at.(1999)0f Q|8 HSO =2 A|Zr=l A-H7| ZH7|ZH0|

[l

rot

H

AT= CHAPE AF DiChS0f| CHet E4 7|20 23 El basolateral NHEL s&t
HHEO| CHS ZAO[QUCE 1 Ol H|LA F2 =FQ| P, (10,000 patm ~

52,000 patm C0,)0|A O|FO{Tl CHE AFO|M=, O] NHE SHEHE(NHE]La
I NHELD)S TEHUHSNO| ofs) SWE SEY A ICHSO0| YME SOk &
OfLt= -7 2 =Zar e ofe Aoz LR CHDeigweiher et al,
2008; Edwards et al., 2005; Rimoldi et al., 2009). UtEFAMSIA Ol HGFY| CHH =

Atet R= ATO|A NHEL mRNA Roiz2 dHHoz ot =TS,



Ol= Op7to| oM d&EH22 AO0Lt= basolateral & CHHEO| HT =&
ZASAMTIE AX[BICE 0{2 7} 10,000 patm €O, Of L==E|AL mf 2 74|
apical NHE S&CHElEl = NHE3L= OpZtO|0|A E=E7F Z75H= A2 LE}
LrO O (Edwards et al, 2005), X|A 1,200 patm CO, Of =Sl X7|MZAL Al
719 {FO|AM = NHE32| mRNAZT 22 FIIE| QA CHTseng et al, 2013). 1fEL
AMBAO| LEE|= S50t9| apical NHE3 mRNA 2+3i2knt NHECHHE O] St

ol = HiEOof ot ERga EX[E= ZIo[th. d2{Lt NHE3”t= HE

rot

MZXM= AR ofs dost= 4 AChESak sf=0{2| ot7tnf L{e| NHE2

20,000 patm €O, O ==&|= =0 Of7t0| HY*HIZ(V-type ATPase)2|

rk
rin

Loy 448 HEoFs 27|19 dFEd Hel, 22 AFE2 Y &80
M 4,200 patm €0, O | {F2| mRNA 25i1dF 1,900 pyatm CO, Of A

2013). Si¥ HE=0F JOME, longhorn  sculpin(Myoxocephalus
octodecimspinosis)of| CHSHAEE Of7t0| HY*HIO| 2{X| £HO0| O|F0R 2
H* Hos 0|9 MZFE £ basolateralof| 2(X|st= HoE HHHCE

(Catches et al,, 2006). 0|74 QoA 2t ZAX 2, H-mRNA ZEL 9| 8lakx

EtLt= At LX|5tH, Oj2{gh A2 Ot7tOjoA ol & HiES S7HAI7I=
Adgts ofA 2 Aol agiLh BHE T UishM = HTEHZO /X E 53

- 14 -



St M7t ForAen ofip F=0| H5E ALz OfY=X[2, o fXl=
OfZ0f matM S22 7ts801 ALk
2o oz A0 2l5to] HY=&H ®2H OotL|2}, si=0{2 otz =

MSt= SLC26(a3, ad(pendrintHeEl &), a6)2F SLC4(al(AEL), a2, a4(NBC)) & &l

I
rr

St R4d| Be HCO; RUHHIZE ASA AYED QICHEsbaugh et al,
2012; Grosell et al., 2009a; Kurita et al.,, 2008; Piermarini et al., 2002; Taylor et
al, 2008; Tseng et al, 2013). 1,900 patm €0, 0 =&E%! toadfish(Neighbours

characten®| Ot7t0| apical SLC26a31f SLC26a6= H| ™AE BFS S LIEFLARA

O Lt(Esbaugh et al., 2012), Ot&7}}X| apical SLC26a42| o S S0 Of4Ats}

EtA7) OX= g2 a7t Zats GlCh Olets H=¥2e =z, SLC4 HEO
Sols HHES2 S7het O|th=tErao] o oo o Halsh LiEfLt=

Of7t0O] AE1l S & CHEHAI(AEla, AE1b)O| AMSkX ™ BiAS LIEIHCHTseng et al,

H1

2013). O| AL medakaZ} TtEHAF SHZAO| L Z=E|= SO LIEILI= AEl SHCH

o

HEO| Y S7t= ot7tol MZES| MEZZOM EFY2=9 HC039| 0|52
BYolE AEL THHEO| basolateralof (X5t QUCt= WS FAlSt= 210

-

Ct AXMEZE, B MEetds{(Danio rerio)E 0|82t AFO|AM O] S0|2 el
M= DJEZEEZ|0F &8 M XZ(Mitochondria rich cell: MRC)Q| basolateral 2t
St HCO3; 2| 0|32 MAUX|D Lt AS ol = URACHLee et al, 2011).

8L}, Of 20|22 n&NE= mRNA Z2|0f ALEE[= Of7tOl =% Lo M2



LIEfLE Al OfLf2h, HET WOME A eEls 97t A7 WE, of

Zt0] WoilM 2| 2o 20fsts AELS| 7|Sths BItolsH A © =

r

9ICHRomero et al., 2004). 0|2 A &, 1,900 patm €O, O 72A|ZtS5QF L=
toadfishe| Op7t0| =ZI2 SLC4 AE2 mRNAQ| E&iS LIELLRULCE O{F 9| Ab-
G| ME|Sto|M O] 20[2 metA|o| o Cish Aol Tl 0| gi=20
= =7ota, flel S22 AE27t apical BOf|2H EX5HH, O e S F
?l si== HCO; & H{E35t= 7|52 ML= A2 BT UCH LEHH
O 0| 20|2 =M= EE basolateral 2t0| {|X|¢tCHRomero et al,
2004).

basolateral 22 Ed| @& LHE Na* 2t HCO; E ZLUO{Lj= Ot7t0|2] MRC

rir
SN}
|0
Hu

FHE| = SLC4a4 (NBC1l) Na* — HCO; &33X(co-

i

EA7le A
transpoerter)= S7HEl Peo Ol T =EE =&, =E 7|2 =58 LEE
A, 7 CHE0 el BkS0| XHo|7F =Ae 2 HQICt 1,900 patm CO,
of 72A|2t == F OFELY toadfish7t S7HEl Peo Ofl CHiTh CHANY EHYS </l

E28H HCO;E g=dte AS MZsHH, 0|52| Ot7to] NBC1 mRNA

20| YHSHA A= A2 =22 #O0|CHEsbaugh et al, 2012). S}X[E,

oF

NBCL0j H[& OF7IOIE HAN YOojLts &Nl 0N B2 29| HCOs
Ol 280 Hgto| ULtz AtEES PtEst= A &t
0|9} CHEXMOZ 10,000 patm €O, O === 2C§ eelpout(Gymnelus

hemifasciatus)2t 1,200~7,000 patm €O, Of ==%= OtYLC] medaka® NBC1

- 16 -



O Z L}E}GECE 10,000 patm €O, Of 4227t = Z= %=l eelpouto| AL x7|9 ¢

A EOl etsi2F X3l 0|=0f| basolateral Bt &3t of7j0| AML|E HCO; 2

—_

250 it 2o o8, NBCl mRNAQ| a1z wot Z7t5le HO 2 LIE}
S CHDeigweiher et al., 2008). O|Zd2 1,200 patm CO, O|A&9| Prp 0 =&
2t 2313 medakaOi Al HLf HH O] NBCla SHEHMI mRNA iZo| 5

ke 1,000 patm €0, O === MHXN medaka OF7t0] =X L{Q| NBClb
mRNAZS{2F0| Z715F As Zalet: UX|SHCHTseng et al, 2013).

StE, 7,000 patm €O, M2 M medaka Of7tO| X=X LJo| NBCla =¥
CHEHZL O 71,2001 4,200 patm CO, O A HHOtL{S| NBCla Sy CHEHA Bisiaf
= B2 AHN|El= A2 LtErECE NBClb SHTHME JA| OpEt7EX| =2
4,200 patm €O, O ==El medakal| H{OIOM ZRO| AKX L= HoS LIEL

LHQICH 2iLf, 1,200 patm CO, O ==%= H{OfL} 1,2001f 4,200 patm CO,

0k

tot

of ==& 2 Foiet FY0AMEs Of SHEHE mRNA 2| Hot= Lt

EfLIX| QEQECHTseng et al, 2013). O| &2 Ct¥st NBCL =& HH2EL ojotk

CEE O|MES 55, =E2E AlZL B0 w2t ojof et M=H =3 7|
0| Chfet MEe= LIEHHOH= A4S 2lO|gttt.

O|M™ Of7t0| MUl LHO|A O|ASIEFAOl £3}0f O EEMOZ LIELLL
= OF9| FHOL -7 ZESH2 FLHE apical £ basolateralE &5}

o] 2ojlt= QR g £ HUSRO| HYeF HCos 2| HiE0 <) =FE

-17 -



Ch. ME™O| O[MBIEIA 3t EHMRLBEACA) SHEHTO o) 57

rir

|, O] SYTHHE SOHME MZE CA(ZRFF CAIRt FAHE 7HE

am

CA SHEHAO ofiHe ks OIX|=7t0 tieh A+Z1= ot% H2 HO|
Ct.
2, 2EH22E LIEHE 7580l UE Peox T2 O|utetEra =0

Cioh CAQl gt30| 23 XHHo=2 A7 L0 ZC(Esbaugh et al,
2012; Tseng et al., 2013). 0| 52| A&OA 1,900 patm €O, O 8~72A|ZtS 0t
= ZE| gulf toadfishQ| O7t0] CAc mRNAL 23t 8t&k &A% HHS2 LIEHNQL
O H(Esbaugh et al, 2012), O|2{¢t ¢ia2 LD 1,200 patm CO, O|A9| Pry,
Of =%l medaka 2| H{O}2} 4,200 patm CO, O === medakal| S 440 A
= SYSA LIEHECH(Tseng et al, 2013). EHAF R4t 240 CHEE A0,
S7tEl Peoa?t CACOf| DXz Fefof CHet A2 O|ROIX|1 s A2 oty
0, HOl= medaka HIOIO|N =, S7HEl POl 2f3l CAc O]l £ CHE &

ol CALS mRNA 9YA| SIEFZHEE =

rx

28 LIEILHQICHTseng et al,



(50,000 patm CO,)0| A Of7t0| Z=Z! L{O| CALtEHZIO|

rlo
s
Q
[\
F|>I

Eooh BN BHO| F7k U AMOT ER6HD, 1L O R Py

TEOME, S7HE PeooOfl ThSE BHS22AM HYHIZEELH HCO; 8 5t

(Esbaugh et al, 2012). =2|2| HCO; =0 2|5t M=Z=ZZE HCO3 7t T7tet

O|20& JUHNMZ2 HCO;sk7t H ROt si+=2FH otzt0| =% L9

Na* - K*ATPaseO| Tf3 GIRSS ZAR ZT, oiLto] ATOIN ZA By
o YAl BHHZEH(LI00 patm C0,)0| LIEILIZI RXITH(Esbaugh et al,
2012), 1 99 2 ATSUAE SIHE Ppy(6,000, 10,000 patm 0,0 =

=& o{Fol op7tO] Z=ZXLJS| NKA subunite] S7tEl 2ol £= NKA 9

rr

7t7F LtEfLED QUTH(Melzner et al., 2009a; Deigweiher et al, 2008). O|2{%t
Na* — K*ATPase 29| 7tz O|AMBIEIA0 EE 0fFO| AXO0|Af LIE}
e B7tEl @ B4l g

oo Eedite ZX5iH, 12t A0

=2
Na®™ @t CI7 ZAEO02F oFS] LojLt= thh &7| 2EHQ EdE

i
ol

7t

AlZ|7] gt g4 299 2edE Eg{dtta & = UCH(Heuer et al, 2012).
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Ct(Nawata

ot

=50
CIC}h
O o

Hi=SH7| Ik
7|'EI_I PCOZ (1,200"’7,000

=

=

=

[s)

of| A

4
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e
o

Al
=

F

—

M, 22| {0
s

otO| ZtZf NH32t H*
o=

=
=l
N,
o

NHE3 9}
P

AL

MIAISED RUCHNawata et al., 2008; Perry et al., 2010b). olj=0f =
o

T5t10, medakaE CH

b
Eo
= =
=
=

tHC

0|9} CH=XOo=Z, O}7}0| Rh BHHESS g+ = [CO59|
=%

0 =

HH = Lot7t X

s
XlEl =0{of otzto| ®HO| apical AATNM NHY &2

TOoAME Ol HHESO| 58 MZE EfZO|M OfLta}Et

Rhcg
o

=

-
[e]

(Rhag, Rhbg, Rhcg)2]

| MRNAZ

ol
K

=X

3=

o

Of A Ct=2| Rh

.|
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Kq
70
Jol!

4
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patm CO,)

BCH(Tseng et al.,
ol 7|

=

7H 802l ofrtapet #2

=
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2 =% 80|

H
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-
o

S7tEl Peo20ll 2l

oju
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2) M 3|3}(Calcification)

ojfL HEX

—

>
0
Hu
x
ot
ot
0=
0
Hu
B
il
Hn
=
5O
30
>
=
>
1>
2
u
rir
>
Yal
=

UOM CaCOzE H85tH, O] [OME O[S LS HEE 0|42 CaCOs
SEN=Z=M F2 22| AX T dXdts 7|sS +ASt= cHHE(Tohse et
al,, 2004; Tohse et al., 2001), 2ZLHO| CaCO; ME=E=2L AZ LJQ| =8 49}
0| ME MEZEEZ XN&5t7| ol MAd=ICHGrosell et al, 2006, Grosell,
2011a, 2011b; Wilson et al, 2002). 0|2 SAH0| AAM S} SIZO| CZE|QS O
LIEFLES O|Ao] S7|gstof Cfe BENBoRLE, CHRLo| X|of 0|4l

7= HdstE 2SEoM HES & & ACHTable 2).

7k OlM4e| A7[et B=S7t

sl=2| COo,7t E71otH df4= L Of2tiiLtO| E(aragonite, d4) Zot=7h &
250 O|Mo| MEES XNl ZHo|2ts 7|&Q| 7ML Sea bassE [CHACE
of A7 ZAutof olgff MHoZ HiEtL|ACHCheckley et al, 2009). AXZE O]
AFoM= SEHoz HA LIEE 7tsd0] =2 =&l 993 patm €O, Of

A see bass SAO| O|M 37|17} =71t HE EOFLCL 0|3t AL 1721

patm €0,0| =%l clownfish(Munday et al., 2011a), 800 patm C0,0| ==X
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Table 2. Ocean acidification effects on fishes relevant to early life stage calcification

Species Experimental condition Exposure duration Process impacted References
Alaska Pollock
(Theragra 8,8°C/414, 478, 815, 1,805 patm pCO2 Juvenile yearlings(28 weeks) increased otolith size Hurst et al,, 2012
chalcogramma)
Atlantic cod

(Gadus morhua)

5~10°C/ 370, 1,800, 4,200 patm pCO2

0~46 dph (47 days)

increased otolith size

Maneja et al., 2013

Baltic cod

(Gadus morhua)

7.4°C/380, 1,400, 4,000 patm pCO2

Fertilized egg~hatching (12 days)

no effect otolith size

Frommel et al.,, 2012

Cobia

(Rachycentron canadum)

27°C/305, 796, 2,123 patm pCO2

2dph larvae~22dph larvae(20 days)

increased otolith size

27~30°C/305, 800, 2,000 patm pCO2

2dph larvae~22dph larvae(20 days)

increased otolith mass

Bignami et al., 2013b

Orange anemonefish

(Amphiprion percula)

30°C/404, 1,050, 2,042 patm pCO2

Fertilized egg~11dph
(17~19 days)

increased otolith size

Munday et al,, 2011a

Spiny damselfish
(Acanthochromis

polyacanthus)

28~29°C/455, 598, 723, 841 patm
pCO2

Newly hatched juvenile (21 days)

increased otolith size

Munday et al,, 2011b

White seabass

(Atractoscion nobilis)

18°C/430, 1,000, 2,500 patm pCO2

Fertilized egg~7dph (7~8 days)

increased otolith size

Checkley et al., 2009

- 22 -



cobia(Rachycentron canadum)(Bignami et al., 2013b), 1800 patm €0,0| ===
Atlantic cod(Maneja et al,, 2013) 12|11 478 patm C0,0| =% FE{(Hurst et
al, 2012)0| M= S AFS}A LIEFGHO D, AIX|Of 800 patm €O, O =%l cobia
HAME Ol FAH Sl S7tIHA] ZE L RACHBignami et al, 2013b).

8L}y, 7kl €07t o[y dZ0| otFH dY¥s FA| Y= EfE O
GITOA  LERGtEC], 900  patm  co, Of  =ZE  spiny
damselfish(Acanthochromis polyacanthus)(Munday et al., 2011b; Simpson et al,,
2011), ZCf 4,000 patm €O, Of LZ=E= eastern BalticCod(Gadus
morhua)(Frommel et al, 2012), 12|10 Z|C{ 4,635 pyatm CO,0| === CHA S
HOl(Franke et al, 2011)2| Z% O|M &0 OtF2 0| LIEILIX| A2
0, Ol O|utetEra Ferol| oot ofY d82 & S0/Hel UHEo| X0l

LIEFHHCE AS o|D[gtCh

- A= —

—

Pco2 @t HCOz &5 HEdt= A2 HO|H, O|2{gh e O] LHoj| ErLk
go| HHE = U= 7|2E MSethh o7l o|M2 Wmloz 7t5 T
S o0 R fX[St=h, olx2 €% skEECL 5~108] O =2 0|
32mMo| & O|ADtEIA sEE LIEtHHCHPayan et al, 1997, 1999). Mz|at™

g% HCO; 55 UM AT 8120 HejE ofE ol HCo; 5E7 S7t

M, HCO3 7F L Yme B ofL{2} OfM W= eRlels A2 MeloMel =3t

S9st2 20 &=CHTohse et al., 2001). 0|2{gt 2H&

rlo

HCO; 28tA|7} o2
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FH YLz B JASS LIELD, MY HCOs 5= S7t0| 2lof O] it=t

Bt 20 Ot OfFel 24HE0| €02 M, 0|42 I7|7t S7ot=

rot

o0 #EEE=E A

mjo

OLFE Mo T 4 UCh HUXZ HeHZ 8% Lol
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Aot silverside(Menidia beryllina2t 1,032 patm CO, QA AtSSH
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H

F0f Bod H|

(Atlantic cod)?| ZR0= H|PtEO| FOOIEH(F, HO
57t o™ )0 LIEtGCeLL 0] dR0= %o & JEHL O &2
O|ttbEtA 4=FQl 1,000, 3,800, 8500 patm CO, Of|lM AHO| TIH[RACH

(Baumann et al., 2012; Miller et al.,, 2012; Moran et al,, 2011).
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Baltic cod(Gadus morhua)(Frommel et al, 2012), CHMQF HO{(Clupea
harengus)(Franke et al., 2011), spiny damselfish (Munday et al., 2011b), coral
trout O|’d0{(Plectropomus leopardus)(Munday et al., 2012), HE{f O] 0{(Hurst
et al, 2012), cobia (Bignami et al., 2013b)E =
2,000 patm CO0,0|5l2| O|AtREIA S OME Oflfot MEH40| Hat: L}

EFLHX| QAT 2|1, AO{0 CHsH AlS S 0|S0| €O, ==0| DIZSHX|

o

28 E0F =0, 900 yatm €0,0| ===l three-spined stickleback= %0

b

OtR & =57t gl on{(utfelt et al, 2013), AX|0f 1,030 patm CO,0|
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Table 3. Ocean acidification effects on fishes relevant to growth, development and survival of early life stage of fishes

Species Experimental condition Exposure duration Process impacted References
Newly fertilized egg~ increased dry weight (Transient response : dph32-39)
10°C/ 380, 1,800, 4,200 - — - Frommel et al,,
7 weeks post hatch increased lipid content (Transient response : dph32)
patm pCO2 . 2012
(44-51 days) tissue damage
5~10°C/ 370, 1,800, 4,200 . Maneja et al.,
Atlantic cod 0~46 dph (47 days) standard length (different among groups)
patm pCO2 2013
(Gadus morhua) -
reduced body weight
10°C/1,000, 3,800, 8,500 reduced specific growth rate Moran and

patm pCO2

Juvenile stage (55 days)

reduced condition factor

mortality

Stattrup, 2011

Atlantic herring
(Clupea harengus)

12°C/480, 1,260, 1,859,
2,626, 2,903, 4,635 patm
pCO2

decreased RNA : DNA ratio

increased malformation eggs and egg mortality

Newly fertilized

decreased hatch rate

egg~hatching(8 days)

increased otholith size

increased dry weight

Franke and
Clemmesen,
2011

6.7°C/380, 560, 840, 1,120,
1,400, 4,000 patm pCO2

Newly fertilized
egg~hatching(10 days)

no effects egg survival and hatching success

Baltic cod 6.6°C/380, 840, 1,400, 4,000 Frommel et al,,
Hatched larvae(11 days) no effects standard length, growth rate, yolk sac area
(Gadus morhua) patm pCO2 2012
7.4°C/380, 1,400, 4,000 Fertilized egg~7days .
no effects RNA : DNA ratio
patm pCO2 old (19 days)
Inland silverside 24°C/390, 410~780, 1,100 Hatched larvae(1~7 . . ) Baumann et al.,
o ] reduced survival and length increased malformations
(Menidia beryllina) patm pCO2 days) 2012
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Table 3(continued).

Species Experimental condition Exposure duration Process impacted References
decreasing standard length, weight and survival
(no parental exposure high CO2)
28.5, 30, 31.5°C/430, Hatched larvae~juvenile(32 ] ] ] ] Miller et
increasing weight (parental exposure high CO2)
581, 1,032 patm pCO2 days) al, 2012
. ) no significant different standard length and
Cinnamon anemonefish
(Amphiprion melanopus) survival (parental exposure high CO2)
no effects hatching length and embryonic
Hatched larvae(7~8 days) _ _
36.4°C/430, 584, 1032 duration Miller et
patm pCO2 . " increased clutchs number, al, 2013
Breeding pair(9 months) )
eggs number, reproductive output
27~30°C/305, 800, 2,000 | 2dph larvae~22dph larvae(20 )
) no effect mortality ) )
Cobia (Rachycentron patm pCO2 days) Bignami et
canadum) 27~30°C/533, 500, 5400 | 2dph larvae~14dph larvae(12 . al, 2013b
delayed development and size at age
patm pCO2 days)
Coral trout (Plectropomus 28.5°C/490, 570, 700, . ) . Munday et
Juvenile stage (28 days) on effect length, weight and survival
leopardus) 960 patm pCO2 al, 2012
Orange anemonefish 30°C/660, 1,000, 1,700 Newly hatch larvae~end of . . Munday et
. ) increased larval length and weight
(Amphiprion percula) patm pCO2 pelagic phase(11 days) al., 2009
8,8°C/414, 478, 815, . . . .
Juvenile yearlings(28 weeks) no effect mortality, length, weight
1,805 patm pCO2
Walleye Pollock (7heragra 8.3°C/596, 828, 1,285, ) . ) Hurst et al,,
Juvenile sub-yearling(28 weeks) increased growth
chalcogramma) 2,894 patm pCO2 2012

2.4°C/225, 386, 643,
1543 patm pCO2

Juvenile sub-yearling(28 weeks)

no effect consumption rate, growth, condition

factor
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9 Y7t ==&l cinnamon anemonefishie HA| 2 AME{O|| o221 AEko| Qf
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Fig. 1. Schematic diagram of the experimental system for this study.
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Table 4. Information on rearing conditions for olive flounder larvae, June-September, 2013. Values indicate mean+SD (n=28)

Period CO2 c?ggﬂ)tratlon pHyps Tem;()%r)ature Salinity

400125(Control) 8.04+0.03 22+0.5/18+0.5 32.5+0.1

1st. exp. June 11 - July 8 850+30(Medium) 7.83+0.05 22+0.5/18+0.5 32.4+0.1
1550+ 30(High) 7.63+0.06 22+0.5/18+0.5 32.240.1

400£25(Control) 8.04+0.03 22+0.5/18+0.5 32.5+0.1

2nd. exp. July 10 - August 6 850+30(Medium) 7.83+0.05 22+0.5/18+0.5 32.4+0.1
1550+30(High) 7.63+0.06 22+0.5/18+0.5 32.240.1

400+25(Control) 8.04+0.03 22+0.5/18+0.5 32.5+0.1

3rd. exp. | August 16 - September 13 850+30(Medium) 7.83+0.05 22+0.5/18+0.5 32.4+0.1
1550+30(High) 7.63+0.06 22+0.5/18+0.5 32.2+0.1
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Table 5. Chemical properties for three experimental conditions used in pilot experiment for 2 weeks. Calculated pCO2 was computed

by CO2SYS software (Pierrot and Wallace, 2006) using measurements of pHygs, total alkalinity, and salinity in reservoir and aquaria.

Values indicate mean+SD. (n=12)

Air CO,in mixing H Temperature Salinit Total Alkalinity Calculated pCO,in
Chamber (ppm) PN (9 Y (umol kg-SW) tank water (uatm)
400(Control) 8.04+0.03 22.0+0.5 35.8+0.3 2477.0+£32.0 479.7+51
8.04+0.03 18.0+0.5 35.8+0.3 2477.0+£32.0 479.7+51
850(Medium) 7.83+0.05 22.0£0.5 35.0+0.8 2452.7+58.7 838.0+127
7.83+0.05 18.0+0.5 35.0+0.8 2452.7+58.7 838.0+127
1550(High) 7.63+0.06 22.0+0.5 36.1+0.2 2521.6+46.7 1422.7+240
7.63+0.06 18.0+0.5 36.1+0.2 2521.6+46.7 1422.7+240
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Fig. 3. pHyps Observation at different CO2 levels in pilot experiment for 2 weeks. pCO2
concentrations with standard deviation maintained for control(400 ppm), medium(850
ppm) and high(1550 ppm) conditions were 479.7+51, 838.0+127 and 1422.7+240 patm,

respectively.
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Fig. 4. Concentration of total nitrogen (TN) at different COz2 levels in pilot experiment for
2 weeks. CO2 concentration with standard deviation maintained for control(400 ppm),
medium(850 ppm) and high(1550 ppm) COz2 conditions were 479.7+51, 838.0+127 and
1422.7+240 patm, respectively.
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Fig. 5. Hatching rate (A) and survival rate (B) of olive flounder Paralichthys olivaceus at
different CO2 levels during experiment. Experiment were repeated 3 times at each
concentration of COz2. (n=9)
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Fig. 6. Total length of olive flounder Paralichthys olivaceus larvae reared at different CO2
concentration and temperature levels. (A) first, (B) second and (C) third experiment. Significant
differences between groups are indicated with different letters. Numbers on the each bar indicate
sample size.
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Fig. 7. Wet weight of olive flounder Paralichthys olivaceus larvae reared at different CO2
concentration and temperature levels. (A) first, (B) second and (C) third experiment. Significant
differences between groups are indicated with different letters. Numbers on the each bar indicate
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Table 6. The results of two-way ANOVA of total length of olive flounder Paralichthys
olivaceus larvae reared at different CO2 concentration and temperature. (A) first, (B)

second and (C) third experiment

(A)

(B)

(©)

Effect df MS F p value.
CO2 2 141.124 64.875 .000
Temperature 1 15.683 7.209 .007
CO2 x Temperature 2 321.066 147.595 .000
Error 841 2.175 - -

Effect df MS F p value.
CO2 2 26.507 17.861 .000
Temperature 1 60.224 40.580 .000
CO2 x Temperature 2 198.512 133.762 .000
Error 766 1.484 - -

Effect df MS F p value.
CO2 2 14.882 5.227 .007
Temperature 1 85.336 29.974 .000
CO2 x Temperature 2 7.349 2.581 .080
Error 126 2.847 - -
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Table 7. The results of two-way ANOVA of wet weight of olive flounder Paralichthys
olivaceus larvae reared at different CO2 concentration and temperature. (A) first, (B)

second and (C) third experiment

(A)

(B)

(©)

Effect df MS F p value.
CO2 2 0.003 67.402 .000
Temperature 1 0.000 8.366 .000
CO2 x Temperature 2 0.005 111.374 .004
Error 841 0.00004 - -

Effect df MS F p value.
CO2 2 0.001 38.915 .000
Temperature 1 0.003 125.854 .000
CO2 x Temperature 2 0.004 172.747 .000
Error 766 0.00002 - -

Effect df MS F p value.
CO2 2 0.000 3.256 042
Temperature 1 0.001 11.608 .001
CO2 x Temperature 2 0.00008 1.182 310
Error 126 0.00007 - -
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Fig. 8. Growth of larval olive flounder Paralichthys olivaceus reared at different CO2 concentration
and temperature levels. Experiments were repeated 3 times at each concentration of COo.
Combination of rearing condition on COz2 concentration and water temperature at each experiment.
Asterisks indicate significant differnces among control and treatment groups. (A) first
experiment, 18 C, (B) first experiment, 22 C, (C) second experiment, 18 C, (D) second experiment,
22C, (E) third experiment, 18 C and (F) third experiment, 22C.
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Fig. 9. Condition factor (K) on olive flounder Paralichthys olivaceus larvae reared at
different CO2 concentration and temperature levels. (A) first, (B) second and (C) third
experiment.
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Fig. 10-1. Histological observation of liver and kidney from olive flounder Paralichthys
olivaceus larvae (x400). (A)~(C): kidney; (D)~(F): liver; (A) and (D) are from control (400
ppm), (B) ,(C) ,(E) and (F) are from high CO2 concentration (1550 ppm). Tissues in photo:

renal tubuls (RT), glomerulus (G), Bowman’s space (BC), hyline dropet degeneration
(HDD), vacuole (V), hepatocytes (H), glycogen vacuole (GV), Blood congestion (BC) and
hepatocytes hypertrophy (HH).
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Fig. 10-2. Histological observation of gill and eyes from olive flounder Paralichthys
olivaceus larvae (x400). (A)~(B): gill; (C)~(D): eyes; (A) and (C) are from control (400
ppm), (B) and (D) are from high CO2 concentration(1550 ppm). Tissues in photo:

chondrocyte (C), chloride cell (Ch), Primary filament (PF), secondary lamellae (SL),
pigment epithelium (PE), photoreceptor layer (cones and rods) (PL) and gap between
pigment epithelium and basement membrane (G).
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Fig. 11. SEM photographs for skeleton of olive flounder Paralichthys olivaceus larvae. (A)
Control(400 ppm) (B) Medium(850 ppm) and (C) High(1550 ppm) concentration

COa.
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Fig. 12-1. Photographs for skeleton of olive flounder Paralichthys olivaceus larvae using double
staining method. Larvae reared at 18 C diffrent CO2 concentration : (A) Control(400 ppm), (B)
Medium(850 ppm) and (C) High(1550 ppm) concentration COz.
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Fig. 12-2. Photographs for skeleton of olive flounder Paralichthys olivaceus larvae using double
staining method. Larvae reared at 22°C diffrent CO2 concentration : (D) Control(400 ppm), (E)
Medium(850 ppm) and (F) High(1550 ppm) concentration COz.
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Table 8. The results of statistical analysis of skeleton malformation of olive flounder
Paralichthys olivaceus larvae reared at different CO2 concentration and temperature

Effect df MS F p value.
CO2 2 0.462 52.000 .000
Temperature 1 0.109 12.250 .004
CO2 x Temperature 2 0.009 1.000 397
Error 12 0.009 - -
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Fig. 13. Otolith size of olive flounder larvae reared at different environment conditions.
(A) Otolith size (mm) and (B) ratio value for otolith/length. Significant differences
between groups are indicated with different letters.
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Appendix 1. Names of the equipment used in the experimental system.

1. CO2=43(CO:2 tank)

2. 7|H|F 45 E(gas tube)

2a. 5 E27{4lE{(tube connector)

2b,11. Of|O{£H}7|(air distributor)

2¢,21a. O O{ AE(air stone)

3. MFC

4. MFC controller

5. mixing camber

6. CO2KM| 7 7|(CO2 remover)

6a. soda lime

6b. A& E(connecting tube)

6c. 27|19 F(air inlet)

7,28. H|0|&(table)

8. Tl&HEI(vacuum pump)

8a. Z 2 F(inlet)

8b. EZ=T(outlet)

9. HI A O|A(pump case)

10. Resorvior

10a. B3 EX|(water tank)

10b. E§37{H(tank cover)

10c. 2 P (sealing cap)

12. CO22 L|E{(CO2 monitor)

12a. CO2MI A (CO2 sensor)

13. =2/ Ml A (level sensor)

14. 70| &= E(cable pot)

15. 8fj4=8 & ZH(water tube)

Al AL
16. s+ ERE

(inlet tube)

16a. AE 20| (strainer)

17. 3% &7

(constant delievery pump)

18. R 017

(water flow controller)

19. EEFLE 2| X|(tube cartridge)

19a. =& E(assembly)

20. HijZ=(rearing tank)

20a,30a. 2| E=7A(sealing cover)

2L ooi3=

H(air tube)

22. =5 E(expulsion tube)

23. Hj£=&4 3 (drain tank)

23a. E8 9l Hjak(drain tube)

24. HZXE F(subtank)

25. &|E{(heater)

26. 2= XH7|

(temperature controller)

27. ZHX| M Bt (rack)

30. S&A 7 0] (case)

31. m|Y E2{Hf(feeding roller)

33. S E(driving plate)

35, YR =™ =
(positioning knob)

100. AEEK]

(experimental equipment)

PS. = A (pressometer)

F. S 2k (flow meter)

V. B =5 7|2 (valve)

C. #0|E(cable)
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Appendix 2. Concentration of chemical elements of olive flounder larvae. (unit: mg/kg). Values indicate meantSD. (n=4)

Temp. CO2(ppm) Zn P Fe B Si Mg Ca Sr Na K
20199.64 1703.12 141211 10487.06 | 18717.17
400 98.25+2.32 34.3+31 | 156+40.11 | 43.6+£3.36 52.49+0.48
+27.38 +81.15 +96.63 +1900.49 +336.28
18°C 18711.29 1957.77 12719.17 16319.72 | 11662.24
850 76.69+£9.22 22.41+1.78 [165.75+14.98]75.63+£25.28 51.29+2.52
(low) +1559.33 +166.57 +354.06 +1822.87 | +1834.45
20203.06 2364.31 18150.22 21664.8 17310.22
1550 77.2+4.29 25.81+£2.53191.67+11.37| 37.38+1.28 67.86+3.96
+1197.2 +255.46 +280.11 +3642.21 +777.11
213185 2384.18 20368.36 18503.84 | 16898.84
400 92.12+0.58 29.44+1.64 [296.79+45.56| 37.27+1.71 90.24+3.56
+114.11 +34.72 +799.12 +568.59 +98.89
22°C 20493.66 2378.86 18759.89 19524.37 168514
. 850 81.86+0.37 29.22+1.24 [159.99+20.02[50.58+10.79 83.82+1.76
(high) +146.48 +78.81 +1086.74 +793.6 +£265.5
19488.23 1955.22 21727.51 18512.81 | 15800.94
1550 [79.36+1.34 25.84+1.84 1158.71+2.69 | 31.74+0.54 93.1+2.63
+517.7 +19.39 +338.88 +2173.86 +536.61
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