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Survival and Growth in Juvenile Abalone Haliotis discus hannai to
Ocean Acidification and Elevated Temperature

Kyoung-Seon Lee*

Department of Environmental Engineering and Biotechnology, Mokpo National Maritime University, Mokpo 530-729, Korea

The increasing of atmospheric CO, are changing the pH (ocean acidification) and temperature of the sea. Although
the effects of ocean acidification on calcifying organisms have well-documented, only a few studies have examined
the combined effects of ocean acidification and elevated temperature. This study investigated the effects of ocean
acidification and elevated temperature for 2100 on survival and growth of juvenile abalone, Haliotis discus hannai.
Ocean acidification was simulated by bubbling CO, into seawater at concentrations of 1,000 and 1,500 ppm, and
temperature was set at room temperature +2 C. Neither CO, nor temperature had a significant effect on survival of
abalone, while both significantly affected growth. There was no significant interaction between the two factors. Shell
length can be used as a growth index of abalone to access the impacts of ocean acidification and elevated temperature.
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At A7] S AR AR FAH S8 e™
sh AR Aol o WAYE CO, WEHE A& R F
7He| AL Qlek t 715 CO,= 19417] SRE7ER| R 8} 2k 280
ppm FEZ FA|E oL, 19589 315 ppm, 19944 355
ppm .2 Z7HE| ST, EAf 400 ppme Holslth. o]gt 7
2 1950 ddf sketo] Mauna LoalAl CO, E=E A4
O 8 WET ol ARt or SUeke Beke Kol 9l
ow, gro 2 CO,9| F7FAl= Al E Aol 3% CO,
9] S7FEE 5ol ]= o891 20079 IPCC (7] 513}
et AR aid)7E gt 42; H iAo ofshH A A w9
2H[FH 9 CO, AF=2of whet 100 ool CO, e
750-1,500 ppm Z7FE A O o[ Em 2| Bt 2= 1.5-
45T 7FF 25 7 0 2 9| &3 THIPCC, 2007).

g2 7] T CO, & F5oto] A4t-2d3bt T43] 4l

F sigtey 7] 5 CO, 5= 57t

CO,7t 57} o] sj<=2f pH7F 24
OFAFAISIZL ofu] e a1 QITtH(Zeebe et al., 2008). 3
9| pH= A g o] 42 Fol 0.1 8= A= Qi 3
5100 o]ifef 0.2-0.4 I AO R o =351l Qlom,
S A A|719F Hlaske] 0.76°C F7HE Sl e, B
100 o]l 2T o) 57+ A= o &5kl Qlth(Brewer,
1997; IPCC, 2007).

7] & CO7t ko &2 5= g4k carbonic acid)S &
Askal, o] AL thA| EHAFY(carbonate)o] Ly ERAF (bicar-
bonate)= THEA| €t} sl pHO| = SRMEES B8t
= &g gyo| ol gl HH 559 A F=7F HolA]
Al = e o] gal&o] 1AL 7t Aol W adt S
23 BAFEZ S ER] L8| Eoh(Gattuso et al., 1998; Gat-
tuso and Buddemeier, 2000; Caldeira and Wickett, 2005; Ries
etal., 2009). tf7] F CO, 2] F%=7}F 750 ppm”g T = o] e 4]
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)8} &=L coccolithophorids o] 4 3] 3 /d&-2 A -2
Hlas] il g Hojxl= Ao® dHA glom(Gattuso
and Buddemeier, 2000), /37, = & CaCO,E ©]-85h= 43|
3 BEEY A7 2AEA, tiAL A, AR T A
12| 7)%50l FFFol Uehte= A o= BarEl Qlek(Portner et
al., 2004). =3} sl FAstel oA AAE = a2 A2 e
O BE, A, A%, A5 5ol Y mIAA HaL 232, Aol
A A o] T A4l Aol A A Q] GRS A |t
(Portner et al., 2005; Mueter and Litzow, 2008; Parker et al.,
2013). whepA] sfokibd ol o)t sifAlE H AYEAl 9] ®st
£ AISs] SleliMe 2/ds el el it A7t
SEEE

TS AAFA T LA DS G9IskL Qlo] fEol
o] e Rste] tf-5-5to] utshs 5
sfleFitdstel -2 e ste] Pk 7] 4lth(Fabry et al.,
2008). A= B T w7t Fot= G 5572
#For A AAZHCRE OF 1000]F0] FHFe}f k-] A
AL glom, 2T A& of g7 7raxof Hrelsto] 7| 5o}
7 4 |A| 3L 9)&o] ¥ A i 9)th(Hankewich and Les-
sard, 2007; Crim, 2010; Crim et al., 2011). wh2bA] 2 &5 Lof
A T njdofl Y7 | FAHS wE 9 2t &
Aol 717 Bl AAISte] AEA 9 9] HAl H 4%

off tafA dohE Rkt

oN, o

;O

ME Y

AHAYER A3 AE(Haliotis discus hannai)= 20114 4
A 512012 4] A slfidt SHH H5FAA oA AR
5 & ot AP A= SHFgE 5 o] 57 MY AIYI o
<=, HZto] o]z o] 2k of Q1A] okl updo] gl= JHAIE A
dsto] Zhzhe] Ay aezol 485t (12 n=30, 22 -

2) 25477 PP A T 22 1 Clday = 252 /5417

o
i
S

HA AR A AZT A7 IE 8]t HsellA v
4= w e 18] Fo] shglal vhad o] LAE= s vl
flate] xroleyE AABIE F2RAE flote] L AR
291 50% a2 wekshlrt.

S FAI e Ul ks GRS AT Y] fIste], 4700] Y
HAEF, 27427, CO,, CO,+27T)E AA|3to] 134
(1,500 ppm-CO,) ¥ 22-41%(1,000 ppm-CO,) AAI5FSIch
(Fig. 1). £24= HE-S $-8-51= -2 (Holding tank)2} o] 713
A, Z71744), 318 & B2 s3(Header tank)e} A28k 2F
o] A S k2 oF 60 L7t H =5 5FiTh ARSE F71=
ofefHZE o] g5t AUF7IE FUsHA e, CO,= 7HaE

o] AEof mA= & 155

Air
control
+T
TC
Air —>
MFC
co, Dl

Fig. 1. Schematic of experimental design outlining CO, manipula-
tion setup. MFC, Mass Flow Controller; TC, Temperature Control-
ler.

4] (Koflock, MB2C)E o]-8-3}0] ¢4%5719} CO,5 &3
A CO7F AAEEs 9= 5t9.0m Header tanko]
K 80| £7) ¥l Bo| AR SR E Eo|7HERE Fgit) 7tAE
A ZHE HEEE 7FA0 b oAl e m 247
(Telaire, 7001)E ARg-310] 274319 2, Header tank2] CO,
SEHsks pHE S4sko] 1402 SRIsks WS AME
312tk Header tank2] pHE pH meter (Thermo, Orion 3star)
& AHgsto] el Abg ] B8 mEsE] Aol S4stglck
SZA2(YSI, 550A)9}F A8 (Atago, S/MIll-E)= nj & =45}

2.7g), 1B elAI = 802 ek,
HaAA w24 WA AEE U AHES ZAsHg A
o] YEE Bl37] 9Istel el ok B Ao Fo= 2
Sei] glglo] Bell Al Holx| i AL Ak Aoz 7155t
51 Spzoll A AlAS . o] Hat4 B (Specific Growth
Rate, SGR)2 oteh ] o] ]3] A4kstsict.
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[SGR=100 % (InW,—InW, )]
W, A4 AR

W AEERA AAEA

A% T Aozl AIH= one-way ANOVAS o]g3slo] tj=
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Table 1. Seawater pH and temperature (mean+SD) in animal holding tanks

Eréyoljgon_) Treatment CO, con. (ppm) pH measured Temperature ('C)
control 282163 8.010.08 19.4£1.0

1% experiment control+2°C 282163 8.010.10 21.2£0.9

(1,500 ppm-CO,) Co, 1,536463 7.600.10 19.240.9
CO,+2°C 1,536463 7.6210.12 21.2+0.8
control 23342 8.130.16 20.7£3.4

24 experiment control+2°C 233442 8.16+0.04 22.4+0.2

(1,000 ppm-CO,) Co, 1,069£100 7.800.04 20.2+0.5
CO,+2°C 1,069£100 7.8120.05 22.6+0.1

Sete] §-oAS HABHITH(P<0.05). T3 2 A% 271(CO,
- 522)710] 80142 two-factor ANOVAS A8-3}o] H.4]
aHAct BAEAS SPSS 128 o838t on, E42]= Hdt
(mean) ¥} EZHAKSD)= LR AT

Zot o o

A5 AEE2 TAHE (1,500 ppm-CO ol A= 27] HA
7Sk o AR 5 AR BESCE 1A A}
o|& YehyA] &t(P>0.05, Table 2). 2243 (1,000 ppm-
CO,)ollA= COF2TollA 83%2] BEES B o {2

el Aol 5 Lheh 2] grgrom], tjxg Eatsto] 1 9o 7
oA FHAPNAZE LA gtk 812 1,500 ppm-CO, 9
1,000 ppm-CO,01 4] S|AL7} SAyat A ok, A AT 2
o) glAb= 744 Zolol] o) AedH o = Wbk ATt whelE
A2 CO, | I3t pH As7} s|Ate] 245 Ql FFe v
g Ao Al

Z50) 41782 1349 (1,500 ppm-CO, )l Al H27+27C
o A ) 2TLe) Bl WEte] BE AR HE0] $-o)F o7 =7}
34913 CO, 77} th o] wlsl 23 ol ol 8 o & st
.07, 24418 (1,000 ppm-CO ) A= FAH 9 2144

Table 2. Effects of CO, and temperature on abalone survival rate and growth rates

Try No. Treatment Survival rate Mass gain  Shell length gain Shell width gain SGR
(CO, Con.) (%) (9) (mm) (mm) (%)
?r?:é%))l 93 1.42+0.69 5.55+1.87 3.78+1.50 0.65+0.23
fr?fgg)m C 90 1.8040.71" 6.45¢1.77" 4.18+0.86 0.82£0.20"
1st experiment B
(1,500 ppm-CO,) co
(n=30) 83 1.10£0.36 4.500.86" 3.26£0.89 0.5340.11
8223’62) c 90 133:047 5204114  310:0.76'  0.59:0.14
fﬁ:}rzo)' 100 0.9120.57 4.60£2.13 3.28+1.57 0.43+0.22
fﬁ:}g’;*z c 100 1.10£0.37 5.18+1.20 3.6740.82 0.55£0.17
2 experiment
(1,000 ppm-CO,) co
(n=12) 100 0.4940.27 3.3941.12 2.4241.01 0.31£0.17
(c;c:%z) ¢ 83 0.670.2 4.07£1.12 2.72+0.75 0.45£0.14

!indicates significant difference compared with control group.
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Table 3. Two-way ANOVA results indicating the effects of CO,
and temperature on growth rates

Try No.

(CO, Con.) Source df F P
Weight
CO, 1 11.988 0.001
Temp 1 7.336 0.008
CO,xTemp 1 0.491 0.485
Length
CO, 1 14.782 0.000
) Temp 1 8.690 0.004
1st experiment CO,xTemp 1 0.039 0.844
(1,500 ppm-
Width
2 CO, 1 15.522 0.000
Temp 1 0.366 0.547
CO,xTemp 1 1.917 0.169
SGR
CO, 1 24713 0.000

Temp 1 12.095 0.001

CO,xTemp 1 2.829 0.096
Weight

CO, 1 10.411 0.002

Temp 1 1.352 0.251

CO,xTemp 1 0.187 0.668
Length

CO, 1 7.174 0.011

Temp 1 2124 0.152

2 experiment CO,xTemp 1 0.013 0.911
(1,000 ppm-

Width

z CO, 1 7805 0.008
Temp 1 1129 0.294
COxTemp 1  0.019 0.892

SGR

Co, 1 419 0.047
Temp 1 6.606 0.014
COxTemp 1  0.013 0.910

ol §lo] CO, 77} =8} vlaLsto] {9421 2folE Hel
THP<0.05). Btd-E(SGR) 12} 9 2214 3 o A CO, 717}
7P S g B3 tK(Table 2). AEA] 9 o] A2 2o &
sho Ad7do] £2E L, CO,0f &fsto] o] AA|w =z ez
Uebgon, CO, 9 2310] Ao gafolli= F-9 42l At
AE UERAl = F4TH(P>0.05, Table 3). o] 23t A= 5
S FAHISE B 250 A A ol whet CO,ofl of s A
2|9 o] of= = AsfE| v ehE 42/l o ¢
st o], &R 9 o] A o= F FaFol YepHA] ok &
U= ulstAlth. &% CO, =574 275l et 4]
sishyEe] FFL Blelr] Slat AR 2] fa
A3 A EGLOR ALE 4 918 AoR AR Eh

Harris et al. (1999)+= pHoll &J3l] A&7 H. rubra®} H. Laevi-
gata®| /g7t AYEo] ke W= A 0= KAkt H. rubra

HoF Ab4 et S0l AR 01X 9% 157

= pH 7.76°1| A, H. Laevigata2- pH 6.7 4 §-2J& o2 Q&
ol 7rasiglnh. E3F 474l 1ol H. rubra= pH 7.37¢] 4,
H. Laevigatai= pH 7.39°l| 4] EC, (5%%7& Ha)e Hlth
CO,°ll 9]t pH #|5ket HCI 22 7J4to]] 2Jgt pH A S}o|
SRk A= th=m, CO,ofl o3t pH A5t a0l B
t} o] Aty LA Qlrk(Kikkawa et al., 2004). B]= A
RS A S ES sl pH Halo| disiA thE dEE
Hoh Yol eltta A QA H(Harris et al., 1999), & 4
ol Al Harris et al. (1999)2] Ax}H ) 42 pH 7.63H74 (1,500
ppm-CO,)ol A g5 747} UrElL pHA S| 23 ok
o} CO, 5% 57P7F A9 Ao AdA g k2 vHS
S

Aoz AtrErh Ao tigt A ste] FkE AR AL
3k G2, Crim (2010) H. kamtschatkanas thAko & 5o

1409 &<t CO, 9 57t thsto] FAF & A7l thgt
Y= HEH CO, 1,800 ppm (pH 7.57) 5=l A 552
BAES GaFol UebA] ghgken 3T 2 F7tel o]
9740l S7Fhe A eI, Aloleolu FAkE =
CO,2| JaFo] LFehtA] 29k}, Crim (2010) 74 45-57.5
mm 27|19} Ao & ARSI, 2 AtelA= CO, 1,500
ppmof| A th =1} Bl asto] CO,of o) sl FA/d ol 2H3d
o] 2t A¥k= Crim (2010)f| A ARE-3E A 5-2] JATHA
Ho} o el Ao 5 ARG-Bhol| whet gaFol Ee Ut 2o g B
Qleh fAEHA A E-2 CO, 800 ppm (pH 8.07) E7 ol A A&
o] A AL, §A4 5jzke] Aol Fashe 5 s YAt
shof] mi7kel vh-g-& 2 I cHCrim et al., 2011).

sl CO,57toll ozt pHASHe ol A A2 afjofl A Lie}
AN fARSHA thE A28 A EEolAl e Aol A]
=)= o= zlolE 4= 9lth(Berge et al., 2006, Gazeau et al.,
2007; Kuroyanagi et al., 2009; Lischka et al., 2011; Parker et
al., 2013). Kuroyanagi et al. (2009)> pH 7.7-8.3 ]l Al
105229] 7|3t ool 3% Marginopora kudakajimensis®] |
3]} 9l AA-Eo] pH Asto] ol skl on, szt
pH 8.30]141 42.0 ug, pH 7.70 4= 14.0 ug & = a7 5fo] 5+
S vehd A2 K e M. kudakajimensise 35 1004
S0l Al/dE= sdatdst oA FaFol e 7hs/d ol
=rhal BASHILE Lischka et al. (2011)0] &J5HH ¢]==Ql
Limacina helicinai= 299 “5%F CO, ¥ 2= Z7} 2H7 oA 1
AREro] S7FSFR eH, 58] 0]F-2 CO,oll sl 5fjzho] Aol
=8| AL g Zbo] §alj = AAdo] UEbRT XIS=EA| Mytilus
eduliss= pH 7.1?}75‘(C02:1.62-2.11 mM)ol| 4| ZolAdAlo] 7F
431, pH 6.78+7(CO,=1.85-2.36 mM)oll 4 43| A=)
ArHBerge et al., 2006). Gazeau et al. (2007)> CO, 380-740
ppm 27 oA M. edulist} = Crassostrea gigas®] 4 3]3}-8-0]
CO, 57h pH 4> % [CO ] 7ol ofsf =& S 1
ojm FHAH Tty B st 53] M. edulis®] 43|31-2-2] 7t
2= C. gigas®th pCO,2F [CO o] tshiA] B RIdet Ao

S
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2 e o sz R Aold|A] 7]Qlst Ao R ugk
TH(Gazeau et al., 2007; Ries et al., 2009). M. edulis®] 3|2}
83% ©J/d2] CaCO,-aragonite® ©]Fo1 A 3lom, C. gigas=
T8 CaCO,-calcite® o]F0]#] §li=t], YRF2 © = aragonite
7} calciteX2t} CO,ol o2l WA= A 3tol tiet §-all&ol
=2 Aoz dHA AthMorse et al., 2007). Nienhuis et al.
(2010)= sfFAI St B ol A A 3e g E 0] szt gt
ztgsf&ol B wobA ARAASIE 2t sk3ich s
= Nucella lamellosa®] jZ+-2 F=2 calcite2 0] F0]A] Q=
o, s FAFAI 3} 217 ol Al (pH 7.80-pH 7.54) pH 720f| whe} 3
7} A7} h2T(pH 7.98)2} vliLsto] 2 A o & 7Fast A
2R H|E calcite”} aragoniteLt high-Mg calcite 2.t} 3}~
o & =X|4k, N. lamellosa= 9] Z}2 25 €| CaCO,7} &35
of mfjz}o] /g7l FaFo] vrehd A o2 HQItk(Nienhuis et al.,
2010). A=2] 3jz} Y52 aragonite= 0] F01 4 QlaL &} 3E
& calcite= o] o] glow, HEo] A Wi WS
ol wul = sfekEde] o) Aol f+i=%|" aragonite
o] A &H A AAlo] ZIsYHTHLin and Meyers, 2005). 3
At @olM Hmel A = CaCO,-aragonite’d T
Bofeo] S7He o Uehsls 7he/d& A o glem, 1f
A2 913t Beha] 2 ARG Pk WS Ao R AR
o} A3sHEES st el 7] == ATP
FLTt Haske 5O APl 7E dolubAl sz o] Al
=] 3 AR A R o] gk A 2 =4Sl 98l B 9
o] AR &= Ao 2 Bt Michaelidis et al., 2005; Lannig
et al, 2010; Melatunan et al., 2013). 255+ Littorina littorea
+ 1,000 ppm CO, 27304 sz} Ao 2% l=tl, ol
CO,oll oJ3lj ATP 557} #Haxl= 59 thAPEol7F HolibA
2t /ol FFe wAA ekl shlti(Melatunan et al.,
2013). Ries et al. (2009)2 18%:2] 4] 3]3PYE-L AFo 25}
o] CO, S7toll theh A 3] 3ke-2 ARSIt 18%F FollAl Atz
A, e AR 3, A, 7HE, 2, tEEA 105
= CO, S7toll thsf] A 2lalao] ashe B 3ol e, 53
Hydroides crucigera, Littorina littorea, Argopecten irradians,

10 02 ofy

Iy

Crassostrea virginica, Urosaipinx cinerea, Mya arenaria 6%
< pCO, F7toll sl A 3)ake 74 vk opy 2} gafl&o] 5
7Foh= A 3E 2t Zeu M. edulis= CO, 57}l thsfiA
A 3]ekEo] HakE Holx| 9okl e F52 A3lgkeo] &
7), B F7Ste hasehs AR wol, hAA R} 4815He
of uhgAaell thalA s A Aol Akl v A 23
t}. E3t B2|2} Ruditapes decussatusi= CO, 57t pH 40|
o3 ol A, FAX, HIako] GaFol Lrehkx) eksret
(Range et al., 2011). o] 2|3t A5 CO,9] 7t g vh&-
o AEFof et thefet B = UEhd o 22 AR

2 At AEA|e o o] s At stol ofste A=At
Aol efste] Aol Fxlwm sl et 2t

o,
2o

o

ol ool
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