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Effects of CO:. on the early developmental stages of marine fish
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Abstract : Effects of CO, on the early developmental stages of marine fish were investigated to assess the
biological impact of CO. sequestration into the deep sea, which is proposed as a possible measure to
mitigate climate changes caused by increasing atmospheric concentrations of the gaseous CO.. Some earlier
studies discussed effects of CO, on marine organisms using the results on toxic effects of mineral acids due
to the paucity of relevant data. We first tested whether the use of acid data on marine organisms is valid
by comparing the mortality rates of a marine fish in seawater acidified by either HCl or CO, to the same
pH. Subsequently, we studied ontogenetic changes in CO. tolerance, since individuals in early developmental
stages are often more susceptible to environmental perturbations than adults. Further, effects of CO. on fish
growth were examined to understand the long-term effect.

Another difficulty in assessing biological effects of CO. ocean sequestration is that it is deep-sea animals
that will be affected by high CO. water. Considering the obvious difficulty accompanying the use of live
deep-sea animals in laboratory experiments, we instead have tried to establish some morphological indices
that can be used to study effects of CO.. We focused on the ion-transporting chloride cells, which are
known to be involved in ion-regulation and presumably acid-base regulation in marine fishes.

To compare the acute toxicity of CO.- and HCl-acidified seawater, eggs and larvae of a marine fish,
Japanese seabream (Pagrus major), were exposed to seawater equilibrated with CO,-enriched gas mixtures
(CO=5% or 10%, 0O,;=20.95% balanced with N;) or seawater acidified with 1 N HCI at two pH levels (pH
6.2 (=5% CO,) and 5.9 (=10% CO,)) for 6 h (eggs) or 24 h (larvae). Mortalities of eggs were 85.8%
(CO,) and 3.6% (HCI) at pH 6.2, and 97.4% (CO,) and 0.9% (HCI) at pH 5.9, while those of larvae were
61.2% (CO,) and 1.6% (HCl) at pH 6.2, and 100% (CO.) and 5.0% (HCl) at pH 5.9. Thus, previous
research on the effects of acidified seawater on marine organisms, as a substitute for CO,, has largely
underestimated the toxic effects of CO..

The CO, tolerance is examined using Japanese seabream, Japanese sillago (Sillago japonica), Japanese
flounder (Paralichthys olivaceus) and little tuna (Euthynnus affinis) during the early developmental stages.
The percentages of larvae that hatched and survived were not affected by exposure to water with a 1%
CO; within 24 h. Median lethal fCO, values for 6 h exposure were 1.4% (cleavage), 5.1% (embryo), 7.4%
(preflexion), 4.3% (flexion), 4.6% (postflexion), and 2.6% (juvenile) for Japanese seabream; 2.5%
(cleavage), 5.0% (embryo), 6.0% (preflexion), 6.3% (flexion), 4.1% (postflexion), and 2.7% (juvenile) for
Japanese sillago; 2.7% (cleavage) and > 7.0% (juvenile) for Japanese flounder; and 12.0% (cleavage) for
little tuna. Japanese seabream and Japanese sillago of all ontogenetic stages tested had similar
susceptibilities to CO,: the most susceptible stages were cleavage and juvenile, whereas the most tolerant
stages were preflexion and flexion.

A preliminary investigation was conducted on lethal effects under fluctuating CO. concentrations. Under
a constant 5% CO. concentration, 3 h mortality was 95% in juveniles of Japanese sillago. In contrast, no
mortality occurred under 5% CO: exposure for 3 h after a 3 h pre-exposure to 1% CO.,. Therefore, dynamic
changes in CO: concentrations that are predicted to occur during CO. ocean sequestration must be
considered in the assessment of its biological impacts.
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Growth performance was investigated in juvenile of Japanese seabream and Japanese sillago, reared under
hypercapnia. There was no significant influence on the growth of Japanese seabream within 1% CO, for 30
days. On the other hand, growth rate was significantly reduced in juveniles of Japanese sillago under
similar conditions for 18 weeks. Thus, fish growth was inhibited even by sub-lethal CO. level by
prolonging the exposure.

A preliminary study was conducted on the changes in chloride cell morphology in the yolk-sac membrane
of Japanese sillago embryos exposed to 1% CO. for 21 h. The chloride cell size increased 82% by the
treatment. The chloride cell size of the gills significantly increased by 34% in juvenile Japanese seabream
exposed to 1% CO. for 24 h, while the change was not significant in larvae of the same species. The 30-
day exposure of juvenile Japanese seabream to 0.6 and 1.1% CO. resulted in significant increases in cell
size, while cell density did not change. These results suggest that chloride cells play a homeostatic role
under hypercapnia in marine fish.

These results and results of future studies should be incorporated into the development of CO. ocean
sequestration techniques in order to minimize biological disturbance. To improve the validity of
environmental assessment, high CO. experiments should be conducted under realistic conditions such as high
pressure and low temperature.

Keywords : Carbon dioxide, Ocean sequestration, Marine fish, Early developmental stage, Toxicity, Growth,
Chloride cell
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Fig. 1. The early developmental stages of fish used for
the current study. Redrawn from Fukuhara (1969,
1985).
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Fig. 2. Apparatus and animal containers used for the
comparison of toxicity between hypercapnia and
acidification. PVC bath (100 L) is wused to
standardize the temperature for the three PVC tanks
(CO, group, HCI group and Normal seawater; 14 L
respectively).
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Table 1. Experimental conditions for the comparison of
toxicity of hypercapnia and acidification

Grou Condition A Condition B
P pH Aeration _Additive pH Aeration _ Additive
CO, 5%CO, - 10%CO, -

6.2

HCI Air HCI > Air HCI

Seawater was regulated by CO,-enriched gas mixtures (5% or 10% CO,) (CO,
group) or IN HCI (HCI group) at two pH levels.

Toyott, TOCEL : TCW-05B-PPS, TOCEL : TCG-
045SIFN) Tlei L7- Bk A2 vz, B
KOES1E34.5, TAH Y EIX2.29meq/L, pHIZ
8.13, #CO.¥#E (TCO.=[CO.]+[H:CO;]+
[HCO;]+ [CO<]) 1X1.75SmM/LTH 7=, £7-K
SR AR TR X ME K DpH % /NEUR B 2 (K BE T KT
B L, BREBARR KO TR/ NS 3
AL OFEE CTpHAIE # £ Lz, KEORIEITIX
Mettler ToledottMP125 « &R U < —AlpH#E A FE i
(pHE K ES 1), TOA*EHM-60G - 8 & EMBGST-
5721C (7 # V ER X UpHEIE), Camerontt
Total carbon analyzer : Capni-ConS (TCO. #I%E),
B X ¥ Yeo-Kal Environmental Electronics
Inductively coupled salinometer : 601 MK III (3
SRIE) ZER LU, pHEMIZA  pH62B IO
B : pH5.9?D 2 BxfE#Ef L, CO. KTiX5%H 5
WE10% CO. 2 &te CO, IRAN ADBRIZLY
pHEZFHE L, HBX CIXEROM FICL VpHE
FHEI L7 (Table. 1), CO. KOWgEKITHABRELA
2 FEILL ERATIZ CO. IRAT ADBRREMIMEL, p
HZE®%, RERICAVWZ, EEEXEKOpHITRER
ATH &V IROFIETHE Lz, KIENOHEKZTH
CETBRLTVWARETCHEER LR LB
L3 %pH (Table. 1) 2725 F CTHEEEZEM
L7z, Z R, BRI XK PICE/EL T
T-EREEA A B L OREEA A 22 CO, I[ZEaH#
SNEREBREL 0D, BRIBRIZL > THAKF
DIEE| 72 CO2 RN D Z &I K VpHA A3 D
7=, pHONLZET S £ CTHEBEZEM LT, K
OpHAFEI Lo % b ERBER 2 MkFE L, FRITp
HAEFRAE L CERICH W, BA~DBRITT
NRTOFRBXIZBWVTERBKT 5 F TR L
776

Q) ORFEHZE

KasEDOREINE E Xy b & AV TIMUAERRIC
WAL, ZhzKEIZED T 6 R 2 LR,
IRAE &5 % BRMEKIXKFEICR Lz, #EROR%0T

__7_

CO: KR L UHEMR N ZNZNR225%1 (FR45(E
XUNEER5A) THARMWAKX TILK0KL (JR45(H
XUNEER2AR) & LT, WHRSBTAATEBEHIE
7=, BIRMEBKEOUEKE R L72300mLE—7
ICINASBNOIIZB L, ZhEERAERNIC—B
wEE Lz,

bt 1 B BICHEREROBRE LT, FELE
PRI L - TRDI=,

FETR (%) =100— EFM(LER

I TOEFEMRERILX, BREXOEEMRLESL
HRWKXOIEEM(LETRL, ZhE2EHKHT
RLEbLOTHD, AFRETIINALORTE (F
RO, IEONNE, FEOBE, KER), K,
HEENE) RR LNV EE TEERL) &A%
Lz, 708, EHLEZEERLERN100% % B 2
7-3%A0%, 100% & LTH-T=,

4 FRORERZE

EFICHEKR L TV A{F/R%E, S00L/ YT A b
KAENS SLHED v 7E2HWTERDY Eif, ~v
KU T DARABNLRAZRU S0 1 EHEEBXL
7R HRBRIEE IR E LR AENICEE L,
CO, X X O A X ot 3 & 4 £ 49 60 & 14
(F20fE R X XA 3 &) &L, ®RELBHIALI,
H SRR X O EE ARSI A20M8 A& (AR 1 &)
& LT, BRBERHIAD O 24FFRIRIE L 7B TR
WX DT RERDT,

FET R (%) =SET{E g/ A (K51 < 100

TR OHELE L-EEEFECEEE L,
OR, fFARLELICREERII2MEFERL, TR
IEEBROFEHEEERALE W=2),

2) #HERELUER

HSRHEK X2 BT BINDIEE L £I97.7+0.1
%, fFAROEERRII84E1.9% THo7z (FNF
NEHE+SD), LA (pH62) TiX, CO. K
DIETRHINGS.8+E7.7%, {FH61.2+21.8% Th-
7Dz x LT, WX TIIII3.621.9%, {FAD
1.6£2.8% Th o7z, &KHB (pH5.9) TiX, CO:
KO RIIINGTAE1.8%, FH100%, HEEX
TIIPR0.9+1.9%, {FA5.0+48% TH-oT1-, =D
£ 9 IZF—pHIZ BT 2 BIEHEIL CO. DHHE
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Table 2. Seawater carbonic systems of CO, and acid groups

Parameter Condition A Condition B
CO, (5%) Acid CO, (10%) Acid
pH 6.16 6.19 5.86 5.87

[H"] (mmol/L) 6.92-107 6.46:107 1.38:107° 1.35-10°°

pCO, (kPa) 4.95 0.037 9.9 0.037
[CO,] (mmol/kg)’ 1.58 1.17-1072 3.16 1.17-107
[HCO;] (mmol/kg) 2.16 1.71-107 2.16 0.82:107
[CO,”] (mmol/kg) 205107 174107 103107 4.00-10°°

pK, (6.026) and pK, (9.181) from Mehrbach et al. (1973). CO, solubility (a: 0.03241 mol kg" atm™") from Weiss (1974). * includes negligible
concentration of H,CO; (Heisler, 1986). Assuming atmospheric pressure of 101.3 kPa.

[CO,]= a*pCO,
[HCO; J=a*pCO,+10°H#K!
[CO;*]=aspCO,» 10° Pl e  gPH-PK2
pH=pK,+log ([HCO;)/[apCO;,])
=pK,+log ([CO,"}/[HCO5])

100+ A B r
80 - 1 _ -
2 pH=6.2 pH=5.9
féO' T r
2 404 * ] * T
¢} * * %
= 20 * ] ok
X % * *
0 " —t:*__
CO, Acid CO2 Acid
Test group

Fig. 3. Comparison of lethal effect between CO, and acid
by mean mortalities of embryos (N=5) and larvae
(N =3) of Pagrus major at two pH levels (Condition
A: pH 6.2, Condition B: pH 59 in Table 2).
Exposure periods for embryos and larvae were 6 and
24 h, respectively. Asterisks show the level of
significant difference between test groups (A:
Welch's ¢ -test, B: Student's #-test, *: P <0.05, ****;
P <0.0001). Redrawn from Kikkawa et al. (2004).

BOBZELV LERIZEN» -7 (JF : P<0.0001,
{F# : P<0.05---Welch's 7-test (5EA), B - 1%
£& : P <0.0001---Student's ¢ -test ($:#£B), Fig. 3),

Table. 2 \ZRBRUEKIZE T D REWERE Gt
BiE) %7 L7z, CO. KEEBMEOH #EEp
HE&EHBET TR TH DD, CO, RDOREY L E
T2 TORBYEIZ OV THEBROMI30ME (&
HA) HDHVE2600E (£HB) THb, HCO;
BLVCOS & CO. 2tk8T 5 &, FEME CO.,
DFIXEREEEZ RS IZER L (Vandenberg et al.,
1994), CO, IIHIRXKEPICILET 5 &, RERD
REER Th DRI FEEROFEIC L 0 #HRo»

_8_

WCIREEZ TR L, BRIZENEIZH B8 X OHCO 12 f#
Bt 2, ZHIZXVEIEREZ ShAMIaNT & K—
VRIISEL DEBZH T ot XIZBEE L (Roos
and Boron, 1981), #BEAMIC & > THEIEM L
BEBEXHA[EMEDRSHD, ZNoDEBMHEIZE D
HBHEICMZ, CO. BELEMMMIRIZE > THME
ZFFO (Max, 1991), L7=28-T CO, #EHNEBE
DEMEBEENERIZLI-TRIFILELY TS
A, EEEEAVWZERT —F TIIEEL IR/
b2 Ens, CO, EAWEERMLETH
HLfEmTED,

2. JMFHAICET5HE CO. itk

B DBIE CO. LUV OIEIRIZ CO, MEEENREE
DEBEBRFTH ETUHALRIWEEE TH D,
BERIT T OARBRIRER LORBERIC L 0 A5
BEENREZRY, BIEX ML RICKRT DD R
5 (CAfED, 2003) Z&hb, &CO. T LT
b, BEEBIZL > TRERIEZMELTTI N
FRRIND, VIHRBEEMIIE O DOERT HH
BRI, CO. BEEDE VT B
ZHAOMNCTSHZ LT, CO. MBFIRRBEICH S 4
MEBETHTIRICBWTHFEICEETH S,
I TIRABHBBORR LIS A, vaXR
(Sillago japonica), t 7 A (Paralichthys olivaceus)
BEL WA= (Euthynnus affinis) % AT, I{F
HAIZBITSE CO., RHEFEHERBREEML,
P B BMEIZ R T D& CO. MHEDOEILEZM L
MZTTHZEEHEBE LT,
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Table 3. Developmental stage, size, and time after fertilization or hatching of experimental materials in the CO.
tolerance tests
Species Stage Diameter (tpm) Total length Wf-’:t body* HOl:lr.S after Days a.ﬁel
Egg shell Oil globule (mm) weight (g)° fertilization  hatching
Egg (cleavage) 0.88 (0.043) 0.20 (0.007) - - 1 -
Egg (embryo) 0.90 (0.021)  0.20 (0.005) - - 21 -
Pagrus major Larva (preflexion) - - 5.32(0.53) 0.00141 - 10-12
Larva (flexion) - - 6.75(0.42)  0.00384 - 14-15
Larva (postflexion) - - 8.72 (1.17) 0.00755 - 20-22
Juvenile - - 14.29 (2.11)  0.03515 - 28-33
Egg (cleavage) 0.67 (0.022) 0.15 (0.007) - - 1 -
Egg (embryo) 0.68 (0.022) 0.15 (0.005) - - 12.5 -
Sillago japonica Larva (preflexion) - - 4.55(0.64) 0.00034 - 10-12
Larva (flexion) - - 5.65 (0.82) 0.00066 - 11-13
Larva (postflexion) - - 9.09 (1.69)  0.00288 - 17-19
Juvenile - - 14.53 (2.00)  0.01225 - 24-28
Paralichthys  Egg (cleavage) 0.94 (0.008) 0.16 (0.003) - - 2.5 -
olivaceus Juvenile - - 74.4 (6.2) 3.5(1.0) - -
Euthynnus affinis Egg (cleavage) 0.93 (0.027) 0.25 (0.005) - - 4 -

Values in parentheses show SD. "Calculated from equations given in Oikawa et al . (1991) (P. major ) and Imoto (2000) (S.

Japonica).

1) #MEEHE
(1) s

EERIZ AW T i3 bk 2 Tabel. 3R LTz, <
A DOBEEWBW (mg) FE2KETL (mm) Off
% FAV TOikawa et al. (1991) O (WBW(g)=
126 X 10°XTL (mm)**' : AiFEREMPIFRL L
UFREHFAR, WBW=8.92X10°XTL*" :
FHRIFMP TR LOHA) 2, vaxXRx0
WBWIZF T (2000) »X (WBW (mg)=3.164 X
10°XTL (mm)**™) #HWTEH L=,

v H A, YuXFABLOE T AOHRAINIEE
WTHBELTWAHADBREINZL Y-, &
G~ Z A 1ZD\T20008E6 A 7H~7 H208 8
L UR0014E 5 A15~25H, ¥ o ¥ TL20004£10
H 7 H, 20014 6 A24~26 B B L O'EIEI10H 9 ~
29H, BT AX19985E12H15H~19994% 3 A 2 A
WCENENEM LTz, ZH% 1 ~2.5FH TIER
ONEI&BRLE L7-OR &2 OREIE ORI L, 7=
v HABLOa X2 TIE, ZTHREINAZ100L 2
T4 MK THIEEEKREZEILTHEET L, Lig
JREI R & CIER A LI 2 IR AR & LT
HEBRIZHE L7, A<= DIFEIHIIRIE, 19994114 2
~118, EREHEEERKERNORFERXEHEEK
EIZR W T BREININT-ZHEI0 2 EH B ERT
~ELIFY, EFICREL TWAIIAZ®E L Tt
R,

<A A BLO e XFRAOEHAEEIEET IR
WTS500L/ X T4 MAKIEEZRAWCEBRHERETT

EfiL7z, BT AOHAIZAE~Y VT v 7K
L VEALE (KE:3551.0g, FHE=E
SD), {FHADEEHISBLIOLA D LY, T
TITOD/) =TV RGE, BINE L OE AR
ERAV, (FHAOKREICAEDE THREELL,

(2) REREBELHE

2 AABLIV X 2ORETIEE CO, B&
UMK OB & RO EEZ AV, &
CO: X (CO. RAENAFER) LXRX (AIfgER)
D2/KEER T, v 7 AHAOKRIZIL, &
CO. XAKFE, sHHRXAKIE (& 7L) BLUHE CO.
WK YEGAKIE (14L) O 5%EB A2\ - (Fig
4), RABR/KIRIITable. 4 1R L72, T _TOHRK
BRIZEBW T, & CO: B L OEMEAKDEM LSRR
B & [FERICTRIE L7 BRMEKE AV, KEERIE
L7z, BREBAKDESIF33.8410.62, T/Lh Y E
132.294+0.025meq/L, pHIZ8.111+0.062Tdh 7=
(%, THEESD), CO. IBRAETAD CO, BEL
1K D FHEpH D BEf% % Table. 51277~ L7z,

(3) BIDE C0, REFHE

VA BLOV X RINDRERFEITIRO L H 127>
Too JMNAERIIAZRBERFRHIX (Table. 4) BLO
MEBXIZOXZFNEFN 2 AT OHELE, iz

Ay N THPNAESRIZ40~50F T o L, INERE

REKERNIZEE, & CO. BELHMM LI, BT
EDRBRFHISKT LIRS T, INEHREREK
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Table 4. Developmental stage, experimental temperature, and exposure duration in the CO, tolerance tests

Species Stage (‘ﬁg Exposure duration
. Egg (cleavage), Larvae, Juvenile 15min, 1.5h, 6h, 24h
Pagrus major Egg (embryo) 20 15min, 1.5h, 6h
Egg (cleavage) 15min, 1.5h, 6h, 16.7h
Sillago japonica Egg (embryo) 26 15min, 1.5h, 6h
Larvae, Juvenile 15min, 1.5h, 6h, 24h
. . Egg (cleavage) 17 15min, 6h, 24h, 45h
Paralichihys olivaceus Juvenile 18 15min, 1.5h, 6h, 8h, 24h, 48h,
Euthynnus affinis Egg (cleavage) 24 15min, 1.5h, 6h, 24h
Table 5. Relationships of fCO, (%) of gas mixture and
(2 seawater pH at equilibrium, pH = a log (fCO,) +
b, r’: coefficient of determination
: H)’Pe';cofi";‘izu Water temperature b 5
a
IS seawater “C) r
17 —0.868 7.019 0.970
Gosmixing o 18 ~1055 6859 0995
COz (]-7%) Thermosfo' o 20 -1.011 6.862 0.99]
N - O 24 1481 7776 0970
1 26 -1.004 6.903 0.995
a CO,, group Control
(71) ; (71)
S o - -
— (4) FADE 0. REBAHE
Over flow Water bath (ca. 100L) v A BLOY B FAFHRAIC OV TIIRD K

Fig. 4. Apparatus used for the CO, tolerance test of
juveniles of Paralichthys olivaceus. Upper tank was
a reservoir of hypercapnic seawater and the seawater
flows into the CO. exposure tank, which was filled
with normal seawater initially.

EOOXMBEAKE~E L, ETORBERKTL
7ol TR 2 A ZR D O )R XK 23 7= L
72300mLE—H 2B L, *ERXIIOM{LABELE L
-8RI, EEREL-AEE2HE L, EER
O BEHEIRIERER, AR EORE (FROEH,
INEOUKE, IO BE, FERl, R, RS
NERONBRWEEE Lz, & CO, ROIEFERL
REMNBXOEEMLETRL, ZhEBHNLT
RLILLDOEBIEFLE(%) & L, 22k, BEH
L7 EFFHEEI100% % B 2 7235513100% & L
THh-o7,

F-R30~40H DO T AB L PR DINE FHK
DORY A—FRFA FPEIZNEBELT, EfoFiEL
RIEkICE CO, BFEEITo7 (BT AJUZHONT
IR RASHEMOREL LZ),

ETE CO, BEXITHo1-, MBEAENOERIC
Wk L TCWAHIFHAEZSLARI y 772134 E
WMERWTERY B, "RV TR ML 2%
BU D708 1 BMBR LN 6RBRIEEICRE
L7-{EIBKEPIZEREB LT, D%, < FA{FH
AUTHK20M (K, o X R{FAITMISER, vax
AHERITH0EE 2 Z N TN FHAINERIZB L,
B CO. ZBEAHIA LT, TNOLDOINEZIT4E
YL, SRREIZOWTITEIERNFITIZIEO %
ThaHD, WEHMILEE L, A RIFER
R TR, BREHTFABIORFTREH
) (T OWTITZERERMIC L D 8IEL BT ST
b, Xy FEAVWTINAERICBL, #AIXYE
HWERWZ, FTEDRERFM I L ICINEBRNOAE
BERS L O CEEZFH L, 22 TIELA
NEEL-EEORZET E LTHE Lz, 17/
BOERRIIE CO, ROAKEREMREX DA
FTHRL, ThWE2EDETRLEZLDOELE, 72
B, EFEENI00%E2BX 7-5E813100% & LTHK-
7=

bt AHBDREBITRO L HITo7-, M
WAV RV TIZEDBARNLRAZBLUD D, &
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Table 6. Percent normal hatching and survival of

control groups in the CO, tolerance tests 1 (8)8 ] i
Species Stage Mean + SD 604 -
Egg (cleavage) 96.2+2.6 ggﬁ 15 min :
Egg (embryo) 82.0+17.4 0 exposure N

. T T TorrTTTTT
Pagrus major Larva (preflle)uon) 100 _ 100 4 L
Larva (flexion) 100 32 80- -
Larva (postflexion) 100 oy 604 N r
Juvenile 100 £ 40+ N
£ 204 1.5h -
Egg (cleavage) 95.2+6.3 8 0- N
Egg (embryo) 100 TEJ 100+ T -
. . . Larva (preflexion) 100 = 80 L

Sillago japonica Q

goJp Larva (flexion)  90.9%12.9 S604 o\ -
Larva (postflexion) 100 § 40 6h B
Juvenile 100 & 28: i

E 1 84.6+7.2 T
Paralichthys olivaceus g8 (‘? cavage) 100 u
Juvenile 100 80- L
Euthynnus affinis __Egg (cleavage) 84.5+10.1 604 N B
40- -
204 24h -
OfF———

0.1 10 100

CO. RFERAAORTBICBRR ZHE L 7= & CO. XK
3 X O R K~ 12EERE L, KR
WE=— /L TEolz, £72, & CO. MEKAEHK
HIZIX CO, RAVTAZRERL, HOHLOH
CO. lEkZRELL, ¥R, HRAANTIHFIRE
WCHDZEEHEERL, & CO. MEKYENM KM DU
KEBE CO, RKAKMEIZHKI S5 oEINT THRLAND
LEbiz, BREMEDR CO. REHTAIZHIY
Bz, BREEAE Lz, EEROHER L OAEER
OBEHITATR O F ik & R E R L7,

2) R

MHBEICBITAEEBELEBLVOCEREL
Table. 6 12" LT=, v F AIZBITHIFOEFTL
T L OMFHEADATREIT CO. BEDOHEME X
VREREDIER k> TIETF L= (Fig. 5~10),
YREIH (Fig. 5) B X OWEA (Fig. 10) 1T CO.
WX T DRREHEDOHVVREAT —Y ThoT-, IE
& (Fig. 6), ATEREMSS (Fig. 7) BIV
HFREME (Fig. 8) 1XERMORTICK L T
IZEW CO, THEZA L Tz, REFFZZEICEK
T A ERBREMBIO CO. BEMIX, WEH, A/
FREMH B IOCEREHH ERAEFTH- -
(Fig. 9), ¥ XZIFDOEFMILE (Fig. 11, 12)
BEIOYFHEARADLEEER (Fig. 13~16) 1%, HRAMN
RRLTRHABETIIH B0, ~F A ORISR —E
L TWWiz,

1
fCO, (%)

Fig. 5. Percentage of cleavage stage eggs of Pagrus
major hatching normally under hypercapnia range of
1-5% for 15 min to 24 h exposure (N =2).

g 20- 15 min |

0t+——rr——r

0.1 1 10 100
FCO, (%)

Fig. 6. Percentage of embryo stage eggs of Pagrus major
hatching normally under hypercapnia range of 1-10%
for 15 min to 6 h exposure (N =2).
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100 [ ) o 100 o—®e oo -
80+ . 80+ -
604 - 64 B
‘218_ 15 min N 38_ 15 min L

04 exposure I 0- exposure |
100+ s - 100 -
80 - 80+ * 5

=60 - < 604 L 5
£ 40- : S 40 -
S 204 1.5h L S 201 1.5h -
E 0+ " T b t 0+ T T
3 100+ - 2 100 B
S 80- - S 80- -
S 401 . S 40- i
@ g0 N & 38_ """"""""""""""""""""""""""""""""" L
204 6h : 20+ -

0- I 0 I

100 - 100 .
80+ - 80 L
60 N B 601 N "
40 - 40 -
201 24h L 20+ I

Ot+————m S 0 S

0.1 1 100 0.1 100

fCO, (%) fCO, (%)

Fig. 7. Percent survival of preflexion larvae of Pagrus Fig. 8. Percent survival of flexion larvae of Pagrus
major under hypercapnia range of 3-10% for 15 min major under hypercapnia range of 1-7% for 15 min
to 24 h exposure. Bars show SD (N=4). to 24 h exposure. Bars show SD (N =4).

100 e 1004 -

80 L 80 - L

60 s 604 & r

gg_ 15 min | ‘218_ 15 min
exposure exposure
0+ T T T ] 04 T AL
100 - 100 -
80 - 80 -
— 60+ - = 604 -
& go ! £ 401 -
S 201 1.5h - 9 204 1.5h .
E 0+ T i i < 01 i
2 100 - 2100 -
t 80+ - § 804 I
S 40- a S 601
& go Ty . a go{ L -
204 6h - 204 ¢6h -
0- I , _+ 0- .

100 - 100 r

801 - 80 - L

60+ N r 60 N B

40 - 40 -

28 4 24h - 201 24h i

01—+ —- 0F— —
0.1 1 100 0.1 100
fCO, (%) FCO, (%)

Fig. 9. Percent survival of postflexion larvae of Pagrus Fig. 10. Percent survival of juveniles of Pagrus major
major under hypercapnia range of 2-7% for 15 min under hypercapnia range of 1-5% for 15 min to 24
to 24 h exposure. Bars show SD (N =4). h exposure. Bars show SD (N =4).
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15 min
20+ exposure

T T T

Percent normal hatching (%)

fCO2 (%)

Fig. 11. Percentage of cleavage stage eggs of Sillago
Japonica hatching normally under hypercapnia range
of 1-5% for 15 min to 16.7 h exposure (N =2).

b 7 AIPEIH O EFEREEIX, 1% CO. IZxt
L CHRBRMICODDLTRWULETH -T2, 3
% CO, LA ED#EE TIXIEERLRIIBEFRH O
ERE EBIZABIZIETL, 8% CO., ZFEN
H24FFUL ETIx <R R ool
(Fig. 17), &7 AHAIIINEHH LY L EV CO,
MtEZ R L, 3%C0., N2EEMBZEICBVTYH
SEENEKR LT, 24FHILL EORZFETIE, 58
L7 % CO: IZHRTHEERENZENETN0%E
L0 %TH-7- (Fig. 18),

A= OINEIIRBR L /- fthBafE L ek L, o
TEWCO, MiEE2A L T, EERLERILS
% CO., 24FFHEIREICR L THI0%LLETHY,
15% CO, , 24BFHIBRTIIx L TOH, MLRIT
0%%~L7- (Fig. 19),

INHDORERNSLCs, (Median Lethal Concent
ration : B IEEE) HISTHPEARBR T IE
(K0102™*) o lffHEIc L 2 aERR) (KR
L, UTOKHIETHEH L7 (Table. 7, 8),
CO. MEDOEL AT F IR O X B &I
CO. BE (%) %, LHARIZEER LDV

15 min
20+ exposure

Percent normal hatching (%)
o
e

O_ L AL T "“"r’_
0.1 1 10 100
fCO; (%)

Fig. 12. Percentage of embryo stage eggs of Sillago
Jjaponica hatching normally under hypercapnia range
of 3-10% for 15 min to 6 h exposure (N=2).

TAZRFEEZ LD, pHOEGEIIpHB L EFMKL
HOHVIEBRREENTNLEBERRICL ST, 8
BEINF-EFER LD D VITEERRN0% LY Lo
LOLETFOLDE THRL0%IZENVEDETAL,
T OW R EERTREY, 50%0H8 L b5 RICH
U5 C0. BELLIIIpHEZNFNLC & L
o ¥ HFABLVOTY X RIIHBIT BHLCH DEE
B HEB A fig. 20 (LB : 6BFHIRE, T
Bt 24B5RABREOM) (TR LT,

3) Em

BEARRAIZLED CO. MEDELIZ~F 1B X
Vv aXRATHEB LAY —r2R L, $hb
H, LCxo (ZATEREMY (=¥ 1), HDW\NIZE
D1A% (aXx; FREHS) ITEXEZTR
L, ZOREDOEE AT — Y TIL CO, REZMHN
B, ZAUIE 6 FERHIFREE DOLCy ISRV THEIZHH
BTHY, v& AL uXANRLRDERAOEK
EROZLND, —MRMRERTHD EHEIN
5 (=HA inE~KREMAKEOBEKE, v oax
2 NRIERE K E)

AR TIT—RRAIZ, BRx BB LT
BRHBZENE VAT —DIIWREEREM L S
TWw% (McKim, 1977), A£H S (1992) 1F#K
BAFEDE A~ R (Oncorhynchus nerka) % Fv iz
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Fig. 13. Percent survival of preflexion larvae of Sillago
Japonica under hypercapnia range of 3-10% for 15
min to 24 h exposure. Bars show SD (N=4).

Fig. 14. Percent survival of flexion larvae of Sillago
Japonica under hypercapnia range of 3-10% for 15

1004 veoee - 100+ e -
80+ L 80- L
60+ - 604 -
201 15 min i 201 15 min i
0_ exposure i
100+ -
T
< 604 T - 9
2 40 i £
3 20f 15h : E
¢ 0 . - z
2 100+ - 2
§ 801 : 5
§ 604 o tel o - 5
a 404 L o
204 6h i
0 - -
100 -
80+ -
604 L -
40+ L
204 24h L
o4+t (o I S
0.1 1 10 100 0.1 1 10 100
fCO, (%) fCO2 (%)

min to 24 h exposure. Bars show SD (N=4).

100- e - 100+ - L
80 L 804 L
04 . 04 N -
401 15 min i 401 15 min i
20+ exposure i 20 exposure
04 : - o -
100+ - 100+ -
80- i 80- -
= 60- L - 604 N -
ol Ty i L 40 i
S 204 1.5h L 8 201 1.5h L
2 04 . - 'z 0 . g
2 100+ - 2 100+ )
T 80- . Tt 80 -
£ 604 N - 5 604 o\ i
o 40- - o 40 -
204 6h i 204 6h i
0 . - 04 . —
100 - 100+ -
80 - 80- L
04 L - o -
40- - 40 -
204 24h - 204 24h i
O T Ty T sl o T T T MR | ]
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Fig. 16. Percent survival of juveniles of Sillago japonica
under hypercapnia range of 1-5% for 15 min to 24
h exposure. Bars show SD (N =4).

Fig. 15. Percent survival of postflexion larvae of Sillago
Jjaponica under hypercapnia range of 1-5% for 15
min to 24 h exposure. Bars show SD (N =4).
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Fig. 17. Percentage of cleavage stage eggs of
Paralichthys  olivaceus hatching normally under L
:)}('p(e);ij:n(i?v:;r)lge of 0.3-8% for 15 min to 45 h 0.1 1 "']'O " 100
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Fig. 18. Percent survival of juveniles of Paralichthys
olivaceus under hypercapnia range of 1-7% for 15
min to 72 h exposure.
Table 7. Median lethal fCO, (LCs) of four fish and three invertebrate™ species
. LCs, (CO,%)
Species Stage 15min__1.5h 6h___ 167h __ 24h____ 45h___ 48n ___ 72h
Egg (cleavage) 223 1.37 1.4 - 1.33 - - -
Egg (embryo) >10.00 8.47 5.13 - - - - -
Pagrus major Larva (preflexion) > 10.00 > 10.00 7.4 - 5.27 - - -
Larva (flexion) >7.00 6.91 4.28 - 2.97 - - -
Larva (postflexion) 6.02 5.74 4.6 - 4.13 - - -
Juvenile 3.59 2.58 2.56 - 2.54 - - -
Egg (cleavage) 2.57 2.44 245 243 - - - -
Egg (embryo) >10.00 >10.00 4.98 - - - - -
Sillago japonica Larva (preflexion) >10.00 >10.00 6 - 3.04 - - -
Larva (flexion) >10.00 9.29 6.26 - 4.82 - - -
Larva (postflexion) > 5.00 443 4.14 - 3.71 - - -
Juvenile 3.79 2.86 2.72 — 2.63 - — —
Paralichthys ~ Egg (cleavage) > 8.00 2.95 2.74 - 2.84 2.3 - -
olivaceus Juvenile > 7.00 >17.00 >17.00 - 5 — 4.65 4.65
Euthynnus affinis _Egg (cleavage) >15.00 10.13 12.04 - 9.43 - — —
Sepia lycidas' Juvenile - >15.00 >15.00 - 8.37 - <5.00 -
Sepioteuthis .
o Juvenile - >10.00 >10.00 - 5.87 - 3.84 -
lessoniana
Penaeus japonicus’ Juvenile - >15.00 >15.00 - >15.00 - >15.00 14.26

" Kikkawa er al . (unpublished).
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Fig. 19. Percentage of cleavage stage eggs of Euthynnus
affinis hatching normally under hypercapnia range of
5-15% for 15 min to 24 h exposure (N =2).
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Fig. 20. Ontogenetic changes of the median lethal CO;

(LC«) in Pagrus major (solid circles) and Sillago
Jjaponica (open circles) in 6 and 24 h exposures.
Horizontal bars show the range; cle: cleavage stage,
emb: embryo stage, pre: preflexion stage, fle: flexion
stage, pos: postflexion stage, juv: juvenile stage.
Redrawn from Kikkawa er al. (2003).

Table 8. Median lethal pH (acidified by CO,) of four fish and three invertebrate™ species

: LCs (pH)
Species Stage [5min_ 1.5 6h 16.7h___ 24h 45h 48h 72h
Egg (cleavage) 6.46 6.749 6.737 - 6.766 - - -
Egg (embryo) <5.868 5.92 6.122 - - - - -
Pagrus major Larva (preflexion) <5.843 <5.843 5.989 - 6.124 - - -
Larva (flexion) <6.018 6.023 6.194 - 6.277 - - -
Larva (postflexion)  6.069 6.088 6.184 - 6.238 - - -
Juvenile 6.291 6.425 6.43 - 6.434 — — -
Egg (cleavage) 6.47 6.493 6.491 6.496 - - - -
Egg (embryo) <5878 <5.878 6.19 - - - - -
Sillago japonica Larva (preflexion) <5.893 <5.893 6.115 - 6.393 - - -
Larva (flexion) <5.902 5.936 6.116 - 6.227 - - -
Larva (postflexion) <6.199 6.276 6.319 - 6.368 - - -
Juvenile 6.334 6.464 6.481 - 6.493 - — —
Paralichthys Egg (cleavage) <6.253 6.51 6.548 - 6.616 6.861 - -
olivaceus Juvenile <5983 <5983 <5.983 - 6.132 - 6.158 6.158
Euthynnus affinis _Egg (cleavage) < 5.981 6.334 6.195 — 6.378 — — —
Sepia lycidas *  Juvenile - <5.70 <5.70 - 5.95 - >6.18 -
Sepioteuthis —y  enile - <587 <587 - 6.17 - 6.27 -
lessoniana
Penaeus japonicus” Juvenile - <571 <571 - <5.71 - <5.71 5.73

" Kikkawa et al . (unpublished).
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IEEBEL, KL ITHORBERICLS
AL, T 72b bR L& IClittEns— B 25
FERER LU, BEATIIAFER 2@ -EMY
Blzxt T 2 Z AR L-6lixd 220 as,
McKim (1985) 1% ¥ /K Bl Bt L 7= Cyprinodon
variegates (71 % ¥ L BRAO—FE) IZBF 584
BUHERBROBRERBIE L, BAE L BHRZHRIC
AHFFE L B D, BAFER X ORI LUIE O R
SZHEREVMEREZ RHL TS, Ll bae
A6 (1992) X UMcKim (1985) A AW ZH)
HRE AT —VONEIL, A CHER L /- EE
AIZBWTHRAEL < #A I TV 5Kendall et al.
(1984) Ds3¥EE (M, 2001) S1XR2RY, {7
BHOY T AT —T (ATFREY, FRIE Y
BLOBEBEREHY) BE—INh T3, /UL
(1992) 1%, BEATHEIZSOVWTHIFIYABL
V7 z=bhuFticxtd 2HERBR%EERKL,
AEBIUOHREEMEICLIVERZLOD, &
DLCs EHBIEVERT I2HEMICHD Z L %
RLTZ, AL (2003) X~ & A (FHADREEIZ
5 X P L RAMEDE(IZ DOV TAMSE & RIZED
HERAT—UNETEREZITY, FREMHICE
FAKIER P L RABLUESS R b L RIZHT 5
SZHOHEKER L, ZOREIIEIBRZIHOE
IR L ITFDOHERTH D, ZDLDIT,
CO: IZRF 5 LCo DEAEFAIZF S BN F —
VX, TNOBEROMBHEIIN T HIEE L IR
2b0LEbhs,

& CO» |2 X 2RO BRI IIBREMA SN
TWiely, CO ITAEBKEEZRMUENE L BS IR
AR BENSAYIAZ, H OBEINIEWERN
pHEZIE T XE B LB 12515 (Vandenberg ef al.,
1994), Z DIFAA A U EEHIE TH D HEEME
N, ERNICBWTER L 2o -BEEPEH L, K
PHOEHEH2MHREFEL WD EEZLNRD
(Claiborne et al., 2002), HEPERFEOEIFEMDIL
BMCO, RMIETTRETDHIILENHLMNIZ-T
BY (KR, & 6ICHEBEMITEERELE DR
2 IR IZBEICFE L (Hwang and Hirano,
1985; Alderdice, 1988; Ayson et al., 1994; Kaneko
et al., 1995; Shiraishi et al., 1997; Sasai et al.,
1998; Katoh et al., 2000%), HHEL TV 5 L&
Abhd, ZOZ LI EFRD CO., MitthEE(L & —
BV T LB ABICTES R T 5 Z L &2t
A+ 2B NRRRO—oTH b EBbhb, —7F,

FARYD LHAIII T TO Co. MEDETIX
RAICH I MEERBEOMKLATEREHSICY
AW AR S MR REEPENIHEKT S (vF
A : Oikawa et al., 1999 ; > 1@ % X : Qozeki et
al, 1992) ZEENEELTWS L Bbn s,
FATEA D TRV, ABEICEBITORA 2 RE
EXPED CO, MHMEIZ DWW TIZE B2 D TIRERY
ThHaHH, EHME LOHAMNELERZEHEOR
WREBBEBE THDLEELLND, ITH - RIR
(1983) 2 kB &, =% A KmKAITpCO.
=4.1~4.5kPa (=4.1~4.5% CO.), 2205fM£E I
XL T100%DAEFKEEZ R LT, & HliZHayashi et
al. (2004) 12X dE, T AKADE CO, (ZXf
3 548h-LCs 134.47% & ARWFFTIZE T HE T A HE
ARLIZTAFETH D, FIEIHI L T 5 L itk
BEWEERDLNS, TNHORERNL, & CO.
BB TR OO OREERZERT D5,
BZMEOREWVINEI R L OHARIT VIR B B
DHFTHLRBHNRE LTRARBRAT =V THD
LEZD,

—7%, MO CO., XML& LIHE, R
< DIITITHERIZEV CO, MEER L, 4MH
EBRIZAW - A~ OB AKEIFEREEXTH D
7o B AR AKIZLE N TEFEIZpHAME S (BIE
B¥ : pH7.4), BAMNEEMREICHB T LICK
DVELINTINEE CO, MHHEEZF L TV F
BEHELEZONDD, FMIC OV TIXS & OMRET
% %9 5, Hayashi et al. (2004) (2L B&, X
< CRIRICEEREKEHOEWT Y (Seriola
quinqueradiata) FRFE L & T ARMAD CO, MitE%
k4% &, pHEERES TIXZT YV DEFD EEIS
LoD, BHIZEL TIETZ Y DFIMEW CO, B
ETEETDHZENRENTNS (24h-LCsx :
TV 346%, BT A> 500%), HiZ I —
7y XDUFFE A XX D—FE (Dicentrarchus labrax)
D48h-F X V'72h-LCs 1T & 1 12£96.9% CO, TH
» (Grottum and Sigholt, 1996), AHIFFEIZEIT
%t 7 AHMIE L OHayashi et al. (2004) Ot
T ARADHE (ZFNFh48h-8 L U72h-LCy 134.6
5%8B L V4.47%) % EEl>TW5, KFFEIZE
WTELNT- 4 BFED24h-LCy &, FHZEDO D
XF VA A (Sepia Iycidas) BLOT AV A H
(Sepioteuthis lessoniana) B X OHZREDO 7 V<
Tt (Penaeus japonicus) DHMHEMEE (F) b5,
ARER) LTI DL, ERFHOLII
CO. ZMEIIEM D D VITRBEMBITAEL
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Fig. 21. Comparison of 24h-LCs under hypercapnia among four fish and three invertebrate species. Values
show 24h-LCs (CO.%). Asterisks: invertebrates (Kikkawa et al., unpublished), solid circles: fish eggs,
open circles: larvae and juveniles of fish. 't 16.7h-LCs.

RBippZE&nbnd (Fig 21),

Auerbach ef al. (1997) 23427 L7-{KpHEE T
KRR, AAFTICBITD4ABOT—FB L
VERROBBFHEYM SEOT—F 4570y F 15
L, HBHRFEHOZRREIZB VT, LCy ENE
FERMBIZIEDL, HDIWIEENE LBl T
5 (Ve BIOE T AHATL-LCy) HD
O, X4BEAUTORBICHL TITRTOEMN
LCyw DHEFETEHBMNOREIANTV S (Fig.
22), ZAURTEIZR T D CO: BLUEEDHEMLE
BEBRERZ2EMTA2LOTHY, RIFEHD
CO,; TMHUENERIZEATHDE DD, HMEEICK
HEpHIMHE L X2 B2 L0 TH D L HET
x5, REORIIONTIE, CO.: MHEIZRER
MAER L THZEOEE IIHFXTEHRLY LT
HTHY, KpHiZx T 2REZHICHETHRERF
MLV LBREREZOLONREEL 2D EBbh
5, BHEMEICL > CUIEMICRBRE - RE
MOBIG L TEENRBZ5HE8bH D (EAS,
RKIFEF) A, CO, TREDL I LRI EITRAL
BEAA=ZXLNENTED, &CO. BEICRE
SN THENEFEIHERFATRERETHILTAE
FLEETDZENTEDZ LEE2REBTH, CO,
MHEZ DN TEZ R AR DMAOWNENLETH B,

3. MAODRERICEKIEFTE C0, &
ATIEE TIEE COL I L ABEREIZOVWTHR

1 2 3
Log exposure time (h)

Fig. 22. LCs values obtained by the current study (open
circles), and by Kikkawa et al. (solid diamonds:
three invertebrate species, unpublished). The
isomortality lines are given by Auerbach er al.
(1997).

FEITo72, T 2T CO. 1Tk 2 HEFELE
ERET A0, RERBREER LT, & CO.
DREICE 2 5EEIZE LT, Crocker and Cech
(1996) 1ZEAKBTHDF a U ¥ A (Acipenser
transmontanus) HEFR (EBRBLEREOEE4g) O
REZ28BMIZH > TECO. B (pCO.
=0.027kPa) & & CO; K (pCO. =2.67kPa) Tht
WLiL A, &CO. KOMENE CO. XiZlk
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Table 9. Initial size (mean = SD) and number of individuals (N) of juveniles for the growth tests

Species Total length (mm) Standard length (mm) Wet body weight (g) N
Pagrus major 64.05+4.51 51.62+3.82 4.39£1.00 50
Sillugo japonica 69.17+6.91 60.70+5.84 2.57+0.78 30

NTRWELS oot HEL TWDH, FEERIC
Smart er al. (1979) IFFEHEKE20gD =V < A
(Oncorhynchus mykiss) % pCO. =2.27kPaC275H
fICEDBRBELLEZA, REBMAHIENZZ &
EHRELTWD, —HlEATIEINZ 77
(Takifugu  rubripes) %) % H v T, pCO.
=0.67kPa (=0.67% CO.) D AR % 7 WHHE
Lz Z A, RMMXEEDELZBDRN-T2LED
Wit (FF Lk - A, RER) BHDICMEeho
7oo LM LUT#EIZ/2 5T, Fivelstad er al. (1998)
MKRWIEEY 7 (Salmon salar) % KikL15~16°C
TpCO. =2.7kPa (=2.7% CO.) (T43 A M Z&E L
TofER, KEOMEBS LOBBHEEDIK T A2
L, F7-Foss et al. (2003) (X /KMMEERD
Anarhichas minor (A5 I U ABAO—FE) HE
fz kil 6 CT2.2% CO. \ZI0MZHFEL, HE
RREOME #HBE L T\ 5, RFETIEI~E A
BLOrvaX2oHfasx HVTHE CO. REIZE
FAMREBE LT,

1) #HERE

3 BED CO. RIEFRM T T0008F (2~ & 1 HE
AEIOHMIFAEL, BillEL LONEL X &
g Ui, E72F20014FE v v FAMA A2 A
TIHERD R FTIS4HMfAET 2 EM L, CO. D
RE~DOWBEBIE LT,

(1) et

R & HICHEARTIC I\ TEAD AKREINIC
LRI LS AEEERITY, HAAEE,
FRONZ~ Z 4 2320004E 7 A 4 BiZ, v a ¥ X%
20017 ARRBIZZENENIT- -, FMiFAEITS
CO. IitPERER & AR D FIECTEM L 7=, E5RH
MERFIZ BT DR A O K E S & Table. 9IZR LT,

(2) RERZEHARAE

RBRICH - 2B 2 Fig. 23128 LTz, ZOOEE
X, TRARGEE G ki lstt, 77X
IRAER  GMU-1T) 12X 5T CO. &AIrDIES
HAEBFEREEFGEER L, —ERED CO. H

faFn U 7oK 2 3Bk (1,000LE) ~H457 5
A>TV D, ZD¥EEBELY 4 ZHAEL,
FDHH I FRMITCO. BEKX, 1 RZRMAIIHHX
ELTERL,

AREREK IR U7 BARMEKZ AV, MER
BIRES00L (=& 1) HL<IF300L (a¥XR)
E L7, AKEUF2SCIZigI L, Ehesf Lz, £
7= Z TR X MK DO pH % /NS 2 (0 B Tl ekl
WU R bk tt, pHa o b —
5 — : FC-2000, METTLER TOLEDO#t, pH#E&
TR : 405-DPAS-SC-K8S/325), F 7= 2/KHEIZD
WC, pHOEEKEESR & 135hli&k, pHE /NS 2
AAEET1 A 1[E8IE L7~ (METTLER TOLEDO
tt, MP125 « R Y ~—BlpHEAEM),

LEE U O TR X OVKEKIRLER, il
DENEAT o T2, BREHMITRT2- 72/ Fv =
& ) =i, E&I1E300ppm (=4 A1)
DU 2400ppm (X R) THEEL, &F
(TL), tE#AE (SL) BLOEEE (WBW) %
PIE L=k, KEIDHFEICRD I DIT4HHIT%®
BIL, SOfk (=& 4) HBHVIE30EKE (vrX¥
) FTOFKKMIZINE L-, HERAITANC Y
TWCEDA ML RERLE D20, —BEAKEANT
Mg /7,

AU AER N, Co. BFEEMMB LI, TR
IRAL I Table. 1000 X 512 3B E LTz, #
& COo. RE (%) ©FHM T, &M8ERK
(Solubility coefficient: « )= [ CO.]/pCO., i1
fiZ B E#% (Dissociation constant : K'\)=[H"] [HCO]
/[CO-], % 2 g £ %% (Dissociation constant :
K') = [H'][COy*]/[HCOs], pH =-log[H], &
U7 VA Y EN [HCOy] +2[CO*] 1245 =
LNk,
CO.={(10™)*- 7L U E-100}/{ a -K'\ 2K:+10™)}

ELTRDZ, 2B a, KW BILOK, (ZFEHE S
BLOUKIEL L Y RD7 (Weiss, 1974 ; Mehrbach
et al., 1973),
AT AR (B ARRE TEKRASH,
EPXLy h: XX 2P) 21 H20, ZhEFh
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Fig. 23. Apparatus used for the growth test. Bubbling
tower and gas blender (top), rearing tanks (middle)
and schematic (bottom).

1 RFEILANIC AR 2 &2 52, ~ ¥ A TILEAH
B A G L7z,

~# A ORE (TL, SLIXU'WBW) JHIE T &
TR A 2B 9, 16, 23BLUVB0H BIZ T 7=,
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Table 10. Experimental conditions in the growth tests

— fCO2 Air CO2 pH

peeics (%) (mL/min) (mL/min) (mean + SD)

0.3 7,500 40 7.424+0.05

. 0.6 4,500 60 7.16+0.02

Pagrus major

1.1 2,250 80 6.88+0.02

Control 3,000 - 8.05+0.02

04 7,500 35 7.324+0.04

0.7 4,500 52.5
1.2 2,250 67.5
Control 3,000 -

7.04+0.04
6.82+0.05
8.05+0.03

Sillago japonica

K (300ppmAREE) (CHY B2, BIENSKT
L 7= BERR B A T e S B ek B /KAl ~ I L 7=,

v u X 2AOMEREIZS, 64, 92, 1266 LT
1540 BICEM LTz, v~ A LRKDOFIET, K
N TR A REE (250ppm) L7=D 52513
7 A bR (200ppmEEE) (CERYD BT, vm
X A TIXHEREIZRRED & R T D K03 & - 7=
7o, WE EATIZ400ppm T FF SRR L, I 7E #&
THT AN ERBOKE~IE LT,

2) R

< XA HADOEIEIT CO., BEICLIHEN
RO BN 7= (Fig. 24, P>0.05 : ANCOVA),
FERICRE~DOEE L o> (Fig 25),
J5, Y XRATIEIEBERI2ZABBLCIS4H H
IBTLHREBROREEZRMX & T 5 &,
0.4%35 X 1'1.2% CO» KMTL, SLI L UBWIHE A
SHREIZHESSTHEIEWERE 22 o7 (Fig. 26
¥ X OTable. 11, P <0.01 : Dunnett test).

3) EER

~ H A HEFRIZIIT DK 1 o A Mo RS T
1 %L T D CO, RS T CIXAEBMEES E
HICHERF T 7o DICRT DN T — 2 LE LY
T, MBXFERICKE TS ZEnRan7z, L
MLERbaXAHEE W5 » HflO&
CO. ZFHEARABFR LY, & CO. ~DFFE N E
fHZ 72U, HRESEIREED CO. TH > THEK
DEEZMEIT 5 Z ENRBR I,

ZD X D75 CO: BREE FIZHT % plE D il
%, FEKOPHIETIZL D b D TiEAe< CO. O
WRICE->TH &R SND ESD (Crocker
and Cech, 1996 ; Foss ef al., 2003). if' Smart
et al. (1979) 1 ZI=V~ADE CO. BT LV E

— 20—
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Table 11. Mean (£ SD) total length (TL), standard length (SL), wet body weight (WBW) and number of
individuals (N) of 126- and 154-day exposure in the growth test of Sillago japonica
Exposure duration fCO2 TL SL WBW

(day) (%) (mm) (mm) (g) N
Control 144.8+9.1 127.6+8.3 26.746.1 27

126 0.4 137.6+5.4* 121.5+4 9% 21.9+3.0* 26

0.7 142.4+7.0 125.1+6.6 24.84+4.4 23

1.2 137.0£5.9* 120.7+5.4* 20.843.6* 29

Control 159.2+10.1 139.7+£9.4 33.4+7.4 27

154 0.4 148.94£5.2* 131.4+4.7* 26.1+3.1* 23

0.7 153.94£9.5 135.3+8.9 29.5+5.6 23

1.2 150.4+7.0* 131.5+6.2* 26.0+4.3* 29

Asterisks show a significant difference from the control group (P <0.01, Dunnett test).
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Fig. 24. Changes of feeding rates of juveniles of Pagrus
major. Solid squares: 0.3% CO., solid diamonds:
0.6% CO., solid circles: 1.1% CO., solid triangles:
control.

FIRFEN$EH L, B Ca, Mg, PEEDIHE
R ERERTIEEARELTEY, A minor IZF
WTHK0.7~2.2% CO, DI10EAMREICL Y BA
JRIEDRIEDHER EN TS (Foss et al., 2003),
—7, REEES T TIIREOME N AR SN T-H
2.7% CO. , 43BMOREICB W TERIKEILH
BENZH o7~ (Fivelstad er al., 1998) .
Fivelstad er al. (1998) I, & CO. RIEIZH TS
REOMER L UOBEHEEERENVKTIX, BiEE
DIET, T2bLREROFFREHIEM (specific
dynamics action, SDA : KERZRH#THDIZL
ThMEMBEREOMM) ORTELEENHS L
TV 5%, Foss et al. (2003) & RERICEAFE DK
T#BELTVWD, ZDLDOHMANGARFIRICZE
FAREMGIRRELBEEOKTABEFKL TS
LHERINDD, HEROMGEIVPBEI NI rX
AHERORBR CTIIEBEHEDOEZEEI1To TR,
—7%, EMEEICHOVWTE CO, BENRB LT
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Fig. 25. Changes of total length (TL), standard length
(SL) and wet body weight (WBW) of Pagrus major.
Bars show SD (n =50, initially). Solid squares: 0.3%
CO,, solid diamonds: 0.6% CO,, solid circles:
1.1% CO., solid triangles: control.

THREFEOEF L LT, ZEXRIZ200ppm® CO-
WML CHEEW D/ N7 o = (Hemicentrosus
pulcherrimus), 377 = (Echinometra mathaei)

BIO&KEKEBHO~ T X H A (Strombus
luhuanus) % 6 » AIfE LR, RENHEE
SNTWRE»HD (B - Y by, 2000, Z
OW|ETHREMEOBE SN CO. RETITE
ZHLAHEORERIITREN VW EEZLND,
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Fig. 26. Changes of total length (TL), standard length
(SL) and wet body weight (WBW) of Sillago
Jjaponica. Bars show SD (n=30, initially). Solid
squares: 0.4% CO,, solid diamonds: 0.7% CO,, solid
circles: 1.2% CO,, solid triangles: control. Open
symbols show a significant difference with the
control (P <0.01, Dunnett test).
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Fig. 27. Apparatus and fish container used in the
fluctuating CO, exposure tests. PVC bath (100 L) is
used to standardize the temperature for the three
PVC tanks (14 L) of 1 and 5% CO: group, and
normal seawater.
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Fig. 28. Comparison of mortalities between constant and
fluctuating exposure in juveniles of Sillago japonica
(n =20). Open circles: constant 5% CO, exposure for
3 h, solid circles: 5% CO, exposure for 3 h after
3 h pre-exposure to 1% CO., solid line: CO;
concentration in constant exposure, dotted line: CO,
concentration in fluctuating exposure.
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Fig. 29. Schematic representation of the ultrastructural
details of the opercular epithelium of Fundulus
heteroclitus showing the mitochondria-rich chloride
cells, which are identical to the ones found in the
fish gills. The epithelial cells transport chloride ions
toward the external (seawater) side. (From Degnan et
al., 1977.)

WAL OMEAZA SN L, HREFABIEN S
WA D CO. B % THT 2 FEIZ OV TR
L7z,

BN A & 7oA A L BREE A~ DI SRS -
TEY, FRHCREERAEICET 08 TE R~
b TW5 (Fig. 29), MWEATIE, REEAR
WXV ARNEZ D728, ZhEBh< B THEK
HIRATKRERINT S & &I, HEIEMESE
F72Na" & ClI AREBIMICHEH &b (Fig. 30),
BRI VLA AR IR ET 548, iDL
TR WIS A CIIIN T RO ER I
RN FEL, =REEME b TS 2 L
MNRE I TWD (&1, 1997 ; Katoh et al.,
2000), F77, HEAIIZITA A kY XY
T HNa' /K -ATPase N RET B 728, Z DOHIA
WD Z LR A R RIS RIETA 2 L
kD (Ura et al, 1996), Z Z Clxfaay
HBEEMICBITS CO, ¥EAH=XLEHL)
A7, YaxX RN, o< v (Thunnus
thynnus) ST #, ~ %A HEfads LOREA %
W& CO, BREE T2 1T 5 AR St D T RE
FHIBLEE A FE LT,

1. BEAEOHEL

| |
SW [Accessory cell ’ Blood

T NO+

Na*
!

-

K+
Chloride cell

cI- ij igl-w
]

Fig. 30. A schematic model of the ion movement in a
chloride cell of seawater fish. Basolateral Na'/K'-
ATPase generates an electrochemical gradient for
Na’, which provides the driving force for Na', K,
2CI"  transport into the cytoplasm across the
basolateral membrane. Na" is recycled via Na/K
change. Intracellular CI' exits the cell via apical CI
channels, providing the electrical gradient that drives
Na“ into the Ilumen across leaky, paracellular
junctions.
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Fig. 31. Confocal laser scanning micrographs of the
whole-mount preparation of the yolk-sac membrane
of embryos of Sillago japonica under hypercapnia
(right, 1% CO. for 21h exposure) and normocapnia
(left), stained with FITC-labeled anti-Na'/K'-ATPase.

Scales: 100pm.
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Fig. 32. Comparison of chloride cell size in yolk-sac
membrane of embryos of Sillago japonica between
normocapnia (top) and hypercapnia (bottom, 1%
CO. for 21h exposure) (n=2). Arrows indicate the
means of cell size.
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Fig. 33. Chloride cells in the yolk-sac membrane and
body skin of yolk-sac larvae in five marine fishes
stained with anti-Na'/K'-ATPase. A: Thunnus thynnus
(scale: 100um), B: Pagrus major (scale: 500pm,
Kikkawa et al., unpublished), C: Paralichthys
olivaceus (scale: 500um, Hiroi et al., 1998), D:
Sillago  japonica (scale: 500um, Kikkawa et al.,
unpublished), E: Amphiprion frenatus (scale: 500um,
Kikkawa et al., unpublished).
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Fig. 34. Chloride cells in the body skin of a preflexion

larva of Pagrus major stained with anti-Na /K -
ATPase (green). Scale: 100um.
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Fig. 35. Immunocytochemical detection of gill filament
chloride cells in a juvenile of Pagrus major stained

with anti-Na'/K'-ATPase. Scale: 100pm.
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