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7HR] CO.9 S FEESHA ol gste] F9lelA o]Fo)R olg] AT AREL PHEC met gl o]
HE AT AAEL FF dIF CO TVt Bt YAl e 8 €O, B F7 WE YA Y
dEske deol 018" 5 & Aoz wdd}

2
0%
Rul
e
=
s
=2
R=)
B
7]
ol

Abstracts — Influence of the increasing carbon dioxide concentration in seawater on various marine organisms
is assessed in this article with regard to the impacts of anthropogenic CO, introduced into surface or deep
oceans. Recent proposals to sequester CO; in deep oceans arouse the concerns of adverse effects of increased
CO; concentration on deep-sea organisms. Atmospheric introduction of CO; into the ocean can also acidify the
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surface water, thereby the population of some sensitive organisms including coral reefs, cocolithophorids and
sea urchins will be reduced considerably in near future (e.g. in 2100 unless the increasing trend of CO» emission
is actively regulated). We exposed bioluminescent bacteria and benthic amphipods to varying concentrations of
CO: and also pH for a short period. The ~1.5 unit decrease of pH adversely affected test organisms. However,
amphipods were not influenced by decreasing pH when HCI was used for the seawater acidification. In this arti-
cle, we reviewed the biological adverse effects of CO, on various marine organisms studied so far. Theses
results will be useful to predict the potential risks of the increase of CO, concentrations in seawater due to the
increase of atmospheric CO, emission and/or sequestration of CO, in deep oceans.
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1. A
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AT AR A T g Q8 ti7)F o]
AbslEkAx (carbon dioxide)] H%7F HRE=
A7 A3} QITHIPCC [2001]; Karl and Trenberth[2003]). Th7

Z olxtalekAE 3k o] 2.4 7}/\(greenhouse gas) 9] Zrl=

o189 718 s ARAe ARy g AslHeR W
© B 0 . AT AT ) F o)tk 4

ol sl felEo] A2 AAE 1 )0 v (Takahashi[2004]),
AUl F- QIR o3l Ul ojaksleka ] Hxlk o]4to] &)
ol FHop ASFE AAHh=: A7dne Fold 5= Qi
(Sabine et al[2004]). Wb sjokS V)& olAtslerio]
S7FE eFshs AT st glon], 1 wAelA
oJgt ojdsheA: 317 5 SFAYEAL Aol v
2 Q14531 Stk (Kohfeld ef al. [2005])

t71% CO, RS S7k= B2 859 £ 00, 352 27}
2 olojxA =9, s 4918 COA 7128 (hydrolysis) %
Aol ofeted FRMIER ') 283 aolE e €
71 CO0l s TUHE 18l AA) Sk pHE A E

O

¢

Z5F(algae)oll
=Q Q3} 7-1 o

3 ooldET B 0.1 AE @ Ao AR glor, A7
A7 CO, HiEFo] = FAETAL 7P IPCCS 1S92a Al
1}2] @ (business-as-usual scenario)] 5 (Fig. 132)0l w=d
21000d¢] CO, F5+= #ll59] pHE 03 ~ 040 W& 5 Q= A
©F yekdr} (IPCC [2001]; Orr ef al.[2005]). |9} 2+& pH W
3= S raol st Aol 2.54)] o TUFEE Qulshe
ZOT, pHE] L W= B2 o] Eysiehs 54 A A
Al BskeE A 0% oilert. upebA - CO, TEZF7 el et 8
o AE 2 e A= oAl ‘ﬂ@rﬂ‘ﬂ @2 gsiA oJ&3}al o
of wet g FHsk= 24 715 Wl digh <& o) F n}
& vkgolu £ S48 Z=thElderfield [2002]).

FZoles 71T CO B % AZES 213 tiokst Wstse] 2AY
w3z gtk 77 FollA ti712 WEEE COE E3Isk] Al 4
A ENSAY A ol AE s PhEARE Y2 4 512005]
7‘%}_).‘: AR A Q] CO, W=e ;Q71- A= A ke
Aol F4HA G A 7= drke HollA] $3HE ¥ 3l
T} (Seibel and Walsh[2001]). 53] £ 05 CO,5 24 A

of F7)sk= A-olle 9 5399 £ CO, Tt 353l
of W& EelslslA W3, 53] pHY Tag oy

A

0
)

ol
o

. u}

¥,

ppm
1000 - _
Past and future CO2 atmospheric concentrations —— AI1FI
900 L
—— A2
800 - 1
_ 1892a
700 f—— A1B . L .
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y ry
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400 i . .
(fossil intensive), AIT (non-fossil
3004 L energy sources) and A1B (balance
across all sources). The A2 scenario
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ice core data . ‘Project . . . .
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[44] 1000 1200 1400 1600 1800 2000 2100 mental sustainability (IPCC [2001]).
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g A7 TS| Ao 31, HeljgA L AdsALt A
R 2oA ke A Sk H71e Aalsoior gt o]
HE A 295 vl oE uE ] cool wEH APPESe
RhS 2 ARAY SRS ARF o AT 5 gl e mde)
o] 7hsE Aol Auverbach er al.[1997]; Kita and Ohsumi
[2004]).

= =EoAe WA d71F o, $7F w= A3 o9 #H4
Tl &g siul 42 Co, % ST B A% 2 Al
o mld 4= gl Thof g Su9) A7 AAES Aoleka, 85
CO:2 A gs}eta] dfo] vehts s1go) thsl] szt §
o 283 o] 2¢) Fubell: &% 0,9 3% A2l (o, 3%
A B AR Ayl W A BEE H2stelr] Y=

ouEt M8 A7k dast A gz n2s AAE @9k

(<10

2,51 AH3L 3 €O, S5 B710fl MHE ME HE
02 F5F CO, TR ke AFF FAoleM)]
FEE S/, A (o)) BEE 7.}@171741 Hch(Feely
et al. [2004)) U:d |E CO, A= A& F5-5o] A pH
o} EAF B TS A g weby B =RoME
olg} J&%l% o] AESHE] J&f gt A7AHREL 1) 85 A
el M BE 9EH 2) 7] £ sl Co, 5 1
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el Al A7 245
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7FskaL QITHIPCC[2001]). 1218 S/ 547} A& e 11
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=
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(Fig. 1). B8 718 aAe) el e FAHe 47
g9 24 7)ol WA S 715 CO, 58 550 ppmZHA]
7he Aoz oPtE L Uk, o]9)} B o AAAIR oz 7]
el W Z|5Rste) dleHiE S FAle A7) g
Wie Sz o, o7 Co, 7ol wE ke
o sk, A TAA S S AR o1 4

E

zpeiAQl 6H-r(35 psu)e] pH ¥4 gl 7.8-8. 2°ﬂ Eidia
W, B pHE i TV Ao glar =
o ZHaag)= Zdk] 9\,101/} AREAl 5714 @fﬁ«] ]

= w9 ZETH(Knutzen [1981];
1—_/]\_(03 ]— §:]—/K} ‘: Q_sl‘:’
G daiixds e

9] 7% 32 pH 7

pH7t 7.6 ©l3tE 7k A
Orr et al[2005]). 3152 < MO pH
2] FSlel ojghe) mE AEEH

A77F & m)l QoK Table 1), 39k

AE ophu] e 4 aF I AT vH TSH R Al
HAkET} Ak 55 7159 ASE 71 5 AckPortner e

al.[2004]). 8kAw Tﬂi*ﬁ%{— Ax] pHE dAFsHA sAE &
OL‘:_ .‘:_E:]o] glom 01/\]7623 A]-}Hi].gl Tl:ﬂ §L7ﬂoﬂ %5]
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Table 1. Effects of reduced pH on marine organisms (modified from Table 1 in Knutzen[1981])

Organisms Species pH End point g;fgzgiclzz (Csiczztﬁrrnlt)ltzen[l%l]
Bacteria Aerobic heterotrophs 6.5 50% reduced growth Zobell[1941]
Ulva lactuca <6.0 - 6.5 Died within 5 days Hampson[1967]
Macroalgae Palmaria palmata <6.5 Reduced photosynthesis Robbins[1977]
Chondrus crispus 6.6 Reduced growth Simpson et al.[1978]
Coccolithoporid Coccolithus (Emiliana) huxleyi 6.0 No calcification . Paasche[1964]
<6.7 Reduced photosynthesis
Diatom Thalassiosira pseudonana 7.7 Increased Cu toxicity Sunda & Guillard[1976]
Nitzschia sp. <6.4/<7.0 Reduced growth Bachrach & Luccicard [1932]
Dinoflagellates Prorocentrum micans <6.0/<7.0 NO growth with star} PH 6.0 (pH Barker[1935]
increased to 7.0 during tests)
Clam Mercenaria mercenaria <6.7-7.0 Reduced egg development
L <6.3-6.5 Reduced survival of larvae Calabrese & Davis [1966]
Oysters Crassostrea virginica
<6.8 Reduced growth of larvae
Pearl oyster Pinctata fuscala 74/7.7 Dead, reduced growth after 20 d Kuwatani & Nishii [1969]
Oysters Ostrea virginica <6.5/6.8-7.0 Reduced pumping frequency Loosanoff & Tommers[1947]
Mussel Mytilus edulis <7.0 Increased heart beat rate Schlieper[1955]
Crustacean Acartia tonsa <6.7 Increased death rate Rose et al.[1977]
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- A% 7] pH7t 6.0~6.7 AL W B A T SAHAIY
o] Yehtir §tk(Table 1). 3FEAIRE #l%2] pHE COE AH3S
= A FEol g8 dsdhe A9t Bokd AFE T8 AIE
9] pHE 7.0 oV7HA F718ks & & Sk, wheglole] ot o
A9+ pHZE 6.5 olatd W AAE el AsigEe] vERt
T ALE Yepgth g dig AZIME AR 6.0~7.0
2] MM A eko] B aE e, ol 7] Pinctata fuscala
o tigt 207te] Aol 27] pHZ} 7.4~7.7 ©15Fd ] A,
Az tigt At YR o2 RuE I Qloi(Table 1),
7o) AN E G TSl disiAE 4ds] A2 pH ¥l
OJeM = A Asi} Lot = YiE & 5 At (Knutzen[1981]).

2.2 CH7| HE= iU CO, 7101 e oYM E P

7189 Adskd A5l AEQE B ATES UAE @
Aol #t F5 el Frkehs HAloE A¥e Fshs 73
BHARE HZollE ti71F €O, ¥EF WSIAA o]
BEE o|F deell e wiFshax BESA AYTE 2
ke A7) @LshA| 8= 3L QItH(Table 2). Takeuchi ef al.[1997]
& 1158 s AE vk el 2 6.72] pHelA Alteromonas
rubrav= 25%2] 73RS Ve Ol 7HE Rigtekgi o, ok
Z v BE BE 6.5~5.62 pH WSlolA 25% A3A 7} vher
Wt 22 ATl AEF(nematodey= CO0l AjA 0T =7+
3ty pH7E 6221 BlrollX e tiz7 (pH 8.0)%} Bl W3] YEE<]
Zpo]7} VehbA] 9¥SkAL, pHZY 5.4 o311 Aol H|ZA 2%
Apgo] FzkE| It 7 F2] Q7R (copepode)E ©]8-3 Al A
ATelXE di71F CO, F5F 83 AT u) oo BHE
o]F drolA et 245 BEET Y2 S (egg production)
& 82 H Sl thKurihara e al[2004]). BEELS CO, 557t
10000 ppm<! -5 722 Gl 3L, A& 5000 ppmel]
M 52l dt Jgko] EREAINE, 2000 ppm Slol|lA] kst 74-9-of)

°r
21
o

- olsfEl - DA - WS - ol - W - BYA

B A% G vERA] aokth fAFeE o o|ujsiR
Mytilus edulisZ A7E% F I1E07 o] 2397 vioFst o
S AFES Blas Ao, F 27 2F EF pH7t 74 o1
Aol tiztel 2%t 48] Aelzt gy, pH7b 7.1%
6.7 BF foldt gl Afolrt Bkt

F Z2 4AY =RES LA g Co, 2 HCIS d32
ZARE Aol AE o2 ol e 52 COx(SF 850 ppm)
713kl HEE o] F si<=(pH 7.8 F482] =7 2 FH|
o th3t 9&o] WA= vH(Kurihara & Shirayama[2004]). ©] &
TolME CO%t AR ol gste] MEH SR sfrE AMsks o
& Ao ol g3, At W BAIGle] TLE pH T
FoAME AR 22 A7t ekttt webA, AL FHE
B S-S COXl Y3 AMYBHpH Ty F AR A8
o] A3 AAYE & 5 AU
3}X|qt Kikkawa et al.[2004)7} 151 Pagrus majorg ©|-8-3t
XS A AR Aol M= FUSE pH 3lelAE COE o1&
2H33et Flgme] BATo] Ak o8 AeEn 4 o
Aoz vER} €O, S e AEYTS T AW shpH
el W gEie® AR - gles & Ak WF
CO7t S E FHW Aol Frs) I <& €09 v
% ZWHA =, olgAl e § Co FAA0E AE
e Bl AXUE 3942 5 ok AER F399 conz 7F
RIS B Faoles A HER A2 pHE W5
g o) AlEE A 71 23| thA] ¢S] pHE 353
7] S8k et 5 ol2wdhe AASHA k. sHAIRE d#le] pH
2 B 7R As Azte] A0 1 FgeliA AR Al
] 7)1350] £4F 4= 9ltk(Seibel & Walsh[2001]). 715 CO,2]
freloz AMdal sigrolle ate® AMdEH Sigel SUE E
50 40123 S vhg- =& FEo F Coyt 7 EAlEH
A HRE o)2A 0w Ao R 1 Z SAATS oldet 5 9l

o e
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Table 2. Effects of CO; increase on the physiology of marine organisms

Organisms Species pCO: (pH) End point References
Bacteria 11 species pH 5.6 ~6.7 Reduced Growth (-25%) Takeuchi ef al. [1997]
Bivalve Mytilus edulis pH6.7~7.1 Reduced Growth (23 days) Berge et al. [2006]
Nematode  Mesacanthion, Metachromadora pH 5.1, 5.4 Mortality Takeuchi et al. [1997]
. . . 5000, 10000 ppm (7.0, 6.8) . . .
Copepod  Arcatia steueri, Arcatia erythraea [No effect under 2000 ppm CO,] Mortality, Egg production Kurihara et al. [2004]
Seaurchin  Hemicentrotus, Echinometra 850 ~ 10000 ppm (7.8 — 6.8) Fertilization, Larval development  Kurihara & Shirayama [2004]
F?sh Sillago japz?nica <2570 ppm [EC50] Egg, Larva, J oven?le Kikkawa ef al. [2003]
Fish Pagrus major <1310 ppm [EC50] Egg, Larva, Jovenile
5000 . i
Fish Pagrus major ppm (6.2) Mortal%ty (embryo) Kikkawa ef al. [2004]
10000 ppm (5.9) Mortality (larva)
Fish Dicentrarchus labrax 26~82%(64-5.6) Mortality (5 days), Acid-base regulation Grottum & Sigholt, [1996]
Algac Emiliania huxley, 280 ~ 750 ppm Reduced Calcification Ricbesell [2000]
Gephyrocapsa oceanica (continuous decrease)
Coral Modeling 1600 ppm Reduced Calicification Gao et al. [1993]
Coral Stylophora pistillata 1000 ppm (7.7) Reduced Calicification Gattuso ef al. [1998]
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23oE 20 mE s
A= lL o ‘, M 27, ol T A e HAY
UF7} R (CaCO;5) 02 MX% W TR B 433

Z oA Coccolithophorid®ll 4&}= ZH-9 Emiliania hyxleyi$t
Gephyrocapsa oceanicaz ©1-83t 3 AT\A = gl £ CO,
F7tel W ' A o8 279 coccoliths} coccosphere
ol ABNE Yod)= Aoz YepdthRiebesell ef al.[2000]).
Mo R drF Co, ¥R SV Bk B2 A2AAA
1, ' s A 4884 S (calcification rate) AR ©)
o Z K Gattuso & Buddemeier[2000]). T4 7] CO,2)
E57F 750 ppm AERF Hojk o]F 2FHO N3PAES HA)

T vws] AN J=2 Hoix A B B sk QlEv(Table
2), 750 ppme] CO, FE T FF 50~1008 o =2sHA)
2 0% A¥HE WF Co, Tl b ol 279 47
NARE Ao} ofAk=T),

Coccolithophiorid®ll &38R 5 vl oz} A= RE A2
7 AEAR Fojgle] ¥l FE Aat AFE ) A AsiE o)
o4 &= Ql=Hl, AAZ Gattuso er al[1998]S] A

71% CO, 557} 1000 ppm 0] = AF5.9) 3F£57<l Stylophora
pistillata®] M3 FAJEL 30%71HA] A Ho] FFF 0w
AT AAT AEE olojd 4= Qi)

AF5 2} Coccolithophoridi= & A 7|2] CaCO; B4k o)A &
Hhe AAbERT gl AEEA 0w uhe Z o8 METolt) 31
7 o714 U71E O, S7kell 1 EEsIFo el Co, 59
7Pt olE HEH o5 X3 S|WAUENA Antel ojd o
2 A ZA O gk A7 w2121 wHlo)th(Gattuso
& Buddemeier[2000]). ¥ o} o]F AEol oJst FIH
4 CaCO; AAFF 7147} Bhat o2 249 ke A= skeks
T8Il A= Gl dizt ol ZHOW ‘”E‘r Heo A
et o] sk e A Wlel gk o5
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Table 3. Effects of CO; increase on the deep-sea organisms

3l SR eAl] vAks G

sie] Al A 247

sl W AEA G B Br} A% Q= Yo =0
Feely et al.[2004]S} Orr ef al.[200512 Z%).

3.CO2| i R{2|0fl hZ {6l HEH Al At

LATNAZTY| W A2 FAE A 9% vhtst
el Zo] SR AAEHIL IF €O, TA H AWM 7€ (COo,
capture and ocean sequestrationy> tI7]=2] CO, A& A7t
= 737 ZolthIPCC[2005)). 3 ti71E CO, 59 A7
T S8k 2% s AME € 8 Co, Tl wE s
Zol& vl dxE F I Slojrt. PNk whdof sjfe] A%

= 1=

ol 24 7% 95 Coz FitEeE BN £8& €0, 5%
£ F7HA FE alrE AAslskAl Ho ololl mE AE T8
& oA & QlohBrewer er al[1999]; Seibel & Walsh[2003]).
53] sk ASF, & Adlels AL 19 £97 210
HEEo o, 7 sireks A8 tE EAY dadEsel 5
5ot 729 BEAE 7S Y AeE dEA qlvt. mebA

0&1

$- ZHH o2 AF A HEFE AaE AdEE A
2] ot Salg WA ST FUAOL BN 5 S
7158] o] B Qg Aolt}(Kita & Ohsumi[2004]).

3.1 2ol EEA2| S

H47"(hydrothermal vent) FH 5= A}, AvHAA A3
AEiARE Al QW ARRsRE AT 8, HF, pH 5 93}
A 2700 WA o7 AEHo| & AEER o] FoIRE AoE F
gk Qlrk B AT kel B 5_ AJSHA| g Al

ZIAFE (metabolic rateysr 2E3L Y= Alo] YRFA oI (Seibel &
Walsh[2003]). WHA] AEAES- A1ZITAKY] F J@% At

el
YR ulg- A el g, dEE 7
(Cephalopods)ell thet Aol W= CO, ¥34& F HHE =714
25 v AKEY] AT pHE 0.02 Z4% Bk AlsiEe 027}
745+e B a8k ItkSeibel and Walsh[2003]). 0] Ala|Eo0]
2w #AEy 553 (buffering capacity)e] AtlE oz 2
%3517] nEQ) Aoz FAEEY AAZ HsiEe] H AEY

o
A
-

‘4 CZE
o

Organisms pH range End point References
Mobile animals (including fishes) pH 5.8 ~ 7.3 (varying th ume; No significant effect Tamburri e al.[2000]
pulse exposure-twice)
Flagellates, Amoebae, Nematodes pH 6.0~ 7.5 (varying Wlth tme; Biomass reduction Barry et al.[2004]
pulse exposure-twice)
. . . . Carman et al.[2004]
Egrpactlcmds, Nematodes, pH 6.7 ~ ?.3 (varying with sediment No significant effect (pH results in Thistle ef
inorhynchs, Polychaetes depth; pulse exposure-once)
al.[2005])
. pH 6.7 ~ 7.3 (varying with sediment Significant mortality occurred Thistle et al.[2005],
Harpacticoid copepods depth; pulse exposure-once in CO; treatment [2006]
Ilil/leerlr(l);1(:.;(1;;1cvs, Foraminifera, pCO; 5000 or 20000 ppm No effect in 5000 ppm, but significant Ishida e al.[2005]

effects on abundance in 20000 ppm
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pH W3] that 9533 Ze o] gl Hol) B
FE7F ALF wlE w3 EAS zkw 9)
Walsh[2003]).

el AL AZEL2 AT YA FAREET vlwsto]
AL 2717 oS- A a9 28 B e 2k QI Gage & Tyler

[1994]). °ol= Hol7} #=3kaL 227} g v s @740 2
s ow A-get éﬂrOlE} A8 AR FoM 717 2 HEEE
2 o] e Aoj AATe] At AejAgE W v A
3 725 281 3th(Gage and Tyler[1992]). wWtx] £ ~E¥

2ol Q3] Aol AAITel P tist o) gadow E
Bz AlRte] At AEjAI9} vlsmate] wlg- dojd 4= glTh

ASAAEA BEFS -2 FEY v BE FHO R o]
A ek, 22 22719 webd megafauna® E2)$= A SE3}
macrofauna®} meiofauna® £2]-¢-= o8 = 2§ S ET L7
Aot AgEiAllA 23] B 5 Qe Solg AEES g
Ale] £AQ1 megafauna®l] &3H= o ke Tl’/\]"?)“"]' Hws)
Aol =4l vl ojAke] A1 Zhar Qi ANt A WE)
RSt = F9 550 AXsh vk E3F 0w 4
SBEIA ] BEFY] -2 SlA F2g SR EXsk=
olF UxpAlel A9 glo] BFolA FFEE 718 J&st
T AN A7180] HFH 0T o)A He A4 HyEd o}
Fel ABErAlo] 7] wiEe]th(Gage and Tyler[1992]). Wk
A e T 25 W NESFE ATE Zolo wma} A
SEAE B Aol ThtEW Fel thofido] o] Fokehe EAE
HolA €t
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Fig. 2. Relationships between seawater pH and (a) the relative biolu-
minescence of Vibrio fischeri and (b) the survival rate of Monocorophium
acherusicum exposed to seawater acidified by CO, (open square) and HCI
(closed circle).
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