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Impacts of ocean acidification on marine fauna and ecosystem 
processes
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Fabry, V. J., Seibel, B. A., Feely, R. A., and Orr, J. C. 2008. Impacts o f  ocean acidification on marine fauna and ecosystem  processes. -  ICES Journal 
o f Marine Science, 65: 4 1 4 -4 3 2 .

O c e a n ic  u p ta k e  o f  a n th ro p o g e n ic  c a rb o n  d io x id e  ( C 0 2) is a lte r in g  th e  se a w a te r  c h e m is try  o f  th e  w o rld 's  o c e a n s  w ith  c o n s e q u e n c e s  fo r 

m a rin e  b io ta . E levated  p artia l p ressu re  o f  C 0 2 ( p C 0 2) is cau s in g  th e  ca lc iu m  c a rb o n a te  s a tu ra t io n  h o rizo n  to  shoa l in m a n y  regions, 

p a rticu la rly  in h igh  la titu d e s  a n d  reg io n s t h a t  in te rs e c t  w ith  p ro n o u n c e d  hypoxic  zones. T h e  ability  o f  m a rin e  an im als, m o s t  im p o r­

ta n tly  p te ro p o d  m olluscs, fo ram in ifera , a n d  so m e  b e n th ic  in v e rteb ra te s , to  p ro d u c e  c a lc a re o u s  ske letal s tru c tu re s  is d irec tly  a ffe c ted  by 

s e a w a te r  C 0 2 ch em istry . C 0 2 in flu en ces th e  physio logy  o f  m a rin e  o rg an ism s as well th ro u g h  ac id -b ase  im b a lan ce  a n d  re d u c e d  oxygen 

t r a n s p o r t  cap ac ity . T h e  few  s tu d ie s  a t  re le v a n t p C 0 2 levels im p e d e  o u r  ab ility  t o  p re d ic t f u tu re  im p a c ts  o n  fo o d w e b  d y n am ics  a n d  

o th e r  eco sy stem  p rocesses. H ere w e p re s e n t  n ew  o b se rv a tio n s , review  availab le  d a ta , a n d  iden tify  p rio ritie s  fo r f u tu re  research , 

b ased  o n  regions, ecosystem s, taxa , a n d  physio log ical p ro cesses  believed  to  be  m o s t  v u ln e rab le  to  o c e a n  ac id ifica tion . W e c o n c lu d e  

t h a t  o c e a n  ac id ifica tio n  a n d  th e  synerg istic  im p a c ts  o f  o th e r  a n th ro p o g e n ic  s tresso rs  p ro v id e  g re a t p o te n tia l  fo r  w id esp rea d  

c h a n g e s  to  m a rin e  ecosystem s.
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Introduction
Rising atm ospheric carbon  dioxide ( C 0 2) concen tra tion  is causing 
global w arm ing and  ocean acidification (C aldeira and  W ickett, 
2003, 2005; Feely et al., 2004; O rr et al., 2005), w hich increasingly 
are recognized as im p o rtan t drivers o f  change in  biological systems 
(Lovejoy and H annah , 2005). For at least 650 000 years p rio r to the 
industria l revolution, atm ospheric C 0 2  concentra tions varied 
betw een 180 and  300 ppm v (Siegenthaler e t al., 2005). As a 
result o f  h u m an  activity, today’s atm ospheric C 0 2  concen tra tion  
is 380 ppm v and  curren tly  is rising at a rate o f  ~ 0 .5 %  year - 1  

(Forster et al., 2007), w hich is ~ 1 0 0  tim es faster th an  any 
change during  the past 650 000 years (Royal Society, 2005; 
Siegenthaler et ah, 2005). A pproxim ately one-th ird  o f  the 
anthropogenic C 0 2  p roduced in  the past 200 years has been 
taken up  by the oceans (Sabine et ah, 2004). The global ocean inven­
tory  o f  anthropogenic carbon was 118 +  19 Pg C in  2004 (Sabine et 
al., 2004), w hich can be adjusted upw ards to  140 Pg C in  2005 based 
on  D enm an et al. (2007, Table 7.1). W ithout this ocean sink, the 
anthropogenic change in  atm ospheric C 0 2  concentration w ould 
be 55% higher th an  the observed change from  280 to  380 ppm v 
(Sabine et al., 2004). A lthough oceanic uptake o f  anthropogenic 
C 0 2  will lessen the extent o f  global warm ing, the direct effect o f  
C 0 2  on  ocean chem istry m ay affect m arine b io ta  profoundly.

Elevated partial pressure o f  C 0 2  ( p C 0 2) in  seawater (also 
know n as hypercapnia) can im pact m arine  organism s b o th  via 
decreased calcium  carbonate (C a C 0 3) saturation , w hich affects

calcification rates, and via d isturbance to ac id -b ase  (m etabolic) 
physiology. Recent w ork indicates th a t the  oceanic uptake o f 
an thropogenic  C 0 2  and  the  concom itan t changes in  seawater 
chem istry  have adverse consequences for m any  calcifying organ­
isms, and m ay result in  changes to  biodiversity, troph ic  in te r­
actions, and o th er ecosystem  processes (Royal Society, 2005; 
Kleypas et al., 2006). M ost research has focused on  tropical coral 
reefs and planktonic coccolithophores. Little in fo rm ation  is avail­
able for o th er im p o rtan t taxa, for processes o th er th an  calcifica­
tion , o r for po ten tial ecosystem-level consequences em erging 
from  the oceanic p C 0 2  levels th a t are predicted  to  occur over 
the  next 100 years. H ere we discuss the present and  projected 
changes in  ocean carbonate chem istry, and  assess their im pacts 
o n  pelagic and  ben th ic  m arine  fauna and  ecosystem  processes. 
W e exclude corals from  this discussion, b u t no te  th a t excellent 
recent reviews on  this topic exist (Langdon and  A tkinson, 2005; 
G uino tte  et al., 2006; Kleypas and  Langdon, 2006). W e highlight 
m any  o f  the  gaps in  o u r knowledge and  identify critical questions 
for fu tu re  research.

The ocean's inorganic carbon system: present and 
future changes
The C 02-carbonate system in seawater
The inorganic carbon  system is one o f  the m ost im p o rtan t chem i­
cal equilibria in  the  ocean and  is largely responsible for controlling 
the  pH  o f  seawater. Dissolved inorganic carbon  (DIC) exists in
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Figure 1. Concentrations o f carbon species (in units o f ixmol kg- 1 ), 
pH values, and aragonite and calcite saturation states o f average 
surface seawater for p C 0 2 concentrations (ppm v) during glacial, 
preindustrial, present day, tw o tim es pre-industrial C 0 2, and three 
tim es pre-industrial C 0 2. Changes in the inorganic carbon system  
were com puted by assuming equilibrium with atmospheric C 0 2, 
assuming P 0 4 = 0.5 |im o l I-1  and Si = 4.8 |im o l I-1 , and using the  
carbonic acid dissolution constants o f Mehrbach et al. (1973) as 
refitted by Dickson and Millero (1987). pH is based on the seawater 
scale. The last colum n shows the changes from the pre-industrial 
levels to  three tim es atmospheric C 0 2 (modified from Feely et al. 
(2004) and Kleypas e t al. (2006)).

seawater in three  m ajor form s: b icarbonate ion  (H C O 3"), carbon­
ate ion  (C O i~ ), an d aqueous carbon dioxide ( C 0 2(aq)), w hich 
here also includes carbonic acid (H 2 C 0 3). At a pH  o f 8.2, 
~ 8 8 % o f the carbon is in the form  o f H C O ^, 11% in the  form  
o f C O i_ , and only ~ 0 .5 %  o f the  carbon is in  the form  o f dissolved 
C 0 2. W hen C 0 2  dissolves in  seawater, H 2 C 0 3  is form ed (Figure 
1). M ost o f the  H 2 C 0 3  quickly dissociates in to  a hydrogen ion 
(H +) and H C O ^. A hydrogen ion  can then  react w ith a C 0 3-  to 
form  bicarbonate. Therefore, the  net effect o f adding C 0 2  to  sea­
w ater is to  increase the  concentrations o f  H 2 C 0 3j H C O ^ , and H +, 
and decrease the concentra tion  o f C 0 3-  and  lower pH  
(pH  = — log[H +]). These reactions are fully reversible, and the 
basic therm odynam ics o f these reactions in  seawater are well 
know n (M illero et al., 2 0 0 2 ). The atm ospheric C 0 2  value today 
is ~ 1 0 0  ppm v greater th an  the  p re-industrial value (280 ppm v), 
and the average surface ocean pH  has d ropped  by 0.1 unit, 
w hich is abou t a 30% increase in [H +]. U nder the  IPCC em ission 
scenarios (H ough ton  et al., 2001), average surface ocean pH  could 
decrease by 0 .3 -0 .4  pH  units from  the p re-industrial values by the 
end o f th is century  (Caldeira and  W ickett, 2005; Figure 2).

Present and future changes in carbonate 
saturation
The reaction o f C 0 2  w ith  seawater reduces the availability o f car­
bonate  ions th a t are necessary for m arine  calcifying organism s, 
such as corals, m olluscs, echinoderm s, and  crustaceans, to 
p roduce their C a C 0 3  shells and skeletons. The extent to  w hich 
such organism s are affected depends largely u p o n  the C a C 0 3  sat­
u ra tion  state (Í1 ), w hich is the  p ro d u c t o f  the concentrations o f 
Ca2+ and C 0 3- , divided by the apparen t stoichiom etric  solubility 
p ro d u c t (Ksp*) for either aragonite o r calcite, two types o f C a C 0 3

Year

Figure 2. Atm ospheric C 0 2 concentration projected under the  
IS92a "business-as-usual" IS92a C 0 2 em issions scenario, bounded by 
the m ost and least conservative SRES scenarios, B1 and A1F1, 
respectively, and projected global average surface seawater pH 
(modified from Meehl e t al. (2007)).

com m only  secreted by m arine organisms: 

a  =  [Ca+2][CO (1)

where the calcium  concentra tion  is estim ated from  the salinity, 
and  [C O i- ] is calculated from  DIC and to ta l alkalinity (TA) 
m easurem ents (Feely et al., 2004). Increasing C 0 2  concentrations 
in  the atm osphere, and thus in  the surface ocean, will con tinue to  
decrease the [C 0 3- ] in the u pper ocean, thereby lowering C a C 0 3  

satu ration  levels by m eans o f the reaction:

C 0 2  +  C O U  +  H 20  =  2 H C O “ (2)

In regions where i l arag or i l cai is >  1.0, the  fo rm ation  o f shells 
and  skeletons is favoured. For values <  1.0, seawater is corrosive to  
C a C 0 3  and, in  the  absence o f protective m echanism s (e.g. Corliss 
and  H onjo , 1981; Isaji, 1995), dissolu tion  will begin. Saturation 
states are generally highest in the  tropics and  lowest in  the high 
latitudes, because the  solubility o f C a C 0 3  increases w ith decreas­
ing tem perature  and  increasing pressure. Consequently, there is 
significant shoaling o f the aragonite saturation  horizons in the 
Pacific, n o rth  o f ~ 4 0 °N , at the equator, and 10°N, especially 
tow ards the  east, because o f the  h igher DIC  concentrations 
relative to  TA at shallower depths. These pa tte rns result from  
enhanced upwelling th a t brings deeper waters rich in nu trien ts 
and  D IC to  the  u pper ocean (Figure 3) and supports high 
anim al biom ass. As one m oves n o rth , the  aragonite saturation  
dep th  shoals from  ~ 1 0 0 0  m  near 30°S to  300 m  at the equator. 
M oving farther no rth , it deepens to  550 m  near 30°N, then  
shoals to  ~ 1 0 0 m  n o rth  o f  50°N (Figure 3). In the N orth  
Pacific, the upw ard m igration  o f the aragonite saturation  
horizon  from  an thropogenic  C 0 2  uptake is currently  ~ l - 2 m  
year - 1  (Feely et al., 2006).

O rr et al. (2005) developed m odel scenarios o f fu ture  changes 
in  surface ocean carbonate chem istry as a function  o f changes in 
atm ospheric C 0 2, using the  IPCC IS92a “business-as-usual” 
C 0 2  em ission scenario, w ith  the m edian  projection  o f DIC 
changes from  13 ocean m odels th a t participated  in the 
O C M IP-2 project. Based on their m odel ou tp u ts  and global 
gridded data (Key et al., 2004), we p lo tted  the  projected aragonite
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sa turation  state o f  the  surface oceans for the  years 1765, 1994, 
2050, and  2100 (Figure 4). The m odel results indicate that, by 
the tim e atm ospheric  C 0 2  reaches 780 ppm v near the end o f 
this cen tu ry  un d er the IPCC IS92a “business-as-usual” C 0 2  em is­
sion  scenario, p o rtions o f  the  Subarctic N orth  Pacific and  all o f  the 
Southern  O cean sou th  o f  ~ 60°S  will becom e undersatu rated  w ith 
respect to  aragonite  (O rr et ah, 2005). At th a t po in t, the  global 
average surface w ater C O 3 -  concen tra tion  and aragonite and 
calcite sa tu ration  state will be nearly  ha lf o f  w hat they are today. 
The aragonite  sa tu ration  horizons w ould also shoal from  its 
present average dep th  o f  730 m  to the  surface in  the Southern  
Ocean, from  2600 to  115 m  in  the N o rth  Atlantic, and  from  
140 m  to the surface in  parts o f  the N o rth  Pacific (O rr et ah, 
2005). In  the  cold, h igh-la titude surface waters typical o f  polar 
and  subpolar regions o f  the Southern  Ocean, aragonite  and 
calcite u n d ersatu ra tion  will occur w hen seawater p C 0 2 values

reach ~ 5 6 0  and  900 ppm v, respectively. In  the  slightly w arm er 
surface waters o f  the subpolar N o rth  Pacific, aragonite and 
calcite undersatu ra tion  will occur later, w hen p C 0 2 reaches 740 
and  1040 ppm v, respectively. The cold waters o f  the  Arctic 
O cean are also naturally  low in  CO 3 -  concentration . C ontinu ing  
research is evaluating how  the Arctic O cean’s changes in  carbonate 
chem istry  du ring  the 2 1 st cen tu ry  will differ from  those in  the 
Southern  O cean (O rr et ah, 2006). The w arm  surface waters o f  
the  tropics and subtropics will no t becom e undersatu ra ted  w ith 
respect to aragonite  o r calcite over the range o f  these projected 
conditions although, in  som e regions associated w ith upwelling, 
shoaling aragonite sa tu ration  horizons now  im pinge o n  the 
dep th  ranges o f  m any  pelagic anim als (Feely et ah, 2004).

P rio rity  areas for ocean acidification research are therefore 
h igh-la titude regions, w hich are projected to experience the 
greatest changes in  carbonate chem istry over decadal to century
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Figure 4. Surface water aragonite saturation state ( í í arag) for the 
pre-industrial ocean (nominal year 1765), and years 1994, 2050, and 
2100. Values for years 1765 and 1994 were com puted  from the  global 
gridded data product CLODAP (Key et al., 2004), whereas the 
saturation state for years 2050 and 2100 are the  median of 13 ocean 
general circulation models forced under the IPCC's IS92a 
"business-as-usual" C 0 2  emission scenario (Orr et at, 2005).

tim e-scales. M oreover, coastal regions, w hich can be greatly 
im pacted  by  anthropogenic-driven  ocean acidification (D oney 
et a t ,  2007), as well as eu troph ica tion  leading to  low  oxygen 
zones, are n o t w ell-represented in  global o cean -a tm o sp h e re  
coupled m odels, because o f  lack o f  data, com plexities o f  nearshore 
circulation  processes, and  too-coarse m odel resolution. Given the 
im portance o f  coastal areas to  fisheries and o th er m arine  resources 
and  services, coastal ecosystems constitu te  ano ther target region 
w here research is urgently  needed.

Effects of elevated pC02 on calcification
The secretion o f  C a C 0 3  skeletal structures is w idespread across 
anim al phyla, and  evolved independently  and  repeatedly over 
geologic tim e since the  late P recam brian  period  (Knoll, 2003). 
P ro tection  is one probable advantage o f  possessing a calcareous 
skeleton. Additionally, various o ther b io tic  and  abiotic factors 
have probably  con tribu ted  to  selection for C a C 0 3  hard  parts in 
diverse groups o f  fauna at different tim es in  evolutionary  history.

M ost calcifying organism s investigated to  date dem onstra te  
reduced calcification in  response to  increased p C 0 2  and  decreased 
[C 0 3_ ], C a C 0 3  sa tu ration  state, and  pH  (e.g. G attuso et al., 1998; 
Langdon et al., 2000, 2003; Riebesell et al., 2000). The m ajority  o f 
w ork  has tested w arm -w ater corals and  coccolithophorid  algae 
(Royal Society, 2005; Kleypas et al., 2006). Evidence suggests 
th a t the calcification rate in  corals is contro lled  by  the  C a C 0 3  

sa turation  state (G attuso et al., 1998; Langdon et al., 2000, 2003; 
M arubin i et al., 2001, 2003; Leclercq et al., 2002; O hde and 
H ossain, 2004; Langdon and  A tkinson, 2005; Schneider and 
Erez, 2006; Silverm an et al., 2007), ra ther th an  pH  o r ano ther 
param eter o f  the  seawater C 0 2  system. Because the [Ca2+] in  the 
ocean today  is approxim ately  constan t (depending p redom inantly  
o n  salinity), changes in  the [C 0 3_ ] are reflected directly  as 
changes in  the C a C 0 3  sa tu ration  state. In  contrast, high [Ca2+] 
in  the  Cretaceous (H orita  et ál., 2002) allowed planktonic calcifiers 
to  flourish and  large chalk deposits to  accum ulate (Bown et al.,
2004), despite C 0 3_ concentra tions that were only ~ 2 5 %  o f  the 
cu rren t value (Tyrrell and Zeebe, 2004; Ridgwell and  Zeebe,
2005). This observation  supports the  idea th a t the  C a C 0 3  

sa turation  state [p roportiona l to  the  p ro d u c t o f  Ca2+ and C 0 3_ 
concentra tions as show n in  E quation  (1)] is the  key com ponent 
o f  the seawater carbonate system th a t controls calcification rates.

Holoplankton
The m ajor p lanktonic  C a C 0 3  p roducers are the coccolithophores, 
foram inifera, and  euthecosom atous p teropods. These three 
groups o f  calcifiers account for nearly all the export flux o f 
C a C 0 3  from  the upper ocean to  the  deep sea. P lanktonic fo ram i­
nifera and  coccolithophores secrete tests o r shells m ade o f  calcite, 
whereas p teropods form  shells m ade o f  aragonite, a m etastable 
po lym orph  o f  C a C 0 3, w hich is ~ 5 0 %  m ore soluble in  seawater 
th an  calcite (M ucci, 1983). O n  a global basis, coccolithophores 
and  foram inifera are th ough t to  p roduce the  m ajority  o f  pelagic 
C a C 0 3  (Schiebel, 2002), while the  labile aragonitic shells o f 
p teropods account for a sm aller fraction  o f  the  to ta l C a C 0 3  

produced  by p lanktonic  organism s. The relative con tribu tions o f 
these three groups o f  calcifiers can vary substantially  on  regional 
and  tem poral scales, however. There are few concurren t 
m easurem ents o f  the abundances o f  all three groups, and  estim ates 
o f  their con tribu tions to global calcification rates are poorly  
constrained.

B oth p lanktonic  foram inifera and  euthecosom atous p teropods 
are w idely d istribu ted  in  the up p er ocean, w ith  highest species 
diversity in  tropical and  subtropical regions. Shelled p teropods 
can reach densities o f  1 0 0 0 s to > 1 0  0 0 0  o f  individuals m - 3  in 
h igh-la titude areas (e.g. B athm ann et al., 1991; Pane et al., 2004) 
and  are im p o rtan t com ponents o f  polar and  subpolar ecosystems. 
D ata are lim ited o n  the  response o f  calcification in  p teropods and 
foram inifera to  elevated p C 0 2  and  decreased C a C 0 3  sa tu ration  
state. Currently, evidence is available for only two o f  the ~ 5 0  
species o f  p lanktonic  foram inifera and only one o f  the  ~ 3 4
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euthecosom e species. A lthough these data  suggest th a t bo th  
groups reduce calcification in  response to ocean acidification, 
the sm all nu m b er o f  species tested precludes the  identification  o f 
general trends. Species-specific responses are likely, and  it is poss­
ible th a t the calcification rates o f  som e species m ay n o t be sensitive 
to  elevated p C 0 2, as has been  found  in  coccolithophores (Riebesell 
et ah, 2000; Langer et al., 2006).

In  laboratory  experim ents w ith the  sym biont-bearing p lank­
tonic  foram inifera Orbulina universa and  Globigerinoides sacculifer, 
shell m ass decreased in  response to  reduced C O 3 -  concen tra tion  
and  calcite sa tu ration  state, even th ough  the seawater was supersa­
tu rated  w ith respect to  calcite (Spero et al., 1997; Bijma et al., 1999, 
2002). W hen  grow n in  seawater chem istry  equivalent to  p C 0 2  o f  
560 and  740 ppm v, shell mass in  these species declined by  4 - 8  
and  6 -1 4 % , respectively, com pared w ith the p re-industrial 
p C 0 2  value. Evidence from  m icroelectrode and  cu ltu re  exper­
im ents suggests th a t elevated pH  and  CO 3 -  concen tra tion  in  the 
m icro-environm ent im m ediately adjacent to  the  shell are critical 
in  p rom oting  shell grow th (Spero and  Lea, 1993; R ink et al., 
1998; K öhler-R ink and  Kühl, 2005). W hen  O. universa is grown 
u n d er high light, the  pH  o f  the  m icro-environm ent su rround ing  
the test can be increased up  to 8 . 8  (0.5 units above am bien t sea­
water) as a result o f  C 0 2  rem oval du ring  sym biont photosynthesis. 
In  contrast, O. universa grow n in  the  dark  has a near-shell m icro ­
env ironm ent pH  o f  7.9, owing to  respiratory  C 0 2  release 
(K öhler-R ink and Kühl, 2005). Because o f  the  large effect o f  sym ­
b io n t photosynthesis o n  seawater C 0 2  chem istry  a t the shell 
surface, it m ay be th a t the im pact o f  ocean acidification o n  adult 
sym biont-bearing  foram inifera will occur prim arily  du rin g  night 
calcification. It is unknow n w hether foram inifera th a t do  no t 
possess photosynthetic  sym bionts are m ore susceptible to 
reduced CO 3 -  concen tra tion  and  calcite sa tu ration  state th an  
those species w ith sym bionts. Similarly, the post-zygote, prolocu- 
lar ontogenetic  stage o f  foram inifera, during  w hich calcification is 
weak o r absent and sym biotic algae have n o t yet been acquired 
(B rum m er et al., 1987), m ay b e  particularly  vulnerable to  elevated 
p C 0 2. Because it is curren tly  im possible to  m ain tain  the  prolocu- 
lar stage in  the  laboratory, however, this hypothesis awaits testing.

A positive correlation  betw een foram iniferal shell m ass and 
am bient [CO3- ] is observed in  the  sedim entary  record as a 
response to  know n glacial-in terg lacia l changes in  atm ospheric 
C02 o f  the  past 50 000 years (Barker and  Elderfield, 2002). 
However, Barker and Elderfield (2002) dem onstra te  an  increase 
in  Globigerinoides bulloides shell mass from  11 to 19 |xg for a 
sm all change in  [CO3- ] from  210 to  250 |xm ol kg - 1 , whereas 
Bijma et al. (2002) report a m uch  greater increase, from  40 to 
60 |xg in  shell m ass for O. universa for a change in  [CO3- ] from  
2 0 0  to  600 |xm ol kg - 1 , and  ~ 1 0  |xg increase in  shell mass for 
G. sacculifer for a change in  [CC>3_ ] from  100 to  600 |xm ol kg - 1 . 
A lthough it appears that cu ltu re  experim ents m ay underestim ate 
foram iniferal response to  altered [CC>3_ ] com pared w ith  the 
change observed in  paleo-reconstructions over glacial-to-interglacial 
time-scales, tem pera tu re  and  food supply  also strongly affect 
foram iniferal calcification (cf. Barker and  Elderfield, 2002; Bijma 
et al., 2002). Hence, fu ture  increases in  sea surface tem peratures 
could  lead to  h igher foram iniferal grow th rates.

Ow ing to  their highly soluble aragonitic shells, p teropods m ay 
be particularly  sensitive to  ocean acidification. W hen  live Clio pyr­
amidata  collected in  the Subarctic Pacific were exposed to a level o f  
aragonite  u n d ersatu ra tion  sim ilar to  that projected for Southern  
O cean surface waters in  year 2100 un d er the IS92a em issions

scenario, there  was m arked shell d issolution  w ith in  48 h  (Feely 
et al., 2004; O rr et al., 2005). In  a dd itional experim ents, C. pyram i­
data were placed in  1 1 jars, and 45Ca was added  to  m easure shell 
calcification rates. The jars were th en  closed and  incubated  at 
10°C for 4 - 4 8  h. At the s ta rt o f  this experim ent, the seawater 
f farag was ~ 2 .4 . Forty-eight hours later, respiratory  C 0 2  from  
the  actively sw im m ing p teropods had gradually forced the  arago­
nite  sa tu ration  state to  d rop  below  1. The 45Ca uptake experim ents 
reveal progressively reduced calcification rates in  concert w ith 
decreased aragonite  sa tu ration  state th a t resulted from  the 
accum ulation  o f  m etabolic C 0 2  p roduced  by anim als du rin g  the 
experim ent (Figure 5). After 3 6 -4 8  h, m ost o f  the  45Ca th a t had 
been inco rpora ted  in to  shells had  dissolved back in to  solution. 
Hence, by  36 h, net d issolu tion  exceeded net calcification, 
a lthough anim als were alive and  actively sw im m ing. Scanning elec­
tro n  m icroscopic photographs o f  experim ental shells confirm  that 
d issolution  occurred  along the  leading edge o f  the  shell by  48 h 
during  incubation  in  closed jars, b u t no  d issolu tion  was visible 
in  con tro l shells incubated  in  open  jars, where the  aragonite sa tu r­
a tion  rem ained > 1  (Figure 6 ). Based o n  p tero p o d  oxygen con­
su m p tio n  rates (Sm ith and  Teal, 1973), it is unlikely that 
anim als were oxygen-stressed du rin g  these experim ents, bu t 
fu tu re  experim ents should  explore this possibility. A dditional 
experim ents are needed to  m easure calcification directly in  eu the­
cosom atous p teropods and foram inifera, as a function  o f  C a C 0 3  

sa tu ration  state. It will also be necessary to  study  the interactive 
effects o f  C a C 0 3  sa tu ration  state, tem perature, and n u tritio n  for 
m ultip le  species and  life stages o f  these calcareous holoplankton.

As p C 0 2  rises and the C a C 0 3  sa tu ration  state o f  surface ocean 
decreases, eu thecosom atous p teropods and foram inifera m ay 
secrete under-calcified o r th in n er structures (Bijma et al., 1999). 
Should the  hab ita t o f  these organism s approach C a C 0 3  undersa­
tu ration , first w ith  respect to  aragonite, th en  w ith  respect to  
calcite, the  question  o f  w hether net rates o f  calcification can still 
exceed d issolu tion  will likely depend on  the  degree o f  C a C 0 3  

u n d ersatu ra tion  and the  d u ra tio n  that anim als are exposed to 
undersatu ra ted  waters. As yet, no  decreases in  calcification have 
been docum ented  in  field populations o f  e ither group. However,
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Figure 5. Net calcification (panol C aC 0 3  h -1 ) as a function of shell 
C aC 0 3  concentration for the  Subarctic Pacific euthecosom atous 
pteropod Clio pyramidata. Different sizes of pteropods were 
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decreased with time, as the aragonite saturation state of seawater 
was progressively reduced owing to  respiratory C 0 2  in sample 
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2 m m

Figure 6. SEM ph o to g rap h s o f th e  shell o f th e  p te ro p o d  Clio pyram idata , (a) W hole shell o f  an anim al incu b a ted  for 48 h in a closed 
con tainer, w herein anim al respiration forced th e  aragon ite  sa tu ra tio n  sta te  < 1 ;  (b) m agnified p o rtio n  o f  th e  leading edge o f  th e  shell section 
show n in (a), revealing dissolution o f  aragonitic rods; (c) m agnified leading edge o f th e  shell o f  a con tro l anim al incu b a ted  in seaw ater th a t  
rem ained  su p e rsa tu ra te d  w ith aragon ite  for th e  d u ra tio n  o f th e  experim ent.

baseline data  o n  their p resent-day vertical d istribu tions and calci­
fication rates are insufficient to detect possible changes that m ay 
result from  ocean acidification.

The capacity o f  euthecosom e and  foram inifera species to  adapt 
to  progressively acidified ocean waters is n o t know n, b u t m ay be 
related to  species’ generation tim e. If  unabated  C 0 2  em issions 
con tinue  and  surface waters o f  the Southern  O cean and  portions 
o f  the  Subarctic Pacific becom e undersatu rated  w ith respect to  a ra ­
gonite  b y  2100 as projected (O rr et ah, 2005), th en  shelled p te ro ­
pods in  these regions w ould  have only ~  50 -1 5 0  generations to 
adap t to  corrosive seawater, given th a t h igh-la titude p teropods 
are th o u g h t to have generation tim es o f  0 .6 -1 .5  years 
(Kobayashi, 1974; B athm ann et ah, 1991; D adon  and  de Cidre, 
1992; G annefors et al., 2005). G eneration tim es for spinose 
species o f  foram inifera are frequently  linked w ith the lunar cycle 
such th a t they  reproduce every 2 - 4  weeks; however, non-spinose  
species p robably  have longer reproductive cycles (H em leben et al., 
1989). Shorter generation tim e affords increased o p p ortun ities for 
m icroevolutionary  adaptation .

In  ad d itio n  to  euthecosom es and  foram inifera, o ther holo- 
p lank ton  calcify du ring  pa rt o r  all o f  their life cycles. These 
include the heteropods, visual predators th a t are found  in  the  epi- 
pelagic zone o f  all tropical and  subtropical oceans, b u t w hich are 
absent from  high latitudes. Two o f  the  three  he teropod  families 
possess aragonitic shells as adults, and species in  the  th ird  family 
cast o ff their larval shells at m etam orphosis. G ym nosom es, the 
highly specialized predators o f  eutheocosom atous p teropods, 
possess a large veliger shell, presum ed to  be aragonite, w hich is 
also cast o ff at m etam orphosis. Similarly, pseudothecosom atous 
p teropods possess a veliger shell th a t is discarded at m e tam o rp h o ­
sis to the  gelatinous adult.

Benthic invertebrates
N ine m ulticellular invertebrate phyla have ben th ic  representatives 
w ith C a C 0 3  skeletal h ard  parts (Lowenstami and  W einer, 1989). 
These taxa secrete C a C 0 3  in  the  form  o f  aragonite, calcite, high- 
m agnesium  calcite ( > 5  m ole % M g C 0 3), am orphous C a C 0 3, 
o r a m ix ture  o f  these C a C 0 3  phases. A m orphous C a C 0 3  is less 
stable th an  the  crystalline phases o f  C a C 0 3, and  the seawater so lu­
bility  o f  high-m agnesium  calcite is sim ilar to  o r greater th an  that 
o f  aragonite  (W alter and M orse, 1985; Bischoffi et al., 1987). M any

benth ic  calcifying fauna are p ro m in en t in  nearshore com m unities 
and  are econom ically a n d /o r  ecologically im p o rtan t. For example, 
bivalves, such as m ussels and  oysters, have high com m ercial value 
as fisheries and  are also im p o rtan t as ecosystem engineers in 
coastal areas, providing hab ita t and o ther services for a rich  d iver­
sity o f  organism s (G utiérrez et al., 2003). Recent w ork  suggests that 
ben th ic  adu lt m olluscs and  echinoderm s are sensitive to  changes in 
seawater carbonate chem istry. In  response to  an  elevated p C 0 2 
level projected to  occur un d er the IS92a em issions scenario 
(% 7 4 0 p p m v  in  2100), calcification rates in  the m ussel M ytilus 
edulis and  the  Pacific oyster Crassostrea gigas decreased by 25 
and  10%, respectively (Gazeau et al., 2007). W hen  grow n for 
m ore  th an  six m o n th s in  seawater bubbled w ith air contain ing 
560 ppm v C 0 2, a decrease in  shell grow th was observed in  the 
edible snail Strombus luhuanus, and  a reduction  in  wet weight 
was reported  in  b o th  this snail and  two species o f  sea urchins 
(Shirayam a and T horton , 2005).

Early calcifying stages o f  ben th ic  m olluscs and  echinoids 
dem onstra te  a strong response to  increased seawater p C 0 2 and 
decreased pH , C 0 3_ concentra tion , and C a C 0 3  sa tu ration  state. 
In  the  sea urchins Hemicentrotus pulcherrim um  and  Echinodetra 
mathaei, fertilization success, developm ental rates, and  larval size 
all decreased w ith increasing C 0 2  concen tra tion  (K urihara and 
Shirayama, 2004). A bnorm al skeletalgenesis o f  the  highly soluble 
high-m agnesium  C a C 0 3  spicules in  u rch in  larvae was also 
observed. Green et al. (2004) found  th a t newly settled juveniles 
o f  the hard-shell clam  Mercenaria mercenaria revealed substantial 
shell d issolu tion  and increased m orta lity  w hen they were in tro ­
duced  to surface sedim ents th a t were undersatu ra ted  w ith 
respect to aragonite  ( i î ar!lg ~ 0 .3 ) , a level that is typical o f  n ear­
shore, organic-rich surficial sedim ents. W ith in  two weeks o f  settle­
m ent, the  C a C 0 3  shells were com pletely dissolved, leaving on ly  the 
organic m atrix  o f  the shell.

The m ineralogy and  calcification m echanism s o f  m ollusc and 
echinoid  larval stages m ay render them  particularly  sensitive to 
ocean acidification. A lthough adult gastropods and bivalves 
secrete aragonite, calcite, o r b o th  phases in  a diverse array  o f  stru c ­
tu ral patterns, W eiss et al. (2002) suggest th a t veliger shells o f  gas­
tropods and  bivalves all con tain  aragonite  in  sim ilar crystalline 
ultrastructures, and hence, the m ollusc larval shell is highly co n ­
served in  evolution. M oreover, recent w ork  using infrared
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spectrom etry  and R am an im aging spectroscopy reveals th a t larvae 
o f  the clam  M . mercenaria (adu lt shell is aragonitic), as well as that 
o f  the  oyster C. gigas (adu lt shell is nearly  entirely  calcitic), form  
am orphous C a C 0 3  as a transien t precursor to aragonite (Weiss 
et al., 2002). Similarly, du ring  the  em bryonic developm ent o f  
two species o f  sea urchins, an  am orphous C a C 0 3  p recursor tran s­
form s to calcite du ring  spicule fo rm ation  (Beniash eta l., 1997; Raz 
et al., 2003). Because this unstable, transient, am orphous C a C 0 3  is 
m ore soluble th an  the  crystalline m inerals o f  aragonite  o r calcite, 
b iom ineralization  processes th a t occur du ring  the  em bryonic 
and  larval developm ent o f  sea urchins, and in  gastropod and 
bivalve m olluscs, m ay be particularly  vulnerable to ocean 
acidification.

C a C 0 3  skeletal elem ents are also present in  species o f  o ther 
ben th ic  invertebrates, such as crustaceans, cnidarians, sponges, 
bryozoans, annelids, brachiopods, and tunicates. A part from  
w arm -w ater corals, no th in g  is know n ab o u t the effect o f  elevated 
am bient p C 0 2 on  calcification rates in  these taxa. Som e o f  these 
anim als m ay use shell d issolu tion  to  su p p o rt acid-based regulation 
at high in ternal p C 0 2, as has been observed in  mussels 
(M ichaelidis et al., 2005) and  o ther organism s.

Other non-skeletal, calcified secretions of marine fauna
In  ad d itio n  to using C a C 0 3  for strengthening skeletal structures, 
the use o f  calcium  m inerals in  gravity sensory organs is w idespread 
am ong ocean fauna. In  the  m any  Zooplankton and  ben th ic  invert­
ebrates th a t possess statoliths, statocysts, o r statocontia, the 
m ineralogy is indeterm inate  o r is reported  to  be am orphous 
C a -M g -p h o sp h a te  o r gypsum  (Lowenstam  and W einer, 1989). 
In  squid  and  fish, however, the  statoliths and  oto liths are com ­
posed o f  aragonite. Gravity sensory organs can have add itional 
functions in  som e organism s. For exam ple, in  p lanktonic  gym no- 
som e snails, statocysts also are actively involved in  the  m o to r 
neural p rogram m e th a t underlies search m ovem ents for prey 
du ring  hun tin g  behaviour (Levi et al., 2004). W hether m ineraliz­
a tion  o f  the  various types o f  gravity receptors w ould be affected 
by the changing carbonate  chem istry  o f  seawater and, if  so, how  
th a t m igh t im pact overall fitness o f  the organism , are questions 
th a t have no t been  investigated. Presum ably, po ten tial im pacts 
w ould depend on  the  ability o f  the  organism s to  regulate the 
a c id -b ase  balance in  the  tissues su rro u n d in g  those structures.

O ther carbonate secretions o f  m arine  fauna include gastroliths, 
m ineralized structures form ed in  the  lining o f  the cardiac 
stom achs o f  som e decapods th a t serve as storage sites for 
calcium  during  m ou lt intervals; gastroliths can be calcite, a m o r­
phous C a C 0 3, o r calcium  phosphate  (cf. Lowenstam  and 
W einer, 1989). W idespread am ong m arine fish is the  intestinal 
secretion o f  calcium - and m agnesium -rich  carbonate complexes, 
w hich are then  excreted via the  rectum ; this process appears to 
play a critical role in  osm oregulation  (W alsh et al., 1991; Groseil, 
2006; Taylor and Grosell, 2006).

Consequences of reduced calcification
The effects o f  chronic exposure to increased C 0 2  o n  calcifiers, as 
well as the  long-term  im plications o f  reduced calcification rates 
w ith in  individual species and  their ecological com m unities, are 
unknow n. Calcification probably serves m ultip le functions in  car­
bonate  producers. Decreased calcification w ould  presum ably  com ­
prom ise the fitness o f  these organism s and  could  shift the 
com petitive advantage tow ards non-calcifiers. Such a consequence

is supported  by  recent w ork  w ith w arm -w ater reef organism s in 
w hich a decreased aragonite  sa tu ration  state induced the  transition  
from  a C a C 0 3-dom inated  system to  one dom inated  by  organic 
algae (Kuffner et al., 2008).

Increased pC02 and other physiological processes
In  add ition  to  calcification, a nu m b er o f  o ther physiological 
indices appear to  correlate w ith the  capacity for ac id -b ase  to ler­
ance, and new  data  are em erging that test the survival, growth, 
developm ent, m etabolism , and  pH  balance o f  organism s un d er 
elevated p C 0 2. P rio r to  1995, m ost studies used C 0 2 values that 
were well above w hat is expected in  the fu ture  ocean and from  con­
venient m arine  anim al m odels, in  o rder to  reveal the fundam ental 
m echanism s associated w ith a c id -b ase  regulation. Studies con­
ducted  m ore recently have tested the physiological response to  
very high C 0 2 levels as w ould  be associated w ith purposeful 
sequestration  o f  C 0 2 in  the  ocean. There is now  a critical need 
to  test the physiological consequences o f  ocean acidification at 
lower p C 0 2 levels, such as those th a t are projected to  occur over 
the  next century.

Mechanisms to deal with hypercapnia
W hen p C 0 2 levels increase in  seawater, dissolved C 0 2  m ore readily 
diffuses across anim al surfaces and  equilibrates in  b o th  in tra- and 
extracellular spaces. In terna l levels rise un til a new  value is reached 
th a t is sufficient to restore C 0 2  excretion against the  elevated 
environm ental level. As in  seawater, C 0 2  reacts w ith in ternal 
bod y  fluids causing H + to  increase and, therefore, pH  to  decrease. 
M echanism s available to counteract this acidification are lim ited 
and  relatively conserved across anim al phyla. The m echanism s 
are the  sam e as those evolved to deal w ith m etabolically p roduced  
C 0 2  and  hydrogen ions. They include (i) passive buffering o f 
in tra- and extracellular fluids; (ii) tran sp o rt and  exchange o f  rel­
evant ions; (iii) tran sp o rt o f  C 0 2  in  the  b lood in  those species 
th a t have respiratory  pigm ents; (iv) m etabolic suppression  to  
wait ou t periods o f  elevated C 0 2  (e.g. Som ero, 1985; T ruchot, 
1987; C am eron, 1989; W alsh and  M illigan, 1989; H and , 1991; 
Heisler, 1993; G uppy and  W ithers, 1999; C lairborne et al., 2002; 
Seibel and  W alsh, 2003; P örtner et al., 2004). Those species 
adap ted  to  environm ents w ith  steep C 0 2  gradients, such as hydro- 
therm al vents o r stagnant tide  pools, and  those species w ith  high 
capacity for m etabolic p ro d u c tio n  o f  C 0 2  have evolved greater 
capacities for buffering, io n  exchange, and C 0 2  tran sp o rt (Seibel 
and  W alsh, 2001, 2003). W hether such elevated capacity translates 
in to  greater tolerance o f  chronic ocean acidification rem ains to  
be seen.

Buffering capacity
W hen concentra tions are elevated, C 0 2  readily crosses biological 
m em branes and  enters the  b lood and intracellular spaces. 
Passive buffering is the  only m echanism  im m ediately available to  
lim it pH  changes w ith in  the body. L ocom otory  m uscles o f  active 
anim als, such as epipelagic fish and  cephalopods, have high activi­
ties o f  anaerobic m etabolic enzymes and, consequently, have high 
capacity for buffering pH  changes associated w ith anaerobically 
fuelled b u rst locom otion  (Castellini and  Som ero, 1981; Seibel 
eta l., 1997). O rganism s w ith  low  buffering capacity will experience 
greater fluctuations in  intracellular pH  durin g  hypercapnia than  
others w ith  higher capacity. For exam ple, an  increase in  seawater 
p C 0 2 sufficient to  lower in tracellular pH  by  0.2 in  a sluggish 
ben th ic  fish m ay cause only a 0.02 pH  u n it d ro p  in  an  active
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epipelagic fish such as tu n a  (Seibel and  W alsh, 2003). Buffering o f 
extracellular fluid is, in  som e cases, also p rovided by form ation  o f 
b icarbonate from  d isso lu tion  o f  C a C 0 3  stores o r exoskeletons 
(shells o r tests) as discussed below.

Ion transport
In  the  longer term  (hours to days), com pensation  o f  a c id -b ase  
im balance relies o n  the  ability to  tran sp o rt a c id -b ase  equivalent 
ions across cell m em branes. The C 0 2  th a t is p roduced  in  the 
cells du rin g  rou tine  m etabolism  is typically hydrated  to  form  
b icarbonate and  H +, a reaction  catalyzed by  the  enzym e carbonic 
anhydrase. These hydrogen ions are th en  buffered in  the  in tracellu­
lar space as discussed above, while the  b icarbonate is transported  
o u t o f  the  cell in  exchange for C l-  via ion  tran sp o rt proteins. 
Species w ith ineffective io n  transport capacities are poorly  
equ ipped  for a c id -b ase  regulation  (Heisler, 1989; W alsh and 
M illigan, 1989). Low rates o f  m etabolism  typically correlate w ith 
lower concentrations o f  ion  tran sp o rt pro teins such as Na+/K + 
and  H +-ATPases (Gibbs and Som ero, 1990), suggesting reduced 
capacities o f  a c id -b ase  balance. In  m any  cases, the gelatinous 
tissues (e.g. mesoglea) found  in  diverse Zooplankton are distinct 
from  the  m uscle tissues th a t are m ost m etabolically active 
(T huesen et ah, 2005a, b). Therefore, the active tissues o f  gelati­
nous anim als m ay have greater C 0 2  tolerance th an  w ould  be esti­
m ated, based o n  rates o f  w hole-anim al m etabolism . Similarly, 
species n o t exposed to  environm ental fluctuations in  C 0 2  m ay 
also be ill-equipped to handle ocean acidification. For example, 
species from  hydro therm al vents have h igh activities o f  carbonic 
anhydrase relative to  species from  shallower environm ents. Even 
lower still are carbonic anhydrase activities o f  ben th ic  deep-sea 
species, far rem oved from  venting water, th a t experience very 
little fluctuation  in  environm ental C 0 2  (Figure 7). 
C om pensation  o f  acidosis via adjustm ents in  ionic com position  
appears to  be a trade-o ff that is no t likely sustainable o n  longer 
tim e-scales, such as that associated w ith an thropogenic  increases 
in  seawater p C 0 2. Nevertheless, a survey o f  species th a t are m ore 
o r less able to  regulate the  pH  o f  their in ternal fluids m ay be 
inform ative.

Acid-base regulation via bicarbonate accumulation
A co m m o n  com ponen t o f  pH  com pensation  in  anim als is the 
intracellular accum ulation  o f  H C O 3" (W alsh and  M illigan, 1989; 
P örtner and  Reipschläger, 1996) th a t drives an  elevation in  pH . 
A “bicarbonate  th resho ld” is hypothesized (Heisler, 1993; 
Pörtner and  Reipschläger, 1996), above w hich the  capacity for 
fu rther com pensation  is lim ited. A lthough additional bicarbonate 
accum ulation  will always fu rther com pensate reduced pH , there 
m ay be an  upper lim it beyond w hich a c id -b ase  regulation 
begins to  com prom ise  ionic balance (C am eron  and  Iwama, 
1987). Those species th a t can tolerate accum ulation  o f  bicarbonate 
to  levels 4 - 1 0  tim es above con tro l conditions appear generally 
m ore to leran t o f  hypercapnia, whereas those w ith lim ited  b icar­
bonate  accum ulation  m ay be m ore vulnerable.

Miles et al. (2007) recently found  incom plete com pensation  o f 
coelom ic fluid pH , despite elevated b icarbonate  levels un d er all 
CO 2 exposures (p H  6 .2 -7 .4 ), in  an  in tertidal sea urchin. 
D issolu tion  o f  the  high m agnesium  calcite test was inferred from  
elevations in  coelom ic M g2+, and  the au tho rs suggested that 
reductions in  surface seawater pH  below  7.5 w ould  be severely de t­
rim ental to  this species, and  probably  o th er sea urchins as well. 
These results are consistent w ith those o f  B urnett et al. (2002)
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Figure 7. C arbonic anhydrase activity (ApH m in g w et m ass- 1 ) in 
gas exchange tissue o f b en th ic  m acrofauna in h ab ita ts w ith  large 
fluc tuations in env ironm ental p C 0 2- Bivalves (h a tch ed  bars), w orm s 
(grey bars), an d  crustaceans (open  bars). Each bar rep resen ts th e  
m ean  of several species (n o te  th e  x-axis is on a log scale). Species are 
g rouped  as ionic regulators (euryhaline species including th o se  from  
hydro therm al vents), shallow-living ionic conform ers (th o se  from  
stable  shallow -w ater habitats), an d  deep-sea conform ers. D ata for 
w orm s an d  bivalves are from  Kochevar an d  Childress (1996). D ata for 
crustaceans are from  Henry (1984) an d  unpublished  observations 
(J. Com pany, pers. com m .).

and  Spicer (1995), dem onstra ting  that sea urchins are unable to 
com pensate acidosis resulting from  sh ort-term  em ersion  and 
hypoxia, respectively.

Similarly, the m ussel M . edulis com pensated  b o th  short- and 
long-term  exposure to  1% C 0 2  ( ~ 1 0  000 ppm v) by  dissolution  
o f  its shell as indicated  by  increased Ca+ levels (L indinger et al., 
1984; M ichaelidis et al., 2005). N o t surprisingly, long-term  
exposure resulted in  reduced grow th and  m etabolism . A 
deep-sea crab m easured  recently by  Pane and  Barry (2007) failed 
to  accum ulate any bicarbonate  o r con tro l haem olym ph pH  
values over 24 h  exposure to  hypercapnia. This p o o r perform ance 
was a ttribu ted  to  low rates o f  m etabolism , stable environm ental 
conditions, and reduced oxygen at d ep th  th a t m ay have lim ited 
io n  exchange capacity. In  sh o rt-term  experim ents, the sipunculid  
w orm  Sipunculus nudus dem onstra ted  hypercapnie tolerance, 
w ith only a 50% elevation in  extracellular b icarbonate  relative to 
con tro l levels (Pörtner and Reipschläger, 1996). The reduced 
m etabolic rate observed in  this species (40%  o f  con tro l values), 
un d er natural, sho rt-te rm  elevation o f  C 0 2, allows survival un til 
well-aerated waters re tu rn  w ith high tide. However, over the 
longer term  ( 3 - 6  week), such m etabolic suppression resulted in 
100% m orta lity  (Langenbuch and  Pörtner, 2004).

Species that are m ore to le ran t exhibit greater b icarbonate 
accum ulation  and, consequently, com pensate m ore com pletely 
the  acidosis caused by  exposure to  elevated C 0 2. For example, 
exposure o f  the subtidal crab Necora puber to p C 0 2 
~ 1 0  0 0 0  ppm v resulted in  haem olym ph b icarbonate concen­
trations m ore th an  four tim es the con tro l levels, in  pa rt supplied 
by  shell d issolu tion  (Spicer et al., 2007). Similarly, the  crab 
Cancer magister fully com pensated  its haem olym ph pH  over
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24 h  by  accum ulating  m ore th an  12 m M  bicarbonate (Pane and 
Barry, 2007). Fish appear m ost to leran t am ong  m arine  anim als. 
The M editerranean fish Sparus aurata was able to  com pensate 
com pletely b o th  b lood  plasm a pH  and in tracellular pH  in  the 
face o f  10 000 p pm  p C 0 2  via elevations in  b icarbonate to  five 
tim es the  con tro l levels. N o m orta lity  occurred  after ten  days o f 
exposure (M ichaelidis et ah, 2007). A lthough feed intake was 
reduced at a seawater pH  o f  7.25, com pensation  o f  in ternal 
a c id -b ase  im balance was accom plished in  the sea bass 
Dicentrarchus labrax via a fivefold elevation in  plasm a bicarbonate 
(Cecchini et ah, 2001).

Mortality
M ortality  occurred in  three  fish species tested, including yellowtail 
and  flounder, only a t very h igh C 0 2  levels ( >  50 000 ppm v) after 
24 h  exposure, and  the  au tho rs concluded th a t fish m orta lity  
caused by an thropogenic  C 0 2  is never expected in  m arine 
environm ents (Hayashi et ah, 2004). A lthough we believe that 
this statem ent is prem ature , m arine  fish do  appear highly to lerant 
o f  C 0 2  (Kikkawa et al., 2004, 2006). The hatchling stages o f  som e 
species appeared fairly sensitive to  pH  decreases o n  the  o rder o f  0.5 
or greater, b u t high C 0 2  tolerance developed w ith in  a few days o f 
hatching (Ishim atsu  et al., 2004). The relative tolerance o f  fish and 
others m ay relate to  high capacity for in ternal ion  and  a c id -b ase  
regulation  via direct p ro to n  excretion (Ishim atsu  et al., 2004) and 
an  intracellular respiratory  p ro te in  that results in  a h igh oxygen- 
carrying capacity and substantial venous oxygen reserve. W hen  
com pensation  o f  pH  fails, m orta lity  o f  all m arine  anim als increases 
w ith the  level o f  C 0 2  and  the  d u ra tio n  o f  exposure (Yamada and 
Ikeda, 1999; Hayashi et a l ,  2004; W atanabe et a l ,  2006; Table 1).

Metabolic suppression
If  com pensation  o f  a c id -b ase  im balance is n o t achieved, reduced 
pH  and elevated p C 0 2  m ay depress m etabolism  in  som e species 
(H and, 1991; Pörtner and Reipschläger, 1996; G uppy and 
W ithers, 1999; Figure 8 ). M etabolic suppression is considered an  
adaptive strategy for the  survival o f  sho rt-te rm  hypercapnia and 
hypoxia. D uring  periods o f  environm ental oxygen lim itation, 
m any  organism s are able to  suppress ATP dem and, thereby 
extending the d u ra tio n  o f  tolerance. In  m any  cases, oxygen lim it­
a tion  is coincident w ith  in ternal a c id -b ase  disturbance. M etabolic 
suppression is no t advantageous, however, un d er chronic 
elevations o f  C 0 2  (e.g. S. nudus, as cited above; L angenbuch and 
Pörtner, 2004). M etabolic suppression  is typically achieved by 
shu tting  dow n expensive processes. C hief am ong  these is p ro te in  
synthesis (H and, 1991). Reduced p ro te in  synthesis, by  definition, 
will reduce grow th and  reproductive potential. A lthough suppres­
sion  o f  m etabolism  un d er sho rt-te rm  experim ental conditions is a 
“sublethal” reversible process, reductions in  grow th and  rep roduc­
tive o u tp u t will effectively d im in ish  the  survival o f  the  species o n  
longer time-scales.

Blood-oxygen binding
M any m arine  anim als rely on  specialized respiratory  pro teins to 
b ind  oxygen at respiratory  surfaces (e.g. gills) and deliver it to 
the tissues for cellular m etabolism . A high gradient from  the 
env ironm ent to the  b lood  prom otes oxygen b ind ing  at the  gills, 
and  the  gradient from  the  b lood  to  the  m etabolizing tissues p ro ­
m otes its release. However, these gradients alone are often 
inadequate to facilitate sufficient oxygen sa tu ration  and  un loading 
o f  the  respiratory  proteins. C 0 2  p roduced  by  cellular m etabolism

interacts w ith  bo d y  fluids to  p roduce hydrogen ions that b ind  to  
respiratory  proteins, altering their affinity for oxygen. T hat is, 
C 0 2  p ro d u c tio n  causes acidosis th a t prom otes oxygen release at 
the  tissues, whereas C 0 2  excretion elevates pH  and  prom otes 
oxygen b ind ing  at the  gills. The sensitivity o f  oxygen b ind ing  to  
pH  is expressed as the  B ohr coefficient (AlogP 5 0 /A p H , where 
P 5 0  is the p 0 2  required  to achieve 50% oxygen sa turation  o f  the 
respiratory  p ro te in ). The b io tic  and abiotic factors th a t con tribu te  
to  selective pressure for pH  sensitivity are com plex and  n o t easily 
predicted, and the  m easurem ent o f  pH  sensitivity and  blood 
oxygen b ind ing  depends o n  various ionic and  organic m odulators 
th a t vary trem endously  from  one study  to  ano ther (Lallier and 
Truchot, 1989; M angum , 1991). All else being equal, however, 
greater pH  sensitivity (a larger Bohr effect) m ay allow m ore com ­
plete release o f  oxygen in  su p p o rt o f  high oxygen dem and, o r  from  
high-affinity  respiratory  proteins, such as those o f  species adapted  
to  hypoxic environm ents (Childress and  Seibel, 1998; H ourdez 
and  W eber, 2005).

P örtner and  Reipschläger (1996) predicted  th a t species w ith 
high m etabolic rates w ould  be m ore severely im pacted  by ocean 
acidification because oxygen b ind ing  in  their b lood  is m ore  pH  
sensitive. Epipelagic squid  (e.g. O m m astrephidae, Gonatidae, 
Loliginidae) are hypothesized to  be m ost severely im pacted by 
the  interference o f  C 0 2  w ith  oxygen b ind ing  at the gills, because 
their m etabolic rates are h igher th an  o th er aquatic  anim als 
(Seibel, 2007; Seibel and  Drazen, 2007). Furtherm ore, oxygen car­
rying capacity is constrained in  squid  relative to active fish 
(Pörtner, 1994). As a result, it is necessary for active squid  to  
utilize all o f  the oxygen carried in  the  b lood  on  each pass 
th rough  the body, even at rest, leaving no  venous oxygen 
reserve. U nloading the  entire  oxygen store a t the tissues requires 
extrem e pH  sensitivity (Bohr coefficient less th an  -1 .0 ; Figure 9; 
Pörtner, 1994). O ne dow nside o f  this adap tation  is that an  increase 
in  C 0 2  in  the  env ironm ent will inh ib it oxygen b ind ing  at the  gills. 
Pö rtner (1990, 1994) estim ates th a t a reduction  in  environm ental 
seawater pH  by  as little as 0.15 u n it will reduce the scope for 
activity in  the  squid  Illex illecebrosus. Recent w ork dem onstrates 
th a t elevated p C 0 2  (% 1000 ppm v) can create m easurable 
reductions in  the oxygen co n sum ption  rate and  scope for activity 
o f  ano th er om m astreph id  squid  Dosidicus gigas (Figure 8 ; R. Rosa 
and  B. Seibel, unpublished  data). However, squid m ay be excep­
tional b o th  m etabolically and  in  their sensitivity to low  pH . We 
review the  pH  sensitivity o f  oxygen b ind ing  in  m arine  anim als 
and  find no  correlation  w ith m etabolic rate o r environm ental 
oxygen levels and  find no obvious phylogenetic signal (Figure 
9). For exam ple, several m etabolically active species have pH  
insensitive respiratory  pro teins (low B ohr coefficients), while 
several others have high pH  sensitivity despite low  oxygen 
dem and.

Predicting population and ecosystem responses
Table 1 lists the responses o f  a variety o f  anim als to  low p H -h ig h  
p C 0 2  conditions. The data indicate th a t foram inifera, m olluscs, 
and  echinoderm s dem onstra te  reduced calcification and  som e­
tim es d issolu tion  o f  C a C 0 3  skeletal structures w hen exposed to 
elevated p C 0 2  and  decreasing pH  and  C 0 3_ concentration . 
Fertilization rates and  early developm ent are also negatively 
im pacted  by high C 0 2  conditions in  a nu m b er o f  groups such as 
sea urchins, m olluscs, and  copepods. Significantly, the  data  are 
lim ited  w ith regard to  the  nu m b er o f  species tested at 
clim ate-relevant p C 0 2  levels. For exam ple, a lthough teleost fish
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Species Description C02 system 
parameters

Sensitivity Reference

Planktonic
foraminifera
Orbulina universa Symbiont-bearing p C 0 2 560 -  780 ppmv 8-14%  reduction In shell mass Spero et al. (1997); Bijma et al. 

(1999, 2002)
Globigerinoides Symbiont-bearing p C 0 2 560 -  780 ppmv 4-8%  reduction In shell mass Bijma et al. (1999, 2002)
sacculifer

Cnidaria
Scyphozoa Jellyfish North Sea seawater Increase In frequency as measured AttrIII et al. (2007)
Hydrozoa pH drop from 8.3 to  

8.1
by CPR from 1958 to 2000

Mollusca
Clio pyramidata Shelled pteropod f̂ arag ' 1 Shell dissolution Feely et al. (2004); Orr et al. 

(2005); this work
Haliotis laevigata Creenlip abalone pH 7.78; pH 7.39 5% and 50% growth reductions Harris et al. (1999).
Haliotis rubra Blacklip abalone pH 7.93; pH 7.37 5% and 50% growth reductions
Mytilus edulis Mussel pH 7.1 /  10 000 ppmv Shell dissolution Llndmger et al. (1984)

p C 0 2 740 ppmv 25% decrease In calcification rate Gazeau et al. (2007)
Crassostrea gigas Oyster p C 0 2 740 ppmv 10% decrease In calcification rate
Mytilus galloprovincialis Mediterranean

mussel
pH 7.3, ~ 5 000  ppmv Reduced metabolism, growth rate Mlchaelldls et al. (2005)

Placopecten Giant scallop pH <  8.0 Decrease In fertilization and embryo Desrosiers et al. (1996)
magellanicus development
Tivela stultorum Pismo clam pH <8 .5 Decrease In fertilization rates Alvarado-Alvarez et al. (1996)
Pinctada fucada Japanese pearl pH 7.7 Shell dissolution, reduced growth Reviewed In Knutzen (1981)
martensii oyster pH > 7 .4 Increasing mortality
Mercenaria mercenaria Clam f̂ arag 0-3 Juvenile shell dissolution leading to 

Increased mortality
Green et al. (2004)

Illex Illecebrosus Eplpelaglc squid 2000 ppmv Impaired oxygen transport Pörtner and Reipschläger 
(1996)

Dosidicus gigas Eplpelaglc squid 0.1% CO2, ~1000  
ppmv

Reduced m etabolism/scope for 
activity

Rosa and Seibel (unpublished)

Arthropoda
Acartia steueri Copepod 0.2-1 %C02, Decrease In egg hatching success; Kurlhara et al. (2004)
Acartia erythraea Copepod ~ 2 0 0 0 -1 0  000 ppmv Increase In nauplius mortality rate
Copepods Pacific, deep vs. 8 6 0 -2 2  000 ppmv Increasing mortality with Increasing Watanabe et al. (2006)

shallow co2 C 0 2 concentration and duration of 
exposure

Euphausia pacifica Krill pH <  7.6 Mortality Increased with Increasing Yamada and Ikeda (1999)
Paraeuchaeta elongata Mesopelaglc

copepod
exposure time and decreasing pH

Conchoecia sp. Ostracod
Cancer pagurus Crab 1% CÛ2, ~  10 000 

ppmv
Reduced thermal tolerance, aerobic 
scope

Metzger et al. (2007)

Chaetognatha
Sagitta elegans Chaetognath pH <7 .6 Mortality Increased with Increasing 

exposure time and decreasing pH
Yamada and Ikeda (1999)

Echinodermata
Strongylocentrotus Sea urchin pH ~ 6.2-7 .3 High sensitivity Inferred from lack cf. Burnett et al. (2002)
purpuratus of pH regulation and passive
Psammechinus miliaris Sea urchin buffering via test dissolution during 

emersion
Spicer (1995); Mlles et al. 
(2007)

Hemicentrotus Sea urchin ~ 5 0 0 -1 0  000 ppmv Decreased fertilization rates, Kurlhara and Shirayama (2004)
pulcherrimus Impacts larval development
Echinometra mathaei Sea urchin
Cystechinus sp. Deep-sea urchin pH 7.8 80% mortality under simulated C 0 2 

sequestration
Barry et al. (2002)

Continued
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Table 1. Continued

Species Description C 02 system 
parameters

Sensitivity Reference

Sipuncula
Sipunculus nudus Peanut worm 1% CO 2, 10  000 ppmv Metabolic suppression

Pronounced mortality In 7-week 
exposure

Pörtner and Reipschläger 
(1996)
Langen buch and Pörtner 
(2004)

Vertebrata
Scyliorhinus canicula Dogfish pH 7.7 /  0.13%CO2 

7% CCh, ~ 7 0  000 
ppmv

Increased ventilation 
100% mortality after 72 h

Reviewed In Truchot (1987) 
Hayashi et al. (2004)

Sillago japonica Japanese whiting 7% CCh, ~ 7 0  000 
ppmv

Rapid mortality In 1-step exposure KIkkawa et al. (2006)

Paralichthys olivaceus Japanese flounder 5% CCh, ~ 5 0  000 
ppmv

100% mortality within 48 h Hayashi et al. (2004)

Euthynnus ajfinis Eastern little tuna 15%C02/ ~ 1 5 0  000 
ppmv

100% mortality of eggs after 24 h KIkkawa et al. (2003)

Pagrus major Red sea bream 5%C02/ ~ 5 0  000 
ppmv

>60%  larval mortality after 24 h Ishimatsu et al. (2005)

Seriola quinqueradiata Yellowtall/
amberjack

5% CÛ2, 50 000 ppmv Reduced cardiac output; 100% 
mortality after 8 h

Ishimatsu et al. (2004)

Sparus aurata Mediterranean fish pH 7.3, ~  5000 ppmv Reduced metabolic capacity Michaelidis et al. (2007)
Dicentrarchus labrax Sea bass pH 7.25, 24 mg I-1

co2
Reduced feed Intake Cecchlnl et al. (2001)

¡0 0 -,

90

Figure 8. Oxygen consum ption rates under elevated C 0 2 for marine 
animals as a percentage o f control rates (air saturation). Decreases in 
routine metabolism, an adaptive strategy to  short-term hypercapnia, 
o f the squid Dosidicus gigas ~ 1 0 0 0  ppm v (0.1% at 20°C), the  
pteropod mollusc Limacina helicina antarctica  under 789 ppmv 
( —1.86°C), the worm Sipunculus nudus and an am phipod Phronima  
sedentaris under 10 000 ppm (1.0%), and the bivalve Mytilus edulis 
under ~ 5 0 0 0  ppmv (0.5%, pH 7.3, 18°C) carbon dioxide. (R. Rosa, 
and B. Seibel, unpublished data; Pörtner and Reipschläger (1996); 
Michaelidis et al. (2005)).

m ay appear less sensitive to  decreased pH -elevated p C 0 2  com ­
pared  w ith  o th er faunal groups, it m ust be em phasized that 
there  is no  in fo rm ation  o n  the  response o f  fish to  the  p C 0 2  

values th a t are projected to  occur over the  next century. 
M oreover, m ost em pirical evidence com es from  short-te rm  exper­
im ents, and  we know  little o r no th in g  abou t the response o f

m arine  b io ta  to  con tinuous, long-term  exposure to  elevated 
p C 0 2  o r the capacity o f  these organism s to  adapt. Nevertheless, 
the  data  in  Table 1 clearly dem onstra te  that elevated p C 0 2  can 
adversely im pact m arine  fauna b o th  via decreased carbonate sa tu r­
a tion  state, w hich directly affects calcification rates, and  via d is­
tu rbance to  a c id -b ase  physiology. W e use the  available evidence 
to  speculate o n  possible ecological w inners and losers du ring  the 
2 1 st century, and  to  identify  priorities for critically needed 
research.

Species distributions
E uthecosom atous p teropods will be first am ong the m ajor groups 
o f  p lanktonic  calcifiers to experience persistent < 1  sa tu ration  
states in  surface waters o f  their curren t geographical ranges 
(Figures 3 and 4). I f  we assum e th a t these anim als are restricted 
to  aragonite-saturated  waters, then  euthecosom atous p teropod  
hab ita t w ould becom e increasingly lim ited, first vertically in  the 
w ater colum n, th en  latitudinally, by  shoaling o f  the aragonite  sa tu r­
a tion  horizon  (O rr et al., 2005). For example, the  p teropod  C. pyr­
amidata  is w idely d istribu ted  and, in  the  N o rth  Pacific, its range 
extends to  nearly  55°N. In  o ther oceans, this species is typically 
found  at 4 0 0 -5 0 0  m  during  the day and in  surface waters at 
n igh t (Bé and  Gilmer, 1977). I f  C. pyram idata  has a sim ilar 
p a tte rn  o f  vertical m igration  in  the  N orth  Pacific, th en  this 
species w ould  already be experiencing seawater corrosive to  arago­
nite  ( i f  <  1) du rin g  pa rt o f  its diel cycle a t ~ 1 0 °N  and  near 50°N 
(Figure 3). W hen  C. pyram idata  is transported  from  coastal waters 
via anticyclonic H aida eddies th a t form  along the eastern m argin  
o f  the  Subarctic Pacific and m ove tow ards the  Alaskan gyre, this 
p te ro p o d  can be a do m in an t m em ber o f  the eddy Zooplankton 
co m m unity  (M ackas and  Galbraith, 2002; T surum i et al., 2005). 
Yet, C. pyram idata  dem onstra ted  only weak diel vertical m igration  
w ith in  an  eddy, w ith  m ost individuals rem aining in  the  upper
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Figure 9. Bohr coefficients (AlogP50A pH _1), an indication o f  the  
sensitivity o f oxygen transport to  pH, as a function of oxygen 
consum ption rate at approximate environmental temperature for 
marine animals from both benthic and pelagic environments.
I. Vam pyroteuth is infernalis; 2. Glyphocrangon ficara; 3. Bythograea 
therm ydron; 4. G nathophausia ingens; S. Octopus vulgaris;
6. Coryphanoides arm atus; 1. A canthephyra  curtirostris;
8. A canthephyra  acutifrons; 9. Systelaspis debilis; 10. Architeuthis sp.,
II . Loligo pealei; 12. A canthephyra  smithi; 13. Loligo vulgaris; 14. 
Oplophorus gracilirostris; 15. Illex illecebrosus; 16. Sepia officinalis; 17. 
Octopus dofleini; 18. Trem atom us bernacchii; 19. Artedidraco  sp.; 20. 
Lolliguncula brevis; 21. Megaleledone senoi. Bohr coefficients from 
Crigg (1967); Arp and Childress (1985); Noble e t al. (1986); Sanders 
and Childress (1990); Eastman (1993); Bridges (1994); Tamburrini
et al. (1998); Seibel et al. (1999); Lowe et al. (2000); Zielinski e t al. 
(2001). M etabolic rates reviewed in Childress (1995); Seibel and 
Drazen (2007)). M etabolic rate for Architeuthis sp. is estim ated from 
activity o f  citrate synthase.

75 m  during  b o th  day and n igh t (M ackas and  Galbraith, 2002). 
A part from  this H aida eddy study, however, data  on  the vertical 
d istribu tion  o f  C. pyram idata  in  the Subarctic Pacific are lacking.

The euthecosom e Limacina helicina is an  im p o rtan t high- 
latitude species in  b o th  the  n o rth e rn  and  so u thern  hem ispheres. 
In  the Arctic Ocean, this species is m ost abu n d an t betw een 5 0 -  
100 m  du rin g  w inter and  in  the  upper 50 m  during  sum m er 
(Kobayashi, 1974). South o f  the A ntarctic Polar Front, w here a ra ­
gonite  u n d ersatu ra tion  o f  the  entire  w ater co lum n is projected to 
occur w ith in  the  next 5 0 -1 0 0  years, this p te ro p o d  species com ­
prises nearly all o f  the  o f  C a C 0 3  export to the  ocean in terio r 
(Collier et ah, 2000; H onjo  et ah, 2000; A ccornero et ah, 2003).

As aragonite  sa tu ration  states approach  1 w ith progressive acid­
ification du ring  the 21st cen tu ry  (Figure 4), we hypothesize that 
shelled p tero p o d  species, such as C. pyram idata  and  I .  helicina, 
e ither will have to adap t to  living con tinuously  in  seawater u n d e r­
saturated  w ith respect to  aragonite o r restrict their vertical and 
latitud inal d istribu tions to warm er, m ore carbonate-rich  regions 
th a t rem ain  supersaturated  w ith  respect to aragonite. This latter 
possibility m ay be lim ited  by  the  extrem e adap tations to low tem p ­
erature th a t m ay prevent equatorw ard  m ovem ent o f  polar anim als 
(Stillm an, 2003; Som ero, 2005; Seibel et al., 2007). W aters

undersatu ra ted  w ith respect to  aragonite  are currently  im pinging 
u p o n  the  dep th  ranges o f  p teropods in  several o th er regions, 
such as upwelling areas associated w ith the  Benguela C urrent, 
w estern A rabian Sea, and Peru  C urrent, w here p teropod  ab u n ­
dances can be high (e.g. Bé and Gilmer, 1977; Fabry, 1990; 
Boltovskoy et al., 1993; Kalberer et al., 1993; H itchcock et al., 
2002; M ohan  et al., 2006).

A lthough fu ture  anthropogenically  induced  reductions in  the 
sa turation  state o f  calcite will n o t be  as severe as those for arago­
nite, species o f  the  calcitic foram inifera m ay also change their geo­
graphic d istribu tions in  response to  decreased calcite sa tu ration  
states. As calcite undersatu ra tion  is projected to  occur ~ 5 0 -1 0 0  
years subsequent to  th a t o f  aragonite  (O rr et al., 2005), fo ram in i­
fera could  be  displaced from  high latitudes, w here they  can be 
abundan t. Changes in  species com position  could  also occur, as 
has been reported  in  the  California C urren t in  response to  a n th ro ­
pogenic w arm ing (Field et al., 2006). Currently, there  are few high- 
quality  da ta  o n  the  diel vertical d istribu tions o f  euthecosom es and 
foram inifera in  these areas to  test w hether shelled p tero p o d  and 
foram iniferal populations will shift their dep th  ranges as the  car­
bonate  chem istry o f  seawater changes.

In  add itio n  to  calcification, o th er physiological indices indicate 
general trends th a t m ay be useful for p redicting  species’ vu lner­
ability to  ocean acidification. Those w ith  low  m etabolic rates, 
including perhaps gelatinous Zooplankton and  those th a t experi­
ence little na tura l variation  in  C 0 2, appear to  dem onstra te  lesser 
C 0 2  tolerance. T hus, a t first glance, Zooplankton inhab iting  the 
open  ocean m ay  appear highly susceptible to  ocean acidification, 
given the  constancy o f  the  pelagic env ironm ent relative to  hydro- 
therm al vents o r the  in tertidal zone (T ruchot and  D uham el-Jouve, 
1980). However, large, vertical gradients in  environm ental vari­
ables, including oxygen, C 0 2, and  pH , exist in  the upper 1000 m  
(Figure 3), and m ost Zooplankton species m igrate daily from  n ear­
surface waters to  depths o f  2 0 0 -7 0 0  m . In  the expansive regions 
w ith p ronounced  oxygen m in im u m  layers (Figure 3c), these diel 
m igrations expose Zooplankton to wide variations in  p C 0 2, 
values (Figure 3b) greater th an  those expected for average 
surface waters as a result o f  an thropogenic  ocean acidification 
over the next 100 years (Figure 1). Therefore, a lthough the  open 
ocean environm ent has fluctuated  historically on ly  over m illennial 
tim e-scales (K ennett and Ingram , 1995), giving species am ple tim e 
to  adap t (Childress and  Seibel, 1998), the  effective env ironm ent o f 
m any  species in  the  open  ocean is n o t constant.

M any  species m igrating in to  oxygen m in im u m  layers m ay do 
so by  suppressing m etabolism  and  supplem enting  rem aining 
energy dem ands w ith anaerobic m etabolic pathways (Childress 
and  Seibel, 1998; H u n t and  Seibel, 2000). A naerobic m etabolism  
itself m ay exacerbate in ternal a c id -b ase  im balance (H ochachka 
and  Som ero, 2002). Therefore, vertically m igrating  species, like 
those living intertidally  o r near hydro therm al vents, experience 
oscillating periods o f  sim ultaneous hypoxia and  high p C 0 2 that 
require specific adap tations for tolerance (Childress and  Seibel, 
1998). Those adap tations m ay m ake Zooplankton in  hypoxic 
regions m ore to leran t o f  elevated p C 0 2, at least o n  short tim e- 
scales, th an  those in  well-oxygenated regions. This hypothesis is 
supported  by the  recent w ork  o f  W atanabe et al. (2006), who 
found  greater m orta lity  du ring  short-te rm  exposure to  high 
p C 0 2 in  shallow-living and  subtropical copepods th an  in 
deep-living species in  the Subarctic Pacific, where p C 0 2 is n a tu ­
rally m uch  higher. However, Pane and  Barry (2007) suggested 
th a t low  oxygen exacerbated in ternal a c id -b ase  im balance in  a
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deep-sea crab. Currently, there is no  evidence that ad ap tation  to 
variably hypercapnie environm ents p rom otes tolerance o f 
chronic ocean acidification such as that expected over the  next 
century. Furtherm ore, as w arm ing alters ocean stratification, the 
vertical and  horizon tal extent o f  the  oxygen m in im u m  layer is 
expected to  change, and ocean acidification will elevate p C 0 2 
levels a t subsurface depths. W arm ing is also expected to  act syner- 
gistically to  exacerbate oxygen lim ita tion  and  fu rther h inder C 0 2  

tolerance (M etzger et al., 2007).
Predictive ability o f  the  response o f  Zooplankton populations to 

ocean acidification is ham pered  by a paucity  o f  m easurem ents at 
clim ate-relevant C 0 2  concentrations (Table 1). In  m any  cases, 
no  in fo rm ation  exists for ecologically im p o rtan t taxa such as lar- 
vaceans, salps, am phipods, and euphausiids. Gelatinous Zooplank­
to n  have n o t been exam ined at all for C 0 2  tolerance. Their low 
m etabolic rates m ay m ake them  highly susceptible; however, 
they m ay also exhibit species-specific responses to  increased 
p C 0 2, sim ilar to  the differential response observed am ong 
m edusae species to hypoxia (R utherford  and  Thuesen, 2005; 
Thuesen et al., 2005a, b ). A ttrill et al. (2007) reported  a significant 
correlative relationship betw een reduced pH  and  increased fre­
quency o f  m edusae, as sam pled by  the C ontinuous P lank ton  
Recorder for 40 years in  the N orth  Sea. The au thors suggest that 
the frequency o f  m edusae in  the N o rth  Sea will increase over the 
next cen tu ry  as surface w ater pH  values decrease. As yet, no  cau­
sative m echanism  linking jellyfish abundance w ith  ocean acidifica­
tio n  is know n.

Fertilization success and  early developm ental stages o f  m any 
faunal groups appear to  be particularly  vulnerable to  elevated 
p C 0 2 (Table 1). The tolerance o f  early life stages m ay im pact 
recru itm en t success and, ultim ately, species abundances and  dis­
tribu tions. I f  the fo rm ation  o f  highly soluble, am orphous C a C 0 3  

as a transien t precursor to crystalline phases in  em bryonic and 
larval stages (Beniash eta l., 1997; W eiss et al., 2002) is w idespread 
am ong m ollusc and echinoderm  species, then  these phyla m ay be 
particularly  at risk from  progressive ocean acidification in  m any 
oceanic regions. A dditional investigation is needed to  determ ine 
if  ocean acidification-induced m orta lity  o f  these stages could 
drive a reorganization  o f  ben th ic  and  pelagic com m unities and 
also adversely im pact com m ercially im p o rtan t fisheries.

Trophic dynamics and other ecosystem processes
The relative rate o f  change in  surface seawater carbonate ion  con­
cen tration  is greatest in  h igh-la titude regions (O rr et al., 2005; 
Figure 4). In  polar and  subpolar areas, the progressive shoaling 
o f  the aragonite  sa tu ration  horizon  and  the  decreasing calcite sat­
u ra tio n  state o f  the  euphotic  zone over fu ture  decades will im pact 
trophic  dynam ics and  o th er ecosystem  processes, including the 
cycling o f  C a C 0 3  and  organic m atter. E uthecosom atous p teropods 
are functionally  im p o rtan t com ponents o f  h igh-la titude ecosys­
tem s w ith the  po ten tial to  influence phy top lank ton  stocks 
(H opkins, 1987), carbon  fluxes (Noji et al., 1997; Collier et al., 
2000; H onjo  et al., 2000), and dim ethyl sulphide levels 
(Levasseur et al., 1994) that, in  tu rn , influence global clim ate 
th rough  o cean -a tm o sp h e re  feedback loops. The possible extirpa­
tio n  o f  euthecosom atous p teropods from  the  h igh-la titude regions 
w ould im pact the dow nw ard organic carbon  flux associated w ith 
p te ro p o d  faecal pellets (T hibault et al., 1999; Collier et al., 2000) 
and  rem ove a m ajor source o f  C a C 0 3  in  such regions (e.g. 
B athm ann  et al., 1991; G ardner et al., 2000; H onjo  et al., 2000; 
A ccornero et al., 2003; T surum i et al., 2005). Similarly, if

foram inifera densities decrease in  som e high-la titude regions, 
w here they  are curren tly  ab u n d an t (e.g. Subarctic Pacific), 
C a C 0 3  export to  the ocean in terio r will be reduced, w hich in 
tu rn  w ould  decrease their po ten tial to  act as ballast in  the transport 
o f  organic carbon  to the  deep sea (Schiebel, 2002).

M ost o f  the  carnivorous Zooplankton and fish (e.g. cod, 
pollock, haddock, m ackerel) that feed o n  euthecosom atous p te ro ­
pods (Ito, 1964; LeBrasseur, 1966; Lafii and Gilmer, 1989) w ould 
be able to sw itch to  o th er prey types, w hich could  result in 
greater p redation  pressure o n  juvenile fish such as salm on 
(W illette et al., 2001). In  contrast, gym nosom es prey exclusively 
o n  shelled p teropods (Lafii and Gilmer, 1989) and w ould likely 
shift their geographic d istribu tion  in  concert w ith their eutheco- 
som e prey, assum ing b o th  predato r and  prey are able to  overcom e 
possible therm al tolerance lim itations (Seibel eta l., 2007). A nother 
specialized predator, the  m yctophid  Centrobraclms brevirostris, 
w hich feeds p redom inan tly  o n  the  p teropod  C. pyram idata  in 
the  K uroshio waters o f  the  w estern N o rth  Pacific (W atanabe 
et al., 2 0 0 2 ), w ould also be highly im pacted  if  euthecosom es 
were excluded from  its hab ita t in  the future; typically, the trade-o ff 
in  such highly specialized feeding is a reduced ability to  diversify 
w hen the  preferred prey is absent.

In  the  N o rth  Pacific, the  euthecosom es I .  helicina and, to  a 
lesser extent, C. pyram idata  can be im p o rtan t prey o f  juvenile 
p ink  salm on (Oncorhynchus gobuscha), w hich com prise a large 
p a rt o f  the  com m ercial catch o f  salm on in  the N o rth  Pacific (cf. 
A rm strong et al., 2005). P ink  salm on have a short, tw o-year life­
span, and their recru itm en t is th ough t to  be affected by  d iet and 
availability o f  prey du rin g  their early m arine  life history. In  a three- 
year study  designed to  exam ine the in te rannual variability  o f  the 
feeding habits o f  juvenile p in k  salm on, A rm strong et al. (2005) 
found  th a t I .  helicina accounted for >  60% by  weight o f  the  juven­
ile salm on diet in  two o f  three years, b u t only 15% in  the  th ird  
year. Juvenile p in k  sa lm on rapid ly  increase in  size during  
sum m er in  the  Subarctic Pacific, feeding o n  progressively larger 
prey item s and  sw itching from  I .  helicina to  the  larger C. pyram i­
data  by  O ctober (Boldt and H aldorson, 2003; A rm strong et al.,
2005). In  a m odel study  linking oceanic foodwebs to p ro d u c tio n  
and  grow th rates o f  p ink  salm on, A ydin et al. (2005) found  that 
decreased energetic foraging costs for zooplanktivorous juvenile 
salm on and the  ontogenetic  d iet shift from  Zooplankton to  
squid  were b o th  key factors th a t strongly influenced the  biom ass 
o f  m ature  p ink  salm on. Because euthecosom atous p teropods can 
reach sw arm  densities in  near-surface waters du ring  daylight, 
e ither th rough  concen tra tion  by  eddies (T surum i et al., 2005) or 
life-history traits (B athm ann et al., 1991; G annefors et al., 2005), 
visual predators such as juvenile p ink  salm on m ay be able to  
reduce forage costs by  feeding w ith in  p teropod  patches. O ther p re­
lim inary  m odel results suggest th a t a 1 0 % decrease in  p teropod  
p ro d u c tio n  could  lead to a 2 0 % drop  in  m ature  p ink  salm on 
b od y  weight (Aydin, pers. com m .). D uring  the  ontogenetic  diet 
shift o f  juvenile salm on, the  gonatid  squid  Berrytheuthis anonychus 
is an  im p o rtan t con tro l o n  adult salm on biom ass; availability o f  
this lip id -rich  prey species substantially  accelerates the grow th o f 
b o th  p in k  and sockeye salm on in  bioenergetics m odels (cf. Aydin 
et al., 2005). Similarly, Gonatus fabricii, am ong the  m ost abundan t 
squid  species in  the N o rth  A tlantic, is the m ost im p o rtan t prey 
item  to  a nu m b er o f  m arine  m am m als and m ay be responsible 
for their seasonal occurrence in  som e regions (Bjorke, 2001; 
H ooker et al., 2001). A lthough the  respiratory  physiology o f 
gonatid  squid  has no t been  investigated in  detail, their m etabolic
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rates are h igh (Seibel, 2007), w hich m ay lead to  high C 0 2  sensi­
tivity, as described above for om m astreph ids (e.g. Pö rtner and 
Reipschläger, 1996; Pörtner et al., 2004). O m m astrephids are 
aiso im p o rtan t com ponents o f  ecosystems and  are im p o rtan t com ­
m ercial fisheries w orldw ide (R odhouse and W hite, 1995; Clarke, 
1996; N igm atullin  et al., 2001).

O cean acidification could also affect foodwebs and carbon 
cycling th rough  b o tto m -u p  contro ls involving p H -dependen t spé­
ciation  o f  n u trien ts and m etals (H uesem ann  eta l., 2002), w hich, in 
tu rn , m ay alter species com position  and  rates o f  prim ary  p ro ­
ductivity. The interactive effects and feedback o f  changing seawater 
C 0 2  chem istry w ith o th er stressors, such as warm ing, eu troph ica­
tion , in troduced  species, and  overfishing, m ay act to alter ecosys­
tem  responses th a t w ould  otherw ise result from  only one o f  these 
stressors (Schippers et al., 2004; H utch ins et al., 2007). 
Q uantification  o f  these com plex ecosystem  processes requires 
add itional em pirical data, as well as new  m odelling efforts, p a r­
ticularly  o n  regional scales.

Research needs and conclusions
M ost experim ental w ork  on  the im pacts o f  ocean acidification on  
m arine  b io ta  at clim ate-relevant p C 0 2  values has investigated the 
calcification response o f  corals and  coccolithophores (cf. Kleypas 
et ah, 2006). There is a critical need for in fo rm ation  on  the sub- 
lethal calcification and  energetic responses o f  a diverse suite o f 
Z ooplankton and m icronekton. We need to  m ove forw ard on  
several fronts in  parallel.

•  In  sensitive regions and  for critical species, we need to  track  the 
abundances and  dep th  d istribu tions o f  calcareous and  non- 
calcifying fauna, m easure calcification and  m etabolic rates o f 
these groups, and relate these data to  changes in  the  C 0 2  

chem istry  o f  the w ater colum n. This requires com m itm en t to 
long-term  m o nito ring  program m es at appropria te  tem poral 
and spatial scales to  detect possible shifts, and  distinguish 
betw een natural variability  and  anthropogenically  induced 
changes.

•  U sing p C 0 2  levels projected to  occur over the  next century, 
m anipulative laboratory  experim ents are needed to  investigate 
the calcification and d issolu tion  responses, identify physiologi­
cal indices useful in  p redicting  C 0 2  tolerance, determ ine the 
costs o f  a c id -b ase  regulation, and quan tify  sensitive energetic 
processes, such as skeletal and tissue growth, reproduction , 
and m etabolism  for critical life stages o f  key species.

•  M esocosm  and  field experim ents are necessary to  quantify  eco­
system im pacts from  ocean acidification th a t m ay include 
forcing from  b o tto m -u p  controls, changes in  foodweb stru c ­
ture, biogeochem ical cycling, and feedback m echanism s.

•  H igh-p rio rity  areas for research include h igh-la titude regions, 
w hich m ay becom e undersatura ted  w ith  respect to  aragonite 
as early as 2050, and  regions w ith p ro n o u n ced  oxygen 
m in im u m  layers o r coastal hypoxia, w hich are already charac­
terized by  high p C 0 2  and  m ay be particularly  at risk, owing 
to the  com bined effects o f  low  oxygen w ith  elevated p C 0 2, 
w arm ing, and  eutrophication .

•  Target species for investigation in  the  above regions include 
euthecosom atous pteropods, foram inifera, epipelagic squid, 
and larval stages and  adults o f  com m ercially and  ecologically 
im p o rtan t ben th ic  invertebrates such as bivalves, sea urchins,

crabs, and  lobsters. We also need to test taxa for w hich there 
are currently  no  data  available, including m edusae, larvaceans, 
and  various crustaceans. A dditional experim ents should 
exam ine the  interactive effects o f  seawater C 0 2  chem istry  w ith 
tem perature, dissolved oxygen, food availability, and  o ther vari­
ables th a t m ay change as a result o f  h u m an  activities.

•  New approaches (e.g. functional genom ics and  DNA bar- 
coding) and  advances in  existing technologies (e.g. au tonom ous 
chem ical sensors and optical p lank ton  sam plers) are necessary 
to  investigate the  in situ response o f  organism s th a t are difficult 
to  m ain ta in  in  the laboratory, identify  sublethal effects o f 
chronic exposure to  elevated p C 0 2  o n  m arine fauna, and 
address questions o f  long-term  im pacts and po ten tial for ad ap ­
ta tio n  over decadal to  centennial time-scales.

•  M odels are critical to scale up  results from  m anipulative exper­
im ents and  field observations to  predict ecosystem im pacts on  
regional and  global scales.

A lthough the  changes in  seawater chem istry th a t result from  the 
oceanic uptake o f  an thropogenic  C 0 2  are well characterized over 
m ost o f  the  ocean, the  biological im pacts o f  ocean acidification 
o n  m arine  fauna are on ly  beginning to  be understood . New tech­
nologies and advances, as well as integrated, m ultid iscip linary  
efforts am ong biologists and chem ists, experim entalists and  m o d ­
ellers will be requ ired  to  quan tify  the effects o f  ocean acidification 
o n  m arine  fauna and  changes in  ecosystem struc tu re  and function. 
Nevertheless, sufficient in fo rm ation  exists to state w ith certain ty  
th a t deleterious im pacts o n  som e m arine  species are unavoidable, 
and  th a t substantial alteration  o f  m arine  ecosystems is likely over 
the  next century.

Acknowledgements
This w ork was supported  jo in tly  by the  N ational Science 
Foundation  (NSF grants OCE-0551726 and OPP-0538710 to 
VJF, and  OCE-0526493 and OPP-0538479 to  BAS) and the 
N ational Oceanic and A tm ospheric A dm inistra tion  (NOAA). We 
specifically acknowledge program m e m anagers D on  Rice, Phil 
Taylor, and  R oberta M arinelli o f  the  NSF Chem ical and 
Biological O ceanography Program s and  Office o f  Polar 
Program s, respectively; and  Kathy Tedesco and M ike Johnson o f 
the  NOAA C lim ate Change Program  for their support. We 
th an k  H . Spero, B. H önisch, and  A. M aas for discussions and  com ­
m ents o n  earlier drafts o f  this paper. The IAEA is grateful for the 
su p p o rt p rovided to its M arine E nvironm ental L aboratory by  the 
G overnm ent o f  the  P rincipality  o f  M onaco.

References
Accornero, A., M anno, C., Esposito, F., and Gambi, M. C. 2003. The 

vertical flux o f particulate m atter in the polynya of Terra Nova 
Bay. Part II. Biological components. Antarctic Science, 15: 
175-188.

Alvarado-Alvarez, R., Gould, M. C., and Stephano, J. L. 1996. 
Spawning, in vitro m aturation, and changes in oocyte electrophysi­
ology induced serotonin in  Tivela stultorum. Biological Bulletin, 
190: 322-328.

Armstrong, J. L., Boldt, J. L., Cross, A. D., Moss, J. H., Davis, N. D., 
Myers, K. W., Walker, R. V., et at. 2005. Distribution, size, and 
interannual, seasonal and diel food habits o f  northern Gulf of 
Alaska juvenile pink salmon, Oncorhynchus gorbuscha. Deep Sea 
Research II, 52: 247-265.



428 V. J. Fabry et al.

Arp, A. J., and Childress, J. J. 1985. Oxygen binding properties o f  the 
blood of the deep-sea shrimp, Glyphocrangon vicaria. Physiological 
Zoology, 58: 38-45.

Attrill, M. J., W right, J., and Edwards, M. 2007. Climate-related 
increases in jellyfish frequency suggest a more gelatinous future 
for the North Sea. Limnology and Oceanography, 52: 480-485.

Aydin, K. Y., McFarlane, G. A., King, J. R., Megrey, B. A., and Myer, K. W. 
2005. Linking oceanic foodwebs to coastal production and growth 
rates o f Pacific salmon (Oncorhynchus spp.), using models on 
three scales. Deep Sea Research II, 52: 757-780.

Barker, S., and Elderfield, H. 2002. Foraminiferal calcification response 
to glacial-interglacial changes in atmospheric C 0 2. Science, 297: 
833-836.

Barry, J., Seibel, B. A., Drazen, J., Tamburri, M., Lovera, C., and 
Brewer, P. 2002. Field experiments on direct ocean C 0 2  sequestra­
tion: the response of deep-sea faunal assemblages to C 0 2  injection 
at 3200 m off central California. EOS Transactions o f the American 
Geophysical Union, 83: OS51F-02.

Bathmann, U. V., Noji, T. T., and von Bodungen, B. 1991. 
Sedimentation of pteropods in the Norwegian Sea in autum n. 
Deep Sea Research, 38: 1341-1360.

Bé, A. W. H., and Gilmer, R. W. 1977. A Zoogeographie and taxonomic 
review of euthecosomatous Pteropoda. In Oceanic 
Micropaleontology, Vol. 1, pp. 733-808. Ed. by A. T. S. Ramsey. 
Academic Press, London.

Beniash, E., Aizenber, J., Addai, L., and Weiner, S. 1997. Am orphous 
calcium carbonate transforms into calcite during sea urchin 
larval spicule growth. Proceedings o f the Royal Society o f 
London, Series B, 264: 461-465.

Bijma, J., Honisch, B., and Zeebe, R. E. 2002. Im pact o f the ocean car­
bonate chemistry on  living foraminiferal shell weight: com m ent on 
“Carbonate ion concentration in glacial-age deepwaters o f the 
Caribbean Sea” by W. S. Broecker and E. Clark. Geochemistry, 
Geophysics, Geosystems, 3: 1064. doi:10.1029/2002GC000388.

Bijma, J., Spero, H. J., and Lea, D. W. 1999. Reassessing foraminiferal 
stable isotope geochemistry: impact o f the oceanic carbonate 
systems (experimental results). In Use of Proxies in 
Paleoceanography: Examples from the South Atlantic, pp. 
489-512. Ed. by G. Fisher, and G. Wefer. Springer-Verlag, 
New York.

Bischoffi W. W., Mackenzie, F. T., and Bishop, F. C. 1987. Stabilities o f 
synthetic magnesian calcites in aqueous solution: comparison with 
biogenic materials. Geochimica et Cosmochimica Acta, 51: 
1413-1424.

Bjorke, H. 2001. Predators o f  the squid Gonatus fabricii (Lichtenstein) 
in  the Norwegian Sea. Fisheries Science, 52: 113-120.

Boldt, J., and Haldorson, L. J. 2003. Seasonal and geographic variation 
in  juvenile pink salmon diets in the northern Gulf o f  Alaska and 
Prince William Sound. Transactions o f the American Fisheries 
Society, 132: 1035-1052.

Boltovskoy, D., Alder, V. A., and Abelmann, A. 1993. Annual flux of 
Radiolaria and other shelled plankters in the eastern Atlantic at 
853 m: seasonal variations and polycystine species-specific
responses. Deep Sea Research, 40: 1863-1895.

Bown, P. R., Lees, J. A., and Young, J. R. 2004. Calcareous nanoplank­
ton  evolution and diversity through time. In From Molecular 
Processes to  Global Impact, pp. 481-508. Ed. by H. R. 
Thierstein, and J. R. Young. Springer-Verlag, Berlin.

Bridges, C. R. 1994. Bohr and Root effects in  cephalopod haemo- 
cyanins— paradox or pressure in Sepia officinalis? In Physiology 
of Cephalopod Molluscs: Lifestyle and Performance Adaptations, 
pp. 121-130. Ed. by H. O. Pörtner, R. K. O ’Dor, and D. L. 
MacMillan Gordon and Breach, London.

Brummer, G-J. A., Hemleben, C., and Spindler, M. 1987. Ontogeny of 
extant spinose planktonic foraminifera (Globigerinidae): a concept 
exemplified by Globigerinoides sacculifer (Brady) and G. ruber 
(d’Orbigny). Marine Micropaleontology, 12: 357-381.

Burnett, L., Terwilliger, N., Carroll, A., Jorgensen, D., and Scholnick, 
D. 2002. Respiratory and acid-base physiology of the purple sea 
urchin, Stronglyocentratus purpuratus, during air exposure: pre­
sence and function o f a facultative lung. Biological Bulletin, 203: 
42-50.

Caldeira, K., and Wickett, M. E. 2003. Anthropogenic carbon and 
ocean pH. Science, 425: 365.

Caldeira, K., and Wickett, M. E. 2005. Ocean model predictions o f 
chemistry changes from carbon dioxide emissions to the atm os­
phere and ocean. Journal o f Geophysical Research, 110: C09S04. 
doi:10.1029JC002671.

Cameron, J. N. 1989. The Respiratory Physiology of Animals. Oxford 
University Press, New York. 353 pp.

Cameron, J. N., and Iwama, G. K. 1987. Compensation o f progressive 
hypercapnia in channel catfish and blue crabs. Journal o f 
Experimental Biology, 133: 183-197.

Castellini, M. A., and Somero, G. N. 1981. Buffering capacity o f  ver­
tebrate muscle: correlations with potentials for anaerobic function. 
Journal o f Comparative Physiology, 143: 191-198.

Cecchini, S., Saroglia, M., Caricato, G., Terrova, G., and Sileo, L. 2001. 
Effects o f graded environmental hypercapnia on  sea bass 
(Dicentrarchus labrax L.) feed intake and acid-base balance. 
Aquaculture Research, 32: 499-502.

Childress, J. J. 1995. Are there physiological and biochemical adap­
tations o f metabolism in deep-sea animals? Trends in Ecology 
and Evolution, 10: 30-36.

Childress, J. J., and Seibel, B. A. 1998. Life at stable low oxygen levels: 
adaptations o f animals to oceanic oxygen m inim um  layers. Journal 
o f  Experimental Biology, 201: 1223-1232.

Clairbome, J. B., Edwards, S. L., and Morrison-Shetlar, A. I. 2002. 
Acid-base regulation in fishes: cellular and molecular mechanisms. 
Journal o f Experimental Zoology, 293: 302-319.

Clarke, M. R. 1996. The role o f cephalopods in the world’s oceans: 
general conclusions and the future. Philosophical Transactions o f 
the Royal Society o f London, Series B-Biological Sciences, 351: 
1105-1112.

Collier, R., Dymond, J., Honjo, S., Manganini, S., Francois, R., and 
Dunbar, R. 2000. The vertical flux o f biogenic and lithogenic 
material in the Ross Sea: m oored sediment trap observations 
1996-1998. Deep Sea Research, 47: 3491-3520.

Corliss, B. H., and Honjo, S. 1981. Dissolution of deep-sea benthonic 
foraminifera. Micropaleontology, 27: 356-378.

Dadon, J. R., and de Cidre, L. L. 1992. The reproductive cycle o f the 
Thecosomatous pteropod Limacina retroversa in the western 
South Atlantic. Marine Biology, 114: 439-442.

Denman, K. L., et al. 2007. Couplings between changes in the climate 
system and biogeochemistry. In Climate Change 2007: The Physical 
Science Basis. Contribution o f W orking Group I to the Fourth 
Assessment Report o f the Intergovernmental Panel on Climate 
Change, pp. 500-556. Ed. by S. Soloman, D. Qin, M. Manning, 
Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, H. L. Miller, et at. 
Cambridge University Press, Cambridge.

Desrosiers, R. R., Désilets, J., and Dubé, F. 1996. Early developmental 
events following fertilization in the giant scallop Placopecten magel­
lanicus. Canadian Journal o f Fisheries and Aquatic Sciences, 53: 
1382-1392.

Dickson, A. C., and Millero, F. J. 1987. A comparison of the equili­
brium  constants for the dissociation of carbonic acid in seawater 
media. Deep Sea Research, 34: 1734-1743.

Doney, S. C., Mahowald, N., Lima, I., Feely, R. A., Mackenzie, F. T., 
and Lamarque, F. 2007. The impacts o f  anthropogenic nitrogen 
and sulfur deposition on ocean acidification and the inorganic 
carbon system. Proceedings o f the National Academy of Sciences 
o f the USA, 104: 14 580-14  585.

Eastman, J. T. 1993. Antarctic Fish Biology: Evolution in a Unique 
Environment. Academic Press, New York. 322 pp.



Impacts o f ocean acidification on marine fa u n a  and ecosystem processes 429

Fabry, V. J. 1990. Shell growth rates o f pteropod and heteropod mol- 
lusks and aragonite production in the open ocean: implications for 
the marine carbonate system. Journal o f Marine Research, 48: 
209-222.

Field, D. B., Baumgartner, T. R., Charles, C. D., Ferreira-Bartrina, V., 
and Ohman, M. 2006. Planktonic foraminifera o f the California 
Current reflect 20th-century warming. Science, 311: 63-66.

Feely, R. A., Sabine, C. L., Byrne, R. H., and Greeley, D. 2006. Direct 
evidence for ocean acidification o f the N orth Pacific Ocean. EOS 
Transactions o f  the American Geophysical Union, 87(52), Fall 
Meeting Supplement, Abstract OS12B-04.

Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J., 
and Millero, F. J. 2004. Impact o f anthropogenic C 0 2  on  the 
C aC 0 3  system in the oceans. Science, 305: 362-366.

Forster, P., Ramaswamy, V., Artaxo, P., Bemtsen, T., Betts, R., Fahey, 
D. W., Haywood, J., et ai. 2007. Changes in  atmospheric constitu­
ents and in radiative forcing. In  Climate Change 2007: the Physical 
Science Basis. Contribution o f W orking Group I to the Fourth 
Assessment Report o f the Intergovernmental Panel on Climate 
Change, pp. 129-234. Ed. by S. Solomon, D. Qin, M. Manning, 
Z. Chen, M. Marquis, K. B. Averyt, M. Tignor, et ai. Cambridge 
University Press, Cambridge.

Gannefors, C., Böer, M., Kattner, G., Graeve, M., Eiane, K., Gulliksen,
B., Hop, H., et ai. 2005. The Arctic sea butterfly Limacina helicina'. 
lipids and life strategy. Marine Biology, 147: 169-177.

Gardner, W. D., Richardson, M. J., and Smith, W. O. 2000. Seasonal 
patterns o f water colum n particulate organic carbon and fluxes 
in the Ross Sea, Antarctica. Deep Sea Research, 47: 3423-3449.

Gattuso, J-R, Frankignoulle, M., Bourge, I., Romaine, S., and 
Buddemeier, R. W. 1998. Effect o f calcium carbonate saturation 
o f seawater on coral calcification. Global and Planetary Change, 
18: 37-46.

Gazeau, F., Quibler, C., Jansen, J. M., Gattuso, J-R, Middelburg, J. J., 
and Heip, C. H. R. 2007. Im pact o f elevated C 0 2  on  shellfish calci­
fication. Geophysical Research Letters, 34: L07603. doi 10.1029/ 
2006GL028554.

Gibbs, A. H., and Somero, G. N. 1990. Na+-K+ adenosine triphospha­
tase activities in gills o f marine teleost fishes, changes with depth, 
size and locom otory activity level. Marine Biology, 106: 315-321.

Green, M. A., Jones, M. E., Boudreau, C. L., Moore, R. L., and 
Westman, B. A. 2004. Dissolution mortality o f juvenile bivalves 
in coastal m arine deposits. Limnology and Oceanography, 49: 
727-734.

Grigg, G. C. 1967. Some respiratory properties o f the blood of four 
species o f Antarctic fishes. Comparative Biochemistry and 
Physiology, 23: 139-148.

Groseil, M. 2006. Intestinal anion exchange in marine fish osmoregu­
lation. Journal o f Experimental Biology, 209: 2813-2827.

Guinotte, J. M., Orr, J., Cairns, S., Freiwald, A., Morgan, L., and 
George, R. 2006. Will hum an-induced changes in seawater chem­
istry alter the distribution o f deep-sea scleractinian corals? 
Frontiers in Ecology and the Environment, 4: 141-146.

Guppy, M., and W ithers, P. 1999. Metabolic depression in animals: 
physiological perspectives and biochemical generalizations. 
Biological Reviews, 74: 1-40.

Gutiérrez, J. L., Jones, C. G., Strayer, D. L., and Iribarne, O. O. 2003. 
Mollusks as ecosystem engineers: the role o f shell production in 
aquatic habitats. Oikos, 101: 79-90.

Hand, S. C. 1991. Metabolic dorm ancy in aquatic invertebrates. In 
Advances in  Comparative and Environmental Physiology, Vol. 8 , 
pp. 1-50. Ed. by R. Gilles. Springer-Verlag, Heidelberg.

Harris, J. O., Maguire, G. B., Edwards, S. J., and H indrum , S. M. 1999. 
Effect o f pH  on growth rate, oxygen consum ption rate, and histo- 
pathology of gili and kidney tissue for juvenile greenlip abalone, 
Haiitosis iaevigata and blacklip abalone, Haiitosis rubra leach. 
Journal o f Shellfish Research, 18: 611-619.

Hayashi, M., Kita, J., and Ishimatsu, A. 2004. Acid-base responses to 
lethal aquatic hypercapnia in three m arine fishes. Marine 
Biology, 144: 153-160.

Heisler, N. 1989. Interactions between gas exchange, metabolism, and 
ion transport in animals: an overview. Canadian Journal of 
Zoology, 67: 2923-2935.

Heisler, N. 1993. Acid-base regulation. In The Physiology of Fishes, pp. 
343-377. Ed. by D. H. Evans. CRC Press, Boca Raton, FL.

Hemleben, C., Spindler, M., and Anderson, O. R. 1989. M odern 
Planktonic Foraminifera. Springer-Verlag, New York. 363 pp.

Henry, R. P. 1984. The role o f carbonic anhydrase in blood ion and 
acid-base regulation. American Zoologist, 24: 241-251.

Hitchcock, G. L., Lane, P., Smith, S., Luo, J., and Ortner, P. B. 2002. 
Zooplankton spatial distributions in coastal waters o f the northern 
Arabian Sea, August, 1995. Deep Sea Research, 49: 2403-2423.

Hochachka, P. W., and Somero, G. N. 2002. Biochemical Adaptation. 
Princeton University Press, Princeton, NJ. 466 pp.

Honjo, S., Francois, R., Manganini, S., Dymond, J., and Collier, R. 
2000. Particle fluxes to the interior o f the Southern Ocean in the 
W estern Pacific sector along 170°W. Deep Sea Research II, 47: 
3521-3548.

Hooker, S. K., Iverson, S. J., Ostrom, P., and Smith, S. C. 2001. Diet of 
northern bottlenose whales inferred from fatty-acid and stable 
isotope analyses o f biopsy samples. Canadian Journal o f Zoology, 
79: 1442-1454.

Hopkins, T. L. 1987. Midwater food web in McMurdo Sound, Ross 
Sea, Antarctica. Marine Biology, 96: 93-106.

Horita, J., Z immerman, H., and Holland, H. D. 2002. Chemical evol­
u tion  of seawater during the Phanerozoic: implications from the 
recode of m arine evaporates. Geochimica et Cosmochimica Acta, 
6 6 : 3733-3756.

Houghton, J. T., Ding, Y., Griggs, D. J., Noguer, M., van der Linden, 
P. J., and Xiaosu, D. 2001. Climate change 2001: the scientific 
basis. Contribution o f W orking Group I to the Third Assessment 
Report o f  the Intergovernmental Panel on  Climate Change. 
Cambridge University Press, Cambridge. 944 pp.

Hourdez, S., and Weber, R. E. 2005. Molecular and functional adap­
tations in  deep-sea hemoglobins. Journal o f Inorganic 
Biochemistry, 99: 130-141.

Huesemann, M. H., Skillman, A. D., and Crecelius, E. A. 2002. The 
inhibition o f marine nitrification by disposal o f carbon dioxide. 
Marine Pollution Bulletin, 44: 142-148.

H unt, J. C., and Seibel, B. A. 2000. Life history of Gonatus onyx 
( Teuthoidea: Cephalopoda) : ontogenetic changes in habitat, beha­
vior and physiology. Marine Biology, 136: 543-552.

Hutchins, D. A., Fu, F-X., Zhang, Y., Warner, M. E., Feng, Y., Portune, 
K., Berhardt, P. W., et ai. 2007. C 0 2  control o f Trichodesmium N 2 

fixation, photosynthesis, growth rates, and elemental ratios: impli­
cations for past, present, and future ocean biogeochemistry. 
Limnology and Oceanography, 52: 1293-1304.

Isaji, S. 1995. Defensive strategies against shell dissolution in bivalves 
inhabiting acidic environments: the case o f Geioina (Corbiculidae) 
in mangrove swamps. The Veliger, 38: 235-246.

Ishimatsu, A., Kikkawa, T., Hayashi, M., Lee, K., and Kita, J. 2004. 
Effects o f C 0 2  on marine fish: larvae and adults. Journal of 
Oceanography, 60: 731-741.

Ishimatsu, A., Hayashi, M., and Lee, S. 2005. Physiological effects on 
fishes in a h igh-C 0 2  world. Journal o f  the American Geophysical 
Union, 110: C09S09.

Ito, J. 1964. Food and feeding habit o f  Pacific salmon (genus 
Oncorhynchus) in their oceanic life. Bulletin o f the Hokkaido 
Regional Fisheries Research Laboratory, 29: 85-97.

Kalberer, M., Fischer, G., Patzold, J., Donner, B., Segl, M., and Wefer, 
G. 1993. Seasonal sedimentation and stable isotope records of 
pteropods off Cap Blanc. Marine Geology, 113: 305-320.



430 V. J. Fabry et al.

Kennett, J. P., and Ingram, B. L. 1995. A 20 000-year record o f ocean 
circulation and climate change from the Santa Barbara basin. 
Nature, 377: 510-514.

Key, R. M. A., Kozyr, A., Sabine, C. L., Lee, K., W anninkhof, R., 
Bullister, J. L., Feely, R. A., et al. 2004. A global ocean carbon clima­
tology: results from Global Data Analysis Project (GLODAP). 
Global Biogeochemical Cycles, 18: 4031. doi:10.1029/
2004GB002247.

Kikkawa, T., Ishimatsu, A., and Kita, J. 2003. Acute C 0 2  tolerance 
during the early developmental stages o f four marine teleosts. 
Environmental Toxicology, 18: 375-382.

Kikkawa, T., Sata, T., Kita, J., and Ishimatsu, A. 2006. Acute toxicity o f 
temporally varying seawater C 0 2  conditions on juveniles o f 
Japanese sillago {Sillago japonica). Marine Pollution Bulletin, 52: 
621-625.

Kikkawa, T., Kita, J., and Ishimatsu, A. 2004. Comparison of the lethal 
effect o f C 0 2  and acidification on red sea bream (Pagrus major) 
during the early development stages. Marine Pollution Bulletin, 
48: 108-110.

Kleypas, J. A., Feely, R. A., Fabry, V. J., Langdon, C., Sabine, C. L., and 
Robbins, L. L. 2006. Impacts o f ocean acidification on  coral reefs 
and other marine calcifiers: a guide for future research. Report o f 
a workshop held 18-20 April 2005, St Petersburg, FL, sponsored 
by NSF, NOAA, and the US Geological Survey. 8 8  pp.

Kleypas, J. A., and Langdon, C. 2006. Coral reefs and changing sea­
water chemistry. In Coral Reefs and Climate Change: Science and 
Management, pp. 73-110. Ed. by J. T. Phinney, O. 
Hoegh-Guldberg, J. Kleypas, W. Skirving, and A. Strong, AGU 
M onograph Series Coastal Estuarine Studies 61. American 
Geophysical Union, W ashington, DC.

Knoll, A. H. 2003. Biomineralization and evolutionary history. In 
Biomineralization, Vol. 54, pp. 329-350. Ed. by P. Dove, J. J. De 
Young, and S. Weiner. The Mineralogical Society o f America, 
Washington, DC. 381 pp.

Knutzen, J. 1981. Effects o f  decreased pH  on marine organisms. 
Marine Pollution Bulletin, 12: 25-29.

Kobayashi, H. A. 1974. Growth cycle and related vertical distribution 
of the thecosomatous pteropod Spiratella (Limacina) helicina in 
the central Arctic Ocean. Marine Biology, 26: 295-301.

Kochevar, R. E., and Childress, J. J. 1996. Carbonic anhydrase in 
deep-sea chem oautotrophic symbioses. Marine Biology, 125: 
375-383.

Köhler-Rink, S., and Kühl, M. 2005. The chemical microenvironment 
o f the symbiotic planktonic foraminifer Orbulina universa. Marine 
Biology Research, 1: 68-78.

Kuffner, I. B., Andersson, A. J., Jokiel, P. L., Rodgers, K., and 
Mackenzie, F. T. 2008. Decreased abundance o f crustose coralline 
algae due to ocean acidification. Nature Geoscience, 1: 114.

Kurihara, H., and Shirayama, Y. 2004. Effects o f increased atmospheric 
C 0 2  on sea urchin early development. Marine Ecological Press 
Series, 274: 161-169.

Kurihara, H., Shinji, S., and Shirayama, Y. 2004. Effects o f raised C 0 2 

on  the egg production rate and early development o f two marine 
copepods (Acartia stenii and Acartia erythraea). Marine Pollution 
Bulletin, 49: 721-727.

Lalli, C. M., and Gilmer, R. W. 1989. Pelagic Snails: The Biology of 
Holoplanktonic Gastropod Mollusks. Stanford University Press, 
Stanford, CA.

Lallier, F., and Truchot, J. P. 1989. M odulation o f haemocyanin 
oxygen-affinity by L-Lactatge and urate in the prawn, Penaeus japo­
nicus. Journal o f Experimental Biology, 147: 133-146.

Langdon, C., and Atkinson, M. J. 2005. Effect o f elevated p C 0 2  on 
photosynthesis and calcification of corals and interactions with 
seasonal change in tem perature/irradiance and nutrient enrich­
ment. Journal o f Geophysical Research, Oceans, 110: C09S07. 
doi: 10.1029/2004JC002576.

Langdon, C., Broecker, W. S., Ham m ond, D. E., Glenn, E., 
Fitzsimmons, K., Nelson, S. G., Pend, T-H., et al. 2003. Effect o f 
elevated C 0 2  on the com m unity metabolism o f an experimental 
coral reef. Global Biogeochemical Cycles, 17: 1011. doi:10.1029/ 
2002GB00.

Langdon, C., Takahashi, T., Sweeney, C., Chipman, D., Goddard, J., 
M arubini, F., Aceves, H., et al. 2000. Effect o f calcium carbonate 
saturation state on the calcification rate o f  an experimental coral 
reef. Global Biogeochemical Cycles, 14: 639-654.

Langenbuch, M., and Pörtner, H. O. 2004. High sensitivity to chroni­
cally elevated C 0 2  levels in  a eurybathic marine sipunculid. Aquatic 
Toxicology, 70: 55-61.

Langer, G., Geisen, M., Baumann, K-H., Kläs, J., Riebesell, U., Thoms, 
S., and Young, J. R. 2006. Species-specific responses o f  calcifying 
algae to changing seawater carbonate chemistry. Geochemistry, 
Geophysics, Geosystems, Volume 7, Q09006, doi: 10.1029/ 
2005GC001127.

LeBrasseur, R. J. 1966. Stomach contents o f salmon and steelhead 
trou t in the northeastern Pacific Ocean. Journal o f Fisheries 
Research Board Canada, 23: 85-100.

Leclercq, N., Gattuso, J-R, and Jaubert, J. 2002. Prim ary production, 
respiration, and calcification o f a coral reef mesocosm under 
increased C 0 2  partial pressure. Limnology and Oceanography, 
47: 558-564.

Levasseur, M., Keller, M. D., Bonneau, E., D ’Amours, D., and Bellows, 
W. K. 1994. Oceanographic basis o f  a DMS-related Atlantic cod 
(Gadus morhua) fishery problem: blackberry feed. Canadian 
Journal o f Fisheries and Aquatic Sciences, 51: 881-889.

Levi, R., Varona, P., Arshavksy, Y. I., Rabinovich, M. I., and Selverston, 
A. I. 2004. Dual sensory-m otor function for a molluskan statocyst 
network. Journal o f Neurophysioly, 91: 336-345.

Lindinger, M. I., Lauren, D. J., and McDonald, D. G. 1984. Acid-base 
balance in the sea mussel, Mytilus edulis. III. Effects o f  environ­
m ental hypercapnia on intra- and extracellular acid-base balance. 
M arine Biology Letters, 5: 371-381.

Lovejoy, T. E., and Hannah, L. 2005. Climate Change and Biodiversity. 
Yale University Press, New Haven, CT. 418 pp.

Lowe, T. E., Brill, R. W., and Cousins, K. L. 2000. Blood oxygen- 
binding characteristics o f bigeye tuna ( Thunnus obesus), a 
high-energy-demand teleost that is tolerant o f  low ambient 
oxygen. Marine Biology, 136: 1087-1098.

Lowenstam, H. A., and Weiner, S. 1989. On Biomineralization. Oxford 
University Press, Oxford.

Mackas, D. L., and Galbraith, M. D. 2002. Zooplankton distribution 
and dynamics in a N orth Pacific eddy o f coastal origin:
I. Transport and loss o f continental m argin species. Journal o f 
Oceanography, 58: 725-738

Mangum, C. P. 1991. Salt sensitivity o f the hemocyanin o f eury- and 
stenohaline squids. Comparative Biochemistry and Physiology, 
99A, 159-161.

M arubini, F., Barnett, H., Langdon, C., and Atkinson, M. J. 2001. 
Dependence o f calcification on light and carbonate ion concen­
tration for the hermatypic coral Porites compressa. Marine 
Ecology Progress Series, 220: 153-162.

M arubini, F., Ferrier-Pages, C., and Cuif, J. P. 2003. Suppression of 
skeletal growth in scleractinian corals by decreasing ambient 
carbonate-ion concentration: a cross-family comparison.
Proceedings o f the Royal Society o f London, Series B, 270: 
179-184.

Meehl, G. A., Stocker, T. F., Collins, W. D., Friedlingstein, P., 
Gaye, A. T., Gregory, J. M., Kitoh, A., et al. 2007. Global climate 
projections. In Climate Change 2007: the Physical Science Basis. 
Contribution of W orking Group I to the Fourth Assessment 
Report o f the Intergovernmental Panel on  Climate Change, 
pp.747-846. Ed. by S. Solomon, D. Qin, M. Manning, Z. Chen, 
M. Marquis, K. B. Averyt, M. Tignor, et al. Cambridge 
University Press, Cambridge.



Impacts o f ocean acidification on marine fa u n a  and ecosystem processes 431

Metzger, R., Sarto ris, F. J., Langebuch, M., and Pörtner, H. O. 2007. 
Influence o f elevated C 0 2  concentrations on therm al tolerance of 
the edible crab, Cancer pagurus. Journal o f  Thermal Biology, 32: 
144-151.

Michaelidis, B., Ouzounis, C., Paleras, A., and Pörtner, H. O. 2005. 
Effects o f long-term  m oderate hypercapnia on acid-base balance 
and growth rate in  marine mussels Mytilus galloprovincialis. 
M arine Ecology Progress Series, 293: 109-118.

Michaelidis, B., Spring, A., and Pörtner, H. O. 2007. Effects o f long­
term  acclimation to environmental hypercapnia on extracellular 
acid-base status and metabolic capacity in M editerranean fish 
Sparus aurata. Marine Biology, 150: 1417-1429.

Miles, H., W iddicombe, S., Spicer, J. I., and Hall-Spencer, J. 2007. 
Effects o f anthropogenic seawater acidification on  acid-base 
balance in the sea urchin Psammechinus miliaris. Marine 
Pollution Bulletin, 54: 89-96.

Millero, F. J., Pierrot, D., Lee, K., W anninkhof, R., Feely, R. A., Sabine,
C. L., Key, R. M., et al. 2002. Dissociation constants for carbonic 
acid determined from field measurements. Deep Sea Research I, 
49: 1705-1723.

Mohan, R., Verma, K., Mergulhao, L. P., Sinha, D. K., Shanvas, S., and 
Guptha, V. S. 2006. Seasonal variation of ptreropods from the 
Western Arabian Sea sediment trap. Geo-Marine Letters, 26: 
265-273.

Mucci, A. 1983. The solubility o f calcite and aragonite in seawater at 
various salinities, temperatures and 1  atmosphere total pressure. 
American Journal o f Science, 238: 780-799.

Nigmatullin, C. M., Nesis, K. N., and Arkhipkin, A. I. 2001. A review of 
the biology of the jum bo squid Dosidicus gigas (Cephalopoda: 
Ommastrephidae). Fisheries Research, 54: 9 -19 .

Noble, R. W., Kwiatkowski, L. D., deYoung, A., Davis, B. J., Haedrich, 
R. L., Tam, L. T., and Riggs, F. A. 1986. Functional properties o f 
hemoglobins from deep-sea fish: correlations with depth distri­
bution  and presence o f a swimbladder. Biochimica et Biophysica 
Acta, 870: 552-563.

Noji, T. T., Bathmann, U. V., von Bodungen, B., Voss, M., Antia, A., 
Krumbholz, M., Klein, B., et al. 1997. Clearance of picoplankton- 
sized particles and form ation of rapidly sinking aggregates by the 
pteropod, Limacina retroversa. Journal o f Plankton Research, 19: 
863-875.

Ohde, S., and Hossain, M. M. M. 2004. Effect o f  C aC 0 3  (aragonite) 
saturation state o f  seawater on  calcification o f Porites coral. 
Geochemical Journal, 38: 613-621.

Orr, J. C., Anderson, L. C., Bates, N. R., Bopp, L., Fabry, V. J., Jones, E., 
and Swingedouw, D. 2006. Arctic Ocean acidification. EOS 
Transactions o f the American Geophysical Union, 87(36), Ocean 
Sciences Meeting Supplement, Abstract OS14B-01.

Orr, J. C., Fabry, V. J., Aum ont, O., Bopp, L., Doney, S. C., Feely, R. A., 
Gnanadesikan, A., et al. 2005. Anthropogenic ocean acidification 
over the twenty-first century and its impact on  calcifying organ­
isms. Nature, 437: 681-686.

Pane, E. F., and Barry, J. P. 2007. Extracellular acid-base regulation 
during short-term  hypercapnia is effective in a shallow-water 
crab, bu t ineffective in a deep-sea crab. Marine Ecology Progress 
Series, 334: 1 -9 .

Pane, L., Feletti, M., Francomacaro, B., and M ariottini, G. L. 2004. 
Summer coastal Zooplankton biomass and copepod comm unity 
structure near the Italian Terra Nova Base (Terra Nova Bay, Ross 
Sea, Antarctica). Journal o f  Plankton Research, 26: 1479-1488.

Pörtner, H. O. 1990. Determ ination of intracellular buffer values after 
metabolic inhibition by fluoride and nitrilotriacetic acid. 
Respiration Physiology, 81: 275-288.

Pörtner, H. O. 1994. Coordination of metabolism acid-base regulation 
and haemocyanin function in cephalopods. In Physiology of 
Cephalopod Molluscs: Lifestyle and Performance Adaptations, 
pp. 131-148. Ed. by H. O. Pörtner, R. K. O ’Dor, and
D. L. MacMillan. Gordon and Breach, London.

Pörtner, H. O., and Reipschläger, A. 1996. Ocean disposal o f  anthro­
pogenic C 0 2: physiological effects on  tolerant and intolerant 
animals. In Ocean Storage of Carbon Dioxide. W orkshop 2—  
Environmental Impact, pp. 57-81. Ed. by B. Ormerod, and 
M. V. Angel. IEA Greenhouse Gas R&D Programme, 
Cheltenham, UK.

Pörtner, H. O., Langebuch, M., and Reipschläger, A. 2004. Biological 
impact o f elevated ocean C 0 2  concentration: lessons from 
animal physiology and Earth history. Journal o f  Oceanography, 
60: 705-718.

Raz, S., Ham ilton, P. C., Wilt, F. H., Weiner, S., and Addadi, L. 2003. 
The transient phase o f am orphous calcium carbonate in sea urchin 
larval spicules: the involvement o f  proteins and magnesium ions in 
its form ation and stabilization. Advanced Functional Materials, 13: 
480-486.

Ridgwell, A., and Zeebe, R. E. 2005. The role o f the global carbonate 
cycle in the regulation and evolution o f the Earth system. Earth 
and Planetary Science Letters, 234: 299-315.

Riebesell, U., Zondervan, I., Rost, B., Torteil, P. D., Zeebe, R. E., and 
Morel, F. M. M. 2000. Reduced calcification of marine plankton 
in response to increased atmospheric C 0 2. Nature, 407: 364-367.

Rink, S., Kühl, M., Bijma, J., and Spero, H. J. 1998. Microsensor 
studies o f photosynthesis and respiration in the symbiotic forami­
nifera Orbulina universa. Marine Biology, 131: 583-595.

Rodhouse, P. G., and W hite, M. G. 1995. Cephalopods occupy the eco­
logical niche o f epipelagic fish in the Antarctic Polar Frontal Zone. 
Biological Bulletin, 189: 77-80.

Royal Society. 2005. Ocean acidification due to increasing atmospheric 
carbon dioxide. Policy Docum ent 12/05, The Royal Society, 
London. 60 pp.

Rutherford, L. D., and Thuesen, E. V. 2005. Metabolic performance 
and survival o f medusae in estuarine hypoxia. Marine Ecology 
Progress Series, 294: 189-200.

Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., 
et al. 2004. The oceanic sink for C 0 2. Science, 305: 367-371.

Sanders, N. K., and Childress, J. J. 1990. Adaptations to the deep-sea 
oxygen m inim um  layer: oxygen binding by the hemocyanin of 
the bathypelagic mysid, Gnathophausia ingens Dohrn. Biological 
Bulletin, 178: 286-294.

Schiebel, R. 2002. Planktonic foraminiferal sedimentation and the 
marine calcite budget. Global Biogeochemical Cycles, 16: doi: 
10.1029/2001GB1459.

Schippers, P., Lürling, M., and Scheffer, M. 2004. Increase o f atm os­
pheric C 0 2  prom otes phytoplankton productivity. Ecology 
Letters, 7: 446-451.

Schneider, K., and Erez, J. 2006. The effect o f carbonate chemistry on 
calcification and photosynthesis in the hermatype coral Acropora 
eurystoma. Limnology and Oceanography, 51: 1284-1293.

Seibel, B. A. 2007. On the depth and scale o f metabolic rate variation: 
scaling o f oxygen consum ption and enzymatic activity in  the Class 
Cephalopoda (Mollusca). Journal o f Experimental Biology, 210: 
1 - 1 1 .

Seibel, B. A., Chausson, F., Lallier, F., Childress, J. J., and Zal, F. 1999. 
Vampire blood: respiratory physiology of the vampire squid 
(Vampyromorpha: Cephalopoda) in relation to the oxygen 
m inim um  layer. Experimental Biology Online, 4(1): 1-10. 
ISSN: 1430-3418.

Seibel, B. A., and Drazen, J. C. 2007. The rates o f metabolism in marine 
animals: environmental constraints, ecological demands and ener­
getic opportunities. Philosophical Transactions o f  the Royal 
Society, Series B -  Biological Sciences, 362: 2061-2071.

Seibel, B. A., Dymowska, A., and Rosenthal, J. 2007. Metabolic tem p­
erature compensation and coevolution o f locom otory performance 
in pteropod molluscs. Integrative and Comparative Biology, 46: 
880-891.

Seibel, B. A., and Walsh, P. J. 2001. Potential impacts o f C 0 2  injection 
on deep-sea biota. Science, 294: 319-320.



432 V. J. Fabry et al.

Seibel, B. A., and Walsh, P. J. 2003. Biological impacts o f deep-sea 
carbon dioxide injection inferred from indices o f physiological per­
formance. Journal o f Experimental Biology, 206: 641-650.

Seibel, B. A., Thuesen, E. V., Childress, J. J., and Gorodezky, L. A. 1997. 
Decline in pelagic cephalopod metabolism with habitat depth 
reflects differences in locom otory efficiency. Biological Bulletin, 
192: 262-278.

Shiryama, Y., and Thorton, H. 2005. Effect o f  increased atmospheric 
C 0 2  on shallow water marine benthos. Journal o f Geophysical 
Research, 110: C09S08. doi: 10.1029/2004JC002618.

Siegenthaler, U., Stocker, T. F., M onnin, E., Luethi, D., Schwander, J., 
Stauffer, B., Raynaud, D., et al. 2005. Stable carbon cycle-climate 
relationship during the late Pleistocene. Science, 310: 1313-1317.

Silverman, J., Lazar, B., and Erez, J. 2007. Effect o f aragonite satur­
ation, temperature, and nutrients on the com m unity calcification 
rate o f a coral reef. Journal o f Geophysical Research, 112: 
C05004. doi: 10.1029/2006JC003770.

Smith, K. L., and Teal, J. M. 1973. Temperature and pressure effects on 
respiration o f thecosomatous pteropods. Deep Sea Research, 20: 
853-858.

Somero, G. N. 1985. Intracellular pH, buffering substances and pro­
teins: imidazole protonation and the conservation o f protein struc­
ture and function. In Transport Processes, Iono- and 
Osmoregulation, pp. 454-468. Ed. by R. Gilles, and M. 
Gilles-Baillien. Springer-Verlag, Berlin.

Somero, G. N. 2005. Linking biogeography to physiology: evolution­
ary and acclimatory adjustments o f thermal limits. Frontiers in 
Zoology, 2: 1. do i:10 .1186 /l742-9994-2 -l.

Spero, H. J., Bijma, J., Lea, D. W., and Bemis, B. E. 1997. Effect o f sea­
water carbonate concentration on foraminiferal carbon and oxygen 
isotopes. Nature, 390: 497-500.

Spero, H. J., and Lea, D. W. 1993. Intraspecific stable isotope variabil­
ity in the planktic foraminifera Globigerinoides sacculifer: results 
from laboratory experiments. Marine Micropaleontology, 22: 
221-234.

Spicer, J. I. 1995. Oxygen and acid-base status o f the sea urchin 
Psammechinus miliaris during environmental hypoxia. Marine 
Biology, 124: 71-76.

Spicer, J. I., Raffo, A., and W iddicombe, S. 2007. Influence of 
C 0 2-related seawater acidification on extracellular acid-base 
balance in the velvet swimming crab, Necora puber. Marine 
Biology, 151: 1117-1125.

Stillman, J. H. 2003. Acclimation capacity underlies susceptibility to 
climate change. Science, 301: 65.

Tamburrini, M., Romano, M., Carratore, V., Kunzmann, A., Coletta, 
M., and di Prisco, G. 1998. The hemoglobins o f the Antarctic 
fishes Artedidraco orianae and Pogonophryne scotti. Journal o f 
Biological Chemistry, 273: 32 452-32 459.

Taylor, J. R., and Groseil, M. 2006. Evolutionary aspects o f intestinal 
bicarbonate secretion in fish. Comparative Biochemistry and 
Physiology, Part A, 143: 423-529.

Thibault, D., Roy, S., Wong, C. S., and Bishop, J. K. 1999. The down­
ward flux o f biogenic material in the NE subarctic Pacific:

importance o f algal sinking and m esozooplankton herbivory. 
Deep Sea Research, 46: 2669-2697.

Thuesen, E. V., McCullough, K. D., and Childress, J. J. 2005a. 
Metabolic enzyme activities in swimming muscle o f medusae: is 
the scaling o f glycolytic activity related to oxygen availability? 
Journal o f the Marine Biological Association of the UK, 85: 
603-611.

Thuesen, E. V., Rutherford, L. D., Brommer, P. L., Garrison, K., 
Gutowska, M. A., and Towanda, T. 2005b. Intragel oxygen pro­
m otes hypoxia tolerance o f scyphomedusae. Journal o f 
Experimental Biology, 208: 2475-2482.

Truchot, J. P. 1987. Comparative aspects o f extracellular acid-base 
balance. Springer-Verlag, Berlin.

Truchot, J. P., and Duhamel-Jouve, A. 1980. Oxygen and carbon 
dioxide in the marine intertidal environment: diurnal and tidal 
changes in rockpools. Respiration Physiology, 39: 241-254.

Tsurumi, M., Mackas, D. L., Whitney, E. A., Dibacco, C., Galbraith, 
M. D., and Wong, C. S. 2005. Pteropods, eddies, carbon flux and 
climate variability in the Alaska Gyre. Deep Sea Research II, 52: 
1037-1053.

Tyrrell, T., and Zeebe, R. E. 2004. History of carbonate ion concen­
tration over the last 100 m illion years. Geochimica et 
Cosmochimica Acta, 6 8 : 3521-3530.

Walsh, P. J., Blackwelder, P., Gili, K. A., Danulat, E., and Mommsen, 
T. P. 1991. Carbonate deposits in marine fish intestines: a new 
source o f biomineralization. Limnology and Oceanography, 36: 
1227-1232.

Walsh, P. J., and Milligan, C. L. 1989. Coordination o f metabolism and 
intracellular acid-base status: ionic regulation and metabolic con­
sequences. Canadian Journal o f Zoology, 67: 2994-3004.

Walter, L. M., and Morse, J. W. 1985. Magnesian calcite stabilities: a 
réévaluation. Geochimica et Cosmochimica Acta, 49: 1503-1513.

Watanabe, H., Kawaguchi, K., and Hayashi, A. 2002. Feeding habits o f 
juvenile surface-migratory m yctophid fishes ( family Myctophidae) 
in the Kuroshio region o f the western N orth Pacific. Marine 
Ecology Progress Series, 236: 263-272.

Watanabe, Y., Yamaguchi, A., Ishida, H., Harimoto, T., Suzuki, S., 
Sekido, Y., Ikeda, T., et al. 2006. Lethality o f increasing C 0 2 

levels on deep-sea copepods in the western N orth Pacific. Journal 
o f  Oceanography, 62: 185-196.

Weiss, I. M., Tuross, N., Addadi, L., and Weiner, S. 2002. Mollusc 
larval shell formation: am orphous calcium carbonate is the precur­
sor phase for aragonite. Journal o f  Experimental Biology, 293: 
478-491.

Willette, T. M., Cooney, R. T., Patrick, V., Mason, D. M., Thomas, G. L., 
and Scheel, D. 2001. Fisheries Oceanography. 10: 14-41.

Yamada, Y., and Ikeda, T. 1999. Acute toxicity o f lowered pH  to some 
oceanic Zooplankton. Plankton Biology and Ecology, 46: 62-67.

Zielinski, S., Sartoris, F. J., and Pörtner, H. O. 2001. Temperature 
effects on hemocyanin oxygen binding in an Antarctic cephalopod. 
Biological Bulletin, 200: 67-76.

doi: 10.1093/icesjms /  fsn048


