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A B S T R A C T  Ocean acidification lowers the oceanic saturation states o f carbonate 

m inerals and decreases the calcification rates of som e m arine organism s that provide 

a range of ecosystem services such as wild fishery and aquaculture harvests, coastal 

protection, tourism , cultural identity, and ecosystem support. Damage to m arine 

ecosystem services by ocean acidification is likely to disproportionately affect 

developing nations and coastal regions, which often rely m ore heavily on a variety 

of m arine-related econom ic and cultural activities. Losses of calcifying organisms 

or changes in  m arine food webs could significantly alter global m arine harvests, 

w hich provided 110 m illion m etric tons of food for hum ans and were valued at 

USS160 billion in  2006. Some of the countries m ost dependent on seafood for 

dietary protein include developing island nations with few agricultural alternatives. 

Aquaculture, especially o f mollusks, m ay m eet som e of the future protein dem and 

of economically developing, growing populations, but ocean acidification m ay 

complicate aquaculture of some species. By 2050, bo th  population increases and 

changes in  carbonate m ineral saturation state will be greatest in  low-latitude regions, 

m ultiplying the stresses on tropical m arine ecosystems and societies. Identifying cost- 

effective adaptive strategies to mitigate the costs associated with ocean acidification 

requires developm ent o f transferable m anagem ent strategies that can be tailored to 

m eet the specific needs of regional hum an and m arine com munities.

I N T R O D U C T I O N

H um an fossil fuel use and land-use 

changes associated w ith global indus­

trialization and population growth have 

increased atm ospheric C 0 2 concentra­

tions by about 38% from  pre-industrial 

conditions to approxim ately 385 ppm  

today. At the same time, oceanic uptake 

of anthropogenic C 0 2 has caused a 

wholesale shift in  the seawater chem istry 

of the upper water colum n worldwide, 

increasing aqueous C 0 2 [C 0 2(aq)] and 

decreasing pH , carbonate ion ( C 0 2f )  

concentrations, and the saturation states 

(O) of calcium carbonate m inerals such 

as calcite (Oca) and aragonite (Oar)

(Feely et ah, 2004; O rr et a l , 2005).

By 2050, atm ospheric C 0 2 likely will 

reach a range of 467-555 ppm  (IPCC,
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2007), which would cause further 

declines in  surface ocean pH  from , on 

average, 8.1 today to approximately 

7.8 and decrease global m ean surface 

O ca and O ar by about 25% relative to 

today (Cooley and Doney, 2009). The 

present rate o f C 0 2 emissions is near 

the upper lim it or exceeds the high end 

of Intergovernm ental Panel on Climate 

Change (IPCC) scenarios developed in 

the 1990s (Canadell et a l ,  2007; Raupach 

et al., 2007), and thus the changes in  

surface seawater chem istry by m id 

century could be even larger.

Both laboratory and in  situ studies 

show that seawater chem istry changes 

due to ocean acidification (higher 

C 0 2(aq) and lower pH , C O j“, and O) 

can substantially alter the physiology of 

some m arine organisms. In particular, 

the calcification rates of mollusks, corals, 

and echinoderm s decline with decreasing 

C 0 2f  ion concentrations in  seawater 

(reviewed in  Kleypas et a l , 2006;

Fabry et a l, 2008; Doney et a l , 2009a). 

Crustacean calcification aiso changes 

(Ries et a l , 2008), and the mass and 

calcification of planktonic lobster larvae 

carapaces decline (Arnold et a l , 2009). 

Reproduction of some mollusks and 

echinoderm s also suffers from  increased 

seawater C 0 2 concentrations (Doney 

et a l , 2009a). In contrast, photosynthesis 

and nitrogen fixation of some cocco- 

lithophores, prokaryotes, and cyanobac­

teria either stay the same or rise in 

h ig h er-C 0 2 water (Doney et a l, 2009a). 

Developing taxonom y-based conclu­

sions about the biological consequences 

of ocean acidification is complicated, 

though, because even closely related 

species (e.g., Crassostrea virginica and 

Crassostrea ariakensis; Miller et a l, 2009) 

or strains (e.g., coccolithophores) appear

to respond differently (Iglesias-Rodriguez 

et a l , 2008; Riebesell et a l , 2000).

Species-specific studies are beginning 

to identify some com m on ecosystem- 

level consequences of ocean acidification 

associated with life histories, trophic 

relationships, or biological guilds. Ocean 

acidification does not necessarily kill 

the planktonic larvae of m ollusks and 

corals, but it often delays or stunts their 

developm ent of calcified structures, 

thus delaying settlem ent from  the water 

colum n (Albright et a l , 2008; D upont 

et al., 2008; Green et a l , 2009; Miller 

et a l , 2009; Anne Cohen, W oods Hole 

O ceanographic Institution, pers. comm., 

2009). Young, slow-growing calcifiers 

thus m ay experience greater m ortality  

either from  predation or from  depleting 

their energy for growth, m etam orphosis, 

and reproduction  (Arnold et a l ,  2009; 

Green et a l, 2009). Ocean acidification 

seems likely to affect trophic relation­

ships also; for example, lower pH  

decreases survival and developm ent of at 

least one keystone predator, the calcified 

A tlantic Ocean brittlestar Ophiothrix 

fragilis (D upont et a l , 2008). And, ocean 

acidification m ay prom ote biogeographic 

shifts in  calcifying prey such as cocco- 

lithophores, pteropods, or m ollusk and 

coral larvae (O rr et a l ,  2005).

Some ecosystem-level changes caused 

by decreasing pH  or increasing dissolved 

C 0 2 have already been observed. In a 

coastal lagoon, a 0.4-unit pH  decline over 

eight years was associated with a 10-40% 

decrease in calcifying organism popula­

tions (W ootton et ah, 2008). Near natural 

C 0 2 vents, no calcifying organisms were 

present where O ar dipped near 1 (Hall- 

Spencer et a l, 2008). In both  studies, 

fleshy macroalgae and seagrasses became 

dom inant. These results support earlier

predictions that calcifiers (particularly 

corals and crustose coralline algae) 

harm ed by ocean acidification and envi­

ronm ental damage (e.g., A nthony et a l,

2008) m ay give way to m ore aquatic 

vegetation and herbivores (Hoegh- 

Guldberg et a l, 2007), creating future 

m arine ecosystems that are significantly 

different from  todays. But, as ocean C 0 2 

levels rise, m any people will be unaware 

of this profound shift in  global chem istry 

until ocean acidification significantly 

affects the m arine ecosystems from  which 

people harvest food and earn income.

E C O S Y S T E M  S ERVI CES 

V U L N E R A B L E  T O  O C E A N  

A C I D I F I C A T I O N

H um ans’ relationships with m arine 

environm ents can be described by 

the ecosystem services and benefits to 

society that m arine resources provide. 

Ecosystem services are typically divided 

into four categories: provisioning, 

regulation, culture, and support 

(UNER 2006; M illennium  Ecosystem 

Assessment Board, 2005). These services 

can generate direct income, as do 

natural resource harvests, or they can 

provide benefits that are m ore difficult 

to constrain, such as cultural identity.

By altering m arine ecosystem function, 

ocean acidification is likely to affect each 

of these service categories.

Ocean acidification m ay directly 

affect some m arine species that supply 

provisioning services. Mollusks and 

crustaceans support valuable com mercial 

and recreational fisheries (Cooley and 

Doney, 2009), and coral reef ecosystems 

support a variety of subsistence, recre­

ational, and com mercial fisheries world­

wide (Bryant et a l , 1998). Calcifiers also 

provide pearls, shells, and coral pieces
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for jewelry. Declines in  populations of 

small calcifiers, like planktonic pteropods 

and larval mollusks and corals, m ay 

increase com petition am ong predatory 

finfish and m ay decrease abundance 

of some com mercial finfish or species 

diversity. Provisioning services for 

present-day conditions are in  principle 

straightforw ard to quantify, although 

data availability and quality are uneven. 

Here, we estimate m arine harvests 

using global data from  the Food and 

Agriculture Organization (FAO) of the 

United Nations, but we m ust interpret 

the data cautiously because harvest 

data are know n to contain errors due 

to reporting and in terannual variability 

in  species harvests (W atson and Pauly, 

2001). Improved m ethodologies are 

being developed for estim ating ex-vessel 

landings (the price received by the fisher 

at the point of landing) by species and 

country, which can be com bined with 

geographic catch data in  the future to 

give spatial m aps of econom ic revenue 

(Sumaila et a l , 2007). C urrent estimates 

suggest that worldwide m arine capture 

fisheries and aquaculture provided 

143.7 m illion m etric tons of m arine 

products in  2006 (FAO, 2009). If Chinese 

production estimates are excluded 

because of the uncertainties surrounding
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C hinas data, total worldwide production 

adjusts to 74.5 m illion m etric tons (FAO, 

2009). O f the global total, 110 million 

m etric tons were used directly as food 

for hum ans (FAO, 2009). The first- 

sale values of global m arine capture 

fisheries and aquaculture were about 

USS91.2 billion and USS78.8 billion, 

respectively, in  2006 (FAO, 2009). Global 

fisheries associated with coral reefs alone 

are valued at USS5.7 billion annually 

(Conservation International, 2008). 

Decreases in  m arine harvests due to 

ocean acidification thus could result in 

significant econom ic losses.

Regulating ecosystem services such 

as coastline protection and shoreline 

stabilization could also be com prom ised 

by ocean acidification. Coral reefs physi­

cally buffer coastal zones from  storm  

waves and tsunam is. W ithout them ,

losses would be greater, and coastal 

developm ent would be m ore expensive 

(e.g., requiring seawalls or other forti­

fication). The global econom ic value 

of shoreline protection by coral reefs 

is estim ated at USS9.0 billion per year 

(Cesar et a l , 2003). Values depend on 

local real estate values, storm  patterns, 

and protected area sizes (see examples 

in  Table 1). In m any reef ecosystems, 

m angroves provide additional protec­

tion, but whether ocean acidification will 

affect m angroves is currently unknow n. 

The full econom ic value of these reefs 

has not been estim ated in  detail, and unit 

values are likely to vary significantly with 

local potential for tourism  and the nature 

and exposure of the shoreline protected 

by the reef. If we assume that coral reefs 

generate econom ic value on the order of 

$100,000 k n r 2 y r 1 (the lower bound  of

Table 1. Examples of some published ecosystem services values

Shoreline pro tection  by reefs

St. Lucia 2006 $28-50 million Burke e t al., 2008

Tobago 2006 $18-33 million Burke e t al., 2008

Belize 2007 $120-180 million Cooper e t al., 2008

Shoreline pro tection  by mangroves

Belize 2007 $120-180 million Cooper e t al., 2008

Direct econom ic im pacts of coral reef tourism

Tobago 2006 $43.5 million (15% of GDP) Burke e t al., 2008

St. Lucia 2006 $91.6 million (11% of GDP) Burke e t al., 2008

Indirect econom ic im pacts of coral reef tourism

Trinidad & Tobago 2006 $58-86 million Burke e t al., 2008

St. Lucia 2006 $68-102 million Burke e t al., 2008

Belize Annually $26-69 million Cooper e t al., 2008

Reef tourism  d irect and  indirect im pacts

Belize 2007 $150-196 million Cooper e t al., 2008
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a range suggested by Burke and M aidens 

[2004]), the global econom ic value 

generated by the w orlds reefs is on the 

order of $30 billion per year.

Cultural ecosystem services include 

recreation, tourism , and spiritual 

and aesthetic benefits, which provide 

direct and indirect incom e for coastal 

com m unities and contribute to m any 

com m unities’ overall sense of identity. 

Especially in  m any developing and 

island nations, m arine resources often 

generate significant values through 

their roles in  tourism  (see examples 

in  Table 1). Recreational fishing also 

generates significant direct and indirect 

benefits for nations. In the U nited States, 

recreational saltwater fishing accounted 

for US$43 billion in  expenditures in 

2000, including all indirect expendi­

tures on services, equipm ent, and travel 

(Steinback et a l ,  2004). Globally, it is 

likely that the econom ic value generated 

by recreational fishing is o f a m agnitude 

sim ilar to that generated by com m ercial 

fishing. After including potential effects 

on nonfishing m arine tourism  and recre­

ation, degradation of coastal and coral 

ecosystems due to ocean acidification 

could significantly alter the econom ic 

benefits provided by these cultural 

ecosystem services.

Supporting ecosystem services, such 

as nu trien t recycling through coastal 

food webs or the availability of coral reef 

habitats, are difficult to value. C arbon 

sequestration, a supporting service 

provided by the wetlands associated 

w ith coral reef-m angrove ecosystems, 

has been valued at US$4.0 billion in  

Jamaica’s Portland Bight Protected Area 

(Conservation International, 2008). In a

synthesis of prior studies, Costanza et al. 

(1997)1 estim ated the biogeochemical 

ecosystem value of m arine estuaries 

at the equivalent o f $12,695 acre4 y r4 

for estuaries and $10,759 acre4 y r4 for 

seagrass/algae beds, in  2007 US dollars. 

The role of acidification-vulnerable 

species in  such supporting  ecosystem 

services has not been fully resolved, 

and estim ating the value of ocean 

acidification-vulnerable supporting 

ecosystem services rem ains a challenge.

If m arine ecosystem services change 

in  response to ocean acidification in 

ways that im pose costs on econom ic 

activities, hum an users are likely to seek 

ways to mitigate these effects. Extractive 

users such as fishermen, aquaculturists, 

and seafood consum ers m ay face addi­

tional costs if  harvests o f com mercially 

or recreationally valuable m arine species 

decrease, or their culture becomes m ore 

costly as a result of ocean acidifica­

tion. Adaptation could include shifting 

consum ption to newly prevalent wild 

species, shifting aquaculture production 

to species less strongly affected by acidi­

fication, m oving centers o f aquaculture 

to areas less affected by acidification, 

or moving aquaculture production  to 

controlled environm ents, am ong others. 

All of these scenarios are likely to result 

in  higher p roduction  costs, w ith indirect 

effects on supporting businesses and 

local and regional economies.

P O T E N T I A L  E F F E C T S  O N  

G L O B A L  S E A F O O D  H A R V E S T S

Exam ining curren t global m arine 

harvest patterns may shed light on the 

prim ary  and secondary consequences of 

future ocean acidification. To illustrate

the biological linkages that could change 

in  the future, m arine organism s can be 

grouped according to their relationships 

with calcifying organisms: calcifiers, 

their predators, top predators, and 

organism s that rely on calcified struc­

tures (e.g., coral, oyster beds) for habitat. 

Global production  of all m arine products 

in  2006, including capture and aqua­

culture fisheries, totaled 143.7 m illion 

m etric tons and was valued at about 

US$170 billion (FAO, 2009; Figure 1).

O f the catches that are classified, Pacific 

harvests are m ost evenly divided am ong 

the biological groups used here. The 

A tlantic harvests are dom inated slightly 

by predators, while the Indian Ocean 

harvests and those from  outside the 

A ntarctic region (“other” in  Figure 1) 

rely m ostly on predatory  finfish.

Southern Ocean harvests are almost 

entirely krill. The heavy reliance of 

A tlantic and Pacific fisheries on acid­

ification-vulnerable groups (red tones 

in  Figure 1) and on crustaceans (yellow 

tones in  Figure 1) suggests that if  ocean 

acidification decreases calcifier harvests, 

as hypothesized by Cooley and Doney 

(2009), harvests in  those basins could 

decline by millions of m etric tons and 

billions of dollars in  revenue. (Note that 

while crustaceans are also calcifiers, they 

m ay respond differently to ocean acidifi­

cation than  mollusks [Ries et al., 2008].) 

Moreover, changes in  calcifiers’ abun­

dance or the structures they create could 

also affect predators or reef dwellers, 

further altering global harvests.

The effects of ocean acidification on 

calcifying organism s will have different 

consequences for nations, depending 

on their location, wealth, and reliance

1 These estim ates are for marginal values of ecosystem  services. There has been considerable criticism of th e  C ostanza e t al. (1997) approach to  scaling from marginal
values to  global values. It is appropria te  to  apply these  marginal value estim ates only to  local or regional changes in habitat.
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on seafood for protein (Figure lb -d ) . 

Developing nations in  the Pacific depend 

heavily on calcifying species, relying on 

mollusks, sponges, and corals for about 

20% of their catches and crustaceans 

for another 7%. The 82 nations in  this 

category include m any small island 

nations that have lim ited agricultural 

alternatives. M any of these nations 

depend heavily on coral reefs to support 

subsistence or artisanal fisheries that 

provide bo th  incom e and protein

(Burke and Maidens, 2004). In contrast, 

industrial nations generally harvest or 

im port mollusks and crustaceans as a 

relatively m inor com ponent (and often 

a luxury item) w ithin a b roader range of 

protein sources for hum an consum ption. 

Adaptive strategies for addressing ocean 

acidification that industrial nations are 

already considering include enhanced 

aquaculture or selective breeding 

(e.g., Miller et a l ,  2009; Welch, 2009). 

These efforts can benefit b o th  developed

and developing nations if strategies are 

designed to be low cost and easy to use 

so that they can be applied to multiple 

fisheries worldwide.

The harvest breakdowns in  Figure 1 

underscore the need for specific addi­

tional data. Better reporting of the 

categories harvested, especially by devel­

oping nations, will allow better m oni­

toring of ocean acidification im pacts 

and developm ent o f ecosystem-specific 

m anagem ent measures. A stronger

a) G lobal p ro d u c tio n
25000  -i

20000  -

15000

1 0 0 0 0 -

5 0 0 0 - :
Pacific

(X 10%
A tlantic
(X 1 0  %

Indian
(X 1 0  %

S o u th e rn
(X 1 0  ')

O th e r
(X 1 0  ' )

■  U nclassified fishes C rabs

■  U classified in v e rte b ra te s S p o n g e s

■  N ot a ffe c te d /u n k n o w n 1 Corals

■  Top p re d a to rs 1 Misc. m ollusks

■  Calcifiers p re d a to rs Pearls /she lls

Krill ■  M ussels/O yste rs

Shrim p ■  Scallops

L obsters ■  C lam s

C rab s/L o b sters

b) Industria l n a tio n s c) T ransitiona l n a tio n s d) D ev elo p in g  n a tio n s

00%

A tlan tic  Indian  S o u th e rn  O th e r
6 9 9 16

Pacific A tlan tic  Indian  S o u th e rn  O th e r 
14 2 0 3 0

Pacific A tlan tic  Indian  S o u th e rn  O th e r 
82 48  41 4  8

Figure 1. S um m ary  d iagram s o f  FAO global m arine  fish a n d  fishery p ro d u c tio n  (c ap tu re  p lus a q u acu ltu re ) sta tistics  fo r 2006 (FAOStat, http ://faosta t.fao .org /), 
g ro u p e d  by biological tax o n o m ic  groups. C olor fam ilies ind ica te  biological g roups  th a t  m ay be d ifferently  su scep tib le  to  ocean  acidification: reds a n d  o ranges 

include m ollusks, corals, an d  sponges; yellows ind ica te  cru staceans; greens ind ica te  p re d a to rs  th a t  m ay be  ind irectly  a ffec ted  by food -w eb  effects; a n d  b lues 

ind ica te  species w h o se  responses to  acid ification  are unknow n , (a) G lobal fish a n d  fishery p ro d u c tio n , in m e tric  to n s . N o te  th e  d ifferen t scaling fac to rs  (below  

th e  horizon ta l axis labels) app lied  to  ha rvests  from  d iffe ren t regions. P ropo rtiona l c a tch es  o f  d ifferen t ta x o n o m ic  g roups in pe rcen t, b roken  d o w n  by ocean  

region, fo r (b ) industrial nations, (c) transitiona l nations, a n d  (d ) develop ing  nations. N u m b ers  below  th e  ho rizon ta l axis labels in b - d  re flec t th e  n u m b e r  o f 

n a tio n s  re p o rtin g  c a tch es  in a  p a rticu la r region.
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understanding of predators’ trophic 

behavior and the role o f calcifiers in  the 

ecosystem is needed to predict the prob­

able worldwide secondary consequences 

of ocean acidification on finfish stocks. 

U nderstanding prey switching and 

interspecies com petition w ithin ecosys­

tem s will improve our understanding 

of higher trophic interactions and will 

allow policym akers to develop appro­

priate m anagem ent strategies.

S E A F O O D ’S C O N T R I B U T I O N  

T O  W O R L D  N U T R I T I O N

Analyzing the curren t global consum p­

tion  of seafood and mollusks provides 

a starting point for understanding the 

possible im plications of ocean acidifi­

cation on global food supply. M arine 

capture fisheries and aquaculture 

provided an average of 13.6 kg per 

capita seafood in  2006 (FAO, 2009).

The consum ption of protein from

seafood is unevenly d istributed w orld­

wide; in  countries such as Bangladesh, 

Cam bodia, Equatorial Guinea, French 

Guiana, Gambia, Ghana, Indonesia, 

and Sierra Leone, citizens get m ore than 

50% of their protein from  seafood (FAO, 

2009). Furtherm ore, seafood provides 

at least 15% of the total daily protein 

for a num ber of countries in  Southeast 

Asia, western coastal Africa, and western 

and n o rthern  Europe (Figure 2a), and it 

rem ains a significant source of dietary 

protein in  m ost other developed nations 

and m any coastal developing nations. 

C ountries that consum e the largest 

p roportions of m ollusks (Figure 2b) are 

developed nations in  Europe and N orth  

America, as well as C hina and Japan, 

but also include the developing island 

nation  of Fiji. Some of the high rates of 

seafood consum ption reflect high overall 

protein consum ption patterns, such 

as for the United States and European

countries (Figure 2c). Developing 

nations, including m uch of Africa, India, 

and Southeast Asia, consum e the least 

protein per person daily, and seafood 

consum ption rates are mixed and reflect 

cultural or geographic differences.

M aking the conservative assum p­

tion  that protein consum ption per 

capita will rem ain roughly the same by 

country  until 2050, we can project the 

m in im um  increased protein dem and 

in  2050 (Figure 2d) by m ultiplying per 

capita consum ption by the projected 

population increase from  2005-2050. 

Population projections used in  this 

paper are based on past and current 

populations from  the In ternational Data 

Base Division of the US Census Bureau 

(http://www.census.gov/ipc/www/idb/ 

ranks.htm l) and use the standard expo­

nential geom etric growth models of the 

United N ations Statistics Division. This 

calculation suggests that increases in

(a) Seafood as percent of total protein, 2003-2005

(b) Mollusks as percent of total seafood, 2003-2005

1
>20%

15%

} 10%

1 5%

0%

- ND

1 >20%

15%t10%

5%

0%

_ ND

(c) Protein consumption, 2005 (g/person/day)

Figure 2. Global m aps displaying seafood  a n d  p ro te in  co n su m p tio n  by c oun try , (a) Seafood co n su m e d  as a  p e rc en t o f  to ta l p ro te in  c o n su m ed  by w eight, 

2 003 -2005 . (b ) As in (a), b u t  fo r m ollusks as a  p e rc en t o f  seafood , (c) Daily p ro te in  co n su m p tio n  p e r  c ap ita  in 2005. (d ) E stim ated  change  in annual p ro te in  

d e m a n d  from  2 0 0 5 -2 0 5 0  in th o u s a n d  m e tric  to n s  (see te x t  fo r details). ND ind ica tes no  da ta . Consum ption  d a ta  are fr o m  the  FAO Stat-Consumption database  

(h ttp ://faosta tfao .o rg )
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countries’ annual protein dem and by 

2050 will be on the same order o f m agni­

tude in  nations that are bo th  developed 

(e.g., N orth  America, Australia) and 

developing (e.g., South America, Africa, 

Asia), partly  owing to the large quanti­

ties of protein consum ed by developed 

nations and partly  to the greater popu­

lation growth expected in  developing 

nations. In fact, the developing world 

estimates m ay be low because increasing 

wealth usually leads to increased protein 

consum ption (M illennium  Ecosystem 

Assessment Board, 2005).

Aquaculture has allowed global 

seafood production  to keep pace with 

increasing protein dem and. Global 

capture harvests plus aquaculture have 

provided about 13 kg per capita seafood 

annually for the past 40 years (FAO,

2009); as capture harvests declined 

slightly since the m id 1980s from  about 

12.5 kg per capita to 10 kg per capita 

in  2006, aquaculture harvests made 

up the gap (Figure 44 in  FAO, 2009). 

Aquaculture production  grew by an 

average of 4% per year in  the developed 

world and by 8% per year in  developing 

countries since 1970. Over the same 

period, global m ollusk aquaculture 

grew at 7.7% per year and today exceeds 

14 m illion m etric tons and USS10 billion 

in  annual value.

It is unclear by w hat m ix of sources 

the world’s protein needs will be m et 

in  2050, bu t given constraints on water 

and other inputs to land-based agri­

culture, it seems likely that significant 

additional aquaculture production  will 

provide a portion  (Liu and Sumaila, 

2007). M ollusk aquaculture is arguably 

the m ost ecologically benign form  of 

m arine seafood farming; it requires no 

input o f feed, and filter-feeding shellfish

perform  valuable ecosystem services as 

they grow. Shellfish aquaculture today is 

concentrated in  a few regions, bu t there 

is significant potential for expansion. 

Even if m ollusk aquaculture grows until 

2050 at only 5% per year, significantly 

less than  its growth rate over the past 

four decades, it would account for over 

120 m illion m etric tons and close to 

USS100 billion in  annual production  

(at today’s prices) by 2050.

I N T E N S I F Y I N G  E N V I R O N ­

M E N T A L  P R E S S U R E S  O N  

M A R I N E  E C O S Y S T E M S

The countries expected to have the 

greatest proportional population growth 

from  2005-2050 are in  the low lati­

tudes, where the change in  aragonite 

saturation state Oar will be greatest 

(Figure 3). Tiere, Oar is calculated using 

the Lueker et al. (2000) refit dissocia­

tion  constants and dissolved inorganic 

carbon, alkalinity, and salinity fields 

generated by the C om m unity Climate 

System M odel (CCSM3.1) T31-gx3v5, 

case B31.161n (Doney et a l , 2009b; 

Thornton et a l ,  2009), interpolated to a 

regular 2° x 2° grid for analysis. Because 

future surface ocean aragonite satura­

tion  state (e.g., Feely et a l , 2009) in  the 

low latitudes is estim ated to rem ain 

oversaturated (O ar > ~ 3 by m id  century 

and > ~ 2 by the end of the century), 

it is tem pting to speculate that tropical 

ecosystems are “safer” from  ocean acidi­

fication than  high-latitude environm ents, 

ftowever, the m ore rapid decline in  O ar 

by 2050 in  low latitudes could be m ore 

deleterious to tropical m arine ecosystems 

than  the actual num erical value of O ar, 

which is a geochem ical index that does 

not necessarily have as direct biological 

relevance. Just as terrestrial insects live

close to their optim al tem perature ranges 

and future tem perature increases may 

exceed the range over which tropical 

insects can adapt (Deutsch et al., 2008), 

m arine calcifiers m aybe  living close to 

their optim al chemical environm ent and 

m ay be strongly im pacted by the com ing 

ocean acidification-related shifts.

The com bined effect o f sim ultaneous 

large changes in  carbonate saturation 

state and fast population growth in 

low latitudes m ay m ultiply pressures 

on m arine ecosystems. C om paring the 

rate of change of Oar w ith the natural 

variability in  the ocean carbonate 

system places the m agnitude of ocean 

acidification in  context w ith ecosys­

tem s’ exposure to variability (Figure 4) 

(Boyd et a l ,  2008). Ecosystems with 

weaker natural variability m ay be less 

resilient to anthropogenic perturbations. 

Figure 4 displays a map of the change 

in  O ar from  the present to m id century 

(°ar, 2005-°ar, 205o)> com puted from  the 
CCSM model, divided by the root m ean 

square (RMS) of the anom aly from  the 

m ean annual cycle of O ar, calculated 

after rem oving the long-term  secular 

trend, for the same sim ulation and 

tim e period. The analysis suggests that 

anthropogenically driven change in  O ar 

over this 45-year period exceeds the 

natural variability o f the system every­

where, but especially in  the southw estern 

N orth  Atlantic O cean and in  m uch of 

the western Indian  and South Atlantic 

oceans. C om pounding this chronic 

chemical stress, these bodies o f water 

will experience heavy acute an thro­

pogenic pressures as the populations 

surrounding them  grow.

Estim ating the severity o f the 

anthropogenically driven change in  O ar 

by com paring it to natural variability
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using m odel data provides a conserva­

tive overview of regions under stress. 

Because CCSM s skill in  coastal regions 

is lim ited by its resolution and its lack of 

realistic mesoscale physical processes, 

such as coastal upwelling (Collins 

et ah, 2006), our ability to quantify 

ocean-acidification-associated coastal 

variability in  carbonate chem istry with 

this m odel is very limited. In addi­

tion, seawater carbonate chem istry 

in  nearshore regions can be altered 

significantly by variations in  hydrology, 

atm ospheric deposition, and nu trient 

runoff from  land that are independent 

of rising atm ospheric C 0 2 (e.g., Doney 

et ah, 2007; Salisbury et a l , 2008; Miller 

et al., 2009). M aking predictions about 

specific regions requires fine-scale 

coastal models (e.g., Fennel et a l ,  2008; 

H auri et al., 2009) that include realistic 

circulation, river chemistry, and biogeo­

chemical cycling. In m any regions whose 

ecosystems are likely to be m ost stressed 

by chemical changes and population 

growth, m uch of the data needed to 

param eterize and evaluate such models 

has not yet been collected.

Population growth 2005-20SQ and change in fl,

I------------- 1
ND -50% +0% 450% +100% +150% +300%

Figure 3. Global m ap  o f  th e  p e rc en t change  in each  co u n try 's  p o p u la tio n  g ro w th  from  2 0 0 5 -2 0 5 0  

(grayscale) an d  change  in m ean  m o d e led  su rface ocean  a rag o n ite  sa tu ra tio n  s ta te  O ar from  2 0 0 5 - 

2050. ND ind ica tes  n o  da ta . N o te  th a t  b o th  th e  g re a te s t increases in p o p u la tio n  (da rke r sh ad e d  c o u n ­
tries) an d  th e  g re a te s t changes in ocean  ca rb o n a te  c h em istry  (w arm er co lo rs in o cean  areas) will o c cu r 

in low -la titude  regions, suggesting  th a t  th e  g rea te s t c o m b in ed  stresses in th e  n ear fu tu re  m ay o c cu r  in 

trop ica l ecosystem s.

: RMS Anomaly 0 , ^ . ^

Figure 4. Global m ap  c o m p arin g  th e  m ag n itu d e  

o f  a n th ro p o g e n ic  ocean  acid ification  to  natural 
variability. T he co lo rs display th e  ra tio  o f  th e  

c hange  in m ean  annual surface ocean  a ragon ite  

s a tu ra tio n  s ta te  O ar (2 0 0 5 -2 0 5 0 ) to  th e  ro o t 

m ean  sq u are  (RMS) anom aly  o f  O ar from  th e  

m ean  annual cycle fo r 2005-2050 . The c o lo r bar 

(un itless) show s how  m any  tim es g rea te r o cean  
acid ification  is th a n  na tu ra l variability. In o th e r  

w ords, areas w ith  w a rm e r co lo rs will have u n d e r­

gone  shifts in o cean  c a rb o n a te  ch em istry  by 2050 

th a t  fa r exceed  na tu ra l variability. N o t on ly  will 

low -la titude  areas exh ib it th e  g rea te s t changes in 

o cean  c a rb o n a te  ch em istry  (Figure 3), b u t  th ese  
changes will also fa r exceed n a tu ra l variability  

in th e  system .
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F U T U R E  C O S T S  O F  

O C E A N  A C I D I F I C A T I O N

The future cost o f ocean acidification 

depends on the response of the m arine 

ecosystem and on changes in  hum an 

uses of m arine resources. Instead of 

elim inating entire swaths of m arine 

life, ocean acidification will likely stress 

particular m arine species, each of which 

will adapt to, flee from , or succum b to 

the new  conditions. New trophic or 

biogeographic relationships will arise 

and alter m arine ecosystems from  their 

present states, also changing the benefi­

cial services they currently provide to 

hum an com m unities. At present, our 

understanding of the roles o f calcifiers 

in  m arine ecosystem services and our 

ability to predict adaptation in  hum an 

uses are no t yet sufficient to allow us 

to calculate the total dollar value of 

ocean-acidification-related changes 

(see, e.g., the discussion of H oagland 

et al. [2002] about the complexities 

of estim ating econom ic losses associ­

ated w ith harm ful algal blooms). 

Nevertheless, considering the potential 

econom ic cost o f acidification helps 

identify the missing inform ation needed 

to assess adaptive strategies. Coupled 

ecosystem and socioeconom ic models 

are needed to com pare outcom es of 

different m anagem ent choices and to 

quantify econom ic losses due to stressors 

like ocean acidification, climate change, 

overfishing, and pollution. Adaptations 

are likely to be region-specific, so these 

m odels will have to take into account 

local differences in  resources and uses.

Because considerable uncertainties 

about future effects are probable, adap­

tive m anagem ent strategies are likely to 

be m ost useful. In general, it is likely that 

reducing anthropogenic pressures on

ocean ecosystems (e.g., m itigation of C 0 2 

emissions, lim iting m arine pollution, 

curtailing overfishing) will have a positive 

effect on the ability o f m arine environ­

m ents to adapt to acidifying conditions, 

and will increase the likelihood that these 

ecosystems will continue to provide the 

services that we depend on. Ecosystem- 

based m anagem ent and approaches 

that focus on collaboration am ong 

users, regulators, and policymakers 

are required to engage stakeholders in 

adjusting traditional uses o f ecosystem 

services, if  that should becom e necessary. 

Collaboration between developed and 

developing nations m ay also ease some of 

the burdens from  the responses to ocean 

acidification that may be warranted.

As with the effects o f climate change 

resulting from  greenhouse gas emissions, 

the m ost costly effects of ocean acidifica­

tion lie m ainly in the future (over tim e 

scales o f decades and centuries), and 

their m agnitudes are potentially large 

but uncertain. N ear-term  investments to 

mitigate these effects m ust compete with 

other pressing hum an needs for scarce 

resources, and the investments should 

be based on their expected contributions 

to reduced future losses. Sound choices 

about those investments will require 

m uch additional inform ation (and m any 

models) on the m agnitude and tim ing 

of the bio-econom ic consequences of 

ocean acidification and associated uncer­

tainties. This inform ation will improve 

over time, and m anagem ent strategies 

should adapt with it.
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