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Even as global and national
efforts struggle to mitigate CO2
emissions, local and state govern-
ments have policy tools to address
“hot spots” of ocean acidification.

As the level of atmospheric carbon
dioxide (CO2) continues to rise, sO
too does the amount of CO2 in the
ocean ( 1, 2), which increases the
ocean’s acidity. This affects marine
ecosystems on a global scale in
ways we are only beginning to
understand: for example, impair-
ing the ability of organisms to form
shells or skeletons, altering food
webs, and negatively affecting
economies dependent on services
ranging from coral reef tourism

to shellfi sh harvests to salmon fi
sheries ( 3— 5). Although increas-
ing anthropogenic inputs drive
acidification at global scales, local
acidifi cation disproportionately
affects coastal ecosystems and the
communities that rely on them. We
describe policy options by which
local and state governments—

as opposed to federal and interna-
tional bodies—can reduce these
local and regional “hot spots” of
ocean acidification.

Several studies document acidifi-
cation hot spots, patches of ocean
water with significantly depressed
pH levels relative to historical
baselines occurring at spatial scales
of tens to hundreds of square
kilometers [e.g.,( 6, 7)]. These
coastal hot spots may be due to
non-uniform changes in circula-

tion and biologicalprocesses ( 6),
and precipitation runoff ( 4, 5, 8),
in concert with globally increased
atmospheric CO2 ( 8) (see the fi
gure). Local studies in the Ken-
nebec River plume in the Gulf of
Maine ( 9), the Chesapeake Bay (
10), and the Manning River estu-
ary in New South Wales, Australia
( 11), illustrate that freshwater
inputs, pollutants, and soil erosion
can acidify coastal waters at sub-
stantially higher rates than atmo-
spheric CO2 alone.

These nonatmospheric inputs can
have particularly large consequenc-
es when they coincide with biotic
phenomena [e.g., spawning

events ( 9)] or abiotic processes,
such as upwelling events that bring
low-pH water to nearshore areas

( 1, 2). Additional local phenom-
ena— such as sulfur dioxide
precipitation ( 12), hypoxia ( 13),
eutrophication ( 10, 14), and both
emissions and runoff from acidic
fertilizers ( 15)—can intensify
these localized hot spots. These
impacts are likely to be magnifi

ed when combined with other stres-
sors in the coastal ocean, including
overfi shing, habitat destruction,
temperature increases, and non-
acidifying pollution ( 16).

Policy Recommendations

As global and national efforts to
mitigate CO2 emissions struggle to
gain traction, smaller scale actions
become increasingly important.

In the United States, for example,

local and state governments have
both the authority and motive to
address many stressors that drive
or exacerbate acidifi cation condi-
tions. This runs contrary to the
widely held perception that acidifi
cation cannot be addressed at

the scale of local (e.g., municipal
and county) or regional (state,
multistate, and territorial)
jurisdictions [e.g., ( 16, 17)].

Although we focus here on U.S.
policies, similar legal tools

exist elsewhere to guard against
non-CO?2 acidification drivers.
U.S. federal environmental laws
(e.g., Clean Air Act, Clean Water
Act, and Coastal Zone Manage-
ment Act), state laws, and local
ordinances provide multiple layers
of protection for coastal waters by
controlling emissions, runoff, and
land-use patterns through zoning
and permitting (table S1).

Implementing measures that re-
duce residential and agricultural
runoff, for example, can minimize
beach and river contamination
and algal blooms, while reducing
pollutants that acidify the local
coastal ocean. Many states have
already passed legislation to limit
residential runoff, although these
are not specifically aimed at miti-
gating acidifi cation ( 18).

A recent lawsuit and the resulting
U.S. Environmental Protection
Agency (EPA) memoranda ( 19,
20) illustrate states’ responsibili-



ties to apply federal environmental
laws to combat acidifi cation in
state waters.

In Center for Biological Diversity
v. EPA (21). the Center for Bio-
logical Diversity (CBD) challenged
Washington State’s failure to
designate coastal waters as “im-
paired” because of a decline in pH
by 0.2 units from baseline levels,
as required under the federal Clean
Water Act ( 22). Despite the lack of
substantive reform of the National
Water Quality Standard for

marine pH (19, 20) owing to
insuffi cient data. the EPA high-
lighted the seriousness of acidifi -
cation’s impacts on ocean life and
encouraged states to list pH-im-
paired waters where data are avail-
able (19). A focus on data collec-
tion could lead to future regulatory
revisions that allow state govern-
ments to better restrict pollutants
in coastal waters ( 23). States may
also use existing law to develop
biological water quality standards
for acidifi cation to assess if

a water body is impaired on the
basis of biological indicators (e.g..
negative impacts on coral species)
(24). Water quality standards

and impairment designations,
however., are only ecologically

meaningful in light of baseline
conditions. vulnerability of ecosys-
tems. and thresholds for ecosystem

change. which are often undefined.

Four Approaches

Few jurisdictions have taken steps
to mitigate acidification, likely
because of the combination of low
awareness and a sense that the
causes are globally diffuse. Four
approaches have particular poten-
tial for combating locally intensi-
fied acidification.

Contributors to ocean acidifi cation. In addition to global atmospheric
CO2, this fi gure depicts the major local (within 100 km) sources
contributing to coastal ocean acidifi cation.

First, the Clean Water Act di-
rects state government agencies
to ensure that precipitation runoff
and associated pollutants (which
can increase acidifi cation) are
monitored, limited, and consistent
with the sustainable functioning
of aquatic ecosystems. Stormwa-
ter surge prevention (e.g., holding
tanks), coastal and riparian buffers
(areas of vegetation near land-wa-
ter intersections), intact wetlands,
and improved onsite water treat-
ment facilities are effective mea-
sures to address watershed runoff
and associated pollutants. In many
cases, federal funding is available
to help local governments com-
plete these kinds of projects, and
local watershed groups provide a
grassroots base for ensuring that
states and EPA meet their respon-
sibilities.

Second, controlling coastal ero-
sion is a classic function of local

and state governments and one
that could markedly benefit coastal
ecosystems by reducing nutrient
and sediment loading of water and
protecting the physical integrity
of the habitat itself. Such coastal
inputs may be enriched with
fertilizers and, if unchecked, can
further increase acidification in
estuaries and coastal waterways.
Independent local actions, such

as increasing vegetation cover,
may be effective at small scales,
but concerted action among mul-
tiple local jurisdictions—as would
likely be necessary to address ero-
sion within an entire watershed,
for example—may require coor-
dination among state or regional
governments, adding a layer of
regulatory complexity.

Third, land-use change facilitated
through local and regional plan-
ning, zoning, and permitting
policies can reduce direct and



indirect (e.g., deforestation) CO2
emissions, runoff, and other
threats ( 25). Antisprawl land-use
plans can help reduce vehicle-
miles traveled and impermeable
surface cover, limiting both
emissions and runoff. At least two
state laws Massachusetts (Global
Warming Solutions Act) and Cali-
fornia (SB 375)] explicitly link
land-use development, transporta-
tion, and climate change mitiga-
tion. These state-level rules are
models for state action, but cities
and counties can adopt policies
and alter zoning provisions and
general plans that could help safe-
guard their own waters—without
waiting for state governments to
act ( 20).

Finally, simply enforcing existing
federal emissions limits for pol-
lutants such as nitrogen oxide and
sulfur oxide (for example,

from coal-fi red power plants)
could help ameliorate local driv-
ers of ocean acidifi cation ( 13).
Reductions could have immediate
local effects, because these pol-
lutants have short atmospheric
residence times, falling out of the
atmosphere and into the water
and/or land near where they were
produced ( 12).

Reducing pollutants to benefit
local environmental conditions
increases the likelihood of
responsible stewardship by match-
ing political incentives and envi-
ronmental remediation at the same
spatial scale ( 27). In addition to
regulating inputs to the coastal
zone, protecting important eco-
system components (such as shell
material) provides another poten-
tial mechanism to combat

locally intensified acidification.
Returning crushed shell material

to coastal habitats to approximate
densities found in healthy clam
populations can substantially
increase pH and mitigate localized
acidifi cation impacts on clams
(10, 28).

Tenaciously enforcing existing
limits for sediment runoff, erosion,
and emissions may alone im-
prove the health of coastal waters
and safeguard coastal economies
dependent on calcium carbonate—
producing organisms such as
shellfish and corals. In the face of
declining conditions, however, it
is increasingly critical to establish
historical and current pH levels to
inform future federal or stater egu-
lations aimed at protecting against
ocean acidification. The potential
biological, ecological, and socio-
economic effects of acidification
are likely to affect nearshore envi-
ronments most severely, affecting
the delivery of ecosystem ser-
vices that over half of the world’s
population depend on and costing
billions of dollars in lost product
and income ( 5).

Minimizing additional stressors on
coastal ecosystems can also help
to ameliorate threats to coastal
resources, thereby maintaining
ecosystem resilience and sustain-
able economic benefits from the
ocean.

References and Notes

1. R. A. Feely, S. C. Doney, S. R.
Cooley, Oceanography
(Washington, D.C.) 22 (4), 36
(2009).

2. S. C. Doney, Science 328, 1512
(2010).

3. W. W. L. Cheung et al., Glob.
Change Biol. 16, 24 (2010).

4. W. W. L. Cheung et al., Fish
Fish. 10, 235 (2009).

5. S. R. Cooley, S. C. Doney, En-
viron. Res. Lett. 4, 024007
(2009).

6. R. A. Feely et al., Estuar. Coast.
Shelf Sci. 88, 442 (2010).

7. R. A. Feely, C. L. Sabine, J. M.
Hernandez-Ayon, D. Ianson,

B. Hales, Science 320, 1490
(2008).

8. S. C. Doney, V. J. Fabry, R. A.
Feely, J. A. Kleypas, Annu.

Rev. Mater. Sci. 1, 169 (2009).

9. J. Salisbury, M. Green, C. Hunt,
J. Campbell, Eos Trans.

AGU 89, 513 (2008).

10. G. Waldbusser, E. Voigt, H.
Bergschneider, M. Green,

R. Newell, Estuaries Coasts 34,
221 (2011).

11. M. C. Dove, J. Sammut, J.
Shellfi sh Res. 26, 519 (2007).

12. S. C. Doney et al., Proc. Natl.
Acad. Sci. U.S.A. 104,

14580 (2007).

13. W. M. Kemp et al., Mar. Ecol.
Prog. Ser. 303, 1 (2005).

14. A. V. Borges, N. Gypens, Lim-
nol. Oceanogr. 55, 346

(2010).

15. F. Dentener et al., Global Bio-
geochem. Cycles 20,

GB4003 (2006).

16. B. S. Halpern et al., Ocean
Coast. Manage. 51, 203 (2008).
17. L. S. Fore et al., Science 322,
1788 (2008).

18. New Jersey, for example, has
both stormwater and waterquality
management laws governing run-
off. See ( 29).

19. EPA, Integrated Reporting and
Listing Decisions Related to
Ocean Acidifi cation, memoran-
dum, 15 November 2010.

20. EPA, Decision on Re-evalua-
tion and/or Revision of the

Water Quality Criterion for Ma-
rine pH for the Protection of
Aquatic Life, memorandum, 15
April. 2010.



21. CBD vs. EPA, No. 2:09-cv-
00670-JCC (W.D. Wash. 2009).
22.33 U.S. Code § 1313(d).

23. 74 Fed. Regist. (17484), 15
(2009).

24. P. Bradley, W. S. Fisher, L. S.
Fore, W. S. Davis, Coral Reef
Biological Criteria: Using the
Clean Water Act to Protect

a National Treasure (Tech. Report
No. EPA/600/R-10/054,

EPA, Washington, DC, 2010).
25.]. S. Baron et al., Preliminary
Review of Adaptation

Options for Climate-Sensitive Eco-
systems and Resources

(EPA, Washington, DC, 2008).

26. King County, WA, for example,
issued multiple executive

orders, requiring county depart-
ments to take increasingly
aggressive action to mitigate the
effects of global climate

change. See ( 30).

27. R. Costanza et al., Science 281,
198 (1998).

28. M. A. Green, G. G. Waldbusser,
S. L. Reilly, K. Emerson,

S. O’Donnell, Limnol. Oceanogr.
54, 1037 (2009).

29. New Jersey Administrative
Code 7:8 and 7:15,
www.state.nj.us/dep/watershedmgt/
rules.htm.

30. King County, Washington, Ex-
ecutive orders governing

public utilities: PUT 7-5, 7-7, 7-8,
and 7-10-1;
www.kingcounty.gov/operations/
policies.aspx.

31. The authors thank L. Crowder,
N. Baron of Communication
Partnership for Science and the Sea
(COMPASS), and

E. Hartge for helpful comments.
Funding was provided by

the David and Lucile Packard
Foundation. The scientific

views, opinions, and conclusions
expressed herein are

solely those of the authors and do
not represent the views,

opinions, or conclusions of NOAA,
the Department of

Commerce, or the EPA.

CREDIT: ADAPTED FROM
WILL YANG, SHELBY DESIGNS

1Center for Ocean Solutions, Stan-
ford University, Stanford,

CA 94305, USA. 2Gulf Ecology
Division, U.S. Environmental
Protection Agency, Gulf Breeze,
FL 32561, USA. 3Pacifi ¢

Marine Environmental Laboratory,
National Oceanic and
Atmospheric Administration
(NOAA), Seattle, WA 98115,
USA. 4National Center for Eco-
logical Analysis and Synthesis,
Santa Barbara, CA 93101, USA.
5College of Atmospheric

and Oceanic Sciences, Oregon
State University, Corvallis,

OR 97331, USA.

*These authors contributed equally
to this work.

Author for correspondence. E-mail:
rpk@stanford.edu

Supporting Online Material
www.sciencemag.org/cgi/content/
full/332/6033/1036/DC1



