CENTER for BIOLOGICAL DIVERSITY Because life is good.

December 13, 2010

Water Quality Program
WA Department of Ecology
P.O. Box 47600

Olympia, WA 98504-7600
Fax: 360-407-6426
swgs@ecy.wa.gov

RE: Washington State Surface Water Quality Standards Triennial Review
l. Introduction

These comments to the Washington State Surface Water Quality Standards Triennial
Review are submitted by the Center for Biological Diversity (the “Center”). The Center is a
nonprofit environmental organization dedicated to the protection of imperiled species and their
habitats through science, education, policy, and environmental law. The Center’s Oceans
Program aims to protect marine life and ocean ecosystems in United States and international
waters. The Center has over 300,000 members and online activists throughout the United States
and submits these comments on its own behalf and on behalf of its members and staff with an
interest in protecting the ocean environment.

The Center urges Washington State Department of Ecology (the “Department of
Ecology”) to revise Washington State’s Aquatic Life pH Criteria in Marine Water, (WA ADC
173-201A-210(1)(f)), so that waters may not deviate measurably from naturally occurring pH
levels as a result of the marine waters’ absorption of anthropogenic carbon dioxide resulting in
ocean acidification.! Washington’s current pH criterion conforms to the minimum national
recommended standard of 0.2 units. We contend, however, this amount of ocean acidification is
insufficient to protect water quality and Washington’s designated uses.

! This phenomenon is referred to herein as “ocean acidification.” The absorption of atmospheric
carbon dioxide (CO,) into the ocean lowers the pH of the waters, which is commonly referred to
as “ocean acidification.” (Feely 2008). Ocean acidification is “primarily caused by increasing
CO;, levels in the atmosphere.” (Memo. from Denise Keehner, Dir., EPA Office of Wetlands,
Oceans and Watersheds, to EPA Water Division Directions, Regions 1-10, Integrated Reporting
and Listing Decisions Related to Ocean Acidification (Nov. 15, 2010) (available at
http://water.epa.gov/lawsregs/lawsguidance/cwa/tmdl/upload/oa_memo_nov2010.pdf).
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The U.S. Environmental Protection Agency (“EPA”) recently issued a memorandum
noting the adverse environmental consequences of ocean acidification and stating that “waters
should be listed for [ocean acidification] where data are available.” (Memo. from Denise
Keehner, Dir., EPA Office of Wetlands, Oceans and Watersheds, to EPA Water Division
Directions, Regions 1-10, Integrated Reporting and Listing Decisions Related to Ocean
Acidification (Nov. 15, 2010) (available at
http://water.epa.gov/lawsregs/lawsguidance/cwa/tmdl/upload/oa_memo_nov2010.pdf)
(hereinafter “Keehner Memo”)). Sufficient data now exist for Washington to list any waters with
a measurable human-caused deviation of pH as threatened or impaired waters under its Clean
Water Act (“CWA”) § 303(d) listing. By adopting a “no deviation” criterion for pH levels,
Washington State and EPA will better be able to identify and track waters impaired by ocean
acidification and, ultimately, manage CO, emissions that lead to such pollution (Keehner
Memo).

1. Background: Effects of Ocean Acidification on Biological Resources

Addressing ocean acidification is now listed a top priority of the Federal government
(Keehner Memo), with the prognosticated effects of ocean acidification becoming increasingly
grim: The scientific community’s comprehension of the dangers of ocean acidification reveals
that immediate action is essential if the irreversible loss of marine ecosystems is to be avoided
(Carnegie Institution for Science 2007, Hoegh-Guldberg 2007).

Globally, the ocean’s daily uptake of 22 million metric tons of CO, has a sizable impact
on its chemistry and biology (Feely 2008). This absorption of CO; is directly polluting ocean
waters and results from human activity, namely fossil fuel burning. Since the beginning of the
industrial era, the oceans have absorbed between 109 and 145 billion metric tons of carbon as
CO,, from the atmosphere, or about one-third of the total anthropogenic carbon emissions
released (Feely 2008). Due to the fact that the ocean has a carbonate buffer system, an increase
in aqueous carbon dioxide reduces the concentration of carbonate while increasing the
concentration of bicarbonate. The result is a decrease in ocean pH.

Carbon dioxide pollution has already lowered average ocean pH by 0.11 units,? with a pH
change of 0.5 units projected by the end of the century under current emission trajectories (Feely
2008). While this might seem fairly innocuous, the environmental impacts of such a deviation
from normative pH levels are likely to be devastating on sensitive marine ecosystems.

Washington State is hardly immune from these effects. One of the primary known
impacts of acidification is impairment of calcification,® the process whereby corals, crabs,

2 A 0.11 pH unit increase is equivalent to an overall increase in the hydrogen ion concentration in
surface waters of approximately 30% (OCB 2009).

® “The reaction of CO2 with seawater reduces the availability of carbonate ions that are
necessary for calcium carbonate (CaCOj3) skeleton and shell formation for marine organisms



abalone, oysters, sea urchins, and other animals make shells and skeletons. Many species of
phytoplankton and zooplankton, which form the basis of the marine food web, are also
particularly vulnerable to ocean acidification (Feely 2006).

The North Pacific aragonite (a form of calcium carbonate, or CaCQOj3) saturation horizons
are now among the shallowest in the global ocean (Feely 2008). Pteropods, which form their
shells from aragonite, are at risk of having their shells dissolved as seawater becomes
undersaturated with aragonite (Orr 2005). Measurements have shown that upwelled coastal water
(discussed below) is corrosive enough to dissolve aragonite and literally eat away at the shells of
many animals on the continental shelf off the coast of Washington and Oregon (Feely 2008,
Barton et al. 2009). Krill, whales, salmon, and other fish eat pteropods, and they contribute
significantly to marine production. Similar animals feed many of the major fish species in
Alaska’s North Pacific, which supports the billion-dollar Seattle-based fishing industry (Craig
Welch, Oysters in deep trouble: Is Pacific Ocean’s chemistry killing sea life? The Seattle Times
(June 15, 2009)).

Fish themselves are also affected by ocean acidification. When fish are exposed to high
concentrations of CO; in seawater, cardiac failure can result and directly cause mortality
(Ishimatsu 2004). At lower concentrations, sublethal effects can be expected that can seriously
compromise the fitness of fish. Juvenile and larval stages of fish were found to be the most
vulnerable (1d.).

Additionally, many threatened and endangered species depend on the ocean ecosystem
and are extremely vulnerable to changes in marine habitat. Ocean acidification jeopardizes the
continued existence of some of these species. For example, ocean acidification may dissolve the
shell of the endangered white abalone or inhibit shell formation and growth. Also, there are
numerous threatened and endangered species such as blue, humpback, and fin whales, and sea
otters that prey on calcifying species. Declining fitness of fish due to acidification could not only
impact depleted fish populations, but also already imperiled fish-eating species such as the
brown pelican, marbled murrelet, Steller sea lion, Guadalupe fur seal, Kemps Ridley Sea Turtle,
and orca. Similarly, impacts to squid, among the most sensitive of marine species to changes in
pH, would likely impact squid-eating species such as sperm whales.

The effects of ocean acidification are likely to only increase in the years to come. This is
especially true for coastal waters, including those of Washington State. The seasonal upwelling
of subsurface waters along the coast contains anthropogenic CO, sequestered by the water when
it last came in contact with the atmosphere half a century ago (Feely 2008, OCB 2009).
Unfortunately, the atmospheric concentration of CO; has increased markedly since then and is

such as corals, marine plankton, and shellfish. The extent to which the organisms are affected
depends largely on the CaCOj3 saturation state (€2), which is the product of the concentrations of
Ca®" and COs? divided by the apparent stoichiometric solubility product for either aragonite or
calcite.” (Feely 2008). The Q value can also be used as a proxy for the ease with which
organisms can produce CaCOj3 (Miller et al. 2009).



expected to continue to rise at an increasing rate (Feely 2008). The consequence of this that in
each ensuing year, the upwelling water that has been exposed to the atmosphere still more
recently will yield yet higher CO, levels (OCB 2009).

Recent research has also shown that this upwelling of anthropogenically acidified coastal
waters is also responsible for the decrease of pH in the Puget Sound estuary complex (Feely
2010). It is estimated that ocean acidification is responsible for up to 49% of the pH decrease in
the deep waters of the Hood Canal sub-basin of Puget Sound (compared to pre-industrial pH
values). Over time, however, ocean acidification could account for up to 82% of the subsurface
pH declines if CO,emissions continue to increase on their current trajectories (1d.). And, because
they are shallower, less saline, and have lower alkalinity, estuaries and coastal marine habitats
have been shown to be even more susceptible to changes in pH than the open ocean (Miller at al.
2009); the input of “acidified” low-pH upwelled water from the ocean combines with estuaries’
natural processes to produce very low pH conditions (Feely 2010.)

Some of the effects of ocean acidification on estuaries have already been seen in the
recent rapid declines of large mussel populations at Tatoosh Island and mass mortalities of oyster
larvae in the Pacific Northwest (Id.). When the upwelled acidified water is observed in coastal
hatcheries, mass mortality events have followed within 24-48 hours (Barton et al. 2009). In such
conditions, larvae of all sizes and species (Pacific oysters, Kumamoto oysters, Manila clams, and
Mediterranean mussels) are dramatically affected. Experimentally enhanced CO, has been shown
to decrease the development rate of not only Pacific oyster larvae, but also the early development
of sea urchins (Talmage et al. 2009). For six consecutive years, Pacific Coast oysters’ yields
have collapsed, with commercial hatcheries experiencing alarming and widespread difficulties
keeping larvae alive due to the more corrosive water conditions (Craig Welch, Oysters in deep
trouble: Is Pacific Ocean’s chemistry killing sea life? The Seattle Times (June 15, 2009), Miller
et al. 2009; Feely et al. 2010).

Larvae are particularly susceptible to acidified waters because their shells are composed
of aragonite, with small oyster larvae (1-3 days old) partially forming their shells from calcium
carbonate — a compound which is readily dissolved in acidified solutions (Barton et al. 2009,
Miller et al. 2009). Larvae that do not perish because of the direct effects of ocean acidification
may experience indirect impacts, as they need to expend so much energy building their shells
that they are physically weakened, and can more easily succumb to normal stressors like bacteria
blooms (id.), and prolonged predation due to delayed metamorphosis (Talmage et al. 2009). The
overall decreased size (up to 50%) of settled shellfish could generally translate into higher
mortality rates for these individuals (Marshall et al. 2003, Talmage et al. 2009).

The leading ocean acidification scientists warn that even a 0.2 pH change — the current
EPA and Washington State water quality criteria for pH — will have significantly adverse impacts
on marine life (Caldeira et al. 2007). It is for this reason that the Department of Ecology should
act prudently and adopt more stringent standards for its pH criteria in marine water in an attempt
to reduce the imminent and irreversible degradation of its marine resources, as well as the
attendant ecological, recreational, and economic ramifications.



I11.  The Department of Ecology Should Adopt a More Stringent Standard for its
Aquatic Life pH Criterion in Marine Water

Washington State Department of Ecology’s current permissible deviation for its pH
pollution criterion conforms to the national recommended standard of 0.2 units. As discussed
above, however, this variance is impermissibly high given the current impacts that ocean
acidification is having on the marine environment. Because the effects of ocean acidification will
only intensify in coming years, the Department of Ecology must adopt more stringent pH
criterion for marine waters to protect its marine environment.

A Washington’s Water Quality Standard Is Woefully Outdated and Is
Insufficient to Protect Aquatic Life from the Adverse Effects of Ocean
Acidification

The Clean Water Act’s goals to protect the chemical and biological integrity of our
nation’s waters are being undermined by the water quality criteria that are ineffective at
protecting seawater against ocean acidification. The outdated criteria fail to incorporate the latest
scientific knowledge about ocean acidification.

Pursuant to section 304’s mandate, EPA issued the “Blue Book” of Water Quality
Criteria in 1973. In 1976, EPA published the “Red Book” which contained the water quality
criteria for pH that is still used today, and adopted by Washington that “the pH should not be
changed more than 0.2 units outside the naturally occurring variation.”(Quality Criteria for
Water 1976: 342-43). This water quality criterion is woefully outdated and fails to reflect the
latest scientific knowledge. According to a Comment authored by 25 of the leading researchers
of ocean acidification:

The assumption made by the U.S. Environmental Protection Agency [1976] that a
pH decrease of 0.2 units in the ocean will not harm marine biota is fundamental to
the conclusions made by Loaiciga [2006]. However, this criterion was established
prior to the development of an extensive body of research showing that a decrease
of this magnitude would pose a risk to the physiology and health of a variety of
marine organisms (much of this research is reviewed by Gattuso et al. [1999],
Kleypas et al. [1999], Seibel and Fabry [2003], Portner et al. [2004], and Caldeira
et al. [2005]).

(Caldeira et al. 2007: L18608). In fact, Zeebe et al. (2008) specifically noted the need to
reevaluate this stanard with respect to ocean acidification:

Thus, although the response of different organisms is expected to be
inhomogeneous (9), current evidence suggests that large and rapid changes in
ocean pH will have adverse effects on a number of marine organisms. Yet,



environmental standards for tolerable pH changes have not been updated in
decades. For example, the seawater quality criteria of the U.S. Environmental
Protection Agency date back to 1976 and state that for marine aquatic life, pH
should not be changed by more than 0.2 units outside of the normally occurring
range (10). These standards must be reevaluated based on the latest research on
pH effects on marine organisms. Once new ranges of tolerable pH are adopted,
CO? emission targets must be established to meet those requirements in terms of
future seawater chemistry changes.

(Zeebe et al. 2008: 52). Washington must comply with its duty under the Clean Water
Act regulations 40 CFR 8 131.20, which requires that it shall review and revise water
quality standards, and here it needs to adopt water quality standards that adequately
protect marine waters from the adverse impacts of ocean acidification.

B. “No Deviation” pH Standard

The Center strongly urges that the Department of Ecology adopts a criterion for pH
stating: “For marine waters, pH should not deviate measurably from naturally occurring pH
levels as a result of absorption of anthropogenic carbon dioxide.” This “no deviation” standard
addresses key concerns regarding the Department of Ecology’s current Aquatic Life pH Criterion
in Marine Water:

(1) Marine organisms, especially those that are calcareous, are more sensitive than
previously realized to changes of less than 0.2 units in ocean pH. Extensive research shows that a
decrease of 0.2 pH could pose a risk to the physiology and health of a variety of marine
organisms (Caldeira 2007).

(2) It is possible to make more accurate pH measurements now than in 1976,* and thus a
narrower range of acceptable values for marine waters is appropriate. In light of this science and
the available pH measuring techniques, discussed forthwith, the criterion suggested above is
patently reasonable.

(3) Human activity is responsible for recent decreases in marine water pH; the causal
linkage is irrefutable. EPA has recently informed the States of the detrimental effects of changes
in ocean pH levels caused by the absorption of mass quantities of anthropogenic CO, emissions,
and has encouraged action where feasible (Keehner Memo.).

* Guidelines for pH were published first in 1976 with the “Red Book”, and republished—
unchanged—in the “Gold Book™ in 1986 (51 Fed. Reg. 43665). The guidelines state that marine
waters should have a pH value between 6.5 and 8.5, with no change greater than 0.2 units from
normal. Since that time, the state of the science has changed dramatically; scientists now agree
that even small reductions in pH may have deleterious effects on marine ecosystems.



(4) Corrosive waters that are presently upwelling along the Washington coast during
certain seasons were last at the surface over 50 years ago (Feely et al. 2007). This means that
there is already additional carbon dioxide in the pipeline, and ocean acidification we see on the
coast now is lagging behind the carbon dioxide absorption.

Washington State should act now and take proactive steps to manage the causes of ocean
acidification. The Center’s suggested criterion is both prudent and reasonable, and should be
adopted as part of Washington State’s water quality standard criteria. If pH levels deviate further
than they already have, the resulting environmental consequences will not be reversible on
human time scales (Caldiera 2007).

C. Measuring pH Levels

In an effort to effectively monitor pH and waters affected by ocean acidification,
Washington State and the Department of Ecology should also adopt appropriate methods for
detecting and measuring marine water pH. Past impediments to managing acidified waters was
the absence of a normally occurring pH baseline to identify variations outside of natural
deviations. Because of the now-existing methods for measuring pH levels, these concerns are no
longer valid rationales for failing to implementing water quality standards to better address ocean
acidification.

1. Direct Measurement of pH Levels

There are several means of accurately measuring the pH of marine waters.> Direct
measurements of pH levels can be conducted by using calibrated pH electrodes or measuring pH
spectrophotometrically (OCB 2009). While both methods have their respective benefits and
drawbacks, the spectrophotometric technique has a precision of 0.0003 to 0.0004 pH units (Liu
2006); it is also not susceptible to electrode drift throughout the day, as potentiometric methods
are, which require buffer calibration (Id.) The “calibration-free” characteristic of the
spectrophotometric method also makes it particularly well-suited to automatic measurements at
pH monitoring stations, buoys, or other platforms using autonomous sensors (OCB 2009).

While it is true that seasonal variables effect the direct measurement of pH levels,
existing methods can be used to reliably and accurately predict and correct for seasonal
variations (See e.g., Dore 2003). The EPA already has experience dealing with other pollutants
that involve seasonal variability, as exemplified by the Region 10 temperature criteria guidance
(www.epa.gov/rl0earth/temperature.htm). Other empirical approaches, such as multi-linear
regression, can be used to accurately fill possible data gaps via interpolation and extrapolation
(OCB 2009). As aresult, it is fully feasible to adopt and enforce water quality standards that
comprise a reduced range of acceptable pH levels through direct measurement of pH.

> See generally, Dickson, A.G., Sabine, C.L. and Christian, J.R. (Eds.) 2007. Guide to best
practices for ocean CO2 measurements. PICES Special Publication 3, 191 pp, available at
http://cdiac.ornl.gov/oceans/Handbook _2007.html.



2. Alternative Methods for Assessing Whether Waters are
Polluted due to Ocean Acidification

Alternative methods that measure pH levels indirectly also exist. Some in the scientific
community believe that, due to the natural variables affecting direct pH measurement, other
indicators should be considered. Water quality parameters should include: pH, dissolved
inorganic carbon (DIC), total alkalinity (TA), partial pressure of CO? (pCO?), and saturation state
with respect to calcite and aragonite (Q2). The U.S. Ocean Carbon and Biogeochemistry (OCB)
community of scientists provided useful comments to EPA about how such standards could be
developed by looking at a variety of parameters to measure ocean acidification and carbonate
saturation states (OCB 2009). For the most accurate results, several methods would be employed
(OCB 2009). Washington should review the OCB comments enclosed herein for alternative
methods of measuring ocean acidification.

First, Washington should consider adopting saturation state standards in addition to pH
standards. Two favored indicators of pH and ocean acidification are the CaCOj3 saturation state
(©) and pCO, concentration levels.® Second, Washington should consider narrative criteria that
aim to protect aquatic life from water quality conditions that stress or decrease organisms’ fitness
or calcification due to ocean acidification.

Third, Washington should consider implementing biological criteria. The use of
biological criteria should also be fully utilized as a supplement to the numeric criteria that can
provide a measure against which to evaluate ocean acidification and its impacts on aquatic life.
As early as 1990, EPA provided guidance to states to develop biological information and criteria
(EPA 1990). Biological criteria are numeric and narrative criteria that define the condition of an
aquatic community such as its species richness, presence or absence of indicator taxa,
distribution of classes of organisms (ld.). Biological assessments and biological criteria can then
be used as a measure for determining the impacts of ocean acidification.

V. Conclusion

It is irrefutable that the health of the ocean declining due to ocean acidification. Marine
waters, while valuable carbon sinks, are not immune to the impacts of increased atmospheric
concentrations of CO,. Scientific consensus now shows that a deviation of 0.2 pH units is
impermissibly high to avoid the dangerous and irreversible effects of ocean acidification on
sensitive marine ecosystems. The Center therefore encourages Washington State to proactively
adopt a more stringent standard for its Aquatic Life pH Criteria in Marine Water. A “no
deviation” criterion would not only help improve the health of the State’s marine ecosystem, but
also the economic health of the State and surrounding region. Given the number of reliable and

® Studies have shown that the CaCOs saturation state rather than the pH or partial pressure of
CO; controls the response of many calcifying organisms (Langdon et al. 2000).



economically-feasible methods for assessing whether waters have been polluted by ocean
acidification, the adoption of this “no deviation” criterion is patently reasonable and
scientifically justified.

We appreciate the opportunity to comment on the Washington’s triennial review of its
water quality standards, and thank you in advance for your consideration of these comments.

Respectfully Submitted,

A

Miyoko Sakashita

Senior Attorney, Oceans Program Director
351 California St., Suite 600

San Francisco, CA 94104

Tel: 415-436-9682

Fax: 415-436-9683
Miyoko@biologicaldiversity.org
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REFERENCES

Albright R., Mason B., Miller M. & Langdon C., Ocean acidification compromises recruitment
success of the threatened Caribbean coral Acropora palmata. Proceedings of the National
Academy of Science (2010).

Averyt, M. Tignor, and H. L. Miller, editors. Climate Change 2007: The Physical Science Basis.
Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom, and
New York, NY, USA (2007).

Balch, W.M. and P.E. Utgoff. 2009. Potential Interactions Among Ocean Acidification,
Coccolithophores, and the Optical Properties of Seawater. Oceanography 22:146-159.

Barry, J. P., K. R. Buck, C. Lovera, L. Kuhnz, and P. J. Whaling, Utility of deep sea CO? release
experiments in understanding the biology of a high-CO? ocean: Effects of hypercapnia on
deep sea meiofauna. J. Geophys. Res., 110, C09S12 (2005.)



Barton, A, Cudd S, Weigardt M, Update on Hatchery Research and Use of State Funds to
Improve Larval Performance at Whiskey Creek Shellfish Hatchery (2009).

Beesley, A., Lowe, D.M., Pascoe, C.K., Widdicombe, S., Effects of CO?-induced seawater
acidification on the health of Mytilus edulis. Climate Research 37:215-225 (2008).

Bibby, R., Widdicombe, S., Parry, H., Spicer, J., Pipe, R., Effects of ocean acidification on the
immune response of the blue mussel Mytilus edulis. Aquatic Biology 2:67-74 (2008).

Bibby, Ruth, Polly Cleall-Harding, Simon Rundle, Steve Widdicombe, and John Spicer, Ocean
acidification disrupts induced defences in the intertidal gastropod Littorina littorea. Biol. Lett.
3:699-701 (2007).

Brewer, P.G., A Changing Ocean Seen with Clarity. Proceedings of the National Academy of
Sciences 106: 12213 (2009).

Brewer, P.G. and K. Hester, Ocean Acidification and the Increasing Transparency of the Ocean
to Low-Frequency Sound. Oceanography 22:86-93 (2009).

Burns, W.C.G, Anthropogenic Carbon Dioxide Emissions and Ocean Acidification: The
Potential Impacts on Ocean Biodiversity. In R.A. Askins et al. (eds.), Saving Biological
Diversity 187-202 (2008).

Byrne, RH, Robert-Baldo G, Thompson SW, Chen CTA, Seawater pH measurements: an at-sea
comparison of spectrophotometric and potentiometric methods. Deep-Sea Res. 35: 1405-
1410 (1988).

Byrne, R.H. Sabine Mecking, Richard A. Feely, and Xuewu Liu, Direct observations of basin-
wide acidification of the North Pacific Ocean. Geophysical Research Letters 37: L02601
(2009).

Caldeira, K., and M. E. Wickett, Anthropogenic carbon and ocean pH. Nature 425:365-365
(2003).

Caldeira, K., and M. E. Wickett, Ocean model predictions of chemistry changes from carbon
dioxide emissions to the atmosphere and ocean, J. Geophys. Res. 110, C09S04,
d0i:10.1029/2004JC002671 (2005).

Caldiera, K. et al., Comment on “Modern-age buildup of CO? and its effects on seawater acidity
and salinity” by Hugo A. Lodiciga, Geophysical Research Letters 34: L18608 (2007).

Cao, L., Caldeira, K, Atmospheric CO? stabilization and ocean acidification. Geophys. Res. Lett.,
35, L19609 (2008).



Cohen, A. L., D. C. McCorkle, S. de Putron, G. A. Gaetani, and K. A. Rose, Morphological and
compositional changes in the skeletons of new coral recruits reared in acidified seawater:
Insights into the biomineralization response to ocean acidification, Geochem. Geophys.
Geosyst., 10, Q07005 (2009).

Cohen, A.L. and M. Holcomb, Why Corals Care About Ocean Acidification: Uncovering the
Mechanism. Oceanography 22:118-127 (2009).

Comeau, S., G. Gorsky, R. Jeffree, J.-L. Teyssié, and J.-P. Gattuso, Key Arctic pelagic mollusc
(Limacina helicina) threatened by ocean acidification. Biogeosciences Discuss., 6, 2523-2537
(2009).

Convention on Biological Diversity, Scientific Synthesis of the Impacts of Ocean Acidification
on Marine Biodiversity. CBD Technical Series 46 (2009).

Cooley, S.R., H.L. Kite-Powell, and S.C. Doney, Ocean Acidification’s Potential to Alter Global
Marine Ecosystem Services. Oceanography 22: 172-181 (2009).

Cooley, Sarah R., and S.C. Doney, Anticipating ocean acidification’s economic consequences
for commercial fisheries. Environmental Research Letters 4: 024007 (2009).

Cooper, Timothy F. et al, Declining coral calcification in massive Porites in two nearshore
regions of the northern Great Barrier Reef. Global Change Biology 14: 529-538 (2008).

Cribb, J., Acid Oceans. ECOS 142: 18-21 (2008).

Dashfield, Sarah L. Paul J. Somerfield, Stephen Widdicombe, Melanie C. Austen, Malcolm
Nimmo, Impacts of ocean acidification and burrowing urchins on within-sediment pH
profiles and subtidal nematode communities. Journal of Experimental Marine Biology and
Ecology 365:46-52 (2008).

De’ath, G., Lough, J.M., Fabricius, K.E. Declining Coral Calcification on the Great Barrier Reef.
323:116-119 (2009).

Denman, K. L., et al., 2007: Couplings Between Changes in the Climate System and
Biogeochemistry. in S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B.

Dickson, A.G., Sabine, C.L. and Christian, J.R. (Eds.), Guide to best practices for ocean CO,
measurements. PICES Special Publication 3, 191 pp, available at
http://cdiac.ornl.gov/oceans/Handbook _2007.html (1988).

Doney S. C., Fabry V. J.,, Feely R. A., & Kleypas J. A., Ocean Acidification: The Other CO,
Problem. Annual Review of Marine Science 1:169-92 (2009).



Doney, S.C, Natalie Mahowald, Ivan Lima, Richard A. Feely, Fred T. Mackenzie, Jean-Francois
Lamarque, and Phil J. Rasch., Impact of anthropogenic atmospheric nitrogen and sulfur
deposition on ocean acidification and the inorganic carbon system. Proceedings of the
National Academy of Sciences 104: 14580-14585 (2007).

Doney, S.C., W.M. Balch, V.J. Fabry, and R.A. Feely, Ocean Acidification: A Critical Emerging
Problem for the Ocean Sciences. Oceanography 22: 16-25 (2009).

Dore J, et al., Climate-driven changes to the atmospheric CO, sink in the subtropical North
Pacific Ocean, Nature 424: 754-757 (2003).

Dore, John. E., Roger Lukasbh, Daniel W. Sadlerb, Matthew J. Churchb, and David M. Karlb,
Physical and biogeochemical modulation of ocean acidification in the central North Pacific.
Proceedings of the National Academy of Sciences 106: 12235-12240 (2009).

Environmental Protection Agency (EPA), Memorandum: Integrated Reporting and Listing
Decisions Related to Ocean Acidification (Nov. 15, 2010).

Environmental Protection Agency, Biological Criteria: National Program Guidance for Surface
Waters (1990).

Fabry, V. J., Seibel, B. A., Feely, R. A., and Orr, J. C., Impacts of ocean acidification on marine
fauna and ecosystem processes. ICES Journal of Marine Science, 65: 414-432 (2008).

Fabry, V.J., J.B. McClintock, J.T. Mathis, and J.M. Grebmeier, Ocean Acidification at High
Latitudes: The Bellweather. Oceanography 22: 160-171 (2009).

Feely, R. A., C. L. Sabine, K. Lee, W. Berelson, J. Kleypas, V. J. Fabry, and F. J. Millero,
Impact of anthropogenic CO, on the CaCO3 system in the oceans. Science 305:362-366
(2004).

Feely, R.A., Alin, S.R., Newton, J., Sabine, C.L., Warner, M., Devol, A., Krembs, C., Maloy, C.,
The Combined Effects of Ocean Acidification, Mixing, and Respiration on pH and Carbonate
Saturation in an Urbanized Estuary. Estuarine, Coastal and Shelf Science, doi:
10.1016/j.ecss.2010.05.004 (2010).

Feely, R.A., etal., Carbon Dioxide and Our Ocean Legacy (2006).

Feely, R.A., S.C. Doney, and S.R. Cooley, Ocean Acidification: Present Conditions and Future
Changes in a High-CO, World. Oceanography 22 (2009).

Feely, R.A., Sabine, C.L., Hernandez-Ayon, J.M., lanson, D., Hales, B., Evidence for Upwelling
of Corrosive “Acidified” Water onto the Continental Shelf. Science 320:1490-92 (2008).



Fore, L. 2009. Heeding a call to action for US coral reefs: The untapped potential of the Clean
Water Act (editorial). Marine Pollution Bulletin 58:1421-1423 (2009).

Gangstg, R., M. Gehlen, B. Schneider, L. Bopp, O. Aumont, and F. Joos, Modeling the marine
aragonite cycle: changes under rising carbon dioxide and its role in shallow water CaCO3
dissolution. Biogeosciences Discuss. 5:1655-1687 (2008).

Gattuso, J.P., et al., Effect of Calcium Carbonate Saturation of Seawater on Coral Calcification,
Global and Planetary Change 18:37-46 (1998).

Gattuso, J.-P., L. Hansson, and the EPOCA Consortium, European Project on Ocean
Acidification (EPOCA): Objectives, Products, and Scientific Highlights. Oceanography
22:190-201 (2009).

Gazeau, F., et al., Impact of Elevated CO, on Shellfish Calcification, Geophysical Research
Letters, 34: LO7603 (2007).

German Advisory Council on Global Change (“WBGU”), The Future Oceans—Warming Up,
Rising High, Turning Sour (2006).

Gledhill, D.K, et al., Ocean Acidification of the Greater Caribbean Region 1996-2006. Journal
of Geophysical Research 113:C10031 (2008).

Gledhill, D.K., R. Wanninkhof, and C.M. Eakin, Observing Ocean Acidification from Space.
Oceanography 22:48-59 (2009).

Green, M. A., Waldbusser, G. G., Reilly, S. L., Emerson, K., & O’Donnell, S., Death by
dissolution: Sediment saturation state as a mortality factor for juvenile bivalves. Limnology
and Oceanography 54(4): 1048-1059 (2009).

Guinotte, J.M., Fabry, V.J., Ocean acidification and its potential effects on marine ecosystems.
Ann. N.Y. Acad. Sci. 1134: 320-342 (2008).

Guionette, J.M, et al., Will Human-induced Changes in Seawater Chemistry Alter the
Distribution of Deep-Sea Scleractinian Corals? Frontiers in Ecol. Environ. 4: 141-146
(2006).

Hall-Spencer, J.M., Riccardo Rodolfo-Metalpa, Sophie Martin, Emma Ransome, Maoz
Fine,Suzanne M. Turner, Sonia J. Rowley, Dario Tedesco & Maria-Cristina Buia, VVolcanic
carbon dioxide vents show ecosystem effects of ocean acidification. Nature 1-4 (2008).



Hansen, J.; Sato, M.; Kharecha, P.; Beerling, D.; Berner, R.; Masson-Delmotte, V.; Pagani, M.;
Raymo, M.; Royer, D. L.; Zachos, J. C., Target Atmospheric CO% Where Should Humanity
Aim? Open Atmospheric Science Journal 2: 217-231 (2008).

Harrould-Kolieb, E., Savits, J., Acid Test: Can We Save our Oceans from CO,? (2008).

Hauri, C., N. Gruber, G.-K. Plattner, S. Alin, R.A. Feely, B. Hales, and P.A. Wheeler, Ocean
Acidification in the California Current System. Oceanography 22:60-71 (2009).

Hester, K.C., Edward T. Peltzer, William J. Kirkwood, and Peter G. Brewer,
Unanticipated consequences of ocean acidification: A noisier ocean at lower pH. Geophysical
Research Letters 35: L19601 (2008).

Hoegh-Guldberg, et al., Coral Reefs Under Rapid Climate Change and Ocean Acidification,
Science 318:1737-1742 (2007).

Hutchins, D.A., M.R. Mulholland, and F. Fu, Nutrient Cycles and Marine Microbes in a CO,-
Enriched Ocean. Oceanography 22:128-145 (2009).

Interacademy Panel, Statement on Ocean Acidification (2009).
Intergovernmental Panel on Climate Change, Synthesis Report (2007).

Ishimatsu, Atsushi et al., Effects of CO, on Marine Fish: Larvae and Adults. Journal of
Oceanography 60(4) (2004).

Juranek, L. W. , R. A. Feely, W. T. Peterson, S. R. Alin, B. Hales, K. Lee, Sabine, C. L. and J.
Peterson, A novel method for determination of aragonite saturation state on the continental
shelf of central Oregon using multi-parameter relationships with hydrographic data.
Geophysical Research Letters 36, L24601 (2009).

Keehner, Denise, Dir., EPA Office of Wetlands, Memorandum Re: Oceans and Watersheds, to
EPA Water Division Directions, Regions 1-10, Integrated Reporting and Listing Decisions
Related to Ocean Acidification (Nov. 15, 2010) (available at
http://water.epa.gov/lawsregs/lawsguidance/cwa/tmdl/upload/oamemonov2010.pdf).

Kawaguchi, S., Kurihara, H., King, R., Hale, L., Berli, T., Robinson, J. P., Ishida, A., Wakita,
M., Virtue, P., Nicol, S., & Ishimatsu, A., in press. Will krill fare well under Southern Ocean
acidification? Biology Letters doi: 10.1098/rsbl.2010.0777.

Kleypas, J.A. and K.K. Yates, Coral Reefs and Ocean Acidification. Oceanography 22 (2009).

Kleypas, J.A., et al., Impacts of Ocean Acidification on Coral Reefs and Other Marine Calcifiers
(2006).



Kolbert, E., The Darkening Sea, The New Yorker (Nov. 11, 2006).

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

Langdon, C., and M. J. Atkinson, Effect of elevated pCO, on photosynthesis and calcification of
corals and interactions with seasonal change in temperature/irradiance and nutrient
enrichment, J. Geophys. Res. 110, C09S07 (2005).

Langdon C, Takahashi T, Sweeney C, Chipman D, Goddard J, Marubini F, Aceves H, Barnett H,
Atkinson, MJ, Effect of calcium carbonate saturation state on the calcification rate of an
experimental coral reef. Glob Biogeochem Cycles 14:639-654 (2000).

Langdon, C., W. S. Broecker, D. E. Hammond, E. Glenn, K. Fitzsimmons, S. G. Nelson, T.-H.
Peng, I. Hajdas, and G. Bonani, Effect of elevated CO? on the community metabolism of an
experimental coral reef, Global Biogeochem. Cycles, 17(1), 1011 (2003).

Lischka, S., Blidenbender, J., Boxhammer, T., and Riebesell, U., Impact of ocean acidification
and elevated temperatures on early juveniles of the polar shelled pteropod Limacina helicina:
mortality, shell degradation, and shell growth, Biogeosciences Discussions, 7, 8177-8214
(2010).

Liu, X. et al., Spectrophotometric Measurements of pH in-Situ: Laboratory and Field Evaluations
of Instrumental Performance, Environmental Science & Technology 40: 5036 (2006).

Maier, C., J. Hegeman, M. G.Weinbauer, and J.-P. Gattuso, Calcification of the cold-water coral
Lophelia pertusa under ambient and reduced pH. Biogeosciences 6: 1671-1680 (2009).

Marine Ecology Progress Series, Special Issue: Effects of ocean acidification on marine
ecosystems 373: 199-201 (2008).

Marshall DJ, Bolton T, Keough, M, Offspring Size Affects the Post-Metamorphic Performance
of a Colonial Marine Invertebrate. Ecology 84: 3131-3137 (2003).

McMichael, A.J., R.E. Woodruff and S. Hales, Climate change and human health: present and
future risks. Lancet 367, 859-869 (2006).

McMullen, C.P. and Jabbour, J., Climate Change Science Compendium 2009. United Nations
Environment Programme, Nairobi. EarthPrint (2009).



McNeil, B.I, & Matear R.J., Southern Ocean acidification: A tipping point at 450-ppm
atmospheric CO?. Proceedings of the National Academy of Sciences 105: 18860-18864
(2008).

McNeil, B.1. et al., Projected climate change impact on oceanic acidification. Carbon Balance
and Management 2006 1:2 (2006).

Miles, H., Widdicombe., S., Spicer, J.I., Hall-Spencer. J., Effects of anthropogenic seawater
acidification on acid—base balance in the sea urchin Psammechinus miliaris. Marine
Pollution Bulletin 54: 89-96 (2007).

Miller, AW., Reynolds, A.C., Sobrino, C, and G.F. Riedel., Shellfish Face Uncertain Future in
High CO, World: Influence of Acidification on Oyster Larvae Calcification and Growth in
Estuaries. PLoS ONE 4(5): e5661. doi:10.1371/journal.pone.0005661 (2009).

Millero, F.J., R. Woosley, B. DiTrolio, and J. Waters, Effect of Ocean Acidification on the
Speciation of Metals in Seawater. Oceanography 22:72-85 (2009).

Monaco Declaration (2008).

Moy, A.D., Howard, W.R., Bray, S.G., Trull, T.W., Reduced calcification in modern Southern
Ocean planktonic foraminifera. Nature Geoscience (2009).

Munday, P.L., Dixson, D.L., Donelson, J.M., Jones, G.P., Pratchett, M.S., Devitsina, G.V.,
Doving. K.B., Ocean acidification impairs olfactory discrimination and homing ability of a
marine fish. Proceedings of the National Academy of Sciences 106:1848-1852 (2009).

Murray, J.R., et al., Reefs of the Deep: The Biology and Geology of Cold-Water Coral
Ecosystems. Science 312: 543-547 (2006).

National Research Council, Ocean Acidification: A National Strategy to Meet the Challenges of
a Changing Ocean (2010).

Nellemann, C., Hain, S., and Alder, J. (Eds). (February 2008) In Dead Water — Merging of
climate change with pollution, over-harvest, and infestations in the world’s fishing grounds.
United Nations Environment Programme.

Ocean Acidification Reference User Group, Ocean Acidification: The Facts. A special
introductory guide for policy advisers and decision makers. Laffoley, D. d’A., and Baxter,
J.M. (eds). European Project on Ocean Acidification (EPOCA) (2009).

Ocean Carbon and Biogeochemistry, Responses to EPA Notice of Data Availability From Ocean
Carbon and Biogeochemistry Program (2009).



Orr, J. C., et al., Anthropogenic ocean acidification over the twenty-first century and its impact
on calcifying organisms. Nature 437:681-686 (2005).

Orr, J.C., K. Caldeira, V. Fabry, J.-P. Gattuso, P. Haugan, P. Lehodey, S. Pantoja, H.-O. Portner,
U. Riebesell, T. Trull, E. Urban, M. Hood, and W. Broadgate, Research Priorities for
Understanding Ocean Acidification: Summary From the Second Symposium on the Ocean in
a High-CO, World. Oceanography 22:182-189 (2009).

Parks. N., Is regulation on ocean acidification on the horizon? Environmental Science and
Technology 6118 (2009).

Pdrtner, H.O., Langenbuch, M. & Reipschlager, A., Biological impact of elevated ocean CO,
concentrations: lessons from animal physiology and earth history, Journal of Oceanography
60: 705-718 (2004).

Pdrtner, Hans O., Synergistic effects of temperature extremes, hypoxia, and increases in CO, on
marine animals: From Earth history to global change, Journal of Geophysical Research
110(c9) (2005).

Raupach, M. R., G. Marland, P. Ciais, C. Le Quéré, J. G. Canadell, G. Klepper, and C. B. Field,
Global and regional drivers of accelerating CO, emissions. Proceedings of the National
Academy of Sciences of the United States of America 104:10288-10293 (2007).

Richardson, K., W. Steffen, H. J. Schellnhuber, J. Alcamo, T. Barker, R. Leemans, D. Liverman,
M. Munasinghe, B. Osman-Elasha, N. Stern, and O. Waever, Synthesis Report from Climate
Change: Global Risks, Challenges and Decisions, Copenhagen 2009, 10-12 March,
www.climatecongresss.ku.dk (2009).

Riebesell, U, et al., Reduced Calcification of Marine Plankton in Response to Increased
Atmospheric CO,. Nature 407:364-367 (2000).

Rosa, R., Seibel, B.A., Synergistic effects of climate-related variables suggest future
physiological impairment in a top oceanic predator. Proceedings of the National Academy of
Sciences 105:20776-20780 (2008).

Royal Society, Ocean Acidification Due to Increasing Atmospheric Carbon Dioxide (2005).

Ruttimann, J., Sick Seas, Nature News Feature 978-980 (2006).

Sabine, C.L., et al., The Oceanic Sink for Anthropogenic CO,. Science 305:367-371 (2004).

Shirayama, Y., Effect of increased atmospheric CO; on shallow water marine benthos. Journal
of Geophysical Research 110(c9) (2005).



Silverman, J., Lazar, B., Cao, L., Caldeira, K., Erez, J.,. Coral reefs may start dissolving when
atmospheric CO, doubles. Geophysical Research Letters 36: L05606 (2009).

Steinacher, F. Joos, T. L. Frrolicher, G.-K. Plattner, and S. C. Doney, Imminent ocean
acidification in the Arctic projected with the NCAR global coupled carbon cycle-climate
model. Biogeosciences 6, 515-533 (2009).

Stone RP and Shotwell SK. State of Deep Coral Ecosystems in the Alaska Region: Gulf of
Alaska, Bering Sea and the Aleutian Islands. pp. 65-108. In: SE Lumsden, Hourigan TF,
Bruckner AW and Dorr G (eds.) The State of Deep Coral Ecosystems of the United States.
NOAA Technical Memorandum CRCP-3. Silver Spring MD 365 pp (2007).

Talmage, Stephanie C. and Gobler, Christopher J., The Effects of Elevated Carbon Dioxide
Concentrations on the Metamorphosis, Size, and Survival of Larval Hard Clams (Mercenaria
Mercenaria), Bay Scallops (Argopecten Irradians), and Eastern Oysters (Crassostrea
Virginica). Stony Brook University, School of Marine and Atmospheric Sciences (2009).

Tans. P., An Accounting of the Observed Increase in Oceanic and Atmospheric CO? and an
Outlook for the Future. Oceanography 22:26-35 (2009).

Turley, C. et al., Corals in deep water: will the unseen hand of ocean acidification destroy cold-
water ecosystems? Coral Reefs 26:445-448 (2007).

Turley, J.C. Blackford, S. Widdicombe, D. Lowe, P.D. Nightingale and A.P. Rees, Reviewing
the Impact of Increased Atmospheric CO, on Oceanic pH and the Marine Ecosystem (2006).

United Nations Environment Programme, Environmental Consequences of Ocean Acidification:
A threat to food security (2010).

U.S. Ocean Carbon and Biogeochemistry (OCB) Community of Scientists, Responses to EPA
Notice of Data Availability from Ocean Carbon and Biogeochemistry Program (2009).

Veron, J.E.N. et al., The coral reef crisis: The critical importance of <350 ppm CO,. Marine
Pollution Bulletin 58: 1428-1436 (2009).

Walther, F. J. Sartoris, C. Bock, and H. O. Portner, Impact of anthropogenic ocean acidification
on thermal tolerance of the spider crab Hyas araneus. Biogeosciences Discuss. 6, 2837-2861
(2009).

Welch, Craig, Oysters in deep trouble: Is Pacific Ocean’s chemistry killing sealife? The Seattle
Times (June 15, 2009).



Widdicombe, H. R. Needham, Impact of CO,-induced seawater acidification on the burrowing
activity of Nereis virens and sediment nutrient flux. Marine Ecology Progress. 341: 111-122
(2007).

Widdicombe, S., Spicer, J.1., Predicting the impact of ocean acidification on benthic biodiversity:
What can animal physiology tell us? Journal of Experimental Marine Biology and Ecology
366:187-197 (2008).

Wootton, T.J., Catherine A. Pfister, and James D. Forester, Dynamic patterns and ecological
impacts of declining ocean pH in a high-resolution multi-year dataset. Proceedings of the
National Academy of Sciences 105:48 18848-18853 (2008).

Zeebe, R.E. et al., Carbon Emissions and Acidification. Science 321:51-52 (2008).



