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Washington, DC 20004

(Woodies Building / metro stop: Metro Center)

Ben DeAngelo Darrell, Doug, Wanted to send a heads... 11/16/2009 08:42:01 PM
From: Ben DeAngelo/DC/USEPA/US
To: Darrell Winner/DC/USEPA/US@EPA, Doug Grano/RTP/USEPA/US@EPA
Cc: Michael Kolian/DC/USEPA/US@EPA
Date: 11/16/2009 08:42 PM
Subject: may need to confer on air quality endangerment comments again over next day or two

Darrell, Doug,

Wanted to send a heads up for now that we (b)(5) Deliberative
But plan to send to

you shortly with a more finite set of places where we'll want your input.

thanks!

Benjamin J. DeAngelo

Climate Change Division, Office of Atmospheric Programs
U.S. Environmental Protection Agency

1200 Pennsylvania Ave., NW (6207J)

Washington, DC 20460

Tel: +1202-343-9107

Fax: +1202-343-2202
deangelo.ben@epa.gov
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EPA-1768
Michael Kolian/DC/USEPA/US To Jason Samenow

11/18/2009 08:12 AM cc Ben DeAngelo, David Chalmers, Jeremy Martinich, Marcus
Sarofim, Rona Birnbaum, William Perkins
bcc

Subject Re: action required: monckton's 50 red flags

| scrubbed this one but | will double check.

Jason Samenow Team-- Having reviewed Monckton's... 11/17/2009 08:44:08 PM

From: Jason Samenow/DC/USEPA/US

To: Marcus Sarofim/DC/USEPA/US@EPA, David Chalmers/DC/USEPA/US@EPA, Jeremy
Martinich/ DC/USEPA/US@EPA, Michael Kolian/DC/USEPA/US@EPA

Cc: Rona Birnbaum/DC/USEPA/US@EPA, Ben DeAngelo/DC/USEPA/US@EPA, William
Perkins/DC/USEPA/US@EPA

Date: 11/17/2009 08:44 PM

Subject: action required: monckton's 50 red flags

Team--

Having reviewed Monckton's 50 red flags that were submitted (see:
http:/scienceandpublicpolicy.org/images/stories/papers/reprint/markey_and_barton_letter.pdf) , | think |

Note to Bill-- | do not think (b)(5) Deliberative

Note this is comment #: 0700.1 (and several other commenters refer to this Monckton
document (3569.1, 0591, 0482.1, 3906)

(b)(5) Deliberative

Here's my take on what needs to be done:

(b)(5) Deliberative
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(b)(5) Deliberative

EPA-EF-002896



Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 4 of 125

EPA-EF-002897



Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 5 of 125

EPA-EF-002898



Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 6 of 125

EPA-EF-002899



Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 7 of 125

EPA-1772

Jason To Ben DeAngelo
Samenow/DC/USEPA/US

11/18/2009 11:46 AM

cc
bce

Subject Fw: Volume 10

| had crafted a response to the comment you indicated was blank (there is at least an attempt at a
response for every comment)... and spent quite a number of hours on working this volume. Please be
sure you are working from this version sent Sunday evening.

Jason
----- Forwarded by Jason Samenow/DC/USEPA/US on 11/18/2009 11:44 AM -—--

From: Jason Samenow/DC/USEPA/US

To: Rona Birnbaum/DC/USEPA/US@EPA
Cc: Ben DeAngelo/DC/USEPA/US@EPA
Date: 11/15/2009 06:44 PM

Subject: Volume 10

Rona-- Here is Volume 10.... I'd characterize this as a "rough” draft as | wasn't able to Q/C everything as
well as | would've liked, and there is probably some merging of like comments/responses that can still be
done. Butwanted to get this to you so you can start reviewing and get in front of Dina. Also, we had told
Carol that we'd share this with her soon so she could get a sense of what we've done and the gaps they
need to fill. But we might want to do a little more Q/C before doing so. | will leave it to you whether to
send this to her now or wait a day or two, so we can collectively polish this up a little.

| think it will be particularly important for this Volume to go back through the major comment sets and the
comment database to be sure we haven't missed anything important.

Thanks....

Jason

(b)(5) Deliberative

RTC draft VYolume 10 Endangerment 111303 JPS.doc
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EPA-1775
Jeremy Martinich
04/01/2010 01:29 PM

Document 1-24 Filed 02/09/15 Page 10 of 125

To

cc

bcc
Subject

UPLOAD
G:\CCD\CSIB\Martinich\Endangerment\Endangerment\Com
ment Sections\Final versions\Volumes\Old versions\RTC
draft Volume 1 General TSD Approach 11-16-09.doc

- RTC draft Volume 1 General TSD Approach 11-16-09.doc
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[attachment "RTC draft Volume 2 Validity of Data.RB comments.110609.doc" deleted by Marcus
Sarofim/DC/USEPA/US]
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EPA-1778
Carol Holmes/DC/USEPA/US To Ben DeAngelo
11/18/2009 12:28 PM cc Lesley Jantarasami
bcc
Subject Re: rough 10

Thanks. My stuff made it in, but it looks y'all are still organizing the summaries from the preamble that
John did (e.g., 10.2 all seems to come after 10.2.37)

Also, there were excerpts in the portion Gautam read that | am not sure I've sent to y'all before, but it
looks like OAR issues, agree?

(b)(5) Deliberative

Commenter Name: Roger Dart

Commenter Affiliation: None

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-3373_CP Comment Excerpt Number: 1
Form Letter? Yes

Late Comment? No

Comment Changed? No

There is little evidence for the claim that greenhouse gas emissions endanger public health and
welfare. In fact, historical data show the opposite. Over the past 100 years, as temperature and
greenhouse gas concentrations have increased, global GDP has increased 18 fold, average life
span has doubled, and per capita food supplies have increased even as global population has
quadrupled. In this case, and many others, EPA should examine actual data instead of relying on
projections from models. EPA argues the Clean Air Act is precautionary in nature. This is true,
but EPA should not regulate greenhouse gases without compelling information that greenhouse
gas are causing harm to public health and welfare. This information does not exist today.

Commenter Name: Doug Rogers

Commenter Affiliation: Marathon Oil Corporation

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-3433.1 Comment Excerpt Number: 2
Form Letter? Yes

Late Comment? No

Comment Changed? No

The EPA has not provided enough data to support its findings on health effects and welfare
effects - The EPA has found GHG emissions from mobile sources to be a danger to both human
health and welfare. Traditionally, the EPA has only considered direct health effects in making an
endangerment finding. In this proposal, the EPA presents five health concerns, none of which are
direct health effects, and none which are a result from direct exposure to GHG [Legal point
addressed.]. In addition, the EPA does not quantify any of the risks associated with these
concerns. Before making an endangerment finding based on the effects on human health, the
EPA must be more rigorous in determining direct health effects, citing studies that link these
effects to GHG exposure, and quantifying risks to human health. As to whether changes to
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climate and weather fall under human welfare effects, the EPA does not provide conclusive
documentation on how it arrived at its human welfare finding, or provide any quantitative
analysis on the risks to human welfare. The EPA must also conclusively link climate change to
anthropogenic GHG emissions. The welfare concerns the EPA has presented may be caused
through natural events, natural sources of GHG, or general human activities such as changes in
agriculture or population migration. Again, the EPA must be more rigorous in presenting
evidence to support the effects on human welfare and quantifying risks to human welfare.

COMMENTS E{) ALl oIS = 11)YE

Commenter Name: Stu Clark and Larry Greene

Commenter Affiliation: National Association of Clean Air Agencies Commenter Type:
Document Control Number: EPA-HQ-OAR-2009-0171-3529.1 Comment Excerpt Number: 1
Form Letter? Yes

Late Comment? No

Comment Changed? No

We agree with EPA that GHGs endanger both public health and welfare. While GHGs at current
and projected concentrations in the atmosphere do not directly affect public health, they do so
indirectly. In its Federal Register notice, EPA states that the impacts of global warming include
more frequent heat waves and unusually hot days and nights, increases in regional ozone
pollution, and an increase in the spread of several food and water-borne pathogens. All of these
changes induced by global warming cause mild and potentially severe health effects, including
death. In fact, health effects are specifically mentioned in the IPCC’s Synthesis Report as one of
the impacts of global warming. In short, we could not say it better than EPA has: “[m]ortality
and morbidity that result from the effects of climate change are clearly public health problems.”4
[Footnote 4: 74 Federal Register at 18902.]

(b)(5) Deliberative

Commenter Name: Jorge Vazquez

Commenter Affiliation: None

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-0425 Comment Excerpt Number: 2
Form Letter? Yes

Late Comment? No

Comment Changed? No

Increased levels of Carbon Dioxide lead to increased bio-productivity. All forms of life will
become more abundant if there is a significant rise in CO2. Furthermore, additional heat allows
more of the earths surface to be habitated by life (which release CO2 as part of their respitory
process.

Issue raised: Higher CO?2 levels could be beneficial. OAR response.

Commenter Name: Bethany Cole
Commenter Affiliation: None
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Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-0468 Comment Excerpt Number: 1
Form Letter? Yes

Late Comment? No

Comment Changed? No

CO02 is a plant food and right now in our planets history we are near the bare minimum for plant
life to survive. C02 also follows temperature fluctuations by around 800 years which doesn’t
seem to compute with the mantra of today’s Anthropogenic Global Warming. Gardeners and
greenhouse owners purchase C02 to help plants and vegetables grow larger and quicker with less
water and fertilizer. (see links below about C02 sales for gardeners and the scientific research on
how helpful it is). http://www.advancegreenhouses.com/use_of co2_in_a_greenhouse. htm
http://www.homeharvest.com/carbondioxideenrichment.htm

Issue raised: CO2 helps plants grow. OAR response.

Commenter Name: Scott Heidenreich

Commenter Affiliation: None

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-0589 Comment Excerpt Number: 1
Form Letter? Yes

Late Comment? No

Comment Changed? No

| request US EPA to focus its attention on other air, land, and water pollutants with real toxicity
and that cause real damage rather than carbon dioxide and methane. As an environmental
scientist, | find it continually frustrating that billions of dollars (trillions if USEPA continues
along this path) are diverted from being used to regulate and reduce real known threats to public
health and the environment, to regulating compounds that have little if any proven impact on
public health and the environment. USEPA should instead focus on requiring proper
management and reduction in sources of ground water contamination and surface water
contamination such as industrial waste and construction and demolition debris; focus on
developing a national ground water protection strategy, and focus on preventing invasive species
from being imported into this country. All of which are doing far more documented damage to
public health and the environment than are carbon dioxide or methane. In addition, nuisance
odors, the negative health effects, and adverse effects to vegetation by such compounds as
hydrogen sulfide, mercury, pharmaceuticals, fugitive dust, and numerous others released by open
burning of garbage and tires, municipal sewage treatment plants, combined sewer overflows,
MSW landfills, industrial processes, and run-off from combined sewers and agricultural
activities pose much more present and real dangers to public health and the environment than
carbon dioxide and methane will ever. | agree that our electric generation in this country needs to
be moved away from coal not because of the air pollution they produce (this can be satisfactorily
controlled) but because these plants produce hundreds of millions of tons of ash and FGD which
are disposed in enormous retention ponds and landfills that spread over hundreds and hundreds
of acres near rivers and over important ground water supplies. In addition, the habitat destruction
for even one of these landfills is enormous. In summary, please focus governmental (by budget
and policy) and private money (through regulation) on dealing with numerous already known
threats to public health and the environment rather than on carbon dioxide and methane.
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Issue raised: EPA should focus its efforts/resources on other problems that are more immediate
and harmful. OAR response.

Commenter Name: David Lehmuller

Commenter Affiliation: None

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-0800.1 Comment Excerpt Number: 2
Form Letter? Yes

Late Comment? No

Comment Changed? No

| am very concerned about the scientific aspects of your proposal, in particular where you are
advocating that greenhouse gases are causing climate change, and as such are therefore creating
adverse effects upon public health. A) Definitions for my comments: 1) Climate — (verbatim
from the IPCC): Climate in a narrow sense is usually defined as the "average weather," or more
rigorously, as the statistical description in terms of the mean and variability of relevant quantities
over a period of time ranging from months to thousands or millions of years. The classical period
is 30 years, as defined by the World Meteorological Organization (HTUWMOUTH). These
quantities are most often surface variables such as temperature, precipitation, and wind. Climate
in a wider sense is the state, including a statistical description, of the climate system. 2) Climate
System — (verbatim from the AMS): The system consisting of the atmosphere, hydrosphere,
lithosphere, and biosphere, determining the Earth’s climate as the result of mutual interactions
and responses to external influences (forcing). Physical, chemical, and biological processes are
involved in interactions among the components of the climate system. 3) Climate Change —
(verbatim from the AMS): TAny systematic change in the long-term statistics of climate
elements (such as temperature, pressure, or winds) sustained over several decades or longer.
Climate change may be due to natural external forcings, such as changes in solar emission or
slow changes in the earth’s orbital elements; natural internal processes of the climate system; or
anthropogenic forcing. Climate is a complex entity, but it only has factual meaning on a local
basis or localized region. There is no such thing as the Earth’s climate or global climate; such
concepts have no real meaning. (In the same vein, the average temperature of the Earth has no
meaning — it exists nowhere.) There is no single climate for the United States. A local or regional
climate is described by historically evaluating its Climate System over an extended period of
time. In such an analysis, the different parameters must all be assessed: atmosphere (temperature,
rainfall, relative humidity, wind patterns, aerosols, etc.), water bodies of size (nearby oceans
including their temperatures, ocean currents, ice sheets, glaciers, large lakes and their
temperatures, etc.), topography (mountains, prairies, deserts, urban areas, etc.), and vegetation
(forests, agriculture, grasslands, etc.) Major deficiencies in the EPA Proposal: The EPA Proposal
does not address the various climates occurring within the United States. No local or regional
climates in the United States are specified or defined. In other words, there are no climates in the
United States that are delineated such that Climate Change can be measured over time and
therefore assessed. Temperature does not define Climate, nor does measurement of greenhouse
gases; i.e., global warming does not equate with Climate Change because Climate is a
local/regional phenomenon. There is no evidence that Climate Change uniformly/equally affects
all parts of the Earth at the same time. How can Climate Change be measured in the United
States without a defined Climate scheme? (In science, this is analogous to concepts of calibration
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and standardization.) The climates occurring within the United States are unique to the United
States, and only the United States can assess these climates, the climate changes, and the
associated impacts upon public welfare within its boundaries; the IPCC cannot make such
assessments. Recommendations: Define a climate scheme to divide the United States into a
practical network of relatively homogenous climate systems. This may best be handled for data
networks if the climate units represent single states or groups of contiguous states. Since the
states provide statistical information to various government agencies (such as CDC, USDA,
NWS, etc.), it should be easier to coordinate the climate data and the public welfare data when
the basic unit is an intact state or group of states. Decide what climate parameters are to be
monitored with respect to the various climates, such as temperature averages and extremes,
rainfall patterns and extremes such as droughts and floods, extreme weather events such as
tornadoes and hurricanes, humidity, snowfall, wildfire occurrences, sea level changes, land
erosion, beach erosion, urbanization, etc. Upgrade the existing network of weather reporting
stations and require uniform standards for measuring and reporting meteorological data,
including a system of instrument calibration. (There are major deficiencies in this realm which |
feel certain other respondents will address. There may also be deficiencies in the weather
satellite system due to aging and sensor decay that may need to be addressed.) Decide what
potential adverse impacts on the public welfare are to be monitored, such as morbidity and
mortality and their various causes, contagious disease outbreaks, destructive events related to
adverse weather, effects upon crop production and animal husbandry and forestry activities, etc.
Establish a coordinating board to gather and assimilate the various data collections and establish
accurate trend monitoring. This board would also need to be in communication with various
scientific entities that gather and analyze more sophisticated data (forcings) that may be affecting
Climate Change. [Also coded as 5.3]

Issue raised: EPA should not discuss climate change on a national or global scale but should
focus on regional climates and regional effects. OAR response.

Commenter Name: David Berends

Commenter Affiliation: None

Commenter Type:

Document Control Number: EPA-HQ-OAR-2009-0171-2057 Comment Excerpt Number: 5
Form Letter? Yes

Late Comment? No

Comment Changed? No

The finding is based on the assumption that the present climate is the ideal climate and any
change to this climate by warming will have negative effects. What basis was used in
determining that the present temperatures are more beneficial than potentially warmer
temperatures? What methodology was used in coming to this conclusion? Are these assumptions
all based on unproven models?

Issue raised: Why is EPA concluding a warmer climate is worse than the current climate?
OAR response.

Confidential communication for internal deliberations only; Attorney-client, attorney work product and/or
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enforcement privilege; Do not distribute outside EPA or DOJ

Carol S. Holmes

Office of General Counsel

U.S. Environmental Protection Agency
1200 Pennsylvania Ave, NW (MC 2344A)
Washington, DC 20460

Phone (202) 564-8709

Fax (202) 564-5603

Ben DeAngelo Here's the version that Jason had been... 11/18/2009 12:00:16 PM
From: Ben DeAngelo/DC/USEPA/US
To: Carol Holmes/DC/USEPA/US@EPA
Date: 11/18/2009 12:00 PM
Subject: rough 10
Here's the version that Jason had been working on -- I'll be working off of this.

[attachment "RTC draft Volume 10 Endangerment 111309 JPS.doc" deleted by Carol
Holmes/DC/USEPA/US]

Benjamin J. DeAngelo

Climate Change Division, Office of Atmospheric Programs
U.S. Environmental Protection Agency

1200 Pennsylvania Ave., NW (6207J)

Washington, DC 20460

Tel: +1202-343-9107

Fax: +1202-343-2202
deangelo.ben@epa.gov
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EPA-1779

Suzanne To William Perkins
Kocchi/DC/USEPA/US

CC Lesley Jantarasami
11/18/2009 12:32 PM

bcc

Subject Re: updated schedule

Yes, | think (b)(5) Deliberative

William Perkins Suzie, Quick question: we are planning... 11/18/2009 12:28:19 PM
From: William Perkins/DC/USEPA/US
To: Suzanne Kocchi/DC/USEPA/US@EPA
Cc: Lesley Jantarasami/DC/USEPA/US@EPA
Date: 11/18/2009 12:28 PM
Subject: Re: updated schedule
Suzie,

Quick question: we are planning (b)(5) Deliberative

Thanks.

Bill

Bill Perkins

Climate Change Adaptation Analyst
Climate Science and Impacts Branch
Climate Change Division

U.S. Environmental Protection Agency
perkins.william@epa.gov

(O) 202.343.9460

(F) 202.343.2202

(€) INQIG)
Suzanne Kocchi FYI - | just updated this slightly based... 11/18/2009 11:53:44 AM
From: Suzanne Kocchi/DC/USEPA/US
To: Marcus Sarofim/DC/USEPA/US@EPA, David Chalmers/DC/USEPA/US@EPA, Jeremy

Martinich/DC/USEPA/US@EPA, Michael Kolian/DC/USEPA/US@EPA, Rona
Birnbaum/DC/USEPA/US@EPA, Ben DeAngelo/DC/USEPA/US@EPA, William
Perkins/DC/USEPA/US@EPA, Jason Samenow/DC/USEPA/US@EPA, Lesley
Jantarasami/DC/USEPA/US@EPA

Date: 11/18/2009 11:53 AM

Subject: updated schedule

FYI - | just updated this slightly based on the status of docs as of 11:30 am today. This will likely need to

be updated daily, (b)(5) Deliberative

[attachment "Review Table_Endangerment 111809.xIs" deleted by William Perkins/DC/USEPA/US]
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EPA-1781
Ben DeAngelo
04/06/2010 04:56 PM

(b)(5) Deliberative]

Document 1-24 Filed 02/09/15 Page 22 of 125

To

cc

bcc
Subject

UPLOAD C:\Documents and Settings\owner\My
Documents\Endangerment\Response to Public
Comments\RTC draft Volume 10 Endangerment 111309
JPS.doc

- RTC draft Volume 10 Endangerment 111309 JPS.doc
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available at
regulations.gov

EPA-EF-002917


DHyland
Text Box
available at regulations.gov


Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 25 of 125

available at
regulations.gov

EPA-EF-002918


DHyland
Text Box
available at regulations.gov


Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 26 of 125

EPA-EF-002919



Case 1:15-cv-00386-AT Document 1-24 Filed 02/09/15 Page 27 of 125

available at
regulations.gov
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EPA-1793
Ben DeAngelo
04/06/2010 04:56 PM

Document 1-24 Filed 02/09/15 Page 38 of 125

To

cc

bcc
Subject

UPLOAD C:\Documents and Settings\owner\My
Documents\Endangerment\Response to Public
Comments\Consideration of non-climate effects 111809
BJD.doc

(b)(5) Deliberative]
- - Consideration of non-climate effects 111809 BJD.doc
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EPA-1799
Marcus Sarofim
04/01/2010 08:01 PM

(b)(5) Deliberative]

Document 1-24 Filed 02/09/15 Page 45 of 125

To

cc

bcc
Subject

UPLOAD C:\Documents and Settings\msarofim\My
Documents\WorkFolder\Tsd_Anpr\ResponseToComments\V
olumes\RTC draft Volume 4 Future Projections 110609.RB
comments-mcs.doc

- RTC draft Volume 4 Future Projections 110609.RB comments-mcs.doc
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EPA-1801
William
Perkins/DC/USEPA/US
11/18/2009 04:15 PM
Lesley,

FYI, have asked ERG to have these to us tomorrow

comments for Ch. 12).

Thanks.

Bill

Bill Perkins

Climate Change Adaptation Analyst
Climate Science and Impacts Branch
Climate Change Division

U.S. Environmental Protection Agency
perkins.william@epa.gov

(O) 202.343.9460

(F) 202.343.2202

(C) IRQIO)

EPA-EF-002940

Document 1-24 Filed 02/09/15 Page 47 of 125

To Lesley Jantarasami
cc
bcc

Subject Vol. 12 supportive additions

(b)(5) Deliberative
(b)(5) Deliberative

| will deliver to you as soon as ERG sends them and | review.
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EPA-1805
Marcus Sarofim
04/01/2010 08:02 PM

(b)(5) Deliberative)
- - Volume4-111809-RB-MCS.doc

EPA-EF-002944
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To

cc

bcc
Subject

UPLOAD C:\Documents and Settings\msarofim\My
Documents\WorkFoldenTsd_Anpr\ResponseToComments\V
olumes\Volume4-111809-RB-MCS.doc
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of the impacts of climate change on air quality will
contribute to a more holistic assessment of climate change
impacts.

[4] Some previous studies have assessed the impact of
different meteorological parameters on air pollution at
regional and global scales. Sillman and Samson [1995]
performed regional-scale and 1-D global-scale simulations
to study the impact of temperature on ozone concentrations.
They concluded that ozone increases with temperature in
urban and polluted rural environments, with the increase
driven largely by peroxyacetyl nitrate (PAN) chemistry. On
the other hand, their 1-D global-scale simulations suggest
that increased temperature in the polluted boundary layer
may not lead to increased ozone in the free troposphere
because increased export of ozone is countered by de-
creased export of NO,. Aw and Kleeman [2003] used an
urban-scale air quality model to study the effect of interan-
nual temperature variability on air pollution in the Southern
California region. Their results indicate that ozone and
nonvolatile secondary PM generally increase at higher
temperatures due to increased gas phase reaction rates,
while semivolatile secondary PM could increase or decrease
depending on the ambient conditions. In an urban-scale
model study of the Milan region, Baertsch Ritter et al.
[2004] studied the effects of various meteorological con-
ditions such as temperature, wind speeds and mixing height
on ozone concentrations. As a base case they modeled an
ozone episode that occurred on 13 May 1998 at 15h CET,
and compared it with model simulations for the same period
that incorporated the variation of individual meteorological
parameters. They found that increased temperature in-
creased peak Os by 10 ppb °C ' and the domain-average
05 concentrations by 2.8 ppb °C '. With regards to
increasing wind speeds, their results suggest an increase
in VOC (volatile organic compounds) limited areas, because
the VOC-limited ozone chemistry induced by point sources
is spread over a larger area.

[5] Stevenson et al. [2000] and Johnson et al. [2001]
studied the impact of climate change on tropospheric ozone
radiative forcing and methane lifetime using a 3-D chemical
transport model (CTM). Their climate change simulations
indicate that the dominant change in the tropospheric ozone
budget resulting from climate change is an increased de-
struction of ozone due to increased absolute humidity. Liao
et al. [2006], in a separate study with the same model [Liao
et al., 2003, 2004] as used in our study, found that the year
2100 global ozone and aerosol burdens due to CO,-driven
climate change alone are lower than the present-day levels,
as a result of faster ozone removal and increased aerosol wet
deposition, respectively.

[6] Previous studies, although relevant, have certain lim-
itations. Regional-scale modeling studies have focused on
perturbations of a small set of individual meteorological
variables such as temperature and their effect on air pollu-
tion. This is a potentially serious limitation because changes
in meteorological variables such as temperature, relative
humidity, mixing height and wind speeds seldom occur in
isolation and each affects ozone and PM, concentrations.
Another limitation of regional-scale studies is that their
assumption of constant boundary conditions (BCs) neglects
climate change impacts outside their domain. Furthermore,
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regional-scale modeling studies are limited to specific
geographical locations.

[7] Previous global-scale modeling studies have exam-
ined the impact of climate change on ozone and its
precursors. Only one previous study [Liao et al., 2006]
(hereafter referred to as LIP06) addressed the simultaneous
impact of climate change on PMconcentrations. In contrast
to LIP06, which focused on the impact of climate change on
direct radiative forcings by ozone and PMj; the current study
is motivated by the impacts of climate change on air quality.
By way of methodology, LIP06 employed a version of the
model used in the current study that uses a q flux ocean
[Hansen et al., 1983], where the sea surface temperatures
(SSTs) and ocean ice respond to climate change. In contrast,
the current study employs a version that uses prescribed
SSTs and ocean ice. Finally, LIPO6 predicts atmospheric
ozone and PM, concentrations for the year 2100. The
current study is potentially more useful for near-term policy
making given projections to 2050. Also, to address air
quality concerns, we present here regional-scale budgets
and changes as well as global-scale ones.

[8] In this study we employ a global model of climate,
tropospheric gas phase chemistry and aerosols [Liao et al.,
2003, 2004] to study the sensitivity of both global ozone
and PM; concentrations to climate change. Details of the
model and simulation methods are provided in section 2.
Ozone and PM results are discussed in section 3. Finally,
the conclusions are presented in section 4.

2. Methods
2.1. Model Description

2.1.1. Overview

[v9] We utilize in this work a “unified” model [Liao et al.,
2003, 2004], which consists of three major components:
(1) the Goddard Institute for Space Studies general circula-
tion model II' (GISS GCM 1) [Hansen et al., 1983; Rind
and Lerner, 1996; Rind et al., 1999]; (2) the Harvard
tropospheric O3-NO,-hydrocarbon chemical model [Mickley
et al., 1999]; and (3) an acrosol model [Adams et al., 1999;
Chung and Seinfeld, 2002; Liao et al., 2003, 2004].

[10] The GISS GCM II' has a horizontal resolution of
4° latitude by 5° longitude, with nine vertical layers centered
at 959, 894, 786, 634, 468, 321, 201, 103, and 26 hPa. The
GCM’s troposphere extends from approximately 984 hPa to
150 hPa. The version of GISS GCM II' incorporated in the
current study uses specified monthly mean ocean boundary
conditions (OBCs) in the form of SSTs, sea ice coverage and
sea ice mass. The dynamical time step of the GCM is
1 hour. Necessary GCM variables are passed to the tropo-
spheric chemistry and aerosol modules every 4 hours.

[11] A total of 88 gas and aerosol phase species are
transported in the “unified” model. Of these, 24 species
are used to describe O3-NO,-hydrocarbon chemistry; the
remainder are for simulation of sulfate, nitrate, ammonium,
black carbon (BC), primary organic acrosol (POA), second-
ary organic aerosol (SOA), dust, and sea salt. As described
by Chung and Seinfeld [2002], reactive terpenes that, upon
atmospheric oxidation, lead to semivolatile products that
form SOA, are grouped into five hydrocarbon categories
according to the values of their experimentally measured
aerosol yield parameters. SOA formation due to the oxida-
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tion by O3 and OH is considered together, and it is
simulated using a two-product model. On the other hand,
SOA formation due to the oxidation by NOj is simulated
using a one-product model. Sea salt is represented using
11 size bins, with 5 size bins having dry radius <1 pm,
while dust is represented using 6 size bins, with 2 size bins
having dry radius <1 um [Liao et al., 2004]. The mass in
each size bin is treated as a separate species with its own
deposition behavior, but intersectional mass transfer by
aerosol microphysics is not simulated.

[12] The model is constrained in the stratosphere by
applying flux upper boundary conditions between the sev-
enth and eighth model layers (approximately 150 hPa) to
represent transport across the tropopause [Wang et al.,
1998]. As described by Mickley et al. [1999], the flux upper
boundary conditions for ozone is based on the observed
latitudinally and seasonally dependent cross-tropopause air
mass fluxes [Appenzeller et al., 1996], along with ozone-
sonde measurements at 100 hPa [Logan, 1999]. In the
current study, we specify a stratospheric ozone flux of
400 Tg yr ', a value that was used in the previous model
versions [Liao et al., 2003]. We use this value for both the
present and future simulations discussed in section 2.2. By
doing so, this study does not investigate the influence of
increased stratospheric ozone flux under climate change,
which is likely to increase tropospheric ozone [Collins et
al., 2003].

[13] As described by Wang et al. [1998], the dry deposi-
tion of all gas phase species is determined based on the
resistance-in-series scheme of Wesely [1989], wherein the
dry deposition velocity is inversely proportional to the sum
of the aerodynamic, quasi-laminar sublayer and surface
resistances. The aerodynamic and quasi-laminar sublayer
resistances are calculated based on the GCM surface fluxes
of momentum and heat while the surface resistance is a
function of the surface type and the species. Particle dry
deposition velocities of all nondust, non-sea-salt species are
calculated based on the treatment for sulfate described by
Koch et al. [1999] while those for dust, sea salt, and
associated species are based on the work of Liao et al
[2004]. Wet deposition is coupled with the GCM treatment
of clouds and precipitation [Koch et al., 1999; Del Genio
and Yao, 1993; Del Genio et al., 1996]. The size-dependent
wet deposition treatment for dust and sea salt is described
by Liao et al. [2004] and the references therein.

[14] Anthropogenic and natural emissions used in the
model are summarized in Liao et al. [2003, 2004]. Cli-
mate-sensitive emissions include isoprene [Guenther et al.,
1995; Wang et al., 1998], lightning and soil NO, [Wang et
al., 1998], DMS [Kettle et al., 1999], sea salt and mineral
dust [Liao et al., 2004]. The meteorological variables that
influence these emissions include temperature (isoprene,
soil NO, and DMS), solar radiation (isoprene), precipitation
(soil NO, and mineral dust), surface wind speed (DMS, sea
salt and mineral dust) and frequency of convective events
(lightning NO,). Therefore the model treats the climate
sensitivity of these emissions such that the emissions rates
of these species change between the present and future
simulations discussed in section 2.2. The climate sensitivity
of monoterpenes and sesquiterpenes emissions, which is
important to the formation of SOA, is not considered in this
study.
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2.1.2. Heterogeneous Chemistry

[15] The only significant change compared to previous
versions of the model is with regards to heterogeneous
chemistry. Important heterogeneous reactions considered in
the “unified” model include hydrolysis of N,O5 on wetted
aerosol surfaces of sulfate, nitrate, ammonium, OC, and sea
salt; dust uptake of SO,, HNO;, and Oj; and sea salt uptake
of SO,. SO, and HNOj3 deposited on dust particles are
assumed to oxidize to SOF and NOs, respectively. The
SO and NO; formed on dust are treated as separate
species from other forms of sulfate and nitrate, and we refer
to them as SO3 (D) and NOs (D). The fraction of SO, that
is taken up by sea salt and oxidized by H,O, and O; (in
aqueous sea salt aerosols) to sulfate is also tracked as a
separate species denoted SO (SSO). Sulfate and nitrate not
associated with sea salt or dust are simply designated as
SO; and NOj;, respectively.

[16] Liao et al. [2004] deliberately used high estimates of
uptake coefficients to bound the impacts of heterogeneous
reactions on gas phase chemistry and aerosol formation. In
this study, we used best guess uptake coefficients related to
the heterogeneous reactions. The major change is with the
uptake coefficient for N,Os hydrolysis, which now depends
on aerosol type, relative humidity, and temperature [Kane et
al., 2001; Thornton et al., 2003; Hallquist et al., 2003], in
contrast with the single uptake coefficient of 0.1 used for all
acrosol types by Liao et al. [2004]. These new coefficients
lead to less hydrolysis of N,Os. The new dust uptake
coefficients for ozone and HNO; are 10 ° [Bauer and
Koch, 2005] and 1.1 x 10 3 [Bian and Zender, 2003],
respectively, in contrast with the values of 5 x 10 > and 0.1
used by Liao et al. [2004].

2.1.3. Fine PM Definition

[17] In the absence of size-resolved treatment of SOﬁ S
NO;, NH;, BC, POA and SOA in the “unified”” model, we
assume that these species reside in particles associated with
the accumulation mode. Hereafter, we refer to these species
as fine PM. For dust and sea salt, we choose to show the
total amount. For SOF (D), NOs (D) and SO3 (SSO), we
do not include them in fine PM for simplicity and because
they globally account for less than 10% of their burdens.

2.2. Simulations

[18] Two runs, each of five and a half year duration, were
performed with the first six months ignored to allow for
model initialization. All results, annual, seasonal or monthly
refer to averages over the remaining five years. The first run
corresponds to present-day (1990s) climate while the sec-
ond run corresponds to a future (2050s) climate scenario.
Hereafter, we refer to these runs as present and future runs,
and abbreviate them as PR and FR, respectively. Present day
anthropogenic emissions were used in both the runs while
climate-sensitive natural emissions were allowed to vary
with the simulated climate (see section 2.1.1).

[19] A present-day CO, mixing ratio of 370 ppmv was
specified in both the runs. Future climate is imposed by
changing the OBCs that drive the general circulation model.
Changing the OBCs is an alternative method for imposing
climate change that is attractive because of the large
amounts of computer time that would be required for
simulating the equilibriaton of the ocean, if a greenhouse
gas forcing were imposed on the system [Cess et al., 1990].
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Table 1. Annual Global Budget for Tropospheric Odd Oxygen
0y°

Present Run Future Run
Sources, Tg yr !
Chemical production
NO + HO, 2270 2325
NO + CH;0, 820 850
NO + RO, 520 580
Total 3610 3755
Stratospheric flux 400 400
Total 4010 4155
Sinks, Tg yr '
Chemical loss
o('D) + H,0 1765 1885
05 + HO, 885 890
Other reactions 690 730
Total 3320 3505
Dry deposition 670 650
Total 4010 4155
Net chemical production, Tg yr ' 290 250
Burden, Tg 305 288
Lifetime, days 27.8 25.3

“See section 3.1.1 for the definition of O,.

0} lifetime and the O} sources (S) about the present run, the
fractional change in the O% burden (M) can be approximated
using equation (2).

M
— 1
] (1)

T =

AM _ (E) + (g) )
MPR_ TPR/ Spp SeR TrR

Hereafter, we refer to the first and second terms on the right
hand side of equation 2 as the sink effect and the source
effect, respectively. Application of equation (2) to the O}
budget shows that the source effect (+3.6%) is dominated
by the sink effect (—9.0%) on a global scale. However,
increased sources (O chemical production) play an
important role on a regional scale, as discussed subse-
quently. The increased O chemical production is due to
warmer temperatures that result in (1) increased chemical
reaction rates and (2) a less stable PAN, causing a greater
fraction of the oxidized nitrogen to be present as NO,
[Sillman and Samson, 1995].

[26] The shortened O} lifetime is driven primarily by
increased O} destruction rates due to the reaction (R2),

(R1) O;+hv — O('D) + 0,

(R2) O('D) + H,0 — 2 OH:

which, in turn, is a consequence of increased global water
vapor concentrations. Because the burdens in the two runs
are different, the impact of increased O% destruction rate by
the above reaction is captured better by its contribution to
the shortened Of lifetime. Since the Of lifetime with respect
to each loss mechanism has decreased relative to the present
run, we define a new parameter, T to assess their
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relative contributions to the shortened overall O} lifetime.
The 7,0 With respect to a loss mechanism (/) is what the
new overall O} lifetime would be if the O} lifetime with
respect to that mechanism alone changed in the future run.
The calculation of 7., is illustrated in equation (3):

1221+L G)

b TPRj T
Gty PRI TR

T Aproc

where 7pz; is the O process lifetime with respect to loss
mechanism j in the present run and 7, is the O3 process
lifetime with respect to loss mechanism / in the future run.
Of process lifetimes and T Aproc Values are shown in Table 2.
It shows that the reduction in O} lifetime with respect to
reaction (R2) (from 63 to 56 days) would, by itself, decrease
the overall Oj lifetime to 26.2 days, while decreased O
lifetimes with respect to other loss mechanisms further
reduce the overall O} lifetime by smaller amounts.

3.1.2. Surface Layer Ozone

[27] Annual average surface layer ozone (O3) mixing
ratios in the present run are shown in Figure 2a, while
Figure 2b shows the differences (FR - PR) in O3 mixing
ratios between the two simulations. In the future run, over
most remote regions (unpolluted or marine), O3 mixing
ratios decreased by 1-3 ppbv. On the other hand, regions
with high ozone precursor emissions showed a relatively
smaller decrease (0—1 ppbv) in O3 mixing ratios and an
increase in some cases (eastern United States, eastern China,
parts of the Indian Subcontinent, the Mediterranecan and
South Africa).

[28] Over regions where the annual average O3 mixing
ratios increased in the future run, the seasonal O3 budgets
indicate that this increase is dominated by summertime
increases, which are in the range of 3—9 ppbv. To illustrate
this the summer (June/July/August) and winter (December/
January/February) O3 budgets for the eastern United States
(95-80°W, 32—40°N) are presented in Table 3. The sink
and source effects for each season shows that the summer-
time O3 increase occurs primarily due to the increased O3
chemical production. The relatively longer O3 lifetime also
plays an important role when compared to the wintertime
O3 changes, as discussed subsequently. The increased O3
chemical production is due to warmer temperatures, which
cause the PAN < NO, equilibrium to favor NO,, and
increased biogenic HC emissions as suggested by the
sensitivity studies of Liao et al. [2006]. The longer O3
lifetime is due to the reduced O3 dry deposition flux, which
more than compensates for the faster O3 chemical loss rates.
The reduced O3 dry deposition flux is due to increased
aerodynamic and quasi-laminar sublayer resistance. The
change in surface resistance itself plays a negligible role

Table 2. Process Lifetimes for Tropospheric Ozone

Process Lifetime, days

Loss Mechanism Present Run Future Run T Aproc.
o('D) + H,0 63 56 26.2
O3 + HO, 126 118 274
Other reactions 161 144 272
Dry deposition 167 162 27.6

“See section 3.1.1 for the definition of T
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Figure 7. Central role of water and water vapor in the
predicted changes for ozone and fine particulate matter
species in the future climate simulation.

water vapor, which in turn is a result of increased water
vapor concentrations associated with higher temperatures.
On a global scale, the ozone chemical production increased
by 145 Tg yr ' (3.6%) in the future simulation. This
increase is more than countered by increased ozone loss
rates.

[38] At the surface layer, over most remote regions
(marine or unpolluted), the annual average ozone mixing
ratios decreased by 1-3 ppbv. In contrast, regions with high
ozone precursor emissions showed relatively smaller
decreases of 0—1 ppbv and increases of 1-5 ppbv over
regions such as the eastern United States. These changes
display a strong seasonality in ozone chemical production
and ozone loss. For example, over the eastern United States,
it was found that the increased annual average ozone mixing
ratios were driven by summertime increases that resulted
from increased ozone chemical production, and to some
extent due to slower dry deposition.

[39] In the future simulation, the global burdens and the
lifetimes of all the fine particulate matter species decreased
2—18% relative to the present simulation, due to the
increased wet deposition removal rates associated with the
increased global annual average precipitation. While pre-
cipitation effects dominate the response of other species, the
decreased burden of secondary organic aerosol is primarily
due to reduced partitioning of gas phase secondary organics
into the aerosol phase, as a result of warmer temperatures.

[40] At the surface layer, the future simulation shows that
there are regions of decreases and increases in the concen-
trations of fine particulate matter species with practically
zero global annual average change. The monthly surface
layer budgets for the fine particulate matter species suggests
that regional-scale precipitation changes are key to these
changes. For example, it was found that over the eastern
United States, sulfate concentrations increased by nearly
1 pug m * during the months of June and July due to the
reduced precipitation during those months. However, given
the low statistical significance of the predicted regional-scale
precipitation changes, the regional-scale fine particulate
matter changes have a significant uncertainty. Nevertheless,
these results underscore the key role that precipitation
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changes will play with respect to fine particulate matter
concentrations in future climate scenarios.

[41] Collectively, these simulations demonstrate that
changes in the hydrologic cycle in future climate scenarios,
will play a key role in the changes of both ozone and fine
particulate matter concentrations. The central role of water
and water vapor with respect to the predicted changes in this
study is summarized in Figure 7. With regards to the
robustness of the predicted changes in the hydrologic cycle,
regional-scale changes in precipitation and liquid water
content are highly uncertain. A better representation of
cloud and related processes in further work will help reduce
this uncertainty. However, the increased water vapor levels
and global precipitation predicted in the current study are
consistent with the predictions of other climate models in a
warmer climate scenario [Soden et al., 2005; Allen and
Ingram, 2002; IPCC, 2001]. Hence model predictions such
as the decreased global burdens of ozone and fine particu-
late matter species are robust.
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Elevated Atmospheric Carbon Dioxide and Weed Populations in Glyphosate
Treated Soybean

Lewis H. Ziska* and Ernie W. Goins

ABSTRACT

Although rising atmospheric carbon dioxide (CO,) is known to
stimulate the growth of agronomic weeds, the impact of increasing
CO; on herbicide efficacy has not been elucidated for field-grown
crops. Genetically modified soybean [Glycine max (L.) Merr.] (i.e.,
Round-up Ready soybean) was grown over a 2-yr period at ambient
and projected levels of atmospheric carbon dioxide (CO,, 250 pmol
mol ! above ambient), with and without application of the herbicide,
glyphosate [N-(phosphonomethyl)glycine], to assess the impact of
rising atmospheric carbon dioxide concentration [CO,] on chemical
efficacy of weed control. For both years, soybean showed a significant
vegetative response to elevated [ CO,], but no consistent effect on seed
yield. For 2003, weed populations for all treatments consisted entirely
of C, grasses, with no [ CO,] effects on weed biomass (unsprayed plots)
or glyphosate efficacy (sprayed plots). However, in 2004, weed popu-
lations were mixed and included C; and C, broadleaves as well as C,
grasses. In this same year, a significant increase in both C; broadleaf
populations and total weed biomass was observed as a function of
[CO,] (unsprayed plots). In addition, a [CO,] by glyphosate inter-
action was observed with significant C; broadleaf weed biomass re-
maining after glyphosate application. Overall, these data emphasize
the potential consequences for CO, induced changes in weed popu-
lations, biomass, and subsequent glyphosate efficacy in Round-up
Ready soybean.

TMOSPHERIC CARBON DIOXIDE concentration has shown
an increase of about 21% from 315 to 379 wmol mol '
since the late 1950s (cdiac.ornl.gov/trends/co2/sio-mlo.htm;
verified 10 February 2006). Although the rate of increase
is variable, levels are projected to exceed 600 pL L !
by the end of the 21st century (Houghton et al., 2001).
Overall, current and projected increases in global
atmospheric [CO,] are likely to change the biology of
agricultural weeds in two fundamental ways. The first is
related to climate stability. Evaluations by the Intergov-
ernmental Panel on Climate Change (IPCC) based, in
part, on an assessment by the U.S. National Academy of
Sciences has indicated that the rise of [CO,] and asso-
ciated “greenhouse” gases could lead to a 1.4 to 5.8°C
increase in global surface temperatures, with subsequent
consequences on precipitation frequency and amounts
(IPCC, 2001). Temperature and water availability re-
main key factors in determining weed species growth
and success (Patterson and Flint, 1990; Patterson, 1995a).
The second likely impact is the [CO,] “fertilization”
effect. That is, plants evolved at a time when the at-

Crop Systems and Global Change Laboratory, USDA, Agricultural
Research Service, Building 1, Room 323, 10300 Baltimore Avenue,
Beltsville, MD 20705. Received 18 Oct. 2005. *Corresponding author
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mospheric [CO,] appears to have been four or five times
present values (Bowes, 1996). Because CO, remains the
sole source of carbon for plant photosynthesis, and be-
cause at present, [CO,] is less than optimal, as atmo-
spheric [CO,] increases, photosynthesis and growth will
be stimulated accordingly. Although, in general, the rel-
ative effect of increasing [CO,] is greater for C; than C,
species, species-specific responses demonstrate a wide
range of relative enhancement within C; and C, weeds
(Patterson and Flint, 1980).

Weed management efforts, in turn, will be altered
both by climatic uncertainty and rising carbon dioxide
levels (Ziska, 2004). To date, our understanding of how
rising CO, affects chemical weed management has fo-
cused exclusively on reductions in efficacy for individual
weeds or monocultures (Ziska et al., 1999, 2004). Data
on how elevated CO, could alter weed populations (and
subsequent chemical control) are not available in ge-
netically modified crops, that is, crops designed to be
treated with herbicides. Our specific objective in the
current study, therefore, was to quantify changes in
weed populations and potential changes in chemical
control efficacy as a function of [CO,] for Round-up
Ready (Monsanto Corp., St. Louis, MO) soybean grown
with and without application of commercially formu-
lated glyphosate.

MATERIALS AND METHODS
Experimental Treatments

The experiment was conducted over a 2 yr period at a 0.3 ha
plot at Beltsville, MD. Field soil was classified as a Cordurus
silt loam (Cordurus harboro), pH 5.5 with high availability of
potash, phosphate, and nitrate. Twelve experimental alumi
num chambers (3 m in diameter and 2.25 m in height) covering
an area of 7.2 m* were placed at regular intervals within the
field. Because of the chamber size, a modified suspended
chamber top was necessary to prevent wind intrusion and
to maintain a stable CO, concentration. For each year of the
study, individual chambers were assigned one of two CO,
treatments, either ambient or ambient +250 pmol mol ' CO;
and one of two herbicide treatments, either sprayed at manu
facturers recommended dosage, or unsprayed. CO, treatments
were maintained 24 h d ' from germination until maturity.
Air was supplied through perforations in the inner wall of the
lower half of the chamber. Air was adjusted to the desired
[CO,] with pure CO, supplied from a 5 Mg liquid CO, tank.
Gas samples were withdrawn from all elevated and one am
bient CO, chamber at 4 min intervals at canopy height and
adjustments to the elevated [CO,] were made daily. Car
bon dioxide concentration, determined by an absolute CO,
analyzer (Li Cor 6252, Li Cor Corp., Lincoln, NE USA),

Abbreviations: AHI, apparent harvest index; ai, active ingredient;
DAS, days after sowing.
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indicated average daytime [CO,] (0600 1900 h) values of
401 = 21, 384 = 14, and average nighttime values of 542 * 35,
527 = 26 wmol mol ! for the ambient CO, treatment in 2003
and 2004, respectively, and corresponding CO, values of 624 *
18, 631 = 23 (daytime) and 745 * 32, 753 = 38 wmol mol !
(night time) for the elevated CO, treatment over the same
time period.

Growth Conditions

Integrated day time micrometeorological conditions of pho
tosynthetic photon flux indicated that the chamber transmitted
~90% of all incoming light, with an average daytime tem
perature increase of 0.8 and 1.3°C above the outside ambient
temperature for 2003 and 2004, respectively. Overall, average
temperatures during the growing season were 1.1°C below and
0.4°C above the 100 yr average for Maryland in 2003 and 2004,
respectively. Precipitation values for this same period were 833
and 543 mm. The 2003 year was the wettest in Maryland since
the onset of record keeping in 1895.

Before planting and chamber placement, the top 20 cm of
soil was removed over the experimental field, bulked, and
mixed for each year of the experiment. Subsamples placed in
flats indicated uniform mixing, as determined by germination,
and the subsequent presence of approximately 25 different
annual and perennial weeds. Following chamber placement,
soybean ‘Ascro’ (Ag3002, ‘Round up Ready’, Maturity Group
111, determinate) was planted within the chambers and in bor
der rows surrounding the chambers on 27 June and 14 May for
2003 and 2004, respectively. The later planting date in 2003 was
necessitated by excessive moisture during May and early June
(i.e., the presence of standing water in the field plots during
this period). Row widths were ~30 cm with all plants thinned
to 1 plant per 10 cm of row following emergence.

Timing of glyphosate application coincided with the period
just before canopy closure of soybean rows (as per the rec
ommendations of the Maryland Cooperative Extension Ser
vice). Glyphosate was applied as a isopropylamine salt with
standard surfactant. Spraying occurred approximately 54 and
48 d after sowing (DAS) for 2003 and 2004, respectively, for
half of the experimental chambers (i.e., three ambient and
three elevated). A pressurized backpack sprayer was used to
apply 2.24 kg ai ha ' to each of the treated plots. The other six

1355

plots received water only. No effort was made to control weeds
on the water sprayed plots.

Vegetative and Reproductive Measurements

Soybean was considered mature when >95% of the leaves
had senesced and pods were noticeably brown. Because of
differential planting dates (because of the high precipitation in
2003), maturity occurred by late October and late September
for 2003 and 2004, respectively. At maturity, four center rows
from each chamber (i.e., excluding border rows) were cut at
the base of the plant and harvested. At harvest, individual
pods were counted and separated by treatment. Pods were air
dried and aboveground shoot dry matter (i.e., stems, petioles,
peduncles) was oven dried at 65°C for 72 h or until a constant
dry weight was observed, then weighed. Pods were threshed by
hand and seed collected and weighed. A subsample of 50 seeds
was used to determine individual seed mass and to estimate
seeds per pod. Because of leaf senescence and drop, harvest
index was calculated as the ratio of seed mass to the sum of
stem plus pod mass at maturity. This is typically done for
commercial soybean and is referred to as the apparent harvest
index (AHI) (Schapaugh and Wilcox, 1980).

Weed species were identified by chamber just before
application of either water or glyphosate and again at soybean
harvest. At soybean harvest, weeds within the harvested rows
were cut at their bases, sorted into three general categories: C;
broadleaf, C, broadleaf, or C, grass (no C; grasses were ob
served), dried, and weighed. No new species were observed
between glyphosate application (i.e., canopy closure) and har
vest. C; broadleaves were composed almost entirely (>95%)
of three species; lambsquarters (Chenopodium album L.),
velvetleaf (Abutilon theophrasti Medik.) and Virginia copper
leaf (Acalypha virginica L.); C, broadleaves were exclusively
redroot pigweed (Amaranthus retroflexus L.) and C, grasses
consisted of barnyard grass [Echinochloa crus galli (L.) P.
Beauv.], Bermuda grass [Digitaria sanguinalis (L.) Scop.] and
foxtail (Setaria spp.).

Statistical Analysis

The experiment was arranged in a completely randomized
block at the field site with three replications of [CO,] with and

Table 1. Averages and level of statistical significance of the one-way analysis of variance for CO, concentration (380 or 630 pwmol mol ')
effects on vegetative and reproductive characteristics of field-grown Round-up Ready soybean with and without applications of

glyphosate (+Gly or Gly) in 2003 and 2004.

Averages Level of significance
Variable Units 380 630 +Gly —Gly CO,;, effect Gly effect Gly X CO,
2003
Stem weight gm? 135.7 195.3 1810 149.9 * *
Pod number #m? 1055 1155 1402 808 ok
Pod weight gm? 544.6 518.0 678.8 383.8 o
Seeds/pod 1.7 21 1.7 2.0
50 seed weight g 8.5 7.0 1.5 8.2 *
Total seed gm? 299.3 329.9 393.3 235.8 *
AHI 0.47 0.44 0.46 0.40 *
2004
Stem weight gm? 3384 500.7 631.4 207.7 * Hikk
Pod number #m? 823 1089 1593 320 * Hikk (*)
Pod weight gm? 385.1 479.9 764.4 100.7 ok
Seeds/pod 2.2 1.8 2.3 1.8
50 seed weight g 6.8 7.7 6.5 8.0 *)
Total seed gm? 285.8 365.8 590.2 61.4 * Hikk
AHIY 0.32 0.28 0.37 0.18 * wk

(*) Indicates significance at P < 0.10.
* Indicates significance at P < 0.05.

** Indicates significance at P < 0.01.
*#* Indicates significance at P < 0.001.

7 AHI is apparent harvest index, the ratio of seed mass to the sum of stem plus pod mass at maturity.
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Table 2. Averages and level of statistical significance of the one-
way analysis of variance for CO, concentration (380 or 630 pmol
mol ) effects on above-ground biomass for weed species associ-
ated with field-grown Round-up Ready soybean with and with-
out applications of glyphosate (+Gly or  Gly) in 2003 and 2004.
Data are g per m>

Averages Level of significance
CO, Gly
Weed type 380 630 +Gly —Gly effect effect Gly X CO,
2003
C, grasses 138.1 128.3 0.0 266.1 Hedek
2004
C; broadleaf  48.3 3039 185 333.7 ek ook ok
C,4 broadleaf 166.1 257.1 0.0 423.2 ook

C, grasses 1571 233 0.5 1798 (%) *

(*) Indicates significance at P < 0.10.
*Indicates significance at P < 0.05.
*#** Indicates significance at P < 0.001.

without glyphosate application (three replications X two [CO,] X
two glyphosate treatments). Vegetative and reproductive char
acteristics were determined for each year of the experiment by
a two way ANOVA with [CO,] and glyphosate as the classifi
cation variables (Statview, Cary, NC, USA). Treatment com
parisons were made using a Fisher protected least significant
difference. Unless otherwise mentioned, differences for any
measured parameter were determined as being significant at
the P < = 0.05 level.

RESULTS

Increasing the [CO,] by ~250 umol mol ' resulted in
consistent increases in above-ground vegetative bio-
mass, particularly stem weight, for soybean for both
seasons (Table 1). However, the effect of elevated [CO,]
on seed yield (with glyphosate application) was incon-

sistent. Although individual seed weight tended to in-
crease with [CO,], the effect of [CO,] was only observed
for seed yield in 2004, primarily as a result of increased
pod number (Table 1). Overall, the impact of elevated
[CO,] was greater on stem weight than seed yield, with
a subsequent reduction in AHI (significant in 2004)
(Table 1).

With respect to weed biomass and weed species, 2003
resulted only in the appearance of C, grasses; no effect
of [CO,] was observed on their growth (Table 2). In
contrast, in 2004 an increase in total weed biomass was
observed relative to 2003; and, a greater variety of weed
species were observed including C, grasses, Cs, and C,
broadleaf weeds. In 2004, a significant effect of [CO,]
treatment was also observed for the presence of either
C; broadleaf and C, grasses (P = 0.07) and subsequent
weed biomass (Table 2, Fig. 1). However, the relation-
ship between increasing weed biomass and soybean seed
yield was not affected by CO, treatment for either year
(i.e., no significant differences in slope were observed,
Fig. 2).

Not surprisingly, glyphosate application reduced or
eliminated weed biomass with a subsequent increase in
soybean yield parameters (with the exception of in-
dividual seed weight and seeds per pod, Tables 1, 2). No
consistent interactions between glyphosate application
and CO, concentration were observed for any yield
parameter. In 2003, application of glyphosate resulted in
100% control of C, weeds irrespective of [CO,] treat-
ment. In contrast, in 2004, glyphosate application only
resulted in 100% control for the ambient [CO,] treat-
ment (Fig. 3). Appreciable amounts of weed biomass
(C; broadleaves) were still recorded after glyphosate
application at the elevated [CO,] treatment, resulting

Fig. 1. Quantification of above ground weed biomass in three general categories, (C; broadleaf, C, broadleaf and C, grass) when grown at ambient
and elevated (+250 pmol mol ) [CO,] in Round-up Ready soybean without glyphosate application in 2004. Variation for a given weed category
was tested by a one-way ANOVA, with three replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. 2. Soybean seed yield (g m?) as a function of increasing weed biomass at either ambient (solid line) or elevated (ambient +250 pmol mol ?,
dashed line) CO, for 2003 and 2004. No differences in the slope of the regression as a function of [CO,] were observed (ANCOVA).

in a significant [CO,] by herbicide interaction (Table 2,
Fig. 3).

DISCUSSION

Although Round-up Ready soybean demonstrated
a positive vegetative response to a [CO,] increase of
~250 wmol mol ' at maturity in both years, a significant
effect on seed yield was only observed in 2004. For that
year, the increase in seed yield was accompanied by a
reduction in AHI, suggesting that vegetative growth
may be a greater sink for additional carbon than re-
productive growth. The decline in AHI for soybean ob-
served here was consistent with previous work (Baker
et al., 1989; Ziska et al., 2001) and supports the conclu-
sion by Ainsworth et al. (2002) that soybean may show a

EPA-EF-002986

reduction in AHI regardless of cultivar, growth habit, or
maturity group.

If glyphosate (Round-up) is not applied, how does
increasing [CO,] alter the growth of weed populations
within the soybean canopy? Given that weed seeds were
uniformly distributed within the seedbank before the
start of each field season, the impact of CO, on weed
populations may be dependent on those environmen-
tal factors that altered the establishment of C; and C,
weeds. One such factor may be precipitation, which
is generally recognized as a significant environmental
factor in weed establishment, i.e., higher precipitation
favors anoxic conditions and the establishment of shal-
low rooted grasses or adapted species (Patterson, 1995b).
This is consistent with observations from the first year
of the current study: specifically, that high precipitation
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Fig. 3. Quantification of above ground weed biomass in three general categories, (C; broadleaf, C, broadleaf and C, grass) when grown at ambient
and elevated (+250 pmol mol ) [CO,] in Round-up Ready soybean, but after application of recommended amounts of glyphosate (Round-up).
Note that significant amounts of C; broadleaf weeds were still present at the elevated CO, treatment after glyphosate application. Variation for a
given weed category was tested by a one-way ANOVA, with three replicates. *, P < 0.05; **, P < 0.01; ***, P < (.001.

rates (the highest recorded in Maryland since 1895),
resulted in the sole recruitment of C, grasses. In this
circumstance, elevated [CO,] had no effect on weed bio-
mass at maturity. However, for near normal precipita-
tion in the following year, a range of weed species,
including C, broadleaf and grasses, and C; broadleaves,
was observed. In this year, a significant effect of elevated
[CO,] on total weed biomass was noted, due primarily to
an approximate 5X increase in the amount of C; broad-
leaf biomass relative to ambient conditions.

How do differences in [CO,] alter weed—crop com-
petition and crop losses? The decrease in seed yield per
increase in weed biomass (i.e., the slopes in Fig. 2) did
not vary between years or as a function of [CO,], sug-
gesting that reductions in soybean productivity were not
significantly altered by weed species per se. This has been
observed previously for field grown soybean in com-
petition with a C; and C, weed population (Ziska, 2000).

But is weed—crop competition even likely if weeds
are controlled chemically? Commercially, one of the
advantages of using a genetically modified crop such as
Round-up Ready soybean is the nonselective appli-
cation of herbicides for weed control. Previous ex-
perimental data have indicated that the effectiveness of
glyphosate could be reduced for individual C; weeds
at elevated [CO,] under glasshouse conditions (Ziska
et al., 1999; Ziska and Teasdale, 2000); however, it was
uncertain if similar results would be obtained at com-
mercial application rates in situ.

In the current field study, the overall efficacy of glyph-
osate application in response to elevated [CO,] was
reduced in 2004. Could greater growth of soybean in
response to elevated [CO,] be reducing spray coverage
of glyphosate? This seems unlikely since elevated [CO,]

EPA-EF-002987

resulted in greater vegetative biomass in both 2003 and
2004. Alternatively, previous research on individual
plants suggested that reduced glyphosate efficacy at ele-
vated [CO,] was associated primarily with C; weeds
(Ziska et al., 1999). Such a finding is consistent with the
reduction in efficacy observed concurrently with the
stimulation of C; weeds in field grown soybean for 2004.

If reduced chemical efficacy in response to rising
[CO,] is a function of the relative proportion of C; vs. Cy
weeds, then the current study also suggests that those
environmental factors that influence the ratio of C;:C,
species could play a role in [CO,] response and sub-
sequent chemical efficacy. For example, if high precip-
itation results in anoxic conditions and greater grass
formation (with an over-representation of the C,
pathway), the effect of [CO,] on plant growth could be
minimal and glyphosate efficiency unimpaired. Alter-
natively, if high soil nitrogen increases the population
of C; relative to C, species, then the impact of [CO,] may
be considerable, with subsequent reductions in chemi-
cal efficacy.

The mechanistic basis for the reduction in glyphosate
efficacy at elevated [CO,] for C; species has not been
entirely explained. Previous work with lambsquarters
(C; broadleaf) suggested that CO, induced increases
in biomass, while a factor, did not entirely account for
the reduction in chemical efficacy (Ziska et al., 1999).
Recent work with Canada thistle [C; broadleaf, Cirsium
arvense (L.) Scop.] grown in monoculture under field con-
ditions indicated that in addition to growth stimulation,
a greater root to shoot ratio and subsequent below-
ground dilution of glyphosate increased glyphosate tol-
erance at elevated relative to ambient [CO,] (Ziska et al.,
2004). In any case, differences in plant size, absorbance
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characteristics, or dilution effects were not determined
in the current experiment in part because of concerns
regarding sampling of weeds within the soybean canopy
and physical disturbance effects on soybean seed yield.

But even if increasing [CO,] alters glyphosate efficacy,
is there cause for concern? It could be argued that
chemical management could adapt to any CO, induced
changes in weed control. For example, glyphosate could
be applied earlier in the season, or alternatively, her-
bicide concentration or spraying frequency could be
increased. However, if glyphosate application is too
early (i.e., before canopy closure), then weed regrowth
could occur; similarly, changes in the frequency of ap-
plication or concentration of glyphosate, while increas-
ing weed control, would also increase economic and/or
environmental costs. From an economic perspective, it
may be worth noting that any profits associated with
greater seed yield at elevated [CO;] could, potentially,
be offset by additional costs of weed control.

While the response of agronomic species to rising
atmospheric [CO;] has been confirmed in literally hun-
dreds of studies (e.g., Kimball, 1983), it is becoming in-
creasingly evident that [CO,] will also benefit agronomic
and invasive weeds as well (Ziska and George, 2004).
The argument that rising atmospheric [CO,] will reduce
weedy competition because the C, photosynthetic path-
way is over represented among weed species (e.g., Holm
et al., 1977) does not consider the range of available C;
and C, weed species present within the agronomic seed
bank, nor those environmental factors (e.g., precipitation)
that may influence their relative proportion following
emergence. Overall, the data presented here suggest that,
depending on weed species (C; vs. Cy), elevated [CO,]
can increase weed biomass, decrease yields, and reduce
glyphosate efficacy for Round-up Ready soybean.
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