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How will changes in global climate influence California?
Weare

Sophisticated models show that California can expect significant changes
to water availability, air quality and growing conditions.

As carbon dioxide rises, food quality will decline

without careful nitrogen management

Bloom

As atmospheric carbon dioxide rises and nitrogen assimilation decreases in crop
plants, managing N will be necessary to ensure food quality and protein content.

Climate change will exacerbate California’s insect pest problems
Trumble, Butler

Higher temperatures can let new species invade and cause existing species to
change locations or go extinct; higher carbon dioxide can increase insect feeding.

Direct measurements improve estimates of dairy greenhouse-
gas emissions
Mitloehner, Sun, Karlik

Actual cattle emissions were measured in an environmentally controlled chamber.

Modeling shows that alternative soil management can decrease
greenhouse gases

De Gryze et al.

By reducing tillage, fertilizing with manure or growing winter cover

crops, farmers could cut carbon emissions and potentially sell the resulting
carbon credits.

Realistic payments could encourage farmers to adopt practices
that sequester carbon

Howitt et al.

Paying farmers for using conservation tillage could reduce Yolo County’s
greenhouse-gas production by 33,000 to 39,000 tons per year.

From kiosks to megastores: The evolving carbon market
Niemeier, Rowan

California’s greenhouse-gas mandate could provide a regulated carbon offset
market for agriculture, including credits for manure digesters, and rangeland
and forest conservation.

Cover: In its 2007 report, the
Intergovernmental Panel on
Climate Change concluded that
climate change is “unequivocal.”
Wildfires are expected to become
more commonplace in California,
consistent with the predictions of
climate-change models. Twelve
large wildfires — fueled by
powerful Santa Ana winds that
pushed flames through brush and
grass dried from drought — raged
in California on Oct. 23, 2007,
clouding the air over the Pacific
Ocean with dense plumes of smoke.
Photo: NASA image by Jeff
Schmaltz, MODIS Rapid Response
Team, Goddard Space Flight Center

California Agriculture journal
gratefully acknowledges UC Da-
vis meteorologist Bryan Weare,
faculty chair for this special issue.
We also thank UC Davis plant
physiologist David. R. Smart for
his assistance and several Califor-
nia Agriculture associate editors
for their contributions to these
articles.



) Editorial overview

Climate change

arth’s temperature has risen 1°F in the last 100 years — a

small number with a profound impact. California’s

warmer winters and springs have led to reduced snow-

pack, increasing the seasonality of water flows and di-
rectly affecting our ability to grow plants, produce food and
support growing populations. Wildfires are increasing; crop
pests are expanding their ranges. “Natural disasters” — such
as droughts, Santa Ana winds, tornados, higher intensity
rainfall events and fire — are more frequent and severe. Such
changes are consistent with trends worldwide.

But climate change up to now is small compared to what is
in store. We now know that once carbon dioxide is in the at-
mosphere, it is there for a long time, perhaps 1,000 years. Even
if we reduce our current heat-trapping emissions, the amount
of greenhouse gases will continue to accumulate for some
time. According to low, medium and high emissions scenarios
developed by the Intergovernmental Panel on Climate Change
(IPCCQ), our planet will heat up another 1°F to 2.3°F by 2034 —
an accelerating change that will take place over the course of
just 25 years, rather than 100.

After mid-century, the three scenarios diverge widely in
their predictions (see figure, page 53). Depending on future
heat-trapping emissions, there are huge differences in the
predicted average heating, ranging from 3°F to 10.4°F by the
end of this century — and leading to potentially catastrophic
effects such as a sea-level rise of 6 to 30 inches.

372 miles

\ ) ~ R
On Sept. 15-16, 2007, NASA's Terra satellite observed sea ice and open
ocean throughout the Arctic. Shown are the sea-ice minima of 2007, the
previous record low in 2005, and the long-term average from 1979 to 2000.
The 2007 minimum fell substantially below previous records. Source: Image
by Terry Haran, National Snow and Ice Data Center, Univ. of Colo., Boulder.

us all

The degree of heating and result-
ing climate impact depends largely
on what we do now. It matters that we
reduce our carbon footprint, use fewer
fossil fuels and fertilizers, and learn
how to change, manage and mitigate.

Landmark initiatives have already
begun in California. The state made
history with passage of the Global
Warming Solutions Act of 2006 (AB32),
promising to reduce global warming
pollution to 1990 levels by 2020. In part-
nership with the state, UC scientists
have been leaders in climate-change
research for a decade. UC Agriculture
and Natural Resources (ANR) scientists are advancing our
knowledge of global warming impacts on food production
and natural resources. For example:

Barbara Allen-Diaz
Assistant Vice President,
UC Agriculture and
Natural Resources

¢ They have found that the use of cover crops leads to
increased carbon storage, by as much as 4,000 to 4,500
pounds per acre over standard farming practices.

e Others are examining how changing climates will modify
wildfire activity, which could profoundly affect carbon se-
questration as well as forest conservation.

e Researchers have developed technology that increases
drought tolerance in plants, potentially helping farmers
around the world to maintain crop productivity.

California’s $37 billion agricultural industry will be se-
verely affected by the coming changes. Recent and predicted
increases in temperature will have major impacts on where
plants can be grown. Changing temperatures will also likely
shift the range of native plants, and even cause some to disap-
pear altogether (see page 57).

In this special issue of California Agriculture, UC scientists
advance our understanding of how climate change will af-
fect California (see page 59). New research reported suggests
a mechanism to explain why initial increases in crop produc-
tion due to “CO fertilization” decline rapidly, a finding with
important implications for hunger and nutrition worldwide
(see page 67). Additional findings have shown that crops
will suffer greater pest losses (see page 73). The numbers and
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Wildfires have become more frequent and widespread in California in
recent decades. In July 2002, an 8,600-acre blaze burned near Topaz Lake
in Mono County, near the Nevada border in the eastern Sierra Nevada.

USDA

Current
conditions

.| warming range
(+4.5°F)

W Highly suitable

Projected range expansion of the pink bollworm (top) in
California. At present, the pink bollworm'’s range (above
left) is limited by winter frosts that kill dormant larvae.
Rising winter temperatures would allow this major cotton
pest to expand northward.

Unsuitable s
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kinds of invasive pests and diseases are increasing because
of rising temperatures overall, and because pests consume
more of the plant due to higher carbon and lower nitrogen
content. In addition, the lack of winter chill periods will al-
low pests to breed throughout the year.

Scientists also describe mitigation options to reduce
agriculture’s impact on the climate system. For instance,
California dairies, the valued producers of 21% of the nation’s
milk, can help decrease greenhouse-gas emissions and reduce
their contributions to global warming (see page 79). UC inves-
tigations have shown that management practices can have a
significant impact on the amounts of greenhouse gases emit-
ted from cropped fields (see page 84). UC economists have
identified sustainable fertilization practices and proposed
incentives for farmers to incorporate them into their everyday
practices (see page 91). In a review of carbon trading, scientists
discuss evolving markets as tools to reduce greenhouse-gas
emissions (see page 96).

Climate change will challenge California’s natural eco-
systems. For example, no Joshua trees will be able to grow
in Joshua Tree National Monument in the Mojave Desert.
Douglas and white fir forests will likely become dominated
by oaks and madrone. These changes also will affect wildlife
populations that depend on these ecosystems.

Such profound challenges require not only research — to
develop new pest and disease strategies, new cropping sys-
tems and better understanding of the changes in timing of
flowering and seed production — but also new commitments
to education and public outreach. We must foster greater
science literacy, enabling people to make informed choices,
develop new options and take action at all levels. UC, and
specifically ANR, have vital roles in this effort. No single re-
search track or set of actions will be enough to curb the ongo-
ing and complex changes to our climate system. Solutions will
require partnerships and will involve tradeoffs — ecological,
economic and social.

ANR, with its network of campus-based scientists, Coop-
erative Extension (CE) specialists and county-based CE advi-
sors, is uniquely situated to identify, examine and deliver
solutions. Our system includes a network of 10 Research and
Extension Centers located throughout California’s various
crop production and climatic zones, from the high desert
on California’s northern border to the highly productive
Imperial Valley desert on our Mexican border. These centers
retain decades of records on climate, water, crop productiv-
ity and biodiversity, among other long-term data sets. All are
now invaluable sources of information to project the local
effects of changing climate, and to experimentally test new
crop options, plant and animal production methods, ways to
conserve biodiversity, and options to remain sustainable and
viable in a global economy.

In a multipartner project, for example, the UC Berkeley
Institute of the Environment has launched the Sustainable
Neighborhood project. Funded by the Gordon and Betty Moore
Foundation, the project is working in China to design, build
and monitor a replicable, transit-oriented sustainable neighbor-



Editorial overview

hood that generates all of its energy from on-site re-
newables (such as wind, solar and biomass); processes
all of its sewage, food and green wastes; and recycles
all its water. If successful, this innovative project will
lead to the first carbon-neutral community of its kind
that can be replicated on a massive scale.

Closer to home, Sonoma County has joined
America’s Fund for Integrated Solutions, a national
network of local governments, universities and
private partners. In partnership with UC, local
businesses and others, the county is integrating
more-efficient energy use with retrofits of existing
buildings, and seeking incentives for developing
new sources of renewable energy from solar, wind
and wave power — all coupled with attention to hu-
man needs and behaviors.

It will take both individual actions, and partner-
ships at all scales, to change behaviors, industries
and the way we think about our place in the world.
Perhaps the biggest challenge is making the para-
digm shift from a fossil fuel-based economy to one
driven by renewable sources of energy.

Historical average (1961-1990)

2070-2099

Lower warming range/
wetter climate

55%
increase

0 6 12 19 25
Probability (%) of a large wildfire (about 500 acres)
Predicted increase in the frequency of wildfires in California. If temperatures rise

into the medium warming range, the risk of large wildfires could increase by as
much as 55% over the reference period (1961-1990).

There is no time like the present for addressing climate
change. The critical players are all at the table: politicians,
scientists, technologists, city-county and regional planners,
business people, nonprofits and government. We have an ad-
ministration in Washington, D.C., that has signaled its readi-

ness to make policy and behavior changes to decrease
U.S. greenhouse-gas emissions, reduce our dependence on
fossil fuels and build green industries with green jobs to
help ensure a thriving future. Our planet, and our future,
depend on it.

7\ < Projected global warming impacts in
L o3 California, 2070-2099 (as compared with
1961-1990). Warming ranges represent
L 1 averages predicted from three global
1 climate models (representing different
climate sensitivities) and three IPCC
1 L lobal emissions scenarios (see page 61).
Higher Higher 9 (see page 61)
emissions ” :_';:;";'"9
. -
scenario —— 1
(8-10.5°F)
5 e 70-80% loss in Sierra snowpack
‘f
* 14-22 inches of sea-level rise
Medium- b s * 2.5-4 times as many heat-wave days in major urban centers
h'g,h ) ® 2-6 times as many heat-related deaths in major urban centers
emissions Medium ) ) ) )
scenario 7 warming range ® 75-85% increase in days conducive to ozone formation*
(5.5-8°F) e 2-2.5 times more critically dry years
—] £ 6 * 10% increase in electricity demand
Lower ¢ 30% decrease in forest yields (pine)
emissions 173 * 55% increase in the expected risk of large wildfires
scenario
X4
Lower * 30-60% loss in Sierra snowpack
L warming . .
A range * 6-14 inches of sea-level rise
(3-5.5°F) e 2-2.5 times as many heat-wave days in major urban centers
¥ 2 e 2-3 times as many heat-related deaths in major urban centers
® 25-35% increase in days conducive to ozone formation*
11 * Up to 1.5 times more critically dry years
* 3-6% increase in electricity demand

¢ )' o * 7-14% decrease in forest yields (pine)
® 10-35% increase in the risk of large wildfires

* For high ozone locations in Riverside and Visalia
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California Agriculture is a quarterly, peer-reviewed
journal reporting research, reviews and news. It is
published by the Division of Agriculture and Natu-
ral Resources (ANR) of the University of California.
The first issue appeared in December 1946, making
it one of the oldest, continuously published, land-
grant university research journals in the country.
The circulation is currently about 15,000 domestic
and 1,800 international.

Mission and audience. California Agriculture’s
mission is to publish scientifically sound research
in a form that is accessible to a well-educated audi-
ence. In the last readership survey, 33% worked in
agriculture, 31% were faculty members at universi-
ties or research scientists, and 19% worked in gov-
ernment agencies or were elected office holders.

Current indexing. California Agriculture is indexed
by Thomson ISI's Current Contents (Agriculture,
Biology and Environmental Sciences) and SCIE,
the Commonwealth Agricultural Bureau data-
bases, Proquest, AGRICOLA and Google Scholar.
In addition, all peer-reviewed articles are posted
at the California Digital Library’s eScholarship
Repository.

Authors. Authors are primarily but not exclu-
sively from UC’s ANR; in 2005 and 2006, 14% and
34% (respectively) were based at other UC campuses,
or other universities and research institutions.

Reviewers. In 2005 and 2006, 13% and 21% (re-
spectively) of reviewers came from universities and
research institutions or agencies outside ANR.

Rejection rate. Our rejection rate is currently
26%. In addition, in two recent years the Associate
Editors sent back 11% and 26% for complete resub-
mission prior to peer review.

Peer-review policies. All manuscripts submit-
ted for publication in California Agriculture undergo
double-blind, anonymous peer review. Each sub-
mission is forwarded to the appropriate Associate
Editor for evaluation, who then nominates three
qualified reviewers. If the first two reviews are
affirmative, the article is accepted. If one is nega-
tive, the manuscript is sent to a third reviewer. The
Associate Editor makes the final decision, in con-
sultation with the Managing and Executive Editors.

Editing. After peer review and acceptance, all
manuscripts are extensively edited by the California
Agriculture staff to ensure readability for an educated
lay audience and multidisciplinary academics.

Submissions. California Agriculture manages the
peer review of manuscripts online. Please read
our Writing Guidelines before submitting an ar-
ticle; go to http://californiaagriculture.ucop.edu/
submissions.html for more information.

Letters. The editorial staff welcomes your letters,
comments and suggestions. Please write to us at:
6701 San Pablo Ave., 2nd floor, Oakland, CA 94608,
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“Low-carbon diet” research looks at total energy
usage of foods

Is an organic tomato grown in Mexico better for
the environment than a conventional one grown
150 miles away from your Bay Area home? Is it
more sustainable to drive to a big-box store and
buy lots of groceries to keep in the freezer, or to
purchase ready-made meals or cook individual
ingredients at home? These types of questions are
at the heart of a UC Agricultural Sustainability
Institute (ASI) project that is examining the food
system’s role in climate change.

“Changes in consumer food choices, as well as
in our vast food-production system, could con-
tribute substantially to meeting goals for reducing
greenhouse gases,” ASI director Thomas Tomich
says. “Individual foods vary tremendously in
their carbon footprints.”

The low-carbon diet project uses life-cycle as-
sessment methodology to tally the energy used
to produce particular foods, then does computer
modeling to estimate greenhouse-gas emissions.
Researchers identify and collect data on farming
practices, pest control, irrigation, harvesting, pro-
cessing, transportation, refrigeration, storage and
even cooking. “We're looking for all the inputs,
from farm to fork,” says Gail Feenstra, ASI food
systems analyst.

The project has collected data on processing
tomatoes, dairy and rice, and Sonja Brodt and
Alissa Kendall of UC Davis are currently crunch-
ing numbers to find the “break-even” point for the
energy usage of rice. A new effort in conjunction
with Cornell University, funded by the Kellogg
Foundation, will examine the carbon footprints
of local foods in California and elsewhere in the
United States. ASI is also launching the California
Nitrogen Assessment, funded by the Packard
Foundation, to further quantify the scope of the
state’s greenhouse-gas emissions.

An estimated 15% of U.S. energy usage and
greenhouse-gas emissions is related to the food
system. The major contributors are livestock-related

UC researchers are estimating the
“farm to fork” energy usage for
rice — including cooking — as part
of the Agricultural Sustainability
Institute’s low-carbon diet project.

methane and nitrous oxide emissions (see page 79);
synthetic nitrogen fertilizers (see pages 84, 91); air
freight; heated greenhouse production; post-retail
consumer transport and food storage; and food
waste at multiple points along the supply system.
“We are developing information so that major
food suppliers, food service professionals and re-
tailers, as well as consumers, can figure out where
to focus to make the biggest impact on climate
change,” Feenstra says. — Janet Byron

Climate-change modeling finds many crop yields
are likely to decline

Climate change would likely cause the yields of
several major California crops to decline signifi-
cantly by 2050, while others would not change.
Scientists at Lawrence Livermore National Labo-
ratory (LLNL), UC Merced and others recently
modeled the effect of climate change for six of
California’s most valuable perennial crops: wine
grapes, almonds, table grapes, oranges, walnuts
and avocados (Agricultural and Forest Meteorology
141 [2-4]: 208-18).

“In California, 20 to 30 years is the produc-
tive lifespan for most of these plants,” says David
Lobell, who was agricultural ecologist at LLNL
when he led the study. “If we can get a picture of
how the climate will change during this interval,
we can evaluate what that means in terms of pro-
jected crop yields.” In addition, keeping the time
frame relatively short limits modeling uncertainty.

The projections showed variable results. Wine-
grape yields, for instance, would change little over
the next century, but the other crops exhibited
moderate-to-substantial declines. The amount
of uncertainty was considerable, but the overall
trend was toward decreased yields.

“More than 95% of the simulations for al-
monds, table grapes, walnuts and avocados
showed a negative response to warming by mid-
century,” Lobell says. “The current climate is ei-
ther at or above the optimum temperatures for the
crops we studied, and all climate models project
at least some warming during this period.”

Lobell is now senior research scholar at
Stanford University. He and his colleagues have
recently expanded their study to more crops in
California; it will be released in coming months
on the California Energy Commission Climate
Action Team Web site. ~— Editors and Ann Parker
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UC scientists help California prepare for climate change

or all the alarming signs of climate change — from earlier

In the Sacramento-San
Joaquin River Delta,
researchers are studying
the potential of "carbon-
capture" farming to

trap atmospheric carbon
dioxide and rebuild soils
lost to subsidence. A pilot
study on Twitchell Island
(shown) raised soils 10
inches between 1997 and
2005, as cattails, tules
and other plants grew,
died and decomposed.
The 3-year, $12.3 million
project joins scientists

from UC Davis and the U.S.

Geological Survey.
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springs to melting polar ice — the overwhelming sci-
entific consensus is that we haven’t seen anything yet.
Climate change is likely to accelerate greatly over the
next century, with temperatures expected to climb
faster than they have in the last 10,000 years.

California farmers face an uncertain future,
where current crops may fail and water may be
even more scarce. To help them adapt, UC re-
searchers are finding ways to cut emissions of the
greenhouse gases behind climate change, and to
lessen their impacts on agriculture and wildlands
(see box).

“There are no easy solutions,” says UC Davis
ecologist Louise Jackson. “Everything will be com-
plicated by tradeoffs.”

Globally, the average temperature is expected to
rise another 2°F to 10°F on top of the 1°F increase
since 1900, according to the Intergovernmental Panel
on Climate Change (IPCC) (see page 59). While the
world and the United States as a whole have gotten
wetter, the Western states are likely to become drier.
In addition to these broad changes, heat waves and
rainstorms are likely to intensify.

Efforts to control climate change have focused on
developed countries, which have contributed most of
the carbon dioxide, methane, nitrous oxide and other

VOLUME 63, NUMBER 2

greenhouse gases since the Industrial Revolution. But
that is now shifting. China just became the world’s
largest greenhouse-gas contributor and is likely to
increase its carbon emissions at least 11% from 2004
to 2010, which is twice as fast as previously predicted,
according to a recent study by UC Berkeley environ-
mental economist Maxmillian Auffhammer and UC
San Diego economist Richard Carson.

This underscores the fact that climate change
cannot be tackled unilaterally, despite California’s
AB32 mandate to bring carbon emissions back to
1990 levels by 2020. In addition, because it takes so
long for plankton in the oceans to clear carbon di-
oxide from the atmosphere, temperatures will still
be higher mid-century even if we cut emissions
today. Rather, the greatest impacts will be in the
second half of the century, when temperatures are
projected to increase most rapidly.

As a relatively small greenhouse-gas contribu-
tor at 7% of the state’s total emissions, agriculture
is unlikely to be heavily regulated. In fact, farmers
could benefit from regulation by selling credits for
reduced emissions on the carbon market (see page
96). Moreover, many ways of controlling agricul-
tural emissions — such as drip irrigation, conser-
vation tillage and dairy methane digesters — will
have the added benefit of making farming more
sustainable (see pages 79, 84, 91).




Curbing tractor emissions

One of the best ways of reducing greenhouse
gases is to use less fossil fuel, the source of most
carbon dioxide emissions. Studies during the 1990s
showed that farmers can cut tractor fuel use from
6% to 20% by decreasing the tire pressure, says
Shrini Upadhyaya, UC Davis agricultural and bio-
logical engineer. “Farmers often set tire pressure
at 24 pounds per square inch (psi) but may be able
to go down to 6 psi, depending on the load,” he
says, adding that while many farmers don't like
to see the tires bulge, they can actually sit quite
low. The biggest gains in fuel economy are in tilled
fields during the spring, when the soil is a bit wet.
Another benefit of lower pressure is that more of
the tire surface touches the soil, reducing compac-
tion (see California Agriculture 50[2]:28-31).

A drawback of lower tire pressure is that it is
not optimal for all driving surfaces. “We knew it
was good in the field but didn’t know how well it
would work on paved roads,” Upadhyaya says. The
recent increase in fuel prices prompted a follow-
up study, which showed that tractors on roads are
more fuel efficient at higher rather than lower tire
pressures: increasing the pressure to 23 psi cuts
fuel use by 12%. But farmers cannot be expected
to adjust their tire pressure every time they switch
from driving on a field to driving on a paved road,
and vice versa. To circumvent this, Upadhyaya
envisions designing tractors that automatically ad-
just their tire pressure to fit the driving surface, as
some military vehicles already do.

Now, however, the project is on hold once more.
“While interest went up with the recent high gas
prices, it then went down again,” says Upadhyaya.
“But the technology is there.”

Carbon-capture farming

In addition to reducing their emissions, farm-
ers can help remove carbon dioxide from the air.
A technique called “carbon-capture” farming
capitalizes on plants’ ability to absorb atmo-
spheric carbon dioxide and then trap the carbon
in soil upon decomposing. Soils grew 10 inches
higher over 7 years in wetland test plots on a
Sacramento-San Joaquin River Delta island, ac-
cording to a recent pilot study by UC Davis and
U.S. Geological Survey researchers.

“Wetlands can capture carbon at a tremendous
rate,” says UC Davis soil biogeochemist William
Horwath. An acre can grow about 15 tons of plant
material per year, which contains about 8 tons of

Climate change threatens California’s native plants

Recent research shows that the next century of climate change
could drastically shrink the ranges of California’s endemic
plants, nearly 2,400 species that are unique to the state and help
make it a global biodiversity hotspot. In the worst-case scenario,
two-thirds of these plants could lose more than 80% of their
current ranges.

“Plants are very sensitive to climate,” says UC Berkeley plant
ecologist David Ackerly, part of the team that reported this
work in a 2008 Public Library of Science (PLoS) ONE study called
“Climate Change and the Future of California’s Endemic Flora.”
“The rate of climate change is now 3 to 10 times faster than at
the end of the last ice age.” This is so fast that many plants just
won't be able to keep up.

Many of today’s familiar landscapes could
shift or even disappear in the future, the study
predicts. As temperatures rise and rainfall be-
comes more variable, California’s plants will
generally move north and coastward to cooler
areas. More specifically, coast redwoods could
grow farther north, Sonoran desert plants
could move into the Central Valley, and oaks
could die out in the middle of the state.

Plants on mountain slopes may fare best,
Ackerly says. If their current habitat gets
too hot, they could easily reach cooler sites
by moving a bit higher upslope. In contrast,

Jack Kelly Clark

The native California bay
plants growing on mountaintops would have laurel, currently widespread

in the coastal mountains and
Sierra Nevada foothills, could
see its range diminish dra-
matically.

nowhere to go, and those growing in flat ar-
eas would have to move tremendous — and
unrealistic — distances.

“California’s ruggedness may turn out to
be one of its greatest buffers against climate change,” Ackerly
says. Conservation planners could apply this finding to moun-
tainous areas such as the coast ranges, the Sierra Nevada foot-
hills and the San Gabriel Mountains east of Los Angeles. One
approach entails establishing a network of protected areas at
various elevations, connected by corridors to let plants move up
as the temperature rises.

Another approach is for us to help the plants move. “It’s
cost-prohibitive for animals but not so crazy to think about for
plants,” Ackerly says. “We do restoration ecology all the time.”
Called managed relocation, this approach is hotly debated
among conservationists, who prize preserving species in their
natural habitats. Still, it may be time to turn traditional conser-
vation on its head and “ask what will live on a reserve in the
future versus where a given species can live,” Ackerly says.
Forestry could benefit from this approach without sparking con-
troversy, since timberlands are managed plantations of native
trees. To plan for harvests in 30 to 40 years, foresters could move
seeds now in accord with expected climate changes.

Dire as the projections are, there is still hope for California’s
plants. “While most seeds drop right by the parent, jays can
move acorns a third of a mile and wind-dispersed seeds can
move many miles,” Ackerly says. “It only takes a few long
distance migrants to jump-start a new population.”

— Robin Meadows
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For more information

carbon. Of that, 90% is lost to bacterial decomposi-
tion and the rest is captured in soil. The Delta is
particularly well suited to carbon-capture farm-
ing. “It’s one of the most productive ecosystems
on the planet,” says Horwath, who is also the UC
Sustainable Agriculture Farming Systems (SAFS)
project leader. “There are lots of nutrients and the
climate is ideal.”

Besides removing carbon from the air, rebuild-
ing the Delta island soils would help protect the le-
vees that route drinking water to
two-thirds of Californians. The
levees are in danger of caving in
because after years of draining
and tilling the fragile peat soils,
most of the islands lie 20 feet be-
low the surrounding water. “We
have created monsters in these is-
lands,” Horwath says. “It would
be a catastrophe if the levees
broke during an earthquake.”

Because much of this land is
privately owned, it cannot simply
be flooded to protect the levees.
Instead, the researchers hope to
give Delta farmers another op-
tion. Instead of vegetable crops,
Horwath envisions the farmers
planting cattails, tule rushes and other wetland
vegetation, and then selling the carbon credits.
“They would be land stewards, growing carbon,”
he says. To assess the feasibility of carbon-capture
farming, the researchers are scaling their study up
to 400 acres. Possible pitfalls include the fact that
wetlands emit methane, potentially outweighing
the benefits of the carbon dioxide they remove from
the air.

Yolo County case study

While many studies focus on specific ways to
combat or cope with climate change, a UC Davis
team took a comprehensive look at what Yolo
County can expect — and what to do about it —
in the coming decades. Led by ecologist Louise
Jackson, the 13-member interdisciplinary team in-
cluded agricultural and natural resources research-
ers as well as social scientists. Sponsored by the
California Energy Commission, the study benefited
from a steering committee that included farmers,
county and state representatives, and farm advisors.

“Overall, the single most important thing for
growers is how to deal with specific crops that may
be affected by heat waves, droughts and higher
temperatures,” Jackson says.

For example, over the next 50 years, Yolo County
will likely get too hot for the warm-season crops
that thrive there today, such as tomatoes, cucum-
bers, sweet corn and peppers. Instead, the future
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climate will suit melon, sweet potatoes and other
hot-season crops during the summer, and lettuce,
broccoli and other cool-season crops during the
winter. Ways of helping farmers prepare include
fostering markets for new crops, and breeding
crops that tolerate longer, hotter heat waves and
other climate extremes.

Farmers can also help themselves by growing
more kinds of crops, which should make their
operations more resilient to climate change. The
current trend in Yolo County is toward less crop
diversity, with seven types accounting for 85% of
farmed land (see pages 84, 91). Crop choices are
driven by factors including how lucrative they are,
the availability of local processors and economies
of scale. However, “farmers also need to think
about diversification and trying new crops,”
Jackson says.

The study also showed that as snow melts
earlier in the Sierra Nevada and coincides with
spring rains, marginal farmlands near the
Sacramento River will be more likely to flood.
“Marginal lands are present on every farm, along
edges and riparian areas,” Jackson says. “We can
put these lands to work for increasing habitat, bio-
diversity and water quality.” For example, rather
than abandoning land that floods to weeds, farm-
ers could create wetlands that store carbons and
sell the resulting credits.

But while such restoration would capture carbon,
this might be offset by the natural wetland emis-
sions. Similarly, there are trade-offs with many of
the other ways farmers can reduce their green-
house-gas emissions. Two practices with clear-cut
benefits are using less fuel and less nitrogen fertil-
izer, which is overapplied by as much as 50% and
can contribute to nitrous oxide emissions. Nitrous
oxide is a powerful greenhouse gas, with about 300
times the impact of carbon dioxide. Besides being
good for the environment, reducing fuel and fertil-
izer use is “good for the bottom line,” Jackson says.

One practice that is not so clear-cut is drip ir-
rigation, the study found. By keeping much of the
soil dry, drip irrigation decreases carbon dioxide
and nitrous oxide emissions from soil microorgan-
isms. But partly because this practice requires fuel
for pressurization, it also increases carbon emis-
sions. Conversely, conservation tillage decreases
fuel use but can also increase soil moisture and
thus microorganism emissions. Likewise, cover
cropping can capture carbon and decrease fertil-
izer use, but the plant residue also emits carbon
dioxide during decomposition.

Farmers will have to weigh the various ap-
proaches for adapting to climate change. “Rather
than giving one solution, we explain the costs
and benefits and let people choose what works for
them,” Jackson says. — Robin Meadows
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How will changes in global climate influence California?

by Bryan C. Weare

In 2007, the Intergovernmental Panel
on Climate Change (IPCC) published
its fourth assessment reports sum-
marizing recent global climate change
and projections for the next century.
This article reviews the basics of
climate science and modeling, high-
lights the conclusions of the IPCC
report, and identifies the well-
understood aspects of climate change
that will be important for California
agriculture and society as a whole.
Predicted impacts to California in-
clude increased flooding and reduced
water availability, higher sea levels,
worse air pollution and fewer chilling
hours for important crops.

mportant consequences of observed

and future global warming are as
diverse as decreases in winter chilling
hours (a necessity for many fruit and
nut crops), more extreme air pollution
episodes and more frequent coastal
flooding. Most important are past and
future reductions in winter snowpack,
which increase the likelihood of winter
flooding, and reduce the water available
from reservoirs for irrigation and other
uses in late spring and summer.

During the past decade, the most

controversial subject in atmospheric sci-
ence has been the question of whether
humans are having a significant impact
on climate. The Intergovernmental
Panel on Climate Change (IPCC) re-
cently evaluated many aspects of global
climate change in a set of extensive
reports. These reports are compiled
by panels of hundreds of scientists
and social scientists from around the
world under the umbrella of the United
Nations. They describe comprehensive
evaluations of the published literature
concerning global climate change. The
Physical Science Basis report alone is
nearly 1,000 pages, and establishes the
basis of climate science and the most
recent climate observations and model

In a warmer world, the availability of water is likely to be the most important issue that Californians

face. Reservoirs such as Shasta in Northern California, shown in fall 2008 at nearly 60% of its
capacity, will likely be fuller in winter, and lower in spring and summer when crops are irrigated.

results (IPCC 2007). This review of the
IPCC report and other recent scientific
literature focuses on the most impor-
tant factors that influence agriculture in
the western United States.

The science of climate

We put the IPCC conclusions into
context using the basics of climate
change science (fig. 1). In general, the
temperature of Earth’s atmosphere
is determined by a balance between
the amount of trapped sunlight and
the nearly equal loss of heat into deep
space. The distribution of sunlight
means that the equatorial regions
are warmer than the poles, and that
summer is warmer than winter.
Atmospheric winds and ocean cur-
rents further influence the mean cli-
mate. For instance, the U.S. West Coast
is relatively mild in winter because
warm ocean air flows from west to east.
However, in summer that oceanic flow
is relatively cool partly because the
Alaska current cools coastal waters.

For Earth, the amount of trapped
sunlight during a year is closely offset

by a nearly equal amount of heat being
lost into deep space. However, global cli-
mate change will occur if, over years or
decades, either the amount of absorbed
sunlight or emitted heat changes. The
amount of absorbed sunlight varies for
a number of reasons, including slight
fluctuations in solar output, changes
in cloud cover and variations in snow
cover. The two latter factors alter what is
known as Earth’s “albedo,” the fraction
of sunlight that is reflected back into
space. In addition to natural factors, the
amount of absorbed sunlight may be
altered by human activities. For instance,
we may increase the surface albedo by
replacing black asphalt with more reflec-
tive, light-colored concrete, or the top-of-
atmosphere albedo through introduction
into the atmosphere of reflective aerosols
(dust particles), primarily as a result of
burning fossil fuels. Both of these factors
will lead to decreased absorption of so-
lar radiation at the surface and lowered
surface temperatures.

Greenhouse effect. Changes in the
greenhouse effect are the primary ways
that humans can influence climate.
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Fig. 1. Schematic of factors and processes controlling global climate; the primary controls are
changes in solar radiation (yellow arrows) and outgoing heat (blue arrows). Adapted from IPCC

2007, fig. 1.2.

Each greenhouse-gas molecule can ab-
sorb a tiny portion of upward-traveling
heat (fig. 1), which it must release al-
most immediately. This release occurs
in all directions, so that part of the
heat, which was originally leaving the
atmosphere, is redirected back down to
the ground. This means that less heat
escapes to outer space and more heat
heads toward Earth, increasing surface
temperatures.

The major constituents of the atmo-
sphere, nitrogen and oxygen, absorb
almost no heat or sunlight. Their con-
centrations have little direct effect on
climate change. The main naturally
occurring greenhouse gases are water
vapor and carbon dioxide. Without
these gases the average surface tem-
perature of Earth would be about 32°F
(18°C) cooler than today — not a very
pleasant place. Humans can add to the
greenhouse effect by emitting carbon
dioxide, mostly from the burning of
fossil fuels, and other greenhouse gases
such as chlorofluorocarbons, methane
and nitrous oxide.

Feedbacks. An initial temperature
change due to radiative factors may
be amplified or diminished by posi-
tive and negative feedbacks (fig. 1). An
example of a positive feedback is the
snow-albedo feedback mechanism, in

which an initial increase in temperature
leads to less snow and ice at higher
latitudes. Since both ice and snow eas-
ily reflect sunlight back to space, this
decrease will lead to more sunlight be-
ing absorbed by Earth’s climate system,
tending to increase the temperature
even more. Another well-understood
positive feedback is related to water
vapor, the most important greenhouse
gas. As Earth warms, the ability of the
atmosphere to hold water vapor gener-
ally increases. The additional water va-
por absorbs more heat and causes Earth
to warm further.

Negative feedbacks may also occur,
which tend to reduce the magnitude
of the overall temperature change but
not its direction. For example, in the
moister atmosphere associated with
higher temperatures, thicker clouds are
likely to form. Increased cloud thickness
will lead to lower surface temperatures,
primarily because clouds effectively
reflect sunlight. The initial temperature
increase may therefore be reduced.

2007 IPCC Report

The recent IPCC report concludes
that warming of the climate system
is “unequivocal,” that this warm-
ing is “very likely” due to increased
anthropogenic greenhouse-gas
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concentrations, and that continued
greenhouse-gas emissions and climate
changes are “very likely” to be larger
in the next century. Some important
details of the IPCC report are dis-
cussed below; quotations from the re-
port are shown in italics.

Climate-forcing factors. Global atmo-
spheric concentrations of carbon dioxide,
methane and nitrous oxide have increased
markedly as a result of human activities
since 1750 and now far exceed preindustrial
values determined from ice cores spanning
many thousands of years . . . The primary
source of the increased atmospheric con-
centration of carbon dioxide since the pre-
industrial period results from fossil-fuel
use, with land-use change providing another
significant but smaller contribution. The
atmospheric concentration of methane in
2005 exceeds by far the natural range of the
last 650,000 years (320 to 790 parts per bil-
lion [ppb]) as determined from ice cores. The
global atmospheric nitrous oxide concentra-
tion increased from a preindustrial value of
about 270 ppb to 319 ppb in 2005.

Although atmospheric carbon di-
oxide concentrations have increased
steadily, only about half of the fossil-
fuel-related carbon dioxide released
into the atmosphere over the past
century has remained there. The other
half has been deposited primarily into
the deep oceans and terrestrial bio-
mass — forests and soil humus. The
increasing concentrations of methane
are believed to be largely related to
natural-gas drilling and distribution,
feedlot emissions and decomposition
in landfills and rice fields. Increases in
nitrous oxides are primarily related to
air pollution and livestock waste man-
agement (see page 79).

Increases in these and other anthro-
pogenic and natural climate-forcing
factors result in changes, which can be
related to an equivalent change in the
solar heating of Earth. Figure 2 (page
62) illustrates the current values of
most of these factors and uncertainties
in the estimates. The most important
forcing factors, having the lowest rela-
tive uncertainties, are positive and lead
to global warming. However, other
anthropogenic climate-forcing factors,
which have estimated influences that
are relatively uncertain, are leading to
a smaller amount of cooling. Natural
variability of the sun currently is also



The rate of these projected changes will challenge our
scientific, economic and social ability to effectively cope.

inducing slight heating (fig. 2). Another
possibly relevant natural cooling factor,
not shown in figure 2, is the unpre-
dictable but important effect of strong
volcanoes, which put large amounts
of aerosols (reflective dust particles) in
the stratosphere, resulting in less solar
heating and leading to a cooling of
Earth’s surface for up to a few years.

Magnitude of warming. Warming
of the climate system is unequivocal, as is
now evident from observations of increases
in global average air and ocean tempera-
tures, widespread melting of snow and ice,
and rising global average sea level. The
overall temperature increase has been
about 1°F (0.5°C) over the past century.
The warming is largest over the high-
est latitudes and the centers of conti-
nents and smallest over the tropics and
the oceans.

Sea level. Global average sea level rose
at an average rate of 1.8 millimeters (0.07
inch) per year from 1961 to 2003. There
is high confidence that the rate of observed
sea-level rise increased from the 19th to
the 20th century. The total 20th-century
rise is estimated to be about 0.17 meter (6.6
inches). Most of this increase in sea level
is thought to be due to the expansion
of water in the oceans as they warm.
Another fraction, whose magnitude is
subject to considerable debate, is due to
the increased melting of mountain gla-
ciers and of small fractions of the mas-
sive ice of Greenland and Antarctica.

Role of greenhouse gases. Palaco-
climatic information supports the in-
terpretation that the warmth of the last
half-century is unusual in at least the
previous 1,300 years. Most of the observed
increase in global average temperatures
since the mid-20th century is very likely
due to the observed increase in anthropo-
genic greenhouse-gas concentrations. This
is a stronger, more conclusive statement
than was made in the previous IPCC
report, which was released in 2001. In
fact, the current report concludes:

The observed widespread warming of
the atmosphere and ocean, together with ice
mass loss, support the conclusion that it is
extremely unlikely that global climate change
of the past 50 years can be explained without
external forcing, and very likely that it is not
due to known natural causes alone.

For the next two decades, a warming
of about 0.2°C (0.4°F) per decade is pro-
jected for a range of SRES (Special Report
on Emissions Scenarios) (Nakicenovic
and Swart [2000]) emissions scenarios
(discussed below). Even if the concen-
trations of all greenhouse gases and aero-
sols had been kept constant at year 2000
levels, a further warming of about 0.1°C
(0.2°F) per decade would be expected.
Continued greenhouse-gas emissions at or
above current rates would cause further
warming and induce many changes in the
global climate system during the 21st cen-
tury that would very likely be larger than
those observed during the 20th century.

The overall conclusion of this IPCC
report is that there will likely be a steady
increase in global, hemispheric and re-
gional temperatures in the next century
due to human influences. The magni-
tude of the changes will largely depend
upon future increases in greenhouse-
gas emissions and, perhaps, changes in
anthropogenic aerosol concentrations
resulting from a broad variety of hu-
man activities.

Global climate models

Global climate models are the most
important, and probably the most
widely misunderstood, tools used
by climate scientists to understand
past climate changes and estimate

L' Sccretary IPCC

Glossary

Albedo: Fraction of sunlight at
the top of the atmosphere that is re-
flected back into space.

Albedo, surface: Fraction of sun-
light hitting a surface (such as a
polar icecap, cropland or resurfaced
parking lot) that is reflected upward.

Emissions scenarios (A2, B1): The
A2 (high emissions) economic sce-
nario assumes relatively rapid global
population and economic growth
with few controls on fossil-fuel
emissions. The B1 (lower emissions)
scenario assumes extensive emis-
sions controls such that atmospheric
carbon-dioxide concentrations do not
exceed 550 parts per million (ppm),
less than 50% higher than the cur-
rent value of about 380 ppm.

Feedback, positive and negative:

A sequence of processes, which will
either amplify (positive) or reduce
(negative) the size of an initial change,
such as a surface temperature increase.
Generally, a negative feedback will not
alter the sign of the change.

Forcing factors: Factors external to
the natural ocean-atmosphere climate
system that greatly influence climate.
Natural forcing factors include out-
put of the sun (radiant energy) and
volcanic aerosol (dust) concentrations.
Human (anthropogenic) forcing fac-
tors include concentrations of green-
house gases such as carbon dioxide
and methane.
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In November 2007 in Valencia, Spain, United Nations Secretary-General Ban Ki-moon (center),
flanked by Renate Christ (left), secretary of the Intergovernmental Panel on Climate Change
(IPCC), and Rajendra Kumar Panchauri (right), IPCC chair, displayed the fourth IPCC assessment
report, which concluded that warming of the climate is “unequivocal.”
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those of the future. State-of-the-art,
physics-based computer models are an
outgrowth of weather models, which
are used to make forecasts 1 to 10 days
into the future. Although we all some-
times make fun of weather forecasts, it
is now possible to forecast 4 days with
the same accuracy as it was possible to
forecast 3 days a decade ago.

Modeling climate processes. The
processes simulated by these climate
models (fig. 1) involve the physics not
only of the atmosphere, but also oceans,
ice masses and land surfaces. To emu-
late these processes in the atmosphere,
the models calculate the temperature,
pressure, winds and humidity at points
between 50 and 150 miles apart in the
horizontal direction and as much as a
few thousand feet in elevation. At each
point, the models mathematically solve
the basic laws of physics, including
Newton’s laws of motion, the conserva-
tion of energy and the conservation
of total mass and water. Comparable
calculations are made for the oceans to
predict area-averaged currents, tem-
perature and salinity.

These large-scale processes are
coupled to carefully tested approxima-
tions of subgrid-scale processes, which
occur in regions that are smaller than
the spacing of most model grids. An ex-
ample is the interaction of atmospheric
temperature and winds with clouds,
which individually occur over regions
of a few hundred yards to a few miles,
but which also as a group are vitally
important for determining the global
climate. Other subgrid-scale processes
include turbulence near the ground, the

1960
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Fig. 3. Observed and predicted changes in average surface temperatures
in the Northern Hemisphere. Observed/models (left) shows: observed

growth of cloud
drop to rain drops,
land-surface in-
teractions, and in
some climate mod-
els, atmospheric
and oceanic chem-
istry, and plant growth.

How models work. To use a climate
model one starts with the observed
conditions for one time in the past,
then all of the relevant equations are
projected into the future in intervals of
a few minutes. The primary controls
on climate are basic physics and forc-
ing factors such as solar output and
greenhouse-gas concentrations. This
process creates descriptions of day-to-
day weather a year or decades into the
future. After many thousands of time
steps, estimates of nearly any climatic
variable for some future time, such as
50 years from now, can be obtained
from averages of the appropriate out-
put. The development of a climate
model that simulates future weather is
somewhat like making homemade ice
cream in a churning ice cream maker.
The ice cream ingredients correspond
to the composition and structure of
the atmosphere/ocean/ice system. The
stirring rate of the ice cream maker cor-
responds to Newton’s laws of motion,
and the temperature corresponds to
the climate-forcing functions, such as
sunlight received at the top of the atmo-
sphere. The hardness and consistency
of the ice cream at any time is equiva-
lent to Earth’s weather. As the ice cream
maker turns, the cream mixture evolves
by becoming harder and smoother. As
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temperatures between 1900 and 2000 (Mitchell and Jones 2005);
18-model mean sample of IPCC global ocean-atmosphere predictions
starting about 1850, for 1900 to 2000; and Community Climate System
Model (CCSM) prediction for 1900 to 2000. CCSM predictions (right)
for 2000 to 2100 are based on the A2 (high emissions) and moderate
B1 (lower emissions) economic scenarios. The likely range of global
temperatures in the future is between the green and red lines.

a climate model evolves, that is, moves
forward in model time, it makes pre-
dictions of temperature, precipitation
and other variables further and further
into the future. Just as in the ice cream
maker, where the final product is pri-
marily a function of the ingredients and
mixing of the maker, in a climate model
the final climate is primarily a function
of the forcing variables and the basic
laws of physics. Most importantly, the
output of these models is not adjusted
in any way by weather or climate obser-
vations after the initial step.

Uncertainties of climate predictions.
The uncertainties associated with cli-
mate predictions fall largely into two cat-
egories. First, there are complex positive
and negative climate feedbacks. Second,
relatively large uncertainties surround
future greenhouse-gas and aerosol emis-
sions, and thus the magnitude of forcing
on the model. These uncertainties are
primarily related to economic and social
projections of the future global economy
and human activities.

Evaluating models. The IPCC models
have been used to simulate the 20th-
century climate starting at a date before
1900 and controlled by both known
natural and anthropogenic factors, such
as solar output, volcanic and anthro-
pogenic aerosols, and greenhouse-gas
concentrations. The averaged outputs



of (1) 18 of these model runs and (2) the
representative Community Climate
System Model (CCSM) produced at
the National Center for Atmospheric
Research in Boulder, Colo., emulate
very well the observed changes in
Northern Hemisphere temperature
(fig. 3). The agreement with actual cli-
mate data includes the total change
over the past century and the fact that
heating was slow for the first third,
nearly zero in the middle third and
relatively fast for the final third (fig. 3).

In the western United States, both
the 18-run model mean and the CCSM
output perform quite well in emulating
the changes throughout the 20th cen-
tury for surface temperature (figs. 4A-
C). Observed temperatures generally
increase between 1.8°F and 3.6°F (1°C
and 2°C) for every degree Centigrade
increase in Northern Hemisphere tem-
perature, with the smallest changes
over the ocean. Mean temperature
changes in the 18 IPCC models and the
CCSM both have slightly smaller val-
ues than those observed but a similar
geographic pattern.

When modeling local changes in
precipitation over the western United

" Surface temperature

50°N
40°N
30°N

20°N

States that are associated with the ob-
served rise in Northern Hemisphere
temperature (figs. 4D-F), the situation
is more complex than for temperature.
The observed changes indicate both
wetter and drier conditions associated
with recent global warming (fig. 4D).
In contrast, the 18-model IPCC mean
precipitation pattern indicates a broad
reduction in precipitation over much of
the West (fig. 4E). The CCSM results are
different again, showing larger changes
and a more varied pattern (fig. 4F).
This disparity is not unexpected, since
short-term weather forecasts of precipi-
tation are less skillful than those of tem-
perature. This is because precipitation
processes are complex and have spatial
scales much, much smaller than model
grid spacing. These results suggest that
models do not yet reliably simulate lo-
cal patterns of precipitation change.
Loss of Arctic sea ice. The loss of
Arctic sea ice, an important aspect of
climate change, has received special
attention in the last few years (Serreze
et al. 2007). There has been a dramatic,
well-documented decline in sea ice
such that the coverage in September
2007 was only about 60% of the mean
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Fig. 4. Sensitivity of (A-C) local surface temperature and (D-F) precipitation to changes in
Northern Hemisphere average surface temperature (see fig. 3) in the western United States,
under observed and model conditions. Blank areas show statistically insignificant changes.

for the preceding 30 years. Reports

for September 2008 suggest a slightly
smaller decline than in the prior year.
Nevertheless, rapid decreases in Arctic
ice clearly have important consequences
for the positive ice albedo feedback
mechanisms. More distressing is the
fact that the melting of Greenland and
Antarctica seem to have accelerated in
a manner not well explained by most
models (Min et al. 2008).

Future climate predictions

High and lower emissions scenarios.
The main scientific controversies re-
garding global climate change concern
predictions for the future. These predic-
tions combine socioeconomic scenarios
of fossil-fuel usage, farming practices
and pollution control with global climate
models (fig. 3). The right side of figure 3
illustrates predicted average tempera-
tures in the Northern Hemisphere using
the CCSM, utilizing the so-called A2
and B1 socioeconomic scenarios. The
A2 (high emissions) scenario assumes
relatively rapid global population and
economic growth with few controls
on fossil-fuel emissions. The Bl (lower
emissions) scenario assumes extensive
emissions controls such that atmospheric
carbon-dioxide concentrations do not
exceed 550 parts per million (ppm),
about 50% higher than the current value
of about 385 ppm. The true value of
future greenhouse-gas forcing factors
is expected to be somewhere between
these two scenarios. The CCSM model
produces average Northern Hemisphere
temperature changes that are within
the range of all 18 models in the IPCC
evaluation (fig. 3). Average surface tem-
peratures in the Northern Hemisphere
are likely to rise between 3.6°F (2°C) and
5.4°F (3°C) by 2050 and as much as 12°F
(6.5°C) by the end of the 21st century.

Regional temperature. When the
CCSM is used to predict changes in
surface temperature over the western
United States for 2050 and 2095 — using
the more-sensitive, high-emissions A2
scenario — the temperature changes
are largest over the Rocky Mountains
and higher latitudes, and smallest over
the southern Pacific Ocean (figs. 5A, 5B).
Over California, predicted temperature
increases are between 1.8°F and 3.6°F
(1°C and 2°C) for 2050 and around 7°F
(4°C) for 2095. A good deal of confi-
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dence may be given to these results be-
cause the CCSM model has a sensitivity
similar to the mean of the IPCC models,
because of the good agreement between
the CCSM with observations over the
past century (fig. 4), and because of the
similar patterns of change for the two
future times.

Precipitation. When the CCSM is
used to predict changes in annual
precipitation over the western United
States for 2050 and 2095, also using the
A2 high emissions scenario, both maps
suggest lower precipitation at the low-
est latitudes, which is in agreement
with other models used in the IPCC
evaluation (figs. 5C, 5D). However, the
patterns of change over much of the
remainder of the region differ from each
other and from that of the 20th-century
simulations (fig. 4). Unfortunately,
little confidence can be placed on local

upon a hydrological model driven by the output of a climate model

using the B1 (lower emission) scenario. Adapted from Cayan, Mauer,
et al. 2008, fig. 14. (B) Monthly mean inflows into Shasta Reservoir for
historic period (red line), and output of two climate models each using

A2 and B1 emissions scenarios (gray/black lines). Adapted from Purkey

et al. 2008, fig. 2.

precipitation-change patterns from the
CCSM and, perhaps, any current cli-
mate model. Because of this uncertainty
and because the IPCC climate models
generally put the western United States
between a broad band of future pre-
cipitation increases to the north and
decreases to the south, the most reason-
able expectation is that total precipita-
tion over the West is unlikely to change
substantially from that of today.

Forecasts and California agriculture

Growing conditions. A number of
scientific articles have begun to ad-
dress what these forecasts mean for
California agriculture (see page 55).

In addition to the research reported
and reviewed in this issue of California
Agriculture, a group of articles was com-
piled in a special edition of the journal
Climatic Change (Cayan, Luers, et al.
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2008). An earlier summary is given in
Hayhoe et al. (2004), with extensive on-
line supplements. Annual mean surface
temperatures for California and the
western United States are likely to in-
crease substantially in the next century.
However, more important to agriculture
and society as a whole are variables
such as minimum winter temperatures
or other extremes. Tebaldi et al. (2006)
describe global climate model results
for four important temperature statis-
tics: number of days of frost, number
of days of the growing season, number
of days of heat waves, and percentage
of days of warm nights. Their results
suggest California will have fewer frost
days, longer growing seasons, more
heat waves and more warm nights in
the future.

Water availability. Perhaps the most
important issues associated with global



warming for California are related to
water availability. As the western United
States warms, mountainous regions

will receive rain rather than snow more
often and be subject to earlier snowmelt,
leading to reduced snow depth and less
stored snow water in spring. As a result,
there will likely be more flooding, and
increased pressure will be placed on the
state’s reservoir systems.

Cayan, Maurer, et al. (2008) predicted
the change in April 1 snow content
from 2070 to 2099, relative to observed
values between 1961 and 1990 (fig. 6).
This prediction is based on a snow hy-
drology model, which is driven by tem-
perature and precipitation values and
predicts current snow measurements
well. From 2070 to 2099, the precipita-
tion and temperature data are averages
from two climate models driven by the
moderate Bl (lower emissions) scenario.
These models predict increases in sur-
face temperature, but little change in
total precipitation (fig. 6A). By 2085 the
prediction is the nearly complete loss
of April snow at lower elevations of the
mountains, substantial losses at middle
levels and relatively small losses at the
coldest, highest elevations.

Water storage. Because mountains
tend to be conical, losses of low- and
mid-elevation snow areas are more
important to changes in snow water
storage than changes at higher eleva-
tions (fig. 6A). For example, flows in
Shasta Reservoir are likely to increase
in winter, but decrease in spring and
summer (fig. 6B). Comparable changes
are expected for Oroville and Folsom,
which also receive water from moun-
tain regions that are expected to have
large decreases in springtime snow
(fig. 6A). These changes will tend to
raise reservoir inflows and heighten the
chances of winter flooding. To offset
greater chances of flooding, dam opera-
tors will have to reduce reservoir levels.
The combined effects of less snowpack
and reduced reservoir storage will lead
to much less water availability in sum-
mer for agricultural and other uses.

Sea level. Global warming will lead
to important increases in sea level,
which may influence coastal California.
The IPCC report predicts global aver-
age sea-level increases by 2060 of 10 to
20 inches (25 to 50 centimeters), leading
to increased periods of flooding over
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Fig. 7. Hours in which sea-level height (SLH) is expected to exceed 99.99% of the historical record
for San Francisco Bay. Black bars are for all times and red bars are for when sea-level pressure
(SLP) is low (during major storm events). Data is based on weather simulations of an ocean/
atmosphere model, adding the influence of a 12-inch sea-level increase. Adapted from Cayan,

Bromirski, et al. 2008, fig. 6.

the next 100 years (fig. 7). Flooding,
which is essentially unheard of in the
California of today, may become almost
commonplace in the coming century.

Chilling hours. Baldocchi and Wong
(2008) studied hours of chilling, which
is important for many fruit and nut
crops. Yearly chill-hour accumulation
is the number of hours below 50°F
(7.22°C). They found that observed
chill-hour accumulations over the past
60 years have been variable, but they
clearly drop around 1990 (fig. 8). Based
on the moderate B1 (lower emissions)
scenario, future estimates have realistic
year-to-year variability, but also show a
clear and substantial downward trend.
The number of chilling hours at the end
of this century is expected to be half

or less than during the 1980s. In this
scenario, many crops, such as pears and
pistachios, will not be commercially vi-
able in large areas of California where
they are currently grown.

Pollution. Another aspect of warmer
temperatures that is likely to affect
Californians and agriculture is a pro-
jected change in air pollution. The speeds
of air-pollution chemistry reactions
are often sensitive to temperature and
humidity. For example, Kleeman (2008)
studied peak concentrations of ozone and
small atmospheric particles in the San
Joaquin Valley for a period in January
1996, based on a sophisticated air-quality
model driven by observed meteorological
conditions. When surface temperatures
were assumed to increase by 9°F (5°C),

1,800

1,600

1,400

1,200 I

1,000

800 P s =L

Chill hours below 50°F
F—

600

400

200

0
1940 1960 1980 2000 2020

2040 2060 2080 2100 2120

Year

Fig. 8. Past and projected annual total chill hours for Davis, Calif. Values through 2003 are
observations; values after are based upon average projections of two climate models driven by
moderate B1 (lower emissions) scenario. Adapted from Baldocchi and Wong 2008, fig. 7.
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peak ozone pollution concentrations were
expected to nearly double.

The situation for small particle pol-
lution (PM2.5) is somewhat more com-
plex. Using a similar set of assumptions
concerning changes in temperature
and humidity, Kleeman (2008) showed
substantial increases at the lower eleva-
tions of California and decreases in the
foothill regions. Even if the emissions
rates of pollutants and their precursors
remain as today, in a warmer world pol-
lution levels are likely to rise substan-
tially over much of California. These
increases could have important detri-
mental consequences for both natural
and managed ecosystems as well as hu-
man health.

Human activity and climate change

We now know that relatively large
global and regional climate changes
have occurred over the past century.
Our best scientific evidence strongly
suggests that an important component
of these changes is due to human activ-
ity. Furthermore, persuasive evidence
indicates that the changes will continue
at an increasing pace well into the next
century. Important consequences of ob-
served and future global warming are
as diverse as decreases in winter chilling
hours, more extreme air-pollution epi-
sodes and more frequent coastal flood-
ing. Most important are past and future
reductions in winter snowpack, which
enhance the likelihood of winter flood-
ing and reduce the water available from
reservoirs for irrigation and other uses
in late spring and summer.

These changes are likely to have
profound influences on all aspects
of California’s economy and society.
Furthermore, the rate of these projected
changes will challenge our scientific,
economic and social ability to effectively
cope. It is important for all Californians
to understand the causes of these
changes, their likely implications and
the nature of possible remediation.

B.C. Weare is Professor and Meteorologist,
Atmospheric Science Program, Department of
Land, Air and Water Resources, UC Davis.
Dennis D. Baldocchi, Professor of Biometeorol-
ogy, UC Berkeley, served as guest associate edi-
tor for this manuscript.

Robyn Carliss/Sustainable Conservation

#

The IPCC found that global sea levels rose 0.07 inch per year between 1961 and 2003, due to
warmer oceans and melting of glaciers and polar ice. Above, the glacier Skaftafellsjokull, a
spur of the Vatnajokull ice cap, is receding. An August 2008 report by the Icelandic government
predicted that Iceland’s glaciers will disappear by the middle of the 22nd century.
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REVIEW ARTICLE
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As carbon dioxide rises, food quality will decline
without careful nitrogen management

by Arnold J. Bloom

Rising atmospheric concentrations

of carbon dioxide could dramatically
influence the performance of crops,
but experimental results to date have
been highly variable. For example,
when C; plants are grown under car-
bon dioxide enrichment, productivity
increases dramatically at first. But
over time, organic nitrogen in the
plants decreases and productivity
diminishes in soils where nitrate is an
important source of this nutrient. We
have discovered a phenomenon that
provides a relatively simple explana-
tion for the latter responses: in C3
plants, elevated carbon dioxide con-
centrations inhibit photorespiration,
which in turn inhibits shoot nitrate
assimilation. Agriculture would ben-
efit from the careful management of
nitrogen fertilizers, particularly those
that are ammonium based.

tmospheric carbon dioxide (CO,)
has increased about 35% since

1800 (from 280 to 380 parts per million
[ppml]), and computer models predict
that it will reach between 530 and 970
ppm by the end of the century (IPCC
2007). This rise in carbon dioxide could
potentially be mitigated by crop plants,
in which photosynthesis converts at-
mospheric carbon dioxide into carbohy-
drates and other organic compounds.
The extent of this mitigation remains
uncertain, however, due to the complex
relationship between carbon and nitro-
gen metabolism in plants (Finzi et al.
2007; Johnson 2006; Reich et al. 2006).

Carbon metabolism provides the
energy and carbon molecules to syn-
thesize organic nitrogen compounds
in plants, whereas nitrogen metabo-
lism provides the amino groups for
all proteins (fig. 1). Proteins include all
enzymes that catalyze (facilitate) bio-
chemical reactions in plants, including

The rise in atmospheric carbon-dioxide levels — about 35% since 1800 — changes how
plants metabolize important nutrients, which in turn alters food quality and nutrition,
influences where plants and crops can grow, and affects pest management and other
cultivation practices. Lesley Randall of the UC Davis Department of Plant Sciences attends
to plants growing in hydroponic culture under elevated carbon-dioxide atmospheres, in
environmental chambers at the UC Davis Controlled Environment Facility.
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Fig. 1. Major processes of the biogeochemical nitrogen cycle. Fluxes (red numbers) are in
teragrams (Tg = 10" g) N/year. Terrestrial organisms and soils contain organic nitrogen that

is active in the cycle. Assuming that the amount of atmospheric molecular nitrogen remains
constant (inputs = outputs), the mean residence time of nitrogen in organic forms is about 370
years. Source: Bloom 2009.
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Molecule: Inger Andersson

At elevated carbon dioxide concentrations,
C; plants that rely on nitrate as a nitrogen source
suffer severe deprivation of organic nitrogen.

C, carbon fixation
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Fig. 2. C3 carbon fixation and photorespiration pathways in which the enzyme rubisco (ribbon
model in center) catalyzes reactions between a 5-carbon sugar, RuBP (ribulose-1,5-biphosphate)
and either CO, or O,. The first stable products of C; carbon fixation are two molecules of PGA
(a 3-carbon compound, 3-phosphoglycerate); the first stable products of photorespiration are
one molecule of PGA and one molecule of PG (a 2-carbon compound, 2-phosphoglycolate).
High-energy compounds ATP and NADPH, generated from photosynthesis, drive these
reactions. As atmospheric CO, increases, there is an initial increase in C3 carbon fixation

(and sugar productivity), while photorespiration is inhibited. We have shown that inhibiting
photorespiration diminishes nitrate assimilation. In plants that depend on nitrate as a nitrogen
source, this eventually inhibits plant productivity and lowers protein content. Nitrogen is part
of the amino groups essential to all proteins, and proteins include the enzymes that facilitate

biochemical reactions. Source: Bloom 2009.
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Fig. 3. Net carbon dioxide assimilation
(photosynthesis) as a function of carbon
dioxide concentrations within a leaf (C;)
for C3 plants grown at either ambient
(365 parts per million [ppm]) or elevated
(567 ppm) atmospheric carbon dioxide
concentrations, in free air CO, enrichment
(FACE) plots, where plants growing in soil
under the open sky are exposed to elevated
carbon dioxide. Mean of 285 studies
(Ainsworth and Rogers 2007).
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Fig. 4. Each line shows change in biomass over
time for specific plants grown at elevated (567
ppm) and ambient (365 ppm) carbon dioxide
atmospheres, in free air CO, enrichment
(FACE) plots (Dukes et al. 2005; Korner 2006)
and open-top chambers (Rasse et al. 2005;
Kimball et al. 2007).
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carbon metabolism. Any environmental
perturbation that interferes with nitro-
gen metabolism sooner or later inhibits
carbon metabolism.

Carbon dioxide acclimation

The focal point of crop responses
to rising carbon dioxide levels is the
enzyme rubisco (ribulose-1,5-bisphos-
phate carboxylase/oxygenase). Rubisco
is the most prevalent protein on Earth
and contains as much as half of the
nitrogen in plant leaves. It catalyzes
two different chemical reactions: one
reaction combines a 5-carbon sugar
RuBP (ribulose-1,5-bisphosphate) with
carbon dioxide, and the other reaction
combines this same sugar with oxygen.

The reaction of RuBP with carbon
dioxide produces a 6-carbon com-
pound that immediately divides into
two molecules of a 3-carbon compound
(3-phosphoglycerate), hence the name
C; carbon fixation (fig. 2). These prod-
ucts pass through an elaborate bio-
chemical cycle (Calvin-Benson cycle)
that eventually forms one molecule
of a 6-carbon sugar (fructose-6-phos-
phate) and regenerates RuBP.

The reaction of RuBP with oxygen
oxidizes the RuBP, splits it into one mol-
ecule of a 3-carbon compound (3-phos-
phoglycerate) and one molecule of a

Crop yield (28)| "
Tree biomass (19) }_‘:H
Grass biomass (13) ;0—'#
Plant biomass (18) mHH
eHigh N
Grass nitrogen (13)| ‘2T ° Llow i\l
40 0 40 80

Change with CO, enrichment (%)

Fig. 5. Differences in yield, aboveground
biomass, leaf nitrogen (N) concentrations
and grain protein concentrations between

C; plants grown at elevated (567 ppm)

and ambient (366 ppm) carbon dioxide
concentrations under heavy (high N) and
normal N fertilization (low N). Symbols and
error bars designate means = 95% confidence
interval for crops (Ainsworth and Long 2005),
trees (Curtis and Wang 1998), grasses (Wand
et al. 1999), all plant species (de Graaff et al.
2006) and grain protein (Taub et al. 2008).
Parentheses contain number of studies
included in the meta-analysis.



2-carbon compound (2-phosphoglyco-
late), and subsequently releases carbon
dioxide, hence the names C, pathway
or, more commonly, photorespiration.
In total, photorespiration consumes bio-
chemical energy, but does not result in
any net production of sugar (Foyer et al.
2009). Thus, photorespiration has been
viewed as a wasteful process, a vestige
of the high carbon dioxide atmospheres
(over 1,000 ppm) under which plants
evolved (Wingler et al. 2000).

The balance between C; carbon fixa-
tion and photorespiration depends on
the relative amounts of carbon dioxide
and oxygen entering the active site of
rubisco (i.e,, portion of the enzyme
involved in the primary chemical reac-
tions) and the affinity of the enzyme for
each gas (i.e., degree to which it attracts
carbon dioxide or oxygen). At current
atmospheric levels of carbon dioxide
and oxygen (about 380 and 209,700
ppm, respectively), photorespiration in
most crops (Cs plants including wheat,
rice, barley, oats, legumes, vegetables,
and fruit and nut trees) dissipates
over a quarter of the organic carbon
produced during carbon dioxide as-
similation (conversion from inorganic to
organic form) (Sharkey 1988).

In contrast, C4 crops (such as corn,
sorghum and sugar cane), which have
a metabolic carbon dioxide pump that
increases the concentration of this com-
pound at the catalytic site of rubisco,
minimize photorespiration at the ex-
pense of the additional energy required
for pumping.

Elevated levels of atmospheric car-
bon dioxide inhibit photorespiration in
C; plants, making photosynthesis more
efficient. Initially, this accelerates both
their photosynthetic carbon dioxide
assimilation and their growth by about
a third. After a few days or weeks,
however, carbon dioxide assimilation
and growth both slow down until they
are accelerated in the long term by
only about 12% and 8%, respectively
(figs. 3 and 4). Moreover, leaf nitrogen
and protein concentrations ultimately
decrease more than 12% under carbon
dioxide enrichment (fig. 5). Such a loss
of nitrogen and protein significantly
diminishes the value of this plant ma-
terial as food for animals and humans.

A ! \

Wheat was grown in a controlled environmental chamber at elevated carbon dioxide (700
ppm). Plants in the three containers on the left received ammonium (NH;*) as the sole
nitrogen source, whereas those on the right received nitrate (NO3-). Plants grown at ambient
carbon dioxide under ammonium and nitrate nutrition were indistinguishable (not shown).

Together these trends are known as
carbon dioxide acclimation.

CO; acclimation hypotheses

Several hypotheses have been put
forward to explain carbon dioxide ac-
climation.

Carbohydrate sink limitation. Ac-
cording to this hypothesis, plants under
carbon dioxide enrichment initially as-
similate more carbon dioxide into carbo-
hydrates than they can incorporate into
their growing tissues. In response, they
diminish carbon dioxide assimilation by
decreasing their rubisco levels (Long et
al. 2004). This change in rubisco levels,
however, is not necessarily selective; the
decrease may instead just be part of the
overall decline in protein and nitrogen
concentrations (Ainsworth and Long
2005; Makino and Mae 1999).

Progressive nitrogen limitation. An-
other hypothesis for carbon dioxide
acclimation is that shoots accumulate
carbohydrates faster than roots can
absorb nitrogen from soils, making
leaf nitrogen concentrations decrease
(Hungate et al. 2003; Luo et al. 2004;
Norby et al. 2001; Reich et al. 2006). As
these leaves senesce and drop to the
ground, (1) plant litter quality declines,
(2) microbial immobilization of soil

nitrogen increases because of the high
carbon-to-nitrogen ratios in the litter,
(3) soil nitrogen availability to plants
further diminishes because more soil
nitrogen is tied up in microorganisms,
(4) plants become even more nitrogen
limited, (5) plant protein levels decline
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Fig. 6. Differences in leaf carbon fixation
capacity (photosynthesis [PS]) versus total
nitrogen concentration (N) between C; plants
grown at elevated (567 ppm) and ambient
(366 ppm) carbon dioxide concentrations.
Each symbol designates the mean ratio for
a species. Shown are the regression line
(solid, slope = 0.815, r=0.71) and 1:1 line
(dotted). This data suggests that changes
in photosynthesis from carbon dioxide
enrichment derive from changes in plant
nitrogen levels under carbon dioxide
enrichment (Ellsworth et al. 2004).
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and (6) plant processes including pho-
tosynthesis slow down (fig. 6). This
hypothesis, however, has difficulty in
explaining the variation in carbon di-
oxide acclimation among sites (Finzi et
al. 2007) and among methods of carbon
dioxide enrichment (Ainsworth and
Long 2005).

Role of photorespiration

We have discovered another explana-
tion for carbon dioxide acclimation: in C3
plants, shoot assimilation of nitrate into
organic nitrogen compounds depends
on photorespiration, so any condition
that inhibits photorespiration (elevated
carbon dioxide or low oxygen concentra-
tions) also inhibits shoot nitrate assimi-
lation (figs. 7 and 8). Thus, at elevated
carbon dioxide concentrations, Cz plants
that rely on nitrate as a nitrogen source
suffer severe deprivation of organic
nitrogen compounds such as proteins.
The resulting decline in organic nitrogen
compounds reduces the plants’ yield
and biomass production. While high
applications of nitrogen fertilizer may
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Fig. 7. Response of nitrate (NO;" ) assimilation
in C; and C, plants as a function of carbon
dioxide concentrations inside a leaf (C;).
Relative NO;™ assimilation was assessed from
changes in CO,-0O, fluxes with a shift from
NHg" to NO; nutrition (AAQ). The C; species
included barley (Bloom et al. 1989), wheat
(Bloom et al. 2002), tomato (Searles and Bloom
2003), Arabidopsis (Rachmilevitch et al. 2004)
and Flaveria pringlei and giant redwood
(Bloom, unpublished data). The C, species
included maize (Cousins and Bloom 2003,
2004) and Flaveria bidentis and Amaranthus
retroflexus (Bloom, unpublished data).

partially compensate for this, the plants’
nitrogen and protein concentrations still
diminish (fig. 5).

Ammonium and nitrate are the two
main sources of nitrogen that are ac-
cessible to plants from the soil. Plants
show a wide range of responses to
carbon dioxide enrichment because the
balance between nitrate and ammo-
nium availability varies over seasons,
years, locations and plant species. In
an annual California grassland where
nitrate was the predominant nitro-
gen source, net primary productivity
diminished under carbon dioxide
enrichment (fig. 4) (Dukes et al. 2005).
This was presumably because elevated
carbon dioxide inhibited plant nitrate
assimilation (by both shoots and roots),
and the grasses became deprived of
organic nitrogen. In contrast, ammo-
nium is the major form of nitrogen
available to plants in marshes because
wet, anaerobic soils promote denitri-
fication (the conversion of nitrate into
nitrous oxide and dinitrogen gas) and
nitrate leaching (the removal of dis-

solved nitrate into deep groundwater
or surface water). For example, the
dominant Cs plant in the Chesapeake
Bay marsh (Scirpus olneyi) showed
little carbon dioxide acclimation (fig.
4); even after a decade of treatment,
photosynthesis and growth remained
about 35% greater under carbon diox-
ide enrichment (Rasse et al. 2005), with
little change in nitrogen concentrations
(Erickson et al. 2007). In wheat, an-
other C; plant, elevated carbon dioxide
atmospheres stimulated less growth
under nitrate than under ammonium
nutrition (fig. 9; see photo, page 69).

Physiological mechanisms

Several physiological mechanisms
appear to be responsible for the depen-
dency of nitrate assimilation on photo-
respiration.

First, the initial biochemical step of
nitrate assimilation is the conversion
of nitrate to nitrite in leaves. This step
is powered by the high-energy com-
pound NADH (reduced nicotinamide
adenine dinucleotide), and photorespi-

0.6
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c
E a B 360 ppm CO, and 21% O, w
: . B 720 ppm CO, and 21% O, i
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Fig. 8. Nitrate (NO; ) uptake as the amount of NO;™ depleted from a medium, and nitrate
assimilation as the difference between the rates of net NO;™ uptake and net accumulation

of free NO;" in plant tissues: (A) 36-day-old Arabidopsis or (B) 10-day-old wheat were
exposed to 360 ppm carbon dioxide (CO,) and 21% O, , 720 ppm carbon dioxide and

21% 0,, or 360 ppm CO; and 2% O,. Shown are the mean * SE (n = 13-16). Treatments
labeled with different letters differ significantly (P < 0.05). Light levels were 500 and 1,000
micromoles of quanta per meter squared per second for Arabidopsis and wheat, respectively

(Rachmilevitch et al. 2004).
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ration increases the availability of this
compound (Backhausen et al. 1998;
Igamberdiev et al. 2001). In contrast,
C, plants generate ample amounts of
NADH in leaves via a different bio-
chemical pathway. This explains why
shoot nitrate assimilation is relatively

Wheat
= NH,* and 360 ppm CO,
= NH,* and 700 ppm CO,
= NO,~ and 360 ppm CO,
= NO,™ and 700 ppm CO,
0.3 60
b b
d
_C_ C
0.2 + 40 o~
) =
s : s
< 3
= g I
o @
@ < < ©
0.1 3 209
0.0 0
Shoot  Stem Root Leaf area

Fig. 9. Biomass (grams dry mass) and leaf
area (cm?) per plant of wheat seedlings
grown for 14 days in controlled environment
chambers at 360 or 700 ppm carbon dioxide
and under NH;+ or NO3™ nutrition. Shown
are mean = SE for four replicate experiments,
each with 8 to 10 plants per treatment. Treat-
ments labeled with different letters differ
significantly (P < 0.05) (Bloom et al. 2002).

Environmental chambers in the UC Davis Controlled Environment
Facility are helping scientists to understand how plants react to
changes in atmospheric carbon, oxygen and other greenhouse gases.

independent of carbon dioxide concen-
trations in C4 plants (fig. 7).

Second, the subsequent biochemical
step of nitrate assimilation is the con-
version of nitrite to ammonium in the
chloroplasts of leaf cells, which requires
the transport of nitrite into the chloro-
plast. Elevated carbon dioxide inhibits
this transport (Bloom et al. 2002).

Third, this subsequent step also
requires chemical energy from the
oxidation of a different high-energy
compound called ferredoxin. Several
other processes — in particular, carbon
dioxide assimilation — depend on the
same energy source and seem to have
priority in using it. Ferredoxin becomes
involved in nitrate assimilation only
when carbon dioxide availability limits
Cs photosynthesis (Backhausen et al.
2000; Peirson and Elliott 1988).

Carbon dioxide and food quality

Many crops in California depend
on nitrate as their primary nitrogen
source. As atmospheric carbon diox-
ide concentrations rise and nitrate
assimilation diminishes, these crops
will be depleted of organic nitrogen,
including protein, and food quality
will suffer (Taub et al. 2008). Wheat,
rice and potato provide 21%, 14% and
2%, respectively, of protein in the hu-
man diet (FAOSTAT 2007). At elevated

Twelve wheat seedlings were subject to atmospheres containing various
concentrations of carbon dioxide and oxygen. The bubbles are a thin
water layer that lines the top of the chamber to control its temperature.

carbon dioxide and standard fertilizer
levels, wheat had 10% less grain pro-
tein (Fangmeier et al. 1999; Kimball et
al. 2001). Similarly, grain protein in rice
(Terao et al. 2005) and tuber nitrogen in
potato (Fangmeier et al. 2002) declined
by about 10% at elevated carbon diox-
ide concentrations.

Several approaches could mitigate
these declines in food quality under
carbon dioxide enrichment. Increased
yields may compensate to some de-
gree for total protein harvested (fig.

5). Several-fold increases in nitrogen
fertilization could eliminate declines
in food quality (Kimball et al. 2001),
but such fertilization rates would not
be economically or environmentally
feasible given the anticipated higher
fertilizer prices and stricter regula-
tions on nitrate leaching and nitrous
oxide emissions. Greater reliance on
ammonium fertilizers and inhibitors
of nitrification (microbial conversion of
ammonium to nitrate) might counteract
food quality decreases. Nevertheless,
the widespread adoption of such
practices would require sophisticated
management to avoid ammonium
toxicity, which occurs when plants ab-
sorb more of this compound than they
can assimilate into amino acids and
free ammonium then accumulates in
their tissues (Epstein and Bloom 2005).
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Several of these issues might be simul-
taneously addressed by fertigation, or
frequent additions of small amounts of
ammonium-based fertilizers in water
delivered through microirrigation.
These findings have broad implica-
tions for the future of plant distribu-
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Climate change will exacerbate California’s insect pest problems

by John T. Trumble and Casey D. Butler

The elevated carbon dioxide
concentrations and increasing
temperatures associated with
climate change will have substantial
impacts on plant-insect interac-
tions, integrated pest management
programs and the movement of
nonnative insect species into Cali-
fornia. Natural ecosystems will also
be affected by the expected changes
in insect diversity. Many insects will
alter how much they eat in response
to changing plant nutrition. Also, we
can expect increased problems with
many pest insects as they develop
more rapidly in response to rising
temperatures. If we hope to maintain
sustainable agro-ecosystems and
preserve native species in our natural
ecosystems, we need to begin pre-
paring now for the challenges of our
changing environment.

limate change is occurring. While

some people may find controversy
regarding the cause, there is no doubt
that carbon dioxide levels, temperatures
and ultraviolet levels are increasing
(IPCC 2007). Most global climate mod-
els predict that rainfall patterns will
change and that storms will increase
in severity (Hadley Centre 2007). The
cumulative effects of these changes on
plants and insects in California’s ag-
ricultural and natural ecosystems are
likely to be substantial.

Rising carbon dioxide will increase
the carbon-to-nitrogen balance in
plants, which in turn will affect insect
feeding, concentrations of defensive
chemicals in plants, compensation
responses by plants to insect her-
bivory, and competition between pest
species (Coviella and Trumble 1999).
Temperature increases already have
caused changes in species diversity and
distribution. For example, the mountain
pine beetle, a major forest pest in the

Franklin F. Laemmlen

Jack Kelly Clark

Climate change will fundamentally alter our relationship with pest insects. Top left, the
cabbage looper ate 20% more leaf area when lima beans were grown at high carbon-dioxide
concentrations. Top right, Argentine ants (shown tending aphids) out-compete native ants at
higher temperatures. Bottom left, the potato psyllid did not establish itself on earlier attempts,
but its 1999-2000 migration into California was successful. Bottom right, mosquitoes, which
carry dengue fever and malaria, emerge smaller when they breed in warmer water and must

blood-feed more frequently.

United States and Canada, has extended
its range northward by approximately
186 miles (300 kilometers) with the
temperature increase of approximately
3.5°F (1.9°C) (Logan and Powell 2001).
Additional changes in climatic bound-
aries and agro-ecosystem borders will
have significant implications not only
for the population dynamics of native
pests, but also for the occurrence and
severity of invasive species (Bale et al.
2002). Even patterns of outbreaks for
arthropod pathogens such as fungi are
expected to vary (Stacey and Fellowes
2002). Arthropod-borne human diseases
such as dengue and malaria will likely
increase (Juliano and Lounibos 2005).
By some estimates, agricultural
productivity in Africa, Asia and Latin
America is expected to decrease by
as much as 20%, with less developed
countries suffering the greatest nega-
tive effects (IPCC 2007). In California,
we can expect that current insect pests
will extend their ranges into new areas,
and that a variety of new insect pests
will appear. All of these climate-driven
changes present challenges and op-
portunities for sustainable agricultural

programs based on integrated pest
management (IPM). If California’s food
production is to keep pace with grow-
ing demand, we will need new culti-
vars, major changes in IPM programs,
increased funding and improved re-
sponse times to new pest outbreaks.

In this brief review we cannot cover
all of the potential impacts of climate
change. We will not discuss the pre-
dicted changes in rainfall, which are
rather variable and entail an increase
for Northern California and a decrease
for Southern California (Hadley Centre
2007). Also, while the interactions of
droughts, increasing temperatures,
storms and other possible factors are
likely to be important, space limita-
tions preclude a detailed analysis. We
focus instead on the two major climate-
change variables that have the strongest
documentation: increasing levels of at-
mospheric carbon dioxide and increas-
ing temperatures.

Elevated carbon dioxide

One of the most studied aspects of
climate change is the effect of increas-
ing concentrations of carbon dioxide

http://CaliforniaAgriculture.ucop.edu e APRIL-JUNE 2009 73

Jack Kelly Clark

Kathy Keatley Garvey



TABLE 1. Examples of how increasing atmospheric carbon dioxide affects
plant-insect interactions

Increasing atmospheric carbon dioxide leads to:

Reference

Increasing . . .
Food consumption by caterpillars
Reproduction of aphids
Predation by lady beetle
Carbon-based plant defenses
Effects of foliar applications of B. thuringiensis
Decreasing . . .
Insect developmental rates
Response to alarm pheromones by aphids
Parasitism
Effects of transgenic B. thuringiensis
Nitrogen-based plant defenses

Osbrink et al. 1987
Bezemer et al. 1999

Chen et al. 2005

Coviella and Trumble 1999
Coviella and Trumble 2000

Osbrink et al. 1987
Awmack et al. 1997

Roth and Lindroth 1995
Coviella et al. 2000
Coviella and Trumble 1999

on plants (table 1). Plants consist pri-
marily of carbon, and elevated carbon
dioxide levels allow them to grow
more rapidly because they can assimi-
late carbon more quickly. Greenhouse
growers have known this for decades,
and many add carbon dioxide to en-
courage plant growth.

Similarly, because carbon dioxide in-
creases the photosynthetic rates of most
crop plants, scientists initially thought
that increasing carbon dioxide would
be a panacea for the world’s food sup-
ply (LaMarche et al. 1984). In addition to
growing more quickly, many crop plants
would become more drought-tolerant.
This is because the openings in the
leaves (stomata) that let carbon dioxide
in also let water vapor out, and if there
is more carbon dioxide, then the stomata
do not need to be open as much.

Crop yields. Under conditions of el-
evated carbon dioxide, LaMarche et al.
(1984) suggested that the bigger, more
drought-tolerant plants which devel-
oped would be expected to produce
better yields even when conditions are
harsh. Unfortunately, this optimistic
prediction has not proven accurate. One
reason that yields have not increased is
that insects also eat more when plants
are grown in elevated levels of carbon
dioxide. Early research in California
demonstrated that while lima beans
(Phaseolus lunatus) did photosynthesize
better and grow more rapidly in higher
concentrations of carbon dioxide,
their primary pest, the cabbage looper
(Trichoplusia ni), also ate about 20% more
leaf area (fig. 1).

This occurred because the leaves
contained about 28% less nitrogen in
comparison to plants grown in ambi-
ent levels of carbon dioxide. Insects
are animals that must have nitrogen

to develop. Because there was less
nitrogen in the leaves grown in el-
evated levels of carbon dioxide, the
cabbage loopers’ response was to eat
more leaf area in order to get the same
amount of this critical nutrient. This
effect of increased feeding has now
been shown for many insect groups
such as butterflies, beetles, moths and
grasshoppers (Coviella and Trumble
1999). Other possible reasons for a lack
of accelerated crop growth include an
adaptation to elevated carbon dioxide
that slows photosynthesis (Hollinger
1987) and evidence that increased tem-
peratures will reduce the productivity
of plants in tropical and subtropical
climates (IPCC 2007).

Plant defenses. This abundance of
carbon and shortage of nitrogen leads
to other major changes in the plant that
can further affect insects. Many plants
have two types of chemical defenses
that reduce or stop insect feeding. One
group is carbon-based compounds
(such as phenolics and tannins) that
tend to slow insect growth, often by
binding with proteins to reduce the in-
sect’s ability to digest the food. Cotton
is a good example of a plant with phe-
nolics that can reduce insect feeding.
Elevated carbon dioxide levels allow
many plant species to greatly increase
their carbon-based defenses.

A second group of common plant
defenses is nitrogen-based compounds
(such as alkaloids and cyanogenic gly-
cosides) that either act as toxins and
kill the insects or act as repellents and
make the plants unpalatable. For ex-
ample, potatoes and plums are plants
containing defensive compounds based
on nitrogen. Elevated carbon dioxide
levels often reduce concentrations of
these nitrogen-based defenses.
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Fig. 1. (A) Photosynthetic activity, (B) leaf
area, (C) leaf area consumption by cabbage
looper larvae and (D) nitrogen content of lima
bean plants grown in elevated (900 ppm) and
ambient (385 ppm) carbon dioxide (Osbrink et
al. 1987). Different letters above bars indicate
significantly different values (P < 0.05).

The trade-off between carbon- and
nitrogen-based plant defenses will
have many potentially far-reaching
effects on insect feeding. In natural
ecosystems that have limited nitrogen
availability, plants may have lower
levels of nitrogen-based toxins and so
be subject to greater insect damage. In
agricultural systems, however, growers
typically manipulate the availability of
nitrogen, which can affect the concen-
trations of these defensive compounds.
For example, when cotton plants were
grown with 2.5 times the normal
amount of nitrogen fertilizer, the con-
centrations of carbon-based defenses
dropped dramatically (fig. 2).
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Transgenic plants and insecticides.
Interestingly, such changes have im-
portant implications for the use of
certain transgenic plants that are re-
sistant to insects. Currently, the most
commonly used genetic modification
in corn and cotton is the addition of
proteins from the bacterium Bacillus
thuringiensis (Bt). These proteins are
nitrogen-based defenses that have
a major impact on several common
insect pests, greatly reducing yield
losses. In our studies, growing these
transgenic plants in elevated carbon
dioxide resulted in a nearly 25% reduc-
tion of the expression of these proteins
(fig. 3). This reduction allowed some
beet armyworms (Spodoptera exigua) to
survive on these plants, which would
likely lead to the rapid selection of pest
populations resistant to these proteins.

Again, growers can overcome this
effect by adding additional nitro-
gen. However, this is an expensive
proposition and may also increase the
nitrogen runoff from fields, causing
problems for adjacent aquatic systems.
Because most commercial fertilizers
are manufactured from petroleum,
an increase in nitrogen use would
also cause an undesirable increase in
carbon dioxide released into the atmo-
sphere. We suspect that new methods
of making transgenic plants, such as
linking expression to mitochondria, ul-
timately will be employed to overcome
this problem.

In contrast to insect-resistant trans-
genic plants, some insecticides that are
applied to plant foliage will likely work
better in elevated carbon dioxide. As
noted earlier, insects eat more leaf area
when plants are grown in elevated car-
bon dioxide. This means that chewing
insects that eat more would get a larger
dose of any toxin on the plant. We
tested this hypothesis with spray ap-
plications of an organically acceptable
B. thuringiensis preparation, many of
which are widely available. Not surpris-
ingly, the insects that ate more leaf area
received a greater dose of the toxin and
died significantly faster and in higher
numbers (Coviella and Trumble 2000).
Thus, the selection of pesticides that act
as stomach poisons may become an in-
creasingly important strategy for insect
control as carbon dioxide levels rise.

Increased temperatures

Temperatures in most regions of the
world are increasing, and there are al-
ready indications that insects and plants
are responding (table 2, page 76). These
temperatures are not just the result of
warmer summer days but also of fewer
cold days, cold nights and frosts (IPCC
2007). In coastal California, average tem-
peratures are predicted to increase by up
to 10°F (5°C) inland and 5°F (2.5°C) along
the coast in this century (Hadley Centre
2007). In California, we should plan on:
(1) the range expansions of insects that
are already here, (2) the arrival of more

must eat more to get the same amount of nutrient. In this chamber study, insects eating
plants treated with Bacillus thuringiensis received a higher dose of the toxin as well, and
died at significantly higher rates.

http://CaliforniaAgriculture.ucop.edu

| — Elevated CO, — Ambient O,

. A (total phenolics)

G
> 30 i\
3
Z \
S 25
S 20
©
i) \
> 15
a

10

B (condensed tannins)

45
30—
2 35
£
= 30 N\
=) 254 N\
2 50 SN
% 15 SO\
@ \
> 1.0 \
a o5

Normal N High N

Fig. 2. Increased nitrogen (N) fertilization

led to reduced production of carbon-based
defensive compounds in cotton grown in
elevated (900 ppm) versus ambient (385 ppm)
carbon dioxide for (A) total phenolics and

(B) condensed tannins (Coviella et al. 2002).
Values are significantly different at normal
nitrogen fertilization levels. Data are presented
as interaction plots following a 2x2 factorial
ANOVA with least square means tables
calculated for all significant interactions.
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Fig. 3. Interactions of ambient (385 ppm)

and elevated (900 ppm) carbon dioxide and
nitrogen fertilization on expression of Bacillus
thuringiensis (Bt) proteins in cotton (ng/g

= nanograms/gram) (Coviella et al. 2000).
Values for foliar Bt content are significantly
different for normal (1x) and high (2x) nitrogen
fertilization levels. Data are presented as

an interaction plot following a 2x2 factorial
ANOVA with contrast analyses calculated for
all significant interactions.
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new insect pests and (3) changes in
ecosystems that will allow some insect
species to reach dramatic new popula-
tion levels while forcing other species
into extinction.

Range expansion. In the Northern
Hemisphere, insect populations are
already migrating northward. Even
though regional temperatures have
increased by only 3°F to 4°F (2°C) in
the past 25 years, rather dramatic
shifts of 185 miles in range have
been reported for the green stinkbug
(Acrosternum hilare) in England and
Japan. Likewise, the Edith’s check-
erspot butterfly (Euphydryas editha) is
expanding its population northward
in the United States while declining at
the southern end of its range in Mexico
(Parmesan 2006). In the past 15 years,
the mountain pine beetle (Dendroctonus
ponderosae), a destructive pest of pine
trees, has extended its range more
than 180 miles northward (Logan and
Powell 2001). This movement has al-
lowed adults at the northern extent
of the beetles’ range to cross through
Pine Pass to reach the east side of the
Rocky Mountains. These migrations
are not unexpected, as similar range
shifts have been observed in the fossil
insect record when climatic conditions
changed (Elias 1994).

One reason for such range expan-
sions is a change in frost patterns
(Fleming and Volney 1995; IPCC 2007).
As temperatures increase, the fre-
quency of spring frosts declines and
the resulting extended frost-free peri-
ods increase the duration and intensity
of insect outbreaks. Growers can also
be expected to take advantage of the

changing climate by planting earlier.
These plants will then be available for
crop-infesting insects, allowing insect
populations to get an even quicker
start and potentially add additional
generations during a typical grow-
ing season. For many crop pests, this
means much bigger populations by
the end of the season. For these rea-
sons, the Intergovernmental Panel

on Climate Change (a scientific body
set up by the World Meteorological
Organization and the United Nations
Environment Program) lists increasing
insect outbreaks as “virtually certain”
(IPCC 2007).

New pests. New insect species arrive
frequently in California, primarily due
to the rapid movement of people and
goods. However, increasingly warmer
temperatures mean that insects that
previously could not survive here can
now thrive. For example, while a de-
structive pest known as the potato psyl-
lid migrated into California on several
occasions in the 20th century, those
populations usually lasted only for a
year. Cool temperatures during the win-
ter forced this insect to retreat to Mexico
and the southernmost tip of Texas.
However, the potato psyllid migrated
into California again in 1999 or 2000, and
has since established large, year-round
populations as far north as Ventura
County that have persisted for the last 7
years. The tomato, potato and pepper in-
dustries have suffered substantial losses
as a result (Liu and Trumble 2007).

Ecosystem changes. Warmer temper-
atures will benefit some insect species
over others. In our studies, even a 5°F
to 6°F (3°C) increase in average summer

TABLE 2. Examples of how increasing temperatures affect arthropod species and
arthropod-related systems

Increasing atmospheric carbon dioxide leads to:

Reference

Increasing . . .
Northward migration
Migration up elevation gradients
Insect developmental rates and oviposition
Potential for insect outbreaks
Invasive species introductions
Insect extinctions
Occurrence of human and animal diseases
Decreasing . . .
Effectiveness of insect biocontrol by fungi
Reliability of economic threshold levels
Insect diversity in ecosystems
Parasitism

Parmesan 2006

Epstein et al. 1998

Regniere 1983

Bale et al. 2002

Dukes and Mooney 1999

Thomas et al. 2004

Juliano and Lounibos 2005; Patz et al. 2003

Stacy and Fellowes 2002

Predicted in this paper

Erasmus et al. 2002

Hance et al. 2007; Fleming and Volney 1995
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Because insect development
is more rapid at higher
temperatures, populations
will develop faster and

crop damage will occur
more rapidly than currently
expected.

temperatures in Southern California
would reduce offspring production by
about 90% for an important beneficial
wasp, the common parasite Cotesia mar-
giniventris (C.D. Butler and J.T. Trumble,
unpublished data). This seemingly
minor temperature increase is there-
fore likely to eliminate populations of
this parasite in many interior valleys.
The loss of this insect could lead to
increased damage from some caterpil-
lar species, and would likely result in
increased pesticide applications.

On the other hand, higher tempera-
tures will favor some agricultural and
urban pests. Argentine ants (Linepithema
humile), which have already expanded
throughout Southern and Central
California, are better competitors
against native ant species at higher tem-
peratures (Dukes and Mooney 1999).
As temperatures rise, this pest will
likely spread farther north, displacing
more native ant species. The spruce
budworm (Choristoneura fumiferana) will
also benefit from warmer temperatures.
The number of eggs laid by this pest of
conifers is 50% greater at 77°F (25°C)
than at 59°F (15°C) (Regniere 1983). In
addition, higher temperatures can shift
the timing of reproduction in spruce

In a warmer environment, frost may be
eliminated entirely in some regions, allowing
certain insect pests to breed year-round.
Above, frost damage to pear.

Jack Kelly Clark



budworms so that they may no longer
be affected by the parasitoids that usu-
ally keep populations down (Fleming
and Volney 1995).

Thus, the potential for damaging
insect pest outbreaks can be expected
to increase as temperatures climb.
These outbreaks can lead to substantial
ecosystemwide changes in carbon and
nitrogen cycling, biomass decomposi-
tion and energy flows (Haack and Byler
1993). For example, outbreaks that lead
to defoliation or premature leaf drop by
plants would change the typical nutri-
tional composition of leaf litter, thereby
affecting the success of organisms that
decompose decaying biomass. The long-
term effects of changes at such funda-
mental levels are difficult to predict
with the available research knowledge.

Another logical outcome of increas-
ing temperatures is an increase in
the occurrence and intensity of forest
fires. In some cases, particularly when
higher temperatures occur along with
droughts, trees become more suscep-
tible to insect attack. This effect was
seen early in this century in Southern
California, with the thousands of acres
of trees dead from bark beetle attacks
fueling huge forest fires. Some species
are attracted to fire-damaged trees, and
these insects can be expected to reach
exceptional populations if their food
resources continue to increase.

Preparing for climate change

Modifying IPM practices. IPM is the
most widely used strategy for insect
control in California. This approach
generally integrates biological controls
(predators, parasites and pathogens),
chemical controls (pesticides) and cul-
tural controls (such as resistant crop
varieties and planting times) to reduce
insects below the population threshold
that will cause economic losses. Most
researchers and growers try to design
IPM programs that maximize eco-
nomic returns and sustainability while
minimizing potential environmental
impacts (Trumble 1998). This strategy
is based on extensive knowledge of just
how many insects can be tolerated be-
fore yield losses occur. Researchers and
growers have designed and field-tested
these programs over many years.

Unfortunately, we predict that sci-
entists and growers will need to mod-

www.bcforestinformation.com

The mountain pine beetle (inset) has dramatically increased its range over the past 15 years,

causing extensive damage to British Columbian pine forests (shown); in recent years, it has

spread east across the Rocky Mountains.

ify many of these carefully constructed
IPM programs to address several
important effects of increasing tem-
perature. Because insect development
is more rapid at higher temperatures,
populations will develop faster and
crop damage will occur more rapidly
than currently expected. For example,
treatment thresholds based on insects
per plant will need to be reduced to
prevent unacceptable losses. Those
IPM programs that rely on degree-
day models may need only minimal
modification, unless the control strate-
gies include biological control agents.
Reports are already available that even
the relatively modest increases in tem-
perature that have occurred to date
can reduce the effectiveness of insect
pathogens (Stacy and Fellowes 2002).
In some cases, increasing temperatures
can greatly reduce the pest suppres-
sion provided by parasites (Hance et
al. 2007). These differences between
the thermal tolerances of the host and
parasitoid can lead to temporal or
geographical separation, resulting in
pest outbreaks. For example, the fly
Drosophila simulans is a suitable host for
the wasp Leptopilina heterotoma at tem-
peratures between 64°F and 72°F (18°C
and 22°C), but becomes a poor host at
79°F (26°C) (Ris et al. 2004).

In addition, increasing temperatures
will likely favor insects with multiple
generations each year over those with
only a single generation (Bale et al.
2002). Due to the increased develop-
mental rate at higher temperatures,
such species could add even more
generations and so could potentially
achieve much higher numbers by the
end of the season. A maximum ef-
fect can be expected in those regions
where increasing temperatures will

entirely eliminate frosts, allowing such
insects to breed throughout the year.
This will permit a variety of new tropi-
cal and subtropical insects to expand
into these areas. The effects of such
diversity changes on our natural, ag-
ricultural and urban ecosystems will
probably be profound.

Vectors of human pathogens. In
particular, most scientists expect that
the recent and predicted increases in
temperature will have a major impact
on medically important insects such
as mosquitoes (Juliano and Lounibos
2005). According to the World Health
Organization, the expected climate
changes will affect insect-borne
diseases such as dengue fever and
malaria by increasing insect ranges, re-
productive rates and biting rates (Patz
et al. 2003). In the case of dengue fever,
warmer water temperatures at breed-
ing sites reduce the size of emerging
adult mosquitoes that subsequently
must blood-feed more frequently to de-
velop their eggs.

Also, the infectious agents that cycle
through insects are quite susceptible
to even subtle temperature variations.
The development of the dengue virus
inside the mosquito also shortens with
higher temperatures, increasing the
proportion of mosquitoes that become
infectious at a given time. Higher tem-
peratures have also increased the geo-
graphic range of the malarial parasite
Plasmodium falciparum. This parasite
is generally limited to the tropics and
subtropics because it requires an aver-
age temperature above 64°F (16°C) to
develop. In the past 5 years, tempera-
ture increases have extended the range
of malaria to elevated urban areas in
Africa that had been free of the disease
through recorded history (Epstein et al.
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1998). Similarly, much larger portions of
the United States now exceed the 64°F
(16°C) development threshold, making
the important work of mosquito control
districts even more critical.

Increased research needs

Researchers will be hard-pressed
to deal with the combined effects of
climate change. The capabilities of
California’s agricultural research com-
munity will be stretched by changes in
pest species composition and develop-
mental rates, the need to modify IPM
strategies, the desirability of introduc-
ing new biocontrol agents against inva-
sive species, changes in plant resistance
and nitrogen use, and the need for new
drought-resistant crop cultivars as well
as new cropping systems. In addition,
substantial research will be needed to
guide management efforts to maintain
the functionality of natural systems,
given the expected northward move-
ment of plant and animal species, the
appearance of new invasive and nonna-
tive species, and the likely ecosystem-
wide changes in carbon and nitrogen
cycling, biomass decomposition and
energy flow.

At the same time, human popula-
tions in California and the rest of the
world are rapidly increasing. Most
people live in urban settings and, not
surprisingly, do not always have an
appreciation for the needs of natural
and agricultural ecosystems. In addi-
tion, population growth has created
exceptional demands for energy, land
and water in California, in turn causing
conflicts with growers and those who
manage protected lands. Unfortunately,
this is occurring at a time when we are
discovering that reducing costs by out-
sourcing our food production to other
countries does not always produce a
safe and nutritious product (Martin and
Palmer 2007). The recent discovery that
imported eggs, fish and many other
food products can contain dangerous
levels of melanine serves as an excel-
lent example. The need for additional
research to help predict the long-term
effects of climate change on agricul-
tural systems is of vital importance to
California and the world.
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Direct measurements improve estimates of

dairy greenhouse-gas emissions

by Frank M. Mitloehner, Huawei Sun and
John F. Karlik

California is the leading dairy state in
the United States, producing 21% of
the nation’s milk supply. The state’s
highest concentration of dairies is in
the San Joaquin Valley, a region that
violates federal limits for ozone and
particulate matter in the air. Volatile
organic compounds and greenhouse-
gas emissions from dairies contribute
to regional air-quality challenges and
also play a role in climate change. We
used an environmentally controlled
chamber to monitor greenhouse-gas
emissions from dairy cattle over a
24-hour period, and we measured the
emissions from waste slurry using a
simulated dairy waste lagoon. This
research helps to quantify emissions
from dairies in California and sug-
gests possible approaches for their
mitigation.

Warming of the climate system is

unequivocal, according to the
Intergovernmental Panel on Climate
Change (IPCC 2007). Further, it is more
than 95% likely that the observed in-
crease in globally averaged tempera-
tures since the mid-20th century is due
to human activity, principally through
the observed increases in concentra-
tions of greenhouse gases. In other
words, there is less than a 5% prob-
ability that this temperature increase
is caused by natural climatic processes
alone (IPCC 2007). Climate change will
affect California in a number of ways, if
it has not already.

The three major anthropogenic green-
house gases are carbon dioxide, methane
and nitrous oxide, and agriculture con-
tributes significant amounts of each. The
IPCC estimated that globally, agriculture
contributed 10% to 12% of anthropogenic
carbon dioxide (CO»), 40% of methane
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Holstein dairy cows were housed in an environmental chamber for 24 hours to accurately

measure all their emissions of greenhouse gases, including methane and nitrous oxide; the cows

were fed a total mixed-ration diet.

(CHy) and 60% of nitrous oxide (N,O)
emissions in 2005. Agricultural processes
and sources generating greenhouse
gases include the burning of fossil fuels,
deforestation, rice cultivation, biomass
burning, enteric fermentation by rumi-
nants (gas belched from the stomachs of
cattle, goats and sheep), the fermentation
of animal manure and the application

of nitrogenous fertilizers. The livestock
industry is estimated to contribute half
of total U.S. agricultural greenhouse-gas
emissions, with a quarter each coming
from ruminant enteric fermentation and
animal waste (USDA 2004).

Livestock emissions

Ruminants’ enteric fermentation and
manure produce both methane and
nitrous oxide emissions (Kaspar and
Tiedje 1981; IPCC 2007; Jarvis and Pain
1994; Jungbluth et al. 2001; Phetteplace
et al. 2001). Considering the global

warming potentials of these two green-
house gases (see box, page 80), methane
contributes an estimated three-quarters
and nitrous oxide an estimated one-
quarter of the total greenhouse-gas
emissions in carbon dioxide equivalents
from the U.S. livestock industry.
Methane. Dairy cow methane emis-
sions can be affected by factors such
as animal feed intake, size and growth
rate, milk production and particularly
energy (carbohydrate and fat) con-
sumption (Jungbluth et al. 2001). Most
California dairies manage animal
waste in corrals and flush liquid ma-
nure slurry with water into uncovered,
anaerobic (oxygen depleted) storage la-
goons. Each of these manure methods
has different biochemical pathways
that result in varied greenhouse-gas
emissions rates. For example, cor-
rals (or drylot systems) usually have
relatively high nitrous oxide and low
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Global warming potential of gases

Greenhouse gases absorb energy
(heat) in specific wavelength bands in
the infrared, also called thermal in-
frared or long-wave radiation. These
gases include water vapor, ozone,
carbon dioxide, methane (natural
gas) and nitrous oxide. Water vapor
is the most important because of its
concentration in the atmosphere, but
changes in water vapor concentra-
tions are not responsible for observed
climate warming (IPCC 2007). Other
greenhouse gases also absorb outgo-
ing long-wave radiation emitted by
Earth'’s surface (blackbody radiation),
and play important roles in absorp-
tion across certain atmospheric
wavebands where water vapor is
relatively transparent. Global warm-
ing potential (GWP) is an index for
comparing the outgoing thermal in-
frared radiation trapped by a specific
gas to that trapped by a reference gas,
which is usually carbon dioxide. The
atmospheric lifetime of both gases is
also taken into account in the global
warming potential calculation.

Both high thermal infrared absor-
bance and long atmospheric lifetime
can elevate global warming potential.
In greenhouse-gas inventories, the
global warming potential of a gas
or gas mixture is often expressed as
carbon dioxide equivalents (CO5e).
Methane and nitrous oxide have
global warming potentials of 21 and
310 carbon dioxide equivalents, re-
spectively, and are therefore impor-

methane emissions, while anaerobic
lagoons have low nitrous oxide and
variable methane emissions (USDA
2004). Previous studies predicted
methane emissions from dairy cows
based on their physiology and the ani-
mal’s feed energy consumption (Holter
and Young 1992). Direct measurements
of methane emissions from cows and
dairy facilities have been made, but
rarely under controlled conditions
(Kinsman et al. 1995; Jungbluth et al.
2001; Sneath et al. 1997).

Nitrous oxide. The manure of ru-
minant animals can be a considerable
source of nitrous oxide. The production

tant in discussions of climate change,
even though their atmospheric con-
centrations are less than one-
hundredth that of carbon dioxide.
Ozone in the lower atmosphere is
also a greenhouse gas, although its
effects on climate are complex and
sensitive for its vertical distribution
profile (Finlayson-Pitts and Pitts
2000). Ozone is the principal air pol-
lutant in California air basins with
regard to regional air quality. Ozone
in the lower atmosphere is produced
via reactions of volatile organic com-
pounds and nitrogen oxides, in the
presence of sunlight. Volatile organic
compounds contain carbon and are
found in the gas phase at typical
ambient temperatures; they include
compounds emitted from both an-
thropogenic sources (such as motor
fuels) and biogenic sources (including
green plants and animal agriculture).
Nitrogen oxides are a byproduct
of high-temperature combustion.
Elevated levels of ozone are found
where both volatile organic com-
pounds and nitrogen oxide emissions
are high, solar intensity is high, an
air mass is trapped, and air tempera-
ture is high enough to allow rapid
chemical reactions. Higher ambient
temperatures during the summer,
brought about by climate change, will
tend to enhance ozone production in
the lower atmosphere and provide
positive reinforcement for additional
temperature increases.

of this gas from dairy waste depends
on the waste composition, bacteria
involved and conditions following
excretion. Mostly, nitrous oxide can

be emitted as an intermediate product
during nitrification (the aerobic pro-
cess that forms nitrate from ammo-
nium nitrogen) and denitrification (the
anaerobic process that forms nitrogen
gas from nitrate). These reactions gen-
erally occur in the soil when chemical
fertilizers or animal manure nutrients
are applied to crops (Groffman et al.
2000). Nitrate reduction (forming nitro-
gen gas) can occur in the rumen of the
cow and then escape during eructation
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Fig. 1. Greenhouse-gas emissions from Holstein
cows (three groups of three cows each; n = 3)
housed in an environmental chamber, tested
for (A) nitrous oxide (N,0), (B) carbon dioxide
(CO,) and (C) methane (CH;) from cows and
their fresh waste over 24 hours.

(belching of gas from the first stom-
ach), resulting in the emission of meth-
ane and some other gases, including
nitrous oxide. However, ruminant ani-
mals are considered a small source of
nitrous oxide emissions (USDA 2004).

Compared to methane emissions,
literature on nitrous oxide emissions
from dairy cows is scarce (Jungbluth
et al. 2001). Direct measurements of
nitrous oxide emissions from dairy
facilities range between 0.01 and 0.08
gram of nitrous oxide per livestock
unit (1,102 pounds of animal) per hour
(Amon et al. 2001; Jungbluth et al. 2001;
Sneath et al. 1997).



Anaerobic digestion systems could be one
of the best available technologies to reduce
greenhouse gas from dairies.

Volatile organic compounds. Live-
stock also emit volatile organic com-
pounds, such as alcohols, ketones,
aldehydes and volatile fatty acids. Volatile
organic compounds contribute to ozone
formation, which acts as a greenhouse
gas in the lower parts of the atmosphere
(see box). However, there have been few
reports on the emissions rates of volatile
organic compounds from dairy cows and
waste (Filipy et al. 2006; Rabaud et al.
2003). Miller and Varel (2001) measured
alcohol concentrations in both fresh and
aged cattle manure slurries under labora-
tory conditions. Martensson et al. (1999)
monitored volatile fatty acids in dairy
barns and detected acetic, butyric, lactic
and formic acid in the air. With respect
to ozone-forming volatile organic com-
pounds, no comprehensive research had
been conducted until a recent UC study
(Shaw et al. 2007).

Dairy cow emissions

Controlled chamber. In 2008, we used
an environmentally controlled chamber
at the UC Davis Department of Animal
Science to measure greenhouse-gas
emissions from lactating dairy cows
and their fresh waste (fig. 1). The
185-cubic-yard chamber had one air in-
let and one air outlet, and a continuous
ventilation rate of 2,930 cubic yards per
hour, or a 6-minute air turnover rate at
70°F and 1 atmosphere. We assembled
three free-stall beds (rubber-floored
individual resting places) so that the
cows could rest, to simulate typical
dairy free-stall housing conditions.
Cows had free access to feed and water.
Cow excreta (urine and feces) accu-
mulated on the concrete floor until the
chamber was cleaned. The Association
for Assessment and Accreditation of
Laboratory Animal Care International
certified the environmental chamber
facility, and the UC Davis Institutional
Animal Care and Use Committee ap-
proved the project to certify the health
and welfare of the animals.

Nine lactating Holstein dairy cows
from the UC Davis dairy herd were
used for the experiments, in groups of
three. The average cow’s weight in the
study was 1,446 pounds, its dry matter

feed intake was 25 pounds per cow per
day, and its milk yield was 62 pounds
per cow per day. Cows were fed a total
mixed-ration diet (table 1).

Background air samples were col-
lected in the empty chamber before the
first hour of each 24-hour experimental
period to assess baseline greenhouse-
gas concentrations in the incoming and
outgoing air. After 1 hour of empty
chamber measurements, three cows
were placed inside. The animals were
kept in the chamber for 24 hours, and
manure accumulated. The cows were
milked with a mobile milking unit both
before placement in the chamber and
after 10 hours inside the chamber. After
24 hours, the cows were taken out of the
chamber.

Emissions fluxes. Nitrous oxide,
carbon dioxide and methane emitted
from the dairy cows and their fresh
excreta were continuously measured
using an INNOVA model 1412 Field Gas
Monitor INNOVA AirTech Instrument,
Ballerup, Denmark). This gas analyzer
can selectively measure up to five com-
ponent gases and water vapor simul-
taneously through the use of optical
filters. The detection limits of this ana-
lyzer were 210 micrograms per cubic
meter (1g/m?) for methane and 39.9 pg/
m? for nitrous oxide. The greenhouse-
gas emissions fluxes were calculated
as the concentration difference be-
tween the chamber outlet and inlet air
streams, multiplied by the constant air
flow, as seen in the following equation:

E= ZQ x (Cout = Cin)

nxN

where E = gas emission rate from cham-
ber (grams/hour); C,,; = mass concen-
tration in exhaust air (grams per cubic
meter [grams/m?]); C;, = mass concen-
tration in incoming air (grams/m3); Q =
air flow at 68°F (20°C) and 1 atmosphere
(m3/hr); n = total effective measurement
numbers; and N = cow numbers.

Greenhouse gases measured

Methane. When cows entered the
chamber, methane fluxes immediately
increased (fig. 1), indicating that en-

TABLE 1. Ingredient and chemical composition of
cattle diets in controlled chamber study

Item Diet
%
Ingredient, as-fed basis
Grain mix* 37.51
Alfalfa 36.15
Almond hulls 11.97
Whole cottonseed 9.58
Soybean meal 2.08
Minerals 1.6
EnerG Il 0.8
Salt 0.32
Component, dry matter (DM) basis
Acid detergent fibert 21.6
Neutral detergent fiber 29
Ash 8.4
Nonfiber carbohydrate 41.6
Crude protein 17.2
Calcium 0.9
Phosphorus 0.39
Magnesium 0.33
Potassium 2.06
Sodium 0.43
ppm
Iron 274
Manganese 63
Zinc 97
Copper 19

* Barley (41.5% DM), corn (41.5% DM), beet pulp
(13.8% DM) and tallow (3.2% DM).

t The fraction of indigestible plant material in forage,
usually cellulose fiber coated with lignin.

teric fermentation rather than fresh
waste is the main process responsible
for production of this gas from cows.
After the cows were removed from the
chamber, methane fluxes returned to
background levels. The mean emis-
sions rate of methane from lactating
cows and manure was 11.36 grams per
cow per hour. Fresh manure produces
negligible methane fluxes, and under
commercial conditions it is usually
flushed out of the animal housing area
into the waste lagoon three times per
day on average. As a result, methane
emissions from the animal housing
components of a dairy can be esti-
mated largely on the basis of animal
(enteric) emissions. Several recent re-
ports showed similar flux rates from
lactating cow facilities (Kinsman et al.
1995; Sneath et al. 1997).

Nitrous oxide. Kaspar and Tiedje
(1981) reported that a small quantity of
enteric nitrous oxide was emitted from
cows. Similarly, we found nitrous oxide
emissions of 0.02 gram per cow per
hour (fig. 1).
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Laboratory-scale reactors were used to test the
effectiveness of various manure treatments.

Volatile organic compounds. In a UC
study, Shaw et al. (2007) showed that
major volatile organic compounds from
cows include methanol. This study
also showed that of the volatile organic
compounds from cows, the reactive
(ozone forming) fraction was 6 to 10
times lower than the value for cows
and fresh waste that California regula-
tory agencies have historically used
to develop volatile organic compound
inventories for ozone attainment in the
San Joaquin Valley. Ozone contributes
to global warming and thus all such
ozone precursors should be considered
in climate-change discussions.

Dairy waste lagoon emissions

To study greenhouse-gas emissions
from liquid dairy waste storage, we
simulated a column of dairy waste-
water in a lagoon with laboratory-scale
reactors — devices that support a
biologically active environment. These
reactors had a cylinder column made
of polyvinyl chloride pipe that was 2.7
yards deep and 6 inches in diameter.
The total liquid volume in each reactor
was 1.3 cubic feet, and the total liquid
depth was maintained at 2.33 yards.

The reactors were initially seeded with
liquid pumped from a commercial dairy
wastewater lagoon. The liquid contained
0.41 pound per cubic foot (Ib/ft?) total
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Strategies to reduce methane emissions from dairies include modifying cattle diets to enhance
digestibility and improving milk production so that fewer cows are needed.

solids and 0.24 1b/ft3 volatile solids (or-
ganic compounds), and had a pH of 74.
The reactors were operated according

to the design guidelines of anaerobic la-
goons for the San Joaquin Valley, with a
loading rate of 0.32 pound volatile solids
per cubic yard per day and a hydraulic
retention time of 70 days.

A mixture of fresh dairy feces and
urine was collected directly from lactat-
ing cows, and then diluted with fresh
water and passed through a screen
with 2-millimeter openings to make a
manure liquid of 1.0 pound per cubic
foot total solids and 0.75 pound per foot
volatile solids. The reactors were fed
with the manure liquid once a day. The
average storage temperature of about
61.7°F (16.5°C) was close to the annual
average temperature in the San Joaquin
Valley. The headspaces of the reactors
were provided with a fresh air-flow at
a constant rate of 0.035 cubic foot per
minute using compressed air, which
was controlled with a mass-flow con-
troller. Concentrations of greenhouse
gases at the air inlets and outlets of
the reactors were measured using the
same INNOVA multigas photoacoustic
monitor for 2 days every week. The
entire experiment lasted 6 months.

The lagoon-water methane and ni-
trous oxide emissions were 0.46 +0.20
and 0.00095 + 0.00015 gram per cubic
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meter per day, respectively. Assuming
that a lactating cow produces 150 pounds
of manure per day with 176 pounds of
volatile solids, an average 65.4-cubic-
yard lagoon volume is required for
storage, based on standards from the
American Society of Agricultural and
Biological Engineers (ASABE 2005)

and USDA (2004). In the present study,
approximately 1.22 pounds of methane
and 0.002 pound of nitrous oxide were
produced from dairy-waste lagoon water
per lactating cow per day.

Methane and nitrous oxide emis-
sions from animal waste can also be
calculated as described by USDA (2004).
However, our study found a slightly
lower methane and a higher nitrous ox-
ide emissions rate than those predicted
in the USDA study (2004). Their calcula-
tion showed that approximately 1.49
pounds of methane and 0.000926 pound
of nitrous oxide per cow per day were
emitted from the dairy wastewater la-
goons, which are commonly used for
manure storage at medium (200 to 700
head) and large (more than 700 head)
operations in the United States, accord-
ing to the EPA definition (US EPA 2007;
USDA 2004).

Reducing livestock emissions

Enteric fermentation and waste-
water lagoons are two distinct sources of



greenhouse gases from livestock, espe-
cially methane emissions from dairies.

There are a number of potential
strategies to effectively control methane
emissions from enteric fermentation
(Mosier et al. 1998; USDA 2004). USDA
(2004) suggested that these strategies
may include: (1) increasing the digest-
ibility of forages and feeds by making
feed digestion more efficient; (2) us-
ing feed additives to tie up hydrogen
in the rumen, because hydrogen is
an important intermediate product to
produce methane; (3) inhibiting ru-
men bacteria (methanogens) that pro-
duce methane; (4) enhancing rumen
microbes to produce usable product
rather than methane; and (5) improving
milk production efficiency to reduce
animal numbers.

Likewise, multiple options are
available for reducing greenhouse-gas
emissions from dairy waste. In general,
oxygen inhibits the methanogens in
cow waste, which then produce less
methane. Our recent study showed that
the partial deep aeration of lagoon wa-
ter can reduce methane emissions sig-
nificantly (data not shown). However,
these systems produce higher nitrous
oxide emissions, which could offset
the methane reduction likely due to in-
creased nitrification rates (USDA 2004).

Anaerobic digestion systems (cov-
ered lagoons or methane digesters) are
another option for reducing greenhouse-
gas emissions from dairy waste. Unlike
conventional uncovered lagoons, di-
gestion technologies provide actual
treatment through increased microbial
processes. From a waste treatment stand-
point, anaerobic digestion systems could
be one of the best available technologies
to reduce greenhouse gases from dairies
(USDA 2004).

However, future research is needed
to address the mitigation of methane
and nitrous oxide from cow enteric
fermentation, which we have shown to
be the chief of all dairy contributors to
climate change.

F.M. Mitloehner is Associate Professor and Coop-
erative Extension Specialist, and H. Sun is Postdoc-
toral Fellow, Department of Animal Science, UC
Davis; and J.F. Karlik is Advisor, UC Cooperative
Extension, Kern County.

Covered lagoons and methane digesters are an option for reducing greenhouse-gas emissions
from dairy waste. In Germany, the village of Juehnde built a digester for livestock waste and other
biomass. The methane is combusted to produce electric power and heat for homes in the village,
which is the first in the world to go “off the grid” through the use of its own waste.

References

[ASABE] American Society of Agricultural and Biologi-
cal Engineers. 2005. Manure production and charac-
teristics. D384.2 MAR2005. St. Joseph, Mich.

Amon B, Amon T, Boxberger J, et al. 2001. Emis-
sions of NH3, N,O and CH, from dairy cows housed
in a farmyard manure-tying stall (housing, manure
storage, manure spreading). Nutr Cycl Agroecosyst
60:103-13.

Filipy J, Rumburg B, Mount G, et al. 2006. Identifica-
tion and quantification of volatile organic compounds
from a dairy. Atmos Env 40:1480-97.

Finlayson-Pitts BJ, Pitts JN. 2000. Chemistry of the
Upper and Lower Atmosphere. Theory, Experiments,
and Applications. San Diego, CA, and London, UK:
Academic Pr. 969 p.

Groffman PM, Gold AJ, Addy K. 2000. Nitrous oxide
production in riparian zones and its importance to
national emission inventories. Chemosphere: Glob
Change Sci 2:291-9.

Holter JB, Young AJ. 1992. Methane prediction in dry
and lactating Holstein cows. J Dairy Sci 75:2165-75.

[IPCC] Intergovernmental Panel on Climate Change.
2007. Climate Change 2007: The Physical Science
Basis. Group | Contribution to the Fourth Assessment
Report of the IPCC. Cambridge, UK, and New York,
NY: Camb Univ Pr. 996 p.

Jarvis SC, Pain BF. 1994. Greenhouse gas emissions
from intensive livestock systems: Their estimation and
technologies for reduction. Clim Change 27:27-38.

Jungbluth T, Hartung E, Brose G. 2001. Greenhouse
gas emissions from animal house and manure stores.
Nutr Cycl Agroecosyst 60:133-45.

Kaspar HF, Tiedje JM. 1981. Dissimilatory reduction of
nitrate and nitrite in the bovine rumen: Nitrous oxide
production and effect of acetylene. Appl Env Micro-
biol 41:705-9.

Kinsman R, Sauer FD, Jackson HA, et al. 1995. Meth-
ane and carbon dioxide emissions from dairy cows in

full lactation monitored over a six-month period. J
Dairy Sci 78:2760-6.

Martensson LM, Magnusson MY, Shen Y], et al.
1999. Air concentration of volatile organic acids in
confined animal buildings — determination with ion
chromatography. Ag Ecosyst Env 75:101-8.

Miller DN, Varel VH. 2001. In vitro study of the
biochemical origin and production limits of odor-
ous compounds in cattle feedlots. J Anim Sci
79:2949-56.

Mosier AR, Duxbury JM, Freney JR, et al. 1998.
Mitigating agricultural emissions of methane. Clim
Change 40:39-80.

Phetteplace HW, Johnson DE, Seidl AF. 2001. Green-
house gas emissions from simulated beef and dairy
livestock systems in the United States. Nutr Cycl
Agroecosyst 60:99-102.

Rabaud NE, Ebeler E, Ashbaugh LL, et al. 2003.
Characterization and quantification of odorous
and non-odorous volatile organic compounds
near a commercial dairy in California. Atmos Env
37:933-40.

Shaw SL, Mitloehner FM, Jackson WA, et al. 2007.
Volatile organic compound emissions from dairy
cows and their waste as measured by proton-trans-
fer mass spectroscopy. Env Sci Technol 41:1310-6.

Sneath RW, Phillips VR, Demmers TGM, et al. 1997.
Long-term measurement of greenhouse gas emis-
sions from UK livestock buildings. Proc Fifth Int
Livestock Environ Symp. Minneapolis-St. Paul, Minn.
May 29-31. ASAE. p 146-53.

[USDA] US Department of Agriculture. 2004. US
Agriculture and Forestry Greenhouse Gas Inventory:
1990-2001. Global Change Program Office, Office
of the Chief Economist. Tech Bull No 1907. 164 p.

[US EPA] US Environmental Protection Agency. 2007.
An Introduction to Indoor Air Quality Pollutants and
Sources of Indoor Air Pollution; Organic Gases (Vola-
tile Organic Compounds — VOCs). www.epa.gov/
iag/voc.html (accessed May 23, 2008).

http://CaliforniaAgriculture.ucop.edu « APRIL-JUNE 2009 83



RESEARCH ARTICLE
v

Modeling shows that alternative soil management
can decrease greenhouse gases

by Steven De Gryze, Maria V. Albarracin, Rosa
Catala-Luque, Richard E. Howitt and Johan Six

Agricultural management has a
significant impact on the amount of
greenhouse gases emitted by cropped
fields. Alternative practices such as
winter cover cropping and avoiding
overfertilization can decrease the
total amount of greenhouse gases
that are produced. Policymakers

are considering a structure in which
parties (such as factories) who exceed
their greenhouse-gas emissions cap
can pay incentives to encourage
farmers to adopt practices that curb
greenhouse gases. Based on data
from field studies and an ecosystem
computer model, we assessed
impacts on yields and the total
potential for reducing greenhouse-
gas emissions of certain alternative
practices in California.

Within the California Global Warm-
ing Solutions Act of 2006 (AB32), a
legally binding cap-and-trade approach
for limiting greenhouse-gas emissions
is being developed. Parties who exceed
their greenhouse-gas emissions allow-
ance would be able to meet their cap
either by buying excess allowance from
other parties or by financing activities
that decrease the amount of greenhouse
gases emitted to the atmosphere.

It has been suggested that agricul-
ture could take part in California’s
carbon market; alternative agricultural
practices such as reduced tillage, cover
cropping and organic farming can cut
greenhouse-gas emissions. An evalu-
ation of the potential for this market
participation requires answers to three
questions. First, are yields affected by
these alternative practices? Second,
how much can these practices reduce
greenhouse-gas emissions? Third,
given the costs of these practices and

To develop computer models to estimate the contribution of alternative agricultural practices to

carbon sequestration, researchers utilized data from a variety of California field studies. Top, the
Long-Term Research on Agricultural Systems (LTRAS) project at UC Davis was initiated in 1993

as a 100-year experiment (shown in 2003). Above, Jeff Mitchell of UC Cooperative Extension
and colleagues have been studying conservation tillage and cover cropping at the UC West Side

Research and Extension Center.

potential decreases in yield, how much
should farmers be paid to change their
management? We focus on the first two
questions; for approaches to the third,
see Howitt et al. (2009) (page 91).
California has a diverse range of
microclimates, soil types and crops; and
crops are grown in complex rotation
schedules. As a consequence, detailed
analysis is needed to model this diver-
sity and complexity. It is impractical
to continuously monitor and measure
greenhouse-gas fluxes across and among
all combinations of crop rotations, soil
types and microclimates, as well as their
interactions. Rather than field measure-
ments, this study uses an ecosystem
computer model, which is the preemi-
nent tool to simulate greenhouse-gas ex-
changes between land and atmospheric
fluxes (Smith et al. 1997). This model
study focuses only on the most impor-
tant annual crops and does not include
orchards or vineyards.
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Agricultural greenhouse gases

Although carbon dioxide (CO,) is
the best-known greenhouse gas, there
are two other greenhouse gases pro-
duced or consumed by soil microor-
ganisms: methane (CHy) and nitrous
oxide (N0) (Conrad 1996). The yearly
total of carbon dioxide exchanges be-
tween the land and atmosphere is usu-
ally quantified by changes in organic
carbon levels in the soil. Alternative
practices, such as conservation tillage
or those that increase plant production,
can capture more atmospheric car-
bon in the soil because the soil is less
disturbed and/or more crop residues
are produced, promoting the conver-
sion of crop residues into soil organic
carbon. In other words, atmospheric
carbon dioxide can be sequestered in
soil organic carbon through decreased
soil disturbance and/or increased crop
production.

Itras.ucdavis.edu
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Methane is produced primarily in
rice systems by so-called methanogenic
bacteria that live in close proximity
to the fine roots of the rice plant. In
addition, other bacteria, called metha-
notrophic bacteria, can transform meth-
ane into carbon dioxide in well-aerated
soils, which includes most of those not
cropped with rice in California; this
process is called methane oxidation.

Microorganisms in the soil produce
nitrous oxide if excess mineral nitrogen,
readily decomposable carbon and mois-
ture are simultaneously present; the
processes involved are called nitrifica-
tion and denitrification.

The three greenhouse gases pro-
duced and/or consumed by soils
and crops differ in their “forcing” of
global warming. More specifically,
one molecule of nitrous oxide gas has
the same global-warming effect as 289
molecules of carbon dioxide, while
one molecule of methane has the same
global-warming effect as 25 molecules
of carbon dioxide. When taking into ac-
count these variable impacts, the total
combined potential of a mixture of the
three greenhouse gases is called global
warming potential (GWP) and is ex-
pressed in carbon dioxide equivalents
(COze). This concept makes it possible to
compare and rank agricultural practices

pret

The Sustainable Agriculture Farming Systems (SAFS) project at UC Davis has compared conventional and alternative

according to their potential to cause or
mitigate global warming.

The aims of this study were to: (1)
calibrate an ecosystem computer model
for California conditions using data
from several long-term field experi-
ments, (2) use the calibrated model to
evaluate changes in crop yields re-
sulting from alternative management
practices and (3) evaluate the biological
potential of greenhouse-gas mitigation
by these practices.

Long-term field experiments

Before an ecosystem computer model
can be applied to a certain region, it
must be adjusted for the specific condi-
tions of that area, such as the typical
management practices, number of till-
age passes, irrigation regime, climate,
and planting and harvesting periods.
For this purpose, we selected four long-
term agricultural research experiments
in California with which to adjust and
test the model.

LTRAS. The Long-term Research
on Agricultural Systems (LTRAS)
project (http://ltras.ucdavis.edu) was
established in 1993 by researchers at
UC Davis. We used data from four
corn-tomato rotations that are inves-
tigated at LTRAS: (1) a conventionally
managed system, (2) a legume cover
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crop followed first by unfertilized corn
and then by conventionally fertilized
tomato, (3) an organic system with
poultry manure amendments and no
chemical fertilizer and (4) a winter le-
gume cover crop. In addition, each of
the three replicate plots were split in
half between standard and conserva-
tion tillage (Denison et al. 2004).

SAFS. The Sustainable Agriculture
Farming Systems (SAFS) project (http://
safs.ucdavis.edu) was conducted at UC
Davis from 1989 through 2000. Data
from the following three SAFS systems
was used: (1) a conventionally man-
aged system under a 4-year, tomato-
safflower-corn-wheat-bean rotation,

(2) a similar 4-year system with the
addition of legume cover crops preced-
ing each summer crop and (3) a 2-year,
conventionally managed tomato-wheat
rotation (Clark et al. 1999).

West Side REC. The West Side
Research and Extension Center (WSREC)
in Five Points has four replicated tomato-
cotton rotations comparing standard
and conservation-tillage practices with
and without winter cover cropping.

The conservation-tillage systems still
included midseason cultivation within
the furrows for tomato production and
the undercutting of cotton after harvest
(Mitchell et al. 2008).

farming systems since 1988. In plots at the Russell Ranch Sustainable Agriculture Facility, where SAFS experiments
have taken place, left, a winter wheat cover crop is roll-chopped and left as surface residue. Right, commonly
practiced flail mowing shreds the cover-crop biomass into a slurry before its incorporation into the soil.
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compost mulch (shown).

Field 74. Field 74 was established
in 2002 near Davis. The field was split
into conservation- and standard-tillage
halves. Sampling points were estab-
lished across the field using a uniform
grid with 70-yard (64-meter) spacing.
Wheat was planted in fall 2002 and har-
vested in spring 2003. Corn was grown
in 2004 and sunflower in 2005. During
2006, the last year of the experiment,
chickpea was grown without fertilizer
(Lee et al. 2006).

Ecosystem model

The DAYCENT computer model
was used to simulate crop yields and
greenhouse-gas emissions under the dif-
ferent alternative management practices
considered (Del Grosso et al. 2000). This
DAYCENT model is a daily version of
the well-known CENTURY ecosystem
model, which has a monthly time inter-
val (Parton et al. 1987). The DAYCENT
model simulates all major processes that
affect the dynamics of soil carbon and
nitrogen, including plant production,
water flow, heat transport, soil organic
carbon decomposition, nitrification and
denitrification, and methane oxidation.
Because the production of methane is
not simulated, however, the predicted
reductions in greenhouse-gas emissions
for rice systems are provisional and
should be used only as coarse indica-
tors. The crop submodel simulates plant
growth, plant tissue carbon-to-nitrogen
ratios, carbon allocation between roots
and shoots, and growth responses to
light and temperature. A variety of
management options can be specified,
including crop type, tillage, fertiliza-
tion, the addition of organic matter such
as manure, harvest with a specified
amount of residue removal, drainage, ir-
rigation, burning and grazing intensity.

The computer model incorporated crop management and environmental
factors to compare a range of cultural practices, such as the addition of

Barley (1%)

Other vegetables
(no tomatoes) (4%)

Corn (5%)
Winter wheat (6%)

Tomatoes (6%)

Grapes (8%)

Data from the four field experi-
ments was used to adjust the model
parameters. First, simulated soil-
moisture contents were checked
against measured values from Field 74
and the LTRAS site. Parameters such
as saturated hydraulic conductivity,
or the wilting point, were fine tuned
within the model. Second, predicted
crop yields and dry-matter produc-
tion were verified using published
and measured root-to-shoot ratios,
harvest indexes (ratio of harvestable
part over total aboveground biomass)
and carbon-to-nitrogen ratios. After
this was accomplished, the amounts of
standing stubble and plant residue lit-
ter were checked and compared with
measured data and literature values. If
necessary, parameters controlling root
or shoot death were modified. Next, till-
age intensity was altered until changes
in soil carbon corresponded to those
observed. Finally, modeled nitrous ox-
ide fluxes were verified with data from
Field 74 and compared to data from an
extensive literature review (Stehfest and
Bouwman 2006). Specific parameters
controlling soil moisture and nitrous
oxide production were further adjusted.

Simulation parameters

The Sacramento and San Joaquin val-
leys were considered separately in the
simulations because these two regions
differ substantially in climate, soil type
and agricultural management. The sim-
ulations in the Sacramento Valley were
carried out in eight counties — Butte,
Colusa, Glenn, Sacramento, Solano,
Sutter, Yolo and Yuba, totaling about
1.6 million acres (0.7 million hectares)
of agricultural land. The simulations in
the San Joaquin Valley were carried out
in two counties — Kings and Fresno,

86 CALIFORNIA AGRICULTURE e VOLUME 63, NUMBER 2

Safflower (2%) N\

Orchards (27 %)

Rice (15%)

Hay (alfalfa) (13%)

Cotton (12%)

Fig. 1. Most important crops studied in 10 counties of the Sacramento
and San Joaquin valleys. Source: USDA 2002.

totaling about 1.5 million acres (0.6 mil-
lion hectares) of agricultural land.

Due to a lack of testing data in woody
perennial systems (vineyards and or-
chards), only annual and nonwoody
perennial cropping systems (such as
alfalfa) were considered in this study.
The latter systems comprise about 64%
of agriculture in the 10 counties stud-
ied. The study was limited to the seven
most abundant crops in both valleys:
rice, alfalfa, cotton, tomatoes, winter
wheat, corn (for grain in the Sacramento
Valley and silage in the San Joaquin
Valley) and safflower (fig. 1). The “other
vegetable” category was omitted due to
the large number of different vegetables
produced. Harvested area for the seven
crops was 76% of the total harvested
area of total annual crops from 1980 to
2006; vegetables were 30% from 1980 to
2006 (of which 7% was tomato, which
we included). These annual crops are
always cultivated in a rotation system
together with other crops. Therefore,
sunflower and melons (honeydew, can-
taloupe and watermelon) — the most
commonly rotated crops in the systems
that we considered — were also in-
cluded in the simulations. Data on crop
rotations was extracted from Pesticide
Use Reports, agricultural commission-
ers and survey data. Based on this infor-
mation, 10-year crop rotation schedules
were generated for 1997 through 2006.

Alternative management practices
considered included conservation till-
age, manure application and winter
cover cropping, and all possible com-
binations of these practices. The winter
cover crop simulated was a legume/
small-grain mixture with a carbon-to-
nitrogen ratio of 25 at plow down. It
was planted 1 month after harvest of
the preceding crop, and incorporated



1 month before planting of the succeed-
ing crop. A practice in which nitrogen
fertilizer was reduced by 25% was

also included. Winter cover cropping
was not simulated for winter wheat.
Alternative management practices were
limited for alfalfa systems because they
require almost no tillage or fertilization.

Data sources, model adjustments

Details on conventional manage-
ment practices in the region (such
as planting and harvesting dates,
fertilization rates, irrigation amounts
and pest management) were obtained
from the four long-term field ex-
periments described, the Agronomy
Research and Information Center
(http://agric.ucdavis.edu) and UC
Davis cost and return studies (http://
coststudies.ucdavis.edu).

The most detailed geographical input
data was used (fig. 2). We extracted soil
data from the geographic information
systems (GIS) database in the Natural
Resources Conservation Service’s Soil
Survey Geographic Database, and used
the crop-use and field-boundary GIS
layer from the California Department
of Water Resources (DWR). Solano and
Placer counties were surveyed in 1994;
Yuba County in 1995; Yolo County in
1997, Colusa, Glenn and Sutter counties
in 1998; Butte County in 1999; Fresno and
Sacramento counties in 2000; and Kings
County in 2003. Daily climate data for
1.86-mile-by-1.86-mile (3-kilometer-by-3-
kilometer) grid cells from 1980 through
2003 was extracted from the DAYMET
model (www.daymet.org) developed
at the University of Montana. For 2004
until 2006, we obtained weather station
data from the DWR California Irrigation
Management Information System (www.
cimis.water.ca.gov).

We adjusted the model for California
conditions using data measured in the
four long-term field experiments. Data
on crop yields, dry matter produc-
tion, soil organic carbon changes and
nitrous oxide emissions was used to
calibrate the model. Only the measured
and modeled yields are presented here
(fig. 3). The model was able to capture
general yield trends in these experi-
ments adequately. However, the yearly
differences in yield due to climate and
management within a crop were mod-
eled less well. The model satisfactorily

Land-use data

from California Department of Water Resources

Crop
Il Alfalfa pasture
I Corn
Il Mixed pasture
I Rice

Safflower or sunflower
I Tomatoes

Wheat

Noncultivated areas

Weather data

3 x 3 km grid from DAYMET (University of Montana)

0 510 20 kilometers

12.4 miles

*SOM-C (%)

Soils data
from Soil Survey Geographic Database (SSURGO)

0.0-0.6

0.6-1.2
1218
. 8-24
B 2.4-3.0

Regional model

!

DAYCENT

*Soil organic matter — carbon

Fig. 2. Data sources for regional modeling.
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Carbon offsets generated by increases in soil organic carbon are
temporary and reversible, while those generated by decreases
in nitrous oxide emissions are permanent.

simulated observed changes in other
measured data, such as soil organic
carbon and nitrous oxide emissions (De
Gryze et al.,, unpublished data).

Yields and alternative management

Once the computer model was cali-
brated for California conditions, it could
be used to predict changes in yields un-
der alternative management practices.
The model predicted that most crop
yields would be little affected by the
alternative management practices that
were considered in this study (table 1).
Safflower showed the greatest predicted
yield reduction, up to 13%. Predicted
yield reductions in other crops were
generally less than 5%.

These results are in agreement with
those of the field experiments, show-
ing that alternative practices like those
studied here maintain yields when
properly managed. For example, apply-
ing manure instead of mineral fertil-
izer did not affect corn yields (Miguez
and Bollero 2005) or wheat yields in
a study in a Mediterranean climate
(Deria et al. 2003). The same was found

for tomatoes in California (Drinkwater
et al. 1995). At the LTRAS site, yield
differences between conventional and
manure treatments were obscured by
the relatively larger yield variability
caused by weather (Denison et al.
2004). At the SAFS site, there was only
a yield decrease with two of the four
organic treatments (Clark et al. 1999).
Snapp et al. (2005) concluded that
cover cropping frequently increases
yields by up to 15%, while Mitchell et
al. (2008) reported a small decrease

of 5% to 10% in some years. Likewise,
conservation tillage at the WSREC
site had a minimum impact on tomato
and cotton yields and in general was
found to maintain yields in California
(Mitchell et al. 2008).

It may seem surprising that yields
decreased only minimally when ni-
trogen fertilizer was reduced by 25%.
However, this is an indication that in
many crop systems the conventional
amount of fertilizer applied is above
what is actually taken up by the crop.
Overfertilization is a common practice
in California, due to farmers’ desires to

TABLE 1. Average relative changes in yield of alternative compared to conventional practices*

Tillage Conv.t Conserv. Conv. Conserv. Conv. Conserv. Conv. Conserv.
Fertilizer Mineral, Mineral Mineral Mineral Manure Manure Manure Manure
75%
Cover crop No No Yes Yes No No Yes Yes
yield change (%)

Sacramento Valley
Alfalfa —% — — — — — — —
Corn — 3 — — — -3 -2 -3
Rice — — — — -5 -4 =
Safflower -13 — 4 4 -4 — — -6
Sunflower — — — — — — — —
Tomato —4 — — — = -4 -4 -3
Wheat — — = = -4 -3 -2 =

San Joaquin Valley
Alfalfa — — 3 3 — — 4
Corn — — — — — — —
Cotton —2 = -4 -4 = = =5
Melon -7 — — — — — — -3
Rice — — — -3 -3 — — -4
Tomato =5 = = -4 -4 = = -4
Wheat — — — — — -3 -4 -3

* Conventional practices = 100% mineral fertilizer, no cover crop and conventional tillage. Values are

averages over individual fields,1997-2006. Crops are grown
potentials not reflecting limitations of combining practices.
t Conv. = conventional tillage; conserv. = conservation tillage.
¥ Yield changes within -2% and +2% not considered significa

in their typical rotations. Values are biophysical

nt.
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minimize the risk of yield reductions
due to nitrogen limitation and the low
price of nitrogen fertilizer (Cassman
et al. 2002). Fertilizer rates are selected
so that the least productive parts of a
field still receive sufficient nitrogen.
Experimental evidence for the sustain-
ability of similar low-input systems
can be found in Clark et al. (1999) and
Denison et al. (2004).

Reduction potentials evaluated

The emissions reductions due to win-
ter cover cropping, manure application
or conservation tillage alone were mod-
est and between —0.2 and —0.6 (metric
ton carbon dioxide equivalents per acre
per year (MtCO,e/acre/yr) or —0.5 and
—1.4 metric tons carbon dioxide equiva-
lents per hectare per year (MtCO,e/
ha/yr). However, by combining these
individual practices, larger emissions
reductions are possible. Most markedly,
combining manure application with
winter cover cropping seems to be an
efficient option for curbing greenhouse-
gas emissions. Although combining
all three alternative practices has the
greatest potential, this does not seem
feasible from a farmer’s practical stand-
point. Excluding this option, potential
reductions in greenhouse-gas emissions
ranged from —0.28 to —1.05 MtCO,e/
acre/yr (=0.7 to —2.6 MtCOse/ha/yr) for
the Sacramento Valley, and from —0.2
to —0.77 MtCO,e/acre/yr (-0.5 to —1.9
MtCO,e/ha/yr) for the San Joaquin
Valley (fig. 4).

Note that these values do not include
further reductions in carbon dioxide
emissions due to reduced fuel use un-
der conservation tillage, which could
account for an extra 0.1 to 0.2 MtCO,e/
acre/yr (0.25 to 0.50 MtCOse/ha/yr)
(data not shown). In addition, these
values do not account for greenhouse
gases produced during the production,
storage and transport of manure and
mineral fertilizer.

In general, cropping systems in the
Sacramento Valley showed more po-
tential to mitigate greenhouse gases
than those in the San Joaquin Valley.
Probably, warmer temperatures in the
San Joaquin Valley increase the decom-



position of soil organic carbon com-
pared to that of the Sacramento Valley.
In addition, the decreases in nitrous
oxide emissions related to manure ap-
plication were much less apparent at
warmer temperatures.

Reducing greenhouse gases

Agricultural greenhouse-gas emis-
sions can be curbed (and carbon credits
generated) in three ways: by increasing
soil organic carbon, decreasing nitrous
oxide and methane emissions, and de-
creasing fuel use by field equipment.
Whether the decrease in greenhouse-gas
emissions comes from an increase in
soil organic carbon, or from decreases in
nitrous oxide emissions, severely affects
the longevity or permanence (and hence
the price) of the generated carbon offsets.
This is because carbon offsets generated
by increases in soil organic carbon are
temporary and reversible, while those
generated by decreases in nitrous oxide
emissions are permanent.

Soil organic carbon. Increases in soil
organic carbon accounted for 70% to 90%
of the carbon offsets from alternative
management practices such as winter
cover cropping and conservation tillage.
This creates a potential legacy for the
future: if proper soil management is not
maintained, all of the additional organic
carbon sequestered in the soil will be
released back into the atmosphere as car-
bon dioxide. Therefore, the carbon offsets
generated by increases in soil organic
carbon would be reversible and only last
for the duration of the contract period.
This is referred to as the “permanence
issue.” It is inevitable that such reversible
credits will be sold at a high discount
compared to carbon offsets generated
by permanent reductions. Additionally,
the capacity of a soil to continue storing
organic carbon is limited (Six et al. 2004;
VandenBygaart et al. 2002). Therefore,
management options that increase soil
organic carbon seem to be viable for
curbing greenhouse gases only in the
short term — for 10 to 20 years.

Nitrous oxide and methane. In con-
trast to increases in soil organic carbon,
reductions in nitrous oxide or methane
emissions are permanent. A reduction
in nitrogen application will lead to a
permanent reduction in nitrous oxide
emissions and so does not pose a legacy
problem for the future (Smith et al.
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Fig. 4. Difference in global warming potential (GWP) emissions for alternative and conventional
practices in Sacramento and San Joaquin valleys, and contribution of changes in soil organic
carbon (SOCQ) content versus nitrous oxide (N,0) emissions to overall changes in GWP. Negative
values indicate reductions in total greenhouse-gas emissions, emissions of N,O or increases in
SOC. Conv. = conventional; cons. = conservation; min. = mineral; man. = manure.

2007). In our study, when manure was
used instead of mineral fertilizer or
when less mineral fertilizer was used,
nitrous oxide emissions decreased from
—0.2 to —0.49 MtCOye/acre/yr (-0.5 to
—-1.2 MtCO,e/ha/yr). Because these re-
ductions in greenhouse-gas emissions
are permanent, they are better solutions
in the long term. Avoiding nitrous oxide

emissions is in essence about avoiding
excess mineral nitrogen in the soil pore
water (McSwiney and Robertson 2005).
Manure releases nitrogen to the soil
system slowly, resulting in better syn-
chronization between the supply of this
nutrient and the crop’s demand for it.
Cutting back on nitrogen fertilizer also
decreases the amount of mineral nitro-
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gen in the soil, and has the additional
advantage of reducing operating costs.
Fuel use. A similar argument can
be made for the fuel-use reduction in
conservation-tillage systems. While
this extra reduction in emissions may
be modest and ranges from —0.1 to
—0.2 MtCOqe/acre/yr (=0.25 to —0.50
MtCO,e/ha/yr), it is permanent and un-
limited because the fuel that is not used
in these systems will never be used. In
addition, conservation tillage is simple
to implement, and generally leads to a
direct reduction in costs (Howitt et al.
2009; see page 91).

Making the model more accurate

There is substantial uncertainty in
our model’s prediction of how much an
individual agricultural field can con-
tribute to a reduction in greenhouse-gas
emissions. This uncertainty can range

When attempting to quantify how practices in a particular field affect greenhouse-gas emissions,
factors such as soil characteristics and moisture levels must be considered. Above, studies at Field
74 near Davis informed the computer model.

from zero to about double the predicted
value. The variability is due mainly to
differences in soil characteristics, such
as clay content, permeability or organic
matter content. If a carbon-offsetting
contract combined (or aggregated) dif-
ferent fields, the overall uncertainty
would be substantially reduced. Such
aggregated carbon-credit contracts will
be necessary because the success of a
carbon trading system depends on the
accuracy of estimates of greenhouse-
gas emissions.

Of all greenhouse gases produced
in agriculture, the uncertainty in re-
ductions of nitrous oxide emissions is
largest, and often three times the aver-
age predicted value. This variability is
caused by differences in moisture levels,
which control nitrification and denitrifi-
cation. More research is necessary to fur-
ther develop the simulation models and
make these predictions more accurate.

S. De Gryze is Managing Director, Terra Global
Capital, San Francisco (during the writing of this
article, was Postdoctoratal Researcher, Depart-
ment of Plant Sciences, UC Davis); M.V. Albarracin
is Graduate Student, Department of Land, Air
and Water Resources, UC Davis; R. Catala-Luque
is Adjunct Professor, Department of Economics
and Business, CUNEF (Colegio Universitario de
Estudios Financieros), and Risk Manager, Banca
March, Madrid, Spain, R.E. Howitt is Professor,
Department of Agricultural and Resource Eco-
nomics, UC Davis; and J. Six is Associate Professor,
Department of Plant Sciences, UC Davis.
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Realistic payments could encourage farmers to
adopt practices that sequester carbon

by Richard E. Howitt, Rosa Catala-Luque,
Steven De Gryze, Santhi Wicks and Johan Six

Carbon sequestration in agricultural
land has been studied over the past
few years to determine its potential
for ameliorating climate change.
Agricultural soils can be efficiently
exploited as carbon sinks with a va-
riety of techniques, such as reduced
tillage, cover cropping and organic
systems with better manure manage-
ment. However, to fully understand
the potential of carbon sequestration
in agriculture, the economic costs of
switching from conventional to con-
servation management must be es-
timated. Since carbon sequestration
depends heavily on management,
crop and soil type, we conducted

a field-level survey of its economic
aspects in Yolo County for the 2005
growing season. The survey showed
that organic and conservation man-
agement can be more profitable

for field crops than conventional
management in Yolo County. Finally,
we demonstrated how to combine
the survey data with an agronomic
process model to predict the rate of
adoption for conservation techniques
in response to carbon payments.

he Conservation Security Act —

title IT of the 2002 Farm Bill — au-
thorized the U.S. Department of Agri-
culture to make payments to farmers
who adopt environmental practices
such as conservation tillage, cover crops
and manure application (USDA 2002).
This was a significant shift from prior
conservation policies, which provided
incentives to retire agricultural land.
The revised Conservation Security Act
switched the focus to maintaining lands
in agricultural production while encour-

Jack Kelly Clark

Actual management and economic information for alternative agricultural practices in Yolo
County was used to develop a model for predicting grower reactions to carbon contracts.
Above, a no-till air drill is used to plant wheat into safflower stubble.

aging sound environmental practices.
Carbon sequestration — or storage — in
agricultural soils can mitigate climate
change (Paustian et al. 2006), and so
could also qualify for payments under
the Act. (The 2008 Farm Bill continues
and builds upon these policies.) Before
implementation, however, payment poli-
cies for carbon sequestration must be
tested for their economic effectiveness.

California has the potential to se-
quester additional amounts of carbon
in its forests, agricultural soils and geo-
logical formations. The agricultural sec-
tor can realize its potential for carbon
sequestration by adopting new forms
of management. De Gryze et al. (2009)
(see page 84) addresses questions of
whether changes in management affect
yields, and the total biophysical poten-
tial for greenhouse-gas mitigation. We
ask what financial incentives farmers
would require to change their manage-
ment such that carbon sequestration
increases in Yolo County.

This question is particularly relevant
since agricultural carbon sequestration
is at the center of a debate. Skeptics ar-
gue that there are uncertainties about
the amount of carbon that can be ef-
fectively sequestered due to complex
interactions between agronomics and
economics. Proponents argue that
besides reducing greenhouse gases,
carbon sequestration presents an op-
portunity to make more sustainable

farming methods profitable to farmers,
since practices that sequester carbon
also reduce drain-water pollution, dust
and other air pollution.

Carbon sequestration in agriculture
depends on microclimates, soil types,
management practices and crop choices.
The fundamental result of these prac-
tices is to increase the organic matter
sequestered in the soil. All of these fac-
tors vary over agricultural regions, and
region-specific research is needed to
make policy decisions about the effec-
tiveness of carbon sequestration. We first
present results of a survey of all farmers
practicing conservation management in
Yolo County in 2005, then combine our
results with those from De Gryze et al.
(2009) to derive a carbon-sequestration
supply curve for the county.

Carbon-sequestration economics

Most studies of the economics (and
agronomics) of sequestration have fo-
cused on Midwestern agriculture, with
little empirical research in California.
There are several reasons for this. First,
the rotations in Midwestern agriculture
are typically simpler to simulate and
predict than those in the more complex
Californian crop agriculture. Most
available empirical studies (McCarl et
al. 2007; Mooney et al. 2004) are based
on typical Midwestern row-crop sys-
tems such as corn-soy-feed crop rota-
tions, where the typical feed crops
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Predicting farmer reactions to carbon contracts requires
information on field-level costs and management practices,
while controlling for soil and weather factors.

include silage corn and sorghum, and
Great Plains dryland grain systems
(crop-fallow rotations). In order to
make the analysis feasible, empirical
examples are often restricted to regions
where wheat is a prominent crop and
a simple wheat-fallow rotation is used.
This greatly simplifies the subsequent
economic analyses, since the research
can focus exclusively on the farmer’s
management decision in response to a
carbon contract without the complica-
tion of crop changes.

For California agriculture, however,
the diversity of high-valued crops
makes it difficult to reduce the ob-
served field cropping patterns to styl-
ized rotations such as those found in
the Midwest or Great Plains (Metherell
et al. 1995; Parton et al. 1987). California
farmers face a chain of crop decisions.
The agronomic and economic factors
that shape future rotations depend
on factors such as the farmer’s beliefs
about future crop and input prices, land
suitability and weather conditions.

In this context, it is likely that a
change in management would be ac-
companied by an adjustment in crop
choices. Therefore, management
changes induced by carbon contracts
are likely to change not only how a crop
is grown, but also the proportional
areas of crop types on a farm. To mea-
sure the potential carbon-sequestration
response, an analysis must be able
to predict the effect on expected fu-
ture farm profits of both the changes

W
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Based on computer modeling of Yolo County agriculture in 2005, the authors predict that

in management and the consequent
changes in crop proportions.

Yolo County farmer survey

Predicting farmer reactions to carbon
contracts requires information on field-
level costs and management practice,
while controlling for soil and weather
factors. Current sources of information
about cultivation practices are insuf-
ficient. The cost and return studies car-
ried out by the UC Davis Department of
Agricultural and Resource Economics
(Klonsky 2007) are an extremely use-
ful resource for establishing guidelines
to help the farming community make
management decisions. However, the
studies are based on assumptions de-
scribing typical farm operations, and
the level of aggregation does not allow
the interaction of costs and manage-
ment with the given soil characteristics
of a plot.

At the other extreme, budgetary in-
formation from UC Davis experimental
sites (Mitchell et al. 2005) provides an
essential input to assess the effects of
conventional and alternative farming
systems on the environment and sus-
tainability, but the sites are managed
under experimental rather than profit-
maximizing criteria. Our survey aims
to fill the gap between these two sets of
information by recovering actual man-
agement and economic information on
alternative practices at the field level.

Farmer and crop selection. In 2005,
we identified those farmers in Yolo
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growers could switch to more environmentally friendly practices if offered reasonable carbon-
sequestration payments. Above, sunflower, one of the crops studied.
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County who were already undertaking
conservation management — such as
conservation tillage, cover crops and
manure application — and the specific
soil type on which it was applied. First,
we had to narrow down the number

of crops to make modeling feasible.
Because of the diversity of crops a
farmer can choose to plant on a given
piece of land, we focused on those field
crops most likely to be incorporated in
a standard Yolo County rotation. After
talking directly to farmers and consult-
ing historical records, we decided to in-
terview those farmers who grew the six
most common crops suitable for alterna-
tive management: tomato, wheat, corn,
rice, safflower and sunflower (CDFA
2006; CTIC 2002). We used the Pesticide
Use Reports for Yolo County (CDPR
2008) to identify farmers who planted
these crops under conventional or re-
duced (or conservation) tillage and had
managed the same field for the last 4
years. We used the California Certified
Organic Farmers registry (CCOF 2008)
to identify organic growers of the six
crops. These data sources were also
used to construct a sample frame list-
ing all relevant farmers, from which
the sample selected at random. This
method prevents selection bias in the
sample. In 2005, 224 farmers were using
conventional methods and 41 were us-
ing conservation methods to grow the
six selected crops in Yolo County.

Fields and soil type. Finally, since
our intention was to survey at the field
level, we obtained maps from satel-
lite images and allowed the farmers to
randomly choose the field for the desig-

TABLE 1. Survey of conventional and conservation
farmers’ fields in Yolo County, 2005

Conventional Conservation

fields (no.)
Population (total) 405 198
Wheat 38 73
Tomato 53 48
Corn 28 3
Rice 133 12
Safflower 36 16
Sunflower 15 46
Sample (total) 60 54
Wheat 13 1
Tomato 6 13
Corn 6 3
Rice 21 17
Safflower 8 6
Sunflower 6 4




Fig. 1. Field image and soil type by town, range
and section grid for Yolo County, 2005. White
rectangles represent surveyed plots; irregular
curves show soil-type delineations.

nated sample crop. In the first sampling
stage, we divided the farmers by broad
management choice (conservation ver-
sus conventional), and then stratified
the fields by crop. Satellite images were
used to precisely identify the surveyed
plot boundaries (fig. 1). Field-level soil
characteristics were obtained using
geographic information systems (GIS)
soil information to overlay the satellite
image with the Soil Survey Geographic
Database (NRCS 2008). The soil survey
has more than 44 types, but we aggre-
gated them into five types.

Conventional vs. conservation

Crops. A problem in obtaining
a large number of observations for
conventionally managed fields is that
some farmers diversify by producing
several of the six selected crops (table
1), but it is unreasonable to expect
them to respond to more than one
questionnaire. We surveyed the entire
population of Yolo County grow-
ers identified as using conservation
management, and obtained data on
their total 2005 acreage and number
of fields. Since our study is the first
comprehensive survey of conservation
management in California, we decided

B Conventional
H Organic |
Conservation

Proportion of acreage

Wheat
Corn
Safflower
Sunflower

Fig. 2. Acreage proportions for (A) conventional
and (B) conservation farmers in Yolo County,
2005.

to include all the organic farmers who
had grown any of the six crops dur-
ing 2005. The census approach at the
farmer level allowed us to identify the
total number of fields under this man-
agement category.

Combined management. In Yolo
County, some farmers using predomi-
nantly conventional management also
grew corn and rice under organic or
conservation-tillage systems (fig. 2A).
Likewise, many registered organic
growers and others using conservation
tillage also had significant proportions
of their farm under conventional crop
management (fig. 2B). It appears that
organic and conservation management
are making inroads into conventional
farm systems, while many organic
growers also use conventional meth-
ods for key field crops. For example
among the conservation growers, 70%
of the wheat and 62% of the corn was
grown with conventional methods.

Yields and returns compared. Com-
pared to conventional management, we
found that yields under conservation
management were lower for rice and
safflower, higher for corn, and the same
for wheat and sunflower. Tomatoes
were not included in the yields, due to
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Fig. 3. Mean (A) yields, (B) revenues and

(C) gross margins for crops grown under
predominantly conventional or conservation
management in Yolo County, 2005.

poor wording on the survey form that
did not accurately distinguish between
processing and vine tomatoes (fig. 3A).
On average the survey results did not
show conservation managers paying a
yield-loss premium. When the yields
were combined with some representa-
tive organic price premiums, revenues
were higher under conservation man-
agement for three of the five field crops
(corn, rice and sunflower) (fig. 3B). Only
wheat and safflower revenues were
reported as slightly lower under conser-
vation management.

With the exception of corn, the
gross margins calculated from the sur-
vey responses had a similar pattern,
showing that differences in the vari-
able costs of production, notably in cul-
tivation and machinery costs, were not
very significant (fig. 3C). These gross
margins showed that compared to con-
ventional farming, applying conserva-
tion practices in production resulted in
higher returns per acre over variable
costs on average in 2005. However, this
higher average value hides the fact
that, from our observations, the profits
among organic growers were much
more volatile than those among con-
ventional growers.
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Modeling carbon sequestration

The survey was designed to be
coupled with DAYCENT, an agronomic
process model (Del Grosso et al. 2008;
see also De Gryze et al. 2009, page 84).
The DAYCENT model was tailored to
encompass both county and field-level
soil types and management alternatives.
From this we computed the change in
carbon-sequestration potential for al-
ternative practices on each field, based
on management and crop history. Com-
bining the DAYCENT and economic
models allowed us to perform a seques-
tration analysis that previously was pos-
sible only with experimental data. From
the survey, we used farmers’ actual data
on management and costs to derive a
county-level carbon-sequestration sup-
ply curve (function), which shows the
way that a farmer’s carbon sequestration
responds to carbon payments.

We modeled the 405 fields from con-
ventional farmers using land-use data
provided by Pesticide Use Reports. We
then used estimates for average total
variable costs, and constructed esti-
mates of profits for each field by multi-
plying the price per yield obtained by
the DAYCENT plant-growth model for
crops grown in 2005 under alternative
management systems.

We modeled five alternative manage-
ment practices: (1) conservation tillage, (2)
conservation tillage with organic fertil-
izer, (3) conventional tillage with organic
fertilizer, (4) conventional tillage and
cover crops with organic fertilizer and (5)
conventional tillage and cover crops.

Rice (26%)

Tomato (44%)
Wheat (21%)

Sunflower (8%)

Corn (1%)

Safflower (0%)
Fig. 4. Predicted allocation of total tons carbon
dioxide equivalent among crops under reduced
tillage in Yolo County, 2005.

Of the six crops studied in Yolo County, tomatoes, wheat and rice had the greatest potential

contributions to carbon sequestration. If offered payments of $3 to $8 per ton, the county's
growers could sequester 33,000 to 39,000 tons of carbon annually. In Yolo County, left, an aerial
view of rice, and, right, processing tomatoes next to a mature wheat field.

How farmers make decisions

Analyzing the survey data, we con-
firmed that a pure conservation-tillage
system must be treated differently from
organic systems. Organic growers re-
ported significantly higher production
costs of labor, cultivation and weed con-
trol than conventional farmers. In con-
trast, adopters of conservation tillage
reported lower production costs due to
lower fuel expenses and labor hours for
ground preparation.

Modeling the simultaneous ques-
tions of how farmers choose what crop
to grow and how to grow it requires
a complicated statistical approach
(Catala-Luque 2007). Essentially, the
probability that a farmer will find it
attractive to make changes in both
production methods and cropping pat-
tern must be estimated jointly, but then
teased apart to measure their relative
contributions to farm profits.

Combining the survey information
with the DAYCENT model resulted in a
response curve for carbon sequestration
based on the adoption of alternative
practices. The response curve for Yolo
County relates the increase in the total
amount of carbon sequestered by con-
servation tillage adoption to the level
of payments per ton of carbon dioxide
equivalent (CO2e) per year. The model
results indicated that on the whole, field
productivity drives farmer decisions.
Productivity is based on current and
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past weather and water availability,
and reflects the multiple factors used by
farmers to make decisions on how and
what crop to grow in a particular field.
In contrast, while reported operation
costs based on the survey results varied
by crop and management, these seemed
much less important in making the fi-
nal decision of what to grow and how to
grow it. This result is reasonable since
it indicates that a farmer, knowing the
properties of his land, is going to make
use of it in the best way. Operation costs
will likely have much more influence
at the farm scale than at the field scale.
This focus on crop productivity will
help implement carbon-sequestration
payments, since it makes their success
dependent on well-known biophysical
conditions such as soil type.

Alternative management costs

Having used the detailed field data
to project our results at the county
level, we summed each crop’s carbon-
sequestration supply for a particular
alternative management. This operation
calculated the amount of carbon that
can be sequestered or avoided by adopt-
ing a specific management practice in
Yolo County, and the associated cost of
this abatement. The cost of abatement,
or “price” of carbon sequestration, is
the break-even cost of adopting a man-
agement practice for a given crop rota-
tion compared with using conventional
practices. Because they were statisti-

Photos: Jack Kelly Clark
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Fig. 5. Carbon supply function for tomatoes.

cally computed from the survey, these
costs do not includes farmers’ prefer-
ences or perceptions of risks, and thus
we should interpret the results as an
abatement cost curve that reflects the
direct costs of management changes. If
risk factors were included, we would
expect a steeper abatement cost curve.

The potential for sequestration was
calculated for each of the five manage-
ment approaches. For reasons of space,
we only present the carbon sequestration
supply curve from the most promising
alternative, conservation-tillage. While
conservation tillage does not have the
greatest physical potential for sequestra-
tion, it is probably the most promising
from a joint agronomic and economic
perspective. This is due to the ability to
implement payments for reduced tillage
in a simpler and cheaper manner.

The proportional sequestration
contribution by crop showed that
under conservation-tillage practices,
tomatoes were the highest contributor
to greenhouse-gas reduction (fig. 4).
Tomatoes are the most important crop
in Yolo County, and the agronomic pro-
cesses involved in tomato cultivation
lend themselves to conservation tillage.
Wheat, rice and sunflower contributed
55% of the sequestration, and corn and
safflower made small contributions to
the total carbon sequestration.

Implementing carbon payments

The DAYCENT model enabled us to
link a quantity of carbon sequestered to
the crop and acreage, enabling the gen-
eration of a carbon-sequestration sup-
ply curve that shows the relationship
between carbon payments and tons of
carbon sequestered by agriculture in
Yolo County (fig. 5). As a result, we can
draw some conclusions about the imple-

mentation of a carbon payment system
for crop agriculture.

First, the combination of economic
and biophysical models enabled us to
develop regional carbon-sequestration
supply curves for agriculture. Second,
we predict that farmers could change
their crop technologies in response to
reasonable carbon-sequestration pay-
ments. Third, the cost of carbon-seques-
tration changes with soil and crop type.
We do not explore the implementation
costs for carbon contracts in this paper;
see Mooney et al. (2004).

The carbon-sequestration supply curve
shows that by adopting conservation-
tillage practices in response to carbon
payments of $3 to $8 per ton per year,
Yolo County could sequester as much as
33,000 to 39,000 tons of carbon, approxi-
mately 3% of the county’s total carbon
release. Given that current carbon pay-
ments on the Chicago Climate Exchange
vary around $7 per ton, this is a realistic
policy. If U.S. carbon emissions were
capped in the future, carbon prices would
increase and additional alternative-man-
agement practices and greater sequestra-
tion would occur.

It should be noted that the shape of
the carbon-sequestration supply curve
indicates that relatively low carbon
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From kiosks to megastores: The evolving carbon market

by Deb Niemeier and Dana Rowan

Markets can play a key role in mitigat-
ing the effects of climate change by
providing added flexibility, allowing
emissions reductions to occur at a
lower cost while maintaining a set
level of emissions reductions. With
careful regulatory design, both indus-
try and consumers can benefit from
low costs. We review the state of car-
bon trading globally and in the United
States, the West and California. New
policies and regulations related to
AB32, which mandates reductions in
California’s greenhouse-gas emissions
to 1990 levels by 2020, are beginning
to take shape. California has a unique
opportunity to establish a new ethos
for carbon trading by acknowledging
unavoidable mitigation costs, and by
designing a market-based solution
that is fair, equitable and transpar-
ent, and protects the most vulnerable
members of society.

he carbon market is growing expo-

nentially; at $30 billion, worldwide
trading in 2006 was nearly triple that
observed in 2005. A carbon market is
created when an emissions cap is set —
either through a political or regulatory
process — and an emissions allowance
is then passed down to regulated enti-
ties. If the total carbon emissions pro-
duced by a company exceeds its cap (or
allowance), then the company must pur-
chase credits (or allowances) from those
polluting less than their allowance; this
transfer is known as a carbon trade. In
theory, carbon markets allow companies
to choose least-cost methods of com-
pliance, which results in a net societal
financial gain when overall emissions
are reduced to the desired level. Today’s
carbon market can be loosely organized
into the regulated (or compliance) mar-
ket and the voluntary (or noncompli-
ance) market; the volume and value of
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Globally, carbon trading is expanding rapidly as a means for using markets to reduce
greenhouse-gas emissions. In December 2008, Secretary-General Ban Ki-moon opened the United
Nations Climate Change Conference in Poznan, Poland.

trading is substantially greater in the
former than in the latter (fig. 1). Both
types of markets trade in greenhouse-
gas emissions, which include carbon
dioxide, methane, nitrous oxide, sulphur
hexafluoride, hydrofluorocarbons and
perfluorocarbons, and are measured in
carbon dioxide equivalents (COse).

When regulated entities are subject
to greenhouse-gas limits, those emit-
ting less than the cap can theoretically
trade with those emitting above the cap.
Carbon trades can also occur with off-
set projects that reduce emissions from
unregulated greenhouse-gas-producing
activities (such as capturing methane
from cows in California and using it to
produce electricity), or via unregulated
carbon-sequestration activities (such as
planting trees in Brazil).

The regulated carbon market
transacts about a million metric
tons of carbon dioxide equivalents
(MMtCO»e, the standard measure-
ment for amounts of greenhouse gases
emitted into the environment) annu-
ally, and includes the European Union
Emissions Trading Scheme, the United
Kingdom Emissions Trading Scheme,
the New South Wales Greenhouse
Gas Abatement Scheme, and offset
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projects certified under the Kyoto
Protocol, a 1997 international treaty to
reduce greenhouse gases.

The voluntary carbon market in-
cludes the Chicago Climate Exchange,
which allows businesses to voluntarily
set a reduction target and trade emis-
sions or buy offsets. Individuals and
businesses can also purchase retail
“over-the counter” greenhouse-gas-
emissions offsets, such as TerraPass.
The voluntary market, which has been
referred to as “the Wild West” of offset

trading (Fahrenthold and Mufson 2007),

currently transacts about 24 MMtCOxe,
and this amount is projected to roughly
double by 2011.

Carbon market history

Voluntary emissions reductions
and offsets can be traced back at
least 20 years, driven by the desire
to reduce greenhouse-gas emissions
in the absence of formal regulations.
Nonetheless, the decision to allow off-
sets is separate from the decision to im-
pose a regulatory cap. In addition, the
types of projects allowed as offsets and
the criteria by which they are evaluated
are also policy decisions. When credits
are generated through offset invest-

UN Photo/Mark Garten



ments, the transaction costs — the costs
of providing the services, information
and enforcement required to support

a trade — may be much higher than
anticipated and are directly related to
policy decisions about how to evalu-
ate and monitor projects over time
(Michaelowa and Jotzo 2005). With the
right price signals, both industry and
consumers generally benefit from more
cost-effective emissions reductions,
which might include purchasing or fi-
nancing offsets (Wara 2007).

The Kyoto Protocol was instrumental
in establishing the necessary foundation
for carbon markets to develop. Adopted
in 1997 at the Third Conference of the
Parties of the United Nations Framework
Convention on Climate Change, the
Kyoto Protocol requires that Annex I
nations reduce their greenhouse-gas
emissions to 5% below their total 1990
levels over the 2008-t0-2012 commit-
ment period. Annex I nations include
industrialized countries that were in
the Organization for Economic Co-
operation and Development (OECD)
in 1992, such as the United States, the
United Kingdom and countries in the
European Community. They also in-
clude countries with economies in tran-
sition (EIT parties) such as the Russian
Federation, the Baltic States, and several
Central and Eastern European states.
Certain developed nations (OECD mem-
bers but not EIT parties) contribute to
an adaptation fund to be used in non—
Annex I (developing) nations such as
China, India and Mexico. The purpose
of the adaptation fund is to provide
financial assistance to developing coun-
tries that are particularly susceptible to
the effects of climate change, helping
them to address adverse impacts.

The protocol includes provisions for
trading emissions credits as a mecha-
nism to reduce greenhouse-gas abate-
ment costs, though member states can
meet their targets with any combina-
tion of direct regulation, incentives,
taxes or cap-and-trade. By Oct. 23, 2007,
175 countries had ratified the Kyoto
Protocol (UNFCCC 2007), providing
much of the world with a formal mech-
anism to regulate and trade emissions.

Carbon markets
$30,098 million

Regulated market

EU ETS
$24,357 million

Voluntary market
$91 million

23.7 MMtCO,e

o
CCX
$38 million
10.3 MMtCO,e
(Allowances)

Retail
$59.4 million
13.4 MMtCO,e
(Project-based)

MMtCO,e = million metric tons carbon dioxide equivalents

Fig. 1. Market trading, 2006. Total carbon market includes smaller market trades not shown;
regulated market includes New South Wales and the U.K. Emissions Trading Schemes

(ETS). Kyoto CDM/JI = clean development mechanism/joint implementation; CCX = Chicago
Climate Exchange. Adapted from Capoor and Ambrosi 2007; Hamilton 2007.

In nations such as the United States
that have not yet ratified the Kyoto
Protocol, and so are not bound by it,
greenhouse-gas emissions regula-
tions and trading mechanisms are
also being established at subnational
scales. These include upcoming limits
in California and the Northeastern
states. In the meantime, unregulated
parties, from industries in nonratify-
ing nations and non-Annex I nations
to individual consumers worldwide,
still look to a growing voluntary trad-
ing market to mitigate climate change.

Regulated carbon markets

Under the Kyoto Protocol, Annex I
member states can meet their assigned
targets in three ways:

Emissions trading. First, when
greenhouse-gas allowances are ex-
changed by emissions trading, an
Annex I party that is under its as-
signed target may transfer those excess
credits (or assigned amount units) to

another Annex I party that does not
expect to meet its assigned target.
Joint implementation. Second, the
Kyoto Protocol also allows carbon cred-
its from project-based offsets. Article 33
(UNFCCC 1998) allows project-based
credits for avoided deforestation, refor-
estation and afforestation, which entails
planting forests in places that have not
been forested for at least 50 years, to
increase carbon stored in or decrease
carbon released by soils and trees.
Under Article 34, forest, crop and graz-
ing land management can be used to
generate carbon offsets (UNFCCC 2002).
Joint implementation allows an Annex
I party to develop and implement an
emissions reduction (or sink) project
in another Annex I party’s territory
and receive credit (emission reduction
units [ERUs]) toward its own target.
Most joint implementations to date have
targeted economies in transition, but
recently a New Zealand wind farm was
implemented jointly.
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TABLE 1. Early greenhouse-gas offset projects

Start date Sponsors Location Type Original mitigation estimate
MMtCO,e

1989 Applied Energy Services, CARE Guatemala Forestry, agroforestry 60

1990 U.S. Forest Service United States Tree planting (private land) 59-238

1991 World Bank, Global Environmental Facility (GEF)  Philippines Geothermal energy —*

1991 UN Development Program, GEF Zimbabwe Photovoltaic energy —

1992 Face Foundation, Innoprise Corp. Malaysia Enrichment planting, forest rehabilitation, 15.6

* Data unavailable.

Clean development mechanism.
Third, under the clean development
mechanism, Annex I parties can imple-
ment emissions reductions or sequestra-
tion projects in non-Annex I territories
and receive certified emissions reduc-
tions that count toward their assigned
target. These projects include hydro-
power, biomass generation, and meth-
ane and waste-heat recovery projects.

EU Emissions Trading Scheme. The
largest carbon-trading volume to date
has occurred under the EU Emissions
Trading Scheme, a regulated, Kyoto-
based market mechanism. Each mem-
ber state sets the maximum allowances
(or greenhouse-gas caps) for five pri-
mary industrial sectors: power and
heat, metals, cement, oil and gas, and
pulp and paper. Regulated emitters
(or installations) can buy and sell EU
emissions allowances in order to meet
targets set by their member state’s plan
(Europa 2007). Evolving since 2005,
trades of emissions reduction units
(offsets from joint implementation proj-
ects) and certified emissions reductions
(offsets from clean development mecha-
nism projects) are permitted under the
scheme (European Parliament 2008),
except for projects involving land use,
land change and forestry. In principle,
entities that purchase or invest in proj-
ects resulting in certified emissions re-
ductions and emission reduction units
convert the credits into allowances that
satisfy the caps. The European Union
limits the proportion of allowances
that can be exchanged for project-based
emissions reductions.

The voluntary carbon market

The voluntary market is fueled in
part by the growing willingness of indi-
viduals and companies to make a com-
mitment to offset their greenhouse-gas
emissions.

sustainable timber

Chicago Climate Exchange. In the
United States, the voluntary market has
grown beyond just offsets to include
voluntary allowance trading. For ex-
ample, the Chicago Climate Exchange is
a cap-and-trade system with more than
300 members who have agreed to reduce
their emissions 6% below their own indi-
vidual baselines by 2010. Members must
either directly reduce emissions or pur-
chase offsets or credits to meet their tar-
gets. This exchange trades greenhouse
gases in carbon financial instruments
(CFI), each of which is equal to 0.0001
MMtCOse. Although project-based off-
sets are traded on the Chicago Climate
Exchange, the majority of trading is al-
lowance based.

In 2006, approximately 23.7
MMtCO,e were transacted in the
voluntary market (fig. 1), of which
43% was traded through the Chicago
Climate Exchange (Hamilton et al.
2007). The remaining offset volume
was traded through retail transactions
such as TerraPass and similar compa-
nies. While the voluntary market still
remains a relatively small proportion
of overall trading, its volume grew con-
siderably between 2005 and 2006; the
Chicago Climate Exchange was up by
more than 900% and retail transactions
doubled (Capoor and Ambrosi 2007).

Forestry projects. Several volun-
tary greenhouse-gas offset projects
were initiated in the early 1990s by
public, private and nonprofit entities.
These were mostly forestry-based
projects in developing nations to sup-
port conservation programs (table 1).
One of the first was initiated in 1989
by Applied Energy Services and the
humanitarian organization CARE
International, in conjunction with the
World Resources Institute (Trexler et al.
1989). At the time, CARE was seeking
funds to extend and expand its work
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in Guatemala. The project involved off-
setting emissions from a new Applied
Energy Services coal-fired power

plant in Connecticut with a range of
activities in Guatemala, including
agroforestry and multiuse plantings for
community woodlots, fuel wood, soil
conservation, fruit and nut production,
alley cropping and live fencing. The
World Resources Institute estimated
that approximately 60 MMtCO, would
be sequestered over 40 years (Trexler et
al. 1989), though that estimate has since
been revised to 37 MMtCO,e (WRI 2007).

In 1990, the Dutch Electricity
Generating Board set up the Face
Foundation to mitigate greenhouse-gas
emissions through forestry (www.
stichtingface.nl). In 1992, the Face
Foundation and the Innoprise Corpor-
ation jointly initiated the first Face project
in Sabeh, Malaysia (Stuart and Moura
1998), which included enrichment plant-
ing and restoration for managed timber
harvesting. The expectation was that
the offset project would sequester 15.6
MMtCOse over its 99-year lifetime.

One of the first U.S. government
programs that publicized the benefits
of climate-change mitigation was also
a forestry project. In 1990, the U.S.
Forest Service’s America the Beautiful
Program planted trees on private land,
with predicted offsets of 59 to 238
MMtCOse per year after 10 years of
planting (Kinsman and Trexler 1993).

Renewable energy projects. Around
the same time, several energy-based
projects were surfacing. In 1991, the
U.N. Development Program, U.N.
Environment Program and World
Bank helped to establish the now-
independent Global Environment
Facility (http://gefonline.org) to pro-
vide funding for developing coun-
tries to protect global environmental
resources (Kinsman and Trexler



1993). In its first year, the Global
Environment Facility approved six
projects aimed at climate-change re-
search and mitigation. Two focused
on implementing energy-saving tech-
nologies, including a geothermal elec-
tric power generation project in the
Philippines and a photovoltaic project
in Zimbabwe.

These early prototypes served as a
proving ground, testing the feasibility
of offset projects and helping to refine
methodologies. Since the early 1990s,
both the number and range of offset
projects have grown. Although the
voluntary and regulated offset markets
cover a more or less similar range of
sectors, forestry and renewable energy
projects currently dominate the vol-
untary market. This is in contrast to
Kyoto’s clean development mechanism
and joint implementation projects,
where the majority of offset projects are
aimed at decreasing emissions of indus-
trial gases (fig. 2).

Offset supply pathways

A number of offset supply pathways
have developed, due to the rapidity with
which carbon demand has increased as
well as the lack of formal government
oversight or regulatory policy structure
for managing supply in the voluntary
offset market (fig. 3). Credits can pass
directly from developer to buyer, or in-
directly through a verifier, which may
or may not be certified by a regulatory
agency, an aggregator/wholesaler and/
or a retailer. Project developers tend to
organize a range of different-sized offset
projects (Hamilton et al. 2007). They sell
offsets to aggregators or wholesalers,
retailers and even directly to consumers.
The aggregators bundle smaller offsets
for bulk sales, while retailers pass along
smaller numbers of credits to individu-
als and organizations. Both retailers and
wholesalers own portfolios of credits.

The voluntary supply chains are be-
coming increasingly diversified, with
fewer big players and greater product
specialization. This contrasts with the
pathways for allowances, which are trad-
able within the EU Emissions Trading
Scheme and on the Chicago Climate
Exchange. Allowances pass through EU
member states (and regulated sectors)

Industrial gases
(N,O and F-gases)

Voluntary
offset projects
13 MMtCO,e

Forestry
Methane: animal waste
Methane: coal mines
Methane: landfill
Energy efficiency

Renewable  Other

[

Fig. 2. Project type and proportional volume, 2006. Adapted from Bellassen and Leguet 2007.

to the market, while carbon financial
instruments pass through the Chicago
Climate Exchange.

In 2006, about half to three-quarters
of the demand for carbon credits was
estimated to come from businesses
offsetting emissions (Hamilton et al.
2007). Individuals who either purchase
offsets through retailers or buy prod-
ucts from companies that offset their

Key

ER:
VER:
CFl:

Emissions reduction

Verified emissions reduction
Carbon financial instrument;
Chicago Climate Exchange
allowance (1 CFI = 100 MtCO,e)
Assigned amount unit

(1 AAU =1 MtCO,e)

Certified emissions reduction

(1 CER = 1 MtCO,e)

Emissions reduction unit

(1 ERU = 1 MtCO,e)

Clean development mechanism/
joint implementation

AAU:

CER:

ERU:

CDM/JI:

Verificati

on

Voluntary
market
asset
pathways

Project

Kyoto
asset
pathways
External
verification
cbM/l

External
verification

emissions drive about a third of mar-
ket demand; the latter can be thought
of as carbon “rebates.” Finally, while
still a small proportion of the total de
mand, an increasing number of event
organizers and nonprofit and govern-
mental organizations are offsetting
their carbon emissions.

While still fairly small, the retail off-
sets market could play an important role

Wholesaler/aggregators
Retailers

Regulatory body

(AAU)
(cerery) . Kyoto
\ signatories

Wholesaler/aggregators
Retailers

Fig. 3. Conceptual pathways to the carbon market.
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Geoffrey Hammond

Carbon markets, both regulated and voluntary, set caps for greenhouse-gas emissions. When
polluters exceed these targets, they can pay to mitigate or offset the environmental damage.
For example, investments in cleaner wind power can offset more heavily polluting sources.

Above, a Palm Springs wind farm.

in consumer perceptions of carbon trad-
ing (Capoor and Ambrosi 2007). Retail
offset credits are referred to as carbon
offsets or “verified” when they have
been verified by an independent third
party, or as verified emissions reduc-
tions (VER) when the verifier has been
certified by a regulatory body.

Rather than being driven by a cap,
the voluntary market is driven by indi-
vidual and corporate buyers, who are
motivated by philanthropy, internal
goals and sustainability reporting,
corporate responsibility, public rela-
tions and branding, reduced liability,
cost avoidance, regulation preemption,
and appeal to consumers and inves-
tors (Hamilton et al. 2007; Arora and
Cason 1996; Hoffman 2005; Videras and
Alberini 2000; Vidovic and Khanna
2007; Welch et al 2000).

Quality of voluntary offsets

Concerns. Although the voluntary
market is believed to promote more
innovative offset projects, the quality
of its offsets has come under increas-
ing public scrutiny. In contrast to the
certification processes for joint imple-
mentation and clean development
mechanism, the voluntary market does
not have a commonly-agreed-upon
standard for what constitutes a qual-
ity offset. In recent years, a number of
news articles have been highly criti-
cal of the quality of some offsets (e.g.,
BusinessWeek, March 26, 2007).

The quality of a carbon offset,
whether traded on the voluntary or
regulated markets, is usually defined
relative to criteria outlined in the Kyoto
Protocol. In general, offset projects must
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have clearly defined boundaries and

a well-demonstrated baseline level of
emissions, with monitoring methodolo-
gies to measure real emissions reduc-
tions. Reductions must be verifiable
and “additional”; emissions reductions
are counted as additional if they would
not have occurred in the absence of the
project. So-called additionality is often
the most difficult requirement, espe-
cially for land-use change and forestry
projects (Chomitz 2000). Offset projects
must also account for “leakage,” or
changes in emissions outside of the
project boundaries that may occur as a
result of the project. Other criteria may
include whether an emissions reduction
is reversible, and if so, on what time
scale, and whether project-related social
and environmental effects on a com-
munity can be appropriately mitigated
(Capoor and Ambrosi 2007, Chomitz
2000). There is also some concern that
over time, a continued lack of confi-
dence in voluntary offset quality could
extend to other projects in the catego-
ries of clean development mechanism
and joint implementation.

Standards. Partially as a result
of this concern, new protocols are
proposed almost monthly for offset
standards or certification programs.
Among the better known standards
are ISO 14064 (a voluntary carbon
standard), the Gold Standard (en-
dorsed by a large number of nonprofit
organizations), the Voluntary Carbon
Offset Standard and the Voluntary
Carbon Standard. In addition, the U.K.
Department of Environment and Rural
Affairs has prepared a Code of Best
Practices to assist consumers in identi-
fying quality offsets.

Registries. Greenhouse-gas regis-
tries are also a critical component for
improving the quality of voluntary
market transactions. Registries provide
accounting and tracking systems for
offsets, which can help to reduce the
double-counting of carbon credits. For
example, the Canadian Greenhouse
Gas Challenge and the World Economic
Forum serve as tracking systems, and
the Environmental Resources Trust
GHG Registry and the Bank of New
York Global Registry provide carbon
accounting systems. The California
Climate Action Registry provides both
a tracking system and some sector-



specific protocols (accounting mecha-
nisms), and is currently serving as the
model for a national registry.

Voluntary agricultural offsets

In most countries, agriculture is one
of the few industries that currently has
the opportunity to benefit from the
voluntary carbon market without the
burden of direct costs due to regula-
tion, although farms may suffer from
the indirect costs of greenhouse-gas
regulation (such as higher fuel or sup-
ply prices) and adaptation costs if
regulation is unable to prevent climate-
change impacts. So far, agriculture has
not been subject to carbon caps in the
EU Emissions Trading Scheme or in
proposed U.S. cap-and-trade programs,
largely because it is difficult to mea-
sure greenhouse-gas emissions from
agricultural activities such as soil till-
age, animal waste, land conversion and
fuel use (European Commission 2008).
However, the New Zealand govern-
ment (2007) currently has plans to cap
agricultural emissions.

Agricultural production entities
that are not regulated may be able
to sell carbon reductions as offsets,
if an emitting farm is willing to as-
sume the costs of monitoring and
self-enforcement to reduce its emis-
sions. As of May 2008, the Chicago
Climate Exchange had approved 10
agricultural soil offset projects and 14
agricultural methane-reduction proj-
ects (four of which are in California),
and had approved the methodology
for rangeland soil carbon management
(CCX 2007a, 2007b). Retail offsets

3 Phases Renewables

Hilarides Dairy in Lindsay, Calif., has installed covers on its manure

lagoons to capture methane for electricity generation and vehicle fuel.
The dairy hopes to capture the economic value of destroying methane
by selling carbon offsets once the market is established. in Sabeh, Malaysia.

have also included projects to capture
methane and build wind energy in-

frastructure on farms (NativeEnergy
2007).

Emerging U.S. markets

The regulation of greenhouse gases
will undoubtedly affect many existing
industries, from energy and transpor-
tation to agriculture and forestry. The
effect on each market is a function of
the structure and rules of regulatory
mechanisms. Within the United States,
climate change is being addressed
through a number of different state,
local and voluntary carbon-emissions
reduction initiatives.

Regional agreements. At pres-
ent, three regional agreements pro-
vide a framework for cap-and-trade
schemes between states: the Regional
Greenhouse Gas Initiative, the Western
Climate Initiative and the Midwest

Greenhouse Gas Reduction Accord. The

Regional Greenhouse Gas Initiative
encompasses emissions from power

plants in 10 Northeast states, and began

trading 2009 emissions credits in 2008.
The Western Climate Initiative (2008)
began in February 2007 and released

a cap-and-trade program proposal in
September 2008. This program would
encompass seven Western states in-
cluding California and four Canadian
provinces beginning in 2012, and is
designed to reduce emissions to 15%
below 2005 levels by 2020. The Midwest
Accord includes six states and one
Canadian province, which agreed in
November 2007 to establish a cap-and-
trade program within 30 months.

+

With 23 U.S. states involved in re-
gional agreements as of July 2008, and
10 states and the District of Columbia
as official observers (www.rggi.org,
www.midwesternaccord.org, www.
westernclimateinitiative.org) the lack
of federal guidance does not seem to
have hampered mobilization to reduce
greenhouse gases in the United States.

California mandate. The California
Global Warming Solutions Act of 2006
(AB32) mandates reductions in the
state’s greenhouse-gas emissions to
1990 levels by 2020. This sets the stage
for yet another entry into the regu-
lated carbon-trading market. The Act
authorizes — but does not require —
the California Air Resources Board
to employ market-based regulatory
mechanisms to achieve greenhouse-gas
emissions reductions (CARB 2008a).

The board’s scoping plan, adopted in
December 2008, includes regulations,
fees and voluntary measures, some
of which would be partially nested
within a cap-and-trade program that
could potentially cover up to 85% of the
state’s emissions by 2020 (CARB 2008a).
The specific measures are expected to
achieve 140 MMtCOye in reductions
by 2020, 112 MMtCO,e of which would
be in capped sectors. An additional 34
MMtCO,e would also be reduced under
the cap-and-trade program, such that
the total emissions of capped sectors
would be fixed at 365 MMtCO,e in 2020.

The plan also calls for linkages with
Western Climate Initiative partner pro-
grams, although it stipulates that no
more than 49% of required reductions
can come from the combination of al-

The Dutch Electricity Generating Board set up the Face Foundation
in 1990 to mitigate energy-related emissions via forestry. Its first
project, with Innoprise Corporation, was to restore a degraded forest
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On Sept. 27, 2006, on Treasure Island in San Francisco, Gov. Arnold Schwarzenegger signed

AB32, landmark legislation to address climate change by reducing California’s greenhouse-
gas emissions to 1990 levels by 2020. Among its provisions, AB32 authorizes the California Air
Resources Board to institute market-based emissions trading.

lowances outside California and of the
total offsets. Verification and offset ap-
proval are emphasized.

Western Climate Initiative. The
Western Climate Initiative (2008) plans
to integrate its cap-and-trade program
with California’s trading program. The
first compliance period begins in 2012
and will include emissions from elec-
tricity generation, industrial processes,
and combustion at industrial and com-
mercial facilities. The second compli-
ance period begins in 2015, when the
program will expand to include fuel
combustion at smaller sources and the
combustion of transportation fuels.

California’s ag carbon market

Although agricultural emissions are
not included in California’s proposed
cap-and-trade program or mandatory
measures, they are under consideration
for voluntary reductions and poten-
tial future measures (CARB 2008b).
California agriculture will also be indi-
rectly affected by several greenhouse-
gas-reduction policies.

California Air Resources Board. In
September 2008, the California Air
Resources Board adopted a methodol-

ogy to calculate emissions from manure
digesters (CARB 2008b). Voluntary
investments in manure digesters will
be encouraged with, for example, mar-
ketable offset credits, renewable energy
incentives and/or utility contract incen-
tives. The possibility of making manure
digesters mandatory for large dairies
will be evaluated in the plan’s 5-year
update. The plan also indicates that the
state will consider developing protocols
to quantify greenhouse-gas reductions
from carbon sequestration in rangelands
and woodlands, although it does not yet
indicate whether those protocols would
be used for voluntary or tradable offsets.
Western Climate Initiative. Under the
Western Climate Initiative, the devel-
opment of protocols to approve offsets
from agricultural soil sequestration
and manure management is a priority.
Approving these offsets would likely
increase and eventually stabilize the
agricultural offset market. Given pro-
posed linkages between the Western
Climate Initiative and the California
Air Resources Board, the former’s offset
rules may apply in the latter’s cap-and-
trade program. Although the Western
Climate Initiative allows states some
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TerraPass is one of several organizations that
allows consumers to calculate specific dollar
amounts to offset their energy usage when at
home, driving or flying, or for events such as
weddings or conferences.

flexibility, California would likely follow
suit with tradable agriculture offsets,
given its development of methods for
calculating emissions reductions from
manure digesters and its investigation of
carbon-sequestration protocols.
Fertilizer, energy use and biomass.
Emissions from fertilizer are not in-
cluded in California’s proposed pro-
gram, but the California Air Resources
Board is conducting research into
nitrogen fertilizer emissions to im-
prove baseline calculations and man-
agement practices. Additionally, the
board is currently working to enforce
regulations that apply to the sale of
used diesel agricultural engines and
to increase fleet turnover of off-road
agricultural equipment. The board’s
scoping plan also indicates that it will
consider increasing the fuel efficiency
of farm equipment, using water more
efficiently (which reduces greenhouse-
gas emissions by reducing the energy
needed to convey water) and using bio-
mass to produce energy. The Western
Climate Initiative plan explicitly con-
siders the combustion of approved bio-
mass and biofuels to be carbon neutral.
These policies will put biofuels and



energy produced from biomass — and
the crops used to make them — at an
advantage in the regulated markets of
the future.

California’s influence

Although California will learn from
other trading schemes, carbon mar-
kets are still in relative infancy and
their designs are being refined. While
federal rules may eventually preempt
regional and state efforts, California’s
early market designs may “serve as a
model for the federal program” (CARB
2008a).

California’s environmental justice
community has expressed concerns
about the distribution of the economic
and public health effects of climate
policy, and AB32 requires that reduc-
tion measures avoid disproportionate
impacts on vulnerable communities.
Given the California Air Resources
Board’s emphasis on linkages with
other trading systems and the legisla-
tive requirement to develop equitable
market mechanismes, if the board suc-
ceeds in reconciling the concerns of
low-income and minority communities
with a stable and efficient cap-and-trade
system, the rules designed in California
may have an important influence on
the design of larger national and global
cap-and-trade schemes.

Capoor and Ambrosi (2007) note that
a market-based approach is only as good
as the target set by policymakers and
the integrity with which the market is
viewed. The current carbon market is
still evolving. In November 2007, the
long-awaited International Transaction
Log opened, and Japan became the
first nation with a transparent registry
system. Likewise, the Kyoto Protocol
entered its commitment period in 2008,
and the strengths and limitations of
market-based approaches will be tested.
Where markets fail, mitigation may be
needed to address any unintentional in-
equity and environmental impacts that
result from greenhouse-gas market pres-
sures and from climate change itself.

As the California carbon market-
place begins to form and take hold, the
extent to which each sector participates
and the impacts on various communi-
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Developed for nursery operators interested in preventing
the contamination of runoff and groundwater leaching, this
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The buzz on urban bees

Of about 4,000 bee species known in the United States, more
than 1,600 have been recorded in California. Yet as human
populations and urban areas continue to expand, global evi-
dence is mounting that pollinators, especially bees, are declin-
ing. University of California researchers at Berkeley and Davis
are investigating the diversity, range and ecological roles of
native bee pollinators. In the next issue of California Agriculture
journal, they report on urban bee surveys conducted across
California from 2005 to 2007. The study indicates that many
types of urban residential gardens provide suitable and abun-
dant floral and nesting resources for native bee species. Fur-
thermore, habitat gardening for bees can increase bee diversity
and abundance — providing clear pollination benefits.

Also:
e New pest: the Diaprepres root weevil
e Alfalfa harvesting costs
e Livestock disease outbreaks
e Nitrogen balances for dairy cattle

e Drip irrigation in the San Joaquin Valley



