U.S. Agriculture and Forestry Greenhouse Gas Inventory: 1990-2005. Global Change Program
Office, Office of the Chief Economist, U.S. Department of Agriculture. Technical Bulletin No. 1921.
161 pp. August, 2008. http://www.usda.gov/oce/global_change/AFGGInventory1990 2005.htm.

Abstract

Emissions of the three most important long-lived greenhouse gases (GHG) have increased measurably
over the past two centuries. Carbon dioxide (CO;), methane (CH,), and nitrous oxide (N2O)
concentrations in the atmosphere have increased by approximately 35%, 155%, and 18%, respectively,
since 1750. In the U.S., agriculture accounted for close to 7% of total GHG emissions (7260 Tg CO;,
eq.) in 2005. Livestock, poultry, and crop production contributed a total of 481 Tg CO, eq. to the
atmosphere in 2005. This total includes an offset from agricultural soil carbon sequestration of roughly
32 Tg COz eq. The primary agricultural sources are N,O emissions from cropped and grazed soils (263
Tg CO; eq.), CH4 emissions from enteric fermentation (112 Tg CO; eq.), and CH,4 emissions from
managed livestock waste (41 Tg CO, eq.). Forests in the United States contributed a net reduction in
atmospheric GHG of approximately 787 Tg CO, eq. in 2005, which offset total U.S. GHG emissions by
approximately 11%. In aggregate, the U.S. agricultural sector (including GHG sources for crop, poultry,
and livestock production and GHG removal from the atmosphere via sinks for in) was estimated to be a
net sink of 306 Tg CO; eq. in 2005.

Keywords: climate change, greenhouse gas, land use, carbon stocks, carbon sequestration, enteric
fermentation, livestock waste, nitrous oxide, methane, rice cultivation, energy consumption.
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Dear Reader:

| am pleased to present you with this report, The U.S. Agriculture and Forestry Greenhouse Gas
Inventory: 1990-2005, an update to USDA Technical Bulletin 1907 (2004) which accounted for
greenhouse gas emissions and sinks for the agricultural and forestry sectors through 2001.

This report is consistent with the Environmental Protection Agency’s (EPA’s) Inventory of U.S.
Greenhouse Gas Emissions and Sinks (2007) in its assessment methods. However, EPA’s national-scale
reporting here has been disaggregated to provide a State-by-State presentation. We believe this format
will serve as a useful resource to land managers, planners, and others with an interest in greenhouse gas
dynamics and their relationships to land use and land use change.

Data collection and analysis, as well as coordination of this Inventory, could not have been
accomplished without the contributions of Stephen Del Grosso, Ronald Follett, and USDA’s
Agricultural Research Service. | also express my thanks to Linda Heath and James Smith of the USDA
Forest Service, James Duffield of USDA’s Office of Energy Policy and New Uses, Stephen Ogle at the
Natural Resources Ecology Laboratory of Colorado State University, and Tom Wirth in EPA’s Office of
Atmospheric Programs for their data, analysis, and review. Their thoughtful and diligent efforts
compose the foundation of this report, which we hope will serve as a useful resource for a broad
spectrum of land management-focused professionals and other interested individuals.

Sincerely,

William Hohenstein
Director, USDA Global Change Program Office
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Chapter 1: Introduction

1.1 Global Change and Global Greenhouse Gas Emissions in Agriculture
and Forestry

Global concentrations of the three most important long-lived greenhouse gases (GHG) in the atmosphere
have increased measurably over the past 255 years. Carbon dioxide (CO,), methane (CH,), and nitrous
oxide (N20) concentrations in the atmosphere have increased by approximately 35%, 155%, and 18%,
respectively, since 1750 (Keeling & Whorf 2005, Dlugokencky et al. 2005, Prinn et al. 2000).
Agriculture and forestry practices may either contribute to or remove GHG from the atmosphere.
Agriculture and forestry have affected GHG levels in the atmosphere through cultivation and
fertilization of soils, production of ruminant livestock, management of livestock manure, land use
conversions, and fuel consumption. The primary GHG sources for agriculture are N,O emissions from
cropped and grazed soils, CH4 emissions from ruminant livestock production and rice cultivation, and
CH, and N,O emissions from managed livestock waste. The management of cropped, grazed, and
forestland has helped offset GHG emissions by promoting the biological uptake of CO; through the
incorporation of carbon into biomass, wood products, and soils. This report serves to estimate U.S.
GHG emissions for the agricultural sector, to quantify uncertainty in emission estimates, and to estimate
the potential of agriculture to mitigate U.S. GHG emissions.

Observed increases in atmospheric GHG concentrations are primarily a result of fossil fuel combustion
for power generation, transportation, and construction. In the U.S., agriculture accounted for close to 7%
of total GHG emissions (7,260 Tg CO, eq., teragrams of carbon dioxide equivalents) in 2005 (EPA
2007). Greenhouse gas emissions estimates reported here are in units of CO, equivalents. Box 1-1
describes this reporting convention, which normalizes all GHG emissions to CO, equivalents using
Global Warming Potentials (GWP). Agriculture in the United States, including livestock, grasslands,
crop production, and energy use, contributed a total of 481 Tg CO, eg. to the atmosphere in 2005 (Table
1-1). This total includes an offset, or sink, from agricultural (cropped and grazed lands) soil carbon
sequestration of roughly 32 Tg CO, eq. Forests in the United States contributed a net reduction in
atmospheric GHGs of approximately 787 Tg CO; eg. in 2005, which offset total U.S. GHG emissions by
almost 11% (EPA 2007). After accounting for C sequestration related to forestry, agricultural and
forested lands in the U.S. were estimated to be a net sink of 306 Tg CO; eq. (Table 1-1). The 95%

Table 1-1 Agriculture and Forestry Greenhouse Gas Emission Estimates and confidence

Uncertainty Intervals, 2005 interval for

Estimate Lower Bound ~ UpperBound  Lower Bound  Upper Bound this estimate
ranges from

Source Tg CO ; eq. % .
Livestock 162 148 184 9) 14 a sink of 499
Crops' 153 137 188 (11) 23 to 110 Tg
Grassland 96 79 143 18 48 CO; eq.
Energy Use’ 69 (Table 1-1).
Forestry (699) (890) (513) (27) 27
Urban Trees (89)

Net Emissions (306) (499) (110) (63) 64

Note: Parentheses indicate net sequestration.

YIncludes sequestration in agricultural soils.
® Confidence intervals were notavailable for this component,

U.S. Agriculture and Forestry Greenhouse Gas Inventory: 1990-2005 Page 1



A little more than one-third (35%) of agriculture’s GHG emissions in 2005 were due to crop production.
Most of the emissions from crop production were from non-rice soils, with residue burning and rice

cropping accounting for about 2% of overall agricultural emissions (Figure 1-1). Livestock production is
responsible for most of the remaining agricultural emissions, with about 22% from enteric fermentation,

BOX1-1

The USDA GHG Inventory report follows the international convention for reporting greenhouse
gas emissions, as described in the introduction of the U.S. GHG Inventory (EPA 2006).
Emissions of greenhouse gases are expressed in equivalent terms, normalized to carbon dioxide
using Global Warming Potentials (GWPs) published by the IPCC (IPCC SAR). Global Warming
Potentials, which are based on physical and chemical properties of gases, represent the relative
effect of a given greenhouse gas on the climate, integrated over a given time period, relative to
carbon dioxide (CO,) (IPCC 2001). The GWP values used in the U.S. GHG Inventory and this
report are recommended by the IPCC for national greenhouse gas inventory reporting (Table B1-
1). These values for methane (CH,4) and nitrous oxide (N,O) are referenced to CO, and based on
a 100-year time period (IPCC 1996).

Table B1-1 (Reproduced from U.S. GHG Inventory 2003, Table 1-2:
Global Warming Potentials of Selected Greenhouse Gases
Atmospheric

Gas lifetime (yrs) GWP*
COo, 50-200 1
CH, 12 21
N,O 120 310

*For consistency with international reporting standards, the U.S. GHG Inventory uses GWP values published in the
IPCC Second Assessment Report (1996). Global warming potential values and estimated atmospheric lifetime were
revised for some gases in the IPCC Third Assessment Report (2001).

In the USDA and U.S. GHG Inventories, carbon dioxide equivalent (CO, eq.) units are expressed
in teragrams (Tg), where a teragram equals one million metric tons. The formula for converting
gigagrams (1 Gg = 10° grams) of a greenhouse gas to teragrams (1 Tg = 10% grams) of carbon
dioxide equivalent (Tg CO, eq.) is provided in the U.S. GHG Inventory and is repeated here for
clarity:

TgCO, eq.=(Gg of gas) x (GWP )< (H%ooosg)

In the land use sector, where carbon dioxide gas is sequestered and stored as carbon (C) in
biomass and soils, greenhouse gas removals are often expressed in units of million metric tons of
carbon equivalent (MMTCE). The formula below shows how to convert MMTCE to Tg CO; eq.,
and is based on the molecular weights of carbon and carbon dioxide.

TgCO, eq.=MMTCE x (447,

U.S. Agriculture and Forestry Greenhouse Gas Inventory: 1990-2005 Page 2



10% from managed waste, and 18%
from grazed lands. The remaining
13% of total emissions result from
agriculturally related energy usage,
which is listed under the Energy
heading by EPA (2007), but is
provided here for
comprehensiveness. It should be
noted that the estimates in Figure 1-1
are for emissions only, and do not
account for C storage in agricultural
soils and forests. Regarding
sequestration, forests are by far the
leading sink, followed by harvested
wood products, urban trees, and
agricultural soils (Figure 1-2).

Sources and sinks of emissions are
conveniently partitioned (sinks are

Figure 1-1
Agricultural Sources of Greenhouse Gas Emissions in 2005

Enteric Fermentation
(CHs4) 112 Tg CO2 eq,
22%

Managed Livestock
Waste (CHs, N20)
51 Tg COz eq.,, 10%

Grazed Lands
(CHs, N20)
94 Tg CO2 eq, 18%

Cropland Soils (N20)
176 Tg CO2 eq, 35%

Rice Cropping &
Residue Burning
(CHas, N2O)

8 Tg CO2¢eq, 2%

Energy Use (CO2)
69 Tg CO2 eq, 13%

less than 0) in Figure 1-3. Overall emissions profiles of agricultural sources, including energy use but
excluding storage by soils and forestry, show that sources increased 8% between 1990 and 2005 (Table
1-2, Figure 1-3). The sink strength of the forest pool has increased 20% since 1990 (Table 1-2, Figure 1-
3). Note that cropland soil N,O emissions reported here are lower than those reported in EPA (2007)
because a mistake was found in the calculations reported in EPA (2007). The soil N,O emissions
reported here are consistent with
those reported in EPA (2008).

Figure 1-2

Agricultural Sinks of Carbon Dioxide in 2005
Annual CO; emissions from
onfarm energy use in agriculture
are small relative to total energy
use across all sectors in the United
States. In 2005, fuel and electricity
consumption associated with crop
and livestock operations resulted in
69 Tg CO, (Table 1-1), which is
about 1% of overall energy-related
CO; emissions for 2005 (5943 Tg
CO,). Electricity use led to about
30% of CO, emissions from energy
use in agriculture; diesel fuel use
led to about 46%, while gasoline,
natural gas, and liquefied
petroleum gas contributed 12%,

Forests
(595) Tg COz2 eq.
72%

Harwested Wood
(103) Tg CO2 eq.
13%

Urban Trees
(88.5) Tg CO2 eq.
11%

Agricultural Soils
(32) Tg CO2 eq
4%

Note: Parenthesis indicate a net
sequestration.
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Figure 1-3
Agriculture and Forestry Emissions and Offsets for 1990, 1998-2005
600 -
400 ~ Sources GHG
@ Rice/Residue Burning (CH,, N,0)
200 B Managed Waste (N,0, CH,)
. B Grazed Lands (CH,. N,0)
0 A O Enteric Fermentation  (CH,)
é m Cropland Soils (N,0)
E’ (200) - Sinks GHG
0O Agricultural Soils (co,)
(400) @ Urban Trees (CO,)
O Harvested Wood (co,)
(600) B Forests (co,)
(800) -
(1000) - L
Note: Parenthesis indicate a net
1990 1998 1999 2000 2001 2002 2003 2004 2005 sequestration.

7%, and 5%, respectively, to total CO, emissions from energy use in agriculture.

1.2 Sources and Mechanisms for Greenhouse Gas Emissions

Over half of global annual emissions of CH4 and roughly a third of global annual emissions of N,O are
believed to derive from human sources, mainly from agriculture (IPCC 2001). Agricultural activities
contribute to these emissions in a number of ways. While losses of N,O to the atmosphere occur
naturally, the application of nitrogen to amend soil fertility increases the natural rate of emissions. The
rate is amplified when more nitrogen is applied than can be used by the plants, either due to volume or
timing. In agricultural practices, nitrogen is added to soils through the use of synthetic fertilizers,
application of manure, cultivation of nitrogen-fixing crops/forages (e.g., legumes), and retention of crop
residues. Rice cultivation involves periodic flooding of rice paddies, which promotes anaerobic
decomposition of organic matter in soil from rice residue and organic fertilizers by CHg-emitting soil
microbes. Finally, burning of residues in agricultural fields produces CH, and N,O as by-products.

Livestock grazing, production, and waste cause CH4 and N,O emissions to the atmosphere. Ruminant
livestock such as cattle, sheep, and goats emit CH, as a byproduct of their digestive processes (called
“enteric fermentation”). Managed livestock waste can release CH,4 through the biological breakdown of
organic compounds and N,O through nitrification and denitrification of nitrogen contained in manure;
the magnitude of emissions depends in large part on manure management practices and to some degree
on the energy content of livestock feed. Grazed lands have enhanced N,O emissions from nitrogen
additions through manure and urine and from biological fixation of nitrogen by legumes, which are

U.S. Agriculture and Forestry Greenhouse Gas Inventory: 1990-2005 Page 4



Table 1-2 Summary of Agriculture and Forestry Emissions and Offsets, 1990, 1998-2005
1990 1998 1999 2000 2001 2002 2003 2004 2005

Source GHG TgCO, eq.

Livestock 157.4 1646 1643 1640 1646 1655 1649 1618 1629
Enteric Fermentation CH, 117.9 116.7 116.8 115.6 1146 1147 115.1 1126 1121
Managed Waste CH, 30.9 387 38.3 38.7 401 411 40.5 39.7 413
Managed Waste N,O 8.6 92 9.2 9.6 9.8 9.7 9.3 94 95

Grassland 96.5 104.0 88.5 935 1023 1014 89.8 896 96.5
Grassland CH,4 2.6 2.7 2.6 2.5 25 25 2.5 25 25
Grassland N;O 108.4 1013 8.9 91.0 99.8 99.0 87.5 873 94.2
Grassland CO, 14.4) 0.0 0.0 (0.0) 0.1) (0.1) 0.2 (0.2) (0.2)

Crops 157.2 1695 1545 1582 1630 1480 1436 1429 1530
Cropland Soils* N,O 1685 1883 1729 1788 1849 1706 1665 1661 1769
Cropland Soils’ CO, (19.5) (280) (28.0) (29.3) (308) (306) (311 (3220 (322
Rice Cultivation CH, 7.1 79 8.3 75 76 6.8 6.9 76 6.9
Residue Burning CH, 0.7 0.8 0.8 0.8 08 0.7 0.8 09 0.9
Residue Burning N,O 0.4 05 0.4 0.5 05 0.4 0.4 05 05

Enerqy Use® CO, 44.3 571 60.1 53.8 735 52.6 44.8 520 69.4

Forestry (656.0) (769.2) (743.7) (716.9) (7259) (770.4) (771.0) (783.7) (787.2)
Forests CO, (466.5) (584.2) (551.8) (529.4) (5555) (595.3) (595.3) (595.3) (595.3)
Harvested Wood CO, (132.0) (1111) (115.9) (109.3) (902) (928) (91.3) (1019) (1034)
Urban Trees® CO, 675 (740) (76.0) (782 (802) (823) (84.4) (864) (885)

Net Emissions AllGHGs  (200.6) (274.1) (276.3) (247.4) (2225) (3029) (327.9) (3375) (3055)

Note: Parentheses indicate a net sequestration.

YIncludes emissions from managed manure during storage and transport before soil application.

2A{:;ricullural soil C sequestration includes sequestrationon land set aside under the CRP program, in addition to cultivated mineral and organic soils.
® Includes emissions from electricity use only for 2001 and 2005.

‘Al years except 2001 and 2005 are interpolated values.

typically seeded in heavily grazed pastures. Some pastures are also amended with nitrogen fertilizers,
managed manure, and sewage sludge, which also contribute to GHG emissions on those lands.

1.3 Strategies for Greenhouse Gas Mitigation

Agriculture and forest management can offset GHG emissions by increasing capacity for carbon uptake
and storage in biomass, wood products, and soils. This process is referred to as carbon sequestration.
The net flux of CO, between the land and the atmosphere is a balance between carbon losses from land
use conversion and land management practices, and carbon gains from forest growth and sequestration
in soils (IPCC 2001). Improved forest regeneration and management practices such as density control,
nutrient management, and genetic tree improvement promote tree growth and enhance carbon
accumulation in biomass. In addition, wood products harvested from forests can serve as long-term
carbon storage pools. The adoption of agroforestry practices like windbreaks and riparian forest buffers,
which incorporate trees and shrubs into ongoing farm operations, represents a potentially large GHG
sink nationally. While deforestation is a large global source of CO,, within the United States, net
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forestland area has experienced a relatively small net loss of roughly 4.2 million hectares (Kimble et al.
2003). Avoidance of large-scale deforestation and adoption of the practices mentioned above have
resulted in the forestry sector being a net GHG sink in the U.S.

Agricultural practices such as conservation tillage and grassland practices such as rotational grazing can
also reduce carbon losses and promote carbon sequestration in agricultural soils. These practices offset
CO;, emissions caused by land use activities such as conventional tillage and cultivation of organic soils.
However, strategies intended to sequester carbon in soils can also impact the fluxes of two important
non-CO, GHGs, N,O and CH,4. Consequently, the net impact of different management strategies on all
three biogenic GHGs must be considered when comparing alternatives (Robertson et al. 2000, Del
Grosso et al. 2005). Innovative practices to reduce GHG emissions from livestock include modifying
energy content of livestock feed, inoculating feed with agents that reduce CH,4 emissions from digestive
processes, and managing manure in controlled systems that reduce or eliminate GHG emissions. For
example, anaerobic digesters are a promising technology for capturing and using CH4 emissions from
livestock waste as an alternative energy source. Nitrous oxide emissions from soils can be reduced by
precision application of nitrogen fertilizers and use of nitrification inhibitors. These and other practices,
many of which have additional benefits beyond GHG emission reductions, are discussed further in this
report.

1.4 Purpose of this Report

The U.S. Agriculture and Forestry Greenhouse Gas Inventory: 1990-2005 was developed to include
emission estimates for years not included in the first U.S. Agriculture and Forestry Greenhouse Gas
Inventory: 1990-2001 (USDA 2004) and to revise estimates for previous years based on improved
methodologies. This inventory provides a comprehensive assessment of the contribution of U.S.
agriculture and forestry to greenhouse gas emissions. The document was prepared to support and
expand on information provided in the official Inventory of U.S. GHG Emissions and Sinks (U.S. GHG
Inventory), which is prepared annually by the U.S. Environmental Protection Agency to meet U.S.
commitments under the United Nations Framework Convention on Climate Change (UNFCCC) (EPA
2007). This report, the U.S. Agriculture and Forestry GHG Inventory (USDA GHG Inventory),
supplements the U.S. GHG Inventory, providing an in-depth look at agriculture and forestry emissions
and sinks of GHG and presenting additional information on GHG emissions from fuel consumption on
U.S. farms.

The U.S. GHG Inventory provides national-level estimates of emissions of the primary long-lived GHGs
(carbon dioxide, methane, nitrous oxide, and fluorinated gases) across a broad range of sectors (energy,
industrial processes, solvent use, agriculture, land use change and forestry, and waste). Due to the
national-level scale of reporting in the U.S. GHG inventory, that report does not always provide regional
or State GHG emissions data. However, in some cases county, State, and regional emissions data are
part of the inventory development process and can be used for more disaggregated analyses.

This report customizes the data from the U.S. GHG Inventory in a manner that is useful to agriculture
and forestry producers and related industries, natural resource and agricultural professionals, as well as
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technical assistance providers, researchers, and policymakers. The information provided in this
inventory will be useful in improving our understanding of the magnitude of GHG emissions by county,
State, region, and land use, and by crop, pasture, range, livestock and forest management systems. The
potential to mitigate emissions from cropped soils is also quantified in this edition of the inventory. The
analyses presented in this report are the result of a collaborative process and direct contributions from
EPA, USDA (Forest Service, Natural Resources Conservation Service, Agricultural Research Service,
Office of Energy Policy and New Uses, and the Global Change Program Office), and the Natural
Resources Ecology Laboratory (NREL) of Colorado State University.

USDA administers a portfolio of conservation programs that have multiple environmental benefits,
including reductions in GHG emissions and increases in carbon sequestration.

This and future USDA GHG Inventory reports will facilitate tracking of progress in promoting carbon
sequestration and reducing GHG emissions through agriculture and forest management. The USDA
GHG Inventory describes the role of agriculture and forestry in GHG emissions and sinks, including
quantitative estimates of GHG emissions reductions and carbon sequestration through agriculture and
forest management. Extensive and in-depth emissions estimates are presented for all agricultural and
forestry GHG sources and sinks for which internationally recognized methods are available. Where
possible, emissions estimates are provided at county, State and regional scales in addition to the national
levels provided in the U.S. GHG Inventory. Emissions are categorized by additional information such
as land ownership and management practices where possible. This report will help to:

Quantify current levels of emissions and sinks at county, State, regional, and national scales in
agriculture and forestry,

Identify activities that are driving GHG emissions and sinks and trends in these activities,
Quantify the uncertainty associated with GHG emission and sink estimates,

Quantify the mitigation potential of land management practices intended to reduce GHG
emissions

1.5 Overview of the Report Structure

The report provides detailed trends in agriculture and forestry GHG emissions and sinks, with
information by source and sink at county, State and regional levels. The report is structured mainly
from a land use perspective, addressing livestock operations, croplands, and forests separately; but it
also includes a chapter on energy use. The livestock chapter inventories GHG emissions from livestock
and livestock waste stored and managed in confined livestock operations as well as pasture and range
operations. The cropland agriculture chapter addresses emissions from cropland soil amendments, rice
production, and residue burning, as well as carbon sequestration in agricultural soils. The forest chapter
details carbon sequestration in forest biomass and soils, urban trees, and wood products. Fluxes of
methane and nitrous oxide in forestry are not addressed since little information is currently available to
develop estimates for these sources for forests. Qualitatively, forest soils are net methane sinks in the
U.S. and soil N,O emissions are small because forests do not receive large N additions. The energy
chapter provides information on carbon dioxide emissions from energy consumption on U.S. farms,
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covering GHG emissions from fuel use in livestock and cropland agriculture. While the U.S. GHG
Inventory provides estimates of GHG emissions from energy consumption in the production of fertilizer,
this indirect source of agricultural GHG emissions is not covered in this report.

Chapters 2 through 5 present a summary of sources of GHG emissions and sinks in the category of
emissions covered by each chapter. A summary of GHG emissions at the national level is provided
initially, followed by more detailed descriptions of emissions by each source at national and sub-
national scales where available. Methodologies used to estimate GHG emissions and quantify
uncertainty are summarized. Changes from the first edition of this inventory are indicated. Text
describing the methods and uncertainty for some chapters is summarized from the U.S. GHG Inventory,
with permission from the EPA.

1.6 Summary of Changes and Additions for the Second Edition of the
Inventory

This edition includes three major improvements. First, more sophisticated methodologies were used to
estimate GHG emissions from cropped and grazed soils. Second, the livestock chapter now includes
emissions from grazed soils that were previously included in the cropland chapter. Lastly, this report
includes more quantitative estimates of uncertainty and mitigation potential. The first edition
qualitatively discussed uncertainty and mitigation but quantitative analyses were limited. Similarly, the
first edition included little quantification of mitigation potential, which is now included in chapters 2 and
3. In addition to updating GHG flux estimates for 1990-2001, estimates for 2002-2005 are included.

The first edition of the USDA GHG inventory estimated GHG emissions and sinks from non-rice crops
and grazed lands based solely on IPCC (1997) Tier 1 methodology. Instead of relying exclusively on
IPCC (1997) Tier 1 methodology for these sources, the current inventory uses the CENTURY and
DAYCENT ecosystem models to simulate GHG fluxes for cropped and grazed lands. Use of more
sophisticated process based models is known as an IPCC Tier 3 methodology. The 2005 EPA GHG
inventory was the first to use a process-based model (DAY CENT) to estimate N,O emissions and the
2006 EPA inventory was the first to use a process-based model (CENTURY) to estimate CO, fluxes.
Tier 1 IPCC (1997) methodology has traditionally been used to estimate U.S. GHG fluxes, although
other higher tier methods which have been demonstrated to accurately represent GHG emissions and
sequestration are encouraged by IPCC’s guidelines. The major advantages of the Tier 1 methodology
are ease of implementation and high degree of transparency. GHG flux estimates are based on simple
empirical relations that can easily be implemented using spreadsheets. For example, IPCC (2006) Tier 1
methodology assumes that 1.0% of the nitrogen in fertilizer added to soils is emitted directly as N,O
from soils on an annual basis. The method also accounts for nitrogen that is added to cropped soils but
is removed either by volatilization or leaching and deposited elsewhere by prescribing an emission
factor of 1% and 0.75%, respectively. The disadvantage of this method is that other factors which
influence emissions (e.g., soil type, weather, previous land use) are not accounted for or are only
included in a rudimentary manner. To more realistically account for these other factors, simulation
models have been developed that can be applied at large scales to estimate GHG fluxes. More advanced
methods which use simulation models should yield more reliable estimates because they account for
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many of the factors that influence emissions but are not included in IPCC (2006) Tier 1 methodology.
The disadvantage of using simulation models for regional and national assessments is that considerable
computational power and programming expertise are required to perform large-scale simulations.
Additionally, large amounts of time and data are required to acquire and format model inputs and to test
the reliability of model outputs. This is why these types of models have not been used for national
assessments until recently.

Another major change relates to emissions from livestock production. The livestock chapter is now
entitled “Livestock and Grazed Land Emissions.” In the first edition, carbon stock changes for grazed
lands were included with Cropland Agriculture. However, carbon fluxes for grazed lands are now
included in the livestock chapter (Chapter 2) so that all fluxes associated with livestock production are
attributed to the livestock sector.
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Chapter 2: Livestock and Grazed Land Emissions

2.1 Summary of U.S. Greenhouse Gas Emissions from Livestock

A total of 259 Tg CO, eq. of greenhouse gases (GHGs) were emitted from livestock, managed livestock
waste, and grazed land in 2005 (Table 2-1, Figure 2-1). This represents about 49% of total emissions
from the agricultural sector (EPA 2007). Compared to the baseline year (1990), emissions from this
source were about 2% lower in 2005. The 95% confidence interval for 2005 was estimated to lie
between 239 and 306 Tg CO; eq. (Table 2-1).

Enteric fermentation was responsible for almost half (112 Tg CO, eq.) of all emissions associated with
livestock production, while grazed lands (96 Tg CO, eg.) and managed waste (50 Tg CO; eg.) accounted
for approximately 40% and 20% of the total emissions. All of the emissions from enteric fermentation
and about 81% of emissions from managed livestock waste were in the form of methane (CH,4). Of the

Table 2-1 Greenhouse Gas Emission Estimates and Uncertainty Intervals in 2005
Estimate Lower Bound Upper Bound Lower Bound UpperBound

Source TgCO; eq. %
CH 4 enteric fermentation 112 100 132 (11) 18
CH, managed waste + grazed land 43 35 52 (18) 20
N,O managed waste 10 8 12 (16) 24
N,O grazed land 94 82 136 (13) 44
CO, grazed land remaining grazed land 16 13 18 (18) 15
CO; land converted to grazed land (16) (18) (14) (13) 14

Total 259 239 306 (8) 18

emissions from grazed lands, 97% were in the form of nitrous oxide (N,O) (Table 2-2). Grazed lands do
not often experience the anaerobic conditions required for CH,4 production to exceed CH,4 uptake.
However, a small portion of manure from grazing animals is converted to CH4. Grazed lands were
roughly neutral for CO, emissions in 2005 (Table 2-2). The largest total emissions associated with
livestock production were from Texas and California (Map 2-1). Emissions were high in Texas
primarily because of the large numbers of beef cattle, while dairy cattle emissions are responsible for
most emissions in California. Emissions were also high in lowa, Nebraska, Kansas, Oklahoma, and
Missouri.

Beef cattle were responsible for the largest fraction (65%) of GHG emissions from livestock in 2005,
with the majority of emissions in the form of CH, from enteric fermentation and N,O from grazed land
soils (Figure 2-1, Table 2-2). Dairy cattle were the second largest livestock source of GHG emissions
(20%), primarily CH, from enteric fermentation and managed waste. The third largest GHG source
from livestock was swine (8%), nearly all of which was CH, from waste. Horses, goats, and sheep
caused relatively small GHG emissions when compared to other animal groups, because populations of
these types are relatively small.
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Table 2-2 Greenhouse Gas Emissions by Livestock Category and Source in 2005

Enteric Fermentation Managed Livestock Waste Grazed Land
CH, CH, N,O N,O'  CH, co,  Total
Animal Type Tg CO, ea.
Beef cattle 79.22 0.41 5.78 81.14 191 (0.19) 168.3
Dairy cattle 27.69 18.75 2.52 2.25 0.00 (0.01) 51.2
Swine 1.92 18.65 0.48 0.00 0.00 0.00 21.0
Horses 2.00 0.00 0.20 8.30 0.47 (0.02) 11.0
Poultry 0.00 2.66 0.44 0.00 0.00 0.00 3.1
Sheep 1.03 0.00 0.07 173 0.08 (0.00) 2.9
Goats 0.30 0.00 0.02 0.78 0.02 (0.00) 1.1
Total 112.2 40.5 95 94.2 2.5 (0.2) 258.6

Note: Parenthesis indicate a net sequestration.
!Includes direct and indirect emissions.

Livestock contribute GHGs to the atmosphere both directly and indirectly. Livestock emit CH, directly
as a byproduct of

Figure 2-1 digestion through a
Greenhouse Gas Emissions from Livestock in 2005 process ca_llled enteric
180 - fermentation. In
addition, livestock
160 r manure and urine
140 | Livesock GHG Emisisons (“waste”) cause CH,4
_ (259 Tg COz eq.) and N2O emissions to
g 107 B N0 the atmosphere through
§ 100 f B Manure increased
S m CHa decomposition and
nitrification/denitrificati
60 ¢ on. Managed waste that
17% .
0 Is collected and stored
emits CH4 and N,O.
20 r I . Grazing animals
0 ! ! B influence soil processes
Beef Dairy Swine  Poultry Horses  Sheep Goats _(nltrlflcatlon/ de_nltrlflcat
cattle cattle ion) that result in N,O
emissions from the

nitrogen (N) in their waste, which increases N,O emissions. Forage legumes on grazed lands also
contribute to N,O emissions because legumes fix nitrogen from the atmosphere which can become
mineralized in the soil and contribute to nitrification and denitrification. Grazed lands can also act as a
sink for atmospheric carbon dioxide (CO,), depending on whether carbon inputs to the soil from plant
residues and manure exceed carbon losses from decomposition of soil organic matter. Soils that have
been historically cropped using conventional tillage are often depleted of carbon because tillage disturbs
soil aggregates and warms soil, both of which increase decomposition rates. Carbon-depleted soils can
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act as CO; sinks upon conversion to grazing because grazed soils are typically not plowed. Factors such
as grazing intensity and weather patterns also influence net CO; fluxes, so grazed soils may be a net
source or sink of carbon during any given year.

This chapter provides national and State-level data on CH4 emissions from enteric fermentation, CH,4
and N,O emissions from managed livestock waste, and CO,, N,O and CH, fluxes for grazed lands.
Nitrous oxide emissions from managed livestock waste applied to cropped soils are included in the
Cropland Agriculture chapter, although emissions associated with waste applied to grazed land are
included in this chapter. State-level livestock population data also are presented in this chapter because
GHG emissions from livestock are related to livestock population sizes.

In contrast to the first edition of the USDA GHG report (USDA 2004) that relied exclusively on IPCC
(1997) methodology, this edition includes estimates for N,O emissions and CO, fluxes from grazed land
obtained from the DAYCENT and CENTURY ecosystem models. Another change compared to the

first edition is that carbon (C) stock changes in grazed lands that were previously included in the
Cropland Agriculture chapter are now included in this chapter.

2.2 Sources of Greenhouse Gas Emissions from Livestock

The mechanisms and important factors in generating GHG fluxes from livestock, waste management,
and grazed lands are detailed below.

2.2.1 Enteric Fermentation

Enteric fermentation is a normal digestive process where anaerobic microbial populations in the

digestive tract ferment food and
produce CH, gas as a by-product.
Methane is then emitted from the
animal to the atmosphere through
exhaling or eructation. Ruminant
livestock, including cattle, sheep,
and goats, have greater rates of
enteric fermentation because of
their unique digestive system,
which includes a large rumen or

Map 2-1
GHG Emissions from Livestock in 2005

N

. e
fore-stomach where enteric < ’

fermentation takes place. Non-
ruminant livestock such as swine,

horses, and mules produce less CH, + N0
CH, from enteric fermentation Tg CO; eq. é N
because it takes place in the large gt 9
intestine, which has a smaller — ]
capacity to produce CHy than the | mme.
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rumen. The energy content and quantity of animal feed also affect the amount of CH,4 produced in
enteric fermentation, with lower quality and higher quantities of feed causing greater emissions.

2.2.2 Managed Livestock Waste

Livestock waste is “unmanaged” when it is deposited directly on grazed lands. Alternatively, livestock
waste can be “managed” in storage and treatment systems, or spread on fields in lieu of long-term
storage. Many livestock producers in the U.S. manage livestock waste in systems such as solid storage,

Table 2-3 Descriptions of Livestock Waste Deposition and Storage Pathways

Relative Emissions
Manure Management System Description CH, N.O
Manure and urine from pasture and range grazing
animals is deposited directly onto the soil .
Manure and urine are collected and spread on
Daily Spread fields, there is little or no storage of the low zero*

manure/urine before it is applied to soils.
Manure and urine (with or without litter) are

Solid Storage collected by some means and placed under long- low high
term bulk storage.
Manure and urine are deposited directly onto
unpaved feedlots where the manure is allowed to
dry and it is periodically removed (after removal it
is sometime spread onto fields).
Manure and unine are collected and transported in
aliquid state to tanks for storage. The moderate to
liquid/slurry mixture may be storaed for a long- high
time and water may be added to facilitate handling.
Manure and urine are collected using a flush
Anaerobic Lagoon systems and transported to lagoons for storage. variable low
Manure/urine reside in lagoons for 30-200 days.
Combined storage of manure and urine in pits moderate to
below livestock confinements. high
Enclosed poultry houses use bedding derived from
wood shavings, chopped straw, or other products
depending on availability. The bedding absorbs
moisture and dilutes manure. Litter is cleaned out
once a year. This system is used for breeder flocks
and meat
In high-rise cages or scrape-out/belt systems,
manure is excreted onto the floor below with no
bedding to absorb moisture. The ventilation system
dries the manure as it is stored. This high rise
system is a form of passive windrow composting.

Pasture/Range/Paddock low high

Dry Lot low high

Liquid/Slurry low

Pit Storage low

Poultry with Litter low high

Poultry without Litter low low

Adapted from IPCC (2000) Chapter 4.

! Nitrous oxide emissions are assumed to be zero during the transport/storage phase but not after the waste has been applied tosails.
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dry lots, liquid-slurry storage, deep pit storage, and anaerobic lagoons. Table 2-3 provides descriptions
of managed and unmanaged pathways for livestock waste, indicating the relative impacts of different
pathways on GHG emissions. Sometimes livestock waste that is stored and treated is subsequently
applied as a nutrient amendment to agricultural soils. GHG emissions from the application of treated
waste to cropped soils as a nutrient amendment are discussed in the next chapter along with GHG
emissions from other nutrient amendments for crop production.

The magnitude of CH4 and N,O emissions from managed livestock waste depends in large part on
environmental conditions. Methane is emitted under anaerobic conditions, when oxygen is not available
to the bacteria which decompose waste. Storage in ponds, tanks, or pits such as those that are coupled
with liquid/slurry flushing systems often promote anaerobic conditions (i.e., where oxygen is not
available and CHj, is produced) whereas solid waste stored in stacks or shallow dry pits tends to provide
aerobic conditions (i.e., where oxygen is available and CHj, is not produced). High temperatures
generally accelerate the rate of decomposition of organic compounds in waste, increasing CH, emissions
under anaerobic conditions. In addition, longer residency time in a storage system can increase CHy,
production, while moisture additions, particularly in solid storage systems that normally experience
aerobic conditions, can amplify CH4 emissions.

While environmental conditions are important factors affecting CH, emissions from the management of
livestock waste, diet, and feed characteristics are also influential. Livestock feed refers to the mixture of
grains, hay and byproducts from processed foods that is fed to animals at feedlots and supplemental feed
for grazing animals, while diet includes the mixture of plants that animals graze. Livestock feed, diet,
and growth rates affect both the amount and quality of manure. Not only do greater amounts of manure
lead to higher CH,4 production, but higher energy feed also produces manure with more volatile solids,
increasing the substrate from which CHgis produced. However, this impact is somewhat offset because
some higher energy feeds are more digestible than lower quality forages, and thus less waste is excreted.

The production of N,O from managed livestock waste depends on the composition of the waste, the type
of bacteria involved, and the conditions following excretion. For N,O emissions to occur, the waste
must first be handled aerobically where ammonia or organic nitrogen is converted to nitrates and nitrites
(nitrification), and if conditions become sufficiently anaerobic, nitrates and nitrites can be denitrified,
i.e., reduced to N oxides and nitrogen gas (N,) (Groffman et al. 2000). Nitrous oxide is produced as an
intermediate product of both nitrification and denitrification and can be directly emitted from soil as a
result of both of these processes. These emissions are most likely to occur in dry waste handling
systems that have aerobic conditions, but that also contain pockets of anaerobic conditions due to high
water contents and high oxygen gas (O,) demand from decomposition. For example, waste in dry lots is
deposited on soil, oxidized to nitrite and nitrate, and encounters anaerobic conditions following
precipitation events that increase water content, enhance decomposition, and deplete the supply of Os.

Managed livestock waste can also contribute to indirect N,O emissions. Indirect emissions result from
nitrogen that was emitted or leached from the manure management system in a form other than N,O and
was then converted to N,O offsite. These sources of indirect N,O emission from animal waste are from
ammonia (NHs) volatilization, nitric oxide (NO) emissions from nitrification and denitrification, and
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nitrate (NOs) leached or runoff into ground or surface waters. The gaseous losses of NH3; and NO to the
atmosphere can then be deposited to the soil and converted to N,O by nitrification. The nitrate leached
or runoff into waterways can be converted to N,O by aquatic denitrification.

2.2.3 Grazed Lands

Nitrous oxide from soils is the primary GHG gas associated with grazed lands. Grazed lands contribute
to N,O emissions by adding nitrogen to soils from animal wastes and from forage legumes. Legumes
fix atmospheric N into forms that can be used by plants and by soil microbes. Nitrogen from manure
and legumes is cycled into the soil and can provide substrates for nitrification and denitrification.
Nitrous oxide is a by-product of this cycle; thus more nitrogen added to soils yields more N,O released
to the atmosphere. A portion of the nitrogen cycled within the plant-animal-soil system volatilizes to the
atmosphere in various gaseous forms and is eventually re-deposited onto the soils where it can
contribute to indirect N,O emissions. Some nitrogen in the form of nitrate can leach into groundwater
and surface runoff, undergo denitrification, and contribute to indirect N,O emissions. In addition to
nitrogen additions, weather, soil type, grazing intensity and other factors influence emissions from
grazed lands.

Manure deposited on grazed lands also produces CH4 emissions. Methane emissions from this source
are relatively small, less than 3% of total grazed land GHG emissions, because of the predominately
aerobic conditions that exist on most pastures and ranges.

Grazed lands can be emission sources or net sinks for CO,. Typically, cropland that has recently been
converted to grazed land stores CO, from the atmosphere in the form of soil organic carbon. But after
sufficient time, soil organic carbon reaches a steady state, given consistent weather patterns. Long-term
soil carbon levels are sensitive to climate change, and soils that were previously sinks can revert to being
sources of CO;.

2.3 U.S. Livestock Populations

Greenhouse gas emissions from livestock are related to population size. Livestock population data are
collected annually by USDA’s National Agricultural Statistics Service (NASS) (USDA NASS). Those
data are an input into the GHG estimates from livestock in the U.S. GHG Inventory.

Beef and dairy cattle, swine, sheep, goats, poultry, and horses are raised throughout the United States.
Detailed livestock population numbers for each State in 2005 are provided in Appendix Table A-1.
Appendix Table A-2 shows total national livestock population sizes from 1990 to 2005 by livestock
categories. Trends for beef cattle, dairy cattle, and swine are described in more detail below because of
their relatively high population numbers and consequently high contributions to GHG emissions.

Texas raised by far the most beef cattle at just over 14 million head in 2005 (Appendix Table A-1).
Kansas, Nebraska, Oklahoma, and Missouri each raised from 6 to 4 million head of beef cattle, while
several other States raised ~2 million head. Fewer dairy cattle than beef cattle are raised in the United
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States. Dairy cattle populations were highest in California (~2.4 million) and Wisconsin (~1.9 million)
(Appendix Table A-1). Minnesota, New York, and Pennsylvania had the next largest populations of
dairy cattle, ranging from 730,000 to 940,000 head in each State. Most States had fewer than 500,000
head of dairy cattle.

lowa was the largest swine producer with 16 million head in 2005 (Appendix Table A-1). North
Carolina housed the second largest swine population at 10 million head. Illinois, Indiana, Minnesota,
Missouri, Nebraska, and Oklahoma also have sizeable swine populations.

Arkansas and Georgia had the largest poultry populations in 2005, with roughly 260 million head of
poultry in each State (Appendix Table A-1). Alabama, North Carolina, Mississippi, and Texas also had
large populations of poultry, between 138 and 205 million head each. Indiana, Kentucky, Maryland,
Oklahoma, and Virginia had poultry populations between 50 and 60 million head.

2.4 Enteric Fermentation

Just about half (43%) of emissions associated with livestock production were from CH, produced by
enteric fermentation. Cattle were responsible for the vast majority of enteric CH, emissions (95%) in
2005 (Table 2-2). Texas (14.4 Tg CO; eq.) and California (7.8 Tg CO; eq.) had the largest CH,4
emissions from enteric fermentation across all livestock types in 2005 (Map 2-2, Appendix Table A-3,
Appendix Table A-4). These emissions were largely tied to the sizable populations of cattle in both
States. However, enteric fermentation emissions in Texas were mostly from beef cattle, whereas in
California they were mostly from dairy cattle (Appendix Table A-4). Central, Northern Plains, and
some Great Lakes States also had relatively high CH4 emissions from enteric fermentation, ranging
between 3 and 7.5 Tg CO, eq. per State in 2005. Emissions tended to be lower from some States in the
Northeast, Southeast, and the desert Southwest, mainly because cattle populations are low in these
States.

Annual emissions of CH, from enteric fermentation fluctuated up and down by less than approximately
10 Tg CO; eq. between 1990 and 2005 (Table 2-4). Emissions peaked in 1995 and then decreased by
about 10 Tg CO; eq. by 2005 (~9% of total). Overall, by 2005, CH, emissions from enteric
fermentation declined by about 4% compared to 1990 levels.

2.4.1 Methods for Estimating Methane Emissions from Enteric Fermentation
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Map 2-2 The official U.S. GHG

Methane Emissions from Enteric Fermentation in 2005 Inventory estimates for enteric
fermentation are calculated
according to the methodological
framework provided by the
Intergovernmental Panel on
Climate Change (IPCC) for
preparing national GHG
inventories. The IPCC guidance
is organized into a hierarchical,
tiered analytical structure, in
which higher tiers correspond to
more complex and detailed
methodologies. The methods
detailed below correspond to
both tier 1 and tier 2 approaches.
With the permission of EPA,

s Annex 3.9 from the official U.S.

GHG Inventory is summarized
below.

Methane emissions from enteric fermentation were estimated for five livestock categories: cattle,
horses, sheep, swine, and goats. Emissions from cattle represent the majority of U.S. emissions;
consequently, the more detailed IPCC Tier 2 methodology was used to estimate emissions from cattle
and the IPCC Tier 1 methodology was used to estimate emissions from the other types of livestock.

2.4.1.1 Estimating Methane Emissions from Cattle

This section describes the process used to estimate enteric fermentation emissions of CH,4 from cattle on
a regional basis. A model based on recommendations provided in IPCC (1997) and IPCC (2000) was
developed that uses information on population, energy requirements, digestible energy, and the fraction
of energy converted to methane to estimate CH4 emissions. The emission estimation methodology
consists of the following three steps: (1) characterize the cattle population to account for cattle

Table 2-4 U.S. Methane Emissions from Enteric Fermentation in 1990, 1995-2005
1990 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Animal Type Tg CO,, eq.
Beef cattle 832 897 888 8.6 8.0 849 834 825 824 826 804 792
Dairy cattle 289 27.7 263 264 263 266 270 269 271 273 270 277

Horses 19 19 19 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Sheep 1.9 15 14 1.3 1.3 1.2 1.2 1.2 11 11 1.0 1.0
Swine 1.7 1.9 1.8 1.8 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9
Goats 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Total 1179 1230 1205 1183 116.7 1168 1156 1146 1147 1151 1126 1121
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population categories with different emissions profiles; (2) characterize cattle diets to generate
information needed to estimate emissions factors; and (3) estimate emissions using these data and the
IPCC Tier 2 equations.

Step 1: Characterize U.S. Cattle Population

Each stage in the cattle lifecycle was modeled to simulate the cattle population from birth to slaughter.
This level of detail accounts for the variability in CH, emissions associated with each life stage. Given
that the time in which cattle can be in a stage can be less than 1 year (e.g., beef calves are weaned at 7
months), the stages are modeled on a per-month basis. The type of cattle use also impacts CH,4
emissions (e.g., beef versus dairy). Consequently, cattle life stages were modeled for several categories
of dairy and beef cattle. These categories are listed in Appendix Table A-5.

The key variables tracked for each of these cattle population categories® includes calving rates,
pregnancy and lactation (Appendix Table A-6), average weights and weight gains (Appendix Table A-
7), feedlot placements (Appendix Table A-8), death rates, number of animals per category each month,
and animal characteristics (i.e., age, gender, etc.) data.

Cattle population data were taken from USDA NASS (Appendix Table A-2). The USDA NASS
publishes monthly, annual, and multi-year livestock population and production estimates. Multi-year
reports include revisions to earlier published data. Cattle and calf populations, feedlot placement
statistics (e.g., number of animals placed in feedlots by weight class), slaughter numbers, and lactation
data were obtained from the USDA NASS (Cattle: USDA NASS 2002a, 2001a, 2000a, 1999a, 1995,
Livestock slaughter: USDA NASS 2002b, 2001b, 2000b). Beef calf birth percentages were obtained
from the USDA APHIS National Animal Health Monitoring System (USDA APHIS NAHMS 1998,
1994, 1993).

Step 2: Characterize U.S. Cattle Diets

To support development of digestible energy (DE), the percent of gross energy intake digestible to the
animal and CH, conversion rate (Yy,), the fraction of gross energy converted to CH,4 values for each of
the cattle population categories, data were collected on diets considered representative of different
regions. For both grazing animals and animals being fed mixed rations, representative regional diets
were estimated using information collected from State livestock specialists and from USDA APHIS
NAHMS (1996). The data for each of the diets (e.g., proportions of different feed constituents, such as
hay or grains) were used to determine chemical composition for use in estimating DE and Y, for each
animal type. Region and cattle type specific estimates for DE and Y, were developed for the U.S.
(Appendix Table A-9). Regions are defined in Appendix Table A-10. Additional detail on the regional
diet characterization is provided in EPA (2000).

Step 3: Estimate Methane Emissions from Cattle

Emissions were estimated in three steps: a) determine gross energy intake using the IPCC (2000)
equations, b) determine an emissions factor using the GE values and other factors, and c) sum the daily
emissions for each animal type. The necessary data values include:

! Except bulls. Only end-of-year census population statistics and a national emission factor are used to estimate CH,
emissions from the bull population.
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Body weight (kg)

Weight gain (kg/day)

Net energy for activity (Mj/day)

Standard reference weight (dairy = 1,324 Ibs; beef = 1,195 Ibs)
Milk production (kg/day)

Milk fat (% of fat in milk = 4)

Pregnancy (% of population that is pregnant)

DE (% of gross energy intake digestible)

Y m (the fraction of gross energy converted to CHy,)

This process was repeated for each month, and the totals for each subcategory were summed to achieve
an emissions estimate for the entire year. The estimates for each of the ten subcategories of cattle are
listed in Appendix Table A-11. The CH4 emissions for each subcategory were then summed to estimate
total emissions from beef cattle and dairy cattle for the entire year. The cattle emissions calculation
model estimates emissions on a regional scale. Individual State-level estimates were developed from
these regional estimates using the proportion of each cattle population subcategory in the State relative
to the population in the region.

2.4.1.2 Emission Estimates From Other Livestock

All livestock population data, except for horses, were taken from USDA NASS reports (Hogs and pigs:
USDA NASS 2002c, 2001c, 2000c, 1999b, 1998, 1994a, Sheep and goats: USDA NASS 2002d, 2001d,
2000d, 1999c, 1994b). Appendix Table A-2 shows the population data for all livestock that were used
for estimating all livestock-related emissions. For each animal category, the USDA publishes monthly,
annual, and multi-year livestock population and production estimates. Multi-year reports include
revisions to earlier published data. Recent reports were obtained from the USDA Economics and
Statistics System, while historical data were downloaded from USDA NASS. The Food and Agriculture
Organization (FAO) of the United Nations publishes horse population data. These data were accessed
from the FAOSTAT database (FAO 2002). National-level emission calculations for other livestock
were developed from national population totals. State-level emissions for each livestock type were
developed from these national totals based on the proportion of livestock population in each State
relative to the national total population for the particular livestock category and by assuming that
emissions are proportional to populations. Appendix Table A-12 shows the emission factors used for
these other livestock.

2.4.2 Uncertainty in Estimating Methane Emissions from Enteric Fermentation

The following discussion of uncertainty in the enteric fermentation estimates is from the U.S. GHG
Inventory (EPA 2007) and reproduced here with permission from EPA.

Uncertainty is estimated using the Monte Carlo Stochastic Simulation technique. Emission factors and
animal population data are the primary sources of uncertainty in estimating CH, emissions from enteric
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fermentation. One hundred eighty-five input variables were identified as key input variables for
uncertainty analysis (e.g., estimates of births by month, weight gain of animals by age class, and
placement of animals into feedlots based on placement statistics and slaughter weight data). The
uncertainty associated with these input variables are £10% or lower. However, the uncertainty for many
of the emission factors are over +20%. The overall 95% confidence interval around the estimate of 112
Tg CO; eqg. ranges from 100 to 132 Tg CO; eq. (Table 2-1).

2.5 Managed Livestock Waste

Greenhouse gas emissions from managed livestock waste are composed of CH4 and N,O from livestock
waste storage and treatment and CH,4 emissions from the daily spread of livestock waste. Emissions
from these sources are discussed below, with estimates disaggregated spatially and by livestock category
where possible.

Methane was the predominant GHG emitted from managed livestock waste in 2005, accounting for 81%
of 50 Tg CO; eq. total emissions from this source (Table 2-5). The remaining 19% of GHG emissions
from managed livestock waste was N,O. Dairy cattle and swine were each responsible for
approximately 40% of total managed waste emissions (Figure 2-2). Poultry (6%) and beef cattle (16%)
were also important sources in 2005. For beef cattle, N,O was the predominate form (71%) of waste
emissions. Over time, emissions from managed waste increased by ~28% from 1990 to 2005 (Figure 2-
3). Most of the increase was from higher CH4 emissions due to the trend of storing more waste in liquid
systems and anaerobic lagoons which facilitate CH,4 production.

While beef cattle are responsible for the largest overall emissions from all livestock, (Table 2-2, Figure
2-1), emissions from beef cattle managed waste are relatively small (Figure 2-2) because most waste
generated by beef cattle is unmanaged. Emissions from beef cattle managed manure changed little
between 1990 and 2005.

Managed manure emissions from horses, sheep, and goats are small due to the relatively small
population of these animals (Appendix Table A-2), as for beef cattle, most of the manure is unmanaged
or managed in dry systems (EPA 2007).

Table 2-5 Greenhouse Gas Emissions from Managed Livestock Waste in 1990, 1995-2005
1990 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

GHG Type TgCO; eq.
Nitrous Oxide’ 8.6 9.0 8.7 9.0 9.2 9.2 9.6 9.8 9.7 9.3 9.4 95
Methane > 30.9 351 33.7 354 387 383 387 40.1 411 405 39.7 413
Total 395 441 424 444 479 475 483 50.0 508 498 49.2 508

! Does not include emissions from managed manure applied to cropped soils.
ZIncludes CH, from managed sourcesand from grazed grasslands. Manure deposited on grasslands produces little CH, due to predominantly aerobic
conditions.
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Figure 2-2
Greenhouse Gas Emissions from Managed Livestock Waste
by Livestock Type in 2005

25 r
Managed Livestock Waste GHG Emissions

(Total 50 Tg CO2 eq.)

State-level GHG emissions from
managed livestock waste varied
across States in 2005, with a
small number of States
responsible for the larger
contributions to national GHG
emissions. California and lowa
had the largest GHG emissions
from managed livestock waste (7
and 6 Tg CO, eq., respectively)
(Appendix Table A-13, Map 2-3).
In California, GHG emissions
from managed livestock waste
were largely from dairy cattle,
while in lowa, they were largely
from swine (Appendix Table A-
14, A-15). North Carolina and
Texas also had large GHG
emissions from managed
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livestock waste (4 and 3 Tg
CO; eq., respectively). In
North Carolina, this was
primarily from swine. In
Texas, however, most
emissions were from both
beef and dairy cattle waste,
with a smaller portion from
swine (Appendix Table A-14,
A-15).

2.5.1 Methods for Estimating Methane and Nitrous Oxide Emissions from Managed Livestock

Waste

This section summarizes how CH,4 and N,O emissions from livestock waste were calculated in the U.S.
GHG Inventory (EPA 2007) as well as for this inventory report. Animal population data is used to
estimate CH, production potential and nitrogen in waste, and these are multiplied by a methane
conversion factor (MCF) and an N,O emission factor. MCFs are used to determine the amount of CH,
emissions that are potentially produced by each unit of livestock waste. MCFs vary by livestock type,
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manure storage system, and the waste storage temperature. Nitrous oxide emission factors are
determined by State and livestock type. The EPA provides the USDA with State and national estimates
of GHG emissions from managed livestock waste. The estimates of GHG emissions from managed
livestock waste were prepared following a methodology developed by EPA and consistent with
international guidance, and are described in detail in Annex 3.10 of the U.S. GHG Inventory (EPA
2007).

Data required to calculate emissions from livestock waste:
. State-level animal population data by animal type
« Animal type specific nitrogen excretion rate
« Animal type specific volatile solid production
« Animal type specific CH, production potential
. Extent CH,4 production potential is realized (including biogas collection efforts)
. State-level portion of manure in each management system by animal type
« Portion of manure deposited on grasslands and used in spread operations

Seven animal types are considered: dairy cattle, beef cattle, swine, sheep, goats, poultry, and horses.
For swine and dairy cattle, manure management system usage is determined for different farm size
categories using data from the USDA (USDA 1996a, 1998a, 2000a, 2000b, 2000c) and EPA (ERG
2000, EPA 2002a, 2002b). For beef cattle and poultry, manure management system usage is not tied to
farm size and is based on other sources (ERG 2000, USDA 2000d, UEP 1999). For other animal types,
manure management system usage is based on previous estimates (EPA 1992a).

Methane and N,O emissions calculations are based on the following animal characteristics for each
relevant livestock population:

« Volatile solids excretion rate (VS)

« Maximum CH, producing capacity (B,) for U.S. animal waste
« Nitrogen excretion rate (Nex)

« Typical animal mass (TAM)

Appendix Table A-16 presents a summary of the waste characteristics used in the emissions estimates.
The method for calculating volatile solids production from beef and dairy cows, heifers, and steers is
based on the relationship between animal diet and energy utilization, which is modeled in the enteric
fermentation portion of the inventory. Volatile solids content of manure equals the fraction of the diet
consumed by cattle that is not digested and thus excreted as fecal material which, when combined with
urinary excretions, constitutes manure. Estimations of gross energy intake and digestible energy were
used to calculate the indigestible energy per animal unit as gross energy minus digestible energy plus an
additional 2% of gross energy for urinary energy excretion per animal unit. This was then converted to
volatile solids production per animal unit using the typical conversion of dietary gross energy to dry
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organic matter of 20.1 MJ/kg (Garrett & Johnson 1983). Appendix Table A-17 shows volatile solid
production rates by State.

Methane conversion factors for dry manure management systems and N,O emissions factors for all
management systems were set equal to the default IPCC factors for temperate climates (IPCC 2000).
MCFs for liquid slurry, anaerobic lagoon, and deep pit systems were calculated based on the forecast
performance of biological systems relative to temperature changes. These calculations account for the
following: average monthly ambient temperature, minimum system temperature, the carryover of
volatile solids from month to month, and a factor to account for management and design practices that
result in loss of volatile solids form lagoon systems. State-level emissions factors for liquid slurry, deep
pit, and anaerobic lagoon are shown in Appendix Table A-18. Appendix Table A-19 has national scale
emission factors for other waste management systems. For each animal type, the base emission factors
were weighted to incorporate the distribution of waste management systems within each State to get a
State-level weighted emission factor (Appendix Table A-20).

Methane emissions were estimated by multiplying regional or national animal type specific volatile solid
production by the animal type specific maximum CH, production capacity of the waste and the State
specific MCF.

Nitrous oxide emissions were estimated by multiplying total Kjeldahl nitrogen (TKN) production for
livestock waste by State-specific emission factors. TKN was calculated for each animal type using
national average nitrogen excretion rate (USDA 1996a). N,O emission factors were weighted by State-
level types of manure management.

2.5.2 Uncertainty in
Estimating Methane and
Nitrous Oxide Emissions
from Managed Livestock
Waste

Map 2-3
GHG Emissions from Managed Waste in 2005

\ The following discussion of

o uncertainty in estimating

d GHG emissions from
livestock waste is modified
from information provided in
the U.S. GHG Inventory
(EPA 2007; 2003). The
information is reproduced

CH, + N,0 . here with permission from
Tg COjeq. \ EPA

<0.15 -
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=<l An uncertainty analysis
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Stochastic Simulation technique was conducted on the manure management inventory considering the
issues described below and based on published data from scientific and statistical literature, the IPCC,
and experts in the industry. The results of the uncertainty analysis showed that the manure management
CH, inventory has a 95% confidence interval from 35 to 52 Tg CO; eq. around the inventory value of 43
Tg CO; eq., and the manure management N,O inventory has a 95% confidence interval from 8 to 12 Tg
CO; eq. around the inventory value of 10 Tg CO, eq (Table 2-1).

Uncertainties derive from limited information on regional patterns in the use of manure management
systems and CH, generating characteristics of each system. It is assumed that shifts in the swine and
dairy sectors toward larger farms causes more manure to be managed in liquid manure management
systems. Farm-size data from 1992, 1997 and 2002 are used to modify MCFs based on this assumption.
However, the assumption of a direct relationship between farm size and liquid system usage may not
apply in all cases and may vary based on geographic location. In addition, the CH,4 generating
characteristics of manure management systems are based on relatively few laboratory and field
measurements. Good Practice Guidance and Uncertainty Management in National Greenhouse Gas
Inventories (IPCC 2000) published a default range of MCFs for anaerobic lagoon systems of 0% to
100%, reflecting the wide range in performance of these systems globally.

There are potential classification errors when naming manure management systems. For example, many
livestock waste treatment systems classified as anaerobic lagoons are actually holding ponds, which may
be organically overloaded, thus producing CH, at a different rate than estimated. In addition, the
performance of manure management systems depends on how they are operated, which undoubtedly
varies across facilities. An MCF based on optimized lagoon systems does not take into consideration
the actual variation in performance across operational systems. Therefore, an MCF methodology was
developed to better match observed system performance and account for the impact of temperature on
system performance. The MCF methodology used in the inventory includes a factor to account for
management and design practices that result in the loss of volatile solids from the management system.
This factor, estimated with data from three systems, all in anaerobic lagoons in temperate climates, was
applied broadly to systems across a range of management practices. Additional data are needed on
animal waste lagoon systems across the country to verify and refine this methodology. Data are also
needed on how lagoon temperatures relate to ambient air temperatures and whether the lower bound
estimate of temperature used for lagoons and other liquid systems should be revised. The inventory
relies on the IPCC MCF for poultry waste management operations of 1.5%. This factor needs further
evaluation to assess if poultry high-rise houses promote sufficient aerobic conditions to warrant a lower
MCF.

The default N,O emission factors published in Good Practice Guidance and Uncertainty Management in
National Greenhouse Gas Inventories (IPCC 2000) were derived using limited information. The IPCC
factors are global averages; U.S.-specific emission factors may be significantly different. Manure and
urine in anaerobic lagoons and liquid/slurry management systems produce CHjy at different rates, and
would in all likelihood produce N,O at different rates, although a single N,O emission factor was used
for both system types. In addition, there are little data available to determine the extent to which
nitrification and denitrification occur in animal waste management systems. Ammonia concentrations
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Table 2-6 Greenhouse Gas Emissions from Grazed Lands in 1990, 1995-2005
1990 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

GHG Type TgCO, eq.
Nitrous Oxide" 108.4 1021 1209 983 1013 859 910 998 99.0 875 873 942
Direct 880 778 965 763 799 689 739 748 801 710 713 764

Indirect Volatilization 107 103 102 101 101 9.6 93 94 93 9.4 9.1 9.9
Indirect Leaching &

Run-Off 9.6 140 143 119 112 7.4 7.8 157 9.5 7.1 6.9 7.9
Methane? 2.6 2.7 2.7 2.6 2.7 2.6 25 25 25 25 25 25
Carbon Dioxide (14.4) 0.1 0.1 0.1 0.0 0.0 (0.0) (0.1) (0.1) (0.1) (0.2) (0.2

Grazed Lands

Remaining Grazed 0.1 16.4 16.4 164 164 16.3 163 162 16.2 16.2 16.1 16.1

Land Convertd to

Grazed Land (14.6) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3) (16.3)
Total 96.5 1049 123.6 101.0 1040 885 935 1023 1014 898 896 96.5

! Does not include emissions from managed manure applied to cropped soils.
2 Includes CH, from managed sources and from grazed grasslands. Manure deposited on grasslands produces little CH, due to predominantly aerobic
conditions.

that are present in poultry and swine systems suggest that N,O emissions from these systems may be
lower than predicted by the IPCC default factors. At this time, there are insufficient data available to
develop U.S.-specific N,O emission factors; however, this is an area of ongoing research, and warrants
further study as more data become available. Similar approaches will be studied for other animal sub-
groups.

Additional data would help confirm and track diet changes over time, which are used to introduce
variability in volatile solids for beef and dairy cows, heifers, and steers. A similar approach for swine
volatile solids production may improve the accuracy of future inventory estimates. Uncertainty also
exists with the maximum CHy, producing potential of volatile solids excreted by different animal groups.
The maximum CH, producing values used in the CH, calculations are published values for U.S. animal
waste. However, there are several studies that provide a range of maximum CH, producing values for
certain animals, including dairy and swine. The maximum CH, producing values chosen for dairy
assign separate values for dairy cows and dairy heifers to better represent the feeding regimens of these
animal groups. For example, dairy heifers do not receive an abundance of high-energy feed and,
consequently, their waste will not produce as much CH,4 as would that from milking cows.

2.6 Grazed Lands

Grazed lands emit N,O due to enhanced nitrogen cycling as well as a relatively small amount of CH,4
emissions from manure deposits. Manure deposited on grazed land (i.e., unmanaged manure) produces
little CH,4 due to predominant aerobic conditions. Nitrous oxide sources include direct and indirect
emissions of N,O associated with increased nitrogen from forage legumes and waste from grazing
animals. Grazed lands can be a source or a sink of CO..
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Nitrous oxide was the predominant GHG emitted from grazed lands in 2005, accounting for 98% of all
emissions from this source (Table 2-6). The remaining 2% of GHG emissions from grazed lands was
CH,. Grazed lands were roughly CO, neutral in 2005, with a small uptake of 0.2 Tg CO, eq. through
sequestration of CO; in soil organic carbon. Nitrous oxide emissions from grazed land totaled 94 Tg
CO; eq. in 2005 (Table 2-6), including direct and indirect sources. Beef cattle are responsible for the
highest proportion of direct N,O emissions from grazed lands because the vast majority of grazed lands
in the U.S. are used for beef production. Texas and Oklahoma had the largest emissions from grazed
lands due to the large amounts of rangeland in these States. In aggregate, emissions from managed
grazed land were about twice those of managed manure in 2005 and have been since 1990, when
national emissions from this source were first estimated (Tables 2-5, 2-6). This is due to large numbers
of beef cattle on grazing land (more than 80% of all cattle) compared to feedlots, which are a source of
managed waste (Map 2-4).

2.6.1 Methodology To Estimate Nitrous Oxide Emissions from Grazed Lands

Estimates of N,O emissions from this component were based on DAYCENT model simulations of
grazed lands, estimates of animal waste production (Appendix Table A-21), and IPCC (2006)
methodology for emissions associated with nitrogen from unmanaged manure not accounted for by the
DAYCENT simulations (Del Grosso et al. 2006). Unmanaged manure is not managed in manure
management systems, but instead is deposited directly on soils by grazing animals in pastures,
rangelands, and paddocks. The livestock included in this component were dairy cattle, beef cattle,
swine, sheep, goats, poultry, and horses.

The DAYCENT
ecosystem model
simulated improved Nitrous Oxide Emissions from Grazed Land in 2005
pastures and rangelands
at county-level resolution ; - 7
for the U.S. Improved y f i L W
pastures are defined as ] ' ¢ Vi ¢

grazing lands that were
seeded with legumes
and/or were amended &

with organic nitrogen
(e.g., managed manure) .
or synthetic fertilizer S
nitrogen. Grazing D
intensity on improved b

Map 2-4

pastures was assumed to | T

g CO,eq.
be moderate to heavy o
while intensity on o
rangelands was assumed e
to be light to moderate. = ik
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Key model inputs are daily weather, soil texture class, vegetation mix, and grazing intensity. The model
simulates soil water and temperature flows, plant growth and senescence, decomposition of dead plant
material and soil organic matter, mineralization of nutrients, and trace gas fluxes. Nitrous oxide
emissions, nitrate (NO3) leaching, nitrogen volatilization, animal waste deposition, and nitrogen fixation
by legumes were simulated on a per unit area basis, and multiplied by the estimated grazed area (NRI,
USDA 2000b) in each county to obtain total county level nitrogen losses, animal waste nitrogen
production, and legume fixation. The DAYCENT simulations are described in more detail in Chapter 3
of this report and in EPA (2007) and Del Grosso et al. (2006).

Comparisons of animal waste nitrogen production with estimates based on animal numbers show that
DAYCENT did not account for 100% of animal waste nitrogen. IPCC (2006) methodology was applied
to estimate emissions for the nitrogen inputs from this source not accounted for by the DAYCENT
simulations. IPCC methodology was also used to estimate indirect emissions from DAYCENT
simulated nitrogen volatilization and NO; leaching. IPCC (2006) methodology and details on how
animal populations, manure, and nitrogen in waste production data were acquired are described in detail
in Appendix 3.11 of the U.S. GHG Inventory (EPA 2007). Waste nitrogen deposited on grazed lands
not accounted for by the DAYCENT simulations were multiplied by the default IPCC (2006) emission
factor of 0.02 kg N20-N/kg N to estimate direct N,O-nitrogen emissions.

Indirect N,O emissions due to volatilization of applied nitrogen and indirect N,O emissions due to
leaching were calculated using DAYCENT and IPCC (2006) estimates of volatilization and NO3
leaching and IPCC estimates of the portion of volatilized or leached/runoff nitrogen that is converted to
N2O. Nitrogen volatilized, leached, or runoff are all outputs for the grazed lands simulated by
DAYCENT. For animal waste not accounted for by the DAYCENT simulations, 20% of animal waste
nitrogen was assumed to volatilize and 30% of animal waste nitrogen was assumed to be leached or
runoff. The total volatilized nitrogen was multiplied by the IPCC default emission factor of 0.01 kg
N20- N/kg N (IPCC 2006). The total nitrogen leached or runoff was multiplied by the IPCC (2006)
default emission factor of 0.0075 kg N20-N/kg N.

Total grazed land N,O emissions were partitioned among different animal types by assuming that
emissions are linearly proportional to waste nitrogen production.

2.6.2 Uncertainty in Nitrous Oxide Emissions for Grazed Lands

Uncertainty due to model inputs and model structure were quantified. Model inputs used to represent
weather, N inputs, and soil texture are not known precisely and each of these has an associated range of
uncertainty represented by a probability density function. Model structural uncertainty refers to the
errors inherent in the model. That is, the model is not expected to yield perfect results even if model
inputs were precisely known. To address uncertainty in model inputs, a series of Monte Carlo
simulations were performed. To address model structural uncertainty, DAYCENT simulated N,O
emissions were compared with measured emissions from eight cropping experiments in North America.
IPCC (2006) methodology was used to estimate uncertainties for the grazed land not accounted for by
the DAYCENT simulations. Uncertainty from the DAYCENT simulated grazed land was combined
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with uncertainty for remaining grazed lands calculated using IPCC (2006) methodology by using simple
error propagation. The calculated 95% confidence interval around the estimate of 94 Tg CO, eq. for
grazed soil N,O emissions was 82 to 136 TgCO, eq (Table 2-1). Uncertainty calculations are described
in detail in Chapter 3 of this report.

2.6.3 Methodology To Estimate Methane Emissions from Grazed Lands

Methane emissions were estimated by multiplying regional or national animal type specific volatile solid
production by the animal type specific maximum CH, production capacity of the waste and the national
MCEF for manure deposited on grazed lands.

2.6.4 Methodology To Estimate Carbon Dioxide Fluxes for Grazed Lands

As with N,O emissions, carbon dioxide (CO;) fluxes for grasslands were estimated using results from an
ecosystem model (CENTURY) and IPCC (2006) methodology. CENTURY (Parton et al. 1994) uses
monthly weather data, surface soil texture class, and current and historical vegetation type and land
management information to simulate plant growth and senescence, decomposition of dead plant material
and soil organic matter, soil water content and temperature, and other ecosystem variables. CENTURY
has been parameterized to simulate continuous grasslands and croplands converted to grasslands but not
other land uses converted to grasslands. Consequently, IPCC (2006) methodology was used to estimate
CO;, fluxes for land converted from non-agricultural uses to grazed land. Also, CENTURY has not been
well tested with organic soils, so IPCC (2006) methodology was also used for grazed organic soils.

Both CENTURY and IPCC (2006) methodologies rely on land use classifications and land use histories.
The National Resources Inventory (NRI, USDA 2000b) was used to identify grassland remaining
grassland and land converted to grassland. Grassland includes pasture and rangeland where the primary
land use is livestock grazing. The NRI is a statistically based sample of all non-Federal land and
includes ~400,000 points in agricultural land. Data has been reported every 5 years starting in 1982 and
1997 is the most recent year that has been reported. According to NRI data, ~32 million ha of grassland
(out of a total ~228 million ha reported in 1997) were converted to grassland between 1993 and 1997.
An example of land converted to grassland is land that was cropped historically but then placed in the
Conservation Reserve Program. Carbon dioxide fluxes for grazed lands were calculated using estimates
of changes in soil organic carbon stocks and molecular stoichiometry.

Mineral soil carbon stocks and stock changes for NRI points classified as grasslands remaining
grasslands and cropland converted to grassland were estimated using the CENTURY model. In addition
to accounting for weather and soil texture, these simulations also included estimates of managed manure
additions to grasslands. Waste from grazing animals deposited directly onto grasslands is calculated by
the model based on grazing intensity and forage availability. CENTURY estimates carbon stock
changes by accounting for carbon inputs from plant material and manure and carbon outputs from
grazing and decomposition. For details on sources of the input data required to run CENTURY and how
the simulations were conducted see Chapter 3 of this report and Chapter 7 and Annex 3.13 of the U.S.
GHG Inventory (EPA 2007).
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Mineral soil carbon stocks and stock changes for NRI points classified as land other than cropland
converted to grassland and all grasslands growing on organic soils were estimated using IPCC (1997)
methodology. U.S.-specific stock change factors based on field data were developed for land converted
to grassland and for drained histosols used for grazing. As with grazed land N,O emissions, CO, fluxes
were partitioned among different animal types by assuming that fluxes are linearly proportional to waste
nitrogen production.

2.6.5 Uncertainty in Carbon Dioxide Fluxes for Grazed Lands

Uncertainty for the estimates of CO, fluxes from mineral soil grassland remaining grassland and
cropland converted to grassland provided by CENTURY model simulations used a Monte Carlo
approach, which addresses uncertainties in model inputs and uncertainties from scaling NRI points to
cover all grasslands remaining grassland in the U.S. Uncertainty for estimates from other land uses
converted to grassland and all organic soil grasslands provided by IPCC (1997) methodology used a
Monte Carlo approach that addressed uncertainties in carbon stock change factors and in land use data.
Uncertainties were combined using simple error propagation, the results yielded an uncertainty of 13 to
18 around the estimate of 16 Tg CO, eq. in 2005 for land remaining grazed land and (18) to (14) around
the estimate of (16) Tg CO; eq. for land converted to grazed land in 2005 (Table 2-1).

2.7 Mitigating Greenhouse Gas Emissions from Livestock

2.7.1 Enteric Fermentation

Emissions of CH, from enteric fermentation in ruminant and non-ruminant animals are dependent on the
animal’s digestive system and the amount and type of feed consumed. On average, beef and dairy cattle
convert 6% of gross energy intake from feed into CH, through enteric fermentation, constituting a loss
of energy from the perspective of the animal (Johnson & Johnson 1995). Research on animal nutrition
has focused on reducing this energy loss, which consequently reduces CH4 emissions and increases
nutritional efficiency. Through such research, a number of potential strategies have been identified to
reduce CH, emissions from enteric fermentation, including (Mosier et al. 1998b):

« Increasing the digestibility of forages and feeds;

« Providing feed additives which may tie up hydrogen in the rumen;
« Inhibiting the formation of CH, by rumen bacteria;

. Increasing acetic acid in the rumen;

« Improving production efficiency; and

« Modifying bacteria in the rumen.

Currently, government research programs indirectly address mitigation of CH4 emissions through
improved livestock production. Ongoing research development and deployment efforts related to
mitigating CH,4 emissions include:
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« Decreasing feed digestion time by Figure 2-4
improving grazing management to Es'timated Reductions in Methane Emissions from Anagrobic
increase the digestibility of forages, g, gesters, 1990-2005
increasing the digestibility of feed
grains, and increasing the feeding of
concentrated supplements;

« Adding edible oils in feed to <%
sequester hydrogen making it § 051
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« Using feed additives, ionophores, 031
which inhibit the formation of CH,4 O Poultry
by rumen bacteria; | by cate

« Improving livestock production
efﬁCienCy by fQEd additives SUCh as o 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
hormones to increase milk
production and growth regulators for beef production or by improved diet or genetics;

« Enhancing rumen microbes to produce usable products rather than CH,.
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2.7.2 Livestock Waste

Livestock and poultry waste from production facilities has the potential to produce significant quantities
of CH, and N0, depending on the waste management practices used. In the United States, livestock
and poultry manure is managed in myriad ways, suggesting there are multiple options for reducing CH,4
and N,O emissions. When manure is stored or treated in systems that promote anaerobic conditions,
such as lagoons and tanks, the decomposition of the biodegradable fraction of the waste tends to produce
CH4. When manure is handled as a solid, such as in stacks or deposits on pastures, the biodegradable
fraction tends to decompose aerobically and produce little or no CHy, although it does produce N,O.

A relatively large portion of CH, is emitted from livestock and poultry waste in anaerobic lagoons.
Current, commercially available technologies that have been the most successful in reducing CH,4
emissions from manure management are anaerobic digestion systems. Unlike conventional lagoons,
digestion technologies keep waste treatment and storage functions separate and allow for gas recovery
and combustion, pathogen and organic stabilization, odor and other air quality pollution control, and
flexible approaches to nutrient management.

The EPA tracks installation and usage of anaerobic digesters under voluntary programs such as AgStar
(http://www.epa.gov/agstar/), and uses this data to estimate how much anaerobic digesters have reduced
overall CH,4 emissions from livestock waste over the last 11 years.

Figure 2-4 shows an increasing trend in emissions reductions annually from the use of anaerobic
digesters, reflecting increasing numbers of digester systems being installed each year.
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Other emission reduction processes can include separation, aeration, or shifts to solid handling or
storage management systems. These strategies, however, could be limited by other farm or
environmental constraints and costs.

2.7.3 Grazed Lands

Nitrous oxide is by far the largest source of emissions from grazed lands so it also provides the largest
mitigation potential (Table 2-6). However, because grazed lands are not highly managed, particularly
the large expanses of rangeland in the western U.S., mitigation options are limited. One strategy that
may be feasible for more intensely managed pastures in the eastern U.S. is nitrification inhibitors.
Although synthetic nitrogen fertilizer inputs are low, grazing lands usually have large nitrogen inputs
form biological nitrogen fixation because they are seeded with legumes. This mitigation potential has
not been quantified but it will be in future DAYCENT model simulations. Although grazed mineral
soils are a net sink of CO, grazed organic soils are a net source. If half of the grazed organic soils were
converted back to wetlands, CO, emissions from this source could be reduced from approximately 4.6 to
2.3 Tg CO; eq. per year. However, the saturated soil conditions characteristic of wetlands would cause
an increase in soil CH,4 emissions and it is unclear to what extent this would nullify reduced CO,
emissions.

Grazed lands are currently roughly GHG neutral for CO, emissions (Table 2-6). However, grazed lands
in the U.S. have the potential to store over 100 Tg CO, per year (Follett et al. 2001). The largest
potential is decreasing soil erosion and restoring eroded and degraded soils so that they become net
carbon sinks. Other management practices which enhance carbon storage include nutrient/manure
additions, legume seeding, and improved grazing management. However, the benefits of increased
carbon storage must be compared with the costs of increased N,O emissions associated with
nutrient/manure additions and legume seeding.
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Chapter 3: Cropland Agriculture

3.1 Summary of U.S. Greenhouse Gas Emissions from Cropland
Agriculture

In 2005, cropland agriculture resulted in total emissions of 219.5 Tg CO, eq. of greenhouse gases
(GHG) (Table 3-1). Cropland agriculture is responsible for about half (53%) of all emissions from the
agricultural sector (EPA 2007). Nitrous oxide (N20), carbon dioxide (CO,), and methane (CHy,)
emissions from agricultural soils totaled 177, 34, and 8 Tg CO; eq., respectively, in 2005. However, that
amount was offset by a storage, or carbon sequestration, of 66.5 Tg CO, eq. in agricultural soils in 2005.
Thus, when this is taken into account, net emissions of GHG from cropland agriculture amount to
approximately 153 Tg CO, eq. The 95% confidence interval for net emissions in 2005 is estimated to lie

between 137 and 188 Tg CO; eq. Figure 3-1
(Table 3-1). U.S. Planted Cropland Area by Crop Type, 1990-2005
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1990 and 2005 with no clear trend of £ —Com
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result of variability in weather — Sorghum
patterns and land use changes. ——— e~
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agricultural soils, primarily N,O, were
responsible for the majority of total emissions, while CH, and N,O from residue burning and rice
cultivation caused about 4% of emissions (Tables 3-1, 3-2). Soil CO, emissions from cultivation of
organic soils (14%) and from liming (2%) are the remaining sources. Nitrous oxide emissions from soils

Table 3-1 Estimates and Uncertainties for Cropland Greenhouse Gas Emissions, 2005

GHG Emissions Lower Bound Upper Bound Lower Bound Upper Bound
Source Tg CO, eq. %

N,O 177.4 159.8 220.8 -10 24
Soils 168.4 151.8 205.8 -10 22
Managed Manure * 8.5 2.6 30.6 -70 259
Residue Burning 0.50 0.45 0.57 -10 14

CH, 1.7 3.0 19.5 -61 152
Residue Burning 0.90 0.75 0.97 -17 8
Rice Cultivation 6.90 2.10 18.60 -70 170

CO, (32.2) (49.7) (16.9) -55 47
Mineral Soils 2 (66.5) (77.9) (55.2) -17 17
Organic Soils 30.3 18.4 39.6 -39 31
Liming of Soils 4.0 0.2 8.0 -96 98

Total Emissions 219.5 197.4 265.6 -10 21
Net Emissions ° 153.0 136.6 187.9 -11 23

* Accounts for loss of manure N during transport, treatment and storage, including both volatilization and leaching/runoff.

“Soil carbon sequestration on land under the Conservation Reserve Program and soil carbon fluxes for land converted to cropland are included with mineral
soils.

?Includes sources and sinks.
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Figure 3-2 are the largest source in

Annual Nitrogen Inputs to Cropland Soil the U.S. due to the fact

18 that N,O is a potent

16 - \/\/\/\/\/ greenhouse gas (see

14 —Total* Chapter 1 Box 1-1) and

12 T e e due to the large amounts
&0 —— Manure of nitrogen added to crops
= g | in fertilizer that stimulate
® 6 \/\/\/\/\/\/ N0 production.

4 Emissions from residue

5 burning are minor because

0 e — only ~3% of crop residue

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 | IS assumed to be burned in
* Includes activated and other sludge, dried blood, compost, tankage, and other organics. the U.S. Cropped soils in
the U.S. are a net CO,
sink mainly because reduced tillage intensity has become more popular in recent years and more
cropland has been enrolled in the Conservation Reserve Program (CRP).

Nitrous oxide emissions were largest in areas where a large portion of land is used for intensive
agriculture (Map 3-1). For example, 90% or more of the land in many counties in the Corn Belt is
intensively cropped (Map 3-2). Corn is the leading crop for N,O emissions followed by soybean and
wheat (Table 3-3). Emissions from corn cropping are high because large amounts of nitrogen (N)
fertilizer are routinely applied and the land area used for corn production is the most extensive (Figure
3-1). Although little N fertilizer is applied for soybean cropping, N,O emissions are high because

Table 3-2 Summary of Greenhouse Gas Emissions from Cropland Agriculture,
1990, 1998-2005

1990 1998 1999 2000 2001 2002 2003 2004 2005

Source Tg CO, eq.

N,O 1689 1888 1734 179.2 1854 171.0 167.0 1666 1774
Soils 161.0 180.1 164.7 1704 1765 1619 158.0 157.7 1684
Managed Manure® 7.5 8.2 8.3 8.4 8.5 8.7 8.5 8.5 8.5
Residue Burning 0.4 0.5 0.4 0.5 0.5 0.4 0.4 0.5 0.5

CH, 7.8 8.7 9.1 8.3 8.4 7.5 7.7 8.4 7.7
Residue Burning 0.7 0.8 0.8 0.8 0.8 0.7 0.8 0.9 0.9
Rice Cultivation 7.1 7.9 8.3 7.5 7.6 6.8 6.9 7.6 6.9

CO, (19.5) (28.0) (28.0) (29.3) (30.8) (30.6) (31.1) (32.2) (32.2
Mineral Soils? (54.0) (63.0) (62.8) (64.0) (65.6) (65.8) (66.0) (66.4) (66.5)
Organic Soils 29.8 30.3 30.3 30.3 30.3 30.3 30.3 30.3 30.3
Liming of Soils 4.7 4.7 4.5 4.3 4.4 5.0 4.6 3.9 4.0

Total Emissions 2112 2325 2172 2222 2285 2139 2095 2093 2195

Net Emissions 157.2 1695 1545 158.2 163.0 148.0 1436 1429 153.0

Note: Parenthesis indicate a net sequestration.

! Accounts for loss of manure N during transport, treatment and storage, including both volatilization and leaching/runoff.
2 30l C sequestration on CRP land and soil C fluxes for land converted to cropland are included with mineral soils.
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soybeans supply large amounts of N to the soil from biological fixation of atmospheric nitrogen (N>). In
general, N,O emissions are highly correlated with crop areas and nitrogen inputs. Synthetic fertilizer
makes up about half of total N additions, followed by fixation and manure (Figure 3-2). Note that Map
3-1 does not include emissions from non-major crops, which make up a significant potion of total
emissions in California and Florida. Soil N,O emissions reported here are lower than those reported in
EPA (2007) because a mistake was found in the calculations reported in EPA (2007). The cropped soil
emissions reported here are consistent with those in EPA (2008).

Map 3-1
County-Level Nitrous Oxide Emissions from Major Cropped Soils in 2005 *

Nz0 Emissions Gg CO:z eq:
0

[10-10
10-25

[ 25-50

B 50-75

I 75- 100

I 100 - 200

I > 200 *Major crops are defined as corn, soybean, wheat, hay, sorghum, and cotton

Cropland agriculture results in GHG emissions from multiple sources, with the magnitude of emissions
determined, in part, by land management practices. Application of synthetic and organic fertilizers,
cultivation of N fixing crops and rice, cultivation and management of soils, and field burning of crop
residues lead to emissions of N,O, CH,4, and CO,. However, agricultural soils can also mitigate GHG
emissions through the biological uptake of organic carbon in soils resulting in CO, removals from the
atmosphere. This chapter covers both GHG emissions from cropland agriculture and biological uptake
of CO; in agricultural soils. National estimates of these sources, published in the U.S. GHG Inventory,
are reported in this section and, where appropriate, county and State-level emissions estimates are
provided.
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Table 3-3 Nitrous Oxide Emissions from Differently Cropped Soils, 1990-2005"

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Source TgCO, eq.

Corn 56.6 55.0 54.6 59.2 541 503 615 572 639 566 611 634 582 519 541 565
Direct 442 456 44.9 49.0 475 417 514 502 532 485 520 534 50.0 424 475 475
Volatilization 1.7 1.6 1.8 1.6 1.7 16 1.7 1.7 1.8 17 1.8 17 1.8 1.7 1.7 1.8
Leaching & Runoff 107 7.8 7.9 8.7 4.9 7.0 8.4 53 8.9 6.4 7.3 8.3 6.3 7.9 4.9 7.3

Soybean 294 283 276 304 282 286 334 327 393 333 391 408 36.2 355 344 394
Direct 229 224 22.0 248 235 233 271 274 319 283 320 327 299 279 292 314
Volatilization 1.1 1.0 11 12 1.1 1.2 1.2 1.3 1.4 1.4 1.5 14 1.3 1.5 1.3 1.4
Leaching & Runoff 5.4 5.0 4.6 4.4 3.6 4.1 5.2 4.1 6.0 3.6 5.6 6.7 5.1 6.1 3.9 6.5

Wheat 278 246 261 341 238 251 306 275 246 198 217 201 196 193 19.2 199
Direct 249 216 23.2 248 210 194 262 229 212 176 196 183 182 177 18.0 181
Volatilization 0.8 0.7 0.7 0.7 0.7 0.6 0.7 0.6 0.6 0.6 0.6 05 0.6 06 0.6 0.5
Leaching & Runoff 2.1 2.3 2.3 8.7 2.1 51 3.7 4.0 2.8 17 15 12 0.8 1.0 0.6 1.2

Hay 8.6 7.9 8.2 44 7.9 8.1 8.9 7.7 8.9 8.5 45 9.1 8.4 7.9 7.7 8.3
Direct 6.3 59 6.2 31 6.3 59 6.8 5.9 6.8 6.3 3.3 6.9 6.5 6.1 6.1 6.4
Volatilization 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 04 0.4 0.4 0.4 0.4
Leaching & Runoff 1.9 1.6 1.6 1.0 1.3 18 1.7 14 1.7 1.8 0.7 18 1.4 1.5 1.2 1.4

Cotton 5.6 6.5 6.0 6.4 6.3 7.3 6.8 6.4 6.5 6.8 7.8 75 6.9 54 57 6.3
Direct 4.8 5.0 5.2 54 5.2 59 5.7 5.3 5.6 57 6.4 6.4 5.3 4.6 4.7 5.0
Volatilization 0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2
Leaching & Runoff 0.7 13 0.7 0.8 0.9 13 0.9 1.0 0.8 0.9 1.2 0.9 14 0.7 0.8 1.1

Sorghum 3.5 42 4.9 5.0 2.9 41 4.2 4.8 4.1 4.7 3.4 53 3.4 4.1 2.5 3.1
Direct 2.9 39 3.8 45 2.6 3.8 3.9 4.2 3.5 39 2.9 50 3.1 3.8 2.3 2.9
Volatilization 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0
Leaching & Runoff 0.6 0.2 1.0 0.5 0.2 0.3 0.2 0.5 0.5 0.7 0.4 0.3 0.2 0.2 0.1 0.2

Non-major crops 192 17.2 15.7 188 228 21.1 203 214 215 237 215 190 181 224 227 236
Direct 144 15.2 14.2 160 199 181 178 186 186 204 188 164 154 184 183 194
Volatilization 1.6 0.5 0.3 0.7 0.8 0.8 0.7 0.8 0.8 0.9 0.7 0.7 0.7 1.1 1.3 1.2

Leaching & Runoff 3.2 15 1.2 2.0 2.1 2.2 1.9 21 2.2 2.4 2.0 19 2.0 2.9 3.2 3.0
Histosol Cultivation? 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.9 2.9 2.9 2.9 29 2.9 2.9 2.9 2.9

Managed Manure® 7.5 7.7 7.7 7.9 7.9 8.0 7.9 8.2 8.2 8.3 8.4 85 8.7 8.5 8.5 8.5
All Direct 1305 130.1 129.8 138.2 136.8 128.9 149.7 1454 152.0 1419 146.2 1505 140.0 1323 137.5 1423
All Volatilization 5.9 4.4 4.6 4.7 4.9 4.9 4.9 51 5.3 5.2 5.3 5.0 5.0 5.4 5.4 5.5
All Leaching & Runoff 246 19.7 19.3 260 151 218 218 183 228 175 188 211 173 202 148 207
Total 161.0 1543 1537 168.9 156.8 155.6 176.4 168.7 180.0 164.6 170.4 1766 162.3 1580 157.7 1684

* Emissions from residue burni ng are not included.
? Direct emissions.
3 Acoounts for loss of manure N during transport, treatment and storage, including both volatilization and leaching/runoff.

Sources and sinks of N,O, CH4, and CO;and the mechanisms that control fluxes are discussed in detail.
Methodologies used to estimate emissions are summarized and mitigation opportunities are discussed
and quantified where possible. In contrast to the first edition of the USDA GHG report (USDA 2004)
that relied exclusively on IPCC (1997) methodology, this edition includes estimates for N,O emissions
and CO;, fluxes from cropped soils obtained from the DAYCENT and CENTURY ecosystem models.
Another change compared to the 1st edition is that CO; fluxes for grazed lands that were previously
included in this chapter are now included in the Livestock and Grazed Land chapter.
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Map 3-2
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3.2 Sources of Greenhouse Gas Emissions in Cropland Agriculture
3.2.1 Cropped Soils

Agricultural soils serve as both a source of GHG and a mechanism to remove CO, from the atmosphere.
Nitrous oxide, CHy4, and CO, emissions and sinks are a function of underlying biochemical processes.
Nitrous oxide is produced as an intermediate during nitrification and denitrification in soils (Firestone
and Davidson, 1989). In nitrification, soil micro-organisms (“microbes”) convert ammonium (NH,) to
nitrate (NOs) through aerobic oxidation (IPCC 1996). In denitrification, microbes convert nitrate to
nitrogen oxides (NOy) and dinitrogen gas (N2) by anaerobic reduction. During nitrification and
denitrification, soil microbes release N,O, which can diffuse from the soil and enter the Earth’s
atmosphere (IPCC 1996). Cropland soil amendments that add nitrogen to soils drive the production of
N-O by providing additional substrate for nitrification and denitrification. Commercial fertilizer,
livestock manure, sewage sludge, cultivation of N-fixing crops, and incorporation of crop residues all
add N to soils. In addition, cultivation, particularly of soils high in organic matter (i.e., histosols),
enhances mineralization of nitrogen-rich organic matter, making more nitrogen available for nitrification
and denitrification (EPA 2007). Compared to soil N2O emissions, other GHG sources from croplands
are relatively small. Methane gas is produced and emitted primarily from rice paddies. This, however, is
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responsible only for a small portion of total emissions from cropped soils in the U.S. due to the small
land area cropped with rice in this country. Emissions from crop residue burning are also not a large
source compared to soils due to the small portion of residues burned in the U.S.

Nitrous oxide is the major GHG emitted from cropland agriculture in the U.S. Nitrogen can be converted
to NO and emitted directly from agricultural fields (direct emissions), or it can be transported from the
field in a form other than N,O and then converted to N,O elsewhere (indirect emissions). A major
source of indirect N,O emissions is from nitrate that either leaches into the groundwater or runs off the
soil surface and then is converted to N,O via aquatic denitrification (Del Grosso et al. 2006). A second
source of indirect N,O emissions comes from N that is volatilized to the atmosphere, then is deposited
back onto soils, and converted to N,O (Del Grosso et al. 2006).

The size of CO, sources and sinks from soils is related to the amount of organic carbon stored in the soil
(IPCC 1996). Changes in soil organic carbon (SOC) content are related to inputs, e.g., atmospheric CO;
fixed as carbon in plants through photosynthesis, and losses from decomposition of soil organic matter
which causes CO, emissions (IPCC 1996). The net balance of CO, uptake and loss in soils is driven in
part by biological processes, which are affected by soil characteristics and climate. In addition, land use
and management can affect the net balance of CO, through modifying inputs and rates of decomposition
(IPCC 1996). Changes in agricultural practices such as clearing, drainage, tillage, crop selection,
irrigation, grazing, crop residue management, fertilization, and flooding can modify both organic matter
inputs and decomposition, and thereby result in a net flux of CO, to or from soils.

Most agricultural soils contain comparatively low amounts of organic carbon as a percentage of total
soil mass, typically in the range of 0.5 to 5 % in the upper 20-30 cm and so they are classified as mineral
soils. However, on an area basis this amount of carbon typically exceeds that stored in vegetation in
most ecosystems (including forests). Historically, conversion of native ecosystems to agricultural uses
resulted in large soil carbon losses, as much as 30-50 % or more of the C present in the native condition
(Haas et al. 1957, Schlesinger 1986, Guo & Gifford 2002, Lal 2004). After many decades of cultivation,
most soils have likely stabilized at lower carbon levels or are increasing their organic matter levels as a
result of increasing crop productivity (providing more residues), less intensive tillage, and other
improvements in agricultural management practices (Paustian et al. 1997, Allmaras et al. 2000, Follett
2001). Changes in land-use or management practices that result in increased organic inputs or decreased
oxidation of organic matter (e.g., taking cropland out of production, improved crop rotations, cover
crops, application of organic amendments and manure, and reduction or elimination of tillage) usually
result in a net accumulation of SOC until a new equilibrium is achieved.

Cultivated organic soils, also referred to as histosols, contain more than 20 to 30 % organic matter by
weight, and constitute a special case. Organic soils form as a result of water-logged conditions, in which
decomposition of plant residue is retarded. When organic soils are drained and cultivated, the rate of
decomposition, and hence CO, emissions, is greatly accelerated. Due to the depth and richness of the
organic layers, carbon loss from cultivated organic soils can continue over long periods of time.
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In addition, lime, often added to mineral and organic agricultural soils to reduce acidic conditions,
contains carbonate compounds (e.g., limestone and dolomite) that when added to soils release CO,
through the bicarbonate equilibrium reaction (IPCC 1996).

3.2.2 Rice Cultivation

Rice cultivation is unique because it takes place almost universally on flooded fields, including in the
U.S. where rice is grown exclusively on flooded fields (EPA 2007). This water regime causes CH,
emissions as a result of waterlogged soils restricting oxygen diffusion and creating conditions for
anaerobic decomposition of organic matter, facilitated by CH4 emitting “methanogenic” bacteria (IPCC
1996, Le Mer & Roger 2001). Methane from rice fields reaches the atmosphere in three ways: bubbling
up through the soil, diffusion losses from the water surface, and diffusion through the vascular elements
of plants (IPCC 1996). Diffusion through plants is considered the primary pathway, with diffusion losses
from surface water being the least important process (IPCC 1996). Soil composition, texture, and
temperature are important variables affecting CH, emissions from rice cultivation, as are the availability
of carbon substrate and other nutrients, soil pH, and partial pressure of CH4 (IPCC 1996). Since U.S.
rice acreage is relatively small compared to other crops, CH4 emissions from rice cultivation are small
compared to other cropland agriculture sources (EPA 2007).

3.2.3 Residue Burning

Crop residues are sometimes burned in fields to prepare for cultivation and control for pests, although
this is not a common practice in the U.S. (EPA 2007). While CO; is a product of residue combustion,
residue burning is not considered a net source of CO, to the atmosphere because CO; released from
burning crop biomass is replaced by uptake of CO; in crops growing the following season (IPCC 1996).
However, CH,4 and N0, also products of residue combustion, are not recycled into crop biomass
through biological uptake the following season. Therefore, residue burning is considered a net source of
CH, and N,O to the atmosphere. Overall, GHG emissions from field burning of crop residues are
comparatively small in the U.S. (EPA 2007).

3.2.4 Agroforestry

Agroforestry practices such as establishing windbreaks and riparian forest buffers represent another
potential carbon sink in cropland agriculture. Comprehensive data on agroforestry practices are not
available to estimate the current national levels of carbon sequestration from such practices. However,
published research studies have estimated the potential agroforestry carbon sink in the U.S. In temperate
systems, agroforestry practices store large amounts of carbon (Kort and Turlock 1999, Schroeder 1994),
with the potential ranging from 15 to 198 metric tons of carbon per hectare (modal value of 34 metric
tons of carbon per hectare) (Dixon 1995). Nair and Nair (2003) estimated that by the year 2025, the
potential carbon sequestration of agroforestry in the United States will be 90 million metric tons of
carbon per year. There is a need to better quantify and track agroforestry practices nationally,
particularly to inform USDA programs like the Conservation Reserve Program, Environmental Quality
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Incentives Program, and Forest Land Enhancement Program, which may provide incentives to land
owners to implement agroforestry.

3.3 Nitrous Oxide Emissions from Cropped Soils

On average, ~85% of total cropland soil N,O emissions are direct soil emissions (Table 3-3). Of the
15% of total emissions from indirect N,O, 80% are from NOj3 leaching/runoff and the remainder are
associated with volatilization. Corn cropland has the highest emissions, almost 40% of the total,
followed by soybean and wheat (Table 3-3). Emissions are highest from corn because corn covers the
largest land area (Figure 3-1) of all crops and synthetic nitrogen inputs with corn are high. Emissions
from soybeans are high due to large crop area and high rates of nitrogen fixation. Although wheat area
has tended to decline, it still covers an area comparable to soybean and is the third highest in emissions.
Emissions from hay cropping are also substantial. Emissions from hay are lower than those from wheat
even though the areas are similar because hay is not typically fertilized with N and a large portion of the
N supplied by fixation by legumes (e.qg., alfalfa) is removed during harvest. Emissions from cotton and
sorghum are low as the cropland areas for these crops is small compared to the other major crops
simulated by DAYCENT. Non-major crop types were responsible for ~14% of total emissions on
average. Emissions from histosol cultivation are small (~2% of total) because histosols represent only
~750,000 ha, which is less than 1% of U.S. cropped land.

Nitrous oxide emissions are largely driven by nitrogen additions, weather, and soil physical properties.
External nitrogen inputs to cropped soils varied between ~14 and 17 Tg N between 1990 and 2005 (Fig.
3-2) while N,O emissions varied between 154 and 180 Tg CO; eq. (Table 3-3). However, variation in N
inputs only explained about 38% of the variability in soil N,O emissions. Also, the years with highest
nitrogen inputs did not necessarily lead to the highest N,O emissions. This indicates that other factors
such as changes in weather patterns strongly influence the annual variability in estimated N,O
emissions.

3.3.1 Changes Compared to the 1% edition of the USDA GHG Report

In contrast to the first edition of the USDA GHG report, this edition uses the process-based model
DACENT to estimate N,O emissions from the majority of agricultural soils in the U.S. DAYCENT
simulates major crops (corn, soybean, wheat, hay, sorghum, and cotton) at county level resolution. The
model simulates corn and sorghum harvested for grain and silage, and alfalfa hay as well as non-alfalfa
hay. The DAYCENT simulations accounted for ~90% of synthetic nitrogen fertilizer applied to cropland
soils in the U.S. and ~86% of cropland area in the U.S. IPCC (2006) emissions factor methodology was
used to estimate emissions from crops not accounted for by DAYCENT (e.g., oats, tobacco, sugarcane,
orchards, cash crops) and emissions associated with cultivation of histosols. IPCC (2006) methodology
assumes that N,O emissions are solely a function of N inputs to the soil. The major advantage of using
DAYCENT to compute emissions is that the model accounts for additional factors that influence
emissions like weather, soil type, and previous land use history, making estimates more reliable.
Comparisons of observed N,O emissions from experimental plots throughout North America with
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emissions estimated using DAYCENT and IPCC methodologies showed that DAYCENT was closer to
the observed values (Del Grosso et al. 2005).

Another change is due to the nature of how nitrogen cycling is represented in this process-based model.
Emissions cannot be partitioned as they were in the first edition. In the first edition, emissions were
partitioned based on the source of nitrogen inputs (synthetic fertilizer, fixed N, crop residue, manure,
etc.) because the IPCC (1997) methodology was based on N inputs. With DAYCENT, once nitrogen
enters the plant/soil system, it can be taken up by vegetation, metabolized by microbes, or stored in the
soil, and also cycled among these components. Consequently, when the model simulates emission of a
given amount of nitrogen gas, it is impossible to accurately distinguish the original source of the
nitrogen. Instead of partitioning N,O emissions by nitrogen input type, emissions are partitioned
spatially and by crop type.

Another major change in this edition compared to the first relates to prior assumptions about synthetic
nitrogen fertilizer. Instead of assuming that all of the synthetic nitrogen fertilizer sold in this country was
applied to agricultural soils, this edition accounts for the portion of total fertilizer that was applied for
non-farm use (e.g., golf courses, parks, lawns) based on data compiled by the USGS (Ruddy et al. 2006).
The following sections present emission estimates obtained by summing DAY CENT estimates for the
major crop listed above and IPCC (2006) estimates for other crops. Following this, the methodologies
used to conduct the DAYCENT simulations for major crops and IPCC methodology for other crops are
summarized. Lastly, a quantification of N,O mitigation is included in this edition.

3.3.2 Methods for Estimating N,O Emissions from Cropped Soils

Emissions of N,O from nitrogen additions to cropland soils and cultivation of histosol soils are source
categories analogous to those covered in Agricultural Soil Management in the U.S. GHG Inventory
(EPA 2007), with some exceptions. The U.S. GHG Inventory includes in Agricultural Soils
Management direct emissions of N,O from livestock on grazed lands, while the USDA GHG Inventory
includes this source under Livestock GHG Emissions. The methodology outlined below does not include
the portion of N,O emissions from grazed lands. Methods for this source are covered in Chapter 2 of this
report. Also, the U.S. GHG Inventory includes in Agricultural Soils Management indirect emissions of
N0 from all sources, including indirect N,O from livestock grazing and from urban areas. For this
report, indirect N,O from grazing is included in the livestock chapter while indirect emissions from
urban areas and other non-agricultural sources are not covered at all.

Briefly, the DAYCENT ecosystem model was used to estimate direct soil N,O emissions, NO3 leaching,
and nitrogen volatilization from major crop types. IPCC (2006) methodology was used to estimate direct
and indirect emissions from cropped soils not included in the DAYCENT simulations and to calculate
indirect emissions from DAY CENT estimates of NO3 leaching and volatilization. IPCC (2006)
methodology was also used to estimate emissions from cultivation of organic soils. Use of a process
based model for inventories is known as a Tier 3 approach while use of IPCC (2006) methodology is
referred to as a Tier 1 approach. The methodology described below shows how the Tier 1 and Tier 3
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approaches can be combined to derive overall emission estimates. Refer to EPA (2007) for a complete
description of the methodologies used to estimate N,O emissions.

3.3.2.1 DAYCENT Simulations for Major Crop Types

The DAYCENT ecosystem model (Del Grosso et al. 2001, Parton et al. 1998) was used to estimate
direct N,O emissions from mineral soils producing major crops, (corn, soybean, wheat, alfalfa hay, other
hay, sorghum, and cotton) which represent approximately 86% of total cropland in the United States.
DAYCENT simulated crop growth, soil organic matter decomposition, greenhouse gas fluxes, and key
biogeochemical processes affecting N,O emissions. The simulations were driven by model input data
generated from daily weather records, land management, and soil physical properties determined in
national soil surveys.

DAYCENT simulations were conducted for each major crop at the county scale in the U.S. The county
scale was selected because soil, weather, and crop area data were available for every county. However,
land management data (e.g., timing of planting, harvesting, and fertilizer application; intensity of
cultivation, rate of fertilizer application) were only available at the agricultural region level as defined
by the Agricultural Sector Model (McCarl et al. 1993). There are 63 agricultural regions in the
contiguous United States; most States correspond to one region, except for those with greater
heterogeneity in agricultural practices, which led to further subdivisions. Therefore, while several
cropping systems were simulated for each county in an agricultural region, the model parameters that
determined the influence of management activities on soil N,O emissions (e.g., when crops were
planted/harvested, amount of fertilizer added), did not differ among those counties.

Corn, soybeans, wheat, alfalfa hay, other hay, sorghum, and cotton are defined as major crops and were
simulated in every county where they were grown. For rotations that include a cycle that repeats every
two or more years (e.g., corn/soybeans, wheat/corn/fallow) different simulations were performed where
each phase of the rotation was simulated every year. For example, in regions where wheat/corn/fallow
cropping is used, three rotations were simulated: one with wheat grown the first year, a second with corn
the first year, and a third with fallow the first year. This ensured that each crop was represented during
each year in one of the three simulations. In cases where the same crop was grown in the same year in
two or more distinct rotations for a region, N,O emissions were averaged across the different rotations to
obtain a value for that crop. Emissions from cultivated fallow land were also included. Fallow area was
assumed to be equal to winter wheat area in regions where winter wheat/fallow rotations are the
dominant land management for winter wheat.

The simulations reported here assumed conventional tillage cultivation, gradual improvement of
cultivars, and gradual increases in fertilizer application until 1989. We accounted for improvements of
cultivars (cultivated varieties) because it is unrealistic to assume that modern corn is identical, in terms
of yield potential, nitrogen demand, etc., as corn grown in 1900. Realistic simulations of historical land
management and vegetation type are important because they influence present day soil carbon and
nitrogen levels, which influence present day nitrogen cycling and associated N,O emissions.
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Nitrous oxide emission estimates from DAYCENT include the influence of N additions, crop type,
irrigation, and other factors in aggregate, and therefore it is not possible to reliably partition N,O
emissions by anthropogenic activity (e.g., NoO emissions from synthetic fertilizer applications cannot be
distinguished from those resulting from manure applications). Consequently, emissions are not
subdivided according to activity (e.g., N fertilization, manure amendments), as is suggested in the IPCC
Guidelines, but the overall estimates are likely more accurate than the more simplistic IPCC method,
which is not capable of addressing the broader set of driving variables influencing N,O emissions. Thus
DAYCENT forms the basis for a more complete estimation of N,O emissions than is possible with the
IPCC methodology.

Uncertainty in the three major model inputs (weather, soil class, and N addition) was addressed using
Monte Carlo analysis. For example, although mean amounts of N fertilizer applied to different crops are
known, the amounts of fertilizer applied by particular farmers are uncertain. Monte Carlo analysis
provides a method to quantify how this type of uncertainty impacts N,O emissions. There are three main
steps in this analysis. First, a set of simulations was performed using mean N fertilizer additions, median
weather, and the dominant soil texture class. These were designated the 0™ simulations. Second,
probability distribution functions were derived for N additions, weather, and soil texture class. Third,
Monte Carlo simulations were performed for a subset of counties in each agricultural region.

In addition to uncertainty in model inputs, model structural error was also addressed. Model structural
error stems from models not being perfect representations of reality. That is, models contain
assumptions and imperfectly represent the processes that control crop growth and N,O emissions. To
quantify model structural error, N,O emissions generated by DAYCENT were compared with emissions
measured in field plots at various locations in North America.

3.3.2.2 0" Simulations

For each crop in each county, simulations were performed assuming the most common land
management practice, the weather most representative of the land area in the county where each crop is
grown, and the most common soil type for the land area where each crop is grown (0" simulations).
Simulations included native vegetation (year one to plow out), historical agricultural practices (plow out
to 1970) and modern agriculture (1971 through 2003). Plow out (the year when native soils were
initially cropped) was assumed to occur between 1600 and 1850, depending on the State in which the
county lies. Simulation of at least 1600 years of native vegetation was needed to initialize soil organic
matter (SOM) pools in the model. Modern weather (1980-2003) was used to drive the simulations of
native vegetation and historical cropping. Simulation of native vegetation and the historical cropping
period was needed to establish modern-day SOM levels, which is important because N,O emissions are
sensitive to the amount of SOM. Annual model outputs for N,O emissions, NO3 leached/runoff, and N
volatilized were compiled for the years 1990-2005.
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3.3.2.3 Probability Distribution Functions

Probability distribution functions (PDFs) were derived for key model inputs, including weather, soil
type, and N amendments. In each county selected for the Monte Carlo analysis, all of the 1 km? cells
with daily weather that correspond to the land area where row crops and small grains dominate were
identified and assigned an equal probability of being selected in an individual Monte Carlo simulation.
Cells with daily weather were similarly identified for the areas cropped with hay. The three dominant
soil map units were identified for the land area with row crops and small grains, and each was assigned a
probability given their relative level of dominance. Three soil map units were similarly identified and
assigned probabilities for the areas where hay predominates.

Mineral N fertilization rates were based on two sets of PDFs, which were specified for individual crop
types and hay. The first PDF was the probability of a fertilization event and the second PDF was a log-
normal distribution of fertilization rates. Both PDFs were derived from USDA surveys and supplemental
information (ERS 1997; NASS 2004, 1999, 1992; Grant and Krenz 1985). Irrigated and rain-fed crops
were treated separately due to significantly different fertilization rates. State-level PDFs were developed
for crops and hay if a minimum of 15 survey data points existed in the State. Where data were
insufficient at the State level, PDFs were developed for multi-State Farm Production Regions.

Uncertainty in manure amendments for crops and hay was incorporated in the analysis based on total
manure available for application in each county, a weighted average amendment rate, and the crop-
specific land area amended with manure for 1997 (Edmonds et al. 2003). Edmonds et al. (2003)
provided county-level estimates of the proportion of specific crops and hay land amended with manure
in 1997. EPA (2007) provided supplemental data on county-level variation in manure production across
the time series from 1990 to 2005. We used the EPA data to scale the amended area in 1997 for each
crop and hay under the assumption that more manure production would increase the area amended with
manure, and vice versa. The estimated area was then divided by the respective total areas in the county
for each crop and hay, yielding a probability of either including a manure amendment or not in the
Monte Carlo analysis. If soils were amended with manure, a reduction factor was applied to the N
fertilization rate accounting for the interaction between fertilization and manure N amendments (i.e.,
farmers usually reduce mineral fertilization rates if applying manure). Reduction factors were randomly
selected from PDFs based on relationships between manure N application and fertilizer rates (ERS
1997).

3.3.2.4 Monte Carlo Simulations

In each agricultural region, two counties were randomly selected for Monte Carlo simulations.
Additional counties were selected based on the variance in N,O emissions across regions from previous
simulations (Del Grosso et al. 2006) by using a Neyman allocation (Cochran 1977). Neyman’s
optimization apportions samples based on an estimated variance in soil N,O emissions. Using this
approach, greater variance leads to a higher sampling density within the respective region with the goal
of optimally capturing variation across the croplands in the conterminous U.S. regions with greater
variance in N,O emissions were assumed to have more variability in weather, soil characteristics, and
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agronomic practices, suggesting that more counties needed to be included in the Monte Carlo analysis.
In total, 300 counties were selected for the Monte Carlo simulations. As with the 0 simulations,
simulations of pre-settlement native vegetation and historical cropping patterns were performed in each
county using the median weather for the county in combination with the three most dominant soil types.

One hundred Monte Carlo simulations were performed for each crop and hay type in the 300 counties
selected for the Monte Carlo analysis. Random draws were made to select a soil type and weather file
for the simulation from their respective PDFs, and the appropriate historical simulation was identified
based on the soil type. Random draws were made to determine if mineral N fertilizer would be applied
and the rate, and if the crop would be amended with manure. If manure was added, synthetic fertilizer
rates were reduced based on an additional draw from the PDF for the reduction factors. The DAYCENT
simulation was executed following the PDF draws and the process was repeated for a total of 100
iterations.

3.3.2.5 Nitrous Oxide Emission Estimates

Nitrous oxide emissions from the 0™ simulation for each crop in each county in each agricultural region
were adjusted by comparing the 0" simulation emissions to the mean emissions from the Monte Carlo
simulations for that agricultural region. DAYCENT emissions for each crop in units of g N,O-N m™
were multiplied by the county-level crop area based on NASS data. Lastly, emissions from all crops
were summed to obtain county-level and national emissions from cropped soils.

3.3.2.6 Activity Data for DAYCENT Simulations

The activity data requirements for estimating N,O emissions from major crop types include the
following: daily weather, soil texture, native vegetation, crop rotation and land management
information, N fertilizer rates and timing, manure amendment N rates and timing, and county-level crop
areas. Unlike the IPCC approach, N inputs from crop residues are not considered activity data in the
DAYCENT analysis because N availability from this source is internally generated by the model. That
is, while the model accounts for the contribution of crop residues to the soil profile and subsequent N,O
emissions, this source of mineral soil N is not activity data in the sense that it is not a model input.

Daily Weather Data: Daily maximum/minimum temperature and precipitation were obtained from the
DAYMET model, which generates daily surface precipitation, temperature, and other meteorological
data at 1 km? resolution driven by weather station observations and an elevation model (Thornton et al.
2000, 1997, Thornton & Running, 1990). DAYMET weather data is available for the United States at 1
km? resolution for 1980 through 2003.

Soil Properties: Soil texture data required by DAYCENT was obtained from STATSGO (Soil Survey
Staff, Natural Resources Conservation Service, 2005), and was based on observations. Observed data for
soil hydraulic properties needed for model inputs were not available so they were calculated from
STATSGO texture class and Saxton et al.’s (1986) hydraulic properties calculator.
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Native Vegetation by County: Pre-agricultural land cover for each county was designated according to
the potential native vegetation used in the VEMAP (1995) analysis, which was based on the Kuchler
(1964) Potential VVegetation Map for the conterminous United States.

Crop Rotation and Land Management Information by Agricultural Region: Data for the 63 agricultural
regions were obtained for specific timing and type of cultivation, timing of planting/harvest, and crop
rotation schedules (Hurd 1930, 1929, Latta 1938, lowa State College Staff Members 1946, Bogue 1963,
Hurt 1994, USDA 2000a, USDA 2000c, CTIC 1998, Piper et al. 1924, Hardies & Hume 1927, Holmes
1902, 1929, Spillman 1902, 1905, 1907, 1908, Chilcott 1910, Smith 1911, Kezer ca. 1917, Hargreaves
1993, ERS 2002, Warren 1911, Langston et al. 1922, Russell et al. 1922, Elliot & Tapp 1928, Elliot
1933, Ellsworth 1929, Garey 1929, Hodges et al. 1930, Bonnen & Elliot 1931, Brenner et al. 2001,
2002, Smith et al. 2002).

Nitrogen Fertilizer Amendment Rates and Timing by Agricultural Region: Fertilizer application rates
and timing of applications within each of the 63 agricultural regions were determined from regional,
State, or sub-State estimates for different crops. Estimates were obtained primarily from the USDA
Economic Research Service Cropping Practices Survey (ERS 1997) with additional data from other
sources, including the National Agricultural Statistics Service (NASS 1992, 1999, 2004). Prior to 1990,
estimates for crop specific regional fertilizer rates were based largely on extrapolation/interpolation of
fertilizer rates from the years with available data. For crops in some agricultural regions, little or no data
were available, and therefore a geographic regional mean was used to simulate N fertilization rates.

Managed Livestock Manure? Nitrogen Amendment Rates and Timing by Agricultural Region: Data on
managed manure N amendments to soils were available for 1997 (Kellogg et al. 2000), and
demonstrated that less than half of manure N produced on an annual basis was applied to soils. Crop-
specific manure N application rates between 1990 and 2005 were obtained by multiplying the amount of
manure N produced in that year by the proportion of manure N applied to the same crop in 1997; the
amount of land receiving manure (approximately 5 percent of total cropped land) was assumed to be
constant during 1990 through 2005. Nitrogen available for application was estimated for managed
systems based on the total amount of N produced in manure minus N losses and including the addition
of N from bedding materials. Nitrogen losses include direct nitrous oxide emissions, volatilization of
ammonia and NOy, and runoff and leaching. The remaining manure N that was not applied to major
crops and grassland was assumed to be applied to non-major crop types. Manure was applied during
spring at the same time as synthetic N fertilizer. Prior to 1990, manure application rates and timing were
based on various sources (Brooks 1901, Anonymous 1924, Fraps & Asbury 1931, Ross & Mehring
1938, Saltzer & Schollenberger 1938, Alexander & Smith 1990). As with mineral N fertilization, data
for manure were incomplete so regional averages were used to fill spatial gaps in data and
interpolation/extrapolation was used to fill temporal gaps. Manure N application rates during 1990
through 2004 were based on Kellogg et al. (2000).

2 For purposes of the Inventory, total livestock manure is divided into two general categories: 1) managed manure, and 2)
unmanaged manure. Managed manure includes manure that is stored in manure management systems such as pits and
lagoons, as well as manure applied to soils through daily spread operations. Unmanaged manure encompasses all manure
deposited on soils by animals on pasture, range, and paddock.
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Crop Areas by Crop Type and by County: County-level total crop area data were downloaded from the
USDA NASS Web site for the years 1990 through 2005 (USDA 2005b), and this data formed the basis
to scale emissions from individual crop types across the entire county.

3.3.3 IPCC Methodology for Non-Major Crop Types
3.3.3.1 Mineral Soils

For mineral agricultural soils producing non-major crop types, the Tier 1 IPCC methodology was used
to estimate direct N,O emissions. Estimates of direct N,O emissions from N applications to non-major
crop types were based on the annual increase in mineral soil N from the following practices: 1) the
application of synthetic commercial fertilizers, 2) the retention of crop residues, and 3) manure and non-
manure organic fertilizers.

IPCC methodology for emissions from mineral soils is based on nitrogen inputs. Nitrogen inputs from
synthetic and organic fertilizer and above and below ground crop residues were added together. This
sum was multiplied by the IPCC default emission factor (1.0%) to derive an estimate of cropland direct
N>O emissions from non-major crop types. Nitrate leached or runoff and N volatilized from non-major
crop types are calculated by multiplying N fertilizer applied by the IPCC (2006) default factors (30%
and 10%, respectively).

Annual synthetic fertilizer nitrogen additions to non-major crop types are calculated by process of
elimination. For each year, fertilizer applied to major crops and grazed lands (as simulated by
DAYCENT—approximately 80% of the U.S. total fertilizer used on farms) was subtracted from total
fertilizer used on farms in the United States. The difference, approximately 20% of total synthetic
fertilizer N used on farms in the U.S., was assumed to be applied to non-major crop types. Non-major
crop types include fruits, nuts, and vegetables, which is estimated at approximately 5% of total U.S. N
fertilizer use (TFI 2000), and other annual crops not simulated by DAYCENT, barley, oats, tobacco,
sugarcane, sugar beets, sunflower, millet, peanuts, etc., which account for approximately 15% of total
U.S. fertilizer used on farms. Manure N applied to non-major crops was estimated in a similar manner;
manure applied to major crops and grazed lands as simulated by DAYCENT was subtracted from total
manure available for soil application. This difference was assumed to be applied to non-major crops. In
addition to synthetic fertilizer and manure N, nitrogen in soils due to the cultivation of non-major N-
fixing crops (e.g., edible legumes) was included in these estimates. Finally, crop residue nitrogen was
derived from information on crop production yields, residue management (retained vs. burned or
removed), mass ratios of aboveground residue to crop product, dry matter fractions, and nitrogen
contents of the residues (IPCC 2006). The activity data for these practices were obtained from the
following sources:

e Annual production statistics for crops whose residues are left on the field: USDA (1994, 1998,
2000a, 2001, 2002, 2003), Schueneman (1999a, 1999b, 1999c, 2001), Deren (2002),
Schueneman and Deren (2002), Cantens (2004), Lee (2003, 2004).
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e Crop residue N was derived by combining amounts of above- and below-ground biomass, which
were determined based on crop production yield statistics (USDA 1994, 1998, 2003, 2005b,
2006b), dry matter fractions (IPCC 2006), linear equations to estimate above-ground biomass
given dry matter crop yields (IPCC 2006), ratios of below-to-above-ground biomass (IPCC
2006), and N contents of the residues (IPCC 2006).

Annual Applications of Commercial Non-manure Organic Fertilizers by Agricultural Region: Estimates
of total national annual N additions from land application of other organic fertilizers were derived from
organic fertilizer statistics (TVA 1991, 1992a, 1993, 1994; AAPFCO 1995, 1996, 1997, 1998, 1999,
2000a, 2000b, 2002, 2003, 2004, 2005, 2006). The organic fertilizer data, which are recorded in mass
units of fertilizer, had to be converted to mass units of N by multiplying by the average organic fertilizer
N contents provided in the annual fertilizer publications. These N contents are weighted average values,
and vary from year to year (ranging from 2.3 percent to 3.9 percent over the period 1990 through 2004).
Annual onfarm use of these organic fertilizers is very small, less than 0.03 Tg N.

3.3.3.2 Cultivation of Histosols

The IPCC Tier 1 method is used to estimate direct N,O emissions from the drainage and cultivation of
organic cropland soils. Estimates of the total U.S. acreage of drained organic soils cultivated annually
for temperate and sub-tropical climate regions was obtained for 1982, 1992, and 1997 from the National
Resources Inventory (USDA 2000b, as extracted by Eve 2001 and amended by Ogle 2002), using
temperature and precipitation data from Daly et al. (1994, 1998). To estimate annual N,O emissions
from histosol cultivation, the temperate histosol area is multiplied by the IPCC default emission factor
for temperate soils (8 kg N,O-N/ha cultivated; IPCC 2000), and the sub-tropical histosol area is
multiplied by the average of the temperate and tropical IPCC default emission factors (12 kg N,O-N/ha
cultivated; IPCC 2000).

3.3.3.3 Total N,O Emissions

Total direct emissions were obtained by summing DAY CENT generated emissions from major crops on
mineral soils, IPCC generated estimates for non-major crops on mineral soils, and IPCC estimates of
emissions from organic soils. Total indirect emissions from NOj leaching or runoff were obtained by
adding DAYCENT estimates for major crops on mineral soils to IPCC (2006) estimates for non-major
crops on mineral soils and multiplying by the default emission factor (0.75% of N leached/runoff). Total
indirect emissions from nitrogen volatilization were obtained by adding DAYCENT estimates for major
crops on mineral soils to IPCC (2006) estimates for non-major crops on mineral soils and multiplying by
the default emission factor (1% of N volatilized). Indirect emissions from NOj3 leaching or runoff were
added to those from nitrogen volatilization to get total indirect emissions. Total direct and indirect
emissions were then summed to get total N,O emissions from cropped soils.

3.3.4 Uncertainty in N,O Emissions

Uncertainty was estimated differently for each of the following components of N,O emissions from
cropped soils: direct emissions from major crops calculated by DAYCENT due to model input
uncertainty, direct emissions from major crops calculated by DAYCENT due to model structure
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uncertainty, direct emissions from minor crops not calculated by DAY CENT; indirect emissions from
all crops. For direct emissions calculated using DAYCENT, model input uncertainty was quantified
using the Monte Carlo analysis described above in section 3.3.2. Model structure uncertainty was
quantified by comparing DAYCENT estimates of N,O emissions with measured values. Uncertainty for
direct emissions from minor crops and indirect emissions from all crops were estimated using simple
error propagation (IPCC 2006). Error propagation was used to combine uncertainties in the various
components by taking the square root of the sum of the squares of the standard deviations of the
components (IPCC 2006). The 95% confidence interval in N,O emissions was estimated to lie between
137 and 188 Tg CO;, eq. (Table 3-1).

3.3.5 Mitigation of NoO Emissions

Mitigation of N,O emissions is based on optimizing the amount and timing of nitrogen fertilizer
additions. Excess fertilizer applied to crops increases the nitrogen available for N,O, N oxide and NH3
emissions, and for NO3 leaching. Using time-released fertilizers and applying fertilizer in multiple
applications improves the synchrony between nitrogen supply and plant nitrogen demand. However,
multiple applications of fertilizer require increased time and equipment usage by farmers and time-
released fertilizers are more expensive than conventional fertilizers. Use of nitrification inhibitors has
been shown to decrease N,O emissions (Weiske et al. 2001, McTaggert et al. 1997). The capability to
simulate their impact has been incorporated into the DAYCENT ecosystem model. National-scale
DAYCENT simulations suggest that universal use of nitrification inhibitors could reduce total N,O
emissions by 10-20% while maintaining, or slightly increasing crop yields. The model showed lower
direct N,O and NOy emissions because nitrification rates are decreased but also lower NO; leaching
rates because reduced nitrification also reduces inputs to the soil NO3 pool. Unfortunately, as with time-
released fertilizer, fertilizer amended with nitrification inhibitors is more expensive. Further analyses of
the environmental and economic costs and benefits of the different mitigation strategies needs to be
performed before optimum mitigation strategies can be identified.

3.4 Methane Emissions from Rice Cultivation

Figure 3-3
Methane from Rice Cultivation by State, 1990 & 2005
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Methane emissions from rice cultivation® are limited to seven U.S. States (Figure 3-3). In four States
(Arkansas, Florida, Louisiana, and Texas), the climate allows for cultivation of two rice crops per
season, the second of which is referred to as a ratoon crop (EPA 2007). Methane emissions from
primary and ratoon crops are accounted for separately because emissions are higher from ratoon crops
(EPA 2007). Overall, rice cultivation is a small source of CH, in the United States. In 2005, CH4
emissions totaled 6.9 Tg CO; eq, of which 6.0 Tg CO; eg. were from primary crops in all seven States
and 0.9 Tg CO, was from ratoon crops in four States (Table 3-4).

Arkansas and Louisiana had the highest CH, emissions from rice cultivation in 2005, followed by
California and Texas. Missouri and Florida both had emissions of less than 0.5 Tg CO; eq. (Table 3-4).
Overall since 1990, CH, emissions from rice cultivation have decreased almost 3% (Table 3-5). While
small national-scale changes were seen between 1990 and 20