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Executive Summary

Background

Provisions of Section 2709 of the Food,
Conservation, and Energy Act of 2008 direct the Uses of the Report and Methods:
U.S. Department of Agriculture (USDA) to prepare
technical guidelines and science-based methods to
measure environmental service benefits from
conservation and land management activities,
initially focused on carbon. The methods contained
in this document address greenhouse gas (GHG)

emissions and removals from agricultural and
forestry activities. = Providing methods suitable for

GHG inventory efforts at the entity,
farm, or forest scale, with possible
implications for regional and
1. A comprehensive review of techniques national scale assessments as well;
currently in use for estimating GHG emissions and
and removals from agricultural and forestry
activities; and

= Estimating increases and
decreases in GHG emissions and
carbon sequestration resulting
from current and future
conservation programs and
practices;

Through the development of this report, USDA has
prepared two primary products:

= Estimating increases and
decreases in GHG emissions and

2. Atechnical report outlining the preferred carbon sequestration associated
science-based approach and specific methods with changes in land management.
for estimating GHG emissions at the farm or
forest scale (i.e., this document).

Purpose of the Report

The objective for this report is to create a standard set of GHG estimation methods for use by USDA,
landowners, and other stakeholders to assist them in evaluating the GHG impacts of their
management decisions. The methods presented in the report address GHG emissions and carbon
sequestration for the entire entity or operation and also provide the opportunity to assess
individual practices or management decisions. Therefore, ease of use is critical.

A co-objective is to demonstrate capacity within USDA, establishing a standardized, consensus set
of methods that become the scientific basis for entity-scale estimation of the GHG impacts of
landowner management decisions. Therefore, scientific rigor and transparency are also critical.
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Because the report is intended as a means of evaluating management practices across the full scope
of the farm, ranch, and forest management system, the methods in the report need to be as
comprehensive as possible. Research and data gaps exist that result in some management practices
not being accounted for or are reflected in higher levels of estimate uncertainty. Completeness is
important, though, and the report attempts to identify the most significant research gaps and data
needs.

This report will be used within USDA and by farmers, ranchers, and forest landowners, and will be
made publicly available. These methods are designed to:

1. Provide a scientific basis for methods that can be used by landowners and managers, USDA,
and other stakeholders to estimate changes in GHG emissions and removals at the local
entity scale;

2. Create a standard set of GHG quantification guidelines and methods for use by stakeholders;
3. Quantify all significant emissions and removals associated with specific source categories;

4. Quantify emissions from land-use change and carbon sequestration from land management
practices and technologies; and

5. Support the development of entity-, farm-, or forest-scale GHG inventories that will facilitate
the participation of landowners in public and private environmental market registries and
reporting systems.

The report also serves as input into the development of a USDA GHG Estimation Tool. The report
and the methods are not intended as an addition to or replacement of any current Federal GHG
reporting systems or requirements.

Process for the Development of the Report

This report was developed by three author teams (i.e., working groups) under the direction of one
lead author for each team (plus one co-lead author for the forestry chapter). The lead authors were
chosen based on their experience with GHG inventories and accounting methodologies and their
professional research experience. With input from each lead author, USDA chose 8 to12 working
group members per team to write the report. These working group members each had different
backgrounds that fit with the anticipated content of the document and also had experience with
GHG accounting and/or field research that was unique and addressed one or more of the niche
methods that were essential for ensuring the comprehensiveness of the methods for each sector.
The author teams were provided with a preliminary outline of their chapters and with two
background reports developed as part of the project. One background report was an analysis of the
scientific literature related to rates of carbon sequestration or emissions reduction resulting from
various management practices and technologies (Denefetal.,, 2011). The other report was a
compilation of all of the available tools, protocols, and models, with basic information on each one
(Denef et al.,, 2012).

The methods were developed according to several criteria in order to maximize their usefulness. In
particular, the methods must:

1. Stand on their own, independent of any other accounting system, yet maintain consistency
with other accounting systems to the maximum extent possible;

2. Be scalable for use at entity-scale sites across the United States, with applicability at county
and/or State levels as well;

3. Facilitate use by USDA in assessing the performance of conservation programs;
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4. Provide a broad framework to assess management practices to evaluate the GHG aspect of
production sustainability;

5. Maintain maximum applicability for use in environmental markets, including possible
future Federal, State, or local GHG offsets initiatives;

6. Be scientifically vetted through USDA, U.S. Government and academic expert review, and
public comment;

7. Provide reliable, real, and verifiable estimates of onsite GHG emissions, carbon storage, and
carbon sequestration (the methods will be designed so that over time they can be applied to
quantify onsite GHG reductions and increases in carbon storage due to conservation and
land management activities); and

8. Provide a basis for consistency in estimation and transparency in reporting.

Development of the report has been iterative as various drafts of the document have been put
through several review stages, including a USDA intra-agency technical review, a Federal
interagency technical review, a scientific expert review, and a public comment period.

Overview of Recommended GHG Estimation Methods in the Report

This section provides an overview of the current estimation methods or approaches an entity could
use to estimate GHG emissions and sinks on his or her property. This overview is followed by a
summary of each sector’s proposed methodologies for entity GHG estimations.

There are several approaches that a farmer, rancher, or forest landowner can use to estimate GHG
emissions at an entity scale, and each approach gives varying accuracy and precision. The most
accurate way of estimating emissions is through direct measurement, which often requires
expensive equipment or techniques that are not feasible for a single landowner or manager. On the
other hand, lookup tables and estimation equations alone often do not adequately represent local
variability or local conditions. This report attempts to delineate methods that balance user-
friendliness, data requirements, and scientific rigor in a way that is transparent and justified.

The following approaches were considered for these guidelines:

= Basic estimation equations (cf.,, IPCC [Intergovernmental Panel on Climate Change] Tier
1)—involve combinations of activity data! with parameters and default emission factors.?
Any default parameters or default emission factors (e.g., lookup tables) are provided in the
text, or if substantial in length, in an accompanying compendium of data.

=  Models (cf., IPCC Tier 3)—use combinations of activity data with parameters and default
emission factors. The inputs for these models can be ancillary data3 (e.g., temperature,
precipitation, elevation, and soil nutrient levels that may be pulled from an underlying
source), biological variables (e.g., plant diversity) or site-specific data (e.g., number of acres,

1 Activity data is defined as data on the magnitude of human activity resulting in emissions or removals taking
place during a given period of time (IPCC, 1997).

Z Emission factor is defined as a coefficient that quantifies the emissions or removals of a gas per unit of
activity. Emission factors are often based on a sample of measurement data, averaged to develop a
representative rate of emission for a given activity level under a given set of operating conditions (IPCC,
2006).

3 Ancillary data is defined as additional data necessary to support the selection of activity data and emission
factors for the estimation and characterization of emissions. Data on soil, crop or animal types, tree species,
operating conditions, and geographical location are examples of ancillary data.
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number of animals). The accuracy of the models is dependent on the robustness of the
model and the accuracy of the inputs.

Field measurements—actual measurements that a farmer or landowner would need to take
to more accurately estimate the properties of the soil, forest, or farm or to estimate actual
emissions. Measuring actual emissions on the land requires special equipment that
monitors the flow of gases from the source into the atmosphere. This equipment is not
readily available to most entities, so field measurements are more often incorporated into
other methods described in this section to create a hybrid approach. A field measurement
such as a sample mean tree diameter could be incorporated into other models or equations
to give a more accurate input.

Inference (cf., IPCC Tier 2)—uses State, regional, or national emissions/sequestration
factors that approximate emissions/sequestration per unit of the input. The input data is
then multiplied by this factor to determine the total onsite emissions. This factor can have
varying degrees of accuracy and often does not capture the mitigation practices on the farm
or the unique soil conditions, climate, livestock diet, livestock genetics, or any farm-specific
characteristics, although they can be developed with specific soil types, livestock categories,
or climactic regions.

Hybrid estimation approach (cf.,, IPCC Tier 2 or IPPC Tier 3)—an approach that uses a
combination of the approaches described above. The approach often uses field
measurements or models to generate inputs used for an inference-based approach to
improve the accuracy of the estimate.

The types of approaches that the authors recommended in this report include basic estimation
equations with default emission factors (cf., IPCC Tier 1); geography-, crop-, livestock-, technology-,
or practice-specific emission factors (cf., IPCC Tier 2); and modified IPCC/empirical and/or process-
based modeling (cf., IPCC Tier 2 or IPCC Tier 3).* Table ES-1 categorizes the sources of emissions
with the types of approaches that are recommended in this report.

Table ES-2 summarizes the sources of agricultural and forestry GHG emissions and removals
discussed in this report, the recommended method for estimating emissions and removals for each
source category, and the reference(s) used for the development of the method.

4 A tier represents a level of methodological complexity. Usually three tiers are provided. Tier 1 is the basic
method, Tier 2 intermediate, and Tier 3 most demanding in terms of complexity and data requirements. Tiers
2 and 3 are sometimes referred to as higher tier methods and are generally considered to be more accurate
(IPCC, 2006).
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Table ES-1: Summary of the Sources of Emissions and Types of Approaches in this Report

. . . Modified IPCC or
Souree Basg:q]’::s:gl;itlon Inference Empirical Model Procel‘s/ls:‘;l';?ased
. (cf., IPCC Tier 2) (cf., IPCC Tier 2 or :
(cf., IPCC Tier 1) IPPC Tier 3) (cf., IPPC Tier 3)
= Direct N20 Soil Organic Carbon | = Biomass Carbon = Soil Organic Carbon
< Emissions from Stocks for Organic Stock Changes Stocks for Mineral
Eu Drainage of Soils = CH4 Uptake by Soils Soils
0 Organic Soils COz from Liming = Direct N20
E = CH4 Emissions N20 Emissions from Emissions from
) from Rice Rice Cultivation Mineral Soils
3 Cultivation Non-COz Emissions
g = COz from Urea from Biomass
fc Fertilizer Burning
? Application Ind.ire.ct N20
S Emissions
s = — — — . Bigmass Carbon
= E = Soil C, N20, and CH4
= Enteric CH4 from CHa4 from Dairy = Enteric CH4 from —
Swine Cattle, Beef Cattle, Dairy Cattle, Sheep,
= Enteric CH4 from and Swine Housing Beef Cow-Calf,
Other Animals CHsand N20 from Bulls, Stockers,
(Goats, American Aerobic Lagoons Feedlot Cattle
Bison) CHasand N20 from = CHa from Manure
= CHa from Poultry Temporary Stackand|  from Barn Floors -
= Housing Long-Term Stockpile Dairy Cattle
= CHsand N20 from * N20 from Dairy
= Composting Cattle, Beef Cattle,
3 Swine, and Poultry
& Housing
® = CHsand N:0 from
E Anaerobic Lagoon,
< Runoff Holding
Pond, Storage
Tanks
= CHsand N20 from
Combined Aerobic
Treatment Systems
= CH4 from
Anaerobic Digester
B — — = Establishing, Re- = Forest Carbon
‘g establishing, and Accounting
= Clearing Forest = Forest Management
) = Harvested Wood = Urban Forests

5 Ammonia (NH3), as an important precursor to GHGs, is included in the animal production systems
discussion where necessary, but is not of primary focus. If readers are interested in more technical

information, methods for estimating NHs emissions can be found in Appendix 5-C.
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Modified IPCC or

Basi];::q[-lllsatgt;?ltion Inference Empirical Model ProceBs/[s:‘;ié:}ased
(cf,, IPCC Tier 1) (ct., IPCC Tier 2) (Cf'i;l;gCT'f;:gi o ' (cf, IPPC Tier 3)
Products = Natural
Disturbance—
Wildfire and

Prescribed Fire

* Annual Change in — — —
Carbon Stocks in
Dead Wood and
Litter Due to
Land Conversion
= Change in Soil
Organic Carbon
Stocks for Mineral
Soils

Land-use Change

Organization of the Report

The report is largely organized by sector, with each chapter providing an overview of management
practices and resulting GHG emissions and removals. For each sector, background and information
on management practices are presented first, followed by the detailed methods proposed for
estimating emissions and removals for those practices.

= Chapter 1 provides an overview of the report, report objectives, contents of the report, and
uses and limitations of the report.

= Chapter 2 describes the linkages and cross-cutting issues relating to sector-specific and
entity-scale estimation of GHG emissions and removals.

= Chapter 3 describes the GHG emissions from crop and grazing land systems. The chapter
presents methods for estimating the influence of land use and management practices on
GHG emissions (and removals) in crop and grazing land systems. Methods are described for
estimating biomass and soil carbon stocks changes, direct and indirect soil nitrous oxide
(N20) emissions, methane (CH4) and N»O emissions from wetland rice, CHs uptake in soils,
carbon dioxide (COz) emissions or removals from liming, non-CO, GHG emissions from
biomass burning, and CO; emissions from urea fertilizer application.

= Chapter 4 provides guidance for estimation of carbon stock changes and CH4 and N0
emissions from actively managed wetlands.

®= Chapter 5 describes on-farm GHG emissions from the production of livestock and manure
management. The chapter presents GHG estimation methods appropriate to the production
of each common livestock sector (beef, dairy, sheep, swine, and poultry), with methods
related to manure management combined for all livestock types.

= Chapter 6 provides guidance on estimating carbon sequestration and GHG emissions from
managed forest systems. The chapter is organized to provide an overview of the elements of
forest carbon accounting, including definitions of the key carbon pools and basic methods
for their estimation.
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= Chapter 7 provides guidance on estimating the net GHG emissions and removals resulting
from changes between land types—i.e., conversions into and out of cropland, wetland,
grazing land, or forest land—at the entity scale.

= Chapter 8 presents the approach for accounting for the uncertainty in the estimated net
emissions based on the methods presented in this report. A Monte Carlo approach was
selected as the method for estimating the uncertainty around the outputs from the
methodologies in this report as it is currently the most comprehensive, sound method
available to assess the uncertainty at the entity scale.

Summary

In developing this report, the authors have sought to outline the most state-of-the art and suitable
science-based approaches and specific methods for estimating farm- or forest-scale GHG emissions
(see Table ES-2). In some cases, the proposed methods have not previously been applied in
specifically the way that is proposed. For example, the forestry systems chapter describes the
integration of the Forest Vegetation Simulator (FVS) within other estimation tools for forest carbon
accounting. This application of FVS, while technically sound, will require additional effort to
implement. In other cases, the authors have proposed new methods that build on or enhance
previously used methods. For example, a new hybrid approach is proposed for estimating direct
soil N2O emissions from mineral soils on croplands and grazing lands. The hybrid approach uses
models to derive expected emission rates at the typical fertilization rate for the major soil textures,
weather patterns, and crop rotation systems in each USDA Land Resource Region and uses a meta-
analysis of empirical studies to develop emission scaling factors for cropland and grazing land
systems. The method also applies practice-based scaling factors derived from a meta-analysis of the
most recent data. This hybrid approach is the result of a workshop held in February 2012 that
convened experts on N0 emissions from croplands in order to develop estimation methods that
were inclusive and best met the objectives of USDA.

In addition to proposing science-based methods, the authors also acknowledge that for certain
practices and technologies, adequate data do not currently exist to accurately estimate GHG
emissions and/or carbon sequestration. In each sector chapter, the authors have included a
discussion of research gaps or priority areas for future data collection that are important in order to
improve the completeness and accuracy of the estimation methods put forth in this report.
Estimation of GHG emissions from managed wetland systems is a good example. While a method is
put forward that reflects the best currently available science, the authors state in Section 4.3 that
the methods for these lands are not as well developed as for other sectors. Later in that same
section there is text discussing the considerable limitations to estimating GHG fluxes from these
systems and the large levels of uncertainty around flux estimates. In Section 4.4, the authors outline
a significant list of research and data priorities that would help to refine and strengthen the
estimation methods.

In the continual effort to advance the science and improve the understanding of these complex and
dynamic systems, this report provides the foundation for entity-level tools to quantify the GHG
benefits from conservation and land management activities. The report also identifies priorities for
future effort in order to broaden the scope of entity-scale GHG flux estimation and reduce
estimation uncertainties.
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1 Introduction

In 2008, agriculture contributed 6.1 percent of the total greenhouse gas (GHG) emissions in the
United States (USDA, 2011).1 The distribution of emissions across the agriculture sector is

illustrated in Figure 1-1. In addition, forestry
sequestered enough carbon to offset about
13 percent of total U.S. GHG emissions (USDA,
2011). Since the late 1990s, the U.S.
Department of Agriculture (USDA) has
analyzed and reported GHG emissions and
removals via national-scale inventories, and
field-scale measurement of these fluxes has
been done for decades by USDA researchers.
USDA also has done significant work in the
development of GHG estimation models and
tools within the agriculture and forestry
sectors.

This report provides methods and a scientific
basis for estimating GHG emissions and
sequestration at the landowner, land-manager
scale—entity scale. The report was authored
by recognized experts from across USDA,
other U.S. Government agencies, and academia
and reflects estimation methods that balance
scientific rigor, scale, practicality, and
availability of data.

This chapter provides an overview of the
report as well as the objectives set out for the
project and the process used in developing the
report. The remainder of the chapter is
organized as follows:

= Qverview of the Report

= Report Objectives

Figure 1-1: Agriculture Sources of
Greenhouse Gas Emissions in 20082

Rice
Cultivation
/ + Burning
(CH,),
2%

Managed
Livestock
Waste (CH,
+N,0),

Cropland Soils 12%

(N.0),
31% Grazed Lands
(CH4#N,0),
13%

Energy Use
(Co,),
Fermentation 14%
(CH,),
28%

Enteric

Total Emissions = 502 million metric tons CO, eq

a Cropland soils emissions include emissions from major
crops; non-major crops; histosol cultivation; and managed
manure that accounts for the loss of manure nitrogen
during transport, treatment, and storage, including
volatilization and leaching/runoff.

Source: USDA (2011).

= Process for the Development of the Methods

= (Contents of the Report
= Uses and Limitations of the Report

= Chapter 1 References

1 Here the agriculture sector includes GHG emissions and removals from livestock, grasslands, croplands, and

energy use on farms; it does not include GHG emissions and removals from industrial processes (e.g.,
fertilizer production) or from off-farm energy use (e.g., transportation fuels used in exporting commodity

crops).
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1.1 Overview of the Report

Under provision of Section 2709 of the Food, Conservation, and Energy Act of 2008, USDA has been
directed to “establish technical guidelines that outline science-based methods to measure the
environmental service benefits from conservation and land management activities in order to
facilitate the participation of farmers, ranchers, and forest landowners in emerging environmental
services markets.” The legislation further states that the initial emphasis of the methods
development should focus on GHG emissions. Agreement on that set of methods is the primary
scope and purpose for this report. The findings in this report provide the foundation for entity-level
tools to measure the GHG benefits from conservation and land management activities.

This report and the estimation methods are not intended as an addition to or replacement of any
current Federal or State GHG reporting systems or requirements. This report has been prepared to
outline methods to calculate direct GHG emissions and carbon sequestration from agriculture and
forestry processes and builds upon existing inventory efforts such as U.S. Environmental Protection
Agency (EPA) and USDA'’s national inventories and the U.S. Department of Energy’s Voluntary
Greenhouse Gas Reporting Program Section 1605(b) Guidelines, with an aim of providing simple,
transparent, and robust inventory and reporting methods.

The report provides technical methods for estimating and reporting GHGs from significant
agriculture and forestry sources and sinks. These methods are designed to quantify significant
emissions and sinks associated with specific source categories as well as annual reductions in those
emissions or fluxes in carbon storage resulting from land-use change and land management
practices and technologies. Therefore, the report will support the development of entity-, farm-, or
forest-scale GHG estimates and inventories.

Because the report is intended as a means of evaluating management practices across the full scope
of the farm, ranch, and forest management system, the methods in the report need to be as
comprehensive as possible. Research and data gaps exist that result in some management practices
not being accounted for or are reflected in higher levels of estimate uncertainty. Completeness is
important, though, and the report attempts to identify the most significant research gaps and data
needs.

The methods were developed according to several criteria in order to maximize their usefulness. In
particular, the methods must:

1. Stand on their own, independent of any other accounting system, yet maintain consistency
with other accounting systems to the maximum extent possible;

2. Be scalable for use at entity-scale sites across the United States, with applicability at county
and/or State levels as well;

Facilitate use by USDA in assessing the performance of conservation programs;

4. Provide a broad framework to assess management practices to evaluate the GHG aspect of
production sustainability;

5. Maintain maximum applicability for use in environmental markets, including possible
future Federal, State, or local GHG offsets initiatives;

6. Be scientifically vetted through USDA, U.S. government, and academic expert review and
public comment;

7. Provide reliable, real, and verifiable estimates of on-site GHG emissions, carbon storage, and
carbon sequestration (methods will be designed so that over time they can be applied to

1-4
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quantify on-site GHG reductions and increases in carbon storage due to conservation and
land management activities); and

8. Provide a basis for consistency in estimation and transparency in reporting.

1.2 Report Objectives

The objectives for this report are to create a standard set of GHG estimation methods for use by
USDA, landowners, and other stakeholders and to serve as input into the development of USDA
estimation tools. The methods presented in the report address GHG emissions and carbon removal
for the entire entity or operation and provide the opportunity to assess individual practices or
management decisions.

Greenhouse Gas Mitigation Options and Costs for Agricultural Land and Animal Production within
the United States covers mitigation practices in crop production, animal production, and land
retirement systems in the United States. This report reviews available scientific methods for
estimating GHG sources and sinks at an entity level and recommends particular estimation
methods for each livestock type and agriculture/forestry practice. To estimate the costs, USDA
has developed another report that estimates the implementation costs, GHG mitigation potential
at the farm level, and break-even prices (i.e., GHG incentive) for different mitigation practices on
a farm level.

The report is available for download on the project website at:
http://www.usda.gov/oce/climate change/mitigation technologies/GHGMitigationProduction

Cost.htm.

A co-objective is to establish consensus on a standardized set of methods for the Department, which
become the scientific basis for entity-scale estimation of the GHG impacts of landowner
management decisions. Therefore, scientific rigor and transparency are also critical.

While USDA has long been Figure 1-2: Conceptual Diagram of Activities Covered in
involved in development of This Report

GH.G Inventories an.d Combining a landowners’ crop, livestock and forest management
estimation tools, this report activities into a seamless greenhouse gas estimate for the entity.
brings together estimation

approaches from all
agriculture and land
management sectors into one
place. These methods are ; i
combined in such a way that Feeding
an integrated estimate can be &0 "
derived for all activities within
the boundary of the farm and
forest management operation.
Figure 1-2 shows the diversity
of activities and the complexity
of estimating GHG emissions
and carbon sequestration
across the entire management
entity.

Source: Eve (2012).
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1.3 Process for the Development of the Methods

This report was developed by three author teams (i.e., working groups) under the direction of one
lead author for each team (plus one co-lead author for the forestry chapter). The lead authors were
chosen based on their experiences with GHG inventories and accounting methodologies and their
professional research experiences. With input from each lead author, USDA chose 10 to 13 working
group members per team to write the report. These working group members each had different
backgrounds that fit with the anticipated content of the document. Members also had experience
with GHG accounting and/or field research that was unique and addressed one or more of the niche
methods that were essential for ensuring the comprehensiveness of the methods for each sector.
The author teams were provided with a preliminary outline of a chapter and two background
reports developed as part of the project. One background report was an analysis of the scientific
literature related to rates of carbon sequestration or emissions reduction resulting from various
management practices and technologies (Denef et al., 2011); the other was a compilation of all of
the available tools, protocols, and models and basic information on each one (Denef et al.,, 2012).
Both reports are available for download on the project website at:

http://usda.gov/oce/climate change/estimation.htm.

There are several general ways to estimate GHG emissions and sequestration at an entity scale, and
each approach gives varying accuracy and precision. Typically, the most accurate way to estimate
GHG fluxes is through direct measurement, which often requires expensive equipment or
techniques that are not feasible for a single landowner or manager.2

Lookup tables and estimation equations can be much simpler to implement and use, but when used
alone may not adequately represent local variability or local conditions. This report attempts to
delineate methods that balance user friendliness, data requirements, and scientific rigor in a way
that is transparent and justified.

Figure 1-3 illustrates the scope of the GHG emission sources and removals and processes in
managed ecosystems that these methods estimate.

The author teams considered the following general approaches in deriving the methods for this
report:

= Basic estimation equations - Involve combinations of activity data3 with parameters and
default emission factors.* Any default parameters or default emission factors (e.g., lookup
tables) are provided in the text, or if substantial in length, in an accompanying (or
referenced) compendium of data.

2 Examples include intermittent measurement of soil organic carbon and biomass reserves. Estimates of flux
for dynamic process measures like N20 emissions need to be based on multiple measures taken at reasonable
frequency. Direct measurement may work for comparative analysis but must be extended to estimate total
emissions using assumptions or modeling method.

3 Activity data is defined as data on the magnitude of human activity resulting in emissions or removals taking
place during a given period of time (IPCC, 1997).

4 Emission factor is defined as a coefficient that quantifies the emissions or removals of a gas per unit of
activity. Emission factors are often based on a sample of measurement data, averaged to develop a
representative rate of emission for a given activity level under a given set of operating conditions (IPCC,
2006).
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Figure 1-3: Greenhouse Gases Emission Sources/Removals and Processes in Managed
Ecosystems
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= Models - Use combinations of activity data with parameters and default emission factors.
The inputs for these models can be ancillary datas (e.g., temperature, precipitation,
elevation, and soil nutrient levels that may be pulled from an underlying source), biological
variables (e.g., plant diversity), or site-specific data (e.g.,, number of acres, number of
animals). The accuracy of the process model is dependent on the robustness of the model
and the accuracy of the inputs.

= Field measurements - Actual measurements that a farmer or landowner would need to take
to more accurately estimate the properties of the soil, forest, or farm or to estimate actual
emissions. Measuring actual emissions on the land requires special equipment that
monitors the flow of gases from the source into the atmosphere. This equipment is not
readily available to most entities, so more often, field measurements are incorporated into
other methods described in this section to create a hybrid approach. A field measurement
such as a sample mean tree diameter could be incorporated into other models or equations
to give a more accurate input.

= Inference - Uses State, regional, or national emissions/sequestration factors that
approximate emissions/sequestration per unit of the input. The input data is then

5 Ancillary data is defined as additional data necessary to support the selection of activity data and emission
factors for the estimation and characterization of emissions. Data on soil, crop or animal types, tree species,
operating conditions, and geographical location are examples of ancillary data.
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multiplied by this factor to determine the total onsite emissions. This factor can have
varying degrees of accuracy and may not capture the mitigation practices on the farm or the
unique soil conditions, climate, livestock diet, livestock genetics, or any farm-specific
characteristics, unless they are developed for specific soil types, livestock categories, or
climactic regions, etc.

Hybrid estimation approach - An approach that uses a combination of the approaches
described above. The approach often uses field measurements or models to generate inputs
used for an inference-based approach to improve the accuracy of the estimate.

With this background, and evaluating these and other data and resources, each author team
developed the text for its chapter. Development of the text has been iterative as various drafts of
the document have been put through several review stages. The review process for the report of
methods consists of:

1-8

USDA Technical Review. USDA performed an intra-agency review. The result of this review
was a series of comments and questions for the lead authors and their working groups.
These comments were received by, discussed within, and responded to by the working
groups and lead authors. For example, one specific outcome of this review process was a
nitrous oxide (N20) Cropping Practices Workshop consisting of 20 experts in the field of
N0 emissions from croplands and grazing lands. The workshop was convened to review
the methods that were originally proposed by the working group and to determine if there
was a more scientifically rigorous method to quantifying N,O emissions from agricultural
soils.

Inter-agency Technical Review. The May 2012 version of the report was circulated for
review by an inter-agency group of GHG emissions and inventory experts. The reviewers
included over 50 members from nine agencies including USDA, U.S. Department of Energy,
U.S. Department of the Interior, EPA, U.S. Department of State, and several of the White
House Offices. The result of this review was a series of comments and questions for the lead
authors and their working groups. These comments were received by, discussed within, and
responded to by the working groups and lead authors.

Scientific Expert Review. Following the inter-agency review, the next version of the report
was reviewed by a team of scientific experts. The reviewers were chosen based on
recognized expertise, experience in expert reviews, availability, and willingness to
participate. Each reviewer was asked to review those chapters and/or sections of the report
relating to his or her expertise. A subset of the group of expert reviewers was asked to
review the report in its entirety and provide comments specifically regarding issues of
consistency, completeness, and accuracy. Again, the lead authors and author teams
responded to each of the comments posed by the expert panel and edited the document as
appropriate.

Public Comment Period. Once all of the expert comments were addressed and appropriate
edits were made, the report was made available for public comment. This coincided with a
final review by USDA and other Federal agency GHG experts. Comments from this review
were assessed, and the report was edited as necessary prior to final publication of the
report.
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How to Use the Report

In order to accomplish the objectives noted above, the report is laid out by broad land-use sector
(i-e., croplands and grazing lands, wetlands, animal production, and forestry). Each sector
chapter is further delineated into two main parts: first the current scientific understanding and
available data for estimating GHG fluxes within the sector; second, the methods that
demonstrate the current best approach to estimating GHG fluxes, balancing the available science
and data with the criteria and considerations mentioned previously. The report is intended to be
considered in its entirety with contextual information provided in the first and second chapters
as background to the content presented in the following chapters. The authors realize that many
users may find specific chapters or sections especially valuable or useful; therefore, summarized
contextual information is also included at the beginning of each chapter. The beginning to the
croplands and grazing lands, wetlands, animal production, and forestry chapters include tables
that summarize the methods for each source or removal of GHG emissions. The subsequent
sections in the report are organized according to the sources mentioned in the summary table.

1.4 Contents of the Report

The remainder of the report is organized by sector. For each sector, background and information on
management practices are presented first, followed by the detailed methods proposed for
estimating emissions and sequestration for those practices. Each of the chapters is summarized as
follows:

= Chapter 2: Considerations When Estimating Agriculture and Forestry GHG Emissions
and Removals. Chapter 2 sets the context for the methods, including linkages and cross-
cutting issues that span the sectors. This includes, for example, definition of entity,
definition of system boundaries, etc.

= Chapter 3: Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing
Land Systems. Chapter 3 describes the GHG emissions from crop and grazing land systems.
The chapter presents methods for estimating the influence of land use and management
practices on GHG emissions (and sinks) in crop and grazing land systems. Methods are
described for estimating biomass and soil carbon stocks changes, direct and indirect soil
N0 emissions, methane (CH4) and N0 emissions from wetland rice, CH4 uptake in soils,
carbon dioxide (COz) emissions or sinks from liming, non-CO, GHG emissions from biomass
burning, and CO; emissions from urea fertilizer application.

= Chapter 4: Quantifying Greenhouse Gas Sources and Sinks in Managed Wetland
Systems. Chapter 4 provides guidance for estimation of carbon stock changes, CHs4, and N0
emissions from actively managed wetlands.

= Chapter 5: Quantifying Greenhouse Gas Sources and Sinks in Animal Production
Systems. Chapter 5 describes on-farm GHG emissions from the production of livestock and
manure management. The chapter presents GHG estimation methods appropriate to the
production of each common livestock sector (i.e., beef, dairy, sheep, swine, and poultry),
with methods related to manure management combined for all livestock types.

= Chapter 6: Quantifying Greenhouse Gas Sources and Sinks in Managed Forest
Systems. Chapter 6 provides guidance on estimating carbon sequestration and GHG
emissions for the forestry sector. The chapter is organized to provide an overview of the
elements of forest carbon accounting, including definitions of the key carbon pools and
basic methods for their estimation.
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= Chapter 7: Quantifying Greenhouse Gas Sources and Sinks from Land-Use Change.
Chapter 7 provides guidance on estimating the net GHG flux resulting from changes
between land types—i.e., conversions into and out of cropland, wetland, grazing land, or
forestland—at the entity scale.

= Chapter 8: Uncertainty Assessment for Quantifying Greenhouse Gas Sources and
Sinks. Chapter 8 provides a framework for a Monte Carlo assessment of estimation
uncertainty.

The report also describes methods for uncertainty assessment for each source as well as for the
estimate in total. The authors recognize that for some sources, current data are not complete
enough to allow for a reliable statistical estimate of uncertainty. In some cases, expert judgment
was used to delineate estimated uncertainty bounds. In other cases, the report simply notes that
more data are required to reliably estimate uncertainty. Each sector chapter of the report contains
a section on uncertainty and limitations.

The authors acknowledge that for many practices and technologies, adequate data do not currently
exist to accurately estimate GHG emissions and/or carbon sequestration. For each sector, the
authors have included a discussion of research gaps or priority areas for future data collection that
are important in order to improve the completeness or accuracy of the estimation methods put
forth in this report.

1.5 Uses and Limitations of the Report
Specific potential uses of the methods include aiding:

1. Landowners and other stakeholders in quantifying increases and decreases in GHG
emissions and carbon sequestration associated with changes in land management;

2. USDA in understanding GHG and carbon sequestration increases and decreases resulting
from current and future conservation programs and practices; and

3. USDA and others in evaluating and improving national and regional GHG inventory efforts.

The report will provide additional cobenefits. For example, the report may provide improved
methods for voluntary GHG registries, help to facilitate regional GHG markets, or inform existing
and/or future GHG reporting programs (e.g., sequestration/emissions from land use and
agriculture under Executive Order [EO] 13514).6

These methods are designed to provide the most appropriate, single, accounting method for
quantifying GHG emissions/sequestration for each particular source category (e.g., CHs from rice
cultivation) determined from the activity data, published emission factors, and accounting methods
and tools typically available for the entity scale. These methods are not designed to provide a range
of emission/sequestration accounting options, or a range of similar options, at varying levels of
complexity (i.e., tiers) for each particular source category. That said, there may be specific instances
(e.g., forest carbon stocks) where different individual options might be specified for entities within

6 It should be noted that under EO13514, agency-level reporting of emissions and sequestration as a result of land
management practices is not required at this time. In addition, reporting of emissions from wildfire management,
prescribed burning, land use, and land-use changes is not required. Agencies choosing to report activities undertaken to
date in calculating such emissions would address them in the qualitative portion of their GHG inventory. Emissions
resulting from manure management and enteric fermentation when the animals are owned by the Federal agency would
be reported voluntarily in scope 1 at this time. If the activities take place on Federal land, but are operated by others,
these emissions may be voluntarily reported as scope 3.
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source categories where there are significantly different operational scales (e.g., commercial forest
plantations versus small woodlots).

This report is designed to provide GHG accounting methods to determine actual GHG emissions at
the entity scale (i.e., an emissions inventory) and/or to quantify the emission (or emission
reductions) associated with an existing or future mitigation practice/technology. At the time of this
writing, the United States does not have a national policy guiding GHG emissions reduction,
monitoring, or crediting in the agriculture and forestry sectors. Presented are the recommended
methods for quantifying GHG emissions and emission reductions. The report is not intended as an
accounting framework for emission reduction crediting or trading—i.e., the methods do not
constitute an offset protocol. As a result, this report does not provide specific guidance on critical
policy features of such offset protocols including additionality, permanence, and leakage. Any
national policy would provide precise definitions of these terms, and then the methods described in
this report would be adapted to conform to policy standards and requirements.

As stated above, this report does not address policy issues related to crediting reductions such as
permanence, additionality, or leakage. The intended purpose is simply to provide a quantitative
estimate of what is occurring under a given set of practices and activities, or what could be
expected to occur given a change in management. While the report is not addressing policy issues, it
may address practical concerns around GHG estimation, such as the risk of reversal if management
practices revert back in the foreseeable future. For example, a land manager must understand that a
change in management that results in soil carbon sequestration, if reversed, will lead to the extra
stored carbon likely being rereleased to the atmosphere. For the context of this report, we are most
concerned with “what the atmosphere sees” or what the long-term net effect is to GHG levels in the
atmosphere.

The source categories covered in the report are specific to the agriculture and forestry sectors (e.g.,
croplands, grazing lands, managed wetlands, animal agriculture, and forestry). The report does not
approach emissions from these sources from a life-cycle perspective. In other words, the report
does not include source categories that are associated with management activities related to
certain agriculture and forestry activities (e.g., transportation, fuel use, heating fuel use), upstream
production (e.g., animal feed production, fertilizer manufacture), or downstream (e.g., wastewater
treatment, pulp and paper manufacture, or landfills). As a result, the report does not provide GHG
accounting methods for sectors including: energy and industrial processes (e.g., fertilizer
production).

The report also does not include emissions from stationary source combustion (e.g., burning
heating oil or natural gas to heat animal housing) or mobile source combustion (e.g., fuel use in
vehicles) at this time. However, where there are obvious changes in the level of combustion due to a
change in practices, that change is qualitatively discussed. For example, a shift from conventional
tillage to no till can result in a large reduction in fuel consumption because of fewer trips across the
field. These relationships are noted qualitatively in the report, but quantitative methods are not
proposed. Methods for quantifying emissions from stationary or mobile combustions are available
from other Federal agencies.

The scope of this report is assessing the impact of specific decisions made by the farm or forest
manager within the confines of the farm or forest gate. A life-cycle perspective, while valuable, is
outside the scope of this report. A life-cycle assessment (LCA) is a useful tool for quantification of
environmental impacts and benefits on a basis that allows for analysis of environmental burden
shifting and trade-offs between different options. LCAs include the environmental impact of
management decisions during product manufacturing and processing of raw inputs to, as well as
products output from, the farm or forest system, continuing through its use by the end consumer.
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The methodologies presented in this report do not constitute an LCA, but support several
components of LCAs. For example, this report covers emissions (e.g., from croplands) that could be
used as part of an attribution LCA for a commodity crop product, or used as part of a consequential
LCA studying the impacts of agricultural policy decisions on GHG mitigation potential.

The text box below provides further information on LCAs as they relate to quantifying GHG sources
and sinks in agriculture and forestry systems, including background information on the purpose of
LCAs, the LCA process, the interpretation of LCA results, and current LCA efforts by USDA and other
organizations related to agriculture and forestry.

Life Cycle Assessment

An LCA is a tool for addressing the environmental aspects (e.g., use of resources) and potential
environmental impacts (e.g., global warming potential) throughout the life-cycle of a product or
material. When applied to agriculture and forestry products, the scope of an LCA would likely
include upstream impacts from extraction and production of material inputs (e.g., fuels, fertilizers);
the environmental impacts of management decisions during crop, livestock, or tree growth on site;
and the outputs from the farm or forest system, including the downstream impacts from use and
disposal by the end consumer. The accounting boundary of GHG emission sources and sinks
quantified in an LCA for an agricultural or forest consumer product would extend beyond the
accounting boundary of the methodologies presented in this report. For example, an LCA for a
grain product would not only include N,O emissions from fertilizer application, but also other
upstream inputs such as emissions from synthetic fertilizer production, and downstream impacts
such as emissions from grain transportation and storage, processing, use, and disposal.

The International Organization for Standardization (ISO) has established several international
standards addressing LCA, including ISO 14040 (ISO, 2006a) describing the principles and
framework for LCAs, ISO 14044 (ISO, 2006b) addressing LCA requirements and guidelines, and ISO
14048 (ISO, 2002) presenting a standardized LCA data documentation format.2 As defined in ISO
14040 (ISO, 2006a), the LCA development process includes the following primary steps: defining
the goal and scope; conducting a life-cycle inventory (LCI) analysis by gathering data and
quantifying all relevant inputs and outputs of the product system, as defined in the scope of the
study; conducting a life-cycle impact assessment through evaluation of the significance of the
environmental impacts defined in the scope of the study and determined during the LCI process;
and interpreting the results (ISO, 2002; 2006a; 2006b). USDA has several initiatives applying LCAs
to agriculture and forestry.

= USDA’s National Agricultural Library has developed the LCA Digital Commons Project, a
database and tool intended to provide LCI data for use in LCAs of food, biofuels, and other
bio-products. The database currently includes data on inputs (e.g., fertilizers) and outputs
(e.g., air emissions, residues) per unit of field crop production from 1996-2009 for corn,
cotton, oats, peanuts, rice, soybeans, and wheat (durum, spring, and winter) in States
covered by the USDA Economic Research Service annual Agricultural Resource
Management Survey. Future phases of this work will include the addition of data
representing irrigation, manure management, farm equipment operation, crop storage,
transport, and production of mineral and organic fertilizers, herbicides, insecticides, and
fungicides.

(continued)
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Life Cycle Assessment (continued)

= USDA also recently worked with the National Cattlemen’s Beef Association and the
chemical company BASF in the development of an eco-efficiency assessment for the U.S.
beef industry by quantifying life-cycle inputs and outputs for beef production over time.
The process involved measuring the life-cycle environmental impacts and life-cycle costs
for different beef production processes at a defined level of output. The USDA Agriculture
Research Service’s Integrated Farm System Model was used to estimate environmental
impacts (e.g., air emissions, water use, abiotic depletion potential, toxicity, etc.) based on
data from the USDA’s Roma L. Hruska Meat Animal Research Center (Battagliese et al.,
2013).

Beyond USDA, other LCAs and studies related to quantifying environmental impacts from
agriculture and forestry products have been published. Below is a list of recent studies, projects, or
resources that use LCAs or could be used in the development of LCAs to evaluate climate impacts
from agriculture and forestry.

= The Innovation Center for U.S. Dairy analyzed fluid milk, cheese, and dairy processing and
packaging. These data have recently been made publicly available through the USDA’s LCA
Digital Commons database.b

®= The Innovation Center for U.S. Dairy developed the FarmSmart tool that compares energy
use, GHG emissions, and water use against regional and national averages. The tool takes
approximately 20 minutes to complete and will have enhanced decision support features
added in 2014.c

= The National Pork Board funded a study of pork products conducted by researchers at the
University of Arkansas.d

=  The United Kingdom'’s Carbon Trust developed a “carbon footprinting” methodology that
has been used by the grocery chain Tesco to determine the life-cycle GHG impacts of many
of their products.e

® The United Kingdom Food Climate Research Network maintains a compendium of food
LCAs.f

= Kumar Venkat of CleanMetrics Corp. compared 12 organic and conventional farming
systems from a life-cycle GHG emissions perspective using agricultural production data
from the University of California-Davis.s

= Field to Market prepared a report presenting environmental and socioeconomic indicators
for measuring outcomes from on-farm agricultural production in the United States.h

= A coalition of food industry companies, academic organizations, and non-governmental
organizations created The Cool Farm Tool, a GHG calculator designed to help farmers
reduce emissions.i

(continued)

a See http: //www.iso.org/iso/iso catalogue/catalogue tc/catalogue tc browse.htm?commid=54854.
b See http://www.usdairy.com/sustainability /Greenhouse%20Gas%20Projects/Pages/Processingand
PackagingL.CA.aspx and http://www.lcacommons.gov/?q=node/16.

¢ See http://www.usdairy.com/FarmSmart/Pages/Home.aspx.

d See http://www.pork.org/filelibrary/NPB%20Scan%20Final%20-%20May%202011.pdf.

e See http://www.carbontrust.com/our-clients/t/tesco/.

fSee http://www.fcrn.org.uk/research-library/Ica.

g Venkat, K. 2012. Comparison of Twelve Organic and Conventional Farming Systems: A Life Cycle
Greenhouse Gas Emissions Perspective. Journal of Sustainable Agriculture 36 (6): 620-649.

hSee http://www.fieldtomarket.org/report/national-2/PNT SummaryReport Al1l.pdf.

i See http://www.coolfarmtool.org/Home.
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Life Cycle Assessment (continued)

The National Pork Board developed a predictive model that provides estimates on the GHG
emissions, water consumption, and associated costs involved in sow and grow-finish
production. The Pig Production Environmental Footprint Calculator requires fundamental
inputs only (herd size, feed composition, manure handling system, farm location, barn size,
characteristics of heating, ventilation, and air conditioning system) and generates an
annual “cradle to gate” estimate.)

The Technical Working Group on Agricultural Greenhouse Gases has published three
editions of a synthesis of literature related to the GHG mitigation potential of agricultural
land management in the United States.k

The EPA developed and maintains the Waste Reduction Model, an interactive tool that
calculates and totals GHG emissions of baseline and alternative waste management
practices for 46 common material types, including food waste, yard waste, dimensional
lumber, and other organic materials. EPA is currently in the process of developing detailed
food waste energy and emission factors to quantify the life-cycle impacts of production and
disposal of five common food types—grains, fruits and vegetables, beef, chicken, and dairy.!

There are many potential applications for LCA results. When conducted for several comparable
agricultural or forest products, LCAs can allow for analysis of the tradeoffs between yield and
environmental impacts between different production processes or inputs. For example,
comparing LCA results for grain products using different production inputs could show fewer
life-cycle GHG emissions and similar yields by switching to a different fertilizer. However, there
are limitations to how LCA results can be applied, including use of GHG emissions results in
annual reporting or emission inventories. Since LCAs are intended to quantify the
environmental impacts across the entire product life cycle, the GHG emissions and sinks
frequently occur across several years (and several source categories) and are therefore not
appropriate for use in applications that require annual emissions data.

j See http://www.pork.org/Resources/1220/CarbonFootprintCalculatorHomepage.aspx#.Us7mGbSwWSo.
k See http://nicholasinstitute.duke.edu/ecosystem/land /TAGGDLitRev#.Usbx9t]DuSp.
1See http://www.epa.gov/warm.

Finally, the methods in this report are not intended as a sustainability assessment. Other
environmental services and cobenefits are not addressed by these methods. Nor are potential
tradeoffs or detriments to other environmental concerns addressed here. The methods are specific
to GHG emissions only, and sustainable farm, ranch, or forest management should consider the GHG
implications of management in tandem with other environmental concerns such as water quality,
soil health, and ecosystem health.
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2 Considerations When Estimating Agriculture and Forestry GHG
Emissions and Removals

This chapter describes the linkages and cross-cutting issues relating to sector-specific and entity-

scale estimation of greenhouse gas (GHG) sources and sinks. In particular, this chapter describes

the common elements that must be considered both within an emissions sector or source category

as well as across sectors or source categories in order for an entity to report accurate GHG
inventory estimates.

Chapter 2 is organized as follows:

= Scope
= Review of Relevant Current Tools and Methods
= Selection of Most Appropriate Method and Mitigation Practices to Include
= Overview of Sectors
— Croplands and Grazing Lands
—  Wetlands
— Animal Production
— Forestry

— Uncertainty

2.1 Scope

In order for an entity to accurately inventory its direct GHG emissions to (and removals from) the
atmosphere and compare emissions and removals between years, practices, or entities, it is
important that estimation elements—e.g., definitions of entity and system boundaries—are
common to all emission sectors and source categories. These common elements are described in
more detail in the sections that follow and include:

= Definition of Entity

= Definition of System Boundaries:
— Physical Boundaries
— Temporal Boundaries
— Activity Boundaries
— Material Boundaries

2.1.1 Definition of Entity

The definition of an entity will, to a large degree, determine the (spatial) bounds of the estimation
methodologies. This will primarily be driven by what data a landowner chooses to input—i.e., the
definition will be user-specific and primarily depend on the user’s definition.! However, it is
anticipated that the science-based methods will be suitable to quantify GHG sources and sinks at a
process or practice scale. The methods in this report provide an integrated assessment of the net

1 It should be noted that the definition of an entity used in this report is not a policy or regulatory definition,
and is only provided to help the land manager determine what practices should be included in the estimation.
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GHG emissions for an entity, all lands for which the landowner has management responsibility.
They also provide the basis for an integrated tool to be used by the U.S. Department of Agriculture
(USDA) as well as by individual farmers, ranchers, forest owners, and other stakeholders to
evaluate the net GHG emissions on parcels of land under their management. So while the entity
would be defined as all of the activities occurring on all tracts of land under the management
control of the landowner, the report describes practice-level methodologies that can be summed
collectively to arrive at an estimate for the entity. The definition of entity applied here is
intentionally broad, understanding that any policy, registry, or market will provide its own
narrower definition.

2.1.2 Definition of System Boundaries

The system boundaries should include the GHG emissions and carbon sequestration occurring (or
established) onsite for the source category and management practice in question. For example, this
report does not address indirect land-use changes occurring offsite or biogenic GHG flux related to
subsequent use of agricultural or forestry outputs (e.g., food processing, pulp and paper
manufacture, biomass combustion). However, certain offsite carbon storage considerations (e.g.,
flow of harvested wood into harvested wood products [HWPs]) have been considered in the report
to maintain consistency with national inventory efforts.

Four types of system boundaries are important for consideration:

= Physical Boundaries
=  Temporal Boundaries
= Activity Boundaries
= Material Boundaries

2.1.2.1 Physical Boundaries

Physical boundaries (e.g., spatial, sectoral) address the area and the management to be considered
in the reporting. Setting the boundaries for which emissions and sequestration will be estimated is
more difficult than it first seems. Although there may be multiple alternatives, clarity and
consistency are important. There are many facets to consider. One factor is what constitutes an
entity or a farm/ranch/forest operation; another is what operations are associated with that entity.
For example, does the use of fertilizer on a farm include the processes of manufacturing and
delivering that fertilizer? Another consideration is how to subdivide that larger entity into the
relevant sectors as presented in the individual chapters in this report. For example, is the entity
entirely grazing land or is some of it in forest management? Finally, there may be questions of how
to associate management practices to the most relevant categories for use of the accounting
guidelines provided, including any guidance on size limits, what constitutes management, and how
to address changing land uses. Definitions are an important part of setting boundaries and will be
provided here as well. Examples of management practices (e.g., irrigation, tillage, or residue
management for croplands) are included within the various sector descriptions below (i.e.,
croplands and grazing lands, wetlands, animal production, and forestry); when considering what
constitutes a management practice, an entity should note that in the context of these guidelines, a
management practice refers to changes in the management of agriculture, animal, or forest
production that impact GHG emissions and removals.

The objective of these methods is to provide a complete estimation of GHG emissions and carbon
sequestration within the boundaries of an entity. This is not intended as a life cycle analysis, as will
be further explained below in the discussion of material boundaries. The methods are designed to
be applied at the local scale, but need to be flexible enough to be valid for very large entities. The
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methods are designed to estimate fluxes for the entirety of an entity, but must also be capable of
evaluating a single practice (e.g., project) implemented within a single entity or aggregated across
multiple entities.

As noted in Chapter 1, the definition of an entity can be complicated. For the purposes of this report,
users should simply delineate the spatial extent of its entity as the land area that is under their
ownership and/or management control for the foreseeable future. This is a generalized application
of the term entity, and the user should recognize that any policy, program, or contractual
agreement may define the user’s entity differently and result in a different boundary of the entity.
Within the entity boundary, there will be a variety of land uses that will rely on methods from
various chapters in this report. An entity should be subdivided if it includes different categories of
land use, such as grazing land and cropland, but the entire entity should fall into some land-use
category. No rigid lower bound is specified here for the areal extent of a land-use categorization,
but, in general, areas of an acre or more merit identification.

Within the boundaries of the overall entity, areas of cropland will need to be identified. Beyond just
areas producing row or close-grown crops or hay, cropland also includes land that is fallow and
areas of hay and pasture that are managed in a rotation with other crops. Wetlands (including
drained wetlands and hydric soils) and land under agroforestry practices where the predominant
production activity is cropping should also be considered as cropland for the purposes of this
report. Finally, areas of cropland that are set aside, such as lands in the Conservative Reserve
Program, are included in this management type. The methods for these lands are included in
Chapter 3 of this report. The cropland areas should be delineated as fields or groups of fields for
which the basic rotations and management practices are all similar.

Cropland:

A land-use category that includes areas used for the production of adapted crops for harvest,
including both cultivated and non-cultivated lands. Cultivated crops include row crops or close-
grown crops and also hay or pasture in rotation with cultivated crops. Non-cultivated cropland
includes continuous hay, perennial crops (e.g., orchards), and horticultural cropland. Cropland
also includes land with alley cropping and windbreaks, as well as lands in temporary fallow or
enrolled in conservation reserve programs (i.e., set-asides). Roads through cropland, including
interstate highways, State highways, other paved roads, gravel roads, dirt roads, and railroads
are excluded from cropland area estimates and are, instead, classified as settlements.

The next land management type to be identified is grazing land. This is land that is used primarily
for grazing animals and not as part of a rotation with other crops. This portion of the entity will
primarily be comprised of pastureland (which is more intensively managed), and rangeland (which
is typically less intensively managed and usually has a higher proportion of native species).
Wetlands (including drained wetlands and hydric soils) and land managed as agroforestry should
be included in this category if the primary use of the tract of land is for grazing livestock. There will
be obvious overlap between grazing land and forestland methods where the land matches the
definition of both uses. For example, if any active management is focused on enhancing tree growth
and timber production, the user should identify these areas as forestland and the methods will need
to be integrated to account for the impact of grazing management on the forestland. Grazing lands
should be delineated as contiguous areas that are under a similar stocking rate and set of
management practices, and the methods for grazing lands as presented in Chapter 3 should be
followed. In addition, the GHG estimation methods associated with the grazing animals as
presented in Chapter 5 should be followed. Development of an integrated tool that follows these
methods will need to account for these management interactions.
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Grazing Land:

A land-use category on which the plant cover is composed principally of grasses, grass-like
plants, forbs, or shrubs suitable for grazing and browsing, and includes both pastures and native
rangelands. This includes areas where practices such as clearing, burning, chaining, and/or
chemicals are applied to maintain the grass vegetation. Savannas, some wetlands and deserts,
and tundra are considered grazing land. Woody plant communities of low forbs and shrubs, such
as mesquite, chaparral, mountain shrub, and pinyon-juniper, are also classified as grazing land if
they do not meet the criteria for forest land. Grazing land includes land managed with
agroforestry practices such as silvopasture and windbreaks, assuming the stand or woodlot does
not meet the criteria for forest land. Roads through grazing land, including interstate highways,
State highways, other paved roads, gravel roads, dirt roads, and railroads are excluded from
grazing land area estimates and are, instead, classified as settlements.

Forestland should be delineated as land that is used primarily for woody biomass production,
whether for saw wood, pulp, biofuels, or other forest or woodland related industry, or land that is
tree covered and managed for recreational or conservation purposes. This will include areas of
agroforestry and silvopasture where the primary management objective on the landscape is forest-
related production. An integrated tool would need to be flexible enough to also capture the impact
of the additional cropping or grazing activities occurring on the parcel. Similarly, wetland areas that
are wooded or forested and managed primarily as forests and woodlands will be considered in this
category. Also, because harvesting is one of the major management practices in forestland and
because harvested wood moves to several long-term carbon pools that undergo differing rates of
decay, it is important that the methods account for emissions from HWPs, even though they may be
moved outside of the boundary of the farm/ranch/forest operation.

The forestland methods are presented in Chapter 6 of this report. Tracts of forest should be
delineated such that any given tract is made up of trees of a similar stand age and species mix, and
that the entire tract is under one uniform set of management practices. On a given entity, there may
be trees that exist outside of clearly defined forests, such as orchards and vineyards, farmstead
shelterbelts and field windbreaks, and agroforestry practices. Even though these lands may not
meet the definition of a forest, the carbon storage in the trees is likely significant. In some cases it
may be useful to evaluate individual trees or small stands of trees (using methods presented in
Chapter 6). In other cases, the estimation may require a blending of methods such as cropland
methods from Chapter 3 with forest methods from Chapter 6.

Forestland:

A land-use category that includes areas at least 120 ft (36.6 m) wide and 1 acre (0.4 ha) in size
with at least 10 percent cover (or equivalent stocking) by live trees of any size, including land
that formerly had such tree cover and that will be naturally or artificially regenerated. Forest
land includes transition zones, such as areas between forest and non-forest lands that have at
least 10 percent cover (or equivalent stocking) with live trees and forest areas adjacent to urban
and built-up lands. Roadside, streamside, and shelterbelt strips of trees must have a crown
width of at least 120 ft (36.6 m) and continuous length of at least 363 ft (110.6 m) to qualify as
forest land. Unimproved roads and trails, streams, and clearings in forest areas are classified as
forest if they are less than 120 ft (36.6 m) wide or 1 acre (0.4 ha) in size; otherwise they are
excluded from forest land and classified as settlements. Tree-covered areas in agricultural
production settings, such as fruit orchards, or tree-covered areas in urban settings, such as city
parks, are not considered forest land (Smith et al., 2009).
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Wetland areas will fall into one of two categories: managed wetlands or natural, unmanaged
wetlands. Many wetland areas may have already been delineated in one of the above categories,
and their management will be captured through estimation for that category. If, however, there are
wetland areas that have not already been included in the cropland, grazing land, or forestland
delineations above, those should be identified here. A naturally occurring wetland that does not
have active management being applied in order to increase productivity or provide other
environmental services will not be included in the estimation of GHG fluxes. These natural,
unmanaged wetlands should simply be included in the category of “other land” as defined below.
Any wetland areas that are outside the boundaries of the defined areas mentioned above and where
the land manager is actively applying management decisions in order to enhance productivity or
provide environmental services should be delineated as a managed wetland and included. This
report provides estimation methods in Chapter 4 for emissions from palustrine wetlands,?
influenced by a variety of management options such as water table management, timber or other
plant biomass harvest, and wetlands that are managed with fertilizer applications. Currently, there
are insufficient data and therefore, the GHG fluxes will likely not be included in an entity’s GHG
estimation until adequate data exist to provide that estimation with a reasonable and measurable
level of uncertainty.

Wetland:

A land-use category that includes land with hydric soils, native or adapted hydrophytic
vegetation, and a hydrologic regime were the soil is saturated during the growing season in most
years. Wetland vegetation types may include marshes, grasslands or forests. Wetlands may have
water levels that are artificially changed, or where the vegetation composition or productivity is
manipulated. These lands include undrained forested wetlands, grazed woodlands and
grasslands, impoundments managed for wildlife, and lands that are being restored following
conversion to a non-wetland condition (typically as a result of agricultural drainage). Provisions
for engineered wetlands including storm water detention ponds, constructed wetlands for water
treatment, and farm ponds or reservoirs are not included. Natural lakes and streams are also not
included.

Settlements will fall into two broad categories: (1) land where the entity manager imposes
management decisions; and (2) land where the manager does not regularly impose management
decisions that impact carbon balances. Examples of settlement land that may be significant from a
carbon management perspective would be developed livestock feed yards, dairy barns, poultry
houses, manure piles, and manure or runoff lagoons. Examples of developed land where
management is not of concern to carbon balances is homes, yards, driveways, workshops, roads,
and parking areas. For purposes of the GHG flux estimation, only the areas with carbon
management implications (e.g., animal housing, manure waste treatment areas) need to be
identified within the spatial boundary delineation. These livestock and manure management
methods are presented in Chapter 5 of this report. The remaining settlement lands without carbon
management implications (e.g., roads and railroads) can simply be excluded from the spatial
boundaries an entity chooses to account for within the settlement land-use category.

2 Palustrine wetlands are nontidal wetlands that are primarily composed of trees, shrubs, persistent
emergent, emergent mosses or lichens, and all wetlands that occur in tidal areas where salinity due to ocean-
derived salts is below 0.5 percent. Palustrine wetlands must have an area less than 20 acres, not have active
wave-formed or bedrock shoreline, have a maximum water depth of less than 2 m [6.6 ft], and have a salinity
less than 0.5 percent (USGS, 2006).
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Settlements:

A land-use category representing developed areas consisting of units of 0.25 acres (0.1 ha) or
more that includes residential, industrial, commercial, and institutional land; construction sites;
public administrative sites; railroad yards; cemeteries; airports; golf courses; sanitary landfills;
sewage treatment plants; water control structures and spillways; parks within urban and built-
up areas; and highways, railroads, and other transportation facilities. Also included are tracts of
less than 10 acres (4.05 ha) that may meet the definitions for forest land, cropland, grassland, or
other land but are completely surrounded by urban or built-up land, and so are included in the
settlement category. Rural transportation corridors located within other land uses (e.g., forest
land, cropland, and grassland) are also included in settlements.

Any land that is actively managed in such a way as to impact biomass growth or otherwise impact
production-related GHG emissions should have been captured within the spatial boundaries
defined for the land-use categories listed above. Any remaining land should be categorized as other
lands or unmanaged land and will not be considered in the estimation of GHG fluxes. This includes
the wetland and developed areas that were previously noted as not having active management—
i.e, unmanaged wetlands and unmanaged settlements. It also includes any other areas within the
entity boundary that represent barren, mined, abandoned, or otherwise unmanaged land—i.e.,
other land.

Land-cover change is simply a variation from year to year in what is growing on a parcel of land,
such as rotating corn and soybean crops, and is not considered land-use change. In contrast, land-
use change is a fundamental shift in purpose or production of a parcel, such as a shift from cropping
to forest production or vice versa. Land-use change needs to be accounted for in the annual GHG
flux, as the impact (either positive or negative) on biomass and soil carbon can be significant. These
land-use change methods are presented in Chapter 7 of this report.

Other Land:

Aland-use category that includes bare soil, rock, ice, and all land areas that do not fall into any of
the other five land-use categories, which allows the total of identified land areas to match the
identified land base.

Animal production is not necessarily a spatially defined activity within the entity, but has to be
considered as part of the physical boundary of the manager’s operation. There are three main areas
that need to be considered as important to estimating GHG emissions from an animal production
system: methane emissions from the animals, methane and nitrous oxide emissions from
management of manure, and any emissions impacts related to animal housing. Animal production
in the chapter is discussed by animal system type, including beef, dairy, sheep, swine, and poultry.
The collective noun for a group of animals typically varies by species, but for the purposes of this
report, we will refer to any group of animals of the same animal type that are kept together under a
common set of production management practices as a herd. Following this definition, the entity’s
manager may have several distinctly different herds that make up the entity. GHG emissions from
animal production will vary greatly depending upon species (digestive processes), growth stage,
diet, and manure storage and management. Timing is also a challenge in estimating emissions from
the animal production sector, as emissions per animal change dramatically as a young animal grows
and matures, as feedlot cattle are finished, or as dairy cows cycle between gestating and lactating.
In some cases, it will likely be necessary for the user to estimate emissions for a herd using average
weight, average age, and other representative characteristics to represent the herd population. In
other cases, it will be necessary to generalize by seasons—manure management may be different in
winter than summer, animal feed mixture may vary by season or by animal growth stage. Averaging
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and generalizing in this way should be adequate in capturing the information needed to provide a
reasonable estimate of GHG emissions as long as the manager applies assumptions consistently
across the herds and throughout the time under consideration. For example, assuming an average
finish weight for feeder animals in the herd should provide a reasonable GHG estimate as long as
the assumed weight does not change from year to year, unless a specific management decision
(such as a change in animal diet) results in an actual change in finishing weight, in which case the
change in averages would be appropriate. Specific methods for animal production systems are
presented in Chapter 5 of the report. In some cases, such as manure applied to cropland, methods
from Chapter 3 will be utilized as well.

Occasionally, physical boundaries will change over time. Whether a portion of a cropland field is
converted to an animal feedlot, shelterbelt or riparian trees are planted onto former cropland, or
abandoned land reverts to grazing land or forestland, these changes could result in the need for a
new delineation of parcel boundaries or a dissection of one parcel into several parcels with more
than one management strategy. For the portion of the parcel where this change has occurred, the
land-use change methods (Chapter 7) will be used to estimate GHG fluxes.

Figure 2-1 can be used to help landowners determine the land use category for their land area,
according to the definitions above.

2.1.2.2 Temporal Boundaries

Temporal issues include such considerations as the frequency of the reported estimates, the
treatment of activities that occur within an accounting period but have long-term implications for
carbon balances (e.g., changes in soil carbon following a change in tillage practices), and how to
account for short-term management or short-term adjustments to long-term management
decisions. Also significant is how to address movement of spatial boundaries over time and with
land-use change. This section will attempt to resolve some of these temporal issues around GHG
emission estimation and reporting.

The methods reported here are intended to provide a means of annual accounting and reporting of
GHG fluxes. Annual changes in some emissions are easily quantified, but for others it is much more
difficult. Carbon stored in trees, for example, may need to be estimated over a longer period, with
the change then converted to an annualized estimate.

The report methodologies assume an accounting period of one calendar year (e.g., 365 days) when
estimating annualized emissions in a particular sector or source category.

Management decisions also are significant to the accounting time horizon. For example, a forest
management plan might call for timber harvest or thinning. In the year of harvest, the annual
accounting will reflect a loss of standing live and/or standing dead carbon stocks, yet in the longer
term management strategy, the net result could be an increase in total carbon stocks. If a land
manager has a management plan that prescribes forest thinning, but then harvests more
aggressively than the plan, consideration should be given as to whether this constitutes a change in
forest management, which would be discussed in the forest management methods (see Chapter 6).

There are also times when management has to take corrective action or temporarily deviate from a
long-term management plan. This could be the case where a cropland manager has adopted a no-till
management strategy, but after several years has to use tillage one year because of weather, pests,
or other extenuating circumstances. In this case, the methods will ideally be sensitive enough to
capture the GHG impact of the deviation from the management plan.
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Figure 2-1: Decision Tree for Determining Land-Use Category for Land Areas
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2.1.2.3 Activity Boundaries

[t is important to distinguish which activities within an entity are subject to accounting. This
accounting system is focused on land-based activities such as tillage and harvesting, and not on
emissions of GHGs that are related to fossil fuel use. Thus, emissions from tractor fuel or fuel used
for crop drying are not counted, nor are the energy inputs required to manufacture fertilizer or
farm tools, or to heat farm buildings—i.e., indirect GHG emissions (see Chapter 1). However, as
mentioned in Chapter 1, where there are obvious changes in the level of combustion due to a
change in practices, that change is qualitatively discussed. For example, a shift from conventional
tillage to no till can result in a large reduction in fuel consumption because of fewer trips across the
field. These relationships are noted qualitatively in the report, but quantitative methods are not
proposed. Methods for quantifying emissions from stationary or mobile combustions are available
from other Federal agencies.

As previously mentioned, the methods in this report do not constitute a life-cycle assessment for
two primary reasons. First the activity boundaries do not include emissions from fossil-fuel use.
Second, the temporal boundaries are focused on annual reporting and do not encompass the range
of activities such as capital investment, material supplies, and disposal.

2.1.2.4 Material Boundaries

Material boundaries include the GHGs that are to be considered in the estimation and should also
delineate what sources of those gases are included and what are excluded. Also included in this
section is a discussion of the global warming potentials (GWPs) used throughout the report. It is
important to determine up front which gases are included and which are not. It is also important to
determine how much freedom the user has in what is estimated and where these boundaries lie in
order to ensure that a change in management that reduces emissions in one sector does not
inadvertently cause emissions to rise outside of the boundaries being reported.

The report includes estimation methodologies covering the GHG emissions from the croplands and
grazing lands, wetlands, animal production, forestry, and land-use change sectors. Within these
sectors and source categories, emissions and removals of the main GHGs—carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O)—are accounted for. It should be noted that carbon
sequestration (i.e., increases in carbon stocks) is estimated in terms of carbon dioxide equivalents
(COz-eq). It should also be noted that the animal production chapter includes discussion of
ammonia (NH3), as this is an important precursor to N,O emissions from manure management.
Estimating NH3 emissions is beyond the scope of this report—NHj3 is not considered a GHG—but
since NH3 is significant as a precursor to N20, understanding changes in NH3 emissions resulting
from changes in management is important.

Emissions and sequestration values are presented in this report in terms of the mass (not volume)
of each gas, using metric units (e.g., metric tons of methane). In the integrated tool, the masses of
each gas will be converted into CO, equivalent units using the GWPs for each gas in the
International Panel on Climate Change (IPCC) Second Assessment Report.

A GWP is an index used to compare the relative radiative forcing of different gases without directly
calculating the changes in atmospheric conditions. GWPs are calculated as the ratio of the radiative
forcing that would result from the emissions of one kilogram of a GHG to that from the emissions of
one kilogram of CO; over a defined period of time, such as 100 years. Emissions in terms of CO,
equivalents (CO2-eq) are estimated by multiplying the mass of a particular GHG (e.g., CHs, N20) by
the respective GWP for that particular GHG. The GWPs used in this report are shown in Table 2-1
below.

2-11



Chapter 2: Considerations When Estimating Agriculture and Forestry GHG Emissions and Removals

The methods in this report focus primarily on the direct emissions resulting from management
decisions made within the boundaries of the entity—e.g., within the farm and forest gate. The
indirect emissions related to inputs into the

entity are not considered. The reason for Table 2-1: Global Warming Potentials Used in
this is that those emissions would likely be the Report

Feported by the manufactuljer produc_mg the Chemical Lifetime W
inputs. If one were conducting a full life- Formula —

cycle assessment, these emissions would Carbon dioxide Variable

need to be included, but for purposes of the Methane CH4 1243 21
emissions being estimated here we focus Nitrous oxide N,0 120 310
primarily on the emissions resulting within a GWPs used are 100-year time horizon, in accordance with the
the spatial boundary of the entity. The one IPCC Second Assessment Report (IPCC, 2007).

notable exception that is accounted for is

when management decisions on the operation have a specific related influence on emissions
leaving the entity’s boundary. An example of this is indirect emissions such as nitrogen that is
applied within the operation but then carried offsite via erosion or leaching and contributes to N,O
emissions offsite. Another example to consider is harvested commodities. In the case of grains or
other agricultural commodities, the product is assumed to be consumed within a relatively short
amount of time, resulting in no net gain or loss related to GHG accounting. HWPs are somewhat
different, as much of that harvest will end up in long-term carbon pools either as structures,
furniture, or other wood products, or in landfills. This report does provide a discussion of N,0
losses that result from erosion and leaching of fertilizer nitrogen and the carbon pools related to
the fate of HWPs.

2.2 Review of Relevant Current Tools and Methods

This section provides an overview of the current estimation methods or approaches an entity could
use to estimate GHG emissions and sinks on their property. This overview is followed by a summary
of each sector’s proposed methodologies for entity GHG estimations.

There are several approaches that a farmer or landowner can use to estimate GHG emissions at an
entity scale, and each approach gives varying accuracy and precision. The most accurate way of
estimating emissions is through direct measurement, which often requires expensive equipment or
techniques that are not feasible for a single landowner or manager. On the other hand, lookup
tables and estimation equations alone often do not adequately represent local variability or local
conditions. This report attempts to delineate methods that balance user-friendliness, data
requirements, and scientific rigor in a way that is transparent and justified.

The following approaches were considered for these guidelines:

= Basic estimation equations - Involve combinations of activity data3 with parameters and
default emission factors.4 Any default parameters or default emission factors (e.g., lookup
tables) are provided in the text, or if substantial in length, in an accompanying compendium
of data.

3 Activity data are data on the magnitude of human activity resulting in emissions or removals taking place
during a given period of time (IPCC, 1997).

4 Emission factor is defined as a coefficient that quantifies the emissions or removals of a gas per unit activity.
Emission factors are often based on a sample of measurement data, averaged to develop a representative rate
of emission for a given activity level under a given set of operating conditions (IPCC, 2006).
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= Models - Use combinations of activity data with parameters and default emission factors.
The inputs for these models can be ancillary datas (e.g., temperature, precipitation,
elevation, and soil nutrient levels that may be pulled from an underlying source), biological
variables (e.g., plant diversity), or site-specific data (e.g., number of acres, number of
animals). The accuracy of the models is dependent on the robustness of the model and the
accuracy of the inputs.

= Field measurements - Actual measurements that a farmer or landowner would need to take
to more accurately estimate the properties of the soil, forest, or farm to estimate actual
emissions. Measuring actual emissions on the land requires special equipment that
monitors the flow of gases from the source into the atmosphere. This equipment is not
readily available to most entities, so more often field measurements are incorporated into
other methods described in this section to create a hybrid approach. A field measurement
such as a sample mean tree diameter could be incorporated into other models or equations
to give a more accurate input.

= Inference - Uses State, regional, or national emissions/sequestration factors that
approximate emissions/sequestration per unit of the input. The input data is then
multiplied by this factor to determine the total onsite emissions. This factor can have
varying degrees of accuracy and often does not capture the mitigation practices on the farm
or the unique soil conditions, climate, livestock diet, livestock genetics, or any farm-specific
characteristics, although they can be developed with specific soil types, livestock categories,
or climactic regions.

= Hybrid estimation approaches - An approach that uses a combination of the approaches
described above. The approach often uses field measurements or models to generate inputs
used for an inference-based approach to improve the accuracy of the estimate.

2.3 Selection of Most Appropriate Method and Mitigation Practices to Include

In drafting the report, a number of selection criteria were considered (e.g., transparency,
consistency, comparability, completeness, accuracy, cost effectiveness, ease of use). A description of
each appears below:

= Transparency - The assumptions and methodologies used for an inventory should be
clearly explained to facilitate replication and assessment of the inventory by users of the
reported information. The transparency of inventories is fundamental to the success of the
process for the communication and consideration of information.

= Consistency - The methods used to generate inventory estimates should be internally
consistent in all its elements and the estimates should be consistent with other years. An
inventory is consistent if the same methodologies are used for the base and all subsequent
years and if consistent data sets are used to estimate emissions or removals from sources or
sinks. Consistency is an important consideration in merging differing estimation techniques
from diverse technologies and management practices.

= Comparability - For the guidelines to be comparable, the estimates of emissions and
sequestration being reported by one entity are comparable to the estimates being reported
by others. For this purpose, entities should use common methodologies and formats for

5 Ancillary data are additional data necessary to support the selection of activity data and emission factors for
the estimation and characterization of emissions. Data on soil, crop or animal types, tree species, operating
conditions, and geographical location are examples of ancillary data.
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estimating and reporting inventories. Consequently, in general, the methods specify one
method for any technology or management practice (i.e., methods suggested in this report
do not allow users to select from a menu of methods).

= Completeness — The methods must account for all sources and sinks, as well as all GHGs to
the greatest extent possible. Completeness also means full coverage of sources and sinks
under the control of the entity. Completeness is an important consideration to be balanced
with ease of use in reporting appropriately for an entity that may have a minor activity or
an activity with severely limited data availability.

= Accuracy - A relative measure of the exactness of an emission or removal estimate.
Estimates should be accurate in the sense that they are systematically neither over nor
under true emissions or removals, as far as can be judged, and that uncertainties are
reduced as far as practicable.

= Cost effectiveness — A measure of the relative costs and benefits of additional efforts to
improve inventory estimates or reduce uncertainty. For example there is a balance between
the relative costs and benefits of additional efforts to reduce uncertainty.

= Ease of use - A measure of the complexity of the user interface and underlying data
requirements.

The working groups developed the following selection criteria for the mitigation practices that
could be included in the methods:

1. The science reflects a mechanistic understanding of the practice's influence on an emission
source.

2. Published research supports a reasonable level of repeatability /consistency (can use
international studies if similar management, climate, and soils as U.S. conditions).

3. There is general agreement that at least the sign and range of responses are reasonably well
understood.

4. There is consensus of the authors that the practice can be adequately included. To reach
consensus, the authors discussed issues such as: Would leaving a mitigation practice out
make the report incomplete? s there strong enough evidence that the method will hold up
for this practice for at least the next five years?

There were mitigation practices that did not fulfill these criteria, and those practices were cited as
areas that require more research in order to fully understand the effect of changes in the practice to
GHG emissions. These research gaps are intended to become areas that USDA, non-governmental
organizations, universities, and other research institutions will consider as important areas to focus
agriculture and forestry climate-change research priorities. Other topics, such as albedo effects,
were not considered. Currently, with the exception of urban areas, albedo effects are highly variable
and are difficult to reliably quantify.

2.4 Overview of Sectors

This report covers emissions sources and sinks from croplands/grazing lands, managed wetlands,
animal production systems, and forestry, along with changes in land use. Figure 2-2 can be used to
help landowners determine which chapter can be used to estimate their GHG sources and sinks
from their land.
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Figure 2-2: Decision Tree for Determining Which Methods to Follow in This Report
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Figure 2-2: Decision Tree for Determining Which Methods to Follow in This Report
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The following sections provide an overview of the sectors covered in this report. For each sector,
the emission sources and sinks are introduced as well as the management practices impacting GHG
emissions.

2.4.1 Croplands and Grazing Lands

Croplands include all systems used to produce food, feed, and fiber commodities, in addition to
feedstocks for bioenergy production. Most U.S. croplands are drylands (irrigated or unirrigated);
rice and a few other crops are grown in wetlands. Some croplands are set aside in the Conservation
Reserve Program. Croplands also include agroforestry systems that are a mixture of crops and
trees, such as alley cropping, shelterbelts, and riparian woodlots. Grazing lands are systems that are
used for livestock production and occur primarily on grasslands. Grasslands are composed
principally of grasses, grass-like plants, forbs, or shrubs suitable for grazing and browsing; they
include both pastures and native rangelands (EPA, 2011). Savannas, some wetlands and deserts,
and tundra can be considered grazing lands if used for livestock production. Grazing land systems
include managed pastures that may require periodic management to maintain the grass vegetation
and native rangelands that typically require limited management to maintain.
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Cropland and grazing lands are significant sources of CO2, N0, and CH4 emissions and can also be a
sink for CO2 and CH4 (U.S. EPA, 2011). N,O emissions from soils are influenced by land use and
management activity, particularly nitrogen application. Land use and management also influence
carbon stocks in biomass, dead biomass, and soil pools. Crop and grazing land systems can be either
a source or sink for CO;, depending on the net changes in these carbon pools. The main influences
on nitrogen use efficiency and N,O emissions are fertilizer rate, timing, placement, and nitrogen
source. Tillage intensity, cropping intensity, and the use of crop rotation can have significant effects
on soil carbon stocks.

Other management activities also affect GHG emissions from soils. Irrigation can impact CH4 and
N0 emissions as well as carbon stocks. Burning decreases biomass carbon stocks and also soil
organic carbon stocks due to decreased carbon input to the soil system. Burning will also lead to
emissions of CH4 and N20 and other gases (CO, NOy) that are GHG precursors. CH4 can be removed
from the atmosphere through the process of methanotrophy in soils, which occurs under aerobic
conditions and generally in undisturbed soils. CHa is produced in soils through the process of
methanogenesis, which occurs under anaerobic conditions (e.g., wetland soils used for production
of rice). Both processes are driven by the activity of micro-organisms in soils, but the rate of activity
is influenced by land use and management.

The influence of crop and grazing land management on GHG emissions is not typically the simple
sum of each practice’s effect. The influence of one practice can depend on another practice. For
example, the influence of tillage on soil carbon will depend on residue management. The influence
of nitrogen fertilization rates can depend on fertilizer placement and timing. Because of these
interconnections, estimating GHG emissions from crop and grazing land systems will depend on a
complete description of the practices used in the operation, as well as ancillary variables such as
soil characteristics and weather or climate conditions. It is also important to note that trends in
GHG emissions associated with a change in crop and grazing land management can be reversed if
the landowner reverts to the original practice. For example, a farmer might switch from
conventional tillage to no-till for 10 years and see an increase in soil carbon sequestration; if,
however, the farmer then reverts to conventional tillage, the gains in soil carbon will be quickly lost
as the stored soil carbon is released back into the atmosphere as CO», negating the GHG mitigation
of the previous 10 years. However, reversals will not negate the GHG mitigation for CH4 or N,O that
occurred prior to the reversion. If emissions are reduced for CH4 or N0, the emission reduction is
permanent and cannot be changed by

subsequent management decisions. Management Practices Impacting GHG

Emissions from Croplands and Grazing Lands
The text box, Management Practices

Impacting GHG Emissions from Croplands
and Grazing Lands, lists the most
significant mitigation practices discussed
in Chapter 3. Additional mitigation
practices are discussed in the chapter, but
these often have sparse or conflicting
evidence in support of their mitigation
effects. Therefore, the text box lists the
more robustly supported practices.

= Nutrient Management (Synthetic and
Organic)

= Tillage Practices

= Crop Rotations and Cropping Intensity

= Irrigation

= Residue Management

= Set-Aside/Reserve Cropland

= Wetland Rice Cultivation

= Livestock Grazing Practices

= Forage Options

2.4.2 Wetlands = Silvopasture

Wetlands occur across the United States
on many landforms, particularly in floodplains and riparian zones, inland lacustrine, glaciated
outwash, and coastal plains. The National Wetlands Inventory broadly classifies wetlands into five
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major systems, including (1) marine, (2) estuarine, (3) riverine, (4) lacustrine, and (5) palustrine
(Cowardin et al., 1979). These systems are further classified by major vegetative life form. For
example, forested wetlands are often classified as palustrine-forested. Similarly, most grassland
wetlands are classified as palustrine wetlands with emergent vegetation (e.g., grasses and sedges).
Wetlands also vary greatly with respect to groundwater and surface water interactions that directly
influence hydroperiod, water chemistry, and soils (Cowardin et al., 1979; Winter et al., 1998). All
these factors along with climate and land-use drivers influence overall carbon balance and GHG
flux.

Grassland and forested wetlands are subject to a wide range of land use and management practices
that influence the carbon balance and GHG flux (Faulkner et al., 2011; Gleason et al., 2011). For
example, forested wetlands may be subject to silvicultural prescriptions and intensity of
management, and hence, the carbon balance and GHG emissions should be evaluated on a rotation
basis. In contrast, grassland wetlands may be grazed, hayed, or directly cultivated to produce a
harvestable commodity. All these manipulations influence the overall GHG flux. This report will
focus primarily on restoration and management practices associated with riverine and palustrine
systems in forested, grassland, and riparian ecosystems; although other major wetlands systems
are significant in the global carbon cycle (e.g., estuarine), these wetlands systems have received the
most attention in terms of implementation of restoration and management practices to conserve
wetlands habitats and sustain ecosystems services (Brinson and Eckles, 2011). Wetlands that have
been drained for a commodity production, such as annual crops, are not considered wetlands in this
guidance. Therefore, management of drained wetlands is addressed in other sections of the
guidance, such as in Chapter 3.

Wetland emissions are largely controlled by the degree of water saturation as well as climate and
nutrient availability. In aerobic conditions, common in most upland wetland ecosystems,
decomposition releases of CO2, and CH4 emissions are more prevalent in anaerobic conditions.

Typically, wetlands are a source of CHs, Management Practices Impacting GHG

with estimated global emissions of 55 to
150 million metric tons CHs4 per year
(Blain et al,, 2006). N20 emissions from
wetlands are typically low, unless an
outside source of nitrogen is entering the
wetland. If wetlands are drained, N,O
emissions are largely controlled by the
fertility of the soil. Wetland drainage
results in lower CH4 emissions and an
increase in CO; emissions due to oxidation
of soil organic matter and an increase in
N0 emissions in nutrient rich soil. On the
other hand, the creation of wetlands
generates higher levels of CH4 and lower
levels of CO; (Blain et al., 2006).

Biomass carbon can change significantly
with management of wetlands,
particularly in peatlands, forested

Emissions from Wetlands

Silvicultural Water Table Management
Forest Harvesting Systems

Forest Regeneration Systems
Fertilization

Conversion to Open Wetland

Forest Type Change

Water Quality Management

Wetland Management for Waterfowl
Constructed Wetlands for Wastewater
Treatment

Land-Use Change to Wetlands
Actively Restoring Wetlands

Actively Restoring Scrub-Grass Wetlands
Constructing Wetlands

Passive Restoration of Wetlands

wetlands, or changes from forest to wetlands dominated by grasses and shrubs or open water.
Peatlands cover approximately 400 million hectares or three percent of the global land surface,
accounting for 450 billion metric tons of stored carbon (Couwenbert, 2009). Emissions from
peatland degradation and fires are estimated at 2 billion metric tons of CO;-eq per year (IPCC,
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2011). In forested wetlands, there can also be significant carbon in dead wood, coarse woody
debris, and fine litter. Harvesting practices will also influence the carbon stocks in wetlands to the
extent that the wood is collected for products, fuel, or other purposes. Wetlands are also a source of
N0 emissions, primarily because of nitrogen runoff and leaching into groundwater from
agricultural fields and/or livestock facilities. N2O emissions from wetlands due to nitrogen inputs
from surrounding fields or livestock facilities are considered an indirect emission of N,O (de Klein
etal,, 2006). Direct N,O emissions can also occur if management practices include nitrogen
fertilization of the wetlands.

The text box, Management Practices Impacting GHG Emissions from Wetlands, lists the
management practices in wetlands that have an influence on GHG emissions (CHs or N20) or carbon
stock changes, and will be covered in more detail later in the report. Individual sections will deal
with different types of wetlands including forested, grassland, and constructed wetlands that could
occur in agricultural and forestry operations. The methods are restricted to estimation of emissions
on palustrine wetlands that are influenced by a variety of management options such as water table
management, timber or other plant biomass harvest, and wetlands that are managed with fertilizer
applications.

2.4.3 Animal Production

GHG emissions from animal production systems consist of three main categories: enteric
fermentation, housing, and manure management. The three categories are described in the sections
that follow. Discussion about enteric fermentation and housing are addressed together in this
report.

2.4.3.1 Enteric Fermentation and Housing

Enteric fermentation refers to the methane emissions resulting from animal digestive processes,
while housing emissions refer to GHG emissions from manure that is stored within the housing
structure (i.e., manure stored under a barn floor). GHG emissions arising from manure stored in
housing have similar emissions to manure that is managed in stockpiles. More discussion on
housing manure emissions can be found in Section 2.4.3.2 and Chapter 5.

For enteric fermentation, CH4-producing micro-organisms, called methanogens, exist in the
gastrointestinal tract of many animals. Ruminant animals (hoofed mammals) that have three or
four chambered stomachs (and chew cud

as a part of the digestive process), Management Practices Impacting GHG
produce much more CH, than do other Emissions from Enteric Fermentation and
animals because of the presence and Housing

fermentative capacity of the rumen (the = Dietary Fat

first stomach in a ruminant animal). = Grain Source, Grain Processing, Starch

In the rumen, CH, formation is a disposal Availability

mechanism by which excess hydrogen = Feeding Co-Product Ingredients

from the anaerobic fermentation of = Roughage Concentration and Form
dietary carbohydrate can be released. = Level of Intake

Control of hydrogen ions through = Feed Additives and Growth Promoters
methanogenesis assists in maintenance of = Novel Microorganisms and Their Products
an efficient microbial fermentation by = Genetics

reducing the partial pressure of hydrogen

to levels that allow normal functioning of microbial energy transfer enzymes (Martin et al., 2010).
CH4 can also arise from hindgut fermentation, but the levels associated with hindgut fermentation
are much lower than those of foregut fermentation. Although animals produce CO; through
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respiration, the only gas of concern in enteric fermentation processes is CHs. In field studies,
respiration chambers equipped with N,O and NH; analyzers have confirmed that enteric
fermentation does not result in the production of N,O or NH3 (Reynolds et al,, 2010).

The text box, Management Practices Impacting GHG Emissions from Enteric Fermentation and
Housing, lists several of the practices that can modify enteric fermentation emissions. Most of the
practices relate to diet composition. These practices are covered in greater detail in Chapter 5.

2.4.3.2 Manure Management

Storage of animal manure (dung and urine) is a popular management practice because it reduces
the need to buy commercial fertilizer, allows for more control over manure application, and has
lower demands on farm labor. The treatment and storage of manure in management systems
contributes to the GHG emissions of the agricultural sector. Anaerobic conditions, as found in many
long-term storage systems, produce CHy4 through anaerobic decomposition. N;O is produced either
directly, as part of the nitrogen cycle through nitrification and denitrification, or indirectly, as a
result of volatilization of nitrogen as NH3 and nitrogen oxides (NO,NO2, or NO3) and runoff during
handling.

Animal manure can be classified as:

= Slurry, where the dry matter is greater than 10 percent;
= Solid, where the dry matter is greater than 15 percent; or
= Liquid, where the dry matter is lower than 10 percent.

The four solid manure storage/treatment practices are: (1) temporary stack; (2) long-term
stockpile; (3) composting; and (4) thermo-chemical conversion. The eight main liquid manure
storage/treatment practices are: (1)

anaerobic digestion; (2) nutrient removal; Management Practices Impacting GHG
(3) anaerobic lagoon/runoff holding Emissions from Manure Management
pond/storage tanks; (4) aerobic lagoon; (5)

constructed wetland; (6) sand-manure = Thermo-Chemical Conversion
separation; (7) combined aerobic treatment = Anaerobic Digestion

system; and (8) solid-liquid separation. = Liquid Manure Storage and Treatment-
Greater analysis of each of these systems is Sand-Manure Separation

provided in Chapter 5. = Liquid Manure Storage and Treatment-

. L Solid-Liquid Separation
The magnitude of CHs and N0 emissions

that result from animal manure is dependent largely on the environmental conditions that the
manure is subjected to. CH4 is emitted when oxygen is not available for bacteria to decompose
manure. Storage of manure in ponds, tanks, or pits, as is typical with liquid/slurry flushing systems,
promote anaerobic conditions and the formation of CHs. Storage of solid manure in stacks or dry
lots or deposition of manure on pasture, range, or paddock lands tend to result in more oxygen-
available conditions, and little or no CHs will be formed. Other factors that influence CH4 generation
include the ambient temperature, moisture content, residency time, and manure composition
(which is dependent on the diet of the livestock, growth rate, and type of digestive system) (U.S.
EPA, 2011).

The production of N2O from managed livestock manure depends on the composition of the manure
and urine, the type of bacteria involved, the oxygen and liquid content of the system, and the
environment for the manure after excretion (U.S. EPA, 2011). N0 occurs when the manure is first
subjected to aerobic conditions where NH3 and organic nitrogen are converted to nitrates and
nitrites (nitrification), and if conditions become sufficiently anaerobic, the nitrates and nitrites can
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be denitrified (reduced to nitrogen oxides and nitrogen gas) (Groffman et al., 2000). N,0 is an
intermediate product of both nitrification and denitrification and can be directly emitted from soil
as a result of either of these processes. Dry waste handling systems are generally oxygenated but
have pockets of anaerobic conditions from decomposition; these systems have conditions that are
most conducive to the production of N,O (USDA, 2011).

Some manure management systems can effectively mitigate the release of GHG emissions from
livestock manure. The text box, Management Practices Impacting GHG Emissions from Manure
Management, lists several of the practices that can modify manure management emissions.

2.4.4 Forestry

Forest systems represent a significant opportunity to mitigate GHGs through the sequestration and
temporary storage of forest carbon stocks. Forests remove CO; from the atmosphere through
photosynthesis and store carbon in forest biomass (e.g., stems, root, bark, leaves). Respiration
releases CO; to the atmosphere. Net forest carbon stocks increase over time when carbon
sequestration during photosynthesis exceeds carbon released during respiration. Other GHGs are
also exchanged by forest ecosystems—e.g., CHs from microbial communities in forest soil and N0
from fertilizer use.

Harvesting forests releases some sequestered carbon to the atmosphere, while the remaining
carbon passes in HWPs, the fate of which (e.g., combustion for energy, manufacture of durable
wood products, disposal in landfills) determines the rate at which the carbon is returned to the

atmosphere.
Management Practices Impacting Net GHG

There are many forestry activities (i.e., Emissions from Forestry

management practices) relevant to

reducing GHG emissions and/or increasing = Establishing and Reestablishing Forest
carbon stocks in the forestry sector = Avoiding Clearing Forest

including establishing and/or re- = Stand Density Management
establishing forest, avoided forest clearing, = Site Preparation Techniques

and forest management. More information = Vegetation Control

on each is included below. = Planting

= Natural Regeneration

= Fertilization

= Selection of Rotation Length

= Harvesting and Utilization Techniques

= Fire and Fuel Load Management

= Reducing the Risk of Emissions from Natural
Disturbances

= Short Rotation Woody Crops

The Chapter 6 describes methods for the
various source categories contributing to
the GHG flux from forests. These source
categories include forest carbon
accounting—e.g., live trees, understory,
standing dead, down dead wood, forest
floor or litter, forest soil organic carbon—
establishing, re-establishing, and clearing
forest, forest management, HWPs, urban forestry, and natural disturbances (e.g., forest fires). This
subsection briefly describes these source categories. Descriptions of the current tools and methods
used to estimate GHG flux from these source categories is discussed later in Chapter 6.

Forest Carbon. Accounting for forest carbon (i.e., forest biomass) typically divides the forest into
forest carbon pools—e.g,, live trees, understory, standing dead, down dead wood, forest floor or
litter, forest soil organic carbon—the definitions for which are developed around a common set in
use by a number of publications, which are further outlined in Chapter 6. The methods for
estimating the key forest carbon pools are well developed and fairly standard.

Establishing, Re-Establishing, and Clearing Forest. In addition to forestland remaining forestland,
there are three distinct processes that can significantly alter forest carbon stocks, and are termed:
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forest establishment (i.e., afforestation), forest re-establishment (i.e., reforestation), and forest
clearing (i.e., deforestation). Each of these processes alters stocks of carbon in aboveground and
belowground carbon pools. Establishment involves the intentional planting (or allowing the natural
process of secondary succession) on land that was not previously forest. Reestablishment is
returning land that was recently forest back into forest. In either case, establishing forest will
generally increase the carbon stocks in aboveground and belowground carbon pools over time.
Forest clearing is the removal and/or conversion of a forest system into another land cover
(cropland, grazing land, etc.) and is the most significant source of GHG emissions from forests.

Forest Management. Forest management describes the range of practices employed by landowners
to meet their objectives (e.g., timber production) while satisfying biological, economic, and social
constraints. A number of the practices used by forest managers to achieve their objectives impact
the carbon dynamics in forests either by enhancing forest growth or accelerating the loss of forest
carbon. The management practices include: stand density management (e.g., under planting, pre-
commercial and commercial thinning); site preparation techniques (e.g., mechanical methods,
chemical application, prescribed burning); vegetation control; planting (e.g., planting density,
species selection, genetic improvement); natural regeneration; fertilization (e.g., nitrogen and
phosphorous fertilizer application); selection of rotation lengths; harvesting and utilization
techniques; fire and fuel load management; reducing the risk of emissions from pests and disease;
and establishing biomass plantations (i.e., short rotation woody crops).

Harvested Wood Products. A proportion of the wood carbon harvested from forests ends up in solid
wood, paper, or other products, which are collectively known as HWPs. The carbon contained in
these products can remain stored for years or decades depending on the end use, and may
eventually be combusted, decay, or be diverted to landfills.

Urban Forestry. Urban (or urban community) forest describes the population of trees within an
urban area. Urban trees directly store atmospheric carbon as woody biomass and also affect local
climate (e.g., secondary effects). The maintenance of urban trees also affects GHG emissions in
urban areas (i.e., indirect effects).

Natural Disturbances. Natural disturbances in forest systems (e.g., forest fires, pests and disease,
storms) can significantly impact forest carbon stocks either directly in the case of combustion from
forest fires or indirectly by converting live biomass to dead or converting standing trees to downed
dead wood and accelerating decomposition.

The text box, Management Practices Impacting Net GHG Emissions from Forestry, lists the
management practices relevant to reducing GHG emissions and/or increasing carbon stocks in the
forestry sector including establishing and/or reestablishing forest, avoiding forest clearing, and
improving forest management.

2.5 Land-Use Change

Converting land parcels from one land-use category to another can have a significant effect on a
parcel’s carbon stocks. For example, carbon stock gains can be realized by converting cropland soils
to wetlands or forestland, while carbon stock losses often result from a conversion from forestlands
to grazing lands. A land-use categorization system that is consistent and complete (both temporally
and spatially) is needed in order to assess land use and land-use change status within an entity’s
boundaries. All of the land within an entity’s boundary should be classified according to the
following land-use types: cropland, grazing land, forestland, wetland, settlements (e.g., residential
and commercial buildings), and other land (e.g., bare soil, rock); see definitions provided above.
Individual parcel areas should sum to the total land area before and after land-use change.
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In many cases, the methods proposed to estimate contributions to the GHG flux resulting from land-
use change are the same as those used to estimate carbon stock changes in the individual cropland
and grazing land, wetland, and forestry chapters; although, in specific cases, guidance is also
provided on reconciling carbon-stock estimates between discrete data sets and estimation methods
(e.g., reconciling forest soil carbon estimates and cropland soil carbon estimates for land-use
change from forestland to cropland). The methods for quantifying GHG flux from land-use change
are intended for use at the entity scale on lands managed to enhance the production of food, feed,
fiber, and renewable energy. Methods are currently not provided for estimating emissions from
energy used when converting land use from one category to another. Neither are methods provided
for land-use change from settlements or the “other land” category to cropland, grazing land,
wetland or forestland. The methods have been developed for U.S. conditions and are considered
applicable to agricultural and forestry production systems in the United States. This subsection
briefly describes the source categories covered. Further descriptions of the current tools and
methods used to estimate GHG flux from these source categories are discussed later in Chapter 7.

Annual Change in Carbon Stocks in Dead Wood and Litter Due to Land Conversion. Live and dead
biomass carbon stocks and soil organic carbon constitute a significant carbon sink in many forest
and agricultural lands. Following land-use conversion, the estimation of dead biomass carbon stock
changes during transition periods requires that the area subject to land-use change on the entity’s
operation be tracked for the duration of a 20-year transition period.

Change in Soil Organic Carbon Stocks for Mineral Soils. Soil organic carbon stocks are influenced by
land-use change (Aalde et al., 2006) due to changes in productivity that influence carbon inputs and
to changes in soil management that influence carbon outputs (Davidson and Ackerman, 1993; Ogle
etal., 2005; Post and Kwon, 2000). The most significant changes in soil organic carbon occur with
land-use change, particularly conversions to croplands, due to changes in the disturbance regimes
and associated effects on soil aggregate dynamics (Six et al., 2000).

Specific mitigation practices are not explicitly described in Chapter 7; however, avoiding land-use
conversions that result in significant carbon losses could mitigate net GHG emissions (e.g., avoiding
the conversion of forestlands to grazing lands).

2.6 Uncertainty

Quantifying the uncertainty of GHG emissions and reductions from agriculture and forestry
practices is an important aspect of decisionmaking for farmers and landowners as the uncertainty
range for each GHG estimate communicates our level of confidence that the estimate reflects the
actual balance of GHG exchange between the biosphere and the atmosphere. In particular, a farm,
ranch, or forest landowner may be more inclined to invest in management practices that reduce net
GHG emissions if the uncertainty range for an estimate is low, meaning that higher confidence in
the estimates exists. This report presents the approach for accounting for the uncertainty in the
estimated net emissions based on the methods presented in this report.6 A Monte Carlo approach

6 The IPCC Good Practice Guidance (IPCC, 2000) recommends two approaches—Tier 1 and Tier 2—for
developing quantitative estimates of uncertainty for emissions estimates for source categories. The Tier 1
method uses error propagation equations. These equations combine the uncertainty associated with the
activity data and the uncertainty associated with the emission (or other) factors. This approach is appropriate
where emissions (or removals) are estimated as the product of activity data and an emission factor or as the
sum of individual sub-source category values. The Tier 2 method utilizes the Monte Carlo Stochastic
Simulation technique. Using this technique, an estimate of emission (or removal) for a particular source
category is generated many times via an uncertainty model, resulting in an approximate PDF for the estimate.
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was selected as the method for estimating the uncertainty around the outputs from the
methodologies in this report, as it is currently the most comprehensive, sound method available to
assess the uncertainty at the entity scale. Limitations and data gaps exist; however, as new data
become available, the method can be improved over time. Implementation of a Monte Carlo analysis
is complicated and requires the use of a statistical tool to produce a probability density function
(PDF)7 around the GHG emissions estimate.8 From the probability density function, the uncertainty
estimate can be derived and reported.
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3 Quantifying Greenhouse Gas Sources and Sinks in Cropland and

Grazing Land Systems

This chapter provides methodologies and guidance for reporting greenhouse gas (GHG) emissions
and sinks at the entity scale for cropland and grazing land systems. More specifically, it focuses on
methods for land used for the production of crops and livestock (i.e., grazing lands). Section 3.1
provides an overview of cropland and grazing land systems management practices and resulting
GHG emissions, system boundaries and temporal scale, a summary of the selected methods/models,
sources of data, and a roadmap for the chapter. Section 3.2 presents the various management
practices that influence GHG emissions in upland and wetland cropping systems and land-use
change to cropland. Section 3.3 provides a similar discussion for grazing land systems and land-use
change to grazing systems. Section 3.4 discusses agroforestry, and Section 3.5 provides the
estimation methods. Finally, Section 3.6 includes a summary of research gaps with additional
information on the nitrous oxide (N>0) methodology and supplemental methodology guidance in

the Appendices.

3.1 Overview

Cropland and grazing land systems are managed in a variety of ways, which results in varying
degrees of GHG emissions or sinks. Table 3-1 provides a description of the sources of emissions or
sinks and the section in which methodologies are provided along with the corresponding GHGs.

Table 3-1: Overview of Cropland and Grazing Land Systems Sources and Associated

Greenhouse Gases

Biomass and
litter carbon
stock changes

Soil organic
carbon stocks
for mineral soils

Soil organic
carbon stocks
for organic soils

Direct and
indirect N20
emissions from
mineral soils

Method for GHG
Estimation

_CO2 | N20_ CH+

Description

Estimating herbaceous biomass carbon stock during changes in
land use is necessary to account for the influence of herbaceous
plants on carbon dioxide (CO2) uptake from the atmosphere and
storage in the terrestrial biosphere for at least a portion of the
year relative to the biomass carbon and associated COz uptake in
the previous land use system. Agroforestry systems also have a
longer term gain or loss of carbon based on the management of
trees in these systems.

Soil organic carbon stocks are influenced by land use and
management in cropland and grazing land systems, as well as
conversion from other land uses into these systems (Aalde et al.,
2006). Soil organic carbon pools can be modified due to changes
in carbon inputs and outputs (Paustian et al., 1997).

Emissions occur in organic soils following drainage due to the
conversion of an anaerobic environment with a high water table
to aerobic conditions (Armentano and Menges, 1986), resulting in
a significant loss of carbon to the atmosphere (Ogle et al., 2003).
N20 is emitted from cropland both directly and indirectly. Direct
emissions are fluxes from cropland or grazing lands where there
are nitrogen additions or nitrogen mineralized from soil organic
matter. Indirect emissions occur when reactive nitrogen is
volatilized as ammonia (NH3) or nitrogen oxide (NOx), or
transported via surface runoff or leaching in soluble forms from
cropland or grazing lands, leading to N20 emissions in another
location.
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Method for GHG
Estimation
€Oz | N20 | CHs

Description

Direct N20
emissions from

Organic soils (i.e., histosols) are a special case in which drainage
leads to high rates of nitrogen mineralization and increased N20

. v emissions. The method assumes that organic soils have a
drainage of . . . . . .
. . significant organic horizon in the soil, and therefore, the main
organic soils : . 1o .
inputs of nitrogen are from oxidation of organic matter.
Agronomic activity universally reduces methanotrophy in arable
soils by 70% or more (Mosier et al., 1991; Robertson et al., 2000;
Methane uptake Smith et al., 2000). Recovery of methane (CH4) oxidation upon
by soils abandonment from agriculture is slow, taking 50 to 100 years for
the development of even 50% of former (original) rates (Levine et
al,, 2011).
There are a number of management practices that affect CH4 and
Methane and N20 emissions from rice systems. The method addresses key
N20 emissions v practices including the influence of water management, residue
from rice management and organic amendments on CH4 emissions from
cultivation rice (Lasco et al., 2006; Yan et al., 2005) and associated impacts
on N20 emissions.
Addition of lime to soils is typically thought to generate CO2
emissions to the atmosphere (de Klein et al., 2006). However,
prevailing conditions in U.S. agricultural lands lead to CO2 uptake
CO2 from liming v because the majority of lime is dissolved in the presence of
carbonic acid (H2C03). Therefore, the addition of lime will lead to
a carbon sink in the majority of U.S. cropland and grazing land
systems.
Biomass burning leads to emissions of COzas well as other GHGs
or precursors to GHGs that are formed later through additional
Non-CO: : : oo
. chemical reactions. Note: CO; emissions are not addressed for
emissions from v X . )
biomass burning crop residues or grassland burning, because the carbon is re-
absorbed from the atmosphere in new growth of crops or grasses
within an annual cycle.
Urea fertilizer application to soils contributes CO2 emissions to
the atmosphere. The COz emitted is incorporated into the urea
CO, from urea during the manufacturing process. In the United States, the source
2 of the COz is fossil fuel used for NHs production. The CO2 captured
fertilizer v ) o . )
o during NHs production is included in the manufacturer’s
application

reporting so its release via urea fertilization is an additional CO2
emission to the atmosphere and is included in the farm-scale
entity reporting.

3.1.1 Overview of Management Practices and Resulting GHG Emissions

Guidance is provided in this section for reporting of GHG emissions associated with entity-level
fluxes from farm and/or livestock operations. The guidance focuses on methods for estimating the
influence of land use and management practices on GHG emissions (and sinks) in crop and grazing
land systems. Methods are described for estimating biomass and soil carbon stock changes, soil
N0 emissions, CH4 emissions from flooded rice, CHs sinks from methanotrophic activity, CO,
emissions or sinks from liming, biomass burning non-CO,; GHG emissions, and CO; emissions from
urea fertilizer application (see Table 3-2).
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Table 3-2: Overview of Cropland and Grazing Land Systems Sources, Method and Section

3.5.1-
3.5.2

353

3.53

354

3.5.5

3.5.6

Biomass carbon
stock changes

Soil organic
carbon stocks for
mineral soils

Soil organic
carbon stocks for
organic soils

Direct N20
emissions from
mineral soils

Direct N20
emissions from
drainage of
organic soils

Indirect N20
emissions

Methane uptake
by soils

Methane and N20
emissions from
flooded rice
cultivation

Herbaceous biomass is estimated with an [PCC Tier 2 method using entity
specific data as input into the IPCC equations developed by Lasco et al.
(2006) and Verchot et al. (2006). Woody plant growth and losses in
agroforestry or perennial tree crops are estimated with an IPCC Tier 3
method, using a simulation model approach with entity input.

An IPCC Tier 3 method is used to estimate the SOC at the beginning and
end of the year for mineral soils with the DAYCENT process-based model.
The stocks are entered into the IPCC equations developed by Lasco et al.
(2006), Verchot et al. (2006) to estimate carbon stock changes.

COz emissions from drainage of organic soils (i.e., Histosols) are estimated
with an IPCC Tier 2 method using the IPCC equation developed by Aalde et
al. (2006) and region specific emission factors from Ogle et al. (2003).

The direct N20 methods are estimated with an IPCC Tier 3 method. For
major commodity crops, a combination of experimental data and process-
based modeling using the DAYCENT! model and DNDC2 (denitrification-
decomposition) are used to derive expected base emission rates for
different soil texture classes in each U.S. Department of Agriculture Land
Resource Region. For minor commodity crops and in cases where there
are insufficient empirical data to derive a base emission rate, the base
emission rate is based on the IPCC default factor multiplied by the
nitrogen input (de Klein et al., 2006). These emission rates are scaled with
practice-based scaling factors to estimate the influence of management
changes such as application of nitrification inhibitors or slow-release
fertilizers.

Direct N20 emissions from drainage of organic soils, i.e., Histosols, are
estimated with the IPCC Tier 1 method (de Klein et al., 2006).

Indirect soil N20 emissions are estimated with the IPCC Tier 1 method (de
Klein et al., 2006).

Methane uptake by soil is estimated with an equation that uses average
values for methane oxidation in natural vegetation—whether grassland,
coniferous forest, or deciduous forest—attenuated by current land use
practices. This approach is an IPCC Tier 3 method.

IPCC Tier 1 methods are used to estimate CHs and N20 emissions from
flooded rice production (de Klein et al., 2006; Lasco et al., 2006).

1 The version of DAYCENT coded and parameterized for the most recent U.S. national GHG inventory (U.S.
EPA, 2013) was used to derive expected base emission rates.
2DNDC 9.5 compiled on Feb 25, 2013 was used to derive expected base emission rates.
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An IPCC Tier 2 method is used to estimate CO2 emissions from application
3.5.7 CO2 from liming of carbonate limes (de Klein et al., 2006) with U.S.-specific emissions
factors (adapted from West and McBride, 2005).

Non-CO: Non-COz GHG emissions from biomass burning of grazing land vegetation
3.5.8 emissions from or crop residues are estimated with the [PCC Tier 2 method (Aalde et al,,
biomass burning 2006).

CO: from urea
3.5.9 fertilizer
application

CO2 emissions from application of urea or urea-based fertilizers to soils
are estimated with the IPCC Tier 1 method (de Klein et al., 2006).

3.1.1.1 Description of Sector

Croplands include all systems used to produce food, feed, and fiber commodities, in addition to
feedstocks for bioenergy production. Croplands are used for the production of adapted crops for
harvest and include both cultivated and non-cultivated crops (U.S. EPA, 2013). Cultivated crops are
typically categorized as row or close-grown crops, such as corn, soybeans, and wheat. Non-
cultivated crops (or those occasionally cultivated to replenish the crop) include hay, perennial
crops (e.g., orchards and vineyards), and horticultural crops. The majority of U.S. cropland is in
upland systems outside of wetlands as defined in Section 4.1.1, Wetlands, and upland cropping
systems (i.e., dry land) may or may not be irrigated. Rice can be grown on natural or constructed
wetlands, but we will refer to these systems as flooded rice to avoid confusion with Chapter 4. In
addition, wetlands can also be drained for crop production, which again is considered a cropland
because the principal use is crop production. Some croplands are set aside in reserve, such as lands
enrolled in the Conservation Reserve Program (CRP). Croplands also include agroforestry systems
that are a mixture of crops and trees, such as alley cropping, shelterbelts, and riparian buffers.

Grazing lands are systems that are used for livestock production, and occur primarily on grasslands.
Grasslands are composed principally of grasses, grass-like plants, forbs, or shrubs suitable for
grazing and browsing, and include both pastures and native rangelands (U.S. EPA, 2013).
Furthermore, savannas, some wetlands and deserts, and tundra can be considered grazing lands in
the United States if used for livestock production. Grazing land systems include: (1) managed
pastures that may require periodic clearing, burning, chaining, and/or chemicals to maintain the
grass vegetation; and (2) native rangelands that typically require limited management to maintain
but may be degraded if overstocked or otherwise overused.

Crop and grazing land management influences GHG emissions (Smith et al., 2008b), which can be
reduced by adopting conservation practices (CAST, 2004; 2011). Operators of cropland systems use
a variety of practices that have implications for emissions, such as nutrient additions, irrigation,
liming applications, tillage practices, residue management, fallowing fields, forage and crop
selection, set-asides of lands in reserve programs, erosion control practices, water table
management in wetlands, and drainage of wetlands. Operators of grazing systems also have a
variety of management options that influence GHG emissions, such as stocking rate, forage
selection, use of prescribed fires, nutrient applications, wetland drainage, irrigation, liming
applications, and silvopastoral practices.

3.1.1.2 Resulting GHG Emissions

Cropland and grazing lands are sources of N,O and CH4 emissions and have a large potential to
sequester carbon with changes in management (Smith et al., 2008b). In fact, N,O emissions from
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management of agricultural soils are a key source of GHG emissions in the United States (U.S. EPA,
2013). N0 emissions result from the processes of nitrification and denitrification, which are
influenced by land use and management activity. Land use and management can also influence
carbon stocks in biomass, dead biomass, and soil pools. Carbon stocks can be enhanced or reduced
depending on land use and management practices (CAST, 2004; IPCC, 2000; Smith et al., 2008b).
Consequently, crop and grazing land systems can be either a source or sink for CO,, depending on
the net changes in biomass, dead biomass, and soil carbon. Burning biomass is a practice that can
initially reduce biomass carbon stock but can provide sufficient stimulus to enhance ensuing
ecosystem carbon storage. In general though, burning causes a decline in soil organic carbon stocks
due to loss of carbon input from plant litter and roots. Burning will also lead to non-CO, GHG
emissions—CHa, N20, and other aerosol gases (CO, NOx)—that can be later converted to GHGs in the
atmosphere or once deposited onto soil.

Soils in crop and grazing land systems can also be a source or sink for CHs depending on the
conditions and management of soil. CH4 can be removed from the atmosphere through the process
of methanotrophy in soils. Methanotrophy occurs under aerobic conditions and is common in most
soils that do not have standing water. In contrast, CHs is produced in soils through the process of
methanogenesis, which occurs under anaerobic conditions (e.g., soils with standing water such as
soils used for flooded rice production). Both of these processes are driven by the activity of
microorganisms in soils, and their rate of activity is influenced by land use and management.

3.1.1.3 Management interactions

The influence of crop and grazing land management on GHG emissions is not typically the simple
sum of each practice’s effect. The influence of one practice can depend on another practice. For
example, the influence of tillage on soil carbon will depend on residue management. The influence
of nitrogen fertilization rates can depend on the application of nitrification inhibitors. A variety of
examples is given in Section 3.2 and Section 3.3. Because of these synergies, estimating GHG
emissions from crop and grazing land systems will depend on a complete description of the
practices used in the operation, including past management to capture legacy effects on GHG
emissions, as well as ancillary variables such as soil characteristics and weather or climate
conditions.

3.1.1.4 Risk of Reversals

Any trend in GHG emissions associated with a change in crop and grazing land management can be
reversed if the operator reverts to the original practice. Reversals will not negate the GHG
mitigation for CH4 or N,O that occurred prior to the reversion. If emissions are reduced for CH4 or
N0, the emission reduction is permanent and cannot be changed by subsequent management
decisions.

Reversals can occur with carbon sequestration in biomass and soils. CO; can be removed from the
atmosphere through crop and forage production and sequestered in biomass or soils following the
adoption of a conservation practice, such as no-till (CAST, 2004; USDA, 2011). If carbon is
increasing in the biomass or soils, then the practice effectively reduces the amount of CO; in the
atmosphere. However, net CO; can be returned to the atmosphere if there is a reversion in
management to the previous practice that causes a decline in the biomass or soil carbon stocks. For
example, enrollment of land in the CRP has increased the amount of carbon in soils (i.e., increase in
soil carbon stock), and thus mitigates CO, emissions to the atmosphere associated with other
emissions sources, such as fossil fuel combustion (USDA, 2011). However, tilling former CRP lands
will lead to a decline in soil carbon stocks, thereby reversing the trend for CO; uptake from the
atmosphere and leading to CO; emission to the atmosphere. In general, GHG emissions involving
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carbon stocks in biomass, dead biomass, or soils can be considered reversible, depending on future
management decisions. Consequently, reversals involving carbon stocks not only affect future
emission trends, but also have consequences on past mitigation efforts by returning previously
sequestered CO; to the atmosphere.

3.1.2 System Boundaries and Temporal Scale

System boundaries are defined by the coverage, extent, and resolution of the estimation methods.
The coverage of methods in this guidance can be used to estimate GHG emission sources that occur
on farm and ranch operations, including emissions associated with biomass carbon, litter carbon,
and soils carbon stock changes; CHs and N0 fluxes from soils; emissions from burning of biomass;
and CO; fluxes associated with urea fertilization and addition of carbonate limes. GHG emissions
also occur with production of management inputs, such as synthetic fertilizers and pesticides, and
the processing of food, feed, fiber, and bioenergy feedstock products following harvest; but
methods are not provided to estimate these emissions. Moreover, emissions from energy use,
including those occurring on the entity’s operation, are not addressed in the methods.

The methods provided for crop and grazing land systems have a resolution of an individual parcel
of land or field and include the spatial extent of all fields in the entity’s operation. Fields are areas
used to produce a single crop or rotation of crops, or to raise livestock (i.e., pasture, rangeland).
Fields are often, but not always, divided by fences. Emissions are estimated for each individual field
that is used for cropland and grazing land on the operation, and then the emissions are added
together to estimate the total emissions from the crop and grazing land systems in the entity’s
operation. The totals are then combined with emissions from forest and livestock to determine the
overall emissions from the operation based on the methods provided in this guidance. Emissions
are estimated on an annual basis for as many years as needed for GHG emissions reporting.

3.1.3 Summary of Selected Methods/Models Sources of Data

The Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2006) has developed a system of
methodological tiers related to the complexity of different approaches for estimating GHG
emissions. Tier 1 represents the simplest methods, using default equations and emission factors
provided in the IPCC guidance. Tier 2 uses default methods, but emission factors that are specific to
different regions. Tier 3 uses country-specific estimation methods, such as a process-based model.
The methods provided in this report range from the simple Tier 1 approaches to the most complex
Tier 3 approaches. Higher-tier methods are expected to reduce uncertainties in the emission
estimates, if sufficient activity data and testing are available.

Tier 1 methods are used for estimating CO; emissions from urea fertilization, CH4 emissions from
flooded rice, indirect soil N2O emissions, and direct soil N,O emissions from drained organic soils.
These methods are the most generalized globally, and lack ability to capture specific conditions at
local sites, and consequently have more uncertainty for estimating emissions from an entity’s
operation. Soil N20O emissions, CO; emissions or sinks from liming, biomass carbon stock changes,
soil carbon stock changes for drained organic soils, and biomass burning non-CO; GHG emissions all
have elements of Tier 2 methods, but may rely partly on emission factors provided by the IPCC
(2006). These methods incorporate some information about conditions specific to U.S. agricultural
systems and the influence on emission rates, but again lack specificity for local site conditions in
many cases. Soil carbon stock changes for mineral soils are estimated using a Tier 3 method with a
process-based simulation model (i.e., DAYCENT). CH4 sinks from methanotrophic activity are also
estimated with a Tier 3 method, due to the absence of IPCC guidance for estimating land use and
management effects on CH4 uptake in soils. The Tier 3 method associated with soil carbon stock
changes in mineral soils has the greatest potential for estimating the influence of local conditions on
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GHG emissions. The application has a general set of parameters that have been calibrated across a
national set of experiments. However, the model does incorporate drivers associated with local
conditions, including specific management practices, soil characteristics, and weather patterns,
providing estimates of GHG emissions that are more specific to the entity’s operation. Future
research and refinements of the cropland and grazing land methods will likely incorporate more
Tier 3 methods in the future, and thus provide a more accurate estimation of GHG emissions for
entity reporting,.

All methods include a range of data sources from varying levels of specificity on operation-specific
data to national datasets. Operation-specific data will need to be collected by the entity, and
generally are activity data related to the farm and livestock management practices (e.g., tillage
practices, grazing practices, fertilizer usage). National datasets are recommended for ancillary data
requirements that are used in methods, such as climate data and soil characteristics. However, the
entity does have the option to use operation-specific data for climate (i.e., weather data) and soils.

3.1.4 Organization of Chapter/Roadmap

The croplands/grazing lands portion of this report is organized into four primary sections. Sections
3.2 and 3.3 provide a description of management impacts on GHG emissions in crop and grazing
land systems. Section 3.2 is further subdivided into sections focused on upland agriculture, flooded
management for crop production, and the influence of land-use change. Section 3.3 is subdivided
into a general description of management practices and the influence of land-use change. The first
two sections provide the scientific basis for how management practices influence GHG emissions.
These two sections also discuss management options that require further study. Section 3.4
provides an overview of agroforestry systems. A general description of the various GHG emissions
and sinks that result from management practices and potential management interactions is
provided in this section.

Section 3.5 describes the methods. Each method includes a general description (including equations
and factors if appropriate), activity data requirements, ancillary data requirements, limitations of
the method, and uncertainties associated with the estimation. A single method is provided for each
of the GHG emission sources (and sinks), based on the best available method for application in an
operational system for entity-scale reporting. A single method was selected to ensure consistency
in emission estimation by all reporting entities. More advanced approaches may be adopted in the
future as the methods mature.

Section 3.6 provides a summary of research gaps. The gaps highlight key research areas that
require further study for one of two reasons. The first reason is that a practice lacks sufficient
evidence or a clear impact on GHG emissions based on existing research. This gap is most often
related to a lack of mechanistic understanding of the processes influenced by the practice. These
practices may be included in future revisions to the methods if further study leads to a consensus
that the practice has an impact on emissions. The second reason for identifying the need for further
study is that the practice is included in estimation methods, but there is need for further research to
reduce uncertainty. This second gap may involve further mechanistic study, but could also require
further methods of development or refinement.

Finally, Appendix 3-A provides a more comprehensive description of the soil N,O modeling
framework specifications. This appendix includes a discussion of the process-based models used in
the methodology; the empirical scalars for the base emission rates; and the practice-based scaling
factors. Appendix 3-B provides alternative methodologies in cases where an entity is managing
crops not included in the DAYCENT model.
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3.2 Cropland Management

How cropland is managed can have a significant effect on GHG emissions and removals. This section
provides a summary of the current state of the science and describes how management practices
drive GHG emissions or sinks in upland cropland systems.

3.2.1 Management Influencing GHG Emissions in Upland Systems

The cropland management practices presented below focus primarily on mitigation potential for
soil N0, CH4 emissions, and carbon sequestration. Each subsection describes the practice and the
underlying GHG phenomenon that influence mitigation potential.

3.2.1.1 Nutrient Management (Manufactured and Organic)

Nutrient management refers to the addition and management of synthetic and organic fertilizers to
cropland soils, primarily to augment the supply of nutrients to the crop. Nitrogen is generally the
most important nutrient from an agronomic standpoint, because it is usually the primary nutrient
limiting crop yields and often must be added more frequently and in greater amounts than other
nutrients such as phosphorus and potassium (ERS, 2011; Robertson and Vitousek, 2009). Nitrogen
is also the primary nutrient of concern with regard to GHG emissions, because once fertilizer
nitrogen enters the soil it can be directly converted to N,0 by soil biological processes and, in some
cases, chemical reactions (Firestone and Davidson, 1989; Kool et al,, 2011; Venterea, 2007). While
relatively little of the fertilizer nitrogen applied is converted to N0, these emissions are generally a
large component of the total GHG budget of croplands (e.g., Mosier et al., 2005; Robertson et al.,
2000) because N20 has 310 times the global warming potential of CO, (IPCC, 2007). Other forms of
nitrogen originating from fertilizers may also be lost to the environment, including NH3, nitric oxide
(NO), and nitrate (NO3). Once transported to downwind or downstream ecosystems, these other
nitrogen species can be converted to N»O; such emissions are referred to as “indirect” N,O
emissions (Beaulieu et al., 2011; de Klein et al., 2006).

Nutrient management can also affect GHG emissions other than N,0, most notably the
sequestration of carbon upon manure addition and crop residue retention or addition. The addition
of organic carbon amendments, such as manure or residues, can increase soil carbon within the
boundaries of the land parcel receiving the amendment (Ogle et al., 2005). However, soil carbon
losses may occur from the source field (Schlesinger, 2000) depending on the management
(Izaurralde et al., 2001). Manufactured nitrogen additions can also lead to carbon sequestration
(Ladha et al., 2011) where additions lead to increased residue return to soil.

Fertilizer rate, timing, placement, and formulation strongly affect N,O fluxes. In general, any
practice that increases crop nitrogen use efficiency (NUE) would be expected to reduce N»O
emissions, because applied nitrogen that is taken up by crops or cover crops is not available to the
soil processes that generate N;0, at least in the short term; this also may prevent nitrogen leaching.
Thus, strategies to reduce N20 emissions can also reduce the loss of NO3- and other forms of
reactive nitrogen from cropping systems.

However, practices that improve NUE will not always reduce N,0 emissions. Different fertilizer
formulations, for example, can result in different N;O emissions irrespective of NUE effects (e.g.,
Gagnon and Ziadi, 2010; Gagnon et al,, 2011). Likewise, banded fertilizer placement can increase
NUE (e.g., Yadvinder-Singh et al., 1994) but also can increase rather than decrease N,O emissions
(e.g., Engel et al., 2010), and tillage management can also increase NUE without reducing N,O
emissions (Grandy et al.,, 2006). Thus, NUE is generally important but not by itself sufficient to
predict or manage N,O emissions. Fertilizer rate, timing, placement, and formulation can affect NUE
and N20 emissions independently.

3-12



Chapter 3: Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing Land Systems

Fertilizer Rate: More than any other factor, the amount of nitrogen fertilizer applied to soil affects
the amount of N,O emitted; in many cases other nitrogen-use strategies (timing, placement, and
formulation) provide their benefit by effectively reducing fertilizer nitrogen available in the soil. In
this sense, fertilizer rate integrates the effects of multiple practices and is the basis for the IPCC Tier
1 N20 accounting method (de Klein et al., 2006), whereby N;0 emissions are assumed to be a simple
fraction of nitrogen inputs.

Irrespective of other practices, however, fertilizer rate itself can be refined to reduce N,O emissions
so long as rates are not reduced to the point that yields decline. Otherwise market leakage—the
need to make up yields elsewhere with more intensive fertilizer use and concomitant N0 loss—
may limit the benefit of reducing local fertilizer rates. The question then becomes whether nitrogen
fertilizer rates can be reduced without reducing yields in a particular field. At least for corn, recent
changes in recommended fertilizer rates for many Midwest States suggest that there is latitude for
reducing fertilizer nitrogen rates for some farmers. Since the 1970s, most fertilizer nitrogen
recommendations have been based on yield goals, which use expected maximum yield multiplied
by nitrogen yield factors to calculate fertilizer recommendations (Stanford, 1973). Preceding
legume crops, manure inputs, and soil nitrogen tests are then used to further refine or reduce
recommended nitrogen application rates (Andraski and Bundy, 2002).

An alternative to the yield-goal approach is the Maximum Return to Nitrogen approach (Sawyer et
al,, 2006), whereby the rate of nitrogen fertilizer applied is based on the maximum fertilizer rate
that generates sufficient additional yield to justify the fertilizer cost. The rates are determined from
crop nitrogen response curves. Typically (but not always) this rate is significantly less than that
recommended by the yield goal approach. Maximum Return to Nitrogen calculators for corn have
been adopted in at least seven States in the Midwest. This calculator and similar decision support
tools have the potential for reducing the amount of fertilizer nitrogen applied to crops and more
precisely match crop nitrogen requirements, without affecting the net returns (Archer et al,, 2008),
and with concomitant decreases in N;0 emissions (Millar et al., 2010).

Hundreds of fertilizer addition experiments worldwide have shown that typically 0.5 to 3 percent
of nitrogen added to soil is emitted as N,O (Bouwman et al., 2002; Linquist et al., 2011; Stehfest and
Bouwman, 2006). Site-to-site variation is well recognized and is to be expected based on soils,
climate, and fertilizer practices—including rate. Recent evidence suggests that emission rates may
be even higher at nitrogen input levels that exceed crop demand (Hoben et al., 2011; Ma et al,,
2010; McSwiney and Robertson, 2005; Van Groenigen et al., 2010).

Fertilizer Timing: A major challenge in managing nitrogen fertilizer for crop production is
synchronizing nitrogen availability in the soil with the crop’s demand for nitrogen. In general, crop
demand for nitrogen is minimal early in the growing season and increases several weeks after
planting.

In many cases, it may be most convenient and/or cost-effective for the producer to apply nitrogen
fertilizer prior to planting or soon after plant emergence. In many parts of the U.S. Corn Belt,
however, application of nitrogen fertilizer commonly occurs in the fall prior to the growing season
(Bierman et al,, 2011; Ribaudo et al., 2011). In the absence of an active and well-developed root
system to utilize the fertilizer nitrogen, these practices increase the potential for soil microbial and
chemical processes to transform the applied nitrogen into N;0 and other mobile forms such as NO3,
which can contribute to indirect N,O emissions.

Improving the synchrony between soil nitrogen availability and crop nitrogen demand can be
achieved by switching from fall to spring nitrogen application; applying nitrogen several weeks
after planting with “sidedress” fertilizer applications that are timed to coincide with plant growth
stages; and using multiple “split” applications distributed in time over the growing season. Each of
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these strategies has the potential to reduce N0 emissions, but this is not always the case. Switching
from fall to spring nitrogen fertilizer, for example, has been shown to reduce N,O emissions in some
cases (Burton et al., 2008a; Hao et al., 2001) but not always (Burton et al., 2008a). Similarly,
switching from pre-plant to post-plant applications has been shown to reduce N0 emissions in
some studies (Matson et al., 1998), but only part of the time or not at all in other studies (Burton et
al,, 2008b; Phillips et al., 2009; Zebarth et al., 2008b). Some studies have found reduced nitrate
leaching, which implies reduced indirect N,O emissions, with fertilizer application later in the
season (e.g., Errebhi et al,, 1998).

Fertilizer Placement: The manner in which nitrogen fertilizer is applied to soil can affect its
availability for crop uptake and therefore its susceptibility to soil transformation and N0
production. Three aspects of fertilizer placement are significant to N,O emissions: (1) broadcast
application versus banding within the crop row; (2) the soil depth to which nitrogen is applied; and
(3) adding fertilizer uniformly across a field versus applying at a spatially variable rate.

There is some evidence that applying nitrogen fertilizer in narrow bands can improve crop NUE
(Malhi and Nyborg, 1985). However, banding also creates zones of highly concentrated soil
nitrogen, which can increase N;0 production compared with broadcast applications (Engel et al.,
2010). Other studies have found no differences in N,O emissions in broadcast versus banded
applications (Burton et al., 2008a; Sehy et al., 2003). Direct comparisons of application depth effects
on N20 emissions have also shown inconsistent results (e.g., Breitenbeck and Bremner, 1986b;
Drury et al., 2006; Fujinuma et al,, 2011; Hosen et al., 2002; Liu et al., 2006). However, variable rate
application uses different nitrogen rates for different areas of field, based on expected variations in
crop nitrogen demand. This is a new technique that appears promising based on its ability to
substantially improve fertilizer use efficiency at the field scale (Mamo et al., 2003; Scharf et al,,
2005), and at least one early study has shown reduced N,0O emissions when nitrogen rate was
varied to match crop yield potential (Sehy et al., 2003).

Fertilizer Formulation and Additives: The most commonly used forms of synthetic nitrogen fertilizer
in the United States include anhydrous ammonia (35 percent of total use), urea (24 percent), and
liquid solutions, including urea ammonium nitrate (29 percent) (ERS, 2011). Available evidence
suggests that N,O emissions following applications of anhydrous ammonia are greater than
emissions following broadcast urea, although in some studies this may be partly due to fertilizer
placement. In five studies, anhydrous ammonia resulted in 40 to 200 percent greater N,O emissions
compared with broadcast urea (Breitenbeck and Bremner, 1986a; Fujinuma et al., 2011; Thornton
etal,, 1996; Venterea et al., 2005). One study (Burton et al., 2008a) found no difference in N,O
emissions between anhydrous ammonia and broadcast urea when both were applied at a lower
rate (80 kg N ha'! year!) compared with the other studies (= 120 kg N ha'1). Consequently, there
may be a threshold in the application rate before there is a significant effect on emissions.

The chemical form of nitrogen fertilizer influences losses of nitrogen from three major pathways:
surface volatilization, soil microbial processes, and NO3- leaching. All fertilizers are susceptible to
denitrification once nitrified to (or applied as) NOz. Ammonium-based fertilizers, including
anhydrous ammonia, urea, and organic sources such as manure, are also susceptible to N0 loss
during nitrification. Urea, anhydrous ammonia, and manure are additionally susceptible to surface
volatilization as NH3 under some conditions. Volatilized NHz and leached NOs- contribute to indirect
N0 loss.

Chemical additives have been developed to release fertilizer nitrogen into the soil more gradually
and to delay the nitrification of nitrogen from ammonium (NH4*) to NO3- in order to improve the
synchrony between crop nitrogen demand and soil nitrogen availability. Polymer-coated urea
slowly releases nitrogen with increasing soil temperature and water, and is intended to make
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nitrogen supply more synchronous with plant nitrogen demand and reduce nitrogen losses. Effects
on N;O production, however, appear mixed, with some studies showing reduced N0 for polymer-
coated urea (e.g., Hyatt et al., 2010) and others showing no impact or even higher emissions
(Venterea et al,, 2011a). A recent meta-analysis of 13 studies of mostly volcanic and wetland-
derived soils found that polymer-coated urea reduced N,O emissions by 35 percent on average
compared with conventional fertilizers, but results are difficult to generalize because most of the
soils included in the analysis were not typical for U.S. cropping systems (Akiyama et al., 2010).

Fertilizers formulated with nitrification inhibitors can potentially reduce emissions from
nitrification and denitrification, as well as NO3- leaching. Some U.S. field studies show substantial
reductions in N,O emissions when fertilizers with nitrification inhibitors are added compared with
conventional fertilizers (e.g., Halvorson et al., 2010a), while others show little or no impact (e.g.,
Parkin and Hatfield, 2010a). A meta-analysis of some 28 studies worldwide reported an average
reduction of 38 percent (Akiyama et al., 2010), but again results are difficult to generalize due to
the small sample size and soils that are not typical of U.S. cropping systems.

One reason the impacts of fertilizers designed to reduce emissions are inconsistent is that the form
of nitrogen applied interacts with other factors to control nitrogen losses. Among these factors is
weather, which directly affects the processes that lead to gaseous nitrogen losses and NO3- leaching,
and indirectly affects these processes by controlling plant nitrogen uptake. Soil properties such as
texture and hydraulic status are also important. In general, nitrification is important in well-aerated
soils, while denitrification is more important in poorly drained soils. The nitrogen source also
interacts with other management practices. For example, polymer-coated urea substantially
reduced N,O emissions under no-till but not full till cultivation for irrigated corn in Colorado
(Halvorson et al., 2010a).

Organic Fertilizer Effects on N,0 Emissions: Land application of animal manure has been related to
N20 emissions. Mosier et al. (1998) and Petersen (1999) measured increases in N0 emissions with
manure application. Kaiser and Ruser (2000) measured annual emissions of the added nitrogen in
slurry ranging from 0.74 to 2.86 percent, and De Klein et al. (2001) found that annual N>O-N losses
ranged from zero to five percent of the organic nitrogen applied to soils. Others (e.g., Barton and
Schipper, 2001) found N,O emissions following the addition of manure slurries exceeded emissions
from an equivalent amount of manufactured N, likely due to the slurry’s creating enhanced
conditions for denitrification. However, GHG emissions also occur if manure is managed in pits,
lagoons, or solid storage.

Injection of manure is a common practice to avoid surface runoff and reduce objectionable odors
from manure application. Both Flessa and Besse (2000)and Wulf et al. (2002) suggested that
injection of swine manure would create more favorable conditions for N,O and CH4 formation
because of the reduced aeration within the soil. However, Dendooven et al. (1998) did not find
differences in either N0 or CH4 emissions from injected or surface-applied swine slurry onto a
loamy soil. These findings suggest that the rate, timing, placement, and formulation of manure is
important to N,O production, similar to manufactured nitrogen fertilizer, but there is a need for
additional research.

CO; Emissions Generated from Urea Fertilizer Applications: Unlike other nitrogen fertilizers, urea
results in the direct production of CO; in addition to whatever N,O might be subsequently produced
by microbes (de Klein et al., 2006). Since urea is 20 percent C, every metric ton of urea applied to
soil results in the direct emission of 20 kg CO,-C; alternatively, every kilogram of nitrogen applied
as urea results in the direct emissions of 0.43 kg CO,-C. Urea is manufactured by reacting NH3z and
CO; to form ammonium carbamate, which is then dehydrated to form urea prills. In the United
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States the CO; in urea is captured from the fossil fuel used to manufacture NHs3, so the soil CO;
produced represents a fossil fuel emission.

Management System Interactions: Nitrogen management practices can interact with other cropland
management components in regulating GHG emissions. As emphasized above, any factor that
affects crop NUE has the potential to affect N;O emissions. Therefore, optimizing other practices—
including tillage and the management of soil pH, pests, irrigation, drainage, and other factors—will
tend to increase nitrogen fertilizer uptake by the crop and therefore reduce N,0 emissions. For this
reason, nutrient management effects on GHG emissions should be considered in the context of the
entire set of cropland management practices. For example, there is evidence that fertilizer
placement can interact with tillage management in controlling N0 emissions (Venterea et al,,
2005), and that inadequate management of other nutrients (e.g., phosphorus and potassium) can
reduce NUE (Snyder et al., 2009). Efforts to minimize or remediate water quality impacts of nitrate
transport from farm to aquatic systems may also reduce indirect N;O emissions. For example, the
use of subsurface bioreactors to remove nitrate from drainage water has beneficial impacts on
indirect N,O. However, to date these bioreactors have not been implemented at large (field) scales
and there are also questions about release of N,O and CH4 during the treatment process that need
to be answered before their net effect on GHGs can be assessed (Elgood et al,, 2010). Also,
environmental and climate factors, which are generally not under management control, may affect
N0 emissions; for example, nitrogen fertilizer applied just before large rainfall events can
stimulate increased emissions (Li et al., 1992).

3.2.1.2 Tillage Practices

Different tillage practices are generally classified into one of three categories: full tillage, reduced
tillage, or no tillage. Tillage intensity is based on implements, number of passes, and the percentage
of surface and depth of tillage disturbance. Tools are available to determine tillage intensity (e.g.,
the STIR Model; see USDA NRCS, 2008). No-tillage practices are characterized by the use of seed
drills and fertilizer or pesticide applicators with no additional tillage events or implements. Surface
residues are not incorporated into the soil when following no-tillage practices, and there is limited
disturbance to the soil profile; consequently no-tillage management increases soil cover and
improves aggregate stability (Six et al., 2000). In contrast, examples of full tillage (often referred to
as conventional tillage) include one or more passes with the following tillage implements:
moldboard plow, disk plow, disk chisel, twisted point chisel plow, heavy duty offset disk, subsoil
chisel plow, and bedder or disk ripper. Systems are also classified as full tillage if there are two or
more passes with one of the following implements: chisel plow, single disk, tandem disk, offset disk-
light duty, one-way disk, heavy-duty cultivator, ridge till, or rototiller. Systems with other tillage
practices, such as a single pass with a ridge till implement, mulch till, or chisel plow, lead to
intermediate disturbance of the soil and are classified as reduced tillage.

Changes in tillage practices can influence vertical distribution of carbon in the soil profile and total
soil carbon stocks (Paustian et al., 1997). Historically, full tillage has resulted in the reduction of soil
carbon stocks (Lal et al., 2004). A synthesis of previous analyses estimated that long-term full
tillage can decrease soil carbon stocks by 30 percent (Ogle et al., 2005; West et al., 2004). Changing
from full tillage to no tillage can reverse historic losses of soil C. No-tillage practices can lead to
accumulation of soil carbon in the upper soil profile (0 to 30 cm), with little to no change in the
lower soil profile (30 to 60 cm) (Syswerda et al., 2011). The opposite, a decrease in the upper soil
horizon with an increase in the lower soil horizon, can sometimes occur with a change from no
tillage to full tillage (Baker et al.,, 2007). However, changes in the lower soil profile tend to be more
variable, thereby requiring a larger sample size to detect significant differences (Kravchenko and
Robertson, 2011). A reduction in carbon input associated with the influence of no-till management
on crop production may also lead to losses of soil carbon, particularly in cooler and wetter climates
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(Ogle et al., 2012). However, while differences in the response of soil carbon stocks to tillage occur
among field experiments, comprehensive analyses of available field data indicate that, on average,
soil carbon stocks increase with a change from full tillage to reduced tillage or no tillage, especially
with long-term adoption of no tillage (Ogle et al.,, 2005; Six et al., 2004; West and Marland, 2002).

Decreased tillage intensity increases soil carbon because of reduced disturbance to soil aggregates,
reduced exposure of soil organic matter to weathering processes, and decreased decomposition
rates (Paustian et al,, 2000). The extent to which soil carbon accumulation occurs after a reduction
in tillage intensity is determined by the history of land management, soil attributes, regional
climate, and current carbon stocks (West and Six, 2007). In general, greater soil carbon
accumulation will be observed in C-poor soils (i.e., due to long-term cultivation) with a clayey
texture under high biomass cropping systems in temperate humid and warm climates
(Franzluebbers and Steiner, 2002; Plante et al., 2006; Six et al., 2004). In some cases, intermittent
tillage, during long-term reduced or no tillage, is needed to reduce soil compaction, for weed
control, or to reduce pests or pathogens. While intermittent tillage can cause a decrease in soil
stocks, up to 80 percent of soil gains from no-tillage practices can be maintained when
implementing no tillage with intermittent tillage (Conant et al., 2007; Venterea et al., 2006).

The effect of tillage management changes on soil N0 emissions is variable and not fully
understood. Increases (Rochette, 2008), decreases (Mosier et al., 2006), and no changes (Grandy et
al,, 2006; Lemke et al., 1998) in soil N0 emissions have been observed. However, those differences
are not totally random and past meta-analyses have concluded that climate regime, duration of
practice, and nitrogen fertilizer placement have influenced tillage effects on N,O emissions (Six et
al,, 2004; van Kessel et al., 2012). Other variables such as soil texture may also be important.

Regional climate has also been identified as a major driver for the change in N,O emissions with
adoption of no-tillage practices, with emissions increasing in humid climates and decreasing in dry
climates (Six et al., 2004). However, time since adoption of no tillage might also play a role with
higher emissions initially after adoption of no tillage in both humid and dry climates, but over time
emissions from no-tillage systems may decline in humid climates relative to previous emissions
from full tillage systems. Nevertheless, various field studies have shown mixed results, both
supporting and contradicting the finding. Studies in drier climates of the Great Plains have shown a
decrease in emissions even when no-tillage practices had been adopted for less than 10 years
(Kessavalou et al., 1998; Mosier et al., 2006). Long-term no tillage in moist climates of Minnesota
and Canada led to both higher and lower emissions of N,O (Drury et al., 2006; Venterea et al.,
2005).

Another important factor influencing N,O emissions under no tillage, and one that farmers can
actively manage, is fertilizer placement (van Kessel et al., 2012). Venterea et al. (2005) found that
when nitrogen fertilizer was placed on the surface, N,O emissions were greater under no tillage
than full tillage, but the reverse was found when nitrogen fertilizer was placed below 10
centimeters. Fertilizer placement in general has been found to have differing results on N0
emissions, as discussed in Section 3.2.1.1. However, the findings of Venterea et al. (2005) as well as
other studies (e.g., Groffman, 1985; Venterea and Stanenas, 2008) indicate that deeper nitrogen
placement tends to decrease N>O emissions when accompanying no-till or reduced-tillage practices,
at least relative to full tillage cropping systems at the same location. The conflicting results
associated with N,O emissions from fertilizer applications may be partly explained by the tillage
practice.

In addition, Lemke et al. (1998) determined that soil clay content explained 92 percent of the
variation in N,O emissions between full tillage and no tillage across multiple sites in Alberta.
Similarly, Burford et al. (1981) found that emissions from no-tillage practices were greater than
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from full tillage on soils with higher clay contents at a study site in the United Kingdom. It is argued
that soils with higher clay contents have higher moisture content and therefore have a greater
potential for increased N0 emissions under no tillage. Indeed, Rochette (2008) attributed higher
rates of N0 flux from minimum versus standard tillage to greater soil compaction, poor soil
drainage, reduced gas diffusivity, and air-filled porosity in high clay soils.

3.2.1.3 Crop Rotations, Cover Crops, and Cropping Intensity

Crop rotation refers to the sequence of crops planted in a field, within or across years. Crop
rotations vary by location and growing region, and may be practiced for a variety of reasons such as
improved economic returns, pest management, disease control, nutrient management and water
availability. A simple rotation may be a sequence of corn and soybeans that is repeated over time,
while more complex rotations might include perennial crops such as alfalfa with corn and
sunflower rotation over five years, with three years of alfalfa and one year each of corn and
sunflower. The actual rotations can also vary from a strict order to the sequence, particularly in
response to market demand, i.e., opportunistic rotations. Rotations with high biomass-yielding
crops or perennial hay crops or grass cover can increase soil carbon stocks (Ogle et al., 2005).

Cropping intensity can vary across years, due to variations in fallow frequency and use of multiple
growing seasons with more than one crop planted and harvested in a single year. For example, in
semi-arid environments, crop rotations often include a year-long fallow period in order to increase
the amount of water stored in the soil profile for the subsequent crop. This limits the amount of
organic matter input to the soil, and with the severe water limitation, these cropping systems
produce small amounts of biomass, leading to a reduction in soil carbon stocks (Doran et al., 1998).
Consequently, intensifying crop production by reducing fallow frequency, which will generally
involve adoption of no-tillage practices, will increase carbon input across the whole rotation and
possibly the amount of soil organic carbon (Sherrod et al,, 2003; 2005).

Winter cover crops can also be used to provide plant cover outside of the normal growing season.
Prior to planting the following summer crop, the cover crop is either left to decompose as a green
cover or harvested for forage. In general, the inclusion of a cover crop in a crop rotation will lead to
an increase in soil carbon due to the increased carbon input derived from the cover crop (Kong et
al,, 2005), especially cover crop roots (Kong and Six, 2010). Cover crops can also be used effectively
for nitrogen management. In the fall and spring they can capture soil nitrogen that would otherwise
be transformed directly to N,O by soil microbes or leach to groundwater and contribute to indirect
N0 emissions (i.e., offsite emissions due to nitrogen losses from the site). Additionally, when killed
prior to planting the main crop, their decomposition can provide nitrogen that will displace some
portion of crop fertilization requirements (whether manufactured or organic). Therefore, cover
crops can reduce indirect N,O emissions and possibly offset fertilization rates. However, there are
no studies demonstrating that adding nitrogen to soils in cover crops rather than through
fertilization will reduce direct N,O emissions. In the future, cover crop biomass may also be
harvested for cellulosic ethanol feedstock, leaving roots to enhance soil carbon stocks similar to
perennial plants grown in rotation (Ogle et al., 2005).

The effects of crop rotation and intensity on soil organic carbon can also interact with other
management practices, such as residue management, tillage, and irrigation (Eghball et al., 1994).
Consequently, management interactions among practices including tillage and irrigation will be
important in determining the influence of crop rotations on GHG emissions. Additionally, crop
selection as a component of crop rotation can have a major effect on N,O emissions (Cavigelli and
Parkin, 2012) insofar as crops can vary in their nitrogen use efficiencies and nitrogen fertilizer
needs. This is particularly the case when long-lived perennial crops are substituted for annual crops
in forage or cellulosic biofuel cropping systems (Robertson et al., 2011).
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3.2.1.4 Irrigation

Types of irrigation systems include surface or flood irrigation, (micro-) sprinkler irrigation,
subsurface drip irrigation, and subirrigation. In general, irrigation increases soil water content,
evapotranspiration rates, and relative humidity; decreases soil and air temperatures; and can lead
to increased regional precipitation (Lobell and Bonfils, 2008; Pielke et al.,, 2007). These changes
affect important processes such as plant growth rates and soil microbial activity that control net
GHG fluxes.

As soil water content approaches saturation, oxygen (02) diffusion is inhibited, resulting in
anaerobic conditions that can enhance CH4 emissions (Chan and Parkin, 2001; Delgado et al,, 1996),
or at least reduce the CH,4 sink strength of otherwise aerobic soils (Livesley et al.,, 2010). Saturated
conditions also enhance denitrification rates and potentially N,O emissions (Delgado et al., 1996;
Jambert et al.,, 1997; Livesley et al., 2010), but note that peak N,0 emissions from denitrification
often occur at water contents lower than saturation because when 0; is extremely limiting, N,O is
likely to be further reduced to N before diffusing from the soil surface to the atmosphere
(Davidson, 1991; Dunfield et al., 1995). Furthermore, nitrification rates peak at approximately 50
percent of saturation, and water contents close to field capacity (60 to 70 percent of saturation) are
expected to support maximum total N,O emission rates (Davidson, 1991). In addition, irrigation can
increase indirect N,O emissions by enhancing NO3- leaching and runoff if more water is added than
is evaporated (Gehl et al.,, 2005; Spalding et al., 2001).

Wetting of dry soils typically increases CO; emissions (Fierer and Schimel, 2002). However,
irrigation also increases plant growth rates and, therefore, soil organic carbon levels typically
increase after upland cropping is converted to irrigated cropping, although loss of soil carbon from
erosion can also increase under irrigation (Follett, 2001; Lal et al., 1998). Furthermore, irrigation
can affect inorganic carbon levels, but current available data show contrasting results (Blanco-
Canqui et al., 2010; Denef et al,, 2008; Entry et al., 2004).

Flood and Surface Irrigation: Flood irrigation involves flooding the entire field with water. Under
continuously flooded conditions, soils are highly anoxic, thus facilitating high methanogenesis and
denitrification rates (Mosier et al., 2004). However, high denitrification rates do not necessarily
imply high N,O emissions because the extremely anoxic conditions facilitate further reduction of
N0 to N; before it is emitted from the soil (Mahmood et al., 2008). This is supported by
observations showing higher N;0 emissions from intermittent compared to continuously flooded
rice systems (Katayanagi et al., 2012; Xu et al,, 2012), although it remains difficult to predict the
relative portion of denitrified nitrogen that is emitted as N0 relative to No.

Surface irrigation also involves supplying large amounts of water to the surface of soils, but in this
case the water is added through furrows adjacent to crop beds. These systems are often not very
efficient, because water losses from evaporation and seepage can be large. The impact of furrow
irrigation on GHG emissions depends on how often and the extent to which furrows are filled with
water. Wetting and drying cycles are likely to emit large pulses of NO and N0 (Davidson, 1992), as
well as CO; (Fierer and Schimel, 2002). Spatial variability can also be high, such as the higher N0
emissions from furrows compared with beds that have been observed for irrigated cotton cropping
(Grace et al., 2010). In addition, micro to landscape scale heterogeneity in environmental
conditions, due to topography and other factors, contribute to multiscale variability in N,O
emissions (Hénault et al., 2012; Yates et al,, 2006). This spatial and temporal heterogeneity in
environmental conditions and flux rates makes it very difficult to quantify GHG fluxes from these
types of systems with high levels of accuracy and precision.

Sprinkler Systems: Sprinkler systems deliver water to vegetation and the soil from above the surface
using overhead sprinklers or guns. This is usually more efficient than surface irrigation, but
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evaporative losses from water intercepted by vegetation, litter, and the soil surface can still be
substantial. During and shortly after irrigation events, soil may become saturated and emit pulses
of N0, but because the soil is not continuously saturated, N,O emissions are expected to be lower
compared with surface irrigation (Nelson and Terry, 1996). Both N0 emissions and soil carbon
levels are expected to increase with sprinkler irrigation compared with upland cropping.

Surface and Subsurface Drip Irrigation: Surface drip irrigation supplies water from drip lines placed
adjacent to crop rows. Evaporative losses should be less compared with above-surface sprinkler
systems, because less water is intercepted by growing vegetation. However, evaporative losses can
still occur to the extent that surface litter and soil layers absorb water from the drip sprinkler. The
impacts of surface drip irrigation on GHG fluxes are expected to be similar to those of sprinkler
systems, although there is early evidence that both surface and subsurface drip irrigation leads to
less emissions of CH4 and N0 (Kallenbach et al,, 2010; Kennedy et al., 2013).

Subsurface drip irrigation targets water delivery to the root zone using buried pipes and tubing.
These systems can be very efficient, because water is concentrated in the root zone at a slow, steady
rate, hence minimizing or eliminating evaporation losses and avoiding saturation of the whole soil
profile. Consequently, these systems are not expected to be large CH4 sources (Del Grosso et al.,
2000a). Soil water content has less temporal variation with subsurface drip irrigation compared
with sprinkler and surface systems, so pulses of N,O and CO; emissions are also expected to be of
smaller magnitude (Kallenbach et al., 2010). Similarly, subsurface drip irrigation/fertigation of high
values crops, such as tomatoes, has been shown to reduce N0 emissions compared with furrow
irrigation (Kennedy et al.,, 2013).

Subirrigation: Subirrigation is used in areas with relatively high water tables and involves
artificially raising the water table to allow the soil to be moistened from below the root zone.
Because water is supplied to roots from below, evaporation losses are not enhanced as they would
be with surface irrigation systems. This system can decrease NO3-leaching (Elmi et al., 2003) but
may increase N;O losses from denitrification (Munoz et al., 2005).

Management Interactions: Irrigation systems interact with other crop management strategies such
as changes in crop rotation, cropping intensity, tillage, and fertilizer amount to control net GHG
fluxes. Irrigation tends to amplify the effects of these factors on N0 and CH4 emissions at the same
time as the practices increase crop yields and soil carbon stocks. However, the response of soil
carbon to irrigation is complex and driven by interacting factors. When water and nutrient stress
are reduced through irrigation and fertilization, the portion of total plant production allocated
below ground can decrease, but absolute below ground production and soil organic carbon can
increase (Bhat et al,, 2007). However not all experiments show increased soil carbon with
irrigation (Denef et al.,, 2008). Consequently, the irrigation benefits of increased yields and potential
carbon storage may be counter-balanced with the increased N,O and CHy fluxes.

However, there are also options for limiting emissions, particularly with fertilization. Fertigation
adds nutrients to the irrigation system to deliver water along with soluble nutrients to the root
zone. These systems have the potential to be very efficient from both nutrient and water use
perspectives (Spalding et al., 2001), because the slow and timed supply of nutrients and water is
more synchronous with plant demand and they are concentrated in the root zone. Consequently,
N0 and other nitrogen losses are minimized while plant growth, carbon inputs, and carbon
sequestration can be maximized. Similarly, CH4 emissions are minimized because soil saturation is
avoided.
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3.2.1.5 Erosion Control

Soil erosion processes include soil detachment, transport, and deposition. Soil erosion can
potentially reduce soil carbon stocks and increase net carbon flux to the atmosphere through
decreased plant productivity and subsequent decreased organic matter input to soil and increased
decomposition of the eroded soil fraction (Lal, 2003). However, soil erosion can also potentially
increase net soil carbon stocks and decrease net carbon flux to the atmosphere through dynamic
replacement of soil carbon on eroded landscapes and decreased decomposition rates in zones of
soil deposition (Harden et al., 1999; Stallard, 1998).

Lal (2003) estimated that 20 percent of carbon in eroded soil is emitted to the atmosphere, due to
oxidation of soil organic carbon following the disruption of soil aggregates caused by detachment
and transport. However, in an analysis of 1,400 soil profiles, Van Oost et al. (2007) found negligible
carbon loss as a direct result of soil detachment and transport. At sites where the transported soil
was deposited, there was a slight (~one percent) decrease in soil carbon decomposition rates,
resulting in slightly higher soil carbon accumulation. More importantly, it was found that on
average, 25 percent of eroded carbon was replaced on the eroded sites over a 50-year period
(Harden et al., 2008). The combination of these findings supports an approximate 26 percent sink
capacity of eroded soil (Van Oost et al., 2007).

The accumulation of soil carbon on eroded locations within landscapes is referred to as dynamic
replacement (Harden et al., 1999). Dynamic replacement occurs as a result of soil carbon building
toward a steady state of soil carbon content, constrained by soil type and climate (West and Six,
2007). Steady state occurs when soil carbon accumulation equals soil carbon losses. Both Van Oost
etal. (2007) and Lal and Pimentel (2008) note that the dynamic replacement rate may be low in
areas with lower cropland production inputs. For example, dynamic replacement may be low in
crop systems with low residue production, such as cotton and tobacco in the United States, which
have lower carbon accumulation rates than high residue inputs crops (Ogle et al., 2005).

Note that while water erosion can generate a small carbon sink, the benefit of a carbon sink is offset
by other negative impacts from soil erosion. For example, soil erosion can result in water pollution
due to sediment loading, air pollution from airborne particulate matter (PM10), and decreased soil
fertility resulting in subsequent yield declines.

3.2.1.6 Management of Drained Wetlands

Drainage of wetlands effectively creates an upland cropping system by lowering water tables with
tiles or ditches to produce annual crops. The most obvious effect of wetland drainage is increased
oxidation and tillage of soils. For example, conversion of native wetlands and grasslands into
cropland has been shown to deplete native soil carbon stocks by 20 to more than 50 percent (Blank
and Fosberg, 1989; Euliss et al,, 2006; Mann, 1986). In turn, CO; emissions increase with higher
decomposition rates, particularly in organic soils, i.e., Histosols (Allen, 2012; Armentano and
Menges, 1986). Loss of the organic layer has caused tremendous subsidence in U.S. croplands
(Stephens et al., 1984) such as the Florida Everglades (Shih et al. 1998) and the California Delta
region (Broadbent, 1960; Weir, 1950), where rates vary from 0.46 to 2.3 cm year! (Deverel and
Rojstaczer, 1996; Deverel et al., 1998; Rojstaczer and Deverel, 1995). Similar subsidence rates have
also occurred in other regions such as the Florida Everglades.

Manipulation of water levels can have multiple effects on nutrient cycling in wetlands. Drainage
also may result in more optimal soil moisture conditions (e.g., 40 to 60% water-filled pore space)
that enhance formation of N0 as a byproduct of nitrification and denitrification reactions
(Davidson et al., 2000). Drainage increases nitrogen mineralization rates with conversion from
anaerobic to aerobic conditions and enhances N,0 emissions (Duxbury et al., 1982; Kasimir-
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Klemedtsson et al., 1997). In contrast, drainage decreases CH4 emissions by reducing the frequency
and duration of soil saturation required for CHs production as well as enhancing frequency of
methanotrophic activity (Dorr et al,, 1993; Gleason et al.,, 2009; Phillips and Beeri, 2008). However,
in situations where wetlands are in a crop production, but not directly drained, CH4 production can
actually be enhanced due to increased runoff from adjacent croplands or consolidation drainage,
which increases water depth and hydroperiods (Gleason et al., 2009).

Managing the water table by raising the depth of drainage to the extent possible has been an
effective measure to reduce loss of CO; and other GHGs from drained organic soils (Jongedyk et al.,
1950; Shih et al.,, 1998). Recent research suggests that even periodic flooding of organic soils that
are drained for crop production may be effective in reducing CO; emissions (Morris et al., 2004).
There is limited information on the effect of drainage in mineral soils with a high water table (i.e.,
hydric soils), but the influence on GHG emissions is likely less significant than in drained organic
soils. It is important to note that wetlands are afforded some protection by laws (e.g., Clean Water
Act) and conservation programs that recognize the importance of wetlands, such as for wildlife
habitat, and provide agricultural producers incentives to avoid draining wetlands (e.g., the
“Swampbuster” provision of the Food Security Act).

3.2.1.7 Lime Amendments

Agricultural lime consists primarily of crushed limestone (CaCO3) and dolomite (CaMg(CO3)2) in
varying proportions. Agricultural lime, hereinafter referred to as lime, is applied to soils to decrease
soil acidity. Lime is commonly applied to agricultural lands where nitrogenous fertilizers are
continuously used and where precipitation exceeds evapotranspiration.

The application of lime to soils can create a sink or source of CO; to the atmosphere (Hamilton et al,,
2007), depending on the strength of the weathering agent. Weathering of lime by carbonic acid
(H2CO03), formed when CO- is dissolved in water, results in the uptake of one mole of CO; for every
mole of lime-derived carbon dissolved (Eg. 1). Carbonic acid weathering produces bicarbonate
(HCOs3.) that contributes to alkalinity in groundwater, streams, and rivers (Oh and Raymond, 2006;
Raymond et al., 2008). Alternatively, when lime reacts with the stronger nitric acid (HNO3), which is
produced when nitrifying bacteria convert NH4* based fertilizer and other sources of NHs* to nitrate
(NO3), carbon in lime is dissolved and released directly to the atmosphere (Eq. 2).

CaCOsz + H20 + CO; = Caz* + 2HCO3- Eq. 1
CaCOs + 2HNO3z = Ca2?* + 2NOs3- + H,0 + CO, Eq. 2

Field measurements and modeling analyses indicate that more lime is dissolved by carbonic acid
than by nitric acid. For example, West and McBride (2005) estimated that 62 percent of lime was
dissolved by carbonic acid weathering, Hamilton et al. (2007) estimated 75 to 88 percent, and Oh
and Raymond (2006) estimated 66 percent. Biasi et al. (2008) used chamber flux measurements to
estimate 15 percent loss of lime-derived carbon by dissolution with strong acids and inferred that
85 percent is dissolved by carbonic acid.

West and McBride (2005) also estimated the precipitation of HCO3- back to CaCO3 once HCO3-
reaches the ocean, thereby releasing CO; to the atmosphere. However, the long time period (many
decades to centuries) over which precipitation would occur in the ocean (Hamilton et al., 2007)
effectively results in carbon sequestration for annual accounting purposes.

Current consensus of leached drainage samples, stream gauge data, and mass balance modeling
indicates that about 66 percent of carbon in applied lime is essentially transferred from one long-
lived pool (CaCOs in geologic formations) to another (HCO3- in oceans), and is therefore not counted
as new sequestration. However, the atmospheric CO; newly captured by this process does
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represent sequestration when corrected for the 33 percent released to the atmosphere as COy; this
results in a net 33 percent sink strength per carbon in lime. This estimate is similar to that of Oh
and Raymond (2006) and West and McBride (2005), and is within the range of Hamilton et al.
(2007). While lime can increase soil carbon via effects on soil microbial activity (Fornara et al.,
2011), in most soils liming has no direct carbon effect (Page et al., 2009).

3.2.1.8 Residue Management

Crop residues are the residual remaining after harvest of the economic part of the crop. The amount
of crop residue varies with the crop and the harvest operation method. For example, cotton harvest
contributes very little aboveground residue to the soil due to the plant’s low leaf area index and
small amount of plant material after leaf drop. Soybean and other legume crops also have small
amounts of aboveground residue that rapidly decompose because of low C:N ratios. In contrast,
crops like corn can leave substantial amounts of residue on the soil surface unless the whole plant
is harvested for silage or the residue is collected for bedding or other purposes.

Aboveground residue management entails five potential strategies: (1) leave the residue on the soil
surface to decay and be incorporated into the soil (requires no-till management); (2) incorporate
the residue into the soil via tillage; (3) remove the residue through a harvesting operation (i.e.,
silage or cellulosic biomass harvest); (4) allow livestock to graze on the residue; or (5) burn the
residue. Each of these management practices has the potential to affect GHG emissions. Leaving
crop residue on the surface and incorporating it into the soil after decay by microorganisms affects
CO; release from the soil due to the enhanced biological activity, and potentially increases N>O
emissions through an alteration of the nitrogen balance in the soil. A similar process occurs when
residue is incorporated into the soil via tillage. Note that tillage also causes reductions in soil
carbon stocks, and additional CO; is released through burning fuel to run tillage equipment.
Harvesting the residue releases CO; from burning fuel in the engines linked with the harvesting
process, although residue harvested for biofuel production may create net fossil fuel offset credits.
Burning crop residues in the field releases CO;, CH4, and N0 (as well as CO and NOy) emissions to
the atmosphere. In general, but not always, residue removal reduces soil carbon stocks (Gregg and
[zaurralde, 2010; Wilhelm et al., 2007).

Management interactions are also important when considering the influence of residue
management on GHG emissions. For example, the influence of residue management on soil organic
carbon will be affected by the tillage practices (Malhi et al., 2006).

3.2.1.9 Set-Aside/Reserve Cropland

The 1985 Farm Bill established the Conservation Reserve Program (CRP) to pay producers to
convert highly erodible cropland or other environmentally sensitive agricultural areas into
vegetative cover. These areas could be converted into grassland, native bunchgrasses, pollinator
habitat, shelterbelts, filter or buffer strips, or riparian buffers. Areas are removed from production
and seeded with annual and perennial species to form a cover that would be undisturbed for a
minimum of 10 years. In return, producers or landowners received a payment for enrolling these
land areas into the CRP. Throughout the agricultural history of the United States, there have been
times in which agricultural lands were set aside to reduce agricultural surpluses; however, the time
period of removal was typically short-term (one to two years) and maintained in a weed-free state.

The primary aims of CRP are to decrease erosion, restore wildlife habitat, and safeguard ground
and surface water quality. An important ancillary aim is carbon capture: CRP lands sequester
carbon in soil and long-lived plants, and thus represent a valuable mitigation opportunity. In a
meta-analysis of paired soils, Ogle et al. (2005) found that 20 years of set-aside resulted in
temperate region soils’ accumulating 82 to 93 percent of the carbon levels under original native
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vegetation, on average. Post and Kwon (2000) concluded from a global meta-analysis that, on
average, soil carbon sequestration rates on land converted from agricultural production to
grassland is 33 g C m2 year-1. At 39 paired CRP-crop sites in Wisconsin, Kucharik (2007) found
sequestration rates of 50 g C m2 year-! on Mollisols and 44 g C m'2 y-1 on Alfisols. Follett et al.
(2009) estimate that CRP soils sequester ~50 g C m2 year-! on average. The Council for Agricultural
Science and Technology (2011) estimates that CRP lands are currently responsible for 6.3 Tg of soil
carbon sequestration per year. Gebhart et al. (1994) reported a mean 18.8 percent increase on five
CRP sites during a six-year period. However, there are studies showing little or no increase in C,
leading to uncertainty in the effect of set-aside land in a reserve program (Jelinski and Kucharik,
2009; Karlen et al., 1999; Reeder et al,, 1998). For example, Karlen et al. (1999) compared CRP land
with perennial grasses to cropland across five States and found that only one site of the five showed
a significant difference in total organic carbon content in the soil after being in CRP.

Increases in soil carbon resulting from setting aside cropland in CRP can be reversed by converting
these lands back into production. Gilley et al. (1997) found that the positive changes in CRP land
disappeared immediately when the soils were tilled upon conversion back into crop production.
However, many studies indicate that if land under CRP is returned to cultivation, some or all of the
soil carbon can potentially be retained if the land is cultivated with no-till practices (Bowman and
Anderson, 2002; Dao et al,, 2002; Olson et al., 2005). In addition to changes in soil carbon stocks,
changes will also occur in N0 emissions depending on the nutrient management practices. Gelfand
etal. (2011) measured a net carbon cost of 10.6 Mg CO,-eq ha't (289 g C-eq m2) for the first year of
no-till soybeans following 20 years of CRP grassland, and a significant portion of the net emission
was due to N0 produced in the conversion year.

3.2.1.10 Biochar

Biochar is a soil amendment that is promoted for its ability to improve crop production and
sequester carbon in soils (Atkinson et al., 2010; Lehmann, 2007a; 2007b). Biochar is charcoal
produced when wood or other plant biomass is burned under low-oxygen conditions, known as
pyrolysis. When applied to soils, biochar can persist for long periods of time; its chemical structure
makes it resistant to microbial attack under most soil conditions. However, its persistence can vary
greatly for reasons not yet completely understood. Biochar is a common component of most U.S.
agricultural soils (Skjemstad et al., 2002), left from fires that occurred prior to conversion of the
original forest or prairie. Adding biochar to soils has been proposed as a way to sequester carbon
(Lehmann, 2007a) because of this potential to persist for centuries (Kimetu and Lehmann, 2010;
Nguyen et al., 2008). But biochar’s longevity in soil depends on a number of factors including
pyrolysis conditions (e.g., pyrolysis temperature) and the chemical composition of the biochar
feedstock (Spokas, 2010). Climate and soil factors such as mineralogy and pre-existing organic
matter content also affect biochar’s persistence in soil.

An additional benefit of biochar is its positive effects on agricultural soil fertility (Atkinson et al.,
2010; Laird et al., 2010), largely by providing advantages similar to other forms of soil organic
matter: improved soil structure, water holding capacity, and cation-exchange capacity. Biochar has
also been shown to reduce soil N2O emissions in some laboratory studies, but the small number of
field trials so far reported have documented no significant effects under field conditions (e.g.,
Scheer et al., 2011).

It is too early to know if promising results from laboratory and short-term field experiments can be
generalized to long-term field conditions. Biochar soil additions may be a future source of carbon
credits for pyrolysis waste if long-term field experiments confirm results from shorter term studies.
The climate advantage of adding biochar to soil is less clear, however, relative to other potential
uses of plant biomass. Life cycle analyses (e.g., Roberts et al., 2010) suggest that biochar may
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increase or decrease net emissions depending on alternative uses of the original biomass and life
cycle system boundaries. Furthermore, if the biomass (or biochar) was burned directly for energy
then the source of displaced energy must also be considered (Roberts et al., 2010). Nevertheless,
both the sequestration and N,O suppression potential of biochar merit further study.

3.2.2 Management Influencing GHG Emissions in Flooded Cropping Systems

There are a variety of flooded cropping systems in the United States, including systems for rice, wild
rice, cranberries, and taro. Apart from rice, these systems are relatively minor (specialty crops) and
there is little to no research or information on their GHG emissions. Rice systems emit both CH4 and
N20; however, many reports show an inverse relationship between CH4 and N0 during the rice
cropping season, with CH4 occurring under anaerobic conditions and N0 emissions occurring
under aerobic conditions (Zou et al., 2005). Therefore, to accurately determine a mitigation strategy
one needs to consider the net cumulative effect of GHG emissions by evaluating both CH4 and N>O0.
Water and residue management have received the most attention in terms of offering possibilities
for mitigating CH4 emissions. Other mitigation options have also been examined and show promise
(e.g., Feng et al, 2013; Linquist et al.,, 2012; Majumdar, 2003; Wassmann and Pathak, 2007; Yagi et
al,, 1997) and further research is required in many areas before these options can be scaled up. The
intent here is not to provide a review of the literature but to provide a brief overview of some
factors affecting GHG emissions from flooded rice systems.

3.2.2.1 Water Management in Flooded Rice

In the United States, rice is planted in one of two ways: (1) water seeded, where seeds are sown by
airplane in flooded fields; or (2) dry-seeded, where seeds are drilled or broadcast (then
incorporated) into dry fields. Water seeding is the predominant practice in California and parts of
Louisiana, while dry seeding is predominant in much of the southern United States (e.g., Arkansas,
Mississippi, Missouri, and Texas). Water management varies between these two established
practices. In water-seeded rice, the fields are typically flooded for the entire season. However, in
Louisiana, the field may be drained with a pinpoint flood system (three to five days) or with a
delayed flood (up to 20 days) after seeding. In dry-seeded rice, rainfall or flush irrigation events are
relied upon during the first three to five weeks of establishment and then flooded for the rest of the
season. In all cases, fields are typically drained a few weeks before harvest to allow the soil to dry
out enough to support harvest equipment. Further details of U.S. rice production systems can be
found in Snyder and Slaton (2001) and Street and Bollich (2003).

Midseason drain or intermittent irrigation is a strategy to mitigate CH4 emissions. This practice
results in aerobic conditions that are unfavorable for methanogens. However, such conditions are
favorable for N,O emissions (e.g., Zou et al., 2005). Most studies report that midseason drains
significantly decrease CH4 emissions but increase N>0 emissions relative to continuous flooding.
Regardless, net GHG emissions in rice systems are usually decreased with midseason drain despite
the increase in N,O. Wassman et al. (2000) reported that CH4 emission reductions ranged from
seven percent to 80 percent. The reduction in CH4 emissions depends on the number of drainage
events during the cropping season and on other management factors and soil properties. Yan et al.
(2005) reported that CH4 fluxes from rice fields with single and multiple drainage events were
reduced by 60 percent and 52 percent compared to continuously flooded rice fields. This practice
has not been widely evaluated in the United States, and it may be difficult to drain and re-flood the
large relatively flat parcels of land that are commonly used for rice production in the United States.
Furthermore, such practices can lead to increased weed and disease pressure along with lower
yields and grain quality.
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Soil carbon stocks are also influenced by water management. For example, carbon stocks in Chinese
rice systems are higher than in upland crops, presumably due to the accumulation of carbon under
the flooded conditions (Pan et al., 2010; Wu, 2011). It remains unknown if efforts to mitigate CHs
emissions in the United States using intermittent flooding will lead to a reduction in soil carbon
stocks.

The use of midseason drainage has been shown to delay harvest in California. Therefore, in climates
with a short growing season, the use of a midseason drain will increase risk of crop failure, and
therefore will be a less appealing alternative to growers.

3.2.2.2 Residue Management

Straw management has a large impact on CHs production. Straw additions, particularly those with a
high carbon to nitrogen ratio, increase CH4 emissions but have the potential to reduce N,O
emissions (e.g., Zou et al., 2005). This reduction in N,O may be due to increased nitrogen
immobilization or more effective conversion to N,. Low carbon to nitrogen organic materials tend
to increase N20 emissions (Kaewpradit et al., 2008). Yan et al. (2005) reported that the timing of
straw application is also an important factor. For example, applying rice straw before transplanting
increased CH4 emissions by 2.1 times, while applying rice straw in the previous season increased
CH4 emissions by 0.8 times. Several studies have demonstrated that composting rice straw prior to
incorporation reduces CH4 emissions (Wassmann et al., 2000); however, this requires additional
energy to collect the straw and then spread it back on the field after composting.

In contrast to the potential for reducing CH4 emissions with removal of rice straw, there is also the
potential to reduce soil carbon stocks due to less carbon input to soils. Other nutrients (particularly
K) are removed in large amounts with residues, and these need to be replaced to maintain the
productivity of the system.

3.2.2.3 Organic Amendments

Various organic amendments can be applied to rice fields, including farmyard manure specialty
mixes of organic fertilizers, and green manures (e.g., cover crops). Based on a meta-analysis by
Linquist et al. (2012), livestock manure increases CH4 emissions by 26 percent and green manures
increased CH4 by 192 percent. Neither manure source had a significant effect on N0 emissions.
Few studies have evaluated the influence of different manure storage and processing techniques on
CH4 emissions. One example is a study by Wassman et al. (2000), who found that fermentation of
farmyard manure prior to application can reduce CH4 emissions. Farmyard manure will also
influence soil carbon stock and soil N20 emissions.

3.2.2.4 Varieties, Ratoon Cropping, and Fallow Management

Seasonal CH4 (Lindau et al., 1995) and N»O (Chen-Ching, 1996) emissions are affected by rice
variety. The cause of varietal differences vary but may be due to gas transport through arenchyma
cells, different rooting structures, or differences among varieties in terms of root exudates
(Wassmann and Aulakh, 2000). Identifying the mechanisms for varietal differences may enable
breeding programs to select varieties that have lower CH4 emissions.

In some States, the climate allows re-sprouting of a second, or ratoon crop, that grows from the
stubble of the first crop after harvesting. Ratoon crop yields are smaller than the first crop, but can
add substantially to the overall annual yield, thereby reducing costs of production per unit. In
addition, it takes fewer resources and less time to grow a ratoon crop than to grow the first crop.
However, ratooning has higher CH4 emission rates (about two to three times higher) than the first
crop, because the straw from the first crop remains in the field under anaerobic conditions during
the ratoon period rather than the field being drained so that the stubble can decay aerobically
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(Lindau et al., 1995). Therefore, the amount of CH4 producing organic material (i.e., material
available for anaerobic decomposition) is considerably higher than with the primary crop.

Management of rice fields during the winter has a significant effect on annual GHG emissions. For
example, in California, legislation in the 1990s has limited the burning of rice straw to a maximum
of 25 percent of an area, although in reality only about 10 percent of rice production fields are
burned. Currently, rice straw is incorporated after harvest on about 85 percent of the rice
production fields in California, and in these fields about half are intentionally flooded to facilitate
straw decomposition, although this value can vary widely from year to year. Winter flooding has
increased annual CH4 emissions (Devito et al., 2000), but it has also increased the quality of habitat
for overwintering waterfowl in the Pacific Flyway. Rice straw is baled and removed on about five
percent of the area.

3.2.2.5 Nitrification and Urease Inhibitors in Flooded Rice

Nitrification inhibitors prevent or slow the conversion of NH4* to NO3- and thus reduce N;0
emissions from nitrification and subsequent denitrification. In a meta-analysis of these products,
Akiyama et al. (2010) found that in rice systems the use of nitrification inhibitors on average
reduced N,0 emissions by 30 percent, although some products were more effective than others.
Certain nitrification inhibitors (i.e., dicyandiamide, thiosulfate, and encapsulated calcium carbide)
can mitigate both CHs and N0 emissions. Reduced CH4 emissions using dicyandiamide was
attributed to a higher redox potential, lower pH, lower Fe2+, and lower readily mineralizable carbon
content (Bharati et al., 2000).

Urease inhibitors, such as hydroquinone, slow the microbial conversion of urea to NHy*, thus
reducing the amount of nitrogen available for nitrification and dentrification. Both CH4 and N0
emissions were reduced with the use of hydroquinone (Boeckx et al.,, 2005). It is suggested that
urease inhibitors mitigate CH4 emission by inhibiting the methanogenic fermentation of acetate
(Wang et al., 1991). Furthermore, a combination of a urease inhibitor (hydroquinone) and a
nitrification inhibitor (dicyandiamide) was shown to result in lower GHG emissions compared with
using only one of the products (Boeckx et al., 2005). See Section 3.2.1.1 for more information on
nitrification and urease inhibitors.

3.2.2.6 Fertilizer Placement in Flooded Rice

Incorporating/injecting or placing fertilizer deep into the soil has been shown in some studies to
reduce both CHs (Wassmann et al., 2000) and N0 (Keerthisinghe et al., 1995) emissions. While
much of a flooded rice field’s soil is anaerobic, the floodwater and top few centimeters of soil
typically remain aerobic while soil below five centimeters exists in an anaerobic, reduced state
(Keeney and Sahrawat, 1986). Thus mineral nitrogen in the top few centimeters of soil may
undergo nitrification and denitrification, which can lead to N0 emissions; but mineral nitrogen in
lower soil depths will remain as ammonium. In contrast, nitrogen fertilizer that is applied to the soil
surface (either preseason or midseason) tends be more susceptible to losses either from ammonia
volatilization or more rapid nitrification-denitrification processes (Griggs et al., 2007). By placing
nitrogen into anaerobic soil layers, it is better protected from losses and remains available for crop
nitrogen uptake (Linquist et al., 2009). The effect of deep fertilizer placement on CH4 reduction
remains uncertain. See Section 3.2.1.1 for more information on fertilizer placement.

3.2.2.7 Sulfur Products

Sulfur-containing fertilizers (i.e., ammonium sulfate, calcium sulfate, phosphogypsum, and single
super phosphate) reduce CH4 emissions (Lindau et al., 1998). The magnitude of CH4 reduction is
dependent on fertilization rate with averages between 208 and 992 kg S ha'!, reducing CHs
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emissions by 28 percent and 53 percent, respectively (Linquist et al., 2012). At low levels of sulfur
fertilization, which are common in recommended rates, the effect on CH4 emissions will be limited
(Linquist et al., 2012). Sulfur mitigates CH4 emissions in two ways. First, SO4 additions to soil add
electron acceptors, thus slowing soil reduction (Majumdar, 2003). Second, the product of SO4
reduction (H:S) may inhibit methanogenic bacteria and thus depress CH4 production.
Unfortunately, most studies have not examined the effect on N,O emissions.

3.2.3 Land-Use Change to Cropland

Conversion from one land-use category (e.g., forestland, wetlands) to cropland can have significant
effects on the GHG emissions and removals associated with the land under conversion. When land is
converted to cropland, there is often a loss of carbon, an increase in N,O and CH4 emissions, a
reduction in CH4 oxidation, and if biomass is burned, an increase in non-CO; GHG emissions. A
number of variables influence the direction and magnitude of the emissions and sinks including
prior land use, climate, and management. The influence of land-use change on carbon, nitrogen,
methane, and non-CO; GHGs are discussed below.

3.2.3.1 Influence on Carbon Stocks

Land-use conversion to cropland can have significant effects on biomass, litter, and soil carbon
(IPCC, 2000). Houghton et al. (1999) estimated that land clearance in the United States has led to a
loss of 27 Pg C to the atmosphere since the 1700s, although recently some carbon has been
restored with conversion of cropland back to other uses and also improved soil management (U.S.
EPA, 2010). Clearing forest leads to a large loss of aboveground and belowground biomass and
litter C; grassland conversion can also reduce the amount of carbon in these pools, but to a lesser
extent than forest conversion because grasslands have less biomass. Soil carbon losses can be
significant with conversion to cultivated crop management (Davidson and Ackerman, 1993), with
relative losses in temperate regions from 20 to 30 percent on average (Ogle et al., 2005).

Ultimately, the net influence of land conversion will depend on the previous land use, vegetation
composition, and management, and the resulting cropland system and its associated vegetation
composition and management. For example, conversion of grassland to tree crops, such as
orchards, may lead to gains in carbon relative to the grassland due to accumulation of carbon in
woody biomass.

3.2.3.2 Influence on Soil Nitrous Oxide

The conversion of land to cropland generally accelerates nitrogen cycling, with subsequent effects
on N0 and CHs fluxes. Soil nitrogen availability is the factor that most often limits soil N,O
emissions (see Section 3.2.1.1), so any practice that increases the concentration of inorganic
nitrogen in soil is likely to also accelerate N,O emissions. As noted above, land-use change typically
results in faster soil organic matter turnover and associated nitrogen mineralization, which means
that even in the absence of nitrogen fertilizer, soil N,O fluxes will be higher on converted land.
Additional nitrogen from fertilizers, whether synthetic or organic, or from planted legumes will
further enhance N0 fluxes, as will tillage—insofar as tillage stimulates nitrogen mineralization.

The conversion of unmanaged land to cellulosic biofuel production may avoid additional GHG
loading if care is taken to avoid soil carbon oxidation and excess soil nitrogen availability
(Robertson et al., 2011). This might occur, for example, if existing perennial vegetation were
harvested for feedstock or when new perennial grasses were direct-seeded into an otherwise
undisturbed soil profile, and when no or minimal nitrogen inputs are used. Although the current
market for cellulosic biomass is nascent at best, as it develops in response to legislative mandates
and energy demand there will be pressure to convert lands now unmanaged into biofuel cropping
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systems. Minimizing the GHG impact of these conversions will be crucial for avoiding long-term
carbon debt that will otherwise lead to carbon sources rather than carbon sinks, irrespective of
their capacity to generate fossil fuel offset credits (Fargione et al., 2008; Gelfand et al., 2011; Pineiro
etal,, 2009).

3.2.3.3 Influence on Methanotrophic Activity

Methanotrophic bacteria capable of consuming (oxidizing) atmospheric CH4 are found in most
aerobic soils. CH4 uptake in soils is globally important; the size of the soil sink is the same
magnitude as the atmospheric increase in CH4 (IPCC, 2001), suggesting that significant changes in
the strength of the soil sink could significantly affect atmospheric CH4 concentrations if uptake
declines due to land use and management. In unmanaged upland ecosystems, CH4 uptake is
controlled largely by the rate at which it diffuses to the soil microsites inhabited by active
methanotrophs. Diffusion is regulated by physical factors—principally moisture but also
temperature, soil structure, and the concentration of CHs in the soil.

Agricultural management typically diminishes soil CH4 oxidation by 70 percent or more (Mosier et
al,, 1991; Robertson et al., 2000; Smith et al., 2000) for at least as long as the soil is farmed. The
mechanism for this suppression is not well understood; likely it is related to nitrogen availability as
affected by enhanced nitrogen mineralization, fertilizer, and other nitrogen inputs (Steudler et al.,
1989; Suwanwaree and Robertson, 2005). NH4* is known to competitively inhibit methane
monooxygenase, the principal enzyme responsible for oxidation at atmospheric concentrations.
Microbial diversity also seems to play an important role (Levine et al,, 2011).

There are no known agronomic practices that promote soil CH4 oxidation; although a better
understanding of the mechanisms responsible for its suppression may eventually suggest
mitigation opportunities. To date, recovery of significant CH4 oxidation capacity following
agricultural management has only been documented decades after conversion to forest or
grassland; complete recovery appears to take a century or longer (Robertson et al., 2000; Smith et
al,, 2000).

3.2.3.4 Non-CO; GHG Emissions from Burning

Burning can be conducted on lands in preparation for cultivation to facilitate access for equipment,
remove standing accumulated biomass, and provide organic material (ash) for incorporation into
soils. Burning of the biomass can be an important source of non-CO; GHGs (N20, CH4) as well as
precursors to GHG formation (CO, NOx) following additional chemical reactions in the atmosphere
or soils. More information on burning of grazing lands vegetation can be found in Section 3.3.1.5,
and burning of the remaining biomass with clearing of forest can be found in Section 6.4.1.9.

3.3 Grazing Land Management

Rangelands are defined as land on which the climax or potential plant cover is composed
principally of native grasses, grass-like plants, forbs or shrubs suitable for grazing and browsing,
and introduced forage species managed for grazing and browsing. Conversely, pasturelands
represent land managed primarily for the production of introduced forage plants for livestock
grazing, with management consisting of fertilization, weed control, irrigation, reseeding or
renovation, and control of grazing (USDA, 2009). How grazing lands are managed influences the
potential for carbon sequestration or GHG emissions. The paragraphs below highlight some of the
key management practices and their associated GHG emissions and removals summarizing the
current state of the science.
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3.3.1 Management Activity Influencing GHG Emissions

Soil organic carbon dominates the terrestrial carbon pool in grazing lands. Aboveground carbon is <
five percent of the total ecosystem carbon pool in most non-woody plant dominated ecosystems,
but up to 25 percent in grassland-shrubland ecosystems. Grazing lands can be carbon sinks, with
rates of soil organic carbon sequestration up to 0.5 Mg C ha-! year-! for rangelands (Derner and
Schuman, 2007; Liebig et al,, 2010) and 1.4 Mg C ha'! year-! for pastures (Franzluebbers, 2005;
2010a). Actual rates are often less than these apparent maximal rates of soil organic carbon
sequestration due to management, climate, weather, and other environmental constraints.
Potentially high rates of soil organic carbon accumulation are predicted in newly established
pastures and restoration of degraded rangelands, while improper management and drought can
result in significant carbon releases. Due to the large land area, the movement of carbon into and
out of the soil reservoir in grazing land can be an important component of the global carbon cycle.
In addition to soil organic C, a large pool of soil inorganic carbon occurs as carbonates in semi-arid
and arid rangeland soils that can lead to either sequestration or release of CO2 (Emmerich, 2003).
However, the direction and magnitude of soil inorganic carbon stocks are currently poorly
understood (Follett et al., 2001; Liebig et al., 2006; Svejcar et al., 2008).

Two important management factors that control the fate of soil organic carbon in grazing lands are
long-term changes in production and quality of aboveground and belowground biomass that can
alter the quantity of nitrogen available and the C-to-N ratio of soil organic matter (Pineiro et al.,
2010), and grazing-induced effects on vegetation composition, which can be as important as the
direct impact of grazing (e.g., grazing intensity) on soil organic carbon sequestration (Derner and
Schuman, 2007). The rate of soil organic carbon sequestration can be linear for decades
(Franzluebbers et al., 2012), but eventually diminishes to a steady-state level with no further
change in the stock following several decades of a management practice (Derner and Schuman,
2007). Additional positive changes in management or inputs are often needed to sequester
additional soil organic carbon (Conant et al., 2001), but negative changes in management causing
loss of soil structure and surface litter cover can lead to erosion and loss of productivity resulting in
a decline in soil organic carbon (Pineiro et al,, 2010).

Methane flux from grazing lands is controlled by the balance of enteric and manure emissions from
ruminant animals and uptake of CHs4 by soil. (Emissions and methods for estimating CH4 emissions
from ruminants are discussed further in Section 5.3). In the western United States, grasslands have
greater CH4 uptake by soil than do neighboring croplands (Liebig et al., 2005), probably due to
greater surface soil organic matter that promotes the growth of methanotrophic bacteria. In an
assessment of GHG emissions from three grazing land systems in North Dakota, enteric emissions of
CH4 from grazing cattle were three to nine times greater (on a CO equivalent basis) than CHx
uptake by soil (Liebig et al., 2010). With CH4 emissions directly tied to number of cattle, fertilized
grasslands are often a net carbon source due to enhanced CH4 emission from cattle and potentially
greater N,O emissions, while unfertilized grasslands are often a net carbon sink (Luo et al., 2010;
Tunney et al., 2010).

3.3.1.1 Livestock Grazing Practices

Livestock grazing practices (i.e., stocking rate and grazing method) are summarized below along
with data on the influence these practices have on GHG emissions and removals.

Stocking Rate: Stocking rate is the number of animals per management unit utilized over a specified
time period, e.g., number of steers per acre per month. Based on published studies, responses of soil
organic carbon to stocking rate and grazing intensity have been variable, despite grazing either
causing an increase or having little effect on the more commonly measured property of soil bulk
density (Greenwood and McKenzie, 2001; Schuman et al., 1999). In northern mixed-grass prairie,
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soil organic carbon has increased in grazed compared with ungrazed areas, partly resulting from
increasing dominance of shallow-rooted, grazing-resistant species, such as blue grama (Bouteloua
gracilis), which incorporates a larger amount of root mass in the upper soil profile than the mid-
grass species that it replaces during grazing (Derner et al., 2006). Further research is needed to
determine the extent of different root distributions on total carbon storage in an entire soil profile.
Increasing stocking rate beyond an optimum for achieving maximum livestock production per unit
land area (Bement, 1969; Dunn et al., 2010) would be expected to result in a loss of soil organic
carbon due to reduced plant vigor and root distribution in the soil profile. With suboptimal stocking
rate, vigor of pasture forages may decline as plant residues develop a thick litter layer at the soil
surface. However, in semi-arid regions, the high UV light intensity may significantly reduce litter on
the soil surface through photochemical decomposition processes, regardless of grazing intensity
(Brandt et al., 2010). Vegetation composition shifts that change the quantity and quality of plant
material produced can influence the amount of carbon inputs to soils. In managed pastures, it has
been shown that soil organic carbon can be optimized with a moderate stocking rate compared
with no grazing or heavy, continuous grazing (Franzluebbers, 2010b). An optimized stocking rate
for a particular region (climatic conditions), vegetation composition, and soil type is thought to
maximize the amount of soil organic carbon sequestered.

Limited evidence shows that grazing at moderate levels can further increase environmental
benefits over those of grassland establishment alone, in addition to providing an important
economic return to producers. If soil organic carbon were to decline with overgrazing, there would
also be a decline in animal productivity due to lack of forage. Therefore, a negative relationship
between soil organic carbon storage and animal productivity is likely when grazing intensity
exceeds a moderate level. This response is likely modified under moderate grazing pressure due to
the fact that greater animal product per head can be achieved with lower GHG emissions. Limiting
the effect of high stocking rate on soil organic carbon levels may be achievable with high nitrogen
fertilizer inputs, an outcome with an uncertain carbon footprint relative to GHG intensity. Stocking
rate and fertilizer nitrogen input interactions need to be quantified to accurately assess total GHG
intensity. Some evidence in the humid United States suggests that overgrazing can lead to increased
soil erosion and a reduction in soil quality. Literature from other regions has also shown increasing
soil erosion and declining soil quality with excessive stocking rates. While evidence is lacking, an
assumption is that soil organic carbon follows this same positive response to moderate grazing and
negative response to overgrazing.

Emissions of N>0 from grazing lands are affected by grazing, but net flux can be increased or
decreased, depending on stocking rate, grazing system, and season (Allard et al., 2007). Stocking
rate had little influence on N,O emissions from mixed-grass prairie in North Dakota (Liebig et al.,
2010). While elevated N,O emissions may be expected under increased stocking rate, Wolf et al.
(2010) suggested that grazing can counteract potential N-induced emissions on rangelands by
reducing surface biomass, resulting in more extreme soil temperatures, lower soil moisture, and
corresponding inhibition of microbial activity responsible for N,O emissions. If grazing intensity on
pastures were viewed as a fertilizer effect with increasing animal manure deposition, then N»O flux
from a grazing effect does not behave in the same manner as manufactured nitrogen fertilizer
inputs. Interactions between stocking rate and nitrogen fertilizer inputs have not been quantified,
despite such diversity in management likely occurs among producers. Stocking rate and manure
and fertilizer nitrogen inputs are areas requiring further research to better understand the complex
set of controlling factors in addition to soil texture and environmental conditions on N0 emissions
in grazing lands. On rangelands, the abundance of N-fixing legumes in the plant community
becomes more critical for increasing SOC, particularly since fertilizer additions and manure are not
as significant for returning nitrogen to the soil compared to pasture systems. This is an area
requiring further research to better understand the controlling factors on N,0 emissions.
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Grazing Method: Grazing methods vary based on producer goals and the type of forage available
(Scheaffer et al., 2009). Two distinct grazing methods, continuous and rotational grazing, represent
the prevalent methods employed on grazing lands in the United States to manage the

livestock. Continuous grazing allows animals to freely move and have full access to a grazing area,
whereas rotational grazing is more controlled, involving movement of animals based on monitoring
forage condition, such as plant height, between two or more paddocks subdivided from a larger
grazing area. Rotational grazing terminology has been confused with terms such as holistic grazing,
planned grazing, prescribed grazing, and management-intensive grazing, which continue to be used
with multiple and ambiguous meanings despite attempts to standardize definitions (SRM, 1998).
Terms to define intentions of rotational grazing systems include rest-rotation, deferred-rotation,
high-intensity-short-duration, and season-long grazing (Briske et al., 2008; Briske et al,, 2011).
Here we define rotational grazing as the movement of livestock between two or more subunits of
grazing land such that alternating periods of grazing and no grazing (‘rest’) occur within a single
growing season (Heitschmidt and Taylor, 1991).

Rotational grazing limits plants from reaching reproductive stages in which forage quality rapidly
declines. This contrasts with continuous grazing in which there is more selective grazing of the
highest quality forages. As such, forage quality may be maintained at a high level longer into the
growing season. Therefore, rotational stocking in the humid United States could provide more
uniform forage consumption across pastures and allow sufficient rest to forage species between
grazing events to promote greater production. Pastures with greater plant production via an
improved stocking method would be expected to have lower soil erosion and greater soil organic
carbon storage. Although these expectations seem intuitive, there are limited data in the scientific
literature to support them. Two studies have suggested an increase in soil organic carbon with
rotational grazing compared with continual season-long grazing (Conant et al., 2003; Teague et al,,
2010), and another study found no difference between systems (Manley et al., 1995). Since
rotational grazing data are mostly available for rangeland and few studies conducted on pastures,
there is not enough evidence to evaluate how rotational grazing might affect soil organic carbon in
pastures. Given that the preponderance of evidence suggests that rotational grazing does not
influence vegetation production in rangelands (Briske et al., 2008), changes in soil organic carbon
with rotational grazing would be expected only if substantial vegetation change occurred
independently from stocking rate. Rangelands typically have a much higher diversity and multiple
growth patterns of forbs, cool-season and warm-season grasses, which would result in a smaller
influence of stocking method on vegetation phenology (i.e., keeping forage in a vegetative rather
than a reproductive state) than would occur in monoculture or simple mixtures of forages in
pastures. Much more research on grazing method is needed, due to the high adoption rate and
promotion of the benefits of improved grazing methods for soil organic carbon sequestration by
producers and agricultural advisors (Beetz and Rhinehart, 2010).

3.3.1.2 Forage Options

Cool- and warm-season forages have growth activity at different times of the year, thereby affecting
when root and litter carbon inputs are supplied to soil. Depending on environmental growing
conditions (i.e., relatively short, cool, and wet summer with long, cold winter versus long, hot, and
dry summer with mild, wet winter), the performance of cool- versus warm-season forages will vary
across regions. In the southeastern United States, perennial cool-season forages (e.g., tall fescue)
have produced greater soil organic carbon than warm-season forage (e.g., bermudagrass) in grazing
land systems, despite the more vigorous growing habit of bermudagrass (Franzluebbers et al.,
2000). This result is likely due to the opportunities of forages for growth and the balance of water
in soil that remains for microbial decomposition of organic matter.
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Timing of forage grazing can affect plant productivity, wildlife habitat, and compaction of soil. Each
of these effects can, in turn, affect soil organic carbon sequestration and GHG emissions. The
capacity of soil to withstand compaction forces of animal treading, resulting in significant
deformation, destabilization, loss of infiltration capacity, and soil organic carbon sequestration, can
be exceeded—especially under wet conditions (Bilotta et al., 2007). Soil saturation during winter
and spring lead to severe effects from animal trampling. In northern latitudes and rangelands of the
western United States subject to freeze-thaw cycles, sandy and loamy soils are less likely to be
affected by the negative impacts of compaction. Intuitively, deferring grazing to periods of limited
active forage growth (e.g., winter and spring) might contribute to increased soil compaction.
However, allowing forage to accumulate to full canopy prior to grazing might be beneficial to
controlling erosion by providing a longer period of forage and residue cover. Grazing of winter
cover crops may also be an effective farm-diversity strategy, but the effects on soil erosion control
and soil condition need to be quantified. Wildlife management guidelines on rangeland suggest
longer-term (> one year) rest to accumulate vegetation structure for certain birds needing habitat.
Timing of grazing could be a critical factor in controlling compaction, susceptibility to erosion, and
soil organic carbon sequestration, so the sequence of when pastures are grazed should be rotated
among years to ensure that plant communities are not always grazed at the same time to ensure
greater community sustainability.

Organic matter-rich surface soil absorbs compactive forces of grazing much like a sponge, in which
soil often rebounds in volume once forces are removed. However, effects of winter grazing of
deferred growth may be different in colder than in warmer regions: frozen soil may avoid
compaction, but nutrient runoff may become more important (Clark et al.,, 2004). In the southern
United States, perennial cool-season grasses are often grazed during late winter and throughout
spring during typically wet conditions, but due to active forage growth, soil can also dry quickly and
trampling may not always cause damage. In Georgia, soil organic carbon was greater under long-
term stands of cool-season tall fescue (typically grazed in spring and autumn) than under warm-
season bermudagrass (typically grazed in summer) (Franzluebbers et al., 2000).

In the southeastern United States, annual cool-season forages are often planted as a cover crop
following summer crops or sod-seeded into perennial grass pastures. This practice can enhance
forage production and should increase soil organic C, although limited data are available to support
this conclusion. In an integrated crop/livestock system in the southeastern United States, there was
a limited effect of grazing annual cover crops on soil organic C, either in the summer or winter
compared with ungrazed cover crops (Franzluebbers and Stuedemann, 2009).

3.3.1.3 Irrigation

Water is a limiting factor in the ability of plants to fix carbon and subsequently produce the carbon
input necessary to accumulate soil organic C. It is also a factor limiting decomposition of soil
organic C. While the extent of irrigation in grazing lands is limited, where it occurs there are
consequences for soil organic carbon storage. For example, some productive meadows in the
western United States are irrigated. How irrigation affects soil organic carbon will depend on the
quantity, frequency, and timing of irrigation events. Irrigation only at peak plant growth stages will
likely cause a much greater positive impact on forage carbon fixation than a negative impact on soil
organic carbon decomposition. In the same manner, irrigation quantity, frequency, and timing will
likely affect N2O and CH4 emissions, although pulsed responses of these GHGs could likely be much
more dramatic. Unfortunately, there are only limited studies on these potential impacts. See Section
3.2.1.4 for more information on irrigation methods.

In a comparison of agricultural systems with surrounding arid and semi-arid natural vegetation,
Entry et al. (2002) found that soil organic carbon was greater in irrigated agricultural systems due
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to enhanced productivity. Emission of N0 from irrigated systems occurs following closely timed
irrigation and nitrogen fertilizer applications in cropland conditions, and this would be expected
under grazing lands as well, but there are few data available (Liebig et al., 2006; Liebig et al., 2012).

3.3.1.4 Nutrient Management (Synthetic and Organic)

Fertilizers are often applied to pastures, due to the high yield response with adequate precipitation,
but are less common in western rangelands due to inconsistent yield response and risky cost-
effectiveness with limited and variable precipitation. Nitrogen availability in soil determines to a
large extent the emissions of N;0. Grazing lands typically have lower nitrogen availability in soil
than croplands, and therefore have lower N;0 emissions (Liebig et al., 2005). However, application
of fertilizer nitrogen to rangeland has been found to consistently stimulate N,O emissions (Flechard
etal,, 2007). Liebig et al. (2010) observed two-fold greater N,O emissions from fertilized crested
wheatgrass compared with unfertilized mixed-grass prairie. Addition of fertilizer nitrogen to
pasture in Michigan had a negligible effect on N,O emissions (Ambus and Robertson, 2006),
whereas application of poultry manure on a bermudagrass pasture in Arkansas increased N,O
emissions by 45 percent compared with pasture without manure; N0 flux and soil nitrate
dynamics were positively associated (Sauer et al., 2009). A strategy to reduce soil nitrate by
interseeding annual ryegrass on manure-amended soil decreased N,0 emissions by 50 percent.
Similar to cropland, reducing soil nitrate to low levels during periods of low root activity and high
levels during periods of high root activity will generally enhance plant nitrogen uptake and reduce
N0 emissions. Application of composted green waste could sequester C, but this research topic has
not been fully evaluated. A significant increase in soil organic carbon has only been demonstrated at
one of two sites in California (Ryals et al.,, 2014). From model simulations, compost application has
been shown to reduce the overall GHG emission on CO; equivalent basis, by sequestering carbon
and reducing N,O emissions, while manure slurry and inorganic fertilizer applications led to net
GHG emissions on CO; equivalent basis (DeLonge et al., 2013). For more information on
management options associated with fertilization practices, see Section 3.2.1.1.

3.3.1.5 Prescribed Fires

Burning has the potential to alter soil organic carbon through effects on photosynthesis, soil, and
canopy respiration, and through species changes, in addition to stabilizing or increasing livestock
gains, improving habitat diversity, and reducing fuel loads (Boutton et al., 2009; Toombs et al,,
2010). Although carbon loss from burning grazing lands is a minor component of the annual carbon
emissions, burning rangelands with a significant woody aboveground plant biomass can result in
substantial immediate ecosystem carbon loss (Bremer and Ham, 2010; Rau et al.,, 2010). However,
prescribed burning of grazing lands could also affect long-lived char that accumulates in soil, and
therefore would influence soil carbon stocks. Burning also leads to non-CO2 GHG emissions, which
can be significant due to the higher global warming potential of these gases compared with CO;
(IPCC, 2006). For more information on non-CO; GHG emissions from burning, see Section 3.2.3.4.

3.3.1.6 Erosion Control

Riparian buffers can be a significant sink for excess nutrients running off neighboring grazing lands.
The fate of nutrients is dependent on the flow characteristics and type of vegetation. Excess nitrate
in saturated soil of riparian areas can lead to significant N>O emissions—although these emissions
are typically treated as indirect, with the emissions associated with the field or livestock facility
that is contributing the excess nutrients (See Section 3.2.1.1). Transport of soluble carbon into
riparian areas could also enhance CH4 emissions from saturated soil.
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3.3.1.7 Management of Drained Wetlands

Drainage of wetland or hydric soils that are used for grazing has implications for soil organic
carbon and GHG emissions, similar to drainage for crop production. The water regime and plant
communities are significantly altered and soils are modified from anaerobic to aerobic conditions.
Increasing oxygen in soil will cause organic matter to decompose more rapidly than under
saturated conditions, resulting in release of CO, (Eagle et al., 2010; Franzluebbers and Steiner,
2002; IPCC, 2006; Liebig et al., 2012). Large emissions of CO; result from drainage of wetlands
(Allen, 2007; 2012), and drainage can also increase nitrogen mineralization and enhance N,0
emissions directly (IPCC, 2006). Emissions of CH4 are reduced considerably with drainage, but this
impact is often not considered in estimation of GHG emissions (IPCC, 2006). A large proportion of
grassland wetlands have been directly drained or modified to enhance agricultural production
(Dahl and Johnson, 1991), and many other wetlands are indirectly affected by subsurface tile drains
and agricultural practices in surrounding catchments. See Section 3.2.1.6 for more information
about management of drained soils.

3.3.1.8 Lime Amendments

Lime amendments are needed when soil pH is low (e.g., pH<5) to enhance productivity and support
balanced nutrient levels in grazing land soils. Typical liming materials in grazing lands are calcitic
limestone (CaCOs3), dolomitic limestone (CaMg(CO3)2), and confined livestock manure, particularly
poultry litter, which has liming activity from lime additive to the feed ration. When carbonate lime
is applied to soil it dissolves in solution over time, with the cation and carbonate dissociating. There
is potential for releasing CO; to the atmosphere depending on whether the lime reacts with
carbonic or nitric acid in the soil solution. The enhanced plant nutrient offered by liming can have a
net positive effect on the carbon balance for an extended period of time. See Section 3.2.1.7 for
more information on lime and the consequences for GHG emissions.

3.3.1.9 Woody Plant Encroachment

Woody plant encroachment3 leads to carbon accumulation in above-ground and root biomass and
may increase overall ecosystem carbon storage, but can degrade agricultural productivity of
grazing land (McClaran et al., 2008). Over the past century in western rangelands, soil organic
carbon has increased in near-surface soils with woody plant encroachment (Boutton et al., 2009;
Creamer et al,, 2011; Liao et al,, 2006; Liebig et al., 2012). Removal of woody plants by fire or other
mechanisms depletes these shallow, relatively susceptible soil organic carbon stores associated
with encroachment (Neff et al.,, 2009; Rau et al., 2010); but does not have an effect on SOC or total
nitrogen stocks at depths of >20 cm (Dai et al,, 2006). Regardless, removal of the woody plants will
cause a decline in aboveground biomass carbon stocks (Rau et al,, 2010).

In a summary of research on CH4 emissions from grazing lands, Liebig et al. (2012) reported CHs4
uptake under mesquite, but net CHs production under grassland and dead mesquite stumps.
Methane uptake under mesquite was associated with reduced soil bulk density and increased soil
moisture (McLain and Martens, 2006), as well as greater nitrogen accrual/accumulation associated
in the area around mesquite plants (10 meters) (Boutton and Liao, 2010; Liao et al., 2006; Liu et al.,
2010). Methane uptake under mesquite was also associated with altered soil microbial
communities (Hollister et al., 2010; Liao and Boutton, 2008), which can affect NOy andN-O rates,
while CH4 production from grassland and woody detritus was likely caused by termite activity. The

3 Woody encroachment will eventually lead to a transition from grazing land to a forest. See Chapter7: Land
Use Change for definition of forestland to determine when woody encroachment will lead to a transition to
forestland.
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role of mesquite to fix N, thereby altering nitrogen dynamics, resulted in N,O emissions under
mesquite canopy four-fold greater than under grasses or woody detritus (McLain et al., 2008).

3.3.2 Land-Use Change to Grazing Lands

Land-use conversion to grazing lands influences the carbon stocks and GHG emissions of a parcel.
Prior land use, climate, soil type, and management practices are just a few of the factors influencing
the magnitude and direction of GHG emissions and removals resulting from a land-use conversion
to grazing lands. The paragraphs below summarize the current state of the science on the influence
of a land-use conversion on carbon stocks, soil N,0O, CH4, and non-CO; GHGs resulting from biomass
burning.

3.3.2.1 Influence on Carbon Stocks

Establishment of pastures on previous cropland helps reduce soil erosion and improves soil quality
(Singer et al., 2009). There is substantial evidence that establishment of pastures leads to
significant soil organic carbon sequestration. The rate of accumulation across a number of studies
averaged 0.84 Mg C ha'l year-! (Franzluebbers, 2010a). Literature is inadequate to determine
whether forage composition or soil type have a discernible influence on soil organic carbon stock
(see Section 3.3.1.2). The quantity of forage produced and the quantity of residues from surface
litter and root biomass are likely key determinants of soil organic carbon accumulation. These
quantities can be influenced by factors such as forage mixture, climatic conditions, soil type,
inherent soil fertility, fertilizer application, and liming.

3.3.2.2 Influence on Soil Nitrous Oxide

Depending upon previous land use, grassland establishment may or may not affect net N,O
emissions during land-use change. In general, emissions of N,0 are controlled by soil nitrogen
availability with additional influence of soil oxygen and soluble carbon availability. If the previous
land use was for example, a nutrient-limited forest, converted subsequently to high-fertility
pasture, then N,O emissions would likely increase. If the previous land use was nutrient-rich
cropland converted to pasture, then N2O emissions would likely decline due to greater opportunity
for perennial forage species to assimilate available soil nitrogen and thus reduce opportunities for
soil nitrogen transformations to N;O. This is an area requiring further research to obtain
quantitative responses, however.

3.3.2.3 Influence on Methanotrophic Activity

Land-use change to grazing land, particularly from forestland, may involve fertilization to enhance
forage production. Nitrogen fertilization causes a reduction of methanotrophic activity in soils and
therefore reduces the uptake of CH4 from the atmosphere (Ambus and Robertson, 2006). See

Section 3.2.3.3 for more information on the impact of land-use change on methanotrophic activity.

3.3.2.4 Non-CO; GHG Emissions from Burning

Biomass burning in grazing land can be an important source of GHGs (CO2, N,O, CH4) (Aalde et al.,
2006; Andreae and Merlet, 2001; Badarinath et al., 2009; IPCC, 2006). While conversion of cropland
to grazing land rarely involves burning, conversion of forest to grazing land can involve burning of
the wood and/or slash left from land clearing. The effect on GHG emissions from biomass burning is
discussed further in the cropland section (Section 3.2.3.4) and in the forestland section (Section
6.4.1.9).
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3.4 Agroforestry

Agroforestry represents a unique case within GHG accounting, encompassing both forest and
agricultural components, along with many combinations of their respective management activities
(Table 3-1 and Table 3-2). Agroforestry is defined within the United States as an “intensive land-use
management that optimizes the benefits (physical, biological, ecological, economic, and social) from
biophysical interactions created when trees and/or shrubs are deliberately combined with crops
and/or livestock” (Gold and Garrett, 2009). Another way of looking at agroforestry is as a set of
tree-based* conservation/production practices combined into bigger agricultural operations,
providing forest-derived functions and interacting with agriculture-derived functions in support of
agricultural land use. While providing many other services (see Table 3-3), agroforestry can
contribute to carbon sequestration, GHG mitigation, and adaptation to shifting climate (CAST, 2011;
IPCC, 2000; Morgan et al., 2010; Verchot et al., 2007).

Table 3-3: Six Categories of Agroforestry Practices Practiced in the United States

Alley cropping

Forest farming
(also called multi-
story cropping)

Riparian forest
bufferse
(combines Natural
Resources
Conservation
Service Practice
Standards:
Riparian Forest
Buffer and Filter
Strip)

Trees or shrubs planted in
sets of single or multiple
rows with agronomic,
horticultural crops, or
forages produced in the
alleys between the sets of
woody plants that produce
additional products

Existing or planted stands
of trees or shrubs that are
managed as an overstory
with an understory of
woody and/or non-woody
plants that are grown for a
variety for products

A combination of trees,
shrubs, and grasses
established on the banks of
streams, rivers, wetlands,
and lakes

Produce annual and higher-value but longer-term
crops for diversification of income

Enhance microclimate conditions to improve crop or
forage quality and quantity

Reduce surface water runoff and erosion

Improve soil quality by increasing utilization and
cycling of nutrients

Alter subsurface water quantity or water table
depths

Enhance wildlife and beneficial insect habitat
Decrease offsite movement of nutrients or chemicals
Increase carbon storage in plant biomass and soils
Improve air quality

Improve crop diversity by growing mixed but
compatible crops having different heights on the
same area

Improve soil quality by increasing utilization and
cycling of nutrient and maintaining or increasing soil
organic matter

Increase net carbon storage in plant biomass and
soil

Decrease offsite movement of nutrients or chemicals
Stabilize streambanks

Enhance aquatic and terrestrial habitats

Provide economic diversification either through
plant production or recreational fees

= Increase carbon storage in plant biomass and soils

4 Also referred to as trees-outside-forests, the term “tree” here includes both tree and shrubs (Bellefontaine et
al,, 2002).
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T T S

= Provide diversification of crops in time and space
* Produce annual and higher-value but longer-term

Trees combined with

Silvopasture pasture and livestock .
roduction . . :
p = Decrease offsite movement of nutrients or chemicals
Linear plantings of trees = Control wind erosion

and shrubs to form barriers | = Protect wind-sensitive crops
to reduce wind speed (may | = Enhance crop yields

Windbreaks be specifically referred to = Reduce animal stress and mortality
(also referred to as | as crop or field windbreak, = Serve as a barrier to dust, odor, and pesticide drift
shelterbelts) livestock windbreak, living | = Conserve energy
snowfence, or farmstead = Provide snow management benefits to keep roads
windbreak, depending on open or harvest moisture
the primary use)
Use of agroforestry = Treat municipal and agricultural wastes
technologies to help solve = Treat stormwater
special concerns, such as = Use in center pivot corner plantings
Special disposal of animal wastes = Produce biofeedstock
applications or filtering irrigation = Reduce impacts of flooding

tailwater, while producing = Decrease offsite movement of nutrients or chemicals
a short- or long-rotation
woody crop
Source: USDA Natural Resources Conservation Service (2012).
a Descriptions follow USDA Natural Resources Conservation Service Conservation Practices Standards.
b All agroforestry plantings add increased diversity within the agricultural landscape. As such, they will improve wildlife
habitat and generally are designed or managed with this as a secondary benefit.
cRiparian forest buffer refers to the planted practice. This category does not include naturally established riparian forests.

In the United States, five main categories of agroforestry practices are recognized: alley cropping,
forest farming, riparian forest buffers, silvopasture, and windbreaks. There is an emerging sixth
category of special applications or adaptations of these practices (Table 3-3). These practices are
treated within the cropland and grazing land system section with the exception of forest farming.
Forest farming (also referred to as multi-story cropping within USDA Natural Resources
Conservation Service Practice Standards) involves the manipulation of existing forest canopy cover
in order to produce high-value non-timber (i.e., food, floral, medicinal, and craft) products in the
understory, thus maintaining land use as forest. As such, GHG accounting in forest farming practices
will need to be treated within the methods and approaches presented in Section 6.2 and Section 6.4.

The many services derived from agroforestry practices can extend well beyond the small parcel or
amount of land they physically occupy within the agricultural landscape (Bellefontaine et al., 2002;
Garrett, 2009). The use of agroforestry technologies are important components at the
rural/community interface, as well as within urban settings to address emerging needs such as
stormwater treatment, recreation or green space, and feedstock production (Schoeneberger et al.,
2001). Although agroforestry is categorized into these practices, each agroforestry planting, even
within a practice, potentially represents a unique case of species selection, arrangement, placement
within other practices and the larger landscape, and use of management activities, depending on
landowner objectives. Agroforestry plantings are therefore more of a “designer landscape feature”
than a standardized and easily described practice (Mize et al., 2008) within GHG accounting
activities.

Silvopasture provides a good illustration of this complexity in agroforestry systems. Silvopasture is
the deliberate combination of three components— trees, forage, and livestock—along with the
range of their respective management activities. Studies demonstrate a higher carbon sequestration
potential in silvopasture compared with forest or pasture alone (Haile et al., 2010; Nair et al., 2007;

3-38



Chapter 3: Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing Land Systems

Sharrow and Ismail, 2004). Much of this new carbon is in the woody biomass, but soil carbon also
has the potential to increase as a consequence of carbon inputs from the trees, which over time
extend further into the forage component (Peichl et al., 2006), as well as management of the forage
and of the livestock (see Franzluebbers and Stuedemann, 2009; Karki et al., 2009). Management
activities within a silvopasture may include fertilization, liming, cultivation, and harvesting of the
forage crop (in some years); periodic harvesting of pine needles for pine straw; incorporation of
pruned woody material into the forage component; and different grazing intensities and rotations.
The frequency and intensity of management activities and inputs from all three components can
vary significantly from year to year, which makes accounting for the sequestered carbon in a
silvopasture operation challenging.

Rates and amounts of GHG emissions within each agroforestry planting will vary depending on
prior land management and current conditions (i.e., site, climate), as well as by stand development.
These rates and amounts will also be dependent on landowners’ decisions that determine planting
design, as well as management activities—agricultural, forestry, and grazing—used over the
lifetime of an agroforestry system (Table 3-4).

Table 3-4: Management Activities® and Other Factors Within Agroforestry Practices That
May Alter Carbon Sequestration and GHG Emission Amounts

m Management Activities

= Establishment disturbance to soil during site preparation
= Deposition of wind- and water-transported sediments, nutrients, and other agricultural

Windbreaks chemicals into the planting
= Windbreak renovation (removal of dead and dying trees over time)
= Establishment disturbance to soil during site preparation
FijparEm = Deposition of wind- and water-transported sediments, nutrients, and other agricultural

chemicals into the planting
Harvesting of herbaceous materials planted in Zone 3 (zone closest to crop/grazing
system) and of woody materials planted in Zone 2 (middle zone)

= Establishment disturbance to soil during site preparation

= Weed control (mechanical or chemical)

= Pruning, thinning, and harvesting of woody material (amount and frequency vary
Alley greatly depending on short- and long-term objective of practice)
cropping = Fertilization for alley crop and occasionally needed for trees in rows

= Tillage in alleys (frequency and intensity)

= Crop species used in alley production

= Complex harvesting schedules stratified in space and time

= Establishment disturbance to soil during site preparation

= Weed control (mechanical or chemical)

= Pruning, thinning, and harvesting of woody material (amount and frequency vary

greatly depending on short- and long-term objective of practice)

Silvopasture = Fertilization of forage component

= Tillage in forage component (frequency and intensity)

= Crop species used in forage component

= Grazing management (timing, intensity, frequency)

= Complex harvesting schedules stratified in space and time

forest buffers

3.4.1 Carbon Stocks

Agroforestry’s potential for sequestering large amounts of carbon per unit area is well recognized
(Dixon et al., 1994; Kumar and Nair, 2011; Nair et al,, 2010), with sequestration rates being greater

5 Forest Farming is not included in these considerations.
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than many of the other agricultural options (IPCC, 2000). Carbon is sequestered directly into the
woody biomass and soil. Indirectly, agroforestry practices can alter carbon cycling by enhancing
crop and forage production (up to 15 H—height of trees—distance from the windbreak) and
trapping wind-blown and runoff erosion (Brandle et al., 2009). Lack of data limits accounting of
these other carbon fluxes impacted by the addition of trees and is beyond the scope of this effort.

Woody Biomass: The majority of new carbon contributed to a site by agroforestry will be from the
production of woody biomass, with the larger contribution being from the aboveground woody
biomass, as generally observed in forest establishment plantings (Nui and Duiker, 2006). The more
open environment created in agroforestry plantings results in the trees having different growth
forms than encountered under forest conditions—e.g., greater branch production (Zhou, 1999) and
specific gravity (Zhou et al., 2011)—which will need to be taken into account when estimating the
aboveground woody biomass.

The belowground biomass pool in agroforestry plantings will also be a significant portion of new
carbon added to the site. However, measuring, estimating, and/or verifying this component is very
difficult and expensive. The contributions from root biomass can be estimated using various
approaches that rely on knowing the aboveground portion.

Forest Products and Other Removed Materials: Windbreaks and riparian forest buffers are planted
for purposes that require the trees to be in place for the targeted function(s) (i.e., alteration of
microclimate; interception of sediments, nutrients, and chemicals). Windbreak renovation (removal
of dead trees and replanting) is recommended to maintain microclimate benefits (Brandle et al.,
2009). Periodic harvesting of plant materials in the herbaceous zone (adjacent to crop field) and
middle woody zone is also recommended in riparian forest buffers to maintain higher rates of
nutrient uptake and therefore water quality services (Dosskey et al., 2010). More innovative and
diversified planting designs that incorporate bioenergy feedstocks are being considered for both of
these practices, which would increase levels of harvesting within these systems. In the case of
riparian forest buffers, harvesting of the herbaceous and woody middle zone for bioenergy
feedstocks would serve to replenish a higher nutrient uptake rate and thus water quality services,
as well as provide an additional income stream (Schoeneberger et al., 2008). Many alley cropping
and silvopasture systems are managed for high-value veneer and saw-timber. These trees, along
with some special applications of agroforestry technologies, are also being investigated for their use
in producing bioenergy feedstocks. For these plantings, removal or harvesting of aboveground
woody material can occur as early as three years to 75 years or more, depending on the product.
Harvested materials can also include stem-pruning, generally up to 15 feet over several years to
attain a clean bole, to periodic thinning in order to maintain a canopy cover that is optimal for the
growth of the tree as well as the crop being grown in the alleys. The material may be left onsite to
create wildlife habitat, chopped and incorporated into the soil, or taken off-site and burned.

Soil: Studies have documented that U.S. agroforestry practices generally have greater soil carbon
stocks (under the whole practice, which may vary from just under a windbreak to under the whole
tree/crop system, such as alley cropping) when compared with that in conventional agricultural
and grazing practices (Nair et al., 2010). However, estimating change or flux in soil carbon stocks in
agroforestry plantings is challenging due to its inherently high spatial and temporal variability. For
instance, Sharrow and Ismail (2004) found variability of soil carbon to be two to three times
greater in a non-grazed silvopasture system than in the adjacent forest or pasture alone.

Soil carbon can increase in agroforestry systems due to added carbon inputs from the trees, the
elimination of carbon loss due to annual cropping activities (i.e., conservation tillage), and
potentially the addition of carbon through other agricultural management activities, such as
incorporation of different crops, cover crops, residue management, and fertilization regimes.
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Changes in soil carbon stocks have been estimated in a number of forest establishment plots from
the Midwest, and were found to vary from -0.07 to 0.58 Mg C ha'1 year-! and -0.85 to 0.56 Mg C ha'!
year-! in deciduous and coniferous plots, respectively. Paul et al. (2003) attributed the variation to
the impact and variable recovery from tree planting, but also mentioned the possibility that
variation may be due to the use of present-day cropping fields as the carbon baseline for
comparison. Many agroforestry studies are reporting comparable rates of soil sequestration (see
Nair et al,, 2010). Results from temperate agroforestry studies indicate, especially for alleys
receiving high level of organic matter input from the trees, that it may be several years before
significantly measurable carbon differences are detectable between the agroforestry planting and
traditional sole cropping system (Peichl et al,, 2006; Udawatta et al., 2009). The amount and
duration of soil organic matter accumulation in agricultural soils with agroforestry management
will depend on the degree to which prior soil carbon stocks are depleted. In addition, it will depend
on the soils in general, climate, placement within a landscape, type of vegetation, and most
importantly, by the additional management activities employed in the mixed tree/agricultural
system (Table 3-4).

Note that carbon increases from nitrogen inputs may be offset through enhanced N,O emissions,
depending on a number of factors (see Section 6.4.1.6). Many agroforestry plantings, such as
windbreaks and riparian forest buffers, are purposefully designed to intercept soil in wind erosion
and surface runoff, which is another addition of carbon to this pool (Sauer et al., 2007). Deposition
of sediment will influence cycling of both elements and therefore net GHG values (McCarty and
Ritchie, 2002; Sudmeyer and Scott, 2002). We currently lack the understanding and data needed for
adequately modeling and therefore predicting these intra- and inter-soil carbon transfers from
erosion and deposition.

3.4.2 Nitrous Oxide

Data on direct N2O emissions in agroforestry plantings are sparse. The few studies to-date found
reduced N;0 emissions in afforested plots that were older than five years (Allen et al., 2009), under
windbreaks (Ryskowski and Kedziora, 2007) and riparian forest buffers (Kim, 2008). Alley
cropping systems reduced N;O emissions by 0.7 kg ha! year-! compared with the annual cropping
systems with no tree cover (Thevathasan and Gordon, 2004). These studies suggest the trees can
act as a “nitrogen-safety net” in the system, taking up the “extra” nitrogen that might otherwise
result in N20 emissions. In addition, reduced nitrogen leaching has been documented within
agroforestry plantings compared with the annual cropping system with no tree cover (Allen et al,,
2004; Lopez-Diaz et al,, 2011; Nair et al,, 2007). The reduced leaching implies that less nitrogen is
available for indirect soil N,O emissions, which could be beneficial in those agroforestry plantings
requiring fertilization (i.e., alley cropping and silvopasture systems) or that receive large inputs of
nitrogen through surface and subsurface runoff (i.e., riparian forest buffers). As many agroforestry
plantings are purposefully designed and planted to provide tighter nutrient cycling capabilities as a
means to protect water quality (Olson et al., 2000), the capability and capacity of these systems to
reduce N0 emissions in agricultural systems warrants further study to determine whether and
how it should be accounted for in GHG accounting methods.

3.4.3 Methane

Very little research has been done to determine whether the establishment of agroforestry
plantings can lead to any change in CH4 sinks or sources in soils due to changes in methanotrophy
or methanogenesis, respectively. Kim et al. (2010) did not find any evidence in established riparian
forest buffers in lowa (seven to 17 years old) that CHa4 flux differed from neighboring crop fields.
Riparian forest buffers could potentially serve as a CHs emitter given the periodic flooding that may
occur within these plantings. However, riparian forest buffers established on agricultural lands may
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not be significant emitters of CH4 because the hydrological connections within these landscapes
have been decoupled. This indicates use of riparian forest (naturally occurring) derived data may
result in overestimating sink/source capacity of riparian forest buffers. In general, there is
insufficient data to model and predict methane fluxes in agroforestry at this time.

3.4.4 Management Interactions

Agroforestry practices can indirectly alter carbon cycling by enhancing crop and forage production
and trapping windblown and surface runoff sediments. Examining the carbon potential of
windbreaks in the Great Plains, Brandle et al. (1992) estimated indirect carbon benefits could
potentially be double the amount of the carbon sequestered in the wood. Although projects to
examine indirect carbon benefits from several of the agroforestry practices are ongoing, we
currently lack the ability to model or predict these impacts.

3.5 Estimation Methods

This section provides methods for estimating GHG emissions from cropland and grazing land
systems on an entity’s land. The methods are applied for both land remaining in cropland or grazing
lands, as well as land-use change to cropland or grazing lands. The methods provided are for
estimating the emission levels for a given year on a parcel of land. A parcel is a field in the entity’s
operation with uniform management. If management varies across the field, then the field should
be subdivided into separate parcels for estimating the emissions.

Trends across years or comparisons to baselines can be made using the annual emission estimates.
Guidance is not given here on how to develop baselines or subsequent trends for emission
estimation. The level of emissions for carbon stocks is based on estimating the change in stock from
the beginning and end of the year, while the level of emissions for N,O and CH4 are based on
estimating the total annual emissions. Methods are also provided for estimating total emissions of
precursor gases emitted during biomass burning, as well as nitrogen compounds that are
volatilized or subject to leaching and runoff from an entity’s cropland or grazing land that are later
converted into GHGs.

The methods range in complexity for the different emission source categories according to the state
of the science and prior method development. Simple methods are selected for several of the
emission or carbon stock change source categories; because the more complex methods are not
fully developed for operational accounting of emissions or the simple methods provide a
reasonably accurate and precise result. Although simplicity may be preferred for transparency in
estimation, some of the methods use more complex approaches, such as process-based simulation
models, because these methods greatly improve the accuracy and/or precision of the result.
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3.5.1 Biomass Carbon Stock Changes

Method for Estimating Biomass Carbon Stock Changes

= A modified version of the methodology developed by the IPCC (Lasco et al., 2006; Verchot
etal,, 2006) has been adopted for entity-scale estimation of herbaceous and woody
biomass stock changes associated with land use.

= The DAYCENT process-based simulation model or the traditional forest inventory
approaches are used to estimate carbon for aboveground biomass for agroforestry.

= U.S. specific default values (West et al., 2010) are used for estimating biomass carbon for
annual crops and grazing lands. The IPCC default is used for estimating the carbon
fraction value. Yield in units of dry matter can be estimated by the entity or average
values from USDA-National Agricultural Statistics Service statistics can be used.

= This method was chosen because it captures the influence of land-use change on crop or
forage species on biomass carbon stocks by using U.S. specific default values where entity
specific activity data are not available and a process-based simulation model for
agroforestry systems.

3.5.1.1 Rationale for Selected Method

Both IPCC (2006) and the U.S. Environmental Protection Agency (2011) consider herbaceous
biomass carbon stocks to be ephemeral, and recognize that there are no net emissions to the
atmosphere following crop growth and senescence during one annual crop cycle (West et al., 2011).
However, with respect to changes in land use (e.g., forest to cropland), the IPCC (Lasco et al., 2006)
recommends that cropland biomass be counted in the year that land conversion occurs, and the
same assumption also applies for grassland (Verchot et al., 2006). According to the IPCC,
accounting for the herbaceous biomass carbon stock during changes in land use is necessary to
account for the influence of herbaceous plants on CO uptake from the atmosphere and storage in
the terrestrial biosphere. However, this method does not recognize changes in herbaceous biomass
that occur with changes in crop rotations, nor does it recognize long-term increases in annual crop
yields. The method is a considered a Tier 2 method as defined by the IPCC because it incorporates
factors that are based on U.S. specific data.

Agroforestry, along with other woody vegetation in croplands, such as orchards and vineyards,
sequester significant amounts of new carbon within long-lived biomass over time with tree growth.
Methods for estimating the aboveground woody and whole tree biomass for trees growing under
forest conditions are described in the Forestry Section of this report. However, these methods,
developed from forest-derived (i.e., greater canopy closure) conditions, do not accurately reflect
conditions encountered in agroforestry or woody crops. Trees growing under windbreak and other
linear-type plantings have been documented to differ from forest-grown trees in terms of
architecture and properties, such as crown:trunk allocation (Zhou, 1999), specific gravity (Zhou et
al, 2011), and taper (Zhou et al., in review). Moreover, the Forest Inventory and Analysis program
of the USDA Forest Service and National Resource Inventory of the USDA Natural Resources
Conservation Service do not collect agroforestry or woody crop data through their surveys (Perry
etal,, 2005). Therefore, a Tier 3 method using process-based models is a viable alternative for
estimating the carbon stock changes associated with agroforestry and woody crops without direct
measurement through a survey. Specifically, the DAYCENT model has been parameterized to
simulate tree growth and has been adopted for estimating woody biomass carbon for agroforestry
and woody crops.
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3.5.1.2 Description of Method

A modified version of the methodology developed by the IPCC (Lasco et al., 2006; Verchot et al.,
2006) has been adopted for entity-scale reporting in the United States of herbaceous and woody
biomass stock changes associated with land use change. The method consists of estimating the
mean annual biomass stock for a cropland or grazing lands following a land use change, which can
be averaged across years for a crop or rotation. This method only addresses a change in the
herbaceous biomass carbon stocks in the year following a land-use change, consistent with the IPCC
methods (Lasco et al,, 2006; Verchot et al., 2006). In contrast, carbon stock change in woody
biomass is estimated every year.

Use Equation 3-1 to estimate the total biomass carbon stock change for a land parcel over a year:

Equation 3-1: Total Biomass Carbon Stock Change
ACgiomass = (Ht + Wt) - (Ht-l + Wt-l)
Where:

ACgiomass = Total change in biomass carbon stock (metric tons CO;-eq year-)

H = Mean annual herbaceous biomass (metric tons CO;-eq year-1)
w = Mean annual woody biomass (metric tons COz-eq year-1)

t = Current year stocks

t-1 = Previous year’s stocks

Herbaceous Biomass: Estimate the mean annual herbaceous biomass stock in a land parcel for
cropland or grazing land following a land use change with the following equation:

Equation 3-2: Mean Annual Herbaceous Biomass Carbon Stock

H = [Hpeak + (Hpeak x R:S)] x A x CO:MW / Y

Where:
H = Mean annual herbaceous biomass carbon stock (metric tons COz-eq year-1)
Hpeax = Annual peak aboveground biomass (metric tons C ha! year-1)
R:S = Root-shoot ratio (unitless)
A = Area of land parcel (ha)

CO;MW = Ratio of molecular weight of CO; to carbon = 44 /12
(metric tons CO; (metric tons C)-1)

Ye = Approximate fraction of calendar year representing the growing season (unitless)

The mean annual biomass stock is intended to represent the time period following harvest where
no crop exists and both litter and roots are decomposing quickly (Gill et al.,, 2002}, and the time
period during the growing season where biomass continues to grow until it reaches peak annual
biomass. The average of zero biomass and peak biomass (e.g., peak biomass divided by two) is
considered representative of the mean annual carbon stock (i.e., Yr= 0.5).

Equation 3-3 is used to estimate the peak aboveground biomass in a land parcel from harvest yield
data in croplands or peak forage yields in grazing lands.
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Equation 3-3: Aboveground Herbaceous Biomass Carbon Stock
Hpeak = (Ydm / Hl) x C
Where:

Hpeak = Annual peak aboveground herbaceous biomass carbon stock
(metric tons C ha! year-)

Yam = Crop harvest or forage yield, corrected for dry matter content
(metric tons biomass ha! year-1)

=Y x DM
Y = Crop harvest or forage yield (metric tons biomass ha-l year-1)
DM = Dry matter content of harvested crop biomass or forage (dimensionless)
HI = Harvest Index (dimensionless)

C = Carbon fraction of aboveground biomass (dimensionless)

This method captures the influence of land-use change and changes in crop or forage species on
biomass carbon stocks. Therefore, crop harvest or peak forage yields should be averaged across
years as long as the same forage species, crop or rotation of crops are grown. The harvest index is
set to one for grazing lands.

Peak forage estimates for grazing lands can be estimated using the biomass clipping method.¢ This
method is destructive with the removal of forage samples from the field. Non-destructive methods
can also be used including the comparative yield method for rangelands?, or the robel pole method
on rangelands or pastures (Harmoney et al.,, 1997; Vermeire et al., 2002). Any sampling that is
done, whether destructive or non-destructive, should occur at locations that are representative of
the land parcel. If sampling the forage is not feasible, default forage production values are provided
by the Natural Resources Conservation Service in Ecological Site Descriptions (ESDs).8 After
identifying the appropriate ESD, the entity would select the plant community that is representative
of the parcel. These values represent total production for the site so Yrin Equation 3-2 would be set
to 1 if the aboveground forage production is obtained from an ESD.

Woody Biomass: The largest amount of carbon captured by agroforestry systems is in woody
biomass, with the majority occurring in the aboveground biomass. Woody crops also gain carbon as
they grow. This method also addresses carbon removals through harvest or other events that
remove tree biomass.

The methods to estimate biomass carbon in a land parcel for the more-open growth of agroforestry
systems and woody crops (Wi and W¢.; in Equation 3-1) are based on DAYCENT model simulations
and growth functions for agroforestry. Agroforestry practices are based on the Natural Resources
Conservation Service agroforestry practice standards, which are provided in a pick list. For woody
crops, the DAYCENT model simulates the influence of common management practices on biomass
stocks, including irrigation, fertilization, organic matter amendments, groundcover management,

6 See section 15, “Standing Biomass”
http://www.nrisurvey.org/nrcs/Grazingland /2011 /instructions/instruction.htm
7 See section 13, “Dry Weight Rank”
http://www.nrisurvey.org/nrcs/Grazingland /2011 /instructions/instruction.htm
8 See ESDs https://esis.sc.egov.usda.gov/
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pruning of branches, thinning of young fruit, and harvest and removal of mature fruit. Given the
practice, DAYCENT simulates changes in woody biomass carbon stocks for the reporting period.

For agroforestry systems where the entity has measured tree parameters, an empirical model is
provided to more precisely estimate woody biomass carbon growth increment for the year
(Merwin and Townsend, 2007; Merwin et al., 2009). The empirical model uses an individual tree
growth equations based on Lessard (2000) and Lessard et al. (2001). Carbon pools are then
derived from diameter-based allometric equations that predict total aboveground biomass
components for 10 broad species groups in the United States. (Jenkins et al., 2003; 2004). Both
published and unpublished data for the U.S. Forest Service Forest Inventory and Analysis program
were used to develop the growth increment model.

In addition, harvested woody products associated with agroforestry are estimated using the
approaches described in the Forestry Chapter (Section 6.5). Woody products may be harvested
from silvopasture, alley cropping, and other agroforestry practices, providing a variety of products
such as veneer, saw timber, and bioenergy feedstocks.

3.5.1.3 Activity Data

Activity and related data needed to estimate biomass carbon for annual crops and grazing lands (as
applicable) include:

= Crop type, cropland area, and harvest indices;

= Type of forage, grazing area, and peak forage yield data;

= Total aboveground yield of crop or peak forage yield for grazing lands (metric tons biomass
per ha);

= Root:shoot ratios;

= Carbon fractions; and

= Dry matter content of forage and harvested crop biomass to estimate dry matter content.

If the entity does not provide values, default values for moisture content, residue-yield ratios, and
root:shoot ratios are provided in Table 3-5. A general default value for crop carbon fraction is 0.45.
In some years, the entity may not harvest the crop due to drought, pest outbreaks or other reasons
for crop failure. In those cases, the entity should provide the average yield that they have harvested
in the past, and an approximate percentage of average crop growth that occurred in the year. The
yield is estimated based on multiplying the average crop yield by the percentage of crop growth
obtained prior to crop loss. Peak forage yields will vary from year to year, but can be based on a
five-year average.

Table 3-5: Representative Dry Matter Content of Harvested Crop Biomass, Harvest Index,
and Root:Shoot Ratios for Various Crops -

Dry Matter Root: Shoot

Food crops

Barley 0.865 (3.8%) 0.46 (18.7%) 0.11 (90.7%)
Beans 0.84 (3.3%) 0.46 (18.7%) 0.08 (89.7%)
Corn grain 0.86 (1.9%) 0.53 (15.0%) 0.18 (97.3%)
Corn silage 0.74 (1.9%) 0.95 (3.3%) 0.18 (97.1%)
Cotton 0.92 (1.4%) 0.40 (20.0%) 0.17 (44.0%)
Millet 0.90 (1.9%) 0.46 (17.6%) 0.25 (91.1%)
Oats 0.865 (1.9%) 0.52 (18.7%) 0.40 (90.9%)
Peanuts 0.91 (1.9%) 0.40 (16.6%) 0.07 (12.4%)
Potatoes 0.20 (9.3%) 0.50 (20.0%) 0.07 (44.1%)
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Dry Matter Root: Shoot

Rice
Rye

Sorghum grain
Sorghum silage

0.91 (1.6%)
0.90 (1.9%)
0.86 (1.9%)
0.74 (1.9%)

0.42 (28.1%)
0.50 (18.7%)
0.44 (14.8%)
0.95 (3.3%)

0.22 (13.2%)
0.14 (90.1%)
0.18 (97.2%)
0.18(97.2%)

Soybean 0.875 (1.7%) 0.42 (16.7%) 0.19 (89.8%)
Sugarbeets 0.15 (12.4%) 0.40 (24.1%) 0.43 (43.9%)
Sugarcane 0.258 (11.6%) 0.75 (6.4%) 0.18 (37.4%)
Sunflower 0.91 (1.9%) 0.27 (11.1%) 0.06 (44.0%)
Tobacco 0.80 (1.9%) 0.60 (3.3%) 0.80 (44.0%)
Wheat 0.865 (3.8%) 0.39 (17.7%) 0.20 (86.2%)

Forage and Fodder crops

Alfalfa hay

Non-legume hay
Nitrogen-fixing

0.87 (1.8%)
0.87 (1.8%)

0.35 (3.3%)

0.95 (3.3%)
0.95 (3.3%)

0.95 (3.3%)

0.87 (21.8%)
0.87 (21.8%)

1.1 (21.2%)

forages
Non-nitrogen-fixing
f 0.35 (3.3%)
orages
Perennial grasses 0.35 (3.3%)
Grass-clover mixtures 0.35 (3.3%)
Source: Revised from West et al. (2010).

aUncertainty is expressed on a percentage basis as half of the 95% confidence interval.

0.95 (3.3%)

0.95 (3.3%)
0.95 (3.3%)

1.5 (21.2%)

1.5 (21.2%)
1.5 (21.2%)

Activity data for estimating carbon in aboveground biomass for agroforestry will entail the
collection of some level of inventory of trees associated with the agroforestry practice. Simplified
inventory approaches requiring a minimum of work by the landowner have been developed by the
USDA Natural Resources Conservation Service and the Colorado State University Natural Resource
Ecological Laboratory (USDA, 2012), which are largely based on methods described in the Natural
Resources Conservation Service National Forest Handbook (USDA NRCS, 2004). The specific
activity data requirements include:

= Species of trees and number by age of diameter class for each agroforestry practice; and

= Diameter at breast height for a subsample of trees using one of three sampling methods that
capture the spacing arrangements and densities within the different practices (i.e., row type
plantings, woodlot-like plantings, and riparian forest buffers).

3.5.1.4 Ancillary Data

No ancillary data are needed for this method.

3.5.1.5 Model Output

Model output is generated for the change in biomass carbon stocks. This change is determined
based on subtracting the total biomass carbon stock in the previous year from the total stock in the
current year, which will include both herbaceous and woody biomass. The herbaceous stocks will
represent mean estimates over years if the same forages, crop, or rotation of crops are grown, and
is only estimated for a land use change. The approach for estimating biomass carbon for wetlands
and forestlands are described in Sections 4.3.1 and 6.2.1, respectively.

Emissions intensity is also estimated based on the amount of emissions per unit of yield for crops in
cropland systems, or of animal products in grazing systems. Note that the biomass change is based
solely on woody plant growth except in a year following a land-use change.
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The emissions intensity is estimated with the following equation:

Equation 3-4: Emissions Intensity of Biomass Carbon Stock Change
Elgiomassc = ACBioma\ss/Y
Where:

Elgiomassc = Emissions intensity (metric tons CO, per metric ton dry matter crop yield, metric
tons CO; per kg carcass yield, or metric tons CO; per kg fluid milk yield)

ACgiomass = Change in biomass stock in CO; equivalents (metric tons CO»-eq year-1)

Y = Total yield of crop (metric tons dry matter crop yield), meat (kg carcass yield) or
milk production (kg fluid milk yield)

3.5.1.6 Limitations and Uncertainty

Uncertainty in herbaceous carbon stock changes will result from lack of precision in crop or forage
yields, residue-yield ratios, root-shoot ratios, and carbon fractions, as well as the uncertainties
associated with estimating the biomass carbon stocks for the other land uses. Emissions intensity
will also include uncertainty in the total yield for the crop, meat, or milk product. This herbaceous
biomass method is based on the assumption that half of the crop harvest yields or peak forage
amounts provide an accurate estimate of the mean annual carbon stock in cropland or grazing
lands. This assumption warrants further study, and the method may need to be refined in the
future.

Uncertainties in model parameters are combined using a Monte Carlo simulation approach.
Uncertainty is assumed to be minor for the management activity data provided by the entity. Table
3-6 provides the relative uncertainty for the DAYCENT model and the carbon fraction of biomass.

Table 3-6: Available Uncertainty Data for Biomass Carbon Stock Changes

Relatlve Uncertain
Parameter m Units -.l Distribution Data Source
Low (%) | High (%

DAYCENT (empirical Ogle et al. (2007);
uncertainty) Various Normal EPA (2013)

Carbon fraction of 045  Fraction 11 11 Normal  IPCC (1997)
aboveground biomass

NS = Not Shown. Data are not shown for parameters that have 100’s to 1000’s of values (denoted as NS).

The uncertainty differs whether it is herbaceous biomass or trees. Uncertainty associated with
estimating carbon in live trees is influenced by a number of factors, including sampling and
measurement error and error associated with regression models (see Melson et al. 2011; further
discussion in Forestry Section). Estimating carbon in agroforestry trees, especially for young
seedlings and saplings (up to 10 years or so depending on species and growing conditions) remains
highly uncertain particularly since traditional forestry-derived equations have been shown to
underestimate whole-tree biomass in agroforestry systems and requires additional field work to
further document biomass carbon allocation differences. Melson et al.(2011) noted in their forest-
based work that estimation of live-tree carbon was sensitive to model selection (with model-
selection error of potentially 20 to 40 percent), and that model selection could be improved by
matching tree form to existing equations for use in the models. On-going work comparing
agroforestry-derived equations with a variety of forest-derived equations in the Great Plains region
indicate uncertainty could be reduced through use of a correction factor. Currently belowground
biomass/C estimates are calculated using two approaches: root:shoot ratios (see Birdsey, 1992),
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and aboveground density allometry (Cairns et al., 1997), both with large uncertainties due to lack of
data. The full set of probability distributions have not been developed for the agroforestry method,
and so will require further research before uncertainty can be estimated. See Chapter 6, Forestry,
for further discussion of uncertainty of tree volume and biomass equations.

3.5.2 Litter Carbon Stock Changes

Litter in herbaceous biomass decomposes mostly over a one-year period. However the influence of
litter carbon stocks on atmospheric CO; is assumed to be insignificant after addressing the changes
in biomass and subsequent influence on soil carbon stocks. Further methods development may be
possible in the future, given this potential limitation to the methods in this report. For cropland or
grazing land systems with trees, coarse woody debris and litter carbon should be estimated based
on forest methods (See Section 6.2.2.4 and 6.2.2.5). The loss of litter and coarse woody debris with
conversion from forestland to cropland and grazing land is also addressed in Section 6. 3.

3.5.3 Soil Carbon Stock Changes

Method for Estimating Soil Carbon Stock Changes

Mineral soils:

= The DAYCENT process-based simulation model estimates the soil organic carbon (SOC) at
the beginning and end of the year. These inputs are entered into the [PCC equation to
estimate carbon stock changes in mineral soils developed by Lasco et al. (2006), and
Verchot et al. (2006).

= This method was chosen because the DAYCENT model has been demonstrated to
represent the dynamics of soil organic carbon and estimate soil organic carbon stock
change in U.S. cropland and grasslands (Parton et al.,, 1993), and uncertainties have been
quantified (Ogle et al. (2007). The model captures soil moisture dynamics, plant
production, and thermal controls on net primary production and decomposition with a
time step of a month or less.

Organic Soils:

= JPCC equation developed by Aalde et al. (2006; USDA, 2011) using region specific
emission factors from Ogle et al. (2003).

= This method was chosen because it is the only readily available model for estimating soil
carbon stock changes from organic soils.

3.5.3.1 Rationale for Selected Method

SOC stocks are influenced by land use and management in cropland and grazing land systems, as
well as conversion from other land uses into these systems (Aalde et al., 2006). SOC pools can be
modified due to changes in carbon inputs and outputs (Paustian et al., 1997). Carbon inputs will
change over time due to interannual variability and longer term trends in net primary production,
as well as differences in carbon removals from harvesting and residue management practices.
External carbon inputs will also have an influence on the SOC stocks, such as manure, compost,
sewage sludge, wood chips, and biochar amendments. Carbon outputs will change due to
interannual variability and longer term trends in microbial decomposition rates. In addition,
erosion and deposition contribute to changes in SOC stocks associated with crop and grazing land
soils. Recent studies (Harden et al., 2008; Van Oost et al., 2007) provide evidence that the majority
of carbon in eroded soils is dynamically replaced, compensating for the losses, and at least some of
the carbon transported from the site is deposited at the edge of fields, downslope, or in rivers. In all
cases, SOC is moved from one location to another under the assumption that only a portion of the
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carbon in transport is lost to the atmosphere. This assumption may have significant variation due to
the diversity of environmental conditions in which eroded carbon is transported and subsequently
resides. Other environmental drivers will also influence carbon dynamics in soils, particularly
weather and soil characteristics.

Process-based models, which are considered an IPCC Tier 3 methodology, have been developed and
sufficiently evaluated for application in an operational tool to estimate SOC stock changes in
mineral soils. The DAYCENT process-based model (Parton et al., 1987; Parton, 1998) has been
selected because it is well-tested for estimating soil carbon dynamics in cropland and grazing land
systems (Parton et al., 1993) and is also used in the U.S. national GHG inventory (Ogle et al., 2010;
U.S. EPA, 2011). Del Grosso et al. (2011) demonstrated the reduction in uncertainty associated with
the more advanced approach using the DAYCENT model compared to the lower tier methods. The
DAYCENT model simulates plant production by representing long-term effects of land use and
management on net primary production (NPP), as influenced by selection of crops and forage
grasses. The influence of management practices on NPP are also simulated, including mineral
fertilization, organic amendments, irrigation and fertigation, liming, green manures and cover
crops, cropping intensity, hay or pasture in rotation with annual crops, grazing intensity and
stocking rate, and bare fallow. Nutrient and moisture dynamics are influenced by soil
characteristics, such as soil texture. The method addresses interannual variability due to annual
changes in management and the effect of weather on NPP.

In the DAYCENT model, three soil organic carbon pools are included representing active, slow, and
passive soil organic matter, which have different turnover times. It is generally considered that the
active carbon pool is microbial biomass and associated metabolites having a rapid turnover
(months to years), the slow carbon pool has intermediate stability and turnover times (decades),
and the passive carbon pool represents highly processed and humified decomposition products
with longer turnover times (centuries). However, these pools are kinetically defined and do not
necessarily represent explicit fractions of soil organic carbon that can be isolated. Soil texture,
temperature, moisture availability, aeration, burning, and other factors are represented in the
simulations that influence the decomposition and loss of carbon from these pools.

The model simulates management practices influencing soil organic carbon pools. These practices
include addition of carbon in manure and other organic amendments, such as compost, wood chips,
and biochar; tillage intensity; residue management (retention of residues in field without
incorporation, retention in the field with incorporation, and removal with harvest, burning, or
grazing). The influence of bare and vegetated fallows is represented, in addition to irrigation effects
on decomposition in cropland and grazing land systems. The model can also simulate setting-aside
cropland from production; the influence of fire on oxidation of soil organic matter; and woody plant
encroachment, agroforestry, and silvopasture effects on carbon inputs and outputs.

A water/soil moisture submodel (e.g., Parton et al., 1987) is used to represent the influence of
weather, irrigation, crop type, and management on soil moisture dynamics. This impact is
particularly important because moisture tends to be a more proximal factor controlling soil organic
carbon dynamics, which, in turn, is influenced by land use and management activity. For example,
irrigation influences plant production and carbon inputs because of the modification to the
moisture regime.

The modeled estimates from DAYCENT are combined with measurement data from a monitoring
network to formally evaluate uncertainty. This approach leverages the scalability of the model
while providing an underlying measurement-basis for the method (Conant et al,, 2011; Ogle et al.,
2007).
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Erosion and deposition influence soil organic carbon stocks (Izaurralde et al,, 2007) and therefore
are represented in the method, although there is uncertainty in the net effect on CO; exchange
between the biosphere and atmosphere. Moreover, there is also some risk of double-counting
carbon as it is transferred across ownership boundaries, in terms of who receives credit for the
eroded carbon in their accounting. Regardless, erosion clearly has an impact on carbon stocks in a
field, which can be estimated with reasonable accuracy using erosion calculators, such as the
Revised Universal Soil Loss Equation, Version 2 (RUSLEZ2) for water erosion (USDA, 2003) and
Wind Erosion Prediction System (WEPS) for wind erosion (USDA, 2004). Therefore, the current
method will include an estimate of erosion-related carbon loss from a field, but neither the fate of
eroded C, nor the deposition of carbon from other areas onto a land parcel, will be estimated. As
more studies are conducted, carbon transport and deposition can be incorporated in future
versions of the method.

Drainage of organic soils for crop production leads to net annual emissions due to increased
decomposition of the organic matter after lowering the water table and creating aerobic conditions
in the upper layers of the soil (Allen, 2012; Armentano and Menges, 1986). There has been less
evaluation of process-based models for organic soils, particularly the simulation of water table
dynamics throughout the year, which will influence the emission rate. Consequently, the approach
is based on more simplistic emission factor approach developed by the [PCC (Aalde et al., 2006).
The method incorporates U.S. emission rates associated with region-specific drainage patterns
(Ogle et al., 2003), so it is a Tier 2 method as defined by the IPCC.

3.5.3.2 Description of Method

The method representing the influence of land use and management on SOC and associated CO; flux
to the atmosphere is estimated with a carbon stock change approach (Aalde et al., 2006). For
mineral soils, the method will require estimates of carbon stocks at the beginning and end of the
year in order to estimate the annual change using the equation below. In contrast, carbon stock
changes in organic soils (i.e., Histosols) will address only the emissions occurring with drainage,
which is the typical situation in cropland. Emissions occur in organic soils following drainage due to
the conversion of an anaerobic environment with a high water table to aerobic conditions
(Armentano and Menges, 1986), resulting in a significant loss of carbon to the atmosphere (Ogle et
al,, 2003). Recent data on subsidence were used to derive these estimates (e.g., Shih et al., 1998).

Mineral Soils: The model to estimate changes in SOC stocks for mineral soils has been adapted from
the method developed by IPCC (Aalde et al., 2006). The annual change in stocks to a 30 centimeter
depth for a land parcel is estimated using the following equation:

Equation 3-5: Change in Soil Organic Carbon Stocks for Mineral Soils
ACMineral = [(SOCt - SOCt.l)/ t] x Ax COzMW

Where:
ACuminera = Annual change in mineral soil organic carbon stock (metric tons COz-eq year-1)
SOC; = Soil organic carbon stock at the end of the year (metric tons C ha-1)
SOCw1 = Soil organic carbon stock at the beginning of the year (metric tons C ha)
t =1year
A = Area of parcel (ha)

CO;MW = Ratio of molecular weight of CO; to carbon
=44/12 (metric tons CO; (metric tons C)-1)
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The DAYCENT model is used to simulate the SOC stocks at the beginning and end of each year for
Equation 3-5 based on recent management practices for a land parcel. Initial values for DAYCENT
are needed for the SOC..1 and are based on a simulation of historical management to provide
accurate stocks and distribution of organic carbon among the pools represented in the model
(active, slow, and passive soil organic matter pools). Each pool has a different turnover rate
(representing the heterogeneous nature of soil organic matter), and the amount of carbon in each
pool at any point in time influences the forward trajectory of the total soil organic carbon storage
(Parton et al., 1987). By simulating the historical land use, the distributions of carbon in active,
slow, and passive pools are estimated in an unbiased way.

Three steps are required to estimate the initial values. The first step involves running the model to
a steady-state condition (e.g., equilibrium) under native vegetation, historical climate data, and the
soil physical attributes for the land parcel. The second step is to simulate period of time from the
1800’s to 1980 and 1980 to 2000. The entity is provided a list of options for selecting the practices
that best match the land management for the parcel. From 2000 to the initial year for reporting, the
entity enters more specific data on crops planted, tillage practices, fertilization practices, irrigation,
and other management activity (See Section 3.5.3.3 for more information). The simulated carbon
stock at the end of the simulation provides the initial baseline value (SOC.1).

The stock at the end of a year (SOCy) is estimated by the DAYCENT model based on simulating
management activity during the specific year. The entity provides the management activity for the
land parcel, including crops planted, tillage practices, fertilization practices, irrigation and other
management activity data (See Section 3.5.3.3 for more information). The change in SOC stocks are
estimated for additional years by using the ending stock from the previous year as the initial SOC
stock (SOC1) and then simulating the management for another year to produce the stock at the end
of the next year (SOC).

Eroded carbon is estimated with the RUSLE2 for water erosion (USDA, 2003) and WEPS for wind
erosion (USDA, 2004). Neither the deposition of carbon on the site nor the fate of eroded carbon is
in this version of the USDA methods. The eroded carbon estimate is reported separately to account
for uncertainty associated with the potential effect of erosion on SOC stocks, and may be used as a
discount for the SOC stock changes estimate with Equation 3-5.

The DAYCENT model is not able to estimate soil organic carbon stocks in mineral soils for all crops.
In instances where a crop is not estimated by the DAYCENT model, the method developed by the
IPCC (2006) (i.e., a Tier 1 methodology) may be used (See Appendix 3-B).

Organic Soils: The methodology for estimating soil carbon stock changes in drained organic soils
has been adopted from IPCC (Aalde et al., 2006). The method applies to Histosols and soils that
have high organic matter content and developed under saturated, anaerobic conditions for at least
part of the year, which includes Histels, Historthels, and Histoturbels. The following equation is
used to estimate emissions from a land parcel:
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Equation 3-6: Change in Soil Organic Carbon Stocks for Organic Soils
ACOrganic = A x EF x CO.MW
Where:

ACorganic = Annual CO emissions from drained organic soils in crop and grazing lands
(metric tons COz-eq year-1)

A = Area of drained organic soils (ha)
EF = Emission factor (metric tons C ha1 year!)

CO;MW = Ratio of molecular weight of CO; to C (= 44/12) (metric tons CO, (metric tons C)-1)

Emission factors have been adopted from Ogle et al. (2003) and are region-specific, based on typical
drainage patterns and climatic controls on decomposition rates; these rates are also used in the U.S.
national GHG inventory (U.S. EPA, 2011). Drained cropland soils lose carbon at a rate of 11+2.5
metric tons C ha1 year-!in cool temperate regions, 14+2.5 metric tons C ha! year-'in warm
temperate regions, and 14+3.3 metric tons C ha! year-1in subtropical climate regions. Organic soils
in grazing lands are typically not drained to the depth of cropland systems, and therefore the
emission factors are only 25 percent of the cropland values (Ogle et al., 2003).

3.5.3.3 Activity Data

The activity data requirements vary between mineral soils and organic soils. Mineral soils require
the following activity data for croplands:

= Area of land parcel (i.e., field);

= Crop selection and rotation sequence;

= Planting and harvesting dates;

= Residue management, including amount harvested, burned, grazed, or left in the field;

= Irrigation method, application rate, and timing of water applications;

= Mineral fertilizer type, application rate, and timing of application(s);

= Lime amendment type, application rate, and timing of application(s);

= Organic amendment type, application rate, and timing of application(s);

= Tillage implements, dates of operation, and number of passes in each operation (which can
be used to determine tillage intensity with the STIR Model (USDA NRCS, 2008));

= Use of drainage practices and depth of drainage (commonly in hydric soils); and

= Cover crop types, planting, and harvesting dates (if applicable).

The method for grazing land on mineral soils requires the following management activity data:

= Area of land parcel (i.e., field);

= Plant species composition;

= Periods of grazing during the year;

= Animal type, class, and size used for grazing;

=  Stocking rates and methods;

= Irrigation method, application rate, and timing of water applications;

= Mineral fertilizer type, application rate, and timing of application(s);

= Lime amendment type, application rate, and timing of application(s);

= Organic amendment type, application rate, and timing of application(s);

= Pasture/Range/Paddock (PRP) N excreted directly onto land by livestock (i.e., manure that
is not managed);
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= Use of drainage practices and depth of drainage (commonly in hydric soils);

= Level of woody plant encroachment; and

= Total yield of crop (metric tons dry matter crop yield year-!), meat (kg carcass yield year-1)
or milk (kg fluid milk year-1).

Longer-term history of site management will be used to simulate initial soil organic carbon stocks
for the crop or grazing system. In order to estimate the initial values, the entity will need to provide
management activity data for the past three decades. A list of management systems will be
provided. The entity will also provide the previous land use and year of conversion if a land-use
change occurred during the past three decades. Historical data for activity from more than three
decades in the past will be represented based on national agricultural statistics using enterprise
budgets and census data for various regions in the country. However, an entity can provide the
longer term history if it is known. Data on the carbon and nitrogen content of organic amendments
will also be needed from the entity, although defaults are provided below if the entity does not have
this information. Pasture/Range/Paddock (PRP) manure N input is the N excreted directly onto
land by livestock, and the manure is not collected or managed (de Klein et al., 2006). The amount of
PRP manure N is estimated with the livestock methods (See Chapter 5, Section 5.3.2 Enteric
Fermentation and Housing Emissions from Beef Production Systems) and assumed to be split with
50% of the N in urine and the other 50% of the N in solids.

Table 3-7: Nitrogen and Carbon Fractions of Common Organic Fertilizers - Midpoint and
Range (Percent by Weight)

Poultry manure 2.25% (1.5-3) 8.75% (7-10.5)°
Pig, horse, cow manure 0.45% (0.3-0.6) 5.1% (3.4-6.8)¢
Green manure 3.25% (1.5-5) 42%4
Compost 1.25% (0.5-2) 16% (12-20)¢
Seaweed meal 2.5% (2-3) 27%f
Sewage sludge 3% (1-5) | 11.7% (3.9-19.5)®
Fish waste 7% (4-10) | 24.3% (14.6-34)8
Blood 11% (10-12) = 35.2% (32-38.4)h
Human urine/night soil 1.25% (1-1.5) 9.5% (9-10)!

aHue, N.V. Organic Fertilizers in Sustainable Agriculture Retrieved from
http://www.ctahr.hawaii.edu/huen/hue organic.htm.

bUSDA. 1992. Agricultural Waste Characteristics. Chapter 4. In Animal Waste Management Field Handbook:
Natural Resources Conservation Service, United States Department of Agriculture.

¢EPA, 2013. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2011. Weighted U.S. average
carbon:nitrogen ratio for manure available for application.

d Assumes dry matter is 42% carbon.

e A1 Organics. Compost Classification, Specification and Resource Manual.
http://www.alorganics.com/CLSP/CLASS%20MANUAL%20-%20COLORADO.pdf
fhttp://www.naorganics.com/en/science_analysis.asp. North Atlantic Organics.

g Hartz, T.K. and P.R. Johnstone. 2006. Nitrogen available from high-nitrogen-containing organic fertilizers.
HortTechnology 16:39-42.

h'Sonon, D, et al. 2012. Mineralization of high-N organic fertilizers. Clemson University.

Polprasert, C. 2007. Organic Waste Recycling: Technology and Management. IWA Publishing.

The method for organic soils requires the following activity data for croplands and grazing lands:

= Area of land parcel (i.e., field); and
= Total yield of crop (metric tons dry matter crop yield year-!), meat (kg carcass yield year-1)
or milk (kg fluid milk year-1).
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3.5.3.4 Ancillary Data

Ancillary data for the mineral soil method include historical weather patterns and soil
characteristics. Weather data may be based on national datasets such as the Parameter-Elevation
Regressions on Independent Slopes Model (PRISM) data (Daly et al., 2008). Soil characteristics may
also be based on national datasets such as the Soil Survey Geographic Database (SSURGO) (Soil
Survey Staff, 2011). However, there will also be an option for entities to substitute soils data
collected from the specific field. The erosion model will also require ancillary data on topography
(i.e., slope), length of field and row orientation, crop canopy height, diversions, surface residue
cover, and soil texture.

No ancillary data are needed for the method to estimate emissions from drainage of organic soils.

3.5.3.5 Model Output

Model output is generated for the quantity of emissions and emissions intensity. The change in
mineral soil organic carbon stocks is estimated based on stock changes over five-year time periods
in order to manage uncertainty. Uncertainties in the model-based estimates are about three times
larger for annual estimates in change rate compared with five-year blocks (Compare U.S.
Environmental Protection Agency (2009) and (2010)). Uncertainties are larger at the finer time
scale because there is large variability in measurements of soil carbon stock changes at annual time
scales, and this variability is incorporated into the model uncertainty using the empirically based
method (Ogle et al., 2007). In addition, trends in soil organic carbon will be estimated for the 30
previous years of history and the reporting period.

Emissions intensity is based on the amount of emissions per unit of yield for crops in cropland
systems or animal products in grazing systems. The emissions intensity is estimated with the
following equation:

Equation 3-7: Emissions Intensity of Soil Organic Carbon Stock Change
Elsoiic = (ACMineral + ACOrganic)/Y
Where:

Elsoiic = Emissions intensity (metric tons CO; per metric ton dry matter crop yield, metric
tons CO2 per kg carcass yield, metric tons CO; per kg fluid milk yield)

ACwminera = Annual CO; equivalent emissions from soil organic carbon change in mineral soils
(metric tons COz-eq year-1)

ACorganic = Annual CO; equivalent emissions from soil organic carbon change in organic soils,
Histosols (metric tons CO;-eq year-1)

Y = Total yield of crop (metric tons dry matter crop yield year-1), meat (kg carcass
yield year-1) or milk production (kg fluid milk yield year-1)

3.5.3.6 Limitations and Uncertainty

Uncertainties in the mineral soil methods include imprecision and bias in the process-based model
parameters and algorithms, in addition to uncertainties in the activity and ancillary data.
Uncertainty in the parameterization and algorithms will be quantified with an empirically based
approach, as used in the U.S. national GHG inventory (Ogle et al., 2007; U.S. EPA, 2011). The method
combines modeling and measurements to provide an estimate of SOC stock changes for entity scale
reporting (Conant et al,, 2011). Measurements of carbon stock changes are expected to be based on
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a national soil monitoring network (Spencer et al., 2011). The network should include samples from
different regions of the country and soil types that are used for crop production or grazing, and a
random sampling of the management systems in each of the regions. The sampling plots will need
to be designed for resampling over time in order to evaluate the modeled changes in SOC stocks
(Conant et al., 2003). Uncertainties in national datasets for weather will be based on information
included with the dataset, while uncertainties in the SSURGO should be quantified using the
underlying field data that form the basis for the mapping exercise, or an independent accuracy
assessment of the map product. Other input data is assumed to be known by the entity, such as the
crop plants, yields, tillage, and residue management practices.

The limitations of the mineral soil carbon method include no assessment of the effect of land use
and management in sub-surface layers of the soil profile (below 30 centimeters), no assessment of
the location of transport and deposition of eroded C, and limited data to assess uncertainty in the
parameters and algorithms using the empirically based method. For agroforestry, the DAYCENT
model has been used in the COMET-Farm voluntary carbon reporting tool to simulate soil organic
carbon stock changes. However, there are several unknowns with the use of the DAYCENT model
for estimating soil organic carbon stock changes in agroforestry, including whether the model is
able to take into account the interactions occurring between woody and herbaceous vegetation and
respective management activities. Oelbermann and Voroney (2011) evaluated the use of the
Century model, the monthly time-step version of the DAYCENT model, to predict soil organic
carbon in temperate and tropical alley cropping systems that were 13 and 19 years old,
respectively. They found that the model underestimated the levels of soil organic carbon compared
with measured values. With more testing, the methods may be revised in the future to use the
DAYCENT model for the purposes of estimating soil organic carbon stock changes in agroforestry
systems.

Biochar research has been an area of rapid development over the past few years, but there are still
uncertainties. Biochar is a product of combusted biomass that has a variety of chemical structures
depending on the biomass and pyrolysis method, and the variation has implications for the stability
of the carbon in the soil (Spokas, 2010). Biochar can have concomitant impacts on emissions of
other GHGs such as CH4 and N0 (Cayuela et al.,, 2010; Malghani et al,, 2013; Yu et al,, 2013),
although some studies have shown no effect (Case et al.,, 2013; Clough et al., 2010). Soil
amendments with biochar may also prime the decomposition of the native soil organic matter
although the CO; emissions from priming appear to be considerably smaller than the carbon added
in the biochar (Stewart et al., 2013; Woolf and Lehmann, 2012). Other research suggests that there
may even be “negative” priming leading to a reduction in heterotrophic respiration (Case et al.,
2013). Furthermore, the temporal duration of the GHG mitigation potential of biochar is also
uncertain but appears to be of a short term nature (Spokas, 2013). The influence of biochar on
emissions and priming needs more research before the full effect of biochar on carbon
sequestration and GHG emissions can be incorporated into models and GHG reporting frameworks.
Microbial degradation of biochar can occur over time scales ranging from as little as a few decades
to 1000s of years (Spokas, 2010). In the technical methods, biochar is treated as a high carbon to
low nitrogen amendment in the DAYCENT model framework, but with a conservative residence
time of the carbon from decades to a century. These methods can be further refined in the future as
the different types and residence times of biochar are further resolved.

The method for organic soils also has limitations, particularly the inability to estimate the effect of
mitigation measures such as water table management because emission factors are set for each
climate region (i.e., currently scaling factors are not available to revise the emission factors for
water table management). Only complete restoration of the wetland with no further drainage can
be addressed with the method (i.e., assumes no further emissions of COz). However, if crop
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production is maintained on the land parcel, the most practical method for reducing emissions is to
raise the water table to near the rooting depth of the crop during the growing season and then not
draining the soil during the non-growing season (Jongedyk et al., 1950; Shih et al., 1998), or
possibly managing the system with periodic flooding (Morris et al., 2004).

For all systems there is additional uncertainty associated with climate change. Modeled output for
any given location assumes temperature and precipitation similar to that of the past 30 years, the
period for which historical weather is used to simulate soil organic carbon dynamics. Expected
changes in temperature, precipitation, and extreme events such as droughts, floods, and heat waves
will add further uncertainty to estimates of soil organic carbon stock change.

While there is considerable evidence and mechanistic understanding about the influence of land
use and management on SOC, there is less known about the effect on soil inorganic C. Consequently,
there is uncertainty associated with land use and management impacts on soil inorganic carbon
stocks, which cannot be quantified. Current methods do not include impacts on inorganic C, but this
may be added in the future as more studies are conducted and methods are developed.

Uncertainties in model parameters and structure are combined using a Monte Carlo simulation
approach. Uncertainty is assumed to be minor for the management activity data provided by the
entity. Table 3-8 provides the probability distribution functions associated with the mineral and
organic soils methods.

Table 3-8: Available Uncertainty Data for Soil Organic Carbon Stock Change

Parameter Units e E I Distribution | Data Source
Low ngh
%

Eﬁcﬁ(egfaljgt}(lt;mpirical NS Various NS Normal (2()()gé';;t§lilA

(2013)
e e | 01 ms::;zz*sic 5 45 voma O
Emisonfdororaonindin | gy mCSC g5 s noma el
Ebonfarloreropindin | gy MCOSC g ae v OHertd
i Gorgnd g MCONC g5 a5 onoma | el
it orgrngand | g5 MNCINC g5 55 noma | Ofertd
i gl g5 TCONC so  do | noma O

NS = Not Shown. Data are not shown for parameters that have 100’s to 1000’s of values (denoted as NS).
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3.5.4 Soil Nitrous Oxide

Method for Estimating Soil Direct N.O Emissions
Mineral Soils

= The method is based on using results from process-based models and measured N20
emissions in combination with scaling factors based on U.S. specific empirical data on a
seasonal timescale.

® Process-based modeling (an ensemble approach using DAYCENT and DNDC) combined
with field data analysis are used to derive base emission rates for the major cropping
systems and dominant soil texture classes in each USDA Land Resource Region. In cases
where there are insufficient empirical data to derive a base emission rate, the base
emission rate is based on the IPCC default factor.
The base emission factors are adjusted by scaling factors related to specific crop
management practices that are derived from experimental data.

Organic Soils

= Direct N0 emissions from drainage of organic soils uses the IPCC equations developed in
de Klein et al., (2006). The method for organic soils assumes that there is still a significant
organic horizon in the soil, and therefore, there are substantial inputs of nitrogen from
oxidation of organic matter.

= The emission rate for drained organic soils is based on IPCC Tier 1 emission factor (0.008
metric tons N2O-N ha! year-1).

= This method relies on entity specific activity data as input into the equations.

Method for Estimating Soil Indirect N;O Emissions

= This method uses the IPCC equation for indirect soil N2O (de Klein et al., 2006).

= [PCC defaults are used for estimating the proportion of nitrogen that is subject to
leaching, runoff, and volatilization. In land parcels where the precipitation plus irrigation
water input is less than 80 percent of the potential evapotranspiration, nitrogen leaching
and runoff are considered negligible and no indirect N2O emissions are estimated from
leaching and runoff.

= This method uses entity specific seasonal data on nitrogen management practices.

3.5.4.1 Rationale for Selected Method

N0 fluxes are notoriously difficult to measure because of the labor required to sample emissions,
combined with high spatial and temporal variability. Agronomic practices that affect N,O fluxes in
one soil, climate, or site-year may have little or no measurable effect in others. Consequently,
considerable care is required to ensure that methods to estimate changes in emissions for a
particular cropping practice are accurate and robust for the geographic region for which they are
proposed, or are sufficiently generalizable to be accurate in aggregate.

De Klein et al. (2006) provide three estimation strategies for direct N,O emissions from cropland.
Two are based on emission factors, the proportion of nitrogen added to a crop that becomes N-O.
Tier 1 is based on a near-universal emission factor, applicable globally without regard to
geography, cropping practice, or fertilizer placement, timing, or formulation. Tier 2 methods utilize
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geographic, crop, or practice-specific emission factors where field tests show that a factor different
from the one percent Tier 1 factor is warranted. At present there is only one Tier 2 example in the
primary literature that is specific to conditions in the United States, and it is for corn in the North
Central region (Millar et al., 2010). This method has been incorporated into several N,O reduction
protocols (Verified Carbon Standard, American Carbon Registry, and Climate Action Reserve). The
third option for estimating direct N,O emissions, or Tier 3, is a measurement or process-based
modeling approach. In this case, emissions are monitored specifically for the entity’s field by
deploying instruments in a measurement system or by gathering the information specific to the
field conditions to simulate N,O emissions with a process-based model. This third option is the
most precise, but requires more resources and sufficient testing prior to implementation.

In Section 3.2.1.1, several practices are discussed that have been shown to reduce N;0 emissions in
field experiments. However, many of the experiments have been conducted for a limited number of
specific cropping systems and regions. Consequently, there are no mitigation practices for which
emission reductions have been quantified under all conditions in the United States. Nevertheless,
for many practices there is sufficient knowledge at the cropping system and regional levels to
establish that adoption will reduce soil N,O emissions.

Process-based simulation models use knowledge of C, N, and water processes (among others) to
predict ecosystem responses to climate and other environmental factors, including crop and
grazing land management (see soil carbon methodology in Section 3.5.3). N»O fluxes can be
predicted using simulation models (Chen et al., 2008; Del Grosso et al., 2010). A key advantage of
simulation models is that they are generalizable to a wide variety of soils, climates, and cropping
systems, allowing factors to interact in complex ways that may be difficult to predict with less
sophisticated approaches. However, a disadvantage is that complexity can limit their transparency,
and at present there are still substantial data gaps that limit our ability to fully test available models
for their sensitivity to different management practices across various regions and crops in the
United States.

To overcome these challenges, a hybrid approach that utilizes process-based simulation models and
field data was developed to estimate N,O emissions. The method uses a base emission rate
associated with the typical amount of nitrogen applied, and then adjustments are applied via
scaling factors to account for management practices that affect N,O emissions. This approach is a
Tier 3 method as defined by the IPCC.

Base emission rates are estimated for each dominant crop and three soil texture classes (coarse,
medium, fine) within a climatic region using process-based simulation modeling. The factors are
developed at the scale of USDA Land Resource Regions (LRR). Field data indicate that N,O
emissions generally increase as the amount of applied nitrogen increases, especially when nitrogen
application rates exceed crop uptake rates (Hoben et al,, 2011; Kim et al,, 2013; McSwiney and
Robertson, 2005; Shcherbak et al., in press) Research data from field experiments were compiled
and used to adjust the emission rates for nitrogen fertilizer application rates that exceeded the
typical nitrogen application rate for the crop in a land resource region. For crops where sufficient
data are not available to simulate the base emission rate with a process-based model, the standard
IPCC Tier 1 emission factor is applied. In addition, for land parcels that have a mix of crops where
only some can be simulated, the standard IPCC Tier 1 approach should also be applied.

Emissions are affected by specific farm management practices such as reducing tillage intensity;
adding nitrification inhibitors, or changing how, when and where nitrogen fertilizers are applied.
To account for the effect of management practices on N,O emission, scaling factors were developed
to adjust the base emission rates. The scaling factors were estimated from available research data
(See Appendix 3-A for more information). Management practices other than those included in the
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equation may also mitigate N,O emissions, but there are not currently sufficient data to create
generalized scaling factors. Additional data may lead to their inclusion in future updates to the
method.

This method incorporates more information than a method based solely on the IPCC model. It
provides a transparent and science-based means of estimating annualized N0 emissions from crop
and grazing lands, and it facilitates the estimation of uncertainty. For N;0 emissions from crop and
grazing lands, an IPCC Tier 1 approach is only sensitive to nitrogen application rate, and therefore
does not reflect the full suite of factors that are known to influence N;0 emissions including climate,
soils, crops, and management practices that range from tillage to cover crops to fertilizer timing,
placement, formulation, and additives. Dynamic process models as embodied in the IPCC Tier 3
approach can, in concept, account for most of these factors but to date have not been sufficiently
evaluated for many U.S. locations, crops, and management practices. This report takes a hybrid
approach that represents the best available science at the time of publication: dynamic process
models to estimate baseline N>O emissions for those crops and locations sufficiently evaluated, then
scaled by management practices to the extent supported by available research results. Initial
testing indicates that this method is more sensitive to U.S. nutrient management practices than the
IPCC Tier 1 approach. The authors anticipate publication of an addendum that will provide test
results and suggest further tuning of the method. Over time, as dynamic process models are further
developed and tested. The method will likely migrate towards an exclusive Tier 3 approach to
better account for management effects given the local variables and conditions. In the interim, in
addition to providing best-available and reliable estimates of N,0O emissions from crop and grazing
lands, the method outlined here is expected to set a research agenda that provides for broader
evaluation of environmental conditions and management practices influencing N,O emissions as
well as further development of models to more accurately estimate emissions.

Offsite or indirect N,O emissions, which occur when reactive nitrogen escapes to downwind or
downstream ecosystems where favorable conditions for N,O production exist, are even more
difficult to estimate than direct emissions because there is uncertainty in both the amount of
reactive nitrogen that escapes and the portion of this nitrogen that is converted to N,O. Ideally,
fluxes of volatile and soluble reactive nitrogen leaving the entity’s parcel of land would be
combined with atmospheric transport and hydrologic models to simulate the fate of reactive N. At
present there are no linked modeling approaches sufficiently tested to be used in an operational
framework. Consequently, the indirect N,O emissions are based on the IPCC Tier 1 method (de
Klein et al.,, 2006).

Similarly, direct N,O emissions from drainage of organic soils are based on the IPCC Tier 1 methods
(de Klein et al.,, 2006). Although research is ongoing to provide improved emission factors and
methods for estimating N0 emissions from drainage of organic soils (Allen, 2012), more testing
will be needed before incorporating them into an operational method. Future revisions to these
methods will need to consider advancements and revise the methods accordingly.

3.5.4.2 Description of Method

N0 is emitted from cropland both directly and indirectly. Direct emissions are fluxes from
cropland or grazing lands where there are nitrogen additions or nitrogen mineralized from soil
organic matter. Indirect emissions occur when reactive nitrogen is volatilized as NH3 or NO or
transported via surface runoff or leaching in soluble forms from cropland or grazing lands, leading
to N20 emissions in another location.
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Direct N,O Emissions

Mineral Soils: Total direct N,O emissions from mineral soils are estimated for a land parcel using
Equation 3-8.

Equation 3-8: Direct Soil N,O Emissions from Mineral Soils
N2Opirect = ERp X A x N2Omw % N2Ogwep
Where:
N2Opirect = Total direct soil N2O emission for parcel of land (metric tons COz-eq year-1)
ER, = Practice-scaled emission rate for land parcel (metric tons N20-N ha'l year-1)
A = Area of parcel of land (ha)

N,Omw = Ratio of molecular weights of N,O to N,O-N
=44 /28 (metric tons N0 (metric tons N,0-N)-1)

N20cwp = Global warming potential for N2O (metric tons CO2-eq (metric tons N,0)1)

The practice-scaled emission rate for the parcel of land (ER;) is estimated using Equation 3-9.
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Equation 3-9: Practice-Scaled Soil N.O Emission Rate for Mineral Soils

ERy = [ERp + (ANprp * EFprp)] X {1 + [Ssr X (Nse/Ni)]} x {1 + [Sinn X (Ninn/Ni)]} x (1 +
Stin) X {1 - [Nresiar/ (Ni + Nresiar)]}

Where:
ER,  =Practice-scaled emission rate for land parcel (metric tons N,O-N ha-! year-1)
ER,  =Base emission rate for crop or grazing land that varies based on nitrogen input

rate from mineral fertilizer, organic amendments, residues, and additional
mineralization with land-use change or tillage change
(metric tons N20-N ha' year-1)

ANy, = Difference in PRP manure N excretion2 between the PRP manure N excretion
based on entity activity data (Nprpe) and PRP manure N excretion for the base
emission rate (Nprpp) (metric tons N)

= Nprpe - Npreb

EF,p = Emission factor for PRP manure N input to soils, 0.02 metric tons N,O-N ha-!
year-! (metric tons N)-! for cattle, poultry and swine, and 0.01 metric tons N,0O-N
(metric tons N)-! for other livestockb

Ni = Nitrogen inputs, including mineral fertilizer, organic amendments, PRP manure
N, residues, and SOM mineralization (See Equation 3-11)
(metric tons N ha-lyear!)

Ser = Scaling factor for slow-release fertilizers, 0 where no effect (dimensionless)

N = Nitrogen in slow-release nitrogen fertilizer applied to the parcel of land
(metric tons N ha-lyear?)

Sinh = Scaling factor for nitrification inhibitors, 0 where no effect (dimensionless)

Nish = Nitrogen in nitrogen fertilizer with inhibitor applied to the parcel of land

(metric tons N ha-lyear!)
Stinn = Scaling factor for no-tillage, 0 except for NT (dimensionless)

Nresiaer = N removed through collection, grazing, harvesting or burning of aboveground
residues (metric tons N ha-! year-1). Estimate using Equation 3-10 for results
generated with DAYCENT and DNDC models with the exception of hay crops. No
calculation is needed for results generated by the IPCC method or for results
associated with hay crops generated by DAYCENT and DNDC (set value to 0).

a A difference arises in the ERb estimation of PRP manure N input and the actual PRP manure N input because a typical
rate of N input was assumed in the DAYCENT and DNDC simulations for the ERy calculation (See Textbox 3-1 and
Appendix 3-A).

b Emission factors from de Klein et al. (2006).

In this equation, the base emission rate (ERy) varies by the amount of nitrogen input to the soil. The
rate may also vary for different crop and grazing land systems by LRR to capture variation in
climate, and by texture class in order to represent the influence of soil heterogeneity on N,O
emissions. More information about base emission rates is given in Text box 3-1.

Practice-based emission scaling factors (0 to 1) are used to adjust the portion of the emission rate
associated with slow release fertilizers (Ssr), nitrification inhibitors (Sinn), and
pasture/range/paddock (PRP) manure nitrogen additions (Sprp,cps)- The slow-release fertilizer,

3-62



Chapter 3: Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing Land Systems

nitrification inhibitor and PRP manure scaling factors are weighted so that their effect is only on the
amount of nitrogen influenced by these practices relative to the entire pool of nitrogen (i.e., the
amount of slow-release fertilizer, fertilizer with nitrification inhibitor or PRP manure nitrogen
added to the soil). In contrast, scaling factors for tillage (S:ni) are used to scale the entire emission
rate under the assumption that this practice influences the entire pool of mineral nitrogen inputs
(i.e., Nl)

Equation 3-10: Aboveground Residue N Removal
For Crops:
Nresidr = [((Yam / HI) = Yam) X R¢) X Na]
For Grazing Forage:
Nresiar = [Yam X (Fr + Rr) X Na]
Where:

Nresiar = N removed through collection, grazing, harvesting or burning of aboveground
residues (metric tons N ha-! year-1)

Yam = Crop harvest or forage yield, corrected for moisture content
(metric tons biomass ha! year -1)
=Yx DM
Y = Crop harvest or total forage yield (metric tons biomass ha! year -1)
DM = Dry matter content of harvested biomass (dimensionless)
HI = Harvest Index (dimensionless)
Fr = Proportion of live forage removed by grazing animals (dimensionless)
R: = Proportion of crop/forage residue removed due to harvest, burning or grazing
(dimensionless)
Na = Nitrogen fraction of aboveground residue biomass for the crop or forage

(metric tons N (metric tons biomass)-1)

Table 3-9: Scaling Factors for Nitrogen Management Practices

. Nitrogen Management Factor (Proportional
Management Practice g g (. port Source
Factor Change in Emissions

Slow-release fertilizer use Ssr -0.21 (-0.12 to -0.30) See Appendix 3-A
Manure nitrogen directly
deposited on Sprp,cps +0.5 (0.33t0 0.67) IPCC (2006)
pasture/range/paddock
Nitrification inhibitor use Sinh — semi arid/arid climate -0.38 (-0.21 to -0.51) See Appendix 3-A
Nitrification inhibitor use Sinh — mesic/wet climate -0.40 (-0.24 to -0.52) See Appendix 3-A
Stin— semi arid/arid climate
Tillage (< 10 years following no-till 0.38 (0.04 t0 0.72) van Kessel etal (2012),
. Six et al. (2004)
adoption)
Stin— semi arid/arid climate
Tillage (= 10 years following no-till -0.33 (-0.16 to -0.5) van Kessel etal (2012),
) Six et al. (2004)
adoption)
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Management Practice Nitrogen Management Factor (_Prop(?rtl_onal
Factor Change in Emissions)
Stin— mesic/wet climate
Tillage (< 10 years following no-till | -0.015 (-0.16 to 0.16) 2" ;‘:{S:f;ftélé ((3))12),
adoption) )
Stin— mesic/wet climate
Tillage (= 10 years following no-till -0.09 (-0.19 to 0.01) van ?if(sesf Lft(;l(') (()i())lZ),
adoption) )

Note: See Appendix 3-A for further explanation on the practices included in the soil N20 method and the
sources of data that were used to derive the base emission rates and scaling factors for the management
practices.
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Text box 3-1: Base Emission Rate for Direct Soil N2O Emissions from Mineral Soils

The base emission rate is a crop or grazing land specific estimate that varies based on the
total mineral nitrogen input to the soil. There are two methods used to estimate the base
emission rate. The first method uses a combination of process-based modeling and
measurement data to estimates N,O base emission rates by land resource region, major crop
type, and soil texture class. The second method uses the default IPCC emission factor of one
percent (de Klein et al., 2006), multiplying this value by the total nitrogen input (See

Equation 3-11) to estimate the base emission rate. The second approach is used for crops that
are not included in the process-based modeling analysis.

The remainder of this box describes the first method. The equation for the first method,
combining the modeling and measurement data, is given below:

ERp = ER¢ + (EFtypical + (Ser x ANf)) x Nt
ERy = Base emission rate (metric tons N2O-N ha-! year-1)

ERo = Emission rate modeled at 0 level of nitrogen input (N =0)
(metric tons N,0-N ha'! year-1)

EFypica = Emission factor for the typical fertilization rate
(metric tons N20-N (metric tons N)-1)
= (ERtypical - ERO)/ Nt

ERgypicat = Emission rate for the typical case modeled (metric tons N2O-N ha-! year-1)

Ser = Base EF scalar;
for AN¢> zero: Sgr = 0.0274 for all non-grassland crops,
Ser = 0.117 for grasslands;
for AN¢ < zero (less than or the same as typical fertilizer rates): Sgr = 0;
((metric tons N20-N (metric tons N)-2) ha year)

AN¢ = Nt - Nir (metric tons N ha'! year-1)

N¢ = Actual nitrogen fertilizer rate, including synthetic and organic
(metric tons N ha-! year-1)

Nie = Typical nitrogen fertilizer rate (metric tons N ha-! year-1)

Process-based models were used to simulate N,O emissions at the typical nitrogen
fertilization rate for major commodity crops according to the USDA Agricultural Resource
Management Survey data (ERgypical), in addition to a zero rate application (ER¢). The N,O
emission at the typical rate of fertilization for major commodity crops are produced for
coarse, medium, and fine textured soils in each land resource region. The emission factor
(EFypical) for fertilization rates greater than the typical rate for the crop or grass are scaled
according to the trend in measured soil N,O data across a range of fertilization rates based on
experimental data. The change in the emission factor between the typical nitrogen
fertilization rate and a higher rate was averaged to derive an emission factor scalar or rate of
change per unit of additional N. The scalar is multiplied by the additional nitrogen to derive
an adjustment to the emission factor (Sgr x ANf) that is then added to the emission factor
derived for the typical fertilizer rate (EFypica). No scaling is done for the case where ANf <
zero, i.e., where the fertilization rate is equal to or less than the typical rate of nitrogen
application. In this case Sgr = 0 such that Sgr x AN¢ = 0. The resulting emission factor is
multiplied by the actual fertilizer rate (Nf) and added to the emission rate at the 0 level of
nitrogen fertilization (ERo) to derive the base emission rate (ERy).
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Nitrogen inputs are estimated with the following equation:

Equation 3-11: Nitrogen Inputsa
Ni = stert + Nman + Ncomp + Nresid + Nsmin + Nprp
Where:

N;i = Nitrogen inputs, including mineral fertilizer, organic amendments, PRP manure N,
residues, and SOM mineralization
(metric tons N ha-! year1)

Nsterr = Nitrogen in synthetic fertilizer applied to a parcel of land
(metric tons N ha'! year-1)

Nman = Nitrogen mineralization from manure amendments (or sewage sludge) applied to
a parcel of land (metric tons N ha! year-1)

Neomp = Nitrogen mineralization from compost applied to a parcel of land
(metric tons N ha'! year-1)

Nresia = Nitrogen mineralization from crop and cover crop residues above and
belowground that are left on the parcel of land following senescence (i.e., not
collected, grazed, or burned) (metric tons N ha-! year-1)

Nsmin = Nitrogen inputs from soil organic matter mineralization as estimated by the
DAYCENT mineral soil C method (See Section 3.5.3.2) (metric tons N ha! year-1).
Value set to 0 for crops that are not estimated with the DAYCENT mineral soil C
method.

Nprp = Nitrogen in urine and mineralization from solids associated with manure in
pasture/range/paddock (PRP) (metric tons N ha-! year-1)b

a The approach for estimating nitrogen mineralization inputs is consistent with the U.S. National Inventory (U.S. EPA,
2013).

b Pasture/Range/Paddock (PRP) manure N is a term utilized by the IPCC (de Klein et al., 2006) for the N excreted directly
onto land by livestock, and the manure is not collected or managed. The total PRP manure N is estimated with methods
from Chapter 5, and assumed to be split with 50% of the N in urine and 50% of the N in solids.

The total N mineralization is estimated from the DAYCENT mineral soil C method in aggregate for
manure amendments (Nman), compost (Ncom), residues (Nres), soil organic matter (Nsmin) and solids
associated with PRP manure, and is used to approximate these N inputs in Equation 3-11. This
approach creates a linkage between the mineral soil C method (See Section 3.5.3.2) and the N0
method, ensuring consistency in treatment of N. In instances where crops cannot be estimated by
the DAYCENT mineral soil C method, the method from the IPCC guidelines (Aalde et al., 2006) can
be used to estimate the N inputs from mineralization with the exception of Nsmin, which is set to 0
(See Appendix 3-B).

Organic Soils: The method for organic soils includes Histosols and soils that have high organic
matter content and developed under saturated, anaerobic conditions for at least part of the year,
which includes Histels, Historthels, Histoturbels. The method assumes that there is a significant
organic horizon in the soil, and therefore, major inputs of nitrogen are from oxidation of organic
matter rather than external inputs from synthetic and organic fertilizers. If these assumptions are
not true, then the entity should use the mineral soil method to estimate the N;O emissions. Total
direct N,O emissions from drained organic soils are estimated for individual parcels of land (i.e.,
fields) with the following equation:
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Equation 3-12: Direct N.O Emissions from Drainage of Organic Soils (Histosols)
N20o0rcanic = Aos % ERos
Where:

N20o0rcanic = Direct soil N2O emission from drainage of organic soils
(metric tons N20-N year-1)

Aos = Area of organic soils drained on a parcel of land (ha)

ERos = Emission rate for cropped Histosols,
IPCC Tier 1 ERgs = 0.008 metric tons N>0O-N ha! year-!

Indirect N0 Emissions: The method to estimate indirect N,O emissions for mineral soils has been
adopted from the approach developed by IPCC (de Klein et al., 2006). The following equation is
used to estimate the total indirect N,O emissions associated with nitrogen volatilization and
nitrogen leaching and runoff from the land parcel:

Equation 3-13: Total Indirect Soil N,O Emissions from Mineral Soils
N2Omndirect = (N20vol + N2OLeach) ¥ N2Omw %X N2Ocwp
Where:
N20mdirect = Indirect soil N2O emission (metric tons COz-eq year1)

N2Ove = N0 emitted by ecosystem receiving volatilized nitrogen
(metric tons N20-N year-1)

N2Oreach = N20 emitted by ecosystem receiving leached and runoff nitrogen
(metric tons N,0-N year-1)

N,Omw = Ratio of molecular weights of N0 to N,O-N = 44/28
(metric tons N0 (metric tons N20-N)-1)

N2Oewr = Global warming potential for N,O (metric tons CO;-eq (metric tons N,0)-1)

The following equation is used to estimate the indirect emissions associated with nitrogen
volatilization from the land parcel:
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Equation 3-14: Indirect Soil N-O Emissions from Mineral Soils —Volatilization
N2O0vo1 = [(Fsn x FRsn) + (Fon x FRon)] % EFvor
Where:

N20vo = Indirect soil N0 emitted by ecosystem receiving volatilized nitrogen
(metric tons N20-N year-1)

Fsn = Synthetic nitrogen fertilizer applied (metric tons N year-1)

FRsy = Fraction of Ny that volatilizes as NHz and NOy. IPCC default Tier 1 = 0.10
(metric tons N (metric ton Ngfert) 1)

Fon = Nitrogen fertilizer applied of organic origin including manure, sewage sludge,
compost and other organic amendments (metric tons N year-1)

FRon = Fraction or proportion of Fon that volatilizes as NHz and NOy. IPCC default Tier 1 =
0.2 (metric tons N (metric ton Non)-1)

EFvo. = Emission factor for volatilized nitrogen or proportion of nitrogen volatilized as NH3
and NOy that is transformed to N0 in receiving ecosystem; IPCC Tier 1 EF = 0.01
(metric tons N20-N (metric ton N)-1)

The IPCC defaults are used for FRsy and FRou.

The following equation is used to estimate the indirect N,O emissions associated with leaching or
overland flow of reactive nitrogen that is transported from the land parcel (i.e,, field):

Equation 3-15: Indirect Soil N.O Emissions from Mineral Soils —Leaching and Runoff
N20ieach = (Nl X FRleach) % EFieach
Where:

N20jeach = Indirect soil N20 emitted by ecosystem receiving leached and runoff nitrogen
(metric tons N,0-N year-1)

N; = Nitrogen inputs, including mineral fertilizer, organic amendments, PRP manure N,
residues, and SOM mineralization (metric tons N ha'! year-!) (See Equation 3-11)

FRieach = Fraction or proportion of N; that leaches or runs off. [IPCC default Tier 1 = 0.30
except a) where irrigation+precipitation is less than 80% of potential
evapotranspiration (metric tons N (metric ton N)-1) FRieach = 0; and b) cropping
systems with leguminous or non-leguminous winter cover crops, for leguminous
cover crops, FRieach = 0.18, and for non-leguminous cover crops, FRjeach = 0.09.

EFieach = Emission factor for leached and runoff nitrogen or proportion of leached and
runoff nitrogen that is transformed to N,O in receiving ecosystem; [PCC Tier 1 EF
=0.0075 (metric tons N20-N (metric ton N)-1)

The fraction of nitrogen that is leached from a profile will vary depending on the level of
precipitation and irrigation water applied in the field. In land parcels (i.e., fields) where the
precipitation plus irrigation water input is less than 80 percent of the potential evapotranspiration,
nitrogen leaching and runoff are considered negligible and no indirect N,O emissions are estimated
(U.S.EPA, 2011). IPCC default fractions are used for EFjeqcn and FRieqch Where no cover crops are
present. Where winter cover crops precede the cash crop, FRieqn is further adjusted to account for
cover crop effects on nitrate leaching. In a meta-analysis of 36 geographically distributed field
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studies, Tonitto et al. (2006) found a 40 percent and 70 percent reduction in nitrate leaching with
the use of legume and non-legume cover crops, respectively. Accordingly, FRieqcn, is reduced to 0.18
for legume cover crops (0.3 x (1-0.4); or 18% of total nitrogen inputs) and 0.09 for non-legume
cover crops (0.3 x (1-0.7); or nine percent of total nitrogen inputs).

3.5.4.3 Activity Data
Calculating emissions requires the following activity data for croplands:

= Area of land parcel (i.e., field);

=  Prior-year crop type, dry matter yields, and residue-yield ratios to calculate crop residue
nitrogen input, including cover crop (if present);

= Residue management, including amount harvested, burned, grazed, or left in the field;

= Synthetic fertilizer type (chemical formulation) and coatings (if present);

= Synthetic and organic fertilizer application rate, application method (broadcast, banded, or
injected, including depth of injection), timing of application(s);

=  Type of nitrification inhibitor applications (if used);

= Tillage implements, dates of operation, and number of passes in each operation (which can
be used to determine tillage intensity with the STIR Model), (USDA NRCS, 2008);

= Irrigation method, application rate and timing of applications;

= Total dry matter yield of crop (metric tons dry matter year-!), dry matter content of yield,
and harvest index; and

= Cover crop types, planting, and harvesting dates (if applicable).

The method for grazing land requires the following management activity data:

= Area of land parcel (i.e., field);

=  Prior-year grass type and dry matter production to calculate grass nitrogen input;

= Synthetic fertilizer type (chemical formulation) and coatings (if present);

= Organic amendment types and timing;

= Synthetic and organic amendment application rate, application method (broadcast, banded,
or injected, including depth of injection), timing of application(s);

= Pasture/range/paddock (PRP) N excreted directly onto land by livestock (i.e., manure that
is not managed);

= Type of nitrification inhibitor applications (if used);

= Tillage implements, dates of operation, and number of passes in each operation which can
be used to determine tillage intensity with the STIR Model, (USDA NRCS, 2008);

= Irrigation method, application rate, and timing of applications;

= Periods of grazing during the year;

= Animal type, class, and size used for grazing;

= Stocking rates and methods; and

= Total yield of meat (kg carcass yield year-) or milk (kg fluid milk year-1).

Crop yields are provided by the entity for the crop system, or peak forage amounts for grazing
systems. In some years, the entity may not harvest the crop due to drought, pest outbreaks, or other
reasons for crop failure. In those cases, the entity should provide the average yield that they have
harvested in the past five years, and an approximate percentage of crop growth that occurred prior
to crop failure. The yield is estimated based on multiplying the average crop yield by the percentage
of crop growth obtained prior to failure.

To calculate the amount of synthetic fertilizer nitrogen applied to soils, the type of fertilizer applied
and its nitrogen content are required. Table 3-10 provides nitrogen content information for
common types of synthetic fertilizers.
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Pasture/range/paddock (PRP) manure N input

. . . Table 3-10: Nitrogen Fraction of Common
is the N excreted directly onto land by livestock, Synthetic Fertilizers (percent by weight)
and the manure is not collected or managed (de y p y 5

Klein et al., 2006). The amount of PRP manure Synthetic Fertilizer

N is estimated with the livestock methods (See Ammonium nitrate (NH4NOs) 33.5%
Chapter 5), and assumed to be split with 50% of Ammonium nitrate limestone 20.5%
the N in urine and the other 50% of the N in Ammonium sulfate 20.75%
solids. Anhydrous ammonia 82%
Aqua ammonia 22.5%

3.5.4.4 Ancillary Data Calcium cyanamide (CaCNz) 21%

Calcium ammonia nitrate 27.0%

Ancillary data for estimating direct soil N2O Diammonium phosphate 18%
emissions from mineral soils include land Monoammonium phosphate 11%
resource region, soil texture, and climate Potassium nitrate (KNO3) 13%
variables. Land resource region can be Sodium nitrate (NaNO3) 16%
identified based on the geographic coordinates Urea CO(NH2)2 45%

of the field. Soil data are available from national  Source: Fertilizer 101 (2011).

datasets such as SSURGO (Soil Survey Staff,

2011), and average growing season

precipitation and evapotranspiration data are available from national weather datasets such as
PRISM (Daly et al., 2008). These data are used by the models to determine base emission rates.

3.5.4.5 Model Output

N0 emissions are expressed both as the quantity of emissions and as emissions intensity—
emissions per unit yield, e.g., g N,O per Mg grain or animal product. Reducing the emissions
intensity can be assumed to avoid emissions from indirect land-use change. In contrast, if the
emissions intensity increases due to a loss of yield, then there is potential for additional land to be
converted into agriculture to make up for a yield loss.

Equation 3-16: Soil N2O Emissions Intensity
Elnzo = (N2Obpirect + N2Oindirect) / Y

Where:
Elnzo = N;0 emissions intensity
(metric tons COz-eq per metric ton dry matter crop yield or kg carcass or kg fluid
milk)

N20pirecc = Total direct soil N2O emission (metric tons CO,-eq year-!) (See Equation 3-8)
N2Omdirect = Total indirect soil N2O emission (metric tons CO2-eq year-!) (See Equation 3-13)

Y = Total yield of crop (metric tons dry matter crop yield year-1), meat (kg carcass
yield year-1), or milk production (kg fluid milk yield year-1)

3.5.4.6 Limitations and Uncertainty

The primary limitation of N,0 estimation models is that they depend on surrogate measures that
will not allow fluxes for a particular location or time to be predicted precisely. Nevertheless, while
it may be decades, if ever, before annual rates of N,O emissions from a specific field can be
measured with great certainty and for low cost, average estimates for similar cropping systems and
landscapes will converge as estimates aggregate to larger areas.
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Limitations in the method also occur due to:

Lack of knowledge of how different practices affect fluxes in some regions and cropping
systems.

Lack of knowledge about how some of the management practices interact with each other
and with soil and climate factors to affect the fundamental processes driving N,O
emissions—e.g., nitrification, denitrification, gas diffusion, etc.—and incorporation of these
effects into process models.

Limited number of data sets currently available to test the efficacy of practices to mitigate
fluxes and to evaluate process-based models.

Limited number of datasets with more than two fertilizer rates to estimate the scalars for
emission factors associated with the base emission rates, particularly the possibility for
non-linear scalars.

The mineral soils method assumes a one percent emission factor for indirect N,O emissions
from volatilized nitrogen and 0.75 percent emission factor for leached NO3-. However, there
is evidence that the EF for NO3- leaching varies from 0.75%, depending on the type of
waterway (Beaulieu et al., 2011) and it is also likely that the soil N,O emissions from
atmospheric deposition of nitrogen will vary depending on the nitrogen status of the
receiving ecosystem.

The fraction of nitrogen that is volatilized (assumed to be 10 percent for inorganic nitrogen
sources and 20 percent for organic nitrogen sources in Equation 3-15) is very uncertain.
Likewise, the fraction of nitrogen that is leached from a profile or runs off is highly
uncertain (assumed to be 30 percent of all nitrogen sources except where precipitation plus
irrigation is less than 80 percent of potential evapotranspiration; U.S. Environmental
Protection Agency, 2011). Experiments suggest that gross generalizations are not valid and
that many practices can reduce both volatilized nitrogen and the nitrogen that is lost by
leaching and runoff.?

Climate change will affect model output insofar as baseline N,0 estimates are simulated for
any given location using temperature and precipitation distributions for the past 30 years.
Expected changes in temperature, precipitation, and extreme events such as droughts,
floods, and heat waves will add further uncertainty to estimates of all N;O emissions and
potentially interact with scaling factors. Crop nitrogen management may further change
with climate change (Robertson, 2013).

Uncertainties in model parameters are combined using a Monte Carlo simulation approach.
Uncertainty is assumed to be minor for the management activity data provided by the entity Table
3-11 provides the probability distribution functions to estimate uncertainty in the direct and
indirect soil N20 emissions. Data are not shown for DNDC and DAYCENT output that are delineated
by LRR, soil type, and climate.

9 The IPCC factors assume that the maximum aboveground nitrogen recovery by crops is 50 to 60 percent.
However, rates of nitrogen recovery can be significantly higher with best practices.
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Table 3-11: Available Uncertainty Data for Direct and Indirect N,O Emissions

Effective
Upper Distribution |Data Source
Limit

. Effective
Estimated .
Parameter Units Lower
Value ..
Limit

Typical direct N20
emission rate and 0-

level input rate NS Various NS NS . Mgltlp.le DAYCENT,

from process-based distributions DNDC

model

Scaling factor for Proportional Aopendix 3-

slow-release -0.21 Change in -0.30 -0.12 Normal PP A

fertilizers Emissions

. Proportional .

Scaling factor for +0.5 Change in 0.33 0.67 Normal Appendix 3-

PRP manure N .2 A
Emissions

airifcation g o] fgpei -

A . -0.38 Change in -0.51 -0.21 Normal pp

inhibitors - semi- Emissions A

arid/arid climate

rslgii'lilfrilgafcailcc);or Proportional Appendix 3-

e . -0.40 Change in -0.52 -0.24 Normal PP

inhibitors - mesic .o A

climate Emissions

Scaling factor for . van Kessel et

no-till, semi- Ry gL al. (2012)

C 0.38 Change in 0.04 0.72 Normal . ’
arid/arid climate, Emissions Six et al.
<10 years (2004)
Scaling factor for . van Kessel et
no-till, semi- Proportional al. (2012)

T -0.33 Change in -0.5 -0.16 Normal . ’
arid/arid climate, Fmissions Six et al.
210 years (2004)
Scaling factor for Proportional Virll Iée g i;l)et
no-till, mesic/wet -0.015 Change in -0.16 0.16 Normal S;ix | ’
climate, <10 years Emissions (2004)
Scaling factor for Proportional Vzrll I((ze g i;l)et
no-till, mesic/wet -0.09 Change in -0.19 0.01 Normal S.ix ot al !
climate, 210 years Emissions (2004)
Base EF scalar - (metric tons. .
cropland for non- 0.0274 l\,lcf)?l_SNN()Ig)e E:C Normal Apper;dlx 3
grassland crops

year
(metric tons
Base EF scalar - for N20-N (metric Appendix 3-
grasslands 0.117 tons N)2) ha Normal A
year
Emission rate for metric torjlls .
crsedl BigEe 5 0.008 N20-N ha 0.002 0.024 Uniform IPCC (2006)
year1
5 r?liggtr;corfitro en metric tons N
(%m) ot Volaglizes 0.1 (metric ton 0.03 0.3 Uniform  IPCC (2006)
stert)'1

as NH3z and NOx
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Parameter

Estimated
Value

Units

Effective
Lower

Effective
Upper

Distribution Data Source

Fraction of nitrogen
in organic

metric tons N

Limit

Limit

amendments (Fon) 0.2 (metric ton 0.05 0.5 Uniform IPCC (2006)
that volatilizes as Non)?
NHz and NOx
Emission factor for
volatilized nitrogen metric tons
as NHs and NOx that 0.01 N20-N (metric 0.002 0.05 Uniform IPCC (2006)
is transformed to ton N)1
N20.
Fraction of N that
[EEEER oI T T 0.3 metrictons N = 4 0.8 Uniform  IPCC (2006)
except in systems (metric ton N)1
with cover crops
Fraction of N: that
leaches or runs off metric tons N Tonitto et al.
with a leguminous 0.18 (metric ton N)-1 0.14 0.26 Log-Normal (2006)
cover crop
Fraction of N that
leaches or runs off
. metric tons N Tonitto et al.
;Nlth non- 0.09 e 0.06 0.15 Log-Normal (2006)
eguminous cover
crop
Emission factor for
leached and runoff ) 75 | metrictons N [ 400 0.025 Uniform  IPCC (2006)

nitrogen that is
transformed to N20

(metric ton N)1

NS = Not Shown. Data are not shown for parameters that have 100’s to 1000’s of values (denoted as NS). Data are
provided in supplementary material available online.
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3.5.5 Methane Uptake by Soils

Method for Estimating Methane Uptake by Soil

= Methane uptake by soil uses an equation based on average values for methane oxidation
in natural vegetation—whether grassland, coniferous forest, or deciduous forest—
attenuated by current land use practices.

=  Annual average CH4 oxidation fluxes are from the data set used by Del Grosso et al.
(2000a) who reviewed average fluxes from grassland and agricultural soils, coniferous
forest soils, and deciduous forest soils. Management reduces potential (historic)
oxidation to 30 percent of original rates based on available data (Del Grosso et al., 2000a;
Mosier et al,, 1991; Robertson et al., 2000; Smith et al., 2000). Kuchler potential
vegetation maps can be used to determine the natural vegetation across the United States
if the entity does not have information for land parcels in operation.

= This newly developed methodology makes use of recent U.S.-based research that is not
addressed by IPCC or the U.S. Inventory. The method incorporates entity specific annual
data such as current management of the land parcel, cultivation for crop production,
grazing activity, recently harvested forests, or fertilized grasslands or forests.

3.5.5.1 Rationale for Selected Method

There are no agronomic practices known to enhance CH4 uptake (oxidation) in croplands, other
than in wetlands converted to flooded rice (discussed in Section 3.2.2). Agronomic activity
universally reduces methanotrophy in arable soils by 70 percent or more (Mosier et al., 1991;
Robertson et al., 2000; Smith et al., 2000). Recovery of CH4 oxidation upon abandonment from
agriculture is slow, probably taking 50 to 100 years for the development of even 50 percent of
former (original) rates (Levine et al,, 2011). No recovery has been documented for CRP grasslands
or perennial biofuel crops to date. There are currently no models for quantifying CH4 oxidation
recovery other than rate of reversion to natural vegetation, so this is a Tier 3 method as defined by
the IPCC.

3.5.5.2 Description of Method

The model is based on average values for methane oxidation in natural vegetation—whether
grassland, coniferous forest, or deciduous forest—attenuated by current land use practices.
Average values are from the data set used by Del Grosso et al. (2000a), who reported average fluxes
(£ standard deviation) for temperate and tropical grassland soils of 3.2+1.9 kg CH4 ha'! year-!; for
coniferous forest soils, 2.8+1.4 kg CH4 ha! year-!; and for deciduous forest soils, 11.8+5 kg CHs4 ha'!
year-l. Management reduces potential (historic) oxidation to 30 percent of original rates based on
available data (Del Grosso et al., 2000a; Mosier et al., 1991; Robertson et al., 2000; Smith et al,,
2000) as noted in Sections 3.2.3.3 and 3.3.2.3. Recovery of oxidation is assumed to occur over the
period required for ecological succession to restore original vegetation (Del Grosso et al., 2000a;
Mosier et al., 1991; Robertson et al., 2000; Smith et al., 2000), which is approximated at 100 years
after abandonment from agriculture or forest harvest. Recovery is assumed to occur at a linear rate
(Smith et al.,, 2000) such that successional forests and grasslands will consume CH,4 at a rate that is
between 30 and 100 percent of the original oxidation capacity between the initial year of
abandonment until year 100. The following equation is used to estimate methane oxidation for a
land parcel:
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Equation 3-17: Methane (CH,) Oxidation
CHasoiloxidation = (PCH4 x AF) x SF x A x CHacwe
Where:
CHasoiloxidation = CH4 oxidation in soils (metric tons CO2-eq year-1)

PCH.4 = Potential CH4 oxidation based on historic natural vegetation; grasslands =
3.2; coniferous forests = 2.8, deciduous forests = 11.8 (kg CH4 ha! year?)

AF = CH4 oxidation attenuation factor; cropland including set-aside (CRP)
grassland, grazing land, and fertilized or recently harvested forests = 0.30;
natural vegetation, 0-100 years after abandonment of agricultural
production or timber harvest = 0.3 + (0.007 x years since abandonment);
>100 years post-management or never used for agricultural management or
timber harvest = 1.0

SF = Scaling factor, 1/1000 (metric tons kg-1)
A = Area (ha)
CHacwp = Global warming potential of CH4 (metric tons COz-eq (metric tons CH4)1)

3.5.5.3 Activity Data

This method requires land use and type of vegetation for the past 80 years. Kuchler potential
vegetation maps can be used to determine the natural vegetation across the United States
(grassland, coniferous forest, or deciduous forest) if the entity does not have this information for
land parcels in the operation. The entity will need to identify if the current management of the land
parcel includes cultivation for crop production, grazing in grasslands, recently harvested forests, or
fertilized grasslands or forests. Assuming the parcel of land is not under cultivation, fertilized,
grazed grasslands, or recently harvested forest, the entity will need to provide the time since the
land has been managed with one of these practices.

3.5.5.4 Ancillary Data

No ancillary data are required for this method.

3.5.5.5 Model Output

The model provides a value for diminished CH4 oxidation capacity. The change in CH4 oxidation
capacity will be negative, and so there is no potential for increased CH4 oxidation with this method.
Unlike other methods in this section, the emissions intensity is not relevant for this method.

3.5.5.6 Limitations and Uncertainty

= Lack of precision in knowledge of prior land use.

= Uncertainties associated with estimating CH4 oxidation rates prior to conversion (PCHs in
Equation 3-17). In a review of available data, Del Grosso et al. (2000a) noted annual CH4
oxidation rates of <1.8 kg CH4 ha'? year-! for grassland and agricultural soils, 1.4 to 4.1 kg
CH4 hal year-! for coniferous and tropical forest soils, and 5.3 to 12 kg CH4 ha'! year-! for
deciduous forest soils.
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= Uncertainty associated with the attenuation factor. In a review of temperate region
comparisons of paired sites in natural vegetation vs. agricultural management, Smith et al.
(2000) found that agricultural conversion to cropland or pasture reduced oxidation by 71

percent on average.

Uncertainties in model parameters are combined using a Monte Carlo simulation approach.
Uncertainty is assumed to be minor for the management activity data provided by the entity,
although this may not be the case if there is limited knowledge about land-use change. Table 3-12
provides the probability distribution functions associated with estimating uncertainty in methane

oxidation.

Table 3-12 Available Uncertainty Data for Methane Oxidation

Estimated

P
arameter Value

CHa4 oxidation rates prior to

conversion (PCH4) grasslands (kg 3.2
CHs halyear?)

CH4 oxidation rates prior to

conversion (PCH4) coniferous 2.8

forests (kg CH4 ha'! year1)

CH4 oxidation rates prior to

conversion (PCH4) deciduous 11.8
Forests (kg CH4 ha'! year-1)

CH4 oxidation attenuation factor:

cropland including set-aside (CRP)

grassland, grazing land, and 0.30
fertilized or recently harvested

forests

CH4 oxidation attenuation factor:

: .3+ (0.
natural vegetation, 0-100 years 0.3+ (0 (.)07 )
; years since

after abandonment of agricultural

- . abandonment)
production or timber harvest
CHa4 oxidation attenuation factor:
>100 years post-management or 1

never used for agricultural
management or timber harvest
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Effective

Lower
Limit

0.1

19

0.07

0.07 +
(0.007 x
years
since
abandon
ment)

0.07

Effective
Upper
Limit

6.9

5.5

21.6

Distribution Data Source

Del Grosso et

Normal al. (2000a)
Normal Del Grosso et
al. (2000a)
Normal Del Grosso et
al. (2000a)
Smith et al.
Log-Normal (2000)
Smith et al.
Log-Normal (2000)
Smith et al.
Log-Normal (2000)
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3.5.6 Methane and Nitrous Oxide from Flooded Rice Cultivation

Method for Estimating Methane and N,O Emissions from Rice Cultivation

= JPCC equatlons developed by Lasco et al. (2006) for CH4 and de Klein et al. (2006) for N,O.
The baseline emission factor or typical daily rate at which CH4 is produced per
unit of land area represents fields that are continuously flooded during the
cultivation period, not flooded at all during the 180 days prior to cultivation, and
receive no organic amendments. Differences between the baseline continuously
flooded fields without organic amendments are accounted for by scaling factors
(e.g., water regime adjustments (pre-and during the cultivation period), or
organic amendments). CH4 scaling factors to account for water regimes and
organic amendments come from Lasco et al. (2006).

N0 emission factors rely on Lasco et al. (2006), and the scaling factor to account
for drainage effects comes from Akiyama et al. (2005; USDA, 2011).
= This method uses the IPCC (2006) equations with the addition of a scaling factor for
estimating N,O emissions from drainage (Akiyama et al., 2005; U.S. EPA, 2011). The
method for methane emissions uses entity specific seasonal parcel data as input into the
[PCC equation.
= This method was chosen to minimize uncertainty. Process models were considered, but
not chosen for this method due to a need for further research on U.S. rice cultivation
conditions and practices.

3.5.6.1 Rationale for Selected Method

There are a number of possibilities for estimating GHG emissions from flooded rice systems.
Process based models are being developed to quantify GHG emissions, such as the DNDC (e.g.,
Zhang etal,, 2011) and DAYCENT models (Cheng et al., 2013). While, these models have been
evaluated for various regions and countries in Asia, they have not been sufficiently evaluated for
U.S. rice systems, which are significantly different from those found in Asia (establishment
practices, residue management, water management, and varieties). Therefore, the selected method
is based on the IPCC Tier 1 methodology. While the IPCC methodology has also been largely
developed from Asian rice studies, it is more transparent and uncertainties can be derived in the
emissions estimates. It is anticipated that the process-based models may be further tested and
calibrated in the near future for U.S. conditions and possibly used in a future version of these
methods.

Several management practices have the potential to influence CHs and N20 emissions from flooded
rice systems. However, there are currently not enough data available to quantitatively account for
(or establish scaling factors for) the effects of all of these management practices. There is sufficient
information to account for the influence of water management, residue management, and organic
amendments on CH4 emissions from flooded rice (Lasco et al., 2006; Yan et al., 2005).

3.5.6.2 Description of Method

Methane: The methodology assumes a baseline emission factor or “typical” daily rate at which CH,4
is produced per unit of land area. This baseline factor represents fields that are continuously
flooded during the cultivation period, not flooded at all during the 180 days prior to cultivation, and
receive no organic amendments. Differences between the baseline scenario and other scenarios are
accounted for by the use of scaling factors that are used to adjust the baseline emission factor for
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the effects of water management (occurring both before and during the cultivation period) and the
amount of organic amendments. The rate at which CHs4 is emitted depends on water
flooding/drainage regimes and on rates and types of organic amendments applied to the soil. As
such, scaling factors for a broad range of scenarios are provided with this methodology. The factors
are differentiated by hydrological context (e.g., irrigated, rainfed, upland—all rice fields in the
United States are irrigated), cultivation period flooding regime (e.g., continuous, multiple aeration),
time since last flooding (prior to cultivation; e.g., over 180 days, under 30 days) and type of organic
amendment (e.g., compost, farm yard manure).

The following equation has been adopted from the methodology developed by the IPCC to estimate
CH4 emissions from a land parcel (Lasco et al., 2006):

Equation 3-18: Flooded Rice Methane Emissions

CHarice = CHagwp * Zijk (EFijk X tijx XAijxx 10-3)

Where:
CHasrice = Annual methane emissions from rice cultivation (metric tons CO2-eq year-1)
EFijk = A daily emission factor for i, j, and k conditions (kg CH4 ha! day-1)
tijk = Cultivation period of rice for i, j, and k conditions (days)
Ak = Annual harvested area of rice for i, j, and k conditions (ha year-1)
CHs4ewp = Global warming potential for CH4 (metric tons CO2-eq (metric tons CH4)-1)

i,j,and k = Represent different ecosystems, water regimes, type and amount of organic
amendments, soil type, rice cultivar, sulfate containing amendments, and other
conditions under which CH4 emissions from rice may vary.

The daily emission factor is estimated based on the conditions (j, j, k, etc.) that influence CHy
emissions for flooded rice production, including the ecosystem type, water regime, and organic
amendment rate. As more data become available, additional conditions that influence CHa4
emissions may be added. The “i" in the equations below represents the specific scenario or “other
conditions” that can significantly influence CHs emissions on a parcel. In the future, additional
scenarios with factors that affect CH4 emissions may be included as the relationship between these
conditions becomes clear. The following equation is used to estimate the daily emission factor for a
land parcel:
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Equation 3-19: Flooded Rice Methane Emission Factor
EF; = EF¢ X SFw X SF;, X SF, X SFs ¢
Where:
EF; = adjusted daily emission factor for a particular harvested area (kg CH4 ha1 day-1)

EF. = baseline emission factor for continuously flooded fields without organic amendments
(kg CH4 hat day1)

SF,, = scaling factor to account for the differences in water regime during the cultivation
period (from Lasco et al. 2006, Table 5.12) (unitless)

SF; = scaling factor to account for the differences in water regime in the pre-season before
the cultivation period (from Lasco et al. 2006, Equation 5.3 and Table 5.14) (unitless)

SF, = scaling factor should vary for both type and amount of organic amendment applied
(Equation 3-20) (unitless)

SF = scaling factor for soil type, rice cultivar, etc., if available

The scaling factor for organic amendments to a land parcel is estimated using the following
equation:

Equation 3-20: Organic Amendments Scaling Factor
SF, = (1 + Z(ROA; x CFOA;))°59
Where:
SFo = scaling factor for both type and amount of organic amendment
ROA; =rate of application of organic amendment(s) (metric tons ha-1)

CFOA; = conversion factor for organic amendments (from Lasco et al. 2006, Table 5.14)
(unitless)

The scaling factors for Equation 3-19 and Equation 3-20 are from Lasco et al. (2006) and shown
below.

Table 3-13: Rice Water Regime Emission Scaling Factors (During Cultivation Period)

Water Re ated m
Continuously flooded 1
Intermittently flooded - single aeration 0.6
Intermittently flooded — multiple aeration 0.52

Source: Lasco et al. (2006), Table 5.12.

Table 3-14: Rice Water Regime Emission Scaling Factors (Before Cultivation Period)

Water Regime Before the Cultivation Period m

Non flooded pre-season < 180 days 1
Non flooded pre-season > 180 days 0.68
Flooded pre-season > 30 days 1.9

Source: Lasco et al. (2006), Table 5.13.
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Table 3-15: Rice Organic Amendment Emission Scaling Factors; adapted from Lasco et al.
(2006)

Organic Amendments CFOA

Straw incorporated shortly (<30 days) before cultivation | 1

Straw incorporated long (>30 days) before cultivation 0.29
Compost 0.05
Farm yard manure 0.14
Green manure 0.50

Source: Lasco et al. (2006), Table 5.14.

Soil N;0: The IPCC methodology (de Klein et al., 2006) has been adapted to estimate direct N,O
emissions from rice fields. The emission factor for rice soils accounts for nitrogen additions from
mineral fertilizers, organic amendments, and crop residues. Note that an effect of nitrogen
mineralized from mineral soil as a result of loss of soil carbon is not included in this equation.
Flooded rice cultivation leads to minimal losses of soil carbon due to periodic flooding, which is the
default assumption with the IPCC method (Lasco et al., 2006), and therefore it is not necessary to
include the effect of enhanced nitrogen mineralization from loss of soil C.

The following equation is used to estimate the soil N;0 emissions from a parcel of land:

Equation 3-21: Direct Soil N>O Emissions from flooded Rice
NzORice = Nt x EF x (1 + SFD] X NzOMw X NzO(;wp
Where:

N20gice = Direct emissions of N;0 from soils in flooded rice production systems
(metric tons CO;-eq year-1)

I\ = Total nitrogen inputs from all agronomic sources: mineral fertilizer, organic
amendments, residues, and additional mineralization from land-use change or
tillage change (metric tons N year-1)

EF = Emission factor or proportion of N; transformed to N,O (kg N,O-N (kg N)-1)
SFp = Scaling factor to account for drainage effects; 0 for continuously flooded
(dimensionless)

N20mw = Ratio of molecular weights of N,O to N,O-N
=44 /28 (metric tons N0 (metric tons N,0-N)-1)

N20¢wp = Global warming potential for N,O (metric tons COz-eq (metric tons N,0)-1)

The emission factor and SFp factors are based on research conducted by Akiyama et al. (2005). The
IPCC (2006) does not account for differences in water management, and uses an emission factor of
0.3, but Akiyama et al. (2005) provide further disaggregation of the emission factors based on
water management. Therefore, the selected emission factor value is 0.0022 based on Akiyama et al.
(2005), and the scaling factors are 0 for continuously flooded rice and 0.59 for aerated systems (i.e.,
drainage events during the growing season).

Indirect N;O Emissions: For indirect N,O emissions from flooded rice, the same method is used as
described in Section 3.5.4.2, by applying Equation 3-13, Total Indirect Soil N,O Emissions from
Mineral Soils; Equation 3-14, Indirect Soil N;O Emissions from Mineral Soils —Volatilization; and
Equation 3-15, Indirect Soil N,O Emissions from Mineral Soils —Leaching and Runoff. In the latter
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two equations, use the IPCC default fractions for FRsy, FRon, and FRieach, which are provided in the
equation boxes.

3.5.6.3 Activity Data
The activity and related data requirements for this method include:

®= Harvested area (ha);

=  Cultivation period in days;

= Water management practices throughout the year (e.g., aeration or not);
= Organic matter amendment (including residue) rate;

= Organic fertilizer N;

= Fertilizer nitrogen management (rate);

= Type of fertilizer(s) applied (qualitative);

®= Crop residue N; and

=  Crop yield, metric tons dry matter crop yield year-1.

3.5.6.4 Ancillary Data

No ancillary data are needed for this method.

3.5.6.5 Model Output

Model output is the combined emissions of CH4 and N20 in CO; equivalents, expressed on an area
basis. The intensity of CHs emissions and nitrous oxide (i.e., emissions per unit of land area
cultivated) is related to the quantity of crops grown and can be estimated with the following
equation:

Equation 3-22: Flooded Rice Combined Methane and Nitrous Oxide Emissions Intensity
EI = (CH4rice + N2ORice) /Y
Where:
El = Emissions intensity (metric tons CO;-eq per metric tons dry matter crop yield)
CHarice = Annual methane emissions from rice cultivation (metric tons CO»-eq year-1)

N2Ogice = Direct emissions of N;0 from soils in flooded rice production systems
(metric tons CO;-eq-year-1)

Y = Total yield of crop (metric tons dry matter crop yield year-1)

3.5.6.6 Limitations and Uncertainty

This method has several limitations that will potentially create bias or imprecision in the results.
Currently, scaling factors account only for water and organic matter management and do not
account for other mitigation options. As indicated earlier there are other management
opportunities that may reduce emissions, but further research is required in these areas. Baseline
emissions are highly variable, but this methodology provides only one factor value representing the
baseline emissions. In addition, the methodology assumes a period of drainage; however, drain
events (even those of similar duration) can vary markedly based on soil and climatic conditions,
from dry and cracking on the surface to saturated at the end of a drainage event. The influence of
drainage on the soil saturation is not addressed with the current method. In addition, there is
currently insufficient information to develop a method for the use of sulfur products as
amendments; future guidance may be updated with a method for this practice.
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CH4 emissions are the result of a number of interacting biological processes, which by nature vary
spatially and temporally. The greatest amount of uncertainty is the baseline emission factor. When
using this methodology, the emission factor is an average emission factor for continuously flooded
rice systems that have not been flooded the 180 days prior to cultivation and have not received
organic amendments. In the case of CH4 emissions from rice cultivation, the uncertainty ranges of
Tier 1 values (emission and scaling factors) are adopted directly from Lasco et al. (2006). Ranges
are defined as the standard deviation about the mean, indicating the uncertainty associated with a
given default value for this source category.

Uncertainties in model parameters are combined using a Monte Carlo simulation approach.
Uncertainty is assumed to be minor for the management activity data provided by the entity. Table
3-16 provides the probability distribution functions associated with estimating uncertainty in
methane and N,O emissions from rice cultivation.

Table 3-16: Available Uncertainty Data for Methane, Direct and Indirect N;O Emissions

Methane from Flooded Rice Cultivation

Effective Effective
Lower Upper Distribution
Limit Limit

Abbreviation/ Estimated
Symbol Value

Parameter

Baseline emission

factor for
continuously . IPCC
flooded fields EFc 1.3 0.8 2.2 Uniform (2006)
without organic
amendments
Water regime during SFw for
the cultivation . . [PCC

. . continuously 1 0.79 1.26 Uniform
period - Scaling (2006)

flooded

factor
Water regime during
the cultivation SFw for single . IPCC
period - Scaling aeration 0.6 0.46 0.8 Uniform (2006)
factor
Water regime during
the cultivation SFw for multiple . IPCC
period - Scaling aerations b 0.41 0.66 i) (2006)
factor
Water regume before SFp for non-flooded
the cultivation . IPCC

) . pre-season <180 1 0.88 1.14 Uniform
period - Scaling d (2006)

ays

factor
Water resime before SFp for non-flooded
the cultivation . IPCC

. . pre-season > 180 0.68 0.58 0.8 Uniform
period - Scaling (2006)

days
factor
Water regime before
the cultivation SFp for flooded pre- . IPCC
period - Scaling season > 30 days 19 1.65 2.18 Uniform (2006)
factor
CFOAI for straw
Organic amendment | incorporation less . IPCC
conversion factor than 30 days before 1 0.97 1.04 i) (2006)
cultivation
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Methane from Flooded Rice Cultivation (continued)

Effective .
Effective .. .
Parameter Lower . . Distribution
Upper Limit
CFOAI for

Organic straw
amendment incorporation |, »q 0.2 0.4 Uniform IPCC

: more than 30 (2006)
conversion factor

days before
cultivation

Organic .
amendment (0 i 0.05 0.01 0.08 Uniform PR

. compost (2006)
conversion factor
Organic .
amendment CFOAi for farm 0.14 0.07 0.2 Uniform IPCC

. yard manure (2006)
conversion factor
Organic .
amendment Lot v 0.5 0.3 0.6 Uniform LB

. green manure (2006)
conversion factor

N20 from Flooded Rice \

Parameter

Emission factor or

proportion of Nt o o Akiyama et

transformed to EF 0.0022 0.24% 0.24% Normal al. (2005)

N20

Scaling factor to .

account for i ffor zeiced] 0.59 0.35% 0.35% Normal Akiyama et
: systems al. (2005)

drainage effects

3.5.7 CO: from Liming

Method for Estimating CO2 Emissions from Liming

= This method uses the IPCC equation (de Klein et al., 2006) with U.S. specific emissions
factors.

= Entity specific annual parcel data as input into the IPCC equation (e.g., the amount of lime,
crushed limestone, or dolomite applied to soils).

= This method was selected as it was the only readily available model for estimating CO,
emissions from liming.

3.5.7.1 Rationale for Selected Method

Addition of lime to soils is typically thought to generate CO; emissions to the atmosphere (de Klein
etal,, 2006). However, prevailing conditions in U.S. agricultural lands lead to CO; uptake because
the majority of lime is dissolved in the presence of carbonic acid (H2CO3). Therefore, the addition of
lime leads to a carbon sink in the majority of U.S. cropland and grazing land systems. Whether
liming contributes to a sink or source depends on the pathways of dissolution and rates of
bicarbonate leaching. The emissions factor provided in this guidance has been estimated from a
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review of existing models and mass balance analyses conducted for the application of lime in the
United States and is a Tier 2 method as defined by the IPCC.

Since crushed limestone (CaCO3) contains 12 percent C, an application of 1,000 kg CaCO3 places 120
kg C on the soil surface. It is assumed that two-thirds of this (80 kg) is acidified to HCO3- and
leached to the ocean where it will be sequestered for decades to centuries (Oh and Raymond,
2006). Because this transfer represents a movement from one long-term pool (geologic formations)
to another (ocean), this carbon transfer does not represent a net uptake of CO; from the
atmosphere. However, with this transfer, there is 80 kg C of atmospheric CO; uptake into soils. The
uptake of CO; from the atmosphere, after subtracting the one-third of carbon in the lime that is
acidified directly to CO (40 kg C), yields a total net CO, uptake of 40 kg C per 1,000 kg CaCO3
applied. This results in a carbon coefficient or emission factor of 40/1000 = -0.04 kg C per kg CaCO:s.
This equates to a carbon sink (40 kg C sequestered/120 kg C x 100). Dolomite contains only slightly
more carbon than does CaCO3 (13 percent vs. 12 percent) so the factors are essentially the same.

The emission factor is country-specific based on a revision of the estimates proposed in West and
McBride (2005), which are currently used in the U.S. National GHG Inventory (U.S. EPA, 2011). The
underlying difference with the earlier emission factor from West and McBride (2005) is that the
revised value assumes that the amount of bicarbonate carried into rivers has a long turnover time
and is essentially not returned to the atmosphere over decadal to century time scales.

3.5.7.2 Description of Method

The model to estimate CO; emissions from liming has been adapted from methods developed by the
IPCC (de Klein et al.,, 2006), with refinement in the emission factors based on conditions in U.S.
agricultural lands. The following equation is used to estimate emissions from carbonate lime
additions to a land parcel:

Equation 3-23: Change in Soil Carbon Stocks from Lime Application

ACLime =M x EF x COzMW

Where:
ACuime = Annual change in soil carbon stocks from lime application (metric tons CO;-eq)
M = Annual application of lime as crushed limestone or dolomite
(metric tons of crushed limestone or dolomite year-1)
EF = Metric ton CO; emissions per metric ton of lime -0.04

(metric ton carbon (metric ton lime)-1)

CO;MW = Ratio of molecular weight of CO> to carbon (44/12) (metric tons CO; (metric tons C)-1)

3.5.7.3 Activity Data

The method requires data on the amount of lime (crushed limestone or dolomite) applied to soils.

3.5.7.4 Ancillary Data

No ancillary data are needed in order to apply the method.
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3.5.7.5 Model Output

Model output is generated on both an absolute quantity of emissions and emissions intensity. The
latter is based on the amount of emissions per unit of yield for crops in cropland systems or grazing
systems. The emissions intensity is estimated with the following equation:

Equation 3-24: Emissions Intensity from Lime Application
EI = ACLime/Y
Where:
El = Emissions intensity (metric tons CO; per metric ton dry matter crop yield)
ACrime = Annual change in soil carbon stocks from lime application (metric tons CO2)

Y = Total yield of crop (metric tons dry matter crop yield year-!), meat (kg carcass yield
year-1), or milk production (kg fluid milk yield year-1)

Yields are based on the total amount of product from the land managed with lime application.

3.5.7.6 Limitations and Uncertainty

Limitations include variation in soil carbon emissions due to soil pH and rate of nitrogen fertilizer
application, which influence the chemical pathway of lime dissolution (Hamilton et al., 2007; West
and McBride, 2005). More specifically, the EF will not accurately capture the result of lime
dissolution in the presence of stronger nitric acid (HNOz), which is produced when nitrifying
bacteria convert ammonium (NH4*) based fertilizer and other sources of NH4* to nitrate (NO3-).

Uncertainties in the lime emissions methods include imprecision at the farm scale, because the
method of estimation is based on stream-gauge data that are collected at the watershed scale.
Uncertainties in model parameters are combined using a Monte Carlo simulation approach.
Uncertainty is assumed to be minor for the management activity data provided by the entity. Table
3-17 provides the probability distribution functions associated with CO, emissions per metric ton
of lime applied.

Table 3-17: Available Uncertainty Data for CO; from Liming

Relative Relative
Parameter Uncertainty Uncertainty Distribution | Data Source
Low (% High (%

Emissions factor (metric Adapted from
ton CO2 emissions per -0.04 46% 46% Normal West and
metric ton of lime) McBride (2005)

3-85



Chapter 3: Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing Land Systems

3.5.8 Non-CO; Emissions from Biomass Burning

Method for Estimating Non-CO; Emissions from Biomass Burning

®= The method uses the IPCC equation and emission factors developed by Aalde et al.
(2006).

=  Entity specific annual parcel data (e.g., area burned for croplands and grazing land; crop
type and harvest yield data; residue-yield ratios (West et al,, 2010); type of forage,
grazing area, and amount of biomass before the fire in grazing lands that are burned; and
combustion efficiency) are inputs to the IPCC equation.

= This method was selected as it was the only readily available model for estimating non-
CO; emissions from biomass burning.

3.5.8.1 Rationale for Selected Method

Non-CO; GHG emissions from biomass burning include CHs and N;0. CO and NOy are also emitted
and are precursors that are later converted into GHGs following additional reactions (i.e., release of
these gases leads to GHG formation). CO; is also emitted but not addressed for crop residues or
grassland burning because the carbon is reabsorbed from the atmosphere in new growth of crops
or grasses within an annual cycle.

There has been limited development and testing of process-based approaches for estimating non-
CO2 GHG emission from biomass burning. Moreover, country-specific data are limited on the
amount of non-CO, GHG emissions. Therefore, this guidance has adopted the IPCC Tier 1 method as
described by Aalde et al. (2006).

3.5.8.2 Description of Method

The model to estimate non-CO, GHG emissions and precursors has been adapted from methods
developed by IPCC (Aalde et al., 2006). The following equation is used to estimate emissions due to
burning biomass on a parcel of land:

Equation 3-25: GHG Emissions from Biomass Burning
GHGBiomassBurning =AxMx Cx EF x 103 x GHGgwp
Where:

GHGgiomassBurning = Annual emissions of GHG or precursor due to biomass burning
(metric tons of COz-eq year-1)

A = Area burned (ha)

M = Mass of fuel available for combustion (metric tons dry matter ha-lyear-1)
C = Combustion efficiency, dimensionless

EF = Emission factor (g GHG (kg of burned biomass)-1)

GHGewr = Global warming potential for each GHG

(metric tons COz-eq (metric tons GHG)1)

Combustion efficiency, as defined in IPCC (2006) combines the proportion of biomass that is
actually burned in a fire with the amount of carbon released as a proportion of the total carbon in
the burned biomass. The mass of the fuel combusted includes live and dead biomass (i.e., dead
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biomass includes plant residues in grazing and cropland systems) and is approximated for a land
parcel with the following equation:

Equation 3-26: Mass of Fuel
M = (Hpeax/C) x (D/100)
Where:
M = Mass of fuel available for combustion (metric tons dry matter ha-! year-1)

Hpeak = Annual peak aboveground herbaceous biomass carbon stock
(metric tons C ha! year-1)

C = Carbon fraction of aboveground biomass (dimensionless)

D = Percentage of biomass present at the stage of burning relative to peak (%)

Peak aboveground biomass is estimated with Equation 3-3 for crops and grass vegetation. For
croplands that are burned following harvest, the residue mass is estimated by subtracting the
harvest index (HI) from one and converting to a percentage, which is the residual biomass left in
the field. Default harvest indices are given in Table 3-5. The estimated mass of fuel for grazing
systems based on Equation 3-3 does not include the dead biomass. If there is significant residual

litter in grazing systems, then Table 3-18: Emission Factors for Biomass Burning

multiply the mass of fuel by two as
a conservative estimate of the total Land-Use Category
live and dead biomass on the land

parcel. Alternatively, entities may Grassland burning 65 | 23 | 021 39
enter an estimate for the

proportion of residual litter mass Cropland residue 92 | 2.7 | 0.07 | 2.5
relative to the live biomass, instead Forest biomass (with conversion to

of using two, which doubles the cropland or grazing lands) 107 | 4.7 1 0.26 | 3.0

mass of fuel. A summary of Source: Aalde et al. (2006).
emission factors by land use
category is provided in Table 3-18.

3.5.8.1 Activity Data
The following activity and related data are needed to apply the method:

®= Areaburned for croplands and grazing land;
= Crop type and harvest yield data for crops grown
in fields with residue burning management;

Table 3-19: Default Combustion
Efficiencies for Selected Crops

* Residue: yield ratios (optional); _ Combustion
. Crop L
= Type of forage, grazing area, and amount of Efficiency (C
biomass before the fire in grazing lands that are Corn 0.88x0.93 =0.82
burned; and Cotton 0.88x0.93 =0.82
= Combustion efficiency (optional). Lentils 0.88x0.93 = 0.82
Rice 0.88x0.93 =0.82
A list of default combustion efficiencies is provided for Soybeans 0.88x0.93=0.82
residues and forages (Table 3-19 and Table 3-20), but the | Sugarcane 0.68x0.81=0.55
entity can provide value specific to their operation. Wheat 0.88x0.93=10.82
Default dry matter contents and residue-yield ratios are Source: EPA (2013), Table 6-25.

provided in Table 3-5, but can also be entered by the
entity if the information is available.
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In some years, the entity may not
harvest the crop due to drought, pest
outbreaks, or other reasons for crop
failure. In those cases, the entity
should provide the average yield that
it has harvested in the past, and an
approximate percentage of average
crop growth that occurred prior to
burning. The yield is estimated
based on multiplying the average
crop yield by the percentage of crop
growth obtained prior to burning.

3.5.8.2 Ancillary Data

No ancillary data are needed in order
to apply the method.

3.5.8.3 Model Output

Model output is generated on both
an absolute quantity of emissions
and emissions intensity. The latter is
based on the amount of emissions
per unit of yield for crops in
cropland systems or animal products
in grazing systems. The emissions
intensity is estimated with the
following equation:

Yields are based on the total amount
of product from the land managed
with burning.

Table 3-20: Default Combustion Efficiencies for Select

Vegetation Types

Vegetation Type

Boreal Forest (all)
Wildfire
Crown fire
Surface fire
Post logging slash burn
Land clearing fire
Temperate Forest (all)
Post logging slash burn
Felled and burned (land-clearing fire)
Shrublands (all)
Shrubland (general)
Calluna health
Fynbos
Savanna woodlands (early dry season
burns) (all)
Savanna woodland (early)
Savanna parkland (early)
Savanna woodlands (mid/late dry
season burns) (all)
Savanna woodland (mid/late)
Savanna parkland (mid/late)
Tropical savanna
Other savanna woodlands
Savanna grasslands (early dry season
burns) (all)
Tropical/sub-tropical grassland
Savanna Grasslands/Pastures (mid/late
dry season burns) (all)
Tropical/sub-tropical grassland
Tropical pasture
Savanna

Combustion

Efficienc
0.34
0.40
0.43
0.15
0.33
0.59
0.45
0.62
0.51
0.72
0.95
0.71
0.61

0.40

0.22
0.73

0.74

0.72
0.82
0.73
0.68

0.74
0.74
0.77

0.92
0.35
0.86

Source: Aalde et al. (2006), Table 2.4 (C x M) and Table 2.6 (C)

C

Where:

Equation 3-27: Biomass Burning Emissions Intensity
El = GHGBiomassBurning/Y

Y = Total yield of crop (metric tons dry matter crop yield year-), meat (kg
carcass yield year1), or milk production (kg fluid milk yield year-1)

El = Emissions intensity (metric tons CO; per metric ton dry matter crop yield,
metric tons CO; per kg carcass yield, metric tons CO; per kg fluid milk yield)

GHGgiomassBurning = Annual CO; equivalent emissions from burning (metric tons COz-eq year1)
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3.5.8.4 Limitations and Uncertainty

Uncertainty in the emission estimates is attributed to imprecision in carbon fractions, dry matter
contents, harvest indices, combustion efficiencies, and the emission factors. Uncertainties in model
parameters are combined using a Monte Carlo simulation approach. Uncertainty is assumed to be
minor for the crop yields, peak forage, and relative amount of crop or forage growth compared to
the peak production. However, these values are likely to have some level of uncertainty, and
methods will need to be refined in the future to better address these uncertainties, particularly the
mass of fuel in grazing lands. Table 3-21 provides the probability distribution functions for
estimating uncertainty in non-CO; emissions from biomass burning.

Table 3-21: Available Uncertainty Data for Non-CO; Emissions from Biomass Burning

Relative Relative
Parameter Uncertainty Uncertainty Distribution | Data Source
Low (% High (%

CH4 EF for grassland

(g CHs kg 1) 8% 8% Normal IPCC (2006)
ng é:fli;r.lc)mp residue 2.7 50% 50% Normal  IPCC (2006)
l(\lgz (l:]:(l)kagl_‘lf);rassland 0.21 93% 93% Normal IPCC (2006)
l(\lg2 gi)Flf;;mp residue 07 50% 50% Normal  IPCC (2006)
gﬁﬁg}’:ﬁg’: efficiency for , 7, 68% 68% Normal  IPCC (2006)
Combustion efficiency for

grasslands with early 0.74 50% 50% Normal IPCC (2006)

season burns

Combustion efficiency for

grasslands with mid to late  0.77 66% 66% Normal IPCC (2006)
season burns

. . Expert
Combustl_o n efficiency for 0.9 50% 50% Normal Assesslr)nent by
small grains B —
Combustion efficiency for Expert
large grain and other crop | 0.8 50% 50% Normal Assessment by
residues authors
LIS G TG 0.34 102% 102% Normal IPCC (2006)
Boreal forest (all) '

Wildfire | 0.40 340% 340% Normal IPCC (2006)
Crown fire | 0.43 104% 104% Normal IPCC (2006)
Surface fire | 0.15 96% 96% Normal IPCC (2006)
Post logging slash burn | 0.33 130% 130% Normal IPCC (2006)
gf;ﬁg‘;:;‘t‘:‘f::gge(gfg 0.45 51% 51% Normal IPCC (2006)
Post logging slash burn | 0.62 264% 264% Normal IPCC (2006)
gﬁ;‘l‘l'l’)‘;:;‘g:(zflf‘)c‘e“cy 0.72 147% 147% Normal IPCC (2006)
Calluna health | 0.71 121% 121% Normal IPCC (2006)
Fynbos | 0.61 195% 195% Normal IPCC (2006)

Combustion efficiency
Savanna woodlands (early | 0.40 93% 93% Normal IPCC (2006)

dry season burns) (all)
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Relative Relative
Parameter Uncertainty Uncertainty Distribution | Data Source
Low (%) High (%)

Combustion efficiency

?;‘;3‘;::1:’;:},";22:;“ 0.74 99% 99% Normal  IPCC (2006)

burns) (all)

Savanna woodland
0, 0,
(mid/late) 0.72 270% 270% Normal IPCC (2006)
Tropical savanna | 0.73 598% 598% Normal IPCC (2006)
Other savanna woodlands | 0.68 931% 931% Normal IPCC (2006)
Combustion efficiency
Savanna grasslands (early | 0.74 183% 183% Normal IPCC (2006)
dry season burns) (all)
L AN He R e O 270% 270% Normal  IPCC (2006)
grassland
Tropical/sub-tropical | 0.92 151% 151% Normal  IPCC (2006)
grassland
Tropical pasture  0.35 427% 427% Normal IPCC (2006)
Savanna | 0.86 85% 85% Normal IPCC (2006)

3.5.9 (CO: from Urea Fertilizer Applications

Method for Estimating CO; Emissions from Urea Fertilizer Application

= This method uses IPCC equation and emission factors developed by de Klein et al. (2006).

= This method uses entity specific annual parcel data as input into the IPCC equation (e.g.,
the amount of urea fertilizer applied to soils).

= This method assumes that the source of CO; used to manufacture urea is fossil fuel CO;
captured during NH3; manufacture.

3.5.9.1 Rationale for Selected Method

Urea fertilizer application to soils contributes CO, emissions to the atmosphere. The source of the
CO; that is incorporated into the urea during the fertilizer production process is from fossil fuel
sources in the U.S. fertilizer plants. The CO; captured during the production process is considered
an emissions removal in the manufacturer’s reporting so its release following urea fertilization on
soils is included in the farm-scale entity reporting. If manufacturers do not estimate CO; capture
during urea production and include the recaptured CO; as an emission, there is no need for a farm-
scale entity to report release.

The Tier 1 method has been adopted from the IPCC (de Klein et al.,, 2006). No other methods have
been developed or tested sufficiently for an operational system.
3.5.9.2 Description of Method

The model to estimate CO, emissions from urea application has been adopted from the
methodology developed by the IPCC and uses the [PCC default emission factor (de Klein et al,,
2006). The following equation is used to estimate the CO, emission from a land parcel where urea-
based fertilizers have been applied:
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Equation 3-28: CO; Emissions from Urea Fertilization

CUrea = M X EF X COZMW

Where:
Curea = Annual release of carbon from urea added to soil (metric tons CO2-eq year-1)
M = Annual amount of urea fertilization (metric tons urea year-1)
EF = Emission factor or proportion of carbon in urea, 0.20

(metric ton C (metric ton urea)-1)

CO;MW = Ratio of molecular weight of CO> to carbon (44/12)
(metric tons CO; (metric tons C)-1)

3.5.9.3 Activity Data

This method requires data on the amount of urea fertilizer applied to soils.

3.5.9.4 Ancillary Data

No ancillary data are needed in order to apply the method.

3.5.9.5 Model Output

Model output is generated on both an absolute quantity of emissions and emissions intensity. The
latter is based on the amount of emissions per unit of yield for crops in cropland systems or animal
products in grazing systems. The emissions intensity is estimated with the following equation:

Equation 3-29: Emissions Intensity from Urea Fertilization
Elyrea = CUrea/Y
Where:

Elurea = Emissions intensity (metric tons CO; per metric ton dry matter crop yield, metric tons
CO; per kg carcass yield, metric tons CO; per kg fluid milk yield)

Curea = Annual change in soil carbon stocks due to urea application (metric tons CO; year-1)

Y = Total yield of crop (metric tons dry matter crop yield year-1), meat (kg carcass yield
year-1), or milk production (kg fluid milk yield year-1)

Yields are based on the total amount of product from the land managed with urea application.

3.5.9.6 Limitations and Uncertainty

Urea (CO(NHz)) is converted into ammonium and CO; in the presence of water and the enzyme
urease. The CO, will dissolve in water to form carbonate, bicarbonate, and carbonic acid as a
function of soil pH and temperature. Some of the bicarbonate may be transferred to groundwater,
waterways, and eventually the ocean, and therefore reduce the CO; emissions to the atmosphere
(de Klein et al., 2006; Hamilton et al., 2007)). However, there is insufficient information available to
include this possibility in the urea method, so it is assumed that any increase in bicarbonate will
lead to production of CO..
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Uncertainty is assumed to be minor for the management activity data provided by the entity,
although this may not be the case if there is limited knowledge about land use history for individual
parcels. Uncertainty may also exist in the emission factor, assuming that some of the bicarbonate is
not converted to CO2. However, the method assumes all CO; is emitted because uncertainty
estimates are not available for this emission factor. Therefore, no uncertainty is estimated for this
source of GHG emissions based on this conservative assumption that all CO; is emitted.

3.6 Summary of Research Gaps for Crop and Grazing Land Management

This section discusses research gaps associated with cropland and grazing land management
impacts on soil carbon stock changes and GHG emissions. The list is not necessarily exhaustive, but
highlights some key gaps that will need further research before there is sufficient evidence for
additional criteria to be included in the methodology. In general, the majority of prior experimental
efforts have focused on components of GHGs, but few studies have been conducted on total GHG
budgets to include CO2, N;0, and CH4 in combination, which is needed to quantify interacting effects
on the net emissions of these gases (Liebig et al., 2010). In addition, limited research has been
conducted to address the influence of catastrophic weather events on GHG emissions, such as major
floods, tornadoes, and hurricanes.

Carbon Stocks:10 The following processes and practices require further study to improve the
fundamental understanding or fill data gaps in the carbon inventory methods. In particular,
deficiencies in understanding continue to undermine the development of robust estimates of net
GHG emissions in rangelands and pastures. Such deficiencies stem from a lack of measurements
across the major grassland ecoregions, as well as limitations associated with basic understanding of
mechanistic processes related to GHG fluxes. There are also major gaps with respect to
agroforestry, woody plant encroachment, and perennial woody crop systems.

= More data on allometric relationships for agroforestry, woody plant encroachment, and
perennial woody crop systems, such as orchards.

= Improved ability to quantify the influence of agroforestry, woody plant encroachment, and
perennial woody crops on soil organic carbon stocks, including optimal density of trees, the
type of trees, and the landscape position of silvopasture systems.

= Improved mechanistic understanding and ability to quantify the fate of carbon with
transport and sedimentation following erosion events.

= Field estimates of the amount of carbon added to soils through dynamic replacement on
erodible lands.

®= Improved mechanistic understanding of carbon dynamics in the subsoil horizons.

=  Further study on the effect of irrigation on plant production and decomposition to quantify
the net effect on soil organic carbon stocks.

=  Further research on the variation in types and residence times of biochar amendments, in
addition to biochar impact on other GHG emissions, priming of soil organic matter
decomposition, and the overall physical breakdown and disintegration of biochar over time
(Jaffé et al., 2013).

= Data on long-term responses of soil organic carbon to variation in stocking rate, grazing
method (i.e., continuous, rotational, short-duration rotational, and ultra-high stocking
density), and vegetation composition (i.e., forb and grass mixtures, cool- and warm-season
grass mixtures, grass and legume mixtures, grass and woody mixtures, and plant
architecture types), and whether these responses are mediated by different soils types,
climatic conditions, botanical composition, grazing method used, fertilizer regime, etc.

10 Except agroforestry carbon stock changes, which are covered later in this section.
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Further study to address mitigation of GHGs in arid rangelands, particularly in shrublands,
including interactions between management and environmental conditions (Ingram et al.,
2008). Additional data collection and model improvement are also needed in arid
rangelands, as uncertainty is extremely large for the soil carbon sequestration estimates
associated with reduced stocking rates and seeding of legumes (Brown et al., 2010; Brown,
2010). Our basic knowledge of carbon sequestration and GHG mitigation in arid and
semiarid environments is limited, and the effect of management is relatively understudied.
Need for life-cycle assessment of grazing systems with particular attention to balance of soil
organic carbon, N,O emissions from soil, and CH4 emissions from ruminants and soil,
depending on stocking rate, stocking method, forage type associated with quality of intake,
and environmental conditions of grazing system.

Data from adaptive management approaches to inform understanding of soil organic carbon
sequestration and GHG emissions under different grazing management strategies. This
approach could help strengthen conservation-oriented programs to obtain greater impact
for reducing GHG emissions and sequestering soil organic C.

Additional field experiments and data on soil carbon emissions resulting from the combined
application of lime and nitrogen fertilizers.

Soil Nitrous Oxide Emissions: The following practices have, in some studies, significantly affected
N0 emissions, but require additional research in side-by-side comparison studies across different
soil types and climate, especially for extensively grown row crops that receive high levels of
nitrogen fertilizers (corn and wheat in particular):

Effects of split or delayed nitrogen applications on lowering N0 fluxes and on increasing
NUE to provide equivalent yields at lower total nitrogen input.

Capacity of spatially precise fertilizer application technology (variable rate applicators) to
lower N0 fluxes (both direct and indirect) and increase NUE.

Effects of banded nitrogen fertilizer applications, shown in some studies to increase NUE
and in others to increase N,O emissions.

The generalizability of higher N,0 EFs and nitrate loss at nitrogen fertilizer rates greater
than crop needs (i.e., at rates greater than those recommended by Maximum Return to
Nitrogen approaches).

The generalizability of different fertilizer formulations on N,O emissions, in particular for
urea vs. anhydrous ammonia vs. injected solutions.

The generalizability of coated fertilizers such as polymer coated urea, urease inhibitors,
biochar additions, and nitrification inhibitors for lowering N>O emissions and nitrate loss.
More research on the responses of soil N,O emissions to variations in stocking rates, grazing
methods (continuous, rotational, short-duration rotational, and ultra-high stocking density),
and vegetation composition (forb and grass mixtures, cool- and warm-season grass
mixtures, grass and legume mixtures, grass and woody mixtures, and plant architecture
types), both individually and in combinations.

The potential for mobile water and shelter sources in pastures to reduce N>O emissions by
allowing for a more even distribution of manure.

Influence of crop residue harvesting on N,O emissions, as well as soil organic carbon stocks,
given the interest in using crop residues as a feedstock for bioenergy production.

Influence of cover crops on N0 emissions, including effects of plant type (e.g., legume vs.
nonlegume) and residue management (e.g., harvested vs. incorporated).

Influence of manure and compost on N>O emissions insofar as effects may differ from
synthetic nitrogen inputs with respect to rate, timing, placement, and form of organic
nitrogen added (e.g., liquid vs. dry manure vs. compost with different C:N ratios).
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= [mproved quantification of spatial and temporal variation of N;O emissions in different
cropping systems and landscapes to provide a more accurate assessment of seasonal and
annual emissions across whole fields.

= Improved estimates of indirect emissions, and in particular the percentage of nitrogen that
is lost from a field through volatilization or leaching/runoff, and later converted to N0 in
downstream and downwind ecosystems. Additional study on practices that can reduce
nitrate losses as well as practices that can reduce NH3 and NOy losses.

Research is also needed to improve modeling and empirical quantification of soil N,O emissions in
order to provide estimates of N,O fluxes that integrate across multiple management practices
simultaneously:

=  Further development and validation of quantitative simulation models capable of accurately
predicting N0 fluxes in response to differing management practices, with particular
respect to rate, timing, placement, and formulation of added fertilizers, both synthetic and
organic; tillage type and intensity; and residue management.

= More data regarding seasonal and annual N,O emissions, including emissions during the
non-growing season and in particular winter and freeze-thaw periods.

= Better knowledge of fluxes across all Land Resource Regions (LRRs) concentrated especially
in those areas and cropping and grazed systems expected to contribute most to local and
regional N»O fluxes, with side-by-side comparisons of different management practices.

= Development of standardized methodologies and creation of new technologies for rapid
assessment of N0 fluxes in the field.

®= Animproved understanding of the sources of N»O in cropped soils (e.g., nitrification vs.
denitrification) and consequences for feedbacks among adaptive management, soil physical
and biological attributes, and SOC dynamics.

= Development of a set of geographically stratified test sites at which factors known to affect
agronomic N0 emissions could be tested in the context of different management systems.
This would provide a robust empirical dataset for establishing Tier 2 and 3 models.

Flooded Rice Production Emissions: The primary research gap is the limited amount of research
conducted in the United States on GHG from rice systems. Therefore, most of the current
conclusions about management influences on rice CH4 emissions are based on Asian studies where
rice is transplanted as opposed to direct seeded. This may be problematic because water is
managed differently in Asian transplanted flooded rice systems during the establishment period
than in U.S. systems. Until recently, no studies evaluated seasonal or annual N,0 emissions from
rice systems in the United States (Adviento-Borbe et al., 2007; Pittelkow et al., 2013). In the United
States, much of the research on GHG emissions comes from Louisiana, Texas, and California.
Lindau’s lab conducted onstation research in Louisiana to evaluate CH4 emissions (e.g., Lindau et al,,
1995; Lindau et al., 1998). Sass’s group also evaluated CH4 emissions on experimental stations in
Texas (e.g., Huang et al., 1997; Sass et al,, 1994). In California, various researcher groups (e.g.,
Bossio et al., 1999; Fitzgerald et al., 2000) have been conducting research both onstation and
offstation and have recently also included N0 measurements (Adviento-Borbe et al., 2007;
Pittelkow et al., 2013).

The following practices have in some studies significantly affected CHs or N2O emissions but require
further side-by-side comparisons with experimental designs across different soil types and climates
within the United States.

=  Water management practices (in particular midseason drains or intermittent irrigation) are
often suggested as viable options to mitigate CHs emissions. While data support this
conclusion, these management practices have not been widely tested in the United States. In
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studies where the soil has been drained during the season, investigators have reported
delayed crop maturation (a problem in temperate climates with relatively short growing
seasons), reduced yields and grain quality, and increased weed and disease pressure.
Therefore, although midseason drainage is mentioned as a mitigation option, more research
is required before it is recommended for use in U.S. rice systems.

Returning rice straw to soil often results in increased CH4 emissions, but the removal of
straw requires energy and time. Further compounding the problem is that there are
relatively few uses for rice straw. The removal of rice straw also removes nutrients which
would need to be replaced. Of particular concern is potassium, as rice straw contains an
average of 1.4 percent of potassium. Therefore, it is possible to remove more than 100
kg/ha of potassium through removal of rice straw, which will need to be replaced in order
to maintain a sustainable cropping system.

In California, farmers typically incorporate rice straw and flood to facilitate straw
decomposition during the winter. This practice increases CH4 emissions from rice fields
during the winter and the following growing season. However, it has also significantly
improved habitat for overwintering waterfowl in the Pacific Flyway. Fitzgerald et al. (2000)
reported that up to half of the annual CH4 emissions occurred during the winter fallow
period when straw was incorporated and flooded. Recent studies suggest that 50 percent
may be a high estimate and that further research is needed (Adviento-Borbe et al., 2007;
Pittelkow et al.,, 2013).

While many studies have shown varietal differences in how much CH, is emitted, these
studies are all relatively old and many of the varieties are no longer widely used. Further
research on current varieties needs to be conducted.

Limited data on nitrogen placement suggests that deep placement of fertilizer reduces CHa
emissions, but more research is needed to confirm the findings.

Side-by-side comparisons with experimental designs are needed of wet- and dry-seeded
rice to evaluate their influence on CH4 and N;0 emissions. These are the two most common
rice establishment practices in the United States.

Some studies from China suggest that more carbon is sequestered in rice systems than in
upland (aerobic) systems, but this has not been evaluated in the United States.

Agroforestry: A sufficient database for developing the methods to readily measure and/or model the
various GHG impacts of agroforestry is currently lacking. Full GHG monitoring and accounting in
agroforestry will require a mix of methodologies from among the GHG accounting frameworks
because of the diversity in uses associated with agroforestry systems. The following research gaps
are highlighted.

Assessment of approaches for estimating woody biomass in agroforestry plantings, which
includes comparison of existing equations and lookup tables with agroforestry-generated
volume and biomass equations to determine best approach for estimating carbon in the
woody biomass of agroforestry plantings.

Development of effective strategies for measuring/monitoring carbon sequestration and
GHG emissions in soil and woody components.

Effect of different species mixtures and combinations of management activities on soil
carbon sequestration and minimizing total GHG emissions.

Impact of management options and environment interactions on carbon sequestration and
total GHG emissions within agroforestry systems.

Development of tools relevant to the inventory/measurement/estimation of these “trees
outside of forests.” In addition, testing the validity of current carbon accounting tools (e.g.,
DAYCENT, HOLOS) in providing accurate estimates of carbon sequestered in the woody
biomass of agroforestry plantings.
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=  Understanding soil carbon dynamics in agroforestry systems, along with the impact of soil
erosion, transport and deposition on carbon stocks.

= Developing inventory methodologies (such as the use of Light Detection and Ranging) to
establish a cost-effective national agroforestry inventory compatible for inclusion with
current inventories contributing to regional /national GHG assessments.

= Developing standardized experimental procedures, measurement, and monitoring
protocols, such as those being developed through the Greenhouse Gas Reduction through
Agricultural Carbon Enhancement network (GRACEnet)!! to agroforestry practices with the
standardized measurement and monitoring for agricultural N;O emissions.

Methane Oxidation in Soils: Soil CH4 oxidation is known to decrease by ~70 percent upon
conversion of longstanding natural vegetation to crop and pastureland (see Section 3.5.5). CHs
oxidation rates for soils under natural vegetation are not well known for all climates and soils, so
additional measurements would be useful. As with N0, the further development and validation of
quantitative simulation models capable of accurately predicting CH4 fluxes would also be helpful for
better generalizing effects and for future inclusion of factors that may be discovered to restore
oxidation in cropped soils. There is also limited research on the effect of grazing land management
on CH4 oxidation although variation in stocking rates, grazing methods, and associated practices
may have an influence on this process.

Inorganic Soil Carbon: The effect of management on soil inorganic carbon dynamics and exchange of
CO; with the atmosphere is also in need of further research. The following list is a brief summary of
some of the key gaps identified for quantification of GHG emissions:

®=  When inorganic carbon is added to soil as agricultural lime or as a breakdown product of
urea, part of the inorganic carbon becomes bicarbonate. Improved understanding of the fate
of this bicarbonate in different soils and landscapes would help to better characterize the
presence and strength of the resulting bicarbonate CO; sink.

= [mproved quantification of emissions or uptake of atmospheric CO, with addition of
carbonate limes to soils will require methods to determine the dominance of weathering
due to carbonic acid (H2CO3) vs. the stronger nitric acid (HNO3) in cropland and grazing
land soils.

= Improved mechanistic understanding and quantification of inorganic carbon dynamics are
needed in irrigated systems, as well as in nonirrigated systems—particularly in arid and
semiarid regions.

11 GRACEnet is a research program initiated by USDA Agricultural Research Service to “identify and further
develop agricultural practices that will enhance carbon sequestration in soils, promote sustainability, and
provide a sound scientific basis for carbon credits and trading programs” (USDA ARS, 2013).
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Appendix 3-A: Soil N0 Modeling Framework Specifications

Soil N20 emissions are estimated using a combination of process-based modeling, empirical scalars
based on experimental data, and scaling factors for practices influencing the N,O emissions as
represented in the base emission rates (Section 3.5.4.1, Equations 3-8 and 3-9, and Text box 3-1).
This appendix provides more information about the process-based models, in addition to the
derivation of empirical scalars and the practice-based scaling factors.

DAYCENT and DNDC models were used to estimate N,O emissions for the typical fertilizer rate and
a 0-level nitrogen fertilization rate associated with major crops in each USDA LRR. Crops simulated
are listed in Table 3-A. 1; base emission rates for other crops (e.g., sugar cane, millet, rye) were
estimated using the Tier 1 emission factor (one percent of nitrogen inputs). To estimate emission
factors from the model output, the N,O emissions at the 0-level addition was subtracted from the
N0 emission for the typical fertilization rate. The difference was then divided by the synthetic
agronomic nitrogen input to estimate the emission factor at the typical rate of fertilization. Scalars
were used to scale the N,O emissions for fertilization rates that were greater than the typical rate.
The scalars were derived from empirical data based on the change in emission factors across a
range of fertilization rates. See Text box 3-1 for more information about how the resulting emission
factors were used to estimate base emission rates for the direct soil N,O method.

Meta-analyses were used to derive practice-based scaling factors from experimental data. The
scaling factors were used to adjust the base emission rates for specific practices that influence soil
N20 emissions. The scaling factors included the effect of nitrification inhibitors (Sinn), slow-release
fertilizers (Ssr), pasture/range/paddock manure (Sprp), and tillage (Sun). The resulting scaling
factors are used in Equation 3-9 to scale the base emission rates for land parcels managed with
these practices.

Figure 3-A.1 provides an overview of the decisions and steps involved in estimating N,O emissions
from mineral soils.
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Figure 3-A.1: Decision Tree for Estimating N2O Emissions from Mineral Soils
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3-A.1 Description of Process-Based Models

DAYCENT?!2 is a general terrestrial biogeochemical model that simulates carbon and nitrogen
transformations involved in primary productivity, decomposition and nutrient dynamics (Del
Grosso et al., 2000b; Parton et al,, 2001). The model also simulates heat and water fluxes vertically
through the soil profile (one-dimensional). Lateral flow of water is not simulated except that
overland runoff occurs when rainfall events of sufficient magnitude occur given the permeability of
the surface soil layer. Key submodels include plant growth with dynamic carbon allocation among
plant components, soil organic matter decomposition and nutrient mineralization, and N0
emissions from nitrification and denitrification. Plant growth is controlled by nutrient availability,
soil water and temperature, and vegetation type specific parameters controlling maximum plant
growth rates, maximum/minimum C:N ratios of biomass components, and phenology.
Decomposition of senesced plant material and soil organic matter is controlled by the quality and
quantity of litter inputs, soil texture, water, and temperature. N,O emissions are controlled by soil
NH. and NOs, water content, temperature, gas diffusivity, and labile carbon availability. Land
management/disturbance events such as cultivation, water and nutrient additions, fire, and
grazing, can be readily implemented in the model. The model has been applied to simulate soil GHG
fluxes at scales ranging from plots to regions to the globe (Del Grosso et al., 2010; Del Grosso et al.,
2005; Del Grosso et al., 2009). The ability of DAYCENT to simulate crop yields, SOM, N,O emissions,
and NO; leaching has been tested against a variety of field experiments in cropland and grassland in
the United States (Del Grosso et al., 2005; Del Grosso et al., 2008a; Del Grosso et al., 2008b).

DNDC13 is a process-based biogeochemical model that is used to predict plant growth and
production, carbon and nitrogen balance, and generation and emission of soil-borne trace gases by

12 The version of DAYCENT coded and parameterized for the U.S. National GHG inventory (U.S. EPA, 2013)
was used to derive expected base emission rates.
13 DNDC 9.5 compiled on Feb. 25, 2013, was used to derive expected base emission rates.
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means of simulating carbon and nitrogen dynamics in natural and agricultural ecosystems (Li et al.,
2000; Miehle et al., 2006; Stang et al., 2000) and forested wetlands (Zhang et al., 2002). The model
integrates decomposition, nitrification-denitrification, photosynthesis and hydrothermal balance
with the ecosystem. These components are mainly driven by environmental factors, including
climate, soil, vegetation, and management practices. The model has been tested and used for
estimating GHG emissions from forested ecosystems in a wide range of climatic regions, including
boreal, temperate, subtropical, and tropical (Kesik et al., 2006; Kiese et al., 2005; Kurbatova et al.,
2008; Li et al,, 2004; Stang et al., 2000; Zhang et al., 2002), and similarly for grasslands and
cultivated wetlands (Giltrap et al., 2010; Rafique et al,, 2011).

Model inputs, for both models, include the weather data,!4 soil characteristics, and management
data for these simulations. A total of 1,200 samples were drawn for cropland site simulations and
another 1,200 samples for grassland site simulations. The sample number was originally
determined from a plan to select three soil types from 20 counties dominated by agriculture in each
of 20 LRRs (3 x 20 x 20 = 1,200). The emission rates that were produced by both models will be
available online in supplementary material files. An example of the rates for corn, winter wheat, and
grass are given in Figure 3-A. 2.

Figure 3-A. 2: Example of Median Base Emission Rates for Corn, Winter Wheat, and Grass
Production in Land Resource Regions with Coarse, Medium, and Fine Textured Soils

Coarse Texture Soils Medium Texture Soils Fine Texture Soils

Median N,O Emissions (kg N,O-N ha")
[ J<os 0 os-1o M 10-15 [ rs-20 [ 2025 [ 253

Table 3-A. 1 provides the 2.5, 50, and 97.5 percentile base emission rates for each crop, LRR, and
soil texture combination. Emission rates are kgN,O-N per ha when crops are fertilized at typical
nitrogen rates.

14 The models used DAYMET weather for the centroid of grassland/cropland in each county.
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Table 3-A. 1 Base Emission Rate (kg N.O-N ha1) Percentiles by Land Resource Region (LRR),
Crop, and Soil Texture at Typical Nitrogen Fertilizer Rates

LRR Cro Emission Rate Emission Rate Emission Rate
p 25t Percentile 50th Percentile 97.5th Percentile

A Grass Coarse 0.02 0.56 5.28
A Grass Medium 0.41 1.20 3.86
A Grass Fine 0.49 1.34 5.30
A Tomato Coarse 0.04 1.08 4.83
A Tomato Medium 0.28 1.69 8.31
A Tomato Fine 0.49 2.09 15.73
A Wheat, Spring Coarse 0.03 0.61 3.53
A Wheat, Spring Medium 0.16 1.00 2.87
A Wheat, Spring Fine 0.40 1.32 3.50
A Wheat, Winter Coarse 0.05 0.55 4.00
A Wheat, Winter Medium 0.19 091 2.99
A Wheat, Winter Fine 0.35 1.21 2.77
B Grass Coarse 0.01 0.40 5.25
B Grass Medium 0.02 0.45 5.41
B Grass Fine 0.05 0.74 8.20
B Pea Coarse 0.00 0.36 2.43
B Pea Medium 0.00 0.61 3.80
B Pea Fine 0.02 0.53 3.02
B Wheat, Spring Coarse 0.00 0.49 2.71
B Wheat, Spring Medium 0.01 0.80 443
B Wheat, Spring Fine 0.04 0.87 3.56
B Wheat, Winter Coarse 0.00 0.40 2.05
B Wheat, Winter Medium 0.01 0.54 3.58
B Wheat, Winter Fine 0.04 0.75 3.72
C Alfalfa Coarse 0.01 0.58 0.99
C Alfalfa Medium 0.01 0.66 1.60
C Alfalfa Fine 0.00 0.86 2.25
C Corn Coarse 0.21 0.78 3.00
C Corn Medium 0.27 0.93 8.23
C Corn Fine 0.60 1.60 12.96
C Grass Coarse 0.05 0.32 1.17
C Grass Medium 0.08 0.36 1.37
C Grass Fine 0.07 0.42 1.16
C Rice Coarse 0.04 0.63 1.34
C Rice Medium 0.03 0.70 2.19
C Rice Fine 0.02 0.95 7.50
C Safflower Coarse 0.17 0.89 2.86
C Safflower Medium 0.38 1.15 7.46
C Safflower Fine 0.56 2.09 12.92
C Sunflower Coarse 0.07 0.58 2.13
C Sunflower Medium 0.15 0.73 6.45
C Sunflower Fine 0.29 1.37 9.16
C Tomato Coarse 0.48 1.15 2.90
C Tomato Medium 0.57 1.21 8.01
C Tomato Fine 0.79 2.25 18.94
C Wheat, Winter Coarse 0.05 0.86 1.81
C Wheat, Winter Medium 0.06 0.96 3.30
C Wheat, Winter Fine 0.15 1.47 5.08
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0.00
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1.88
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4.38
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2.53
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4.34
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9.16
4.38
8.15
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4.24
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5.27
5.69
8.75
9.35
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15.24
4.66
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3.95
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5.77
3.81
6.67
14.66
3.65
5.93
13.76
3.30
5.63
11.65
2.35
2.95
2.96
2.41
4.57
5.27
3.77
417
5.64
2.07
2.80
3.35
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Coarse
Medium
Fine
Coarse
Medium
Fine
Coarse
Medium
Fine

0.43
0.60
0.76
0.37
0.63
0.73
0.29
0.41
0.50
0.36
0.56
0.67
0.09
0.26
0.25
0.25
0.51
0.53
0.30
0.49
0.56
0.20
0.45
0.41
0.16
0.36
0.44
0.44
0.86
0.97
0.60
0.77
0.93
0.39
0.77
0.89
0.45
0.48
0.63
0.33
0.41
0.50
0.40
0.48
0.50
0.33
0.36
0.46
0.36
0.34
0.47

0.93
1.85
2.23
0.81
1.68
2.18
1.26
1.95
2.79
0.80
1.65
1.72
1.35
1.63
1.85
1.35
1.81
2.25
1.77
1.96
2.82
1.24
1.62
1.95
1.03
1.54
1.53
1.14
1.81
2.20
1.37
1.85
2.35
1.04
1.59
1.78
0.92
1.15
2.76
1.05
1.23
2.32
0.81
0.98
1.79
0.81
1.10
2.72
0.64
0.66
1.18

Emission Rate
97.5th Percentile
4.56
12.27
27.80
4.04
10.68
20.32
4.30
5.44
7.47
2.98
5.62
12.55
3.01
3.10
3.61
2.84
492
497
7.53
7.25
9.59
2.69
3.06
3.80
2.23
2.99
3.44
2.84
6.89
12.36
3.02
4.99
6.43
1.66
3.48
4.72
5.78
11.08
24.52
4.89
8.49
9.65
4.06
8.03
17.49
4.89
8.05
17.87
2.64
4.67
14.76
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LRR Cro Emission Rate Emission Rate Emission Rate
p 25th Percentile 50th Percentile 97.5th Percentile

U Grass Coarse 0.33 0.99 4.74
U Grass Medium 0.35 0.79 4.09
U Grass Fine 0.39 1.72 5.90
U Potato Coarse 0.57 0.82 2.53
U Potato Medium 0.63 1.05 13.93
U Potato Fine 0.79 1.53 13.88
U Wheat, Spring Coarse 0.23 0.55 2.08
U Wheat, Spring Medium 0.30 0.54 5.11
U Wheat, Spring Fine 0.32 0.84 10.58

3-A.2 Empirical Scalars for Base Emission Rates

As described in Text box 3-1, the base emission rate modeled by DAYCENT and DNDC is used to
calculate an emission factor for the typical fertilizer case that is then scaled to reflect the increase in
emission factor with increasing nitrogen inputs (Sgr in Text box 3-1). To calculate Sgr a meta-
analysis was performed using data from all field studies in the literature where at least three
different levels of nitrogen input, including a zero nitrogen rate, were applied to the same crop at
the same site during the same growing season. Emission factors were calculated as the difference
between the N0 fluxes at ON and at xN divided by the N,O flux at ON. The null hypothesis was that
emission factors will be constant across different nitrogen rates.

A total of 44 data sets that meet the base criteria were identified. From each data set, slopes for
each fertilizer addition interval were calculated and compared to the slope of the first interval (ON
to the first nitrogen addition level). The value of the slope is a measure of how much the emission
factor changes per additional unit of nitrogen fertilizer input (kg N ha-1) for a given study site year.
Thus, the slope measures the degree of nonlinearity of the emission factor. The slope is zero if the
emission factor is constant, as assumed by the IPCC Tier 1 method. A positive slope indicates that
the total emission function is convex with respect to total nitrogen input, i.e., that the unit of flux
increase (the emission factor) is greater with each successive unit of nitrogen input. Uncertainty
was quantified with a confidence interval obtained by performing a bootstrap analysis (n=100,000)
on the original slopes.

There were sufficient data to analyze five different sub-categories: corn, grassland, other crops,
clay-textured soils, and other-textured soils. The mean slope was significantly greater than zero for
all analyzed categories but only the grassland category was significantly different from the others.
Thus in the ERy, equation in Text box 3-1 there are two values for Sgr, one for grasslands and
another for all other crops.

The studies used in the meta-analysis are provided below.

Breitenbeck, G.A., and J.M. Bremner. 1986. Effects of rate and depth of fertilizer application on
emission of nitrous oxide from soil fertilized with anhydrous ammonia. Biology and fertility
of soils, 2(4):201-204.

Cardenas, L.M,, R. Thorman, N. Ashlee, M. Butler, et al. 2010. Quantifying annual N»>O emission fluxes
from grazed grassland under a range of inorganic fertiliser nitrogen inputs. Agriculture,
Ecosystems and Environment, 136:218-226.

Chang, C., C.M. Cho, and D.H. Janzen. 1998. Nitrous oxide emission from long-term manured soils.
Soil Science Society America Journal, 62:677-682.

Ding, W., Y. Cai, X. Cai, K. Yagi, et al. 2007. Nitrous oxide emissions from an intensively cultivated
maize-wheat rotation in soil in the North China Plain. Science and the Total Environment,
373.
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Halvorson, A.D., S.J. Del Grosso, and C.A. Reule. 2008. Nitrogen, Tillage, and Crop Rotation Effects on
Nitrous Oxide Emissions from Irrigated Cropping Systems. Journal of Environmental Quality,
37(4):1337-1344.

Hoben, ].P., R.J. Gehl, N. Millar, P.R. Grace, et al. 2011. Nonlinear nitrous oxide (N20) response to
nitrogen fertilizer in on-farm corn crops of the US Midwest. Global Change Biology,
17(2):1140-1152.

Kaiser, E.A., K. Kohrs, M. Kiicke, E. Schnug, et al. 1998. Nitrous oxide release from arable soil:
importance of N-fertilization, crops and temporal variation. Soil Biology and Biochemistry,
30:1553-1563.

Kammann, C,, L. Griinhage, C. Miiller, S. Jacobi, and H.-]. Jager. 1998. Seasonal variability and
mitigation options for N0 emissions from differently managed grasslands. Environmental
Pollution, 102(S1):179-186.

Kim, D.-G., G. Hernandez-Ramirez, and D. Giltrap. 2013. Linear and nonlinear dependency of direct
nitrous oxide emissions on fertilizer nitrogen input: a meta-analysis. Agriculture, Ecosystems
and Environment, 168:53-65.

Letica, S.A., C.A.M. de Klein, C.]. Hoogendoorn, R.W. Tillman, et al. 2010. Short-term measurement of
N0 emissions from sheep-grazed pasture receiving increasing rates of fertiliser nitrogen in
Otago, New Zealand. Animal Production Science, 50:17-24.

Lin, S.,]. Igbal, R. Hy, ]. Wu, et al. 2011. Nitrous oxide emissions from rape field as affected by
nitrogen fertilizer management: a case study in central China. Atmospheric Environment,
45:1775-1779.

Ma, B.L,, T.Y. Wu, N. Tremblay, W. Deen, et al. 2010. Nitrous oxide fluxes from corn fields: on-farm
assessment of the amount and timing of nitrogen fertilizer. Global Change Biology,
16(1):156-170.

McSwiney, C.P., and G.P. Robertson. 2005. Nonlinear response of N,O flux to incremental fertilizer
addition in a continuous maize (Zea mays L.) cropping system. Global Change Biology,
11(10):1712-1719.

Mosier, A.R., A.D. Halvorson, C.A. Reule, and X.J. Liu. 2006. Net global warming potential and
greenhouse gas intensity in irrigated cropping systems in northeastern Colorado. Journal of
Environmental Quality, 35(4):1584-1598.

Signor, D., C.E.P. Cerri, and R. Conant. 2013. N,O emissions due to nitrogen fertilizer applications in
two regions of sugarcane cultivation in Brazil. Environmental Research Letters, 8(1):015013.

Song, C., and J. Zhang. 2009. Effects of soil moisture, temperature, and nitrogen fertilization on soil
respiration and nitrous oxide emission during maize growth period in northeast China. Acta
Agriculturae Scandinavia, 59:97-106.

van Groenigen, ].W., G.J. Kasper, G.L. Velthof, A. van den Pol-van Dasselar, et al. 2004. Nitrous oxide
emissions from silage maize fields under different mineral nitrogen fertilizer and slurry
applications. Plant and Soil, 263.

Velthof, G.L., 0. Oenema, R. Postma, and M.L. Van Beusichem. 1997. Effects of type and amount of
applied nitrogen fertilizer on nitrous oxide fluxes from intensively managed grassland.
Nutrient Cycling in Agroecosystems, 46:257-267.

Zebarth, B.]., P. Rochette, and D.L. Burton. 2008. N,O emissions from spring barley production as
influenced by fertilizer nitrogen rate. Canadian Journal of Soil Science, 88:197-205.

Zhang, ]., and X. Han. 2008. N0 emission from the semi-arid ecosystem under mineral fertilizer
(urea and superphosphate) and increased precipitation in northern China. Atmospheric
Environment, 42:291-302.
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3-A.3 Practice-Based Scaling Factors

Data were analyzed to derive scaling factors for the following practices: nitrogen fertilizer
placement, nitrification inhibitors, no-till management, and slow-release fertilizers. Practices were
included if there was sufficient evidence from field experiments to suggest that the practice
influenced N,0 emissions, or for which a previous meta-analysis had been conducted and shown
that the practice had an effect on N,O emissions (i.e., no-till management; van Kessel et al., 2012).
All practices were found to have a significant effect on N,O emission with the exception of nitrogen
placement. The scaling factors are provided in Table 3-9.

Documentation for the no-till scaling factor can be found in van Kessel et al. Scaling factors for
nitrification inhibitors were derived using a linear mixed-effect modeling approach (Pinheiro and
Bates, 2000), similar to the method used by Ogle et al. (2005) to derive factors that were used in the
2006 IPCC Guidelines (IPCC, 2006). Variances associated with individual experimental results were
not taken into consideration in the meta-analyses because many studies did not provide this
information. A goal for future analyses supporting the USDA methods will be to include variances,
under the assumption that studies will report this information in future publications. Covariates
were included in the analysis to determine if the practice had a different effect depending on the
land use, climate, soil type, water management, tillage practice, or crop type. Covariates were
retained in the model if the variable was significant at an alpha level of 0.05. For other scaling
factors, there were insufficient data to use the linear mixed-effect modeling approach, and so
average differences between the control and treatments were estimated from the studies to
estimate a scaling factor. The resulting estimates were evaluated for statistical significant from a
value of 0 (or no effect) using an alpha level of 0.05. A 95 percent confidence interval was derived
for each scaling factor and provided in Table 3-6 as an upper and lower bound on the estimated
factor.

The studies used in each meta-analysis are provided below.

Nitrogen Fertilizer Placement:

Burton, D.L., X. Li, and C.A. Grant. 2008. Influence of fertilizer nitrogen source and management
practice on N0 emissions from two Black Chernozemic soils. Canadian Journal of Soil
Science, 88:219-227.

Drury, C.F., W.D. Reynolds, C.S. Tan, T.W. Welacky, et al. 2006. Emissions of Nitrous Oxide and
Carbon Dioxide. Soil Science Society of America Journal, 70(2):570-581.

Engel, R, D.L. Liang, R. Wallander, and A. Bembenek. 2010. Influence of Urea Fertilizer Placement
on Nitrous Oxide Production from a Silt Loam Soil. Journal of Environmental Quality,
39(1):115-125.

Halvorson, A.D., and S.J. Del Grosso. 2013. Nitrogen placement and source effects on nitrous oxide
emissions and yields of irrigated corn. Journal of Environmental Quality, 42(In press).

Hou, A.X,, and H. Tsuruta. 2003. Nitrous oxide and nitric oxide fluxes from an upland field in Japan:
effect of urea type, placement, and crop residues. Nutrient Cycling in Agroecosystems,
65:191-200.

Hultgreen, G., and P. Leduc. 2003. The effect of nitrogen fertilizer placement, formulation, timing, and
rate on greenhouse gas emissions and agronomic performance: Agriculture Agri-Food
Canada, Prairie Agricultural Machinery Institute.

Liu, X.J., A.R. Mosier, A.D. Halvorson, and F.S. Zhang. 2005. Tillage and nitrogen application effects
on nitrous and nitric oxide emissions from irrigated corn fields. Plant and Soil, 276:235-249.

Maharjan, B., and R.T. Venterea. In review. Nitrite dynamics explain fertilizer management effects
on nitrous oxide emissions in maize. Submitted to Soil Biology and Biochemistry.

Zebarth, B.]., P. Rochette, D.L. Burton, and M. Price. 2008. Effect of fertilizer nitrogen management
on N20 emissions in commercial corn fields. Canadian Journal of Soil Science, 88:189-195.
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Nitrification Inhibitors:

Akiyama, H., H. Tsuruta, and T. Watanabe. 2000. N,O and No Emissions from Soils after the
Application of Different Chemical Fertilizers. Chemosphere-Global Change Science, 2(3):313-
320.

Ball, B.C,, K.C. Cameron, H.]. Di, and S. Moore. 2012. Effects of Trampling of a Wet Dairy Pasture Soil
on Soil Porosity and on Mitigation of Nitrous Oxide Emissions by a Nitrification Inhibitor,
Dicyandiamide. Soil Use and Management, 28(2):194-201.

Bremner, ].M., G.A. Breitenbeck, and A.M. Blackmer. 1981. Effect of Nitrapyrin on Emission of
Nitrous Oxide from Soil Fertilized with Anhydrous Ammonia. Geophysical Research Letters,
8(4):353-356.
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Affected by Nitrification Inhibitors. Soil Science Society of America Journal, 56(1):161-165.

Cui, M., X.C. Sun, C.X. Hu, H.]. Dij, et al. 2011. Effective Mitigation of Nitrate Leaching and Nitrous
Oxide Emissions in Intensive Vegetable Production Systems Using a Nitrification Inhibitor,
Dicyandiamide. Journal of Soils and Sediments, 11(5):722-730.

de Klein, C.A.M., K.C. Cameron, H.J. Di, G. Rys, et al. 2011. Repeated Annual Use of the Nitrification
Inhibitor Dicyandiamide (Dcd) Does Not Alter Its Effectiveness in Reducing N,O Emissions
from Cow Urine. Animal Feed Science and Technology, 166-167:480-491.

Delgado, J.A., and A.R. Mosier. 1996. Mitigation Alternatives to Decrease Nitrous Oxides Emissions
and Urea-Nitrogen Loss and Their Effect on Methane Flux. Journal of Environmental Quality,
25(5):1105-1111.
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Communications in Mass Spectrometry, 15:1291-1296.

Dobbie, K.E., and K.A. Smith. 2003. Impact of Different Forms of N Fertilizer on N,O Emissions from
Intensive Grassland. Nutrient Cycling in Agroecosystems, 67(1):37-46.

Ghosh, S., D. Majumdar, and M.C. Jain. 2003. Methane and Nitrous Oxide Emissions from an Irrigated
Rice of North India. Chemosphere, 51(3):181-195.

Hadi, A., O. Jumadi, K. Inubushi, and K. Yagi. 2008. Mitigation Options for N2O Emission from a Corn
Field in Kalimantan, Indonesia. Soil science and plant nutrition, 54(4):644-649.

Halvorson, A.D., S.J. Del Grosso, and C.A. Reule. 2008. Nitrogen, Tillage, and Crop Rotation Effects on
Nitrous Oxide Emissions from Irrigated Cropping Systems. Journal of Environmental Quality,
37(4):1337-1344.

Halvorson, A.D., S.J. Del Grosso, and F. Alluvione. 2010. Tillage and Inorganic Nitrogen Source
Effects on Nitrous Oxide Emissions from Irrigated Cropping Systems. Soil Science Society of
America Journal, 74(2):436-445.

Halvorson, A.D., S.J. Del Grosso, and C.P. Jantalia. 2011. Nitrogen Source Effects on Soil Nitrous Oxide
Emissions from Strip-Till Corn. Journal of Environmental Quality, 40(6):1775-1786.

Halvorson, A.D., and S.J.D. Grosso. 2012. Nitrogen Source and Placement Effects on Soil Nitrous
Oxide Emissions from No-Till Corn. Journal of Environmental Quality, 41(5):1349-1360.

Halvorson, A.D,, C.S. Snyder, A.D. Blaylock, and S.]. Del Grosso. In review. Enhanced Efficiency
Nitrogen Fertilizers: Potential Role in Nitrous Oxide Emission Mitigation. Agronomy Journal.

Jumadi, O., Y. Hala, A. Muis, A. Ali, M. Palennari, K. Yagi, and K. Inubushi. 2008. Influences of
Chemical Fertilizers and a Nitrification Inhibitor on Greenhouse Gas Fluxes in a Corn (Zea
Mays L.) Field in Indonesia. Microbes and environments, 23(1):29-34.
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of soils, 32(6):474-478.

Linzmeier, W., R. Gutser, and U. Schmidhalter. 2001. Nitrous Oxide Emission from Soil and from a
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Appendix 3-B: Guidance for Crops Not Included in the DAYCENT Model

The DAYCENT model is recommended for use in estimating Soil Carbon Stock Changes (Section
3.5.3), and was used (along with the DNDC model) to generate base emission rates for Equation 3-9
(See Appendix 3-A for a discussion of how models were used to estimate N,O emissions from
mineral soils). In addition, nitrogen mineralized from soil organic matter (Nmin); additional nitrogen
inputs from a change in soil organic matter mineralization due to a land-use change or tillage
change (Namin); nitrogen mineralization from organic amendments (e.g., manure, sewage sludge,
compost); and nitrogen mineralization from crop, grass, and cover crop residues (Nresia) are
generated by the DAYCENT model.

The DAYCENT model is not used to generate estimates for all crops grown in the United States. The
DAYCENT model is currently used to estimate SOC stocks for the following crops and sectors:
agroforestry, almond, alfalfa, windbreak, woodlot, sorghum, spring wheat, winter wheat, woodlot—
softwoods, woodlot—hardwoods, clover, cotton, dryland beans, corn, oats, millet, grass-clover
pasture, grass, peas, potato, sugar beets, sunflower, soybean, sugar cane, peanut, tobacco, upland
rice, windbreak three-row, and walnut. These crops represent 90 percent of the crops grown in the
United States, and more crops are tested and added to the DAYCENT model-based assessment on a
regular basis.

However, if an entity is managing a crop that is not included in the DAYCENT list of crops, the 2006
[PCC Guidelines may be used to estimate emissions or sinks for the sources listed above. This
approach is consistent with the U.S. Environmental Protection Agency National Inventory Report
(U.S. Environmental Protection Agency, 2013), and a complete discussion of this alternative
methodology in provided in Annex 3 (Section 3.12) of the National Inventory Report. 15 Specifically,
the National Inventory Report uses a combination of Tier 1, 2, and 3 approaches to estimate direct
and indirect N2O emissions and soil changes in agricultural soils. This report follows the same
approach for the crops not included in the DAYCENT model when estimating soil carbon stock
changes and direct N20 emissions (See Table 3-B- 1).

Table 3-B- 1 Alternative Methodologies for Crops Not Included in the DAYCENT Model

I S N S T S

IPCC 2006 Guidelines (See

Soil carbon stock changes Chapter 5, Section 5.2.3.3)

Direct N20 emissions from mineral soils IPCC 2006 Guidelines with

for the crops NOT estimated by the management based scaling factors
DAYCENT model (See Section 3.5.4)

Nismin, Not estimated

IPCC 2006 Guidelines (See
Chapter 11 Section
11.2.1.1)

Nitrogen inputs from organic
amendments (Nmanand Ncomp)

Equation 3-B-1 Residue nitrogen

Nresid (See below)

15 See U.S. Env1ronmenta1 Protection Agency, National GHG Inventory Annex 3:

Addltlonal Source -or-Sink-Categories.pdf
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Equation 3-B-1: Residue N
For Crops:
Nresia = [((Yam / HI) - Yam) X (1 - Ry) X Na] + [(Yam / HI) X R:S x Ny]
For Grazing Forage:
Nresida = [Yam X (1 - Fr - R;) X Na] + [Yam X R:S x Np]
Where:

Nresia = Nitrogen in residues above and belowground on the parcel of land
(metric tons N year-! ha'l)

Yam = Crop harvest or forage yield, corrected for moisture content

(metric tons biomass ha1)
=Y x DM

Y = Crop harvest or total forage yield (metric tons biomass ha1)

DM = Dry matter content of harvested biomass (dimensionless)

HI = Harvest Index (dimensionless)

Fr = Proportion of live forage removed by grazing animals (dimensionless)

R: = Proportion of crop/forage residue removed due to harvest, burning or grazing
(dimensionless)

Na = Nitrogen fraction of aboveground residue biomass for the crop or forage
(dimensionless)

Ny = Nitrogen fraction of belowground residue biomass for the crop or forage
(dimensionless)

R:S  =Root-shoot ratio (unitless)

Default values for dry matter content, root:shoot ratio and harvest index are provided in Table 3-5
in Section 3.5.1.2. Default values from the IPCC guidelines values are provided in Table 3-B-2 for the
nitrogen content of aboveground and belowground residues in major crop types and individual
crops.
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Table 3-B-2: Nitrogen Content of Aboveground and Belowground Residues of Major and
Individual Crops

Nitrogen Content of Nitrogen Content of
Crop Aboveground Residues Belowground Residues
(kg N (kg dm)) (kg N (kg dm))

Major crop types

Grains 0.006 0.009
Beans and pulses 0.008 0.008
Grass-clover mixtures 0.025 0.016
Nitrogen-fixing forages 0.027 0.022
Non-nitrogen-fixing forages 0.015 0.012
Perennial grasses 0.015 0.012
Root crops, other 0.016 0.014
Tubers 0.019 0.014
Individual crops

Alfalfa 0.027 0.019
Barley 0.007 0.014

Dry bean 0.01 0.01
Maize 0.006 0.007
Millet 0.007 NA
Non-legume hay 0.015 0.012

Oats 0.007 0.008
Peanut (w/pod) 0.016 NA
Potato 0.019 0.014

Rice 0.007 NA

Rye 0.005 0.011
Sorghum 0.007 0.006
Soybean 0.008 0.008
Spring wheat 0.006 0.009
Wheat 0.006 0.009
Winter wheat 0.006 0.009

Source: de Klein (2006).
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4 Quantifying Greenhouse Gas Sources and Sinks in Managed Wetland
Systems

This chapter provides methodologies and guidance for reporting greenhouse gas (GHG) emissions
and sinks at the entity scale for managed wetland systems. More specifically, it focuses on methods
for managed palustrine wetlands.! Section 4.1 provides an overview of wetland systems and
resulting GHG emissions, system boundaries and temporal scale, a summary of the selected
methods/models, sources of data, and a roadmap for the chapter. Section 4.2 presents the various
management practices that influence GHG emissions in wetland systems and land-use change to
wetlands. Section 4.3 provides the estimation methods for biomass carbon in wetlands and for soil
carbon, N0, and CH4 emissions and sinks. Finally, Section 4.4 includes a discussion of research gaps
in wetland management.

4.1 Overview

Wetlands occur across most landforms, existing as natural unmanaged and managed lands,
restored lands following conversion from another use (typically agriculture), and as constructed
systems for water treatment, such as anaerobic lagoons. All wetlands sequester carbon and are a
source of GHGs. Table 4-1 provides a description of the sources of emissions or sinks and the gases
estimated in the methodology.

Table 4-1: Overview of Wetland Systems Sources and Associated Greenhouse Gases

Method for GHG
Estimation Description

CO, m
Provisions for estimating aboveground biomass for wetland forests and
above and belowground biomass and carbon are included for shrub and
Biomass v grass wetlands in this chapter. Aboveground biomass for forested
carbon wetlands and shrub and grass wetlands includes live vegetation, trees,
shrubs, and grasses, standing dead wood (dead biomass), and down
dead organic matter—litter layer (dead biomass).
The production and consumption of carbon in wetland-dominated
landscapes are important for estimating the contribution of GHGs,
including CO, CH4, and N0 emitted from those areas to the atmosphere.

Soil C, N20, The generation and emission of GHGs from wetland-dominated
and CHy in v v v | landscapes are closely related to inherent biogeochemical processes,
wetlands which also regulate the carbon balance (Rose and Crumpton, 2006).

However, those processes are highly influenced by the land use,
vegetation, soil organisms, chemical and physical soil properties,
geomorphology, and climate (Smemo and Yavitt, 2006).

1 Palustrine wetlands include non-tidal and tidal wetlands that are primarily composed of trees, shrubs,
persistent emergent, emergent mosses, or lichens, where salinity due to ocean-derived salts is below 0.5 %o
(parts per thousand). Palustrine wetlands also include those wetlands lacking vegetation that have the
following four characteristics: (1) are less than 20 acres; (2) do not have active wave-formed or bedrock
shorelines; (3) have a maximum water depth of less than 6.5 ft. at low water; and (4) have a salinity due to
ocean-derived salts less than 0.5% (Stedman and Dahl, 2008).
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4.1.1 Overview of Management Practices and Resulting GHG Emissions

This chapter provides methods for estimating carbon stock changes and CH4 and N,O emissions
from naturally occurring wetlands? and restored wetlands on previously converted wetland sites.
Constructed wetlands for water treatment, including detention ponds, are engineered systems that
are beyond the scope considered here because they have specific design criteria for influent and
effluent loads. In addition, the methods are restricted to estimation of emissions on palustrine
wetlands that are influenced by a variety of management options such as water table management,
timber, or other plant biomass harvest, and wetlands that are managed with fertilizer applications.
The methods are based on established principles and represent the best available science for
estimating changes in carbon stocks and GHG fluxes associated with wetland management
activities. However, given the wide diversity of wetlands types and the variety of management
regimes, the basis for the methods provided in this section are not as well-developed as other
sections in this guidance (i.e., Cropland and Grazing Lands, Animal Production, and Forestry
Methods). Table 4-2 provides a summary of the methods and their corresponding section for the
sources of emissions estimated in this report.

Table 4-2: Overview of Wetland Systems Sources, Method, and Section

Methods for estimating forest vegetation and shrub and grassland vegetation
biomass carbon stocks use a combination of the Forest Vegetation Simulator (FVS)

431 Biomass model and lookup tables for dominant shrub and grassland vegetation types found
e carbon in Chapter 3, Cropland, and Grazing Land. If there is a land-use change to
agricultural use, methods for cropland herbaceous biomass are provided in
Chapter 3.
The Denitrification-Decomposition (DNDC) process-based biogeochemical model is
the method used for estimating soil C, N,0, and CH, emissions from wetlands.
Soil C, N20, DNDC simulates the soil carbon and nitrogen balance and generates emissions of
4.3.2 and CHs4 in soil-borne trace gases by simulating carbon and nitrogen dynamics in natural and
wetlands agricultural ecosystems (Li et al., 2000; Miehle et al., 2006; Stang et al., 2000) and

forested wetlands (Dai et al., 2011; Zhang et al., 2002), using plant growth
estimated as described in Section 4.3.1.

4.1.1.1 Description of Sector

The National Wetlands Inventory broadly classifies wetlands into five major systems: (1) marine,
(2) estuarine, (3) riverine, (4) lacustrine, and (5) palustrine (Cowardin et al.,, 1979). Four of those
systems (marine, estuarine, riverine, and lacustrine) are open-water bodies and not considered
within the methods described in this guidance. Palustrine wetlands encompass the wetland types
occurring on the land and are further classified by major vegetative life form and wetness or
flooding regime. Common palustrine wetlands are illustrated in Figure 4-1. For example, forested
wetlands are often classified as palustrine—forested. Similarly, most grass wetlands are classified
as palustrine—emergent, reflecting emergent vegetation (e.g., grasses and sedges). Wetlands also
vary greatly with respect to groundwater and surface water interactions that directly influence

2 Wetlands are defined in Chapter 7, Land Use Change. Wetlands that are converted to a non-wetland status
should be considered in the appropriate chapter (e.g., Cropland and Grazing Lands, Animal Production, and
Forestry Methods).
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hydroperiod (i.e., the length of time and portion of the year the wetland holds water), water
chemistry, and soils (Cowardin et al., 1979; Winter et al., 1998). All these factors along with climate
and land use drivers influence the overall carbon balance and GHG fluxes.

Figure 4-1: Palustrine Wetland Classes Based on Vegetation and Flooding Regime

UPLAND_ PALUSTRINE UPLAND PALUSTRINE UPLAND PALUSTRINE UPLAND

w O (=] (=]
= < = = =
: o o < @ w = =
Z g £ 2 |E g |= E= |G
i} < = @ [=1 = =
o = W = : = 5 =
T b [ = - “wnl|d EZ |E o .
O g = i s=|2= 2 W [ -
5 3 g2 |55 & 28 (22 1

E = [ ] IO: o> 0O el v Elf

=X - G w |E5 |25

oo “ =m =< @ b= | .:._$

g
g
o
SEEPAGE Z0ONE "“"\___‘
A }
% HIGH WATER
b e = AVERAGE WATER

2 TEMPORARILY FLOODED 4 LOW WATER

b SEASONALLY FLOODED Bemmmmm-
< SEMIPERMANENTLY FLOODED

d INTERMITTTENTLY FLOODED

e« PERMANENTLY FLOODED

FSATURATED

Source: Cowardin et al. (1979).

Grassland and forested wetlands are subject to a wide range of land use and management practices
that influence the carbon balance and GHG flux (Faulkner et al., 2011; Gleason et al,, 2011). For
example, forested wetlands may be subject to silvicultural prescriptions with varying intensities of
management through the stand rotation; hence, the carbon balance and GHG emissions should be
evaluated on a rotation basis, which could range from 20 to more than 50 years. In contrast, grass
wetlands may be grazed, hayed, or directly cultivated to produce a harvestable commodity
annually. While each management practice may influence carbon sequestration and GHG fluxes, the
effect is dependent on vegetation, soil, hydrology, climatological conditions, and the management
prescriptions. This section focuses on restoration and management practices associated with
palustrine wetlands that are typically forested or grassland.

4.1.1.2 Resulting GHG Emissions

GHG emissions from wetlands are largely controlled by water table depth and duration as well as
climate and nutrient availability. Under aerobic soil conditions, which are common in most upland
ecosystems, organic matter decomposition releases CO2, and atmospheric CH4 can be oxidized in
the surface soil layer (Trettin et al., 2006). In contrast, the anaerobic soils that characterize
wetlands can produce CH4 (depending on the water table position) in addition to emitting CO».
Accordingly, wetlands are an inherent source of CHy4, with globally estimated emissions of 55 to 150
teragrams (Tg) of CH4 per year (Blain et al., 2006).

To accommodate entity-scale reporting in the United States for agricultural and forestry
operations, Tier 2 and 3 methods address palustrine wetlands containing both organic and mineral
hydric soils. These wetlands may be influenced by agricultural and forestry management, and
methods are currently available for both types of management. This chapter provides
methodologies for the following wetland source categories:
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1. Biomass carbon in forested, shrub, and grass wetlands;
2. Soil carbon sinks in wetlands; and
3. N0 and CH4emissions in wetlands.

Biomass carbon can change significantly with management of wetlands, particularly in forested
wetlands, changes from forest to wetlands dominated by grasses and shrubs, or open water. In
forested wetlands, there can also be significant carbon in dead wood, coarse woody debris, and fine
litter. Harvesting practices will also influence the carbon stocks in wetlands to the extent the wood
is collected for products, fuel, or other purposes.

Wetlands are also a source of soil N2O emissions, primarily because of nitrogen runoff from
adjoining uplands and leaching into groundwater from agricultural fields and/or animal production
facilities. N20 emissions from wetlands due to nitrogen inputs from surrounding fields or animal
production are considered indirect emissions of N,O (de Klein et al., 2006). Methodologies for
estimating indirect N0 are provided in the respective source chapter (i.e., Chapter 3, Cropland and
Grazing Lands, or Chapter 5, Animal Production). However, direct N,O emissions occur in wetlands
if management practices include nitrogen fertilization, hence, guidance is provided for this source
of emissions.

4.1.1.3 Risk of Reversals

Wetlands inherently accumulate carbon in the soils due to anaerobic conditions, and they are
natural sources of COz and CH4 to the atmosphere. Management may alter conditions that affect
both the pools and fluxes. For example, accumulated soil carbon can be returned to the atmosphere
if the wetland is drained (Armentano and Menges, 1986). In contrast, silvicultural water
management in wetlands can lead to higher biomass production, which may partially offset
increased soil organic matter oxidation. Conversely, the soil carbon pool in converted wetlands is
typically lower than the unmanaged soil, and restoring wetland conditions may increase carbon
storage over time if inherent hydric soil conditions are maintained with consistent organic matter
inputs.

Reversals of emission trends can occur if a manager reverts to a prior condition or an earlier
practice. For example, an entity may decide to return a wetland that had been drained and cropped
back to a forested wetland condition. Another common example would be if a restored forested
wetland is reverted back to agriculture. These reversals do not negate the mitigation of CHs or N,0
emissions to the atmosphere that had occurred previously, to the extent that wetland restoration or
change in management can reduce or change these emissions. Correspondingly, the starting point
from the reversion will determine the effect on carbon sequestration and GHG flux. For example, in
arestored forested wetland, reversion of the site to crop production would return carbon
sequestered during the restoration period to the atmosphere over time.

There is a trade-off in CHs and N0 emissions with management of the water table position.
Wetlands with anaerobic soil conditions that are persistent near the surface for a longer period
during the year will tend to have higher CH4 emissions and lower emissions of N20. N;0 emissions
are greatly reduced if soils are saturated because there is little inherent nitrification, and
denitrification will lead to N2 production (Davidson et al., 2000). For example, restoration of
wetlands will normally lead to a higher water table for a longer period of the year, and thus
contribute to higher emissions of CH4 but lower emissions of N,0. These trends can be reversed if
the water table is lowered through management or drought, which will tend to enhance N,O
emissions if there is a source of nitrate, while reducing emissions of CHa. Figure 4-2 provides an
illustration of the carbon cycle typically found in wetland forest and grassland wetlands and
represents the scope of the methods presented in this guidance.
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Figure 4-2: Carbon Cycle for Forest and Grassland Wetlands
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4.1.2 System Boundaries and Temporal Scale

System boundaries are defined by the coverage, extent, and resolution of the estimation methods.
The location of the wetlands may be approximated by use of the National Wetlands Inventory,3 the
location of hydric soils as conveyed by the NRCS soils map, or through direct delineation of
wetlands. The coverage of the methods can be used to estimate a variety of emission sources,
including emissions associated with biomass C, litter C, and soils carbon stock changes and CO, CHy,
and N0 fluxes from soils. System boundaries are also defined by the extent and resolution of the
estimation method. The methods provided for wetlands have a spatial extent that would include all
wetlands in the entity’s operation, with estimation occurring at the resolution of an individual
wetland. Emissions are estimated on an annual basis for as many years as needed for GHG
emissions reporting.

4.1.3 Summary of Selected Methods/Models and Sources of Data

The IPCC (2006) has developed a system of methodological tiers for estimating GHG emissions. Tier
1 represents the simplest methods using default equations and factors provided in the IPCC
guidance. Tier 2 uses default methods but emission factors that are specific to different regions.
Tier 3 utilizes a region-specific estimation method, such as a process-based model. Higher tier
methods are expected to reduce uncertainties in the emission estimates if there is sufficient
information and testing to develop these methods. In this guidance, biomass, litter, and soil carbon
stock changes, in addition to soil N>O and CH4 emissions, are estimated using Tier 2 and 3 methods.

The data required to apply these methods range from basic information on soils, vegetation,
weather, land use, and management history to data on fertilization rates or drainage conditions.
While some of these data are operation-specific and must be provided by the entity, other data can
be obtained from national databases, such as weather data and soil characteristics.

3 See National Wetlands Inventory http://www.fws.gov/wetlands/.
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4.1.4 Organization of Chapter/Roadmap

The wetlands section of this report is organized into three primary sections. Section 4.2 provides a
description of wetland management effects on GHG emissions, elaborating on the scientific basis for
how various practices influence GHG emissions. Section 4.3 provides a rationale for the selected
method, a description of the method, including a general description (with equations and factors),
activity data requirements, ancillary data requirements, limitations of the method, and
uncertainties associated with the estimation. A single method is provided for each source presented
in this chapter (i.e., biomass carbon in forested, shrub, and grass wetlands; soil carbon and CH4 in
wetlands; and direct N0 emissions in wetlands). A single method was selected to ensure
consistency in emission estimation by all reporting entities, and the selected method is considered
the best option among possibilities for entity-scale reporting. Methods may be refined in the future
as they are further developed. The last section provides a summary of selected research gaps.

4.2 Management and Restoration of Wetlands

How wetlands are managed can have a significant effect on GHG emissions and sinks, which are
primarily influenced by the degree of water saturation, climate, and nutrient availability. In a
majority of wetlands, 90 percent of carbon in gross primary production is returned to the
atmosphere through decay, and the remaining 10 percent accumulates in the bottom of the water
body accumulating on previously deposited materials (Blain et al., 2006). Management of the water
table within a wetland will result in both lower CH4 emissions due to decreased production and
oxidation of CH4 produced in the subsoil and an increase in CO; emissions due to increased
oxidation of soil organic matter. N,O emissions from wetlands are typically low, unless an
anthropogenic source of nitrogen enters the wetland. In drained wetlands, N0 emissions are
largely controlled by the fertility of the soil and water management regime. In contrast, restored
and constructed wetlands generate higher levels of CHs and lower levels of CO2 because of the
change in a water table depth (Blain et al.,, 2006).

4.2.1 Description of Wetland Management Practices

This section provides a description of management practices in wetlands that influence GHG
emissions (CHs or N2O) or carbon stocks. Individual sections deal with forested and grass wetlands
that could occur in agricultural and forestry operations. It is important to note that drainage of
wetlands for commodity production, such as annual crops, or for other purposes are not considered
wetlands in these guidelines. Methods for drained wetlands can be found in Chapter 3, Croplands
and Grazing Lands, or Chapter 6, Forest Lands, depending on the land use after drainage of the
wetland.

4.2.1.1 Silvicultural Water Table Management

Silvicultural water management systems are principally used to regulate the water table depth in
order to reduce soil disturbance associated with harvesting operations and alleviate stress from
saturated soil conditions on artificially regenerated plantations. The silvicultural water
management system should not eliminate the wetland conditions of the site.

Silvicultural water management systems affect the carbon balance and GHG emissions from the site
(Bridgham et al., 2006). Typically organic matter decomposition is enhanced with the imposition of
a drainage system, CHs emissions are reduced, and N,0 emissions may increase (Li et al., 2004).
Carbon sequestration in biomass may be enhanced on sites with silvicultural drainage systems due
to increased tree productivity (Minkkinen and Laine, 1998).
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4.2.1.2 Forest Harvesting Systems

There are two general types of systems used to harvest trees from forested wetlands: partial
cutting and clear cutting. A partial cut involves the removal of selected trees from the stand. The
number of trees removed or the residual density of the stand will depend on the stand type, species,
intended product(s), and stand age. The amount of tree biomass removed during the partial cut
may also vary; tops may be left onsite if only logs are removed, or they may be concentrated in a
landing if whole-tree harvesting is used. With the latter system, the tops may also be utilized and
removed from the site. Partial cutting is typically used in riparian zones and sites that are managed
for solid wood products. Clear cutting results in the removal of all overstory trees from the site.
Clear cutting is typically used on natural stands occurring in floodplains of the southeastern coastal
plain and lacustrine and outwash plains of the upper Midwest. Clear cutting is also the typical
system employed to harvest conifer and hardwood plantations.

Partial cutting affects the carbon balance of the site by direct removal of biomass; increased
biomass on the forest floor, which is then subject to decay processes; and increased growth of the
remaining trees for several years. Decomposition of dead biomass within the stand may be
accelerated temporarily due to the changes in ambient conditions and the added residue from the
harvest.

Clear cutting affects carbon stocks of the site by directly removing the biomass; increasing amounts
of biomass added to the forest floor; altering the carbon sequestration for several years, depending
on the type of regeneration; and altering the rate of organic matter decomposition in the forest
floor and soil (Lockaby et al., 1999). Clear cutting affects the ambient conditions of the site because
of the removal of the overstory vegetation. It also alters the water balance of the wetland due to the
reduction in evapotranspiration following harvesting. Typically, as a result of lower
evapotranspiration, the water table rises, and the site will exhibit longer periods of saturation. This
change in the water table position has direct effects on the production of CHs and N,0 and
subsequent fluxes to the atmosphere (Li et al., 2004).

4.2.1.3 Forest Regeneration Systems

There are two basic forest regeneration systems, characterized as (a) natural regeneration, and (b)
artificial regeneration. Natural regeneration, as the name implies, relies upon regeneration of the
trees from seed or sprouts that are left by harvested trees. Natural regeneration is used in both
partial-cut and clear-cut harvest systems. Natural regeneration will lead to even-aged stands of
shade-intolerant or early successional communities, typically in floodplains in the southeastern
United States and the coniferous plains of the upper Midwest.

Artificial regeneration results from planting seedlings on a prepared site. The site preparation
practices may involve removal of the harvest residue biomass, mechanical scarification and/or the
application of herbicide to temporarily reduce weed competition with seedlings, and the creation of
planting beds.

The effect of the forest regeneration system on carbon stocks and trace GHG emissions depends on
the type of harvesting system that was used (Lockaby et al., 1999; Trettin et al., 1995). The
combination of partial cutting and natural regeneration has little additive effect because the extent
of regeneration is typically quite low following a partial cut that removes less than half of the basal
area. Carbon stocks following clear-cut harvesting with natural regeneration is affected by the rate
of growth of the regeneration, changes in ambient conditions, and changes in the soil water regime.
Those factors also affect artificial regeneration systems; additionally, the type and extent of site
preparation also affects the carbon stocks.
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4.2.1.4 Fertilization

Fertilization is used primarily in forested wetlands, such as tree plantations, to enhance growth
(Albaugh et al., 2004). Grass wetlands also receive fertilizer as a result of adjacent agricultural
activities, and when dry conditions permit, are directly tilled, planted, and fertilized. Nitrogen is the
most commonly applied fertilizer, and increased nitrogen inputs are known to increase emissions
of N,O (Bedard-Haughn et al., 2006; Davidson et al., 2000; Gleason et al., 2009; Merbach et al,,
2002; Phillips and Beeri, 2008; Thornton and Valente, 1996). Nitrogen fertilizers will also enhance
N0 emissions both directly on the site and indirectly if nitrogen is lost from the site as nitrate in
groundwater or runoff, as well as volatilization of nitrogen as ammonia or NO,. The indirect losses
will contribute to N,O emissions at other sites.

The effect of fertilization on carbon stocks is principally realized through changes in tree growth
rates. The effect would result from nitrogen fertilizers, but phosphorus may also be applied in the
southeastern United States.

4.2.1.5 Conversion to Open-Water Wetland

The conversion of wetland to open water occurs primarily as a result of beaver impoundments and
to a lesser degree improperly installed roads or other artificial embankments through a wetland
that impedes natural drainage. The conversion to open water significantly reduces carbon
sequestration through plant growth, because uptake is limited to submerged aquatic vegetation.
The higher water table for a longer period of the year will also tend to increase CH4 flux.

4.2.1.6 Forest Type Change

Changing a managed forest to a characteristic native condition is also considered a form of
restoration. The effect of the restoration activities on the carbon stocks and CH4 emissions depends
on the extent of the hydrologic modifications that were employed in the previous silvicultural
system. The two most common situations are a site that has been managed for a particular species
or product without hydrologic modification; the other common situation is where the site has been
managed for plantation forestry and the hydrology and vegetation have been extensively modified.

4.2.1.7 Water Quality Management

Riparian zones along streams, rivers, and lakes may be managed to protect water quality by
mitigating nonpoint source pollution (Balestrini et al,, 2011; Chaubey et al., 2010).* Pollutants are
removed by physical filtration, chemical adsorption, plant uptake, and microbial transformations
(Abu-Zreig et al., 2003; Borin et al.,, 2005).5 However, riparian buffers are limited in their
adsorption capacities for some constituents, which may then flow into waterways. The buffer zone
size and configuration varies according to runoff patterns of the site, phosphorus/nitrogen inputs,
hydrologic connectivity, organic carbon, mineral content, and oxidative/reductive state (Abu-Zreig
etal, 2003; Hoffmann et al.,, 2009; Novak et al.,, 2002; Young and Briggs, 2008).

Riparian buffer zones are comprised of native and non-native vegetation or may also contain
cultivated plants in some cases. Management activities of the native vegetation buffer zones are
typically constrained or limited to small removals. In the case of forest riparian buffers, a selective-

4 Additional references include (Cho et al., 2010; Flite et al.,, 2001; Hoffmann et al., 2009; Hunt et al., 2004; Lee
et al,, 2004; Lowrance et al., 2007; Montreuil et al., 2010; Peterjohn and Correll, 1984; Ranalli and Macalady,
2010; Schoonover et al., 2005; Tabacchi et al., 1998; Young and Briggs, 2008).

5 Additional references include (Dillaha et al., 1989; Dillaha et al., 1988; Hoffmann et al., 2009; Jordan et al.,
2003; Kelly et al., 2007; Novak et al., 2002; Vellidis et al., 2003; Young and Briggs, 2008).
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harvest regime would be used that influences both carbon stocks and GHG emissions. In mixed
buffers (i.e., grass strips followed by forest), the management of the cultivated buffer would largely
determine the effect of the practice, which will be analogous to hay cultivation. Riparian zones may
contain a mosaic of hydric (wetland) and non-hydric soils; accordingly, the distribution of soil types
is important for assessing the effect of the management activity.

Whereas riparian buffers occupy low landscape positions and are typically wet, they are often very
effective in removing nitrogen via denitrification (Ambus, 1991; Davis et al., 2008; Dodla et al,,
2008; Hill et al., 2000; Hunt et al., 2007; Jordan et al., 1998; Roobroeck et al., 2010; Smith et al.,
2006; Stone et al,, 1998; Woodward et al., 2009), which leads to indirect N,O emissions (Jetten,
2008). Denitrification in riparian buffers is often spatially uneven because riparian buffers vary
considerably in their size and landscape positions as well as their soil, vegetative, and hydrological
conditions (Bowden et al., 1992; Bruland and MacKenzie, 2010; Flite et al., 2001; Hill et al., 2000).
Studies have suggested that N,O emissions in riparian zones were not a significant “pollution-
swapping phenomenon” (Dhondt et al.,, 2004; Kim et al.,, 2009a; Kim et al., 2009b). Significant
emissions are likely to be limited to spatial and temporal hot spots (Groffman et al., 2000; Hunt et
al,, 2007; Kim et al., 2009b). Moreover, some riparian wetland systems can serve as sinks for
nitrogen (Roobroeck et al.,, 2010). While many factors affect the microbial production of N0, one of
the most dominating factors is the carbon to nitrogen ratio; larger ratios generally have low N0
emissions because nitrogen is immobilized in the soil organic matter (Hunt et al.,, 2007;
Klemedtsson et al., 2005). However, it is important to note that indirect N,O emissions are
attributed to the source of the nitrogen, which can be a neighboring field or livestock facility; so the
methods to estimate indirect N,O emissions are provided in other sections of this report (i.e.,
Chapter 3, Cropland and Grazing Lands, or Chapter 5, Animal Production).

Riparian buffers can serve as both sources and sinks of CH4 (Hopfensperger et al., 2009; Soosaar et
al,, 2011). Their hydrology and biogeochemical characteristics exhibit significant influence on the
net CH4 emission. These characteristics include water table position, temperature,
oxidative/reductive potential, and plant community compositions (Pennock et al., 2010; Whalen,
2005). Moreover, N,0 emissions from denitrification can be significantly influenced by
methanotrophs (Costa et al., 2000; Knowles, 2005; Modin et al,, 2007; Osaka et al., 2008).

Similar buffers exist for grass wetlands, either as part of a conservation program or as a naturally
occurring area around a wetland where moist-soil conditions prevent tillage. Grass buffers reduce
runoff and intercept sediments that would affect water quality by increasing turbidity and inputs of
fertilizers and agrichemicals. Moreover, planting the entire catchment with grass can reduce CHs
emissions by decreasing the artificially high water levels and extended hydroperiods that often are
associated with cropland sites (Euliss Jr and Mushet, 1996; Gleason et al., 2009; van der Kamp et al,,
2003).

4.2.1.8 Wetland Management for Waterfowl

Wetlands may be managed for waterfowl habitat. Activities that are specific to wetland waterfowl
management have direct influences on carbon stocks and GHG emissions, including regulation of
the water regime, specifically depth and duration of inundation, as well as planting and cultivation
of crops for food and habitat. Water regimes imposed for waterfowl management may be different
than the natural water table cycle of the site. Accordingly, changing the water table alters the
periods of soil aeration and saturation influencing rates of CHs and N>0, as well as carbon stock
changes in timber stands and other wetland vegetation. Cultivating crops in wetlands managed for
waterfowl will also influence carbon stocks and N,O emissions based on selection of crops and/or
rotation practice, tillage, liming, and nutrient management.
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4.2.1.9 Constructed Wetlands for Wastewater Treatment, Sediment Capture, and
Drainage Water Abatement

Constructed wetlands are engineered systems for wastewater treatment, capture of sediments, and
drainage water abatement in agricultural and forestry operations (Chen et al., 2011; Elgood et al,,
2010). Surface-flow and subsurface flow systems are the two principal types of constructed
wetlands (Kadlec and Knight, 1996). The principal difference between these two types of
constructed wetlands is the water flow path. In the case of the subsurface flow wetlands, all the
water flows are beneath the soil surface; the surface-flow systems have flow both above and within
the soil.

The subsurface wetlands typically consist of wetland plants growing in a bed of highly porous
media such as gravel or wood chips that have a water table from one to two meters above the soil
surface with a rectangular shape. There is lack of agreement about the relative impact of microbial
and plant processes in the function of subsurface wetlands including GHG emissions. However,
plants and microbes are typically interdependently involved in the processes that contribute to
emissions (Faubert et al., 2010; Lu et al., 2010; Picek et al., 2007; Tanner and Headley, 2011; Wang
etal., 2008; Zhu et al., 2007). While the microbial community drives the biogeochemical processes
that specifically emit GHGs (Dodla et al., 2008; Faulwetter et al., 2009; Hunt et al., 2003; Tanner et
al,, 1997; Zhu et al,, 2010), the plant community modifies the environmental conditions
contributing to emission rates, including transporting oxygen into the depth of the wetlands,
providing root surfaces for rhizosphere reactions, and venting gases to the atmosphere. The plant
processes are significantly impacted by plant community composition and weather conditions
(Stein et al., 2006; Stein and Hook, 2005; Taylor et al., 2010; Towler et al., 2004; Wang et al., 2008;
Zhu et al.,, 2007).

Surface flow wetlands have a much more direct exchange of oxygen and GHGs with the atmosphere.
They can be variable in shape and are generally less than 0.5 meters in depth. Surface wetlands
minimize clogging problems, but they can have a significant loss of treatment as a result of channel
flow. They are typically designed for either carbon or nitrogen removal (Stein et al., 2006; Stein et
al,, 2007; Stone et al., 2002; Stone et al,, 2004), including the prevention of excessive ammonia
emissions (Poach et al., 2004; Poach et al., 2002).

Constructed wetlands are typically created in upland settings (e.g., non-wetland); accordingly, the
site assumes the same biogeochemical processes that are inherent to natural wetlands. Carbon
stocks and GHG emissions are affected by the type and quantity of effluent being treated, the type of
vegetation in the wetland cells, and management of the hydrologic regimes within the cells. The
management of CHs and N20 from constructed wetlands is somewhat similar to managing GHG
emissions from wetland rice systems (Fey et al.,, 1999; Freeman et al., 1997; Johansson et al., 2003;
Maltais-Landry et al., 2009; Mander et al., 2005a; Mander et al., 2005b; Picek et al., 2007; Tanner et
al,, 1997; Teiter and Mander, 2005; Wu et al., 2009). Of particular importance is the maintenance of
wetland oxidative/reductive potentials that are sufficiently positive to avoid CH4 production (Insam
and Wett, 2008; Seo and DeLaune, 2010; Tanner et al., 1997). This requires higher levels of oxygen
and lower levels of available carbon. The management of N,O emissions is complicated by the fact
that nitrates are often present in the wastewaters or drainage waters, and so GHG emissions can be
reduced in the constructed wetlands if N; gas is emitted instead of N,0. Complete denitrification to
N gas requires higher carbon/nitrogen ratios (Hunt et al., 2007; Hwang et al., 2006; Klemedtsson
etal,, 2005). Thus, there is an important balance between sufficient carbon for complete
denitrification and copious carbon that drives wetlands into the low redox conditions associated
with CH4 production.
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This section is included for completeness, but no method for constructed wetlands is provided in
this section. Section 5.4.10 in Chapter 5, Animal Agriculture, provides a qualitative discussion of
estimating emissions from liquid manure storage and treatment-constructed wetlands. However,
Chapter 5 does not provide methods to estimate greenhouse gas emissions from constructed
wetlands.

4.2.2 Land-Use Change to Wetlands

Conversion of land to wetlands may involve restoring agricultural land into a functioning wetland.
However, wetlands can be restored from previously drained forest or grasslands, and the change
tends to vary for different regions of the United States. Wetlands can also be constructed in any
location for wastewater treatment. The original conversion of wetlands to another use typically
involves an alteration of the natural wetland hydrology. Chapter 7, Land Use Change, addresses this
type of conversion. Restoration of wetlands entails reestablishment of the requisite hydrology to
support forest, scrub-shrub, sedge, or emergent wetland plant communities and occurs in
floodplains, riparian zones, depressions, and slopes and valleys.

4.2.2.1 Actively Restoring Wetlands

The effect of restoring both forested and grass wetlands will lead to carbon sequestration and CHs
emissions that would be characteristic for that wetland type. However, the extent to which carbon
sequestration, organic matter turnover, and gas fluxes return to rates typical for the wetland type
depends on many factors, particularly the degree of alteration, time since restoration, hydrology,
and development of the vegetation. In general, restored sites will be carbon sinks due to
sequestration in the developing biomass (e.g., forest stand) and soils (Euliss Jr et al., 2008). Soil
carbon is expected to increase slowly in forested settings and somewhat more rapidly in grassland
sites (Gleason et al,, 2009); however, the extent and rates of change are uncertain. Reestablishment
of the wetland hydrology will also alter the CH4 flux from the restored site since hydrologic
modifications for other land uses will typically involve drainage or diversions. Raising the water
table and increasing the period of time that the soil surface is covered with water will increase CHs4
production. However, many restored grassland sites are not directly drained, and reestablishment
of grasses in the catchment can shorten the hydroperiod (Van Der Kamp et al., 1999; Voldseth et al.,
2007), thus reducing CH4 production.

Conversion of scrub-shrub wetlands typically involves drainage to a non-wetland state, and the
imposition of cultivation or other practices depending on the land use. Accordingly, the restoration
of prior-converted scrub-shrub wetlands typically involves reestablishment of the natural wetland
hydrology and selective planting to establish native vegetation. The development of the
characteristic wetland hydrology is the principal factor affecting the carbon stocks and GHG
emissions from the site following conversion, but the type of vegetation and time since
establishment will also have some influence.

4.2.2.2 Created Wetlands

Created wetlands are engineered into non-wetland or upland sites. Typical examples include
mitigation sites, anaerobic lagoons (See Section 5.4.10 in Chapter 5, Animal Agriculture) on
livestock operations, and storm water detention basins. The principal activity affecting the carbon
stocks and GHG emissions is the imposition of a hydrologic regime that induces hydric soil
properties and supports hydrophytic plants, in addition to clearing of the previous vegetation that
may lead to a change in biomass carbon stocks.
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4.2.2.3 Passive Restoration of Wetlands

Allowing an area to regenerate through natural succession is also considered a form of restoration.
The effect of the restoration activities on the carbon stocks and CH4 emissions depends on whether
there was hydrologic remediation and the degree of vegetation change over time.

4.3 Estimation Methods

Section 4.3.1 provides methods for estimating live and dead biomass in forested, shrub, and
grassland wetlands. Section 4.3.2 provides methods for estimating soil C, N,O, and CH4 emissions
from managed naturally occurring wetlands.

4.3.1 Biomass Carbon in Wetlands

Method for Estimating Live and Dead Biomass Carbon in Wetlands

= Methods for estimating forest vegetation and shrub and grassland vegetation biomass
carbon stocks use a combination of the Forest Vegetation Simulator model and the
biomass carbon stock changes method in Section 3.5.1 of Chapter 3, Cropland and Grazing
Land. If there is a land-use change to agricultural use, methods for cropland herbaceous
biomass are provided in Chapter 3.

= These methods were chosen because they offer the most consistent approach within the
context of this report.

4.3.1.1 Rationale for Selected Method

Various approaches are used for estimating tree biomass carbon, but ultimately each relies on
allometric relationships developed from a characteristic subset of trees. The Forest Vegetation
Simulator (FVS) has been selected as the method to estimate tree biomass. FVS is model-based
approach that is specific to U.S. conditions and a Tier 3 method as defined by the IPCC. The
simulator is the most complete model in the United States to estimate tree biomass. Regional
versions of FVS have been refined based on large databases developed from many years of data
collection on forest stands throughout the United States, thereby providing improved estimates
while requiring few input parameters from the user.

Both IPCC (2006) and EPA (2011) consider herbaceous biomass carbon stocks to be ephemeral,
and recognize that there are no net emissions to the atmosphere following growth and senescence.
However, with respect to changes in land use (e.g., forest to cropland), the IPCC (Lasco et al., 2006)
recommends that grazing land biomass be counted in the year that land conversion occurs (Verchot
etal, 2006). According to the IPCC, accounting for the herbaceous biomass carbon stock during
changes in land use is necessary to account for the influence of herbaceous plants on CO; uptake
from the atmosphere and storage in the terrestrial biosphere. The method is considered a Tier 2
method as defined by the IPCC because it incorporates factors that are based on U.S. specific data.

The methods presented in this section are based on the following definitions.

= Live vegetation biomass: Live vegetation includes trees, shrubs, and grasses. The tree carbon
pool includes aboveground and belowground carbon mass of live trees, as defined in
Section 6.2.3.1, and the aboveground biomass of the forest understory is defined in Section
6.2.3.2. The methods to estimate full-tree and aboveground biomass for trees greater than
one inch in diameter at breast height are based on the models provided in the forest section.
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The forest understory vegetation includes all biomass of undergrowth plants in a forest,
including woody shrubs and trees less than one inch in diameter at breast height.

=  Standing dead wood (dead biomass): The carbon pool of standing deadwood in a forested
wetland is defined and estimated according to the methods in Section 6.2.3.3 of Chapter 6,
Forestry.

=  Down dead organic matter—litter layer (dead biomass): Down dead organic matter includes
the litter layer composed of small pieces of dead wood, branches, leaves, and roots in
various stages of decay. This layer is typically designated as the organic layer of the soil.
This pool also includes logs in various stages of decay that lie on the soil surface (e.g.,
Section 6.2.3.4, down-dead wood, and Section 6.2.3.5, forest floor or litter).

4.3.1.2 Description of Method

Provisions for estimating aboveground biomass for wetland forests and above and belowground
biomass and carbon are included for shrub and grass wetlands in this section. Since the vegetative
cover on wetlands may vary from natural communities to agricultural crops, cross-references are
made to ensure congruity with Section 3.5.1 of Chapter 3, Croplands, and Grazing Lands, and
Section 6.2.3 of Chapter 6, Forestry.

Forest vegetation: Biomass carbon stocks are estimated for forests in wetlands using the methods
described in Section 6.2.3 of Chapter 6, Forestry. The approach uses the FVS, which is a system of
growth and yield models that estimate growth and yield for U.S. forests. FVS is an individual tree
model and can estimate biomass carbon stock change for nearly any type of forest stand. The Fire
and Fuels Extension to FVS can be used to generate reports of all live and dead biomass carbon
pools in addition to harvested wood products. Regional variants are available for FVS that allow for
region-specific focus on species and forest vegetation communities. The driver for productivity is
the availability of site index curves,® and the regional variants include many wetland tree species.
Regional variants of FVS may also provide provisions for refining the basis for estimating
productivity by classifying the area of interest into ecological units, habitat type, or plant
associations. However, if a species-specific curve is not available, then a default function is used to
estimate carbon stock changes.

Grassland vegetation: The change in carbon stock for grass wetlands is generally small unless there
are drought conditions or the area is actively managed. In cases where reporting is required,
biomass carbon stock changes can be estimated following a land use change using the method in
Section 3.5.1 of Chapter 3, Croplands and Grazing Lands. There are no methods currently available
to estimate the shrub cover.

4.3.1.3 Activity Data

Forested wetlands: The data and requirements for estimating the changes in carbon stocks in
wetland forests are the same as those described for upland forests in Section 6.2.3.

Grassland vegetation: The data and requirements for estimating the changes in carbon stocks in
grassland vegetation are the same as those described for total biomass carbon stock changes
presented in the Croplands/Grazing Lands Sections 3.5.1.

6 Site index is the measure of a forest’s potential productivity. The height of the dominant or co-dominant
trees at a specified age in a stand are calculated in an equation that uses the tree’s height and age. Site index
equations differ by tree species and region. Site index curves are constructed by using the tree heights at a
base age and an equation is derived from the curves to estimate the site index when an individual tree’s age is
not the same as the base age (Hanson et al., 2002).
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4.3.1.4 Model Output

Change in aboveground carbon pools associated with wetland forests are provided for live
vegetation, standing dead biomass, and down dead biomass. Change in live biomass carbon is also
provided for belowground biomass. The units of reporting are metric tonnes ha! COz-eq.

4.3.1.5 Limitations and Uncertainty

Estimates of the forest biomass carbon pools in wetlands are constrained by limited data on
productivity response to management and are sensitive to the wide array of characteristic
vegetative communities and soil types. Although FVS is the most inclusive model available, many
results for wetlands will still be based on default model functions, because there is limited data on
the growth of specific wetland species under particular management regimes. Accordingly, the
results will provide a relative basis for tracking changes over time in biomass carbon. Table 4-3
summarizes additional limitations in the current approach.

Table 4-3: Key Limitations to Estimating Biomass Carbon Pools in Forest Wetland Vegetation

A ratio is used to estimate belowground biomass in upland and wetland forests
Ratio for belowground @ based on aboveground biomass. While a common ratio will provide a basis for
biomass estimating relative change, it will likely over or underestimate actual stocks in

many wetlands.

Wetland vegetation is known to respond to management practices, soil, and

climatic conditions. Those relationships are not necessarily reflected in FVS

because there is insufficient basis for generalized assessment purposes. For

Response to example, in response to dynamic water-level fluctuations during wet and dry
management or cycles, wetlands often exhibit major intra and interannual shifts in vegetative
climatic conditions structure, ranging from open water to emergent herbaceous vegetation.

Correspondingly, the altered site conditions under the management regime
and the genetic quality of the planted trees may exhibit responses that are not
captured by the existing allometric relationships in FVS.

This shrub and grassland method is based on the assumptions found in Chapter 3, Cropland and
Grazing Land. Essentially, the method assumes that half of the crop biomass at harvest or peak
forage/shrub biomass provides an accurate estimate of the mean annual carbon stock. This
assumption warrants further study, and the method may need to be refined in the future.

Major sources of uncertainty include belowground biomass, vegetation response to management,
and hydrologic regime (e.g., seasonal hydroperiod). Uncertainty in herbaceous carbon stock
changes will result from lack of precision in crop or forage yields, residue-yield ratios, root-shoot
ratios, and carbon and carbon fractions, as well as the uncertainties associated with estimating the
biomass carbon stocks for the other land uses.

Measurement, sampling, and regression/modeling errors are all part of the estimation process in
FVS. Some similar measure of the representativeness of selected forest inventory and analysis plots
to the entities’ forests is needed. Uncertainties about carbon conversion factors are also significant
in some cases.
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4.3.2 Soil C,N20, and CH; in Wetlands

Method for Estimating Soil C, N;O and CH, in Wetlands

= The DNDC process-based biogeochemical model is the method used for estimating soil
C, N20, and CH4 emissions from wetlands.

=  DNDC predicts soil carbon and nitrogen balance and generation and emission of soil-
borne trace gases by simulating carbon and nitrogen dynamics in natural and
agricultural ecosystems (Li et al., 2000; Miehle et al., 2006; Stang et al., 2000) and
forested wetlands (Dai et al.,, 2011; Zhang et al., 2002), using plant growth estimated as
described in Section 4.3.1.

4.3.2.1 Rationale of Method

The production and consumption of carbon in wetland-dominated landscapes are important for
estimating the contribution of GHGs, including CO, CHs4, and N»O emitted from those areas to the
atmosphere. The generation and emission of GHGs from wetland-dominated landscapes are closely
related to inherent biogeochemical processes that also regulate the carbon balance (Rose and
Crumpton, 2006). However, those processes are highly influenced by the land use, vegetation, soil
organisms, chemical and physical soil properties, geomorphology, and climate (Smemo and Yavitt,
2006).

Given this complexity, a process-based modeling approach is desirable because these approaches
typically account for more of the variability than simpler emission factor methods (IPCC, 2006).
However, few process-based models have been tested sufficiently to be used for operational
reporting of GHG emissions. One of the more widely tested models for estimating GHG fluxes from
wetlands is the DNDC model. DNDC is a process-based biogeochemical model that is used to
predict plant growth and production, carbon and nitrogen balance, and generation and emission of
soil-borne trace gases by means of simulating carbon and nitrogen dynamics in natural and
agricultural ecosystems (Li et al., 2000; Miehle et al., 2006; Stang et al., 2000) and forested wetlands
(Zhang et al., 2002). The model is designed to explicitly consider anaerobic biogeochemical
processes, which are fundamental to addressing soil carbon dynamics and trace GHG dynamics in
wetlands (Trettin et al.,, 2001). It integrates decomposition, nitrification-denitrification,
photosynthesis, and hydro-thermal balance within the ecosystem. These components are mainly
driven by environmental factors, including climate, soil, vegetation, and management practices.

DNDC has been tested and used for estimating GHG emissions from forested ecosystems in a wide
range of climatic regions, including boreal, temperate, subtropical, and tropical (Kesik et al., 2006;
Kiese et al,, 2005; Kurbatova et al., 2008; Li et al., 2004; Stang et al., 2000; Zhang et al., 2002), and
similarly for grasslands and cultivated wetlands (Giltrap et al.,, 2010; Rafique et al., 2011).

4.3.2.2 Description of Method

The method consists of using the process-based model—DNDC—to estimate the changes in soil
organic carbon (SOC) stocks, CH4, and N20 emissions, based on the standing biomass and plant
growth that are provided by the vegetation method outlined above (Section 4.3.1), wetland
characteristics, and the planned management activities. The model simulates SOC stocks, CH4, and
N0 emissions at the beginning of the reporting period based on an assessment of initial conditions
at the site; then the model simulates the reporting period based on the current/recent management
activity and any changes in the wetland conditions. This information characterizes the physical and
chemical soil properties that in turn interact with the climatic regime, management practices, and
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the vegetation response. The reported emissions for the land parcel must reflect the total for the
entire land area. Accordingly, the per-unit area emission rates from DNDC are expanded based on
the total wetland area for the land parcel to estimate total emissions.

Equation 4-1 is used to estimate SOC stock changes from a parcel of land in a wetland:

Equation 4-1: Change in Soil Organic Carbon Stocks for Wetlands

ACsoit = (SOC; - SOCt.1) x Ax CO:MW

Where:
ACsoil = Annual change in mineral soil organic carbon stock (metric tons CO;-eq year-1)
SOC; = Soil organic carbon stock at the end of the year (metric tons C ha1)
SOCw1 = Soil organic carbon stock at the beginning of the year (metric tons C ha)
A = Area of parcel (ha)

CO;MW = Ratio of molecular weight of CO, to C =44/12 (metric tons CO; (metric tons C)1)

Equation 4-2 is used to estimate CH4 emissions from a parcel of land in a wetland:

Equation 4-2: Methane Emissions from Wetlands

CH,=ER x A x CHMW x CH,GWP

Where:
CH4 = Total CH4 emissions from the land parcel (metric tons CO,-eq year-1)
ER = Emission rate on a per unit wetland area (metric tons CHs ha! year-1)
A = Area (ha)

CO;MW = Ratio of molecular weight of CH4 to C = 16/12 (metric tons CH4 (metric tons C)-1)
CH4GWP = Global warming potential of CHy

N0 emissions are estimated for a land parcel in a wetland using Equation 4-3:

Equation 4-3: Nitrous Oxide Emissions from Wetlands

N20=ER x A xCO:MW x CH,GWP

Where:
N20 = Total N2O emissions from the land parcel (metric tons CO2-eq year-1)
ER = Emission rate on a per unit land area (metric tons N;0 ha! year-1)
A = Area (ha)

CO;MW = Ratio of molecular weight of N,O to N = 44 /28
(metric tons N20 ( metric tons N20-N)-1)

CH4GWP = Global warming potential of N,O
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To estimate the SOC stock changes, CH4, and N0 emissions, DNDC requires a considerable amount
of information to characterize the plant production (Section 4.3.1), wetland characteristics, and
management activities. The initial step in applying the method is to parameterize DNDC using the
baseline soil conditions, along with the corresponding forest or grassland conditions. For example,
if a forest plantation is to be harvested and regenerated during the reporting period, the initial
conditions should reflect the pre-harvest conditions. Based on the initial conditions, the model
simulates baseline fluxes and the SOC stock prior to the reporting period for the entity.
Subsequently, the entity specifies the type of management activity(s) changes that occurred during
the reporting period (if any occurred). Provisions are available to have multiple management
activities on a single tract if there were mixed activities. Climatic factors, especially precipitation,
can affect carbon turnover and wetland conditions. Consequently, weather data are a key input to
DNDC, and will be provided from a climatological data set.

The simulation output at the end of each year is used to estimate change in SOC stocks and the total
amount of CHs and N0 emissions for the year. Annual changes in SOC can be estimated based on
the difference between years, and the total change in emissions can be estimated by combining the
changes in SOC pools with the annual CH4 and N0 flux.

4.3.2.3 Activity Data

Activity data for the application of DNDC are summarized in Table 4-4. Vegetation management
information affects the amount of organic matter that is available for decomposition processes.
Water management information conveys how the drainage system affects the soil water table
dynamic as compared to an undrained condition. The soil tillage information is used to convey
when the surface soil is disturbed or its elevation changed because of the associated effects on
decomposition. The fertilization information is needed because the addition of nitrogen greatly
affects decomposition and N0 production. In addition, land use history influences the amount of
soil organic carbon. If an entity is composed of different wetland types, it is recommended that
separate estimates be prepared because the carbon turnover rate and GHG emissions can vary
widely depending on hydric soil properties and the type of vegetation.

Table 4-4: Activity Data for Application of DNDC

Grazing or management events should be

Harvesting: date, harvest, or cut fraction
Understory thinning or chopping: date,

Vegetation included to capture the influence on chopped fraction
management | carbon input to soils and subsequent =  Prescribed fire: date, proportion of forest
effects on the soil carbon stocks. floor, and understory consumed
= Tree planting: date, species, density

Water . .

ate Water table response to the drainage = Drainage system: date, controlled water
management . ;

. system, daily data. table elevation
regime
Soil Application of soil amendments or site . .
. . . = Type of site preparation
management | preparation practices for tree planting.
e Applications of mineral or organic e N
Fertilization PP .. . 8 =  Fertilization frequency, date, application
ractices nitrogen fertilizers will be needed to rate (N, P kg ha-1)
P simulate the effect on N0 emissions. ERE
Summary of land use practices over the
rs. For ing if prior e . . .

Land use past 5years. Fo assessing 1t prior use =  Fertilization regimes, drainage regimes,

. affects parameterization. The time since a : .
history cropping, or forest management history

change in land management practice for
assessing effects on decomposition.
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4.3.2.4 Ancillary Data

The DNDC model requires relatively detailed information about the site (Table 4-5). While default
values are available for most parameters, some entity-specific data are needed to produce
reasonable estimates. Most of the required soils input data are available from the national soils data
base.” Similarly, climate data are available from the National Climate Data Center.8

Table 4-5: Input Information Needed for the Application of DNDC

Cagory | bm

Daily maximum and minimum temperature, daily rainfall; nitrogen deposition in rainfall,

Climate

or use default value.

. Standing biomass and biomass and detrital inputs provided in Section 4.3.1; belowground

Vegetation . . .

biomass estimated based on aboveground biomass.

Hydraulic parameters and physical and chemical components, including thickness; layers;
Soil hydraulic conductivity; porosity; field capacity; wilting point; carbon content; pH; organic

matter fractions; content of stone, sand, silt, and clay; and bulk density for major soil

layers.

Water table below surface as daily input or starting position and DNDC can estimate GHG
Hydrology

emissions and sinks using empirical functions.

4.3.2.5 Model Output

Model output includes annual estimates of CH4, N20 emissions, and changes in soil organic carbon
stocks. The units of reporting are metric tons CO,-eq ha'l.

4.3.2.6 Limitations and Uncertainty

The models to estimate carbon sequestration in vegetation are robust with respect to species and
community composition. However, uncertainties may be higher than for uplands because of limited
background information. The merit of the recommended approach is that it ensures consistency for
estimating changes in the vegetative carbon pool among land types and uses by using common
methods as described in Section 4.3.1. However, this approach complicates the application of DNDC
for estimating changes in soil carbon pools and fluxes because it contains provisions for
sequestering carbon in crops, grasslands, and forest vegetation. Accordingly, DNDC would have to
undergo substantial revisions to accommodate the vegetative component as an input variable
because the vegetation growth functions are integral with the consideration of hydrologic
processes (especially evapotranspiration) and biogeochemical processes. The DNDC model could
be used as a stand-alone tool for wetlands, but unfortunately, the production or carbon
sequestration functions have not been validated for many of the wetland plant communities.

The availability of water table data is essential to modeling the carbon cycle in wetland soils. Since
the lack of site-specific water table data for a sufficient period is likely a constraint for most entities,
an approach incorporating a hydrologic module or look-up table is needed. Hydrologic models that
provide information on water table dynamics are inherently complex, but they can be effective (Dai.
etal,, 2010). Accordingly, the development of characteristic water table conditions for a range of
climatological and soil settings would be a viable approach that can also incorporate water
management effects (e.g., Skaggs et al., 2011).

7 See National Cooperative Soil Survey Soil Characterization data http://soils.usda.gov/survey/nscd/.
8 See NOAA National Climatic Data Center http://www.ncdc.noaa.gov/.
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Tidal freshwater forested wetlands, which occur to a limited extent along the Atlantic, Gulf, and
Pacific coasts, are a special case. The tidal influence on water table dynamics can make
characterizing the water table regime of such sites more difficult. For DNDC to simulate the carbon
dynamics would require detailed data on daily water table dynamics, and such detailed data are
unavailable.

While the effects of the various management regimes on soil carbon pools and GHG fluxes have not
been widely studied, this is more of a consideration with respect to uncertainties in the estimates as
opposed to a limitation to its application. The DNDC framework is robust because it is a process-
based model that has been validated in a wide variety of wetland types and soils. However, it has
not been extensively tested on Histosols or peat soils, especially with respect to changes in soil
carbon stocks. The model was validated successfully for estimating CH. from micotopographic
positions in a peatland (Zhang et al., 2002), but additional work is needed to better address the
wide array of managed Histosols that exist across the country.

Similarly, this method is not applicable to constructed wetlands, impoundments, or shallow
reservoir systems that have extended periods of ponding; those sites would tend to have dynamics
more similar to a lake or pond as opposed to a terrestrial ecosystem.

With respect to the forest model, accuracy of the estimates is dependent on applicability of the
available site index curves. While the general curves are available for all species, they may not
accurately represent the site or the entity’s management regime. Provisions are included within
FVS for customizing the tree site index curves, which could be important for an entity especially if
genetically-improved planting stock and fertilization regimes are employed.

Detrital organic matter is the source for decomposition processes. The effect of vegetation on
wetland carbon dynamics is promulgated through the amount of organic matter and the water
regime (e.g., evapotranspiration). Accordingly, the accuracy of the vegetation productivity and
turnover will affect the estimates of the soil carbon pools and GHG flux.

Water table position is the most critical factor affecting CH4 and N;O flux from the wetland soil
(Trettin et al., 2006). Accordingly, considerations to improve that estimate as discussed in Section
4.3.2 will improve the estimates of GHG emissions from the soil. There are other uncertainties in
the activity and ancillary data, as well as model structure that can create bias and imprecision in the
resulting estimates. Wetlands typically exist in a mosaic with upland forests, grasslands, and
cultivated lands. Accordingly, the accuracy of partitioning the entity into upland (agriculture,
forest) and wetlands will affect the accuracy of the estimates.

4.4 Research Gaps for Wetland Management

Wetland management, and its influence on GHG emissions, is not as well studied as some of the
other management practices in this report, such as tillage in croplands or forest harvesting
practices in uplands. There is the potential for improving the estimation of GHG emissions
associated with different management practices in the future if there are monitoring activities and
studies to fill information gaps. A select number of information needs and research gaps are
identified here.

= The 2013 Supplement to the 2006 Intergovernmental Panel on Climate Change (IPCC)
Guidelines provide new guidance for estimating emissions from drained inland organic
soils, rewetted organic soils, coastal wetlands, inland wetland mineral soils, and constructed
wetlands for wastewater treatment (Blain et al., 2013). These newly developed guidelines
will be compared to the technical methods provided in this report.
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= Water table position is the principal factor affecting carbon dynamics in wetlands;
unfortunately there is a lack of long-term data, which is needed to characterize the water
table response to a management regime and to provide a basis for validating assessment
tools. Establishment of a network of water table monitoring sites within selected USDA
Forest Service experimental forests and ranges and USDA-Agricultural Research Service
(ARS) experiment stations could provide the continuity in measurements and linkages with
common management practices to represent the major soil and climatic condition in the
United States.

= Improving modeling capabilities that integrate surrounding areas with the wetlands that
receive surface and subsurface drainage waters will allow for modeling the flows of
nutrients and organic matter into wetlands and subsequent losses to other wetlands
beyond the entity’s operation. This type of assessment framework is used in several
established spatially-explicit hydrologic models; the need is to integrate the
biogeochemistry. Linked models can be used at present; but development of a functionally-
integrated system is needed to support broad-based applications.

®= There is a need, generally, for improved information on biomass production and allocation
in managed wetlands. These data could be obtained through a coordinated monitoring
program employing USDA-Forest Service experimental forests and ranges, USDA-ARS
experiment stations, and U.S. Department of the Interior wildlife refuges to monitor
production of key species or vegetation types in association with common management
prescriptions. There is also need for more detailed mechanistic research to provide
information on energy, water, and GHG dynamics on selected managed sites; this
information is critical for validating process-based models.

= Field-based studies are needed to develop more complete databases that provide ancillary
data for GHG estimation, particularity CH4 emissions for DNDC or similar process-based
models, rather than relying on entity input, which will likely be challenging. A key attribute
of this work should be the consideration of the inherent spatial and temporal variability
within a site.

= Further quantification of the controlling and threshold parameters and associated
uncertainty within DNDC or similar process-based models to estimate trace gas emissions is
warranted. This work could also suggest a path towards development of an assessment tool
that was not reliant on a wide array of parameters to effectively simulate the GHG dynamics
of the site.

®= A more robust and extensive database on GHG emissions from freshwater tidal (salinity <
0.5 %o) palustrine wetlands is needed to more fully understand the drivers of emissions, in
addition to providing a more complete dataset for parameterization and evaluation of
process-based models.

= Studies on individual sites and meta-analyses of existing data are needed to fully evaluate
the net GHG flux for CHs4, N20, and soil carbon. Most studies only consider one of the GHGs
and may mask some of the differences in fluxes among the GHGs associated with a
management activity.

= Constructed wetlands are discussed qualitatively in Section 5.4.10 of Chapter 5, Animal
Production Systems for Liquid Manure Storage and Treatment in Constructed Wetlands.
More research is needed in this area to accurately estimate emissions from constructed
wetlands.

This list is not exhaustive but is intended to provide some direction for improving the estimation
methods for GHG emission from wetlands.
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Acronyms, Chemical Formulae, and Units

AA Amino acids

AD Anaerobic digestion

ADF Acid detergent fiber

AGP Antibiotic growth promoters
ASABE American Society of Agricultural and Biological Engineers
Bo Maximum methane production capacities
bLS backward Lagrangian stochastic
BNR Biological nitrogen removal

BW Body weight

CH4 Methane
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NSP Non-starch polysaccharide
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oM Organic matter

ppb parts per billion

ppm parts per million
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5 Quantifying Greenhouse Gas Sources and Sinks in Animal Production
Systems

This chapter provides guidance for reporting greenhouse gas (GHG) emissions associated with
entity-level fluxes from animal production systems. In particular, it focuses on methods for
estimating emissions from beef cattle (cow-calf, stocker, and feedlot systems), dairy cattle, sheep,
swine, and poultry (layers, broilers, and turkey). Information provided is based on available data at
the time of writing. In many cases systems are oversimplified because of limited data availability. It
is expected that more data will become available over time. This chapter provides insight into the
current state of the science and serves as a starting point for future assessments.

= Section 5.1 summarizes animal management practices and the resulting GHG emissions.

= Section 5.2 presents an overview of each production system and a general discussion of
common management systems and practices.

= Section 5.3 describes the methods for estimating GHG emissions from enteric fermentation
and housing (enteric fermentation being a much more significant emissions source than
housing).

= Section 5.4 describes methods for estimating GHGs from manure management systems.

= Section 5.5 identifies research gaps that exist for quantifying GHGs from animal production
systems. The intent of identifying research gaps is to highlight where improvements in
knowledge can best improve the usefulness of this document at farm-, regional-, and
industry-scales.

Ammonia Emissions in Animal Production Systems

Ammonia (NHj3), although not a GHG, is emitted in large quantities from animal housing and
manure management systems and is an indirect precursor to nitrous oxide (N20) emissions
as well as an environmental concern. Inside barns and housing units, NH3 is considered an
indoor air quality concern because it can have a negative impact on animal health and
production. Volatilized ammonia can react with other compounds in the air to form
particulate matter with a diameter of 2.5 microns. This fine particulate matter can penetrate
into the lungs, causing respiratory and cardiovascular problems, and contribute to the
formation of haze.

Information about ammonia has been included in this chapter and proposed quantification
methods are presented in Appendix 5-C.

5.1 Overview

This section summarizes the key practices in animal management and the resulting GHG emissions
that are discussed in detail in this chapter. The agricultural practices discussed include those
required to breed and house livestock, including the management of resultant livestock waste.
Emissions considered here include those from enteric fermentation (resulting from livestock
digestive processes), livestock waste in housing areas, and livestock waste managed in systems
(such as stockpiles, lagoons, digesters, solid separation, and others). Options for management
changes that may result in changes in GHG emissions are also discussed.

5.1.1 Overview of Management Practices and Resulting GHG Emissions

Animal production systems include agricultural practices that involve breeding and rearing
livestock for meat, eggs, dairy, and other animal products such as leather, wool, fur, and industrial
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products like glue or oils. Farmers and other facility owners raise animals in either confined, semi-
confinement, or unconfined spaces; the practices used to raise them are dependent on animal type,
region, land availability, and individual preferences (e.g., conventional or “organic” standards).
Regardless of the conditions in which animals are raised and housed, they produce GHG emissions.
The magnitude of emissions depends primarily on the quality of the diet, the animals’ requirements
and intake (e.g., grazing, pregnant, lactating, performing work), and the types of systems in place to
manage manure. The primary source of methane (CH4) emissions from animal production systems
is enteric fermentation, which is a result of bacterial fermentation during digestion of feed in
ruminant animals. The second largest source of emissions from animal production systems is from
the management of livestock manure. Methane emissions also occur from the digestive processes
in monogastric animals; however, the quantity is significantly less than these other two sources. For
simplicity, in the report, the term enteric fermentation refers to emissions from the digestive
process of both ruminant and monogastric animals.

Manure management is the collection, storage, transfer, and treatment of animal urine and feces.
Storage of animal manure has become increasingly popular as it allows synchronization of land
application of manure nutrients with crop needs, reduces the need for purchased commercial
fertilizer, and reduces potential for soil compaction due to poor timing of manure application.
Depending on the storage and treatment practices, manure management has the added benefit of
reducing air and water pollution. However, manure stored in anaerobic conditions results in the
production and potential release of GHGs and odors. Greenhouse gas emissions from three solid
manure storage/treatment practices (temporary stack and long-term stockpile, composting, and
thermo-chemical conversion) and eight liquid manure storage/treatment practices (aerobic lagoon,
anaerobic lagoon/runoff holding pond/storage tanks, anaerobic digestion, combined aerobic
treatment system, sand-manure separation, nutrient removal, solid-liquid separation, and
constructed wetland) are considered in the report.

Figure 5-1 provides an overview of the connections between feed, animals, manure, and GHG
emissions in an animal production system. At the top of the conceptual model, livestock are fed a
variety of diets. Ruminant animals eat feedstuffs and, through fermentation by the ruminal
microbes, CHs is produced. Poultry and swine, although they do not release a significant amount of
CHs through enteric fermentation, deposit manure into bedding, and upon manure decomposition,
may release nitrous oxide (N20), CH4 and ammonia (NH3) into the atmosphere. Methodology to
estimate emissions from bedding and dry manure in housing is similar to, and often parallel to, the
method described for dry manure handling and storage systems. Manure from grazing livestock is
left on fields or paddocks, and the manure may be collected to be treated and stored. Manure that
has been collected and stored can be applied to croplands. GHG emissions from grazing lands and
croplands are addressed in Chapter 3, Quantifying Greenhouse Gas Sources and Sinks in Cropland
and Grazing Land Systems.
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Figure 5-1: Connections Between Feed, Animals, Manure, and GHG for Animal Agriculture
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5.1.1.1 Resultant GHG Emissions

For this report, methods are categorized according to those from enteric fermentation, housing, and
manure management systems. The housing discussion includes emissions from manure deposited
in the housing unit and manure that is managed inside those areas (such as interior stockpiles).
Manure management includes emissions from managed, treated, and stored manure.!

Enteric Fermentation and Housing Emissions
Methane-producing microorganisms, called methanogens,

exist in the gastrointestinal tract of many animals. Background: Ruminants
However, the volume of CH4 emitted by ruminants is Ruminants are animals that have
vastly different from that of other animals because of the four-chambered stomachs, which
presence and fermentative capacity of the rumen. In the allow for easier digestion of high-
rumen, CH4 formation is a disposal mechanism by which fiber, hard-to-digest feedstuffs. They
excess hydrogen from the anaerobic fermentation of include:

dietary carbohydrate can be released. Control of = (Cattle

hydrogen ions through methanogenesis assists in "  Goats

maintenance of efficient microbial fermentation by = Sheep

reducing the partial pressure of hydrogen to levels that = Deer

allow normal functioning of microbial energy transfer O NEeeEnd e

enzymes (Morgavi et al., 2010). The only GHG of concern

resulting from enteric fermentation is CH4. Respiration chambers equipped with N0 analyzers
indicate that enteric fermentation does not result in the production of N,O (Reynolds et al., 2010).
Methane can also arise from hindgut fermentation, but the levels associated with hindgut
fermentation are much lower than those of foregut fermentation.

Because the magnitude of enteric emissions is so great and, therefore, a significant contributor to
many countries’ GHG emissions, decades of research have gone into characterizing, understanding,
and attempting to mitigate enteric CH4 emissions. A fundamental challenge in this type of research
has been the measurement of these emissions.

Methane, N0, carbon dioxide (COz), and NH3 are produced from livestock feces and urine, and
some gaseous forms are emitted soon after manure excretion. In dry-lot situations, feces and urine
are deposited on the pen surface and are mixed via animal hoof action. Microorganisms in the feces
or underlying soil metabolize nutrients in the manure to produce GHGs. In feedlots, where manure
is normally cleaned from pens once or twice per year, distinctive, hard-packed layers of manure
and soil may develop that produce microenvironments favorable to oxidative and reductive
processes (Woodbury et al.,, 2001; Cole et al., 2009b). Periods of rainfall or dry conditions may alter
the microbial and chemical nature of the pen surface. Production of CH4 and N20 occur in the
underlying manure/soil layers and in water-saturated areas where oxygen is limited, such as wet
areas of the pen around water troughs and depressions that collect rain water and snow melt. In
contrast, most NH3 produced in the pen probably comes from fresh urine spots on the pen surface.
To date, few measurements of GHG emissions from feedlot or dry-lot pen surfaces have been made.

Runoff from dry-lot and feedlot pens is normally collected in retention ponds (more typical in
feedlots), or lagoons (more common in dairies). In some cases, runoff may undergo partial removal
of suspended solids in settling basins (feedlots and dairies) or in mechanical separators (dairies
only) that parallels treatment of manure collected in these same systems. Losses of GHGs and NH3

1 Emissions from manure deposited on grazing lands are addressed in Chapter 3: Croplands and Grazing
Lands.
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from these facilities depend upon climatic factors and the oxidative-reductive potential, pH, and
chemistry of the effluent in the pond or lagoon. A limited number of studies have measured GHG or
NH;3 emissions from retention ponds or lagoons.

Manure Management
Manure is managed in a wide variety of systems. The resulting GHG emissions differ by GHG and
magnitude of emissions per quantity of manure. Table 5-1 provides an overview of the liquid and
solid manure systems considered in this report and the resulting GHGs.

Table 5-1: Overview of Manure Management Systems and Associated Greenhouse Gases

Solid Manure

Liquid Manure

Storage and

Treatment
Practices
Temporary and
long-term
storage

Composting

Thermo-
chemical
conversion

Aerobic lagoon

Anaerobic
lagoon/runoff
holding
ponds/storage
tanks

Combined
aerobic
treatment
system

Anaerobic
digester

Sand-manure
separation

Nutrient removal

_CHe N20_ NHs

v

Estimation
Method

v

Description

Manure may be stored temporarily for a few weeks to avoid land
application during unfavorable weather or it can be stored for
several months.

Composting involves the controlled aerobic decomposition of
organic material and can occur in different forms. Estimation
methods are provided for in vessel, static pile, intensive windrow,
and passive windrow composting.

Thermo-chemical conversion involves the combustion of animal
waste, converting CHa to COz. Pyrolysis/gasification is one method
that has received much interest. No method is provided as GHGs
are considered negligible.

Aerobic lagoons involve the biological oxidation of manure as a
liquid with natural or forced aeration.

Anaerobic lagoons are earthen basins that provide an
environment for anaerobic digestion and storage of animal waste.
Lagoons may be covered or uncovered and have a crust or no
crust formation. Runoff and holding ponds are constructed to
capture and store runoff from feedlots and dry-lots. In some cases
wash water from dairy parlors may be stored in holding ponds.
Storage tanks typically store slurry or wastewater that was
scraped or pumped from housing systems.

This process involves removing solids using flocculation and then
composting the solid stream and aerating the liquid stream of
manure.

Anaerobic digesters are manure treatment systems designed to
maximize conversion of organic wastes into biogas. These can
range from covered anaerobic lagoons to highly engineered
systems. Methane gas leakage is the main source of GHG
emissions; NHs and N20 leakage is negligible.

Manure is separated from sand and bedding by mechanical and
sedimentation separation. No method is provided as emissions
are negligible. Separated liquids and solids could be inputs into
other storage systems.

There are four main nitrogen removal approaches: biological
nitrogen removal, Anammox (i.e., anaerobic ammonium
oxidation), NHs stripping, ion exchange, and struvite
crystallization. No method is provided due to limited quantitative
information on GHG generation from nutrient removal systems.
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Storage and Estimation
Treatment Method Description
Practices ___ CHs N20 NHs*

Solid-liquid

Mechanical separation of liquids and solids through screens,
centrifuges, pressing, filtration, or microscreening. Separated

separation liquids and solids could be inputs into other storage systems.
Constructed Typically consist of wetland plants growing in a bed of highly
wetland porous media. No method is provided as emissions are negligible;

GHG sinks are noted to likely be greater than emissions.
a Although NH3 is considered in this chapter as an important precursor to particulate formulation (affecting radiation
balance) and GHGs and is a key element of discussion, NHs itself is not a GHG. Therefore, methods for estimating NHs
emissions are provided in Appendix 5-C.

An entity can reduce its GHG emissions from manure by utilizing alternative treatment options
and/or management systems. Anaerobic digesters do not reduce the amount of CHs4 released but
offer an option to capture and convert the CHs to CO; and energy through combustion. Digesters
offer both CH4 reductions as well as GHG avoidance by reducing an entity’s electricity demand.

Combined Aerobic Treatment Compared to Anaerobic Lagoons

A combined aerobic treatment system involves the treatment of a manure stream with
flocculants to remove the majority of solids from the stream. The solids portion is composted
while the remaining liquid is transferred to a storage tank where it is aerated. Methane is
avoided by aerobically treating the solids via composting while NH3 in the wastewater is
avoided via nitrification. The GHGs resulting from a combined aerobic treatment are only 10
percent of what would be emitted from an anaerobic lagoon, thus combined aerobic
treatments represent a potential mitigation option for entities.

5.1.1.2 Management Interactions

Table 5-2 depicts the key types of information desired for estimating GHG emissions from an
animal production facility. This table illustrates the attributes of a system that have the greatest
influence over emissions within each component. A number of existing models can be used to
estimate GHG emissions that utilize the key activity data indicated in Table 5-2.

Table 5-2: Desired Activity and Ancillary Data for Estimating GHG Emissions from Animal
Production Systems

General Specific Data C cattle Poultry | Goats | pier
[ ] o [ J [ ) [ ] [ J [ J [ ) [ J

Body weight

Animal
Characteristics

Body condition score ° ° ° .
Stage of production (dry, o o o
lactating, pregnant)
s g Diet intake (or factors that
g 2 2 can be used to predict ° ° ° . . ° ° . °
2

intake)
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Amer.
Bison

General
Category

ifi Shee Poult Goats
Spec1f1c i Stockers |Feedlot| Dairy 2 e

Type of forage (conserved

or grazed, pasture
composition, stage of plant
growth)

Diet dry matter intake,
crude protein, neutral
detergent fiber, acid
detergent fiber, non-
structural carbohydrates,
fiber, fat, energy content
Diet digestibility and/or
rate of passage
Degradability of
carbohydrates and proteins
Supplementation practices
- type (e.g., grains, protein,
liquid, dry blocks, non- ° ° ° ° °
protein nitrogen) and
quantity

Supplemental or diet
ionophore concentration

Dietary beta-agonists ° °

Carbon, nitrogen, and
volatile solids

Nutrient
Excretion:
Quantity

Growth promoting
implants

Other
Animal
Factors

Animal management
regimen used to spread
manure over pasture to (] ° ° ° o °
reduce concentration near
water or feed sources

g Soil type ° ° ° ° ° ° ° ° °
5 Practices to control runoff o o o o o o o o o
— | from pastures/lots/fields
g If housed, the length of
abE)D time they are housed,
i animal concentration, ° ° ° ° ° ° ° ° °
§ manure handling
® procedures
2  Type of manure o o o o o
=) .
< collection/storage system
Frequency of manure
collections and ° . ° ° .
composition
Bedding/litter use and o o o o o

source




Chapter 5: Quantifying Greenhouse Gas Sources and Sinks in Animal Production Systems

5.1.2 System Boundaries and Temporal Scale

System boundaries are defined by the coverage,
extent, and resolution of the estimation methods. The Qualitative Discussion on Manure
methods in this report can be used to estimate GHG Sources

emission sources that occur within the production
area of an animal production system, including the
animals, animal housing, and manure handling,
treatment, and storage. Methane emissions from

Estimation methods are not available for
some sources. Qualitative discussion is
provided for:

enteric fermentation, as well as the CH4 and N0 = Sand-Manure Separation
emissions from manure management systems or * Nutrient Removal
manure stored in housing, are considered in this =  Solid-Liquid Separation
report. Ammonia, while not a GHG, is a precursor to »  Constructed Wetlands

N0 formation and is, therefore, included, primarily in C
Appendix 5-C. The act of transporting manure to the

field for land application is included in the production

area boundary, but emissions from vehicle transport are not included in the scope of this report as
there are many variables that would determine emissions from vehicles (age of vehicle, type, fuel
efficiency, idle time), and they are not direct agricultural emissions and could instead be considered
part of the transport sector (off-road). Additionally, this report does not encompass a full life cycle
analysis (LCA) of GHG emissions from animal production systems. The adjacent text box
summarizes several studies on LCAs for animal production systems; however, they are not utilized
in this report. Emissions that result following manure application are addressed separately in
Chapter 3, Quantifying Greenhouse Gas Sources and Sinks in Cropland and Grazing Land Systems.

Thermo-chemical Conversion

For emissions from animal production systems, the methods provided have a resolution of
individual herds within an entity’s operation. A herd is defined as a group of animals that are the
same species, graze on the same parcel of land (same diet composition), and utilize the same
manure management systems. Emissions are estimated for each individual herd within an
operation and then added together to estimate the total animal production emissions for an entity.
The animal production totals are then combined with emissions from croplands, grazing lands, and
forestry to determine the overall emissions from the operation based on the methods provided in
this document. Emissions are estimated on an annual basis.

5.1.3 Summary of Selected Methods/Models/Sources of Data

The Intergovernmental Panel on Climate Change (IPCC, 2006) has developed a system of
methodological tiers related to the complexity of different approaches for estimating GHG
emissions. Tier 1 represents the simplest methods, using default equations and emission factors
provided in the IPCC guidance. Tier 2 uses default methods, but emission factors that are specific to
different regions. Tier 3 uses country-specific estimation methods, such as a process-based model.
The methods provided in this report range from the simple Tier 1 approaches to the most complex
Tier 3 approaches. Higher-tier methods are expected to reduce uncertainties in the emission
estimates, if sufficient activity data and testing are available.

Estimating CH4 emissions from enteric fermentation in swine, goats, American bison, llamas,
alpacas, and managed wildlife use Tier 1 methods. Enteric emissions from sheep are estimated
using the Howden equation (Howden et al., 1994), and emissions from dairy production systems
are estimated using the Mitscherlich 3 (Mits3) equation (Mills et al., 2003) as provided in the Dairy
Gas Emissions Model (DairyGEM) (Rotz et al., 2011a). Emissions from beef cows are estimated
using the IPCC Tier 2 approach. Emissions from feedlots are estimated using a modification of the
[PCC Tier 2 approach.
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Life Cycle Analysis of Cattle Production Systems

Peters et al. (2010) reported that the estimated carbon footprint of cattle production systems
around the world ranged from 8.4 kg of CO;-eq (kg HCW)-1 (HCW=hot carcass weight) in an
African pastoral system to 25.5 kg COz-eq (kg HCW)-1 in an intensive Japanese grain feeding
system. Five North American studies (Verge et al. (2008) and Beauchemin et al. (Sweeten,
2004; 2010) in Canada, Pelletier et al. (2010) and Lupo et al. (2013) in the U.S. Midwest, and
Stackhouse et al. (2012) and Stackhouse-Lawson et al. (2012) in California) estimated the
carbon footprint of various beef cattle production systems: The carbon footprint for the total
beef production systems ranged from 10.4 to 19.2 kg CO;-eq (kg final body weight) -1 (or 16.7
to 32.5 kg CO2z-eq (kg HCW)-1). Sixty four to 80 percent of the total CO;-eq was produced in
the cow-calf sector of production; whereas 8 to 20 percent of CO;-eq was produced in the
stocker phase, and only 12 to 16 percent was produced during the finishing phase. The
majority (55 to 63 percent) of the total CO,-eq was enteric CHs4, 18 to 23 percent was manure
N0, and 14 to 24 percent was from fossil energy use and secondary emissions.

In general, the daily carbon footprint was greater during the grazing (stocker) phase than
during the feedlot finishing phase. Both Pelletier et al. (2010) and Stackhouse et al. (2012)
reported that the carbon footprint was slightly lower for calves that were weaned and went
directly to the feedlot (21.1 and 23.0 kg COz-eq (kg HCW)-! or 2,382 and 3,493 kg head!,
respectively) than for cattle that went through a stocker grazing phase before entering the
feedlot (22.6 and 26.1 kg CO;-eq (kg HCW)! or 2,904 and 4,522 kg CO,-eq head-,
respectively). Pelletier et al. (2010) and Lupo et al. (2013) both reported that the carbon
footprint of grass-finished cattle was greater than for calves that were weaned and went
directly to the feedlot. These differences are due in part to slower weight gain and lighter
final body weights and carcass weights of grass-fed cattle than cattle finished on grain- and
byproduct-based diets in the feedlot.

Most LCAs assume that carbon sequestration is minimal in established, unfertilized pastures.
Phetteplace et al. (2001) and Liebig et al. (2010) suggested there may be some small net
carbon sequestration, in established native pastures. However, Liebig et al. (2010) noted that
fertilized, improved pastures had net CO,-eq emissions; primarily because of increased losses
of N0 from fertilizer nitrogen. Lupo et al. (2013) noted that the assumed carbon
sequestration of pastures (equilibrium vs. net sequestration) affected the carbon footprint of
grass-finished cattle; however, regardless of the carbon sequestration assumption, grass-
finished cattle had a greater carbon footprint than grain-finished cattle.

For manure management, the I[PCC Tier 2 methodology is used for CHs emissions from temporary
stack and long-term stockpile, CHs and N20 emissions from composting, and N,0 emissions from
aerobic lagoons. The Sommer model is used to estimate CHs emissions from anaerobic lagoons.

All methods include a range of data sources from operation-specific data to national datasets.
Operation-specific data will need to be collected by the entity and generally are activity data related
to the farm and livestock management practices (e.g., dietary information, volatile solids content of
manure). National datasets are recommended for ancillary data requirements, such as climate data
and soil characteristics.

A summary of proposed methods and models for estimating GHG emissions from animal production
systems is provided in Table 5-3.
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Table 5-3: Summary of Sources and Proposed GHG Estimation Methods for Animal
Production Systems

Coton | e | e

Animal Production Systems, Including Enteric Fermentation and Housing Emissions

5.3.1.2 Dairy Cattle Mits3 equation; ASABE Standard D384.2 and IPCC Tier 2 (housing)
5.3.2.2 Beef Cattle Modified IPCC Tier 2 (enteric and housing); ASABE Standard D384.2
(housing)
5.3.3.2 Sheep Howden equation for grazing sheep (Howden et al., 1994) and Blaxter and
Clapperton (1965) for feedlot sheep
5.3.4.2 Swine IPCC Tier 1 (enteric methane); ASABE Standard D384.2 and IPCC Tier 2
(housing)
5.3.5.2 Poultry IPCC Tier 1; ASABE Standard D384.2 and IPCC Tier 2 (housing)
5.3.6.1 Goats IPCC Tier 1
5.3.6.2 American Bison, IPCC Tier 1
Llamas, Alpacas, and
Managed Wildlife

Manure Storage and Treatment
Temporary Stack & Long-Term Stockpile

5.4.1.2 Methane IPCC Tier 2 using U.S. EPA Inventory emission factors (EFs) and diet
characterization

54.1.4 Nitrous Oxide IPCC Tier 2 using U.S.-based EFs and monthly data

Composting

5.4.2.2 Methane IPCC Tier 2 with monthly data

5.4.2.4 | Nitrous Oxide IPCC Tier 2

Aerobic Lagoon

5.4.3.2 Methane Methane Conversion Factor for aerobic treatment is negligible and was
designated as 0% in accordance with IPCC

5.4.3.4 | Nitrous Oxide IPCC Tier 2 using IPCC EFs

Anaerobic Lagoon, Runoff Holding Pond, Storage Tanks

5.4.4.2 Methane Sommer model based on fractions of volatile solids (Mgller et al., 2004)

5.4.4.4 Nitrous Oxide Function of the exposed surface area and U.S.-based emission factors

Anaerobic Digestion

5.4.5.2 Methane IPCC Tier 2 using Clean Development Mechanism EFs for digester types to

estimate CH4 leakage from digesters
Combined Aerobic Treatment Systems

5.4.6.2 Methane 10% of emissions from estimation of liquid manure storage and treatment

5.4.6.2 Nitrous Oxide - anaerobic lagoon, runoff holding pond, storage tanks

Other Treatment Methods

5.4.7 Sand-Manure No method provided because GHG emissions are negligible
Separation

5.4.8 Nutrient Removal Not estimated due to limited quantitative information

5.4.9 Solid Liquid No method provided because GHG emissions are negligible
Separation

5.4.10 Constructed Wetland = No method provided because emissions are negligible; GHG sinks are

noted to likely be greater than emissions

54.11 Thermo-chemical No method provided as GHG emissions are negligible

Conversion

5.1.4 Organization of Chapter/Roadmap

The remainder of this chapter is organized into four primary sections, as illustrated in Figure 5-2.
Section 5.2 provides overviews of dairy cattle, beef cattle, sheep, swine, and poultry production
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systems and provides information on diet and housing. Section 5.3 provides the methods for
estimating GHGs from housing, primarily focusing on GHGs from enteric fermentation. Methods are
also provided for all the species described in Section 5.2, plus additional animal types (i.e., goats,
American bison, llamas, alpacas, and managed wildlife). Section 5.4 provides the methodology for
estimating emissions from different manure management systems. Methodology is provided to
estimate CH4 and N0 from temporary stack and long-term stockpiles, composting, aerobic lagoons,
anaerobic lagoons, and combined aerobic treatment systems. Section 5.4 also provides methods for
estimating CH,4 from anaerobic digestion. A qualitative discussion is provided for sand-manure
separation, nutrient removal, solid-liquid separation, constructed wetlands, or thermo-chemical
conversion. Section 5.5 presents research gaps for both enteric fermentation and manure
management.

There are five appendices to the animal production systems chapter of this report. Appendix 5-A
provides Ym adjustment factors for calculating enteric CH4 from feedlot cattle. Appendix 5-B
provides nutritional information about animal feedstuffs (Ewan, 1989; Preston, 2013). Appendix 5-
C discusses available methodologies for estimating NHz emissions from animal production systems.
Appendix 5-D describes the shape factors and related equations that can be applied in Appendix 5-C
to more accurately estimate emissions from manure stockpiles that are shaped differently (as
surface area partially determines emissions). Appendix 5-E provides a detailed review of models
evaluated for suitability for estimating emissions from animal production systems.
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Figure 5-2: Animal Production Systems Road Map
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5.2 Animal Production Systems

This section provides discussion on the production systems for beef and dairy cattle, sheep, swine,
and poultry. This provides the background necessary for understanding Section 5.3, which covers
GHG emissions from animal production systems.

5.2.1 Dairy Production Systems

5.2.1.1 Overview of Dairy Production Systems

The U.S. dairy production system is comprised of several key processes for dairy cattle, their
manure, and their end products (meat, dairy) as depicted in Figure 5-3. This conceptual model
provides an overview of the typical dairy system, following cattle from birth to slaughter and
following manure from the animal through a management system. Manure is produced during each
stage, and depending on the location, is managed differently. The management of the resultant
manure has implications on the quantity of GHG emissions and sinks; the key practices are
discussed in detail below. The estimation methods in this chapter include discussions for emissions
from enteric fermentation, housing, and manure management and are not a full LCA.

The U.S. dairy industry is composed primarily of four major segments of production: 1) calf rearing;
2) replacement heifers; 3) lactating cows; and 4) nonlactating (dry) cows. The U.S. dairy cattle
population in 2012 consisted of approximately 9.2 million milk cows and first calf heifers and
approximately 4.6 million replacement heifers. The majority of dairy cattle in the United States are
Holstein (Holstein-Friesian), followed by Jersey, with smaller numbers of Guernsey, Brown Swiss,
and Ayrshire. Over the last 65 years there have been dramatic increases in milk production per
animal, due to changes in herd management, nutrition, composition, and breeding programs.
Present-day dairy herds are dominated by Holstein cows (90 percent) as opposed to a mix of the
five most common breeds (Jersey, Guernsey, Ayrshire, Brown Swiss, and Holstein) as was common
in the 1940s. With a change in breed dominance and enhanced genetics, the typical milk production
per cow has increased from 2,074 to 9,193 kg of milk per year (Capper et al., 2009).

5.2.1.2 Diets for Dairy Cattle

Cows in intensive dairy production systems are fed diets that reflect regionally available feeds and
typically contain between 40 and 60 percent concentrates, such as feed grains, protein
supplements, and byproducts such as distiller’s grains. Typical diets include corn silage, alfalfa or
grass silage, alfalfa hay, ground or high-moisture shelled corn, soybean meal, fuzzy whole
cottonseed, and often byproduct feeds (e.g., corn gluten, distiller’s grains, soybean hulls, citrus pulp,
beet pulp). Byproduct feeds may make up a large portion of the diet composition, providing key
nutrients and a means of disposal for otherwise landfilled ingredients. Proximity to crop processing
plants and industries may dictate the availability of byproduct feeds by region.

Growing Heifers

Diets for growing heifers are formulated based on growth rate and stage of rumen development.
Diets range from liquid diets (e.g., milk or milk replacer) in newborn calves to pelleted complete
feeds in the growing calf (e.g., calf starter) to diets that are similar to that offered to lactating cows
as the cows grow and rumens develop. Roughage content of the diet increases as the rumen
develops with hay or silage often offered in conjunction with a calf starter during a transition
period. Following that transition, typical feeds include those listed above. Feeds are often mixed
together in a mixer and fed as a Total Mixed Ration (TMR). In some cases, feed not consumed by the
lactating herd is fed to growing heifers when the rumen is fully developed (> 9 months of age).
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Figure 5-3 Conceptual Model of Dairy Systems in the United States
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