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What is T-AGG?
GHG mitigation activities that increase carbon storage in soil or reduce methane and nitrous oxide emissions from 
agriculture can be an important part of U.S. and global climate change strategies. In November 2009, the Technical 
Working Group on Agricultural Greenhouse Gases (T-AGG) began assembling the scientific and analytical foundation 
to support implementation of high-quality agricultural greenhouse gas (GHG) reductions. At that time, only a few high-
quality and widely approved methodologies for quantifying agricultural GHG benefits had been developed for various 
mitigation programs and markets. Many agricultural protocols are now published, and more are in development.

T-AGG is coordinated by the Nicholas Institute for Environmental Policy Solutions at Duke University. It works with 
academic and government scientists to build a foundational understanding of agricultural GHG accounting with the 
critical guidance of a broad range of experts and stakeholders. Its work is made possible by a grant from the David and 
Lucile Packard Foundation.

T-AGG has produced a series of reports that survey and prioritize agricultural mitigation opportunities in the United 
States and abroad with the goal of providing a roadmap for protocol and program development. The reports provide 
information necessary for designing agricultural GHG mitigation and reporting programs. They will be of use to private 
or voluntary markets and registries and commodity group and supply chain initiatives as well as regulatory agencies.

Coordinating Team
Project Director – Lydia Olander, Director of Ecosystem Services Program, Nicholas Institute for Environmental 

Policy Solutions, and Research Scientist, Duke University
Research Associate – Abigail Van De Bogert, Research Analyst, Nicholas Institute, Duke University
Advisors for the livestock project include Erin Fitzgerald of the Innovation Center for U.S. Dairy and the 
center’s LCA expert Ying Wang; Marty Matlock, technical lead for The Sustainability Consortium, from the Center for 
Agricultural and Rural Sustainability at the University of Arkansas; and Garth Boyd, senior partner with The Prasino 
Group and the former senior vice president for Agriculture at Camco.

For more information visit http://www.nicholas.duke.edu/institute/t-agg.

http://www.nicholas.duke.edu/institute/t-agg
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ACRONYMS AND ABBREVIATIONS

ACR: American Carbon Registry
ALCA: attributional life-cycle assessment
ALU: Agricultural and Land Use National Greenhouse Gas Inventory
ANSI: American National Standards Institute
B0: maximum methane producing capacity for manure
BAU: business-as-usual scenario (used to help assess impacts of GHG emissions)
C: carbon
C2H4: ethane
CAR: Climate Action Reserve
CAST: Council for Agricultural Science and Technology
CDM: Clean Development Mechanism
CEFM: Cattle Enteric Fermentation Model
CH4: methane
CNCPS: Cornell Net Carbohydrate and Protein System
CO2: carbon dioxide
CO2e: carbon dioxide equivalent
CP: crude protein
DDGS: distillers’ dried grains with solubles
DM: dry matter
EF: emission factors
Gg: gigagram
GHG: greenhouse gas
H2: hydrogen gas
H2S: hydrogen sulfide
IFSM: Integrated Farm Systems Model
IPCC: Intergovernmental Panel on Climate Change
ISO: International Organization for Standardization
LCI phase: life-cycle inventory analysis phase
LCIA phase: life-cycle impact assessment phase
MCF: methane conversion factors
N2O: nitrous oxide
NAHMS: National Animal Health Monitoring System
NH3: ammonia
OECD: Organisation for Economic Co-operation and Development
REC: renewable energy credit
RFI: residual feed intake
RIRDC: Rural Industries Research and Development Corporation (Australia)
SF6: sulfur hexafluoride
Soil C: carbon stored in soil
t: tonne, or metric ton
Tg: Teragram
TSD: technical deed document
UNFAO or FAO: United Nations Food and Agriculture Organization
UNFCCC: United Nations Framework Convention on Climate Change
U.S. EPA: United States Environmental Protection Agency
USDA: United States Department of Agriculture
VCS: Verified Carbon Standard
VFA: volatile fatty acids
VS: volatile solid
WRI GHG Protocol: New greenhouse gas protocol developed by the World Resources Institute and the World Business 
Council for Sustainable Development
Ym: CH4 conversion rates, expressed as the fraction of gross energy converted to CH4
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EXECUTIVE SUMMARY

The objective of this report, which is part of a series on agricultural greenhouse gas (GHG) emissions, is to synthesize 
and communicate the fundamental information necessary for designing agricultural GHG mitigation and reporting 
programs. The report will be of use to private or voluntary markets and registries, commodity group and supply chain 
initiatives, and regulatory agencies. It summarizes strategies for managing GHG emissions from livestock (cattle and 
swine) systems and reviews options for quantifying and accounting for farm-scale implementation of such strategies. 
It reviews the state of current knowledge in four areas:

1. Managing for GHG mitigation in dairy and beef production
2. Managing for GHG mitigation in swine production
3. Measurement and prediction of GHG emissions from livestock
4. Review of GHG accounting approaches for livestock systems

Sections 1 and 2 review what is known about the potential and limitations of a variety of mitigation strategies, includ-
ing changing manure management, changing bedding systems, composting, using anaerobic digesters, and altering 
livestock diet. Any transition to widespread adoption of mitigation approaches will require a suite of incentives that 
lower costs and other barriers to adoption. Mitigation approaches frequently entail tradeoffs and the possibilities for 
leakage must be carefully considered. For both cattle and swine systems, anaerobic digesters could substantially mitigate 
emissions, but they come with significant infrastructure and maintenance costs.

Section 3 reviews methods for quantifying GHG emissions from livestock and assesses the strengths and weaknesses of 
different emissions models. Each model is designed for a specific application and each has its own limitations. For all 
of them, data are a limiting factor for wider application.

Section 4 reviews the use of life-cycle assessments (LCAs) and project-based accounting in quantification of agri-
cultural GHG emissions. Intergovernmental Panel on Climate Change (IPCC) standards and methods are critical to 
these methods. It is important to note that LCAs and project-based accounting are not easily comparable and can vary 
significantly in analytical approach.

Projections of livestock and dairy production predict increases in productivity but not an increase in the number or 
extent of farms. Thus the focus in the United States will be on changing existing farm systems, not on creating new ones. 
This focus affects the costs and likelihood of mitigation strategies that work in existing systems rather than depend on 
new infrastructure.

A wide range of near-term livestock- and manure-management options can reduce emissions per unit of dairy, beef, 
and swine produced, but the cost-effectiveness of tying specific on-farm reductions to particular management practices 
remains uncertain. Farmers will require incentives if they are to justify management shifts. They will need to see the 
benefits of infrastructure or management changes in the form of revenues from primary products like energy produc-
tion, from Farm Bill incentive programs, or from regulatory-driven carbon offset markets like those developing in 
California.
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1. INTRODUCTION

Increasing attention is being paid to livestock, given the potential for shifts in management to have benefits for global 
climate as well as air and water quality (Smith et al. 2007a, 2007b; McCarl and Schneider 2001; Shindell et al. 2012; 
Hellwinckel and Phillips 2012). With increasing population and demand for food, particularly meat and dairy, strategies 
for mitigating livestock’s impact on global climate change are urgently needed. Meeting mitigation objectives in the face 
of this demand and rising incomes will require dramatic shifts in human diets and in agricultural production systems 
that continue to expand (UNFAO 2000; Bennett and Balvanera 2007). However, where production is expanding little, the 
focus will likely be on shifting management of existing systems. Developed countries like the United States are likely to 
place greater emphasis on increasing these systems’ efficiency rather than on developing new systems (Gerber et al. 2011).

Agriculture contributes approximately 6% of total greenhouse gas (GHG) emissions in the United States, and emissions 
from livestock production make up more than half of that total (U.S. EPA 2011). As shown in figure 1, enteric fermenta-
tion, which releases methane from animal digestion, is the largest contributor from livestock, followed by emissions 
from manure and grazing lands (U.S. EPA 2011). Emissions from crops produced as animal feed are also significant. 
Although included under cropland soils in figure 1, these emissions are not discussed in detail in this report, because 
they are covered in companion reports (Olander et al. 2011; Eagle et al. 2012).

Most of livestock’s direct impact on global climate comes in the 
form of methane (CH4), a potent greenhouse gas. Because methane 
is roughly 20 times more potent than carbon dioxide, small reduc-
tions in its output can have significant effects on overall emissions. 
Reductions in methane, and in black carbon, can greatly reduce pre-
dicted near-term temperature increases and climate change impacts. 
These reductions have the potential to keep global temperatures below 
the well-known 2°C threshold in the near term (Shindell et al. 2012). 
Livestock management is significant in methane mitigation efforts.

Within the United States, the second largest anthropogenic source of 
methane is enteric fermentation from livestock; in 2010, this source 
accounted for 70% of the annual CH4 emissions associated with agri-
cultural production systems (141.3 teragrams [Tg] CO2e), which is 
equivalent to 21% of total U.S. annual anthropogenic CH4 emissions 
(U.S. EPA 2012). The fifth largest CH4 source is livestock manure 
management: 52 Tg CO2e or 8% of total. Emissions from livestock 
manure in the United States have increased by roughly 56% since 
1990 (fig. 2), mainly as a result of increasing use of liquid manure 

management systems, which have higher CH4 emissions than other management methods (U.S. EPA 2011). Enteric 
emissions have decreased since 2007, because the population of beef, dairy cattle, and sheep has decreased slightly.1 
Livestock populations and production have held relatively steady, indicating a need to find ways to achieve emissions 
reductions without large-scale changes in the number of livestock (U.S. EPA 2011; USDA 2011a).

As shown in figure 3, beef, dairy, and swine systems are the largest contributors of greenhouse gases in the United 
States (U.S. EPA 2011) and are thus the focus of this report. Across these systems, numerous changes to feed or pasture 
management can enhance efficiencies and reduce emissions. Although activities targeted at enteric emissions and feed 
strategies (such as improved pasture management for beef cattle) may have a localized impact, their overall potential 
may be relatively small; much relevant research is at an early stage. In contrast, options for manure management have 
received greater study and are more established, and many, particularly options for methane capture and flaring and 
combustion for energy, can significantly reduce emissions. However, the capital, operation, and maintenance costs of 
altering manure handling systems can present a significant barrier that will require external investment and changes in 
energy sector policy and business models.

1. Although populations of horses, bison, mules, burros, and donkeys have increased significantly during this timeframe, they con-
stitute a small portion of total emissions (U.S. EPA 2012).

Enteric 
fermentation 

28% 

Manure 
management 

14% 

Rice cultivation 
1% 

Burning of residue 
0% 

Cropland soils 
30% 

Grassland soils 
12% 

Energy use 
15% 

Figure 1. Gross agricultural GHG emissions, 2009
Note: Land use change and liming of soils are not 
included. Source: EPA 2011; USDA 2011a
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Quantifying emissions reductions from livestock 
systems is most likely to be accomplished with 
various modeling approaches. At a project level, a 
variety of models are being tested and used. Carbon 
offset programs and corporate supply chain and 
certification programs are developing related yet 
somewhat different accounting approaches for 
tracking GHG emissions from livestock. Carbon 
offset protocols are designed to track a change in 
emissions from a specific project (or management 
change) relative to a pre-project baseline. Life-cycle 
assessments (LCAs), on the other hand, are used to 
assess changes in a product’s production system or 
supply chain, to indicate emissions hot spots, and to 
provide a relative measure for emissions compari-
sons across supply chains, products, and time. LCA methods are in the early stages of application and as yet have little 
consistency. Livestock management, especially with regard to manure management, offers measurable and substantial 
CH4 reduction potential. Moreover, many opportunities to reduce enteric emissions and improve land management 
may be worth pursuing.

Although some management changes will increase 
production efficiency and thereby create overall 
cost savings, others will not. A handful of federal 
programs, such as the USDA’s EQIP program, can 
help offset costs, but funding is insufficient for large-
scale change. New markets for GHG offsets—both 
voluntary and in California’s new cap-and-trade 
program—may also provide some compensation for 
adoption of new livestock management techniques.

Corporate- and government-driven changes in sup-
ply chain management may also lead to increased 
demand for change in management practices (see 
Walmart 2010 and Executive Order 13514 for exam-
ples). Agricultural trade associations are developing 
programs to respond to these demands and to facili-
tate supply chain sustainability while keeping costs down (see Innovation Center for US Dairy 2010 for one example). 
If these trends continue, the agricultural sector may have a strong financial incentive to capture the value of reduced 
emissions.
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Figure 2. Sources of CH4 emissions from U.S. agriculture
Source: U.S. EPA 2012
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2. DAIRY AND BEEF PRODUCTION

The major source of enteric CH4 is beef cattle (72%), and within the beef cattle classification, the cow herd. Dairy cattle 
contribute an additional 23% (fig. 4). Sheep, goats, American bison and mules, burros, and donkeys account for an 
additional 1.2% of enteric emissions. Due in part to the reduced size of their symbiotic enteric microbial pool, horses 
and swine account for a total of 3.9% (U.S. EPA 2012) of enteric CH4 emissions (286 gigagrams [Gg] CH4 in 2012). The 
contributions of sheep, goats, American Bison, mules, burros, donkeys, horses, and swine have remained fairly constant 
since 2007 (U.S. EPA 2012). Wild ruminants are not included in the ruminant estimate due to their relatively low popu-
lation numbers.

Nitrous oxide (N2O) emissions from agriculture are pri-
marily from soil (207.8 Tg CO2e) and manure 
management (18.3 Tg CO2e) (see fig. 5); a small amount 
comes from agricultural residue burning (0.1 Tg CO2e) 
(U.S. EPA 2012). Nitrous oxide emissions from manure 
management include both direct emissions, from nitro-
gen cycling within manure and urine, and indirect 
emissions, which result from volatilization, runoff, and 
leaching during handling processes. Direct emissions 
from agriculture soil management are estimated to be 
162.3 Tg CO2e; they include N2O emissions from 
manure deposited by grazing animals on grasslands and 
nitrogen from synthetic fertilizer, managed manure, 
and unharvested nitrogen residue. Total estimated pas-
ture, range, and paddock manure N2O emissions are 
12.6% of the total. Total indirect N2O emissions from 
soil are estimated to be 45.5 Tg CO2e; the largest proportion (84%) is associated with croplands, and a small portion 
(13%) is associated with grasslands (U.S. EPA 2012). Livestock are also associated with a portion of the N2O emissions 
resulting from the fertilization of crops used in animal feed. Apportionment of these emissions is not covered here.

Dairy and Beef Production Systems
EPA inventory estimates indicate that 54% of the CH4 
production from ruminant systems is associated with 
the cow/calf enterprise for beef production, 23% of 
the total ruminant emissions are from dairy cattle, and 
the remainder of the emissions are from stocker and 
feedlot beef production systems (table 1) (U.S. EPA 
2011). Methane emissions from enteric fermentation 
are dependent on diet quality; the highest emissions 
result from diets that include both forage and grain 
such as those fed to dairy cattle, and lowest emissions 
are from feedlot diets (high grain, low forage) (Johnson 
and Johnson 1995). Beef cows are responsible for the 
largest proportion of ruminant CH4 emissions, primar-
ily because of their relatively large numbers and not 
because they emit more CH4 per animal relative to other ruminant livestock. In fact, dairy cows have significantly 
greater emissions per animal because of their diet (Johnson and Johnson 1995). Identification of those areas in which 
mitigation is possible hinges on an understanding of the diets for each group of animals and of typical production 
systems. Within each system, altered management may reduce emissions. Also critical is an examination of the entire 
livestock system to identify areas where efforts to reduce one greenhouse gas may result in unintended and undesirable 
increases in another.

Ruminant production systems vary by animal type (beef or dairy), size of operation, available feed resources, and region 
of the country. The following discussion is broadly representative of beef and dairy production systems, recognizing 
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that large diversity in these systems exists in the U.S. Variability in these systems presents both opportunities for and 
barriers to adoption of GHG mitigation strategies (Field and Taylor 2008). Table 1 provides an overview of the phases 
of beef and dairy production and the categories of animals managed within each production system.

Economic conditions drive the population decisions made within a herd. For example, calves may go to a stocker system 
or directly to the feedlot depending on expected production costs and projected sale prices. Additionally, producers 
may maintain more replacement heifers than they need because there is a market for bred heifers. Decisions are made 
on the current and predicted economic situation and production goals. Any mitigation strategy that will enhance the 
economic situation of a given operation will receive serious attention.

Table 1. Phases of beef and dairy production
Animal class

Beef cattle
Beef cows Cow-calf operations are found across the United States but are most numerous where pasture, range, or crop 

aftermath is available. The goal of these operations is an animal weighing 50% of its mature body weight at weaning 
(approximately 7 months of age). Cows may be bred for spring calving or fall calving depending on operation goals and 
may remain in herds for 10 or more years depending on productivity.

Bulls Bulls are raised at a ratio of 1 bull to 25–35 cows. Bulls may be used as yearlings but are 2-year-olds when they are added 
to the herd.

Stocker Stocker cattle are weaned calves that graze pasture or range for an additional 60–200 days and gain between 0.7 to 1.1 
kg hd-1d-1. Stocker operations are present where forage supplies are inexpensive.

Replacement 
heifers

Replacement heifers are selected at weaning and their number is dependent on production goals. Generally, not more 
than 10%–15% of heifer calves are kept to be replacements. Heifers are usually bred at 12–15 months of age.

Feedlot Feedlots may house as few as several hundred to more than 100,000 animals. These animals include beef cattle and 
dairy steers. The largest lots tend to be located in the Southern Plains. Beef cattle (steers and heifers) fed in feedlots are 
estimated to number 23 million annually (NASS 2011).

Dairy cattle
Dairy cows
(lactating)

Dairy cows enter the milking herd after calving for the first time at approximately 24 months of age and remain in the 
herd for the next 2 to 4 lactations. Diets are generally a mixture (total mixed ration, TMR) of high-quality forage and grain.

Dairy cows (dry) Dairy cows are dried off approximately 60 days before the next calving. At that time, they are fed good-quality forage.
Dairy calves Dairy calves are raised in calf hutches or barns for approximately 8 weeks until weaning and then raised as replacement 

heifers until calving at 24 months of age. Most heifers are kept and raised as replacements, whereas males will typically 
enter beef production as feedlot cattle.

Dairy heifers Dairy heifers are weaned at 2 months of age. Heifers are bred at 12 to 14 months of age and enter the milking herd 
after calving. Heifers may be raised on farm or at specialized heifer-rearing enterprises and returned to the farm before 
calving.

Beef production demographics
Demographics
The 92 million U.S. beef cattle are found in cow/calf, stocker, and feedlot operations. The total number of cattle opera-
tions and the number of cattle have tended to decrease in the 2000s (USDA 2010) at the same time that the industry 
structure has changed. Industry statistics show 
increasing numbers of cattle found in relatively 
large operations. In the beef cow sector, 3% of 
the population is found in operations of 100 to 
499 head (fig. 6). The nation’s cow herd consists 
of approximately 30.8 million animals, both 
cows and replacement heifers, and is dispersed 
across the country (fig. 7), but approximately 
16% of the population is located in Texas. The 
top 10 states, in descending order, are Texas, 
Oklahoma, Missouri, Nebraska, South Dakota, 
Kansas, Montana, Kentucky, Tennessee, and 
Florida. Together they account for 59% of 
the cow/calf numbers. The top states associ-
ated with the cattle-feeding industry (fig. 8) 
are Texas, Nebraska, Kansas, Colorado, Iowa, 
California, Oklahoma, Arizona, South Dakota, 

Figure 6. Beef cattle demographics
Source: NASS 2012
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and Idaho which together make up 95% of the cattle on 
feed (NASS 2011).

Diet
Beef production systems are described in table 2 and 
are variable depending on the area of the country. In 
general, calves are weaned at 170 to 230 days of age 
(USDA APHIS NAHMS 2008) and may move to pas-
ture (stocker) or go directly to the feedlot. Greenhouse 
gas emissions from the different production systems 
are associated with animal (enteric CH4) or manure 
management. Table 2 identifies the types of diets fed 
to beef cattle at different stages of production. Cow/
calf (including replacement heifers and bulls) and 
stocker cattle contribute most to enteric CH4 emis-
sions because of the forage content of their diet and 
their large proportion of the U.S. herd (Johnson and 
Johnson 1995). To date, options for mitigation of 
these emissions are few, but should they increase, the 
impact on total GHG emissions by the beef sector 
would be large. Additionally, any mitigation strategy 
available for the grazing cow herd would be usable by 
the stocker sector as well, enhancing the emissions 
impact. Because the diets of feedlot cattle contain 
large amounts of starch and limited roughage, enteric 
emissions are much reduced (from 6%–7% to 2%–3% 
of dietary intake energy). Feedlot diets also are vari-
able in composition because regional byproducts are 
used extensively. The use of byproducts is important, 
because without cattle many of these products would 
be sent to the landfill to decompose. One of the more 
salient demonstrations of this process is evident with 
the expanded use of co-products (e.g., dried distill-
ers grains with solubles) from the ethanol biofuel 
industry. In 2005, approximately 7.92 million metric 
tons of ethanol co-products were consumed by the 
U.S. cattle; by 2010, that figure had jumped to nearly 
26 million metric tons (Renewable Fuels Association 
2012). This consumption allows non-fossil fuel industries such as ethanol to remain economically viable.

Table 2. Beef cattle diets
Animal class

Beef cows Forage is the primary feedstuff, but when the pasture or range is insufficient to meet nutrient requirements, cows are 
supplemented with hay or grain (if prices are low). A recent examination by USDA (2010) of cow/calf feeding practices 
determined that 97% of cow/calf producers supplemented cows with additional forage (154 ± 7.0 days), 74% of 
producers supplemented with protein (173 ± 9.6 days), and 51% fed supplemental dietary energy (162 ± 12.7 days).

Bulls The primary diet is forage, although some supplementation (hay or grain) may be added to the diet before the 
breeding season.

Stocker Feedstuffs include improved perennial pasture, native range, annual crops such as wheat pasture, or crop residues 
such as wheat stubble or corn stalks.

Replacement heifers Heifers are grazed or fed good-quality forage diets.
Feedlot At the feedlot, calves are fed a high grain diet for 110 to 180 days until they are ready to harvest. In the southern 

plains, the diets predominantly consist of steam flaked corn, corn silage, and protein supplements. Feedlots in 
the northern plains feed greater amounts of corn co-products such as distiller’s grains as well as dry rolled corn. 
Ionophores are included extensively in diets in conventional production systems.

07-M145

Beef Cows - Inventory: 2007

1 Dot = 2,500 Beef Cows

U.S. Department of Agriculture, National Agricultural Statistics Service

United States Total
32,834,801

0 100

Miles0 100

Miles

0 200

Miles

2007
C
ensus

ofA
griculture

Figure 7. Location of cow/calf operations
Source: NASS 2010
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Dairy production demographics
Demographics
The dairy industry in the United States consists of the 
milking herd, dry cows, and replacement heifers and 
calf rearing operations. In 2009, the milking herd was 
estimated to consist of approximately 9 million cows 
(NASS 2009), 55% in herds of more than 500 animals 
and 31% in herds of more than 2,000 animals (USDA 
2011a). The dairy cattle population is found across 
the country, with population centers in California, 
Wisconsin, and the Northeast (fig. 9). Production has 
grown in the western and decreased in the southeastern 
United States (USDA 2007). The trend is fewer dairy 
operations with greater numbers of cattle. In 2007, the 
number of dairies was 51% lower than the number in 
1991, but the number of cows was virtually unchanged 
(USDA 2007). Milk production per cow has increased 
32.7% since 1991. In 2011, USDA estimated the United 
States had 4.4 million replacement heifers (USDA 2011a). Heifers may be raised on the farm or by heifer rearing facili-
ties. As dairy operations increase in size, more heifers are being raised off-site in specialized operations, which made 
up 9.3% of dairies in 2007 (USDA NAHMS 2007).

Like beef production systems, dairy production systems have management practices that create both opportunities for 
and barriers to incorporation of GHG mitigation strategies. The two areas in which GHG emissions arise from dairy 
systems are enteric CH4 and manure management. Much of the research to reduce enteric emissions has focused on 
alterations in diet composition (Beauchemin et al. 2008). Table 3 describes typical types of diets fed to dairy cattle in the 
United States by animal classification and presents baseline conditions upon which mitigation strategies will be added.

Diet
Table 3. Dairy cattle diets

Animal class
Dairy cows
(lactating)

Diets are generally a mixture (total mixed ration, TMR) of high-quality forage and grain. Cows are managed in 
confinement feeding systems, dry-lot systems, or pasture-based systems and are fed diets that are 50% to 60% forage 
including silage, haylage, and hay. The balance of the diet consists of concentrates such as corn and other locally 
available ingredients such as soybean meal, cottonseed, or corn co-products. Diets are formulated as a TMR based on 
milk production level. Cows found in pasture-based systems will generally have the pasture diet supplemented with 
stored feeds when necessary to meet animal requirements. Approximately 33% of U.S. dairies rely on some pasture 
for part of the diet (USDA 2007). The USDA 2007 survey also indicated that approximately 27% of the dairies include 
ionophores in animal diets.

Dairy cows (dry) Diets consist of good-quality forage.
Dairy heifers Dairy heifers are fed good-quality forage and grain. Replacement heifers are fed diets balanced for growth rates of 

approximately 1 kg/d, which requires high-quality ingredients.
Dairy calves Dairy calves are raised in calf hutches or barns and then raised as replacement heifers until calving. They are fed milk 

replacer, starter grain, and hay or other roughage.

Enteric Emissions
Overview
The direct sources of GHG emissions from ruminant production systems, as in other livestock production systems, 
are enteric fermentation and manure. Due to the inherent differences in gastrointestinal development, however, some 
aspects of these emissions are greater within ruminant production systems. Methane results from enteric fermentation 
and manure storage, whereas N2O results from nitrification/denitrification processes on the ground or pen surface. 
Ammonia, although not a GHG, is another important emission associated with manure handling procedures, and it 
may lead to indirect formation of N2O as it volatilizes and deposits in a different location.
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The bulk of the GHG emissions from ruminant production systems are due to the natural release of CH4 from the 
enteric fermentation within beef and dairy cows, bison, sheep, goats, and other ruminants. The enteric CH4 is released 
primarily due to the action of methanogenic bacteria within the ruminant digestive system. Although most terrestrial 
animals possess methanogenic bacteria within their digestive systems, ruminant animals are unique in the symbiosis 
that they have with their digestive tract–associated bacteria. In most mammals, the majority of symbiotic bacteria are 
located within the hindgut (cecum and large intestine). The ruminant has a well-developed forestomach that comprises 
a large portion of its digestive tract. In fact, the contents of the rumen of a mature cow may account for as much as 
20% of the total body weight of the animal. Therefore, because of the presence and fermentative capacity of this well-
developed forestomach, ruminants emit much more CH4 than non-ruminants.

Enteric and hindgut CH4 emissions have been measured for decades using respiration calorimetry chambers in stud-
ies examining ruminant energy use. From these data, many equations have been developed to predict emissions (see 
“Measurement and Prediction of Methane Emissions from Livestock Systems” on page 33). Th e factors driving enteric page 33). Th e factors driving enteric ). The factors driving enteric 
CH4 production are level of intake and diet chemical composition (Johnson and Johnson 1995). Table 4 illustrates the 
range of emissions measured from cattle fed different diets.

Table 4. Range of enteric methane emissions from dairy and beef cattle production systems
Animal type Diet CH4 emissions range References

Beef cows Improved pastures; stockpiled forage; range 
fall and spring; Timothy pastures; Fescue 
pastures with intensive grazing management; 
grass pastures with intensive grazing 
management; rotational grazing, alfalfa, or 
grass; grazed continuously or rotationally with 
different stocking rates

115–273.3 g/hd/d Westberg et al. 2001; Olsen et al. 1997; 
Pinares-Patiño et al. 2003; Pavao-
Zuckerman et al. 1999; DeRamus et 
al. 2003; McCaughey, Wittenberg, and 
Corigan 1997, 1999

Dairy cattle (lactating) Various 250–429 g/hd/d Holter and Young 1992; Crutzen, 
Aselmann, and Seiler 1986; Johnson and 
Johnson 1995; McGinn et al. 2004; Sun et 
al. 2008; Loh et al. 2008; Beauchemin et 
al. 2008

Feedlot cattle High grain 142–357 g/d Johnson and Johnson 1995; Beauchemin 
et al. 2008; Loh et al. 2008; Hales, Cole, and 
MacDonald 2011

Although enteric fermentation is likely to produce significant amounts of CH4, the conditions are unlikely to contribute 
to significant formation of nitrous oxide (N2O). Recent work by Reynolds et al. (2010) detected no N2O emissions when 
cattle were housed in respiration chambers equipped with N2O analyzers.

Opportunities for mitigation
The effectiveness of various practices to alter enteric CH4 depends on diet and management. The IPCC provided region-
level estimates for the potential to reduce enteric CH4 emissions while maintaining levels of productivity from various 
classes of livestock (Smith et al. 2007). In North America, it was assumed that improved feeding practices (improved 
roughage:concentrate ratio and balance of required nutrients in diets) could reduce total livestock enteric methane 
emissions by 16% in dairy cattle, 11% in beef cattle, and 4% in sheep. Specific agents and dietary additives (e.g., bST, 
ionophores, propionate precursors) are indicated to reduce enteric emissions of dairy cattle by 11%, beef cattle by 9%, 
and sheep by 0.4%. Improving inherent animal performance (including genetic selection) is estimated to reduce enteric 
methane emissions by 3% in dairy cattle, 3% in beef cattle, and 0.3% in sheep.

Viewing these potential reductions as additive is tempting, but the literature indicates that implementing multiple miti-
gation practices at once may reduce the effectiveness of any or all of the practices. Each enteric mitigation strategy must 
be evaluated within the context of the given production system (including dose and existing management practices) to 
achieve a relatively accurate estimate of the CH4 emissions reduction in each class of livestock. The IPCC assessment 
(Smith et al. 2007) accounted for non-additivity by reducing the effectiveness of subsequent practices by 20%. An exam-
ple of non-additivity might be altering the diet to increase propionate production by shifting the forage:concentrate 
ratio toward concentrate and adding additional propionate enhancers to the new diet. The impact of the propionate 
enhancers to CH4 emissions in this scenario would be much reduced.
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Enhanced animal production
Management strategies that increase animal productivity or improve efficiency of feed utilization can reduce CH4 emis-
sions per unit of product produced (g CH4/kg beef or g CH4/kg milk). Cooprider et al. (2011) conducted a simplified 
life-cycle analysis and found that CH4 and N2O emissions from cattle within a “natural” program (i.e., one without 
feed additives or growth-promoting agents such as hormonal implants, beta agonists, and ionophores) would produce 
quantities of CH4 similar to those of cattle that received the performance-enhancing technologies on a daily basis. 
However, the “natural” cattle would require 42 additional days to reach the same final slaughter body weight (596 
kg) due to reduced rate of gain. Therefore, the inefficiencies (or use of energy for purposes other than production of 
additional salable product) in energy use associated with maintenance would have increased over those 42 days, result-
ing in 1.1 kg greater CH4 emissions per kg of body weight for the “natural” cattle than for those raised in the typical 
commercial system. Practices such as appropriate supplementation of nutrients that might be limiting (e.g., selenium, 
phosphorus, protein) result in performance enhancement and reduction in the amount of GHG produced by the animal 
production system per unit of product output (i.e., growth-promoting implants, ionophores, and so on). Other manage-
ment practices to improve productivity will also reduce CH4 emissions for the entire system. For example, changes in 
reproduction management that result in a greater number of pregnant cows will decrease the numbers of replacement 
heifers needed and thus reduce the total CH4 emissions associated with milk or meat production (Capper 2011). Most 
mitigation options associated with reduced enteric methane are also associated with improvements in the efficiency of 
feed use by the animals.

Management practices that mitigate GHG emissions per unit of product produced in the beef or dairy industries are 
those that enhance efficiency of production and can be divided into three categories: improved diet digestibility, use of 
additives, and improved genetics of livestock.

Improved diet digestibility
Many reviews discuss dietary factors that may influence enteric CH4 emissions (Johnson and Johnson 1995; Monteny, 
Bannink, and Chadwick 2006; Beauchemin et al. 2008; Eckard, Grainger, and de Klein 2010; Martin, Morgavi, and 
Doreau 2010). Improved digestibility of feed can increase the production/maintenance ratio of livestock and reduce the 
feed energy inputs required per unit of production, thereby reducing emissions of CH4 per unit of animal product. Diet 
composition can also affect ruminal fermentation, altering the composition of volatile fatty acids produced, which affects 
CH4 production, e.g., replacing sugars with starches in feed concentrates (Monteny, Bannink, and Chadwick 2006).

Benchaar, Pomar, and Chiquette (2001) modeled the effects of several dietary modifications on the enteric CH4 pro-
duction of a 500 kg dairy cow using a rumen digestion model. As shown in table 5, an example of modulating dietary 
digestibility, ammoniation disrupts the plant architecture and adds nitrogen, which increases digestibility and CH4 
production as a percent of dietary intake energy. Animal performance can be enhanced because of increased dietary 
energy, which can reduce the amount of CH4 per product. Roughage preservation, forage 
species, and an increase in the concentrate:roughage ratio may all reduce the proportion 
of dietary intake energy lost as CH4 by nearly 30%. However, management needs, such 
as animal longevity, milk quality, and prevention of dietary-induced disease, must be 
factored into decisions to adopt these types of changes. Additionally, the estimate of CH4 
reduction comes from a simulation model and does not reflect possibilities within rumi-
nant production as a whole due to various logistical barriers, including economics and 
animal welfare. Current U.S. production systems (i.e., feedlots) might have the capacity 
to adopt a more extreme approach to the concentrate:roughage ratio that will result in 
a reduction in the proportion of dietary intake energy lost as CH4. However, a producer 
managing a cow/calf operation would not find increasing the concentrate:roughage ratio 
modeled in Benchaar, Pomar, and Chiquette (2001) acceptable or possible due to cost, 
logistics, and concerns over the longevity of cows fed high-concentrate diets. There are 
limits to the quantity of concentrate feeds that can be safely included in a ruminant diet, 
and the leakage effects associated with the production of the grain may not yet be fully 
understood.

Leakage is the phenomenon 
through which efforts to 
reduce emissions in one place 
simply shift emissions to 
another location, sector, or 
land use where they remain 
uncontrolled or uncounted. 
The potential for leakage arises 
when the rules, regulations, 
and incentives for action affect 
only part of the potential pool 
of participants or emissions 
sources. If everything is 
counted, there is no leakage.
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Table 5. Influence of various dietary strategies on enteric methane production in dairy cows using modeled simulations
Strategy CH4

*

(% of dietary energy intake)
Reduce methane
Increase intake -9 to -23%
Increase concentrate:roughage ratio -31%
Use fibrous concentrate (beet pulp) rather than starch concentrate (barley) -24%
Use rapidly (barley) rather than slowly (corn) degraded starch -16%
Preserve roughage (dried vs. ensiled) -32%
Process roughage -21%
Increase methane emissions and animal performance
Roughage maturity +15%
Roughage species (legume vs. grass) +28%
Ammoniation of straw +500%
Supplement poor-quality roughage (straw) +300%

Source: Benchaar et al. 2001.
* CH4 emissions (losses) are generally expressed as a proportion of total dietary energy intake.

Lipid supplements
Numerous studies have demonstrated that supplemental fat may decrease enteric CH4 emissions (Machmülller, 
Ossowski, and Kreuzer 2000; Jordan et al. 2006a,b,c), although possibly at the expense of reduced fiber digestion 
(McGinn et al. 2004). Beauchemin et al. (2008) indicated in a review that the production of enteric CH4 decreased 
5.6% for each 1% increase in added fat to the diet; Martin, Morgavi, and M. Doreau (2010) indicated that the reduction 
in enteric CH4 production was 3.8% with each 1% increase in dietary fat. A meta-analysis by Moate et al. (2011) agrees 
with Martin, Morgavi, and Doreau (2010); it found a 0.79g CH4/kg dry matter intake reduction for each 1% increase 
in fat. Additionally, Moate et al. (2011) determined that the type of fat fed to lactating dairy cows did not matter and 
found no indication that there was ruminal adaptation to the addition of fat through seven weeks of feeding. Significant 
negative impacts on the concentration milk fat and protein occurred, but the increase in milk production meant that 
fat and protein yield was unaffected.

Grainger and Beauchemin (2011) also conducted a meta-analysis on plant lipid supplementation and CH4 emissions 
and determined cattle responded differently than sheep. Methane emissions were reduced 2.6-fold higher when sheep 
received increased dietary fat from plant sources. This analysis also found no difference in the form of added fat (oil 
versus seed), fatty acid balance in the diet, or plant lipid source. No conclusion could be reached regarding the persis-
tency of CH4 reduction, because the summarized studies did not report that information. On a practical level, these 
analyses have great value to formulation diets for dairy cattle or feedlot cattle, because the means of supplementation 
is straightforward. Supplementing grazing cattle is more difficult, but researchers are looking for high lipid-containing 
pasture plants and methods by which to add lipid to water. However, care must be taken with the addition of fat to 
reduce enteric CH4 emissions, because ruminal microbes cannot tolerate high levels of dietary fat, and total dietary fat 
in the diet must be kept below 8% of the diet to avoid suppression of plant fiber digestion, which is counterproductive 
to grazing plant material and can cause substantial digestive upsets (Martin et al. 2008).

Feeding of co-product ingredients such as distiller’s grains and other co-products of the milling and ethanol industries 
are one way in which fat is added to the diet. The impact on cattle CH4 emissions from this practice has been measured; 
the results are variable and related to the total dietary lipid concentration. McGinn et al. (2009) measured a 25% to 30% 
reduction in enteric CH4 with supplementation of distiller’s grains, but Hales, Cole, and MacDonald (2011) found no 
effect. The reduction noted by McGinn et al. (2009) occurred when the diets containing distiller’s grains had approxi-
mately 3% more fat than the control diets (due to the inherently greater concentration of fat in these co-products) 
whereas the diets used in the study by Hales, Cole, and MacDonald (2011) had similar concentrations of fat between 
the test and control diets.

Distiller’s products are incorporated into feedlot and dairy diets and are increasingly being added to beef cow diets when 
protein supplementation is required. However, many of these products are high in phosphorus and protein, imposing 
limits on their dietary inclusion. When protein is fed in excess of animal requirements, increased NO3 leaching, NH3 
emissions, and N2O emissions from the pen surface and manure can occur.
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Technologies to extract the lipid from distiller’s co-products for use as a biofuel are being widely adopted. Over 40% of 
distillers products have had the lipid fraction removed. Removing the lipid that would have been added to the diet by 
inclusion of the distiller’s co-products will decrease the observed CH4 suppression effect (Renewable Fuels Association 
2012). However, both the dairy and feedlot segments are likely to add other lipid-containing ingredients to maintain 
diets’ energy density. If the lipid addition is plant lipid, a CH4 suppression effect is likely.

Pasture management
Studies find little to no evidence that management-intensive grazing (e.g., 
rotational grazing, improved pastures, fertilization) will reduce enteric CH4 
emissions per animal (Leng 1991; McCrabb, Kurihara, and Hunter 1998, 
Pavao-Zuckerman et al. 1999; DeRamus et al. 2003; Pinares-Patiño, Baumont, 
and Martin 2003). However, there is ample evidence that animal productivity 
is increased, both the maintenance of cows’ body condition and calves and 
stockers’ enhanced growth rate, which can reduce CH4 emissions per unit of 
animal product. There is also evidence that pasture management increases 
carbon sequestration in soils, which is not the case for the management of 
extensively grazed rangelands (Eagle et al. 2012). One caveat is that manage-
ment-intensive grazing may require irrigation or fertilizer use. Both practices can lead to increased GHG emissions: 
N2O from fertilizer use and CO2 from fuel use for fertilizer production, spreading, and irrigation. To address the 
increased GHG emissions with fertilizer use, New Zealand supports application of N2O inhibitors to suppress emissions. 
This technology is not commonly used in the United States.

Additives/pharmaceuticals
Many potential dietary additives and agents have been associated with a reduction in enteric methane emission. 
Common issues with several of these additives are inconsistent reductions in enteric CH4 and a transitory reduction 
of CH4 production in the rumen as the rumen microbes adapt to the agent. Several of the techniques that may reduce 
enteric CH4 emissions may also limit the acceptability of the final products for several markets. For example, antibiotics 
and the ionophore monensin may have potential to reduce CH4, but raise concern about the proliferation of antibiotic-
resistant bacteria. Additionally, several markets (including the European Union) ban the use of several of these additives 
in the production of livestock products.

Ionophores
Ionophores (such as lasolocid or monensin) are one of the most common additives to be associated with a reduction 
in enteric CH4 production, which may reduce methane emissions by 10% to 25% (Benz and Johnson 1982; Van Nevel 
and Demeyer 1996; McGinn et al. 2004; Tedeschi, Fox, and Tylutki 2003). The CH4 suppression effect does not appear 
to be permanent with cattle-fed feedlot diets (Rumpler, Johnson, and Bates 1986; Guan et al. 2006) but may be perma-
nent with mixed diets such as those fed to dairy cattle. Odongo et al. (2007) reported that monensin fed to dairy cattle 
decreased enteric CH4 by 7% to 9% for up to six months. This same study found a reduction in milk fat (9%) and milk 
protein (4%), which would have serious implications for milk marketing. Ionophores do increase animal efficiency, 
because they provide the same or enhanced performance with decreased feed intake. Ionophores may not have a direct 
effect to suppress CH4, but they may have a role when the goal is reduced CH4/unit of milk or meat produced.

Halogenated compounds
Halogenated compounds are highly reactive and have detrimental impacts on biological organisms such as the ruminal 
bacteria. Halogens include fluorine, chlorine, bromine, and iodide. Halogenated compounds are those that contain a 
halogen (e.g., bromochloromethane [BCM] and chloralhydrate). These compounds may reduce enteric CH4 emissions 
by inhibiting the formation of CH4 by methanogenic bacteria populations, but they may also decrease feed intake and 
animal performance (Johnson 1972). Studies examining levels of BCM added to feedlot diets found that CH4 emissions 
were reduced 57% to 91% as the dose rate increased (Tompkins and Hunter 2004). However, the suppression effect may 
be transitory (Wolin, Wolf, and Wolin 1964; Van Nevel and Demeyer 1995). The acceptability of feeding halogenated 
compounds to animals is open to question and, therefore, these compounds are not thought to be a viable mitigation 
option (Eckard, Grainger, and de Klein 2010)

Management-intensive grazing describes 
grazing systems in which animals graze a 
small portion of a pasture while allowing the 
other sections to rest and recover. The intent 
is to manipulate the quantity and quality of 
the forage base to promote animal perfor-
mance and plant community health.
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Plant compounds
There is a growing body of literature evaluating the role of various compounds from plants such as saponins (Lila et al. 
2003), essential oils, and tannins (Pinares-Patiño et al. 2003) in reducing enteric CH4. To date, information regarding 
the effectiveness of many of these compounds is limited and conflicting. Saponins are glycosides that have a direct effect 
on ruminal microbes by binding to microbial membranes, resulting in cell death. Goel and Makkar (2012) reviewed the 
available information regarding saponins and found as many reports indicating CH4 suppression with saponin feeding 
as reports indicating no effect. Additionally, several reports indicated a reduction in diet digestibility, which is undesir-
able. Research is needed on the conditions under which saponins’ addition to diets may be effective.

Essential oils can be used to suppress methane. The oils examined to date include garlic oil (allicin and diallyl disul-
fide), rhubarb, and frangula. These compounds are antimicrobials that interact with lipid membranes of the bacteria, in 
particular gram-positive bacteria (Jouany and Morgavi 2007), and that therefore can affect the ruminal fermentation.

There are hydrolysable tannins (toxic to the host animal) and condensed tannins. Condensed tannins in the diet have 
reduced CH4 emissions from 0% to 30% depending on the study (Martin et al. 2010) and are thought to work by 
decreasing diet digestibility or directly affecting methanogenic bacteria. Several groups have investigated the use of 
tannins in diets to reduce N2O emissions. Because tannins bind to proteins in the rumen and can carry the protein 
through the intestine (reducing digestibility and absorption), more nitrogen is found in the feces than in the urine, thus 
reducing N2O emissions and slowing soil N metabolism (Eckard, Grainger, and de Klein 2010). The efficacy, persistence, 
and toxicity of tannins as dietary supplements will require additional research (Bayat and Shingfield 2012).

Nitrate and sulfate addition to the rumen can successfully compete for H2 in the rumen, making it less available to 
methanogens. Ruminal metabolism of nitrate consists of reduction to nitrite and then to ammonia. Ruminal bac-
teria preferentially use ammonia for protein synthesis, which means supplementation with nitrate could enhance 
the efficiency of microbial protein synthesis while simultaneously decreasing CH4. Unfortunately, accumulation of 
nitrite can cause potentially deadly nitrite toxicity. The ruminal microflora can adapt to high nitrate levels so nitrate 
supplementation would require careful management. Some research conducted in Japan noted that if L-cysteine or 
galactooligosaccharides were fed with nitrate, nitrite accumulation would lessen, thus reducing the potential toxicity 
(Takahashi 2011). There is also evidence that the addition of sulfate to a nitrate supplement results in additional suppres-
sion of CH4 production (van Zijderveld et al. 2010). Farm managers may be able to use technology that limits intake of 
supplements for pasture cattle to effectively deliver nitrate supplements. Given the feeding risk involved in this strategy, 
adoption is unlikely to be easy.

Probiotics and organic acids
Probiotics, which may stimulate the growth of preferred populations, may also have a relatively small impact on enteric 
CH4 (McGinn et al. 2004), but there is limited literature regarding this effect. Fumaric and malic acid may serve as 
propionic acid precursors to reduce methane formation by serving as an alternate H sink. These compounds must be 
fed at high doses to achieve a reduction in CH4 (Newbold et al. 2005), making them an unlikely mitigation strategy.

Vaccination
Vaccination against methanogens may also reduce enteric production of methane (Wright et al. 2004), yet study results 
have been inconsistent (Eckard, Grainger, and de Klein 2010). The early research, conducted in Australia, reported CH4 
emissions reductions of 7.7%, but these results were not repeatable in subsequent studies—not surprisingly, given the 
complexity of the ruminal microbial population and alterations that may exist within the methanogen population when 
animals are fed different types of diets (Wright et al. 2004). Newer technologies using bacteriophages to directly inhibit 
methanogens or selectively enrich the rumen for other H2-using bacteria (e.g., acetogens) may prove more effective, 
but this research is in the early stage (McAllister and Newbold 2008). Another longer-term avenue of research is the 
potential use of bactericins, naturally produced antimicrobial compounds produced by one species of bacteria to inhibit 
a competitor, from methanogenic bacteria to inhibit or control ruminal methanogens (Cottle et al. 2011).

Improved genetics
Selection for animals who emit less methane or those who emit less CH4/kg DMI has been suggested as a method by 
which CH4 emissions could be reduced (Hegarty et al. 2007). At this time, however, no methods for screening large 
populations have been validated. Several research groups are working on a screening technique. Schemes for selection 
of related traits may have more success. Selection of animals for improved productivity (e.g., growth, milk) relevant to 
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the production system will reduce GHG emissions per unit of animal product. In addition, many have suggested that 
selection for improved feed efficiency (reduced feed intake per unit of gain) will also reduce ruminal enteric CH4 pro-
duction (Hegarty et al. 2007; Nkrumah et al. 2006). An animal that eats less and gains the same (or greater) weight than 
an animal that eats more will be alive fewer days. Most reports have relied on predictions of emissions reductions from 
models rather than on actual measurements. Hegarty et al. (2007) found decreased CH4 emissions when animals were 
selected for improved residual feed intake (RFI, a feed efficiency trait). They also found that RFI explained only a small 
amount of the variation observed in CH4 production and proposed the existence of a high genotype by diet interaction, 
which would decrease the effectiveness of single-trait selection for RFI to reduce CH4. Furthermore, Jones et al. (2011) 
found that Angus cows selected for improved feed efficiency had lower CH4 emissions compared with their inefficient 
counterparts when fed high-quality forage. However, no differences were detected when animals were fed lower-quality 
forage. Thus, more research is needed to understand how diet may interact with the RFI trait such that CH4 emissions 
are not always reduced. Additionally, the observed effect or lack of effect on CH4 emissions might be dependent on stage 
of production (lactation, dry, open, etc.) and type of diet (Jones et al. 2011). Freetly and Brown-Brandl (2011) present 
evidence that indicates that CH4 emissions do not correlate with feed efficiency but are more closely related to less food 
intake. Therefore, selection for feed efficiency may not necessarily decrease CH4 emissions per unit of feed consumed, 
but it will decrease the amount of feed needed to produce a unit of milk or meat, thus decreasing the amount of protein 
needed (and perhaps the amount of N lost to the environment). Research programs are examining polymorphisms 
in the bovine genome associated with animal performance, feed efficiency, and, to a limited extent, CH4 production. 
Breeding systems will eventually incorporate these data, but the technology will not be sufficiently inexpensive for 
routine use for several years.

Changing production systems
In general, adopting more efficient production systems will help to mitigate all greenhouse gases, by allowing for pro-
duction of the same quantity of products to support human needs, while reducing inputs (i.e., substrate for potential 
GHG production). Reviews have been conducted of the impact of the improved efficiency on overall environmental 
impact in both dairy cattle (Capper, Cady, and Bauman 2009) and beef cattle (Capper 2011). This paper focuses on 
the shorter-term changes within existing production systems rather than full-scale shifts in those systems (e.g., com-
pletely altering housing structures, manure management systems, and so on), given that such shifts are less likely to be 
efficient or fiscally feasible in the US where new production is coming from efficiency rather than the construction of 
new facilities and farms.

Critical research needs
Understanding of enteric CH4 production and potential mitigation practices, while generally well developed, is ham-
pered by lack of data in several areas. Methods for measuring feed intake by grazing animals are inadequate, making 
evaluation of mitigation strategies and modeling imprecise. Once intake is known, models and prediction equations 
for enteric CH4 can be developed to examine the impact of a genetic or management strategy deployed to reduce GHG 
emissions in extensive systems. Understanding this impact is critical, given that such a large proportion of the cattle 
population exists within a pastoral or range setting. Concomitant changes in animal production (or lack thereof) associ-
ated with enteric CH4 mitigation practices also need to be studied so that GHG mitigation potential can be accurately 
estimated. Lastly, greater understanding of the additivity (or non-additivity) of mitigation practices is needed. The 
relationship among mitigation activities is likely much more complex than the simple static reduction in additivity 
proposed by Smith et al. (2007), but to what extent is unknown.

Manure Management Emissions
Manure management
The biotransformations occurring in manure are a source of GHGs and may represent an area in which management 
may be able to mitigate emissions (table 6). Within the United States, manure management contributed approximately 
49.5 Tg CO2 equivalents from CH4 production (fig. 3) and 17.9 Tg CO2 equivalents from N2O in 2009 (figs. 5 and 6). 
This 67.4 total Tg CO2 equivalents from manure management therefore accounted for approximately 1.02% of total 
U.S. GHG emissions in 2009.
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Table 6. Manure handling practices
System Practice GHGs

Beef
Cow-calf; stocker Pasture deposition N2O
Feedlot Stockpile, compost, spread, seasonal catch basins, lagoons CH4, N2O
Dairy
Grazing Pasture deposition N2O
Confinement Stockpile, compost, spread, solids separation, anaerobic digester, lagoons CH4, N2O

Nitrous oxide is produced from nitrification or denitrification of manure that is deposited on the ground or on a pen 
surface. Grazing animals deposit manure on pasture and rangelands, but GHG emissions associated with this activity 
are not available for the United States. Factors that influence the amount of N2O emissions from grazing lands include 
plants, soil type (C/N ratio, pH, management, N application rate, timing), and environmental conditions (including 
moisture and ambient temperature). Additionally, animal and plant management techniques (stocking density, animal 
type and productivity expectations, plant type and composition) can affect N2O emissions (Luo et al. 2010). Owens, 
Edwards, and Van Keuren (1989) found no nitrogen losses from low-input grazing (low stocking density, no fertiliza-
tion), but as stocking density increases or as lands are fertilized, these losses increase (Jarvis, Wilkins, and Pain 1996). 
Management of any or all of these inputs can reduce N2O emissions. For example, careful timing and rate of fertilizer 
application, coupled with grazing timing and stocking density, can reduce emissions (Pakrou and Dillon 2000).

Much of the recent work regarding N2O emissions from manure deposition from grazing cattle are from dairy systems 
in New Zealand, where management-intensive grazing systems are used. Estimates of N2O emissions from grazing 
lands are highly variable. The amount of N2O-N loss from urine N deposited on pasture has ranged from 0.1% to 3% 
(Vermoesen, van Cleemput, and H.G. Hoffman 1997; Clough et al. 1996). Estimates of N2O-N loss from feces ranged 
from 0.4% to 0.53% (Felssa et al. 1996; Yamulki, Jarvis, and Owen 1998). The emissions rates found in New Zealand 
are unlikely to be relevant to U.S. production, but the factors associated with N2O emissions are those that should be 
considered for U.S. intensive grazing systems.

In feedlots some of the manure and soil from the pen surface may be used to create a mound to allow animals to have a 
dry place to lie down after rain or snow. In most feed yards, the pen surface is scraped and manure removed and stacked 
before and after sale of the cattle. In areas in which rain or snow is considerable, run-off-holding ponds with settling 
basins are common. EPA (2011) estimates that less than 1.5% of feedlots have liquid/slurry systems. Handling systems 
will result in differential emissions due to varying environmental conditions and management for odor and ammonia. 
In manure management, emissions tradeoffs are inevitable because of the shift between dry and liquid management 
systems.

Manure in dairy dry-lot housing systems is managed much like that in a beef feedlot, where the pen surface is scraped 
and manure and soil removed to stockpiles or compost facilities or spread directly onto adjacent farm land. Tie stall 
dairy facilities have gutters where manure is collected and transported to spreaders or a manure stack. Free stall barns 
are scraped and the manure is directed to a solids separator before the liquid flows to a lagoon or digester or sometimes 
directly applied to a field using a honey wagon. Solids (fiber) that are separated from the liquid waste stream will be 
stacked, and when field conditions are right, they are spread on cropland using a manure spreader. Dairies also use 
manure management systems such as covered run-off or collection basins and compost systems to reduce GHG emis-
sions. EPA (2011) identifies manure handling on dairies to be direct deposit on pasture (primarily in southern states), 
daily spread (primarily in the eastern states), solid storage, liquid/slurry, anaerobic lagoons, and (less frequently), deep 
pit storage.

Leytem et al. (2011) characterized the emissions of CH4, CO2, NH3, and N2O from an open lot dairy in southern Idaho 
that also contained a compost facility and wastewater pond. Emissions varied considerably across all four seasons, 
but the highest emissions rates for all measured gases occurred in the spring and fall, and the lowest emissions rates 
occurred in the winter. The data for the open lot are reported per cow, with average emissions of 0.49 kg CH4, 28.1 kg 
CO2, and 0.01 kg N2O. These emissions include both those associated with the cow (CH4 and CO2) and those associated 
with manure (CH4, CO2, and N2O). Emissions from the wastewater pond had a diurnal pattern; the highest concentra-
tions of CH4 occur during the day (the annual average was 103 g CH4/m2/d) and lowest N2O emissions, 0.49 g N2O/
m2/d. The compost yard had CH4 emissions ranging from 476 to 3,522 kg/d. Emissions were highest in the spring. The 
highest N2O emissions (267 kg/d) for the compost yard also occurred in the spring; the annual range was 12 to 267 
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kg/d. The whole enterprise emitted, on average, 0.044 kg/d CH4, 0.94 kg/d CO2, and <.001 kg/d N2O per kg of milk/d.

Treatment of slurry before field application can affect GHG emissions after application. Slurry that has been through a 
separator produced half the GHG emissions, and anaerobic digestor slurry application produced 60% fewer GHG emis-
sions than untreated slurry (Amon et al. 2006). The few assessments of N2O emissions reductions from management of 
manure application in North America estimate reductions ranging from 0.4 t CO2e/ha/yr to 1.2 t CO2e/ha/yr (Eagle et 
al. 2012) (table 7). However, the most promising change to management may be adjustments in commercial fertilizer 
application rates to account for the N added to manure. Estimates from USDA (ERS 2009) suggest that nearly 40% of 
farmers do not make these adjustments.

Table 7. Estimate of N2O emissions reductions from improved manure application management
Citation Region Comments or caveats Information source Potential

(t CO2e ha-1 yr-1)
Paustian et al. (2004) U.S. general General estimate for improved “waste” disposition, 10% 

reduction in emissions
Expert estimate 1.17

Pork Technical Working 
Group (2005)

Canada Apply to dry rather than wet areas, 50% reduction in N2O 
emissions

Expert estimate 0.59

Gregorich et al. (2005) Canada Apply solid rather than liquid manure, review of 5 studies Review, no individual 
data

0.86

Rochette et al. (2000) Canada Apply lower rate of pig slurry, reduces % N denitrified 
from 1.65% to 1.23%

Field study 1.22

Source: Eagle et al. 2011.

GHG emissions from the different manure handling systems used by dairies or feedlots were investigated by Pattey, 
Trzinski, and Desjardins (2005). Emissions of CH4, N2O, and CO2 were measured from slurry, stockpile, and compost 
(passively aerated) from beef and dairy operations over the summer. Over the three-month experimental period, total 
GHG emissions for the beef manure were 51 g CO2e/kg dry matter (DM) for the compost, 76 g CO2e/kg DM for the 
stockpile, and 230 g CO2e/kg DM for the slurry. A similar response was observed for the dairy manure emissions: 207 g 
CO2e/kg DM for the compost, 301 g CO2e/kg DM for the stockpile, and 397 g CO2e/kg DM for the slurry. The authors 
went further and calculated the potential reductions in GHG emissions from manure if all of it was composted rather 
than stockpiled or stored as slurry and estimated that a 0.7 Tg CO2e/yr reduction could be achieved. If all of the manure 
was handled as slurry and the CH4 was collected and used for energy, a 1.08 Tg CO2e/yr reduction could be achieved. 
This study needs to be continued across the seasons to provide information to managers about the interaction of manure 
storage options and environmental temperatures.

Differences in composting techniques also result in differential GHG emissions. Passive aeration systems are those in 
which the manure sits on perforated pipes through which air is introduced. Active aeration systems are those in which 
the compost is turned several times in the windrow. Hao et al. (2001) measured GHG emissions from feedlot manure 
with both of these systems and found emissions of 240.2 kg CO2 Eq/Mg for the passive aeration and 401.4 kg CO2 Eq/
Mg for the active aeration. Some composting systems include a biofilter for odor reduction. Biofilters are effective for 
scrubbing the airstream of NH3; they may slightly reduce or have no effect on CH4, but they generally result in increases 
in N2O emissions (Amlinger, Peyr, and Cuhls 2008).

Opportunities for mitigation
Although the type of manure management system is a major factor controlling the conversion of volatile solids into 
methane and the conversion of manure N into N2O, climate (especially ambient temperature) can be an equal, if not 
greater, influence on the emissions of GHGs from manure for some systems. Methane conversion factors for the various 
management systems within the United States range from 0% to 0.75% of volatile solids, and the N2O formation rates 
range from 0 to 0.1 kg N2O/kg N in the manure, depending on the type of manure management system in use and local 
climate (especially ambient temperature) (EPA 2011). Therefore, the scale of the impact of modifying existing systems 
will be highly dependent on the type of manure management system in use in a given operation. Modifying manure 
management would be futile in systems with very low rates of GHG emissions, but improvements are possible for those 
systems that have greater rates of GHG emissions production.
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Modifications of existing systems
A variety of manure treatments have been proposed to reduce GHG emissions from animal waste, including cooling 
manure, altering manure pH, compacting solid manure to reduce O2, and frequent spreading of manure.

Manure cooling to less than 10°C, can lower overall microbial activity and therefore both CH4 and N2O emissions. 
Although this technique has been proven on a bench-top scale, it would likely be unfeasible at a commercial scale to 
provide the refrigeration capacity to cool the manure of a large CAFO (Sommer, Petersen, and Møller 2004).

Altering manure pH may inhibit overall microbial activity and hence both CH4 and N2O emissions, but the resource 
requirements (both financial and physical) would likely preclude this option from being feasible at this time (Berg 2003).

Compaction to denitrify manure all the way to N2 might be an option to help reduce nitrous oxide. However, this pro-
cess is likely to increase methane formation.

Frequent spreading of manure, if feasible, may reduce methane emissions that occur during the storage period but may 
result in additional emissions occurring at application time (e.g., NH3 emissions that comprise a source for indirect 
N2O emissions from manure). Little identifiable research data has examined this tradeoff.

Flaring of methane or use for energy would ultimately convert the CH4 to CO2, reducing global warming potential by 
21 times. To help offset the installation, maintenance, and construction costs of the facilities required for this method, 
most producers sell the electricity generated to a local electrical grid and to acquire the associated renewable energy 
certificates (RECs) and carbon credits. Without the ability to sell electricity or obtain credits, costs prohibit producers 
from adopting this methodology.

Avoiding losses of gaseous N and leaching/runoff from stored manure will reduce off-site (indirect) N2O emissions. 
Additionally, dietary nitrogen content can alter both urinary and fecal nitrogen content (Archibeque et al. 2007), which 
may contribute to N2O production. However, data to properly estimate the potential impact of this form of management 
on subsequent N2O emissions are lacking. For example, nitrous oxide formation is dependent on the presence of oxygen 
(Zumft 1997), whereas methanogenesis is an anaerobic process (Johnson and Johnson 1995). Therefore the formation 
of these gasses (N2O and CH4) under aerobic/anaerobic conditions are diametrically opposed where the reduced emis-
sions from one gas can be offset by the increased emissions of the other.

Shifting management systems
Differences in manure handling systems affect the environmental factors that drive GHG formation in manure. IPCC 
(2006) indicates that the CH4 conversion factors will range from 0% to 100% conversion of volatile solids (see table 8). 
The amount of CH4 generated by a specific manure management system is affected by the extent of anaerobic condi-
tions, temperature, and the time that organic material is held within the system. Essentially 0% of volatile solids are 
converted to CH4 in aerobic systems, but as much as 80% are converted in highly anaerobic systems, such as those that 
use deep bedding or anaerobic lagoons. This variation illustrates how important selection of a manure management sys-
tem is for mitigating CH4 production from manure. In management systems with low CH4 conversion factors (i.e., dry 
lot, daily spread, pasture), system modification is unlikely to have a significant impact on GHG emissions from manure.

Several logistic factors (such as climate, topography, necessary land, and accessibility to an electrical grid that will 
accept electricity) may compel a producer to utilize a given manure management system. The infrastructure and finan-
cial inputs required for the system may preclude the option of changing the system to mitigate GHG emissions from 
manure.
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Table 8. Methane conversion factors for manure management systems, expressed as a percent of volatile solids excretion
System Methane conversion factors by average annual temperature (°C)

Cool Temperate Warm
≤10 12 14 15 20 25 26 27 ≥28

Pasture/range/paddock 1.0% 1.5% 2.0%
Daily spread 0.1% 0.5% 1.0%
Solid storage 2.0% 4.0% 5.0%
Dry lot 1.0% 1.5% 2.0%
Liquid/slurry With natural crust cover 10% 13% 15% 17% 26% 41% 44% 48% 50%

No natural crust cover 17% 20% 25% 27% 42% 65% 71% 78% 80%
Uncovered anaerobic lagoon 66% 70% 73% 74% 78% 79% 79% 80% 80%
Pit storage below animal 
confinements

< 1 month 3% 3% 30%
> 1 month 17% 20% 25% 27% 42% 65% 71% 78% 80%

Anaerobic digester 0%–100% 0%–100% 0%–100%
Burned for fuel 10% 10% 10%
Cattle deep bedding < 1 month 3% 3% 30%

> 1 month 17% 20% 25% 27% 42% 65% 71% 78% 80%
Composting: in vessel 0.5% 0.5% 0.5%
Composting: static pile 0.5% 0.5% 0.5%
Composting: windrow 0.5% 1.0% 1.5%
Aerobic treatment 0% 0% 0%

Source: Adapted from table 10.17, IPCC 2006.

Critical research needs
Accurate estimation of the impact of management shifts on GHG production from manure is hampered by lack of 
understanding in three areas. First, how do manure-handling activities and myriad environmental conditions interact 
to influence GHG production from manure? Researchers must develop recommendations for optimal manure handling 
times (based on climate conditions) and for managerial decisions regarding stockpiles, composting, and spreading. 
Second, how do other mitigation activities influence GHG production from manure? This knowledge is critical to 
prevent leakage effects (e.g., reduction of GHG emissions from enteric fermentation but production of an equivalent 
amount of these emissions from manure). Third, what are the impacts of the linkages between dietary composition 
changes and manure management systems on overall GHG production from manure?

Mitigation Options with the Greatest Likelihood of Impact on Emissions from Beef 
and Dairy Production
In 2007, manure management was associated with 44 Tg CO2e from CH4 emissions and 14 Tg CO2e from N2O emis-
sions (U.S. EPA 2009). Although CH4 emissions could be reduced to negligible amounts with the construction of CH4 
digesters or systems that promote aeration of manure, the substantial infrastructure and maintenance costs of doing 
so would have to be offset through a combination of electricity and REC production, farm bill programs, and carbon 
offset markets. Nitrous oxide management may be more feasible, yet even a 10% reduction in N2O emissions through 
improvements in manure management would equate to a relatively modest 1.4 Tg CO2e reduction. Within manure 
management systems, dairy cattle, swine, and beef cattle produce 18.1 Tg CO2e, 19.7 Tg CO2e, and 2.4 Tg CO2e manure 
CH4, respectively, equating to 1.34 Gg CO2e/1000, 0.303 Gg CO2e/1000, and 0.036 Gg CO2e/1000, respectively. Given 
the variation in CH4 production associated with the various manure handling practices, it is theoretically, if not real-
istically, possible to remove almost all of the 44 Tg CO2e that results from CH4 emissions. Adoption of practices that 
capture the CH4 or prevent it from forming must be balanced with the realization that aerobic conditions will enhance 
N2O release through increased surface agitation in and air flow through the system. However, typically only 1% or less 
of manure N will be converted to N2O. The conversion rate for some practices, especially actively mixed deed bedding 
and intensive windrow composting, can be as high as 7% to 10% (IPCC 2006).
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Table 9 provides a qualitative summary and a comparison of the reviewed mitigation practices. The action category 
indicates whether the management action

1. is ready for integration into programs and protocols as a mitigation practice and is of high or moderate priority 
given its potential;

2. is likely to have significant mitigation potential but is supported by little research, making it a research priority;
3. appears to have low mitigation potential or significant implementation barriers and thus is a low priority for 

research or action; or
4. is supported by too little research to make a recommendation and is therefore uncertain.

Table 9. Summary of beef and dairy mitigation practices, based on the opinions of expert authors
Mitigation potential Amount of 

research
Expert confidence Potential 

expense
Action 

category
Grazing systems changes
Change from traditional pasture 
grazing to managed pasture

Some soil C benefits 
and efficiency of animal 
production

Low Moderate Moderate Ready High 
priority

Change from traditional pasture 
grazing to intensive feedlot 
system

Will likely produce ~50% 
reduction in enteric CH4, but 
more research needed on 
leakage issues

Significant Significant Significant Research 
priority

Feeding strategies
Lipid supplements Unclear Moderate Significant Low Research 

priority
Intake modification/
measurement in association 
with reduced CH4 production

Unclear Low Low Unknown High priority

Ionophores 10% to 25% reduction in CH4, 
but duration may be limited*

Significant Significant Low Research 
priority

Halogenated compounds Low Low Moderate Very high Low priority
Plant compounds Unclear Low Low High at effective 

doses
Research 
priority

Probiotics and organic acids Unclear Low Low High at effective 
doses

Moderate 
research priority

Vaccination Unclear Low Low High Low priority
Improved genetics Unclear Moderate Low High (long-term 

investment 10 to 
20 years)

Research 
priority

Manure management
Manure cooling of 10°C Unknown Low Low High Low priority
Altering manure pH Unknown Low Low High Low priority
Compaction Theoretically high, but little 

data
Low Moderate Low Research 

priority
Frequent spreading Unknown Low Low Low Research 

priority
Methane use for energy – 
Methane digesters

High Moderate High Very high Ready – high 
priority and 

research priority
Manure aeration High Moderate Moderate High Research 

priority
* Less is known about the potential to “cycle” the ionophore (e.g., 6 weeks on, 6 weeks off).
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3. SWINE PRODUCTION

Direct emissions of GHGs from animal production in the United States have been estimated to be 203  million tonnes 
(Mt) CO2e (carbon dioxide equivalents), or about 2.9% of total U.S. emissions (6,957 Mt CO2e) in 2008 (CAST 2011a). 
Swine production comprises only a small portion of U.S. emissions; swine, sheep, poultry, and goat production, com-
bined, represent less than 5% of U.S. enteric methane emissions (U.S. EPA 2011).

Swine Production Demographics
Swine are produced primarily in the Midwest, the 
Texas/Oklahoma Panhandle, and North Carolina (fig. 
10). Since the early 1990s, the size and number of pork 
producers have changed significantly; swine farms have 
become fewer in number but larger in size, keeping the 
national inventory of pigs fairly steady. More than 60% 
of swine continue to be grown in Corn Belt states. North 
Carolina is the country’s second largest pork-producing 
state, but its pork production has been limited for 15 
years by its moratorium on hog farms that use a lagoon 
and spray field for manure treatment.

Current management systems
Swine production is usually separated into a number of 
phases, starting with sow breeding and farrowing (giv-
ing birth), nursing, and finishing operations, as shown 
in table 10. Different phases require different manage-
ment practices.

Table 10. Phases of swine operations
Gestation Sows experience gestation and lactation cycles throughout most of their life cycle. Sows have a gestation period of 114 

days (3 months, 3 weeks, 3 days). This gestation period allows sows to farrow at least twice a year.
Farrowing Just before giving birth, or farrowing, sows are normally moved into a temperature-controlled “farrowing room.” Sows 

typically farrow 8 to 12 piglets, which are usually placed in a farrowing pen or crate that restricts their movement.
Nursery After weaning, pigs are usually placed on slotted floors in a temperature-controlled “nursery room.” The pigs enter a 

nursery site at 2 to 3 weeks of age, when they weigh 4 to 5.5 kg, and they exit weighing approximately 23 kg. They 
typically spend 6 to 10 weeks in a nursery site.

Finishing In this phase, pigs are fed until they reach market weight of 114 to 125 kg. Some finishing operations are housed indoors, 
some have curtain-sided walls that allow for natural ventilation, and a small percentage use outside lots.

Diet
Swine diets usually include ground corn to supply energy and soybean meal to provide protein. Rations can be tailored 
to optimize health and growth at each phase of the pig’s life. Phase feeding, shown in table 11, is a common practice.

Table 11. Swine rations
Gestation A gestation diet is fed to gestating sows as well as to breeding boars. This ration includes vitamins and minerals to meet 

daily requirements, and usually contains 13% to 16% crude protein (CP).
Prestarter A pre-starter diet is given to pigs entering the nursery facility and is continued until they have reached 5 to 6 weeks of 

age. This ration usually includes dried milk products and contains 20% to 22% CP.
Starter Pigs are self-fed on a starter diet as early as 5 weeks of age. Starter diets have a lower level of lysine than non-starter diets. 

Most starter rations contain 18% to 21% CP.
Grower A grower diet is fed to pigs weighing from 23 to 55 kg. This ration usually contains 15% to 16% CP.
Finisher A series of finisher diets (“step up” diets) are fed to pigs weighing from 55 kg to ~114–125 kg (market weight). This ration 

generally contains 13% to 14% CP. The finishing pigs are typically on a self-feeder.
Source: Adapted from CEART 2011.
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Figure 10. U.S. hog and pig inventory
Source: NASS 2010
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Today, most sows spend their entire lactation period in a farrowing crate and their breeding and gestation in another 
crate. Outdoor systems are used primarily for gestating sows; outdoor farrowing and finishing is less common. USDA 
NAHMS (2001) estimated that approximately 19% of U.S. farms keep gestating sows outdoors, whereas outdoor sys-
tems are used at only 6% of the sites with farrowing or finishing pigs. Historically, pigs were reared in a pasture, and 
each sow had its own farrowing hutch. In the 1970s, confinement housing became the norm because of pigs’ improved 
growth rate, comfort, and health and because of environmental compliance standards and economic considerations. In 
the early 1990s, 82% of swine in the United States were reared in some kind of confinement (Safley et al. 1992). Barker 
(1996) estimated that open dirt lots or pastures were used to finish approximately 20% to 30% of the market swine and 
to maintain about 30% to 40% of the breeding stock. Today, social pressure, most often from consumers through retail-
ers, is driving the switch from crate to pen housing for gestating sows.

Pigs are commonly reared on totally or partially slatted floors to allow urine and manure to pass through into a pit or 
gutter system. The partially slatted floor usually consists of a two-thirds solid concrete and one-third slatted floor. The 
use of bedding and dry manure management systems are an alternative to the traditional slatted-flooring indoor sys-
tems. Hoop-style2 finishing houses have become increasingly popular. By 2001, Iowa farmers had built approximately 
2,100 hoop barns, 90% of them for finishing pigs (Honeyman, Kliebenstein, and Harmon 2001). The bedded hoop barns 
can also be used for gestating (Brumm et al. 1999) and weaning sows and in finishing systems (Larson, Honeyman, 
and Harmon 2003).

Until the 1990s, swine production systems were usually located on a single site, and pigs in different phases of produc-
tion were housed close to one another. Now many swine operations are two- or three-site systems in which pigs are 
housed in different production phases at different sites to minimize contact and thereby reduce health concerns and 
improve biosecurity. A two-site system places breeding and gestation operations at one site, and farrowing/nursery and 
growing/finishing operations at another site; three-site systems also place the nursery at a separate site. Production 
systems (modes of management) for swine operations include the following:

• Farrow-to-finish operation. A production system that contains all production phases at one place, from breed-
ing to gestation to farrowing to nursing to grow-finishing to market. The entire production period takes 10 to 11 
months with 4 months for breeding and gestation, plus 6 or 7 months for the litter to reach market weight.

• Sow operation. This operation involves farrowing sows and selling the piglets to a nursery operation when they 
are weaned at about 10 to 12 weeks.

• Finishing operation. This operation purchases feeder pigs from a feeder pig operation and feeds them until they 
attain market weight.

Some operations are nursery operations that rear baby 
pigs in a temperature-controlled indoor environment 
where they grow to about 23 kg before being sold or 
transferred as feeder pigs to a finishing operation. Due 
to lack of emissions data from nurseries, these facilities 
are considered to be part of farrow-to-finish operations 
for the purposes of this document.

In USDA’s National Animal Health Monitoring System 
(NAHMS) study, about 40% of sites had gestation or 
farrowing phases; more than 80% of sites had a finishing 
phase (USDA 2008b). Distribution of the three produc-
tion systems is presented in figure 11.

2. A hoop barn or house is a plastic roof built over a flexible piping, which requires no center supports and which has a clear span.

Figure 11. Distribution of the three production systems in the United States
Source: USDA 2008b
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Kephart et al. (2001) have estimated the quantities of manure from each of the three production systems at small 
operations. The manure output is about 725 gal/week for a sow operation with 20 sows and about 1,200 gal/week for a 
finishing operation with 100 heads. The manure output for a farrowing-to-finish operation with 20 sows and the pigs 
they farrow is about 2,000 gal/week (Kephart et al. 2001).

The manure management systems associated with swine operations have the basic elements of collection, storage, 
treatment, transport, and utilization. About 75% of swine facilities in the United States use anaerobic or liquid-slurry 
systems for manure holding or disposal (Harper, Sharpe, and Parkin 2000). Manure can be collected and stored in an 
under-floor pit, discharged to a separate storage facility, or flushed to an anaerobic lagoon. The first two methods are 
prevalent in the Midwest; anaerobic lagoons are common in the Southeast. Common swine manure handling systems 
are presented in table 12.

Table 12. Common swine manure handling systems
Solid manure handling Swine manure was historically collected with bedding material used to absorb urine or deposited directly 

on the ground by grazing pigs or pigs in drylot. The solid manure yields nutrient-rich fertilizers and is 
normally surface applied or incorporated into soil with a farm tillage operation shortly after spreading. 
Composting is an option for solid manure management.

Liquid manure storage Most swine manure is handled as a liquid collected in shallow pits or gutters under slatted floors, which 
are periodically flushed to outside storage. Another system is to store the manure for up to a year in 
houses with 4- to 10-foot-deep storage pits. Liquid manure from storage can be surface applied or 
incorporated into soil during or shortly after application.

Lagoon operation Lagoons are operated to promote anaerobic digestion of organic material in liquid manure. To function 
properly, lagoons require dilution water, which is often obtained from the water spillage and misting that 
normally occur during operation of the housing system. A properly designed and operated treatment 
lagoon is much larger and more expensive than liquid manure storage with the same storage time, 
and the organic solids are much less concentrated in the liquid. Lagoon effluent is normally applied to 
cropland by spray irrigation systems.
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Emissions
Manure management emissions
GHG emissions from swine operations mainly include methane (CH4) and nitrous oxide (N2O). The leading emissions 
sources from swine production are

• manure storage and treatment (CH4 and small amounts of N2O)
• land application of manure (N2O)
• enteric fermentation (CH4)

Methane is produced through anaerobic biochemical decomposition of feed within an animal’s digestive system and by 
the collection, storage, and land application of manure. Monogastric livestock such as swine produce relatively lower 
CH4 emissions than ruminant livestock because much less CH4-producing fermentation takes place in their digestive 
systems. The IPCC has reported on the fraction of gross energy in feed converted to CH4 for swine. Its “Tier 1” approach 
default CH4 enteric fermentation emissions factor is 1.5 kg yr-1 hd-1 (36 kg yr-1 hd-1 in CO2e) for swine production in 
developed countries (IPCC 2006). Its Tier 1 approach default manure management CH4 emissions factors for swine 
operations are listed in table 13.

Table 13. Manure management CH4 emissions factors for swine operations in North America
CH4 emissions factors by average annual temperature (kg CH4/hd/yr)

Cool (≤14°C) Temperate (15–25°C) Warm (≥26°C)
Market swine 10–12 13–20 22–23
Breeding swine 19–23 24–39 41–45

Source: Adapted from table 10.14, IPCC 2006.

The CH4 emissions from manure management depend on the amount of excreted volatile solid (VS), the maximum CH4 
producing capacity for the manure produced (B0), and CH4 conversion factors (MCF) that reflect the percentage of VS 
actually converted to CH4. To improve accuracy in estimation of CH4 emissions from manure management, the IPCC 
“Tier 2” approach can be used. This approach requires detailed information on animal characteristics and manure man-
agement. The manure management CH4 emissions factor can be estimated using the following equation (IPCC 2006):

 EF = VS·365·B0·0.67·MCF

Where: EF = manure management CH4 emission factor, kg CH4/hd/yr; VS = daily excreted volatile solid, kg VS/hd/d; 
B0 = maximum CH4 producing capacity from manure produced, m3 per kg of VS; MCF = CH4 conversion factors that 
reflect the percentage of VS actually converted to CH4 compared to B0, %. The factor 0.67 kg m-3 is conversion factor of 
m3 CH4 to kg CH4. The default values of VS, B0 and MCFs for swine are provided in IPCC (2006).

The spread in estimates of B0 reported in the literature is significant. This spread is likely to reflect dependence on diet 
and straw content, which vary significantly from farm to farm but primarily from country to country.

Most of the N2O emitted by swine production systems originates from microbial decomposition of manure. Once 
manure has been land applied to soil-crop systems, further complex biochemical processes (e.g., nitrification and deni-
trification) can produce N2O from the nitrogen (N) in manure. The emission of N2O from manure during storage and 
treatment depends on the N and carbon (C) content of manure and on the storage time and type of treatment. Direct 
N2O emissions occur through combined nitrification and denitrification of N contained in the manure. The production 
and emission of N2O from managed manures requires the presence of nitrites or nitrates in an anaerobic environment 
preceded by aerobic conditions necessary for the formation of these oxidized forms of N. Indirect emissions result from 
volatile N losses that occur primarily in the forms of NH3 and NOx. Direct N2O emissions from manure management 
are estimated from the N excretion rate and an emission factor. Default emissions factors for direct N2O emissions 
from the manure management system are provided in IPCC Tier 1 and Tier 2 approaches. The Tier 2 approach uses 
country-specific N excretion rates. The IPCC (2006) default emissions factor for direct N2O emissions from managed 
soil is 1% (0.01 kg N2O-N per kg applied N).

The principal factors affecting CH4 emissions from livestock manure are the amount of manure produced and the por-
tion that decomposes anaerobically. Primary determinants of the extent of anaerobic decomposition are the type of 
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manure management system used and the climate (principally, temperature). The amount of N2O released depends on 
the system and duration of waste management. Because N2O production requires an initial aerobic reaction and then 
an anaerobic process, researchers theorize that dry and aerobic management systems may provide an environment 
relatively conducive for N2O release. Factors influencing the land emissions of N2O include temperature, precipitation 
and soil moisture, and application method (Eagle et al. 2012).

Emissions data from the three production systems
1. Farrow-to-finish systems
GHG emissions data from farrow-to-finish operations in North America are summarized in table 14. The average CH4 
emissions rates from the studies included in table 14 are 8.9±5.7 kg CH4/hd/yr (213±137 kg CO2e/hd/yr) for swine 
building and 7.3±6.9 kg CH4/hd/yr (175±166 kg CO2e/hd/yr) for manure storage facilities. These numbers are slightly 
lower than the IPCC (2006) default manure management CH4 emissions factors in table 13. No data are available for 
N2O emissions from swine building; for manure storage facilities, the highest observed N2O emissions rate was only 
6.8 kg CO2e/hd/yr (Harper et al. 2004).

Table 14. Measured GHG emissions from farrow-to-finish operations in North America
Emissions 

sources
References Emissions rates

in original units
Emissions rates

(kg yr-1 hd-1)
Emissions rates
(kg yr-1 hd-1 in 

CO2e)

Comments

Original units CH4 N2O CH4 N2O

Swine 
building

Sharpe and Harper 2001 g d-1 hd-1 6.9±3.4 - 10.6 - 254 Pits beneath slatted floor flushed 
every 8 h, winter

g d-1 hd-1 29.2±6.7 - 13.6 - 326 Pits beneath slatted floor flushed 
every 8 h, summer

g d-1 hd-1 37.2±1.4 - 2.5 - 60 Pits beneath slatted floor flushed 
every 8 h, summer

Manure 
storage 
facilities

Lague et al. 2005 g CO2e d-1 kg-1 
pig

5.8 neg. 4.6 neg. 110 Uncovered concrete tank

g CO2e d-1 kg-1 
pig

6.62 0.02 5.3 0.001 127 Uncovered earthen manure 
basin

g CO2e d-1 kg-1 
pig

1.25 neg. 1 neg. 24 Covered earthen manure basin

Harper, Sharpe, and Parkin 
2000

kg d-1 ha-1 125.8 neg. 24 neg. 576 Anaerobic lagoon

Harper et al. 2004 kg N d-1 ha-1 - 0.3 - 0.022 6.8 Anaerobic lagoon

Park et al. 2006 kg yr-1 hd-1 6.7 3.6 6.7 0.004 162 Liquid manure storage tank in 
cold climate

Sharpe and Harper 1999 kg yr-1 hd-1 5.6 - 5.6 - 134 Anaerobic lagoon

Sharpe, Harper, and Byers 
2002

kg yr-1 hd-1 6.0 - 6 - 144 Anaerobic lagoon

Shores et al. 2005 kg d-1 site-1 122.7 - 5.5 - 132 Manure storage basins

2. Sow systems
The measured GHG emissions data from sow operations in North America are summarized in table 15. The average 
CH4 emissions rates in sow operations from the studies included in the table are 30.7±31.3 kg CH4/hd/yr (737±751 
kg CO2e/hd/yr) for manure storage facilities. These numbers are much higher than those in farrow-to-finish opera-
tions. The N2O emissions from sow systems are negligible in most studies; the exception is Harper et al. (2004), which 
reported N2O emissions rates of 25 kg CO2e/hd/yr from an anaerobic lagoon.



Near-Term Options for Reducing Greenhouse Gas Emissions from Livestock Systems in the United States

Nicholas Institute

26

Table 15. Measured GHG emissions from sow operations in North America
Emissions 

sources
References Emissions rates

in original units
Emissions rates

(kg yr-1 hd-1)
Emissions rates
(kg yr-1 hd-1 in 

CO2e)

Comments

Original 
units

CH4 N2O CH4 N2O

Swine 
building

Ball and Mohn 
2003

g d-1 21.6±1.4 - 0.66 - 15.8 Non-pregnant sow, barley-based 
diets

g d-1 8.8±1.4 - 0.27 - 6.5 Non-pregnant sow, corn-based diets

Lague et al. 
2005

g d-1 kg-1 pig 0.63 neg. 41.4 neg. 994 Farrowing, liquid manure 
management

g d-1 kg-1 pig 0.27 neg. 14.8 neg. 355 Gestating, liquid manure 
management

g d-1 kg-1 pig 1.96 neg. 12.9 neg. 310 Nursery, liquid manure management

g d-1 kg-1 pig 0.1 neg. 6.6 neg. 158 Farrowing, liquid manure 
management

g d-1 kg-1 pig 0.07 neg. 3.8 neg. 91 Gestating, liquid manure 
management

g d-1 kg-1 pig 0.39 neg. 2.6 neg. 62 Nursery, liquid manure management

Sharpe and 
Harper 2001

g d-1 hd-1 46.2±2.8 - 16.9 - 406 Farrow to wean, pull-plug system 
beneath slatted floor flushed every 
7–8 d, summer

Zhang et al. 
2007

g d-1 AU-1 184±170 neg. 24.2 neg. 581 Farrowing, liquid manure stored 
in under-floor shallow gutters and 
removed every 3 wks

g d-1 AU-1 351±204 neg. 46.1 neg. 1106 Farrowing, liquid manure stored 
in under-floor shallow gutters and 
removed every 3 wks

g d-1 AU-1 118±119 neg. 12.9 neg. 310 Gestating, liquid manure stored in 
under-floor shallow gutters and 
removed every wk

g d-1 AU-1 73±51 neg. 8 neg. 192 Gestating, liquid manure stored in 
under-floor shallow gutters and 
removed every wk

Manure 
storage 
facilities

Harper et al. 
2004

kg N d-1 ha-1 - 0.4 - 0.081 25 Anaerobic lagoon

Kaharabata, 
Schuepp, and 
Desjardins 
1998

kg yr-1 m-2 56.5±11.3 - 78.3 - 1879 Sow, hog, and piglet; cereal grain 
and corn diet; above-surface open 
manure-slurry tank

Sharpe, 
Harper, and 
Byers 2002

kg yr-1 hd-1 1.6 - 1.6 - 38 Anaerobic lagoon

Zahn et al. 
2001

kg d-1 site-1 831.0 - 16.4 - 394 Farrow to feeder, lagoon systems 
with anoxic photosynthetic blooms 
where site refers to the entire farm 
facility

Zhang et al. 
2007

g d-1 m-2 44±27 neg. 45.9 neg. 1102 Farrowing, earthen manure storage

g d-1 m-2 30±25 neg. 11.4 neg. 274 Farrowing, earthen manure storage 
with negative air pressure covered

Note: AU = animal unit; 1 AU = 454 kg liveweight.

3. Finishing operations
The measured GHG emissions data from finishing operations in North America are summarized in table 16. The aver-
age CH4 emissions rates for swine buildings from the 10 studies included in the table are 3.2±2.8 kg CH4/hd/yr (77±67 
kg CO2e/hd/yr), which is much lower than the IPCC (2006) default manure management CH4 emissions factors in 
table 13 (10 to 23 kg yr-1 hd-1 for market swine). The average CH4 emissions rates for manure storage facilities from the 
6 studies included in table 16. are 21.6±20.6 CH4/hd/yr (518±494 kg CO2e/hd/yr), which is comparable with the IPCC 
(2006) default manure management CH4 emissions factors. The highest observed N2O emissions rate was only 11 kg 
CO2e/hd/yr (Lague et al. 2005).
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Table 16. Measured GHG emissions from finishing operations in North America
Emissions 

sources
References Emissions rates

in original units
Emissions rates

(kg yr-1 hd-1)
Emissions 

rates
(kg yr-1 hd-1 in 

CO2e)

Comments

Original 
units

CH4 N2O CH4 N2O

Swine 
building

Ball and Mohn 
2003

g d-1 15.0±1.1 - 0.46 - 11 Finishing, barley-based diets

Desutter and 
Ham 2005

kg yr-1 hd-1 1.5 - 1.5 - 36 Finishing, slatted floor with under-
floor pits, drained every 5-7 d

Kai et al. 2006 g d-1 AU-1 14 - 0.5 - 12 Grower pig, slatted floor and 
recharge pit

Lague et al. 
2005

g d-1 kg-1 pig 0.14 0.002 2.4 0.034 68 Grower-finisher, liquid manure 
management

g d-1 kg-1 pig 0.24 neg. 4 neg. 96 Grower-finisher, liquid manure 
management, partially slatted floor

g d-1 kg-1 pig 0.43 0.001 7.2 0.017 178 Grower-finisher, liquid manure 
management, fully slatted floor

Li, Powers, and 
Hill 2011

g d-1 hd-1 3.2±0.3 0.8±0.2 1.2 0.024 36 Grow-finish, manure cleaned twice 
weekly, corn control diet

g d-1 hd-1 5.3±0.3 0.8±0.2 1.9 0.024 53 Grow-finish, manure cleaned twice 
weekly, diet containing 20% DDGS 
and inorganic trace minerals

g d-1 hd-1 6.2±0.3 0.8±0.2 2.3 0.024 63 Grow-finish, manure cleaned twice 
weekly, 2 diets containing 20% DDGS 
with organic trace minerals

Ni et al. 2008 g d-1AU-1 36.2±2.0 - 4 - 96 Finishing barn with shallow manure 
flushing system

g d-1AU-1 28.8±1.8 - 3.2 - 77 Finishing barn with shallow manure 
flushing system

Pepple et al. 
2010

g d-1 hd-1 25±1.7 neg. 9.1 neg. 218 Wean to finish, deep pit, non-DDGS

g d-1 hd-1 23.4±1.6 neg. 8.5 neg. 204 Wean to finish, deep pit, DDGS

Powers, 
Zamzow, and 
Kerr 2008

g d-1 hd-1 6.2 - 2.3 - 55 Grow-finish, manure cleaned twice 
weekly

Zahn et al. 
2001

kg d-1 site-1 52.8 - 1.4 - 34 Feeder to finish, confinement 
buildings with under-slat storage

Unpublished 
study at MSU 
2009

g d-1 hd-1 1.75±0.01 - 0.6 - 14 Grow-finish, manure cleaned twice 
weekly

Manure 
storage 
facilities

Clark et al. 
2005

g d-1 m-3 42 neg. 0.2 neg. 5 Liquid swine manure storage vessel

Desutter and 
Ham 2005

kg yr-1 hd-1 8.3 - 8.3 - 199 Anaerobic lagoon

Park, Wagner-
Riddle, and 
Gordon 2010

mg s-1 m-2 1.75 - 14.1 - 338 Liquid manure storage tank

Pelletier et al. 
2004

g CO2e d-1 
kg-1 pig

6.4 - 5.1 - 122 Liquid swine manure storage tank

Shores et al. 
2005

kg d-1 ha-1 223.9 - 25 - 600 Anaerobic lagoon

kg d-1 ha-1 447.31 - 49.9 - 1198 Anaerobic lagoon

kg d-1 ha-1 209.23 - 23.4 - 562 Anaerobic lagoon

kg d-1 ha-1 118.08 - 13.2 - 317 Anaerobic lagoon

kg d-1 ha-1 580.75 - 64.8 - 1555 Anaerobic lagoon

Zahn et al. 
2001

kg d-1 site-1 466.1 - 12 - 288 Lagoon systems without anoxic 
photosynthetic blooms
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Summary
Manure management CH4 emissions appear to represent the most significant part of the total CH4 and N2O emissions 
from swine operations, followed by N2O emissions from manure land application. In IPCC (2006), the manure manage-
ment CH4 emissions factors for market swine operations in North America are 10 to 23 kg CH4/hd/yr (240 to 552 kg 
CO2e/hd/yr) (see table 13.). The default CH4 enteric fermentation emissions factor for swine production in developed 
countries is only 1.5 kg CH4/hd/yr (36 kg CO2e/hd/yr), which is less than 15% of the above manure management CH4 
emissions factors. For the most common swine manure system (pit storage below animal confinement), the IPCC 
(2006) default emissions factor for direct N2O emissions from the manure management system is 0.2% (0.002 kg N2O-N 
per kg excreted N), which indicates N2O emissions rates of 0.02 to 0.05 kg N2O/hd/yr (6 to 16 kg CO2e/hd/yr). The 
N2O emissions from the manure management system in CO2e unit are less than 7% of the above manure management 
CH4 emissions factors. The IPCC (2006) default emissions factor for direct N2O emissions from managed soil is 1% 
(0.01kgN2O-N per kg applied N). Assuming all excreted manure is to be land applied, the N2O emissions rates from land 
application would be 0.1 to 0.25 kg N2O/hd/yr (31 to 78 kg CO2e/hd/yr), which is less than 33% of the above manure 
management CH4 emissions factors in CO2e units.

The many studies of manure management CH4 emissions rates from swine operations reveal wide variations in those 
rates among different production systems, manure handling practices, and climate conditions. Results of a meta-anal-
ysis show that farrowing operations generate the highest CH4 emissions, and finishing operations generate the lowest 
CH4 emissions as compared with other stages of swine production (Liu, Powers, and Liu 2011). Those results also show 
that CH4 emissions from swine buildings in sow systems examined in various studies can vary 170-fold, from 6.5 to 
1,106 kg yr-1 hd-1 in CO2e (table 16). This large variation may indicate large opportunities for mitigation or that studies 
are not comparable because of undisclosed factors.

Opportunities for Mitigation
Feeding strategies
Control of GHG emissions is directly related to nutrient efficiency in livestock (Bhatti et al. 2005). Feeding strategies 
that mitigate GHG emissions in the swine industry mainly include those that enhance feed utilization efficiency, reduce 
nutrient excretions, and shift nutrient excretions from urine to feces.

Low-protein diets
Blending nutrient ingredients in feed to supply each nutrient ingredient at exactly the level required by an animal is 
difficult. Therefore, feed usually supplies far more protein than is needed to satisfy the requirement for the most limiting 
nutrient. Matching dietary nutrients with the requirements of the pig reduces the excretion of excess nutrients, such as 
nitrogen and carbon. Lower nutrient availability, in turn, could reduce GHG emissions from manure.

Low-protein diets can be used when supplemental amino acids are formulated to provide the limiting amino acids in 
the diet. Several studies reported reductions in CH4 and CO2 emissions resulting from low-protein diets (Velthof et al. 
2005; Atakora, Moehn, and Ball 2004; Moehn, Atakora, and Ball 2004; Atakora, Moehn, and Ball 2003; Lague 2003; 
Ball and Moehn 2003; Misselbrook et al. 1998). Moehn, Atakora, and Ball (2004) claimed that for every 10% reduction 
in dietary CP, a 10% reduction in CO2e emissions from pigs resulted.

The emission of CH4 was significantly related to the content of dry matter, total C, and volatile fatty acids (VFA) in the 
manure. Misselbrook et al. (1998) suggested that 50% of the reduction in CH4 emissions from the slurry observed when 
pigs were fed the lower CP diet was probably the result of the reduced VFA content of the slurry. Decreasing the CP 
content has the largest potential to simultaneously decrease NH3 and CH4 emissions during manure storage and N2O 
emissions from soil (Velthof et al. 2005).

Every one percentage unit of dietary CP level reduction can result in a 6%–9% reduction in N excretion (Sutton et al. 
1999; Kendall et al. 1998; Hobbs et al. 1996; Kerr 1995; Aarnink, Hoeksma, and van Ouwerkerk 1993). Several studies 
reported that the reduction of total N excretion through low protein diets was mainly through the reduction in urinary 
N excretion, driven by increased dietary amino acids plus corn substitution for soybean meal and other feed N sources 
(Canh et al. 1998; Gatel and Grosjean 1992). Urinary nutrients are mostly inorganic in nature and are easily volatile, 
whereas fecal nutrients are mostly organic in nature. Biological conversion of nutrients from stable organic form to 
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inorganic form is a slow process (Vaddella et al. 2010). Several studies also reported reduced manure pH with low-
protein diets (Portejoie et al. 2004; Kendall et al. 1998; Canh et al. 1998). Reduced N excretion is expected to have the 
potential to reduce N2O emissions from manure. However, this effect has not been studied by direct measurements of 
N2O emissions from manure.

Feed ingredients
Fiber
Jensen and Jørgensen (1994) found that high-fiber diets increased CH4 emissions. Jørgensen (2007) claimed that the 
production of CH4 depended on fiber origin; however, this effect varies widely among animals. Ball and Moehn (2003) 
found that CH4 production was greater for barley-based diets than for corn-based diets. Growing pigs fed diets varying 
in total fiber content (2.8%–40%) had a CH4 production equivalent to 0.1%–1.3% of digested energy.

Distillation byproducts
Powers et al. (2008) observed that inclusion of distillers dried grains with solubles (DDGS) in a corn diet lowered CH4 
emissions from swine housing. However, Li, Powers, and Hill (2011) reported that feeding 20% DDGS to grow/finish 
pigs increased CH4 emissions. Pepple et al. (2010) observed that DDGS has no significant effect on GHG from manure 
storage.

Fermentable carbohydrates
Aarnink and Verstegen (2007) found a close relationship between fermentable carbohydrates in the diet and CH4 
production. Increasing the fermentable carbohydrate level in the diet to lower the pH of feces and manure, and conse-
quently NH3 emissions, will, at the same time, increase CH4 production (Aarnink and Verstegen 2007).

Oil additives
Christensen and Thorbek (1987) reported that flatus production may be reduced not only by changing the composi-
tion of dietary carbohydrates, but also by including polyunsaturated oil in the diet of simple-stomached animals and 
humans. In a feedlot study, Mathison et al. (1997) reported 33% reductions in CH4 emissions when a diet containing 
85% concentrate was added with 4% canola oil.

Manure management systems
Because CH4 is a byproduct of anaerobic microbiological decomposition processes, implementing manure collection 
practices that prevent or limit such processes can reduce GHG emissions. Because of its poor solubility in water, CH4 
emits from manure as soon as CH4 is produced (Monteny, Bannink, and Chadwick 2006). Furthermore, the degree of 
anaerobic bacteria fermentation and therefore the amount of CH4 emissions depend on pH value, slurry temperature, 
retention time, and the presence of inhibiting compounds (Zeeman 1991; Huther, Schuchardt, and Willke 1997). Ni 
et al. (2008) claimed that the design of swine barns and the management of stored manure influence CH4 emissions. 
Zahn et al. (2001) indicated that the manure management environment, and specifically loading rate, may significantly 
influence the flux rate of CH4 from stored swine manure.

Time in pit
Long-term manure storage in deep-pit pig barns may result in increased gas emissions. Sharpe and Harper (2001) 
claimed that the longer the retention time, the greater the decomposition of manure before it is pumped into the lagoon. 
Kai, Kaspers, and van Kempen (2006) suggested that complete removal of manure from the pig house, e.g., by flushing, 
helps lower CH4 emissions from pig housing. Frequent removal of manure from indoor storage pits—through quick 
land application or sufficient outdoor storage facilities—will reduce GHG emissions (Osada et al. 1998).

Temperature
Many researchers have identified temperature as an important factor for CH4 emissions from manure storage facilities 
(Amon et al. 2007; Haeussermann et al. 2006; Desutter and Ham 2005; Moller, Sommer, and Ahring 2004; Sharpe and 
Harper 1999; Husted 1994; Cullimore, Maule, and Mansuy 1985). Low temperatures can suppress microbial activities 
and metabolism and therefore production of CH4. Cullimore, Maule, and N. Mansuy (1985) observed that CH4 pro-
duction from pig manure linearly increased with increasing effluent temperature when T < 26°C, and Husted (1994) 
observed that CH4 emissions from solid pig manure peaked at 35 to 45°C. Massé et al. (2003) claimed that the effect of 
temperature on CH4 production was more important for swine manure than for dairy cow manure.
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Temperature can also affect gas emissions from swine buildings through its influence on ventilation. High temperatures 
induce high ventilation rates (Dong et al. 2009; Ni et al. 2008; Zhang et al. 2007). Blanes-Vidal et al. (2008) reported that 
the correlation between averaged ventilation flow and CH4 emissions on an hourly basis was positive with an R2 = 0.79. 
Ni et al. (2008) claimed that temperature is an important factor for both CH4 and CO2 emissions from swine buildings.

Slurry cooling as well as lowering indoor temperatures and air exchange rates are proactive methods to reduce CH4 
emissions (Monteny, Groenestein, and Hilhorst 2001). Sommer, Petersen, and Møller (2004) reported that pig slurry 
cooled by 10°C reduced CH4 emissions by 21% when compared with uncooled slurry. Bates (2001) reported that CH4 
emissions reductions of 60%–100% could be achieved with a drop of manure temperature from 20°C to 10°C. On the 
other hand, Guarino, Costa, and Porro (2008) observed that reducing room temperature negatively affected N2O emis-
sions from swine buildings.

Floor openness
Lague (2003) reported that the CH4 production rate is higher with the fully slatted floor room than with the partially 
slatted floor room. The larger area of contact between the manure and the air likely increases CH4 emissions (Lague 
2003). Steed and Hashimoto (1994) observed contrary results; they found higher methane conversion factors in closed 
systems than in systems open to the atmosphere, a phenomenon they attributed to inhibition of methanogenesis by 
oxygen.

Solid-liquid separation
In-barn solids/liquids separation systems and separate handling and storage of the two product streams have been 
studied as ways to mitigate gas emissions. Su, Liu, and Chang (2003) reported that separating liquids and solids imme-
diately after pig houses are washed (to prevent manure from becoming slurry) can reduce biogas production by 62% 
and also prevent CH4 production. However, Dinuccio, Balsari, and Berg (2008) showed that solid-liquid separation of 
pig slurry reduced NH3 losses but increased CH4 emissions by 3% and CO2 emissions by 10% compared with the stor-
age of rough slurry.

Bedding systems and solid manure storage
Cabaraux et al. (2009) and Dourmad et al. (2009) reported that CH4 and N2O emissions decreased in a sawdust bed-
ding system as compared with a fully slatted floor/pit system. Philippe et al. (2007) reported that straw bedding systems 
produce more NH3 and N2O than slatted floors but have no effect on CH4 emissions. The effect of bedding material on 
CH4 emissions has also been investigated. Nicks et al. (2003, 2004) reported that pig houses with saw dust-based litter 
emitted 33% less CH4 than straw-based litter systems.

Monteny, Bannink, and Chadwick (2006) indicated that solid manure storage would mitigate N2O emissions with 
compaction of solid manure. However, they also pointed out that the anaerobic conditions due to compaction could 
increase CH4 emissions. In contrast, Maycher (2003) stated that higher oxygen levels exist in solid manure handling, 
which results in greater CO2 emissions offsetting CH4 emissions.

Covered manure storage
The use of covers has been proposed to reduce CH4 and CO2 emissions from manure storage facilities. Lague et al. 
(2003) observed that the presence of a blown chopped straw cover on these facilities reduced GHG emissions. Amon 
et al. (2007) also demonstrated that a solid cover was effective in mitigating GHG and NH3 emissions from stored pig 
slurry. Safley and Westerman (1988) found that CH4 emissions rates may vary depending on the areas of lagoon covered. 
Hansen, Henriksen, and Sommer (2006) reported that covers reduced CH4 emissions by 88%. However, it was observed 
that straw covers on manure storage structures can increase CH4 emissions, and straw or swelled-clay covers on manure 
storage structures can increase N2O emissions (Lague et al. 2005). Zhang et al. (2007) reported that a negative air pres-
sure cover resulted in no significant reduction in CH4 emissions in comparison with open earthen manure storage. 
Guarino et al. (2006) evaluated the effectiveness of five simple floating covers for reducing emissions from pig and cattle 
slurry. They found that, at the greatest thickness, all the tested covers increased the efficiency of NH3 and CO2 emissions 
reduction, but they found no statistically significant CH4 emissions reduction from pig slurry (Guarino et al. 2006).

The CH4 emissions from lagoons are related to wind speed (Sharpe, Harper, and Byers 2002; Sharpe and Harper 1999). 
Husted (1994) observed a strong dependence of CH4 emissions rates on air flow through the chamber for pig solid 
manure but not for pig slurry.
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Composting
The composting process may increase emission of N2O, but some evidence suggests that the subsequent production and 
emission of N2O from land-applied composted manure are much lower than those for raw manure. Several studies have 
concluded that manure composting has the potential to reduce GHGs (Boldrin et al. 2009; Brown, Kruger, and Subler 
2008; Zeman, Depken, and Rich 2002). Fukumoto et al. (2003) demonstrated that changing the scale of the compost pile 
could change CH4 and N2O emissions rates during swine manure composting. Another trend is the separation of swine 
manure solids from liquids for composting. These solids yield fertilizers that may be sold off-site as another source of 
income for the farm, however the practice is rare because it often becomes a cost center.

Anaerobic digesters
Research on the anaerobic digestion of swine manure is significant. Generating biogas (60%–65% CH4) for on-farm 
power or heat production with an anaerobic digester with manure slurry is very effective (Monetny, Bannink, and 
Chadwick 2006). Biogas generation offsets fossil fuel use in addition to GHG emission reductions.

Other
CH4 production from slurry can be reduced by adding inhibiting compounds and acids (Berg and Pazsiczki 2003; Amon 
et al. 2004). Berg and Pazsiczki (2003) demonstrated that 80% reductions in CH4 emissions could be possible with the 
addition of lactic acid and limestone. Pelletier et al. (2004) reduced GHG emissions successfully from liquid swine 
manure using an aerobic-anoxic manure treatment system and a biofilter manure treatment system. Vanotti, Szogi, 
and Vives (2008) reported that replacing an anaerobic lagoon technology with a clean aerobic technology reduced CH4 
emissions 96.9%. Costa and Guarino (2008) and Guarino et al. (2008) demonstrated that photocatalytic treatment with 
TiO2 coating and UA-A light can reduce CH4 emissions from swine buildings.

Field application of manure
Improved land application practices
Swine manure provides important nutrients to support crop production. However, over-application of swine manure 
can result in excessive soil N content, increasing N2O emissions. Timing application to match the crop soil N require-
ment can mitigate these emissions (Maycher 2003). Frequent application of swine wastes might also mitigate GHG 
emissions, though the practice is not very practical in areas where crops are not grown year-round (Maycher 2003).

Other land application practices might mitigate GHG emissions from manure land application. These practices include 
direct injection (liquid manure) or rapid incorporation (by plowing or similar techniques) into soil; proper application 
depth; good management of water irrigation, land drainage, and tillage practices; and choice of fertilizer form (Monetny, 
Bannink, and Chadwick 2006; Maycher 2003).

Nitrification inhibitors
Adding certain chemical compounds to fertilizer can inhibit conversion of NH3 to N2O (Maycher 2003). This process 
would increase crop uptake and reduce N2O emissions. Good nitrification inhibitors include 3, 4-dimethylpyrazole 
phosphate (DMPP), dicyandiamide (DCD), and Nitrapyrin (Pain, Misselbrook, and Rees 1994). Clark, de Klein, and 
Newton (2001) reported that 50% N2O emissions reductions could be achieved with the addition of nitrification inhibi-
tors in fertilizers. In a field study, Dittert et al. (2001) observed that N2O emissions were reduced by 32% with the 
addition of DMPP to manure slurry injection. The synthesis of research on mitigation practices by Eagle et al. (2012) 
found that nitrification inhibitors used in croplands and grasslands resulted in emissions reductions ranging from 0 to 
1 tonne (t) CO2e/ha/yr and a mean of 0.4 t CO2e/ha/yr.
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Mitigation Options with the Greatest Likelihood of Impact on Emissions from Swine 
Production
Methane emissions from manure management represent the most significant part (more than 65% in CO2e) of the total 
CH4 and N2O emissions from swine operations. Therefore, the options with the greatest likelihood for success will focus 
on mitigating these emissions, while ensuring that other GHG emissions will not increase (table 17). Both feeding strat-
egies and practices in manure management systems can help mitigate manure management CH4 emissions. Switching to 
optimized bedding systems with dry manure management, composting, covering manure storage, and using anaerobic 
digesters could all be effective mitigation strategies. Increasing manure removal frequency has shown consistent effec-
tiveness in different studies. Given cost considerations, economic or regulatory incentives may be required to promote 
wide adoption of some of these strategies. Dietary strategies pose fewer cost concerns, but more research is needed to 
confirm their consistent effectiveness and their influence on animal performance.

Reducing N2O emissions from land application of manure represents another critical control point for mitigating 
farm-level carbon emissions. Improving the application of manure and any additional fertilizers so that rate and timing 
of application match crop soil N requirements, as well as the use of nitrification inhibitors can improve nitrogen use 
efficiency, limit N2O emissions and other nitrogen losses. Concerns related to the use of nitrification inhibitors include 
cost and the period of time (3 to 4 weeks) for which their application remains viable.

Table 17. Summary of swine mitigation practices for swine GHG emissions, based on the opinions of expert authors
Mitigation potential Amount of 

research
Expert confidence Potential expense Action category*

Feeding strategies
Lower protein diet 10% reduction in protein ~ 10% 

reduction in CH4; potential to 
lower N2O not studied

Little Low Low Research priority

Feed ingredients Unclear Little Low Low Uncertain
Oil additives Unclear Little Low Low Uncertain
Manure management
Reduced time in pit 30% reduction in methane Moderate Uncertain Low priority
Floor openness Unclear Little Low High Low priority
Solid-liquid 
separation

Unclear Little Low High Research priority

Solid manure storage Unclear Little Low significant Uncertain
Bedding materials N2O uncertain; CH4 30% Little Low uncertain Research priority
Lower temperature 
and better ventilation

10–20°C drop ~ 20%–60% for CH4; 
unclear for N2O; increase CO2 from 
energy need

Moderate Moderate High Uncertain

Covering manure 
storage

Can be significant depending 
on cover type, ranges from 88% 
reduction to an increase

Moderate but 
all with different 

cover types

Moderate Moderate Research priority

Composting Significant but variable Moderate Moderate Potential profit Research priority
Anaerobic digestion Significant High High High Ready; high 

priority
*Action category indicates whether the action (1) is ready for integration into programs and protocols as a mitigation practice and is of high or moderate priority, given 
its potential; (2) is likely to have significant mitigation potential but is supported by little research, making it a research priority; (3) appears to have low mitigation 
potential or significant implementation barriers and thus is a low priority for research or action; or (4) is supported by too little research to make a recommendation 
and is therefore uncertain.
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4. MEASUREMENT AND PREDICTION OF GREENHOUSE 
GAS EMISSIONS FROM LIVESTOCK SYSTEMS

Direct Methane Measurement Options
The major greenhouse gas emitted by livestock systems is methane from enteric fermentation and manure storage. 
Methods to measure CH4 emissions from ruminants range from whole-animal respiration calorimetry chambers with 
various types of gas analyzers to tracer techniques and whole-barn mass-balance techniques (Young, Kerrigan, and 
Christopherson 1975; McLean and Tobin 1987; Johnson and Johnson 1995). These methods have been summarized 
(Johnson and Johnson 1995; Kebreab et al. 2006b; Harper, Denmead, and Flesch 2011) and can be broadly categorized 
as chamber, tracer, and micrometeorological. The method best suited for a given situation depends on the information 
to be established and on the animals’ housing environment and production system.

Chamber methods
Chamber methods are considered to be the gold standard (McLean and Tobin 1987; Johnson and Johnson 1995) in 
measuring CH4 (and CO2) from animals. These methods range from sealed stainless steel chambers to more portable, 
flexible tunnel-like enclosures. All of these methods involve the creation of a unidirectional air flow that passes over one 
or more animals from an incoming to an outgoing opening. Outside air is circulated around the animal’s head, mouth, 
and nose, and expired air is collected or sampled. Gaseous exchange is determined by measuring the total airflow 
through the system and the difference in concentration between inspired and expired air. Gaseous composition of the 
ingoing and outgoing air from the respiration chamber can be measured using methods such as dual-channel infrared 
and paramagnetic analyzers (Cammell et al. 1986). Other chambers of similar design and function measure the rate 
of air flow and the concentration of various gases at the incoming and outgoing vents with direct measure analyzers, 
including flame ionization and photo-acoustic technology (Sun et al. 2008; Hamilton et al. 2010; Stackhouse et al. 2011). 
Typically, chambers are constructed of steel and have an air conditioning system to maintain a temperature range of 
18 ± 2°C and relative humidity of 60 ± 10%. Although used extensively, whole-animal open-circuit indirect respiration 
chamber systems are expensive to construct and maintain. Recently, some of these systems have been adapted to use 
polycarbonate, which is a transparent material and cheaper to construct.

Hood Chamber
Portable chamber-based methods focus solely on eructated gaseous emissions (those coming from the mouth and 
nostrils of the animal) and heat exchange (Kelly et al. 1994; Odongo et al. 2008). These methods allow the animal to 
eat, drink, and lay down while secured to a head chamber (a detailed description of which is provided by Odongo et al. 
2008). Therefore, these methods are useful to determine the effects of various treatment options on eructated gaseous 
emissions. Their main disadvantages are their high labor costs, their inability to measure hindgut CH4, and their unsuit-
ability for use in the pasture. A face mask that measures CH4 from eructated gases has been developed, but it does not 
allow the animal to eat, drink, or behave normally (Liang, Terada, and Hamaguchi 1989).

Polythene tunnel
Chambers made of steel or polycarbonate and portable chambers measure one animal at a time in confinement. 
Therefore, they are not suitable for pasture-based studies. Using similar principles, Lockyer and Jarvis (1995) developed 
a system constructed from a large polythene tunnel with two small wind tunnels to blow air into and draw air from a 
larger tunnel. The concentration of CH4 in the air entering and leaving the tunnel is measured using a gas chromato-
graph fitted with a flame ionization detector (a detailed description of which is provided by Lockyer and Jarvis 1995). 
Using the same system, Murray et al. (1999) reported that a peak CH4 concentration rise to about 10 mL L-1 in the tunnel 
can be detected with an accuracy of about 0.4% over the measurement range. Evaluation of the system showed that it 
recovers less CH4 than traditional chambers (Murray et al. 1999). The advantages of the system are that it allows free 
movement of animals inside the tunnel and is inexpensive to build. However, control of temperature inside the tunnel 
when ambient temperatures are high is challenging. Due to space limitations, most experiments using this method have 
been limited to sheep.
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Gas tracer method
The most commonly used inert gas tracer is sulphur hexafluoride (SF6). The rate of SF6 emission is assumed to be exactly 
the same as that of CH4 emission. The method, as described by Johnson et al. (1994a), involves placing a permeation 
tube containing SF6 in the rumen, collecting samples from the animal’s nose and mouth, and determining CH4 and SF6 
concentrations by gas chromatography. Methane production is then calculated as the ratio of CH4 and SF6 concentra-
tions multiplied by the release rate of SF6 from the permeation tube.

A tracer method using ethane (C2H4) to measure rumen gas kinetics in grazing dairy cows is described by Moate et 
al. (1997). They reported that C2H4 had no effect on the rumen fermentation pattern and was not metabolized. They 
continuously injected C2H4 into the rumen and simultaneously collected rumen gas, which was analyzed for C2H4 and 
principal rumen gases such as CH4, H2, CO2, H2S, and O2 to study gas kinetics in rumen headspace. Total CH4 produc-
tion can be calculated by dividing the proportion of CH4 by the proportion of C2H4 in the collected gas and multiplying 
the fraction by the total C2H4 infused into the rumen (Mbanzamihigo et al. 2002).

The tracer method is particularly useful for free ranging cattle because it allows CH4 emissions to be estimated as the 
animal is grazing at pasture, which in the case of beef cattle could be 5 to 12 months per year (McCaughey, Wittenberg, 
and Corrigan 1997). Another advantage is that minimal training is required to adapt animals to the use of the apparatus. 
Limitations include the fact that whole animal emissions are not measured, variability in animal-to-animal measure-
ments is high (Pinares-Patiño et al. 2011), the withdrawal time of animals on release of gas is long, milk produced may 
need to be discarded, and training in handling tracer gases is required. Furthermore, for a tracer method such as the 
SF6 method to work, large upwind sources of CH4 or SF6 emissions must be avoided, wind direction must be monitored, 
and sampling cans must be far enough downwind to allow mixing of CH4 and SF6 to allow calculation of CH4 emissions 
estimates (Johnson et al. 1994b). When calibrating the rate of release of SF6, the difference in the mass of SF6 and that 
of CH4 should be considered.

Micrometeorological methods
Micrometeorological methods focus on measuring the flux of gas in the atmosphere relative to the fluxes of animal 
emissions. These methods use approaches such as mass balance, vertical flux, and inverse dispersion (Harper et al. 
1999). The mass balance approach is most suitable for a small area with a well-defined volume, comparable to an 
outdoor chamber. Given wind speed, ambient gas, and output gas composition monitoring, the emissions rate can be 
calculated by subtracting the output from input fluxes (Harper, Denmead, and Flesch 2011). Vertical flux methods 
develop emission rates on the basis of mean vertical atmospheric concentration of gases. These methods can use vertical 
wind speed and gas concentrations to calculate emission rates. They are most useful when the enclosure above which 
measurements are taken is homogenous, such as a cattle feedlot that is uniform in construction (Harper, Denmead, and 
Flesch 2011). Inverse dispersion analysis relates the theoretical relationship between the emissions rates coming from 
animal enclosures with downwind concentrations of atmospheric gases. In conjunction with upwind concentrations of 
atmospheric gases representing ambient conditions, an emissions rate can be calculated from animal housing (Harper, 
Denmead, and Flesch 2011). Judd et al. (1999) also used a non-disturbing micrometeorological flux-gradient technique 
in which sensible heat was used as a tracer of turbulent transfer. The major advantages of micrometeorological methods 
are that animals are undisturbed and exhibit normal behavior and that the data provide a snapshot of an entire opera-
tion’s GHG emissions. The methods’ disadvantages include equipment expense and an inability to distinguish emissions 
from other close emissions sources.

New techniques under development
Archaeol in ruminant feces
A lipid biomarker for archaea, archaeol, is found in feces of ruminants and may potentially be used to calculate CH4 
emissions. Archaeol could be associated with rumen methanogen activity and may indirectly represent methanogenesis 
associated with enteric fermentation (Gill et al. 2010, 2011). Gill et al. (2011) compared the archaeol concentration in 
feces of steers fed high forage with that of steers fed high concentrate diets and then compared these concentrations with 
CH4 emissions calculated by the SF6 tracer method. There was some correlation between archaeol concentration and 
CH4 production (r = 0.55); furthermore, the fecal archaeol concentration from steers fed the high concentrate diet was 
significantly lower than that of those fed the high forage diet. The result agrees with what is expected; therefore, mea-
suring fecal archaeol could potentially provide an indirect estimate of CH4 emissions. The method should be evaluated 
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by using the chamber technique over several days to investigate the correlation of archaeol concentration with CH4 
emissions more precisely. More research on this promising method for predicting CH4 emissions is needed.

Mobile carbon dioxide and methane analyzers
Madsen et al. (2010) proposed to use CO2 as an internal marker. The method is based on the assumption that CO2 
production can be estimated from heat production, which in turn can be calculated from the difference between intake 
of metabolizable energy and energy in products, i.e. weight gain and milk production. This knowledge, combined with 
simultaneous measurements of the concentration of CH4 and CO2, is the basis for the method of quantifying CH4 
production from individual animals. Although it needs to be evaluated using the chamber technique, this method is 
potentially easy, mobile, and cheap. On the other hand, adapting it to use on pasture-based animals is difficult and, if 
not automated, it will provide only snapshots of emissions.

An Internet-interfaced system that measures CH4, CO2, and other metabolic emissions from individual animals and 
that tracks changes in emissions over time has been developed by Zimmerman et al. (2011). The system is based on 
a headstall unit to restrict and control atmospheric mixing. It assigns a radio-frequency identifier to each animal and 
provides a feed or water dispenser so that the animal voluntarily keeps its head in the correct position to obtain quanti-
tative, representative metabolic gas measurements. A fan unit captures expired and eructated gases. Using a tracer gas, 
sensors measure CH4, CO2, water vapor, molecular hydrogen, hydrogen sulfide, and air flow rate, which are captured 
in a data acquisition and control system; a remote data link transmits the data to a specified location. The system is 
undergoing field testing.

Comparison of Measurement Methods
Because the chamber method is considered to be the gold standard, other methods are evaluated against it.

SF6. In a study by Grainger et al. (2007), the SF6 apparatus was constructed to simultaneously collect CH4 emissions 
from the mouth and rectum, simulating whole animal emissions. Measurements with the SF6 apparatus were more vari-
able across days and across cows compared with chamber method measurements. However, these differences were small 
and, overall, CH4 emission measurements from both techniques were similar. Grainger et al. (2007) therefore concluded 
that the SF6 method is reasonably accurate. Boadi, Wittenberg, and Kennedy (2002) and Pinares-Patiño et al. (2011) 
also compared the SF6 technique with typical respiration chamber measurements. They found that the SF6 technique 
provides measurements that have higher across- and within-animal variation. Hence, this method may require many 
animals and replications to produce acceptable results. Johnson et al. (1994b) compared CH4 production by cattle in 
chambers with values obtained using the SF6 technique. Although they found CH4 estimates from the SF6 technique to 
be numerically lower (by 7%), the difference was not significant. Most of the techniques use specialized equipment for 
determination of the concentration of CH4 and other gases. Therefore, the differences in CH4 estimates are likely due 
to sample concentrations rather than to the inaccuracy of measuring equipment.

Polythene tunnel. Murray et al. (1999) compared CH4 emissions from sheep in a polythene tunnel system and sheep in 
a respiration chamber. They found that CH4 production measured in the respiration chamber was 12.9% greater than 
CH4 production measured in the polythene tunnel system (in L/kg dry matter intake). Given that recovery of added CH4 
was above 95% for both systems and that no systematic differences in measurement errors were detected, the authors 
suggested that differences in CH4 emissions were due to effects of housing during sample collection.

The literature suggests that measurements of emissions from unconfined animals using various techniques agree with 
an acceptable level of variation. However, the chamber technique, although reliable, might influence emissions rates by 
changing animals’ behavior. Standardization of techniques is required to build a database of emissions from livestock 
production, which will allow accurate estimation of CH4 emissions. Data from studies of enteric CH4 emissions from 
cattle on various diets need to be collated into this database, which could then be used as a platform to develop predic-
tion models and to identify gaps in knowledge. In addition, measurements taken at different spatial scales need to be 
standardized, especially when they are used to downscale or upscale emission values.
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Modeling Greenhouse Gas Emissions from Livestock
Measurement of CH4 production in animals requires complex and often expensive equipment; therefore, prediction 
equations are widely used to calculate CH4 emissions. Predictions of CH4 emissions are made using methods that 
range from simple fixed coefficients (e.g., IPCC 2006; Tier 1) and empirical models (e.g., Mills et al. 2003) to highly 
complex models (e.g., Dijkstra et al. 1992; COWPOLL). Some models have been developed specifically to predict CH4 
emissions from animals; others have been modified or adapted to calculate CH4 emissions from rumen fermentation. 
Models can be broadly classified as statistical or empirical models that relate nutrient intake to CH4 output directly or 
as dynamic mechanistic models that attempt to simulate CH4 emissions on the basis of a mathematical description of 
ruminal fermentation biochemistry.

Statistical (empirical) models
Empirical models of CH4 production aim principally to describe the response of the animal to a change in conditions 
(such as a change in diet). Table 18 summarizes statistical and empirical equations from the literature. Usually, an 
empirical model is simpler and is more easily and quickly constructed than a mechanistic model. Therefore, depending 
on objectives, statistical models may be better and more practical. The main disadvantage of an empirical model is that 
its parameters are usually not biologically meaningful. For example, if the phenomenon of interest was not part of the 
model’s underlying data, predictions may be incorrect.

Table 18. Empirical methane prediction equations (organized by date)
Eq. Prediction equation for methane (g/d) Reference
1 75.42 + 94.28 × DMI Kriss (1930)
2 [–2.07 + 2.63 DMI – 0.105 DMI2]/0.05565 Axelsson (1949)
3 [1.3 + 0.112 × (EDm) + MN × (2.37 – 0.050 ×(EDm))] / 100 × GEI /0.05565 Blaxter and Clapperton (1965)
4 [2.81 + 0.042 DOMI]/1.4 Murray, Bryant, and Leng (1976)
5 [3.41 + 0.511 × NSC + 1.74 × HC + 2.65 × CEL]/0.05565 Moe and Tyrrell (1979)
6 Eq. 1: 63 + 79 × CF + 10 × NFE + 26 × CP -212 × EE Kirchgeßner, Windisch, and Müller (1995)a

7 Eq. 2: 10 + 4.9 × Milk Yield (kg/d) + 1.5 × BW0.75

8 DEI (0.094 + 0.028 SADFI/TADFI) – 2.453 (MN – 1). Yan et al. (2000)
9 [50 + 0.01 × Milk Yield (kg/d) × 365]/365 × 1000 Corré (2002)

10 Linear 1: [5.93 + 0.92 × DMI]/0.05565 Mills et al. (2003)
11 Linear 2: [8.25 + 0.07 × MEI]/0.05565
12 Linear 4: [1.06 + 10.27 × forage proportion + 0.87 × DMI]/0.05565
13 Non-lin. 1: [56.27 – (56.27 + 0) × e (-0.028 × DMI) ]/0.05565
14 Non-lin. 2: [45.89 – (45.89+ 0) × e (-0.003 × MEI) ]/0.05565
15 Non-lin. general a – (a + b) e−[(0.0011 × Starch (kg/d)/ADF] + 0.0045)]ME

16 [45.0 – 0.018 × DMI (g/kg BW/d)2 – 1.84 × C18:2 (% DM) – 84.2 × C≥20 (% DM)] × DMI 
(kg/d) × 0.6802

Giger-Reverdin, Morand-Fehr, and Tran (2003)

17 20 × Concentrate Intake (kg as fed/d) + 22 × Corn Silage Intake (kg DM/d) + 27 × Grass 
Intake (kg DM/d)

Schils et al. (2006)

18 Tier 1: 323 for North America, 274 for Europe IPCC (2006)
19 Tier 2: [0.065 × GEI]/0.05565
20 Beef: CH4 (MJ/d) = [2.94 + 0.059 × MEI + 1.44 × ADF – 4.16× lignin (kg/d)]/0.05565 Ellis et al. (2007)b

21 Dairy 1: [8.56 + 0.14 × forage (%)]/0.05565
22 Dairy 2: [3.23 + 0.81 × DMI]/0.05565
23 Combined beef and dairy: [3.27 + 0.74 × DMI]/0.05565
24 [(9.75 – 0.05 × Digestibility Rate (%))× GEI]/0.05565 FAO (2010)

Abbreviations are as follows: a = theoretical maximum CH4 output, b = minimum CH4 output ADF= acid detergent fiber (kg/d), BW = bodyweight (kg), C18:2 = the 
quantity of linoleic acid, C≥20 = the quantity of fatty acids with a chain length equal to or greater than 20 atoms of C, CEL = cellulose (kg/d), CF = crude fiber (kg/d), 
CP = crude protein (kg/d), DEI = digestible energy intake (MJ/d), DMI = dry matter intake (kg/d), DOMI = digestible organic matter intake (g/d), EDm = energy digest-
ibility at maintenance (% of GE), EE = ether extract (fat, kg/d), GE = gross energy, GEI = gross energy intake (MJ/d), HC = hemicellulose (kg/d), MEI = metabolizable 
energy intake (MJ/d), MN = multiple of maintenance, NFE = nitrogen-free extract (kg/d), NSC = non-structural carbohydrate (kg/d), SADFI = silage ADF intake (kg/d), 
TADFI = total ADF intake (kg/d).
a. Intercept becomes 59 in Eq. 2 if the diet is based on corn silage.
b. Although Ellis et al. (2007) developed 14 equations for beef, 8 for dairy, and 10 for beef and dairy, the best-fitting equations are presented here.
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Models for national inventories
The Intergovernmental Panel on Climate Change (IPCC), in its revised reference manual (IPCC 2006), outlined two 
methodologies—Tier 1 and Tier 2—to estimate CH4 emissions from livestock enteric fermentation. A third method-
ology, Tier 3, is also recommended for countries with detailed information on animal and diet characteristics. The 
IPCC method is described in greater detail in the section on critical issues in accounting. The Food and Agriculture 
Organization of the United Nations (FAO) modified the IPCC Tier 2 methodology and developed a CH4 emission 
module for its life-cycle assessment study of the dairy sector (FAO 2010). The equation developed was based on a 
digestibility-dependent Ym value (proportion of the animal’s gross energy intake lost as CH4) in which digestibility was 
inversely proportional to CH4 loss per unit of energy intake (table 18 Eq. 24). In the United States, the Environmental 
Protection Agency refined the IPCC Tier 2 methodology by increasing the level of detail of livestock data and spa-
tial and temporal characterization (U.S. EPA 2011). The agency estimated methane emissions with the Cattle Enteric 
Fermentation Model (CEFM), which calculates country-specific Ym values using model simulation and published 
data (Mangino, Peterson, and Jacobs 2003). The fundamental equations in CEFM are from the IPCC Good Practice 
Guidance Tier 2 approach (IPCC 2000). The main difference is that CEFM calculates cattle sub-populations on a 
monthly basis instead of an annual basis, resulting in increased levels of detail, such as definitions of livestock sub-
categories, livestock populations by subcategory, and feed intake estimates for the typical animal in each subcategory.

Bannink, van Schijdel, and Dijkstra (2011) developed a Tier 3 approach for the Netherlands that evaluates specific details 
of nutritional management because the underlying mechanisms of enteric fermentation are represented dynamically. 
The Tier 3 approach is based on a mechanistic model discussed in greater detail in the next section. The predictions 
of the Tier 3 approach more closely agreed with those of an older version of IPCC Tier 2 (IPCC 1997) than with the 
updated version (IPCC 2006). Uncertainty of predictions was approximately 15%, which is lower than the estimated 
20% for the IPCC Tier 2 approach. The most likely sources of uncertainty were thought to be errors in estimating feed 
intake, the stoichiometry of volatile fatty acid production, and the acidity of rumen contents. Most developed countries 
are expected to move toward the Tier 3 approach using country-specific mechanistic models.

Other statistical (empirical) models
Several empirical equations to predict CH4 production in cattle have been published since the 1930s and ’40s (table 18). 
The equations in table 18 use a range of animal and dietary factors as covariates in prediction of CH4 emissions. Some 
of the driving variables for prediction include dry matter intake (e.g., Eq. 1, 2, 10, 16, 22), live weight (Eq. 7 and 16), 
milk production (Eq. 7 and 9), proportion of forage (Eq. 12 and 21) and chemical composition of the diet (Eq. 5 and 
15). Figure 1 summarizes the driving variables that influence enteric CH4 emissions. More than 75% of the equations in 
table 18 use some measure of intake (e.g., dry matter, organic matter, digestible energy, gross energy) because 60%–80% 
of the variation in CH4 prediction could be attributed to a measure of intake (Mills et al. 2003; Ellis et al. 2007). Whole-
farm models (discussed below) and ration-formulation models typically rely on empirical models to predict enteric 
fermentation. For example, version 6.1 of the Cornell Net Carbohydrate and Protein System (CNCPS) uses the Mills 
et al. (2003) and Ellis et al. (2007) equations to predict enteric CH4 emissions (Van Amburgh et al. 2010). However, 
independent data for evaluation of the models within the CNCPS framework are not available.

Mechanistic models
A mechanistic model analyzes the behavior of a system in terms of its components and their interactions (Thornley and 
France 2007). Dynamic, mechanistic models express the time variable explicitly. Several dynamic, mechanistic models 
that estimate CH4 emissions have been developed (e.g., Baldwin 1995; Mills et al. 2001). These models require detailed 
dietary input and base CH4 production estimates on the simulated hydrogen economy in the rumen. It is assumed that the 
hydrogen produced in the rumen from fermentation of soluble carbohydrate and protein to volatile fatty acids is used (1) 
to support rumen microbial growth, (2) for biohydrogenation of unsaturated fatty acids to saturated fatty acids, and (3) 
for production of glucogenic VFA (i.e., propionate and valerate). The remaining hydrogen is used solely and completely 
for methanogenesis in the reduction of CO2 to CH4 (Baldwin 1995; Mills et al. 2001; fig. 12). Two mechanistic models 
currently used for estimation of CH4 emissions that were developed on the basis of Newton’s first law of thermodynamics 
(MOLLY and COWPOLL) and a conceptual model based on the second law of thermodynamics are discussed below.
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MOLLY
A dynamic and mechanistic model developed at the University of California, Davis, MOLLY is based on dairy cows’ 
rumen digestion and metabolism (Baldwin 1995). The model was constructed assuming continuous feeding, using 
Michaelis-Menten or mass action kinetics. The digestion element of the model is comprised of 15 state variables. The 
chemical composition of the diet is presented as starch, cellulose, hemicellulose, lignin, soluble carbohydrate, acetate, 
propionate, butyrate, crude protein (soluble and insoluble), non-protein nitrogen, urea, ash (soluble and insoluble), 
lipid, organic acid, lactate, pectin, and fat. After microbial attachment and substrate hydrolysis, the rumen model uses 
stoichiometric coefficients to convert starch, soluble carbohydrates, and amino acids into volatile fatty acids (VFA). 
The VFA stoichiometry is based on the equation developed by Murphy, Baldwin, and Koong (1982), which relates the 
amount of VFA produced to the type of substrate fermented in the rumen.

COWPOLL
The model developed by Dijkstra et al. (1992) served as a basis for development of the COWPOLL model. A dynamic and 
mechanistic model, COWPOLL is designed to simulate the digestion, absorption, and outflow of nutrients in the rumen. 
The model contains 17 state variables representing N, carbohydrate (fiber, starch, and sugar), lipid, and VFA pools. 
Chemical composition of the diet is presented as starch (soluble and insoluble), fiber (degradable and undegradable), 
crude protein (soluble and undegradable), water-soluble carbohydrate, ether extract, VFAs (acetate, propionate, butyrate 
and valerate), ammonia, ethanol, and lactate. Mills et al. (2001) added CH4 production in the rumen and hindgut to the 
Dijkstra et al. (1992) rumen model. Kebreab et al. (2004) later integrated N transactions and, as such, developed an 
extended model. Given that VFA molar proportions are important determinants of CH4 formation, COWPOLL uses a 
VFA stoichiometry, developed by Bannink et al. (2006), based on data collected from digestion trials with dairy cows. In 
addition to the stoichiometric differences described above, MOLLY and COWPOLL also differ in the number of microbial 
pools; MOLLY uses one microbial pool, whereas COWPOLL uses three pools (amylolytic, cellulolytic, and protozoa).
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Thermodynamic model
Kohn and Kim (2011) proposed an integrated thermodynamic and kinetic model to predict CH4 emissions from VFA 
concentrations. The authors use organic matter digestion in the rumen to predict VFA production, absorption, and pas-
sage rates, which they in turn use to predict VFA concentrations. They use the second law of thermodynamics to explain 
why volatile fatty acid and CH4, among other metabolites and gases, occur in the rumen and predict their quantities. 
The model is still at a conceptual stage and has not been tested with in vitro or in vivo data. Once fully developed and 
evaluated, the model might explain the mechanisms of some factors that change CH4 emissions and might suggest ways 
to decrease enteric CH4 emissions.

Whole-farm models
Many whole-farm models simulate the impact of various management or nutritional strategies on GHG emissions. Due 
to the relative simplicity of empirical prediction equations, a number of them are typically used in whole-farm models. 
The models’ predictive power depends on the accuracy of these equations. Whole-farm models differ in their level 
of complexity and structure. Calculation software such as Cool Farm Tool3 and Agricultural and Land Use National 
Greenhouse Gas Inventory4 (ALU) are available online. These tools are mostly based on IPCC (2006) equations and 
simulate emissions from various types of animals, manure storage, and soil using a factorial approach, because nutri-
ent flows from one phase of the farm (such as animal management) do not necessarily follow to the next phase. ALU 
has been developed with the help of U.S. EPA for inventory calculations in the United States. More complex models, 
such as Holos (developed by Agriculture and Agri-Food Canada) and the Integrated Farm Systems Model (IFSM, 
developed by USDA-ARS) simulate whole-farm emissions of GHG, including CH4, and evaluate the overall impact of 
management strategies to reduce CH4 emissions. The IFSM is a process-based (mechanistic) whole-farm simulation 
model that incorporates soil processes, crop growth, tillage, planting and harvest operations, feed storage, feeding, herd 
production, manure storage, and economics (Rotz et al. 2011). The IFSM uses the Mills et al. (2003) equation to predict 
CH4 emissions from enteric fermentation. Independent evaluation of the enteric CH4 emissions equation as used in 
IFSM is not yet available.

Ellis et al. (2010) evaluated empirical equations used to predict CH4 emissions from dairy cows in eight whole-farm 
models. In general, predictions were poor; several models severely over-or under-predicted CH4 production. These 
results suggest that the evaluated equations cannot fully describe the underlying causes of variation. Simple, more 
generalized equations performed worse than those representing some aspects of diet composition. Although some 
of the equations include basic aspects of the chemical composition of the diet and indirectly take into account the 
effect of feed intake level, they lacked other important descriptors that affect CH4 production such as fat fraction (as 
reviewed by Beauchemin et al. 2009). Most of the equations also assume a constant CH4 yield per unit of substrate (e.g., 
non-structural carbohydrate), but variation in intake level may affect their rumen fermentability and pH and, as a con-
sequence, VFA profile and CH4 release (Bannink et al. 2006). Although whole-farm models performed adequately with 
the inclusion of IPCC Tier 2 equation, the equation is based simply on gross energy intake and does not fully describe 
changes in composition of the diet (Ellis et al. 2010). For example, gross energy intake may increase due to greater feed 
intake, likely resulting in increased CH4 emissions, but gross energy intake may also increase if the dietary fat content 
of the diet is increased, likely resulting in decreased CH4 emissions. If a whole-farm model is attempting to describe the 
effect of a given mitigation strategy on CH4 emissions, and subsequently the effects on other aspects of the farm nutrient 
balance, empirical equations may not be sufficiently accurate, because they are not adequately sensitive to change. The 
low prediction accuracy and poor prediction of variation in observed CH4 production values may introduce substantial 
error into inventories of GHG emissions and lead to incorrect mitigation recommendations on a whole-farm level. Thus 
conservative estimates would need to be used. However, mechanistic models require more detailed input data that may 
not be readily available, hampering these models’ inclusion in whole-farm models.

3. http://www.unilever.com/aboutus/supplier/sustainablesourcing/tools/.
4. http://www.nrel.colostate.edu/projects/ALUsoftware/index.html.

http://www.unilever.com/aboutus/supplier/sustainablesourcing/tools/
http://www.nrel.colostate.edu/projects/ALUsoftware/index.html
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Comparison of models
Several studies have evaluated the prediction potential of empirical and mechanistic models for enteric CH4 production 
from cattle using independent data sources (Benchaar et al. 1998; Kebreab et al. 2006a, 2008). Wilkerson, Casper, and 
Mertens (1995) reviewed several statistical models and recommended adoption of the Moe and Tyrrell (1979) equa-
tion for dairy cows. Mills et al. (2003) also compared various statistical models from the literature as well as models 
developed by the authors using extensive calorimetry data. Although the authors found that the Moe and Tyrrell (1979) 
model provided reasonable predictions, their own non-linear models not only improved predictions but also were 
less prone to misapplication. Linear models gave unrealistically high emission values as dry matter intake increased, 
whereas non-linear models yielded values approaching theoretical maximum emissions, a prediction that is biologi-
cally realistic. Benchaar et al. (1998) compared the predictive capacity of two mechanistic and two linear models with 
a database constructed from the literature. Predictions from linear equations were poor; the models explained 42% to 
57% of the variation. The mechanistic models, on the other hand, explained more than 70% of the variation.

Kebreab et al. (2006a) chose six models, including two linear models (Moe and Tyrrell 1979 and Mills et al. 2003), a 
non-linear model (Mills et al. 2003), IPCC Tier 1 and 2 models (IPCC 1997), and a mechanistic model (COWPOLL) 
for predicting CH4 production, and challenged them with North American data. The linear models were recommended 
for use where nutrient information is limited and within the range in which the models were developed. The non-linear 
model of Mills et al. (2003) could be used for extrapolation beyond the range of data used for developing the model, 
but the mechanistic model was recommended for assessment of mitigation options. The Tier 1 model was found to be 
adequate for general inventory of CH4 emissions but inadequate for assessing the mitigation options, because it relies 
on default emissions factors. Although relatively less accurate in predicting the mean, the Tier 2 model is better suited 
when information on feed intake is available (Kebreab et al. 2006a).

Kebreab et al. (2008) evaluated two empirical models (IPCC 2006 and Moe and Tyrrell 1979) and two mechanistic mod-
els (COWPOLL and MOLLY) for their predictive capacity using individual cattle measurements of CH4 emissions. In 
dairy cattle, COWPOLL yielded the lowest predictive error. However, in feedlot cattle, MOLLY yielded the lowest pre-
dictive error. The predictions of the IPCC model agreed in large measure with observed values. The average Ym values 
were 5.63% of gross energy (a range of 3.78% to 7.43%) in dairy cows and 3.88% (a range of 3.36% to 4.56%) in feedlot 
cattle. The authors reported that using IPCC values can result in overestimation of emissions by 12.5% for dairy cattle 
and underestimation by 9.8% for feedlot cattle. In addition to providing more accurate estimates of emissions based on 
diets, mechanistic models, unlike empirical models, can help researchers assess mitigation options such as changing 
carbohydrate sources and adding fat to reduce methane. Alemu, Ominski, and Kebreab (2011b) also compared empiri-
cal and mechanistic models to estimate and assess trends in enteric CH4 emissions from western Canadian beef cattle. 
The authors concluded that a more robust approach may be to use mechanistic models to estimate regional Ym values, 
which are then used as input for IPCC models for inventory purposes. The CEFM model used by the U.S. EPA is an 
approximation of this approach but requires a mechanistic model to simulate Ym values in order to be adopted as a Tier 
3 system similar to the Dutch methodology.

Critical Data Gaps Affecting Greenhouse Gas Emissions Quantification
To date, empirical models have been developed on the basis of relatively small amounts of data. The expense of mea-
suring enteric fermentation makes collection of the vast amount of data necessary to establish relationships between 
animal and dietary inputs and CH4 emissions challenging. Furthermore, the range of data collected is narrow, because 
most experiments are conducted to investigate treatment effects. Therefore, some of the data used to develop empiri-
cal models do not reflect animal and dietary attributes that may potentially be influential in predicting CH4 emissions. 
For example, a number of equations in table 18 do not include ether extract (or fat), which is found to be influential 
in various studies. Ideally, empirical models should be developed from a database containing more than 1,000 records 
with detailed input parameters. Such a database would allow development of both general models, which use one or 
two covariates, and detailed models.

An important aspect of enteric CH4 modeling is that the statistical method used in developing empirical models might 
not be appropriate. For example, most of the current models were developed using a frequentist statistical method. Using 
this method, a sequential application of simple significance tests can only be calculated. In addition, only nested models 
can be compared, and different models are selected if alternative procedures or starting covariates are included in the 



Nicholas Institute

41

Near-Term Options for Reducing Greenhouse Gas Emissions from Livestock Systems in the United States

statistical procedures. To avoid methodological limitations, development of models in a Bayesian framework should be 
considered. One of the advantages of a Bayesian hierarchical methodology is that any combination of covariates is avail-
able, and each covariate is selected on the basis of the probability of that covariate being picked in a model during the 
analysis. In models developed in a Bayesian framework, animal and dietary variables can be made available for selection.

Fermentation in the rumen is a complex process involving microbial activities and degradable dietary components. 
Therefore, representation of this process using mechanistic models is also complex. In addition to degradation of dietary 
components and microbial growth, fermentation stoichiometry must be known to evaluate specific dietary components 
for the type of volatile fatty acid, H2, and CH4 produced during rumen fermentation. Alemu et al. (2011a) evaluated VFA 
stoichiometric models for their capacity to predict VFA molar proportion and CH4 using independent data sources. 
They reported that variation among stoichiometric models in predicting VFA production had a major influence on the 
accuracy of estimated enteric CH4 production. VFA stoichiometric models need to be improved to yield more accurate 
estimates of VFA production and absorption across the rumen wall.

Model Selection
Numerous models predict GHG emissions from livestock. Selection of the appropriate model depends on the user’s 
objective (e.g., national inventory), data availability, and the relevance for various situations and management systems. 
Selection also depends on the limitations and uncertainty of models as well as the scale of operation, which affects the 
model’s viability for accounting in GHG emissions reduction projects.

Development of models starts with an objective. Therefore, selection of a model should take into account the purpose 
for which the model was developed. Most empirical models were developed using limited data and may not be appro-
priate to extrapolate beyond the range of data from which they were developed. For example, a model developed on 
the basis of beef cattle data may not be appropriate for use in dairy cattle. However, empirical models may be preferable 
in some instances. Development of these models is often the first step in developing process-based models. Empirical 
models can be useful in conjunction with mechanistic models. One of the major constraints in using mechanistic 
models is data availability. Due to the complex chemical compositional requirements of livestock diets, it may be dif-
ficult to use mechanistic models for on-farm emissions quantification. Benchaar, Pomar, and Chiquette (2001) have 
demonstrated that mechanistic models are the superior, if not the only, option for comparing mitigating options using 
dietary manipulation.
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5. CRITICAL ISSUES FOR GHG ACCOUNTING IN LIVESTOCK SYSTEMS

The Food and Agriculture Organization’s report, Livestock’s Long Shadow, raised concerns about the environmental 
impact of animal agriculture, particularly GHG emissions to the atmosphere (Steinfeld et. al 2006). Corporate social 
responsibility reporting has been enabled through guidelines set out by processes like the Global Reporting Initiative 
and Carbon Disclosure Project. The public and non-governmental sector as well as global food companies and their 
supply chains are developing tools to measure and manage GHG emissions and other aspects of on-farm sustainability. 
This effort builds on longer-term efforts to develop national inventories under the UNFCCC agreements using IPCC 
methodologies. The recent move toward project-level protocols for livestock GHG mitigation in Canada and the United 
States is an offshoot of the U.N. agreements as voluntary programs and regional regulatory programs for mitigation 
move forward.

Life-cycle assessment (LCA), typically based on ISO 14040/14044 standards, is one of the main accounting frameworks 
used to assess GHG and other metrics associated with the sustainability of supply chains for agricultural products 
(grower/producer – food manufacturing/processing sector – retail/restaurateur – consumer). LCA studies reveal that 
more than 70% of the GHG impact is attributable to the primary production and farm-level processing portion of the 
chain, shifting attention to measurement and management of on-farm sustainability (Hermansen and Kristensen 2011; 
Thoma et al. 2012; Thoma et al. 2011). Project-based accounting, based on the ISO 14064:2 or World Resources Institute 
GHG Protocol standards, is another carbon accounting framework used by GHG registries and programs for voluntary 
and compliance-based carbon offsets.

Various programs and registries apply these project-based accounting frameworks to develop program-level standards 
or guidance as well as carbon offset protocols for quantifying GHG reductions from management changes in the agri-
cultural and other sectors. The accounting frameworks for GHGs under project-based quantification differ from LCA 
accounting in some major ways, a fact not sufficiently realized by GHG practitioners and accounting-framework end 
users.

As mentioned, several international standards guide product development under both frameworks (LCA accounting 
and GHG quantification protocols). However, the intravariability of products and results from the LCA accounting 
framework tends to be larger than that within project-based accounting frameworks, simply because the method-
ological choices are broader. Moreover, LCA accounting criteria are less clear; these criteria depend on objectives and 
methodological choices, whereas carbon offsets have a fairly consistent set of criteria

Differences in the measurement, monitoring, reporting, and verification systems to implement LCA accounting and 
project-based accounting frameworks are discussed below.

Quantification Frameworks
Many tools are used to quantify GHGs in agriculture (Driver, Haugen-Kozyra, and Janzen 2010), for different purposes 
(fig. 14). In an ideal world, the scientific basis or underlying quantification methodology for the four general classes of 
tools shown below would be the same. However, accounting and implementation frameworks, methodological choices, 
and application of the quantification methodology within each context differ significantly. The result is confusion about 
interpretation of results and skepticism on the part of the agricultural sector about the application and veracity of GHG 
values attributed to its operations.

Importance of IPCC guidance and approaches in livestock quantification
Increasingly, country-specific adaptation of IPCC guidance in national inventories is viewed as a valid scientific source 
of GHG quantification methodologies for use in LCA and project-based accounting frameworks. This acceptance is 
partially driven by the consistency principle in ISO and other process-based standard guidance.

The IPCC, in its revised reference manual (IPCC 2006), outlined two methodologies to estimate CH4 emissions from 
livestock enteric fermentation, Tier 1 and Tier 2. A third methodology, Tier 3, is also recommended for countries with 
detailed information on animal and diet characteristics. Tier 1 is a simplified approach that assigns default CH4 emis-
sions for distinct animal categories. Therefore, only readily available animal population data are needed to estimate 
emissions. When more detailed livestock data are available, Tier 2 method estimates CH4 emissions by using CH4 
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emissions factors (Ym, table 18 Eq. 19). The Ym repre-
sents the proportion of the animal’s gross energy intake 
lost as CH4. Several countries and agencies have adapted 
the IPCC methods and customized Tier 2 approaches 
with country-appropriate Ym factors. Furthermore, sev-
eral countries are beginning to apply Tier 3 methods 
through the use of mechanistic-based models to achieve 
a more dynamic approach to estimating enteric emis-
sions. Most developed countries are expected to adopt 
the Tier 3 approach using country-specific mechanis-
tic models. As shown below, both project-based and 
carbon footprint accounting frameworks are adopting 
IPCC-based approaches in the quantification estimates 
of farm-based emissions.

U.S. national GHG inventory
Quantifying methane from enteric fermentation and 
CH4 and N2O emissions from manure storage and handling is well characterized by IPCC best practice guidance 
(IPCC 2006). The science laid out in the IPCC guidance is applied in national emissions inventory reporting to the U.N. 
Framework Convention on Climate Change. The U.S. inventory applies IPCC Tier 2 methodology to estimate emissions 
from cattle (because CH4 emissions from cattle are higher than from other types of livestock) and Tier 1 methodology 
for all other types of livestock (U.S. EPA 2011; USDA 2011a).5

Tier 1 IPCC methodology is based on default emission factors, but Tier 2 requires the user to calculate them using 
regionally specific information. These factors are estimated according to (1) animal category, which may include gender 
and life stage (e.g., nursing calves, heifer stockers, or feedlot steers in cattle operations; weaner pigs or feeder pigs in 
hog operations; lactating cows or replacement heifers in dairy operations), (2) each category’s dry matter intake and 
feed ingredients (level of concentrates, total digestible nutrients, and crude protein); and (3) excretion of volatile solids 
and nitrogen in manure.

For cattle operations, eight major equations from IPCC (2006) are used to calculate emissions from the various relevant 
sources:

• CH4 emissions from enteric fermentation (Eq. 10:21)
• concentration of nitrogen excreted for cattle (Eq. 10:22)
• daily volatile solid excreted for cattle (Eq. 10:24)
• CH4 emissions from manure handling, storage, and land application (Eq. 10:23)
• direct N2O emissions from manure (Eq. 10:25)
• direct N2O emissions from manure storage (Eq. 10:25)
• indirect N2O emissions from volatilization (Eq. 10:26)
• indirect N2O emissions from leaching (Eq. 10:28)

Basic and applied studies directly investigating emissions from livestock operations in the United States and Canada 
are challenging these methods, particularly the equations’ handling of the fat content and energy density of diets and 
certain default factors for GHG emissions from manure storage. These new studies suggest that Tier 1 methodology 
remains sufficient for emissions inventory but that Tier 2 methodology is more appropriate for use in GHG quantifica-
tion in LCA or project-based accounting.

The IPCC guidance provides default assumptions that need to be tested against the literature review of CAST (2011b) 
and other emerging science. GHG emissions from land application of beef and dairy manure across the diversity of 
soils and cropping systems in the United States also requires additional research. In the U.S. inventory Tier 2 approach 
for cattle, the data needed to estimate the GHG emissions from the IPCC equations include

5. For a discussion of different IPCC tiers, refer to Olander et al. 2011.
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• Beef and dairy cattle population variables for 10 subcategories:
 − USDA 2011b: cattle calf animal categories (age, gender) and by category each month (except bulls); cattle placed 

in feedlot by weight class; slaughter numbers and pregnancy/lactation data; mean weight gains/weight gains
 − USDA APHIS NAHMS 1997, 2008: calving percentages

• Beef and dairy diet variables (U.S. EPA 2010):
 − Regional diet characterization (State Livestock Specialists/APHIS NAHMS 2008): digestible energy (DE); 

energy requirements and fraction of energy converted to methane for each animal category and diet (Ym);
• Other data values (USDA 2010):

 − Extrapolated from above sources: body weight, net energy for activity, standard reference weight (dairy = 1,324 
lbs; beef = 1,195 lbs); milk production; milk fat; pregnancy, DE and Ym.

The U.S. Tier 1 inventory approach for all other livestock uses population data from USDA NASS (1994) reports, 
updated with USDA Economics and Statistics System monthly, annual, and livestock population and production esti-
mates. For horses, the FAOTSTAT database is used (FAO 2009). To estimate emissions, IPCC Tier 1 emission factors are 
applied per head of animal; no diet information or weights variables are required for these estimates (U.S. EPA 2010).

GHG calculators
Government departments, extension universities/colleges, and private sector companies have developed calculator-type 
tools for a variety of on-farm planning purposes (e.g., herbicide choice and application, fertilizer and nutrient applica-
tion, and ration-balancing application).

In the GHG context, several model-based farm-scale calculators are available. These calculators include the COMET 
system, the DNDC calculator, Cool-Farm, and Holos (Olander et al. 2011; CAST 2011b). Typically, these calculators are 
based on IPCC emission factors (Tier 1 or 2) or on empirical and process-based models with user-friendly interfaces. 
Although the number of management practices and production scenarios tend to be limited and are based on the mod-
eled parameters, these tools are increasingly being aligned with LCA and project-based accounting (e.g., by the National 
Pork Board and the Innovation Center for U.S. Dairy Sustainability initiatives). Other groups are incorporating financial 
data in the calculators to provide an economic analysis for adoption of GHG mitigation practices. This effort should 
increase the calculators’ uptake by producers.6

Life-cycle analysis
LCA provides a snapshot in time of the environmental impact of a product or process, allowing that impact to be com-
pared with the impact over time or of other products. Benchmarking over time using standardized LCA methodology 
can demonstrate progress in global environmental performance and can identify the specific processes generating 
strong environmental disturbances (hotspots).

Application of LCA to agricultural production systems and supply chains is relatively new. In the earlier 2000s, Walmart 
and several other companies successfully used LCA to design greener packaging and make shipped products more 
compact to reduce fuel use. However, agricultural production systems don’t consume resources in a linear sense: they 
are interrelated cropping and animal systems and rely on renewable resources (e.g., nutrient recycling, seeds, cattle, 
and manure). These systems are based on biological systems with varying geographical conditions. Some simulation 
modeling is required to capture differences in these conditions.

Adapting LCA to agricultural production systems is not straightforward. In particular, livestock systems are influenced by 
abiotic factors such as agroclimatic drivers, inherent soil characteristics, and market drivers. Furthermore, agricultural pro-
duction systems interact with many different sectors’ materials and energy flows (fig. 15). In addition, cropping and animal 
production systems have multiple outputs or co-products that can have value or substitute as inputs in other production 
systems (e.g., meat, milk, hides, tallow, bone meal, manure, and other derivatives from dairy systems can be used in mul-
tiple production systems). Co-products require the LCA practitioner to apply allocation rules to partition the attribution 
of the environmental burden or benefit among the product system under study and the other production systems involved. 
Several methods have evolved to properly allocate environmental burden/benefit according to the co- or by-products, but 
this aspect of LCA application is certainly one of the more controversial and arbitrary in agriculture; harmonization of this 

6. Pers comm., Belinda Morris, EDF CIG Grant on Demonstrating GHG Emissions from Rice Cultivation.
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aspect would increase certainty in LCA results. As the bio-economy and renewable energy sectors grow, capturing the true 
environmental impact of a production system through an LCA will become increasing challenging.

In a literature review, RIRDC (2009) found that most agricultural LCA studies used the ISO 14040:2006 and ISO 
14044:2006 standards. These standards, like those used in project-based accounting, provide a consistent framework 
for conducting an LCA. However, that framework allows for flexibility in implementation of the accounting process, 
e.g., with respect to goal, system boundary, environmental impact categories to be included (e.g., air pollutants, GHGs, 
or water discharges or energy or land use), choice of functional units, allocation methods for co-products, primary and 
secondary data sources, and choice of LCA software and evaluation methods. Supply chain and product LCA standards 
have emerged to help facilitate comparison of agricultural LCA studies.

Project-based accounting
The ISO 14064:2 standard, or WRI GHG project-based accounting standard, allows for accounting of GHG emissions 
reductions from a baseline level after a GHG mitigation project has been implemented.7 This approach is based on the 
systematic and comprehensive identification and analysis of baseline and post-project sources of GHG emissions, sinks, 
and reservoirs. The ISO 14064:2 standard provides a template and a process to (1) ensure that quantified emissions are 
based on a streamlined LCA for baseline and post-project conditions; (2) identify the relevant GHG emissions sources 
and sinks controlled by the project and sources and sinks that are upstream and downstream of the project as well as 
any leakage effects from the project activity (related and affected), and (3) identify GHG sources and sinks are material 
to or significantly affected by emissions reductions.

Project-based accounting standards are typically regime-neutral and can be adopted by companies, organizations, and 
governments to provide consistency and confidence in measurement, reporting, and verification (MRV) procedures 
(quantification protocols) in the context of a particular GHG framework. These standards cover project accounting 
details, including guidance on the gases to be counted and the methods for counting them, the different kinds of base-
line scenarios and the procedures to assess the appropriate baseline, ways to address measurement uncertainties, data 
quality management, ways to set boundaries for measurement and monitoring, ways to address leakage of GHG impact 
outside those boundaries, and quantification of reversals. The standards also address requirements for monitoring, 
documentation, reporting, and verification of projects. Specific principles and requirements within a quantification 
protocol generated from these standards can be audited to ensure compliance. Only the GHGs sources and sinks that 
materially impact the quantification need to be quantified.

7. http://www.iso.org/iso/catalogue_detail?csnumber=38381 and the WRI GHG Protocol Standard for project accounting http://
www.ghgprotocol.org/files/ghg_project_protocol.pdf.

Figure 15. Materials and energy flow in agricultural production

http://www.iso.org/iso/catalogue_detail?csnumber=38381
http://www.ghgprotocol.org/files/ghg_project_protocol.pdf
http://www.ghgprotocol.org/files/ghg_project_protocol.pdf
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Project-based accounting compares baseline emissions sources and sinks with post-project emissions sources and sinks, 
whereas LCAs strive to assess all emissions from sources and sinks of a product or process, either from cradle to grave 
or cradle to farm gate. The resulting GHG impacts or assessments from LCAs and project-based accounting are not 
readily comparable. Project-based methods only account for the relevant differences between baseline and post-project 
emissions changes, whereas LCA methods attempt to quantify the emissions profile of the product or process. Project-
based accounting is used in carbon offset programs and registries.

Use of LCAs in Livestock Production Systems
Traditionally, LCA has been applied in the industrial sector on the basis of the material and energy flows of engineered 
systems and has been aimed at assessing the environmental impacts of relevant input and outputs of a manufacturing 
product or process. Classical attributional LCAs (ALCAs) relate these impacts to a functional unit, or the main function 
of a production system in quantitative terms. Adapting LCA to agricultural production systems at the primary level has 
proved to be a challenge.

According to the ISO LCA standards mentioned above, the four phases of an LCA study, with various methodologi-
cal choices embedded in each, are (1) goal and scope definition, (2) inventory analysis, (3) impact assessment, and (4) 
interpretation.

Phase 1: Goal and scope definition
The scope of an LCA, including the system boundary and level of detail, and to some degree the functional unit, 
depends on the study’s subject and intended use. The depth and breadth of LCAs can vary considerably, depending 
on a study’s goal and scale. In phase 1, life-cycle stages and environmental impact categories are identified. The practi-
tioner must determine the type of allocation method to be used and decide whether to apply a consequential LCA or 
an attributional LCA. Attributional LCAs quantify the environmental impact of a certain amount of the product (i.e., 
functional unit in a status quo situation), whereas consequential LCAs quantify the environmental consequences of a 
change in the demand for the product (Thomassen et al. 2008). In reviewing 16 European livestock product LCA stud-
ies, de Vries and de Boer (2010) found that the common practice was to apply the attributional LCA.

Figure 15 indicates some primary (Scope 1) and secondary (Scope 2) emissions sources in an LCA, but a cradle-to-grave 
assessment requires consideration of tertiary (Scope 3) sources (Lal 2004). Tertiary sources include emissions from 
acquisition of raw materials, fabrication of tractors, operation of equipment and buildings, manufacture of packaging, 
product/commodity transport to markets, and indirect land use changes (changes in land use elsewhere attributed to 
the production system). Hermansen and Kristensen (2011) identified the various life-cycle stages of livestock products 
in the supply chain (fig. 16). Varying study scopes and system boundaries make direct comparisons among studies 
problematic. In practice, the majority of agricultural LCA studies designate the system boundary as cradle to farm gate 
(RIRDC 2009; de Vries and de Boer 2010) rather than cradle to grave, which would include transport and processing, 
packaging, and retailing downstream from the farm.

Regarding allocation of co-products, three main allocation methods can be applied: economic (by value of the co-
product), physical (by mass of the co-product), and system expansion (by expanding the production system to include 
alternative production pathways using co-products) (ISO 2006). In a review of a wide variety of agricultural LCA 
studies, RIRDC (2009) found that the order of preference for allocation was system expansion, followed by physical, 
followed by economic value. However, in a review of 16 European livestock LCAs, de Vries and de Boer (2010) found 
that allocation by economic value was much more common. Several authors acknowledge that for livestock systems, 
economic value allocation can lead to greater uncertainty, particularly with beef and dairy products, because of their 
integrated co-product systems (i.e., allocation of meat and milk from the dairy sector; RIRDC 2009; Vergé et al. 2011).

Phase 2: Inventory analysis
The life-cycle inventory analysis (LCI) phase is an inventory of input and output data with regard to the system of 
interest. It involves collection of the data necessary to meet the goals of the defined study. In traditional industrial 
applications, life-cycle inventory databases for these sectors are relatively well established, bringing a level of harmo-
nization in approach. However, the state of LCA practice in agriculture is inconsistent and non-standardized; some of 
the underlying LCI databases that support the analysis have international default factors, while others have national 
default factors or simply have data gaps when applied to primary agricultural production. Most practitioners and policy 
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makers recognize that LCI inventory datas-
ets should reflect local, primary data sources 
from the sector or commodity being mod-
eled to improve LCA analysis and modeling. 
Simulation modeling for some of the more 
biologically based emission sources may 
be needed. Secondary sources of emission 
factors—such as fossil fuel extraction and 
processing, electricity production, and the 
production of fertilizer, medicines, and 
pesticides—would need to be derived from 
existing LCI databases, national- or state-
level inventories, or industry input.

Phase 3: Impact assessment
The life-cycle impact assessment (LCIA) 
phase of the LCA provides additional infor-
mation to help researchers assess a product 
system’s LCI results to better understand 
their environmental significance.

Phase 4: Interpretation
The interpretation phase is related to the goals of the LCA. In reviews to date, the majority of the agricultural LCA 
studies were contributional and hotspot analysis, with a focus on changing feed choices or farming practice, rather than 
contribution and comparative analysis across different production systems (RIRDC 2009).

In summary, the main challenges in applying LCA accounting to GHG emissions from livestock production systems 
are differences in

• Goals and scales of LCA analyses
• Scope and boundary of LCA applications
• Functional units (e.g., kg CO2e can be reported on kg live weight leaving the farm gate; kg of carcass weight; kg of 

retail cuts; gallon of milk, gallon or kg of fat-corrected milk, gallon or kg of fat- and protein-corrected milk; kg of 
protein; kg of energy; and kg of human non-edible feed, among others)

• Allocation methods associated with co-products of livestock or crop and feedstuff production
• Integration of livestock production with the surrounding environment and landscape (e.g., nutrients arising from 

livestock production can move beyond the farm boundary either naturally or by man-made means)
• Configurations of feeding and production systems (e.g., ruminants versus monogastrics as well as barn/feedyard 

types; choice of feedstuffs)
• Input-to-output ratios of agricultural production (e.g., yields can vary from year to year depending on rainfall or 

extreme weather events)
• Nature of GHG emissions from livestock production systems, precluding direct measurement and necessitating 

modeling and other prediction techniques
• Regional and geographical influences on feed production and manure emissions
• Primary and secondary data sources
• LCI databases for emissions source factors in agriculture

For these and other reasons, the carbon footprint of livestock products can vary significantly. For example, when com-
paring beef LCA studies, the range of GHG emissions can be as low as 10.4 kg CO2e of beef produced to more than 80 
kg CO2e per kg of beef produced (Vergé et al. 2008; Leip et al. 2010). Table 19 presents the carbon footprint found in 
North American beef, milk, and pork studies.

Figure 16. LCA life-cycle stages for livestock products in the supply chain
Source: Hermansen and Kristensen 2011
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Table 19. LCAs of North American pork, milk, and beef production systems
Study LCA goal LCA purpose Scope/system 

boundary
Functional 

unit/kg CO2e/
Intensity metric

Allocation 
method

Data quality/
variability

ISO 14040/ 
14044 

compliance

LCA 
evaluation

Pork
Vergé et al. 
2008

Understand C 
intensity of the 
Canadian pork 
sector
(CLCA)

Compare C 
intensity change 
from 1981 to 
2001

Cradle to 
farm gate 
(cradle meaning 
cropping and 
energy for feed 
production, 
upstream 
fertilizer/pesticide 
production)

2.99 kg CO2e/kg live 
wt in 1981
2.31 kg CO2e/kg live 
wt in 2001
(3.1 kg CO2e/kg 
carcass wt in 2001)a

Not done – 
ended at farm 
gate (manure 
could have been 
allocated)

No assessment 
of uncertainty;
data mostly 
secondary; 
some farm data 
or primary data 
gathered

Unstated; IPCC 
Tier 2-based 
models for CH4 
and N2O estimates; 
cropping complex 
defined by region

Contribution 
and compara-
tive analysis 
over time; data 
gaps for 
on-farm energy 
use recognized

Thoma et al. 
2011

U.S. pork 
industry C 
footprint 
as part of 
Sustainability 
initiative

Scan Level 
(SLLCA) – 
understand 
supply chain C 
intensity
Detailed LCA 
(DLCA) – focus 
on farm-level C 
intensity

SLLCA – 
understand 
pork production 
contribution to 
supply chain 
GHGs
DLCA – 
understand 
baseline level of 
GHGs to support 
voluntary C 
markets

Cradle to grave; 
upstream crop 
production 
inputs as above; 
on-farm pork 
production; trans-
port; processing; 
packaging; 
distribution, 
retail, and solid 
and liquid 
waste (even 
post-consumer)

4 oz (uncooked) 
serving of boneless 
pork for analysis
Reported:
2.8 kg CO2e/kg 
live wt
3.8 kg CO2e/kg 
carcass wt

Economic value 
as base case 
(given a scan 
level) and mass 
allocation for 
feed byproducts

Monte Carlo 
assessment 
for knowledge 
and variability 
uncertainty; 
data mostly 
secondary from 
well-established 
sources; 
industry input 
for post farm-
gate sources

Yes; Computational 
farm model based 
on productive 
life of one sow; 
utilized IPCC Tier 
2 methodology 
for CH4 and N2O 
emissions

Contribution 
and hotspot, 
and compara-
tive as some 
comparisons of 
manure mgmt. 
were done; two 
critical reviews 
conducted

Beef
Capper 2011 Compare 

efficiency gains 
of modern beef 
production with 
1977 levels

Highlight 
improvements in 
efficiency; iden-
tify opportunities 
for mitigation in 
future years

Cradle to farm 
gate, including 
cow-calf, stocker, 
feedlot and 
dairy (culled 
cows); primary 
and secondary 
inputsb; GHGs, 
water, nutrients, 
land

21.44 kg CO2e/ kg 
carcass wt/yr 1977)
17.94 kg CO2e/ kg 
carcass wt/yr (2007)c

Not stated, 
but appears 
to be mass or 
biological, based 
on input/outputs 
for culled dairy 
cows; ends at 
farm gate

No assessment 
of uncertainty; 
mostly second-
ary data from 
well-established 
national/state/
academic 
sources; some 
industry input 
gathered

Unstated; applied 
deterministic 
model (Capper 
2009) applying 
resource inputs/
waste outputs

Contribution 
and compara-
tive analysis

Beauchemin 
et al. 2010

To estimate 
whole-farm GHG 
emissions in 
western Canada

Determine rela-
tive contributions 
of cow-calf and 
feedlot and emis-
sions attributable 
to CH4

Cradle to farm 
gate; feed 
production; 
manufacture of 
fertilizers/
pesticides; 
on-farm fuel use; 
CH4, N2O, and 
fossil CO2 over 
8-yr period

22 kg CO2e/kg 
carcass wt
cow-calf – 80% of 
emissions
feedlot – 20%

Not done; based 
on 120-head 
herd; representa-
tive cropping; 
beef production 
and native prairie 
grazing farm; 
ends at farm gate; 
no culled dairy 
calves

No stated 
assessment of 
uncertainty, 
however, Holos 
does calculate 
it; mostly 
secondary 
data from 
well-established 
national/prov’l/
academic 
sources

Unstated; used 
Holos – empirical 
model based 
on IPCC Tier 2 
methodologies 
customized to 
Canada for all GHG 
emissions

Contribution 
analysis; hotspot 
identification 
– suggested 
areas for more 
research on 
mitigation

Beauchemin 
et al. 2011

Compare 
potential GHG 
mitigation 
strategies for 
beef production 
in western 
Canada

Using methodol-
ogy in above 
study, identify 
GHG mitigation 
strategies from 
base case

See above; 
assessed feeding 
strategies (altered 
forage; added 
fats, corn DDGS, 
and forage qual-
ity); improved 
husbandry of 
breeding stock; 
reproductive 
performance

Base case – 22 kg 
CO2e/kg carcass wt
cow-calf herd – up 
to 8% reduction per 
strategy; up to 17% 
reduction together
feedlot – up to 4% if 
applied together – 
overall up to 20%

See above; 
manure could 
have been 
allocated; 
other system’s 
byproducts used 
as inputs such 
as fats and corn 
DDGS could have 
been allocated

No stated 
assessment of 
uncertainty; 
noted that soil C 
sequestration in 
well-managed 
pastures can tip 
balance from a 
net source to a 
net sink – but 
highly variable

See above Comparative 
analysis; mitiga-
tion strategies 
compared

Vergé et al. 
2008

Understand GHG 
emissions from 
beef production 
in western 
Canada

Compare C 
intensity change 
from 1981 to 
2001

Cradle to farm 
gate (cropping 
and energy for 
feed production, 
pasture, upstream 
fertilizer/pesticide 
production, 
on-farm energy 
use, meat 
production)

16.4 kg CO2e/kg live 
wt in 1981
10.4 kg CO2e/kg live 
wt in 2001
(16.0 kg CO2e/kg 
carcass wt in 2001)d

Not done – 
ended at farm 
gate (manure 
could have 
been allocated; 
no culled 
dairy animals 
considered)

No assessment 
of uncertainty;
data mostly 
secondary; 
some farm data 
or primary data 
gathered

Unstated; IPCC 
Tier 2-based 
models for CH4 
and N2O estimates; 
cropping complex 
defined by region

Contribution 
and compara-
tive analysis 
over time; data 
gaps for 
on-farm energy 
use recognized
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Study LCA goal LCA purpose Scope/system 
boundary

Functional 
unit/kg CO2e/

Intensity metric

Allocation 
method

Data quality/
variability

ISO 14040/ 
14044 

compliance

LCA 
evaluation

Pelletier et al. 
2010

Compare beef 
production 
systems in the 
upper Midwest 
United States

Representa-
tive 100 
cow-calf herd; 
GHGs, energy; 
environmental 
footprint 
and nutrient 
emissions for 
feedlot, feedlot/
back-grounding, 
and pasture 
finishing

Cradle to farm 
gate; cropping 
and energy for 
feed production, 
pasture; on-farm 
energy use, 
meat production 
(uncertain if 
secondary inputs 
included)

14.2 kg CO2e/kg live 
wt (feedlot) or 21.8 
carcass
16.2 kg CO2e/kg 
live wt (feedlot/
back-grounding) or 
24.9 carcass
19.2 kg CO2e/kg live 
wt (pasture) or 29.5 
carcass
forage utilization rate 
(CO2e/kg live wt):
30% – 21.5
60% – 19.2
90% – 18.4e

Gross chemical 
energy content 
of co-product 
streams (for feed 
energy)

No assessment 
of uncertainty
Data mostly 
secondary; 
however, efforts 
were made 
to gather as 
much primary 
data from beef 
operations as 
possible

Yes; GHG emissions 
based on IPCC 
Tier 1 for most 
sources; Tier 2 for 
enteric methane; 
Ym of 5.5% used 
rather than 3% for 
concentrate diets 
(sensitivity analysis 
performed on 
both)

Contribution 
and compara-
tive analysis; 
recognized that 
pasture C 
sequestration 
may have 
altered the 
results

Basarab et al. 
2012

Understand GHG 
emissions from 4 
beef production 
systems in 
western Canada

Compare the 
C footprint 
of calf-fed no 
implants (CFNI) 
with implants 
(CFI) yearling-fed 
no implants 
(YFNI), and with 
implants (YIF) in 
4 actual herds 
w/associated 
crop and pasture 
production

Cradle to farm 
gate; cropping 
and energy for 
feed production, 
pasture, upstream 
fertilizer/pesticide 
manufacture, 
seed processing, 
and transport; 
on-farm energy 
use, meat 
production; also 
adjusted for time 
for efficiency 
comparisons

21.09 kg CO2e/kg 
carcass wt CFNI
22.60 kg CO2e/kg 
carcass wt/y CFNI
19.87 kg CO2e/kg 
carcass wt CFI
21.28 kg CO2e/kg 
carcass wt/y CFI
22.52 kg CO2e/kg 
carcass wt YFNI
39.31 kg CO2e/kg 
carcass wt/y YFNI
21.21 kg CO2e/kg 
carcass wt YFI
37.02 kg CO2e/kg 
carcass wt/y YFI

Economic alloca-
tion for straw; no 
other byproduct 
allocation

No assessment 
of uncertainty;
almost all data 
from primary 
on-farm sources 
except for some 
secondary 
upstream inputs

Yes; CH4 and N2O 
emissions based 
on IPCC 2006 Tier 2 
methods; 4 actual 
beef production 
farms used in 
calculations.

Contribution 
and compara-
tive analysis; 
recognized that 
pasture C 
sequestration 
may have 
altered the 
results

Dairy
Vergé et al. 
2007

Understand GHG 
emissions from 
milk production 
in Canada in 
2001

Quantify carbon 
footprint in 2001 
per animal and as 
a function of milk 
production

Cradle to farm 
gate (cropping 
and energy for 
feed production, 
pasture, upstream 
fertilizer/pesticide 
production; on-
farm energy use, 
milk production 
for 5 regions)

4.55 t CO2e/live wt
1.0 kg CO2e /kg milk

Not done 
– ended at 
farm gate (but 
acknowledged 
dietary fat addi-
tions, imported 
manure, and 
culled cows 
could be 
allocated

No assessment 
of uncertainty;
data mostly 
secondary; 
some farm data 
or primary data 
gathered

Unstated; IPCC 
Tier 2-based 
models for CH4 
and N2O estimates; 
cropping complex 
defined by region

Contribution 
and compara-
tive analysis

Dyer et al. 
2008

Understand 
trends in GHG 
emissions from 
milk production 
in Canada

Compare carbon 
intensity change 
from 1981 to 
2001

Based on above 
scope and study 
method, but 
with an indexing 
method to the 
original IPCC 
calculations

1.22 kg CO2e /kg milk 
(1981)
0.91 kg CO2e /kg milk 
2001)

Same as above Same as above Same as above; 
index method

Contribution 
and compara-
tive analysis 
over time

Capper, Cady, 
and Bauman 
2009

Understand 
trends in 
environmental 
impact of milk 
production in the 
United States

Compare 
environmental 
efficiency gains in 
milk production 
from 1944 to 
2007

Cradle to farm 
gate; cropping 
and energy for 
feed production, 
pasture, upstream 
fertilizer/pesticide 
production; on-
farm energy use, 
milk production

3.66 kg CO2e /kg milk 
(1944)
1.35 kg CO2e /kg milk 
(2007)

None; although 
acknowledged 
use of byproducts 
for feed/fiber 
would reduced 
the footprint

No assessment 
of uncertainty; 
mostly second-
ary data from 
well-established 
national/state/
academic 
sources; some 
industry input 
gathered

Unstated; applied 
deterministic 
model (Capper 
2009) applying 
resource inputs/
waste outputs; 
IPCC based for CH4 
and N2O emissions

Contribution 
and compara-
tive analysis 
over time

Thoma 2012 Understand the 
carbon intensity 
of the fluid milk 
supply chain for 
sustainability 
planning

Apply a scan-
level analysis to 
identify where 
emissions occur 
along the chain
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Study LCA goal LCA purpose Scope/system 
boundary

Functional 
unit/kg CO2e/

Intensity metric

Allocation 
method

Data quality/
variability

ISO 14040/ 
14044 

compliance

LCA 
evaluation

Rotz et al. 2010 Develop a 
dairy model for 
estimating C 
footprints for U.S. 
dairy production 
systems

Apply the model 
to a variety of 
production 
systems; sensitiv-
ity analysis

Cradle to farm 
gate (cropping 
and energy for 
feed production, 
pasture, upstream 
fertilizer/
pesticide, fuel, 
machinery, and 
plastic produc-
tion; on-farm 
energy use, 
emissions 
from off-farm 
replacement 
animals; milk 
production

PA farms:
0.53 kg CO2e/kg 
ECMf milk (500 cow 
confined)
0.46 kg CO2e/kg 
ECM milk (2000 cow 
drylot)
CA farms:
0.57 kg CO2e/kg 
ECM milk (500 cow 
confined)
0.47 kg CO2e/kg 
ECM milk (2000 cow 
drylot)

Economic 
allocation 
between milk 
and meat in dairy 
production

Sensitivity 
analysis 
revealed enteric 
methane most 
sensitive, but a 
10% error still 
caused only a 
6% variance 
in C footprint; 
appears data 
sources are 
primary for 
on-farm 
production

Yes; DairyGHG 
model derived 
from Integrated 
Farm System 
Model (IPCC-
based); included 
C sequestration 
using COMET-VR

Contribu-
tion and 
comparative 
analysis; sensi-
tivity analysis;
verification of 
model against 
published 
studies

a. Based on using a conversion of 0.75 lb pork carcass per lb of live weight hog.
b. Primary: feed production, water, energy use, transport emissions; secondary: fertilizer/pesticide manufacturing, fuel for cropping practices, irrigation water.
c. More interesting is the reported “reduced maintenance effect over time” from increased growth rates in steers and shortened days to harvest in the 2007 beef 
production systems. The reduction in total feed energy for maintenance per 109 kg of carcass wt of beef went from 251,090 x 106 MJ in 1977 to 230,898 x 106 MJ in 
2007, reflecting a greater proportion of calf-fed beef and dairy steers entering the feedlot and fewer animals on pasture and in stocking phases.
d. Based on a conversion of 0.65 kg of beef carcass per kg of live weight animal.
e. The authors note that if C sequestration in pastures were accounted for (based on published values), the difference between well-managed pasture finished beef 
and feedlot finished beef would decrease by 6%.
f. Energy-corrected milk (ECM) is based on 3.5% fat and 3.1% protein concentrations.

Comparisons of carbon footprints for different livestock types can be misleading, but a number of researchers have 
provided some general observations (de Vries and de Boer 2010; RIRDC 2009; Vergé et al. 2011). In North America, 
comparative evaluations of LCA tend to focus on either reduced environmental impact over time, using the same LCA 
methodological approach (Capper, Cady, and Bauman 2009; Capper 2011; Vergé et al. 2007 and 2008; Dyer et al. 2008), 
or comparing production systems within a livestock type using the same methodological approach (Pelletier et al. 2010; 
Beauchemin et al. 2011; Basarab et al. 2012; Rotz et al. 2010).

In a review of LCA studies in livestock production systems (Hermansen and Kristensen 2011; RIRDC 2009), the fol-
lowing observations were made:

• In an average OECD diet (de Vries and de Boer 2010), differences among the environmental impacts of a kg of 
pork, chicken, and beef are explained by differences in (1) feed efficiency and feed production types, (2) enteric 
CH4 emissions of ruminants and those of monogastrics, and (3) reproductive rates that impact productivity and 
production period (e.g., in pork and chicken production, the level of GHGs from breeding stock is relatively low 
due to a relatively large number of progeny per mother animal annually)

• Further, Hermansen and Kristensen (2011) point out that differences in LCAs can arise due to (1) the way in which 
or degree to which livestock production systems are integrated into a region’s land use and the choice of methods 
to account for indirect land use change and (2) how manure substitution for synthetic fertilizers is accounted for 
in the LCA methodology.

These authors acknowledge that three factors are important in reducing the GHG footprint of livestock products: miti-
gation strategies that reduce emissions from (1) feed use, (2) manure handling, and (3) feed production (i.e., reduce the 
carbon footprint of the feed produced).

Mitigation strategies for feed production are covered in significant detail in companion reports (Olander et al. 2011; 
Eagle et al. 2012).

Use of Project-Based Accounting in Livestock Production Systems
Most—if not all—formalized carbon markets, whether voluntary or regulatory, use approved GHG quantification pro-
tocols to streamline project development risk and costs, facilitate third-party verification, and provide certainty to the 
marketplace. These standardized protocols are largely based on the principles and approach laid out in the ISO 14064:2 
standard. They are typically developed with a view to balancing specificity for comprehensive GHG accounting for a 
project type and flexibility to apply to various configurations for the project type identified by the protocol. In addition 
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to the ISO 14064:2 process-based standard, the overall policy and market frameworks of the programs or registries (as 
laid out in program guidance documents or program standards) guide the application of these protocols to ensure that 
the offsets meet the requirements of the relevant market.

A quantification protocol allows project developers to save costs and reduce risk by ensuring that GHG reductions or 
removals quantified from a particular project type meet the eligibility rules and policy criteria of the given program or 
registry. A protocol provides clarity, consistency, and confidence in measuring (or estimating), monitoring, reporting, 
and verifying emission reductions. The result is enhanced transparency, integrity, and credibility of the carbon market 
and resulting carbon offsets for sale in the marketplace.

Protocols can be developed in a top-down process by the regulator or program manager (e.g., Climate Action Reserve, 
Alberta Offset System) or a bottom-up process in which prospective project developers must first get approval for a 
draft protocol (e.g., Verified Carbon Standard, VCS, or Clean Development Mechanism, CDM). Some programs allow 
both top-down and bottom-up protocol development and approval processes (e.g., American Carbon Registry). In 
each case, development of these protocols is commonly associated with significant human and financial investments in 
scientific and best-practice knowledge, industry knowledge, facilitation, review, public scrutiny, approval, and assurance 
of applicability to the policy criteria of the given program or registry.

Protocol development has evolved to be more in line with the ISO 14064:2 standard. The ISO approach is based on the 
systematic and comprehensive identification and analysis of the sources of GHG emissions, carbon sinks, and carbon 
reservoirs. The ISO 14064:2 standard lays out general principles of relevance, completeness, consistency, accuracy, 
transparency, and completeness that form the basis for identification of these sources, sinks, and reservoirs (SSRs) 
and accounting choices in project-based protocols. ISO 14064:2 also provides a template and a process to ensure that 
quantification protocols (1) are based on a streamlined LCA for project and baseline conditions and identify all inputs 
and outputs analogous to LCA primary-, secondary-, and tertiary-scope analysis (i.e., controlled, related, and affected 
SSRs); (2) evaluate all potential baseline scenarios; (3) identify the relevant GHG emissions controlled by the project as 
well as impacts upstream and downstream of the project; and (4) decide which GHG sources and sinks are material to 
or significantly affect quantification methodologies.

The scope of development and review for protocols and project and baseline conditions can vary among systems. The 
required streamlined life-cycle assessment for GHGs in the ISO 14064:2 standard process for controlled, related, and 
affected SSRs has its advantages. One is that this systematic approach reduces the chance that any major positive or 
negative effects (or leakage) are overlooked. Nonetheless, a challenge for protocol developers is deciding the extent to 
which the downstream and upstream assessment should occur. That call is made on the basis of GHG effects that are 
material and can be expected to influence conclusions about net emission reductions in a non-conservative direction. 
This scope of analysis for protocols can vary greatly among systems, affecting other criteria such as leakage and uncer-
tainty. Generally speaking, the grander the scope, the greater the difficulty in identifying and quantifying effects that 
are considered far upstream and downstream and thus under no reasonable control by the project. However, the key 
difference between the ISO 14040/14044 and ISO 14064:2 standard approaches is the relative comparison of baseline 
with post-project GHG sources, sinks, and reservoirs in the ISO 14064:2 standard approach. This comparison allows 
for quantification of only relevant GHG sources in lieu of mandatory quantification of all life-cycle impact activities.

In regulated markets, the regulator typically provides guidance on the scope of the review. For example, the regulator 
may determine that quantifying emissions from off-shore steel fabrication is unnecessary. This finding should lead to 
clear and achievable quantification procedures, in addition to consistency among all protocols and, subsequently, offset 
quantification. But, in voluntary programs, particularly those with an international scope, guidance, particularly in 
CDM and VCS systems, is more open.

The CDM may be the only notable exception to the move toward ISO 14064-2 compliance, but it was the pioneer in 
carbon offset markets and was implemented before the more common GHG quantification process standards were 
developed. Following a standard framework like ISO provides transparency to protocol development and helps to 
ensure consistency in GHG measuring, monitoring, reporting, and verification for projects (fig. 17); however, ISO 
provides only general guidance and leaves to protocol developers most decisions about how to translate the general ISO 
principles into practice for the particular type of GHG reduction project under analysis. As per figure 17, the quantifica-
tion protocols incorporate a wide range of data, methodology, and guidance sources.
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The protocols and their embedded 
quantification methods are increasingly 
moving toward an in-depth grounding 
in the relevant peer-reviewed scientific 
literature as well as national and inter-
national best practice guidance (most 
notably, the IPCC methodologies). This 
trend puts increasing responsibility on 
protocol developers to demonstrate a 
thorough scientific analysis of the net 
impact of all GHGs on site as well as 
upstream and downstream from the 
site that may be affected by the proj-
ect, ensuring that the quantification 
methodology conforms to varied and 
evolving sources of information. This 
task can be challenging for the livestock 

production sector and other areas in which the science is not yet at a synthesis stage or quantification approaches vary. 
Consequently, broad consultation with science, technology, and GHG quantification experts is increasingly valued and 
needed to develop consensus on protocol quantification approaches, a key tenet of the ISO 14064:2 process.

The level of activity in livestock GHG mitigation protocols is far less than that of other agricultural activities for which 
protocols have been developed, with the exception of CH4 capture and destruction from manure anaerobic digesters.8 
Feeding management strategies to reduce enteric CH4 emissions from ruminants, feed additives (e.g., ionophores, lipids, 
beta-agonists) or animal husbandry techniques and other types of livestock management activities are less common 
(table 20). The Alberta Offset System has developed and approved several relevant livestock quantification protocols. 
Other livestock GHG mitigation protocols are in development, though not yet approved by programs/registries; some 
of these are included in table 19.

Table 20. Livestock protocols developed by program and registries
Protocol/initiative Emissions scope Status

Alberta Offset System*

Dairy Cattle Emissions Reduction
Enteric CH4, manure CH4, N2O Approved

Innovative Feeding of Swine and Storing and Spreading of Swine 
Manure

Manure CH4 and soils N2O Approved

Beef Feeding – Edible Oils Enteric CH4 Approved
Beef Reduced Days on Feed
Beef Reducing Age to Harvest
Selecting for Low Residual Feed Intake in Beef

All 3 protocols:
enteric CH4, manure CH4, N2O

Approved
Approved
Pending

Modification of Alberta Offset System Livestock GHG protocols for U.S. Enteric CH4, manure CH4, N2O In development (ACR)
Development of a Modular Methodology for Quantification and 
Measurement of GHG Emission Reductions from Rumin
ant Livestock Production

Enteric CH4, manure CH4, N2O In development (ACR)

Soil Carbon Sequestration through Rangeland Management CO2, CH4, N2O In development by Environmental 
Defense Fund, UC Berkeley, and 

other organizations
* See www.carbonoffsetsolutions.ca

8. Anaerobic digesters as a mitigation activity are outside the scope of this report. The majority of programs and registries, includ-
ing Climate Action Reserve, Air Resources Board, American Carbon Registry, Regional GHG Initiative, Alberta Offset System, and 
Verified Carbon Standard, have some form of CH4 capture and destruction anaerobic digester protocol for manure and co-digestion 
products. Anaerobic digesters have been identified as an eligible project type under California’s AB32 Cap-and-Trade Regulation 
and under the Western Climate Initiative.

Stakeholder Consultation (e.g., 
communication with interested 

parties) 

Relevant Legislation (e.g., 
regulatory requirements) 

Quanti cation Protocols:  
identifying preferred 

methodologies to quantify 
GHG reductions/removals 

Streamlined Life Cycle 
Assessment 

Part 2 of ISO 14064 (i.e., 
auditable standard general 

process requirements) 

Relevant Standards (e.g., 
recognized criteria, rules, 

methodologies, equipment) 

Applicable GHG Program (e.g., 
additional requirements, 
criteria, rules and policies) 

Good Practice Guidance (e.g., 
IPCC, recognized criteria, 
methodologies, tools and 
guidance on how to do it) 

Best Available Science 
 

Considered Technical Review 
Within the discipline of the ISO 

Standard 

National Emissions Inventory 
Tier 2/3 Quanti cation Science 

Figure 17. Standard framework for protocol development offered by the ISO 
14064:2 process (ISO 14064:2 2006)
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Developing agricultural protocols under the Alberta development process requires significant coordination of relevant 
scientific research and technical data related to the GHG reduction or removal activity and baseline approaches. This 
coordination takes the form of technical seed documents, or TSDs.9 The TSDs are working documents that identify the 
potential practices and technologies that will lead to the emission reductions and removals. They draw on best practice 
guidance to identify relevant activity data, emissions factors, and formulae to arrive at quantification approaches. TSDs 
should contain the most recent and relevant science from well-established sources and should ratify the link between 
practice change or new technologies and quantified GHG reductions. Typically, experts decide collectively on the syn-
thesis science and technical issues under the discipline of the ISO 14064:2 process. As a result, the GHG quantification 
methodologies embedded in the Alberta series of livestock quantification protocols apply Tier 2 IPCC quantification 
approaches for estimating enteric methane and manure-based CH4 and N2O emissions.

Agricultural protocols typically develop through phases of collective decision making about and peer review of the cer-
tainty of the science at hand. The more complex the protocol, the longer it takes and agricultural protocols can take the 
longest depending on the availability and robustness of consensus and synthesis science (average length until approval 
is over 24 months). Table 21 shows the kinds of emission reduction activities that were finally accepted as providing 
real, measurable and verifiable reductions (see discussion in Validation/Verification section below) and their potential 
reductions in the Alberta Protocols.

Table 21. Reduction strategies/potential in livestock reduction protocols
Strategy/protocol Enteric methane potential Manure potential Additional considerations

Adding edible oils 4% to 6% of dry 
matter in the diet

Suppresses methanogenesis – 
up to 0.29 tonnes CO2e/hd/yr

Corn DDGS as a fat source must 
be weighed against increased 
N excretion and N2O emissions

High cost of oils/lipids at this time 
is a barrier
Beef tallow likely business as usual

Reducing age to harvest – less time 
spent on forage maintenance diets 
(i.e., stocker phases)

Reducing age to harvest by 3 
months – up to 0.75 tonnes 
CO2e/head/yr

Less manure excretion – up to 
0.25 tonnes CO2e /head;

Savings in production costs

Reducing days on feed in the feedlot
£ Production efficiency (feed 
management)

Reducing days on feed by 7 
days – up to 0.02 tonnes CO2e 
/head/yr

Less manure excreted – up to 
0.02 tonnes CO2e /head

Feed costs reduced; less manure 
handling; individual animal 
performance; use of additives 
(e.g., beta-agonists)

Swine management
£ Production efficiency (including 
feed strategies to reduce N and VS* 
excretion)
Emptying basins to avoid CH4 
emissions
Change timing/method of manure 
application

N/A Empty manure storage in 
spring and in fall – up to 0.036 
tonnes CO2e /head/yr
Manipulate feed rations – 0.025 
tonnes CO2e /head/yr

Feed costs reduced
Changes in timing of manure 
application included in manure 
storage emptying

Dairy Management
£ Milk productivity/feed management
Emptying basins to avoid CH4 
emissions

Up to 0.5 tonne/head CO2e/
head/yr)

Included in potential reduction 
to left

Use of additives like ionophores, 
lipids, forage quality, Prosilec
Decrease use of replacement 
heifers, increased lactation cycles

* Volatile solids

For each of the emissions reduction mechanisms identified in the protocols, a credible baseline condition must be 
established. The baseline condition is assessed on the basis of the governing principles of the standard employed (i.e., 
ISO 14064:2). The baseline condition represents the most probable condition in the absence of the project. The appli-
cable baseline condition can be assessed on a project-specific basis or as part of a broader approach, commonly termed 
performance standards.

Under a project-specific approach, each project must assess and substantiate an appropriate baseline, with guidance 
provided in the applicable protocol. Under the performance standard approach, a baseline that is broadly applicable 
across a given geography or within some other boundary is used for all applicable projects. The two types of baselines 
have advantages and disadvantages, and the source of the effort to establish the baseline shifts between the project 
developer (project-specific) and the protocol developer (performance standard). From a program point of view, use of 
performance standard baselines appears to be increasing. However, the lack of available sector or region-level data quite 

9. The Technical Seed Document (single or multiple documents) is the foundation document supporting GHG quantification and 
approaches in an eventual protocol.
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often limits use of this approach, and project-specific baselines must be used.

In scoping the applicable baseline condition, functional equivalence of project and baseline conditions is required, that 
is, baseline and post-project emissions must be compared with a common base unit, similar to a functional unit in LCA 
analysis, to calculate meaningful and real emission reductions. Generally, comparisons of baseline and project emissions 
will be intensity-based. Depending on the protocol and project type, emissions are calculated and reported on a per 
bushel of crop, per kg of beef or milk, or per unit of energy produced to ensure comparable results.

Quantification
Because agriculture has many mitigation activities with generally small reductions per acre or per unit of production, 
many programs have developed protocols that rely on standardized quantification approaches to project and baseline 
calculations. Measurement, monitoring, and verification procedures in these protocols require site-specific data and 
inputs for some parameters (e.g., acres under a particular management regime, soil disturbance/residue levels to deter-
mine tillage frequency, and type of animal feed ration), but standardized quantification approaches, typically based on 
empirical (e.g., IPCC) or process-based (e.g., DAYCENT or DNDC) models, can be used to estimate emissions under 
baseline and post-project conditions. These approaches can achieve acceptable levels of quantification accuracy and 
environmental integrity while reducing project implementation costs (Olander et al. 2011).

Given that GHG emissions from agriculture in most cases are highly variable across landscapes, over time (both inter-
annually and intra-annually), and even within a single field, no single measurement technique is deemed sufficient as 
a comprehensive GHG measurement or monitoring system applicable in a protocol. Typically, a combination of mea-
surement and modeling is used to estimate GHG emissions in agriculture. Each approach and technology has unique 
constraints related to costs and sampling design requirements and, hence, each has its level of uncertainty.

As a result, scientists must use a variety of techniques across a range of scales to cross-check the data from any one 
method and thereby overcome that method’s limitations. They can integrate and overlay data with models, either empir-
ical or process based. Then they use the models to compile data from diverse measurements to scale estimates of GHG 
emissions and reductions from measurement sites to fields, entire farms, or even whole regions. To manage variability 
and uncertainty, most scientists combine modeling approaches with field data. Some researchers apply models with a 
Tier 2 level of quantification. These models are well-calibrated with long-term experimental site data measurements 
unique to the local conditions and are then applied at larger scales to derive standardized quantification approaches for 
both baseline and project conditions. Others apply Tier 3 modeling with highly specific on-site data and measurement 
inputs (Olander et al. 2011).

For regional applications, models require input data on several environmental factors, such as agroclimatic data, soil 
conditions (e.g., type, organic matter, texture), and topography. They also require inputs on farm management activities 
and site and regional variance in those activities over time. In the United States, remote sensing and national resource 
inventory datasets provide high-quality spatial data on climate, soil conditions, and topography. GIS-based information 
systems are also improving the organization and collection of activity data for use in models (Olander et al. 2011; Denef 
et al. 2011). However, some challenges remain relative to comprehensive coverage of land use and management activ-
ity data at the regional level. Protocol developers need to invest in gathering data to support the required performance 
standard baseline approaches and method uncertainty estimates. The level of uncertainty associated with a particular 
measurement or estimation technology must be stated in the protocol development process to adjust the volume of 
credits that should be awarded on the basis of use of that quantification method. Because methane and nitrous oxide 
are the major gases emitted in the livestock sector, and measurement for livestock is difficult and costly, modeling will 
likely continue to be the primary method to estimate emissions in the short to medium term.

Additionality
Project-based protocols require that carbon offsets be generated from projects that provide “additional” emissions 
reductions, that is, not merely emissions reductions from business-as-usual (BAU) activities or those that would have 
occurred absent the incentive provided by carbon markets. So-called additionality is a fundamental policy requirement 
of all carbon markets. Currently, the additionality rules for projects can vary greatly across carbon markets and proto-
cols. Most existing and proposed regulatory systems apply some programmatic-level criteria (e.g., project activities must 
start after a certain date or go beyond regulatory requirements). In addition, the regulatory requirements may establish 
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offset project types. Typically, carbon protocols use other tests to assess additionality, which is a subjective determina-
tion of what would have happened had the project not been implemented. These tests include

• Common practice tests to determine that similar activities in a specific region or at a sector level are not occurring
• Barriers tests to demonstrate that technological challenges, third-party investment needs, and other barriers to 

implementation of the project are overcome through generation of emissions reduction credits
• Financial tests to ensure that the project does not represent the least-cost scenario
• Technology benchmarks to assess whether a specific technology is being used or to specify that only certain tech-

nologies are beyond BAU, e.g., second-generation biofuel production or use of anaerobic digesters
• Emissions performance thresholds to set an emissions rate threshold that a project must beat to generate an offset

For agricultural projects, the application of additionality is an evolving concept. Janzen et al. (2011) proposed a set of 
additionality principles adapted to the particular circumstances of agricultural protocols and projects. They asserted 
that aggregators or project developers are the agents of change who respond to market interventions. They further 
asserted that technical agriculture experts and practitioners need to be included in the design of tests to assess how 
these agents overcome barriers to catalyze practice change and outcomes at meaningful scales. Operationalizing these 
tests in the multi-faceted context of agriculture is likely best achieved through standardized approaches.

Janzen et al. (2011) make three major recommendations for assessing additionality in agricultural projects/protocols:

• To mobilize emissions reductions in agriculture, given the small tonnage across many dispersed sources, the infra-
structure and service capacity generated by offset markets can serve as a catalyst for innovation to overcome 
barriers to adoption of new practices.

• Farmers, technical agricultural experts, and other experts should make additionality determinations.
• Additionality tests for the agricultural sector should be standardized (embedded in protocols, rather than assessed 

on a project-by-project basis) and include “positive lists,” standardized barriers tests, performance benchmarks, 
and so on.

Depending on the program or registry, projects must prove they are additional in one of two ways: project-specific 
tests or performance-standard tests. The former involves assessing whether the project is additional on a case-by-case 
basis. Under this approach, a project baseline scenario is identified, and any emissions reductions beyond the baseline 
are considered additional. Standardized tests typically have already been performed by the protocol developer or pro-
gram manager and are set out in the protocol. Some programs and registries suggest use of standardized additionality 
approaches and performance standard baseline determinations. But because datasets do not yet support development 
of these approaches and determinations for all agricultural and livestock GHG mitigation strategies meriting consider-
ation, use of project-specific tests are allowed.

Differences in additionality testing can identify the reasons that some projects and protocols are allowed for use in some 
systems but not in others.

Leakage
In all voluntary and regulatory markets, projects/protocols must address leakage. Leakage is defined as any change in 
GHG emissions that occurs outside of a project’s boundary (but typically within the same country) that is measurable 
and attributable to the project’s activities (see Jenkins, Olander, and Murray 2009). It can be positive (enhancing miti-
gation) or negative (offsetting some mitigation benefits). For example, improving pasture management can increase 
productivity, decreasing the acreage of needed pasture land. Thus, land elsewhere can be taken out of production and 
managed for enhanced C sequestration, increasing overall mitigation.

Three mandated requirements of application of the ISO 14064:2 standard framework to protocol development are 
conservatism in baseline estimates, use of a streamlined LCA for SSRs in the baseline and the project, and functional 
equivalence in comparison of the two. These requirements minimize leakage risk. Systematic assessment of GHG 
sources and sinks, controlled upstream and downstream from the project site, reduces the chance that any major posi-
tive or negative leakage effects will be overlooked. Selection of an appropriate unit of functional equivalence (i.e., per 
bushel of crop or per kg of beef produced) can take into account any such effects.

In addition, programs can stipulate how to calculate leakage and mitigate leakage risk (or impact). There are a number 
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of analytical approaches to estimating leakage (Olander et al. 2011). In the case of negative leakage, a project may have 
to surrender a certain percentage of carbon credits to a buffer pool. In general, GHG programs may recognize, but not 
allow crediting for, positive leakage due to the conservativeness principle and the difficulty of establishing a clear causal 
link between increased production in the project area and decreased emissions elsewhere.

Validation and verification
Although associated with increased project cost and administrative 
complexity, a validation process provides an added level of certainty 
regarding a project’s offset eligibility by ensuring that the quantifi-
cation process in the protocol is correctly applied. In a verification 
process, an objective third party examines a claim of a reduction in 
GHGs arising from an offset project and provides an opinion about 
that claim. The objective of the verification process is to ensure that 
the GHG assertion is, in the view of the verifier, free of material mis-
statements and meets a reasonable level of assurance (both of which 
are defined by the GHG program). The more general objective is to 
provide confidence that the offset credits awarded in the voluntary or 
regulatory program are credible and of sufficient quality.

A key consideration when developing protocols for agriculture and 
livestock systems is whether the emissions reduction activity and the 
calculated emissions reductions can be supported with farm and ranch 
activity data that can reasonably be expected to be available. The pro-
tocol must reflect two data considerations: (1) whether the right kinds 
of farm and ranch activity data can be collected to calculate GHG 
emissions and (2) whether the farms and ranches have record-keeping 
systems that can provide appropriate documentation to a third-party validation/verification body to prove the GHG 
activity data are correct.

GHG calculations can be supported by feeding/ration management software and data management systems for pro-
duction performance (milk reporting systems, animal weight gains, feedlot close-out data systems, nutrient/manure 
management systems software). In livestock production, such software and systems are commonly used, and supply 
contract management is common in meat (poultry and pork) and milk production, so standardization and harmoniza-
tion of data management systems is occurring. The exception to this trend is in beef production in confined feeding 
situations, though data availability and uniformity is also increasing in that sector.

Examples of farm records and documents that would support the data in the databases used to calculate GHG reduc-
tions include financial records for transactions (feed purchases, animal imports, professional services, milk sales, meat 
sales, shipping manifests, animal ID tags). Programs and registries increasingly are requiring sign-off from independent 
service providers and advisors. They deem data from independent sources (crop or animal insurance, custom manure 
applicators) superior to farm data.

Guidance on verification and validation requirements is set out in programmatic guidance documents for each sys-
tem. Often, accompanying project plan and project report templates are provided to facilitate consistent validation 
and verification procedures. Most systems will cite ISO 14064:3 and 14065, or similar accounting standards. These 
standards set out the frameworks for verification and validation; the criteria against which projects are verified are the 
programmatic rules, specific quantification protocols, and individual project plans. Organizations like the American 
National Standards Institute (ANSI) and the UNFCCC have accreditation programs to ensure verifiers and validators 
are accredited to a common set of principles, standards, and practices within their area of competency. However, delays 
in implementation of regulatory programs have slowed capacity building in this service.

As noted, the quantification protocols based on the ISO 14064:2 framework contain multiple methods or modules, 
including detailed information on measurement approaches, baseline conditions, project data monitoring and quanti-
fication procedures, reporting, and data management specifications. This information greatly aids verification of GHG 
emissions reductions and removals for particular project types. Accurate data collection, compilation, and retention are 

Validation occurs before the project begins (ex ante) 
and focuses on whether

• appropriate baseline and project conditions are 
used;

• calculations of potential offsets are correct; and

• protocol eligibility, additionality, leakage, and other 
conditions have been met.

Validation occurs once per crediting period and requires 
technical expertise in the project area.

Verification occurs once reductions have been gener-
ated (ex post) and focuses on

• correctness of calculations of actual offsets;

• data integrity and consistency with the offset 
project plan and quantification protocol;

• data completeness, accuracy, and conformance with 
verification criteria.

Verification occurs at the end of each reporting period.
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fundamental to verifying an offset project’s emissions reductions. Errors in data collection and handling can result in 
material errors in the reductions being claimed, possibly resulting in financial liability for the project developer. Ensuring 
that sufficient controls are in place provides credibility to the overall project and associated emissions reductions.

Across voluntary and regulatory carbon markets, third-party verification is a fundamental requirement for carbon offset 
projects. However, project approval or validation steps vary with each program (e.g., CDM, ACR, and CAR require 
a project design document to be submitted for approval). Some programs (e.g., ACR and CAR) allow validation and 
verification to be conducted simultaneously and by the same entity, reducing validation and verification costs.

Protocol development
Generally speaking, protocols can be developed by a program or offered for approval by prospective protocol develop-
ers, either private-sector, non-government organizations or public-sector entities. Regardless, a number of features 
are common to some of the more robust processes: expert and market engagement, defensible scientific and technical 
methodologies and best practice guidance, a rigorous peer review process, documented transparency in development 
stages, and final decision making on the part of the regulator or program manager. A clearly defined, transparent 
development, approval, and revision process ensures that carbon offsets stand up to scrutiny and are realized in a cost-
effective and timely manner.

Protocol development unites project-specific scientific knowledge with GHG quantification expertise and familiarity 
with the programmatic requirements of a particular system. It must occur within a framework (most broadly, ISO 
14064:2) and fit within applicable policy and market regimes. These requirements raise consideration of the geographic 
distribution of projects, the time required for protocol development and approval, and the cost of protocol development. 
This cost must be weighed against the relevant benefit from the resultant offset value.

If protocol accounting approaches are consolidated, offset amounts under similar protocols might be comparable, once 
policy and market overlays are taken into account. An in-depth rationale should be included in a protocol to address 
any differences in treatment across systems.

Table 22. Comparison of LCA and project-based accounting, with an emphasis on GHG emissions, in U.S. livestock production
Comparative aspect LCA accounting Project-based accounting

Standards ISO 14040, 14044
ISO 14067:DIS (Draft C footprint standard); GHG Protocol Product 
LCA Accounting and Reporting Standard; WRI GHG Protocol 
Corporate Accounting and Reporting Standard; PAS 2050

ISO 14064:2 and ISO 14064:3 (verification standard) and WRI GHG 
Protocol Project-Based Accounting Standard

Purpose(s) Benchmarking for future comparisons of continuous improvements 
in environmental performance
Informing/hotspot identification for decision-makers in industry, 
government, or NGOs; strategic planning, priority setting, product or 
process design or redesign; mitigation strategies
Comparison of agricultural practices and feed/manure management 
choices
Marketing: eco-label, making an environmental claim, differentiating 
the products in traditional marketplaces on the basis of carbon 
intensity within a subsector of livestock production

Access carbon markets established by programs and registries by 
generating carbon offsets
Used as a process standard to develop project-specific GHG 
quantification protocols or project design documents (depending 
on the program)

Principles TBD Relevance, completeness, consistency, accuracy, conservativeness, 
transparency

Accounting features
Scope and boundary Depending on study goal, user chooses whether to include primary 

(on-farm), secondary (upstream/downstream), or tertiary input and 
output inventories. For livestock production, the project boundary 
typically is cradle to farm gate or cradle to grave. “Cradle” most often 
includes crop input manufacturing but rarely fuel extraction and 
processing/machinery manufacturing (14067 :DIS is for GHGs only).
The decision to include indirect land use change, and assumptions 
about why the land use change is occurring (i.e., for livestock 
grazing, biofuels, the crop, etc.), is controversial, and including 
it, with or without co- or by-product allocation, can cause wide 
fluctuations in LCA results.

GHGs only
Defined first by conducting a streamlined LCA of controlled (on-site), 
related (upstream/downstream), and affected (market/activity 
shifting) SSRs, which is analogous to primary, secondary, and tertiary 
scope LCIs of the 14040 approach.
After comparison of the baseline and project’s streamlined LCAs, 
the project boundary emerges, and relevant sources/sinks with 
associated inputs/outputs and market shifting impacts/sources are 
identified for quantification. Criteria of significance and conservative-
ness are applied to allow project developers to exclude some SSRs 
from accounting.

Life-cycle impact 
categories

The user chooses environmental impact categories, which often 
include GHGs, water use, nutrient impacts (including other gases), 
land use/environmental footprint. Biodiversity is more common 
a category in cropping systems LCAs. 14067:DIS is GHG specific. 
In North America, several livestock studies focus on GHGs only to 
determine the C footprint of meat or milk production.

Based on material and energy flows into and outside of the project 
and baseline condition (see above) and quantifies GHGs only. Can 
exclude some categories from quantification on the basis of a rela-
tive comparison of baseline conditions and post-project changes, 
with proper justification (i.e., if the levels of GHG emissions from the 
source are less than or the same as in the baseline)
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Comparative aspect LCA accounting Project-based accounting
Functional unit Varies between kg live weight, kg carcass weight, kg of retail cuts, 

kg of milk, kg of energy-corrected milk (adjusting for fat and protein 
content); MJ of energy, kg of protein. No consistency; comparison of 
studies problematic.

Unit of comparison of baseline and post-project conditions is called 
“functional equivalence.” The metric must be based on one level 
of service or product, necessitating an intensity-based metric for 
comparison.

Allocation (leakage) Because several co- or by-products exist in agricultural production 
and the multifunctional input/output streams of livestock and crop 
production affect other production systems, allocation is necessary. 
ISO identifies a hierarchy of allocation: system expansion; physical 
relationships/causality; composition and economic value. Most 
often, livestock LCAs use economic or mass because of the complex 
data requirements and availability of system expansion.

Allocation is not explicit, but leakage is a related concept. The 
streamlined LCA included in SSR analysis does identify input streams 
that may be byproducts of other production systems (e.g., corn 
DDGS). In this case, the user must assess the emissions contribution 
of DDGS entering the system from this feedstock.

Uncertainty Not often performed or required in agricultural LCAs; often sensitiv-
ity analysis is performed to assess impact of key parameters.

Key requirement of the standard and of programs/registries. 
Current practice is to understand structural and input uncertainty 
for models. Uncertainty discounts are applied on the basis of the 
conservativeness principle.

Additionality Not typically a criterion; benchmarking and assessing continuous 
improvements over time. No exclusion of BAU activities.

Key policy requirement of programs/registries; defined in different 
ways and to different degrees

Life-cycle evaluation 
techniques

Explicit requirement. Quantification of all life-cycle stages is set out 
in the chosen LCI; all LCI impact categories identified by the user 
must be quantified within the scope and boundary set out by the 
goal phase. However, when the goal is to compare systems, users 
will exclude sources because they are the same; the goal in this case 
determines the magnitude of the impact.

Streamlined LCA identification between baseline and project SSRs is 
based on material and energy or input/output flows; only relevant 
SSRs need to be quantified (typically based on 5% materiality 
threshold to overall carbon reduction).

Data quality and 
assessment

Transparency is important to interpret the usefulness and legitimacy 
of the results. Should comply with the standard and include a 
description of the quality of the data (data inputs for primary and 
secondary sources) so the user can understand the reliability of the 
study and interpret the results. Increasingly, the LCA community and 
stakeholders are calling for and moving toward open source code, 
inventory databases, and emissions factors unique to agricultural 
production systems.

ISO 14064:2 and programs/registries identify the need for strong 
data management systems with QA/QC checks and controls to 
reduce the likelihood of errors. Data controls and QA/QC procedures 
are needed to ensure data are complete, accurate, valid, and not 
subject to corruption. Restricted access to data is typically required 
to address the security of the data management system.

Permanence Accounting of reversals and implementation of replacement 
mechanisms (discounts, buffer reserves, direct replacements, 
temporary carbon) are not required.

A main policy criterion for project types with a risk of reversal 
(i.e., carbon sequestration projects). Not applicable for project 
types avoiding CO2, N2O, or CH4 emissions when these emissions 
avoidances cannot subsequently be reversed.

MMRV requirements
Quantification methodol-
ogy and procedures

Because most LCA livestock studies are cradle to farm gate and 
focused on a limited amount of production emissions sources 
upstream (feed production inputs but not machinery, medicine 
manufacturing, fuel extraction, and processing), on-farm sources 
of CH4, N2O, and fossil CO2 tend to be considered. Most studies 
applied either IPCC approaches or simulation modeling for N2O 
and CH4 emissions from enteric emissions and manure, with an 
emphasis on IPCC. Most often, Tier 2 modeling is used for ruminants 
and Tier 1 for monogastrics. For on-farm fuel/energy use, a variety 
of sources are used for quantification. Very few LCAs quantify soil 
carbon sequestration. Ym factors for enteric CH4 emissions varied, 
as did the GWP for the various gases. Vergé et al. (2011) make the 
case for considering production systems as a whole, including broad 
ecosystem interactions, corresponding to a full system expansion, 
because ecosystems are spatially defined, and impacts are related to 
spatial and temporal variations.

To meet the “real and demonstrable” policy criterion of carbon offset 
programs and registries, the completeness principle of ISO 14064:2 
must be met, meaning all GHGs affected by the project must be 
considered and accounted for on a net impact basis. Livestock 
protocols in this space are few and mostly rely on IPCC Tier 2 
approaches (accounting for the animal category, diet characteristics 
that drive GHG emissions, dry matter intake, nitrogen and volatile 
solids excretion). The interaction with livestock production on a net 
GHG accounting basis reflects relevant upstream and downstream 
impacts and brings them into quantification procedures. The 
available protocols could benefit from well-calibrated process-based 
models; most focus on confined feeding configurations because of 
data management and availability.

Monitoring of
data sources

Most practitioners and policy makers recognize that LCI inventory 
input datasets should be based on regional, primary data collection 
from the sector or commodity being modeled. However, most 
studies use existing data and not farm-based data for primary 
sources. Secondary sources tend to be from well-published and 
documented sources.

Project-based accounting typically uses actual project data gathered 
on each farm to drive GHG calculations. However, evidence to 
support the GHG calculations and assertions of GHG reductions 
or offsets resulting from project-based accounting is a require-
ment over and above LCA accounting. The purpose drives the 
difference. Farm-based evidence must be gathered to support GHG 
calculations.

Reporting Depends on the user of the information and the goal of the study. 
If intended to be disclosed to the public for comparability or 
marketing purposes, reporting can be ISO 14040 compliant only if 
reviewed by key experts. For eco-labeling, a cradle-to-grave cycle 
may be required.

Offset programs, whether voluntary or regulatory, have specific 
reporting requirements, using project report templates. Offset 
project plans, third-party validation reports, project reports, and 
GHG assertions as well as third-party verification reports are typically 
posted on-line for transparency and accountability.

Third-party verification Depending on the goal, a third-party critical review may take place. The verifier will assess quantitative and qualitative material 
discrepancies in GHG quantification and accounting on a project 
basis. The verification is formalized, typically by program-level 
verification standards; accreditation programs certify verifiers by 
competency. A program-level review of actual project verification 
activities is common.
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6. CONCLUSIONS

This report synthesizes the fundamental information necessary for designing programs to report and mitigate enteric 
and manure methane emissions from livestock in the United States. This information, like that contained in a compan-
ion T-AGG report on reducing GHG emissions from cropping systems and rangelands, could contribute to the USDA’s 
effort to incorporate mitigation objectives into agricultural incentive and extension programs. Likewise, this report 
could promote exploration of agriculturally related GHG reduction opportunities relative to certification programs for 
agricultural products and corporate sustainability initiatives focused on the supply chain. It also could help the agricul-
tural sector participate in California’s developing compliance-based carbon offsets market.

Although a small contributor to overall GHG emissions, livestock management is a significant contributor to total CH4 
emissions in the United States. Given relatively steady U.S. livestock production numbers, emissions reductions are 
more likely to be achieved through changes in management of existing production systems than by whole-scale shifts in 
these systems. Opportunities to reduce CH4 emissions through feed and manure management changes are significant. 
Each livestock production system is different, and no one management change will work for every operation. However, 
educational resources identifying a suite of economically sustainable options and the impact of adoption will allow 
producers to identify those practices that can fit their system.

For beef and dairy cattle, a number of strategies are linked to improving productivity by reducing CH4 emissions per 
unit of product. Improved diet and genetics make these animals use feed more efficiently and reach maturity more 
quickly. Other strategies focus on reducing enteric emissions through feed additives like ionophores and organic acids. 
Although limited in scale, improved pasture management also holds promise for reducing CH4 emissions. Other strat-
egies need additional research; most are expected to have moderate to low mitigation potential. For swine, only one 
feeding strategy, lowering protein, appears to have mitigation potential.

For beef and dairy cattle, the most promising manure management strategies include aeration, compaction, and com-
posting and the shift from liquid to solid systems. The mitigation potential and financial viability of these strategies 
should be further researched. The most well-studied and high-potential activity is use of a digester for CH4 capture 
and flaring and for CH4 combustion to produce energy. This activity is already incorporated in many carbon offsets 
programs and renewable energy programs. However, the capital, operation, and maintenance costs of changing manure 
handling systems can present a significant hurdle. Overcoming it could require external investment and changes in 
energy sector policy and business models.

For swine, many manure management strategies appear promising in terms of GHG mitigation potential. These strate-
gies include increased manure removal frequency, solid-liquid separation, optimized bedding materials for dry manure 
management, covered manure storage, and composting. The mitigation potential and financial viability of these strategies 
should be further researched. Covering manure may have only moderate costs, and composting could generate money 
through production of a value-added fertilizer for off-site marketing. Anaerobic digestion, although costly, also has 
high mitigation potential and is ready for use in programs similar to those developed for dairy cattle manure digesters.

Emissions reductions from manure CH4 capture systems can be measured directly. Otherwise, various modeling 
approaches are likely to be used to quantify emissions reductions from livestock systems. Many models are being tested 
and used for national inventory quantification. A range of farm-scale accounting tools for carbon offsets programs as 
well as corporate supply chain life-cycle assessment (LCA) tools are in development. These models and system-level tools 
are needed to ensure that management changes do not inadvertently increase one greenhouse while reducing another.

Accounting approaches for tracking GHG emissions from livestock are also in development. Carbon offset protocols 
are designed to track emissions changes resulting from a specific project (or management change). LCAs, on the other 
hand, are used to assess changes in a production system or supply chain for a product; they indicate emissions hot 
spots and facilitate emissions comparisons across supply chains, products, and time. As yet, LCA methods have little 
consistency from one application to another.

In summary, livestock management has a few well-researched and ready-for-action opportunities for making measur-
able and substantial methane reductions. The more established opportunities, like anaerobic digesters, tend to be costly. 
The mitigation potential and financial viability of many other potentially significant management opportunities should 
be further researched.
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