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Abstract

Environmental impacts of intensive, industrial meat and dairy production are a major concern.
However, the majority of global warming emissions from animal agriculture are estimated to come
from extensive, pastoral systems of production.

Animal emissions are estimated using complex models, but these models can contain multiple
errors that often go unreported. Modeled emissions estimates can be corroborated using
measurements of greenhouse gases in the air above and downwind of areas where animals are raised,
using planes, tall towers, and satellites. These atmospheric measurements suggest that total global
animal emissions are accurately estimated by models. However, in the US, where production is
predominantly industrialized, animal emissions are frequently underestimated by models.

Intensive methods of meat and dairy production are expanding globally. This expansion is
frequently justified by environmental science and economic development experts as a way to reduce
the carbon footprint of meat and dairy. This guidance memo demonstrates that the emissions savings
potential of intensifying production may be oversold.

Reducing consumer demand for meat and dairy products, while helping producers diversify
their income and shift toward food crops where possible, is recommended as a more reliable strategy
for mitigating global warming. Reducing consumption and production avoids environmental tradeoffs
associated with intensification, including confinement, water pollution, and antibiotic resistance.
Additionally, improving the efficiency of pastoral systems can reduce environmental impacts, provided
that improvements are accompanied by strict ecosystem conservation and do not lead to animal
confinement.

1. How Industrial Animal Agriculture is Justified on Environmental Grounds

1.1 Rising demand for animal foods

In the coming decades, global meat consumption is expected to increase by nearly two thirds
(Alexandratos and Bruinsma, 2012). This increase is not primarily driven by population growth, which
is expected to rise approximately 26% by the year 2050, but rather, rising affluence. Growing wealth
in low- and middle-income countries will allow more people to afford meat and dairy.

Animal agriculture has been reported to represent 14.5% of greenhouse gas (GHG) emissions
globally (Figure 1), as calculated by the Food and Agriculture Organization of the United Nations
(FAO) (Gerber et al., 2013). Of the major animal food categories, beef is responsible for the highest
number of emissions, followed in descending order by milk, pork, poultry, and eggs (Harwatt, 2019).
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Emissions coming from animals consist of direct emissions (enteric fermentation, commonly known
as “cow burps”, and manure management) and indirect emissions (feed production, and farm energy
use). Animal agriculture is responsible for emitting all three of the most common GHGs: carbon
dioxide (COy), methane (CH4), and nitrous oxide (N2O). Directly, however, animals are net emitters
only of the non-CO; gases (Figure 1).
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Because intensively managed animals are raised in confinement and fed enriched feeds, they
also fatten up more quickly, hence have shorter lives over which they produce GHGs, than animals
that roam freely, foraging and grazing for their foods (Gerber et al., 2013; Hayek and Garrett, 2018).

Overall, the reasoning goes that the more efficient animals are at converting feed into meat
and dairy, the less feed they need, and a smaller fraction of that feed gets converted into harmful GHG
emissions.

1.2 The role of intensification in sustainable development

Because exctensive and pastoral systems seemingly emit more GHGs per unit of meat or dairy produced, many
adpocate that these systems should be intensified. Extensive animal management is prevalent in low and
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middle-income countries where demand for these products is also rising. Intensifying production is
frequently advocated for by researchers, governments, and nongovernmental organizations as a critical part of economic
development.

Producing more meat and dairy with fewer resources, like land and feed, and fewer emissions,
is commonly referred to as sustainable intensification. Sustainability, however, can refer to dozens
of environmental and societal impacts, like air and water quality, disease, erosion, biodiversity, income
equality, profitability, food security, gender equality, and far more (Herroro and Thornton, 2013).
Because there are so many facets of sustainability, common critique of the term is that it can mean whatever the person
or entity using it wants it to mean (Lovvorn, 2018).

Improving the efficiency of animal production through intensification can positively promote
some facets of sustainability, but may hinder others. As a positive example, helping extensive cattle
ranchers in Brazil amend their soil with lime and sow better-quality grasses can improve their lands’
productivity and profitability, while preventing the need to deforest more land elsewhere to increase
profits (Ceddia et al., 2014; Garrett et al., 2017a). As a negative example, confining chickens into
indoor sheds, while making feeding more efficient, can promote disease outbreaks and require more
persistent use of antibiotics, leading to antimicrobial resistance. Both of these are examples of
intensifying animal production, but have a very different positive and negative co-impacts.

Intensification does not always mean confinement, as seen in the first of the two examples
provided above. However, investing in efficiency for extensive systems can, in practice, make
industrialization more attractive and affordable. For example, methane emissions from animal manure
can be captured and used for energy generation, referred to as manure biogas. While small-scale
solutions exist for backyard systems, any new infrastructure is costly. Recouping an investment in new
equipment can make producing larger quantities attractive. Producing larger quantities, in turn may
entail concentrating animals and consolidating their manure production in one large place (Paolini et
al., 2018). Following the adyice to implement sustainable intensification within animal systems may often, in practice,
involve moving across animal systems, and veering into industrial production.

2. Estimating animal emissions using models

2.1 How emissions models work

How do we know how many emissions come from animal agriculture overall, and how do
GHG emissions differ between animal species, geographic regions, production systems, and animal
food products?

GHG emissions from farmed animals are quantified by animal emissions models. These
models tally up populations of each type of animal, then multiply the tally by how much each animal
emits daily.

Estimates of daily per-animal direct emissions are called emission factors. For each type of
animal, separate emission factors exist for (1) enteric fermentation (belches) and the (2) handling and
storage of their manure. Adding up all the animals in a country and multiplying by their animal- and
country-specific emissions factors gives the total amount of emissions produced.

Models can also calculate indirect emissions from feed production and manure application to
fields. However, this guidance memo will mostly discuss direct emissions of animal agriculture, with
some exceptions.



Emissions factors are calculated using complex models, which are essentially a series of
equations, provided in the IPCC in the guidelines of the Fourth Global Assessment Report (Dong et
al., 2006). The models take detailed input information on how animals are raised in each region, such
as their feed, exercise, manure disposal, and local climate, along with their productivity, such as weight
gain, lactation amount, and breeding rate. This input information is inserted into equations that
produce methane and nitrous oxide emissions factors as outputs (Dong et al., 2000).

The details of the model inputs can often get very fine grained, and consist of estimating minutiae. The models
require information regarding how much an average animal moves during a day, whether or not a
dried crust is allowed to form on top of the slurry tanks that handle liquid manure, the temperatures
of a given animal operation and the seasonal cycle of weather conditions, and many other very specific
details. Estimating the necessary input information for emissions models accurately is challenging, even for countries
with detailed agricultural censuses.

Because all of these details must be collected at the ground-level through counting,
interviewing, and census-taking, then multiplied and added up to produce a total, animal emissions
models are often referred to as bottom-up estimates.

2.2 Uncertainties in emissions models

Understanding the exact level of detail represented in these animal models is not critical to
understanding their limitations. It suffices to simply know that they are very finely detailed. Dezailed
input information contributes to the precision of models (the degree to which they can detect changes between one system
or another), but not necessarily their accuracy (how close their estimates are to the truth).

As more details are added and multiplied within the models, the error in the model gets larger
as well. As Miller et al. (2014) explain, these models

“require a series of assumptions, for which errors compound as several factors are
multiplied and added. Feed matter intake and emission factors both have substantial
uncertainties, as do the IPCC manure methane emission factors...these
uncertainties. ..are inherent in all bottom-up inventories”.

The sheer number of inputs into these models, which are collected and estimated imperfectly, means
that the output, the total estimated emissions, are considerably more uncertain than any single input.

In addition to uncertain inputs, models have dozens of other numbers that describe how
inputs and outputs relate to one another, called parameters. These parameters are derived from small-
scale studies up to 40 years old. Therefore, animal emissions models may be ontdated or not representative of the
wide variety of production systems in the real world (Wolf et al., 2017).

In summary, bottom-up animal emissions models have high precision but their overall level
of accuracy is unknown. A/thongh emissions from the models are uncertain does not mean that they are wrong. It
means that how wrong or right they are is unknown. To assess the accuracy of emissions estimates, independent
methods are needed that quantify animal emissions using entirely different means.



3. Quantifying emissions from the sky

3.1 Testing the models using atmospheric measurements

The GHG emissions estimates produced by bottom-up models can be tested for accuracy by
measuring the air above animal operations. Atmospheric measurements of GHGs are taken by instruments
on tall towers, airplanes, and satellites.

Atmospheric measurements, by themselves, can monitor gas concentrations, i.e. amounts of
gases already in the air, but cannot by themselves tell where these gases come from. To link the GHG
concentrations in the air back to their sources on the ground, researchers use models and observations
of wind direction, speed, and turbulence. Wind information helps determine whether some airborne
methane, for instance, came from a feedlot to the east or an oil field to the west. After measuring over
prolonged periods of time, these methods can gauge how many emissions came from various sources
over months or years. Because atmospheric estimates start by measuring GHGs in the sky, then trace
those GHG back to their source regions on the ground, these are referred to as top-down estimates.

Top-down atmospheric estimates rely on wind observations and models with their own errors.
Importantly, these errors are different from the errors in bottom-up models. These errors can also be
readily estimated and reported, and are non-compounding. Top-down atmospheric estimates are therefore a
reliably independent way of testing the accuracy of bottom-up emissions models.

Top-down estimates can only detect direct emissions over a given region, but cannot estimate
indirect emissions such as feed production sourced over multiple locations. Direct emissions represent
the majority, 54%, of all animal emissions (Figure 1).

3.2 Summary of past top-down atmospheric estimates

Methane makes up 92% of direct animal emissions. A summary of top-down atmospheric
estimates of methane emissions from animals, and how they compare with bottom-up modeled
estimates, are presented in Table 1. Only one global study has been performed. This study indicates
that global animal methane emissions are only slightly higher than the bottom-up models predict—
about 5% higher—and within the margin of error. This suggests that the UN FAO estimate for animal
methane (Figure 1) is in the right ballpark.

The difference is much greater in the United States. Top-down estimates indicate that total
US animal methane emissions are 39-90% higher than bottom-up models predict. This implies that
animal emissions in the United States, in official reports by government, such as the US EPA, and in
numerous peer-reviewed scientific publications, are routinely underestimated. It also implies that a
greater proportion of the total emissions that the UN FAO reports may be coming from intensive
systems.



Modeled Atmospheric

Bottom-up Scale

model estimate measurements factor Reference
(bottom-up) (top-down)

Globe 2009-2011 | EDGAR v4.2 111.0 116.0 105% Turner et al., 2015
USA 8.9 14.8 166%

USA 2004 US EPA 8.8 12.2 139% | Wechtetal.,, 2014
EDGAR v4.2 8.5 144%

USA 2007-2008 US EPA 9.3 17.0 181% Miller et al., 2013
EDGAR v4.2 8.9 190%

US Midwest | 2016-2017 US EPA 2.6 4.8 185% Chenetal, 2018
EDGAR v4.2 2.7 178%

California | 2013-2014 CALGEM 0.90 1.33 149% | Jeongetal, 2016

Table 1. Direct methane emissions from farmed animals in Tg CHa per year. Scale factor refers to
how much higher the top-down emissions estimate is relative to the bottom-up model. Emissions
model abbreviations are EDGAR—Emissions Database for Global Atmospheric Research. EPA—
Environmental Protection Agency. CALGEM—California greenhouse gas emissions measurement
project.

3.3 Why US emissions are underestimated by models

It is unclear why the bottonr-up model estimates for animal agriculture in the United States are too low. The
problems do not seem specific to one animal or system. California airborne measurements were able
to distinguish between dairy cattle and other non-dairy animals’ emissions, finding that they were 45%
and 69% higher, respectively, than the bottom-up model predicted (Jeong et al., 2016). Multiple
animals’ emissions are apparently being underestimated by the bottom-up emissions models.

Models appear to underpredict emissions from manure. The models of manure emissions are based on
laboratory experiments within controlled test chambers. When methane is measured outside of the
lab, in the air directly above manure tanks, pits, and piles, emissions tend to be greater than models
predict, sometimes by more than 300% (Owen and Silver, 2015). However, because manure represents
only 11% of animal methane emissions (Figure 1), this difference is still not large enough to explain
the total gap in methane emissions (Wolf et al., 2017).

Widespread infections in animals in intensive production (Fox et al., 2018 and references
therein) could also cause increased methane emissions from enteric fermentation.

Top-down atmospheric estimates are an accurate way to gange total GHG emissions, but because they are
conducted over large areas and windows of time, they are unable to hone in on precisely why, where, and when models
underpredict emissions.

Despite this lack of precision, atmospheric measurements suggest that there are multiple problems with bottom-
up emissions models, across multiple types of farmed animals and processes, which cause the models to underestimate
total animal emissions in the US.



3.4 Environmental tradeoffs of intensive animal production

3.4.1 Differences between greenhouse gases in intensive and extensive animal
production

Bottom-up emission models consistently and significantly underestimate methane from
animals in the United States, where production is predominantly intensive and industrial. This
atmospheric evidence suggests that the commonly-repeated assertion that industrial animal
production is drastically lower than extensive production may therefore be over-exaggerated.

This does 7ot mean that extensive animal production has fewer GHG emissions. What it does
mean is that, when it comes to direct emissions, the gap between emissions from extensive and
intensive production is likely smaller than commonly reported.

Despite intensive systems being more efficient on average, some forms of extensive beef
production are known to have fewer emissions than intensive beef production systems, even according
to bottom-up models (Swain et al. 2018, and references therein). Low-emission extensive systems
typically exist in areas with particularly fertile soils and warm, wet climates that permits long growing
seasons. These conditions allow for high-quality pastures that feed cattle more efficiently (Eshel et al.,
2018), leading to lower emissions. However, because these high-efficiency, low-production extensive
systems are in uniquely suitable environments, they do not and cannot apply to extensive, pastoral
systems everywhere.

3.4.2 Differences between intensive and extensive systems in crop demand, land use,
and indirect emissions

Intensive management tends to reduce agricultural land requirements overall. Moving cattle
from pasture to grain-fed systems requires more grain to be raised on croplands than extensive
management, but because this grain replaces the need for grass and forages, the overall land use is
lower.

Cattle in the US have a high land footprint, but their footprint is lower than most other
countries (Poore and Nemecek, 2018). Hypothetically shifting the US back towards exclusively grass-
fed beef production would require up to 270% more land if Americans did not reduce their
consumption (Hayek and Garrett, 2018). Crops are a more energy-rich form of feed than grass, and
can fatten cattle more efficiently than pasture. Although pastoral beef production wonld reduce cropland use,
this would be more than compensated for by the need for additional pastureland.

Even though direct emissions from intensive animal systems may commonly be
underestimated, zzdirect emissions associated with feed and deforestation are almost certainly smaller
in intensive systems. Extensive grazing comes at a cost, especially in tropical forested ecosystems such
as the Brazilian Amazon, as native forests are destroyed for more extensive grass production.
Improving feed efficiency helps limit deforestation, provided improved efficiency does not in turn
lead to more demand. Intensifying by raising more animals on less land, improving pasture
productivity and quality, and feeding cattle grain can mitigate indirect GHG emissions (Lamb et al.,
20106) even if the direct emissions reduction is not as high as commonly assumed by bottom-up
models.

However, two problems commonly arise with intensifying production. The first problem is
that smproving the resource efficiency of production can also improve its profitability, leading to more expansion,
deforestation, and emissions. This is referred to as “Jevons Paradox”. Avoiding this paradox relies on
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coupling efficient production with better environmental governance, including stringent forest
protection (Ceddia et al., 2014) and curtailing meat demand. The second problem is that insensification
can enconrage confinement. In these cases, potential land-savings and GHG benefits need to be weighed
against drawbacks such as worsening animal livelthoods, point source water pollution from
consolidated manure, and increased antibiotic usage leading to antibiotic resistance.

3.4.3 Summary of differences between emissions from intensive and extensive production

To conclude, (1) global GHG emissions from animal agriculture, which predominantly come
from extensive production, are well-predicted by models. (2) Direct emissions from US animal
production, which is predominantly zuzensive, are often higher than bottom-up models predict, but (3)
that does not mean that intensive systems have greater emissions than extensive systems. Rather, (4)
extensive production does have higher emissions than intensive production, but the gap between them is likely narrower
than is often reported.

4. The role of animal production in economic development and climate change

4.1 Limits of intensification are not being discussed

Top-down atmospheric evidence suggests that intensive forms of animal production do not
offer the degree of GHG savings commonly accepted by the environmental and sustainable
development research communities. This important information is completely absent in the environmental science
and global development literature. Suggestions to intensify animal production are still nbiquitous, and these suggestions
may influence policy.

Researchers have suggested supplementing native or local feeds in pastoral systems with
higher-quality feeds produced and transported from other regions (Steinfeld et al., 2006; Thornton
and Herrero 2010) for more than a decade. Suggestions to intensify feeding regimens as a means to
reduce GHG emissions have not since changed (e.g. Wang et al., 2017; Swain et al., 2018; Grossi et
al., 2019). While these changes likely would reduce land use overall, they would likely achieve less
mitigation than assumed, while leading to further industrialization of food systems and its attendant
social and environmental tradeoffs.

Recommendations to intensify production are founded on assumptions that (1) rising animal-
derived food demand is inevitable in low- and middle-income countries, or that plant-based diets and
plant-based meat alternatives can only offset a fraction of demand (Searchinger et al., 2018; Swain et
al., 2018), and (2) intensifying production has a high potential to mitigate GHGs. Neither of these
assumptions are necessarily true.

Some have even gone so far as to promote more meat. A recent analysis of animal emissions
in China recommends increasing per-capita production of animal products (Yu et al., 2018), claiming
that improved efficiency will offset the increase in production and provide net methane emission
reductions overall. Intensifying beef production in tropical middle-income countries (Swain et al.,
2018) has also been recommended. These suggestions are informed only by bottom-up methods to guantify animal
methane emissions, not by substantial top-down atmospheric evidence that intensive animal production systems likely
emit more methane than commonly assumed.

The benefits of intensification vary case by case. In cases that intensifying animal production
leads to other negative impacts, marginal GHG cost savings may not be worthwhile. It should not be
assumed that intensification is always sustainable.



4.2 Case study: intensification in East and Southeast Asia

What are the implications for GHG emissions in low- and middle-income countries that are intensifying their
animal production?

Intensification in East and Southeast Asia (ESA) region, which includes mainland China, is
expected to reduce marginal emissions substantially (Wang et al., 2017; FAO, 2018; Yu et al., 2019).
Even though total demand is increasing, the emissions of each unit of production are assumed
assumed to decrease over time (Figure 2A). In the future, total animal emissions are expected to
increase slightly by 2030, then gradually go down until they return to early 2000’s levels by 2050 (Figure
2B). These projections, however, come from bottom-up emissions estimates may overestimate the benefit of intensification
(FAO, 2018).

If direct emissions are instead more in line with top-down estimates (scaled up by 65%, the
average detected by top-down estimates, provided in Table 1), emissions per unit of meat and dairy
will not decrease as drastically over time (Figure 2C). Total animal emissions in the region could reach
1.71 GtCOzeq by 2050, 22% higher than previously predicted (Figure 2D). This is not a definitive
prediction; it is merely an illustrative example, demonstrating that zuzensifying animal production in the future
may not be an effective approach to controlling overall GHG emissions, especially if demand continues to gromw.
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Figure 2. Present and future emissions intensities and total emissions from animal production in East
and Southeast Asia (ESA), as estimated by bottom-up emissions models (A-B) and direct emissions
from intensive production adjusted by a scale factor (1.65) derived from the average of top-down
emissions estimates in the US (C-D).



4.3 Guidance on addressing rising meat and dairy demand in a warming world

The climate impacts of growing demand for meat and dairy have worrying implications for
global warming.

Most countries have not committed to reducing non-CO; gases, including methane and
nitrous oxide from animals (Climate Action Tracker, 2019).

If countries address CO, from fossil fuels, but meat and dairy consumption continues to grow,
animal agriculture could take up almost half of the allowable GHG budget for 1.5°C threshold of
warming by the year 2030 (Harwatt, 2018). These findings come from bottom-up models that
underestimate emissions from increasingly prevalent intensive production systems. Growth in meat
and dairy consumption is therefore likely to be more incompatible with limiting global warming than
commonly reported.

In countries and local governments that have not committed to reducing methane and nitrous
oxide emissions from agriculture (e.g. China, New Zealand), pressure should be placed on these governments
to adopt methane reduction targets. Even without such targets, efforts to reduce meat and dairy production
and demand are critically important.

In places where methane reduction has been committed to (e.g. California, Mexico, Germany,
Cote d'Ivoire), the information in this guidance memo can be used to push back against policies that attenpt
to mitigate GHGs primarily through intensification. Policies should primarily reduce demand.

The overall narrative that intensification is best for reducing environmental impacts has the
potential to shape policy, but this narrative can be interrupted. Policymatkers should be informed that
intensification’s potential for limiting GHG emissions is limited.

Intensification may be effective in particular circumstances, especially in regions where dndirect
emissions are large, provided demand is limited and (in no specific order) the intensification strategy
is (a) accompanied by strong environmental conservation policies (b) improves farmer livelihoods and does not
lead to industry consolidation that can crowd out smaller producers (c) does not entail confinement that harms animal
welfare and promotes disease and antimicrobial resistance. All of the above and more is required to ensure that
intensification is done sustainably and with limits to animal confinement, geographic expansion, and
unsustainable growth of meat and dairy markets.

5. Conclusions and suggestions for sustainable economic transitions

The challenge of a warming world requires all economic sectors to change their strategies from
business-as-usual.

This guidance memo bas shown that business-as-usual in animal agriculture, which has consisted of making
production more efficient over time, may not result in the expected level of emissions reductions, and will certainly not
result in sufficient GHG reductions to limit global warming within safe levels.

In developing strategies that substantially address GHG emissions reductions, #oving back to
pastoral animal production is not an effective environmental strategy, as it can demonstrably worsen
environmental impacts, particularly land use and the indirect emissions associated with agricultural
expansion. This does not vindicate industrial systems either, which can have many other social and
environmental harms.

The best changes to animal food production with the fewest tradeoffs would make already-
existing pastoral systems more sustainable and efficient without relying on industrialization to do so.
These strategies must be married with other conservation strategies, such as forest protection, which
can limit unsustainable growth of production.
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The most certain way to limit GHG emissions and other environmental impacts is by reducing meat and dairy
production.

It is also necessary to help farmers diversify and incorporate profitable, regionally-appropriate, and sustainable
agricultural products. Often, farmers require help in the form of investments in regional infrastructure to
make shifting production, storage, and transportation of plant-based agricultural goods less
burdensome (Garrett et al., 2017a).

Several strategies may exist for helping farmers transition to lower meat and dairy.
Incorporating more crops into extensive animal production, which has the potential makes pastoral
production more efficient, can increase output of plant-based goods like timber, beans, and cocoa.
Production systems with both animals and crops are referred to as “integrated crop-livestock systems”
(Garrett et al., 2017b). In other cases, farmers may benefit more by substituting animals entirely with
crops. In the cases of lower-quality “marginal” grazing land for cattle, crops cannot be produced at
all. Ranchers in marginal lands could profit from other forms of economic activity besides agriculture,
such as solar or wind energy production. In all cases, local producers should be incorporated in
planning and decision-making to invest in transitioning production.

Al of the above efforts to transform animal agriculture and move producers towards other forms of production
must be coupled with limiting demand. Lower demand can avoid environmental tradeoffs of shifting from
one form of animal production to another (Hayek and Garrett, 2018). It is also possible to mitigate
more GHG through changing demand than improving the efficiency of production (Smith et al.,
2013).

Lastly, governments should take seriously the need to monitor and limit emissions from animal agriculture.
When sufficient concern around monitoring and reducing agricultural GHG has been mobilized,
bottom-up emissions models should not be used in their present state to monitor progress. For
governments with ample resources, emissions should be measured from the atmosphere using top-
down approaches to determine success and provide an accountability mechanism for hitting targets
to reduce emissions.

References

Ceddia, M. G., Bardsley, N. O., Gomez-Y-Paloma, S. & Sedlacek, S. Governance, agricultural
intensification, and land sparing in tropical South America. Proc. Natl. Acad. Sei. U. S. A. 111,
7242-7247 (2014).

Chen, Z. ¢t al. Source Partitioning of Methane Emissions and its Seasonality in the U.S. Midwest. J.
Geophys. Res. Biggeosciences 123, 646—659 (2018).

Dong, H., Mangino, J. & McAllister, T. A. IPCC 2006 Guidelines Chapter for National Greenhouse
Gas Inventories: Chapter 10 - Emissions From Livestock and Manure Management. Clim. Chang.
4, 87 (2000).

Eshel, G. ¢t al. A model for ‘sustainable’ US beef production. Naz. Ecol. Evol. (2017).
doi:10.1038/s41559-017-0390-5

FAO. The future of food and agriculture — Alternative pathways to 2050. (2018).

Fox, N. J., Smith, L. A., Houdjjk, J. G. M., Athanasiadou, S. & Hutchings, M. R. Ubiquitous
parasites drive a 33% increase in methane yield from livestock. Int. ]. Parasitol. 48, 1017-1021
(2018).

11



Garrett, R. D. ¢t a/. Explaining the persistence of low income and environmentally degrading land
uses in the Brazilian Amazon. Ecol. Soc. 22, (20172).

Garrett, R. D. ¢f al. Social and ecological analysis of commercial integrated crop livestock systems:
Current knowledge and remaining uncertainty. Agrze. Syst. 155, 136—146 (2017b).

Gerber, P. J. et al. Tackling climate change through livestock — A global assessment of emissions and mitigation
opportunities. (Food and Agriculture Organization of the United Nations (FAO), 2013).

Grossi, G., Goglio, P., Vitali, A. & Williams, A. G. Livestock and climate change: Impact of
livestock on climate and mitigation strategies. ~Anim. Front. 9, 69—76 (2019).

Harwatt, H. Including animal to plant protein shifts in climate change mitigation policy: a proposed
three-step strategy. Clim. Policy 0, 1-9 (2018).

Hayek, M. N. & Garrett, R. D. Nationwide shift to grass-fed beef requires larger cattle population.
Environ. Res. Lett. 13, 084005 (2018).

Herrero, M. e al. Greenhouse gas mitigation potentials in the livestock sector. Nat. Climr. Chang. 6,
452-461 (2016).

Herrero, M. & Thornton, P. K. Livestock and global change: Emerging issues for sustainable food
systems. Proc. Natl. Acad. Sci. U. S. A. 110, 1-4 (2013).

Jeong, S. et al. Estimating methane emissions in california’s urban and rural regions using multitower
observations. |. Gegphys. Res. 121, 13,031-13,049 (20106).

Lovvoron, Jonathan. "Clean Food: The Next Clean Energy Revolution." Yale L. & Po/'y Rev. 36: 283
(2017).

Miller, S. M., Michalak, a. M. & Wofsy, S. C. Reply to Hristov et al.: Linking methane emissions
inventories with atmospheric observations. Proc. Natl. Acad. Sci. 111, E1321-E1321 (2014).

Miller, S. M. et al. Anthropogenic emissions of methane in the United States. Proc. Natl. Acad. Sei. U.
S. A. 110, 20018-22 (2013).

Owen, J. J. & Silver, W. L. Greenhouse gas emissions from dairy manure management: A review of
tield-based studies. Glob. Chang. Biol. 21, 550-565 (2015).

Paolini, V. ¢z al. Environmental impact of biogas: A short review of current knowledge. |. Environ.
Sci. Heal. - Part A Toxic/ Hazardons Subst. Environ. Eng. 53, 899-906 (2018).

Poore, J. & Nemecek, T. Reducing food’s environmental impacts through producers and consumers.
Science. 992, 987-992 (2018).

Searchinger, T. et al. Creating a Sustainable Future: A Menu of Solutions to Sustainably Feed More than 9
Billion People by 2050. (Washington, DC: World Resources Institute., 2018).

Smith, P. e# a/. How much land-based greenhouse gas mitigation can be achieved without
compromising food security and environmental goals? Glob. Chang. Biol. 19, 2285-302 (2013).

Swain, M., Blomgqvist, L., McNamara, J. & Ripple, W. J. Reducing the environmental impact of
global diets. S¢i. Total Environ. 610—611, 1207-1209 (2018).

12



Thornton, P. K. & Hertrero, M. Potential for reduced methane and carbon dioxide emissions from
livestock and pasture management in the tropics. Proc. Natl. Acad. Sci. U. . A. 107, 19667-19672
(2010).

Turner, A. J. et al. Estimating global and North American methane emissions with high spatial
resolution using GOSAT satellite data. Azmos. Chem. Phys. 15, 7049-7069 (2015).

Wang, L., Xue, B. & Yan, T. Greenhouse gas emissions from pig and poultry production sectors in
China from 1960 to 2010. J. Integr. Agric. 16, 221-228 (2017).

Wecht, K. ., Jacob, D. J., Frankenberg, C., Jiang, Z. & Blake, D. R. Journal of Geophysical
Research : Atmospheres of SCIAMACHY satellite data. |. Geophys. Res. Atmos. Res. T7T41-7756
(2014). doi:10.1002/2014JD021551.Received

Wolf, J., Asrar, G. R. & West, T. O. Revised methane emissions factors and spatially distributed
annual carbon fluxes for global livestock. Carbon Balance Manag. 12, 16 (2017).

Yu, J. et al. Inventory of methane emissions from livestock in China from 1980 to 2013. A#wos.
Environ. 184, 69-76 (2018).

© 2019 Tiny Beam Fund, Inc. All rights reserved.
This Guidance Memo is created under a fellowship award from Tiny Beam Fund, Inc. All
statements, advice, and/or opinions expressed in it are solely those of its author.

13



