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Abstract: Estimates of historical enteric methane emissions by US beef cattle using various method-
ologies recommended by IPCC were compared, then translated using two expressions of carbon
dioxide equivalence. Three existing methodologies (Tier 1, Tier 2, and Tier 3 as used by FAO, EPA,
and NASEM, respectively) were compared using a common time series (1920 to 2020) for each
sector of the US beef cattle production system. Annual enteric methane emissions were converted
to annual CO, equivalents for global warming potential on a 100-year horizon (GWP;qp) and CO,
warming equivalents (GWP*) to compare two expressions of methane equivalence to carbon dioxide.
While the ranking of estimates among methods was stable, the magnitude of difference between
the methods increased over time. In 1920, the Tier 3 method estimated emissions 16% greater than
Tier 1; this difference increased to 60% greater in 2020. Cumulative GWP* ranged from 8.9% below to
29.4% below cumulative GWP1qg in 2020, depending upon method; differences in annual emissions
metrics were larger, with GWP* metrics ranging from 261% below to 123% above GWP1y expression.
While several methods exist to generate emissions inventories, method choice results in substantial
differences in direct emissions estimates and carbon dioxide equivalence.
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1. Introduction

Cattle have been assigned a relatively large carbon (C) footprint (10 to 32.4 kg carbon
dioxide equivalents (CO,e)/kg liveweight) [1] in comparison to other livestock species [2].
As a result, it has been assumed that beef production has a negative environmental
effect [3,4]. Estimates of enteric methane production, resulting from fermentation of forage
and other human-inedible feedstuffs, are typically expressed equivalent to CO, and com-
prise a large portion of beef production’s C footprint [5,6]. These estimates result from the
emissions inventory methodology selected and the choice of ‘equivalence’ measures used
to express different greenhouse gases using standard units, most commonly, some carbon
dioxide equivalent.

Three tiers of livestock methane emissions inventory estimation were established by
the Intergovernmental Panel on Climate Change (IPCC) [7] as an element of the guidelines
for greenhouse gas (GHG) inventory reporting at the country level. Tiers were developed to
accommodate varying levels of data availability [7]. The three tiers yield different estimates
for a given population [8-11]. Xue et al. [10] estimated methane emissions using IPCC [7]
Tier 1 and 2 methodologies and found a Tier 2 approach led to lower estimated emissions
inventory compared to the Tier 1 approach. Conversely, Ominski et al. [8] reported lower
estimates using Tier 1 methods compared to Tier 2. These authors also observed that
empirical outcomes ranged from 12.6% below to 32.6% above Tier 2 values. Among cattle
of the same class, variation in enteric methane emissions exist [12]. Diet quality, intake,
and feed additives lead to variation in emissions factors (kg CH4 per animal) [13-15]
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resulting in absolute emissions uncertainty and modeling error. The IPCC periodically
reviews and updates recommended methodology, which may further confuse estimation
of apparent emission inventories over time. The most recent refinement of methods [16]
has yet to be implemented by policy makers and reporting agencies.

Cattle are implicated as a major source of increased methane emissions due to reported
increases in population size [2,17,18]. However, the structure of the U.S. beef industry has
changed over the last 100 years; notably, the proportion of the population represented by
each animal class has changed. In some regions, cow body weight has increased; and in
some systems, cattle are finished in a shorter amount of time. As a result of these industry
changes, changes in methane emissions may not be directly (linearly) aligned with changes
in total cattle population.

The challenges in emissions characterization due to inventory methodology are com-
pounded using conversion metrics to a carbon dioxide ‘equivalent’ value. Emissions state-
ments expressed as total mass or using IPCC [19] sanctioned expressions of equivalency
may yield substantially different outcomes. Recently, CO, warming equivalents (GWP*)
has been proposed as a more accurate metric to account for the climate warming effects of
methane compared to global warming potential on a 100-year horizon (GWP1qp) [20,21] and
is recognized by the IPCC as an appropriate metric. Because GWP* depends upon changes
in emissions over time, the issues of emissions inventory estimation and accounting for
structural changes in the beef industry become increasingly important.

Our objective was to compare estimates of historical enteric methane emissions by US
beef cattle using various methodologies recommended by IPCC [7] applied to a common
cattle population time series. Additionally, we aimed to translate enteric methane emissions
using two expressions of carbon dioxide equivalence, and their interaction with emissions
estimate method. Finally, we evaluated the effects of these estimates on apparent methane
intensity of US beef production over time.

2. Materials and Methods

Methods for estimation of enteric methane emissions used in greenhouse gas inventory
reporting have been outlined by the IPCC [7]. The Food and Agriculture Organization of
the United Nations (FAO) uses a Tier 1 approach to estimate country and global enteric
methane emissions. This Tier 1 method is the simplest of the three tiers and requires the
least amount of data, as a fixed amount of methane is assumed for each animal.

The United States Environmental Protection Agency (EPA) uses a Tier 2 approach
to estimate enteric methane emissions of beef cattle in the United States as a compo-
nent of the US greenhouse gas inventory reporting program [22]. This method requires
more detailed information about animal classes, body weights, nutrient requirements,
and dietary information.

Similarly, National Academies of Science, Engineering and Medicine (NASEM) [23]
has published enteric methane prediction equations that can be used and scaled to a
national level using existing data. Using NASEM methodology can be considered a Tier 3
approach as these equations incorporate further dietary detail compared to the EPA’s Tier 2
methods. For this analysis, we chose to compare three existing methodologies (Tier 1, Tier 2,
and Tier 3 as used by FAO, EPA, and NASEM, respectively) using a common population
time series (1920 to 2020) for each sector (cow-calf, stocker, and feedlot) of the US beef cattle
production system.

Animal classes for beef systems include bulls, cows, calves nursing cows, heifers
held for replacement, stocker cattle (grazing animals intended for slaughter, which may
be placed into a feedlot prior to slaughter), and animals in a feedlot. Animal class level
data required to estimate methane inventory using the three methodologies were animal
inventory, animal weights, growth performance assumptions, and nutrient profile of diets.
Historical animal inventories were obtained from National Agricultural Statistics Service
(NASS) [24]. Prior to the issuance of the cattle on feed report (1920-1941), number of cattle
on feed were estimated using the 8-year average (1942-1950) of the proportion of feedlot
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cattle represented in the total inventory. This 8-year average was chosen because it was the
closest to the missing date range of cattle on feed inventory and cattle on feed was relatively
constant during this 8-year period. An average value was chosen over a linear regression
estimate because it was assumed there was little growth cattle on feed prior to 1942. Growth
in cattle on feed inventories occurred rapidly after 1950 due to structural changes in the
beef industry. Inventory data by year are provided in Supplementary Material (Table S1).

The US beef production system is often described by sectors. The cow-calf sector
includes the animal classes: bull, cow, calves nursing cows, and heifers held for replace-
ment. Calves nursing cows were excluded from this analysis because NASS [24] does not
differentiate between beef and dairy calves in their inventory estimates and the IPCC [7]
assigns an emissions factor of 0 kg CHy-animal !-yr~! to nursing calves. The stocker sector
includes stocker cattle (as defined above), and the feedlot or finishing sector includes the
feedlot class. Because NASS [24] reports do not designate cattle specifically to the stocker
sector but does report steers and heifers greater than 227 kg body weight (BW), the number
of stocker cattle was estimated as the difference between total steers and heifers greater
than 227 kg and number of cattle on feed.

Historical animal weights of various classes were obtained from NASS [24] and
United States Department of Agriculture, Economic Research Service (USDA-ERS) [25,26].
Bull carcass weights were obtained from NASS [24] and converted to body weight by
dividing by 0.50 with the assumption dressing percentage was constant across time for
bulls. Historical weaning weight of calves were estimated using the average response
from linear regressions published by Lalman [27] and Nadarajah et al. [28] which predict
weaning weight from cow body weight. Cow body weights were adjusted from cow carcass
weights obtained from NASS [24] with the following assumptions: cow dressing percentage
was constant across time at 52% and cows slaughtered were at a body condition score of
4 on a1 to 9 scale. Stocker cattle weights were estimated as the average of weaning weight
and feeder cattle weights. Feeder cattle weights were estimated from placement data from
NASS [24] and USDA-ERS [25,26,29,30]. Feedlot cattle weights were an average of feeder
cattle weights and slaughter weights reported by NASS [24]. Historical weights used in
this analysis are presented in the supplementary information (Table S2).

Nutrient profiles of grazing diets were assembled from descriptions of forages com-
monly utilized and are assumed constant across time. Nutrient profiles of grazed forages
in cow-calf and stocker operations have not considerably changed across the timespan
evaluated, therefore these nutrient profiles were held constant across time and were ob-
tained from NASEM [23]. Feedlot diets periodically changed because of technological
advancement and dietary ingredient availability [31-36]. Historical nutrient profiles of
diets are also available in the supplementary information (Tables S3-S5).

Animal class inventories were multiplied by an emissions factor (53 kg CHy- animal ! -yr’l) [7]
according to the FAO methodology (Tier 1) to estimate annual animal class emissions.

An emissions factor (kg CHy-animal~!-yr—!) for each animal class was determined
according to the Tier 2 approach of EPA [22]. Required gross energy intake (GEI, M]/d)
for each class was calculated according to Equation 10.21 in IPCC [7]. Briefly, GEI was
estimated as the sum of GE required for maintenance, activity, lactation, work, pregnancy,
and growth. Required GEI was multiplied by enteric methane yield (Ym, MJ CH4/MJ GE)
and converted to kg of methane (55.65 MJ/kg CHy). Yr, values were 6.5% (grazing cattle)
or 3.9% (feedlot cattle) as recommended by IPCC [7] and Kebreab et al. [37], respectively.
Daily enteric methane emissions were multiplied by 365 d to compute an enteric methane
emissions factor. Emissions factor for a class was multiplied by class level inventory within
year to determine class level annual enteric methane emissions. The sum of annual class
level emissions within a year represents total annual emissions inventory.

To represent a Tier 3 estimate, equations published by NASEM [23] were utilized.
In addition to nutrient profiles of diets, use of the NASEM [23] set of enteric methane
equations required estimates of dry matter intake, unlike the Tier 2 approach, which is based
on estimates of energetic requirements. Dry matter intake (kg/d) was predicted for each
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animal class using Equations 19-88, 19-89, 19-92, and 19-94 from NASEM [23]. Equations
16-8, 19-127, 19-128, and 19-129 were used to estimate enteric methane from grazing
animals (cattle in the cow-calf and stocker sectors) and Equations 16-9, 19-135, 19-136,
and 19-137 were used to estimate enteric methane production from animals consuming
high concentrate diets (cattle in the feedlot sector) as recommended [23]. Enteric emissions
for each animal class were summed within its respective sector of the beef value chain then
each sector was summed within year to determine annual total enteric methane production.

Equations 16-8 and 16-9 in NASEM [23] represent a synthesis of other empirically
derived equations for enteric methane emissions (those outlined in Chapter 19). The Beef
Cattle Nutrient Requirements Model (BCNRM,; see [23]) utilizes these published equations
to generate estimates of uncertainty /variability in enteric methane production. The mini-
mum, maximum, and mean values from all NASEM [23] estimates were recorded by class
and totaled as previously described. These values are used to display a range of uncertainty
in enteric methane emissions as intended by NASEM [23].

Compiled annual enteric methane emissions from 1920 to 2021 were converted to
annual CO, equivalents for global warming potential on a 100-year horizon (COye, GWP1¢p)
and CO, warming equivalents (CO,-we, GWP¥) to compare two expressions of methane
equivalence to carbon dioxide. Estimation of annual GWP(p-CO,e was performed as
annual enteric methane emissions (kg CH4) multiplied by 28 kg GWPp-COze/kg CHy4
(AR5 recommendation for GWP1py without climate-carbon feedback) [38].

Annual GWP* CO;-we was calculated according to Lynch et al. [20] as:

CO,-we = GWP;qp - ((4 - EmissionsCH,4!) — (3.75 - EmissionsCHy t2Y)), (1)

where EmissionCH,' was the target year enteric methane emissions rate (kg/yr) and
EmissionsCH4'~%? was the enteric methane emissions rate (kg/yr) from 20 years prior
to the target year. For years 1920 to 1939, emissions for all years t — 20 were assumed
to be constant at 1920 estimated emissions values generated by the respective method
of estimation.

Enteric methane emissions per kg of beef produced in the United States were calculated
to determine enteric methane intensity of beef production. Beef production from 1921 to
1929 was obtained from Economic Research Services [25] and beef production from 1930 to
2020 was obtained from NASS database [24]. Historical beef production data are available
in the Supplementary Information.

3. Results and Discussion
3.1. Enteric Methane Emissions across Time

Estimated enteric methane emissions across time were greatest when the Tier 3 was
applied, while the Tier 1 method generated the lowest emissions estimates and the Tier
2 methodology estimated intermediate values (Figure 1). While the ranking of estimates
among methods was stable, the magnitude of difference increased over time. In 1920,
the Tier 3 method estimated emissions 16% greater than Tier 1 emissions estimate, over time
the difference increased such that the Tier 3 estimate was 60% greater than Tier 1 emissions
estimate in 2021. Similarly, Tier 1 and 2 methodologies also diverge over time. In 1920,
the Tier 1 and 2 methodologies estimated similar enteric methane emissions (within 3%);
for 2021, the Tier 2 method yielded an estimate 20% greater than Tier 1.

Cattle inventory directly affects total emissions estimates in all methods applied.
In the Tier 2 and 3 methodologies, body weight affects the emissions factor, while the
Tier 1 methodology uses a constant emission factor. Individual mean weight of cat-
tle has increased since the 1970’s while inventory has declined over the same period
(see Supplementary Material). As a result, the Tier 1 estimates a decline in annual en-
teric methane emissions. However, because body weight is included in the Tier 2 and
3 methodologies, emissions factors (per animal) increase, but are largely offset by decreases
in inventory such that annual emissions are stable (Tier 2) to slightly increasing (Tier 3) over
time. The difference in the Tier 2 and 3 methods results from differences in GEI estimates,
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which are nutrient requirement based in the Tier 2 method but based on estimated dietary
intake in the Tier 3 method. Dietary intake is a function of body weight and diet nutrient
profile, and the divergence between the Tier 2 and 3 methods is thus likely driven by the
difference in estimating GEIL

9 Tier1 ——Tier2 - Tier3
8
7
6
T 5
o
§ 4
3
2
1
0
1920 1940 1960 1980 2000 2020

Figure 1. Total enteric methane emissions from 1920 to 2020 using Tier 1, 2, or 3 methodologies.

While the Tier 1 emissions factor used in this analysis is constant (53 kg CHy-animal ~!-yr—1),
the IPCC recently updated (increased) the specified Tier 1 emissions factor for North
American beef cattle to 65 kg CHy-animal ~!-yr~—! [16]. Application of this emissions factor
would result in a 22.6% increase in estimated annual emissions from the displayed Tier 1
estimates, creating greater alignment between Tier 1 and 2 emissions estimates.

Wolf et al. [39] estimated that global enteric methane emissions in 2011 were 8.4%
greater than values suggested the IPCC [7] Tier 1 methodology when updates to animal
body mass, diet quality, and diet quantity were made by global region. Within the US,
regional variation in emissions also likely exists; Hristov et al. [11] reported emissions
may vary by —15.6 to 16.9% of mean enteric livestock emissions for the continental US
depending on location. Similarly, NASEM [23] recognizes that large variation in prediction
of enteric fermentation exists between models. As an indicator of the potential range in
enteric methane production, output from Beef Cattle Nutrient Requirements Model in
NASEM [23] reports the minimum, mean, and maximum estimates of enteric methane
production based on a series of equations from the primary literature. When using primary
equations published by NASEM [23] for estimating enteric methane, year 2020 emissions
estimates range from 3.05 to 7.17 Mt, representing a +40% variation from mean enteric
methane emissions (Figure 2). The range of estimates observed using the Tier 3 primary
equations encompasses the estimates from Tier 1 and 2, and the Tier 3 synthesis equation
estimates displayed in Figure 1.

In the present study, the Tier 3 synthesis equations developed by NASEM [23] result
in enteric methane production estimates that increase from 1975 to 2020, despite the sub-
stantial reductions in animal inventory over that time period. All of the series (minimum,
mean, and maximum) generated from the Tier 3 source equations generate lower estimates
of enteric methane production in 2021 than 1975; the trendlines for each series are neutral
(estimates of maximum productions) to down trending (mean and minimum estimates).
Greater estimates of total enteric methane emissions over time from the synthesis equation
are driven by higher estimated methane production in the cow-calf sector compared to the
mean of the primary equations. Tier 3 synthesis equations for stocker and feedlot cattle
resulted in lower emissions estimates than the mean of the primary equations (feedlot,
34.5 vs. 43.9 kg CHy-animal~!-yr~; stocker, 58.3 vs. 63.7 kg CHy-animal ~!-yr~1), but re-
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sulted in a greater emissions factor for cows (117.3 vs. 96.5 kg CHy-animal !-yr!). Asa
result, both the total emissions estimates and the allocation of emissions among sectors is
dependent upon the inventory method selected (Figure 3).

9

Tier 3 Maximum

Tier 3 Mean Tier 3 Minimum

8

Mt CH,

1920 1940 1960 1980 2000 2020
Figure 2. Mean, minimum, and maximum of CH,4 emissions (Mt) using Tier 3 methods from 1920 to 2020.

Herd expansion in the United States occurred from 1920s to the mid-1970s and is
reflected in total annual enteric methane emissions in Figure 3. A peak in enteric methane
emissions occurred in the mid-1970s which corresponds to peak beef cattle inventory.
Additionally, the historic cattle cycle of expansion and contraction over a 10-year period
is apparent when annual enteric methane emissions are plotted across time. Since the
mid-1970s, cattle size has increased, both in mature cow size and finished weights (see
supplementary material). The increase in cow body weight and finished animal weights
result in Tier 1 estimates of emissions that decline over time with inventory (Figure 3a);
Tier 2 estimates of emissions depart from population trends as Tier 2 methods rely on body
weight. The Tier 2 method relies on estimates of energy requirements, which scale with
metabolic body weight (BWY7?); therefore, emissions estimates do not increase as rapidly
as body weight. The rate of increase is offset by population decline, such that emissions
estimates have a neutral trend (Figure 3b). Tier 3 methods rely on estimates of diet intake,
rather than requirements, and utilize different equations to estimate emissions. Specifically,
the equation used to estimate intake is linearly related with BW, and the result indicates
BW increased faster than the declining trend in population. This effect, in addition to the
differences in per animal emissions factors resulting from the different equations, result in
emissions estimates that increase over time (Figure 3b).

3.2. Contribution by Sector to Total Enteric Methane Emissions

Throughout the period analyzed, the cow-calf sector makes the greatest contribution
to beef production’s enteric methane emissions regardless of the method of estimation
(Figure 4), with the proportion of total emissions allocated to each sector varying both
over time and among estimation methods. The dominance of the cow-calf sector relative
to stocker and feedlot sectors is consistent with other reports [6], and results from rela-
tively larger population size (Tier 1 or Tier 2 methods), reliance on lower quality diets
(Tier 2 methods) and greater body weights. Importantly, the reliance on these diets also
reduces the reliance on other commodities and increases the yield of high-quality protein
for human consumption relative to human consumable protein inputs [40]. The tradeoff to
reducing methane emissions from this sector is an increase in intensification and utilization
of feedstuffs that may also be directly used for human consumption.
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1920 1940 1960 1980 2000 2020
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(0)
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Figure 3. Enteric methane emissions by animal class from US beef cattle, 1920 to 2020, using (a) Tier 1

methodology; (b) Tier 2 methodology; (c) Tier 3 primary equation.

In the 1920s, the stocker sector accounted for 25% of total enteric methane emissions.
However, over time the stocker sector’s contribution to total enteric methane emissions
has declined to 12% (Figure 4). Historically, cattle spent a greater amount of time in the
stocker sector (i.e., steers and heifers greater than 226.8 kg) since cattle were often 2 to
3 years old when taken to the feedlot or slaughtered in the early 1900s. This extended
time to harvest resulted in a greater proportion of the annual beef cattle inventory in the
sector, with greater enteric methane production attributed to grazing cattle when using

Tier 2 inventory methods.
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Figure 4. Contribution to enteric methane emissions by sector of beef value chain from 1920 to 2020,
using (a) Tier 1 methodology; (b) Tier 2 methodology; (c) Tier 3 primary equation.

Substantial growth in capacity to place cattle on feed in the 1950s and 1960s resulted
in growth of feedlot sector and accelerated time to slaughter. Cattle on feed increased 193%
from 1920 to 1960 (3.9 million to 7.5 million head), resulting in increased enteric methane
emissions from the sector during the same period corresponding to the reduced emissions
from the stocker sector. Currently, the feedlot sector accounts for 11% of total enteric
methane emissions compared to 7% in 1920 when using the Tier 3 method (Figure 4c).

When comparing the relative contribution of the production sectors the Tier 1 method-
ology overweights feedlot contributions and underweights cow-calf sector contributions by
applying the constant emission factor (53 kg CHy-animal~!-yr~1) across all animal classes.
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This effect can be more pronounced when making regional comparisons as production
system may vary substantially among regions. Those with well-developed feedlot sectors
appear to be greater emitters than may be the case, while those reliant on grazing systems
may have emissions inventories that are skewed downward. When using the Tier 2 or
3 approaches, the proportion of emissions from individual production sectors may better
reflect actual emissions because these methodologies estimate an emissions factor for each
animal class based on weight, diet, and requirements.

3.3. Enteric Methane Intensities across Time

Apparent enteric methane intensity of beef production (kg CHy4 /kg beef) has decreased
since 1920 regardless of emissions inventory methodology (43% reduction on average;
Figure 5), consistent with other reports [41,42]. Cattle population declined from 1920 to
1928 due to major drought, resulting in reductions in annual enteric methane emissions
estimates (Figure 1). This liquidation of cattle population resulted in steady to slight
increases in beef production from 1920 to 1927. The reduction in enteric methane intensity
in the 1920s was a product of reduced enteric methane emissions from a smaller cattle
population and greater production of beef resulting from herd liquidation. Capper [42]
estimated an 18.7% reduction in methane emissions intensity for the 30-year period from
1977 to 2007, comparable to the 20% reduction in methane emissions intensity during the
1977-2007 timespan using the Tier 1 methodology. However, estimates for this 30-y span
using other methodologies differ in magnitude (9% reduction, Tier 2) or direction (5.6%
increase, Tier 3) of change in enteric methane emissions intensity.

0.8 Ter 1 Tier 2
) Tier 3 Linear (Tier 1)
N - Linear (Tier 2) Linear (Tier 3)
0.7 “ ,ﬂl
3 | {
= 0.6 "~ L
2 ‘ y=-0.0014x +0.5781
an 0.5 g
S R S & gy o A
=t \/
g 04 . _y=-0.0015x+0.483
0.3
02 y=-0.0021x+0.4867
0.1
0
1921 1936 1951 1966 1981 1996 2011

Figure 5. Enteric methane intensity (kg/kg beef produced) from 1921 to 2020 using Tier 1, 2,
and 3 methods. Standard errors of the slope parameter for Tier 1 = 0.000102; for Tier 2 = 0.000113;
and for Tier 3 = 0.00015.

If the change over time is estimated as the difference in the means of 5-year periods
(1975-1979 versus 2016-2020) rather than as single year differences, the Tier 3 method
would indicate that enteric methane intensity has remained constant over the last 42 years.
Cow body weight is a variable used in the Tier 3 method for estimating enteric methane
emissions, and cow body weight has increased approximately 140 kg since the 1970s.
This increase in cow body weight directly affects estimates of enteric methane emissions
using Tier 2 and 3 approach, and those increases offset improvements in productivity
(kg beef produced per unit of inventory).

The Tier 1 method does not require animal size as an input, so emission intensities
vary inversely with productivity where greater production per animal in inventory re-
duces emissions intensity. The Tier 2 method is based on animal requirement estimates,
which scale with BW?7. Because beef production is expected to change directly (linearly)
with animal size, as body weight increases output increases at a faster rate than animal
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requirements, therefore emission intensities decrease but not as rapidly as with the Tier 1
method. In the primary NASEM equation for Tier 3, body weight is included as a linear
predictor, and thus increases in body weight and productivity may scale at similar rates,
such that no net impact on intensity is realized. It is important to recognize that these model
predictions differ due to construction; there is limited ability to determine the accuracy of
any one approach.

3.4. Estimated Annual CO; Equivalent Emissions

A number of methods have been developed that attempt to scale the relative impact of
short-lived climate pollutants (SLCP; e.g., methane) to carbon dioxide [21,38,43]. The Global
Warming Potential estimated on a 100-year time horizon (GWPgg) metric has been widely
applied, due in part to its relatively simple calculation (mass emissions are scaled by a
constant). Therefore, GWP1y is scaled directly to annual emissions, which in turn varies
according to the inventory method used. Using GWP;(, annual enteric methane emissions
(kg CO,e) were lower in the early 1900s because the cattle population was smaller relative
to following decades (Figure 6a). As cattle population expanded to meet growing beef
demand in the mid-1900s, estimated enteric methane emissions increased regardless of the
method used, and differences among methods reflect the differences in estimated output as
described above.

Tier 3 Min Tier 3 Max
THer 2 Tier 3

Tier 3 Mean
Ter 1

400

300

Mt CO,e

]
[=)
(=]

(a)

100

Enteric CH,,

1920 1940 1960 1980 2000 2020

CO,-we
(]
(=]
(]

(b)

(=]

Enteric CH,, Mt

-100

-200
1920 1940 1960 1980 2000 2020

Figure 6. Annual CO, equivalent emissions from enteric methane between 1920 and 2021 by US beef
cattle. (a) Estimated using GWPjq; (b) Estimated using GWP*.

The GWPj(p metric incorporates the lifetime of methane as a component of radiative
forcing dissipation of a single pulse emission over time [38], but cannot recognize that
constant emissions of a short-lived gas result in subsequent equilibrium in atmospheric
concentration, making interpretation at any time but the specific time horizon following
a pulse emission difficult. The GWP* metric [21,44] attempts to account for the lasting
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perturbation of a pulse emission along with the effects of differential rates of emission
over time on atmospheric stock accumulation (i.e., flow differential) and this metric tracks
warming responses over time resulting from methane emissions more accurately than the
GWP1p metric [20,44]. As a result, changes in emissions rates are a primary driver in the
GWP* metric, rather than single year emissions. Estimated GWP* warming equivalent
emissions are greater during herd expansion era (Figure 6b) compared to GWPj estimated
equivalents (i.e., when the current year mass emissions are greater than the emissions from
20 years prior). As the cattle population declined after the mid-1970s, and weights of cattle
increased after the 1970s, annual warming equivalent emissions using GWP* dropped
to near zero and have remained lower in comparison to equivalents based on GWP1qy;
annual GWPjgg equivalent emissions appear relatively constant since the 1970s. While the
comparison between GWP* and GWP100 creates the appearance of greater volatility for
the GWP* metric, the choice and interpretation of these metrics should be driven by its
intended application [19].

3.5. Estimated Cumulative CO, Equivalent Emissions

Cumulative CO,e emissions are a sum of annual emissions equivalents over time.
The estimated warming impact of methane is related to the 100-year cumulative CO,e
emissions based on GWP;jq. By design, cumulative CO,e emissions will either increase
(positive annual emissions) or stay constant (zero annual emissions). A reduction in
cumulative COye emissions would indicates a methane sink (negative annual emissions)
which can occur when atmospheric degradation exceeds annual emissions, resulting in a
reduction in atmospheric burden of methane. A wide range of emissions were estimated
using the various methodologies presented, leading to greater uncertainty of actual effect
on climate from beef cattle’s enteric methane (Figure 7). However, emissions over time
increase at a greater rate during herd expansion then plateau once herd expansion ceases.
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Figure 7. Cumulative CO; equivalent emissions from enteric methane between 1920 and 2021 by US
beef cattle. (a) Estimated using GWPyg; (b) Estimated using GWP*.
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GWPqp was developed to estimate the effects of pulse methane emissions on warming
potential over a 100-year period. Because this analysis used a 100-year period, cumulative
estimates of warming impacts using GWP1oy or GWP* (Figure 8) would be expected to
converge for any mass emissions method chosen. In the current analysis, cumulative
GWP* in 2020 (year 101) ranges from 8.9% below to 29.4% below cumulative GWP1,
depending upon method. Trends across time for GWP1p9p and GWP* were similar amongst
methods. The difference among annual emissions metrics is substantially larger, with GWP*
metrics ranging from 261% below to 123% above the GWPj( expression for a given year,
dependent upon mass emissions estimation method. From 2001 to 2020, annual GWP*
warming equivalent emissions are always lower than GWP1(g equivalents, with the size of
difference depending on method chosen to estimate mass emissions. The Tier 1 method
results in the greatest difference between GWP* and GWP1gg, with GWP* varying among
years by at least 56% below and as much as 131% below the GWP;( equivalent. Using
the Tier 3 method (Equations 16-8 and 16-9) results in the smallest differences among
equivalence expressions, where GWP* ranges from at least 8.6% below to as much as 72%
below GWPqq estimates, and the Tier 2 method is intermediate, with GWP* warming
equivalents at least 34.7% below to as much as 101% below GWP1gy equivalents.
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Figure 8. Comparison of cumulative CO,e emissions using GWP1gyp and GWP* based on (a) Tier 1
methodology; (b) Tier 2 methodology; (c) Tier 3 primary equation.

3.6. Conclusions

Methane emissions by beef cattle have received significant scrutiny. Several ‘standard’
methods of evaluation can be applied to generate emissions inventories; however, the choice
of method results in substantial differences in emissions estimates. This variability among
methods would be compounded if variance associated with the underlying assumptions
were also included (i.e., animal inventory or body weight estimates). The Tier 2 method
described by IPCC [7] explicitly includes an uncertainty of +33% in methane yield (Yp,
the conversion of gross energy intake to enteric methane), although this uncertainty is
rarely included in stated inventory values. This estimate of uncertainty in Y, should
translate to the emissions factor used for Tier 1 estimates, but the value is typically taken
as a fixed constant. Additional compounding error is inherent in estimates of animal
requirements, diet nutrient values, and dietary conversion to gross energy intake on which
the Tier 2 methods are based.

Ultimately, attribution of climate impacts that drive behavioral or policy recommen-
dations must be based on estimates with some indication of confidence. At the least,
variance among methodologies might be used as a minimal indicator of confidence, as in
NASEM [23]. The resulting range in emissions estimates should be translated to expressions
of carbon dioxide equivalence if such metrics are applied for a particular purpose. Use of a
single method, without indication of uncertainty, can lead to inappropriate attribution to a
particular sector of production within a region, or among regions. Use of different methods
across regions or among different reports exacerbates this issue. All of these challenges
can lead to inappropriate prioritization in proposed mitigation schemes, perhaps with
significant consequences to land use and food production.
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1920 to 2021.

Author Contributions: Conceptualization, ].G., TW. and ].S.; methodology, ].G., T.W. and ].S.; formal
analysis, ].G. and ].S.; investigation, J.G.; data curation, ].G.; writing—original draft preparation, J.G.
and ].S.; writing—review and editing, ].G., TW. and ].S.; visualization, ].G.; supervision, T.W. and ].S.;
project administration, T.W.; funding acquisition, T.W. and J.S. All authors have read and agreed to
the published version of the manuscript.


https://www.mdpi.com/article/10.3390/su142417017/s1
https://www.mdpi.com/article/10.3390/su142417017/s1

Sustainability 2022, 14, 17017 14 of 15

Funding: This research was funded by The Beef Checkoff, grant number 1876.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lynch, J.; Pierrehumbert, R. Climate impacts of cultured meat and beef cattle. Front. Sustain. Food Syst. 2019, 3, 5. [CrossRef]
[PubMed]

Gerber, PJ.; Steinfeld, H.; Henderson, B.; Mottet, A.; Opio, C.; Dijkman, J.; Falcucci, A.; Tempio, G. Tackling Climate Change through
Livestock: A Global Assessment of Emissions and Mitigation Opportunities; Food and Agriculture Organization of the United Nations
(FAO): Rome, Italy, 2013.

Reisinger, A.; Clark, H. How much do direct livestock emissions actually contribute to global warming? Glob. Chang. Biol. 2018,
24,1749-1761. [CrossRef] [PubMed]

Willett, W.; Rockstrom, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.; DeClerck, F.; Wood, A.; et al.
Food in the Anthropocene: The EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet 2019,
393, 447-492. [CrossRef]

Beauchemin, K.A,; Janzen, H.H; Little, 5S.M.; McAllister, T.A.; McGinn, S.M. Life cycle assessment of greenhouse gas emissions
from beef production in western Canada: A case study. Agric. Syst. 2010, 103, 371-379. [CrossRef]

Rotz, C.A.; Asem-Hiablie, S.; Place, S.; Thoma, G. Environmental footprints of beef cattle production in the United States.
Agric. Syst. 2019, 169, 1-13. [CrossRef]

Intergovernmental Panel on Climate Change (IPCC). 2006 IPCC Guidelines for National Greenhouse Gas Inventories; Prepared by
the National Greenhouse Gas Inventories Programme; Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K., Eds.; IGES:
Hayama, Japan, 2006.

Ominski, K.; Boadi, D.; Wittenberg, K.; Fulawka, D.; Basarab, J. Estimates of enteric methane emissions from cattle in Canada
using the IPCC Tier-2 methodology. Can. |. Anim. Sci. 2007, 87, 459-467. [CrossRef]

Woods, V.; Yan, T. An inventory of methane emissions from ruminant animals in Northern Ireland due to enteric fermentation-a
comparison using Tier 1 and Tier 3 emission factors. Adv. Anim. Biosci. 2010, 1, 74. [CrossRef]

Xue, B.; Wang, L.; Yan, T. Methane emission inventories for enteric fermentation and manure management of yak, buffalo and
dairy and beef cattle in China from 1988 to 2009. Agric. Ecosyst. Environ. 2014, 195, 202-210. [CrossRef]

Hristov, A.N.; Harper, M.; Meinen, R.; Day, R.; Lopes, J.; Ott, T.; Venkatesh, A.; Randles, C.A. Discrepancies and uncertainties in
bottom-up gridded inventories of livestock methane emissions for the contiguous United States. Environ. Sci. Technol. 2017, 51,
13668-13677. [CrossRef]

Johnson, K.A.; Johnson, D.E. Methane emissions from cattle. . Anim. Sci. 1995, 73, 2483-2492. [CrossRef]

Cottle, D.J.; Nolan, ].V,; Wiedemann, S.G. Ruminant enteric methane mitigation: A review. Anim. Prod. Sci. 2011, 51, 491-514.
[CrossRef]

Bayat, A.; Ventto, L.; Kairenius, P.; Stefaniski, T.; Leskinen, H.; Tapio, I.; Negussie, E.; Vilkki, J.; Shingfield, K.J. Dietary forage to
concentrate ratio and sunflower oil supplement alter rumen fermentation, ruminal methane emissions, and nutrient utilization in
lactating cows. Trans. Anim. Sci. 2017, 1, 277-286. [CrossRef] [PubMed]

Vyas, D.; Alemu, A.W.; McGinn, S.M.; Duval, S.M.; Kindermann, M.; Beauchemin, K.A. The combined effects of supplementing
monensin and 3-nitrooxypropanol on methane emissions, growth rate, and feed conversion efficiency in beef cattle fed high-forage
and high-grain diets. ]. Anim. Sci. 2018, 96, 2923-2938. [CrossRef] [PubMed]

Intergovernmental Panel on Climate Change (IPCC). 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories; Fukuda, M., Ngarize, S., Osako, A., Yrozhenko, Y., Shermanau, P, Federici, S., Eds.; IPCC: Geneva, Switzerland, 2019.
Humane Society International (HSI). An HSI Report: The Impact of Animal Agriculture on Global Warming and Climate Change; HSI
Reports; Humane Society International (HSI): Washington, DC, USA, 2011; Volume 2.

Garnett, T.; Godde, C.; Muller, A.; Ro6s, E.; Smith, P; de Boer, I.; zu Ermgassen, E K.H.J.; Herrero, M.; van Middelaar, C;
Schader, C.; et al. Grazed and confused. Food Clim. Res. Netw. 2017, 127, 522.

Forster, P.; Storelvmo, T., Armour, K.; Collins, W.; Dufresne, J.-L.; Frame, D.; Lunt, D.; Mauritsen, T.; Palmer, M.;
Watanabe, M.; et al. The Earth’s Energy Budget, Climate Feedbacks, and Climate Sensitivity. In Climate Change 2021:
The Physical Science Basis: Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC); Masson-Delmotte, V., Zhai, P, Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L.,
Gomis, MLL, et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2021; pp. 923-1054.

Lynch, J.; Cain, M.; Pierrehumbert, R.; Allen, M. Demonstrating GWP*: A means of reporting warming-equivalent emissions that
captures the contrasting impacts of short-and long-lived climate pollutants. Environ. Res. Lett. 2020, 15, 044023. [CrossRef]


http://doi.org/10.3389/fsufs.2019.00005
http://www.ncbi.nlm.nih.gov/pubmed/31535087
http://doi.org/10.1111/gcb.13975
http://www.ncbi.nlm.nih.gov/pubmed/29105912
http://doi.org/10.1016/S0140-6736(18)31788-4
http://doi.org/10.1016/j.agsy.2010.03.008
http://doi.org/10.1016/j.agsy.2018.11.005
http://doi.org/10.4141/CJAS06034
http://doi.org/10.1017/S2040470010002177
http://doi.org/10.1016/j.agee.2014.06.002
http://doi.org/10.1021/acs.est.7b03332
http://doi.org/10.2527/1995.7382483x
http://doi.org/10.1071/AN10163
http://doi.org/10.2527/tas2017.0032
http://www.ncbi.nlm.nih.gov/pubmed/32704652
http://doi.org/10.1093/jas/sky174
http://www.ncbi.nlm.nih.gov/pubmed/29741701
http://doi.org/10.1088/1748-9326/ab6d7e

Sustainability 2022, 14, 17017 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44.

Allen, M.R.; Shine, K.P; Fuglestvedt, ].S.; Millar, R.J.; Cain, M.; Frame, D.].; Macey, A.H. A solution to the misrepresentations
of CO,-equivalent emissions of short-lived climate pollutants under ambitious mitigation. NPJ Clim. Atmos. Sci. 2018, 1, 16.
[CrossRef]

Environmental Protection Agency (EPA). Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2019; EPA: Washington, DC,
USA, 2021.

National Academies of Sciences Engineering and Medicine (NASEM). Nutrient Requirements of Beef Cattle, 8th ed.; The National
Academies Press: Washington, DC, USA, 2016. [CrossRef]

National Agricultural Statistics Service (NASS). Quick Stats. 2021. Available online: https://quickstats.nass.usda.gov/ (accessed
on 15 November 2021).

United States Department of Agriculture, Economic Research Service (USDA-ERS). Livestock and Meat Statistics; USDA-ERS:
Washington, DC, USA, 1958. Available online: https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/
kw52jc32g/1r66j4512 /Ivstckmeatstat_Supplement_for_1958_to_Livestock_and_Meat_Statistics__1947-58.pdf (accessed on
15 November 2021).

United States Department of Agriculture, Economic Research Service (USDA-ERS). Livestock and Meat Statistics; USDA-ERS:
Washington, DC, USA, 1963. Available online: https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903 /0000
0329k /vh53x001r/lvstckmeatstat_Livestock_and_Meat_Statistics_1940-62.pdf (accessed on 15 November 2021).

Lalman, D.; Andresen, C.; Goad, C.; Kriese-Anderson, L.; King, M.; Odde, K. Weaning weight trends in the US beef cattle industry.
Appl. Anim. Sci. 2019, 35, 57-65. [CrossRef]

Nadarajah, K.; Notter, D.; Marlowe, T.; Eller Jr, A. Evaluation of phenotypic and genetic trends in weaning weight in Angus and
Hereford populations in Virginia. J. Anim. Sci. 1987, 64, 1349-1361. [CrossRef]

United States Department of Agriculture, Economic Research Service (USDA-ERS). Livestock and Meat Statistics SB-522; USDA-ERS:
Washington, DC, USA, 1973. Available online: https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903 / qb9
8mj55f/6q182p33w/lvstckmeatstat_Livestock_and_Meat_Statistics__1950-73.pdf (accessed on 15 November 2021).

United States Department of Agriculture, Economic Research Service (USDA-ERS). Livestock and meat Statistics, 1984-1988 SB-784;
USDA-ERS: Washington, DC, USA, 1989. Available online: https://catalog.hathitrust.org/Record /102137954 (accessed on
15 November 2021).

Thomas, B.; Culbertson, C. The effect of soybeans on the firmness of beef fat. J. Anim. Sci. 1934, 1934, 65-70.

Sheets, E.W. Feeding Farm Livestock; Breeder Publications: London, UK, 1940.

Albin, R.C.; Thompson, G. Cattle Feeding: A Guide to Management; Trafton Prining: Amarillo, TX, USA, 1990.

Clary, E.; Brandt, R., Jr.; Harmon, D.; Nagaraja, T. Supplemental fat and ionophores in finishing diets: Feedlot performance and
ruminal digesta kinetics in steers. J. Anim. Sci. 1993, 71, 3115-3123. [CrossRef]

Galyean, M. Protein levels in beef cattle finishing diets: Industry application, university research, and systems results. ]. Anim.
Sci. 1996, 74, 2860-2870. [CrossRef] [PubMed]

Samuelson, K.; Hubbert, M.; Galyean, M.; Loest, C. Nutritional recommendations of feedlot consulting nutritionists: The
2015 New Mexico State and Texas Tech University survey. J. Anim. Sci. 2016, 94, 2648-2663. [CrossRef] [PubMed]

Kebreab, E.; Johnson, K.; Archibeque, S.; Pape, D.; Wirth, T. Model for estimating enteric methane emissions from United States
dairy and feedlot cattle. J. Anim. Sci. 2008, 86, 2738-2748. [CrossRef] [PubMed]

Myhre, G.D.; Shindell, D.; Bréon, E-M.; Collins, W.; Fuglestvedt, J.; Huang, J.; Koch, D.; Lamarque, J.E; Lee, D.; Mendoza, T; et al.
Anthropogenic and Natural Radiative Forcing. In Climate Change 2013: The Physical Science Basis: Contribution of Working Group I to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen,
S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press: Cambridge, UK; New York, NY,
USA, 2013. [CrossRef]

Wolf, ].; Asrar, G.R.; West, T.O. Revised methane emissions factors and spatially distributed annual carbon fluxes for global
livestock. Carbon Balance Manag. 2017, 12, 1-24. [CrossRef]

Baber, ].R.; Sawyer, ].E.; Wickersham, T.A. Estimation of human-edible protein conversion efficiency, net protein contribution,
and enteric methane production from beef production in the United States. Trans. Anim. Sci. 2018, 2, 439-450. [CrossRef]
Desjardins, R.L.; Worth, D.E.; Vergé, X.P.; Maxime, D.; Dyer, J.; Cerkowniak, D. Carbon footprint of beef cattle. Sustainability 2012,
4,3279. [CrossRef]

Capper, J.L. The environmental impact of beef production in the United States: 1977 compared with 2007. J. Anim. Sci. 2011, 89,
4249-4261. [CrossRef]

Shine, K.P,; Berntsen, T.K.; Fuglestvedt, ].S.; Skeie, R.B.; Stuber, N. Comparing the climate effect of emissions of short-and
long-lived climate agents. Phil. Trans. R. Soc. A 2007, 365, 1903-1914. [CrossRef]

Cain, M; Lynch, J.; Allen, M.R; Fuglestvedst, ].S.; Frame, D.J.; Macey, A.H. Improved calculation of warming-equivalent emissions
for short-lived climate pollutants. NPJ Clim. Atmos. Sci. 2019, 2, 29. [CrossRef]


http://doi.org/10.1038/s41612-018-0026-8
http://doi.org/10.17226/19014
https://quickstats.nass.usda.gov/
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/kw52jc32g/1r66j4512/lvstckmeatstat_Supplement_for_1958_to_Livestock_and_Meat_Statistics__1947-58.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/kw52jc32g/1r66j4512/lvstckmeatstat_Supplement_for_1958_to_Livestock_and_Meat_Statistics__1947-58.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/00000329k/vh53x001r/lvstckmeatstat_Livestock_and_Meat_Statistics__1940-62.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/00000329k/vh53x001r/lvstckmeatstat_Livestock_and_Meat_Statistics__1940-62.pdf
http://doi.org/10.15232/aas.2018-01797
http://doi.org/10.2527/jas1987.6451349x
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/qb98mj55f/6q182p33w/lvstckmeatstat_Livestock_and_Meat_Statistics__1950-73.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/m039k4903/qb98mj55f/6q182p33w/lvstckmeatstat_Livestock_and_Meat_Statistics__1950-73.pdf
https://catalog.hathitrust.org/Record/102137954
http://doi.org/10.2527/1993.71113115x
http://doi.org/10.2527/1996.74112860x
http://www.ncbi.nlm.nih.gov/pubmed/8923202
http://doi.org/10.2527/jas.2016-0282
http://www.ncbi.nlm.nih.gov/pubmed/27285940
http://doi.org/10.2527/jas.2008-0960
http://www.ncbi.nlm.nih.gov/pubmed/18539822
http://doi.org/10.1017/CBO9781107415324.018
http://doi.org/10.1186/s13021-017-0084-y
http://doi.org/10.1093/tas/txy086
http://doi.org/10.3390/su4123279
http://doi.org/10.2527/jas.2010-3784
http://doi.org/10.1098/rsta.2007.2050
http://doi.org/10.1038/s41612-019-0086-4

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Enteric Methane Emissions across Time 
	Contribution by Sector to Total Enteric Methane Emissions 
	Enteric Methane Intensities across Time 
	Estimated Annual CO2 Equivalent Emissions 
	Estimated Cumulative CO2 Equivalent Emissions 
	Conclusions 

	References

