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Abstract

Livestock are a major contributor to climate change via non-CO2 emissions, namely methane and
nitrous oxide. However, the long-term effect of these gases may be poorly resolved using the tradi-
tional carbon dioxide-equivalent metric, motivating efforts to quantify livestock’s climate impact using
either metric-free approaches or alternative metrics. We develop a reduced-complexity climate model
for global temperature response to emissions streams of carbon dioxide, which is very long-lived in the
atmosphere and shuttles between multiple geophysical compartments; methane, which is short-lived; and
nitrous oxide, which has an intermediate half-life. The model is driven by historical emissions through
the present, and different representative concentration pathways (RCPs) through the year 2500. The
marginal temperature impact of US beef cattle emissions is determined on these background emissions.
Cattle emissions are calculated using a continuous-time beef herd model, divided into seven geographic
regions, that includes each major system node: Cow/calf on pasture, replacement heifers, stocker cattle,
and cattle finished on both high-grain diets in feedlots and on grass pasture. Direct livestock methane
and nitrous oxide emissions are estimated at each stage, while emissions from imported feed are also
estimated. We find that the effect on temperature perturbation for each region correlates poorly with
the traditional carbon dioxide-equivalent metric. Moreover, while methane dominates the shorter-term
impact of cattle, it has a more marginal effect on long-term temperature perturbation; N2O is the domi-
nant influence on warming on centuries-long time-scales. Thus, mitigation efforts should focus on nitrous
oxide through improved manure management and optimizing fertilizer use for upstream feed production.

1 Introduction

The need to adapt to the ever-growing problem of climate change exists at all levels of society. The Intergov-
ernmental Panel on Climate Change (IPCC) reaffirmed in its Climate Change 2023 Synthesis Report that
human activity, specifically the release of greenhouse gases (GHG), has led to the warming of the Earth.
The global temperature has increased by 1.1◦C since the pre-industrial era, with an even larger temperature
increase over land (1.59◦C) than oceans [23]. Phasing out CO2 emissions and deep reductions in non-CO2

emissions are necessary to limit future warming and the potential disastrous climate effects associated with
more warming [33].

Agriculture is a major contributor to climate altering emissions: The Working Group III of the sixth
IPCC report found that agriculture, forestry, and other land use (AFOLU) was responsible for 22% of global
emissions in 2019 [10]. A 2012 study found that the global agriculture industry contributed 19-29% percent
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of worldwide GHG emissions in 2008 [43]. The majority of agricultural emissions are from the cattle industry,
due to the large amount of land use for cattle and methane emissions from enteric fermentation. The dairy
and, especially, the beef industries, have very high emissions footprints in terms of kg CO2-equivalent (CO2e)
per kg of product [27].

The three main greenhouse gases released by the beef industry are methane (CH4), nitrous oxide (N2O),
and carbon dioxide (CO2). The most common metric for comparing the warming effects of different green-
house gases is Global Warming Potential (GWP), which compares how much energy a kg of a given GHG
absorbs in the atmosphere compared to a kg of CO2 over a period of time, usually 100 years, and is the
basis of the CO2e metric [38]. However, recent work has suggested that GWP, and emission metrics that
aggregate different GHGs in general, can misrepresent the climate effects of short-lived climate pollutants
(SLCPs) [26]. This is primarily due to the fact that CO2 has a very long atmospheric lifetime, often hundreds
of thousands of years, and so emissions build up over time, whereas methane, for example, has a shorter
atmospheric half-life of about 10 years. This atmospheric lifetime discrepancy leads to the accumulation of
CO2 in the atmosphere, and warming effect, whereas SLCPs do not accumulate, leading to different pro-
jected long-term warming effects, to which GWP is insensitive [26]. Moreover, GWP is defined in terms
of a single emissions pulse, and so does not necessarily represent the long-term climate effects of emissions
streams. Pierrehumbert et al. in 2014 [25] argued that “emission metrics that aggregate short-lived and
long-lived gases seek to do the impossible.” They go on to explain that GWP is insensitive to how GHGs
warm the earth, and will place more importance on the mitigation of SLCPs than they merit, since SLCPs
do not contribute to long-term warming once emission streams stop or decrease [25].

Some research has focused on adapting GWP to better represent the climate effects of SLCPs. The
GWP* metric was developed by Allen et al. [2] with this very goal. This metric was then used ny Costa
et al. [8] to estimate the long-term climate effects of the agriculture industry. Pierrehumbert and Eshel
[26] attempted to quantify the climate impact of the cattle industry without using CO2e or GWP metrics,
because of the large amount of shorter lived GHGs released by this industry, primarily methane and nitrous
oxide. Instead of using any variation on a global warming equivalent metric, these authors suggested looking
directly at each GHGs’ contribution to temperature perturbations over time [26].

Performing a metric-free analysis that focuses on long-term global temperature perturbation due to
any anthropogenic emissions source requires a climate model. While highly detailed atmosphere/ocean
general circulation models (AOGCM), or less complex but still sophisticated Earth models of intermediate-
complexity (EMIC), may be employed, much simpler reduced-complexity climate models have also been
widely used to explore future climate trajectories under different policies, including the HECTOR model [16],
MAGICC model [20], the FAIR model [34], and the BEAM model [15]. These models have the advantage of
including essential characteristics of the climate response to emissions, but are fast and simple enough to run
that many different scenarios can be quickly explored. In this work, we develop a simple reduced complexity
model based largely on the HECTOR [16] and BEAM models [15], and similar to that used by Back et al.
[6].

Our goal in this work is to estimate the marginal warming attributable to the US beef cattle system
through the year 2500. Since the climate response to future emissions scenarios depends upon the background
climate state, we drive our climate model with CO2, N2O, and CH4 emissions under extended versions of
the four classical Representative Concentration Pathways (RCPs), RCP2.6, RCP4.5, RCP6, and RCP8.5
[19], from the year 1765 through 2500. This yields a baseline temperature anomaly prediction. We then
consider a counterfactual where, starting in the year 2000, all emissions attributable to the US beef industry
are subtracted from the base RCP scenario. Comparing the resulting temperature anomaly to the baseline
anomaly yields an estimate for the marginal temperature impact of the beef system. We perform a similar
analysis for each individual gas (CO2, N2O, and CH4). This approach is similar to that employed by Reisinger
and Clark [31].

US beef cattle emissions were estimated by developing a model US cattle herd that includes all major
lifecycle stages in both the beef and dairy systems, including cow/calf on pasture, stocker cattle, and cattle
finished either on grass or a high-grain feedlot diet; the model considers the cattle herd in seven distinct
regions. Residence times in each stage, diet components, and total dry matter intake were estimated from the
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literature [5, 4, 32]. For each stage and region, we estimated direct livestock emissions, namely CH4 emissions
from enteric fermentation and manure management, and N2O emissions from manure management, in terms
of emissions per head per day. Beef farm CO2 operations from fuel/energy use were estimated based on
Rotz et al. [32]. We also estimated upstream emissions associated with feed production: N2O from fertilizer
application, CO2 from fertilizer production, and CO2 from field work and other farm operations. Since all
background RCP scenarios encode an eventual phase-out of fossil fuels, we impose a phase-out of CO2 for
our beef system emissions based on the phaseout expectations of respective RCPs.

Since grass-fed beef take longer to finish, and convert a larger fraction of feed energy to methane, they
have generally been considered to have a greater climate impact than grain-finished beef in terms of CO2e [24,
17]. However, since methane is a short-lived gas, we also make a special study of comparing the temperature
impact of a hypothetical US system that is predominantly grass-finished instead of grain-finished.

Overall, we find that, while the climate impact of the US beef system as measured by GWP/CO2e is
dominated by methane, the longer-term temperature impact is predominantly influenced by nitrous ox-
ide, primarily due to manure management. While we also find that although the grass-finished system is
marginally more warming than grain-finishing, the difference is smaller than seen in most other works or from
using CO2e as a metric. Thus, beef (and likely dairy) industry mitigation efforts should consider prioritizing
longer-lived nitrous oxide emissions over methane abatement.

2 Methods

2.1 Data Sources

2.1.1 Historical Temperature Data

The HadCRUT4 dataset provides global historical surface temperature anomalies since January 1850 [22].
It combines land-surface air temperature (CRUTEM4) and sea-surface temperature (HadSST3) data on a
5-degree grid. We use lumped global average temperature anomaly data for validation of the climate model,
as described in the Results.

2.1.2 RCP Scenarios

We use four extended RCP scenario for our historical and background emissions series, RCP8.5, RCP6,
RCP4.5, and RCP2.6 (also referred to as RCP3-PD) [21]. The number represents the change in radiative
forcing at 2100, in W m−2, relative to pre-industrial conditions. We use annual fossil and land-use change
emissions from CO2, CH4, and N2O, from 1765 through 2500, to drive our climate model.

2.1.3 USDA Cattle Data

We gathered data on cattle populations from USDA QuickStats to validate the population numbers predicted
by our model [40]. Cattle populations reported were total milk cows, beef cows, cattle on feed, and total
cattle. We imposed milk and beef cow numbers by region based on this data, and then compared our summed
cattle population across all stages to the USDA total.

2.2 Climate Model

We develop a reduced-complexity climate model for the atmospheric cycles of CO2, CH4, and N2O, associated
radiative forcing, and temperature perturbations based on HECTOR v1.0 [16], the BEAM model [15], and
Pierrehumbert [25]. In particular, we use a box model for the carbon cycle that considers the upper and
lower ocean, CO2 buffering chemistry in the upper ocean, and biota divided into living vegetation, detritus,
and soil compartments with CO2 fertilization. Methane and nitrous oxide are emitted from both natural
and anthropogenic sources and undergo simple first-order decay in the atmosphere. Radiative forcing is
determined using equations from [11], and this in turn drives temperature perturbation modeled using a
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simple two-compartment model of the ocean [25]. The overall framework of the climate model is summarized
in Figure 1.

Figure 1: Climate model flowchart

2.3 Carbon Cycle Model

Atmospheric carbon dioxide released into the atmosphere is absorbed by two major sinks: terrestrial biota
and the ocean [16]. Terrestrial biota absorb carbon dioxide through photosynthesis; when the plants die and
become detritus, the carbon stored in them is then transferred into the soil. During this process, a portion
of that carbon is re-released into the atmosphere at each stage. Moreover, the ocean is the largest sink of
atmospheric carbon dioxide. Through ocean currents, the carbon absorbed by the surface layer cycles down
to the lower ocean. We adopt the overall equation used by Hartin et al. [16] for the change in atmospheric
carbon, CA (moles),

dCA

dt
= FA(t) + FLC(t) + FO(t)− FL(t) (1)

Where FA represents fossil and industrial carbon emissions, FLC represents emissions from land-use
change, FO represents atmosphere-ocean flux, and FL represents the atmosphere-land flux. We perform all
calculations using moles as units.

2.3.1 Ocean Carbon Sub-Model

For ocean-atmosphere carbon flux, we adopt the BEAM carbon model presented by Glotter et al. [15], which
divides the ocean into upper and lower compartments. There is direct exchange of carbon dioxide between
the atmosphere and the upper ocean, which affects pH and carbon buffering chemistry; carbon then cycles
down into the lower ocean. The differential equations describing the model follow, with CA, CU , and CL

representing the quantities of carbon in the atmosphere, upper ocean, and lower ocean, respectively,
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FO(t) = −kaCA + ka
kH

δaΛ(t)
CU , (2)

dCU

dt
= kaCA − ka

kH
δaΛ(t)

CU − kdQU +
kd
δd

CL, (3)

dCL

dt
= kdCU − kd

δd
CL, (4)

where

Λ(t) = 1 +
K1

[H+]
+

K1K2

[H+]2
, (5)

and ka and kd (year−1) are time-constants for carbon turnover between the atmosphere and upper ocean,
and upper ocean and lower ocean, respectively, δd is the ratio of moles of deep ocean to upper ocean, δa is
the ratio of moles of upper ocean to atmosphere, and Λ = Λ(t, [H+]) varies with time according to pH, with
[H+] = [H+](t) the current concentration of hydrogen ions (in mole fraction). The parameters K1 and K2

are equilibrium constants for the following series of reactions, whereby CO2 interacts with water to form
bicarbonate and carbonate.

CO2(aq) +H2O −−−−→←−−−− H2CO3, (6)

H2CO3
−−−−→←−−−− HCO3

− +H+, (7)

HCO3
− −−−−→←−−−− CO3

2− +H+. (8)

We have total dissolved inorganic carbon as

[DIC] = [CO2(aq)] + [HCO3
−] + [CO3

2−], (9)

where we lump CO2(aq) and H2CO3 together. Our equilibrium constants for the reactions are, as mentioned
above,

K1 =
[HCO3

−][H+]

[CO2(aq)]
, (10)

K2 =
[CO3

2−][H+]

[HCO3
−]

. (11)

We rearrange to get

[HCO3
−] =

K1[CO2(aq)]

[H+]
, (12)

[CO3
2−] =

K1K2[CO2(aq)]

[H+]2
, (13)

and plugging into [DIC] gives

[DIC] = [CO2(aq)]

(
1 +

K1

[H+]
+

K1K2

[H+]2

)
. (14)

The second term is our Λ(t, [H+]), and gives the ratio of total inorganic carbon in the upper ocean to
CO2(aq). This value is uniquely determined by pH, which decreases (i.e., [H+] increases), over time as
carbon is absorbed by the ocean. To calculate [H+], we approximate the titration alkalinity, Alk, as

Alk = [HCO−3 ] + 2[CO−3 ] =

(
K1

[H+]
+

2K1K2

[H+]

)
[CO2(aq)] (15)

= CU
1

Λ(t)

(
K1

[H+]
+

2K1K2

[H+]

)
.
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Algebra yields

[H+]2 + [H+]K1

(
1− CU

Alk

)
+K1K2

(
1− 2CU

Alk

)
= 0, (16)

and we take [H+] as the positive root of this quadratic equation, with Alk taken to be a given constant.
Therefore, we can calculate [H+] from upper ocean ocean carbon content at any time over the course of our
simulations.

2.3.2 Biota Carbon Sub-Model

Previous reduced complexity climate models have typically modeled the biota using three compartments,
and included loss due to land use change, and increased uptake via CO2 fertilization. We follow Hartin et al.
[16] and use the following system of equations for carbon flux between the atmosphere and living vegetation,
CV , detritus, CD, and soil, CS ,

dCV

dt
= NPP(t)fnv − CV (fvd + fvs)− FLC(t)flv, (17)

dCD

dt
= NPP(t)fnd + CV fvd − CDfds −RHdet − FLC(t)fld, (18)

dCS

dt
= NPP(t)fns + CV fvs + CDfds −RHsoil − FLC(t)fls, (19)

where NPP is annual net primary productivity (mols C yr−1), fnv, fnd, and fns give the fractions of NPP
allocated to vegetation, detritus, and soil, respectively, fvd and fvs give the fractions of vegetation carbon
that transition to detritus and soil each year, respectively, while flv, fld, fls give the fractions of land use
change emissions sourced from each biota compartment. Carbon loss to the atmosphere via heterotrophic
respiration is given by RHdet and RHsoil.

Global NPP is assumed to vary with time due to CO2 fertilization according to Hartin et al. [16], as

NPP(t) = NPP0

(
1 + β log

(
CA

C0

))
, (20)

where C0 is preindustrial atmospheric CO2 concentration, and β is a scaling parameter. Heterotrophic
respiration from detritus and soil, RHdet and RHsoil, respectively, may increase with temperature as modeled
by Hartin et al. [16]. However, we simply assume constant respiration rates, with frd and frs the fractions
of carbon that oxidize in a year:

RHdet(t) = CDfrd, (21)

RHsoil(t) = CSfrs. (22)

2.3.3 Parameter values and initial conditions

For the atmosphere-ocean sub-model, we have the following parameter values from [15]: ka = 0.2 yrs−1, kd
= 0.05 yrs−1, δd = 50, kH = 1.23× 103 (unitless), K1 = 8× 10−7 moles kg−1 = 1.44× 10−8 mole fraction,
K2 = 4.53× 10−10 moles kg−1 = 8.154× 10−12 mole fraction, and Alk = 767 GtC = 767× 1015/12 moles.
We calculate δa = OM/(AM(1 + δd)), where AM = 1.77× 1020 moles (moles in the atmosphere) and OM
= 7.8× 1022 moles (moles in ocean).

Table 1 summarizes the biota-specific parameters and default values.

2.4 Non-CO2 Gases

2.4.1 Methane Cycle

The major sinks for atmospheric methane emissions are the soil, the stratosphere, and oxidation in the
troposphere [16]. During the oxidation process, which is the largest sink, methane reacts with hydroxyl
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Parameters Description Default Value
NPP0 Pre-industrial net primary production 50.0 PgC/yr
β Fractional parameter for carbon fertilization 0.36
fds Annual fraction of detritus carbon that is transferred to soil 0.60
fld Annual fraction of land use change flux from detritus 0.01
fls Annual fraction of land use change flux from soil 0.89
flv Annual fraction of land use change from vegetation 0.10
fnd Annual fraction of NPP carbon that is transferred to detritus 0.60
fns Annual fraction of NPP carbon that is transferred to soil 0.05
fnv Annual fraction of NPP carbon that is transferred to vegetation 0.35
frd Annual fraction of respiration carbon that is transferred to detritus 0.25
frs Annual fraction of respiration carbon that is transferred to soil 0.02
fvd Annual fraction of vegetation carbon that is transferred to detritus 0.034
fvs Annual fraction of vegetation carbon that is transferred to soil 0.001

Table 1: Biota-specific carbon cycle parameters and default values. Adopted partially from Hartin et al.
[16].

radicals (HO) present in the air and undergoes a series of reactions that yields carbon dioxide. In the case
of biogenic methane, this CO2 is not new to the short-term carbon cycle, and thus is not counted as a
new emission stream to the carbon cycle model. We describe the change in total CH4 (in moles) in the
atmosphere based on the equation used by Hartin et al. [16] as

dCH4

dt
= E(CH4)−

CH4

τOH
− CH4

τstrat
− CH4

τsoil
(23)

where E(CH4) is the total emissions of methane measured in moles yr−1, and τOH , τstrat, and τsoil give the
e-folding times of the tropospheric OH sink, stratospheric sink, and the soil sink, respectively, measured in
years.

2.4.2 Nitrous Oxide

The concentration of atmospheric nitrous oxide is dependent on its lifetime, which is approximately 109
years before it, undergoes the photolysis reaction in the stratosphere [28]. We adopt the equation for N2O
in the atmosphere from [16]:

dN2O

dt
= E(N2O)− N2O

τN2O
, (24)

where E(N2O) gives total emissions of nitrous oxide in moles yr−1, N2O is the present atmospheric level
of nitrous oxide (moles), and τN2O is the atmospheric lifetime of nitrous oxide measured in years.

2.5 Radiative Forcing

We use the modeled concentration of each GHG in the atmosphere to calculate the associated radiative
forcing in W m−2. The values are calculated with the formulae provided by Etminan et al. [11], which
account for the overlapping frequencies of electromagnetic radiation absorbed by carbon dioxide, methane,
and nitrous oxide, as follows:
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a1 = −2.4× 10−7 W m−2 ppm−1 b1 = 7.2× 10−4 W m−2 ppm−1 c1 = −2.1× 10−4 W m−2 ppb−1

a2 = −8.0× 10−6 W m−2 ppm−1 b2 = 4.2× 10−6 W m−2 ppb−1 c2 = −4.9× 10−6 W m−2 ppb−1

a3 = −1.3× 10−6 W m−2 ppb−1 b3 = −8.2× 10−6 W m−2 ppb−1

Table 2: Coefficients for radiative forcing model.

RFCO2 =
[
a1(C − CO)

2 + b1|C − C0|+ c1N̄ + 5.36
]
ln

(
C

C0

)
, (25)

RFN2O =
[
a2C̄ + b2N̄ + c2M̄ + 0.117

] (√
N =

√
N0

)
, (26)

RFCH4
=

[
a3M̄ + b3N̄ + 0.043

] (√
M =

√
M0

)
, (27)

with coefficients given in Table 2.
Where C, N , and M are the gas concentrations at the present time; C0, N0, and M0 are the initial

pre-industrial concentrations; and C̄, N̄ , M̄ , are the arithmetic means of the initial and present gas concen-
trations, e.g., C̄ = 0.5(C0 + C).

Concentrations are measured in parts-per-million by volume (ppm) for CO2, while concentrations for
N2O and CH4 are measured in parts-per-billion by volume (ppb). To convert from moles to concentration,
we assume an atmosphere with a fixed molar volume, AM = 1.77× 1020 moles. Taking the sum of RFCO2

,
RFN2O, and RFCH4

, yields an overall time-varying radiative forcing perturbation, which we denote ∆N(t)
in the temperature model below.

2.6 Temperature Model

Imposed emissions streams yield time-varying atmospheric concentrations of our three GHGs, which in turn
yield ∆N(t), the radiative forcing perturbation at any time. We adopt the two-compartment ocean model
of Pierrehumbert and Eshel [26] to describe the resulting temperature perturbations in the mixed (upper)
and lower ocean, dT ′mix, and dT ′deep, respectively. Model equations are given as

µmix
dT ′mix

dt
= −λ̂T ′mix − γ(T ′mix − T ′deep) + ∆N(t), (28)

µdeep

dT ′deep
dt

= γ(T ′mix − T ′deep), (29)

where µmix and µdeep are the heat capacities of the mixed and deep ocean layers (with µdeep ≫ µmix), γ is

a heat-transfer coefficient for heat transfer from the upper to deep ocean (approximately equal to λ̂), and

λ̂ = −λ is the negation of the climate sensitivity parameter. Pre-industrial initial conditions are T ′mix(0) =
T ′deep(0) = 0 K, and we use parameter values from Pierrehumbert and Eshel[26]: µmix = 3.154× 108 J m−2

K−1, µdeep = 6.307× 109 J m−2 K−1, λ̂ = 1.2 W m−2 K−1, and γ = 1.2 W m−2 K−1.

2.7 Global Warming Potential and CO2-equivalents

In general, GWP for any gas is defined as the ratio of integrated radiative forcing from a one kg pulse
emission to some time horizon H, to the integrated radiative forcing due to a one kg CO2 pulse emission [8].
We adopt the values due to the IPCC Sixth Assessment report of 273 for N2O and 27 for (non-fossil) CH4.

2.8 Livestock Model and Marginal Temperature Anomaly

Multiple authors have developed models for the integrated milk and beef herd lifecycles. We propose a
differential equations model for this system, which we run to equilibrium to obtain steady-state cattle
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populations. We determine direct emissions per head (due to enteric fermentation and manure management)
for each lifecycle stage, farm and also estimate upstream emissions per head from farm operations and feed
production. Given these emissions streams and equilibrium cattle populations, we determine the total
emissions attributable to the beef system (we omit beef production from milk cows and dairy culls). Then,
the climate model is driven using a baseline RCP scenario with or without these emissions after 2000.

The temperature perturbation at 2500 for each case is compared, allowing us to estimate the marginal
temperature effect of the beef herd. Moreover, we perform the same procedure but drive the model with a
single gas, allowing us to to determine the marginal warming due to each particular gas. We also calculate
total CO2e for the beef emissions stream, through 2500.

Finally, since CO2 from fossil emissions is, in the long-term, phased out to zero under all RCP scenarios,
we also impose a CO2 phase-out schedule for our beef herd emissions. We impose a linear phase-out over
the years 2020 through 2100 for RCP2.6, 2050 through 2150 for RCP4.5, 2080 through 2150 for RCP6, and
2100 through 2250 for RCP8.5.

2.8.1 Cattle Herd Model

Our beef model represents typical U.S. beef production practices, breaking the life cycle into three stages:
cow/calf, stocker or backgrounding, and finishing. Each stage has regional nuances and different emission
contributions. Based on Rotz et. al [32] and several papers by Asem-Hiablie and colleagues [5, 4] we
determined reasonable values for the rates driving our model and summarized below.

We impose milk and beef cow populations by allocating calf fluxes to the replacement heifer compartments
such that, at equilibrium, the desired cow population is obtained (these populations are set based on USDA
data).

Parameter Value Description (all rates are in 1/year)
Mb 0.9000 rate of milk cows giving birth
Mm 0.5000 rate of dairy heifers becoming dairy cows
Mf 1.0000 rate of dairy feedlot being culled
Mp 0.3300 rate of dairy cows being culled
Bb 0.9000 rate of beef cows giving birth
Bm 0.5000 rate of beef heifers becoming beef cows
Bf2f 0.5000 rate of hay-forage feedlot going to grain-finish stage
ghf 0.3904 rate of stocker going to grain-finish stage
gsf 0.0411 rate of stocker going to grass-finish stage
gsp 1.0000 rate of grass-finish lot going to production
ghp 1.0000 rate of grain-finish lot going to production
B p 0.1500 rate of beef cows being culled

Table 3: Table of cow population dynamical model parameters with values and descriptions.

The differential equations model follows as,
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Figure 2: Dairy and beef lifecycle model flowchart.

Mh = rate M ·min

(
1

2
,
Mp ·milk cattle val

M calves · 2

)
(30)

Ms = rate M · 1
3
· (1−Mh) (31)

Mcf = rate M · 2
3
· (1−Mh) (32)

Bh = rate B ·min

(
1

2
,
Bp · beef cattle val

B calves · 2

)
(33)

Bs = rate B · 0.99 · (1−Bh) (34)

Bf = rate B · 0.01 · (1−Bh) (35)

dM cows

dt
= Mm ·M heifers−Mp ·M cows (36)

dM calves

dt
= Mb ·M cows−Mh ·M calves−Ms ·M calves−Mcf ·M calves (37)

dM heifers

dt
= Mh ·M calves−Mm ·M heifers (38)

dM feedlot

dt
= Mcf ·M calves−Mf ·M feedlot (39)

dB heifers

dt
= Bh ·B calves−Bm ·B heifers (40)

dB cows

dt
= Bm ·B heifers−Bp ·B cows (41)

dB calves

dt
= Bb ·B cows− (Bh +Bf +Bs) ·B calves (42)

dB hff

dt
= Bf ·B calves−Bf2f ·B hff (43)

dstocker

dt
= Ms ·M calves +Bs ·B calves− (ghf + gsf) · stocker (44)

dGrassFinish

dt
= gsf · stocker− gsp ·GrassFinish (45)

dGrainFinish

dt
= ghf · stocker− ghp ·GrainFinish (46)

dproduction

dt
= Mp ·M cows + gsp ·GrassFinish + ghp ·GrainFinish +Bp ·B cows +Mf ·M feedlot

(47)
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Model variables follow:

• Mh: Represents the rate of change at which milk calves become heifers, taking into account the rate
of milk cattle and a limiting factor based on the population of milk calves.

• Ms: Represents the rate at which milk calves move to the stocker stage.

• Mcf : Represents the rate of change at which milk calves move to the feedlot.

• Bh: Represents the rate of change at which beef calves become heifers, with a limiting factor based on
the population of beef calves.

• Bs: Represents the rate of change at which beef calves move to the stocker stage.

• Bf : Represents the rate of change at which beef calves move to the feedlot.

• M cows: The number of milk cows.

• M calves: The number of milk calves.

• M heifers: The number of milk heifers.

• M feedlot: The number of animals in the feedlot.

• B heifers: The number of beef heifers.

• B cows: The number of beef cows.

• B calves: The number of beef calves.

• B hff: The number of beef cattle in hay-forage feedlot.

• stocker: The number of stocker cattle.

• GrassFinish: The cattle in grass finishing stage.

• GrainFinish: The cattle in grain finishing stage.

• production: The overall number of cattle sent to production, including all transitions leading to slaugh-
ter.

2.9 Cattle-Associated Emissions

We determine direct livestock emissions from estimated dry matter intake (DMI) and feed type at each
production stage, which yields methane from enteric fermentation and manure, and nitrous oxide from
manure management. Carbon dioxide emissions from on-farm operations are also included in direct emissions.

Indirect emissions include those attributable to beef farm/ranching operations, and the upstream emis-
sions embodied in feed production. With respect to the latter, we consider N2O from nitrogen fertilizer
application, CO2 from fertilizer production, and CO2 from upstream farm and field operations.

Emissions of each gas were calculated in kg of GHG per cow, per year, for each stage and for each region.
Our cattle emission stages are cow/calf, stocker, backgrounding (i.e., forage-heavy grower diet in feedlot),
grain-finish feedlot, and grass-finishing. Replacement heifers are lumped into the cow/calf stage, with each
heifer weighted as 2/3 of a cow/calf pair; Calf populations are not explicitly considered.
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2.9.1 Direct Emissions

Direct emissions from cattle farming are CH4 released from enteric fermentation and manure, N2O released
from manure, and CO2 released from farm operations.

For forage-based feeds, like grass grazed on pasture, hay, and silage, roughly 6.5% ± 1 of gross energy
(GE) of feed consumed is converted into CH4 via enteric fermentation. For grain-based feed, primarily used
at the feedlot stage, about 3%± 1 GE of feed consumed is converted into CH4 [9].

Our enteric fermentation CH4 emission formula is taken directly from Gibbs [14]:

Enteric CH4 Emissions (kg/yr) = [Intake(MJ/day) ·Ym · (365 days/yr)]/[55.65 MJ/kg of methane] (48)

Enteric CH4 is the amount of CH4 released from enteric fermentation of feed in kg/cow/yr. Intake refers to
the gross energy intake of feed by one cattle in MJ/day. Ym is the methane conversion rate, or the percentage
of gross energy intake of feed which becomes CH4. Energy intake is determined from DMI and feed energy
content. We assume DMI is roughly 10kg at each stage, based on [32], and feed breakdowns follow: In the
cow/calf stage cows are primarily grazing on pasture while consuming a small amount of supplementary hay.
We estimated intake is 2/3 pasture to 1/3 hay at the cow/calf stage. We assumed a similar diet for stocker
cattle. If cattle are backgrounded, we assume a diet consisting of 75% hay silage or haylage and 25% corn
silage. Gross energy stored in pasture is estimated at approximately 18.3 MJ/kg DM while cut pasture or
hay has an estimated gross energy of approximately 18 MJ/kg DM [5] [1].

Total energy intake is calculated with the following formula:

Intake (MJ/day) =
∑
i

(Fi ·GEi ·DMI) (49)

Associated methane emissions are then calculated as:

Intake (MJ/day) ·Ym =
∑
i

(Fi ·GEi ·DMI ·Ymi), (50)

where Fi is the percentage of feed i in the diet, GEi is the gross energy in MJ per kilogram of dry matter for
feed i, and DMI is dry matter intake. Ymi is the percentage of gross energy intake of feed i which becomes
CH4.

Methane emissions from cattle manure are given by Gibbs, Jun, and Gaffney [13]:

EFCH4−manure = VSi · 365 days/yr · Boi · 0.67kg/m3 ·
∑
jk

MCFi ·MS%ijk (51)

EFCH4−manure is the annual emission factor for CH4 from cattle manure in kilograms per cow per year,
VS is the daily volatile solid excreted in kilograms, and Bo is the maximum methane production capacity
(m3/kg of VS) for manure produced. This varies between dairy and beef cattle, but since we only consider
emissions from beef cattle, Bo is kept constant across all cattle stages. The parameter MCFi represents the
methane conversion factor for region i, which varies based on manure management system of the cattle stage,
and temperature of region i, and MS%jk is the fraction of manure handling system using manure system j
in climate region k. In this work, each cattle lifecycle stage was assumed to use 100% of one type of manure
storage system, so MS%jk was always set to 1. See Table 5 for the values of these parameters. We multiply
by 365 to convert to emissions per year, and we multiply by 0.67 to convert from m3 of methane to kilograms
of methane.
The formula for VSi is also given by Gibbs, Jun, and Gaffney [13]:

VSi = Intake · (1 kg DM/18.45MJ) · (1−DE/100) · (1−ASH/100) (52)

Intake in MJ/day is calculated as above, DE is the percentage of feed i that is digestible energy, and
ASH is the percentage of feed i that is ash.
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The formula for N2O released from manure is:

Manure N2O = DMI× CP× CPexcreted × EFm × (365× 44/28)/6.25 (53)

DMI is the dry matter intake at a given cattle stage, CPexcreted is the percentage of CP consumed that
is excreted, and EF is the emission factor of N2O released from manure in management system m, which
was kept constant at 0.2.

Table 4: Feed characteristics
Feed Type Gross Energy

(MJ)
Digestible Energy
(%)

Ash content (%) Crude Protein
(%)

Pasture [42] a 18 55.8 9.5 10

Hay/Haylage 18.1 [37] 55.8 9.5 14 [39]

Corn grain 21 83 6 10

Corn Silage 19 60 5 8.5 [29]

Table 5: Direct Emission Parameters
Parameter Unit Beef Cow Heifer Stocker Background Grain-finish

feedlot
Grass-
Finish

DMI kg/day 10.269 6.846 10 10 10 10

Bo [13] m3/kg 0.17 0.17 0.17 0.17 0.17 0.17

CPexcreted % 93 93 93 85 80 93

MCFSW % 1.5 1.5 1.5 1.5 1.5 1.5

MCFNW % 1.0 1.0 1.0 1.0 1.0 1.5

MCFMW % 2.0 2.0 2.0 5.0 5.0 1.5

MCFSP % 1.0 1.0 1.0 1.0 1.0 1.5

MCFNP % 1.5 1.5 1.5 1.5 1.5 1.5

MCFSE % 2.0 2.0 2.0 5.0 5.0 1.5

MCFNE % 1.5 1.5 1.5 1.5 1.5 1.5

We derived CO2 emissions from beef farm operations directly from estimations provided by Rotz et al.
[32] which provided CO2 emissions in grams per kg carcass weight. We converted these to emissions per
head for each herd stage based on modeled population sizes for each region.

2.9.2 Upstream Emissions

Emissions from feed production include CO2 emissions from farm operations and the feed production process,
as well as N2O emissions from the application of nitrogen-based fertilizer to feed crops. For our research,
we made the assumption that all nitrogen-based fertilizer used was urea, since that is the dominant type of
nitrogen fertilizer [22]. Emissions from urea fertilizer application to feed are calculated using:

EFN2O−fert =
fertNj

yieldj
× 1

DMj
× EFN−N2O × 44

28
×%ffj ×DMIk × bdk × 365 (54)

EFN2O−fert is the N2O emission in kilograms per cow per year from the application of nitrogen based
fertilizer to feed, fertNj is the amount of N applied per acre of feed j, yieldj is the yield of feed j per acre,
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Parameter Unit Value
FPCN kg 3.1 [36]
FPCP2O5

kg 1.0 [36]
FPCK2O kg 0.7 [36]
fertNc kg 67.6 [41]
fertPc kg 31.3 [41]
fertKc kg 39.5 [41]
fertNh kg 18.1 [12]
yieldcg kg 3991.6 [40]
yieldcs kg 18234.4 [40]
yieldh kg 2068.4 [3]
DMcg % 85
DMcs % 32.5 [7]
DMh % 90 [30]
IN−c % 98 [41]
IP2O5−c % 79 [41]
IK2O−c % 63 [41]
IN−h % 100
EFN−N2O % 1.25 [35]

Table 6: Upstream Emission Parameters

EFN−N2O is the percentage of N applied that becomes N2O, %ff is the percent of feed j that is fertilized
with Urea fertilizer, DMIk is the dry matter intake of cattle at emission stage k, and bdk is the percent of
feed k that is in the diet at the observed cattle stage. See Table 6 for parameter values.

For fertilizer production, we considered the CO2 emissions. We deemed N2O and CH4 emissions from
fertilizer production negligible [36]. Corn grain and corn silage were also assumed to have the same emissions
factor from fertilizer production, and so are generally referred to as corn in Tables 8 and 10 .

EFCO2−fert = FPCi ×
fertij
yieldj

× 1

DMj
×DMIk × Ii−j (55)

EFCO2−fert is the CO2 emission in kilograms per cow per year, from fertilizer production of urea, phos-
phate, and potash fertilizers; FPCi is the CO2 produced per kilogram of nutrient i from the production and
transportation of fertilizer; fertij is the amount of nutrient i applied per acre of feed j; yieldj is the yield of
feed j per acre; is the DMj % of feed j that is dry matter; DMIk is the dry matter intake of cattle at emission
stage k; Ii−j is the % of feed j fertilized with nutrient i in the US. See Table 6 for parameter values.

CO2 from feed production, aside from those associated with fertilizer, came from field work, irrigation,
and corn grain drying. These emissions were calculated by summing up the CO2 emissions in kg per acre
associated with each of these emission sources, and then converting to kg CO2 per kg DM with the known
yield per acre of different feeds. We found 0.7 kg CO2 released per kg DM for corn grain, 1.3 kg CO2 released
per kg DM for corn silage, and 0.6 kg CO2 released per kg DM for hay/haylage. Through the known DMI
at each cattle stage, these emission factors were then converted into kg CO2 per cow.

3 Results

3.1 Climate Model Under Historical and RCP Emissions

3.1.1 Historical and Model Predictions

Figure 3 compares historical temperature records, a LOESS smoothing function, and model predictions from
1850 to 2000, demonstrating that the model captures historical trends well. The RMSE and MAE for the
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model compared to historical data are 0.061 and 0.048, respectively. Our model decently captures the trend
of the LOESS average.

Figure 3: Predicted temperature change from model against historical data

3.1.2 Model Predictions to 2500 Under RCP Scenarios

We also utilized the model to compare the temperature perturbations based on the concentration of the
greenhouse gases according to each RCP scenario. We ran our climate model using CO2, CH4, and N2O
emissions for each RCP scenario, as shown in Figure 4. The temperature change for RCP 4.5 and 6 is around
2.6 K and 4.8 K respectively, but for the extreme RCP 8.5, this temperature change goes above 7.7 K.

3.2 Modeled Regional Cattle Herd

Using ODE methods, the differential equations model describing cattle dynamics were solved to equilibrium
to yield constant cattle populations. The results are shown in Figure 5. Overall, the milk cow population
showed varying trends across regions, with the midwest and southern plains having the highest populations,
and beef cow populations were highest in the midwest and southern plains as well. Stockers and feedlot
cattle were similarly high in the two regions.

To validate the results obtained from the cow herd differential model, we compared the model’s output
with USDA data; USDA data is presented in Figure 6. The comparison indicates that the differential model
is able to calculate the total cow populations, including calves, with relatively small margins of error when
compared to the USDA data. We note good concordance between the model predictions and the USDA data
particularly in the southern plains and northern plains regions.

3.3 Bottom-Up Beef Emissions

Here we summarize emissions by beef system stage and source, and provide more detailed results for the
southwest region (see Tables 9, 8, and 10). Enteric fermentation represented the largest CH4 emission
stream of the cattle system. The greatest amount of CH4 per cow released was from the beef cow/calf
system, and by far the lowest was at the grain-finishing stage, due to the higher digestible energy content
of the grain-finishing diet. Depending on the manure management system employed and the climate of the
region, manure produces varying amounts of both CH4 and N2O, and these emissions are summarized in
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Figure 4: Predicted temperature change from model using different RCP scenarios

Table 9. Manure represented the largest emission source for N2O, beating out N fertilizer application. Within
manure N2O emissions, the beef cow/calf stage was responsible for the highest proportion of emissions, and
the backgrounding stage was the lowest emitter. These results are shown in Tables 9 and 10.

Fuel, electricity, and natural gas used for farm operation all yield CO2 emissions. Table 9 also summarizes
these emissions. For CO2 attributable to feed production, emissions from hay/haylage were greatest in total,
as hay is used for all cattle stages cattle stages, whereas we included corn grain in the cattle diet only
for the grain finishing stage, and only the background and grain finishing stage used corn silage. Within
hay/haylage emissions, the background stage released the highest CO2 emissions, with 1512.8 kg per cow in
the southwest. CO2 released from corn grain production was the second highest overall, followed by corn
silage production (Table 8).

The fertilization of corn grain with N fertilizer represents the highest upstream emissions source of N2O
in the southwest region due to feed fertilization, both per cow (1 kg/cow/yr 8), and overall (1325409 kg/yr;
Table 10), even with corn grain only being used at the finishing stage. This is followed by N fertilizer applied
to hay/haylage, and lastly N fertilizer applied to corn silage. For CO2 emissions from fertilizer production,
we found that most was released in the southwest from the production of N-based Urea fertilizer, used both
on corn and hay/haylage (Table 10).

3.4 Gas-specific Emissions by Region

Figures 7-9 give total gas-specific emissions for each region. In general, total emissions from the southern
plains region are highest across gases, although CO2 are somewhat disproportionally higher in the midwest.

3.5 Future Warming Attributable to Model Beef System

The total temperature perturbation that can be credited to beef industry emissions is shown in Figure 10,
using RCP4.5 for baseline emissions. At the year 2500, the temperature change from the emissions of all 3
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Figure 5: Total Cows by Region in the USA as per our Dynamical Cow Population Model (in Millions).

Table 7: Direct Livestock and Farm Emissions in kg/cow/yr in the SW
Emission-Source Cattle Stage Emissions (kg/cow/yr)
Enteric CH4 Beef Cow 79.2

Stocker 77.2
Background 67.9
Grain-finish 46.2
Grass-finish 77.0

Manure CH4 Cow/Calf 2.5
Stocker 2.4
Background 2.5
Grain-finish 1.6
Grass-finish 2.4

Manure N2O Cow/Calf 2.0
Stocker 1.9
Background 2.0
Grain-finish 1.5
Grass-finish 1.8

Farm Operations CO2 Cow/Calf 163.0 kg
Stocker 350.0 kg
Background 30.2 kg
Grain-finish 30.2 kg
Grass-finish 350.0 kg
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Table 8: Upstream Emissions in kg/cow/yr in the SW
Emission-Source Cattle Stage Emissions (kg/cow/yr)
N2O - N fertilizer application to corn grain Grain finish 1.0
N2O - N fertilizer application to corn silage Background 0.2

Grain-finish 0.1
N2O - N fertilizer application to hay/haylage Beef Cow/Calf 0.2

Stocker 0.2
Background 0.5
Grain-finish 0.1
Grass-finish 0.1

CO2 - N fertilizer used on corn production Background 22.8
Grain-finish 77.6

CO2 - P fertilizer used on corn production Background 6.6
Grain-finish 22.6

CO2 - K fertilizer used on corn production Background 4.7
Grain-finish 15.9

CO2 - N fertilizer used on hay/haylage production Beef Cow/Calf 37.7
Stocker 36.8
Background 82.7
Grain-finish 16.5
Grass-finish 22.0

CO2 - hay/haylage production Beef Cow/Calf 690.5
Stocker 672.4
Background 1512.8
Grain-finish 302.6
Grass-finish 403.4

CO2 - corn grain production Grain finish 939.5
CO2 - corn silage production Background 600.8

Grain-finish 360.5
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Figure 6: Total Cows by Region in the USA as per USDA (in Millions).

greenhouse gases amount to a global temperature change of 0.0125 Kelvin.

3.5.1 Warming by Gas

Figure 10 shows the total temperature perturbation credited to beef industry emissions disaggregated into
the respective contributions by the major greenhouse gases. Among the three, N2O is revealed to be the
predominant driver of temperature perturbation, with roughly 69.7% of the change being caused by nitrous
oxide emissions.

3.5.2 Warming Attributable to Each Region

Each U.S. region’s role in contributing to the model’s projected global temperature perturbation is shown in
Figure 12. The map highlights the southern plains as the region with the most emissions, and the midwest
as the region with the second most emissions.

3.6 Grain vs. Grass-Finished System

Finishing on a grain-based diet is standard in the United States’ beef industry. Compared to grass-finishing,
when cattle are finished on a grain-based diet they remain in the system for shorter periods of time, which
reduces all direct cattle emissions. They also produce less methane due to enteric fermentation. We explored
what the climate impact of the industry would be if cattle were instead primarily finished on a grass-based
system. A comparison of the temperature perturbations as a result of the current/grain-finished scenario
and a scenario where most cattle are grass-finished are illustrated in Figure 14. It is shown that regardless
of the background emissions from other industries, the grass-fed scenario always results in marginally larger
temperature changes. In both scenarios, much of the warming can be attributed to N2O emissions. The
temperature changes credited to N2O often increase with the change to a grass-fed finishing system, with an
exception in the RCP 4.5 case. The switch from grain-finishing to grass-finishing also consistently result in
a small increase in the temperature attributable to CH4. However, depending on the background emissions,
total temperature perturbations attributable to CO2 can either increase or decrease.
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Table 9: Total GHG emissions from livestock and farm operations, in the SW, in kg/yr
Compound Cow-Stage Emissions (kg/yr)
Enteric CH4 Beef Cow/Calf 192514890

Stocker 75818349
Background 1094234
Grain-finish 62548289
Grass-finish 5522508

Manure CH4 Beef Cow/Calf 6105280
Stocker 2404449
Background 40950
Grain-finish 2131252
Grass-finish 175137

Manure N2O Beef Cow/Calf 4826394
Stocker 1900784
Background 32012
Grain-finish 2072835
Grass-finish 132227

Farm Operations CO2 Beef Cow/Calf 396008172
Stocker 343892527
Background 486975
Grain-finish 40855617
Grass-finish 25104154

With the total emissions of each greenhouse gas from the cattle herd model, we also quantified the global
climate impact of the emissions in terms of kg CO2 equivalents in order to evaluate the metric against our
temperature perturbation model. The results are shown in Figure 15, and it echoes the results of our model
in regards to the small increase in total temperature perturbation when switching to a primarily grass-based
finishing system. However, the CO2e results differs greatly from the results of our model in the amount of
climate impact attributed to each GHG. In both cattle-finishing scenarios, the CO2e results credited CH4

as the largest contributor of global warming, in contrast to our model which deemed N2O as the largest
contributor. This could be due to the use of GWP-100 in calculating the CO2e for non-CO2 gases, which
can potentially lead to misleading results for different time scales.

4 Discussion

We have estimated the marginal long-term warming impact of the US beef system using a reduced-complexity
climate model coupled to a regional beef-herd model, finding that the long-term temperature impact is likely
dominated by N2O emissions stemming from manure management primarily, and secondarily from feed
production. This conclusion is at odds with that implied by the CO2e and GWP metrics: GWP predicts
that methane has the greatest warming effect, in sharp contrast to our results. This suggests a failure of
the GWP metric when looking at the long-term warming effects of SLCPs in general, and the beef industry
in particular. This result supports the notion that GWP misrepresents the effects of CH4 and N2O, as
predicted by many other authors [25, 18, 31].

The strong warming effect of N2O is related to our long timescale and the gas’ relatively long atmospheric
e-folding time of 1̃10 years. Unlike CH4, N2O seems to only start to reach a steady state, in terms of warming,
at 2500. Since N2O is sourced from urea fertilizer application and cattle manure in our model, efforts towards
reducing the N2O emissions from these sources should be a focus of mitigation efforts.

The large majority of our total methane emissions come from the cow/calf stage, which can be seen in
our representative southwest region in Table 9. This is due to the majority of cattle existing at this stage
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Table 10: Total GHG emissions from upstream feed and fertilizer production, in the SW, in kg/yr
Emission-Source Cattle Stage Emissions (kg/cow/yr)
N2O - N fertilizer application to corn grain Grain finish 1325409
N2O - N fertilizer application to corn silage Background 3230

Grain-finish 162605
N2O - N fertilizer application to hay/haylage Beef Cow/Calf 565908

Stocker 228867
Background 8451
Grain-finish 141803
Grass-finish 10024

CO2 - N fertilizer used on corn production Background 368128
Grain-finish 105008269

CO2 - P fertilizer used on corn production Background 107227.82547604789
Grain-finish 30586648

CO2 - K fertilizer used on corn production Background 75472.44042928288
Grain-finish 21528451

CO2 - N fertilizer used on hay/haylage production Beef Cow/Calf 91712981
Stocker 36119423
Background 1333730
Grain-finish 22379143
Grass-finish 1582031

CO2 - Hay/haylage production Beef Cow/Calf 1677467309
Stocker 660638777
Background 24394462
Grain-finish 409323528
Grass-finish 28935978

CO2 - corn grain production Grain-finish 1270958548
CO2 - corn silage production Background 9688541

Grain-finish 487702651
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Figure 7: Predicted total CO2 emissions for the beef cattle industry

in the lifecycle. Rotz et al. [32] supports this, with most of their estimated methane emissions due to the
cow/calf stage, and a smaller proportion due to stocker and finishing stages. We found that N2O emissions
also mainly came from the cow/calf stage, which was also found in the Rotz et al. beef industry emission
analysis [32]. However, whereas we found the finishing stages to produce slightly more CO2 than the cow/calf
stage, Rotz et al. found the reverse. This is likely due the fact that in our study, we have many emission
streams from CO2, especially for the finishing stages, from the production and fertilization of feed, whereas
many of these emission streams don’t exist for the cow/calf stage, due to cattle mostly grazing on pasture.

The southern plains region (Texas, Oklahoma, and Kansas) was found to produce the most emissions
across all three greenhouse gases, and have the most associated long-term warming. This was an expected
result: Rotz et al. [32] also found the most emissions of each GHG in the southern plains through their
analysis of the emissions of the US beef industry. This is mainly due to the region hosting more beef industry
cattle than any other region.
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Figure 8: Predicted total CH4 emissions for the beef cattle industry

When considering cattle finished on pasture (grass-finished) versus cattle finished on grain in feedlots,
increased grass-finishing was found to lead to slightly greater long-term warming for all RCP scenarios. This
result is supported by Pierrehumbert and Eshel [26], which looked into the emissions and long-term warming
from different grass-fed and grain-fed cattle systems. Grass-fed systems release more enteric CH4, but are
associated with lower emissions from farm equipment use and fertilizer production. In their work, it was
the pasture midwest system that was found to be associated with the greatest long-term warming, beating
midwest feedlots. These authors also noted that in many cases, like in the pasture midwest system, there
are still considerable emissions coming from farm equipment, fertilization, and feed production, as well as
high methane emissions. It was the grain-fed ranch system in Sweden that was found to contribute the least
to long-term warming. [26].

However, it is important to emphasize that when comparing grass- and grain-finished systems using the
CO2e metric, we see a significantly greater warming effect under grass-finishing. Moreover, the CO2e metric
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Figure 9: Predicted total N2O emissions for the beef cattle industry

implies that methane is primarily responsible for warming in both systems, whereas our results indicate that
N2O is dominant.

In this work we have used only a single point estimate for all parameters, many of which are uncertain or
variable. For example, many of the feed characteristics summarized in Table 4 are variable based on region,
the type of corn grain being fed to the cattle, or type of grass that cattle grazed on. Emissions of all gases
at different cattle life cycle stages may also vary appreciably. Thus, doing a sensitivity analysis on many
of our parameters, across a range of possible values would better represent the possible range of climate
outcomes. Moreover, more precise regional values of parameters were also largely unconsidered, aside from
methane conversion factors and farm operation CO2 emissions. Dairy cattle were completely left out of
our emissions flow, despite the large contribution they make to cattle industry GHG emissions in the US,
and the non-trivial contribution of dairy culls to beef production [32]. Future work should thus focus on
better representing the intrinsic and regional variability in the US cattle industry and GHG emissions, and

24



Figure 10: Total temperature change attributed to the model beef system

Figure 11: Temperature change by greenhouse gas

evaluating the sensitivity of our conclusions to uncertainty in these parameters.
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Figure 12: Temperature change attributed to Each U.S. Region

Figure 13: Temperature Change per Region (All 3 GHG) and Temperature Change per Region in terms of
temperature change per head.
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Figure 14: Temperature change attributable to each gas under the default beef herd and a primarily grass-
finished beef herd, for each background RCP.

In addition to the majority grain-finished vs. grass-finished model herds we have compared, future
research should look at additional alternative herd makeups, which can be simulated by our cattle life cycle
model, to see if alternative production practices may be more sustainable. Additionally, because of our
finding that N2O contributes to the majority of warming at the 500-year timescale, further research should
go into the feasibility of reducing nitrous oxide emissions from fertilizer and manure management. Mitigation
of all greenhouse gas emissions is important, especially CO2 emissions, since warming from these emissions
are essentially fixed for hundreds of thousands of years. However, if the goal is to decrease warming from the
cattle industry over the next 500 years, our model suggests focusing on the mitigation of N2O as opposed to
methane, despite the higher concentrations of methane released by beef cattle each year.

Overall, the global temperature perturbation attributable to the US beef industry was about 0.0125 K
in the year 2500. Although a warming effect of 0.0125 K may not seem like a large temperature increase in

27



Figure 15: Total beef industry emissions from default and mainly grass-fed scenarios in terms of CO2e

general, we need to bear in mind that this increase comes from only the beef cattle in the United States.
It does not include dairy cattle, it does not include agricultural emissions from other systems, it does not
include emissions from the entire United States, and it does not touch emissions coming from the rest of the
world. This is a very narrow category of operations that is contributing to a non-negligible increase. Thus,
GHG mitigation is essential in the US beef industry.

5 Conclusion

Our models predict the global temperature increase, due solely to the beef industry in the United States,
to be approximately 0.0125 K at the year 2500 primarily due to nitrous oxide emissions coming from cattle
manure and fertilizer use. This is contrary to the current emphasis placed on methane emissions from the
more commonly used CO2 equivalent metric. Our models also showed that grass-finished beef produced
only marginally more long-term warming than grain-finished beef. This is in contrast to the CO2e metric,
which predicts higher warming from grass-fed beef than our model. We have demonstrated, as well as

28



past literature, that warming is better captured by models like ours, which look at the temperature change
associated with individual greenhouse gases. This suggests that steps to mitigate emissions from agriculture
should target nitrous oxide production. To prepare for and mitigate future climate catastrophe, we need to
understand what is contributing to long-term warming: Modelling emissions and warming from the cattle
industry is our small contribution to this goal. “So often the end of a love affair is death by a thousand cuts,
so often its survival is life by a thousand stitches” (Robert Breault).
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[42] Heuzé V. et al. Bermuda grass (Cynodon dactylon). Accessed on: 2024-07-04. url: https ://www.
feedipedia.org/node/471.

[43] Sonja J Vermeulen, Bruce M Campbell, and John SI Ingram. “Climate change and food systems”. In:
Annual review of environment and resources 37 (2012), pp. 195–222.

31


