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The high resource intensity of industrial beef in high-income economies has prompted
growing interest in alternative, potentially lower environmental impact beef production
pathways. Of those, grass feeding is promoted by some as one such alternative, but
rigorous quantification of this claim is required. Motivated to bridge this knowledge
gap, we integrate empirical evidence with a model based on authoritative equations
governing beef cattle performance to quantify the greenhouse gas emissions of producing
grass-fed beef. Because geographical specificity and dependence on agricultural intensity
are key, we model widely varied herds, from extensive operations on semiarid, marginal
rangelands to partially industrial, intensive ones in lusher, more accommodating settings.
We find that emissions per kg protein of even the most efficient grass-fed beef are 10 to
25% higher than those of industrial US beef and 3- to over 40-fold higher than a wide
range of plant and animal alternatives. Soil sequestration enhancement by rangeland
grazing reduces these emissions from 280-390 to 180-290 kg CO,,, (kg rotein)
still somewhat above industrial beef’s 180 to 220 kg CO,,, (kg protein)™, and well
above nonbeef alternatives’ 10 to 70 kg CO,,, (kg protein)". These differences prove
robust across a broad set of combinations of grass-fed beef operation types, management
practices, and ration qualities. Consequently, even with maximal credit for putative
sequestration enhancement, grass-fed beef is still no less carbon intensive than industrial
beef, and severalfold more intensive than nonbeef alternatives.

agricultural efficiency | beef | grazing | rangeland | carbon balance

Averaged over all production systems, beef is the most resource intensive of all common
foods (1, 2). In the United States, e.g., beef production requires, on average, 10 to 50
times as much land, irrigation, and fertilizer per kg protein as poultry or pork (3—7) while
emitting >10 times more greenhouse gas. Consequently, while beef contributes only ~5
to 20% of the calories and protein in a US diet, its production dominates food production
related resource use in the United States (3, 8) and globally (9), undermining diet sus-
tainability (8-17). This dominance is unambiguously evident in data and is faithfully
simulated using various modeling techniques, life cycle assessments in particular, on global
(e.g., UN-FAO GLEAM model), national (18-20), regional (19), and farm (21) scales.
This evidence has two potential caveats. First, while it characterizes industrial beef, it
may mischaracterize grass-fed beef which can use lands unfit for human food production
other than ruminant meat, pithily “cattle eat what humans cannot.” Second, grazing may
promote soil carbon sequestration (22-24), mitigating some of the high greenhouse gas
emissions of beef (25-27). While intriguing (22, 28), current estimates of U.S. beef
production emissions do not adequately resolve this possibility, because by focusing on
industrial feedlots (29), they mostly disregard such alternative production pathways as
dairy beef (30), or mixed cropping and grass-fed beef (31, 32). What is more, many
analyses have found the carbon intensity of industrial beef to be lower than that of grass-fed
beef (29, 31-34). Some have also highlighted potential benefits of grazing to biodiversity
(35, 36), surface hydrology (37), nutrient cycling (38), among other potential benefits.
The view of grass-fed beef as environmentally beneficial is intuitively appealing—Earth’s
grasslands naturally yield bountiful forage, and grazing cattle appear to consume only this
biomass and industrial refuse (“byproducts”), conforming with the cattle eat what humans
cannot notion—but are not robust observations. Most importantly, it is not clear that cattle
grazing indeed enhances average soil carbon sequestration (39), and—even if it does—that
this is impactful enough to reverse beef’s carbon intensity (40, 41). The reason is that grazing
raises required emissions per kg weight gain. For one thing, the elevated cellulose and lignin
content of grazed forage (42—44) increases methane emissions per kg protein produced. In
addition, grazing is seasonal (45) in most geographies, which requires fossil fuel-based,
CO,-intensive supplemental off-season feed—grain, hay, or silage—that elevates production
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emissions. Beyond emissions, these feeds also compete with human
food production for high-quality cropland and often also for irri-
gation water and agrochemicals (46).

A key challenge in this ongoing (34, 47-49) and unresolved
(50, 51) discussion arises from the fact that sequestratlon rates are
uncertain, likely of order +10 o 100 kg C ha™' y™' on average
[(52-54); ha = hectare = 10% m?] but widely varled in magnitude
and sign, with some localized observations suggesting values as
high as +10° kg Cha ! ’1 (27,55, 56). This is further complicated
by the fact that ungrazed grasslands also sequester carbon, often
more than grazed ones (40, 57, 58). In calculating carbon com-
petitiveness, therefore, emissions incurred during beef production
must be reduced not by total sequestration, but only by the added
sequestration directly attributable to cattle grazing, which is
roughly equally likely (59, 60) to be positive or negative (40, 57,
58). Net emissions (sequestration corrected; production emissions
minus sequestration) thus fall below raw production emissions
where cattle grazing enhances sequestration but exceed production
emissions where cattle undermine sequestration (40, 57, 58). The
nationwide effect, which has yet to be determined, would reflect
the area weighted mean added sequestration, taking note of areas
in which grazing enhances, or undermines, sequestration.

Here, we aim to better quantify the sequestration-corrected
carbon costs or benefits of grass-fed beef and compare them to
existing alternatives under widely varying geographies, agricultural
practices, and sequestration rates. To do so rigorously, we combine
standard equations (43) of beef cattle performance into a model,
and use it to simulate overall feed needs and methane emissions
of standard beef herds (Methods). From these emissions [recast as
CO,,, using the IPCC GWP100 conversion factor (61)], and
literature-based values of the fraction of total CO,,, emissions to
which methane accounts, we then estimate total grass-fed beef
CO,,, emissions (Methods) and compare them to those of indus-
trial beef and of non-beef alternatives.

We focus on the United States, primarily because of its relatively
robust agricultural and carbon sequestration data coverage (62-64)
and its global prominence in beef production and consumption
(19) and in shaping dietary—cultural preferences (65). Nonetheless,
as this focus only directly impacts chosen ranges of model param-
eters (Methods), and US beef ranching employs many practices that
are used in other countries, our findings likely apply broadly to
developed economies. The findings and discussion do not, however,
apply to developing economies [such as those of, e.g., sub Saharan
Africa or India (25). This limitation arises from the distinction
between subsistence herding, typical of low-income economies, and
industrial beef, which dominates the United States and other
high-income nations. Industrial beef comprises two distinct, mostly
geographically nonoverlapping, operations. In the first phase,
termed cow-calf operations, which relies mostly on grass from a
mixture of range and marginal cropland plus supplemental pro-
cessed feed in winter, stock dams yield weaned offspring. While
some weaned offspring replace culled bulls and dams, most enter
the second, “finishing” operation, where they rapidly gain the bulk
of their final weight by consuming very energy-dense, roughage
poor rations derived almost exclusively from fine croplands.

The range of sequestration rates considered in our analysis reflects
true rangelands (i.e., low productivity semiarid lands) or slightly
lusher, more productive grasslands. It does not reflect pastures and
meadows occupying croplands (or potential croplands), where the
largest added sequestration rates, which can suppress production
emissions to competitively low levels, are mostly observed (27, 51,
55, 56). Consequently, the settings most likely to render grass-fed
beef carbon competitive are not considered. This is motivated by
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the fact that while grass-fed beef that graze productive croplands
may appear more carbon efficient than our results indicate, this is
misleading because such fine croplands can be repurposed from beef
grazing (66) to producing most nonbeef foods (31, 56, 67). When
such croplands are reallocated from beef production to the produc-
tion of alternative food for direct human consumption, they deliver
3 to 7 times more protein—including all essential amino acids (63,
68)—rper kg CO,,, emitted, hectare occupied, or kg reactive nitro-
gen used (69), and supply 10-fold more of most known protective
micronutrients per unit resource used (69), promoting public health
(3-5, 7, 8, 70). This is why we omit the high sequestration rates
that are sometimes observed on such lush agricultural croplands,
focusing expressly on precipitation limited marginal lands in wealthy
nations, lands that can only yield human food via grazing-based
ruminant meat that does not undercut production of food for direct
human consumption. Consistently, the primary question we pose
is “Are net (sequestration corrected) emissions of beef grown on true
rangelands, conforming with the cattle eat what humans cannot
adage, indeed lower than those of industrial beef?”

Adequately resolving the distinct carbon calculus (71) of arid,
semiarid, or minimally lush grasslands requires faithfully represent-
ing the coupled effects of precipitation, productivity, and agricul-
tural intensity (72). Unfortunately, neither is an explicit input into
the standard equations of beef cattle nutrition (Mezhods). We over-
come this hurdle by using a proxy that loosely tracks the above
covarlates, namely ration metabolizable energy (ME) density in
Meal (10° kcal) per kg dry feed, as described and justified in the
Methods. In the presented analysis, therefore, we represent rangeland-
based extenswe low-productivity operations by 1.8 < ME < 2 Mcal
(kg dry feed)™!, and semi-intensive operations using hlgh produc-

tivity grasslands by 2.5 < ME < 3 Mcal (kg dry feed) ™.

Results

Total Operational Emissions of Grass-Fed Beef. Using our herd
model, we present grass-fed beef total operational CO,,, emission
(the 100-y mean radiative forcing-weighted sum of CO,, CHy,
and N,O; see Methods) as a function of agricultural intensity,
represented by its proxy, the mean ME density (in Mcal (kg
dry feed)” " of the consumed rations. Fig. 14 reveals that total
operational emissions of grass-fed beef are either comparable to
or—much more often—Iarger than those of industrial US beef,
and well within the range spanned by global beef operations
(73). Fig. 1B further resolves this, showing that the added
emissions of grass-fed beef over industrial beef hold true for three
representative ration densities corresponding to extensive low-
quality rations (Lefi), intermediate-quality (Middle), and semi-
intensive grass-feeding operations. As Fig. 1 and Table 1 (Methods)
show, emissions of pastured beef from extensive ranches on low
productivity rangelands (leftmost bar in 1b, ME = 1.9 Mcal kg™
are 40 to 100% higher than industrial beef (3, 8, 31). This is in
general agreement with the range spanned by seven published
comparisons of emissions of grazed vs. feedlot beef [Fig. 24 and
Table 2 of (25)], 20 to 52% higher emissions per unit produced
beef by grass-based beef. The same also holds for semi-intensive
operations on fine grasslands. Fig. 1B, S Appendix, Fig. S4, and
Table 1 all show that intermediate-quality rations are carbon
optimal. Yet, this least carbon-intensive grass-fed beef is still
mostly more intensive than industrial beef.

Alternatives (Fig. 14, green rectangle), including pork, poultry,
cheese, milk, and plant items, are far less carbon intensive than
either grass-fed or industrial beef (14, purple and maroon rectan-
gles, respectively), producing only 5 to 35% of the emissions of
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the least emissive grass-fed beef herds modeled. While this result
has been reported before (76-80), to our knowledge, ours is the
first study that explores its dependence on agricultural intensity
(through its proxy, ration energy density), thus demonstrating
explicitly its validity to rangeland-based grass-fed beef, where beef
production does not displace production of alternative food items
for direct human consumption (31, 81, 82).

Total grass-fed beef CO,, emissions shown in Fig. 1B exhibit
two conflicting dependencies on rations’ ME. As Fig. 1 hints
and SI Appendix, Fig. S4 confirms, methane emissions (bottom
four filled colored bars) decline strongly with rising ME. This
dependence stems directly from the decline in feed intake and
the fermentable carbohydrate fraction with rising ME and is
codified in authoritative equations (42, 43) (SI Appendix). At
the same time, increasing ME means serving more fossil
energy-dependent, CO2-intensive processed roughage (Methods).
Because most of the drop in methane emlssmns with rising ME
occurs over 1.8 < ME < 2.2 Mcal (dry kg) the combination of
the two opposing trends yields the rising of total CO,, emissions
Fig. 1 and 87 Appendix, Fig. $4 display for ME > 2.2. The choice
of running a given grass- fed beef operation closer to the extenswe
(ME — 1.9 Mcal kg Y or semi—intensive (ME ~ 3 Mcal kg™ h oper-
ational ends of this continuum is thus also a respective choice
between higher overall operational emissions with a higher CH,
fraction vs. modestly lower overall operational emissions with a

lower CH; fraction (83).

Effect of Sequestration Enhancement on Total Operational
Emission Estimates. While the results presented in Fig. 1 are
consistent with earlier work (49, 84, 85), they disregard sequestration.
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Fig. 1. Operational emissions required for producing a kg of protein. In (A)
the overall range spanned by all simulated grass-fed beef herds is shown
in purple, comparing favorably with estimates for northeastern US grass-
fed beef, 300 kg CO,, (kg protein)™' (30). This range can be compared with
emissions of US beef (mostly industrial; maroon red). The rectangle top, 220
kg CO,q (kg protein) ™!, corresponds to a grass-fed beef herd that uses mostly
fine Midwestern cropland (31). Its bottom reports the mean US national beef
enterprise, mostly industrial, 180 kg CO,q (kg protein)™ (19). Also in a, green
shading shows emission statistics of 1,000 random combinations of 5 nonbeef
alternative items (S/ Appendix, section S3). Filled rectangles and whiskers report
10th to 90th and 5th to 95th percentile ranges, respectively. In (B) grass-fed
beef emissions from a (purple) are split by ration quality (quantified as ME,
Mcal per kg dry rations, horizontal axis), which acts as a proxy for agricultural
intensity, as described in the text. The 4 filled colored bar sections report
methane-related CO,q emission due to (from the Bottom upward) cows,
heifers (first pregnancy females raised to replace culled cows), bulls plus their
replacement young males, and finisher steers, the herd’s main beef source.
See Methods for further detail.
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Can soil carbon sequestration enhancement by grazing cattle
reduce or even reverse grass-fed beef’s high emissions? To answer
this, we now calculate how estimates of putative sequestration
enhancement by grazing cattle (SI Appendix, section S3) modify
the results of Fig. 1. To do so robustly, we shift the focus from raw
operational emissions incurred during production of grass-fed beef
to net (sequestration corrected) emissions, defined as these raw
operational emissions minus added carbon uptake by the land the
cattle occupy that can be credited to the ecological effects of cattle
grazing. We also augment the deterministic calculations presented
in Fig. 1 and SI Appendix, Fig. S4-S5, in which each bar reflects a
single ration and the default set of model parameters, with statistical
results that consider a wide range of herd types across relevant
geographies (Methods), summarized in Fig. 2. Because cattle grazing
can enhance or undermine sequestration, net emissions can be
correspondingly lower or higher than raw operational emissions.

We rely on three 2024 meta-analyzes of carbon uptake on grazed
lands (60, 74, 75) to estimate the distribution of sequestration
enhancement by cattle grazing. Our most likely estimate of net
emissions due to grass feeding is, therefore, calculated by subtracting
these estimated empirical distributions, or their unified superdistri-
bution, from the full distribution of simulated operational emissions
of grass-fed beef presented in Fig. 1. This range is presented in
Fig. 24 (Left bar), where it can be compared with emissions of
industrial US beef and of the combined 5-item nonbeef alternatives.
'This comparison reveals our key result: Observed emissions per kg
protein of industrial beef are lower than about 90% of the simulated
grass-feed beef net (sequestration corrected) emissions.

Fig. 2B provides further detail. Bar 1 shows the raw (sequestra-
tion uncorrected) operational emissions of grass-fed beef (Table 1).
Consistent with earlier work (2, 3, 11), these emissions are 20 to
130% higher than emissions of industrial US beef and 3 to 43
times the emissions of the non-beef alternatives described above;
see Figs. 14 and 24 and Table 1.

Bars 2 to 4 of Fig. 2B present the operational emissions (Bar 1)
after correcting for estimates of sequestration additions by cattle
grazing (60, 74, 75) as described in the caption and Methods. The
means and medians of the sequestration additions are all small
departures from zero relative to the much larger respective ranges
(Table 1), and correcting for sequestration makes little qualitative
difference: Net emissions of grass-fed beef spanning a wide range
of operations, rations, and plausible sequestration all exceed those
of industrial beef. After correcting 1,000 simulated herds for
observed levels of added sequestration (60, 74, 75), only = 10 to
20% of estimates feature net grass-fed beef emissions lower than
those of US industrial beef.

How much added sequestration is required for grass-fed beef
to achieve carbon parity with industrial beef? Substituting 10°
Monte Carlo emission differences between sequestration uncor-
rected grass fed beef and industrial beef into Eq. 1 (Methods)
reveals that carbon parltY requires added sequestration of ~ 430
[240, 740] kg C (hay)™ (percentiles 50 (5, 86) of the distribu-
tion). Can cattle grazing be reasonably expected to elevate seques-
tration rates by 430 [240, 740] kg C (ha y) beyond ungrazed
rates on a large scale?

State of the art meta-analyses (29, 60, 74, 75) and an extensive
literature review of individual papers (SIAppendix, section S8)
shows highly variable (87-90) and not infrequently negative (57,
90-92) effects of grazing cattle on soil carbon. The mean and
median added carbon sequestration (sequestration under grazing
minus sequestration under no grazing) in the 510 matched pairs
from widely varied environments reported by the three meta- analyses
(60, 74, 75) used in Fig. 2, roughly -170 to 80 kg C (ha y) , are

well below even the lower bound of added sequestration required
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Table 1.
Variable/parameter

Value or range

Numerical values/ranges used throughout this paper

Units Refs.

Emissions of industrial U.S. beef 180 to 220
Emissions of nonbeef alternatives 10 to 80
Raw (sequestration uncorrected) operational 270to 410
emissions of simulated grass fed beef
Sequestration uncorrected operational 300 to 340
emissions of pastured beef from extensive
ranches on low productivity rangelands
Sequestration uncorrected operational 200 to 240
emissions of pastured beef on intermediate
quality rations
Sequestration uncorrected operational 270 to 340
emissions of pastured beef from semi-
intensive operations on fine grasslands
Mean (median) of Hao et al. 82 (-36)
Mean (median) of Qu et al. 45 (48)
Mean (median) of Ren et al. -167(0)
Combined range of above dataset -5.1t0 3.4
Characteristic productivity of rangeland based 0.077

grass fed beef

kg CO,, (kg protein)™
kg CO,, (kg protein)™

(3.9
This paper’s calculations,
greenin Figs. 1Aand 2 B
This paper’s calculations,
purplein Figs.1Aand 2 B

This paper’s calculations,
leftmost bar in Fig. 1B
(ME = 1.9 Mcal kg™")

This paper’s calculations,
middle barin Fig. 1B
(ME = 2.2 to 2.3 Mcal kg™")

This paper’s calculations,
rightmost bar in Fig. 1B
(ME = 13 Mcal kg™")

kg CO,, (kg protein)™

kg CO,, (kg protein)™”
kg CO,, (kg protein)™

kg CO,, (kg protein)™

kg C(hay)™ (60)
kg C(hay)™ (74)
kg C(hay)™ (75)
Mg C (hay)™

ha-year (kg beef protein)™ (73)

for carbon parity, 240 kg C (hay)™". This is further corroborated by
another recent meta-analysis (29), as we detail in the SI. Moreover,
the pairs compared in Fig. 2 exclude heavy- or over-grazing, known
sequestration antagonists, thus likely overestimating sequestration.
Even with this stringent exclusion, grazing is often associated with
reduced soil carbon stocks. Where grazing enhance carbon seques-
tration in true rangelands [which do not include the Midwest (31),
see, e.g., Fig. 1 of (74)], it rarely does so at sustainable rates exceeding
250 to 300 kg C (ha y) (36). Averaging over the large variability,
one estimate of achlevable global mean grassland sequestration is
100 to 175 kg C (ha y) (53), also below the estimated lower bound
for carbon parity of 240 kg C (hay)™.

Discussion and Conclusions

Our quantification of sequestration-corrected emissions of grass-
fed beef shows that, with realistic rangeland sequestration rates,
the carbon intensity of most grass fed beef operations is in most
cases higher than that of industrial beef, and much higher than
that of nonbeef alternatives (Figs. 1 and 2). We also find that
among grass-feeding beef operations, the most extensive grazing
operations emit the most (Fig. 1 and SI Appendix, Fig. S4), for
which the modeling framework affords a mechanistic explanation.
Grass-fed beef’s methane emissions are high in extensive semiarid,
marginal rangeland ranches because such operations are charac-
terized by low energy density rations and decline with rising ration
quality, ME density, and agricultural i mtensny However, for richer
rations with ME > 2.2 Mcal (dry kg) , the rise of nonmethane
emissions (mostly as CO, from fossil energy) outpaces these
declines, resulting in l‘lslng total CO,,, emissions with rising ME
beyond 2.2 Mcal (dry kg) (Fig. 1 and SI Appendix, Fig. S4).

These results may not apply in low-income nations, where graz-
ing cattle play more existential roles, but this paper focuses on the
wealthy nations with high per capita emissions that dominate food
and feed production and trade, and thus the global food system.
Odur results thus have global implications.

These results (Figs. 1 and 2, and ST Appendix, Fig. S4) augment
earlier findings (22, 29) by showing that, compared with nonbeef

https://doi.org/10.1073/pnas.2404329122

alternatives, grass-fed beef yields at most one-tenth of the protein
per kg CO,,, emitted regardless of agricultural intensity (and,
thus, implicit (1y, geography). Importantly, the carbon balance per-
spective is reinforced by the land use one in that the low produc-
tivity of grass-fed beef also holds on a per cropland ha basis, as
discussed in ST Appendix, section S10. Both perspectives synergis-
tically lead to the conclusions (further expanded in S/ Appendix,
section S11) that beef—extensive, intensive, or anything in
between—is not a competitive form of resource use because it
yields only 1 to 3% of the protein that alternatives do per kg CO,,,
emitted or per cropland ha. If food security and ecosystem func-
tioning are the key concerns, rangelands should therefore most
sensibly be rewilded, providing important nature-based carbon
sequestration and biodiversity benefits, unless they can be rigor-
ously shown to sustainably augment naturally occurring seques-
tration by at least 240 kg C and realistically by no less than 400
kg C (hay)™, which very few rangelands do.

The broader corollaries of the findings of this paper can be
illustrated by considering the following two hypothetical alloca-
tion scenarios for the agricultural resource whose finality imposes
the firmest ceiling on food production, arable land.

Scenario 1. Addresses extensive beef ranching on semiarid (true)
rangelands. There are 8 US states (all western) with state- and annual
mean precipitation in the 250 to 500 mm range. Below 250 mm
y"', primary productmty is too low for most rainfed ranching, while
above 500 mm y ™, rainfed production of food for direct human
consumption is possible. Jointly, these states comprise & 120 million
ha of grassland, pasture, and range land (66). Assuming relatively
low productivity beﬁttmg of semiarid rangeland of 0.24 t0 0.46 ha-y

(kg beef protem) (73), these lands can supply the US populatlon
with 11 to 21 g beef (person day)™ or ~ 270 to 520 million kg
beef protein y~ nationwide, roughly 20 to 40% of recent mean
American beef intake. Assuming correspondingly relatively high
emissions characteristic of rations dommated by low-quality forage,
345 t0 520 kg CO,q (kg beef proteln) (73), producing the above
amount of beef would require nationwide emissions of & 135 to 270
billion kg CO,,, y° !. Now suppose we choose to discontinue this
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Fig. 2. Emissions per kg protein in four model-simulated grass-fed beef operations compared to industrial beef and nonbeef alternatives. (A) Even after correcting
operational emissions (B1) for reasonably expected soil sequestration (B 2 to 4), most grass-fed beef is still more carbon intensive than U.S. industrial beef (a,
red), and far more than diverse protein conserving 5 nonbeef alternatives (a, green; S/ Appendix, section S3). (A) “Modeled grass fed beef" refers to correcting
calculated grass-fed beef's operational emissions with statistics of the combined sequestration dataset obtained by merging all three individual datasets. These
corrected grass-fed beef emissions can be compared with industrial beef and nonbeef alternatives (red and green) yardsticks, as in Fig. 1A. (B) Bar 1: Operational
emissions not corrected for sequestration. Derived from 10% modeled grass-fed beef operational emissions, considering the full range of plausible geographies,
herd types, ration composition, and quality. Bars 2 to 4: Operational emissions (bar 1) minus plausible added rangeland sequestration derived from three recent
meta-analyses (60, 74, 75). Filled colored regions and whiskers span percentiles 10 to 90 and 5 to 95, respectively.

rangeland-based beef production, rewilding 120 million rangeland
ha and freeing up the associated cropland also required for this
beef production pathway, ~ 12 million ha, instead. If we choose
to use this cropland only to produce as much plant-based protein
for human consumption as the forgone beef supplies, 270 to 520
million kg y™', it would allow rewilding of & 120 to 130 million
ha (of which < 10% is cropland), along with its associated carbon
sequestration and biodiversity benefits, and save annual emissions
of 85 to 195 million metric ton CO,,,.

Scenario 2. Focuses on cropland-based industrial beef production
(93-95). US states with statewide annual mean precipitation
> 500 mm jointly encompass 128 million ha of grassland and
pasture (66). Agriculturally, these croplands can be repurposed
from beef grazing to producing most any plant-based food for
direct human consumption. Choosing again to use only as much
of this cropland as is required for exactly replacing the protein
that the forgone beef supplies, in this case, ~ 82 to 148 g beef
(person day)'l), about 140 to 260% of current mean intake) or 2
to 3.6 billion kg beef protein y'1 nationwide, would save annual
emissions of & 260 to 400 million metric ton CO,,, and free 50
to 120 million ha of cropland.

The idea of replacing cropland-based intensive beef grazing with
producing nonbeef alternatives may appear to contradict another
cropland-focused idea, replacing intensive feed cropping with beef
grazing (51, 86, 93, 94, 96, 97). In fact, the ideas are complementary,

2eq

Table 2. Model parameters and their default values

Parameters

Meaning Default value
fo Bulls per cow 0.04
wy Cow weight 550 kg
wy, Bull weight 950 kg
r, Replacement rate 0.1y
ry Finishing rate 0.8 cow 'y
h Culled healthy rate 0.8

In Fig. 1, all parameter values are the shown defaults. In perturbation Monte Carlo runs,
they are perturbed randomly uniformly within + 10 % of the shown values.

PNAS 2025 Vol.122 No.12 2404329122

premised on distinct goals and emphases. Jackson emphasizes (51,
86, 93) croplands’ current degraded state, which is an established
consequence of intensive cropping with little attention to nutrient
retention or topsoil sparing. As the Introduction describes, our focus,
instead, is maximizing croplands’ yield of human-destined food (31,
56, 67) subject to the cattle eat what humans cannot principle that
is commonly invoked to support grass feeding.

Returning to the two reallocation scenarios, their comparison
makes clear that while both require less land and emissions, replac-
ing cropland-based beef with plant alternatives (Scenario 2) is far
more environmentally lucrative (freeing more cropland and emit-
ting less) than forgoing rangeland-based beef (Scenario 1). Modeling
productivity and emissions of beef herds using authoritative gov-
erning equations thus lends no support to the notion that grass-fed
beef is less carbon intensive than industrial beef.

Methods

Essential, Widely Used Numerical Ranges.

Model description. Our principal tool, the beef herd model, uses the industry
standard US National Academies equations (43) for predicting beef cattle dry
matter (DM) feed intake, mean daily weight gain, feed energy requirements for
maintenance (DMI,ADG, and NE,,,, respectively), and CH, emissions of all animals
as afunction of age, sex, body weight, and ration characteristics. See S/ Appendix,
sections S1and S2 for further details.

Using this model, we simulate herds of 100 cows and their related repro-
ductive and replacementanimals (bulls, replacement heifers, and replacement
bulls), as well as unweaned calves and finishing steers (<2 y old, the herd’s
primary beef contributors), diagrammed in Fig. 3. The model parameters and
default (unperturbed) values are given inTable 1,and the symbolic beef fluxes
inTable 2.

Because feed intake depends on body mass, body mass depends on weight
gain, and weight gain depends on feed intake, these three state variables are
mutually nonlinearly coupled for growing animals as they evolve in time with a
daily time step. Conversely, we assume that the annual mean weights of mature
reproductive stock animals are roughly constant, permitting solving their govern-
ing equations once for the full year while still observing the nonlinear coupling.
SI Appendix, section ST and Supplementary code provide detailed descriptions
of the model, the herd it models, and its beef production.

Annual beef yields depend on the fecundity of the cows and the rate at which
calves and steers grow when eating the prescribed rations.
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Fig. 3. Schematic structure of the modeled herd. See also Tables 1 and 2.

Representing agricultural intensity using rations’ ME. We represent the exten-
sive vs. semi-intensive (but still grass dominated) endmembers (e.g., Nevada
rangeland vs. Michigan prairie turned heavily managed grassland) using
mean ME per kg DM of the modeled animals' rations, the nutritional energy
after accounting for ingested energy loss in liquid, solid, and gaseous excreta
in Mcal (kg DM)™". This choice utilizes the observation (98-101) that extensive
beef ranches use primarily low productivity true rangelands unfit for other types
of agriculture, while semi-intensive grass fed beef operations rely heavily on
fine grasslands, with forage quality roughly tracking the rangeland-grassland
continuum. For example, while the crude protein dry mass content of native range
forage is 8% over the full year, and under 4% in winter (43), for extensively grazed
wheat or vegetative fescue, it spans 18 to 22%. Similarly, while the ME content
of native range is 2.1 Mcal (dry kg)™" on an annual mean basis, and under 1.8
Mcal (dry kg)~" in winter, it is 2.3 to 2.6 Mcal (dry kg)™" for extensively grazed
wheat or vegetative fescue (Table 3).

Based on the above variability in forage energy and protein density, the choice
to represent agricultural intensity using ME reflects the dominance of processed
forage (hay, silage) of the rations, because such feeds are on average more energy
dense than grazed forage (S Appendix, section S1). Complementing Fig. 1 and
Sl Appendix, Figs. S1and S2 show emissions and feed intake for 15 instead of 3
levels of ME density levels. All rations comprise 90% forage and 10% byproducts
by mass (reflecting byproducts’ 10% average contribution to US beef rations
(5); sensitivity to those choices is explored later and summarized in Fig. 2). The
most meager rations (left bar) represent extensive ranches on arid to semiarid
rangelands, while the richest ration (right bar) represents semi-intensive grazing
in relatively lush locales.

The distinct bars in Fig. 1. The above details yield the horizontal axis of Fig. 1.
The rightmost beef bar in a (ME = 3 Mcal (dry kg)™") corresponds to rich, high-
quality rations characteristic of semi-intensive grass-feeding operations that use
fine grasslands, while the leftmost bar represents meager rations characteristic of
extensive minimum input rangeland-based operations. Because all simulated
herds are somewhat extensive and the fraction f,, of total CO,,, emissions due
to methane declines with intensity as proportions of highly fermentable carbo-
hydrates in the rations decline from left to right, mean total emissions (total bar
heights) are based on—following figure S7i of ref. 73-f,, of (L to R) 0.85, 0.74,
and 0.45, with ranges of [0.8,0.9],[0.7,0.8], and [0.4,0.5].

A note on CO,,,. We are well aware of the limitations of CO,, (102), the equiva-
lent CO, mass that would have produced the same century mean radiative forcing
as an analyzed mass of non-CO, greenhouse gases. Nonetheless, to facilitate
comparisons with earlier studies, we still use CO,,, using the IPCC GWP100
conversion factors (61).

Deriving sequestration corrected emissions (Fig. 2's bars 2 to 4). Sequestration
corrected (net) emissions are given by g = Eqperyion — AS X 0.077 x 44/12,
where £, .o, denotes total emissions incurred during the production process
(Fig. 24, Bar 1), AS is added sequestration due to grazing in kg C (hay)~",0.077
(Table 1) is median rangeland productivity of grass-fed beef, and 44/12 converts
kg C (kg beef protein)™" to kg CO,,, (kg beef protein)™". We estimate added
sequestration rates due to grazing using three 2024 relevant meta-analyses

https://doi.org/10.1073/pnas.2404329122

(60, 74, 75) of differences in soil organic carbon (SOC) stocks under no vs.
light grazing [the grazing pressure least likely to significantly reduce SOC (59),
A S= (SOCighigrazing — SOCrograing ) /e in units of kg Cha™"y ™.

While ref. 74 includes information on duration d, refs. 60 and 75 do not. For
the compared pairs in these datasets, we thus applyd =~ 10y. Note that because d
appears in the denominator of A S, the larger it is, the smaller A Sbecomes. Our
10y choice-which is half of the mean duration a 2024 US analysis (103) found,
and only about 70% of the 14 y mean in (74)-thus generously estimates mean
added sequestration rates, quite possibly over emphasizing the environmental
benefits of grass fed beef.

Monte Carlo populations. Fig. 2 is based on statistics of N, = 10° distinct 100-
cow herds subsisting on rations of approximately 70% grazed forage, 20% served
processed forage, and 10% byproducts. With these ration defining characteris-
tics (e.g., mean ME = 2.1 + 0.09 Mcal (kg DM)™"), this ensemble summarizes
10% slightly distinct implementations (reflecting variability among herds) of a
scenario similar to one of bars in the left-middle of S/ Appendix, Fig. S4), i.e.,
rangeland-based, rather extensive beef herds, with adequate processed forage
additions that account for the months during which grazing is minimal or absent.
To further represent seasonal, geographic, and management variability, modeled
herds consume rations with random combinations of byproducts, grazed forage,
and processed forage, with basic parameters (e.g., replacement rates, weaning
rates, bulls per cow) as well as the 70:20:10 feed type proportions all randomly
perturbed by +10 %. These simultaneous randomizations ensure that in general,
each of the 10% herds is unique, and thus that their statistics are widely represent-
ative. Fig. 3 and Tables 1 and 2 describe these parameters and give their default
(unperturbed) values. The feed items in the grazed forage, processed roughage,
and byproduct portions of the rations are also randomized in individual model
runs, thus sampling unique rations that utilize unique combinations of the items
available in each category.

Estimating the added sequestration needed for grass fed beef carbon parity
with industrial beef. This requisite rate of added sequestration is

AS ( 12kgC ) ([270,410] — [180, 220] ) kg CO,,, (kg protein) ™

44 kg CO, 0.077 (haxy) (kg pfotei”)_1 [1]

where the numerator is the emission difference between grass fed beef uncor-
rected for sequestration and industrial beef, 0.077 ha-year (kg beef protein)™’
is the characteristic productivity of rangeland based grass fed beef (73), and AS
isin kg C(hay)~". In the Monte Carlo context, the above distribution ranges are
replaced by random individual draws from them.

Estimating beef non-CH, emissions. Fig. 1 and 2 address total emissions, the
sum of the individual contributions of CH,, CO,, and N,0. Yet, while we calculate
beef's methane emissions explicitly by the beef model, to get the modeled
beef's total emissions requires estimating the combined CO, and N,0 contri-
bution. We achieve this by amplifying the explicitly calculated grass-fed beef
methane emissions of each Monte Carlo realization by dividing it by f,,, the
methane's CO,, fractional contribution (e.g., f,, = 0.6 if emitted methane
mass times methane Global Warming Potential (61, 104) accounts for 60% of
beef's total CO,,, emissions). With EI.COZeq and E/.CH“eq denoting total beef CO,,
emission and methane contribution to it in the ith randomized realization,

CHye C0ge, .
E e = fen, iE: 4 where the left-hand term is calculated by the beef model
0 oA .

“ = £ [y, , permits

for each randomized realization. Iffg,, ;is known, £,
estimating total beef emission in the ith realization. While the model does not

Table 3. Beef fluxes in the model

Subpopulation Live mass y' Assumed weight
Culled mature 100 r, h (Wytfowp) Wg, W,
animals
Culled growing 100 (1 +£,)r,* h/(1-r,)  2ndy mean live
animals weight
Finishers 100 r¢ min(650 kg, live
weight at 2 y)
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calculate fy, ;, we derive a statistically representative population of its values
by digitizing (using the online digitizer https://automeris.io/WebPlotDigitizer/)
ranges of the fractions of beef's total emissions accounted for by methane
given in S/ Appendix, Fig. S7 of (73). This digitization reveals that beef's
methane emission account for roughly 40 to 90% of total emissions. We thus
let foy, vary linearly uniformly from 40 to 50 at ME = 1.8 to 80 to 90% at
ME = 3. Therefore, we set f,, ; to random draws from the uniform distribu-
tion between these bounds, with which any realization is randomly assigned
a uniformly probable methane fraction approximately between 44 and 92%.
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