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Pastures, on which ruminant livestock graze, occupy one third of the earth’s surface.
Removing livestock from pastures can support climate change mitigation through carbon
sequestration in regrowing vegetation and recovering soils, particularly in potentially
forested areas. However, this would also decrease food and fiber production, generating a
tradeoff with pasture productivity and the ruminant meat production pastures support.
We evaluate the magnitude and distribution of this tradeoff globally, called the “carbon
opportunity intensity” of pastures, at a 5-arcminute resolution. We find that removing
beef—producing cattle from high—carbon intensity pastures could sequester 34 (22 to
43) GtCi.e. 125 (80 to 158) GtCO, into ecosystems, which is an amount greater than
global fossil CO, emissions from 2021-2023. This would lead to only a minor loss of
13 (9 to 18)% of the global total beef production on pastures, predominantly within
high- and upper-middle-income countries. If areas with low—carbon intensity pastures
and less efficient beef production simultaneously intensified their beef production to
47% of OECD levels, this could fully counterbalance the global loss of beef production.
The carbon opportunity intensity can inform policy approaches to restore ecosystems
while minimizing food losses. Future work should aim to provide higher-resolution
estimates for use at local and farm scales, and to incorporate a wider set of environmental
indicators of outcomes beyond carbon.
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Pastures are areas of natural or managed grass, herbs, and other forages grazed by cattle
and other ruminant animals to produce a range of goods and services, including meat and
dairy. They represent the most extensive human use of land on Earth (1). While many
pastures are in longstanding grassland biomes, with few trees, pastures have also been
established in areas that would otherwise be forest biomes, which has historically required
tree clearing. Maintaining pastures in formerly forested areas incurs a “carbon opportunity
cost,” which refers to the quantity of terrestrial carbon sequestration or atmospheric CO,
removal that could occur by forgoing agricultural production and restoring ecosystems
on that land (2, 3).

Nature conservation, restoration, and stewardship constitute “natural climate solutions”
that can potentially sequester tens of metric gigatons (Gt) CO,, together constituting a
substantial fraction of the mitigation necessary to limit anthropogenic global warming to
1.5° or 2 °C (4). A number of these solutions rely on restoring former terrestrial ecosystem
carbon stocks that have been cleared or degraded by human land uses. The United Nations
has recognized the large potential of ecosystem restoration for climate mitigation and
other ecosystem services by launching the UN Decade on Ecosystem Restoration in 2021
(5). The Decade aims to motivate and support commitments made under the Rio
Convention and Bonn Challenge by a total of 115 member countries to restore over 1
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extensive human land use.
Removing cattle from pastures
represents a meaningful
opportunity to sequester carbon
into regrowing vegetation and
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billion hectares of ecosystems (6). Restoration techniques include reestablishing degraded
and eliminated forests and rewilding initiatives (5).

Removing ruminants from pastures and restoring some of these areas to higher-carbon
ecosystems can contribute to meeting such restoration goals. Yet, abandoning any parcel of
pastureland would entail a tradeoft: forgoing forage availability for ruminant feed and asso-
ciated food (e.g., beef from cattle) and fiber (e.g., wool from sheep) production. Removing
production where forage availability is lowest and potential carbon sequestration is highest
would minimize this tradeoff between ruminant production and nature restoration.

Identifying locations with such minimal tradeoffs requires knowledge of both the poten-
tial restorable carbon that can be achieved and the quantity of forage forgone by removing
ruminants from pastureland. Previous studies have mapped the distribution of carbon in
potential vegetation and soils (2, 7, 8) in present-day pasture areas. Advancements in land
cover mapping have refined our understanding of pasturelands’ total extent (1, 9).
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Remotely sensed observations of the productivity or yields (i.e.,
tons of available dry-equivalent biomass forage per hectare per
year) of these pastures have only recently been made available
globally on a 5-arcminute basis (10). The tradeoffs between carbon
sequestration potential and pasture productivity have not previ-
ously been assessed geospatially.

This analysis integrates these data to quantify the tradeoffs
between pasture productivity and associated beef production versus
the potential carbon sequestered in combined living vegetation and
nonliving biomass (soils and debris) by forgoing that productivity
to allow ecosystem regrowth in place of pasture. We develop an
indicator of this tradeoff—the carbon opportunity intensity
(COI)—and we map its distribution globally at a 5-arcminute res-
olution. The COl is a proportion, wherein the quantity of potential
ecosystem carbon sequestration (in kg CO,) is the numerator and
quantity of pasture production (of either kg dry biomass pasture or
kg protein from beef raised on those pastures) is the denominator.
A high COI thus indicates the greatest potential for ecosystem car-
bon sequestration relative to the least amount of pasture (or beef)
productivity forgone. A low COI, conversely, means less potential
ecosystem carbon sequestration would follow the abandonment of
production on current pastures, in relation to the quantity of current
pasture production forgone. Therefore, maximizing carbon seques-
tration while minimizing lost beef production would entail keeping
low-COl pastures in production and restoring high-COI pastures
to regrow vegetation to late-successional i.e. climax communities,
including forests. We identify high-COI pastures that have potential
to be the highest-priority areas for ecosystem restoration and carbon
sequestration into vegetation and soils.

In developing regions including much of sub-Saharan Africa,
and parts of South America and Asia, beef production on pasture
has low efficiency, meaning high forage quantities are required for
weight gain, hence beef production. However, across all livestock
species and production systems, including exclusively pasture-raised
cattle, production is expected to become more efficient over time
(11). Further efficiencies could be accomplished with additional
investment into managing pastured cattle herds (12). Some
improvements are possible without shifting cattle production from
pastures onto feedlots—such techniques are referred to as pastoral
intensification or semi-intensification (13), which include access
to vaccines and veterinary services, more frequent reproduction
rates, and younger animal slaughter ages. It may be possible to
alleviate production losses from ruminant removal and ecosystem
restoration in some areas by increasing production in other
low-efficiency areas, e.g., Africa and South America. Increased
efficiency could minimize the food-for-carbon tradeoffs (lower
COJI) and at least partially offset the targeted removal of beef
production from high-COI areas.

We quantify and compare the COI of beef production on pas-
tures across three scenarios of pasture forage-to-beef conversion
ratios, one of present-day efficiencies and two others of improved
efficiencies. This comparison highlights regions where intensifi-
cation through more efficient herd management could reduce the
COI of beef production and replace the productivity lost by restor-
ing the highest-COI pastures. We differentiate native grasslands
from areas of potential forest regrowth, where climax vegetation
is expected to be dominated by late-successional trees rather than
grass-dominated landscapes in current pastures. Existing studies
have quantified the carbon opportunity cost of pastures in poten-
tial forest areas (2, 3), but have not compared potentially large
differences in the productivity of pastures for beef production
across these regions. Through this analysis, we aim to advance
understanding of how present-day land use for ruminant food
production trades off with potential carbon sequestration in
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restored vegetation and soils of terrestrial ecosystems. Our
approach has potential for further use in policy design and scenario
analyses that weigh these competing priorities.

Results and Discussion

Carbon Tradeoffs of Global Pastures. Across global pastures where
ruminant animals (i.e., cattle, sheep, and goats) are reared, we find
that pastures have on average >7 times more carbon per hectare in
restorable ecosystem vegetation and soils when they are established
in potential forest areas (170 tons C [tC or MgC] ha™'/624 tCO,
ha™!) than do pastures in native grassland biomes (22.1 tC ha''/81
tCO, ha™) (Table 1). Our analysis of these quantities reflects
the carbon stocks in potential restored ecosystems integrated over
75y, or near the end of the 21st century. Ecosystem carbon pools
that have not reached carbon storage saturation throughout that
time (namely, tropical forest vegetation and boreal soils) would
sequester yet more carbon after this duration.

Removing grazing from all pastures identified as potential forest
areas (7.13 Mkm?) could sequester substantial carbon in vegetation
and soils through the end of this century—121 (78 to 154) GtC
i.e. 445 (286 to 565) GtCO, (Table 1) (S Appendix, Figs. S1 and
S2). This total quantity is approximately 20% greater than a prior
estimate by Hayek et al. (3), which contained a less robust estimate
of present and potential soil carbon stocks, but the two estimates
have overlapping 95% CI nonetheless. Restoring all potentially
forested pastures globally would sequester enough carbon to
remove more than the past twelve years of fossil fuel emissions from
the atmosphere (14). By comparison, reducinzg or eliminating graz-
ing in all native grassland areas (20.31 Mkm®) would sequester 45
(8 t073) GtCi.e. 165 (31 to 268) GtCO,. This quantity is signif-
icantly less than the total carbon sequestration of potential forests
following livestock removal, and has a larger uncertainty range, by
percentage, due largely to more heterogeneous estimated responses
of soil carbon (SI Appendix, Fig. S1).

However, pastures in potential forest areas also produce three
times more aboveground biomass (AGB) for ruminant consump-
tion than do pastures in native grassland areas (Table 1 and
SI Appendix, Fig. S3). Therefore, despite the total global area of
pasture in potential forest biomes being approximately one third
of the area of pasture in native grasslands, total pasture produc-
tivity is comparable between these two domains. Of the annual
5.51 gigatons dry matter (Gt DM y™') currently produced on
pastures globally, 46% is in potential forest areas (2.55 Gt DM y™)
and 54% is in native grassland areas (2.96 Gt DM yil). Restoring
all potential forest areas currently under pasture globally would
therefore eliminate almost half of ruminant livestock forage. In
summary, the greatest carbon opportunity cost lies in areas that
also support the highest pasture productivity and associated rumi-
nant food and fiber production.

Most pastures in native grassland areas have relatively low and
positive COlIs (Fig. 14). In some native grasslands (e.g., Northern
China, Western Australia), removing livestock may reduce ecosystem
stocks of carbon (i.e., lead to net ecosystem carbon emissions rather
than sequestration) due to expected soil carbon losses (S Appendix,
Figs. S1 and S2). These areas have a negative COI (Fig. 1B and
SI Appendix, Figs. S1 and S2). In our analysis, the COI only reflects
differences between present ruminant grazing management versus
removing cattle entirely, and cannot account for alternative stocking
density or alternative grazing management approaches. However,
research suggests that relative to ruminant removal, shifting manage-
ment to lightened or rotational grazing could lead to positive soil
carbon accrual or no net change, and/or confer vegetation cover ben-
efits in certain areas (15, 16). Recent analysis suggests that optimal
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Table 1. Carbon sequestration of potential ecosystem restoration, pasture productivity, and area of all pastures in

potential vegetation biome types (forest, grassland), expressed in units of carbon

Pasture
Removals from Potential Ecosystem restoration Productivity
Cumulative Annual Flux
Potential to 2100 (MgC ha™") (MgCha™'y™)
vegetation Soil + veg
type Soils Vegetation combined Mg DM ha™'y™
Area_weighted Forest 64 107 170 3.4 3.35
(50, 68) (60, 150) (109, 216) (2.2,4.4) (3.02, 3.68)
Grassland 12.7 9.5 22.1 0.62 0.99
(0.7,18.7) (3.4,17.4) (4.1, 36.0) (0.16, 1.22) (0.89, 1.09)
Pasture Cumulative Annual Flux
Area to 2100 (GtCO,) (GtCO,y™")
Soil + veg
Mkm? Soils Vegetation combined GtDMy™
Global sums Forest 7.13 164 281 445 8.8 2.55
(129, 174) (157,391) (286, 565) (5.7,11.6) (2.33,2.76)
Grassland 20.31 94 71 165 4.6 2.96
(6, 138) (25,129) (31, 268) (1.2,9.1) (2.68, 3.24)
Both 27.44 259 351 610 13.4 5.51
(135, 312) (182, 521) (316, 833) (6.8,20.7) (5.01, 6.01)

Stocks reflect accumulation rates over 75y, ending in 2100, with still more sequestration occurring after that point. The first two rows of entries refer to per-hectare metrics, while the
lower rows refer to all areas summed globally. Parenthetical ranges reflect 95% confidence intervals across each grid cell, averaged or summed over all grid cells. DM = dry matter.

stocking densities for improving carbon sequestration are well below
present densities, resulting in decreased meat and milk production
(17), but this analysis did not test alternative (e.g. rotational) grazing
techniques due to sparse data on its effects. Additional research is
needed to assess whether rotational or other alternative grazing man-
agement strategies, if applied across all native grassland regions glob-
ally, would result in soil carbon sequestration (i.e. higher pools/stocks),
relative to soil carbon under either present management or ruminant
removal, across native grasslands globally, and how stocking densities,
hence meat production, would change. Nevertheless, the largely pos-
itive effects of ruminant exclusion upon grassland soil organic carbon
stocks, relative to the current management practices reported here
(SI Appendix, Fig. S2), have been confirmed by multiple recent sys-
tematic reviews (16, 18, 19).

Humid, evergreen tropical forests tend to be more carbon-dense
than temperate forests (20, 21). However, we find that pastures in
tropical potential forest regions in South America and sub-Saharan
Africa have lower COls than pastures in temperate potential forest
regions (Fig. 1B). This is due largely to high, year-round pasture
productivity in the tropics (S Appendix, Fig. S3). At high latitudes,
pastures tend to exhibit high COls (Fig. 14) due to both lower
pasture productivity and moderate potential stores of carbon in
vegetation and soils, with especially high potential carbon stores in
boreal soils (SI Appendix, Fig. S1). Forests in Maritime Southeast
Asia tend to be uniquely inefficient for pastures; they have high COI
due to both low pasture productivity and high densities of native
ecosystem carbon. Regardless of these general tendencies, there is
heterogeneity in both pasture productivity and potential ecosystem
carbon in all regions; some pastures in potential forest areas on every
continent exhibit high COls (dark green areas, Fig. 14).

Pastured Beef Production at Current and Improved Efficiency.
Livestock removal from high-COI pastures potentially offers an
opportunity to sequester substantial carbon with little reduction
in ruminant production. We explore the consequences specifically
of removing beef production from high-COI pastures, as more
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pasturelands are used to produce cattle for beef than any other
ruminant animal-sourced food (17).

The feed conversion ratio (FCR) of cattle raised for beef on
pastures is relatively high in many tropical regions (22) (8] Appendix,
Fig. S6) signifying a low production efficiency. Some tropical forest
regions have both low pasture productivity, high carbon in poten-
tial forests (i.e. high pasture COI), and low beef production effi-
ciency (i.e. high FCRs) occurring simultaneously; we thus observe
the highest COI values of beef production in these regions (Fig. 2)
[e.g., Maritime Southeast Asia (SI Appendix, Fig. S3)]. In other
potential tropical forest areas, there is a relatively lower COI of
beef production, particularly in sub-Saharan Africa, due to high
pasture productivity counterbalancing high FCRs.

We present a hypothetical scenario of improved FCRs, wherein
countries intensify beef production on pastures to a similar level
of efficiency to high-income countries. Efficiency improvements
may be possible through management changes such as improving
stocking densities and rates, reproduction, and animal health. Our
comparison suggests that more efficient cattle herd management
on pastures could reduce the COIs of each region’s beef production
fed on grass in potential forest areas (Fig. 2). The largest relative
reductions in these COls in potential forest areas were by 67% in
South Asia, 59% in sub-Saharan Africa, and 46% in South East
Asia. Improving herd management on pastures also tends to mit-
igate emissions of other greenhouse gases such as methane (22).

Opportunities for Potential Carbon Sequestration. Even if beef
FCRs are improved through herd management, COls of pasture-
raised beef would tend to remain comparably large in potential
forest areas on all continents relative to native grassland areas
(as demonstrated in Table 1 and Fig. 1). Specifically, the area-
weighted median COI of beef production, under the scenario
of improved FCRs, is 1,893 kg CO, per kg beef protein across
potential forest areas, compared to 641 kg CO, per kg beef protein
across native grassland areas. We map areas of potential forest
where the improved-FCR beef production COl is greater than the
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Fig. 1. Spatial distribution of carbon opportunity
intensity (COIl) of pasture production. A large COI
corresponds to a high quantity of potential carbon
sequestered from regrowing ecosystems after
abandoning a given quantity of pasture production
in an area. (A) Spatial distribution of COI of pasture
production at 5-arcminutes resolution. Pastures
with zero or negative COI are visualized here as
zero (gray), and can be seen in S/ Appendix, Fig. S5.
(B) Area-weighted mean carbon opportunity costs
of pasture for geographic regions. EAS: East Asia.
EUR: Europe (excluding Russia). LAM: Latin America
and Caribbean. MNA: Middle East, North Africa, and
Central Asia. NAM: North America. OCE: Oceania
(excluding Southeast Asia). RF: Russian Federation.
SAS: South Asia. SEA: South East Asia. SSA: sub-
Saharan Africa. DM = dry matter.
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ceiling of area-weighted mean beef FCR from all OECD countries (202 kg DM pasture per kg beef protein). LAM: Latin America and Caribbean. MNA: Middle
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kg beef protein. Red areas have COls in the scenario of improved FCRs that still exceed this threshold, and >10% of a gridcell consists of beef-producing pasture
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gridcell consists of beef-producing pasture area. In other words, blue areas demonstrate where intensification through improved herd management achieves
a more favorable tradeoff of beef production for carbon, whereas red areas demonstrate where these tradeoffs are currently unfavorable, and greater CO,

sequestration could be achieved through removing beef production.

would remove only 184 Mha of pasture, which produces 420
Mt DM of forage per year, corresponding to only 8% of global
pasture productivity. The result would be removal of 560 (376 to
773) kilotons [kt] beef protein from the food system, equivalent
to 13 (9 to 18)% of the global total beef produced on pastures
(SI Appendix, Fig. S8 and Table S1).

To understand where improved herd management might gen-
erate a substantial reduction in the COI of pastured beef, we
identify potential forest areas where beef production would be Jess
than the improved-FCR median COI (Fig. 3; blue areas) if herd
management and efficiency on pastures were to be greatly
improved. This corresponds to an area of 198 Mha of pasture in
potential forest areas. These pasture areas are currently responsible
for 1,174 kilotons (kt) beef protein production, but could produce
1,920 ke protein if intensified, the difference of which is 745 (515
to 1,005) kt protein, or 18 (12 to 24)% greater beef production
on all pastures than present-day (SIAppendix, Fig. S9). This
increase is greater than (or approximately equal to, within uncer-
tainty) the amount of beef lost by removing production from
high-COI areas (560 kt protein). Many of the areas where inten-
sification has the greatest potential to improve (i.e., lower) COls
are in the tropics, particularly in sub-Saharan Africa (S Appendix,
Table S1). However, pasture beef production could be intensified
in all areas including native grasslands, and not merely in areas of
potential forest. Intensifying all remaining pastures would produce
1,568 (1,074 to 2,130) kt or 37.3 (25.6 to 50.7)% greater beef
protein production on all pastures than present-day (S Appendix,
Fig. §9). This would lead to net carbon sequestration in former
pastures without reducing global beef output.

However, this amount of intensification (90% of FCR values
observed in OECD countries—AMethods) may not be feasible.
Economic barriers to intensification include a lack of access to
resources such as vaccines, extension services, infrastructure, and
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supplements, while sociocultural barriers may be present in areas
where management or cultural systems are not conducive of min-
imizing pasture FCRs to such an extent (e.g., due to the role of
animals in religious systems, or their value as draft animals).
Additionally, our scenario does not account for the presence of
different cattle species or breeds, or their potentially varying inten-
sification requirements across regions, which requires further
research.

Because such a high degree of intensification in potential forest
areas may be infeasible, we also explored the degree of intensifi-
cation needed for the global addition of pastured beef production
on all pastures—in both potential forest and native grassland
areas—to equal the quantity of removal from high-COl areas (i.c.,
560 kt beef protein). This would require intensifying all pastured
beef production, outside of removal areas, to the level of 47% of
OECD FCRs (8] Appendix, Table S1). While such a shift would
result in the same quantity of beef production globally (intensified
beef production minus beef production removals), it would result
in a geographic redistribution of production. Decreased beef pro-
duction would occur predominantly in northern latitudes and in
high- and upper-middle-income countries (S/ Appendix, Table S1),
necessitating reduced beef consumption, reduced beef exports, or
increased beef imports to these countries.

As a sensitivity analysis, we analyzed and report the results from
a range of other potential COI thresholds for determining
high-COI areas besides the median COI value (in 5-percentile
intervals, ST Appendix, Fig. S10). A lower threshold would remove
less pastured beef and improve the proportion of carbon removal
relative to the amount of pastured beef removed, but would
sequester less carbon globally. Increasing the COI threshold would
reduce the remaining area of pastures available for intensification,
hence reducing the quantity of beef that could be increased
through intensification on this land (S Appendix, Fig. S11).
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The potential for intensification that we estimate here is an
approximation of a technically feasible potential. It does not rep-
resent the amount that is economically or otherwise feasible in
the face of resource constraints especially by smallholder produc-
ers. Nor do we estimate a particular timeframe within which this
intensification could occur. The timeframe might be substantially
shorter or longer than our chosen timeframe for ecosystem carbon
sequestration, which we estimate until approximately the year
2100. Moreover, our estimates for intensification are limited to
changes in herd management on the existing pasture resource base
(e.g., improving fecundity, or animal health), and do not consider
changes to managing the pasture resource itself (e.g., seeding,
fertilizing, or irrigating pastures), as we presently lack global, spa-
tially resolved data on pasture management. Nonetheless, our
results demonstrate that qualitatively, intensification through cat-
tle herd management and forest restoration can play complemen-
tary roles across regions.

Conclusions

Our analysis demonstrates substantial geospatial variation in
tradeoffs between the production of forages, ruminants, and asso-
ciated animal-sourced food, and carbon sequestration in potential
ecosystems, globally. We find that simultaneously improving the
efficiency of beef production in a number of economically devel-
oping regions while restoring potential ecosystem vegetation and
soils in high-COI opportunity areas of pastured beef production
would have a negligible or positive impact on the global total beef
production from pasturelands. Such a scenario would require
reducing beef production in some high- and middle-income coun-
tries including the United States, China, and European countries
(SI Appendix, Table S1). Our results also demonstrate opportuni-
ties to restore ecosystems while maintaining or increasing beef
production in developing, natively forested tropical regions with-
out further expansion of pastures.

Yet, to date, few policy proposals for reforestation engage seri-
ously with the wide geospatial variation in tradeoffs between agri-
cultural production and carbon sequestration via ecosystem
restoration. Policy proposals for natural climate solutions (4, 23),
strategies and calls to restore ecosystems (5), and country-level
commitments (6) often fail to acknowledge agriculture-restoration
tradeoffs. These ecosystem restoration proposals contrast with
recent scientific work that has analyzed tradeoffs between carbon
sequestration via restoration versus croplands productivity for food
and animal feed (24-26).

Here, we have focused on the largest category of land use for
beef production—pasturelands—using recent remotely sensed
observations of pasture productivity at a relatively high spatial
resolution with global coverage. We identify a clear food produc-
tion/carbon sequestration tradeoff in most pasturelands, and wide
spatial variability in this tradeoff. On average, the magnitude of
this tradeoff is especially large in areas of potential forest regrowth,
but pasture productivity in these potential forest areas varies
greatly, across large countries and regions, leading to widely var-
ying tradeoffs.

Our key tradeoff indicator, the COI of pastures, can be used for
policy design and analysis to improve the effectiveness of plans to
restore nature for carbon sequestration. However, the COI esti-
mates presented here nonetheless have some key limits that should
be acknowledged. This analysis only reflects the proportion of beef
production that was raised using forages from pastures, while
excluding the proportion of beef raised from concentrated crop
feeds (e.g. grain, oilseeds), cropland-grown forages (e.g., alfalfa,
maize silage), or inedible crop residues (e.g. maize stover, husks)
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and other occasional feeds. Calculating the full mitigation benefits
possible from removing all beef production in a given area addi-
tionally requires adding COIs from crop-based feeds to the
pasture-based feeds, and also calculating production emissions from
the feeds and the ruminant animals themselves. Future work should
aim to combine the COI of the total lifecycle of animal feeds with
analysis of the fluxes of greenhouse gases from ruminants and their
various feed sources. The COI threshold used herein—the median
COI of beef-producing pastures in potential forest areas—is only
one illuminating threshold for evaluating such tradeoffs. Further
consideration should be given to the diverse (e.g., financial; cultural;
ethical) values and impacts of agricultural production as compared
with multiple social and environmental benefits of ecosystem res-
toration. Economic and sociocultural research should investigate
these potential tradeoffs in further depth.

Additionally, removing and intensifying ruminant production
may lead to unintended risks for ecosystems on medium- to
longer-term timescales. Two such effects include leakage—
wherein ruminant production removed from current pastures in
one area leads to deforestation in another—or rebound effects—
wherein intensification decreases costs and/or increases profits,
thus incentivizing additional land clearing. Regional economic
analyses in forested regions such as South America and Central
Africa demonstrate that rebound and leakage effects can be par-
tially prevented through public and private forest protection
policies (27-31). The COI indicator should be coupled with
further integrated economic and ecological research to under-
stand how removal and intensification of agricultural production,
along with conservation policies, may dynamically affect ecosys-
tem restoration.

Despite these limitations, we suggest that policymakers who
influence management and use of agricultural lands for climate
mitigation should align policies to consider COI, among other
dimensions, to jointly evaluate the expected ecosystem carbon
sequestration from land restoration versus food production under
improved management. For countries with ample land in potential
forest biomes currently managed as pastures for beef production,
and food system stakeholders in these regions, our results can assist
in geospatially explicit scenario analyses to visualize and quantify
the potential for carbon sequestration from natural climate solu-
tions under different policy instruments and scenarios.

This work extends previous research that suggests multiple pol-
icy interventions to reduce land requirements for agriculture are
needed to meet climate targets in the agriculture, forestry, and
other land use (AFOLU) emissions sector (32). We find that
potential ecosystem restoration in many global pasture locations
would not produce much carbon removal benefit and/or would
substantially reduce ruminant production. We therefore suggest
careful targeting of restoration activities across heterogenous pas-
turelands to optimize the tradeoff between ruminant animal
removal and ecosystem carbon restoration.

Future analyses should incorporate a wider range of socioenvi-
ronmental tradeoffs and cobenefits associated with pasture inten-
sification or abandonment in areas of potential forest restoration,
such as biodiversity, landscape connectivity, hydrological fluxes
and water services, and livelihoods. These analyses can benefit the
design and implementation of policies that account for the fact
that agricultural productivity, and its tradeoffs with ecosystem
services such as carbon sequestration, are heterogeneous (24, 33).
Because pastures occupy so much land area, and incur the largest
opportunity cost in the food system (3), the opportunity-intensity
framework can improve conservation outcomes while minimizing
food production losses on meaningfully large scales to help meet
restoration and climate targets.
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Methods

Global Pasture Production Map. We calculated global pastures productivity,
producing a map of ruminant-available aboveground biomass (AGB; units
kg available dry weight per ha), in a manner following Piipponen et al. (10).
We used publicly available MODIS-derived rasters of annual net primary pro-
duction (NPP) across a 20-y time series (2001-2020) at 500 m resolution.
These were then parameterized to ruminant-available aboveground biomass
(AGB) using temperature, precipitation, and terrain slopes using the following
equations:

NPP s fupp

AGB=—579

* slopesmultiplier, [1]

fpp = 1= (1.14% 107 =3.07 % 10~* + MAP — 6.65 % 10 % MAT +0.786),
(2]

Faep + fonpp =1, [3]

where 0.49 is the conversion of dry matter in vegetation to carbon; slopesmul-
tiplieris a scale factor between zero and one with input from a remotely sensed
and modeled 90 m slope estimate (34) and output from Piipponen et al. and
references therein (10); fANPP and fBNPP are above- and below-ground frac-
tions of total NPP. MATand MAP are mean annual temperature and precipitation
respectively for 2001-2020 (35). The resulting AGB 500 m grid cells were aggre-
gated to 5-arcminutes by masking nongrassland categories of IGBP (International
Geosphere-Biosphere Programme classification system) rasters and averaging
to the larger 5-arcminute grids.

Total production of pasture (in weight of dry matter) in each 5-arcminute
cell was then parsimoniously calculated as AGB * Pasture Area = weight of dry
matter. Pasture AGB methods for this analysis differed from Piipponen etal.(10)
in two key ways: [1] a wider range of land classifications were considered as
grasslands containing grazable biomass, including open and closed shrublands
were considered as grazing lands (further details below) [2] the aboveground
fraction of NPP was estimated based on Sun etal.(36), who synthesized extensive
field observations and propose that the fraction of aboveground NPP (fANPP)
depends on mean annual temperature (MAT) and mean annual precipitation
(MAP) as described above in (Eq. 2).

This analysis adopted a different functional classification “pastures” from
Piipponen et al. 2022 (10), which includes (a) more International Geosphere-
Biosphere Programme (IGBP) classes (37), encompassing Closed Shrublands,
Open Shrublands, Woody Savannas, Savannas, Grasslands, and Barren lands (IGBP
classes 6 to 10 and 16).This was then constrained by (b) grid cells within these IGBP
classifications for all 20y, and (c) only 5-arcminute cells that are also included in
the HYDE v3.3 map, for base year 2020, to reflect estimates of recently cleared pas-
tures in the tropics. We take the sum of combined area of grid cells that are under
livestock pastures and rangelands (permanentand cleared)(9). This creates a more
accurate representation of exclusively ruminant-grazed areas, and excludes areas
that are underutilized or not utilized at all by ruminants, such as highly intensive
crop production areas, as well as wildlife preserves where wild ruminants are grazed,
and other conservation areas where domesticated ruminants are likely excluded.
Nonetheless, we acknowledge, as the HYDE analysis authors do, that there remain
limitations to this or any approach for consistently estimating the global distribution
of pasturelands, which can create discrepancies between global and local estimates;
these limitations include uncertainties in the human population estimates in remote
areas with extensive pastureland grazing, and errors in UN FAO census-derived
estimates of pastureland area, among others (9). Altogether, the HYDE-derived esti-
mate represents a conservative total land area of pastures (27.4 Mkm?) compared
with other previous estimates such as Hayek et al. and references therein (1,3, 38).

Ecosystem Carbon.

Carbon in present-day and potential vegetation. Carbon stocks in present-day
vegetation were derived from seven different 5-arcminute maps from Erb etal. (7)
that utilize ecosystem observations, and additional national and subnational data
on tree cover, grazing, forestry, climate, and economic activity, that empirically
model and interpolate observations across the grid. These grids were used to
model carbon stocks in present-day pastures in native grassland biomes.
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For present-day pastures in potential forest areas, we assumed mean vegeta-
tion stocks in present-day pastures of 6 = 3 MgC ha™", consistent with literature
estimates including the Erb et al. analysis (3, 7) because potential biome areas
are assumed to contain a heterogenous or patchwork mix of established pasture
and forest within 5-arcminute grid cells. This is consistent with our assumptions
that treat the tree-covered fraction of present-day 5-arcminute grid cells as non-
pasture area. We do not assume any interannual sequestration (or net flux) occurs
in present-day ecosystems in vegetation (and soil). Rather, we assume that the
(net) flux of carbon into or out of these ecosystems is zero, i.e. a steady-state
assumption.

Carbon stocks in potential vegetation were derived from seven maps: six from
Erb et al. (7) using a global observations with similar empirical modeling, and
reflecting current climatic conditions, and one from Searchingeral.(2) thatused a
mechanistic global dynamic vegetation model, the in; Lund-Potsdam-Jena man-
aged land model (LPJmL) run to equilibrium under current climate conditions.

The gridded ecosystem vegetation carbon data described in and derived
from Erb et al. (7) come from disparate sources and contained numerous gaps,
which were filled by the authors using combinations of remote sensing, census
statistics, and environmental correlations. Thus, the data in each map are not
strictly comparable, but the mean in each gridcell thus reflects the average across
disparate sources of information. The distributions around the means for each
grid cell are reflected throughout our results. Uncertainty ranges are provided
forall estimates as 95% Cl reflecting the joint distribution across all seven maps
of actual and potential carbon stocks in vegetation for each grid cell (described
in further detail below). In this way, comparisons between potential and actual
stocks of vegetation versus the productivity of present-day pastures, performed in
our COl analysis, represent robust estimates of the tradeoffs in ecosystem carbon,
albeit not strictly harmonized. Future work should aim to compare these estimates
to observations derived from in situ measurements and process-based models.

We defined “potential forest" areas in our analysis as any of eight poten-

tial forest biome types, as well as savanna areas of sufficiently carbon-dense
vegetation, as a proxy for high potential tree cover (corresponding to potential
carbon stocks =75 MgC ha™") consistent with Hayek etal. (3). "Potential grass-
lands" were defined as potential biomes types of grassland, shrubland, or tun-
dra, and savannas with comparatively less tree cover (potential carbon stocks
< 75 MgC ha™") to reflect sparse and open-canopy savannas with sufficient
open space and available forages for ruminant grazing. Potential vegetation
categories and carbon stocks reflect present climate, and do not reflecta range
of future anthropogenic climate scenarios.
Carbon in soils and other nonliving pools. Stocks of soil carbon in potential
ecosystems were also taken from Searchinger etal. (2) from the same model and
scenario as their potential vegetation results-the LPJmLmodel run to equilibrium
under current climate conditions. These data provide soil carbon stocks in tons
per hectare to a depth of one meter.

Present-day soil carbon in pastures was derived from the United Nations Food
and Agriculture Organization (FAQ) Intergovernmental Technical Panel on Soils
(ITPS) GSOCmap product version 1.5 (39). This 30-arcsecond resolution map
reflects soil organic carbon stocks in tons per hectare to a depth of 30 cm, across
a variety of land uses. To create a product compatible with the 1-meter depth
Searchinger et al. soil organic carbon map of potential ecosystems, we extrapo-
lated the present-day GSOC map to 1 m depth using proportions derived from
coarser-resolution datasets of soil carbon at two depths (40) between 0 to 30 cm
and 30 to 100 cm. Then, to create a product reflecting only soil organic carbon
in present-day pastures, we masked the high-resolution cells for pasture areas
(similarly scaled from the aforementioned 500 m resolution IGBP map above),
and then averaged the masked pasture-only cells to 5-arcminutes resolution,
generating a 5-arcminute resolution product reflecting soil organic carbon on
present-day pastures only.

Additionally, we added parametric estimates for carbon in coarse woody debris
and leaf and fine woody litter, in potential forest areas, consistent with the “non-
living pools” scenario in supplemental methods in Hayek et al. and references
therein (3,41,42).

Carbon opportunity costs of pasturelands. Carbon opportunity costs of
pasturelands were calculated on every grid cell on a per-hectare basis of both
annual fluxes and stocks integrated over 75 y. The latter is intended to approxi-
mate a scenario of hypothetically abandoning pastureland starting around year
2026 and estimate the resulting carbon stocks in potential vegetation around
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the end of 2100. Our pasture area data reflect a conservative estimate for the
2001-2020 time range, but we lack more recent data on pasture areas. Thus,
using this 2026-2100 75-y time horizon in our analysis is intended to reflect a
conservative estimate of the ecosystem restoration potentials possible in the long
term by implementing land use changes resulting from consequential policies
(e.g. production shifts, dietary change, conservation mechanisms, etc.) relatively
soon. Therefore, in our estimate, the 75-year total C stocks do not necessarily
reflect climax vegetation in all cells, but rather, only reflect climax vegetation in
biomes that are estimated to recover nearly all of their carbon stocks within years
since abandonment. For all other biomes (e.g. evergreen tropical forests, boreal
forests), further carbon accumulation would be expected after 2,100, even though
this further regrowth is not reflected in our results.

Net ecosystem productivity C flux estimates were derived from Searchinger
et al. (2) and reflect approximate rates of reaccumulating ecosystem carbon
following abandonment of pastureland. We calculated uncertainty in this flux
estimate by (1) calculating the distribution of net Cflux across all grid cells in each
potential biome type, and then (2) assuming the distribution in each grid cell of
C fluxes were proportional to the distribution of C fluxes in the seven potential
grassland types. This created a sample distribution of mean flux estimates from
which we derived 95% CI.

Carbon stocks through 2100 were calculated by applying estimates of annual
ecosystem fluxes to each grid cell, multiplying by 75, and taking the minimum of
that integrated carbon estimate and the climax ecosystem carbon stock in each
grid cell. Uncertainties were calculated from (1) the net C flux distribution across
all grid cells in each biome type and (2) a compounded error distribution of seven
potential C stock values in each grid cell with the distribution of seven actual C
stock values in each grid cell. For pasture in potential forest areas, errors in actual
vegetation were assumed to be 50%, i.e.6 +3 MgCha ™. We then calculated 95%
Cl from these compounded carbon stock error distributions.

Carbon Opportunity Intensity of Pastures. We calculated the carbon oppor-
tunity intensity (COI) as a quotient: the carbon flux into potential ecosystems over
the productivity of present pastures (potential ecosystem fluxin MgCO, ha™'y ™"
over pasture AGB in Mg DM ha™"y™"). This is distinct from ongoing production
emissions, which tend to represent recent land use changes such as deforestation
as a present emission (2, 43). This analysis reflects two COI indicators: the COls
of pasture productivity, and the COIs of the proportion of beef production that
was raised using forages from these pastures (following section), while exclud-
ing the proportion of beef raised from concentrated crop feeds, cropland-grown
forages (e.g., alfalfa, maize silage), or occasional feeds. This analysis is limited
to the geographic distribution of the pasture-grown component of ruminant
production, as well as the proportion of beef that can be raised using only inputs
from that pasture.

Feed Conversion Ratios for Cattle Fed on Pasture. Feed conversion ratios
(FCRs) for beef on pastures were derived from a dataset produced by Herrero etal.
(22) at the regional level, which we renormalized to account for country-level
compositions of herds of large and small ruminants (44). These data proportion
pasture land area in each country by beef herds, dairy herds, and small ruminants
(goatsand sheep) producing dairy and meat. FCRs were calculated at the country
onacommodity basis by including beef produced from both dedicated beef herds
and beef from dairy-producing cattle herds.

FCRs are expressed as kg edible feed per kg edible protein produced. These
values assume a global conversion ratio of carcass weight to edible protein,
derived from the FAQSTAT database. The estimates may therefore underestimate
protein concentration in meat in regions where beef systems are low-production
and/or exclusively grass-fed, where meat is typically leaner, and overestimate
protein concentrations where beef systems are high-production and more grain-
finished, where meat is typically fattier. FCRs were taken as the weighted median
of all grazing-based systems for each region and country, weighted by the pro-
portions of herds producing beef and type of material grazed. These include arid,
humid tropical, and temperate grasses, with different FCRs associated both with
production efficiency and the quality of grasses available in these pasture regions
(e.g., typically higher FCRs in arid systems, lower FCRs in temperate systems) (22).
The resulting FCRs are aggregated at the country level. The FCRs and the propor-
tion of pasture land dedicated to each commodity were then distributed evenly
across every grid cell in each country. Therefore, while FCRs reflect present-day
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combinations of forage quality and cattle herds, our scenarios of beef removal
and intensification that change these proportions may result in changes that do
not fully reflect the distribution of variation of FCRs within countries that have
multiple grass qualities and herd types.

These FCRs reflect "grassland-based” systems of cattle according to the FAO
classification system (45) which refers to the method of feeding cattle =90% local
grass and forages on pastures; it does not refer to the native or endemic vege-
tation type. These FCRs do not reflect production in mixed or intensive systems
from nonpasture feeds (which have lower, i.e. more efficient, FCRs of feed:heef).
Because many cattle herds are not exclusively pasture-raised, but fed mixed
rations, our use of grassland-only (i.e. pasture-fed) Our use of grassland-based
FCRs are intended to approximate the beef productivity in each country that
only the pasture-grown forages were responsible for, disaggregated from the
additional beef production achieved by feeding cattle cropland-grown forages
and grains. This approximation was validated against Hayek and Garrett (46),
which used a top-down approach and a demographic model to ascertain that
pasture-raised forages could produce 27% of United States' current beef pro-
duction. The grassland FCR approach in this analysis produced a similar result:
26% of total beef production resulted from pasture-based feeds (407 kt out of
1538 kt total beef protein production). Therefore, this analysis does not fully
account for variations in nutritional quality in feeds present in previous work,
because we do not consider cropland-grown forages and grains, which tend to
be of higher digestibility.

We assume a mean “sustainable grazing fraction” of 42% of AGB for every
5-arcminute grid cell. This figure is based on a literature review of observed
sustainable grazing offtake rates (10). Our estimates of the mean and uncertainty
of pasture-based beef production are based on the observed AGB adjusted by this
offtake rate with a SD in the literature estimates of +15% (in absolute percent-
ages: 28to 57% range). This makes 2.33(1.59 to 3.22) Gt DM available to rumi-
nants. Our estimate of total annual grazed forages on pastures sits in between
two global estimates of global pasture offtake by two other sources: Herrero
etal. estimated 2.30 Gt DM (22) and the UN FAO Global Livestock Environmental
Assessment Model (GLEAM) used an estimate of 2.76 Gt DM (47). While our
sustainable grazing fraction is high by some estimates, this may be compensated
for other potentially intractable biases in the analysis, including the estimate
of overall pasture NPP or the allocation of belowground NPP fraction based on
empirical climatic relationships (Eq. 3). A spatially explicit estimate of the sustain-
able grazing fraction is desirable, but no such geospatial estimates exist to date.

Ourapproach of using a global grazing fraction was preferable to geospatial
methods forimputing current grazing intensity because of data limitations. Some
products contain global, spatially explicit estimates of stocking density—e.g. UN
FAQ's Gridded Livestock of the World (GLW) (48). However, majority of cattle herds
are managed in mixed livestock systems. These systems are defined by cattle
consuming anywhere between 10% to 90% of their feeds as crop products or
residues. Therefore, the GLW cannot offer a reliable estimate of grazing intensity
because multiplying the stocking density by the livestock feed requirements and
dividing by annual forage growth would necessarily result in an overestimate
of the grazing intensity. If improved and sufficiently disaggregated geospatial
estimates of grazing intensity become available, those estimates may be readily
incorporated into this analysis.

For "improved FCRs', we calculated a practical FCR yield ceiling as the area-
weighted mean of grazed beef FCRs from all OECD countries (202 kg pasture
per kg beef protein). Our "improved FCR" scenario simplistically assumes that
all countries achieve a 90% yield gap closure between present-day FCRs and this
FCR ceiling, and again, does not account for additional efficiencies from supple-
mental feed. We also include a"modestly improved FCR" where we calculate the
degree of yield gap closure required to produce the equivalentamount of beef to
the quantity removed from high-COl opportunity areas, by intensifying pasture-
raised beef FCRs in all areas (potential forests and grasslands). In the future,
more detailed economic and technological analyses should be used to project a
realistic range of yield-gap closure scenarios. In lieu of these data, our high-yield
scenario is intended to reflect an intuitive research question "whatif all countries
produced beef using their pastures with a similar efficiency?" Additionally, neither
scenario can resolve subtle but consequential differences in pasture digestibility
among countries, for which fine-scaled data to not currently exist. Despite these
shortcomings, the "improved FCR" scenario is useful for gauging differences in
pasture-raised beef production, and its carbon opportunity intensities, across
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regions if the presently large discrepancies in pasture use efficiency across regions
were to become smaller.

Data, Materials, and Software Availability. Geotiffs and R code data have
been deposited in Zenodo (49).
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