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The carbon opportunity cost of animal-sourced

food production on land
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Extensive land uses to meet dietary preferences incur a ‘car-
bon opportunity cost’ given the potential for carbon seques-
tration through ecosystem restoration. Here we map the
magnitude of this opportunity, finding that shifts in global
food production to plant-based diets by 2050 could lead to
sequestration of 332-547 GtCO,, equivalent to 99-163% of
the CO, emissions budget consistent with a 66% chance of
limiting warming to 1.5°C.

Restoration of native ecosystems, including forests, is aland-based
option for atmospheric carbon dioxide (CO,) removal'. Ecosystem
restoration is constrained largely by land requirements of food pro-
duction, the largest human use of land globally”. Food production
therefore incurs a ‘carbon opportunity cost, that is, the potential for
natural CO, removal via ecosystem restoration on land**. This cost
can vary greatly depending on the ‘potential’ or ‘native’ vegetation of
a given region and types of food produced. Animal-sourced foods
such as meat and dairy have large land footprints because animals
typically consume more food macronutrients than they produce’.
Quantifying the spatial distribution of agriculture’s cumulative car-
bon opportunity cost within this century can inform efforts to limit
global warming to 1.5°C.

Ongoing agricultural emissions can be abated by shifts to
less-resource-intensive, plant-based diets®’, but the potential for
cumulative CO, removal from native vegetation regrowth in areas
occupied by animal agriculture has not previously been calculated
in a spatially explicit manner. Here we quantify the total carbon
opportunity cost of animal agricultural production to be 152.5
(94.2-207.1) gigatons of carbon (GtC) in living plant biomass across
all continents and biomes (Fig. 1 and Supplementary Table 3).

We approximated the potential for CO, removal in soil and litter
as an additional 63 GtC (Supplementary Table 4). This estimate is
associated with large but unknown uncertainty because of a deficit
of data and the complexity of dynamics of non-living carbon pools
in restored ecosystems.

Pastures for ruminant meat and dairy production represent the
majority of the total carbon opportunity cost—72%—compared
with animal feed croplands, which suppress the remaining 28% of
native vegetation carbon (Supplementary Table 3). Potential pro-
ductivity on remaining cropland is sufficient to supply the current
global population with 78 g capita™ day™" of protein (after factoring
losses from both storage and consumer waste), an amount exceed-
ing dietary recommendations, accounting for variation in nutri-
tional requirements among demographic groups and for disparities
in food availability®.

The cumulative potential of CO, removal on land currently
occupied by animal agriculture is comparable in order of magnitude

to the past decade of global fossil fuel emissions. The largest poten-
tial for negative emissions—74 GtC or 48% of the global total—lies
in upper-middle-income countries (Fig. 2), which will further
increase as meat and dairy production expand. This is approxi-
mately equal to the past 19 years of fossil fuel emissions in these
countries. In high-income countries, in which animal-sourced food
demand is high but plateauing’, the total carbon opportunity cost of
animal-sourced food production is 32 GtC, approximately equal to
the past 9 years of their domestic fossil fuel emissions.

Present-day pasturelands exist in areas of both native forests and
grasslands within all continents (Supplementary Table 3). Pastures
in native forest areas displace 72 GtC—accounting for 68% of pas-
tures’ carbon opportunity cost but only 22% of total pasture area
(Supplementary Table 3 and Supplementary Fig. 2). In native grass-
lands, vegetation may be partially restored by improved grazing
management’, rather than removing animals altogether, although
trade-offs remain with respect to non-CO, ruminant emissions.
In addition, optimal grazing does not always promote restoration
because ruminants selectively browse native species'® and translo-
cate nutrients''.

To understand the potential future consequences of animal-
sourced food consumption on global CO, budgets, we modelled
land use of three global dietary scenarios to the year 2050 rela-
tive to the present day (base year 2015). The net CO, balance was
calculated for a business-as-usual (BAU) diet following economic
trends'’, a healthier diet with approximately 70% meat reduction
globally relative to BAU" (the EAT-Lancet Commission or ELC
diet) and a vegan (VGN) diet with no animal-sourced foods®.

The BAU diet results in land clearing, with land-use-change
emissions of 86 (68-105) GtCO, (Fig. 3) because optimistic future
improvements in yields are insufficient to meet expected animal
feed demands''.

The ELC and VGN diets result in 332 (210 to 459) and 547 (358
to 743) total GtCO, removal, respectively, approximately equal to
the past 9 and 16 years of fossil fuel emissions. Ecosystem soil and
litter could remove an additional 135 and 225 GtCO, for ELC and
VGN, respectively (Supplementary Table 6), but this estimate is
highly uncertain.

Smaller future increases in crop yields would result in less land
sparing and CO, removal from ELC and VGN diets compared with
present day: 199 and 424 GtCO,, respectively (Supplementary Table
5). However, plant-rich diets would permit even greater mitigation
compared with BAU; lower yields result in greater land-clearing
emissions of 247 GtCO,,.

Ceasing fossil fuel use is necessary to limit global warming, but
CO, removal following plant-rich dietary shifts could substantially
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Fig. 1| Distribution of carbon in potential vegetation in areas of present-day animal feed croplands and pastures combined for each 5 arcmin grid
cell. Colour corresponds to the product of land area presently under cultivation multiplied by the potential vegetation carbon density, minus the quantity

presently stored in agricultural vegetation.

contribute to international greenhouse gas reduction targets.
Cumulative CO, emissions (anthropogenic emissions minus
removal) must remain below 335 GtCO, after 2019 to limit warm-
ing to 1.5°C at a 66% likelihood level'’. CO, removal from terres-
trial vegetation following ELC or VGN dietary shifts would increase
permissible CO, emissions by 99% (63%-137%) or 163% (107%—
222%), respectively. Adding net CO, uptake by native ecosystem soil
and litter to this total increases the 1.5°C budget by 139% or 230%,
respectively. By contrast, most future scenarios of 1.5°C warming
rely on nascent bioenergy carbon capture and storage technology to
remove 151 to 1,191 GtCO, from the atmosphere’*—an amount of
CO, comparable to plant-rich diets.

Across all scenarios, additional system-wide improvements in
waste and efficiency are possible, including using crop residues and
waste for animal feed. We do not model these interventions explic-
itly; previous analyses demonstrate that they could provide some
additional ‘cropland-free’ animal food or spare additional land for
ecosystem restoration'>'c.

The likelihood of limiting warming to 1.5°C without over-
shoot is improved by reaching carbon neutrality before 2050".
Carbon uptake saturates after around 25 years for tropical forests
and around 30 years for temperate forests'”. Changes in diets and
agricultural land use within the next two decades could contribute
substantially toward carbon neutrality by 2050. Overshooting 1.5°C
warming poses substantial risks to human and natural systems,
including a weakened terrestrial ecosystem carbon sink. However,
even in high-emission pathways, terrestrial ecosystems are expected
to act as a net carbon sink through 2100%, although the precise
magnitude is subject to ongoing investigation. In addition, temper-
ate reforestation can lead to local warming effects due to albedo
changes—impacts that warrant further analysis—although temper-
ate reforestation would still result in net cooling globally'.

Our results do not reflect additional non-CO, greenhouse gases
and their respective twenty-first-century emissions budgets. Dietary
shifts could mitigate 49% to 70% of annual BAU food system emis-
sions (4.8 to 6.6 GtCO,-equivalentyr™ of predominantly non-CO,
gases) in 2050%". This non-CO, mitigation further improves the
likelihood of remaining under 1.5 °C warming.

Our estimates of CO, removal differ from prior approaches,
which have been calculated on an annual basis>'**" and therefore
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Fig. 2 | Carbon opportunity cost of animal agriculture and atmospheric
CO, emissions grouped by national income tiers. CO, emissions

include fossil fuel and cement (grey bars). Carbon opportunity costs

are disaggregated by present-day agricultural land type and potential
vegetation biomes: croplands in native grassland areas (dark brown),
croplands in native forest areas (light brown), pastures in native grassland
areas (light green) and pastures in native forest areas (dark green).

Error bars are combined 95% confidence intervals for the total carbon
opportunity cost across all production categories and biomes in each
income category.

depend on rates of hypothetical dietary transitions and ecosystem
regrowth; modulating these rates produces different estimates. Such
rate dependencies are complex, or derived from process-based
models; fully reconstructing these assumptions for direct com-
parison with our results was outside of our scope. Our approach
avoids temporal dependencies, directly addressing the cumulative
twenty-first-century potential for CO, removal. One previous study
has reported a cumulative potential of 30GtC or 110 GtCO, via
dietary shifts; this analysis used a single native vegetation dataset at
a coarser spatial resolution®’.

Changes to global agricultural production would be economi-
cally disruptive and could incur sociocultural costs, which must be
compared with the costs of climate warming from unabated agri-
cultural emissions. Restoration efforts could minimize trade-offs
by targeting the highest-carbon areas (Fig. 1 and Supplementary
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Fig. 3 | Cumulative changes in terrestrial carbon from three dietary
scenarios in 2050: BAU, ELC and VGN. Scenarios do not include abated
emissions associated with agricultural production (for example, ref. 7).
Positive CO, indicates a loss of ecosystem vegetation carbon and emissions
to the atmosphere; negative indicates CO, removal via vegetation growth.
Error bars are 95% confidence intervals, reflecting various estimates of
potential vegetation and distributions of cropland removal from low- and
high-carbon biomes.

Figs. 2 and 5). Financial incentives to restore high-carbon forests
may come from higher-income, higher-emitting nations, provid-
ing investments to protect livelihoods, strengthen food security and
improve agricultural productivity. Our analysis also reveals sub-
stantial opportunities for CO, removal in high-income countries
and temperate ecoregions that are often neglected in scientific and
policy conversations (Fig. 1 and 2).

This analysis uses the most up-to-date and high-resolution data
to map ecosystem carbon trade-offs associated with animal-sourced
food production. QOur results demonstrate substantial carbon
opportunity costs incurred by resource-intensive diets, compara-
ble to the remaining carbon budget to 1.5°C. Animal agriculture
across all continents and income categories represents a profound
trade-off when compared with potential GHG mitigation. If future
dietary shifts do not occur, carbon trade-offs are expected to grow,
even with large improvements in yields and optimized cropland dis-
tribution. Our carbon accounting approach illuminates areas where
policies could prioritize ecosystem restoration and CO, removal,
including but not limited to tropical Latin American forests outside
of the Amazon basin and temperate forests in Western Europe and
East Asia, where carbon trade-offs are largest.

Methods

The carbon opportunity cost of present-day animal agriculture (Fig. 1 and
Supplementary Table 3) was calculated as the difference between carbon stocks
in potential vegetation” (that is, vegetation following human abandonment) and
vegetation carbon stocks in animal feed croplands and permanent pastures**>%,
all at 5arcmin spatial resolution. Cropland carbon stocks were assumed equal to
carbon in annual maximum biomass, estimated from harvested yields, per West
et al.’. This produces a conservative estimate for the difference between cropland
and native biomass. Animal feed fractions for crops were taken from a previous
analysis”', which used data consistent with our analysis.

Carbon in potential vegetation was taken from six datasets, and carbon in
present-day pastures from seven datasets’ (Supplementary Methods), at 5arcmin,
the highest-resolution global estimates available. We refer to potential vegetation
as ‘native vegetation’ interchangeably, although restored vegetation may consist
of non-native species. We do not consider forest plantations representative of
commercial forestry, or tree planting.

In native forest areas, we assumed pastures exist on cleared land (Supplementary
Fig. 2). In native grasslands areas (including savannas of sufficiently low tree density
<75MgC ha™'), we assumed pastures exist on managed lands (Supplementary Fig. 3),
where carbon was assumed equal to that in present-day vegetation, which is lower
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than carbon in potential vegetation in most areas’. Our soil and litter carbon
estimates are described in Supplementary Methods.

For 2050 dietary scenarios, we developed a low-parameter, top-down
representation of land use that adopts literature BAU estimates (Supplementary
Methods). This flexible approach is used to parsimoniously calculate the fraction of
literature BAU agricultural land that ELC and VGN diets could spare for ecosystem
restoration, provided key parameters reflecting production, consumption and feed
allocation are available.

In the 2050 BAU scenario in the main text, we used cropland expansion
within each continent directly from Alexandratos and Bruinsma''. We assumed
a global pasture expansion of 6% by 2050*, consistent with a literature estimate
that assumes optimistic grazing improvements. Pasture expansion was distributed
proportionally over the same distribution potential vegetation biomes as the
present day, a conservative assumption because expansion is presently occurring
disproportionately in carbon-rich tropical areas™.

In the VGN scenario, all permanent pastureland was taken out of production,
as well as feed croplands minus land necessary to provide macronutrients of
removed animal-sourced foods (with approximately 25% excess® after wastes
and losses; Supplementary Table 1). ELC requirements were derived from recent
guidelines''. We calculated fractions of feed cropland and pastureland necessary for
each animal-sourced food category in ELC relative to BAU diets, using crop'' and
forage and pasture” allocation parameters from the literature.

Alternatively, we adopted a pessimistic BAU projection (Supplementary
Methods), which assumes relatively lower crop yields and pasture productivity, in
contrast to the more optimistic assumptions in the BAU scenario in the main text
(Supplementary Table 5).

All errors and ranges presented are 95% confidence intervals calculated over
all combinations of carbon estimates and area distributions: carbon in potential
vegetation from six spatial datasets?, carbon in present-day pasturelands from
seven spatial datasets’ and simulations wherein crops are removed from areas of
highest versus lowest carbon in potential vegetation (Supplementary Figs. 4 and
5). For other assumptions, we were not able to calculate uncertainties; we therefore
used the most conservative data or parameter estimates available in the literature
for crop plant biomass’, biomass in artificial pastures (areas of native forest)* and
spatial estimates of pasture area®"”.

Data availability

Geospatial data for land-use area and carbon opportunity costs are available via the
NYU Faculty Data Archive Spatial Data Repository, accessible online at https://doi.
org/10.17609/q5pe-7r68.

Received: 25 September 2019; Accepted: 31 July 2020;
Published online: 07 September 2020

References

1. IPCC Special Report on Climate Change and Land (eds Shukla, P. R. et al.)
(WMO and UNEP, 2019).

2. Erb, K. H. et al. Unexpectedly large impact of forest management and grazing
on global vegetation biomass. Nature 553, 73-76 (2018).

3. Searchinger, T. D., Wirsenius, S., Beringer, T. & Dumas, P. Assessing the
efficiency of changes in land use for mitigating climate change. Nature 564,
249-253 (2018).

4. West, P. C. et al. Trading carbon for food: global comparison of carbon stocks
vs. crop yields on agricultural land. Proc. Natl Acad. Sci. USA 107,
19645-19648 (2010).

5. Shepon, A, Eshel, G., Noor, E. & Milo, R. The opportunity cost of animal
based diets exceeds all food losses. Proc. Natl Acad. Sci. USA https://doi.
org/10.1073/pnas.1713820115 (2018).

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

7. Tilman, D. & Clark, M. Global diets link environmental sustainability and
human health. Nature 515, 518-522 (2014).

8. Springmann, M. et al. Health and nutritional aspects of sustainable diet
strategies and their association with environmental impacts: a global
modelling analysis with country-level detail. Lancet Planet. Health 2,
e451-e461 (2018).

9. Herrero, M. et al. Greenhouse gas mitigation potentials in the livestock
sector. Nat. Clim. Change 6, 452-461 (2016).

10. Batchelor, J. L., Ripple, W. J., Wilson, T. M. & Painter, L. E. Restoration of
riparian areas following the removal of cattle in the northwestern great basin.
Environ. Manage. 55, 930-942 (2014).

. Sitters, J., Kimuyu, D. M., Young, T. P, Claeys, P. & Olde Venterink, H.
Negative effects of cattle on soil carbon and nutrient pools reversed by
megaherbivores. Nat. Sustain. 3, 360-366 (2020).

12. Alexandratos, N. & Bruinsma, J. World Agriculture Towards 2030/2050: The

2012 Revision (FAO, 2012).

13. Willett, W. et al. Food in the Anthropocene: the EAT-Lancet Commission on

healthy diets from sustainable food systems. Lancet 6736, 3-49 (2019).

—
—


https://doi.org/10.17609/q5pe-7r68
https://doi.org/10.17609/q5pe-7r68
https://doi.org/10.1073/pnas.1713820115
https://doi.org/10.1073/pnas.1713820115
http://www.nature.com/natsustain

BRIEF COMMUNICATION

NATURE SUSTAINABILITY

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

IPCC Special Report on Global Warming of 1.5 °C (eds Masson-Delmotte, V.
et al.) (WMO, 2018).

Fry, J. P, Mailloux, N. A., Love, D. C., Milli, M. C. & Cao, L. Feed conversion
efficiency in aquaculture: do we measure it correctly? Environ. Res. Lett. 13,
024017 (2018).

Van Zanten, H. H. E. et al. Defining a land boundary for sustainable livestock
consumption. Glob. Change Biol. https://doi.org/10.1111/gcb.14321 (2018).
Griscom, B. W. et al. Natural climate solutions. Proc. Natl Acad. Sci. USA 114,
11645-11650 (2017).

Randerson, J. T. et al. Multicentury changes in ocean and land contributions
to the climate-carbon feedback. Glob. Biogeochem. Cycles 29, 744-759 (2015).
Smith, P. et al. How much land-based greenhouse gas mitigation can be
achieved without compromising food security and environmental goals? Glob.
Change Biol. 19, 2285-2302 (2013).

Schmidinger, K. & Stehfest, E. Including CO, implications of land occupation
in LCAs-method and example for livestock products. Int. J. Life Cycle Assess.
17, 962-972 (2012).

. Stehfest, E. et al. Climate benefits of changing diet. Clim. Change 95,

83-102 (2009).

Ramankutty, N., Evan, A. T., Monfreda, C. & Foley, J. A. Farming the planet:
1. Geographic distribution of global agricultural lands in the year 2000.
Glob. Biogeochem. Cycles 22, GB1003 (2008).

Monfreda, C., Ramankutty, N. & Foley, J. A. Farming the planet: 2.
Geographic distribution of crop areas, yields, physiological types, and

net primary production in the year 2000. Glob. Biogeochem. Cycles 22,
GB1022 (2008).

Cassidy, E. S., West, P. C., Gerber, J. S. & Foley, J. A. Redefining agricultural
yields: from tonnes to people nourished per hectare. Environ. Res. Lett. 8,
034015 (2013).

Bouwman, A. E, Van der Hoek, K. W, Eickhout, B. & Soenario, I.

Exploring changes in world ruminant production systems. Agric. Syst. 84,
121-153 (2005).

Hansen, M. C. et al. High-resolution global maps of 21st-century forest cover
change. Science 342, 850-853 (2013).

27. Herrero, M. et al. Biomass use, production, feed efficiencies, and greenhouse
gas emissions from global livestock systems. Proc. Natl Acad. Sci. USA 110,
20888-20893 (2013).

28. Erb, K. H. et al. Biomass turnover time in terrestrial ecosystems halved by
land use. Nat. Geosci. 9, 674-678 (2016).

29. Fetzel, T. et al. Quantification of uncertainties in global grazing systems
assessment. Glob. Biogeochem. Cycles 31, 1089-1102 (2017).

Acknowledgements
We thank S. Davis, W. R. Moomaw, J. S. Gerber and L. L. Sloat for their helpful
comments.

Author contributions

M.N.H. and H.H. developed the core research questions and conceptual approach of
this study. M.N.H. and N.D.M. performed geospatial modelling and statistical analysis.
M.N.H. developed the low-parameter model representation of literature 2050 BAU
projections for the future land-use scenarios. All authors contributed to identifying and
conceptually implementing the alternative 2050 dietary scenarios and contributed to the
writing, editing and revising of the manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
541893-020-00603-4.

Correspondence and requests for materials should be addressed to M.N.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NATURE SUSTAINABILITY | www.nature.com/natsustain


https://doi.org/10.1111/gcb.14321
https://doi.org/10.1038/s41893-020-00603-4
https://doi.org/10.1038/s41893-020-00603-4
http://www.nature.com/reprints
http://www.nature.com/natsustain

	The carbon opportunity cost of animal-sourced food production on land

	Methods

	Acknowledgements

	Fig. 1 Distribution of carbon in potential vegetation in areas of present-day animal feed croplands and pastures combined for each 5 arcmin grid cell.
	Fig. 2 Carbon opportunity cost of animal agriculture and atmospheric CO2 emissions grouped by national income tiers.
	Fig. 3 Cumulative changes in terrestrial carbon from three dietary scenarios in 2050: BAU, ELC and VGN.




