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Livestock production supports economic growth, jobs and nutrition,  
but contributes to and is vulnerable to climate change. A transition is thus 
needed for livestock systems to become more sustainable and climate 
resilient, with clear positive effects on the Sustainable Development 
Goals. It is unclear, however, where the global community should invest 
to support this change. We identified priority geographies for livestock 
system investments in 132 low- and middle-income countries (LMICs), at 
mid- and low latitudes. Our results show that adaptation and mitigation 
goals are inextricably linked for the vast majority of these countries. An 
equal weighting of adaptation and mitigation indicators suggests that the 
top five investment priorities are India, Brazil, China, Pakistan and Sudan. 
Across LMICs, these act as critical control points for the livestock sector’s 
interactions with the climate system, land and livelihoods.

Livestock production supports society and generates nearly 40% of 
global agricultural gross domestic product (GDP). About 1.3 billion  
people1, including almost 930 million poor Africans and South  
Asians2, depend on it for their livelihoods. Many rely on livestock as 
the primary source of revenue, and keeping livestock can also act as 
insurance, offering some protection when other income streams fail1. 
An important economic asset, livestock symbolize wealth and status 
across the Global South3. Through the provision of draught power 
and manure and the recycling of agricultural byproducts, livestock 
underpin crop production and the food system3–5. Animal-sourced 
food also provides nutrient-dense diets that contribute to cognitive 
development, growth and well-being6. Thus, livestock positively affect 
economics, health and cultural development, all of which are pillars 
of the Sustainable Development Goals (SDGs). Among others, the live-
stock sector has substantial potential to contribute to SDG 8.4 (on 
decoupling economic growth from environmental degradation), SDG 
12.1 (on sustainable consumption and production patterns), SDG 13.1 

(on strengthening resilience and adaptive capacity), SDG 13.2 (on the 
integration of climate change measures in national policies) and SDG 
13.b (on promoting mechanisms for raising the capacity for effective 
climate change-related planning and management).

Climate change seriously threatens livestock productivity and 
those who depend on it. More frequent extreme weather events, irregu-
lar precipitation and rising temperatures decrease yields and product 
quality, increase pest and disease outbreaks, increase mortality, cause 
price shocks and disrupt supply, with cascading effects on produc-
ers and consumers7,8. For example, without adaptation, by 2100, the 
impact of heat stress on cattle alone will probably reach 4–10% of the 
2005 production value9. Global estimates can, however, mask large 
regional differences. Reduction in milk and meat production in African 
and Asian countries may exceed 50 or even 70% under high-emission 
scenarios (Shared Socioeconomic Pathway 585) by 21009. Despite 
uncertainties in the impact projections9, the risk is substantial10,11. An 
analysis of 113 countries in Asia, Africa and Latin America suggested 
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livestock production systems that leverage the livestock agri-food 
systems in low- and middle-income countries (LMICs) to guide future 
adaptation and mitigation investments (Box 1). We detail proven 
actions for accelerating the transition to low-emission, climate-resilient 
systems. We discuss their scalability, enabling factors and constraints.

Results
Exposure to climate hazards and emissions by geographies
We found that substantial livestock production value and rural popula-
tion are exposed to climate hazards (Table 1 and Fig. 1). Across the 132 
countries in this analysis, US$660 billion in VOP, 1.04 billion people, 
470 million tropical livestock units (TLUs) and 671 million hectares of 
pasture are exposed to climate hazards (Table 1 and Supplementary 
Table 1). The most prevalent hazard combinations by percentage of 
total area were rainfall variability plus heat stress plus drought (33%), 
heat stress (28%) and rainfall variability plus heat stress (12%) (Fig. 1 and 
Supplementary Fig. 1). The levels of importance of the various climate 
hazards differ among countries and livestock production systems (Fig. 1  
and Supplementary Figs. 1 and 2). Livestock systems in India, Nigeria 
and Sudan are the most exposed, with India’s exposure exceeding that 
of other countries at least fivefold (Fig. 1). Within the study area, rainfed 
arid and humid regions where mixed farming (crops and livestock) 
systems are prevalent had the highest VOPs (US$405 billion), rural 
populations (661 million) and TLUs (295 million) exposed to climate 
hazards (Table 1 and Supplementary Fig. 2). Regions such as the Horn 
of Africa, which predominantly includes rainfed arid rangelands, and 
West Africa (with both humid and arid conditions) have 14% of their 
VOP, 28% of their rural population, 39% of their pasture area and 32% 
of their TLUs exposed to climate hazards.

GHG emissions from livestock are substantial across the study 
region. Across the 132 countries included in this analysis, emissions were 
estimated to be 2,995 megatons (CO2e) (Table 1, Fig. 1 and Supplemen-
tary Table 2). Seventy-one percent (2,132 megatons CO2e) were directly 
from livestock production, including enteric emissions, manure and 
feeds, while 29% (863 megatons CO2e) related to deforestation for 
pastures and soy production (Table 1 and Supplementary Table 2).  
Mixed rainfed systems in humid and arid lands produce the most car-
bon dioxide equivalents (CO2e) by far, with ruminants representing 
66 and 94% of their total emissions (Supplementary Fig. 3). Emissions 
from Brazil and India far exceed those of the other countries studied, 
but these emissions result from vastly different dynamics. In Brazil, 
64% of total emissions are due to soybean and pasture-driven forest 
loss. In India, 99% of the emissions are from ruminants, predominantly  
from bovine milk production associated with mixed systems  
(Supplementary Fig. 4).

Priorities for adaptation and mitigation
Our analysis shows that no country or system with appreciable livestock 
production value and population has zero exposure to climate hazards 
or zero emissions (Fig. 1). Therefore, using this analysis to obtain a set 
of geographic priorities requires the identification of target outcomes, 
their relative importance and the implied trade-offs across scales. An 
equal weighting of adaptation and mitigation indicators (see Methods) 
suggests that the top five investment priorities are India, Brazil, China, 
Pakistan and Sudan (Figs. 1 and 2 and Supplementary Fig. 5). Across 
LMICs, these act as critical control points for the livestock sector’s 
interactions with the climate system, land and livelihoods. These five 
countries combined account for 46% of the total VOP, 35% of the total 
rural population exposed to climate hazards and 51% of emissions. 
However, differential weighting indicators change the outcomes of 
investment prioritization. For example, a sole focus on mitigation 
prioritizes investments in Brazil, China, India, Pakistan and Bangladesh 
(Fig. 2 and Supplementary Fig. 7). In contrast, focusing only on adapta-
tion prioritizes India, Sudan, South Africa, Nigeria and Chad (Fig. 2 and 
Supplementary Fig. 8).

that US$994 billion per year in livestock value—around 55% of the total 
value of production (VOP) for five commodities—is exposed to various 
climate hazards, especially rainfall variability (US$198 billion) and heat 
stress (US$130 billion)12. Adaptation of livestock production systems is 
imperative to maintain and enhance the benefits they provide.

These benefits, however, must be considered alongside the 
negative impacts of livestock on the climate system. Feed produc-
tion, enteric emissions, manure management, grazing and land-use 
change release methane, nitrous oxide and carbon dioxide into the 
atmosphere. Livestock production accounts for about 5.8% of global 
annual greenhouse gas (GHG) emissions and about 31.5% of the food 
systems’ contribution1,13,14. The dominant livestock emission source 
varies by region. Herd size and enteric emissions drive climate impacts, 
for example, in rangeland systems15, while land-use change has an 
influence in mixed grazing systems. The expansion of livestock pro-
duction systems also threatens tropical forests16. Given the impacts, 
actions to decrease agricultural emissions need to target livestock 
production systems.

The livestock sector affects 10 of 17 SDGs, but not all in positive 
ways17, meaning that the meeting of global goals will require transi-
tioning to climate-resilient and low-emissions livestock production 
systems18. Yet, while nearly 100 countries prioritize livestock in their 
Nationally Determined Contributions (NDCs), public and private inves-
tors hesitate to target the livestock sector due to perceived risks and 
environmental concerns. Critical questions remain largely unanswered 
on where and in what to invest. In this study, we quantify countries and 

Box 1

Key concepts and terms on 
climate change adaptation  
and mitigation
Adaptation: Actions that decrease the vulnerability of farming 
systems to climate change (for example, farmers implementing 
water management systems to adapt to short- and long-term 
rainfall variations).

Adaptive capacity: Skills and capacity, such as knowledge, finance 
and technical capacity, that permit farmers or institutions to adjust 
their behaviour to mitigate the impact of climate hazards or capture 
opportunities.

Exposure: The degree to which a system is subject to a  
climate hazard.

Hazard: A climate event or process that can harm farmers, such as 
loss in productivity—a function of exposure and sensitivity.

Impact: Hazards’ effect on farming systems and farmers, such as 
loss in productivity—a function of exposure and sensitivity.

Mitigation: Actions that decrease the rate of climate change  
by limiting or preventing GHG emissions and by enhancing 
activities that remove them from the atmosphere (for example, 
decreasing herd size to decrease their proportion of national  
and global GHG emissions).

Risk: The combination of exposure and vulnerability to hazards  
(the potential for adverse consequences).

http://www.nature.com/natsustain
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Table 1 | Totals of GHG emissions and exposure to climate hazards per livestock system within the study area

Livestock 
production 
system

GHG emissions Climate hazard exposure

Direct emissions  
(Mt CO2e)

Indirect emissions 
(Mt CO2e)

Total emissions  
(Mt CO2e)

VOP (billion 
US$)

Rural population 
(million)

Pasture area 
(million ha)

TLUs (million)

Mixed irrigated

 MIA 263 1 264 115.7 167.9 5.7 70.9

 MIH 103 3 106 57.9 31.7 0.7 30.8

 MIY 1 0 1 0 0 0 0

 MIT 58 0 58 18.8 10.1 4.0 3.7

Mixed rainfed

 MRA 379 20 399 132.4 285.6 150.6 132.8

 MRH 440 200 640 99.1 175.9 28.0 60.8

 MRY 0 0 0 0 0 0 0.1

 MRT 148 6 154 31.1 37.4 10.1 22.1

Rangelands

 LGA 250 22 272 50.1 108.7 326.7 71.4

 LGH 99 56 155 21.6 46.2 49.4 14.7

 LGY 4 0 4 0.1 0.2 3.4 0.3

 LGT 77 4 81 24.0 11.4 38.8 8.8

Other 310 551 862 110 167 54 54

Total 2,132.3 863.2 2,995.6 660.7 1,042.0 671.7 470.5

The category other is as reported by Robinson et al.41 for systems of varying type (for example, root crop based, root crop mixed, forest based and tree based), with some component of 
livestock. LGA, rangelands arid; LGH, rangelands humid; LGT, rangelands temperate; LGY, rangelands hyperarid; MIA, mixed irrigated arid; MIH, mixed irrigated humid); MIT, mixed irrigated 
temperate; MIY, mixed irrigated hyperarid; MRA, mixed rainfed arid; MRH, mixed rainfed humid; MRT, mixed rainfed temperate; MRY, mixed rainfed hyperarid.
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Fig. 1 | Adaptation and mitigation potential priorities. Adaptation priorities 
include areas where TLUs (L), pasture area (P), rural population (R) and VOP (V) 
are exposed to climate hazards. Mitigation priorities include reducing livestock-
direct and deforestation-linked GHG emissions (E). The bottom-left (top-right) 
corner of the colour scale indicates low (high) adaptation and mitigation potential 
priorities. Shades of blue show increasing mitigation potential, moving from light 
to dark blue, over the x  axis of the colour scale, whereas shades of green show 
increasing adaptation potential, moving from light to dark green, over the y  axis 

of the colour scale. The climate hazards include climate variability (RF), heat 
stress (THI), drought (D) and flooding (F). The following ID codes for the various 
indicators, hazards and emissions categories reference datasets used in the 
analysis (see Supplementary Table 3): TLUs (001), VOP (002), pasture area (003), 
rural population (004), climate hazards (006–009), GHG emissions (011–017), 
bovine emissions (011 and 012), forest loss to pasture emissions (013–016), forest 
loss to soy emissions (013–015 and 017), pig emissions (011 and 012) and shoat 
emissions (011 and 012).
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For most geographies, it is virtually impossible to disentangle the 
importance and relationship between adaptation and mitigation. More 
specifically, adaptation and mitigation emerge as joint priorities most 
clearly in India, in which 32% of the rural population and 41% of the VOP 
in the study area are exposed to climate hazards, and which produces 
13% of the emissions (Fig. 1). Across most of Sub-Saharan Africa, adap-
tation measures tend to greatly outweigh those of mitigation options 
(Fig. 1). The converse is true for countries in Latin America, where 
mitigation concerns are generally greater than adaptation concerns.

Climate actions and their adoption constraints
Adaptation and mitigation options already exist that would allow the 
livestock sector to meet its economic, environmental and climate 
mitigation and resilience goals (Fig. 3). Among other factors, low 
investment, lack of education and cultural, institutional and political 
barriers have led to generally low adoption rates for these actions. 

Constraints to the adoption vary by region, country and options  
(Fig. 3). For instance, for the selected countries, cost is a barrier to 
adopting most options, and the relative importance of cost varies 
between 20 and 50%. In countries such as Argentina, Brazil and China, 
the main barrier to adopting a technology is the limited labour force due 
to the lower rural population and fewer people employed in agriculture. 
This barrier differs in Ethiopia, Nigeria and Sudan, where accessibility 
and knowledge are the main adoption constraints.

Discussion
From a global perspective, the weighting of adaptation and mitigation 
indicators highlights the geographies with the greatest problems, 
providing a regional focus. At local scales, however, these indica-
tors emerge from farmers’ decisions on system management and, as 
such, are interconnected; any choice of adaptive or mitigating pri-
orities needs understanding of the trade-offs that impact other goals. 
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Fig. 2 | Priority countries for adaptation and mitigation. Priority countries for adaptation are shown in green (left) and those for mitigation are shown in blue (right). 
Larger shapes and fonts and more intense colours within each panel represent higher priorities. DRC, Democratic Republic of the Congo.
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Fig. 3 | Adaptation and mitigation options available for livestock systems 
in LMICs, constraints to their adoption in the selected countries and the 
relative importance of each constraint for the adoption of each option 
in general. Darker colours represent a higher constraint for the adoption of 
a particular option in each country, as determined by the quantile in which 

the country sits with respect to the global median. Indicators to represent 
each constraint include accessibility (research and development expenditure 
(percentage of GDP)), cost (GDP per capita), knowledge (literacy rate in the total 
adult population), labour (employment in agriculture) and land tenure (Rule of 
Law). Data from ref. 57.
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Adopting a livestock practice or technology nearly always involves 
trade-offs between adaptation and mitigation outcomes19. Thus, to 
avoid unintended consequences, actions need to be aligned with local 
demands and goals. The consideration that adaptation and mitigation 
need to be addressed jointly is especially important in areas where 
population growth and/or dietary change are most prominent20. Yet, a 
lack of alignment at the policy level potentially hinders this objective. 
Roughly 50% of the NDCs that mention livestock note just one of the 
priorities21, and only 28 out of 184 countries’ NDCs include soil-related 
targets22. This omittance suggests that, as a global community, we are 
creating institutions and narratives that disincentivize or preclude 
action on adaptation, mitigation or both.

Our assessment of adaptation and mitigation options suggests 
that careful consideration of context specificities is needed for the 
scaling of options due to regional systems dynamics and adoption 
constraints (Fig. 3). In livestock systems in general, to maximize the 
benefits of improving and intensifying diets, reductions in herd size 
are necessary15–17. However, reductions in animal numbers may be 
limited to: (1) humid and temperate mixed systems where feeding grain 
concentrates are a plausible option23; (2) places where an alternative 
source of both feed and food protein are available15,23,24; and (3) where 
livestock are not enmeshed in cultural identity25,26. Manure manage-
ment is another viable strategy for decreasing emissions, but its appli-
cability is limited for open grazing systems. In the study region, 18% of 
cattle, 27% of sheep and 43% of goats roam in extensive grazing systems, 
where most excretion happens in the field; collection occurs after the 
manure is dry, if at all15,27. In East Asian systems with a high concentra-
tion of animals, emissions are associated with unregulated manure 
disposal, and animals produce more manure than can be recycled in 
the agricultural area28. In grasslands and agricultural land, 47% of the 
total potential mitigation arises from soil organic carbon protection 
and sequestration29, as well as the restoration of degraded rangelands23. 
The potential of restoration and improved land management actions to 
increase carbon storage and/or avoid emissions across global forests,  
wetlands, grasslands and agricultural lands is 23.8 GtCO2e yr−1  
(ref. 30). Silvopastoral systems are a viable land management strategy 
for adaptation and mitigation in Latin America, where livestock is a 
major driver of deforestation and 11% of people are exposed to heat 
stress. Silvopastoral systems could increase productivity31,32, decrease 
GHG emissions33, improve carbon storage potential32 and aid adapta-
tion to heat stress34. However, the scalability of silvopastoral systems 
has been limited by several factors: lack of knowledge, high initial 
investment requirements and the extended periods before returns 
on investments are seen.

Climate risk reduction should be essential in transforming live-
stock systems; according to our analysis, 69% of the VOP is exposed to 
high levels of climate variability. Climate services and access to credit 
and insurance are proven climate risk management actions that have 
demonstrated potential and scalability for crop-based systems35,36. In 
Senegal, where virtually all livestock systems are exposed to high or 
extreme climate variability, climate services increase farmer income 
by 10–25%37. In the Horn of Africa, where pastoral drylands are regularly 
affected by drought and its interannual variability (Supplementary 
Figs. 1 and 2), the Predictive Livestock Early Warning System38 seeks to 
improve livestock herd management, migration patterns and livestock 
health through providing forecasts on water and pasture availability.  
Likewise, the index-based livestock insurance approach has sold 
around 90,000 insurance policies in Kenya and Ethiopia, positively 
impacting policyholders’ sales, income and well-being39,40.

Low levels of investment in the sector and a lack of effective poli-
cies, combined with high resource demand and limited information 
to implement solutions (Fig. 3), reinforce the gap between current 
livestock systems and their future potential. There is limited evidence 
regarding the scalability of the actions outlined here. As such, the set 
of interventions and practices that best protect against the combined 

hazards and can reliably measure their effectiveness warrants further 
investigation. The gathering of such evidence must be combined with 
building the capacities of local and regional organizations, the public 
sector and producers, to promote and implement adaptation options. 
Governments need technical support to access finance, implement pro-
grammes and report adaptation and mitigation achievements. These 
challenges apply equally to the private sector and small-scale systems. 
Large-scale production changes landscapes, and supply and demand 
shifts can provide major benefits and influence consumer behaviour. 
In small-scale systems, the value of livestock to livelihoods goes far 
beyond their productive capacity, and building local knowledge and 
capacity is vital to achieving transformation.

Methods
We used multiple spatial datasets (Supplementary Tables 3 and 4) 
to implement a prioritization approach to identify priority geogra-
phies (that is, countries and production systems) for livestock system 
investments and to identify adoption constraints to adaptation and 
mitigation options. We selected two main challenges related to climate 
adaptation and mitigation strategies: (1) livestock production and 
producer livelihoods are threatened by short- and long-term rainfall 
and temperature variations and their changing predictability; and (2) 
livestock are responsible for a substantial proportion of national and 
global GHG emissions. A fully detailed description of the methods is 
provided in the Supplementary Information.

We used the livestock production system classification of  
Robinson et al.41. This classification divides livestock production sys-
tems into landless, rangeland and mixed systems. Mixed systems are 
divided into rainfed and irrigated, giving rise to four broad system 
categories (that is, landless, rangelands, mixed rainfed and mixed 
irrigated). Each category was then divided into agroecologies accord-
ing to temperature and whether they were humid, arid or hyperarid41. 
The study area included livestock production systems in all LMICs in 
mid- and low latitudes identified by The World Bank (n = 132 countries).

Analysis of adaptation
We performed a geospatial data analysis to characterize livestock 
production systems and producer livelihoods and to identify threats 
related to short- and long-term variations in rainfall and temperature. 
First, we mapped regions projected to experience climatic hazards 
and masked them by their adaptive capacity within the livestock sys-
tems (Supplementary Fig. 8). Second, we assessed the exposure per 
hazard within each country and livestock system (Supplementary  
Fig. 9). Exposure was represented by the total VOP42, total rural popula-
tion43, pasture area44 and TLUs. TLU values were computed following 
Rothman-Ostrow et al.45 using data from the Gridded Livestock of 
the World database (version 3)46. VOP data were derived from ref. 42, 
which used a combination of modelling and FAOSTAT data13 to produce 
geospatial datasets of the value of livestock production.

Sixteen climatic hazard classes were identified from the intersec-
tion of rainfall variability, heat stress, drought and flood risk. To charac-
terize rainfall variability, we used the coefficient of variation in annual 
mean rainfall (15–30% = highly variable; >30% = extremely variable) 
derived from the Climate Hazards Group InfraRed Precipitation with 
Stations dataset47. Areas of heat stress were defined as having thermal 
stress (projected for 2030 under the Representative Concentration 
Pathway 8.5 scenario) with a of ≥79 (ref. 48). To define areas at risk of 
flooding, we used the UN Environment Programme–Division of Early 
Warning and Assessment–GRID-Europe dataset49, in which flooding risk 
is ranked from 0 (no risk) to 5 (extreme). Areas at risk of drought were 
defined as having more than 25 d without rain per month on average.

We defined three categories of livestock system adaptive capacity 
to these climate hazards (low ≥ 25%; medium = 10–25%; high ≤ 10%) 
using the national-level poverty headcount ratio of US$1.90 d−1 (ref. 50) 
as a proxy. For the exposure analysis, we considered areas with poverty 
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rates above 10% and their climate dimensions (that is, the rainfall coeffi-
cient of variation, heat stress, flood hazard risk and drought).

Analysis of mitigation
We calculated total livestock emissions by geography by summing 
direct and estimated emissions from deforestation (Supplementary 
Figs. 10 and 11). We did not include changes in soil carbon stocks due 
to the difficulty in estimating these reliably at the scale of our study. 
Across the 132 countries included in this analysis, emissions were 
estimated to be 2,995 megatons (CO2e), which is lower than other 
recently published estimates51. This difference arises primarily due to 
the exclusion of direct CO2 emissions from cropland used for feed (see 
Supplementary Information) and the focus on LMICs only (compared 
with global estimates). Despite inherent limitations and uncertainties 
in the input datasets (see the corresponding references), our sources of 
emissions data are derived well-established sources (refs. 13,42,52,53) 
and robust for the purposes of our prioritization analysis. Furthermore, 
because our analysis does not introduce specific equations or param-
eters, it is unlikely that it introduces new uncertainties or propagates 
any original uncertainties present in the input datasets, beyond what 
would be a simple addition of these original uncertainties.

Direct emissions data come from ref. 42 and are for the year 2010. 
To update these data to 2019, we multiplied 2010 values by the pro-
portional increase in national livestock emissions between 2000 and 
2019, as reported by FAOSTAT13,54. To estimate livestock emissions 
linked to deforestation, we first combined above- and below-ground 
carbon biomass data from 201055 and masked these values by areas 
with tree cover values ≥30%56, giving a layer of carbon biomass per 
hectare of forest. Commodity-linked deforestation data are available 
for subnational administrative areas52. For each area, we calculated the 
average amount of carbon biomass (using the data from ref. 55) and 
multiplied this by the mean annual rate of commodity-linked (soy and 
pasture) forest loss for the period 2010–2015 (data from ref. 52) giving 
the average rate of carbon loss per area per year. Data from ref. 52 are 
available only at the subnational administration level; thus, our analysis 
of indirect emissions was conducted at that spatial scale. Carbon was 
converted to CO2 using a factor of 3.67 to account for its atomic weight. 
We assume that carbon in below-ground biomass is lost on conversion 
to pastureland or soybeans. We included deforestation due to soybeans 
as the majority of soybean production is used for livestock feed, but 
note that a proportion of this production has other fates.

Prioritization
All indicators were normalized by dividing the value of each indicator 
per country by the maximum value across geographies to rank coun-
tries and visualize adaptation and mitigation indicators (Fig. 1). For 
example, TLUs for each country were normalized using India’s TLUs, 
since it has the highest value worldwide. Each normalized exposure 
indicator was then weighted and summed, creating a unique adapta-
tion index. For the case of mitigation, each indicator corresponding 
to emissions was normalized by dividing by the maximum value 
across geographies.

Constraints for the adoption of climate actions
Based on a literature review57 and expert opinion, we identified adapta-
tion and mitigation options available for livestock systems (Fig. 3). To 
represent the constraints for the adoption of these options, we identi-
fied key global indicators reported by The World Bank to quantify the 
relevance of each constraint for each adaptation and mitigation option 
per country (that is, accessibility, cost, knowledge, labour and land 
tenure). We represented the constraints as follows: (1) accessibility was 
measured using research and development expenditure (percentage 
of GDP); (2) cost was measured by GDP per capita; (3) knowledge was 
measured by the total adult literature rate; (4) labour was measured by 
employment in agriculture; and (5) land tenure was measured by the 

Rule of Law (see Supplementary Table 4). The relative importance of 
each constraint for each option—not for a specific country but gener-
ally—was quantified based on expert opinion. We represent these con-
straints for the top three countries, by continent, that were identified 
in the prioritization analysis.

This research was conducted as part of a global research pro-
gramme on livestock and climate (see https://www.cgiar.org/initiative/ 
34-livestock-climate-and-system-resilience/), which is part of the 
CGIAR consortium of research centres. No involvement of human 
participants or animal subjects took place as part of this work. To the 
best of the authors’ knowledge, the findings reported herein do not 
carry any racial, cultural or gender bias.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The datasets analysed during the current study are available from 
the livestock_prioritization repository https://github.com/CIAT/ 
livestock_prioritization/tree/main/Data. No restrictions on data avail-
ability exist other than those related to refs. 42,52, the data from which 
are not publicly available. For use of these datasets, we strongly recom-
mend contacting the first and/or corresponding authors of the studies. 
Access links for all datasets are provided in Supplementary Table 3.

Code availability
An interactive markdown is available at https://github.com/CIAT/
livestock_prioritization.

References
1. World Livestock: Transforming the Livestock Sector Through the 

Sustainable Development Goals (FAO, 2018).
2. Hong, C. et al. Global and regional drivers of land-use emissions 

in 1961–2017. Nature 589, 554–561 (2021).
3. Herrero, M. et al. The roles of livestock in developing countries. 

Animal 7, 3–18 (2013).
4. Megersa, B., Markemann, A., Angassa, A. & Valle Zárate, A. The 

role of livestock diversification in ensuring household food 
security under a changing climate in Borana, Ethiopia. Food 
Secur. 6, 15–28 (2014).

5. Moll, H. A. J., Staal, S. J. & Ibrahim, M. N. M. Smallholder dairy 
production and markets: a comparison of production systems in 
Zambia, Kenya and Sri Lanka. Agric. Syst. 94, 593–603 (2007).

6. Gupta, S. Brain food: clever eating. Nature 531, S12–S13 (2016).
7. Thornton, P. K. & Herrero, M. Adapting to climate change in the 

mixed crop and livestock farming systems in sub-Saharan Africa. 
Nat. Clim. Change 5, 830–836 (2015).

8. Rojas-Downing, M. M., Nejadhashemi, A. P., Harrigan, T. &  
Woznicki, S. A. Climate change and livestock: impacts, 
adaptation, and mitigation. Clim. Risk Manag. 16, 145–163 (2017).

9. Thornton, P., Nelson, G., Mayberry, D. & Herrero, M. Impacts of 
heat stress on global cattle production during the 21st century:  
a modelling study. Lancet Planet. Health 6, e192–e201 (2022).

10. Thornton, P. K., van de Steeg, J., Notenbaert, A. & Herrero, M. The 
impacts of climate change on livestock and livestock systems 
in developing countries: a review of what we know and what we 
need to know. Agric. Syst. 101, 113–127 (2009).

11. Godde, C. M., Mason-D’Croz, D., Mayberry, D. E., Thornton, P. K. &  
Herrero, M. Impacts of climate change on the livestock food 
supply chain; a review of the evidence. Glob. Food Sec. 28, 
100488 (2021).

12. Jarvis, A. et al. Climate-Informed Priorities for One CGIAR Regional 
Integrated Initiatives (CGIAR Research Program on Climate 
Change, Agriculture and Food Security, 2021).

http://www.nature.com/natsustain
https://www.cgiar.org/initiative/34-livestock-climate-and-system-resilience/
https://www.cgiar.org/initiative/34-livestock-climate-and-system-resilience/
https://github.com/CIAT/livestock_prioritization/tree/main/Data
https://github.com/CIAT/livestock_prioritization/tree/main/Data
https://github.com/CIAT/livestock_prioritization
https://github.com/CIAT/livestock_prioritization


Nature Sustainability | Volume 6 | October 2023 | 1279–1286 1285

Analysis https://doi.org/10.1038/s41893-023-01161-1

13. FAOSTAT (FAO, 2021); http://www.fao.org/faostat/en/#data/GT
14. Climate Watch (World Resources Institute, 2023); https://www.wri.

org/initiatives/climate-watch
15. Herrero, M. et al. Greenhouse gas mitigation potentials in the 

livestock sector. Nat. Clim. Change 6, 452–461 (2016).
16. Pendrill, F. et al. Disentangling the numbers behind 

agriculture-driven tropical deforestation. Science 377,  
eabm9267 (2022).

17. Mehrabi, Z., Gill, M., Wijk, M., van, Herrero, M. & Ramankutty, 
N. Livestock policy for sustainable development. Nat. Food 1, 
160–165 (2020).

18. Paul, B. K., Butterbach-Bahl, K., Notenbaert, A., Nduah Nderi, A. &  
Ericksen, P. Sustainable livestock development in low- and 
middle-income countries: shedding light on evidence-based 
solutions. Environ. Res. Lett. 16, 011001 (2021).

19. Smith, P. et al. Which practices co‐deliver food security, climate 
change mitigation and adaptation, and combat land degradation 
and desertification? Glob. Change Biol. 26, 1532–1575 (2020).

20. Khoury, C. K. et al. Increasing homogeneity in global food 
supplies and the implications for food security. Proc. Natl Acad. 
Sci. USA 111, 4001–4006 (2014).

21. Richards, M. et al. How Countries Plan to Address Agricultural 
Adaptation and Mitigation: An Analysis of Intended Nationally 
Determined Contributions. CCAFS Info Note (CGIAR Research 
Program on Climate Change, Agriculture and Food Security, 
2015).

22. Wiese, L. et al. Countries’ commitments to soil organic carbon  
in Nationally Determined Contributions. Clim. Policy 21,  
1005–1019 (2021).

23. Thornton, P. K. & Herrero, M. Potential for reduced methane 
and carbon dioxide emissions from livestock and pasture 
management in the tropics. Proc. Natl Acad. Sci. USA 107, 
19667–19672 (2010).

24. Rivera‐Ferre, M. G. et al. Re‐framing the climate change debate 
in the livestock sector: mitigation and adaptation options. WIREs 
Clim. Change 7, 869–892 (2016).

25. Zander, K. K. & Drucker, A. G. Conserving what’s important: using 
choice model scenarios to value local cattle breeds in East Africa. 
Ecol. Econ. 68, 34–45 (2008).

26. Ainslie, A. The sociocultural contexts and meanings associated 
with livestock keeping in rural South Africa. Afr. J. Range Forage 
Sci. 30, 35–38 (2013).

27. Harris, F. Management of manure in farming systems in semi-arid 
West Africa. Exp. Agric. 38, 131–148 (2002).

28. Uwizeye, A. et al. Nitrogen emissions along global livestock 
supply chains. Nat. Food 1, 437–446 (2020).

29. Bossio, D. A. et al. The role of soil carbon in natural climate 
solutions. Nat. Sustain. 3, 391–398 (2020).

30. Griscom, B. W. et al. Natural climate solutions. Proc. Natl Acad. 
Sci. USA 114, 11645–11650 (2017).

31. Yamamoto, W., Dewi, I. A. & Ibrahim, M. Effects of silvopastoral 
areas on milk production at dual-purpose cattle farms at the 
semi-humid old agricultural frontier in central Nicaragua.  
Agric. Syst. 94, 368–375 (2007).

32. Jose, S. & Dollinger, J. Silvopasture: a sustainable livestock 
production system. Agrofor. Syst. 93, 1–9 (2019).

33. Nair, P. K. R., Tonucci, R. G., Garcia, R. & Nair, V. D. in Carbon 
Sequestration Potential of Agroforestry Systems: Opportunities 
and Challenges (eds Kumar, B. & Nair, P.) 145–162 (Springer, 2011).

34. Zeppetello, L. R. V. et al. Consistent cooling benefits of 
silvopasture in the tropics. Nat. Commun. 13, 708 (2022).

35. Vaughan, C., Hansen, J., Roudier, P., Watkiss, P. & Carr, E. 
Evaluating agricultural weather and climate services in Africa: 
evidence, methods, and a learning agenda. WIREs Clim. Change 
10, e586 (2019).

36. Hansen, J. W. et al. Climate services can support African farmers’ 
context-specific adaptation needs at scale. Front. Sustain. Food 
Syst. 3, 21 (2019).

37. Chiputwa, B., Blundo-Canto, G., Steward, P., Andrieu, N. &  
Ndiaye, O. Co-production, uptake of weather and climate 
services, and welfare impacts on farmers in Senegal: a panel data 
approach. Agric. Syst. 195, 103309 (2022).

38. Matere, J. et al. Predictive Livestock Early Warning System 
(PLEWS): monitoring forage condition and implications for  
animal production in Kenya. Weather Clim. Extremes 27,  
100209 (2020).

39. Matsuda, A., Takahashi, K. & Ikegami, M. Direct and indirect 
impact of index-based livestock insurance in Southern 
Ethiopia. Geneva Pap. Risk Insur. Issues Pract. 44, 481–502 
(2019).

40. Jensen, N. D., Barrett, C. B. & Mude, A. G. Cash transfers and index 
insurance: a comparative impact analysis from northern Kenya.  
J. Dev. Econ. 129, 14–28 (2017).

41. Robinson, T. P. et al. Mapping the global distribution of livestock. 
PLoS ONE 9, e96084 (2014).

42. 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).

43. WorldPop (University of Southampton, 2021); http://www.
worldpop.org

44. 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).

45. Rothman-Ostrow, P., Gilbert, W. & Rushton, J. Tropical livestock 
units: re-evaluating a methodology. Front. Vet. Sci. 7,  
556788 (2020).

46. Gilbert, M. et al. Global distribution data for cattle, buffaloes, 
horses, sheep, goats, pigs, chickens and ducks in 2010. Sci. Data 
5, 180227 (2018).

47. Funk, C. et al. The climate hazards infrared precipitation with 
stations—a new environmental record for monitoring extremes. 
Sci. Data 2, 150066 (2015).

48. Thornton, P., Nelson, G., Mayberry, D. & Herrero, M. Increases  
in extreme heat stress in domesticated livestock species  
during the twenty‐first century. Glob. Change Biol. 27,  
5762–5772 (2021).

49. Flood Risk Maps (UN Environment Programme, Division of Early 
Warning and Assessment & GRID-Europe, 2021); https://unepgrid.
ch/en/activity/1BDE1705

50. Poverty Headcount Ratio for $1.90 a Day at 2011 International Prices 
(The World Bank, 2021); https://maps.worldbank.org/projects

51. Xu, X. et al. Global greenhouse gas emissions from animal- 
based foods are twice those of plant-based foods. Nat. Food 2, 
724–732 (2021).

52. Goldman, E., Weisse, M. J., Harris, N. & Schneider, M. 
Estimating the Role of Seven Commodities in Agriculture-Linked 
Deforestation: Oil Palm, Soy, Cattle, Wood Fiber, Cocoa, Coffee, 
and Rubber (World Resources Institute, 2020).

53. Tubiello, F. N. et al. Pre- and post-production processes 
increasingly dominate greenhouse gas emissions from agri-food 
systems. Earth Syst. Sci. Data 14, 1795–1809 (2022).

54. Flammini, A. et al. Emissions of greenhouse gases from energy 
use in agriculture, forestry and fisheries: 1970–2019. Earth Syst. 
Sci. Data 14, 811–821 (2022).

55. Soto-Navarro, C. et al. Mapping co-benefits for carbon storage 
and biodiversity to inform conservation policy and action.  
Phil. Trans. R. Soc. B Biol. Sci. 375, 20190128 (2020).

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

http://www.nature.com/natsustain
http://www.fao.org/faostat/en/#data/GT
https://www.wri.org/initiatives/climate-watch
https://www.wri.org/initiatives/climate-watch
http://www.worldpop.org
http://www.worldpop.org
https://unepgrid.ch/en/activity/1BDE1705
https://unepgrid.ch/en/activity/1BDE1705
https://maps.worldbank.org/projects


Nature Sustainability | Volume 6 | October 2023 | 1279–1286 1286

Analysis https://doi.org/10.1038/s41893-023-01161-1

57. Thornton, P. et al. Responding to global change: a theory 
of change approach to making agricultural research for 
development outcome-based. Agric. Syst. 152, 145–153 (2017).

Acknowledgements
We thank the CGIAR Livestock and Climate Initiative for support 
and P. Ericksen for supporting the development of this manuscript. 
We thank E. Goldman for access to the soybean and pasture-driven 
forest loss database.

Author contributions
T.S.R. and J.R.-V. conceived of the research. C.B.-C., P.S., T.S.R. and 
J.R.-V. performed the data acquisition and processing. C.B.-C. and 
P.S. analysed the data. C.B.-C., P.S., T.S.R., P.T., J.A. and J.R.-V. wrote 
the manuscript. C.B.-C., P.S., T.S.R., P.T., J.A., M.K. and J.R.-V. edited 
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41893-023-01161-1.

Correspondence and requests for materials should be addressed to 
Julian Ramirez-Villegas.

Peer review information Nature Sustainability thanks Matthew Harrison, 
Juan-Pablo Inamagua and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

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.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons license, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Commons 
license, unless indicated otherwise in a credit line to the material.  
If material is not included in the article’s Creative Commons license 
and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this license,  
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-023-01161-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


1

nature research  |  reporting sum
m

ary
April 2020

Corresponding author(s): Julian Ramirez-Villegas (j.r.villegas@cgiar.org)

Last updated by author(s): 23/05/2023

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data collection was performed manually from the original sources. In two cases data were provided by authors upon direct contact. The R 
markdown file contains all data transformations performed, with modifiable options. The GitHub repository (https://github.com/CIAT/
livestock_prioritization) contains all input datasets (under the folder Data). These datasets will allow reproducing the entire analysis 
conducted. All datasets are listed in Supplementary Table S3. Below we provide a list of data with the access web addresses: 
 
001 – Gilbert et al. (2018). Exposure: livestock density. Available online at https://dataverse.harvard.edu/dataverse/glw 
002 – Herrero et al. (2013). Exposure: value of livestock production. Dataset provided by author. 
003 – Ramankutty et al. (2008). Exposure: pasture area. Available at http://www.earthstat.org/cropland-pasture-area-2000/  
004 – World Pop. Exposure: total rural population. Available at https://data.worldpop.org/GIS/Population/
Global_2000_2020/2020/0_Mosaicked/ppp_2020_1km_Aggregated.tif 
005 – Robinson et al. (2014). Exposure: global livestock systems. Available at https://dataverse.harvard.edu/dataverse/GLPS 
006 – Funk et al. (2015). Hazards: coefficient of variation in mean rainfall. Calculated from CHIRPS data at https://data.chc.ucsb.edu/products/
CHIRPS-2.0/  
007 – Funk et al. (2015). Hazards: dry days per months. Calculated from CHIRPS data at https://data.chc.ucsb.edu/products/CHIRPS-2.0/ 
008 – UNEP/DEWA/GRID-Europe. Hazards: flood risk. https://preview.grid.unep.ch/index.php?
preview=data&events=floods&evcat=5&lang=eng 
009 – Thornton et al. (2021). Hazards: heat stress index. Dataset provided by author. 
010 – World Bank. Adaptive capacity: poverty headcount ratio of US$1.9 per day. Available at https://maps.worldbank.org/projects 
011 – Herrero et al. (2013). Emissions: direct GHG emissions. Dataset provided by author. 
012 – FAOSTAT (2021) & Tubiello et al. (2022). Emissions: direct GHG emissions. Available at https://fenixservices.fao.org/faostat/static/
bulkdownloads/Emissions_Totals_E_All_Data.zip 
013 – Soto-Navarro et al. (2020). Emissions: aboveground biomass carbon density. Available at https://datadownload-
production.s3.amazonaws.com/WCMC_carbon_tonnes_per_ha.zip  
014 – Soto-Navarro et al. (2020). Emissions: belowground biomass carbon density. Available at https://datadownload-



2

nature research  |  reporting sum
m

ary
April 2020

production.s3.amazonaws.com/WCMC_carbon_tonnes_per_ha.zip  
015 – Hansen et al. (2013). Emissions: forest tree cover. Available at https://storage.googleapis.com/earthenginepartners-hansen/GFC-2021-
v1.9/download.html 
016 – Goldman et al. (2020). Emissions: pasture-driven forest loss. Dataset provided by author. 
017 – Goldman et al. (2020). Emissions: soy-driven forest loss. Dataset provided by author. 
018 – Global Administrative Areas (2021). Administrative regions. Available at https://gadm.org/download_world.html.

Data analysis An interactive markdown is publicly available at: https://github.com/CIAT/livestock_prioritization

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The datasets analyzed during the current study are available in the Livestock_Prioritization repository https://github.com/CIAT/livestock_prioritization/tree/main/
Data. No restrictions on data availability exist other than related to refs. 42 and 52 (see Main Text), which are not publicly available. For use of these datasets we 
strongly recommend contacting the first and/or corresponding authors of those studies. Access links for all datasets can be found in Supplementary Table S3.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We synthesized spatial dataset to identify adaptation and mitigation priority geographies for livestock system investments. The study 
area included livestock production systems in all low-income, low- and middle-income, and upper-middle-income countries in mid 
and low latitudes (n=132 countries). 

Research sample We analyzed n=132 countries

Sampling strategy We selected these n=132 countries because they are Low and Middle Income Countries according to the World Bank in mid- and low 
latitudes.

Data collection Data were downloaded from existing (public) repositories for all datasets except two, which were provided directly by the authors of 
those datasets.

Timing and spatial scale We analyze a combination of historical and future projected conditions (see Methods and Supplementary Table S3).

Data exclusions No data exclusions were made.

Reproducibility All code and data are freely available in a GitHub repository. See data and code availability statements on the Main Text.

Randomization Does not apply.

Blinding Does not apply.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 



3

nature research  |  reporting sum
m

ary
April 2020

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging


	Priority areas for investment in more sustainable and climate-resilient livestock systems
	Key concepts and terms on climate change adaptation and mitigation
	Results
	Exposure to climate hazards and emissions by geographies
	Priorities for adaptation and mitigation
	Climate actions and their adoption constraints

	Discussion
	Methods
	Analysis of adaptation
	Analysis of mitigation
	Prioritization
	Constraints for the adoption of climate actions
	Reporting summary

	Acknowledgements
	Fig. 1 Adaptation and mitigation potential priorities.
	Fig. 2 Priority countries for adaptation and mitigation.
	Fig. 3 Adaptation and mitigation options available for livestock systems in LMICs, constraints to their adoption in the selected countries and the relative importance of each constraint for the adoption of each option in general.
	Table 1 Totals of GHG emissions and exposure to climate hazards per livestock system within the study area.




