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Global and regional drivers of land-use 
emissions in 1961–2017

Chaopeng Hong1 ✉, Jennifer A. Burney2 ✉, Julia Pongratz3,4, Julia E. M. S. Nabel4, 
Nathaniel D. Mueller5,6, Robert B. Jackson7,8,9 & Steven J. Davis1,10 ✉

Historically, human uses of land have transformed and fragmented ecosystems1,2, 
degraded biodiversity3,4, disrupted carbon and nitrogen cycles5,6 and added 
prodigious quantities of greenhouse gases (GHGs) to the atmosphere7,8. However, in 
contrast to fossil-fuel carbon dioxide (CO2) emissions, trends and drivers of GHG 
emissions from land management and land-use change (together referred to as 
‘land-use emissions’) have not been as comprehensively and systematically assessed. 
Here we present country-, process-, GHG- and product-specific inventories of global 
land-use emissions from 1961 to 2017, we decompose key demographic, economic and 
technical drivers of emissions and we assess the uncertainties and the sensitivity of 
results to different accounting assumptions. Despite steady increases in population 
(+144 per cent) and agricultural production per capita (+58 per cent), as well as 
smaller increases in emissions per land area used (+8 per cent), decreases in land 
required per unit of agricultural production (–70 per cent) kept global annual 
land-use emissions relatively constant at about 11 gigatonnes CO2-equivalent until 
2001. After 2001, driven by rising emissions per land area, emissions increased by 2.4 
gigatonnes CO2-equivalent per decade to 14.6 gigatonnes CO2-equivalent in 2017 
(about 25 per cent of total anthropogenic GHG emissions). Although emissions 
intensity decreased in all regions, large differences across regions persist over time. 
The three highest-emitting regions (Latin America, Southeast Asia and sub-Saharan 
Africa) dominate global emissions growth from 1961 to 2017, driven by rapid and 
extensive growth of agricultural production and related land-use change. In addition, 
disproportionate emissions are related to certain products: beef and a few other red 
meats supply only 1 per cent of calories worldwide, but account for 25 per cent of all 
land-use emissions. Even where land-use change emissions are negligible or negative, 
total per capita CO2-equivalent land-use emissions remain near 0.5 tonnes per capita, 
suggesting the current frontier of mitigation efforts. Our results are consistent with 
existing knowledge—for example, on the role of population and economic growth and 
dietary choice—but provide additional insight into regional and sectoral trends.

Stabilizing global mean temperature at levels below 2 °C requires 
near-zero emissions of longer-lived GHGs such as CO2 and N2O by 
mid-century9,10, although the timeline to zero may be extended some-
what by reductions in emissions of shorter-lived CH4 (refs. 11,12). The Paris 
Agreement also sets an ambitious goal “to achieve a balance between 
anthropogenic emissions by sources and removals by sinks of green-
house gases in the second half of this century”. To these ends, trends 
in countries’ fossil fuel CO2 emissions are fastidiously tracked and rou-
tinely decomposed into drivers of population and economic growth, 
the energy intensity of economic activity, and the carbon intensity of 

energy production to enable evaluation and prioritization of climate 
mitigation efforts13,14. By contrast, although agricultural production 
(including both crops and livestock) and land-use change are also major 
sources of GHG emissions15,16, trends in such land-use emissions and 
changes in their specific sources have most often been analysed as one 
process or product in one region at a time17–20. Although a few studies 
explored drivers of land-use changes and related emissions21–23, none 
systematically investigate and decompose the drivers of all land-use 
emissions across different process sources, spatial scales (global, 
regional and national) and products.
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Compared to fossil fuel CO2 emissions, land-use emissions are dif-
ficult to assess: they are spatially diffuse (that is, area—as opposed to 
point—sources), temporally distributed (for example, emissions from 
a deforested area may occur over many years) and require substan-
tially more data and disciplinary knowledge to estimate (for example, 
detailed data on changes in land cover and agronomic practices, and 
understanding of complex biogeochemical processes)24,25. Land-use 
emissions may also be comparatively difficult to avoid: emission-free 
(or net-zero) alternatives for large-scale food production do not cur-
rently exist. Moreover, in addition to land use being a source of emis-
sions, land management may be an important mechanism for CO2 
removal (that is, negative emissions) in the future26. Prioritizing oppor-
tunities to avoid land-use emissions (or increase negative emissions) 
will depend upon quantifying differences in the magnitude, intensity 
and drivers of such emissions across regions, processes and products.

Here, we present the results of a country-level analysis of trends 
in global land-use emissions in 1961–2017 and their demographic, 
economic and technical drivers. Details of our analytic approach and 
accounting assumptions are described in Methods. In summary, we 
use annual time-series data on population, crop and livestock pro-
duction, land area harvested and agricultural emissions15, as well as 
spatially explicit data on land-use change emissions24, to estimate and 
attribute global land-use emissions among 229 countries or areas, 169 
agricultural products and 13 sources or processes (see Extended Data 
Table 1). We assign emissions to the country in which they are physi-
cally produced (that is, production-based accounting; as opposed to 
where related goods are consumed). Our base case also attributes emis-
sions related to crops fed to livestock to the feed crops themselves, 
assigns land-use change emissions to the year in which they probably 
occurred, evaluates agricultural production in units of energy con-
tent (kilocalories) and estimates emissions in units of CO2-equivalent 
(CO2-eq) using 100-year Global Warming Potentials (GWP100) of CH4 
and N2O. However, we also analyse uncertainties related to input data 
and model parameters, test the sensitivity of our estimates to alterna-
tive metrics (for example, GWP*) and accounting conventions24,25, and 
compare our results with other studies27–29 (see Methods and Extended 
Data Figs. 1–7).

We assess land-use emissions from different processes and analyse 
the drivers of these emissions over the 57-year period using a Pale 
identity—an adaptation of the Kaya identity used for fossil fuel CO2 
emissions:
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where E represents the global flux of land-use GHG emissions from 
all processes (excluding fossil fuel and industrial process emissions), 
P is the population, A is agricultural production and L is the area of 
agricultural land use (cropland and pasture); a = A/P is the per capita 
production of agricultural goods, l = L/A is land-use intensity of agricul-
tural production (that is, the inverse of agricultural yield), e = E/L is the 
emissions intensity of land use and f = E/A = le is the emissions intensity 
of agricultural production. By this decomposition, we highlight not only 
the products and locations where emissions might be avoided, but the 
associated socioeconomic and technical leverage points.

Trends and drivers of global emissions
Figure 1 shows our base estimates of global land-use emissions in 1961–
2017 broken down by regions, processes, product groups and GHGs. 
Net cumulative emissions over the 57-year period were 657 Gt CO2-eq 
(465–744 Gt CO2-eq under different assumptions; Extended Data Fig. 1). 
Land-use emissions account for 27% (68% intervals, 22–29%; see Meth-
ods) of global total anthropogenic GHG emissions in 1970–2017, with 
the share of annual anthropogenic GHG emissions ranging from 35% 

(28–36%) in 1970 to 22% (17–24%) in 2011 (25% in 2017; Table 1). Latin 
America, sub-Saharan Africa and Southeast Asia are consistently the 
largest regional sources of land-use emissions, together represent-
ing 53% (45–58%) of net cumulative emissions in 1961–2017, despite 
large carbon uptake due to forest regrowth in shifting cultivation in 
those regions (Fig. 1a). Land-use change to cropland (LUC-Crops) and 
enteric fermentation together represent 95% (77–109%) of global net 
emissions over this period, with agriculture abandonment represent-
ing nearly all carbon uptake (Fig. 1b). Similarly, cereals are the prod-
uct group associated with the greatest global emissions, followed by 
beef, with these two together representing 71% (68–77%) of global 
net emissions (Fig. 1c). Finally, reflecting the importance of land-use 
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Fig. 1 | Estimated emissions from land-use change and land management 
(land-use emissions) over the period 1961–2017. a–d, Estimated land-use 
emissions by world region (a), process (b), product group (see Extended Data 
Table 2) (c) and GHG emitted (d). In each panel, net emissions are shown by the 
bold black line. The white dashed line in a is a piecewise linear fit of net 
emissions, which indicates an inflection point in 2001. e, Definition of the nine 
world regions examined in this study, shaded as in a. The map was made with 
Natural Earth free vector and raster map data (www.naturalearthdata.com) 
using Matlab (Mathworks, version 2017b).

http://www.naturalearthdata.com
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change, net CO2 emissions represent 54% (39–61%) of all GHG emissions  
(Fig. 1d).

In our base case, net annual emissions ranged from 9.5 to 
14.7 Gt CO2-eq yr−1 during 1961–2017, averaging 11.5 Gt (8.2–12.9 Gt)  
and reaching 14.6 Gt (9.8–16.1 Gt) in 2017, a value 24% (19–37%) greater 
than in 1961. The growth of net annual emissions reflects a long-term 
trend of agricultural intensification in which steady increases in agri-
cultural emissions (2.7 Gt greater in 2017 than in 1961, mostly related 
to enteric fermentation, fertilizer, manure and rice cultivation) have 
been offset by changes in net land-use change emissions. The share 
of all land-use emissions related to agricultural processes (that is, 
excluding land-use change) increased from 32% (27–48%) in 1961 to 
45% (38–63%) in 2017 (Fig. 2a). After 2001, the balance between increas-
ing agricultural emissions and decreasing land-use change emissions 
broke down: between 2001 and 2017, net annual emissions increased 
at a rate of 2.4 Gt CO2-eq per decade (Fig. 1a). This increase reflects a 
reversal of prior decreases in land-use change emissions (also visible in 
the results of dynamic global vegetation models30; but see estimates of 
emissions by Houghton and Nassikas29, which begin to increase in the 
mid-1980s) and continued growth of agricultural emissions (Extended 
Data Fig. 8a; agricultural emissions stabilized in the 1990s and then 
resumed growth).

Figure 2a shows per cent changes in the drivers of global land-use 
emissions relative to 1961 (that is, the Pale factors; equation (1)). Global 
emissions increased by 24% (19–37%) between 1961 and 2017 (Fig. 2a), 
reflecting a balance between increases in population (+144%; P) and 
agricultural production per capita (+58%; 52–64%; a) and steady and 
substantial decreases in the land intensity of agricultural production 
(–70%; −69% to −72%; l). Increases in the emissions intensity of land 
use (+8%; 3–20%; e) played a lesser part in suppressing emissions, but 
sudden and substantial variations in this intensity nonetheless domi-
nate interannual variability in global emissions by upsetting the rough 
equilibrium between increasing production and improving yields. The 
growth in land-use emissions after 2001 also reflects a recent increase 
in the emissions intensity of land use.

By further decomposing these drivers in land-use change and agri-
cultural emissions, we find that the volatile trend in emissions per unit 

area of land used (and thereby emissions) is almost entirely related to 
substantial variations in land-use change, and particularly the rate of 
cropland expansion (Extended Data Fig. 8a). By contrast, the compo-
nent of land-use emissions intensity related to agricultural processes 
increases steadily, reflecting overall increases in agricultural inputs and 
outputs (for example, fertilizers and manure; Extended Data Fig. 8a).

Combined, large decreases in land area per unit of total agricultural 
production and slight increases in emissions per unit area of land result 
in a 68% (63–70%) decrease in emissions per unit of agricultural produc-
tion, reflecting a progressive decoupling of land-use emissions from 
agricultural production at the global scale mostly driven by agricultural 
intensification.

Trends and drivers of regional emissions
Figure 2 also shows per cent changes in the drivers of land-use emissions 
in each region, revealing both consistent features and profound differ-
ences. For example, population increased in all regions between 1961 
and 2017, with the greatest increases in sub-Saharan Africa (+352%), the 
Middle East (+298%), Southeast Asia (+194%) and South Asia (+192%). 
Similarly, agricultural production per capita increased almost eve-
rywhere over that period, ranging from a modest +7% in the Middle 
East to a startling +279% in Southeast Asia). The only exception was 
sub-Saharan Africa, where agricultural production did not keep pace 
with the rapid population growth (per capita production decreased 
by 10%; Fig. 2d).

The land intensity of agricultural production decreased in all regions, 
with the greatest progress in Southeast Asia (−81%) and Latin America 
(−81%), and somewhat less improvement in industrialized regions 
such as North America (−67%), Europe and Russia (−49%; although 
the decline and collapse of the Soviet Union in the early 1990s is evi-
dent; Fig. 2). By contrast, regional trends in the emissions intensity of 
land use diverge across regions and often fluctuate over time (Fig. 2), 
driven primarily by substantial regional differences in land-use change 
(Extended Data Fig. 8).

In turn, the differences in land-use change and emissions intensity 
translate into large relative differences in regional land-use emissions. 

Table 1 | Global land-use emissions in 2017, by product group

Product group CO2 (Mt yr−1) CH4 (Mt CO2-eq yr−1) N2O (Mt CO2-eq yr−1) Land-use GHG 
emissions 

(Mt CO2-eq yr−1)

Fraction of total 
land-use GHG 
emissions (%)

Fraction of total 
anthropogenic GHG 

emissions (%)

Cereals 5,480 (3,209 to 5,729) 898 (555 to 1,234) 574 (382 to 791) 6,952 (4,305 to 7,609) 47.7 (39.3 to 53.3) 11.8 (7.9 to 12.8)

Beef 76 (−42 to 180) 2,293 (1,761 to 2,818) 567 (345 to 784) 2,935 (2,254 to 3,639) 20.2 (16.5 to 30.2) 5.0 (4.0 to 6.3)

Oilcrops 2,770 (1,608 to 3,016) – 124 (78 to 173) 2,894 (1,687 to 3,189) 19.9 (14.3 to 23.4) 4.9 (3.0 to 5.6)

Wood 2,428 (1,244 to 2,587) – – 2,428 (1,244 to 2,587) 16.7 (10.2 to 18.7) 4.1 (2.2 to 4.6)

Veg+ 1,233 (698 to 1,288) – 91 (55 to 132) 1,324 (753 to 1,420) 9.1 (6.5 to 10.4) 2.3 (1.3 to 2.5)

Dairy 120 (−83 to 301) 725 (558 to 882) 195 (130 to 267) 1,040 (656 to 1,402) 7.1 (4.9 to 11.8) 1.8 (1.2 to 2.5)

Pulses+ 727 (404 to 803) – 19 (11 to 26) 745 (415 to 829) 5.1 (3.5 to 6.1) 1.3 (0.7 to 1.5)

Other meat 44 (−16 to 90) 417 (321 to 512) 213 (125 to 298) 674 (484 to 851) 4.6 (3.5 to 7.2) 1.1 (0.8 to 1.5)

Fruit 552 (317 to 572) – 41 (23 to 60) 594 (340 to 633) 4.1 (2.9 to 4.6) 1.0 (0.6 to 1.1)

Spices+ 527 (322 to 585) – 10 (6 to 15) 538 (327 to 600) 3.7 (2.7 to 4.4) 0.9 (0.6 to 1.1)

Sugar 364 (196 to 390) 2 (1 to 2) 32 (19 to 47) 398 (217 to 439) 2.7 (1.9 to 3.2) 0.7 (0.4 to 0.8)

Pork 109 (−24 to 237) 163 (125 to 200) 73 (51 to 101) 345 (171 to 523) 2.4 (1.2 to 4.3) 0.6 (0.3 to 0.9)

Fibre+ 269 (165 to 288) – 6 (3 to 8) 275 (168 to 297) 1.9 (1.4 to 2.2) 0.5 (0.3 to 0.5)

Chicken 23 (−14 to 55) 9 (7 to 12) 54 (36 to 72) 86 (32 to 137) 0.6 (0.2 to 1.2) 0.1 (0.0 to 0.2)

Total 8,061 (4,530 to 8,487) 4,507 (3,461 to 5,480) 1,999 (1,482 to 2,584) 14,567 (9,841 to 16,116) 100.0 (100.0 to 100.0) 24.8 (18.6 to 26.4)

Values are calculated using GWP100. The 68% uncertainty ranges are shown in parentheses, determined by uncertainties in land-use change emissions and in agricultural emissions, as well 
as uncertainties in the GWP100 values. According to the Global Carbon Budget 201930, CO2 emissions from fossil fuel and industrial sources in 2017 were 35.8 Gt. CH4 and N2O emissions from 
non-agricultural sectors in 2017 were estimated to be 7.46 Gt CO2-eq and 0.87 Gt CO2-eq, respectively, based on the extrapolation of 2000–2015 emissions from EDGARv5.028. We note that 
carbon uptake from agriculture abandonment is not included in the product allocation.
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Land-use emissions declined by an average of 0.7% (0.3–0.9%) per year 
between 1961 and 2017 in Europe and Russia (Fig. 2h), whereas they 
rose by 1.2% (1.1–1.5%) per year on average in Southeast Asia over the 
same period (Fig. 2c). The importance of land-use change to emissions 
trends is recognizable by differences in the per cent changes of emis-
sions and emissions intensity of land use: there is little difference where 
the area of agricultural lands is relatively stable (for example, North 
America, Europe and Russia), but when and where agricultural lands 
expand, trends in emissions mostly reflect changes in the area of land 
used rather than intensification and increased non-CO2 emissions (for 
example, Southeast Asia, Latin America and East Asia).

The three highest-emitting regions—Latin America, Southeast Asia 
and sub-Saharan Africa—account for 53% of global land-use emissions 
and more than two-thirds of global emissions growth over the period 
from 1961 to 2017 (Fig. 1a). In each of these regions, sharp increases 
in land-use emissions are associated with cropland expansion and 
concomitant spikes in the emissions intensity of land use (Extended 
Data Fig. 8, Fig. 2b–d). In the case of Latin America, increases in emis-
sions after 2000 reversed earlier long-term declines; emissions in this 
region reached roughly 75% of 1961 levels in the 1990s (but see esti-
mates by Houghton and Nassikas29, which increase beginning in the 
mid-1980s). By contrast, emissions in Southeast Asia and sub-Saharan 
Africa have trended upwards throughout most of that period, driven 
by particularly rapid and extensive growth of agricultural produc-
tion (Fig. 2c, Extended Data Fig. 8c). Combined, the area of cropland 
in these three highest-emitting regions increased by ~160% between 
1961 and 2017 (~71% of the global increase). Moreover, the CO2 emis-
sions per area converted in these regions were particularly large31 and 
land-use change emissions account for 65–77% of their land-use emis-
sions (Fig. 2). Another indication of extensive agricultural growth in 
these three regions is that they account for only 16% of global fertilizer 
consumption15 but for 31% of global agricultural production since 2000.

East Asia reveals the potential for cutting emissions by controlling 
land-use change: Chinese land and market reforms increased land 
conversions and agricultural emissions in the region during the 1980s, 
transforming large areas of primary forests; but as the agricultural 
expansion stopped in the 1990s (Extended Data Fig. 8i), emissions 
dropped sharply (Fig. 2i), and by 2013 net emissions related to land-use 
change were nearly zero (Extended Data Figs. 8i, 9h; but see estimates 
of East Asian land-use change emissions by Houghton and Nassikas29, 
which decrease throughout this period). However, such patterns may 
have been enabled by increases in agricultural imports during this 
period, which may have spurred land-use change in other regions, and 
land-use change emissions have increased again in the past few years 
owing to cropland expansion.

When and where land-use change is not a major source of land-use 
emissions, trends in emissions largely mirror changes in the emissions 
intensity of agricultural processes (f). For example, in South Asia and the 
Middle East, slow increases in emissions over the past several decades 
reflect increases in agricultural production but stagnation of the emis-
sions intensity of that production, suggesting that a breakthrough may 
be needed to achieve large reductions. In North America, Europe and 
Russia, and Oceania, agricultural emissions have not changed much in 
recent years, but overall land-use emissions in these regions are still 
decreasing owing to carbon uptake by regrowing forests (Fig. 2g, h, 
Extended Data Figs. 8g, h, 9f, g, i).

Targeted mitigation opportunities
Figure 3 shows the geographic distribution of key Pale factors in 2017. 
Patterns of agricultural production per capita emphasize large industri-
alized countries and emerging markets such as the USA, Europe, Brazil, 
Argentina, Russia, Indonesia and Oceania, with lower productivity in 
countries of Africa, South Asia and the Middle East (Fig. 3a). By contrast, 
the emissions intensity of land use is greatest in forested countries of 

Latin America, sub-Saharan Africa and Southeast Asia—where con-
version of carbon-dense and often still pristine, undegraded natural 
systems is driving the highest levels of land-use emissions (Figs. 3b, 
1a). The land intensity of agricultural production is greatest in poorer  
and/or naturally unproductive regions in Africa and central Asia 
(Fig. 3c). Together, the emissions intensity of agricultural production 
is greatest in forested and/or land-intensive countries in Latin America, 
Africa, Southeast Asia and central Asia (Fig. 3d).

Figure 4 explores country- and product-level differences in greater 
detail, in an effort to identify specific countries and products with 
emissions or emissions intensities that are anomalously high and may 
therefore be attractive ‘mitigation targets’. Of the 30 countries with the 
greatest overall land-use emissions, we plot the top 10 countries in 2017 
for each of the Pale factors (Fig. 4a–f; for comparison, circles indicate 
values in 1961). The ten countries in Fig. 4a are the largest producers of 
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agricultural products (in units of calories produced, rather than mass), 
together producing 64% of global calories in 2017. There is substantial 
but imperfect overlap between these producers and the 10 largest emit-
ters in Fig. 4b, which accounted for about 60% of all land-use emissions 

in 2017. Top emitters that are not also top producers tend to be less 
affluent countries with less access to farm inputs and greater reliance 
on bioenergy32–34, such as Tanzania, Ethiopia and Vietnam (Fig. 4b). In 
turn, these countries often have particularly high land intensities of 
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agricultural production, as do poorer countries in which the quality of 
farmland tends to be low32 (Fig. 4e). However, high emissions in affluent 
countries such as Australia and the USA are related to very high agri-
cultural production per capita (Fig. 4c), with large shares of crops fed 
to livestock and food losses35 and substantial international exports36. 
By contrast, the 10 countries with the greatest emissions intensity of 
land use include many tropical, carbon-dense countries in Southeast 
Asia in which rates of land-use change are especially high, such as Laos, 
Indonesia, Vietnam and Thailand (Fig. 4d). Thus, the countries with the 
highest emissions intensity of agricultural production include a mix of 
tropical and land-intensive systems that are uniformly poor and prone 
to agricultural expansion (Fig. 4f). The emissions intensity of produc-
tion in these top 10 countries is 3–10 times the global average (Fig. 4f).

We also compare product groups in 2017 according to the Pale fac-
tors (Fig. 4g–l). Although cereals represent the largest source of both 
calories and emissions produced (Fig. 4g, h), the emissions per calorie 
of beef and other meat (buffalo, sheep and goats) are greater than the 
average intensity of other products by a factor of 30 (Fig. 4l). Although 
these red meats supply just 1% of total calories produced worldwide 
(Fig. 4g), they account for 25% (20–37%) of total land-use emissions 
(Fig. 4h; Table 1). Between 1961 and 2017, beef production increased 
much less (+144%) than chicken and pork production (483%; Fig. 4g), 
reflecting a widespread shift in the type of meat consumed, which 
reduced per capita meat emissions in 2017 by 44%. Incorporating other 
changes in the structure of calorie production in 1961–2017, per capita 
land-use emissions have decreased by 14%. Table 1 shows the share of 
land-use and global GHG emissions for each product group.

For the top 50 largest country–product sources of land-use emis-
sions, Extended Data Fig. 10 shows changes in CO2-equivalent emis-
sions, per capita production, land intensity of production, and 
emissions intensity of land use over the most recent decade, 2006–
2017. The list includes many large nations (for example, Indonesia, 
Brazil, China and USA) and major commodity crops and livestock (rice, 
maize, soybeans and cattle), as well as some less recognized sources (for 
example, Indonesian coconuts, Congolese cassava, Tanzanian maize 
and Sudanese sorghum). Although most sources show substantial 
decreases in their land intensity (that is, improving yields; Extended 
Data Fig. 10c), both per capita production and emissions intensity of 
land use often increase (Extended Data Fig. 10b, d). Efforts to substan-
tially reduce global land-use emissions will probably need to address 
these specific sources.

Discussion and conclusions
Our results suggest that regions fall into three groups: (1) poorer regions 
where land-use change emissions are substantial and increasing (Latin 
America, sub-Saharan Africa and Southeast Asia); (2) emerging markets 
where land-use change emissions are small but agricultural emissions 
are increasing strongly (East Asia, South Asia and the Middle East); 
and (3) relatively affluent regions where land-use change emissions 
are often negative but agricultural emissions are substantial and flat 
(North America, Europe and Oceania).

The drivers and sources of emissions in each group point to both 
mitigation opportunities and emissions that may be especially dif-
ficult to avoid. For countries in the first category, the largest mitiga-
tion opportunities almost certainly lie in limiting land-use change37, 
especially conversions of carbon-dense tropical forests to soybeans, 
rice, maize and oil palm. For countries in both the second and third 
categories, decreases in the emissions intensity of agricultural produc-
tion are critical, and may be achieved by improved input efficiencies38,39, 
better soil and livestock waste management40,41, reductions in food 
waste42,43 or behavioural and policy-driven changes in agricultural 
demand44,45. Future work may evaluate how specific shifts in diets and 
the extent and intensity of agricultural production (for example, via 
international trade) could minimize the emissions intensity of land 

use, as well as how climate adaptation efforts (for example, through 
increased resilience of agricultural systems and supply chains) could 
affect agricultural production and emissions.

However, aggregate land-use emissions are not convincingly 
decreasing in any region (Fig. 2). Global population continues to rise, 
and per capita emissions are nowhere less than 0.5 t CO2-eq yr−1—and 
substantially higher in most nations (Fig. 5). Therefore, although our 
results help to target high-priority countries, processes and products 
for mitigation, they also suggest the difficulty of drastically reducing 
land-use emissions without comparably drastic changes in agricultural 
production and/or agricultural practices (Fig. 5, Extended Data Fig. 11). 
However, recent research has demonstrated some promising mitiga-
tion options: rice cultivars and non-continuous rice-paddy flooding 
practices may achieve substantial reductions in CH4 while also increas-
ing yields46,47, and dietary supplements for cattle reduced methane 
emissions up to 95% in pilot studies48. Non-technical factors such as 
political inertia, weak governance and lack of finance may therefore 
be key barriers49.

Rising global population and agricultural production per capita 
have increased land-use emissions for more than half a century. Future 
growth in population and incomes is likely to boost food demand 
further and hinder efforts to reduce land-use emissions. Moreover, 
despite recognition that current climate targets may depend upon large 
reductions in agricultural emissions23,50, the related technological and 
policy challenges may rival those of net-zero emissions energy systems; 
agriculture may always entail substantial GHG emissions. For example, 
even if global average land-use emissions per capita reach the current 
level in Europe (that is, 0.5–1 t CO2-eq per person per year; light blue 
curve in Fig. 5), global emissions would be 4.7–12.7 Gt CO2-eq yr−1 in 2100 
under United Nations’ population projections—a quantity that may be 
difficult to reconcile with ambitious international climate goals. Thus, 
even in regions where per capita land-use emissions are now lowest, 
substantial changes in the demand for and production of food are still 
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needed; current climate goals require that land-use policies, practices 
and efficiencies improve everywhere.
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Methods

Land-use emissions
The major processes of land-use emissions are: (1) CO2 emissions from 
transitions in land use (which could include, for example, the clearing of 
native habitat for agriculture or changes in agricultural use), harvesting 
of forest products, peat drainage and peat burning; (2) uptake of CO2 
from regrowth of forests and recovery of abandoned agricultural land 
(that is, negative emissions); (3) N2O released from soils related to the 
application of nitrogenous fertilizer, manure applied to soils, manure 
left on pasture, and agricultural residues left on pasture; (4) CH4 from 
enteric fermentation of livestock; (5) CH4 and N2O from manure man-
agement; (6) CH4 from rice cultivation; and (7) CH4 and N2O from burn-
ing of agricultural residues. Sinks and sources of (1) and (2) together 
represent emissions from land-use change (sometimes also referred to 
as ‘forestry and other land use’ emissions). The other sources, (3)–(7), 
represent emissions from agricultural activities.

In keeping with reporting requirements of the United Nations Frame-
work Convention on Climate Change for fossil fuel emissions, we assign 
these land-use emissions to the country in which they are physically 
produced (that is, production-based accounting; as opposed to where 
related goods are ultimately consumed).

Estimates of land-use change emissions
To estimate emissions caused by different land-use change, including 
conversion of natural land to cropland (‘LUC-Crops’ in Fig. 1) or pasture 
(‘LUC-Pasture’), as well as harvest of forest products (‘Wood harvest’) 
and recovery and abandonment of cropland or pasture (‘Agricultural 
abandonment’), we developed the carbon-bookkeeping model BLUE 
(bookkeeping of land-use emissions; the model and the attribution 
methods to different activities are described in ref. 24). The BLUE model 
offers the unique option to track the contribution of each past year’s 
land-use activities to the current year’s emissions. Such a feature allows 
emissions to be attributed to specific products (see section ‘Distribu-
tion of land-use change emissions to products’ for details).

The BLUE model uses gridded estimates at 0.25° resolution of current 
and historical land-use activities produced by the harmonized land-use 
change dataset LUH251 (http://luh.umd.edu), as updated for the global 
annual carbon budget 201930, together with a global potential vegeta-
tion map52 and biome-specific carbon values and response functions16,53. 
Land-use activities include expansion and abandonment of cropland, 
pasture and rangelands, as well as wood harvesting. Sub-grid scale 
transitions—for example, due to shifting cultivation—are captured. The 
shifting cultivation is based on a new dataset that uses high-resolution 
remote sensing to map the current extent of shifting cultivation and 
uses large surveys to estimate long-term trends54. Similar to other book-
keeping models, BLUE assumes that abandoned land returns to its 
potential vegetation type but accounts for permanent degradation by 
assigning lower carbon densities to secondary than to primary (never 
converted) land. The treatment of rangelands is conditional on the 
potential vegetation type: conversions from/to rangelands affecting 
potentially forested land are treated as conversions from/to pasture, 
whereas conversions affecting grasslands lead only to degradation of 
primary to secondary lands. Using BLUE, we generated spatially explicit 
and use-specific estimates of carbon emissions from changes in land 
use during each year between 850 and 2017.

To calculate emissions from the extraction of biomass from forest and 
other natural vegetation types (which may or may not entail conversion 
of unmanaged land to cropland or pasture; see ref. 51), we used gridded, 
historical estimates of the area harvested as provided as part of LUH2. 
Carbon fluxes to and from soils were calculated using the BLUE model, 
as was the uptake of carbon by recovering vegetation.

Emissions from peat drainage and peat burning are not captured 
by the BLUE model directly and are added from external datasets: for 
peat drainage, we use the new country-level estimates by the Food and 

Agriculture Organization (FAO) for emissions associated with drainage 
of organic soils for cultivation and grazed grasslands since 199015. For 
1961–1990 we keep the drainage emissions constant at the 1990 value55 
for boreal and temperate peatlands; for tropical peatlands in equato-
rial Asia, the drainage emissions are interpolated from 0 in 1980 to the 
1990 value56. For carbon emissions associated with peat burning, we 
use the Global Fire Emission Database57.

Net land-use change emissions estimated by our BLUE model are 
within the range of previously published estimates24, and have been 
adopted by the Global Carbon Project as one of two bookkeeping 
models providing estimates for the global net land-use change flux30. 
Importantly, BLUE offers the unique option to attribute the estimated 
emissions to the year in which the land-use change happened (‘temporal 
accounting’; ref. 24). This is in contrast to other models that aggregate 
emissions on the basis of when they occur, that is, which aggregate 
effects of land-use changes that happened in different years. Preserving 
the disaggregated results in this way allows us to integrate the emissions 
associated with land-use changes in a given year and redistribute those 
emissions differently over time (see section ‘Distribution of land-use 
change emissions over time’). This may be advantageous in crafting 
land-use policies (see, for example, ref. 25). Finally, we aggregate our 
spatially explicit estimates of net carbon (CO2) emissions from land-use 
changes into each of the countries for which the FAO provides agri-
cultural data.

Estimates of agricultural emissions
GHG emissions from agriculture in each of 229 countries/areas (col-
lectively referred to as ‘countries’ in this study) in 1961–2017, including 
CH4 emissions from enteric fermentation of livestock and rice cultiva-
tion, N2O emissions from synthetic fertilizers, manure applied to soils, 
manure left on pasture, agricultural residues left on pasture, and CH4 
and N2O emissions from manure management and burning of agri-
cultural residues, were obtained from the FAO15 (data are available at 
http://faostat.fao.org/). The FAO developed a global database of GHG 
emissions from agriculture with country- and product-level detail, 
using activity data from the FAOSTAT database and Intergovernmental 
Panel on Climate Change (IPCC) Tier 1 methodology. More details can 
be found in Tubiello et al.58 and the FAOSTAT database (http://faostat.
fao.org/). For the few government systems that have changed between 
1961 and 2017, we allocated the data of the original countries to their 
successor countries based on the ratios in recent years.

Emissions from rice cultivation and synthetic fertilizers were com-
puted at Tier 1 level, using national-level FAOSTAT statistics of har-
vested rice area and fertilizer consumption, respectively. Emissions 
from enteric fermentation, manure management, manure applied to 
soils, and manure left on pasture were computed at Tier 1 level, using 
FAOSTAT statistics of animal numbers. Emissions from agricultural 
residues left on pasture and burning of agricultural residues were 
computed at Tier 1 level, using national-level FAOSTAT statistics of 
crop yield and harvested area. To calculate emissions from rice cultiva-
tion, a regional-level distribution of rice management types was used. 
For synthetic fertilizers and manure management, indirect emissions 
due to volatilization and leaching were also included. A time series 
of crop-specific fertilizer consumption data was used in this study, 
with crop-specific fertilizer application rates developed by Conant 
et al.59 (1961–2008; the application rates in 2008 were used for years 
after 2008) along with harvested areas obtained from the FAO, and the 
national totals were then scaled to the FAOSTAT statistics. In order to 
calculate mature N2O emissions, an intermediate dataset was gener-
ated, which contained animal- and region-specific values, including 
manure N excretion rates, manure fractions disposed to different 
manure management systems and left on pasture, manure application 
rates to cropland, and manure management system losses58. Because 
CH4 emissions from manure management are sensitive to the type of 
management and temperature, region- and temperature-specific IPCC 
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emissions factors60 were used. To calculate mature CH4 emissions, 
average annual temperatures by country obtained from the FAO global 
agro-ecological zone database61 were used, which was in an exception 
to the general Tier 1 approach, given that IPCC guidelines provide no 
such data as default.

Although there are many examples of fossil fuels being burned in sup-
port of land-use activities (for example, to produce agricultural inputs, 
build and operate agricultural machinery, and transport agricultural 
and forest products), we do not consider the CO2 emissions related 
to such fossil fuel combustion in this study. Such fossil fuel emissions 
related to agricultural sectors have been quantified and analysed in 
detail by previous studies62–64.

Drivers (activity data)
We used population data for the years 1961 through 2017 (and also 
2100) from the United Nations Population Division’s 2019 Revision of 
the World Population Prospects15,65 (data are available at http://faostat.
fao.org/).

Production data of crops, animal products and roundwood for each 
country for 1961–2017 were obtained from the FAO15 (data are available 
at http://faostat.fao.org/). We obtained FAO data on each country’s 
production of 150 distinct food crops (including cereals, fruits and 
vegetables, pulses, oil and sugar crops, and spices) and 7 meat and 
dairy products (including pork, beef meat, buffalo meat, sheep and 
goat meat, poultry meat, eggs and milk) by mass. Where we discuss 
production of food crops, and meat and dairy products in particular, we 
have converted production data from units of mass (metric tonnes) into 
units of energy content (kilocalories)8,42 using published conversion 
factors66 (data available at http://www.fao.org/docrep/003/X9892E/
X9892e05.htm#P8217_125315). We obtained FAO data on each coun-
try’s production of 11 different fibre crops by mass (metric tonnes) and 
production of roundwood by volume (cubic metres).

Land-use area data of 150 food crops and 11 fibre crops harvested 
for each country in 1961–2017 were obtained from the FAO15. Data on 
the area of pasture in each country were taken from the FAO15. We also 
calculated the area occupied by different livestock types using gridded 
livestock density67,68 (0.05° in 2005; data are available at http://www.
fao.org/livestock-systems/en/) together with FAO data on the number 
of 7 livestock types in each country in 1961–201715, and assuming that 
livestock densities in each country remained constant at 2005 levels 
during the period 1961–2017. The total livestock areas calculated in 
this way were then adjusted to match national pasture areas from the 
FAO, and were then used to calculate land-use intensity and emissions 
intensity of each livestock type.

Distribution of land-use change emissions over time
After conversion of land from a natural to a managed system, the oxida-
tion of carbon present in biomass, soils and products releases the GHG 
CO2 to the atmosphere. In contrast to emissions from burning of fossil 
fuels, the release of these gases occurs over time, often many years. In 
BLUE, these legacy emissions depend on the type and extent of land-use 
transition and the shape of the (observation-based) response curves 
that describe the adjustment of biomass, fast and slow soil carbon pools 
to the new values of the managed system. The biomass attributed to 
the three product pools decays with a lifetime of 1, 10 and 100 years, 
respectively. Similarly to the legacy emissions from decay of biomass 
and soil carbon, carbon uptake due to regrowth also occurs slowly 
over time, described by response curves of how quickly biomass and 
soil carbon recover upon abandonment of agricultural land or after a 
harvest event. All response curves are specific for the different types 
of natural ecosystem and the different types of managed system.

Our base results reflect CO2 emissions occurring in each year due to 
past changes in land use (‘legacy’ emissions), but split the emissions 
occurring in a given year to the various land-use change events in the 
past that caused the emissions. Different methodological assumptions 

have also been evaluated, for example, all future emissions from a 
change in land use assigned to the year of the change (‘committed’ 
emissions) and committed emissions amortized uniformly over  
20 years (‘uniformly distributed’ emissions) (Extended Data Fig. 1).

Distribution of land-use change emissions to products
There are several methods for allocating land-use change emissions to 
specific agricultural products. We distributed emissions from conver-
sion to cropland (LUC-Crops) and pasture (LUC-Pasture) among differ-
ent types of crops and livestock, respectively. We distributed emissions 
from a region in a year according to annual national statistics of land 
areas (or production) of different agricultural products obtained from 
the FAO. Our base results reflect land-use change emissions allocat-
ing among crops and livestock by land area used (cropland area and 
livestock area, respectively). This method of allocation assumes that 
land-use emissions are closely related to land area, which is a direct 
and indivisible characteristic of land use. Different methodological 
assumptions have also been evaluated, for example, allocating among 
crops and livestock by change in land area, calories of production, 
mass of production and change in mass of production (Extended Data 
Fig. 1). Detailed discussion about these different attribution methods 
can be found in Davis et al.25. We allocated emissions from harvest of 
forest products (wood harvest) to wood products. Carbon uptake from 
agriculture abandonment is not included in the product allocation.

Allocation of emissions related to feed crops
Our base case allocates the emissions related to livestock feed to the 
crops themselves. We also evaluate another accounting: allocating 
the feed crop emissions to the livestock that consumed the feed. Feed 
quantities of each crop in each country in 1961–2017 were obtained 
from the FAO Food Balance Sheet15, and were then used to calculate the 
fractions of crop production used as livestock feed to shift emissions 
related to feed crops from crop production to livestock production. 
We distributed those emissions among different types of livestock 
based on estimates of the relative livestock energy requirements of 
each type, which were calculated using FAOSTAT statistics of animal 
numbers15 and energy requirement per animal obtained from Herrero 
et al.69. The results of the two accountings of the feed crops emissions 
are shown in Extended Data Fig. 2.

Emission metrics
All aggregate GHG emissions are converted into CO2-equivalents 
(CO2-eq) using GWPs with a 100-year time horizon (GWP100), which is 
also used within the United Nations Framework Convention on Climate 
Change and the IPCC report70. The GWP100 values are obtained from 
the IPCC Fifth Assessment Report (AR5)71. The GWP100 value for CH4 
in the IPCC AR5 (34) is higher than that in previous IPCC assessments 
(21–25), whereas the GWP100 value for N2O in the IPCC AR5 (298) is simi-
lar to that in previous IPCC assessments (296–310). As suggested by 
AR571, we evaluate the uncertainty related to GWP100 by assuming an 
uncertainty of ±40% for CH4 and ±30% for N2O. The emission estimates 
with the GWP100 uncertainty ranges are shown in Extended Data Fig. 3.

In addition, to assess the sensitivity of the results to metric choices, 
we estimate emissions using GWP*72,73. Details of the GWP* calculation 
can be found in Allen et al.72 and Cain et al.73. In the GWP* calculation, a 
step change in emission rate of a short-lived climate pollutant (SLCP; 
ΔESLCP tonnes per year) is equivalent to a one-off pulse emission of 
ΔESLCP × GWPH × H tonnes of CO2 (denoted CO2-e*), where GWPH is the 
conventional GWP relative to CO2 integrated over a time horizon of  
H years. Here, as suggested by Allen et al.72, we used H = 100, and con-
sidered change in the SLCP emission rate over the preceding 20 years 
to reduce the volatility of GWP* emissions. For CO2 and N2O, CO2-eq 
and CO2-e* emissions are identical. For CH4, annual CO2-e* emissions 
track the rate of change of emissions, unlike CO2-eq, which tracks the 
emissions themselves. Long-term trends in total land-use emissions 
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calculated with GWP* are generally consistent with the results calcu-
lated with GWP100 (Extended Data Fig. 3). CO2-e* emissions are some-
times negative in Europe and Russia, reflecting the decreasing CH4 
emissions in the region.

Pale identity
We discuss our analysis of land-use emissions as factors of a Pale identity 
(equation (1)), as described in the main text. To facilitate discussion of 
important regional differences and trends, these terms were disag-
gregated into nine regions (Fig. 1e), denoted by subscript r, the sum 
of which equals the world total:

∑ ∑E E P a l e= = . (2)
r

r
r

r r r r

Similarly, to facilitate discussion of important differences across 
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Thus, we have disaggregated the emission variable (E) into two sectors 
(land-use change and agricultural activities), with other variables (A, L) 
aggregated into totals. We have also disaggregated each of these vari-
ables (A, E, L) into 14 groups of products: 7 food crops, 5 types of meat 
and dairy product, fibre crops and wood products (see Extended Data 
Table 2 for a more detailed listing of products and their categorization). 
Once disaggregated, agricultural production can be converted from 
units of mass into more accessible units8,42. When focusing on the food 
value of crops, meat and dairy products, we convert units of mass into 
calories using crop- and product-specific conversion factors66 and 
exclude production data of fibre and wood.

Uncertainty assessment
We conducted comprehensive uncertainty analyses to provide uncer-
tainty ranges around our central estimates. For our estimates of 
land-use change emissions, we conducted five sensitivity simulations to 
assess uncertainties in major model assumptions underlying the BLUE 
estimates. Three simulations were performed to assess the uncertainty 
associated with biogeochemical parameters, using biome-specific 
carbon values derived from dynamic global vegetation models used in 
the Global Carbon Budget (GCB) study that provided output per plant 
functional type ( JSBACH, ISAM and ORCHIDEE-CNP)74. Two additional 
simulations were performed to assess the uncertainty associated with 
the land-use change data (LUH2), using the low and high historical 
reconstructions that have recently been produced for CMIP675.

For our estimates of agriculture emissions, we followed the IPCC 
2006 guidelines60 and adopted a Monte Carlo approach to assess the 
uncertainty range of emissions by varying activity data, parameter 
values and emission factors and running 1,000 simulations. Similar 
to the uncertainty analysis performed by Tubiello et al.58, we applied 
IPCC default uncertainty ranges for activity data, parameters and emis-
sion factors for each agricultural process, as prescribed by the IPCC 
guidelines60 (see Supplementary Table 1).

Following the most recent GCB study30, we report uncertainties as a 
68% probability range around our central estimates, which reflects the 
difficulty of characterizing the uncertainty in the land-use emissions 
(particularly the land-use change emissions) and provides an indication 
of our current capability. The full range of the six BLUE simulations (five 
sensitivity tests and our base case), which is close to the 68% uncertainty 
range reported by the GCB study, is assumed to be the 68% uncertainty 
range of our estimates of land-use change emissions. To obtain the 
uncertainty range of total land-use emissions, the six BLUE simulations 
of land-use change emissions were then combined with the Monte 

Carlo simulations of agriculture emissions (uncertainties in GWP100 
values are also included) to generate six Monte Carlo ensembles (6,000 
total estimates). The 68% interval for each Monte Carlo ensemble was 
collected, and the maximum range of the six intervals collected was 
reported as the overall 68% uncertainty range (compared to directly 
reporting 68% interval across all 6,000 estimates, this approach often 
provides a greater uncertainty range). The base case is reported as our 
central estimates.

We also compare our estimates of land-use emissions with other exist-
ing inventories. Our estimates of agriculture emissions are generally 
consistent with the EDGARv5.028 and the US EPA27 emission inventories 
in all the regions (Extended Data Fig. 4), suggesting a relatively high 
confidence level. Our base case estimates of land-use change emission 
trends during the whole period (legacy emissions) are also quite con-
sistent with the estimates of Houghton and Nassikas29 (H&N; the other 
bookkeeping model used in the GCB study) in many regions (Extended 
Data Figs. 5, 6). We also performed an additional Pale analysis by using 
agricultural emissions from the FAO combined with the average of 
land-use change emissions from two bookkeeping models (BLUE and 
H&N, which is the central estimate in the GCB study). Our estimates 
of trends in land-use emissions and Pale factors are also generally 
consistent with the results that used the average of two bookkeeping 
models (Extended Data Figs. 6, 7). However, trends in land-use change 
emissions in North America and East Asia are more different in the two 
bookkeeping models, suggesting a relatively lower confidence level in 
the two regions (Extended Data Fig. 5).

Data availability
The agricultural emissions data are curated by the FAO and freely availa-
ble from FAOSTAT at http://faostat.fao.org/. Land-use change emissions 
(BLUE) data and all of our results are available at https://sustsys.ess.uci.
edu/CALUE.html and https://doi.org/10.6084/m9.figshare.12248735.

Code availability
Computer codes or algorithms used to generate results that are 
reported in the paper and central to the main claims are available at 
https://github.com/ChaopengHong/Land-use_Emissions.
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Extended Data Fig. 1 | Differences in global cumulative land-use emissions 
attributed to processes and products, obtained using different 
accounting methods. a–r, Estimated global cumulative land-use emissions 
attributed to processes (a–c) and products (d–r) over 1961–2017, using 
different accounting methods to distribute land-use change emissions over 
time and to products. Our base results (a, d) reflect emissions occurring in each 
year owing to past changes in land use (legacy emissions; left), calculated using 
GWP100, and allocated among crops and livestock by land area used. Different 
methods to distribute land-use change emissions over time have also been 
evaluated, that is, all future emissions from a change in land use are assigned to 

the year of the change (committed emissions; middle) and committed 
emissions amortized uniformly over 20 years (uniformly distributed 
emissions; right). Different methods to distribute land-use change emissions 
to products have also been evaluated, that is, allocating among crops and 
livestock by change in land area (g–i), calories of production ( j–l), mass of 
production (m–o) and change in mass of production (p–r) (see Methods). Error 
bars denote uncertainty ranges (68% intervals), determined by uncertainties in 
land-use change emissions and in agricultural emissions, as well as 
uncertainties in the GWP100 values. Carbon uptake from agriculture 
abandonment (negative emissions) is not shown.



Extended Data Fig. 2 | Global land-use emissions by product group in 2017, 
with two accountings of the emissions related to feed crops. Our base case 
allocates the feed crop emissions to the crops themselves (bars). The results of 
the other accounting—allocating the feed crop emissions to the livestock that 
consumed the feed—are shown by dots. Numbers are the emissions related to 
crops fed to livestock (negative values for crops and positive values for 
livestock) in units of Mt CO2-eq.
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Extended Data Fig. 3 | Uncertainties in global and regional land-use GHG 
emissions over the period 1961–2017 related to emission metrics.  
a–i, Curves show trends in CO2 (orange), CH4 (green), N2O (purple) and total 
GHG emissions (black) for the global total (a) and for each region (b–i). For our 
base case, we aggregate all GHG emissions (that is, CO2, CH4 and N2O) in units of 
CO2-eq using GWP100 values of CH4 and N2O. Solid curves show trends in CH4, 
N2O and total GHG emissions calculated using GWP100, with the shading 

reflecting the range of uncertainty in GWP100 values. To assess the sensitivity of 
the results to metric choices, we also estimate emissions using the GWP* 
method. Dashed curves show trends in CH4 and total GHG emissions calculated 
using GWP* (in units of CO2-e*). For CO2 and N2O, CO2-eq and CO2-e* emissions 
are identical. The length of CO2-e*emissions records is reduced because 
interannual variability is smoothed with a 20-year running average.



Extended Data Fig. 4 | Comparison of global and regional agricultural 
emissions between this work, EDGAR and USEPA. a–i, Curves show trends in 
agricultural emissions for the global total (a) and for each region (b–i), 
estimated in this work (green; based on FAO data), by EDGAR (orange) and by 
USEPA (blue). All estimated emissions are converted into CO2-equivalents, 

based on the same GWP100 values from the IPCC Fifth Assessment Report  
(34 for CH4 and 298 for N2O). The shaded areas reflect the range of uncertainty 
in agricultural emissions in this work, determined by Monte Carlo analysis 
(performed by varying activity data, parameter values and emission factors 
from those used in the FAO database).
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Extended Data Fig. 5 | Comparison of global and regional land-use change 
emissions between two bookkeeping models. a–i, Curves show trends in 
land-use change emissions for the global total (a) and for each region (b–i), 
estimated by BLUE (black; used in this work) and H&N (orange; available until 
2015 only). The average of the bookkeeping models (green line) is also shown. 

The range from the uncertainty simulations with BLUE is shown as the 68% 
uncertainty range of our estimates (grey areas), with the five additional 
simulations using different assumptions indicated by thin lines: different 
assumptions on land-use transitions (purple) and different assumptions on 
carbon values (green).



Extended Data Fig. 6 | Comparison of global and regional land-use 
emissions, obtained using different land-use change emissions from two 
bookkeeping models. a–i, Curves show trends in land-use emissions for the 
global total (a) and for each region (b–i), obtained using land-use change 
emissions from BLUE (black; used in this work) and H&N (orange; available until 
2015 only). The average of the two bookkeeping models (green line) is also 
shown. In this work, we combined agricultural emissions from the FAO with 
land-use change emissions estimated by the BLUE model to calculate total 
land-use emissions. We performed sensitivity analyses by also combining the 

agricultural emissions from the FAO with the land-use change emissions 
estimated by another bookkeeping model (H&N) and with the average of two 
bookkeeping models (BLUE and H&N). Lighter grey areas represent 
uncertainty ranges (68% intervals) of our estimates, determined by 
uncertainties in land-use change emissions and in agricultural emissions, as 
well as uncertainties in the GWP100 values. Darker grey areas show uncertainties 
only related to land-use change emissions, determined from additional 
simulations with the BLUE model.
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Extended Data Fig. 7 | Comparison of global and regional trends in land-use 
emissions and Pale factors, obtained using different land-use change 
emission inventories. a–i, Curves show trends in land-use emissions (black), 
emissions intensity of land use (orange) and agricultural production (red) for 
the global total (a) and for each region (b–i), using land-use change emissions 
from BLUE (solid lines; used in this work) and the combination of two 
bookkeeping models (dashed lines; available until 2015 only). In this work, we 
combined agricultural emissions from the FAO with land-use change emissions 
estimated by the BLUE model to perform Pale analysis of land-use emissions. 

We also performed an additional Pale analysis by using agricultural emissions 
from the FAO combined with the average of land-use change emissions from 
two bookkeeping models (BLUE and H&N). Lighter grey areas represent 
uncertainty ranges (68% intervals) of our estimates, determined by 
uncertainties in land-use change emissions and in agricultural emissions, as 
well as uncertainties in the GWP100 values. Darker grey areas show uncertainties 
related only to land-use change emissions, determined from additional 
simulations with the BLUE model.



Extended Data Fig. 8 | Global and regional trends in Pale factors 
contributing to land-use emissions during 1961–2017, decomposed into 
land-use change emissions and agricultural emissions. a–i, Curves show 
changes in the Pale factors contributing to land-use change (LUC, solid lines) 

emissions and agricultural (Ag, dashed lines) emissions over the period  
1961–2017 for the global total (a) and for each region (b–i) relative to 1961. 
Results shown are for our base assumptions (see Extended Data Fig. 1), and 
different curves are labelled in a. Oceania is not shown.
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Extended Data Fig. 9 | Estimated land-use emissions over the period 1961–2017 for nine world regions. a–i, Estimated land-use emissions for each region (a–i) 
by process, product group and GHG emitted. In each panel, net emissions are shown by the bold black line.



Extended Data Fig. 10 | Changes in 2007–2017 in Pale factors of the 50 
country–product sources with the largest annual emissions. a–d, Bars show 
the per cent change in annual land-use emissions (a), per capita production (b), 

land intensity of production (c) and emissions intensity of land use (d) for each 
country–product combination.
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Extended Data Fig. 11 | Trends in emissions intensity of major agricultural 
products. a–c, Curves show trends in emissions intensity of processes 
including CH4 emissions from rice (a) and dairy cattle (b) production and N2O 
emissions from fertilizer use for rice production (c). d–i, Curves show trends in 
emissions intensity of major agricultural products including rice (d), maize (e), 

soybeans (f), oil palm (g), dairy cattle (h) and sheep and goats (i). Total 
emissions per calorie of agricultural production (d–i) in the six countries that 
produce the most of each product tend to decrease over time, but in all cases 
remain greater than zero.



Extended Data Table 1 | Data sources used for the study

Data from refs. 15,24,51,57,67,68.
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Extended Data Table 2 | 169 agricultural products and their categorization

nes, not elsewhere specified.
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