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Since 1995, amid rapid globalization, worldwide agricultural 
and food trade has more than doubled, reaching US$1.5 tril-
lion in 20181. Internationally traded food provides 19% of 

globally consumed calories2 and thus plays an important role in 
achieving global food security3–6. Reductions in transportation cost 
remain one of the main driving forces leading to the rapid growth 
of food trade1. The concept of ‘food-miles’ takes into account the 
distance travelled by food products from points of production to 
consumption, and is aimed at indicating the associated environ-
mental impact (for example, energy use, emissions)7. ‘Food-miles’ 
are generally measured as tonne-kilometres (tkm, a unit for mea-
suring freight transport, representing the transport of 1 t of goods 
by a given transport mode over a distance of 1 km), that is, the dis-
tance travelled in kilometres multiplied by the mass in tonnes for 
each transported food item8.

Carbon footprint assessments of food-miles have usually been 
limited to selected food commodities (for example, tomato ketchup 
in Sweden9, canned tomato10 in Italy, beef11 and wheat12 in the United 
States, and finfish in Western Australia13) due to the large amount 
of data required to model all food categories. In these existing stud-
ies, product life-cycle assessment (LCA) is extensively used to track 
environmental performance throughout the entire life cycle of food 
commodities within a predefined boundary, resulting in a wide 
range of environmental impact estimates, with transport represent-
ing between 0.04% and 90% of production-related emissions9–13. 
Although such bottom-up LCA studies include detailed information 
on specific food products, they have limitations: (1) LCA requires 
defining a system boundary, and thus suffers from truncation errors 
due to the omission of contributions beyond that boundary14 and, 
consequently, (2) comparisons between studies are often not possi-
ble because of differences in scope, and (3) the focus of these studies 
on a small portion of the total food supply makes it difficult to derive 
more general conclusions about the overall food sector15.

A few analyses have been carried out for food suppliers at the 
national (for example, the United Kingdom16, Canada17, Spain18 and 
Iran19), city20 and global21,22 levels. Most of these studies only contain 
food-miles emissions resulting from direct food suppliers without 
considering entire upstream supply chains16–22, attributing 0.61–3.4% 
(refs.16–19) of national and 0.8–1.6% (refs. 20–22) (0.4–0.86 GtCO2e)  
of global greenhouse gas (GHG) emissions to food transport (see 
Supplementary Notes and Supplementary Methods for a detailed 
literature review). To conclude, although carbon emissions asso-
ciated with food production are well documented23,24, the carbon 
footprint of the global trade of food, accounting for the entire food 
supply chain, has not been comprehensively quantified.

Here we provide a comprehensive global estimate of the carbon 
footprint of global food-miles. We first compare food-miles emis-
sions with the total food-system emissions (stemming from trans-
port, production and land-use change). Food-miles emissions are 
derived through an multi-region input–output (MRIO) model that 
integrates physical transportation distance, mass, modes and emis-
sions coefficients into global supply chains (Supplementary Notes 
and Supplementary Methods). The total food-system emissions inte-
grate food-miles emissions, food production and land-use change 
emissions, where the production emissions are estimated based on 
a standard MRIO-based carbon footprint calculation method that 
is widely used in high-impact footprint studies such as on biodi-
versity25, nitrogen emissions26 and carbon emissions from global 
tourism27 (Supplementary Notes and Supplementary Methods). 
We further present: (1) food-miles flow maps covering the entire 
global supply-chain network, and (2) domestic and international 
food-miles and emissions broken down by 74 countries/regions, 37 
economic sectors and four transportation modes (4 × 742 × 372 ≈ 30 
million direct trade connections). We compare food-miles and 
emissions from both destination and origin perspectives across 
all international trade routes to reflect the responsibility borne by 
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importers and exporters. We also demonstrate our methodological 
advances in a comparison with simplified food-miles approaches. 
Our conclusions for improved food systems management highlight 
the need for an integrated strategy to food security and environ-
ment protection. Methods are summarized at the end, with further 
details in Supplementary Notes and Supplementary Methods.

Results and discussion
On the back of global food expenditure of around US$5 trillion in 
2017, we estimate that the global food system (excluding land use 
and land-use change activities) was associated with 15.8 GtCO2e 
(transport of 3.0 Gt, production of 7.1 Gt and land-use change 
activities of 5.7 Gt)22 (Fig. 1c), representing about 30% of the world’s 
GHG emissions (52.5 Gt);28 this is in line with previous estimates of 
21–37% (ref. 23). Global food trade is becoming increasingly diver-
sified and complex. Our model alone, with 74 countries/regions 
and 37 sectors (Supplementary Tables 2 and 3), involves more than 
30 million direct trade connections (Fig. 2). Using such detailed 
interregional and sectoral trade information, we estimate total 
freight-miles (total freight-miles cover the freight mileage associ-
ated with the final demand from all 37 sectors) to be 124.5 trillion 
tkm (close to a previous assessment of 108 trillion tkm in 2015  
(ref. 29)), out of which 22.2 trillion tkm, or about 18%, is driven by 
food consumption (food-miles, which represent freight mileage 
related to the final demand of the 25 food sectors), with interna-
tional food trade contributing 71% of that (15.7 trillion tkm) (Fig. 1a;  
for details see Food-miles and emissions by region and sector).

Compared with food-miles, which only contribute 18% to total 
freight-miles, we find that the food-miles emissions accounted for 
27% (or 3.0 GtCO2e) of total freight-miles emissions; about 18% of 
the 27% (= 4.5%) stem from international trade (Fig. 1b, based on 
Supplementary Methods, equations (4)–(8); see Methods). Due to the 
inclusion of all upstream supply chains, our estimate of 3.0 GtCO2e 
is 3.5–7.5 times more than previous estimates (0.4–0.86 Gt  
(refs.20–22)). Comparing this with our estimate of 15.8 GtCO2e emit-
ted from the total food system demonstrates that food-miles come 
at a high emission cost: about 3/(3 + 7.1) ≈ 30% of food-system 
emissions (transport and production) or 3/(3 + 7.1 + 5.7) ≈ 19% of 
total food-system emissions (transport, production and land-use 

change) are due to transport. This estimate by far exceeds the trans-
port emissions overhead of other commodities: generally, freight 
accounts for only 7% of emissions from industry and utilities30. 
These findings reinforce the importance of assessing food-miles 
emissions, and the need to evaluate entire supply chains, from 
points of production to consumption, for a complete assessment of 
food-miles emissions.

During food production, high emissions31 from land-use 
change, enteric fermentation and manure management for cattle 
and poultry raised for meat production contribute around 27% of 
food-system emissions (Fig. 1c, (2 + 0.77)/(3 + 7.1)). In contrast, 
food products transported at high tonnages (for example, vegetables 
and fruit, cereal and flour, and sugar beet/cane) and/or products 
that require temperature-controlled transportation (for exam-
ple, dairy) contribute the majority of total food-miles emissions  
(Fig. 1b). Notably, transport of vegetables and fruit more than doubles  
their production-related emissions of 0.5 GtCO2e (Fig. 1c) to a total 
of 1.1 GtCO2e (Fig. 1b), mainly due to their requirement for trans-
portation in temperature-controlled environments and their high 
masses (3.3 Gt; Supplementary Table 4).

Given the dominant role of developed and emerging econo-
mies in global agricultural markets, we observe large international 
food-miles and related emissions embodied in supply chains flow-
ing between these economies (Fig. 2 and Supplementary Fig. 6). The 
United States, China, Japan, Germany, the United Kingdom, India, 
Russia and Brazil, accounting for 47% of the global population and 
62% of global total economic output, collectively contribute 48% 
and 42% to international food-miles (Supplementary Fig. 6) and 
food-miles emissions (Fig. 2a), respectively. In comparison, on a 
per-capita basis, supply chains flowing into high-income countries  
feature predominantly in the per-capita emissions flow map  
(Fig. 2b). High-income countries (per-capita GDP > US$25,000) 
represent about 12.5% of the world’s population but are associated 
with 46% of international food-miles and food-miles emissions.

Since the meat sector dominates global food-production emis-
sions, and dietary change has led to China emerging as a sig-
nificant meat importer, it is not surprising that some of the most 
carbon-intensive supply chains relate to red meat consumption in 
China (Fig. 3). Domestically within China, emissions related to 
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Fig. 1 | overview of domestic, international and global food-miles, food-miles emissions and food-production emissions by sectors. a–c, Food miles (a), 
food-miles emissions (b) and food-production emissions (c). a and b are based on our food-miles approach (Supplementary Notes and Supplementary 
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freight transportation of livestock and manufacturing equipment  
for ultimately satisfying the domestic red meat consumption  
(Fig. 3, red arrows: 134 kt from livestock to red meat and 326 kt from 
manufacturing to red meat) are 5–13% of emissions related to the 
production of the livestock and manufacturing equipment (1,337 
and 1,130 kt, respectively). Due to the long distances involved in 
some international supply chains supporting China’s meat con-
sumption (for example, soybeans from Brazil and vegetables and 
fruit from the United States), transport-to-production emission 
ratios reach 58–95%. Such high ratios, however, do not necessarily  

apply to all transport modes and origin–destination pairs. For 
example, transporting agricultural chemicals from Canada to the 
United States by road and to Brazil by ship, for the ultimate pur-
pose of supplying red meat to Chinese consumers, results in ratios 
of 17% (0.5 kt/3.0 kt) and 4% (0.02 kt/0.05 kt), respectively (Fig. 3).  
This wide range of transport-to-production emission ratios is 
the result of the interplay of distances, modes and refrigeration 
needs. For example, road transport features a much higher emis-
sion intensity per tkm than shipping (0.2–0.66 kgCO2eq tkm−1 
versus 0.01–0.02 kgCO2e tkm−1). These findings demonstrate the 
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Fig. 2 | top bilateral flows of international trade flows associated with global food consumption. a, Top 100 bilateral flows of international food-miles 
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importance of distinguishing spatial and modal features when 
quantifying food-miles emissions.

Food-miles and emissions by region and sector. We apply the 
global multi-region accounting framework established in this 
study to provide new estimates of sector- and region-specific 
food-miles and their related emissions, resulting from domestic 
and international trade, from both consumption and produc-
tion perspectives, respectively (Figs. 4 and 5 and Supplementary  
Figs. 7 and 8). Given that 93% of international food transportation 
relies on maritime shipping and 94% of domestic transportation 
on road haulage (Fig. 5c), and that their modal emission coef-
ficients vary considerably (Supplementary Table 1), the spatial 
distribution of transport tasks shows that domestic food-miles 
emissions overtake those of international food-miles by 1.3 times 
(at 1.7 GtCO2e; Fig. 5d).

Domestic food-miles and emissions are positively correlated 
with countries’ areas and populations: China, India, the United 
States and Russia are the top four emitters, accounting for 64% of 
the global domestic food-miles emissions (Fig. 4c). In contrast, 
international food-miles often depend on the mass and distance of 
imports from specific trading partners (Fig. 5b). As a result, com-
pared with domestic food mileage and emissions per capita (Fig. 5c),  
international food-miles and emissions per capita vary markedly by 
region. High-income regions, including Oceania, Europe and North 
America, clock up per-capita food-miles and emissions 2.7–2.8 
times that of other aggregated broad regions (Fig. 5b).

Counting all international food-miles and emissions by desti-
nation and origin yields destination- and origin-based food-miles 
and emissions, respectively, with the difference representing net 
imports or net exports of food-miles and emissions (Fig. 4d and 
Supplementary Fig. 7d). A number of large and emerging econo-
mies play a dominant role in the world food trade: large economies 
such as China, Japan, the United States and Eastern Europe are large 
net importers of food-miles and emissions, showing that the over-
all food demand is noticeably higher there than domestic produc-
tion (Fig. 4d and Supplementary Fig. 7d). The largest net exporter 
of food-miles is Brazil, followed by Australia, India and Argentina 
(Supplementary Fig. 7d), who have rapidly increased their food pro-
duction in recent decades due to improved technology and the rapid 
expansion in food trade32.

From a sectoral perspective, food sectors such as vegeta-
bles, fruit and cereals stand out in the domestic food-miles of all 
regions. However, direct and indirect suppliers of food producers 
such as fossil fuels, mining and manufacturing are also promi-
nent when accounting for the entire food supply chain (Fig. 5a 
and Supplementary Fig. 8a). Since vegetables and fruit require 
temperature-controlled transportation (0.2–0.66 kgCO2e tkm−1 for 
ambient and cold transport, respectively), their food-miles emis-
sions are higher than those of commodities that are transported at 
ambient temperatures (Fig. 5e and Supplementary Fig. 8e).

Finally, breaking down food-miles and emissions into contribu-
tions from upstream production layers (Fig. 6 and Supplementary 
Fig. 9), we show that indirect supply-chain emissions are significant: 
food-miles and related emissions more than double from around 
8.4 billion tkm and 1.4 GtCO2e at the first layer (transport of food) 
to 22.2 billion tkm and 3.0 GtCO2e at the tenth layer (transport 
of fertilizer, agricultural machinery, pesticides, etc.) as a result of 
capturing an increasing part of the underlying global supply-chain 
network.

Benefits of localizing food supply. One approach to reducing 
food-miles emissions is to switch to locally produced food. However, 
the environmental benefits of localizing food supply could be offset 
when imported food is produced more sustainably33–36 or can be 
transported without requiring refrigerated storage37. We therefore 
modelled the complete global replacement of food imports—11.6% 
of total food consumption—assuming self-sufficiency, that is 
purely domestic supply (Supplementary Notes and Supplementary 
Methods). Naturally, this scenario is hypothetical and not entirely 
realistic; for example, because many regions cannot be self-sufficient 
in food supply, there exist annual variations in regions’ yield and pro-
duction, or the local food that acts as a replacement is qualitatively 
different from the imported variety. Nevertheless, such a scenario 
offers interesting insights into the general emissions trend caused by 
food localization. An entirely domestic food consumption scenario 
can reduce food-miles emissions by 0.27 GtCO2e and food produc-
tion emissions by 0.11 GtCO2e. Localizing food in high-income 
countries alone would reduce emissions by 0.24 GtCO2e (trans-
port) and 0.39 GtCO2e (production) (Supplementary Fig. 11). This 
reduction potential appears relatively limited but can be under-
stood by considering that emissions are the result of the interplay 
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of distances, modes and refrigeration needs. Switching to local sup-
ply reduces long-distance food transportation, which relies heav-
ily on maritime shipping (0.01–0.02 kgCO2e tkm−1), but increases 

domestic food supply dominated by road transport, which in turn 
features a much higher emission intensity per tkm than shipping 
(0.2–0.66 kgCO2e tkm−1).
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Method comparison. We compared our results with simpli-
fied food-miles approaches that focus only on first-order supply 
chain connections16–19,38 (‘direct-only’ approach) or on interna-
tional trade to one destination39 (‘international only’ approach), 
or that use the same amount of tkm per US dollar attribute for 
commodities, irrespective of their origin/destination and mass40 
(‘distance-mass-ignorant’ approach). This comparison demon-
strates that our introduction of the interregional and interindustry 
travel mass, distances and transportation modes leads to substan-
tial differences, and thus considerably improves the accuracy of 
food-miles calculations. In particular, the differences between 
methods range between −50% and −18% for global food-miles 
and between −56% and 23% for global food-miles emissions 
(Supplementary Figures 4 and 5).

Conclusions
A growing global population and accelerating pace of climate change 
pose many challenges that require governments, corporations and 
members of civil society to work together to ensure sustainable pro-
duction and consumption of food. With a growing global popula-
tion demanding increasingly diverse food, and an accelerating rate 
of globalization, the contribution of food and its transportation to 
GHG emissions has emerged as an important focus, encapsulated in 
the concept of ‘food-miles’.

Although ‘food-miles’ are not and should not be considered as 
the only indicator of the environmental impact of food, they are a 
characteristic of every food commodity, and a better understand-
ing is required to establish national and international policies fit 
for managing food-related emissions in an era of ever-increasing 
urgency to avoid the worst impacts of climate change. In this article, 
we advance the understanding of food-miles and their associated 
global GHG emissions through a global analysis of unprecedented 
spatial and sectoral detail, and in terms of contributions of immedi-
ate producers and suppliers of food, and their upstream supply-chain 
network.

The contribution of this study to the literature is twofold. First, 
we report that global food-miles emissions (transport) are about 
3.0 GtCO2e, equivalent to nearly 30% of food-system emissions 
(transport and production) or 19% of total food-system emissions 
(transport, production and land-use change). Using an innova-
tive accounting framework, we find that food-miles emissions are 
3.5–7.5 times higher than previous estimates, a finding that requires 
reconsideration of policies governing global food trade and con-
sumption. In particular, vegetable and fruit consumption make up 

more than a third of global food-miles emissions, and almost dou-
ble their production-related emissions. These new findings call for  
a reconsideration of the trade-off between more sustainable local-
ized food supply versus international food trade, supporting  
food security.

Second, we show that food-miles emissions are driven by the 
affluent world. On one hand, as we have shown, localizing food 
supply leads to emissions reductions. On the other hand, interna-
tional trade plays an important role in providing access to nutritious 
food3–6 and mitigating food insecurity for vulnerable populations41 
in low-income countries42. In this respect, however, we show that 
high-income countries represent only about 12.5% of the world’s 
population, but are associated with 52% and 46% of international 
food-miles and emissions, respectively. In contrast, with about 
half of the global population, low-income countries (per-capita 
GDP < US$3,000) cause only 12% and 20% of international 
food-miles and emissions, respectively. This means that reducing 
food-miles would not necessarily compromise food security, espe-
cially when most of such reductions occur in the affluent world, 
for example, through fiscal measures such as carbon pricing and 
import duties, with revenues being recycled to protect vulnerable 
communities from potential food price increases43,44.

To mitigate food system environmental impact, we conclude 
that the strategy of dietary change to reduce animal product con-
sumption and promote plant-based foods must at least be coupled 
with switching towards more local production in high-income 
countries45,46. This strategy could be supported by tapping into the 
considerable potential of peri-urban agriculture in nourishing large 
numbers of urban residents47. Our findings thus contribute to pub-
lic advocacy in providing a more nuanced argument for the notion 
of sourcing food more locally where appropriate48.

A low-emissions food system requires management at different 
supply-chain stages and calls for engagement of different actors49. 
For example, the United Nations Environment Programme50 con-
cludes that “when we talk about global food systems, we are using a 
more holistic lens, expanding the conversation to include the entire 
value chain—not only production and consumption but also food 
processing, packaging, transport, retail and food services. By con-
sidering the entire system, we are better positioned to understand 
problems and to address them in a more integrated way.” In addition 
to improving land use and animal husbandry51, and reducing food 
loss at the farm52, there exist options for technological improvements 
of transport channels such as expanding the use of cleaner-energy 
carriers and vehicles53. Further downstream, wholesalers, retailers 
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and hospitality providers need to be made aware of the environmen-
tal implications of their respective procurement, distribution and 
marketing strategies52. Both investors and governments are able to 
assist in creating financial and regulatory environments in which 
sustainable food supply can thrive54. Finally, consumers are key to 
sustainability in their dietary choices and purchasing behaviour21. 
Suppliers, including producers, processors, wholesalers, retailers 
and hospitality providers, have the ability to increase the shares of 
local food markets by improving access, quality, range, attractive-
ness and service convenience of local fruit and vegetables, meat 
and poultry, seafood and dairy products55,56. However, changing 
consumers’ attitudes and behaviour towards sustainable diets, and 
avoiding high-impact and/or remote food producers, can bring 
about environmental benefits on a scale that producers cannot 
achieve21. Our findings support the FAO’s57 notion that “value-chain 
development emphasizes systemic analyses and integrated inter-
ventions to improve the chain’s performance”, and the advocacy of 
“encouraging consumption of locally produced food” highlighted 
in the Intergovernmental Panel on Climate Change’s Special Report 
on Climate Change and Land58. Global governance bodies thus call 
for improved communication of the environmental impacts of 
food-miles—such as the results obtained from the systemic analysis 
in this work—throughout the supply-chain actor community, using 
multistakeholder partnerships, thereby enabling a more integrated 
food system management54 that is focused on achieving food secu-
rity with minimal environmental impact.

Methods
Our food-production emissions and food-miles calculation is based on an MIRO 
framework (Supplementary Notes and Supplementary Methods), where the 
global economy is aggregated into certain sectors and regions with interregional 
and interindustry transactions being captured across the entire supply chain59. 
We first calculate global food-production emissions based on the standard 
MRIO-based carbon footprint calculation method (Supplementary Notes and 
Supplementary Methods) that is widely used in high-impact footprint studies 
such as on biodiversity25, nitrogen emissions26 and carbon emissions from global 
tourism27. The corresponding food production emissions obtained refer to the 
carbon footprint of production activities assigned to the final demand for global 
food consumption.

We then estimate global food-miles and emissions based on the improved 
food-miles calculation method (Supplementary Notes and Supplementary 
Methods) by integrating physical transportation distance, mass, modes and 
emissions coefficients into our MRIO model, which contains nearly 30 million 
direct trade connections. We compare two accounting perspectives: destination- 
and origin-based accounting, where the former allocates food-miles and emissions 
to the destination region, while the latter allocates them to the country of origin. 
The two perspectives reflect the emission responsibility borne by importers and 
exporters, respectively (Supplementary Notes and Supplementary Methods).

In the following, we further describe data sources, limitations and uncertainties 
associated with our simulations.

Data sources. We employ a computational-cloud-based collaborative research 
environment—the Global MRIO Lab60–62—to compile tailored global MRIO 
data, including an inter-regional, inter-industry transactions matrix T and an 
inter-regional final demand matrix y, based on the most recent global data sources 
from the United Nations63–68 and numerous national input–output tables61. In 
essence, the Global MRIO Lab consists of three broad components: (1) raw data 
repositories are addressed by (2) Matlab code61 (called AISHA) that in turn uses 
constrained optimization69 (an algorithm called KRAS70) to construct an MRIO 
database that adheres most closely to the abovementioned global data sources. 
MRIO databases are then saved in (3) user-accessible processed-data repositories. 
To cover the global supply chain of different food commodities, we distinguish 73 
regions and 37 sectors (including 25 food commodities; see Supplementary Fig. 1  
and Supplementary Tables 2 and 3). Of the 73 regions, 55 represent individual 
countries/regions whose imports account for 94.3% of global food imports in 
2018 (ref. 71). The remaining 18 regions are aggregations of countries by their 
geographical locations. Emissions data Q are taken from the most recent EDGAR 
database (v.5.0)28.

Price and mass data specified for different regions and sectors are extracted from 
the FAOSTAT database72 and the UN Comtrade Database (https://comtrade.un.org/), 
where the former provides prices received by farmers for primary crops, live animals 
and livestock primary products for 180 countries and 212 food-related products, 
and the latter contains detailed trading statistics reported for over 170 countries with 
detailed commodities categories. International transportation distances are measured 

using the geographical distance between the population centroids (adapted from the 
world-population-centroids database developed based on global night-time lights73 for 
55 individual counties/regions) and the geographical centroids for compound regions, 
where these bilateral distances (drs, Supplementary Fig. 3b) are extracted based on an 
open-source geographic information system application, QGIS 3.16. Domestic freight 
tasks for 56 countries are available from the International Transport Forum (ITF) 
transport statistics74. Based on the log-linear relationship between the domestic tasks 
of the 56 countries and the product of their population and land area, we then predict 
the freight tasks data for the missing countries (Supplementary Fig. 2). By dividing the 
domestic freight task by commodity mass (in tonnes), domestic freight distances (drr) 
can be obtained.

One of the main problems hindering food-miles estimation is the lack of data 
on the mode of transport associated with each food commodity. In this study, we 
account for food-miles and emissions resulting from multimodal transportation 
that occurred throughout the supply chain of different food commodities by 
distinguishing international and domestic transportation characterized by different 
commodity-specific transportation modes:

 (1) Internationally, less than 0.25% of global freight is transported by air, while 
maritime shipping and road cover most of (90%) the movement of goods over 
long distances29. Therefore, we assume that two modes—road and water—are 
available when trading internationally. Based on the geographical location 
between two countries/regions (that is, bordering on land or separated by 
sea), either road or water is applied (Supplementary Fig. 3a).

 (2) We consider domestic food-miles and emissions caused by both domestic 
and international suppliers. The latter comprises the domestic distribution of 
internationally traded commodities in both destination and origin regions. 
Domestically, because only 2% of freights are transported by inland waterway 
in 201529, we assume that three transport modes—rail, road and air—are 
available in domestic transportation. We adopt the background data for 
transport in the Ecoinvent database (https://www.ecoinvent.org/) to estimate 
the proportion of the three transportation modes for each commodity (Sup-
plementary Fig. 2).

As a result, four types of transport modes are distinguished: water, rail, road 
and air. The CO2e emissions coefficients (eh) for different transport modes are 
sourced from Ecoinvent v.3.3 (Supplementary Table 1)21.

Considering the data availability of multiple data sources, we adopt (1) 2017 
as the reference year for input–output parameters (T, x, y, Q), price and mass data 
(p) from FAOSTAT and UN Comtrade databases, and domestic freight distances 
(d) from ITF databases; (2) 2013 for commodity-specific transportation modes (h) 
from Ecoinvent; and (3) 2016 for transport mode-specific emissions coefficients (e) 
from Ecoinvent.

Limitations. We employ some assumptions about domestic and international freight 
travel distances and modes due to limited data availability. For domestic travel 
distances, we took the available domestic freight task data of 56 countries from ITF 
transport statistics74, and used the log-linear relationship fitted by these data to predict 
the average domestic freight distance of the missing countries. We apply this average 
domestic transportation distance to all food and non-food commodities, because 
commodity-specific travel distance data are unavailable. Internationally, we noticed 
that specific services with different trading partners may involve multiple ports 
especially for large countries, resulting in variations in international travel distances 
between region pairs. In our study, we could not distinguish such differences by 
including subdivisions within each region, due to our study being limited to 73 world 
regions. Therefore, we measure average international freight travel distances among 
these regions using the geographic distance between their population centroids that 
are available for individual countries/regions. This is based on the assumption that, 
due to the proportionality between population, GDP and electricity consumption 
and land area illuminated by anthropogenic lights75, such population centroids73,75 
obtained from night-time light data are able to reflect centroids of human economic 
activities. In terms of domestic travel modes, due to the scarcity of such data, we apply 
the same commodity-specific transport mode data obtained from the Ecoinvent 
database to all regions.

We also note that land-use emissions are excluded from food-production 
emissions as considered in this study.

Uncertainty. To assess the uncertainty of our food-miles results, we employ the 
Monte Carlo technique, which is extensively used for the uncertainty analysis 
of footprint studies27. We use accompanying standard deviation estimates for 
our MRIO data to perform 1,000 simulation runs with perturbed food-miles 
parameters (Supplementary Information, section 1.2.5), then calculate 1,000 
perturbed food-miles emissions, and estimate their standard deviations from the 
statistical distribution of the perturbations (Supplementary Fig. 10). The results 
from 1,000 Monte Carlo runs indicate that global food-miles emissions lie between 
2.9 and 3.22 GtCO2e (95% level of confidence). Regional standard deviations of 
the food-miles emissions ranged between 1% and 10% of the reference values 
(Supplementary Table 5).

Future work. Beyond the commodity-specific GHG emissions detailed in this 
study, future work could further consider food-miles and emissions per traded 
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gram of protein or other macro/micronutrients. Finally, selecting GHG emissions 
as the currency of our analysis provides an undoubtedly important metric of 
environmental sustainability, but other factors (for example, biodiversity, water 
use) also play important roles. Assessing these is a priority for future work.

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

Data availability
Data supporting the findings of this study are available within the article and its 
Supplementary Information files, or are available from the corresponding author 
upon reasonable request. Source data are provided with this paper.
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The codes developed for the analyses and to generate results are available from the 
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Received: 8 September 2021; Accepted: 11 May 2022;  
Published online: 20 June 2022

References
 1. The State of Agricultural Commodity Markets 2020. Agricultural Markets and 

Sustainable Development: Global Value Chains, Smallholder Farmers and 
Digital Innovations (FAO, 2020).

 2. Martin, W. & Laborde Debucquet, D. in 2018 Global Food Policy Report, Ch. 
3 (IFPRI, 2018); https://doi.org/10.2499/9780896292970_03

 3. Porkka, M., Kummu, M., Siebert, S. & Varis, O. From food insufficiency 
towards trade dependency: a historical analysis of global food availability. 
PLoS ONE 8, e82714 (2013).

 4. Porkka, M., Guillaume, J. H., Siebert, S., Schaphoff, S. & Kummu, M.  
The use of food imports to overcome local limits to growth. Earth’s Future 5, 
393–407 (2017).

 5. MacDonald, G. K. et al. Rethinking agricultural trade relationships in an era 
of globalization. BioScience 65, 275–289 (2015).

 6. D’Odorico, P., Carr, J. A., Laio, F., Ridolfi, L. & Vandoni, S. Feeding humanity 
through global food trade. Earth’s Future 2, 458–469 (2014).

 7. Kissinger, M. International trade related food miles—the case of Canada. 
Food Policy 37, 171–178 (2012).

 8. Food Miles (DEFRA, 2011); http://adlib.everysite.co.uk/adlib/defra/content. 
aspx?id=000HK277ZX.0C90163GX9GA35

 9. Andersson, K., Ohlsson, T. & Olsson, P. Screening life cycle assessment (LCA) 
of tomato ketchup: a case study. J. Clean. Prod. 6, 277–288 (1998).

 10. Marletto, G. & Sillig, C. Environmental impact of Italian canned tomato 
logistics: national vs. regional supply chains. J. Transp. Geogr. 34,  
131–141 (2014).

 11. Wiedemann, S. et al. Environmental impacts and resource use of Australian 
beef and lamb exported to the USA determined using life cycle assessment.  
J. Clean. Prod. 94, 67–75 (2015).

 12. Meisterling, K., Samaras, C. & Schweizer, V. Decisions to reduce greenhouse 
gases from agriculture and product transport: LCA case study of organic and 
conventional wheat. J. Clean. Prod. 17, 222–230 (2009).

 13. Denham, F. C., Biswas, W. K., Solah, V. A. & Howieson, J. R. Greenhouse gas 
emissions from a Western Australian finfish supply chain. J. Clean. Prod. 112, 
2079–2087 (2016).

 14. Lenzen, M. Errors in conventional and input–output-based life-cycle 
inventories. J. Ind. Ecol. 4, 127–148 (2000).

 15. Tobarra, M. A., Lopez, L. A., Cadarso, M. A., Gomez, N. & Cazcarro, I. Is 
seasonal households’ consumption good for the nexus carbon/water 
footprint? The Spanish fruits and vegetables case. Environ. Sci. Technol. 52, 
12066–12077 (2018).

 16. Smith, A., Watkiss, P., Tweddle, G. & McKinnon, A. C. The Validity of Food 
Miles as an Indicator of Sustainable Development (DEFRA, 2005).

 17. Kissinger, M. International trade related food miles—the case of Canada. 
Food Policy 37, 171–178 (2012).

 18. Neira, D. P., Fernandez, X. S., Rodriguez, D. C., Montiel, M. S. & Cabeza, M. 
D. Analysis of the transport of imported food in Spain and its contribution to 
global warming. Renew. Agric. Food Syst. 31, 37–48 (2016).

 19. Mosammam, H. M., Sarrafi, M., Nia, J. T. & Mosammam, A. M. Analyzing 
the international trade-related food miles in Iran. Outlook Agric. 47,  
36–43 (2018).

 20. Pradhan, P. et al. Urban food systems: how regionalization can contribute to 
climate change mitigation. Environ. Sci. Technol. 54, 10551–10560 (2020).

 21. Poore, J. & Nemecek, T. Reducing food’s environmental impacts through 
producers and consumers. Science 360, 987–992 (2018).

 22. Crippa, M. et al. Food systems are responsible for a third of global 
anthropogenic GHG emissions. Nature Food 2, 198–209 (2021).

 23. Rosenzweig, C. et al. Climate change responses benefit from a global food 
system approach. Nat. Food 1, 94–97 (2020).

 24. Clark, M. A. et al. Global food system emissions could preclude achieving the 
1.5° and 2 °C climate change targets. Science 370, 705–708 (2020).

 25. Lenzen, M. et al. International trade drives biodiversity threats in developing 
nations. Nature 486, 109–112 (2012).

 26. Oita, A. et al. Substantial nitrogen pollution embedded in international trade. 
Nat. Geosci. 9, 111–115 (2016).

 27. Lenzen, M. et al. The carbon footprint of global tourism. Nat. Clim. Change 
8, 522 (2018).

 28. Janssens-Maenhout, G. et al. EDGAR v4.3.2 global atlas of the three major 
greenhouse gas emissions for the period 1970–2012. Earth Syst. Sci. Data 
Discuss. 2017, 1–55 (2017).

 29. ITF Transport Outlook 2019 (ITF, 2019).
 30. The Carbon Footprint of Global Trade (ITF, 2015).
 31. Lenzen, M., Li, M. & Murray, S. A. Impacts of harmful algal blooms  

on marine aquaculture in a low-carbon future. Harmful Algae 110,  
102143 (2021).

 32. The Future of Food and Agriculture: Trends and Challenges (FAO, 2017).
 33. Food Product Environmental Footprint Literature Summary: Food 

Transportation (State of Oregon, Department of Environmental  
Quality, 2017).

 34. Wakeland, W., Cholette, S. & Venkat, K. in Green Technologies in Food 
Production and Processing (eds Boye, J. I. & Arcand, Y.) 211–236  
(Springer, 2012).

 35. Kreidenweis, U., Lautenbach, S. & Koellner, T. Regional or global? The 
question of low-emission food sourcing addressed with spatial optimization 
modelling. Environ. Modelling Softw. 82, 128–141 (2016).

 36. Born, B. & Purcell, M. Avoiding the local trap: scale and food systems in 
planning research. J. Plan. Educ. Res. 26, 195–207 (2006).

 37. Webb, J., Williams, A. G., Hope, E., Evans, D. & Moorhouse, E. Do foods 
imported into the UK have a greater environmental impact than the same 
foods produced within the UK? Int. J. Life Cycle Assess. 18, 1325–1343 (2013).

 38. Pretty, J. N., Ball, A. S., Lang, T. & Morison, J. I. Farm costs and food miles: 
an assessment of the full cost of the UK weekly food basket. Food Policy 30, 
1–19 (2005).

 39. Lopez, L. A., Cadarso, M. A., Gomez, N. & Tobarra, M. A. Food miles, 
carbon footprint and global value chains for Spanish agriculture: assessing the 
impact of a carbon border tax. J. Clean. Prod. 103, 423–436 (2015).

 40. Weber, C. L. & Matthews, H. S. Food-miles and the relative climate  
impacts of food choices in the United States. Environ. Sci. Technol. 42, 
3508–3513 (2008).

 41. Kinnunen, P. et al. Local food crop production can fulfil demand for less than 
one-third of the population. Nat. Food 1, 229–237 (2020).

 42. Wood, S. A., Smith, M. R., Fanzo, J., Remans, R. & DeFries, R. S. Trade  
and the equitability of global food nutrient distribution. Nat. Sustain. 1, 
34–37 (2018).

 43. Cornwell, A. Reducing carbon dioxide emissions in Australia: a minimum 
disruption approach. Aust. Econ. Rev. 29, 65–81 (1996).

 44. Creedy, J. & Sleeman, C. Carbon dioxide emissions reductions in  
New Zealand: a minimum disruption approach. Aust. Econ. Pap. 44,  
199–220 (2005).

 45. To Transform the Global Food System and Feed the World Sustainably, Start at 
the Local Level (IFPRI, 2019).

 46. Pradhan, P., Lüdeke, M. K. B., Reusser, D. E. & Kropp, J. P. Food 
self-sufficiency across scales: how local can we go? Environ. Sci. Technol. 48, 
9463–9470 (2014).

 47. Kriewald, S., Pradhan, P., Costa, L., Ros, A. G. C. & Kropp, J. P. Hungry 
cities: how local food self-sufficiency relates to climate change, diets, and 
urbanisation. Environ. Res. Lett. 14, 094007 (2019).

 48. Smith, A. et al. The Validity of Food Miles as an Indicator of Sustainable 
Development (DEFRA, 2005).

 49. Godfray, H. C. J. et al. The future of the global food system. Philos. Trans. R. 
Soc. B Biol. Sci. 365, 2769–2777 (2010).

 50. Food Systems Hold Key to Ending World Hunger (United Nations Environment 
Programme, 2021).

 51. Tackling Climate Change through Livestock (FAO, 2014).
 52. Food Loss and Waste Must Be Reduced for Greater Food Security and 

Environmental Sustainability (United Nations Environment Programme, 
2020).

 53. Fischedick, M. et al. Industry. In Climate Change 2014: Mitigation of Climate 
Change (eds Edenhofer, O. et al.) (Cambridge Univ. Press, 2014).

 54. The Global Food System: An Analysis (World Wide Fund for Nature,  
2017).

 55. Spencer, S. & Kneebone, M. FoodMap: A Comparative Analysis of Australian 
Food Distribution Channels (Australian Government Department of 
Agriculture, Fisheries and Forestry, 2007).

 56. Abate-Kassa, G. & Peterson, H. C. Market access for local food through  
the conventional food supply chain. Int. Food Agribus. Manage. Rev. 14, 
63–82 (2011).

 57. Sustainable Food Systems: Concept and Framework (FAO, 2018).

NAtuRe FooD | VOL 3 | JUNE 2022 | 445–453 | www.nature.com/natfood452

https://doi.org/10.2499/9780896292970_03
http://adlib.everysite.co.uk/adlib/defra/content.aspx?id=000HK277ZX.0C90163GX9GA35
http://adlib.everysite.co.uk/adlib/defra/content.aspx?id=000HK277ZX.0C90163GX9GA35
http://www.nature.com/natfood


ArticlesNature Food

 58. Mbow, C., et al. in Climate Change and Land: An IPCC Special Report on 
Climate Change, Desertification, Land Degradation, Sustainable Land 
Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial 
Ecosystems (eds Shukla, P. R. et al.) Ch. 5 (2019).

 59. Leontief, W. Input–Output Economics (Oxford University Press, 1966).
 60. Lenzen, M., Moran, D., Kanemoto, K. & Geschke, A. Building Eora: a global 

multi-region input–output database at high country and sector resolution. 
Econ. Syst. Res. 25, 20–49 (2013).

 61. Lenzen, M., Kanemoto, K., Moran, D. & Geschke, A. Mapping the structure 
of the world economy. Environ. Sci. Technol. 46, 8374–8381 (2012).

 62. Lenzen, M. et al. The Global MRIO Lab—charting the world economy. Econ. 
Syst. Res. 29, 158–186 (2017).

 63. National Accounts Main Aggregates Database (United Nations Statistics 
Division, 2020); https://unstats.un.org/unsd/snaama/

 64. National Accounts Official Data (United Nations Statistics Division, 2019); 
http://data.un.org/Browse.aspx?d=SNA

 65. Industrial Statistics Database at the 4-digit Level of ISIC (INDSTAT4) 
(UNIDO, 2019); http://www.unido.org/resources/statistics/statistical- 
databases.html

 66. UN Comtrade—United Nations Commodity Trade Statistics Database (United 
Nations Statistics Division, 2019); http://comtrade.un.org

 67. UN ServiceTrade (United Nations Statistics Division, 2019); https://unstats.
un.org/unsd/servicetrade/default.aspx

 68. FishStat—Software for Fishery and Aquaculture Statistical Time Series  
(FAO, 2017).

 69. Geschke, A., Ugon, J., Lenzen, M., Kanemoto, K. & Moran, D. D. Balancing 
and reconciling large multi-regional input–output databases using parallel 
optimisation and high-performance computing. J. Econ. Struct. 8, 2 (2019).

 70. Lenzen, M., Gallego, B. & Wood, R. Matrix balancing under conflicting 
information. Econ. Syst. Res. 21, 23–44 (2009).

 71. Food Products Imports by World 2018 (WITS, 2018); https://wits.worldbank.
org/CountryProfile/en/Country/WLD/Year/2018/TradeFlow/Import/Partner/
all/Product/16-24_FoodProd

 72. FAOSTAT Database (FAO, 2018).
 73. Hall, O., Bustos, M. F. A., Olén, N. B. & Niedomysl, T. Population centroids 

of the world administrative units from nighttime lights 1992−2013. Sci. Data 
6, 235 (2019).

 74. Goods Transport (ITF, 2017); https://www.oecd-ilibrary.org/content/data/
g2g5557d-en

 75. Elvidge, C. D. et al. Relation between satellite observed visible-near infrared 
emissions, population, economic activity and electric power consumption.  
Int. J. Remote Sens. 18, 1373–1379 (1997).

Acknowledgements
This work was financially supported by the Australian Research Council (projects 
DP0985522, DP130101293, DP190102277, LE160100066, DP200102585, DP200103005, 
LP200100311, IH190100009) and the National eResearch Collaboration Tools and 
Resources project, through the Industrial Ecology Virtual Laboratory infrastructure 
VL 201. We thank S. Juraszek for expertly managing the Global IELab’s advanced 
computation requirements, and C. Jarabak for help with collecting data

Author contributions
M. Lenzen designed the study. M. Li conducted the analyses. M. Li, L.W., N.J. and Y.J. 
contributed to data collection. M. Li, D.R., M. Lenzen and A.M. wrote the paper. All 
authors contributed to data interpretation and manuscript editing.

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/s43016-022-00531-w.

Correspondence and requests for materials should be addressed to Arunima Malik.

Peer review information Nature Food thanks Prajal Pradhan, Pekka Kinnunen 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.

© The Author(s), under exclusive licence to Springer Nature Limited 2022

NAtuRe FooD | VOL 3 | JUNE 2022 | 445–453 | www.nature.com/natfood 453

https://unstats.un.org/unsd/snaama/
http://data.un.org/Browse.aspx?d=SNA
http://www.unido.org/resources/statistics/statistical-databases.html
http://www.unido.org/resources/statistics/statistical-databases.html
http://comtrade.un.org
https://unstats.un.org/unsd/servicetrade/default.aspx
https://unstats.un.org/unsd/servicetrade/default.aspx
https://wits.worldbank.org/CountryProfile/en/Country/WLD/Year/2018/TradeFlow/Import/Partner/all/Product/16-24_FoodProd
https://wits.worldbank.org/CountryProfile/en/Country/WLD/Year/2018/TradeFlow/Import/Partner/all/Product/16-24_FoodProd
https://wits.worldbank.org/CountryProfile/en/Country/WLD/Year/2018/TradeFlow/Import/Partner/all/Product/16-24_FoodProd
https://www.oecd-ilibrary.org/content/data/g2g5557d-en
https://www.oecd-ilibrary.org/content/data/g2g5557d-en
https://doi.org/10.1038/s43016-022-00531-w
http://www.nature.com/reprints
http://www.nature.com/natfood


1

nature research  |  reporting sum
m

ary
April 2020

Corresponding author(s): Arunima Malik

Last updated by author(s): Mar 2, 2022

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 Calculations were done in the Australian Industrial Ecology Virtual Laboratory - ielab.info

Data analysis Data analysis involved undertaking input-output calculations

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

Data are available from authors upon request



2

nature research  |  reporting sum
m

ary
April 2020

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.
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