
1 
 

Food procurement of staple cereals for world major cities in 2050  1 
 2 
Toshichika Iizumi 1, *, Takahiro Takimoto 1, Michiya Hayashi 2, Hideo Shiogama 2, 3 
Shinichiro Fujimori 3, Tomoko Hasegawa 4 4 
 5 
1 National Agriculture and Food Research Organization, Tsukuba, Japan 6 
2 National Institute for Environmental Studies, Tsukuba, Japan 7 
3 Graduate School of Engineering, Kyoto University, Kyoto, Japan 8 
4 Research Organization of Science and Technology, Ritsumeikan University, Kusatsu, 9 
Japan 10 
 11 
Correspondence: Toshichika Iizumi (iizumit@affrc.go.jp) 12 
 13 
Abstract 14 
Cities are dependent on food transported domestically or internationally. However, little 15 
is known about how the burden of transporting food to cities will changes under future 16 
socio-economic and climatic conditions. Here we present the current transport loads of 17 
major commodities (wheat and rice) and their projections in 2050 for 208 world’s major 18 
cities, using food-miles as a metric. The estimated freight transport routes and resulting 19 
distance-sufficiency curves characterized the cities well and provided insights to improve 20 
the robustness of food procurement. The least food-miles required to achieve 70% of the 21 
city’s wheat (rice) demand in 2050 were projected to increase in 68 (85) cities and 22 
decrease in 61 (54) cities, compared to the variations in food-miles associated with the 23 
current natural climate variability, with 79 (54) cities remaining unchanged. These 24 
findings provide city-specific information that ultimately helps to plan for more robust 25 
food procurement in the context of climate-resilient cities. 26 
 27 
Cities are hubs of economic activity and residence for 55% of the world’s 8 billion people 28 
in 2018 (United Nations 2019). The rapid shift to urban living is increasing the reliance 29 
on transported food, both domestically and internationally (Seto and Ramankutty 2016). 30 
Food supply chains are fundamental to supporting urban living and are highly dependent 31 
on infrastructure and services, such as freight transport, storage, wholesale and retail. This 32 
fact has been repeatedly demonstrated over the last decade by the supply disruptions 33 
caused by the food crises (Ruel et al. 2010, Miller et al. 2024), pandemics (Gomez et al. 34 
2021) and wars (Nóia Júnior et al. 2022).  35 
  Accumulated evidence indicates that projected warming and changes in precipitation 36 
patterns would disproportionately affect the productivity of staple cereals between the 37 
low and high latitudes (Jägermeyr et al. 2021). Other projected changes also include the 38 
exacerbation of production stability and the risk of multi-breadbasket crop failures 39 
(Hasegawa et al. 2022, Chen et al. 2024), poleward shift of areas suitable for cropping 40 
(Zabel et al. 2024), and food price increases affecting vulnerable groups of urban residents 41 
in import-dependent countries (Zhang et al. 2022). The growing urban population, which 42 
is expected to reach 68% of 9.8 billion in 2050 (United Nations 2019), will occur 43 
alongside these changes in food availability and access. Food access in cities may be 44 
further compromised by rural out-migration to urban settlements, internally or abroad 45 
(Tuholske et al. 2024). Therefore, transforming urban agri-food systems, including food 46 
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procurement, to be more robust to these changes is important as part of the climate-47 
resilient development (Dodman et al. 2022).  48 

However, while the projected climate impacts mentioned above are relevant at the 49 
national to sub-national levels, it is difficult to derive direct implications for individual 50 
cities. The lack of city-specific information prevents urban planners and managers of 51 
infrastructure and services from taking countermeasures to make food procurement more 52 
robust to the changes. To fill this gap, this study aims to present the projected changes in 53 
transport loads of the major commodities, wheat and rice, for 208 major cities around the 54 
world in 2050 under the future scenarios of demographics, crop area and climate impacts 55 
on crop yields. Food-miles is chosen as the main metric to quantify transport loads. Food 56 
consumed in cities is transported by freight transport from production areas, domestically 57 
or internationally. Increasing dependence on food imports is a common trend in many 58 
countries and probably many cities (d’Amour and Weston 2020). Projections of freight 59 
transport loads is therefore vital as a first step to prepare for the expected socio-economic 60 
and climatic conditions in the coming decades. For this, we combinedly used the Dijkstra 61 
algorithm with the road and vessel density map to estimate plausible global freight 62 
transport routes and resulting food-miles for each city.  63 

Wheat and rice are selected for this study because of their importance in human food 64 
consumption and for their contrasting characteristics in international trade. Together, 65 
these crops provide nearly 40% of calories and 30% of protein for humans on a global 66 
average (Xia et al. 2022). Wheat is a daily staple for 2.5 billion people worldwide 67 
(CIMMYT 2019), while rice is eaten by 4 billion people in the most populated regions, 68 
Asia and Africa (IRRI 2023). Focusing on the countries trading over 1,000 tons in 2022, 69 
64 countries exported 1.9 billion tons of wheat to 165 countries, while 30 countries 70 
exported 0.3 billion tons of rice to 48 countries (FAO 2025), highlighting the “thin” 71 
market for rice compared to wheat.  72 
 73 
Results 74 
City-specific food-miles and distance-sufficiency curve. To quantify the transport load 75 
of each commodity to each city, the food-miles was selected as the main metric. The food-76 
miles is generally expressed in tons-kilometers (t km) and represents the distance 77 
transported multiplied by the mass of food item (NCAT 2008, Li et al. 2022). Using the 78 
global gridded maps of crop area and yield, population and road and vessel density, as 79 
well as the country-level data on trade matrix and per capita consumption of wheat and 80 
rice for food, we estimated global freight transport routes from production to consumption 81 
areas (Fig. 1 a) and the mass of the crops transported per route at the 30-arcmin resolution 82 
(~55 km at the equator). The distance transported and the mass of the crops transported, 83 
both estimated per route, were used to calculate the food-miles and its derivative, the 84 
distance-sufficiency curve, for each city (see Methods).  85 

Freight transport routes estimated by the Dijkstra algorithm were more plausible than 86 
those derived by the great-circle algorithm if the fact that freight transport generally uses 87 
road and sea routes, but not air routes, was taken into account (Supplementary Fig. 1). 88 
The distance-sufficiency curves derived here revealed substantial variations between the 89 
cities. We therefore classified them into three groups using the clustering technique for 90 
characterization purposes. The results showed that more than two-thirds of the cities had 91 
an S-shaped curve, or a gamma (Γ)-shaped curve in an extreme case (Cluster 1 for both 92 
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wheat and rice in Fig. 1 b, Supplementary Fig. 2). This shape of the distance-sufficiency 93 
curve indicates a relatively short distance (<103 km) to satisfy the city’s food demand, 94 
and mainly due to the contributions from domestic production and/or imports from 95 
neighboring countries. The second distinct group of the cities exhibited a vertically 96 
mirrored L (⎦)-shaped curve, indicating a high dependence on imports from a limited 97 
number of distant exporting countries (Cluster 3 for wheat and Cluster 2 for rice). This 98 
group also included a relatively liner shape, as seen around the diagonal line in the 99 
distance-sufficiency space. The dependence of imports from multiple exporting countries, 100 
both neighboring and distant, explains this shape. The remaining group had an L-shaped 101 
curve rotated 90° counterclockwise ( ), indicating that current domestic production and 102 
imports are insufficient to meet the city’s food demand (Cluster 2 for wheat and Cluster 103 
3 for rice). Since clustering was performed for each commodity, the cluster numbers are 104 
not the same, even though the shapes of the distance-sufficiency curves are similar 105 
between the commodities  106 
 107 

 108 
 109 
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Fig. 1. Estimated freight transport routes and distance-sufficiency curves. a. Current 110 
wheat and rice transport routes from the production areas to the 208 major cities, 111 
estimated using the Dijkstra algorithm. A distinction is made between the estimated 112 
domestic and international transports. b. The city-specific distance-sufficiency curve, 113 
showing the response of wheat and rice sufficiency for food consumption as a function of 114 
the distance from the production area to the city. The cities are classified into three groups 115 
in terms of food-miles using the complete linkage clustering method.  116 
 117 
Comparisons in current food-miles between cities and crops. The distance-sufficiency 118 
curves revealed the characteristics of each city and commodity in terms of food-miles. 119 
We described some examples below for explanatory purposes. One example is that, in 120 
Singapore, the distance-sufficiency curve is relatively more S-shaped for rice compared 121 
to wheat (Fig. 2 a). Rice consumed in the city comes mainly from Asian countries (India, 122 
Vietnam, Thailand, Cambodia, Japan and Pakistan), while wheat comes from Oceanic 123 
and North American countries (Australia, the United States, Canada), with the exception 124 
of Malaysia. This contrast explains the different shapes of the distance-sufficiency curves 125 
between the commodities. Another example is that the wheat distance-sufficiency curve 126 
for Singapore is more gradual and smoothed, while that for Tokyo is steeper and more 127 
zigzagged. Tokyo’s dependence on a small number of distant trading partner countries 128 
explains this feature of the curve—99.9% of wheat imported by Japan in 2023 came from 129 
only three countries: the United States (38.6%), Canada (38.4%) and Australia (22.9%). 130 
In contrast, a major portion of wheat consumed in Singapore came from the trading 131 
partners which are geographically close to the city—Australia (57.9%) and Malaysia 132 
(1.4%), compared to the United States (23.5%) and Canada (16.8%). This contributes to 133 
make the curve relatively gradual and smooth. As storage is not taken into account in this 134 
study, it is thought to be the reason why Singapore’s sufficiency does not reach 100%.  135 

In Western Europe, 10 of the 13 cities considered in this study (Barcelona, Duesseldorf, 136 
Lisboa, London, Madrid, Manchester, Milano, Paris, Stuttgart and Wien) achieved 70% 137 
sufficiency within 10,000 km (Fig. 2 b, Supplementary Fig. 3). The remaining cities were 138 
Amsterdam, Brussels and Napoli, which required an average of 16,542 km to reach the 139 
sufficiency level. In contrast, of the 30 cities in Sub-Saharan Africa, only four (Addis 140 
Ababa, Dakar, Shashemene and Cape Town) achieved 70% sufficiency within 10,000 km 141 
for wheat. Although wheat is not necessarily a staple cereal in Africa, this difference 142 
highlighted that food procurement in many Sub-Saharan African cities is characterized 143 
by longer food-miles than in Western European cities and therefore less robust to shocks 144 
during freight transport. 145 
 146 
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 147 
Fig. 2. Different distance-sufficiency curves characterizing food-miles. a. Comparison 148 
between wheat and rice for Singapore and between Singapore and Tokyo for wheat. b. 149 
Comparison between Sub-Saharan African and Western Europen cities for wheat.  150 
 151 
Projected changes in food-miles. The food-miles for 2050 were projected based on four 152 
different scenarios of the impact of climate change on crop yields. The projected changes 153 
in demographics and crop area based on the “meddle-of-the-road” Shared Socio-154 
economic Pathways (SSP2) were commonly considered across the different yield 155 
scenarios. Two population datasets were used as the different representation of the future 156 
population scenario. The yield scenarios were based on the ensemble mean projections of 157 
12 global gridded crop models (GGCMs) with climate inputs from two global climate 158 
models (MPI-ESM1-2-HR and MRI-ESM2-0) forced with low and high emission 159 
scenarios (referred to as SSP126 and SSP585, respectively). We compared the food-miles 160 
impact of changes in mean climate for 2050 with that induced by the El Niño-Southern 161 
Oscillation (ENSO), to give readers a sense of how large the projected changes are 162 
relative to the variations in food-miles due to current natural climate variability. To do 163 
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this, we used the mean yields over the El Niño (La Niña) years, relative to neutral years, 164 
for the current climate, as well as the mean yields over the ENSO neutral years for the 165 
future climate, both calculated using the multi-GGCM ensemble mean yield projections 166 
and the climate models’ monthly sea surface temperature (Methods). 167 

The projected population decreased in East Asia and Europe, but increased in many 168 
parts of the world for both datasets (Supplementary Fig. 4). Under the SSP2 socio-169 
economic scenario, the crop area was expected to remain unchanged or decrease. 170 
Particularly, the noticeable decreases were in China, India, Canada and Brazil for wheat 171 
and in China, India, Thailand and Cambodia for rice (Supplementary Fig. 5). Compared 172 
to population and crop area, the impact of climate change on yields was projected to be 173 
more complex in terms of geographic patterns. The wheat yield was projected to increase 174 
in Europe but decrease in India under the climate projection derived from the MPI-ESM1-175 
2-HR climate model, regardless of the emission scenarios (SSP126 and SSP585) 176 
(Supplementary Fig. 6). Under different climate projection derived from the MRI-ESM2-177 
0 climate model, the wheat yield would decrease in many parts of Europe, Australia and 178 
Argentina for both SSP126 and SSP585. For rice, although both signs of change were 179 
found, the yield decrease was relatively widespread in Asia (Supplementary Fig. 7). This 180 
trend was relatively consistent across the different climate models and emission scenarios.  181 

The projected food-miles could be greater than the current maximum or smaller than 182 
the current minimum, when compared to the current min-max range of food-miles 183 
associated with ENSO in the historical period. In 68 of the 208 cities, it was projected 184 
that the food-miles required to achieve 70% sufficiency of the city’s wheat demand 185 
(FM70) in 2050 would be greater than the current maximum FM70 associated with ENSO 186 
(Fig. 3, Supplementary Fig. 8). Here, we set the threshold at 70% to avoid extremely long 187 
food-miles due to small amounts of imports from distant countries, and also to take into 188 
account the fact that nearly 30% of food is lost between harvest and consumption (FAO 189 
2011). However, in 61 cities, the wheat FM70 would be smaller than the ENSO-induced 190 
current minimum FM70. The remaining 79 cities were projected to fall within the current 191 
min-max range. For rice, the FM70 for 2050 was projected to exceed the ENSO-induced 192 
maximum for 85 cities, while it would fall below the ENSO-induced minimum for 54 193 
cities, with 69 cities falling within the current min-max ranges.  194 

Increases in FM70 were found in many more cities for rice than for wheat. While rice 195 
area and yield were expected to decrease in India, the country’s population was projected 196 
to increase (Supplementary Fig. 4, Supplementary Fig. 5, Supplementary Fig. 7). As a 197 
result, the food-miles for rice were projected to increase in more Indian cities than for 198 
wheat (Fig. 3). However, decreases in FM70 for rice also appeared. Food-miles for rice 199 
in West African cities were projected to decrease or unchanged. As rice consumed in the 200 
cities was estimated to be transported domestically (Fig. 1 b), the projected yield increases 201 
in the region mainly explain this result (Supplementary Fig. 7).  202 
 203 
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 204 
Fig. 4. Projected changes in wheat and rice food-miles for major cities in 2050. The 205 
median changes in the food-miles required to achieve 70% sufficiency (FM70) in 2050 206 
are presented. The projected changes in FM70 are relative to the average FM70 over the 207 
ENSO neutral years in the current climate. The median values are derived based on six 208 
projections, consisting of two emission scenarios (SSP126 and SSP585), two climate 209 
models (MPI-ESM1-2-HR and MRI-ESM2-0) and two representations of the future 210 
population scenario (the JO and MY datasets). Only the data in the ENSO neutral years 211 
are used for the future climate.  212 
 213 
Relative contributions to uncertainty in projected food-miles. To understand the 214 
relative contributions of main sources of uncertainty, we performed analysis of variance 215 
(ANOVA) on the projected FM70 from one city to another. There was a common trend 216 
across the commodities that the different representations of the future population scenario 217 
(i.e., the JO and MY datasets) explained a dominant proportion (86.3–89.3%) of the 218 
uncertainty in the projected FM70 (Supplementary Fig. 9). The climate models and the 219 
emission scenarios were then identified as the second (5.3–5.7%) and third (2.2–4.0%) 220 
contributing sources, respectively. The finding that the different representations of the 221 
future population scenario are the main source of uncertainty makes intuitive sense, as 222 
the population determines the level of food demand in the city. The relatively limited 223 
contribution of the emission scenarios is understandable, as this study analyzes the mid-224 
century where the increases in CO2 concentration and resulting climate change, as well 225 
as the climate impact on yield, are relatively smaller than at the late century. However, 226 
the yield projections used here did not take into account yield improvements associated 227 
with future agricultural research and development. Consideration of future technology 228 
and management scenarios may change the result of the uncertainty analysis from that 229 
presented here. 230 
 231 
Discussion 232 
The food-miles estimated using the Dijkstra algorithm with the road and vessel density 233 
map presented in this study provide a more plausible representation of freight transport 234 
routes than the great-circle algorithm which is similar to air transport routes 235 
(Supplementary Fig. 1). Cereals are transported by road and sea, but rarely by air (Li et 236 
al. 2022). The difference between the two algorithms is particularly noticeable when 237 
freight transport routes pass through canals or straits, although the difference is relatively 238 
small when crossing the ocean. In addition, the grid-wise estimates of freight transport 239 
routes allow the distance-sufficiency curve to be derived for each city, and this approach 240 
is applicable to cities around the world. These features represent a notable improvement 241 
in the study of food miles. Importantly, city-specific food-miles need to be calculated with 242 
global geospatial data, as demonstrated in this study, because food procurement for cities 243 
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is largely dependent on the globally interconnected food trade. The distance-sufficiency 244 
curve provides a means of investigating the effect of specific interventions on food 245 
procurement for each city in future research. Interventions may include reorganizing crop 246 
area, building new roads, changing trading partner countries, or placing storage facilities. 247 
Some of these have been studied (Beyer et al. 2022, Schneider et al. 2022), but none of 248 
the existing studies include global freight transport or transport loads to cities. 249 
  Comparisons between commodities and cities provide some insights into how to make 250 
food procurement for cities more robust. Under the current conditions of crop area and 251 
yields, population and freight transport routes, the distance-sufficiency curve for rice is 252 
S-shaped in many more cities than for wheat. Rice production areas are concentrated in 253 
Asia. This fact contributes relatively short food-miles for rice in the Asian cities, even if 254 
rice consumed in these cities is imported from neighboring countries. Relying on a crop 255 
that is abundant in domestic and neighboring production areas as a staple cereal is a good 256 
way to feed cities, as many Asian cities do with rice. The same is applied to the European 257 
and North American cities with wheat. Nevertheless, the difference in food-miles for 258 
wheat between Singapore and Tokyo leads to the idea that importing from a range of 259 
exporting countries, including both near and far and both major and minor, is considered 260 
a good practice to increase the robustness of food procurement. 261 
  Food procurement is affected by natural climate variability, such as ENSO, negatively 262 
or positively, depending on the cities and commodities through good or bad harvests in 263 
domestic production area and exporting countries (Anderson et al. 2023). Therefore, the 264 
impact of current natural climate variability provides a metric for understanding the 265 
magnitude of projected changes in food-miles for cities. The results indicate that the 266 
projected food-miles could vary by city and commodity, with the magnitude exceeding 267 
the range caused by current natural climate variability. This finding implies that, in 268 
principle, countermeasures for robust food procurement, including planning, need to be 269 
taken city by city. For example, an alliance of cities for joint procurement and storage 270 
may be beneficial, but the similarities and differences in the shape of the distance-271 
sufficiency curve between cities need to be taken into account in risk diversification.  272 

This study has a few limitations. First, river and rail transports are not considered. River 273 
transport is affected by low water levels and the length of ice season (Fukś et al. 2023). 274 
The droughts that hit the Missouri River in 2022 (National Integrated Drought 275 
Information System 2022) and the Panama Canal in 2023 (World Weather Attribution 276 
2024) are notable examples. For rail transport, thermal expansion of rails leading to 277 
service delays or cancellations is an emerging concern (Palin et al. 2021, The Japan Times 278 
2024). Second, road and sea routes would change in the coming decades. Projected 279 
economic development would expand road networks (Meijer et al. 2018). The availability 280 
of the Northern Sea Route in a warmer climate could alter sea routes between Europe and 281 
Asia (Nikkei Asia 2024). All of the above may lead to different results from those 282 
presented in this study. Last, food-miles may vary by season, as harvests in the northern 283 
and southern hemispheres differ by half a year, and as rainy season crops are harvested 284 
several months after the end of dry season. Storage infrastructure need to be taken into 285 
account when estimating realistic seasonal food-miles for cities.  286 
 287 
Online Methods 288 
Major cities. We studied world’s 208 major cities (Supplementary Fig. 3, Supplementary 289 
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Data 1). For the identification of the major cities, we used the WorldPop global gridded 290 
map of population counts in 2010 (WorldPop 2024). The data was first aggregated from 291 
the 30-arcsec resolution (~1 km at the equator) to 30-arcmin resolution (~55 km). Land 292 
grid cells with a population greater than 2 million (M) were identified. Populated grid 293 
cells (≥ 2M) within 200 kilometers of the identified populated grid cell were merged to 294 
form a single city. Less populated grid cells (< 2M) were not associated with the identified 295 
cities. Therefore, each major city studied in this study consisted of one or more grid cells 296 
with >2 M people. The population of the studied cities varied from 2 M (ex. Fukuoka, 297 
Japan) to 121.6 M (Dhaka, Bangladesh) with median of 5.3 M (ex. Napoli, Italy). The 298 
population-weighted average longitude and latitude were used as the location of the city.  299 
  We used two gridded population scenarios for 2050, referred to as the JO (Jones and 300 
O’Neill 2016) and MY datasets (Murakami and Yamagata 2019). The data were spatially 301 
aggregated to the 30-arcmin resolution when necessary. The combination of the populated 302 
grid cells associated with each major city, as determined by the WorldPop data, was left 303 
unchanged for the future period. This means that while population changes within 304 
currently populated grid cells due to further urban sprawl and decay are taken into account, 305 
the expansion or emergence of a city into neighboring grid cells that are currently less 306 
populated is not. However, the results of this study are unlikely to be affected by this 307 
omission, as a relatively coarse grid size of 30-arcmin is used.  308 
 309 
Crop yields and areas. Crop yield and harvested area are key information to characterize 310 
the geographic distribution of crop production. We used the global map of average yield 311 
and area of 2009–2011 obtained from the SPAM2010 dataset (Yu et al. 2020) as the 312 
baseline.  313 

For future yield scenarios, the multi-GGCM ensemble mean yield projections 314 
(Jägermeyr et al. 2021, Jägermeyr et al. 2024) were used. As the original dataset includes 315 
percentage changes in yields relative to the 1983–2013 baseline, the harmonization was 316 
done to combine with the SPAM2010 yields. Although yield projections under five GCMs 317 
are available in the dataset, we selected the two GCMs (MPI-ESM1-2-HR and MRI-318 
ESM2-0) for this study due to the computational burden of calculating global freight 319 
transport routes. The two GCMs have an intermediate equilibrium climate sensitivity 320 
(ECS) of 2.98–3.15 °C compared to the remaining three GCMs (3.90–5.34 °C). ECS is 321 
the change in global surface temperature, relative to pre-industrial levels, when the 322 
atmospheric CO2 concentration doubles from 280 to 560 ppm and the Earth's climate 323 
reaches a new equilibrium state. Furthermore, we made distinction between El Niño, La 324 
Niña, and neutral years using the GCM-simulated sea surface temperature. Then the mean 325 
yields for each phase of ENSO for 2010 and 2050 were calculated using the data for the 326 
1982–2020 and 2035–2064 period, respectively (Harrington-Tsunogai et al. 2025).  327 
  For the wheat and rice harvested areas in 2050, we used the global gridded land-use 328 
data under SSP2 socio-economic pathway with the baseline climate mitigation scenario 329 
(Fujimori et al. 2018, NIES 2018). This dataset is derived by using an integrated 330 
assessment model AIM/CGE (the Asian-Pacific Integrated Model/Computable General 331 
Equilibrium) with a spatial land-use disaggregation module called AIM/PLUM (the 332 
integration Platform for Land-Use and environmental Modelling) (Fujimori et al. 2012, 333 
Hasegawa et al. 2017).  334 
 335 
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Road and vessel density map. We used a global gridded map of road and vessel density 336 
to estimate the plausible land and sea transport routes from the production to consumption 337 
areas. To develop the map, the 5-arcmin resolution road density map (Meijer et al. 2018) 338 
and the 10-arcmin resolution vessel density map (Wu et al. 2017) were combined after 339 
aggregating them to the 30-arcmin resolution (Supplementary Fig. 10 a).  340 

In the road density map, data were available for five categories—highways, primary 341 
roads, secondary roads, tertiary roads, and local roads—in units of kilometers per square 342 
meter. The latter three categories were combined and referred to as “the secondary roads”, 343 
in relation to the known underestimation of local road density (Meijer et al. 2018) and for 344 
simplicity. We assumed that freight carriers use highways preferentially for long-distance 345 
transport, followed by primary roads, and secondary roads if no other options are 346 
available. For this, each 30-arcmin land grid cell was assigned to either of four categories, 347 
“highways”, “primary roads”, “secondary roads” and “no road available”, depending on 348 
the presence of the higher category levels.  349 

The vessel density map provided data on the number of vessels per square kilometer 350 
per year (v). Using the 30-arcmin resolution map, we identified secondary and primary 351 
sea routes using the threshold of 12<ln(v)<13 for the former and 13≤ln(v) for the latter, 352 
where ln(v) is the natural logarithm of the annual vessel density. The remaining sea grid 353 
cells were classified to as “no shipping route is available” for simplicity. We ensured that 354 
sea routes passing through the Panama Canal, the Suez Canal, and the Straits of Gibraltar 355 
were available in the developed map (Supplementary Fig. 10 b).  356 
 357 
Freight transport route estimation. Commodity transport routes were estimated using 358 
the global map of the road and vessel density described above. To do this, we assumed 359 
the average time required to transport one ton of freight one kilometer and the average 360 
capacity of the standard freight specific to the road and sea route categories 361 
(Supplementary Table 1). The road and sea route categories were then translated into the 362 
node and edge information to find the shortest paths between two locations using the 363 
Dijkstra algorithm (Dijkstra 1959).  364 

The nodes represent the center of a 30-arcmin grid cell. The edges represent the 365 
distance between the centers of adjacent grid cells, which varies with latitude and route 366 
category. In the Dijkstra algorithm, the distance is expressed in hours per ton per 367 
kilometer and depends on the average speed and the average freight capacity specific to 368 
the route category. National borders and land-sea borders were also considered because 369 
of the time required for customs procedures and loading and unloading. This was done 370 
by assuming a very long distance in the calculation of the Dijkstra algorithm 371 
(Supplementary Table 1).  372 

The number of nodes was 259,200, consisting of 720×360 longitude and latitude grid 373 
cells. The number of edges was 889,656, excluding grid cells without any road and sea 374 
routes and sea grid cells that do not reach a land grid cell within the 3,000 kilometers. We 375 
computed the shortest path and distance in kilometers for each non-overlapping pair of 376 
47,799 land grid cells using the Dijkstra algorithm implemented in Python (Van Rossum 377 
and Drake 2009). This corresponds to 71% of the land grid cells with non-zero rice or 378 
wheat harvested area or population in 2010.  379 
 380 
Food-miles estimation. Food-miles was computed crop by crop. Supplementary Fig. 11 381 
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illustrates the estimation procedure. The procedure mainly consists of the three 382 
components: the initial crop balance, domestic transport, and international transport. The 383 
domestic and international transports include iterations. The mathematical descriptions of 384 
the procedure are available in Supplementary Text 1.  385 

Initial crop balance. For the target crop, the local (grid-cell) production was calculated 386 
by multiplying harvested area by yield. The local production was then divided by type of 387 
utilization, i.e., for export, domestic consumption for food, feed, processing, and other 388 
uses (non-food/industrial), as well as for seed and losses. This breakdown by type of 389 
utilization was based on the national average share of utilization in 2009–2011 (Ray et al. 390 
2022). The local production allocated for domestic food consumption and export were 391 
transported domestically and internationally.  392 

Domestic transport. For each country, we calculated the local (grid-cell) surplus and 393 
deficit of the target crop and updated them by iteration with a maximum mass of the crop 394 
transported per step. To do this, the food consumption was derived by multiplying the 395 
local population by the national per capita consumption of the crop for food. The 396 
difference between the food consumption (C) and the production allocated for domestic 397 
food consumption (S) was calculated. The per capita consumption of the crop for food 398 
was calculated from the national-level data on crop production, production share for 399 
domestic food consumption, and population (FAO 2024). A positive and a negative value 400 
of the difference (S–C) are referred to as the crop’s surplus and deficit, respectively.  401 

The production surplus in a grid cell was transported to the nearest deficit grid cell 402 
within the same country. The surplus and deficit conditions of the two grid cells were 403 
updated after the domestic transport. The nearest gird cell was calculated using the 404 
Dijkstra algorithm as described above. This domestic transport calculation was iterated 405 
from the largest surplus grid cell to the smallest surplus grid cell, with a maximum 406 
transported mass of the crop transported per step (1,000 tons). Grid cells with zero surplus 407 
or zero deficit were removed from the iteration. The domestic transport calculation was 408 
terminated when the national sum of the local deficits or local surpluses reached zero, or 409 
when the national sum of the local deficits remained unchanged between the current and 410 
the previous steps. In the calculation of the Dijkstra algorithm, we did not consider crop 411 
prices, but transport costs in units of hours per ton per kilometer (h/t/km) (Supplementary 412 
Table 1). Therefore, it is reasonable to assume that production surpluses in one grid cell 413 
are transported to the nearest deficit grid cell is reasonable, although this assumption may 414 
not be hold if the difference in crop price between cities is large.  415 

International transport. Even after the domestic transport calculation was finished, 416 
surplus and deficit grid cells remain many parts of the world. To calculate the international 417 
transport, the local surpluses were removed as national stocks and the local production 418 
for export was taken as the initial condition. To account for actual food trade conditions, 419 
the local production for export described above was further multiplied by the national 420 
export share for each importing country. For this, FAO’s detailed trade matrix data (FAO 421 
2024) were used. The surplus in a grid cell of an exporting country was then transported 422 
to the nearest deficit grid cell of an importing country, with a maximum mass of the crop 423 
transported per step (1,000 tons). The international transport calculation was terminated 424 
when the global sum of the local surpluses or local deficits became zero, or when the 425 
global sum of the local deficits remained unchanged between the current and the previous 426 
steps.  427 
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 428 
Derivation of distance-sufficiency curve for the major cities. The major city studied 429 
in this study consists of one or more grid cells with 30-arcmin resolution. The calculation 430 
results of the crop transport were extracted when the deficit cells are part of the major 431 
city. For each major city, the results included the mass of the crop transported 432 
domestically or internationally and the transport routes from the surplus (production) grid 433 
cells to the deficit (urban) grid cells. Using the results, the food-miles was calculated for 434 
each route to the major city by multiplying the mass of the crop transported by the 435 
distance transported.  436 

The results were then used to construct the distance-sufficiency curve (DSC). This 437 
graph shows the relationship between the distance transported and the cumulative mass 438 
of the crop transported, which is expressed as a percentage of the total consumption of 439 
the crop for food in the given city (referred to as the sufficiency rate). The DSC 440 
accumulates the mass of the crop transported along with the distance transported from 441 
near to far. In general, the smaller the maximum mass of the crop transported per step, 442 
the smoother the DSC curve. We compared some values and selected 1,000 tons as a 443 
sufficiently small value. However, a jump in the DSC curve occurs when the country in 444 
which the major city is located imports the crop from the distant exporting countries. For 445 
some cities in the importing countries, the distance that required to achieve 100% 446 
sufficiency dramatically increases due to relatively trivial mass of the crop imported. To 447 
avoid the unpreferable influences of trivial amount of import, the distance required to 448 
achieve 70% sufficiency rate is used as a measure to assess the impact on food-miles. 449 
This is a reasonable assumption as it is estimated that 30–40% of total food production is 450 
lost between harvest and consumption (FAO 2011).  451 
 452 
Data availability 453 
Data supporting the findings of this study are publicly available. The gridded population 454 
data is accessible at: doi:10.5258/SOTON/WP00647 (WorldPop for 2010), 455 
https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-projection-456 
ssp-2000-2100-rev01/data-download (JO for 2050) and 457 
https://github.com/Nowosad/global_population_and_gdp?tab=readme-ov-file (MY for 458 
2050). The gridded crop area data is available at: https://doi.org/10.7910/DVN/PRFF8V 459 
(SPAM2010) and doi:10.18959/20180403.001 (AIM/PLUM for 2050). The global 460 
gridded crop model ensemble mean percentage yield change data is accessible at: 461 
doi:10.21981/1XJY-C362. The country annual detailed trade matrix data is from the FAO 462 
statistical database: https://www.fao.org/faostat/en/#home. 463 
 464 
Code availability 465 
A sample program to draw the current distance-sufficiency curves is available at 466 
https://doi.org/10.5281/zenodo.15208245. 467 
 468 
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Supplementary text 1.  624 
 625 
Overview of the crop transport calculation. The procedure of calculating global crop 626 
transports consists of three components: the initial crop balance, domestic transport, and 627 
international transport. Each component is elaborated below.  628 
 629 
Initial crop balance. The initial crop balance condition provides the starting point for the 630 
domestic transport. The crop balance is the difference between the production and 631 
consumption of the crop for food. On the one hand, the production of the crop for food 632 
consumption in the grid cell, prod.foodg,c (t), is calculated as:  633 

prod.foodg,c = yldg,c × areag,c × fr.foodi,c 634 
where the suffix g, c and i indicate the grid cell, the crop and the country, respectively, 635 
and yldg,c is the yield of the crop in the grid cell (t/ha), areag,c is the harvested area of the 636 
crop in the grid cell (ha), and fr.foodi,c is the crop’s production share for food consumption 637 
in the country (fraction). On the other hand, the consumption of the crop for food in the 638 
grid cell, consg,c (t), is calculated as:  639 

consg,c = popg × cons.pci,c / 1000 640 
where popg is the population in the grid cell (persons) and cons.pci,c is the annual per 641 
capita consumption of the crop for food in the country (kg/person). The country annual 642 
per capita consumption of the crop for food, cons.pci,c (kg/person), is calculated as:  643 

cons.pci,c = [ ( yldi,c × areai,c + impti,c – expti,c ) × fr.foodi,c ] / popi × 1000 644 
where yldi,c is the average yield of the crop in the country (t/ha), areai,c is the total 645 
harvested area of the crop in the country (ha), impti,c is the annual mass of the crop 646 
imported by the country (t), expti,c is the annual mass of the crop exported by the country 647 
(t), fr.foodi,c is the crop’s production share in the country for food consumption (fraction), 648 
and popi is the total population in the country (persons).  649 
  The balance of the crop between the production and consumption for food in the grid 650 
cell, spdfg,c (t), is calculated as:  651 

spdfg,c = prod.foodg,c – consg,c 652 
A positive and a negative spdfg,c value are referred to as the surplus and deficit of the crop 653 
for food consumption, respectively. The local crop transport within the grid cell is then 654 
calculated, assuming that the transported distance is the half of the grid interval (~28 km):  655 

tpgs→gd,c = min( prodg,c, consg,c ) 656 
where the suffix gs and gd are the surplus and deficit grid cells, respectively, and tpgs→gd,c 657 
is the crop transported locally from the surplus grid cell to the deficit grid cell (t). For the 658 
local transport, the surplus and deficit grid cells are the same (gs=gd). 659 
 660 
Domestic transport. After the local transport, the domestic transport begins to fill the 661 
crop deficits for food consumption with the surpluses in the same country. For each 662 
country, the crop is transported from a surplus grid cell to the nearest deficit grid cell with 663 
a maximum transport mass per step of 1,000 tons:  664 

tpgs→gd,c = min( spdfgs,c, |spdfgd,c|, 1000 ) 665 
where tpgs→gd,c is the mass of the crop transported domestically (t), spdfgs,c is the surplus 666 
in the grid cell where the crop is produced (t) and |spdfgd,c| is the absolute value of the 667 
deficit in the grid cell where the crop is transported domestically (t). An absolute value of 668 
the deficit is used here because the transport mass is always positive or zero. The above 669 
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equation leads to one of the following results. If both the surplus (spdfgs,c) and the deficit 670 
(|spdfgd,c|) are greater (>1000), then a maximum mass of the crop transported per step is 671 
set as the crop transported, i.e., tpgs→gd,c = 1000. If both the surplus (spdfgs,c) and the deficit 672 
(|spdfgd,c|) are smaller (≤1000), then the following rules apply – if the surplus is smaller 673 
than the absolute value of the deficit (spdfgs,c < |spdfgd,c|), then the crop transported is 674 
calculated as tpgs→gd,c = spdfgs,c and if the surplus is greater than or equal to the deficit 675 
(spdfgs,c ≥ |spdfgd,c|), then the crop transported is calculated as tpgs→gd,c = |spdfgd,c|. After 676 
determining the transported mass of the crop, the crop balance conditions for a pair of the 677 
surplus and deficit grid cells are updated:  678 

spdfgs,c = spdfgs,c – tpgs→gd,c and spdfgd,c = spdfgd,c + tpgs→gd,c. 679 
The crop transport calculation described above for the country i is repeated until the sum 680 
of the national sum of the deficits or surpluses reached zero, or the national sum of the 681 
deficits remains unchanged between the current and the previous steps. This calculation 682 
is repeated for all countries.  683 
 684 
International transport. After calculating the domestic transport, the surplus of the crop 685 
in the grid cells is considered as the stock in the country and eliminated from the 686 
international transport. In the international transport, for each country, the production of 687 
the crop for export in the grid cell, prod.exptg,c (t), is calculated as:  688 

prod.exptg,c = yldg,c × areag,c × fr.expti,c 689 
where yldg,c is the yield of the crop in the grid cell (t/ha), areag,c is the harvested area of 690 
the crop in the grid cell (ha), and fr.expti,c is the crop’s production share for export in the 691 
country (fraction). The surplus of the crop in the grid cell is replaced with the production 692 
of the crop for export:  693 

spdfg,c = prod.expotg,c  if spdfg,c ≥ 0. 694 
The deficit of the crop in the grid cell remains the same:  695 

spdfg,c = spdfg,c  if spdfg,c < 0. 696 
  The crop transported from the surplus grid cell in an exporting country to a deficit grid 697 
cell in the importing country, tpgs→gd (t), is calculated in the similar way as for the 698 
domestic transport calculation:  699 

tpgs→gd,c = min( spdfgs,c × fr.tradei,j, |spdfgd,c|, 1000 ). 700 
The only difference is that the export share of the exporting country i to the importing 701 
country j, fr.tradei,j (fraction), is taken into account by multiplying it by the surplus of the 702 
crop in the grid cell of the exporting country. Once the mass of the crop transported 703 
internationally is determined, the crop balance conditions are updated for the surplus in 704 
the grid cell of the exporting country and the deficit in the grid cell of the importing 705 
country, as in the domestic transport calculation:  706 

spdfgs,c = spdfgs,c – tpgs→gd,c and spdfgd,c = spdfgd,c + tpgs→gd,c. 707 
   The crop balance condition at the global level is then calculated. The global sum of 708 
the crop surpluses, sum.spc (t), and the global sum of the crop deficits, sum.dfc (t), are 709 
calculated. The international transport calculation is terminated when sum.spc or sum.dfc 710 
becomes zero, or when sum.dfc remains unchanged between the current and the previous 711 
steps.  712 
 713 
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Supplementary Table 1. The settings related to distance used in the calculation of Dijkstra 714 
algorithm,  715 

Road and shipping 
routes category 

Average speed 
(km/h) 

Average cargo 
capacity (t) 

Distance used in 
Dijkstra algorithm 

(h/t/km) 
Primary sea route 40 100 2.5×10–4 
Secondary sea route 40 50 5.0 ×10–4 
Highways 80 10 12.5×10–4 
Primary roads 50 5 40×10–4 
Secondary roads 30 2 167×10–4 
National or land-sea 
borders 

5 10 200×10–4 

No road or shipping 
route is available 

– – – 

 716 
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 717 
Supplementary Fig. 1. The shortest routes to the major cities estimated using the Dijkstra 718 
algorithm and great-circle distance algorithm. 719 
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 720 
Supplementary Fig. 2. Dendrogram illustrating the clustering result. The 208 major cities 721 
are classified to three groups based on the current distance-sufficiency curves using the 722 
complete linkage clustering method in R.  723 
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 724 
Supplementary Fig. 3. The 208 major cities of the world studied in this study. Colors 725 
indicate the classification by geographic region.  726 
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 727 
Supplementary Fig. 4. Geographic distribution of population in 2010 and projected 728 
change in 2050. The data presented here are obtained from two sources: Jones and O’Neill 729 
(2016) (JO) and Murakami and Yamagata (2019) (MY).  730 
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 731 
Supplementary Fig. 5. Geographic distribution of harvested area in 2010 and projected 732 
change in 2050 for wheat and rice. The projected data are based on the socioeconomic 733 
pathways SSP2 and obtained from NIES (2018).  734 
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 735 
Supplementary Fig. 6. Geographic distribution of yield in 2010 and projected change in 736 
2050 for wheat. The projected data are for ENSO neutral years and sourced from 737 
Jägermeyr et al. (2024) and Harrington-Tsunogai et al. (2025).  738 
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 739 
Supplementary Fig. 7. Same as Supplementary Fig. 6, but for rice. 740 
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 741 
Supplementary Fig. 8. Projected changes in crop-specific FM70 for wheat and rice in 742 
2050. The projected changes in FM70 are relative to the average FM70 over the ENSO 743 
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neutral years in the current climate. Six projections are considered, consisting of two 744 
emission scenarios (SSP126 and SSP585), two climate models (MPI-ESM1-2-HR and 745 
MRI-ESM2-0) and two representations of the future population scenario (the JO and MY 746 
datasets). Only the data in the ENSO neutral years are used for the future climate. The 747 
ENSO-induced min-max range represents the variation in historical FM70 and relative to 748 
the average over the current ENSO neutral years.  749 
 750 
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 751 
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Supplementary Fig. 9. The relative contribution of each source of uncertainty in the 752 
projected change in FM70 for the 208 major cities in 2050. The fraction of total variance 753 
in the projected change in FM70 is explained by use of different population datasets, 754 
emission scenarios (RCP) and climate models (GCM). The residual indicates the 755 
remaining uncertainty which is not explained by the three sources of uncertainty.  756 
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 757 
Supplementary Fig. 10. Global map of freight transport route categories. a. Freight 758 
transport route categories derived from the combined road and vessel density map. 759 
National borders and land-sea borders are also shown. b. Some of the estimated freight 760 
transport routes to Tokyo for explanatory purposes.  761 
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 762 
Supplementary Fig. 11. Schematic illustrating the procedure to estimate food-miles. 763 
 764 


