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Abstract 100 

 101 

The food system is a major driver of climate change, land-use change, depletion of freshwater 102 

resources, and pollution of aquatic and terrestrial ecosystems by excessive nitrogen and 103 

phosphorus inputs. Here we show that as a result of expected changes in population and 104 

income levels, the environmental impacts of the food system could increase by 60-90% 105 

between 2010 and 2050 in absence of technological changes and dedicated mitigation 106 

measures, and reach levels that are beyond planetary boundaries that define a safe operating 107 

space for humanity. We analyse several options for reducing the environmental impacts of 108 

the food system, including dietary changes towards healthier, more plant-based diets, 109 

improvements in technologies and management, and reductions in food loss and waste. We 110 

find that no single measure is enough to simultaneously stay within all planetary boundaries, 111 

and combining each measure synergistically will be needed to sufficiently mitigate the 112 

projected increase in environmental pressures. 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 
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Introduction 125 

 126 

The global food system is a major driver of climate change 1,2, land-use change and 127 

biodiversity loss 3,4, depletion of freshwater resources 5,6, and pollution of aquatic and 128 

terrestrial ecosystems through nitrogen and phosphorus runoff from fertilizer and manure 129 

application 7–9. It has contributed to the crossing of several of the proposed planetary 130 

boundaries that attempt to define a safe operating space for humanity on a stable Earth 131 

system 10–12, in particular those for climate change, biosphere integrity, and biogeochemical 132 

flows related to nitrogen and phosphorous cycles. If socio-economic changes towards 133 

Western consumption patterns continue, the environmental pressures of the food system are 134 

likely to intensify 13–16, and humanity might soon approach the planetary boundaries for 135 

global freshwater use, change in land use, and ocean acidification 11,12,17. Beyond those 136 

boundaries, ecosystems could be at risk of being destabilised and losing the regulation 137 

functions on which populations depend 11,12. 138 

 139 

Here we analyse the option space for the food system to reduce its environmental impacts and 140 

stay within the planetary boundaries related to food production. We build on existing 141 

analyses that have advanced the planetary-boundary framework in terms of systemic threats 142 

to large-scale ecosystems 11,12,18–20, discussed the role of agriculture with respect to those 143 

pressures 10,21, and analysed the impacts on individual environmental domains 22,23, including 144 

selected measures to alleviate those 22–24. The planetary-boundary framework is not without 145 

criticism, in particular due to the heterogeneity of the different boundaries and their 146 

underlying scientific bases, including the difficulty of defining global ecosystem thresholds 147 

for local environmental impacts 25–27. Despite that, we consider the planetary-boundary 148 

framework useful for framing, in broad terms, the planetary options space that preserves the 149 
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sustainability of key ecosystems. We acknowledge the ongoing debate by quantifying the 150 

planetary boundaries of the food system in terms of broad ranges that reflect methodological 151 

uncertainties (Methods), and by reporting the environmental impacts in absolute terms (e.g. 152 

emissions in tonnes of carbon dioxide equivalents), which allows for comparisons to other 153 

measures of environmental sustainability. 154 

 155 

We advance the current state of knowledge by constructing and calibrating a global food 156 

systems model with country-level detail that resolves the major food-related environmental 157 

impacts and includes a comprehensive treatment of measures for reducing these impacts 158 

(Methods). The model’s regional detail accounts for different production methods and 159 

environmental impacts that are linked by imports and exports of primary, intermediate, and 160 

final products. We use the food system model and estimates of current and future food 161 

demand to quantify food-related environmental impacts at the country and crop-level in 2010 162 

and 2050 for five environmental domains and the related planetary boundaries: greenhouse-163 

gas (GHG) emission related to climate change, cropland use related to land-system change, 164 

freshwater use of surface and groundwater, and nitrogen and phosphorus application related 165 

to biogeochemical flows. 166 

 167 

To characterise pathways towards a food system with lower environmental impacts that stays 168 

within planetary boundaries, we connect a region-specific analysis of the food system to a 169 

detailed analysis of measures of change, including reductions in food loss and waste, 170 

technological and management-related improvements, and dietary changes towards healthier, 171 

more plant-based diets (Extended Data Table 1). The scenarios on food loss and waste align 172 

with and exceed commitments made as part of the Sustainable Development Goals 28–30. The 173 

scenarios of technological change account for future improvements in agricultural yields, 174 
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fertilizer application, increases in feed efficiency, and changes in management practices 31–34. 175 

And the scenarios of dietary change include changes towards dietary guidelines and dietary 176 

patterns in line with the current evidence on healthy eating 35–37.  177 

 178 

In our baseline trajectory, we account for different socio-economic pathways of population 179 

and income growth 33, and project forward future demand for environmental resources in 180 

absence of technological changes and dedicated mitigation measures. Although some of the 181 

measures of change considered here can be expected to be implemented by 2050, it is 182 

uncertain what level of ambition those will have and implementation will not happen 183 

automatically. We therefore analyse each measure of change explicitly and differentiate 184 

between two degrees of implementation: medium and high ambition. Measures of medium 185 

ambition are in line with stated intentions (e.g. reducing food loss and waste by half), and 186 

measures of high ambition go beyond expectations but can be considered attainable with 187 

large-scale adoption of existing best practices (e.g. reducing food loss and waste by 75%). 188 

 189 

Environmental impacts of the food system 190 

 191 

Our analysis indicates that current and projected levels of agricultural production 192 

significantly impact the Earth’s environment in absence of targeted mitigation measures. We 193 

estimate that in 2010, the food system emitted about 5.2 GtCO2-eq of GHG emissions in the 194 

form of methane and nitrous oxide, occupied 12.6 million km2 of cropland, used 1,810 km3 of 195 

freshwater resources from surface and groundwater (bluewater), and applied 104 TgN and 18 196 

TgP in the form of nitrogen and phosphorus fertilizers (Supplementary Data File). Our 197 

estimates are comparable to previous estimates of food-related GHG emissions of 4.6-5.8 198 

GtCO2 1,38, global cropland use of 12.2-17.1 million km2 in 2000 39, bluewater use in 2000 of 199 
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1,700-2,270 km3 5,20, and nitrogen and phosphorus application of 104 TgN 40 and 15.8-18.8 200 

TgP 40,41.  201 

 202 

Food production and consumption are projected to change between 2010 and 2050 (Extended 203 

Data Table 2) as a result of expected socio-economic developments (Supplementary Table 1). 204 

Those include the global population growing by about a third (with a range of 23-45%, from 205 

6.9 billion to 8.5-10 billion) and global income tripling (with a range of 2.6-4.2, from $68 206 

trillion to $180-290 trillion) 33. As a result of those changes, we project the environmental 207 

pressures of the food system to increase by 50-92% for each indicator in the absence of 208 

technological change and other mitigation measures (Figure 1). The greatest increase along 209 

this baseline pathway are projected for GHG emissions (87% 80-92), followed by the demand 210 

for cropland use (67%, 66-68), bluewater use (65%, 64-65), nitrogen application (51%, 50-211 

52), and phosphorus application (54%, 51-55).  212 

 213 

Specific food groups vary in their environmental impacts (Figure 1). The production of 214 

animal products generates the majority of food-related GHG emissions (72-78% of total 215 

agricultural emissions), which is due to their low feed-conversion efficiencies, enteric 216 

fermentation in ruminants, and manure-related emissions 42, and the feed-related impacts of 217 

animal products also contribute to bluewater use (~10%) and pressures on cropland, and 218 

nitrogen and phosphorus application (20-25% each). In comparison, staple crops have 219 

generally lower environmental footprints (impacts per kg of product) than animal products 220 

(Extended Data Table 3), in particular for GHG emissions, but they can have high total 221 

impacts because of their higher production volumes (Extended Data Table 2). According to 222 

our estimates, staple crops grown for human consumption are responsible for a third to a half 223 

(30-50%) of cropland use, bluewater use, and nitrogen and phosphorus application. The 224 
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projected population growth between 2010 and 2050 contributes to a general increase in the 225 

impacts of each food group, and the projected income growth changes the relative 226 

contribution of each, with a shift towards a larger proportion of impacts from animal products 227 

(7-16% increase across environmental domains), fruits and vegetables (2-28% increase), and 228 

a smaller proportion from staple crops (7-19% reduction). 229 

 230 

Changes in food management, technology and diets 231 

 232 

Reducing food loss and waste is one measure for reducing food demand and the associated 233 

environmental impacts. Currently it is estimated that more than a third of all food that is 234 

produced is lost before it reaches the market or is wasted by households 28. For our analysis, 235 

we evaluated the impacts of reducing food loss and waste to one half, a value in line with 236 

pledges made as part of the Sustainable Development Goals 29, and we also considered a 237 

reduction in food loss and waste by 75%, a value likely close to the maximum theoretically 238 

avoidable value 30. We estimate that halving food loss and waste (waste/2) would reduce 239 

environmental pressures by 6-16% compared to the baseline projection for 2050, and that 240 

reducing food loss and waste by 75% (waste/4) would reduce environmental pressures by 9-241 

24% (Figure 2). Relatively more staple crops and fruits and vegetables are wasted than 242 

animal products 28, which explains why the impacts of changes in food loss and waste are 243 

smaller for the livestock-dominated domains, such as GHG emissions, than for the staple 244 

crop-dominated ones, such as cropland and bluewater use, and nitrogen and phosphorus 245 

application.  246 

 247 

Technological changes increase the efficiency of production and reduce the environmental 248 

impact per unit of food produced. We analysed the most commonly considered technological 249 
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advances and changes in management practices with respect to their environmental impacts 250 

(Extended Data Table 1). The measures include increases in agricultural yields which reduce 251 

the demand for additional cropland 32,33; rebalancing of fertilizer application between over 252 

and under-applying regions 32 which, together with increasing nitrogen use efficiency 34,43 253 

and recycling of phosphorus 7, reduces demand for additional nitrogen and phosphorus 254 

inputs; improvements in water management that increase basin efficiency, storage capacity, 255 

and better utilization of rainwater 33; and agricultural mitigation options, including changes in 256 

irrigation, cropping and fertilization that reduce methane and nitrous oxide emissions from 257 

rice and other crops, as well as changes in manure management, feed conversion and feed 258 

additives that reduce enteric fermentation in livestock 31. We estimate that implementing 259 

those measures could reduce the environmental pressures of the food system in scenarios of 260 

medium ambition (tech) by 3-30% compared to the baseline projection for 2050, and by 11-261 

54% in scenarios of high ambition (tech+) (Figure 2). In each case, the higher-end estimates 262 

are for the staple crop-dominated environmental domains (cropland and bluewater use, and 263 

nitrogen and phosphorus application) for which general improvements in water management, 264 

agricultural yields, phosphorus recycling rates, and nitrogen use efficiencies are particularly 265 

effective. The lower-end estimates are for GHG emissions whose large share of livestock-266 

related emissions are, to a large extent, inherent characteristics of the animals and therefore 267 

cannot be reduced more substantially with existing mitigation options (Extended Data Table 268 

4) 31,44.   269 

 270 

Dietary changes towards healthier diets can reduce the environmental impacts of the food 271 

system when environmentally intensive foods, in particular animal products, are replaced by 272 

less intensive food types 15,16. For our analysis, we analysed dietary changes towards diets in 273 

line with global dietary guidelines for the consumption of red meat, sugar, fruits and 274 
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vegetables, and total energy intake 35,36; as well as to more plant-based (flexitarian) diets that 275 

more comprehensively reflect the current evidence on healthy eating 37,45 by including lower 276 

amounts of red and other meats and greater amounts of fruits, vegetables, nuts, and legumes 277 

(Extended Data Tables 1, 5). We estimate that, compared to the baseline projection for 2050, 278 

dietary changes towards healthier diets could reduce GHG emissions and other environmental 279 

impacts by 29% and 5-9%, respectively, for the dietary-guidelines scenario (HGD), and by 280 

56% and 6-22%, respectively, for the more plant-based diet scenario (FLX) (Figure 2). The 281 

changes are in line with the dietary composition of the diets and the environmental footprints 282 

of each food group (Figure 1, Extended Data Table 1, Supplementary Table 2). Changes in 283 

meat consumption dominate the impacts on GHG emissions, whilst for the other domains the 284 

environmental pressures associated with greater consumption of fruits, vegetables, nuts, and 285 

legumes are more significant but outweighed by the environmental benefits associated with 286 

lower consumption of meat, staple crops, sugar, and a generally lower energy intake in line 287 

with healthy bodyweights and recommended levels of physical activity 35 (Extended Data 288 

Table 6).  289 

 290 

To inform how the combined implementation of some or all of the discussed measures could 291 

impact the environmental pressures of the food system, we constructed an environmental 292 

option space by combining all measures of medium ambition and all measures of high 293 

ambition. Our analysis indicates that much of the increase in environmental pressures that is 294 

expected to occur by 2050 could be mitigated if measures were combined (Figure 2). 295 

Combining all measures of medium ambition [comb(med)] could reduce environmental 296 

pressures by around 25-45% compared to the baseline projection for 2050, resulting in total 297 

environmental impacts that are within 15% above and below current impacts, whereas 298 

combining all measures of high ambition [comb(high)] could deliver reductions of 30-60%, 299 
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resulting in environmental impacts that are 20-55% less than the current ones. In line with the 300 

differentiated impacts of the different measures of change, dietary change contributes the 301 

most to the reductions in GHG emissions, and technological and management-related 302 

changes contribute the most to reductions in the other environmental impacts, whilst 303 

reductions in food loss and waste contribute up to a third to the overall reductions (Extended 304 

Data Figure 1). 305 

 306 

Planetary option space 307 

 308 

What level of reduction in environmental pressures should be aimed for? We can explore this 309 

question by comparison to the associated planetary boundaries that are intended to describe a 310 

safe operating space for humanity. For our analysis, we adapted or newly quantified the food-311 

related planetary-boundary values, including upper and lower limits (Extended Data Table 7, 312 

Extended Data Figure 2, Methods). According to our quantification, the planetary boundaries 313 

(PB) define a space around the current values for most environmental domains, with a mean 314 

value slightly below for food-related GHG emissions, at current values for cropland use, 315 

slightly above for bluewater use, and significantly below for nitrogen and phosphorus 316 

application (Figure 2). Following the baseline trajectory of population and income change, 317 

and the related changes in food consumption and production, would lead to all mean values 318 

of the planetary boundaries to be crossed. The environmental impacts of the food system 319 

would exceed the planetary boundaries for food-related GHG emissions by 110%, for 320 

cropland use by 70%, for bluewater use by 50%, for nitrogen application by 125%, and for 321 

phosphorus application by 75%.  322 

 323 
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Our analysis indicates that staying within planetary boundaries is possible with a combination 324 

of measures of high ambition for GHG emissions and nitrogen and phosphorus application, 325 

and with a combination of measures of medium ambition for cropland and bluewater use 326 

(Figure 2). An analysis of the planetary option space details the possible combination of 327 

measures (Figure 3). It shows that staying within the mean value of the GHG boundary 328 

requires ambitious dietary change towards more plant-based, flexitarian diets in combination 329 

with either reductions in food loss and waste or technological improvements; staying within 330 

the mean values of the cropland and bluewater boundaries requires technological 331 

improvements in combination with reductions in food loss and waste; and staying within the 332 

mean values of the nitrogen and phosphorus boundaries requires ambitious technological 333 

improvements combined, for the nitrogen boundary, with dietary changes towards more 334 

plant-based diets, reductions in food loss and waste, and, in some combinations, a more 335 

optimistic socio-economic development pathway that includes lower population and higher 336 

income growth than is currently expected. Combining those measures synergistically results 337 

in adoption of different measures of technological change for each environmental domain, 338 

coupled in each case to dietary changes towards more plant-based diets, reductions in food 339 

loss and waste, and an optimistic socio-economic development pathway (Figure 4). 340 

 341 

Uncertainties 342 

 343 

Our estimates are subject to several uncertainties. Some of the planetary-boundary values 344 

have a large uncertainty range, which reflects the difficulties of scaling up local 345 

environmental pressures to global levels 12,20, in particular for bluewater use, and nitrogen 346 

and phosphorus application (see Methods). The planetary boundary framework can therefore 347 

only provide a very broad measure of the sustainability of the food system. Our analysis 348 
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indicates that using the upper bound of the planetary-boundary range increases the option 349 

space (Figure 3), and e.g. does not require reductions in food loss and waste or a more 350 

optimistic socio-economic development pathway, whereas meeting the lower bound of the 351 

planetary-boundary range would not be possible for bluewater use and nitrogen application 352 

with the mitigation options considered here. Using different control variables to measure the 353 

state of planetary boundaries could also impact the option space. However, assessing the 354 

impacts of nitrogen pollution based on a measure of nitrogen surplus that accounts for all 355 

inputs and offtakes of nitrogen had little influence on the option space (Extended Data Figure 356 

3). 357 

 358 

Other uncertainties are related to the setup of our modelling framework. Although we 359 

considered some feedbacks between the different measures of change, in particular between 360 

changes in yields and the demand for bluewater, nitrogen and phosphorus use, this was 361 

limited to the scenarios of medium ambition (Methods). This method allowed for the 362 

differentiated adoption of ambitious technological change for domains other than cropland 363 

use without also requiring such levels for the latter. In a sensitivity analysis, we assessed the 364 

feedbacks that very high yield-gap closures could have on nitrogen and phosphorus 365 

application 32, and found that the demand for nitrogen and phosphorus could increase across 366 

the different scenario combinations with large yield-gap closures by 8-14% and 25-32%, 367 

respectively, which would moderately reduce the planetary option space for those scenarios 368 

(Extended Data Figure 3). In line with our focus on mitigation measures, we also abstracted 369 

from the impacts that climate change could have on crop yields and freshwater availability 46. 370 

Whilst economic responses might be able to mitigate some proportion of the biophysical 371 

impacts of climate change 47, such responses could reduce the availability and effectiveness 372 
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of additional mitigation and adaptation measures, and thereby reduce the planetary option 373 

space.  374 

 375 

Additional research would reduce the uncertainty of our scenario analysis. In our scenarios of 376 

change, we chose to focus on changes – technological, dietary, and in food loss and waste – 377 

that are considered either realistic, attainable, or have been set as goals. This means we did 378 

not include technologies or mitigation measures with currently large uncertainties, such as 379 

soil carbon sequestration, nitrogen-fixing cereals, or landless biomass production. Some of 380 

those measures have shown some prospect in certain regions, but it is not clear yet whether 381 

they are scalable and what their relationship to existing technologies and environmental 382 

targets would be 48. For example, land-based carbon sequestration, whilst reducing GHG 383 

emissions, could put additional pressures on croplands or pastures with implications for land-384 

use and biodiversity targets. Other areas for further research include the quantification of co-385 

benefits of food-system change, e.g. on health 15, biodiversity 49, and the economy 47, as well 386 

as context-specific metrics of sustainability and a greater focus on livelihood, e.g. in terms of 387 

food security 50.  388 

 389 

Policy implications  390 

 391 

Our analysis suggests that staying within the planetary boundaries of the food system requires 392 

a combination of measures: GHG emissions cannot be sufficiently mitigated without dietary 393 

changes towards more plant-based diets, cropland and bluewater use are best addressed by 394 

improvements in technologies and management that close yield gaps and increase water-use 395 

efficiency, and reducing nitrogen and phosphorus application will require a combination of 396 

measures to stay below the mean values of the planetary boundaries, including dietary 397 
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change, reductions in food loss and waste, improvements in technologies and management 398 

that increase use efficiencies for nitrogen and recycling rates for phosphorus, and efforts in 399 

global socio-economic development. 400 

 401 

Implementation of these measures will depend on the regulatory and incentive framework in 402 

each region. Practical options exist in particular for improving technologies and management 403 

practices (Extended Data Table 1), but adoption of those options will require investment in 404 

public infrastructure, the right incentive schemes for farmers, including support mechanisms 405 

to adopt best available practices, and better regulation, e.g. of water use and quality. Concrete 406 

options also exist to improve socio-economic development in developing countries, including 407 

investments in education, in particular for women, and improving access to general and 408 

reproductive health services 51. Meaningfully reducing food loss and waste will require 409 

measures across the entire food supply chain 30, with possible emphasis on investments in 410 

agricultural infrastructure, technological skills, storage, transport, and distribution in 411 

developing regions; and education and awareness campaigns, food labelling, improved 412 

packaging that prolongs shelf life, and changes in legislation and business behaviour that 413 

promote closed-loop supply chains in developed areas. For dietary change, the available 414 

evidence suggests that providing information without additional economic or environmental 415 

changes has a limited influence on behaviour, and that integrated, multicomponent 416 

approaches that include clear policy measures might be best suited for changing diets 52,53. 417 

Those can include a combination of media and education campaigns; labelling and consumer 418 

information; fiscal measures, such as taxation, subsidies, and other economic incentives; 419 

school and workplace approaches; local environmental changes; and direct restriction and 420 

mandates 53. An important first step would be to align national food-based dietary guidelines 421 

with the current evidence on healthy eating and the environmental impacts of diets 54,55.  422 
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 423 

Our analysis suggests that the environmental impacts of the food system could increase 424 

dramatically due to expected changes in food consumption and production, and in absence of 425 

targeted measures would exceed planetary boundaries above which key ecosystem processes 426 

become at risk of being destabilised. Synergistically combining the measures of 427 

improvements in technologies and management, reductions in food loss and waste, and 428 

dietary changes towards healthier, more plant-based diets with particular attention to local 429 

contexts and environmental pressures will be a key challenge for defining region-specific 430 

pathways for the sustainable development of food systems within the planetary option space. 431 

We hope the country-specific data and suite of scenarios produced for this study can provide 432 

a good starting point for this endeavour (Supplementary Data File). 433 

 434 

 435 

 436 
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Main table and figure legends 611 

  612 

Figure 1. Current and projected environmental pressures in 2010 and 2050 on five 613 

environmental domains by food group. Environmental pressures are allocated to the final 614 

product, accounting for the use and impacts of primary products in the production of 615 

vegetable oils and refined sugar, and for feed requirements in animal products. Impacts are 616 

shown as percentage of current impacts for a baseline projection without dedicated mitigation 617 

measures for a middle-of-the-road socio-economic development pathway (SSP2). Absolute 618 

impacts for all socio-economic pathways are provided in the text and the Supplementary 619 

Datafile.  620 
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 621 

Figure 2. Impacts of reductions in food loss and waste, technological change, and 622 

dietary changes on global environmental pressures in 2050. The projections of 623 

environmental pressures in 2050 are baseline projections without dedicated mitigation 624 

measures for a middle-of-the-road development pathway and expressed as percentage of 625 

current impacts (see Fig.1). The different measures of change and their combination are 626 

depicted as reductions from the baseline projections for the different environmental domains 627 

(e.g. the diets bar ending at 90% of current impacts of GHG emissions indicates that 628 

ambitious dietary changes (flexitarian, FLX) can reduce the projected increase of GHG 629 

emissions from 187% of current impacts to 90% which represents a reduction of 52% or 97 630 

percentage points, whereas dietary changes of medium ambition (guidelines, HGD), which in 631 

the figure end at the split line of the diets bar, can reduce GHG emissions from 187% of 632 

current impacts to 133%, which represents a reduction of 29% or 54 percentage points). The 633 

loss and waste scenarios include reducing food loss and waste by half (waste/2) and by 75% 634 

(waste/4). The technology scenarios include technological changes to 2050 (tech) and more 635 

ambitious technological changes (tech+). The diet scenarios include diets aligned with global 636 

dietary guidelines (guidelines, HGD), and more plant-based, flexitarian diets (flexitarian, 637 

FLX) that are reflective of the current evidence on healthy eating. The scenario combinations 638 

include all measures of medium ambition [comb(med): waste/2, tech, guidelines] and all 639 
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measures of high ambition [comb(high): waste/4, tech+, flexitarian] including an optimistic 640 

socio-economic development pathway with higher income and lower population growth. The 641 

diamonds indicate mean planetary-boundary values (boundary), each associated with 642 

uncertainty intervals highlighted by colour (light green: below the mean value; light 643 

green/light red hatched: between minimum and maximum values; light red: above maximum 644 

values).  645 

 646 

Figure 3. Planetary option space. Combinations of dietary change (HGD, FLX), 647 

technological change (tech, tech+), changes in food loss and waste (waste/2, waste/4), and 648 

socio-economic development pathways (SSP2, SSP1, SSP3). Changes are applied to baseline 649 

conditions in 2050 (BMK). The diet scenarios include diets aligned with global dietary 650 

guidelines (HGD), and more plant-based, flexitarian diets (FLX) that are reflective of the 651 
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current evidence on healthy eating. The loss and waste scenarios include reducing food loss 652 

and waste by half (waste/2) and by 75% (waste/4). The technology scenarios include 653 

technological changes to 2050 (tech) and more ambitious technological changes (tech+). The 654 

socio-economic development pathways include a middle-of-the-road development pathway 655 

(SSP2), a more optimistic one with higher income and lower population growth (SSP1), and a 656 

more pessimistic one with lower income and higher population growth (SSP3). Colours and 657 

numbers indicate combinations that are below the lower bound of the planetary-boundary 658 

range (dark green, 1), below the mean value, but above the minimum value (light green, 2), 659 

above the mean value but below the maximum (orange, 3), and above the maximum value 660 

(red, 4).  661 

 662 

Figure 4. Combination and relative contribution of mitigation measures that 663 

simultaneously stay below the mean values of the planetary-boundary range. The 664 

mitigation measures include different levels of technological improvements for each 665 
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environmental domain [measures of high ambition (tech+) for nitrogen and phosphorus 666 

application, and measures of medium ambition (tech) for GHG emissions, and cropland and 667 

bluewater use]. The other measures cannot be differentiated by domain, and include a halving 668 

of food loss and waste (waste/2), changes towards more plant-based, flexitarian diets (FLX), 669 

and optimistic socio-economic development with higher income and lower population growth 670 

(SSP1) than currently expected. A middle-of-the-road development pathway is also feasible 671 

when combined with more ambitious reductions in food loss and waste (waste/4) (see Figure 672 

3). 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

Methods 684 

 685 

Food systems model  686 

 687 

For our analysis, we constructed a food systems model that connects food consumption and 688 

production across regions (Supplementary Information). We distinguished several steps along 689 

the food chain: primary production (including non-food uses, e.g. in industry, seed banks, and 690 
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as biofuels), trade in primary commodities, processing to oils, oil cakes and refined sugar, use 691 

of feed for animals, and trade in processed commodities and animals (Extended Data Table 692 

2). We parameterised the model with data from the International Model for Policy Analysis 693 

of Agricultural Commodities and Trade (IMPACT) 33 on current and future food production, 694 

processing factors, and feed requirements for 62 agricultural commodities and 159 countries. 695 

Projections of future food consumption and production were based on statistical association 696 

with changes in income and population, and were in line with other projections 56.  697 

 698 

To assess the environmental impacts of the food system, we paired the food system model 699 

with a set of country-specific environmental footprints related to GHG emissions, cropland 700 

use, bluewater use, and nitrogen and phosphorus application (Extended Data Table 3; data 701 

available upon request). In line with projections of the allowable agricultural emissions 702 

budget 57, and our separate treatment of land use, we focused on the non-CO2 emissions of 703 

agriculture, in particular methane and nitrous oxide. Data on GHG emissions were adopted 704 

from country-specific analyses of GHG emissions from crops 58 and livestock 38. Non-CO2 705 

emissions of fish and seafood were calculated based on feed requirements and feed-related 706 

emissions of aquaculture 59, and on projections of the ratio between wild-caught and farmed 707 

fish production 60,61. Our baseline emissions estimate agrees well with existing ones that 708 

follow the same methodology 1,62.  709 

 710 

Data on cropland and consumptive bluewater use were adopted from the IMPACT model 33. 711 

To derive commodity-specific footprints, we divided use data by data on primary production, 712 

and we calculated the footprints of processed goods (vegetable oils, refined sugar) by using 713 

country-specific conversion ratios 33, and splitting coproducts (oils and oil meals) by 714 

economic value to avoid double counting. We used country-specific feed requirements for 715 
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terrestrial animals 33 to derive the cropland and bluewater footprints for meat and dairy, and 716 

we used global feed requirements for aquaculture 59 and projections of the ratio between 717 

wild-caught and farmed fish production 60,61 to derive the cropland and bluewater footprints 718 

for fish and seafood.  719 

 720 

Data on fertilizer application rates of nitrogen and phosphorous were adopted from the 721 

International Fertilizer Industry Association 40. In line with the planetary boundaries, we 722 

focus on application rates as the control variables in our main analysis. However, we note 723 

that regional environmental impacts often depend on the surplus of reactive nitrogen, a 724 

measure that accounts for all inputs and offtakes of nitrogen 63. For a sensitivity analysis, we 725 

therefore constructed a region-specific nitrogen budget module and linked it to the food 726 

system model. Therein, we define the nitrogen surplus as the sum of fertilizer use, fixation by 727 

crops, manure application, human excreta, atmospheric deposition, minus nitrogen offtake by 728 

crops 22,43,64 (Supplementary Information). The results of the sensitivity analysis are reported 729 

in Extended Data Figure 3. 730 

 731 

Scenarios analysis 732 

 733 

We used the food system model to estimate the environmental impacts of the food system in 734 

2050 on GHG emissions, cropland use, bluewater use, and nitrogen and phosphorus 735 

application. For estimating the environmental impacts in absence of dedicated mitigation 736 

measures (a scenario we term baseline projection), we paired footprints of current intensity to 737 

future projections of food demand along several socio-economic pathways that were 738 

developed by the climate change research community (Supplementary Table 1), including a 739 

middle-of-the-road development pathway (SSP2), a more optimistic pathway with higher 740 
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income and lower population growth (SSP1), and a more pessimistic pathway with lower 741 

income and greater population growth (SSP3) 65–67. Underlying the pathways are data and 742 

projections of the age, sex and educational structure of populations, as well as age-specific 743 

fertility, mortality, and migration.66  744 

 745 

We then analysed the option space for reducing the environmental pressures of the food 746 

system by constructing scenarios of changes in food loss and waste, technological change, 747 

and dietary change (Extended Data Table 1). For each measure, we differentiated between 748 

changes of medium and high ambition. Estimates of food loss and waste were based on 749 

percentage values reported by the FAO 28. In the standard scenario (waste/2), we assumed 750 

that food losses at the production side and food waste at the consumption side are reduced by 751 

half, a goal in line with the Sustainable Development Goals for 2030. In the ambitious 752 

scenarios (waste/4), we assumed reductions in food loss and waste of 75%, which is likely 753 

close to the maximum value that can be theoretical avoided 30.  754 

 755 

The scenarios of technological change (tech, tech+) include projected efficiency gains in 756 

emissions intensities, agricultural yields, feed conversion, water use, and nitrogen and 757 

phosphorus application (Extended Data Table 4). For the scenarios describing changes in 758 

emissions intensities of foods, we incorporated the mitigation potential of bottom-up changes 759 

in management practices and technologies by using marginal abatement cost curves 31 and the 760 

value of the social cost of carbon (SCC) in 2050 68. The mitigation options included changes 761 

in irrigation, cropping and fertilization that reduce methane and nitrous oxide emissions for 762 

rice and other crops, as well as changes in manure management, feed conversion and feed 763 

additives that reduce enteric fermentation in livestock. We used SCC values of 72 USD/tCO2 764 

(associated with a rate of discounting future climate damages by 3%) for the scenario of 765 
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medium ambition (tech), and implemented all available mitigation options (equivalent to 766 

using a SCC of above 99 USD/tCO2-eq) for the scenario of high ambition (tech+). No 767 

marginal abatement curves were available for some crops, such as fruits, vegetables, nuts, 768 

sugar crops, and oilseeds. Adopting the average mitigation potential for staple crops for these 769 

crops would increase the total mitigation potential by 1%. 770 

 771 

Efficiency gains in agricultural yields, water management, and feed conversion were based 772 

on IMPACT projections 33. For water management, we relied on an integrated hydrological 773 

model within IMPACT that operates at the level of watersheds and accounts for management 774 

changes that increase basin efficiency, storage capacity, and better utilization of rainwater 33. 775 

For most crops, improvements in water management exceed increased water demand 776 

associated with yield improvements, except for soybeans. For agricultural yields, the gains in 777 

land-use efficiency matched estimates of yield-gap closures of about 75% between current 778 

yields and yields that are feasible in a given agro-climatic zone 32. The potential efficiency 779 

gains in nitrogen and phosphorus application rates included rebalancing of fertilizer 780 

application rates between over and under-applying regions in line with closing yield gaps 32. 781 

In the ambitious technology scenario (tech+), we increased yield-gap closures to 90% based 782 

on data by Mueller and colleagues 32, and assumed additional improvements in nitrogen use 783 

efficiency of 30%, in line with targets suggested by the Global Nitrogen Assessment 34, and a 784 

recycling rate of phosphorus of 50% 7. No further changes in efficiency were assumed for 785 

water use in the tech+ scenario. For most crops, land-use efficiencies increase in the 786 

ambitious technology scenario, except for soybeans which are assessed on a more 787 

conservative basis by Mueller and colleagues than by the IMPACT team.  788 

 789 
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The scenarios of dietary change include shifts towards diets in line with global dietary 790 

guidelines (HGD), as well as more specialised, but nutritionally balanced dietary patterns. 791 

For the former, we followed suggestions to limit the intake of red meat to below 300 g per 792 

week 69, the intake of added sugar to below 5% of total energy intake (about 31 g/d) 70, 793 

consume five portions (400 g/d) or more of fruits and vegetables 36, and balance energy 794 

intake (and physical activity levels) to maintain a healthy body weight 35. Estimates of energy 795 

intake were based on the calorie needs of a moderately active population of US 796 

characteristics for height divided into 5-year age groups 71, something that can be seen as an 797 

upper bound. Calorie needs reach a maximum of 2500 kcal/d for ages 19-25 (averaged 798 

between men and women), but are reduced to 2000 kcal for ages 66 and older. The average 799 

calorie needs differed by region based on its age composition, and ranged around 2100 800 

kcal/d. In a sensitivity analysis, we only implemented changes in dietary composition without 801 

restricting energy intake. Baseline intakes of food and energy were calculated from food 802 

availability projections of the IMPACT model by using region-specific factors of food waste 803 

and ratios of the edible portions of foods 28. 804 

 805 

In scenarios of ambitious dietary change, we increased the stringency of the global 806 

recommendations and defined more plant-based (flexitarian) dietary patterns that reflect the 807 

current evidence on healthy eating (Extended Data Table 5, Supplementary Table 2) 37,46,72. 808 

The flexitarian diets (FLX) included at least 500 g/d of fruits and vegetables of different 809 

colours and groups (the composition of which is determined by regional preferences), at least 810 

100 g/d of plant-based protein sources (legumes, soybeans, nuts), modest amounts of animal-811 

based proteins, such as poultry, fish, milk, and eggs, and limited amounts of red meat (1 812 

portion per week), refined sugar (<5% of total energy), vegetable oils that are high in 813 

saturated fat (in particular palm oil), and starchy foods which have a relatively high 814 
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glycaemic index. We aimed to preserve the regional character of dietary patterns by 815 

maintaining the regional composition of specific foods within broader categories, such as 816 

preferences for specific staple crops (wheat, maize, rice, etc) and fruits (temperate, tropical).  817 

 818 

Planetary boundaries 819 

 820 

The planetary-boundary framework attempts to define a safe operating space for humanity 821 

characterised by a stable Earth system 10–12. Above planetary boundaries, it is suggested that 822 

ecosystem processes are at risk of becoming destabilised 11,12. For contextualising the 823 

environmental impacts of the food system, we critically reviewed and adapted planetary-824 

boundary values for GHG emissions, cropland use, bluewater use, and nitrogen and 825 

phosphorus application (Extended Data Table 7). For the climate change boundary, we 826 

adopted an emissions budget for food-related (non-CO2) GHG emissions that is in line with 827 

having a 66% chance of limiting global warming to below 2 degrees Celsius (RCP2.6), which 828 

we derived from a model comparison of three integrated assessment models 57 normalised to 829 

the marker scenario of the associated emissions pathway 62. The resulting budget of 4.7 (4.3-830 

5.3) GtCO2-eq focuses on the non-CO2 emissions related to agriculture (methane and nitrous 831 

oxide), which is in line with previous assessments 57 and methodology followed by the 832 

International Panel on Climate Change. However, we note that agriculture and land use also 833 

act as source and sink for CO2, e.g. through deforestation and carbon sequestration in soils 73. 834 

How those flows should be balanced vis-à-vis the emissions from other sectors, and how 835 

additional pressure from land-based CO2 sequestration contribute or counteract other 836 

sustainability targets and planetary boundaries are an important question for future research. 837 

 838 
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Large uncertainties exist as to what an appropriate planetary boundary for land use should be 839 

12. Based on an analysis of forest biomes, Steffen and colleagues 12 suggested a boundary 840 

value in line with maintaining (not increasing pressure on) current forest cover. Such a target 841 

is in line with the strongly correlated target for biosphere integrity if non-agricultural land is 842 

placed under protection of biodiversity-compatible land use 12,74,75. Because our modelling 843 

framework explicitly tracks cropland use, we translate the suggested target to a value of 844 

keeping current cropland use at 12.6 (10.6-14.6) Mkm2 based on our own model calculations 845 

using the IMPACT model 33. Desirable for future work would be to include the role of 846 

pastures, an explicit treatment of forest cover, and further differentiation of other forms of 847 

land cover. However, a complication with switching from land use to forest cover is that the 848 

latter depends not only on agriculture, but also on wood harvesting, urbanisation, and other 849 

socio-economic variables. More than two thirds of agricultural land is used for grazing. 850 

Converting highly productive grazing land into cropland could therefore be a conservation 851 

strategy that would relax the boundary value for cropland without affecting forest cover. 852 

However, the estimates of feasible conversion ratios are still a matter of debate 23.    853 

 854 

Two basin-level assessments of the environmental flow requirements of river systems have 855 

been used to suggest planetary boundaries for the consumption of bluewater 12,20. We adopt 856 

the more stringent values of the more detailed standalone analysis (2,800 km3, 1100-4500) 20, 857 

which includes the other suggested values in its uncertainty range 12,76. Because not all 858 

bluewater is used in agriculture, we scale from total consumptive bluewater use (2,550 km3) 5 859 

to the consumptive bluewater used in agriculture (1,810 km3)  as assessed with our 860 

hydrological model 33, which yields a boundary of 1,980 (780-3,190) km3 of bluewater used 861 

in agriculture. We note that uncertainties persist both about the concrete assumptions on 862 
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environmental flow requirements 12,77, as well as about which methodology would be best 863 

suited 78.  864 

 865 

To inform the boundary value for reactive nitrogen, De Vries and colleagues 19 calculated 866 

global risk values for eutrophication based on region-specific estimates of current nitrogen 867 

concentration in runoff and concentrations that would stay below ecological and toxicological 868 

thresholds of inorganic N pollution. The original boundary value for nitrogen was calculated 869 

by multiplying the global risk value by an estimate of current anthropogenic N fixation 870 

(fertilizer use + fixation by crops) 19. Here we apply the risk values to N application from 871 

fertilizers, in line with the focus in the planetary-boundary literature on anthropogenic 872 

disruptions of ecosystems 11,12, and we use the nitrogen surplus (the sum of fertilizer use, 873 

fixation by crops, manure application, human excreta, atmospheric deposition, minus 874 

nitrogen offtake by crops) as a control variable in a sensitivity analysis (Extended Data 875 

Figure 3). The resulting estimate of 52-69 TgN per year (67-90 TgN when using N surplus as 876 

control) might be considered conservative, because de Vries and colleagues kept regions that 877 

currently apply less than the critical load of nitrogen at that value, which in some cases can be 878 

significantly lower than needed from an environmental and food-security perspective 79. For 879 

that reason, we adopted an upper boundary value in line with a scenario that balanced N 880 

application between over and under-applying regions and closed yield gaps to 75% 32, which 881 

yielded a final boundary value of 69 (52-113) TgN of nitrogen application from fertilizers 882 

(90, 67-146 TgN of nitrogen surplus). 883 

 884 

In contrast to nitrogen, phosphorus can build up in the soil and is washed out as runoff during 885 

erosion 7. Existing estimates of boundary values for phosphorus 18 have several shortcomings 886 

in that they are based on constant erosion rates and do not take into account critical sources of 887 
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phosphorus, such as human waste/excreta. De Vries developed a global phosphorus-flow 888 

model focused on added P assuming steady-state surface pools, critical P concentrations to 889 

prevent eutrophication of 50-100 mg P/l and flexible recycling rates (Extended Data Figure 2, 890 

Supplementary Information). Under no-waste recycling, the long-term P boundary amounted 891 

to 6-12 TgP per year, and it increased to 8-16 TgP per year assuming a recycling rate of 50%. 892 

In line with our focus on scenarios of change, we adopted the latter values. Similar to 893 

nitrogen, there are great regional imbalances of phosphorus application 80, so we again infer 894 

an upper tolerable value from a scenario that rebalanced P application between over and 895 

under-applying regions and closed yield gaps to 75% 32. The resulting internally derived 896 

phosphorus boundary is 16 (8-17) TgP of phosphorus application.  897 

 898 

Data availability 899 

The data that support the findings of this study are available from the Oxford University 900 
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 983 

Extended Data Table 1. Scenarios of change in food loss and waste (waste/2, waste/4), 984 

technological change (tech, tech+), and dietary change (HGD, FLX). 985 

 986 
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 987 

Extended Data Table 2. Global food production (Mt) in 2010 and 2050 by food group 988 

and step along the food chain. Steps include consumption (cons), food waste at the 989 

household level (waste), food loss at production (loss), industrial and other demand for 990 

agricultural products (other), feed demand (feed), intermediate demand for processing into 991 

oils, oil meals, and sugar (intr), traded food products (trade; globally imports equal exports), 992 

and total production (prod=cons+waste+loss+othr+feed+intr).  993 

 994 
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 995 

Extended Data Table 3. Environmental footprints of food commodities (per kg of 996 

product). Footprints for animal products represent feed-related impacts, except for GHG 997 

emissions of livestock which also have a direct component. Cropland use does not include 998 

grassland use and the use of grass inputs for ruminants. Footprints for fish and seafood 999 

represent feed-related impacts of aquaculture production weighted by total production 1000 

volumes. Displayed are global averages; the regional ordering between food items can differ 1001 

by region. 1002 

 1003 



46 
 

 1004 

Extended Data Table 4. Reduction in environmental footprints (%) due to technological 1005 

changes by food group. Technological changes include changes of medium ambition (tech) 1006 

and changes of high ambition (tech+). Zero entries indicate where no data was available to 1007 

infer potential improvements, and for pelagic fish reflect a production method (marine 1008 

fishing) that does not require feed inputs.  1009 

 1010 
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 1011 

Extended Data Table 5. Food-based dietary recommendations for healthy, more plant-1012 

based (flexitarian) diets. The recommendations include recommended minimum (min) and 1013 

maximum (max) intake expressed by weight or calories, and servings. Fish and seafood can 1014 

be substituted by plant-based foods (legumes, soybeans, nuts and seeds, fruits and vegetables) 1015 

in vegetarian diets. 1016 

 1017 
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 1018 

Extended Data Table 6. Decomposition of impacts of dietary scenarios. Impacts (shows 1019 

as absolute changes with respect to the baseline projection in 2050) are decomposed into 1020 

changes by food group and energy intake. In the (E=BMK) scenario, only dietary 1021 

composition is changed, whereas in the main scenarios, dietary composition and energy 1022 

intake are changed in line with dietary guidelines and the current evidence on healthy eating.   1023 

 1024 
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 1025 

Extended Data Table 7. Planetary boundaries of the food system, including motivation, 1026 

method of estimation, and suggested boundary range. 1027 

 1028 

 1029 

Extended Data Figure 1. Reduction in environmental impacts when measures are 1030 

combined. Shown are the combinations of all measures of medium ambition [comb(med)] 1031 

and of all measures of high ambition [comb(high)]. The mitigation measures include changes 1032 

in food loss and waste (loss&waste), technological change (technology), and dietary change 1033 

(diets) for a middle-of-the-road development pathway. The differences to development 1034 

pathways that are more optimistic (higher income and lower population growth) and more 1035 
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pessimistic (lower income and higher population growth) are indicated by the uncertainty 1036 

range around the markers (socio-econ).  1037 

 1038 

Extended Data Figure 2. Overview of major flows of phosphorus (P) at the global scale.  1039 

The external acceptable P input is determined by the acceptable long-term accumulation of P 1040 

in the soil (P soil) and sediment (P sediment) at a P concentration in surface waters (P surface 1041 

water) that equals a critical threshold. The P boundary is affected by the fraction of P that is 1042 

taken up by humans (frPuptake being the P use efficiency, PUE, of the complete food chain, 1043 

from mined P to P intake) and the fraction of P excreted by humans that is not recycled to 1044 

land (1- frPrec), which becomes a point source for water pollution. This P can only be stored 1045 

in sediment at a given P retention fraction (frPret,sed), whilst the recycled P can additionally be 1046 

stored in soil (at a retention fraction frPret,soil). The critical P input (Pin(crit)), can be calculated 1047 

as the sum of critical P retention in the soil and sediment, and a critical input to surface water 1048 

(oceans) that is due to runoff and leaching. The Supplementary Information contains a full 1049 

derivation of P flows and quantitative estimates of critical P inputs. 1050 

 1051 

Extended Data Figure 3. Planetary option space related to different control variables of 1052 

nitrogen and yield-related feedbacks. The control variables include nitrogen inputs related 1053 

to synthetic fertilizers as used in the main analysis, and the more comprehensive measure of 1054 

nitrogen surplus that accounts for all inputs and offtakes of nitrogen. The types of feedbacks 1055 

include changes in nitrogen and phosphorus application associated with closing yield gaps by 1056 

75% as modelled in the tech scenario for cropland use (main), and changes associated with 1057 

closing yield gaps by 90% as modelled in the tech+ scenario for cropland use (high yields). 1058 

Colours and numbers indicate combinations that are below the lower bound of the planetary-1059 

boundary range (dark green, 1), below the mean value, but above the minimum value (light 1060 
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green, 2), above the mean value but below the maximum (orange, 3), and above the 1061 

maximum value (red, 4).  1062 


