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            Abstract
The food system is a major driver of climate change, changes in land use, depletion of freshwater resources, and pollution of aquatic and terrestrial ecosystems through excessive nitrogen and phosphorus inputs. Here we show that between 2010 and 2050, as a result of expected changes in population and income levels, the environmental effects of the food system could increase by 50–90% in the absence of technological changes and dedicated mitigation measures, reaching levels that are beyond the planetary boundaries that define a safe operating space for humanity. We analyse several options for reducing the environmental effects of the food system, including dietary changes towards healthier, more plant-based diets, improvements in technologies and management, and reductions in food loss and waste. We find that no single measure is enough to keep these effects within all planetary boundaries simultaneously, and that a synergistic combination of measures will be needed to sufficiently mitigate the projected increase in environmental pressures.
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                    Fig. 1: Present (2010) and projected (2050) environmental pressures on five environmental domains divided by food group.[image: ]


Fig. 2: Impacts of reductions in food loss and waste, technological change, and dietary changes on global environmental pressures in 2050.[image: ]


Fig. 3: Planetary option space.[image: ]


Fig. 4: Combination and relative contributions of mitigation measures that simultaneously reduce environmental impacts below the mean values of the planetary-boundary range.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Reduction in environmental impacts when measures are combined.
Shown are combinations of all measures of medium ambition (comb(med)) and of all measures of high ambition (comb(high)). The mitigation measures include changes in food loss and waste (loss&waste), technological change (technology) and dietary change (diets) for a middle-of-the-road development pathway. The differences to development pathways that are more optimistic (higher income and lower population growth) and more pessimistic (lower income and higher population growth) are indicated by the uncertainty range around the markers (socio-econ).

                          Source data
                        


Extended Data Fig. 2 Overview of major flows of phosphorus at the global scale.
The external acceptable phosphorus (P) input is determined by the acceptable long-term accumulation of phosphorus in the soil (P soil) and sediment (P sediment) at a phosphorus concentration in surface waters (P surface water) that equals a critical threshold. The phosphorus boundary is affected by the fraction of phosphorus that is taken up by humans (P human; frPuptake being the P-use efficiency, PUE, of the complete food chain, from mined phosphorus (P mine) to P intake) and the fraction of phosphorus excreted by humans (P waste) that is not recycled to land (1 − frPrec), which becomes a point source for water pollution. This phosphorus can only be stored in sediment at a given phosphorus-retention fraction (frPret,sed), while the recycled phosphorus can additionally be stored in soil (at a retention fraction frPret,soil). The critical phosphorus input (Pin(crit)) can be calculated as the sum of critical phosphorus retention in the soil and sediment, and a critical input to surface water (oceans) that is due to run-off and leaching. The Supplementary Information contains a full derivation of phosphorus flows and quantitative estimates of critical phosphorus inputs.

                          Source data
                        


Extended Data Fig. 3 Planetary option space related to different control variables of nitrogen and yield-related feedback effects.
The control variables include nitrogen inputs related to synthetic fertilizers as used in the main analysis, and the more comprehensive measure of nitrogen surplus that accounts for all inputs and offtakes of nitrogen. The types of feedback effects include changes in nitrogen and phosphorus application associated with closing yield gaps by 75%, as modelled in the tech scenario for cropland use (main), and changes associated with closing yield gaps by 90%, as modelled in the tech+ scenario for cropland use (high yields). Colours and numbers indicate combinations that are below the lower bound of the planetary-boundary range (dark green, 1), below the mean value but above the minimum value (light green, 2), above the mean value but below the maximum (orange, 3), and above the maximum value (red, 4).
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Extended Data Table 1 Scenarios of reductions in food loss and waste, technological change and dietary changeFull size table


Extended Data Table 2 Global food production in 2010 and 2050 differentiated by food group and step along the food chainFull size table


Extended Data Table 3 Environmental footprints of food commodities (per weight of product)Full size table


Extended Data Table 4 Reductions in environmental footprints (as percentages) resulting from technological changes by food groupFull size table


Extended Data Table 5 Food-based dietary recommendations for healthy, more plant-based (flexitarian) dietsFull size table


Extended Data Table 6 Decomposition of impacts of dietary scenariosFull size table


Extended Data Table 7 Derivation of planetary-boundary values of the food systemFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Methods which provide additional detail about the food systems model, the planetary boundary estimate for phosphorus application, and the nitrogen budget model used in a sensitivity analysis.


Reporting Summary

Supplementary Table 1
This file contains an overview of income and population changes in the socioeconomic development pathways.


Supplementary Table 2
This file contains estimates of global food consumption in the dietary scenarios.
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