Foodprint
Understanding Connections Between Food Choices and Our Environment

Prof. Jennifer Jay
Session 10: Healthy and Sustainable Diets
		Class Plan

Introductions (10 min)
	Introduce yourself.

Section 1.  Learning Objectives

By the end of this chapter, you will be able to:
· Discuss the Springmann paper about feeding the world within certain planetary boundaries.
· Describe the concept of flexitarian diet.
· Describe the Double Pyramid.
· Discuss the Katz and Miller idea about healthy diets.

Section 2. Slides

Slide 1.
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Slide 2.
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You can ask the students to interpret this graph.  You might have one student describe the x and y axis, and then others interpret what is being shown.  They will have likely read the paper, so they can point out noticeable things from the graph.

The large increase in GHGE from animal products from 2010 to 2050 is quite noticeable.

A version of the figure with the legend is at the end of the presentation.

Slide 3.
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Again, you can ask the students to describe what is being shown in the paper. 

This paper really shows how important a multi-faceted approach is.

A version of the figure with the legend is at the end of the presentation.


Slide 4.
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There is a lot to this figure, so you will likely want to spend a good amount of time on it.  You can have individual students describe all of the facets to the graph.  It not only shows diet, technical mitigation, and waste scenarios for the various environmental parameters, it also includes different socioeconomic development pathways.


Here is the legend:


[image: ]
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The bottom third of the graph (flexitarian) is really the only place with a good amount of green-- or sustainable-- scenarios. 

A version of the figure with the legend is at the end of the presentation.



[bookmark: _GoBack]**The rest of the slides are totally optional.  You may find that the Springmann paper is plenty to discuss, and you might not have enough time given you’ll want to be completing surveys in class.**

Slide 5-7.  
From Ruini et al. (2015)

The main points are that a flexitarian diet can have a big quantitative advantage in terms on carbon footprint compared to a traditional omnivorous diet.


Slides 8-10.
From Katz and Miller (2014)

Some good quotes from this paper are given.  Even though diets can seem polarized sometimes (paleo vs vegan, for example), healthy versions of many dietary patterns often actually have a lot in common.
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Source: Springmann et al., 2018, Options for Keeping the Food System with Environmental Limits.  
Nature.
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).



Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 



and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).



To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 



The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).



Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 



and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).



To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 



The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).



Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 



and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).



To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 



The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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Source: 
Springmann et al., 
2018, Options for 
Keeping the Food 



System with 
Environmental 
Limits.  Nature.
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Planetary option space
What level of reduction in environmental pressures should be aimed 
for? We can explore this question through comparison to the associ-
ated planetary boundaries that are intended to describe a safe operating 
space for humanity. For our analysis, we adapted or newly quantified 
the food-related planetary-boundary values, including upper and lower 
limits (Extended Data Table 7, Extended Data Fig. 2 and Methods). 
According to our quantification, the planetary boundaries define a space 
around the present values for most environmental domains, with a mean 
value slightly below present values for food-related GHG emissions, at 
current values for cropland use, slightly above present values for bluewa-
ter use, and substantially below present values for nitrogen and phospho-
rus application (Fig. 2). Following the baseline trajectory of population 
and income change, and the related changes in food consumption and 
production, would lead to all mean values of the planetary bounda-
ries being crossed. The environmental impacts of the food system  
would exceed the planetary boundaries for food-related GHG emissions 
by 110%, for cropland use by 70%, for bluewater use by 50%, for nitrogen 
application by 125%, and for phosphorus application by 75%.



Our analysis indicates that staying within planetary boundaries is 
possible with a combination of measures of high ambition for GHG 
emissions and nitrogen and phosphorus application, and with a com-
bination of measures of medium ambition for cropland and bluewater  
use (Fig. 2). An analysis of the planetary option space details the  
possible combination of measures (Fig. 3). It shows that staying within 
the mean value of the GHG boundary requires ambitious dietary 
change towards more plant-based, flexitarian diets, in combination with 



either reductions in food loss and waste or technological improvements; 
staying within the mean values of the cropland and bluewater bounda-
ries requires technological improvements in combination with reduc-
tions in food loss and waste; and staying within the mean values of the 
nitrogen and phosphorus boundaries requires ambitious technological  
improvements combined (for the nitrogen boundary) with dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and, in some combinations, a more optimistic socioeconomic 
development pathway that includes lower population and higher 
income growth than is expected at present. Combining those measures 
synergistically results in adoption of different measures of technological 
change for each environmental domain, coupled in each case to dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and an optimistic socioeconomic development pathway (Fig. 4).



Uncertainties
Our estimates are subject to several uncertainties. Some of the planetary- 
boundary values have a large uncertainty range, which reflects the  
difficulties of scaling up local environmental pressures to global levels12,20,  
in particular regarding bluewater use and nitrogen and phosphorus 
application (see Methods). The planetary-boundary framework can 
therefore provide only a very broad measure of the sustainability of 
the food system. Our analysis indicates that using the upper bound 
of the planetary-boundary range increases the option space (Fig. 3) 
and, for example, does not require reductions in food loss and waste 
or a more optimistic socioeconomic development pathway; however, 
meeting the lower bound of the planetary-boundary range would 



SSP2 SSP1 SSP3 SSP2 SSP1 SSP3 SSP2 SSP1 SSP3 SSP2 SSP1 SSP3 SSP2 SSP1 SSP3



Baseline Baseline Baseline 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4



Waste/2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4



Waste/4 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4



Tech Baseline 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4



Waste/2 4 4 4 3 3 3 2 2 2 4 4 4 4 4 4



Waste/4 4 4 4 2 2 2 2 2 2 4 4 4 4 4 4



Tech+ Baseline 4 4 4 3 3 3 3 3 3 3 3 3 2 2 2



Waste/2 4 4 4 2 2 2 2 2 2 3 3 3 2 2 2



Waste/4 4 4 4 1 1 1 2 2 2 3 3 3 2 2 2



Guidelines Baseline Baseline 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4



Waste/2 4 4 4 4 4 4 3 3 3 4 4 4 4 4 4
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Fig. 3 | Planetary option space. The figure shows combinations of 
dietary change, technological change (tech or tech+), changes in food 
loss and waste (waste/2 or waste/4), and socioeconomic development 
pathways (SSP1, SSP2 or SSP3). These changes are applied to baseline 
conditions in 2050 (baseline). The diet scenarios include diets aligned with 
global dietary guidelines (guidelines), and more plant-based flexitarian 
diets (flexitarian) that are reflective of the current evidence on healthy 
eating. The loss and waste scenarios include reducing food loss and 
waste by half (waste/2) and by 75% (waste/4). The technology scenarios 
include medium-ambition technological changes up to 2050 (tech) and 



more ambitious technological changes (tech+). The socioeconomic 
development pathways include a middle-of-the-road development 
pathway (SSP2), a more optimistic one with higher income and lower 
population growth (SSP1), and a more pessimistic one with lower income 
and higher population growth (SSP3). 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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Planetary option space
What level of reduction in environmental pressures should be aimed 
for? We can explore this question through comparison to the associ-
ated planetary boundaries that are intended to describe a safe operating 
space for humanity. For our analysis, we adapted or newly quantified 
the food-related planetary-boundary values, including upper and lower 
limits (Extended Data Table 7, Extended Data Fig. 2 and Methods). 
According to our quantification, the planetary boundaries define a space 
around the present values for most environmental domains, with a mean 
value slightly below present values for food-related GHG emissions, at 
current values for cropland use, slightly above present values for bluewa-
ter use, and substantially below present values for nitrogen and phospho-
rus application (Fig. 2). Following the baseline trajectory of population 
and income change, and the related changes in food consumption and 
production, would lead to all mean values of the planetary bounda-
ries being crossed. The environmental impacts of the food system  
would exceed the planetary boundaries for food-related GHG emissions 
by 110%, for cropland use by 70%, for bluewater use by 50%, for nitrogen 
application by 125%, and for phosphorus application by 75%.



Our analysis indicates that staying within planetary boundaries is 
possible with a combination of measures of high ambition for GHG 
emissions and nitrogen and phosphorus application, and with a com-
bination of measures of medium ambition for cropland and bluewater  
use (Fig. 2). An analysis of the planetary option space details the  
possible combination of measures (Fig. 3). It shows that staying within 
the mean value of the GHG boundary requires ambitious dietary 
change towards more plant-based, flexitarian diets, in combination with 



either reductions in food loss and waste or technological improvements; 
staying within the mean values of the cropland and bluewater bounda-
ries requires technological improvements in combination with reduc-
tions in food loss and waste; and staying within the mean values of the 
nitrogen and phosphorus boundaries requires ambitious technological  
improvements combined (for the nitrogen boundary) with dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and, in some combinations, a more optimistic socioeconomic 
development pathway that includes lower population and higher 
income growth than is expected at present. Combining those measures 
synergistically results in adoption of different measures of technological 
change for each environmental domain, coupled in each case to dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and an optimistic socioeconomic development pathway (Fig. 4).



Uncertainties
Our estimates are subject to several uncertainties. Some of the planetary- 
boundary values have a large uncertainty range, which reflects the  
difficulties of scaling up local environmental pressures to global levels12,20,  
in particular regarding bluewater use and nitrogen and phosphorus 
application (see Methods). The planetary-boundary framework can 
therefore provide only a very broad measure of the sustainability of 
the food system. Our analysis indicates that using the upper bound 
of the planetary-boundary range increases the option space (Fig. 3) 
and, for example, does not require reductions in food loss and waste 
or a more optimistic socioeconomic development pathway; however, 
meeting the lower bound of the planetary-boundary range would 
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Fig. 3 | Planetary option space. The figure shows combinations of 
dietary change, technological change (tech or tech+), changes in food 
loss and waste (waste/2 or waste/4), and socioeconomic development 
pathways (SSP1, SSP2 or SSP3). These changes are applied to baseline 
conditions in 2050 (baseline). The diet scenarios include diets aligned with 
global dietary guidelines (guidelines), and more plant-based flexitarian 
diets (flexitarian) that are reflective of the current evidence on healthy 
eating. The loss and waste scenarios include reducing food loss and 
waste by half (waste/2) and by 75% (waste/4). The technology scenarios 
include medium-ambition technological changes up to 2050 (tech) and 



more ambitious technological changes (tech+). The socioeconomic 
development pathways include a middle-of-the-road development 
pathway (SSP2), a more optimistic one with higher income and lower 
population growth (SSP1), and a more pessimistic one with lower income 
and higher population growth (SSP3). 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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Planetary option space
What level of reduction in environmental pressures should be aimed 
for? We can explore this question through comparison to the associ-
ated planetary boundaries that are intended to describe a safe operating 
space for humanity. For our analysis, we adapted or newly quantified 
the food-related planetary-boundary values, including upper and lower 
limits (Extended Data Table 7, Extended Data Fig. 2 and Methods). 
According to our quantification, the planetary boundaries define a space 
around the present values for most environmental domains, with a mean 
value slightly below present values for food-related GHG emissions, at 
current values for cropland use, slightly above present values for bluewa-
ter use, and substantially below present values for nitrogen and phospho-
rus application (Fig. 2). Following the baseline trajectory of population 
and income change, and the related changes in food consumption and 
production, would lead to all mean values of the planetary bounda-
ries being crossed. The environmental impacts of the food system  
would exceed the planetary boundaries for food-related GHG emissions 
by 110%, for cropland use by 70%, for bluewater use by 50%, for nitrogen 
application by 125%, and for phosphorus application by 75%.



Our analysis indicates that staying within planetary boundaries is 
possible with a combination of measures of high ambition for GHG 
emissions and nitrogen and phosphorus application, and with a com-
bination of measures of medium ambition for cropland and bluewater  
use (Fig. 2). An analysis of the planetary option space details the  
possible combination of measures (Fig. 3). It shows that staying within 
the mean value of the GHG boundary requires ambitious dietary 
change towards more plant-based, flexitarian diets, in combination with 



either reductions in food loss and waste or technological improvements; 
staying within the mean values of the cropland and bluewater bounda-
ries requires technological improvements in combination with reduc-
tions in food loss and waste; and staying within the mean values of the 
nitrogen and phosphorus boundaries requires ambitious technological  
improvements combined (for the nitrogen boundary) with dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and, in some combinations, a more optimistic socioeconomic 
development pathway that includes lower population and higher 
income growth than is expected at present. Combining those measures 
synergistically results in adoption of different measures of technological 
change for each environmental domain, coupled in each case to dietary 
changes towards more plant-based diets, reductions in food loss and 
waste, and an optimistic socioeconomic development pathway (Fig. 4).



Uncertainties
Our estimates are subject to several uncertainties. Some of the planetary- 
boundary values have a large uncertainty range, which reflects the  
difficulties of scaling up local environmental pressures to global levels12,20,  
in particular regarding bluewater use and nitrogen and phosphorus 
application (see Methods). The planetary-boundary framework can 
therefore provide only a very broad measure of the sustainability of 
the food system. Our analysis indicates that using the upper bound 
of the planetary-boundary range increases the option space (Fig. 3) 
and, for example, does not require reductions in food loss and waste 
or a more optimistic socioeconomic development pathway; however, 
meeting the lower bound of the planetary-boundary range would 
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Fig. 3 | Planetary option space. The figure shows combinations of 
dietary change, technological change (tech or tech+), changes in food 
loss and waste (waste/2 or waste/4), and socioeconomic development 
pathways (SSP1, SSP2 or SSP3). These changes are applied to baseline 
conditions in 2050 (baseline). The diet scenarios include diets aligned with 
global dietary guidelines (guidelines), and more plant-based flexitarian 
diets (flexitarian) that are reflective of the current evidence on healthy 
eating. The loss and waste scenarios include reducing food loss and 
waste by half (waste/2) and by 75% (waste/4). The technology scenarios 
include medium-ambition technological changes up to 2050 (tech) and 



more ambitious technological changes (tech+). The socioeconomic 
development pathways include a middle-of-the-road development 
pathway (SSP2), a more optimistic one with higher income and lower 
population growth (SSP1), and a more pessimistic one with lower income 
and higher population growth (SSP3). 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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measures of change, including reductions in food loss and waste, tech-
nological and management-related improvements, and dietary changes 
towards healthier, more plant-based diets (Extended Data Table 1). The 
scenarios regarding food loss and waste align with and exceed commit-
ments made as part of the United Nations’ Sustainable Development 
Goals28–30. The scenarios concerning technological change account for 
future improvements in agricultural yields and fertilizer application, 
increases in feed efficiency, and changes in management practices31–34. 
Finally, the scenarios around dietary change include changes towards 
dietary guidelines and more plant-based dietary patterns that are in 
line with present evidence on healthy eating35–37.



In our baseline trajectory, we account for different socioeconomic 
pathways of population and income growth33, and project future 
demand for environmental resources in the absence of technological 
changes and dedicated mitigation measures. Although some of the 
measures of change considered here can be expected to be implemented 
by 2050, their level of ambition is uncertain and implementation will 
not happen automatically. We therefore analyse each measure of change 
explicitly and differentiate between two degrees of implementation: 
medium and high ambition. Measures of medium ambition are in line 
with stated intentions (for example, reducing food loss and waste by 
half), and measures of high ambition go beyond expectations but can 
be considered attainable with large-scale adoption of existing best prac-
tices (for example, reducing food loss and waste by 75%).



Environmental impacts of the food system
Our analysis indicates that current and projected levels of agricul-
tural production, in the absence of targeted mitigation measures, will 
greatly affect the Earth’s environment. We estimate that, in 2010, the 
food system emitted roughly the equivalent of 5.2 billion tonnes of 
carbon dioxide in GHG emissions in the form of methane and nitrous 
oxide; the food system also occupied 12.6 million km2 of cropland, used  



1,810 km3 of freshwater resources from surface and groundwater  
(bluewater), and applied 104 teragrams of nitrogen (TgN) and  
18 teragrams of phosphorus (TgP) in the form of fertilizers (see 
Methods, ‘Data availability’). Our estimates are comparable to  
previous estimates of food-related GHG emissions1,38 of 4.6–5.8  
billion tonnes of carbon dioxide equivalents, global cropland use39 
of 12.2–17.1 million km2 in 2000, bluewater use5,20 in 2000 of 
1,700–2,270 km3, and nitrogen40 and phosphorus40,41 application  
in 2010 of 104 TgN and 15.8–18.8 TgP.



Food production and consumption are projected to change between 
2010 and 2050 (Extended Data Table 2) as a result of expected socioec-
onomic developments (Supplementary Table 1). Those developments 
include the growth of the global population by about a third (with a 
range of 23–45%, from 6.9 billion in 2010 to 8.5–10 billion in 2050) and 
a tripling of global income (with a range of 2.6–4.2, from US$68 trillion 
in 2010 to US$180–290 trillion in 2050)33. Because of these changes, 
we predict the environmental pressures of the food system to increase 
by 50–92% for each indicator in the absence of technological change 
and other mitigation measures (Fig. 1). The greatest increases along 
this baseline pathway are projected for GHG emissions (87%, range 
80–92%), then for the demand for cropland use (67%, range 66–68%), 
bluewater use (65%, range 64–65%), phosphorus application (54%, 
range 51–55%) and nitrogen application (51%, range 50–52%).



Specific food groups vary in their environmental impacts (Fig. 1). 
The production of animal products generates the majority of food- 
related GHG emissions (72–78% of total agricultural emissions), which is 
due to low feed-conversion efficiencies, enteric fermentation in ruminants,  
and manure-related emissions42; the feed-related impacts of animal 
products also contribute to bluewater use (around 10%) and pressures 
on cropland, as well as nitrogen and phosphorus application (20–25% 
each). By comparison, staple crops have generally lower environmental 
footprints (impacts per kg of product) than animal products (Extended 
Data Table 3), in particular for GHG emissions, but they can have high 
total impacts because of their higher production volumes (Extended 
Data Table 2). According to our estimates, staple crops grown for human 
consumption are responsible for a third to a half (30–50%) of cropland 
use, bluewater use, and nitrogen and phosphorus application. The pro-
jected population growth between 2010 and 2050 contributes to a general 
increase in the impacts of each food group, and the projected income 
growth changes the relative contribution of each, with a shift towards 
a larger proportion of impacts from animal products (7–16% increase 
across environmental domains) and fruits and vegetables (2–28% 
increase), and a smaller proportion from staple crops (7–19% reduction).



Changes in food management, technology and diets
Reducing food loss and waste is one measure for reducing food demand 
and the associated environmental impacts. At present it is estimated 
that more than a third of all food that is produced is lost before it 
reaches the market, or is wasted by households28. For our analysis, we 
evaluated the impacts of reducing food loss and waste to one half—a 
value in line with pledges made as part of the Sustainable Development 
Goals29—and we also considered a reduction in food loss and waste by 
75%, which is probably close to the maximum theoretically avoidable 
value30. We estimate that halving food loss and waste would reduce 
environmental pressures by 6–16% compared with the baseline pro-
jection for 2050, and that reducing food loss and waste by 75% would 
reduce environmental pressures by 9–24% (Fig. 2). Relatively more sta-
ple crops and fruits and vegetables are wasted than animal products28,  
which explains why the impacts of changes in food loss and waste are 
smaller for the livestock-dominated domains, such as GHG emissions, 
than for the staple-crop-dominated ones, such as cropland and blue-
water use and nitrogen and phosphorus application.



Technological changes increase the efficiency of production and 
reduce the environmental impact per unit of food produced. We ana-
lysed the most commonly considered technological advances and 
changes in management practices with respect to their environmen-
tal impacts (Extended Data Table 1). The measures include: increases 
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Fig. 1 | Present (2010) and projected (2050) environmental pressures 
on five environmental domains divided by food group. Environmental 
pressures are allocated to the final food product, accounting for the use 
and impacts of primary products in the production of vegetable oils and 
refined sugar, and for feed requirements in animal products. Impacts are 
shown as percentages of present impacts, given a baseline projection to 
2050 without dedicated mitigation measures for a middle-of-the-road 
socioeconomic development pathway (SSP2). Absolute impacts for all 
socioeconomic pathways are provided in the main text and the data 
referred to in the ‘Data availability’ statement (see Methods).
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measures of change, including reductions in food loss and waste, tech-
nological and management-related improvements, and dietary changes 
towards healthier, more plant-based diets (Extended Data Table 1). The 
scenarios regarding food loss and waste align with and exceed commit-
ments made as part of the United Nations’ Sustainable Development 
Goals28–30. The scenarios concerning technological change account for 
future improvements in agricultural yields and fertilizer application, 
increases in feed efficiency, and changes in management practices31–34. 
Finally, the scenarios around dietary change include changes towards 
dietary guidelines and more plant-based dietary patterns that are in 
line with present evidence on healthy eating35–37.



In our baseline trajectory, we account for different socioeconomic 
pathways of population and income growth33, and project future 
demand for environmental resources in the absence of technological 
changes and dedicated mitigation measures. Although some of the 
measures of change considered here can be expected to be implemented 
by 2050, their level of ambition is uncertain and implementation will 
not happen automatically. We therefore analyse each measure of change 
explicitly and differentiate between two degrees of implementation: 
medium and high ambition. Measures of medium ambition are in line 
with stated intentions (for example, reducing food loss and waste by 
half), and measures of high ambition go beyond expectations but can 
be considered attainable with large-scale adoption of existing best prac-
tices (for example, reducing food loss and waste by 75%).



Environmental impacts of the food system
Our analysis indicates that current and projected levels of agricul-
tural production, in the absence of targeted mitigation measures, will 
greatly affect the Earth’s environment. We estimate that, in 2010, the 
food system emitted roughly the equivalent of 5.2 billion tonnes of 
carbon dioxide in GHG emissions in the form of methane and nitrous 
oxide; the food system also occupied 12.6 million km2 of cropland, used  



1,810 km3 of freshwater resources from surface and groundwater  
(bluewater), and applied 104 teragrams of nitrogen (TgN) and  
18 teragrams of phosphorus (TgP) in the form of fertilizers (see 
Methods, ‘Data availability’). Our estimates are comparable to  
previous estimates of food-related GHG emissions1,38 of 4.6–5.8  
billion tonnes of carbon dioxide equivalents, global cropland use39 
of 12.2–17.1 million km2 in 2000, bluewater use5,20 in 2000 of 
1,700–2,270 km3, and nitrogen40 and phosphorus40,41 application  
in 2010 of 104 TgN and 15.8–18.8 TgP.



Food production and consumption are projected to change between 
2010 and 2050 (Extended Data Table 2) as a result of expected socioec-
onomic developments (Supplementary Table 1). Those developments 
include the growth of the global population by about a third (with a 
range of 23–45%, from 6.9 billion in 2010 to 8.5–10 billion in 2050) and 
a tripling of global income (with a range of 2.6–4.2, from US$68 trillion 
in 2010 to US$180–290 trillion in 2050)33. Because of these changes, 
we predict the environmental pressures of the food system to increase 
by 50–92% for each indicator in the absence of technological change 
and other mitigation measures (Fig. 1). The greatest increases along 
this baseline pathway are projected for GHG emissions (87%, range 
80–92%), then for the demand for cropland use (67%, range 66–68%), 
bluewater use (65%, range 64–65%), phosphorus application (54%, 
range 51–55%) and nitrogen application (51%, range 50–52%).



Specific food groups vary in their environmental impacts (Fig. 1). 
The production of animal products generates the majority of food- 
related GHG emissions (72–78% of total agricultural emissions), which is 
due to low feed-conversion efficiencies, enteric fermentation in ruminants,  
and manure-related emissions42; the feed-related impacts of animal 
products also contribute to bluewater use (around 10%) and pressures 
on cropland, as well as nitrogen and phosphorus application (20–25% 
each). By comparison, staple crops have generally lower environmental 
footprints (impacts per kg of product) than animal products (Extended 
Data Table 3), in particular for GHG emissions, but they can have high 
total impacts because of their higher production volumes (Extended 
Data Table 2). According to our estimates, staple crops grown for human 
consumption are responsible for a third to a half (30–50%) of cropland 
use, bluewater use, and nitrogen and phosphorus application. The pro-
jected population growth between 2010 and 2050 contributes to a general 
increase in the impacts of each food group, and the projected income 
growth changes the relative contribution of each, with a shift towards 
a larger proportion of impacts from animal products (7–16% increase 
across environmental domains) and fruits and vegetables (2–28% 
increase), and a smaller proportion from staple crops (7–19% reduction).



Changes in food management, technology and diets
Reducing food loss and waste is one measure for reducing food demand 
and the associated environmental impacts. At present it is estimated 
that more than a third of all food that is produced is lost before it 
reaches the market, or is wasted by households28. For our analysis, we 
evaluated the impacts of reducing food loss and waste to one half—a 
value in line with pledges made as part of the Sustainable Development 
Goals29—and we also considered a reduction in food loss and waste by 
75%, which is probably close to the maximum theoretically avoidable 
value30. We estimate that halving food loss and waste would reduce 
environmental pressures by 6–16% compared with the baseline pro-
jection for 2050, and that reducing food loss and waste by 75% would 
reduce environmental pressures by 9–24% (Fig. 2). Relatively more sta-
ple crops and fruits and vegetables are wasted than animal products28,  
which explains why the impacts of changes in food loss and waste are 
smaller for the livestock-dominated domains, such as GHG emissions, 
than for the staple-crop-dominated ones, such as cropland and blue-
water use and nitrogen and phosphorus application.



Technological changes increase the efficiency of production and 
reduce the environmental impact per unit of food produced. We ana-
lysed the most commonly considered technological advances and 
changes in management practices with respect to their environmen-
tal impacts (Extended Data Table 1). The measures include: increases 
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Fig. 1 | Present (2010) and projected (2050) environmental pressures 
on five environmental domains divided by food group. Environmental 
pressures are allocated to the final food product, accounting for the use 
and impacts of primary products in the production of vegetable oils and 
refined sugar, and for feed requirements in animal products. Impacts are 
shown as percentages of present impacts, given a baseline projection to 
2050 without dedicated mitigation measures for a middle-of-the-road 
socioeconomic development pathway (SSP2). Absolute impacts for all 
socioeconomic pathways are provided in the main text and the data 
referred to in the ‘Data availability’ statement (see Methods).
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