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Summary
Background Food systems are important drivers of planetary boundary transgressions at both global and local scales. 
Growing evidence shows that when multiple planetary boundaries are transgressed simultaneously, such trans
gression can amplify their negative consequences on Earth system processes. Therefore, it is essential to scrutinise 
global boundary transgressions at the local scale.

Methods This study assessed future planetary boundary transgressions under different food system-transformation 
(EL2) and combined food system-transformation and climate mitigation (ELM) scenarios, both on global and local 
scales, by defining ten global and eight local boundary indicators and simulating them using the Integrated 
Model to Assess the Global Environment framework.

Findings Our results identified hotspots of local boundary transgressions across scenarios. Policies addressing the 
food system (such as dietary change, productivity increase, and halving food loss and waste) can help to reduce future 
transgressions. Dietary change results in the largest reductions in the land-system change (70%) and biosphere 
integrity (69%) domains. Policies with a focus on agricultural productivity improve the biogeochemical flows 
(phosphorus) domain (92%), and mitigation measures drive most of the improvements in freshwater change 
(62% blue, 82% green), climate change (67%), and aerosol loading (75%). On a global scale, there are no trade- 
offs between the EL2 and ELM scenarios, but trade-offs can occur on a local level, with large regional differences 
in boundary transgressions. Grid cells with six or more local boundary transgressions account for 6⋅1% of the 
total land area under business-as-usual, 4⋅5% under EL2, and 3⋅1% under ELM, as compared with 4⋅9% in the 
historical reference period 2020.

Interpretation Policies addressing both the food system and climate change can be effective in simultaneously 
reducing boundary transgressions across scenarios, although a multiscale approach can help to identify regional 
trade-offs that remain hidden at global scales.
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Introduction
Globally, food production is expected to grow substantially 
to meet the rising demand.1 Environmental pressures from 
these agricultural activities include biodiversity loss, cli
mate change, disturbance of natural cycles of nutrients and 
water, and introduction of all kinds of chemicals into the 
environment.2–5 Consequently, food systems play a crucial 
role in the transgression of planetary boundaries.6–9 Redu
cing these pressures requires policy interventions targeting 
both food production systems and consumption pat
terns.7,10 Different policy options for a food system trans
formation have already been explored. For example, 
promoting more sustainable diets and lower meat 
consumption can provide environmental benefits.6,11,12

Moreover, reducing food loss and waste (FLW) and 
improving agricultural and nitrogen-use efficiency,7,10 in 
addition to expanding protected areas,13 are key levers to 
reducing environmental pressures.

One way to evaluate environmental impacts is via the 
planetary boundary framework. This framework identifies 
nine key Earth system processes and their respective 
boundary thresholds that demarcate the safe operating 
space for humanity.14,15 Some of the boundaries are also 
defined at regional scales, as boundary transgressions are 
often driven by local processes.14,16 Assessments of the 
current state indicate that we are already transgressing six 
(biosphere integrity, climate change, land-system change, 
freshwater change, biogeochemical flows, and novel 
entities) of the global boundaries, with increased risk of 
irreversible environmental damage.17 A 2025 study sug
gests that a seventh boundary (ocean acidification) is also 
transgressed now.18 One powerful way of returning within 
planetary boundaries is by transforming our food system, 
as agriculture is a major driver of transgressions.7,8 Recent 
multimodel assessments show that a shift towards a more 
sustainable diet is often an integral part of a food system 
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transformation.19,20 A well known example is the Planetary 
Health Diet, a largely plant-based reference diet developed 
by the EAT-Lancet Commission to keep food consumption 
within environmental limits.21

Earlier studies have assessed the impacts of food system 
transformation on the planetary boundary framework, 
focusing either on global boundaries10,22,23 or a subset of 
regional boundaries.7,24 For example, Gerten and col
leagues7 analysed how current food production can stay 
within four global and regional boundaries through adop
tion of different actions (eg, reduction of FLW, dietary 
shifts) while still meeting food demand. Heck and col
leagues24 showed that globally optimised land use can help 
to stay within the land-system change and freshwater 
change boundaries, but that these improvements can con
flict with local policy objectives (such as food production 
and biodiversity protection). Schulte-Uebbing and col
leagues25 estimated the reduction in nitrogen inputs 
required to bring agriculture back within local and global 
boundaries for nitrogen surplus. Similarly, Porkka and 
colleagues26 presented an improved representation of the 
planetary boundary on freshwater change, explicitly taking 
into account local changes in the water cycle (both for blue 
and green water).

In this study, we added to the existing literature by 
investigating the future development of planetary boundary 
transgressions both at the global and local scales, in one 
consistent model framework. All global planetary boundary 
domains (except novel entities) and eight local indicators 
are assessed under business-as-usual (BAU) and solution- 
oriented pathways. Combining climate change-mitigation 
measures with policies targeting the food system is essen
tial to address transgressions in all domains.22,23,27 We spe
cifically investigated the contribution of a food system 
transformation to the reduction in planetary boundary 
transgressions, including its combined effects with strin
gent climate change-mitigation measures. By providing a 
multiscale (from global to local) analysis, we were able to 

explicitly analyse differences in the scale of assessment and 
identify regional hotspots of transgression. By also inves
tigating climate and air pollution boundaries at the local 
scale, we moved beyond previous spatially explicit studies 
that focused only on land use-dominated boundaries.7

To achieve this aim we applied the Integrated Model to 
Assess the Global Environment (IMAGE) framework28 and 
used a set of scenarios that were co-developed with multiple 
model teams as part of the EAT-Lancet Commission.19,21 We 
analysed one pathway that largely continues the latest 
trends in human development (BAU), and two solution 
pathways outlining possible trajectories to keep human 
development within planetary boundaries. One pathway 
focuses on food system transformation only, whereas the 
second solution pathway also includes climate change- 
mitigation policies. To identify the environmental impact 
of food system transformation and climate change- 
mitigation policies, we quantified the impact on ten glo
bal indicators across eight domains and compared these 
global impacts to eight local boundaries. This approach 
allowed us to assess the extent to which these policy 
measures can address planetary boundaries at multiple 
scales and identify local hotspots of change. Such assess
ment is important, as evidence suggests that interactions 
between multiple boundary transgressions can amplify 
each other, and reduce their safe operating space.29,30 The 
key question is—to what extent do policy measures 
addressing the food system and climate change contribute 
differently to restricting planetary boundary transgressions 
and how does this contribution affect regional and local 
hotspots of transgressions.

Methods
IMAGE
IMAGE is a framework for assessing future human devel
opment in relation to environmental impacts. IMAGE is a 
powerful tool to assess impacts on planetary boundaries, as 

Research in context

Evidence before this study
We searched Scopus for studies between 2013 and 2025 using the 
search terms ("planetary boundar*" OR "safe operating space") 
AND ("food system transformation" OR "diet") AND 
("transgression" OR "scenario") AND ("global" OR "regional" OR 
"local"). Most previous studies have assessed the planetary 
boundary framework in the context of its historical or current 
state, repeatedly showing that most boundaries are already 
transgressed. We found only one scenario-based modelling study 
that assessed the full planetary boundary framework at the global 
scale. At the local scale, previous work has used one or a smaller 
subset of boundary indicators. We found no previous modelling 
studies that attempted to link global and local scales using 
different scenarios.

Added value of this study
To our best knowledge, this study is the first scenario study that 
links global and local planetary boundary indicators within an 
integrated assessment modelling framework. We used different 
food system-transformation and climate change-mitigation 
scenarios to present interactions and the possible trade-offs 
between them. This assessment is important as the local scale can 
reveal regional hotspots of boundary transgressions that remain 
hidden at the global scale.

Implications of all the available evidence
Transforming the food system might reduce environmental 
pressures. A multiscale assessment is essential for designing 
policies at both the global and local scales.
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it accounts for the complex interactions between socio
economic drivers and biophysical processes. Specifically, 
IMAGE includes detailed descriptions of food and energy 
consumption and production. The modelling framework 
can quantify our food systems and their possible feedback 
on the environment. IMAGE combines models from vari
ous disciplines (eg, energy-system, agriculture, material 
flow, and policy) to explore long-term global changes and 
their effects on society and the environment.31 The IMAGE 
framework produces outputs at both the global scale and up 
to 5-arcminute grid resolution. A more detailed description 
of IMAGE can be found in the appendix (pp 3–5).

Scenario setup
We used three main scenarios (appendix p 10) to analyse 
how a food system transformation and climate change- 
mitigation policies affect planetary boundaries at the local 
and global scales by 2050. These scenarios are also used in 
the EAT-Lancet Commission.21 In all scenarios, the global 
population is expected to grow to 9⋅6 billion people in 2050, 
and global gross domestic product will increase by 127% 
between 2020 and 2050, according to the middle-of-the- 
road shared socioeconomic pathway (SSP)2 scenario.32

Agricultural productivity continues to increase in line with 
historical development and areas for nature are assumed to 
be effectively protected but not to expand further.33

In the BAU scenario, dietary patterns, technological 
growth, and FLW follow current trajectories. Normally, 
IMAGE calculates yields endogenously using the LPJmL 
model. In this study, however, we build on the Inter- 
Sectoral Impact Model Intercomparison Project crop 
model ensemble in accordance with the study by Rock
ström and colleagues,21 using data from the Earth System 
Model Institut Pierre-Simon Laplace34 under Representa
tive Concentration Pathway (RCP)7.0, representing high 
greenhouse gas emissions. Productivity shocks for both 
livestock and labour are based on heat stress due to 
increased temperatures under RCP7.0. We used the live
stock productivity impacts from the study by Thornton and 
colleagues35 and labour impacts from the one by Nelson and 
colleagues.36

In the food system-transformation scenario (EL2), a shift 
towards the Planetary Health Diet as described by Rock
ström and colleagues21 is assumed. This diet consists pri
marily of plant-based foods and aligns human nutritional 
needs with improved health outcomes. Globally, uptake of 
this diet means a large reduction in the consumption of 
animal products, and an increased intake of, for example, 
fruits, vegetables, nuts, and legumes. In addition to dietary 
change, additional food system-transformation assump
tions are included: agricultural productivity settings from 
SSP1 are adopted as per study by Stehfest and colleagues,37

reflecting faster technological development and higher 
yields, as compared with those seen in BAU. In addition, 
FLW is halved by 2050, in line with the sustainable devel
opment goal 12.3, and optimistic assumptions on the 
adoption of improved agricultural management are 

included, with improved efficiency in fertiliser use, large- 
scale soil conservation measures, and high irrigation effi
ciency. In this scenario, there are no further policies on 
climate change mitigation. For climate change impacts, the 
same effects on crop, livestock, and labour productivity as 
those in BAU were used.

To disentangle the effects of different food system- 
transformation drivers in relation to climate change miti
gation, a decomposition analysis was performed wherein 
the effect of each policy measure was isolated as a separate 
scenario relative to BAU. These scenarios are categorised as 
dietary change (BAU_DIET), agricultural productivity and 
management (BAU_PROD), FLW reduction (BAU_ 
WAST), and climate change mitigation (BAU_MITI). 
BAU_DIET, BAU_PROD, and BAU_WAST together 
make-up the EL2, whereas ELM combines this transform
ation with the climate change-mitigation policies. This 
mitigation scenario reflects ambitious climate change- 
mitigation policies that align with restricting global 
warming to 1⋅5◦C.3 We also included policies that increase 
the protected terrestrial area, including targeted protection 
of high-carbon ecosystems. In line with these measures, 
climate impacts on crops, livestock, and labour are mod
elled using RCP2.6, wherein climate change is restricted to 
around 2◦C in 2100.35,36 We also included increased 
nitrogen-use efficiency measures, which help to further 
reduce emissions (see appendix p 10 for a detailed 
overview).

In IMAGE, planetary boundary indicators change 
dynamically in response to the measures taken in each 
scenario. A global shift towards a more plant-based diet 
reduces livestock and fertiliser inputs, which in turn lowers 
nitrogen and phosphorus losses, in addition to reducing 
pressures on land use (see appendix pp 3–5 for more details 
on model dynamics).

Planetary boundaries
The planetary boundaries assessed in this study are mostly 
based on the studies by Steffen and colleagues and 
Richardson and colleagues.14,17 Owing to data and model
ling limitations, some of the control variables were adjusted 
to assess the full range of planetary boundary domains 
using IMAGE, similar to earlier work.22 Several indicators 
were adapted from the safe and just boundary framework,16

applying a stricter health-related boundary. The selection of 
global and local boundary indicators is discussed in the 
appendix (pp 6–9). The ten global boundary indicators 
used in this study are given in the table. Following the study 
by van Vuuren and colleagues,22 we included an upper- 
uncertainty zone and an undisturbed Earth reference in 
addition to the global boundary (appendix p 11). We cal
culated planetary boundary developments for BAU, EL2, 
and ELM scenarios and compared these developments to 
those in the historical reference period (2020).

In addition to the global boundaries, we defined eight 
local boundaries that are spatially explicit at a 0⋅5◦ reso
lution. Not all global scale boundaries can be translated 

For detailed model descriptions, 
see www.pbl.nl/image

See Online for appendix
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directly to the local scale, so we adapted some boundaries to 
enable their assessment at the local scale (table). For bio
sphere integrity, we used the mean species abundance 
(MSA) indicator, which IMAGE calculates at the grid level.41

We set the local boundary at 72⋅5%, reflecting the midpoint 
of the global planetary boundary of 90% and the subglobal 
ecosystem safe boundary of 55%, as given in the study by 
Rockström and colleagues.16 Wet-bulb temperatures were 
used to assess local boundary transgressions in the climate 
change domain. We set the boundary at 32◦C, which is the 
temperature threshold at which human wellbeing is affec
ted.38 For land-system change, we used the share of natural 
land area relative to the total area, and set the boundary at 
75% of the original natural cover, similar to the global 
boundary for forest cover given in the study by Richardson 
and colleagues.17

We used the latest definition from the study by Porkka 
and colleagues26 to assess the status of the freshwater 
change boundary, which adopts local monthly deviations 
from pre-industrial variability envelopes (5th and 95th 
percentiles) for both green and blue water. Green water 
deviations are represented by soil moisture (in LPJmL: root- 
zone soil moisture), and blue water deviations are repre
sented by streamflow. The planetary boundary is set at 
10⋅3% of the total land area transgressed for green water 
and 9⋅4% for blue water. Local boundaries for nitrogen 
pollution are calculated as per the study by Schulte- 
Uebbing and colleagues,25 and the impacts of surface and 
groundwater pollution and nitrogen deposition on bio
diversity and water quality are considered (appendix p 12). 
In addition, we used phosphorus losses to surface water for 
the biogeochemical flows domain. We set our local 
boundary at 0⋅075 mgP/L as a maximum surface water 

phosphorus concentration.39 For aerosol loading, we cal
culated spatially explicit PM2⋅5 concentrations. We set the 
local boundary at 10 μg/m3, in line with WHO recom
mendation.40 More details on the selection of global and 
local boundaries can be found in the appendix (pp 6–9). The 
Ocean acidification and stratospheric ozone depletion 
domains were not included in our local scale assessment. 
In this study, we did not explicitly analyse interactions 
between planetary boundaries.

Role of the funding source
The funders of the study had no role in the study design, 
data collection, data analysis, data interpretation, or writing 
of the report.

Results
In 2020, six of eight planetary boundary domains showed 
a transgression (figure 1). Under the BAU scenario 
(figure 1B), ocean acidification will additionally be trans
gressed. Most of the planetary boundary indicators show 
increased transgressions on a global scale by the year 2050. 
Only stratospheric ozone depletion and aerosol loading 
show slight improvements with the current policies. 
Climate change and biogeochemical flows (both nitrogen 
[N] and phosphorus [P]) show the largest increase in 
transgression across planetary boundary domains under 
the BAU scenario.

A food system transformation, including a global dietary 
shift (EL2) can help to reduce pressures on global planetary 
boundaries; however, it is not sufficient on its own to reduce 
the impacts to below the safe threshold levels by the year 
2050 for all planetary boundaries (figure 1C). Compared 
with the historical reference period and BAU, 

Global control 
variable

Global boundary Local control variable Local boundary

Biosphere integrity MSA22 90% MSA16 72⋅5%
Climate change Radiative forcing22 1⋅9 W/m2 Wet-bulb temperature38 1 day >32◦C
Land-system change Forest area22 45 Gha Natural area share17 75% of original natural cover
Freshwater change: 
Green water

Variation in soil 
moisture26

10⋅3% Variation in soil 
moisture26

<5% and >95% deviations relative to those 
in the pre-industrial period

Freshwater change: 
Blue water

Variation in river 
discharge26

9⋅4% Variation in river 
discharge26

<5% and >95% deviations relative to those 
in the pre-industrial period

Biogeochemical 
flows: N

Nitrogen surplus25 57 Tg N/year Nitrogen exceedance25 2⋅5 mgN/L in surface water or 11⋅3 mgN/L in 
groundwater or landcover-specific critical N deposition

Biogeochemical 
flows: P

Phosphorus losses to 
surface water39

6⋅1 Tg P/year Phosphorus exceedance to 
surface water39

0⋅075 mgP/L in surface water

Ocean acidification pH22 8⋅01 Na na
Stratospheric ozone 
depletion

O3 concentration 60◦– 
90◦22

276 DU Na na

Aerosol loading Mean PM2⋅5
22,40 10 μg/m3 Mean PM2⋅5

22,40 10 μg/m3

Novel entities No control variable currently defined

MSA=mean species abundance. N=nitrogen. na=not available. P=phosphorus. The first column indicates the different Earth system processes, each of which has a global control 
variable and, wherever applicable, a local control variable, each with a boundary value used to identify transgression. More details on the planetary boundary selection can be found 
in the appendix (pp 6–9).

Table: Boundaries used in the global and local assessments
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biogeochemical flows show the greatest reduction in 
transgression, as a result of lower livestock manure excre
tion and synthetic fertiliser application. Including mitiga
tion policies (ELM) further alleviates impacts across some 
boundaries (figure 1D). In ELM, ocean acidification is now 
within the planetary safe thresholds. The reduction in 
ocean acidification pressure is mostly due to mitigation 
policies that target greenhouse gas emissions, with the 
strongest effect on the climate change and aerosol loading 
domains. Both aerosol loading and biogeochemical flows 
(P) are close to the safe thresholds, but biosphere integrity, 
land-system change, and biogeochemical flows (N) remain 
within the zone of increasing risk, whereas climate change 
remains in the high-risk zone. Overall, despite substantial 
reductions in planetary boundary transgressions from food 
system-transformation and climate change-mitigation 

policies, the policy measures in these scenarios are only 
sufficient for some of the boundaries.

The spatial distribution of individual local boundary 
transgressions in the historical reference period (2020) is 
presented across six boundary domains and eight bound
aries, each represented by a local indicator (A–H) (figure 2). 
Biosphere integrity (figure 2A) and land-system change 
(figure 2E) show a similar pattern of transgression, as MSA 
loss often concentrates in regions where the share of nat
ural land is low. Biosphere integrity is, however, also 
affected by climate change, implying that all locations glo
bally are affected to some extent. Local transgressions of the 
climate change indicator wet-bulb days (figure 2B) are 
mostly found in humid regions near the equator. Highest 
values are found in the Amazon, although low population 
density means low exposure. High values in densely 

Below boundary (safe) In zone of uncertainty (increasing risk) Beyond zone of uncertainty (high risk)

ELMDEL2C

Green
water

Nitrogen

Phosphorous

Climate
change

Stratospheric ozone
depletion Aerosol loading

Ocean
acidification

Land-use changeBiosphere integrity

Biochemical
flows

Blue
water

Freshwater
change

Green
water

Climate
change

Aerosol loading

Ocean
acidification

Land-use changeBiosphere integrity

Biochemical
flows

Stratospheric ozone
depletion

Blue
water

Freshwater
change

Nitrogen

Phosphorous

BAUB2020A

Green
water

Nitrogen

Phosphorous

Climate
change

Aerosol loading

Ocean
acidification

Land-use changeBiosphere integrity

Biochemical
flows

Stratospheric ozone
depletion

Blue
water

Freshwater
change

Green
water

Blue
water

Climate
change

Stratospheric ozone
depletion Aerosol loading

Ocean
acidification

Freshwater
change

Land-use changeBiosphere integrity

Biochemical
flows

Nitrogen

Phosphorous

Figure 1: Planetary boundaries 
Planetary boundaries for the historical reference period (2020; A), and the BAU (B), food-system transformation (EL2) (C), and combined food system and climate 
mitigation (ELM; D) scenarios in 2050. Each boundary indicator is scaled using additional values for the upper end of the uncertainty zone, and a low end reference value 
(appendix p 11). The intersection between the green and yellow is the planetary boundary. Yellow colours indicate that the planetary boundary indicators are 
transgressed and red colour shows transgressions beyond the upper-end values. BAU=business-as-usual.
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Transgression of individual boundaries in 2020

6680·5 Mha

Biosphere integrity

2529·6 Mha

Climate changeA B

MSA (0–1)

← 0·72 1·000

[Boundary]

Wet-bulb days (number of days >32°C)

1·00 → 150·000

[Boundary]

2383·2 Mha

Green water

2352·2 Mha

Blue waterC D

Green water (% deviation)

10·00 → 100·000

[Boundary]

Blue water (% deviation)

10·00 → 100·000

[Boundary]

6890·1 Mha

Land-system change

2980·3 Mha

Biogeochemical flows (Nitrogen)E F

Natural land share (0–1)

← 0·75 1·000

[Boundary]

Nitrogen limit (0=safe, 1=transgressed)

→ 10

[Boundary]

(Figure 2 continues on next page)
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populated areas are much more impactful, for example, in 
India and Pakistan. The biogeochemical flows domain, 
which includes nitrogen (figure 2F) and phosphorus 
(figure 2G), and to a lesser extent, freshwater change 
(figure 2C, 2D), often shows transgressions in regions with 
intensive agricultural activity or high population density, or 
both, such as south Asia and east Asia. Aerosol loading 
(figure 2H) shows high transgressions in densely populated 
and industrial regions, in addition to locations with high 
levels of land-system change, such as the Amazon, central 
Africa, and Indonesia.

The total number of transgressions based on all eight 
local boundaries in each 0⋅5◦ grid cell in the historical ref
erence period and in 2050 in three scenarios (BAU, EL2, 
and ELM) are given in figure 3. In 2020, across 641 Mha, six 
or more local boundary indicators were transgressed (4⋅9% 
of the global terrestrial area). This area increased to 
800 Mha under BAU (6⋅1% of the global terrestrial area), 
589 Mha under EL2 (4⋅5%), and decreased to 404 Mha 
under ELM (3⋅1%). Also, the number of grid cells with zero, 
one, or two indicator transgressions increased under EL2 
and ELM (appendix pp 17). This finding is important as 
increasing evidence suggests that interactions between 
Earth system processes might aggravate risk levels and 
further narrow down the safe operating space,29,30 which 
implies that areas in which multiple planetary boundaries 
are crossed simultaneously might be at increased risk lev
els. Historically, the highest levels of transgressions are 
concentrated in India and China, with smaller hotspots in 
parts of EU and the USA (figure 3A).

Under the BAU scenario, transgressions intensify fur
ther, and more boundary transgressions emerge in various 
world regions, such as parts of Brazil and central Africa 
(figure 3E). In Brazil, increasing livestock numbers 

generate more N and P through manure, leading to spill
overs into the environment, and increase transgressions in 
the biogeochemical flows domain. The transgressions in 
central Africa are driven by an increase in wet-bulb tem
peratures and increased PM2⋅5 emissions from biomass 
burning. Globally, all boundary indicators have more grid 
cells transgressed than those in the historical reference 
period (2020), but some regions already show improve
ments. For example, parts of EU show a reduction of 
boundary transgressions under BAU, which are caused by 
improvements in the aerosol loading and biogeochemical 
flows (ie, N and P) domains (figure 4). For these regions, 
continuing historical trends under BAU already leads to 
reduced transgressions. Regions in the northern hemi
sphere that have permafrost thawing, such as Canada and 
Russia, show the largest increase in transgressions for the 
freshwater change domain. Higher evapotranspiration and 
changing precipitation patterns as a result of climate 
change strongly influence soil moisture (green water) and 
streamflow (blue water).

Compared with BAU, a food system transformation (EL2) 
reduces environmental impacts across all boundary 
domains (figures 3F, 4). The largest improvements are seen 
in the biosphere integrity and land-system change 
domains, which are closely interlinked, in addition to the 
biogeochemical flows (N and P) domain. Improvements in 
land-system change transgressions are largely caused by 
the decreased land requirements of livestock grazing and 
animal feed production, allowing more land to remain or 
revert to its natural state. This change also positively affects 
the MSA indicator that is used to capture the biosphere 
integrity domain. In addition, lower manure production in 
the livestock sector and reduced nitrogen application for 
animal feed crops lead to a decrease in nitrogen deposition, 

Transgression of individual boundaries in 2020

3088·5 Mha

Biogeochemical flows (Phosphorus)

2251·0 Mha

Aerosol loadingG H

Phosphorus limit (0=safe, 1=transgressed)

→ 10

[Boundary]

PM2·5 (μg/m3)

10·00 → 25·000

[Boundary]

Figure 2: Transgression of individual local boundaries in the historical reference period (2020) 
Yellow to red colours show the intensity of transgressions for each local grid, whereas green colours are still in the safe zone. Total transgressed area for each indicator is shown on the bottom right of the 
subplots. Boundaries for nitrogen and phosphorus have been calculated separately for each grid cell, and, therefore, depicted as binary, since their local thresholds are grid dependent.
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positively affecting the MSA. Large improvements are seen 
in regions with current high livestock densities (eg, Brazil, 
Australia, and New Zealand), as agricultural land is 
restored to natural land, improving the biosphere integrity 
and land-system change domains. Other regions, such as 
southeast Asia and India, show only minimal improve
ments in these domains, as livestock populations remain 
stable in the EL2 scenario. Improvements in Europe and 
the USA are mainly driven by improvements in the 
biogeochemical flows (N and P) domain indicators 
(figure 4).

The decomposition of the four policy measure categories 
across the scenarios: dietary change, increased agricultural 
productivity, reduction of FLW, and climate mitigation is 
shown in figure 5. Transitioning towards a Planetary 
Health Diet plays the largest role in reducing pressures on 
the biosphere integrity (69%) and land-system change 
(70%) indicators, with smaller contributions from 
increased productivity and reduced FLW (figure 5). 
Improvements in the biogeochemical flows domain are 
also strongly influenced by policies associated with a 
transformation of the food system (ie, dietary change, 
increased productivity, and reduced FLW). Around 35% of 
the improvements of the biogeochemical flows (N) indica
tor can be attributed to a change in diets, which will lower 
the number of crops that need to be grown to feed livestock, 
resulting in less agricultural land use and lower nitrogen 
application to soils. Increased agricultural productivity 
(26%) leads to more efficient fertiliser use, lowering spill
over into the environment (figure 5). Improvements in 
phosphorus are almost entirely driven by higher agricul
tural productivity (92%), as a result of lowered phosphorus 
application rates (based on SSP1) and increased soil con
servation, which will lower phosphorus delivery to the 
surface water. The Planetary Health Diet improves all 
indicators except biogeochemical flows (P), which increa
ses slightly because of changing land use patterns of crop 
production.

The other four indicators show small improvements that 
can be attributed to food system transformation. Dietary 
change, increased agricultural productivity, and reduction 
of FLW, all contribute to lowering agricultural emissions, 
leading to improvements in the climate change domain 
(figure 5). Blue water transgressions, and to a lesser extent, 
green water transgressions, improve under EL2 mainly 
because of reduced groundwater and surface water with
drawals resulting from improved irrigation efficiency. 
Aerosol loading transgressions decline under EL2, as a 
reduced livestock population lowers ammonia (NH3) 
emissions, and consequently, the formation of ammo
nium nitrate, which contributes to PM2⋅5. Lower black and 

organic carbon emissions from reduced waste burning 
and deforestation further decrease aerosol loading 
transgressions.

Including climate change measures on top of a food 
system transformation in the ELM scenario leads to further 
improvements in the local transgression status of all indi
cators, which shows that, on a global aggregate level, there 
are no trade-offs between a food system transformation and 
climate change-mitigation policies. On a regional level, 
there can be trade-offs between EL2 and ELM. For example, 
the expansion of bioenergy production in northern 
Australia leads to higher transgressions in the land-system 
change and biosphere integrity domains, as compared with 
that under EL2 (figure 3G). The largest improvements 
under ELM are in the aerosol loading (75%) and climate 
change (67%) domains, with large reductions in tropical 
regions (figure 3G). Global aggregate climate change 
transgressions are still increasing as compared with the 
historical reference (figure 4), primarily owing to the fre
quency of wet-bulb temperatures of more than 32◦C, which 
continue to rise in some regions even under stringent cli
mate change-mitigation policies. Cleaner energy carriers 
reduce PM2⋅5 emissions from industry, energy, and bio
mass burning, leading to lower pollution in central Africa, 
India, and China, which are also regions with high popu
lation densities. Climate change mitigation shows large 
improvements for the green water (82%) and blue water 
(62%) indicators (figure 5), which reflects that trans
gressions in the freshwater change domain are largely 
driven by climate change, through impacts on the water 
cycle from changes in evaporation and precipitation. Add
itionally, the ELM scenario includes policies that keep the 
total irrigation area constant, further reducing green and 
blue water transgressions. In ELM, around 33% of the 
global improvements of the biogeochemical flows (N) can 
be attributed to climate change mitigation (figure 5), which 
includes additional measures to improve fertiliser effi
ciency to reduce N2O emissions. There are large regional 
differences, with some regions (eg, USA, Europe) showing 
large improvements, and others (eg, Brazil) showing large 
increases in nitrogen transgressions, even under ELM. 
Climate change-mitigation policies also contribute to small 
improvements in the land-system change (18%) and bio
sphere integrity (20%) domains because of increased 
protection of high-carbon ecosystems.

Wherever multiple local boundaries are transgressed 
simultaneously, their effects are likely to amplify each 
other. Policies in the food system-transformation scenario, 
combined with climate change-mitigation policies, can 
drastically reduce these combined transgressions 
(figure 3B–D).

Figure 3: Total number of transgressions and changes for eight local boundaries for each 0⋅5◦ grid cell 
The historical reference scenario (2020; A), BAU, food system-transformation (EL2), and combined food system and climate mitigation (ELM) scenarios in 2050 (B–D). 
(E–G) Change in total number of transgressions, as compared with the historical reference period (2020). Each grid cell shows the number of boundaries that are 
transgressed (A–D) or the change in boundaries transgressed in 2050 compared to those in 2020 (E–G) following the planetary boundary limits. BAU=business-as-usual.
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Figure 4: Changes in local boundary transgressions aggregated to regional and global totals for eight boundaries 
Aggregate change of local boundary transgressions, as compared with the historical reference period (2020) for BAU, and the food system-transformation (EL2) 
and climate change-mitigation (ELM) scenarios across eight different local boundaries. The regions are mapped to the EAT-Lancet Commission 2.0 classification 
(appendix p 13). AL=aerosol landing. BAU=business-as-usual. BI=biosphere integrity. BW=blue water. CC=climate change. GW=green water. LSC=land-system change. 
N=nitrogen. P=phosphorus.
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Discussion
Our results showed that the number of multiple (planetary 
boundary) transgressions were reduced under a food sys
tem transformation, with further reductions upon addition 
of climate change-mitigation measures. This finding is 
important as evidence suggests that multiple boundary 
transgressions have an amplifying effect on their safe 
operating space.29,30 Policies targeting the food system 
appear to predominantly reduce transgressions in the bio
sphere integrity and land-system change domains. Dietary 
change is the most effective policy (in terms of reducing 
transgression rates) in regions with high livestock densities 
such as Brazil. This finding aligns with previous findings, 
which show that shifting away from animal-source diets 
frees up land used for pasture and feed, increasing the 
capacity to meet food demand within planetary boundar
ies.7,20,42 However, dietary change makes a smaller contri
bution to reducing climate change transgressions than 
what similar studies suggest,19,21 because our climate indi
cators respond to all greenhouse gas emissions (energy and 
industrial emissions, and land use-related emission). 
Increased agricultural productivity mainly drives improve
ments in the biogeochemical flows domain. Previous work 
shows that higher yields can raise nutrient flows because of 
additional fertilisation.20 In our productivity scenario, 
however, we assumed increased nitrogen-use efficiencies 
and reduced phosphorus application rates, reducing bio
geochemical flows transgressions. Halving FLW only con
tributes a few percentage in reducing local boundary 
transgressions, consistent with other work showing that 
FLW reductions yield smaller environmental benefits than 
dietary change.19,20 These measures nonetheless remain 
important for keeping the food system affordable and 
fair.19,21 This study illustrates a discrepancy between trade- 
off assessments at multiple scales: although no direct 
trade-offs between the EL2 and ELM scenarios appear at the 
global level, local transgressions reveal trade-offs in some 
regions, specifically in the biosphere integrity and land- 
system change domains. These trade-offs could result 
from regional competition for agricultural land (from bio
fuels) or the expansion of nature protection. This finding 
highlights the importance of adopting a multiscale 
approach to interpret and evaluate planetary boundary 
transgressions.

This study builds on previous scenario studies that pri
marily focus on the global perspective,22,23 or uses only a 
subset of boundaries.7,24 For example, Gerten and col
leagues7 only looked at four terrestrial planetary boundar
ies, whereas van Vuuren and colleagues22 and Beier and 
colleagues23 extended the domain coverage but stayed at the 
global scale. By combining a broader range of planetary 
boundary domains (eight of nine) with a local scale 
assessment, we could identify spatially heterogeneous 
patterns in indicator pressures and reveal local 
improvements from a food system transformation.

The different individual policy options for a food system 
transformation as presented in this study can partly 

mitigate future planetary boundary transgressions. 
A combination of policies, such as additional climate 
change-mitigation efforts, can further reduce these pres
sures on the Earth system, but such measures might not be 
sufficient for all boundary transgressions. Although previ
ous work shows that staying within a subset of planetary 
boundaries might be possible with targeted policies,7,24 our 
results show that challenges remain when we consider a 
broader set of boundaries. Both climate policies and food 
system transformations require broad societal acceptance,21

suggesting that they could support each other as part of a 
broader transition towards global sustainability. We 
assume global adoption of the Planetary Health Diet by 
2050. In reality, shifting diets can be challenging because of 
various cultural and socioeconomic factors.43,44 Achieving 
dietary changes would require exploring a range of policy 
measures, such as informing consumers and increasing 
the visibility of plant-based foods.45 Other policy incentives 
to transition towards such a diet include subsidies for 
healthy foods, and a combination of taxation and regulatory 
measures targeting unhealthy foods.21

This study has some limitations that should be noted. We 
used only one SSP2 baseline socioeconomic trajectory as an 
exogenous driver for all scenarios, to focus exclusively on 
the impacts of a food system transformation and climate 
change mitigation. This approach is in line with the mul
timodel assessment that was the basis for scenario devel
opment.19 In IMAGE, consumer and producer prices, 
consumption of agricultural goods, and farmers’ income 
are adjusted. However, gross domestic product does not 
respond dynamically, even though a full food system 
transformation would likely affect this aspect. Similarly, for 
the freshwater change domain, we applied the latest green 
and blue water definitions26 but used a single model setup 
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Figure 5: Decomposition of local boundary transgression by individual driver 
Horizontal bars show the percentage change attributable to dietary change (green), productivity increase (yellow), 
losses and waste reduction (red), and climate change-mitigation measures (blue). The indicators are sorted from 
high to low contribution of dietary change.
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rather than a multimodel mean, because LPJmL is inte
grated in IMAGE as its only hydrological component, 
resulting in slightly different historical transgressions, as 
compared with those in the study by Porkka and col
leagues.26 Furthermore, we did not account for uncertainty 
when visualising our transgression maps, and they are 
reported as either transgressed or not. We acknowledge that 
other methodologies can capture these uncertainties, for 
example, the study by Hadjikakou and colleagues20 instead 
expresses each boundary as a probability and reports the 
risk of exceeding the boundary.

Our global and local indicators are based on existing 
planetary boundary literature,14,25,26 but due to model and 
data constraints, we made minor adjustments and adopted 
alternatives for our local climate change (wet-bulb temper
atures) and land-system change (natural area shares) 
domains. Moreover, the global and local indicators used in 
this study were not always identical, making direct com
parison between the two scales difficult. However, they 
could still provide complementary insights into the planet
ary boundary domains. Behrens and Poore46 caution against 
attributing non-food impacts to the food system, which our 
decomposition addresses by separating food-specific effects 
from non-food drivers such as bioenergy.

This study also does not account for interactions between 
boundaries, which can amplify transgressions,30 meaning 
our results are probably on the conservative side. For 
aerosol loading and climate change, we based the local 
limits on human health rather than the underlying Earth 
system process, following the study by Rockström and 
colleagues,16 who highlight that these processes can also be 
harmful for human health and, therefore, include add
itional justice indicators. This approach means that for two 
local indicator domains (aerosol loading and climate 
change), the boundaries are more stringent than those for 
their Earth system counterparts. We applied the same logic 
in this study by including PM2⋅5 concentrations for aerosol 
loading, following WHO public health standards, rather 
than the atmospheric effects on monsoon variability, as 
proposed by Steffen and colleagues.14 Using PM2⋅5 con
centrations also enabled us to achieve global coverage. In a 
similar way, we included dangerous levels of wet-bulb 
temperatures as a regional boundary indicator for climate 
change. Two boundary domains were not included at the 
local level: ocean acidification and novel entities. Although 
ocean acidification can have region-specific impacts,47 we 
focused our grid analysis on land-based indicators. Novel 
entities were not included due to high uncertainties with 
respect to chemical load impacts on the environment and 
human wellbeing,16 in addition to severe data limitations. 
However, there are studies suggesting that we are already 
transgressing the novel entities boundary.48 Further 
research is needed to establish control variables and 
boundary values for novel entities.

Further research could also explore the opportunities 
offered by novel foods, such as cultivated meat, which are 

also likely to further reduce environmental impacts.49

Although this study primarily assessed the environmental 
impacts of a food system transformation, there are other 
benefits from a dietary shift, including health benefits 
from reducing the prevalence of non-communicable dis
eases,50 and improvements in animal welfare.51 Addition
ally, restructuring food systems can raise food prices and 
disrupt agricultural incomes in some regions.19 Future 
work should analyse these trade-offs against national 
objectives, such as agricultural employment or food 
self-sufficiency.
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