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Food systems are amajor contributor to exceeding planetary boundaries'> and
poor quality diets are a key mortality risk globally*. Projected population and
income growth could exacerbate these challenges®. In response, there are calls

for transformation towards healthy and sustainable food systems®®. However,

the scale and distribution of the impacts of this transformation on agriculture are
underexplored. Here we show that, by 2050, the transformation of food systems
towards healthy diets (adoption of the EAT-Lancet reference diet), improved
productivity and halving of food waste results in afundamental restructuring of
global agriculture, aspects of which break with historical trends. Scenario simulations
using amultimodel ensemble of ten global economic models show a 6% median
decreasein agricultural land (+1% to —26%) compared with 2020 levels. By 2050,
agricultural production would be 17% lower than business-as-usual projections
(2% to -32%) and, economically, the value of this production is US$1.6 trillion
(26%) lower (+8% to —58%). Within this, the value of livestock production would be
substantially lower than current 2050 projections (—49% to —-83%), while vegetable,
fruit, nut and legume production value would increase by 23% (-33% to +106%).
Results are dependent on the assumed policies to achieve the transformation
scenario. We highlight amore active role for food policy to consider the benefits of
such atransformation (improved population health and reduced environmental
pressures) and navigate the political economy of its impacts.

Poor-quality diets are one of the leading mortality risks globally*. Food
systems (that is, all elements and activities related to the production,
processing, distribution, preparation and consumption of food, their
governance and outcomes of these activities®) contribute around
one-third of allanthropogenic greenhouse gas (GHG) emissions globally'
and arealeading factor in exceeding several planetary boundaries*.In
response to these intersecting crises, there are calls to transform food
systems”*™2, However, the scale and distribution (by sector and region)
oftheimpacts of this transformation on agriculture are underexplored.

Specifically, our review of food systems modelling literature found
75 studies that have conducted scenario and modelling analysis of food
systems change (for example, refs. 2,13-16) (Supplementary Figs. 2
and 3 and Supplementary Tables11-13). From this, we identify several
research gaps.First, sectoral disaggregation and granularity are lacking.

More than half (56%) of studies either did not report aspecific agricul-
tural sector or reported asingle aggregate sector, with just four studies
reporting ten or more sectors. Second, although the use of historical
data was present in 23% of studies, none considered data before the
1960s (owing to the use of Food and Agriculture Organization (FAO)
statistics) which precludes contextualization with longer-run changes.
Finally, economic analysis of changes in the value of production of
different agricultural sectors under future scenarios was absent from
the reviewed studies, thus preventing a more detailed exploration of
sectoral economic impacts.

The potential socioeconomic and livelihood impacts stemming from
food system transformation will probably mean that it is politically
contested”. As such, it is important to understand the implications
of such afood systems transformation in more detail. Specifically,

A list of affiliations appears at the end of the paper.
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Fig.1| Global results from the model ensemble. a,b, Percentage change
betweenaBAU scenarioin2050 versus current (2020) (a) and the EL2 scenario
versus aBAUscenarioin2050 (b). Results are shown for sectors across three
food systems dimensions—agricultural production, area (harvested area for
crops, pasture area and animal numbers for livestock) and producer prices.
Shaded areas give the range of results (dark grey, interquartile range; light grey,
minimum (min.)-maximum (max.) range) with individual model results given
by teal (percentage decrease) and orange (percentage increase) lines. Black
vertical linesindicate median values which are also expressed numerically in
eachfigure (ontheright-hand side). Median percentage change inanimal

given the substantial changes in food intake implied by a global shift
toahealthy diet (for example, EAT-Lancet’®) we focus on the socioeco-
nomic and environmental impacts of food systems transformation
across differentsectors (for example, animal-sourced products, cereals,
sugar, vegetables, fruits, nuts and legumes). Thisis complemented by
a historical lens which helps to contextualize future projections with
decadal and multicentury agricultural trends®.

We use amultimodel ensemble (MME) of ten global economic models
(AIM, CAPRI, ENVISAGE, FARM, GCAM, GLOBIOM, IMAGE, IMPACT,
MAGNET and MAgPIE; Supplementary Table 3). The ensemble com-
prises a mix of computable general equilibrium, partial equilibrium
andintegrated assessment models that have all previously participated
in multimodel exercises through the Agricultural Model Intercom-
parison and Improvement Project (AgMIP)?°"22, Ensemble analyses
combine different modelling perspectives on ex ante scenarios not
available from single model assessments®, with the variability of model
ensemble results giving a measure of uncertainty in how a system,
and its responses, are modelled?. We simulate two main scenarios: a
business-as-usual (BAU) scenario which continues current trends to
2050 and a food systems transformation (EL2) scenario which com-
bines 2025 EAT-Lancet Commission (EAT-Lancet 2.0 report)® healthy
diet recommendations (modelled as consumer preference shifts),
higher supply-side productivity improvements of crops and livestock
compared withBAU, and a50% reductionin food loss and waste (FLW).
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numbersis given by unfilled black markers andis represented numerically on
theleft-handside. AGR, all agricultural products (but excluding fisheries and
aquaculture); CRP, all crops, including cereals (CER) (wheat, rice and coarse
grains), vegetables, fruits, nuts and legumes (VFN), oilseeds (OSD) and sugar
crops (SGC) (allshown) and other minor food crops and non-food crops (energy
cropsand plant-based fibres; not shown separately); LSP, all livestock products,
including ruminant meat (RUM) (cattle, sheep and goats), non-ruminants
(NRM) (pork, poultry meat and eggs), dairy (DRY) and a category of other
animal products (for example, wool; not shown separately). LSP excludes
fisheries and aquaculture.

The EL2 scenario is an interpretation of a food systems transforma-
tion which includes three key supply-and-demand strategies that are
regarded as levers for food systems change™. Additionally, three sce-
narios simulated the individual components of EL2 (dietary change,
increased productivity and FLW reduction) to assess theirimpactsin
isolation (Supplementary Table 1). Given greater uncertainty around
the representation of FLW, four more FLW sensitivity scenarios were
simulated (Supplementary Fig. 6). Datainputs to the modelling ensem-
bleinclude the latest updated macroeconomic and demographic pro-
jections to the shared socioeconomic pathways (SSPs)°.

Unless otherwise stated, reported values are model ensemble medi-
ans and ranges are model ensemble minimums and maximums. We
follow the approach of a recent multimodel assessment in reporting
model agreement in which ‘high’ agreement is judged at 66% or more
of models agreeing in the direction of change®*. Not all models report
onallfood systems dimensions (Supplementary Table 7), and we state
where appropriate the number of models reporting a givenresult. An
uncertainty and sensitivity assessment is givenin Supplementary Infor-
mation (Supplementary Figs. 4-6 and Supplementary Tables 14-17).

Projected changes to global agriculture

The BAU scenario shows a general increase across several key agri-
culture dimensions—production (inclusive of food, feed and other
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Fig.2|Global environmental results from the model ensemble.

a,b, Percentage change betweenaBAU scenarioin 2050 versus current (2020) (a)
andthe EL2scenario versusaBAUscenarioin 2050 (b). Results are shown
forsectorsacross three environmental dimensions—non-CO, GHG emissions,
water withdrawals and nitrogen fertilizer use. Shaded areas give the range of
results (dark grey, interquartile range; light grey, minimum-maximum range)

use), harvested area, animal numbers, real producer prices (Fig. 1a)
and environmental impacts—non-CO, GHG emissions, water with-
drawals and nitrogen fertilizer use (Fig. 2a) by 2050 compared with
2020 levels. The EL2 scenario in general shows lower values relative
to BAU by 2050, but with varying levels of agreement with respect
to magnitude and direction of change across the ensemble (Figs. 1b
and 2b). By 2050, there is high agreement (all models) that ruminant
meat in the EL2 scenario is lower than the BAU scenario for produc-
tion (-53%, nine models from -77% to -15%), animal numbers (-45%,
three models from -70% to —-33%) and producer prices (-29%, eight
models from —92% to—5%). Dairy also shows high agreement, although
with smaller magnitudes of change, for production (-27%, nine mod-
els from —49% to —12%), animal numbers (-20%, three models from
-26% to -19%) and producer prices (-21%, eight models from -70%
to —6%). Non-ruminant meat (and eggs) shows broadly comparable
percentage changes to ruminant meat for production and animal num-
bers, and all but one reporting model projects lower producer prices
relative to BAU.

Cereals alsoshowed high agreementin the direction of change with
lower values relative to BAU by 2050 across production (-23%, ten
models from —36% to —3%), harvested area (—20%, nine models from
-38% to —1%) and producer prices (-15%, nine models from -55% to
-5%). Similarly, sugar crops showed high agreement (allmodels) in the
direction of change inthe EL2 scenario with lower values relative to BAU
across production (-34%, ten models from —58% to —23%), harvested
area (-31%, eight models from -55% to -27%) and producer prices (-9%,
nine models from-65% to -1%). Conversely, the general trend for veg-
etables, fruits, nuts and legumes (VFN) was for larger values relative

Percentage change

Percentage change

withindividual model results given by teal (percentage decrease) and orange
(percentageincrease) lines. Black vertical lines indicate median values which
arealso expressed numericallyin each figure (onthe right-hand side). LSP,RUM,
DRY and NRM results for water withdrawal and nitrogen fertilizer are captured
incropsectors for feed production.

to BAU. Six of nine models showed increased production (+23%, nine
models from-45% to +53%) and seven of nine models showed increased
harvested area (+26%, nine models from —8% to +74%). VFN producer
prices were more uncertain with a median of +7% change relative to
BAU (seven models from —-15% to +103%). Similarly, oilseeds showed
mixed model agreement about the direction of change between EL2
and BAU scenarios. EL2 results versus 2020 levels are givenin Extended
DataFig.1, comparison with historic production quantities is given by
Extended DataFig.3 and regional results on changes to production are
givenin Supplementary Fig. 7.

Environmentally, direct non-CO, GHG emissions from agricultural
production (allagricultural products, but excluding fisheries and aqua-
culture)inthe EL2 scenario are 20% (1.2 GtCO,) smaller compared with
2020 levels (five models, -31% to 4%) (Extended Data Fig. 2 gives EL2
results compared with 2020 levels) and 34% smaller relative to BAU
by 2050 (five models, —48% to —10%). Relative to BAU by 2050, water
withdrawals are 3% smaller (three models, -19% to —3%) and nitrogen
fertilizer uses for crops are 17% smaller (four models, -36% to —-14%).
Ruminant (five models, =70% to —12%) and non-ruminant meat (five
models, -67%to—24%) GHG emissions are around 44% smaller relative
to BAU by 2050. By contrast, GHG emissions from VFN are 19% larger
relative to BAU, albeit under a wider range of model results (five mod-
els,—23%t070%) (Fig.2b). A subset of models (AIM, GLOBIOM, IMAGE
and MAgPIE) also reported CO, emissions and removals from land use
change (not shown in Fig. 2). Agriculture-related net CO, emissions
fromland use changein the EL2 scenario fell by 85% (2.6 GtCO,) versus
2020 levels (four models, -117% to —66%) and are 76% lower relative to
BAU by 2050 (four models, -113% to —-67%).
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Restructuring of global agriculture

By 2050 the EL2 scenario shows lower global agricultural production
relative to BAU (high agreement, -17%) and a compositional restruc-
turing of agricultural commodity sectors (Fig. 3b). Overall, the EL2
scenario shows a slightly higher share of agricultural production for
food (+4 percentage points) and other uses (+4 percentage points)
and areductioninanimal feed (-8 percentage points) compared with
BAU by 2050. The use of traditional livestock feeds in EL2 highlights
this shift, with oilseed production directed away from animal feed (-16
percentage points) towards direct human consumption and other uses
(Supplementary Figs.12 and 13).

Economically, all models show a smaller value of terrestrial agri-
cultural production by 2050 in the EL2 compared with BAU scenario
(-26%, from US$,0,06 trillion per year in BAU to US$,0,04.5 trillion per
year in EL2) (Fig. 3a). Most sectors also see absolute decreases com-
pared with 2020 values, but for the entire agricultural sector asawhole,
EL2 and 2020 levels are comparable. The value of production of the
global livestock sector (meat, dairy, eggs and other animal products)
inEL2is substantially lower than BAU by 2050 (Fig. 3a). Thisrepresents
US$1.3 trillion lower production value compared with BAU by 2050
(US$870 billion versus US$2.2 trillion, -60%) and a US$630 billion
decrease compared with 2020 (US$870 billion versus US$1.5 trillion,
-42%). Ruminant meat contributes around 36% to this reduction,
being US$473 billion lower (-81%, seven models from -96% to —61%)
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compared withBAU in 2050, as well as an absolute reduction on 2020
levels. This is smaller (in 2020 real terms) than at any point since 1961
(Extended Data Fig. 7).

Major commodity crops—sugar (-47%, eight models from -63%
to —24%) and cereals (—42%, eight models from -58% to -15%—are
around US$500 billion lower by 2050 compared with BAU (Fig. 3a).
Some of this reduction in agricultural production value is offset by
growth of VFN sectors (+23%, six models from —-33% to +106%). Oil-
seeds show less agreement (five of eight models show a smaller value
relative to BAU), given the role of oilseeds as inputs into livestock but
also for biofuel and bioenergy production and plant-based foods
(Supplementary Fig. 9 for changes in land for energy crops across
scenarios). In terms of value share, the livestock sector shrinks from
36% (in BAU) to 20% of terrestrial agricultural output by value in
the EL2 scenario, whereas VFN raises its share from 34% (in BAU) to
58% (in EL2).

Two-thirds of the difference in the overall value of agricultural pro-
ductionbetween BAU and EL2 is accounted for by changes in produc-
tion, with the remainder explained by changes in prices. This is more
pronounced for livestock with changes to production of ruminant
meat contributing around 80% of the total change in value of produc-
tion. These economic results show that a more sustainable food sys-
tem supplying healthier diets could be achieved by 2050 with similar
aggregate value of production to 2020 levels and substantially below
those projected in the BAU scenario.
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From a regional perspective there are substantial differences in
changes to value of production (Extended Data Fig. 8). Sub-Saharan
Africa (+60%) and India (+40%) both show large increases in produc-
tionvaluein EL2 compared with 2020, whereas China (-42%) and Brazil
(-35%) show a decrease on 2020 levels. These last two countries are
the only ones that see a substantial decline in total plant-based value
of production (-31% and -18%, respectively), possibly reflecting their
position (along with the USA) as the top animal feed producers.

These results show a substantial restructuring of agriculture that
has consequences for livelihoods and trade. Agricultural employ-
ment (reported by three models) showed similar decreases in both
scenarios (median of —28%) by 2050 versus 2020. However, within this,
employmentincropsectorsin EL2wouldbe17% larger than under BAU
(although still lower than in 2020) whereas employment in livestock
would be 36% lower than under BAU (Extended Data Table 2).

Thereisregional heterogeneity for changes to the share ofimports
of total consumption and share of exports of total production when
comparing BAU and EL2. Europe and the USA, with populations on
average consuming far in excess of EAT-Lancet diet red meat levels,
see relative increases in ruminant exports as a share of production
(from21%to34%and 4%to 9%, respectively) inthe EL2 scenario versus
BAU. South and Central America see a relative fall in export share of
ruminant production from around 19% to around 10%. On the import
side, Southeast and Other Asia (Supplementary Table 10 listsincluded
countries) see arelative increase in the share of imports in total VFN

Year ce

Year ce

agricultural area (given by ‘A’) and global population (givenby ‘P’). BAU and EL2
scenario results show median model ensemble values for changes to grazing
and cropland. b, Globalanimal numbers and harvested areafrom1961t02020
(blacklines) and the two scenarios (BAU giveninred and EL2 givenin blue) from
2020t02050. Thered and blue lines show median values with the shaded areas
showing minimum and maximum values from the model ensemble. Three
sectorsare given (ruminant meat, cereals and VFN), selected on the size of their
contribution to global agricultural land use changes under EL2. Equivalent
historiclevelsareindicated for median model values foran EL2 scenarioin
2050 for ruminant meat animal numbers and cereals. Green Rev., Green
Revolution.

consumption (from 11% to 17% and 17% to 25%, respectively) in EL2
versus BAU (Supplementary Fig. 10).

Historical context

Atransformed future food system (EL2) could resultin the largest abso-
lutereduction (-274 Mha) in agricultural land inmore than2,000 years
(Fig.4a), whereas current trends (BAU) suggest anetincrease by 2050
(6%, sixmodels from 1% to 7%). Compared with 2020, allmodels showed
grazingland for livestock falling in the EL2 scenario (-10%, six models
from -30% to —4%). This reduction was partially offset by anincrease
in cropland (3%, six models from —19% to 11%). This amounts to a 6%
reduction versus 2020 (six models from —26% to 1%), equivalent to
late 1970s levels of agricultural land when the global population was
lessthan 5 billion. On acompound annual growth rate basis, both sce-
narios showed substantial reductions in land expansion compared
with historical trends and under the EL2 scenario these are even more
pronounced thaninthe BAU scenario. Specifically, expansionin crop-
land under both scenarios (0.10% per year for EL2 and 0.28% per year
for BAU) showed a slower rate than observed so far in the twenty-first
century (0.33% per year on average since 2000). Grazing land under
the EL2 scenario has arate of -0.40% per year compared with a BAU
rate of 0.05% per year. Although grazingland has recently declined, an
EL2scenarioimplies arate of contraction 2.5 times faster than has been
observed over 2000-2020 (-0.40% per year versus —0.16% per year)
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(Extended Data Table1). Detailed results of global and regional land-use
change (cropland, grazing land, forest and other natural vegetation)
aregivenin Extended DataFigs. 4 and 6.

Key drivers of crop and grazing land change in the EL2 scenario to
2050 are reductions in ruminant animal numbers (cattle, sheep and
goats)—although this relationship is not a one-to-one reduction as
notall ruminant productionisin extensive grassland systems (Supple-
mentary Fig. 8 and Supplementary Table 18 provide further analysis on
changes to ruminant production and grassland). Ruminantanimal num-
bers mark a distinct break with the past, corresponding to more than
400 million fewer producing animals than 2020 levels or 800 million
fewer thanaBAU scenario, downto levelslast seenin1996 (Fig. 4b). For
other livestock, the EL2 scenario showed a14% declinein non-ruminant
animals (poultry and pigs) for slaughter (11 billion, mostly chicken) ver-
sus 2020 levels and 32% lower (32 billion) relative to the BAU scenario,
equivalent to levelsin 2014. Changes to dairy numbers corresponded
to 25 million (-3%) fewer animals on 2020 levels or 275 million (-26%)
fewer thanthe BAU scenario, equivalent to 2018 levels (Extended Data
Fig.5). Changes in cereal area under EL2 show uncertainty but trends
downwards, versus recent stable harvest areawhichis continuedin the
BAU scenario. By contrast, the growthin VFN areain EL2 is consistent
with decadal trends since the 1960s.

Discussion

Scale of the challenge

This study shows that several dimensions of a potential ‘great food
transformation™ break with history and in doing so highlights the
scale of the challenge. Although grazing land may have already peaked
in the last 20 years, the size of overall agricultural land reduction by
2050 suggested in EL2 is probably without precedent. The global
reduction in economic value of livestock production and reduced
meat consumption versus BAU projections would mark a paradigm
shiftin the role of farmed animals in many food systems (400 million
fewer ruminant animals for meat, 42% decline in livestock production
value on 2020 levels). And although the rate of increased production
of healthy foods under afood systems transformation scenario is com-
parable to trends from the 1960s, thisincrease is higher relative to BAU
projections and achieving it will necessitate increased investment.
Historical comparisons highlight the scale of change and the challenge
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of achieving food systems transformation while managing many
potential trade-offs.

However, the scale of change and challenges should be considered
inthe context of the substantial benefits that food system transforma-
tion offers. Global achievement of healthy diets for all would result in
15 million fewer adult deaths per year®. From a ‘true’ or ‘hidden’ cost
perspective, current food systems have been estimated at US$10-
20 trillion annually?**?, of which unhealthy dietary patterns account
for most. Coupled with this, changes to land use (limited cropland
expansion,10% reductionin grazingland and 4% increase in forest cover
versus 2020) offer sizeable climate change mitigation and biodiversity
improvement potential®, in addition to the reduction in direct GHG
emissions, largely from 400 million fewer ruminants. Specifically,
agriculture-related net CO, emissions fromland use change in the EL2
scenario fell by 85% on 2020 levels.

Toachievelarger environmental benefits, our results (consistent with
previous studies???) show that more measures may be necessary. Model-
ling and scenario-based research could consider amore comprehensive
conception of food systems transformation than explored here, for
exampleincorporating sustainable and ecological intensification and
circularity*® elements. Going further, more work is needed to develop,
integrate and critically examine radical and fundamentally different
scenarios of the future® with greater stakeholder engagement and
diversity of participation in the development of narratives of change
and quantifiable scenarios. Research could also explore the interactions
between food systems and wider social and economic transformations
needed to tackle the climate and other crises. Finally, future research
should consider questions of strategy and pathways for how to achieve
food systems transformation, including national pathways and, linked
tothis, assessments of the cost of transformation (for example, ref. 32)
and how itis distributed.

Navigating the impacts of transformation

Inatransformed food system scenario withal0% reduction in grazing
land (six models from -30% to -4%), land reallocation would occur from
grazing to crops. Around 65% of grazing land is unsuitable for crop
productionandso, if not used for pasture or rangeland, would probably
exittheagricultural sector altogether. This is context specific, but size-
able land-use change will probably be accompanied by trade-offs>*,
Countries have different and unequal biophysical endowments and



climate change impacts that affect grass—arable conversion* (Extended
DataFigs.4 and 6). A likely economic effect is downward price pressure
on grazing land with limited immediate alternative use and market
opportunity. This could resultinland abandonment, as observed after
the breakup of the Soviet Union in which cattle production declined
precipitously”’ and 30-60 Mha of agricultural land was abandoned**°,
leading to large carbon sinks which were subsequently reversed as the
land was eventually recultivated. Future land use changes will occurin
the context of existing unequal land distribution*, power asymmetries,
unequal benefit capture and contested land tenure and rights®.

Linked with this, reductions in the value of production of ruminant
and non-ruminant sectors would have serious ramifications for pro-
duction practices and labour. It raises the possibility of accelerating
consolidation (for example, as seen with dairy in the UK, USA and other
markets) as small-to-mid-sized livestock producers could be priced out.
This poses potentially sizeable consequences for livestock-oriented
rural economies and livelihoods** ™.

Consumers and commercial interest

Overall, the scale of change implied in a food system transformation
requires commensurate ambition. Asit stands, many policies and sub-
sidies are working in opposition to food systems transformation*®.
Current levers and interventions aimed at changing aspects of food
systems—for example, sugar taxes”, labelling*® and advertising restric-
tions*—areinsufficientinisolation to deliver the magnitude of change
required in the scenario studied here. The substantial relative reduc-
tions in production across livestock (36%), sugar (34%) and cereals
(23%) by 2050 in the transformed food system versus a BAU scenario
suggest profound implications for the political economy of global food
systems. Powerful actors behind some commodity industries often
move to resist, block or co-opt efforts*>' and represent a principal
impediment to food systems transformation>%,

Anotherimpedimentis consumer behaviour, whichin our scenario
assumed a costless consumer preference shift towards healthy diets. In
reality, there are challenges to changing consumer behaviour includ-
ing questions of accessibility and affordability, as well as engaging
with broader food cultures and individual tastes that all contribute to
dietary choices®. Although the challenges are immense and raise seri-
ous questions over the feasibility of achieving such changes by 2050,
the potential of substantial positive change should not be discounted,
for example through social tipping points® or health innovation (for
example, GLP-1 (ref. 56)). This study does not explicitly contend with
questions of consumer affordability, but some studies have assessed
that a current EAT-Lancet diet could be more affordable for many in
high-income countries but less affordable for many in lower-middle
and low-income countries®. However, recent modelling suggests that
anEAT-Lancet diet achieved by 2050 alongside reductionsin FLW and
projected per capitaincomes rising faster than food prices, could be
less expensive globally on average than BAU projected diets*® and, in
asimilar vein, we find that (producer) prices would be lower relative
to BAU projections.

The global food systems transformation explored here fundamen-
tally breaks with several historical trends (for example, on land use,
and agricultural production andits value). Sucha transformation would
pose substantial political economy challenges with costs that are often
concentrated (for example, the livestock sector) and benefits more dif-
fuse (forexample, generalimprovement of public health). Bold policy
decisionsin the present can shape and shield who wins and who loses
insuch afood systems future.
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Methods

Multimodel ensemble approach

We simulated scenarios using a MME, building on the global econom-
ics group of AgMIP food system modelling efforts that have devel-
oped modelling protocols to explore future uncertainty and increase
the comparability across various economic models*'*?*°, The ensem-
bleincludestenglobal economic models, which have featured inawide
range of high-level science policy reports (for example, ref. 60). The
participating models are AIM, CAPRI, ENVISAGE, FARM, GCAM, GLO-
BIOM, IMAGE, IMPACT, MAGNET and MAgPIE. Although all models are
globalinscope, they have varyinglevels of detail in representing parts
of global food systems, including food production, processing, trade
and demand, as well as environmental and socioeconomic outcomes
of these activities (Supplementary Tables 3 and 4 give a summary of
participating models).

Scenarios were developed by the MME coordinators and the indi-
vidualmodel teams. The mainscenario (EL2) was developed to mirror
the core componentsinthe 2025 EAT-Lancet report—shift to a healthy
reference diet, increased agricultural productivity and areductionin
FLW, with the BAU scenario as a counterfactual to EL2. The scenario
specification was shared with modelling teams to implement in their
models. To align models on key inputs, data on the healthy reference
diet, gross domestic product (GDP) and population projections from
SSP2v.3, productivity trends and climate shocks to crops, livestock
and labour were shared with model teams. Model teams ran scenarios
and shared results with the MME coordinators who processed and
combined individual model scenario submissions. To ensure com-
parability, model outputs were converted to relative changes against
2020. There was a continual process of feedback and iteration during
the exercise to harmonize on how modelsimplemented scenarios and
to compare preliminary results. The main forum for this was amonthly
virtual meeting between all project participants supported by more
frequent dedicated one-to-one engagement between the MME coordi-
nators and individual model teams. In total, there were six main submis-
sionrounds—(1) initial ‘zero’ round runto test the process, (2) integrate
v.30f SSP2, (3) harmonize on BAU climate policies, (4) integrate updated
healthy reference diet, (5) revise agricultural productivity target and (6)
FLW sensitivity analysis—that were accompanied by individual model
iterative submissions from modelling teams between October 2023
and July 2025. Figure 5 summarizes this process.

There were ten participating models in the study. Each has some-
whatdifferent structuresin how they represent food, environmental,
biophysical and economic systems. For detailed documentation on
how each of these models captures these systems, behaviours and
feedbacks, please follow the linksin Supplementary Table 3 and see Sup-
plementary Information for summaries.

Scenarios and data inputs

Five scenarios and a further four sensitivity scenarios are presented
here (Supplementary Table 1). Scenarios make use of the latest SSP2
data’ for population and GDP projections. We opt for SSP2 as it rep-
resents a ‘middle of the road’ pathway (see Supplementary Fig.1and
Supplementary Table 2 for further details on SSPs). The first is a BAU
scenario that reflects current trends based on SSP2 projections for
key scenario drivers (GDP and population) and assumptions related
to diets, crop and livestock productivity and FLW. The food systems
transformation scenario (EL2) also uses SSP2 GDP and population
projections but includes the EAT-Lancet reference diet, along with
higher productivity growth rates similar to trends associated with
SSP1 (SSP1represents a more optimistic ‘sustainability’ path) and a
reduction of FLW broadly consistent with the 50% reduction contained
inSustainable Development Goal12.3. The final three scenarios repre-
sent individual drivers of this food systems transformation (shifts to
the EAT-Lancet diet (BAU_DIET), improved productivity (BAU_PROD),

and reduced food loss and waste (BAU_WAST)). Four sensitivity sce-
narios explore FLW reduction of 25% and 75% in the BAU and EL2 core
scenarios, respectively.

The diet implementation requires data on food consumption cat-
egorized by food group and region for both the BAU and EL2 diet, pro-
vided by refs. 2,18. Supplementary Table 8 shows the global average
reference intake values to be achieved by 2050. Models assume that
populations make changes to the reference diet by way of a consumer
preference shift. We assume that EAT-Lancet healthy reference diets
will be achieved in all regions by 2050. Caloric coefficients (cal g™)
are held constant in the projection period. For food groups such as
fruits and vegetables the intake value (g per day) was interpreted as
a floor and populations in the models were free to consume more
than this quantity. By contrast, many of the animal-sourced food
groups were interpreted as a ceiling in which populations above this
converged down to the target, but populations below this contin-
ued to follow country or region dietary trends up to and including
this value.

Theapproachtothe agricultural productivity scenario component
was as follows. Future trajectories of potential growth in agricultural
sector productivity have been developed by researchers at the Interna-
tional Food Policy Research Institute (which hosts the IMPACT model)
over thelast two decades®.. Yield growth rate assumptions in IMPACT
are periodically updated through consultation with experts (for exam-
ple, Consultative Group for International Agricultural Research (CGIAR)
centres), economic model comparison projects, trends in agricul-
tural research expenditures and updates on trends in long term yield
growth rates based on FAOSTAT data®. Yield trends from this process
formed the BAU productivity growth rates. The higher rates in EL2
were constructed by scaling BAU rates by the difference in per capita
GDP between SSP1and SSP2 (see refs. 63,64 for details). On average,
thisgave a10-15% percentage pointincrease inyield between BAU and
EL2 over 2020-2050 (Supplementary Table 9). Yields in EL2 and BAU
versus historic trends are given in Supplementary Fig. 11.

Scenarios did notinclude any more mitigation policies that have not
already beenimplemented. Some specific climate-related impacts are
includedinline with representative concentration pathway (RCP) 7.0.
We opt for RCP 7.0 as it broadly reflects the outcome of no further cli-
mate policy, representing an upper range of future GHG emissions
and warming by 2050. These include climate-related impact shocks
to crops (using IPSL GCM average of the global gridded crop model
intercomparison (GGCMI) crop model ensemble for soybean, maize,
wheat and rice®), livestock®® and agricultural labour®. The four main
crops represented by the global gridded crop models (maize, wheat,
rice and soybeans) were mapped to 36 crop commodities of IMPACT
as closely as possible to their native crop representation. Likewise,
the livestock climate shocks for meat and dairy were mapped to beef,
lamb, pork, poultry, eggs and milk, respectively. Agricultural labour
productivity trends are based on ref. 67 and reflect global reductions
in manual agricultural work capacity owing to climate change. Sup-
plementary Table 5 details how individual models implemented the
scenario components.

Reporting model outputs

As each model has different native reporting (across food sectors,
variables, regions, units and time steps) we asked models toadhere to
areporting template to obtainacommon and consistent set of model
results. This study included 13 main sector types across crop and live-
stock products (Supplementary Table 6) and focused on global results
(models reported globally and in 13 macro-regions; Supplementary
Table 10). The main reported variables for each of the sectors were:
producer prices, production, harvested area (crops), animal numbers
(livestock), food use, feed use, other use, agriculturalemployment, GHG
emissions, water withdrawals and nitrogen fertilizer use. Physical land
was reported for cropland, grazingland and total agricultural land. Not
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allmodels report on all sectors and variables as a result of differing
model structure, representation and specialization. Supplementary
Table 7 shows the number of models reporting results for each food
sector and variable combination. Results in this study were from model
submissions up toJuly 2025.

Historic (1961-2020) food systems data

FAO data®® were used to compare global production, area, animal num-
bers, yield and value of production from 1961 to 2020 with scenario
results under BAU and EL2 up t0 2050. FAO food items were aggregated
into broader food sector categories (for example, ruminants or VFN).
For consistency and effective comparison, the relative (percentage)
change for modelled scenarios in 2050 versus 2020 values of models
were applied to FAO mean values for 2019-2021. FAO GDP deflators were
applied to the value of production data (natively given as 2014-2016
average) to calculate 2020 values. To calculate modelled value of pro-
ductionacross scenarios, we take model reported producer prices and
productionby sector and regionand apply these percentage changes
(BAU scenarioin 2050 versus 2020 reference year, and EL2 scenarioin
2050 versus 2020 reference year or versus BAU in 2050) to FAO pro-
ducer price and production data. We then estimate modelled value of
production as the product of producer price and production.

Long-runland use data

We obtainlong-run historic agricultural land use and population from
the history database of the global environment (HYDE) (v.3.3). HYDE
gives data at global and country level from -10,000 CE to present.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data underlying model results that support the findings of this study
areavailable at Zenodo (https://doi.org/10.5281/zenodo.17570720)°.
FAO data canbe found at https://www.fao.org/faostat/en/#data. HYDE
long-run land-use data can be found at https://landuse.sites.uu.nl/
datasets/.

Code availability

We performed the analysis using Python. The scriptstoreplicate Figs.1-4
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Extended DataFig.1|Global results from the model ensemble showing
percentage change for 2050 scenarios versus current (2020). Percentage
changebetween aBAU scenarioin 2050 versus current (2020) (a) and the EL2
scenarioin 2050 versus current (2020) (b). Results are shown for food group
sectorsacross three food systems dimensions - agricultural production, area
(harvested area for crops, pasture area and animal numbers for livestock),
and producer prices. AGR =all agricultural products (but excluding fisheries
and aquaculture), CRP =all cropsincluding cereals (CER) (wheat, rice, coarse
grains); vegetables, fruits, nuts, and legumes (VFN); oilseeds (OSD); and
sugar crops (SGC) (allshown) and other minor food crops and non-food crops

(energy crops and plant-based fibres; not shown separately), LSP =all livestock
productsinclude ruminant meat (RUM) (cattle, sheep, and goats), non-
ruminants (NRM) (pork, poultry meat and eggs), dairy (DRY), and a category of
other animal products (e.g. wool; not shown separately). LSP excludes fisheries
andaquaculture.Shaded areas give the range of results (dark grey = inter-quartile
range, light grey = min-max range) with individual model results given by teal
(percentage decrease) and orange (percentage increase) lines. Black vertical
linesindicate median values which are also expressed numerically in each
figure (ontheright-handside).
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Extended DataFig.2|Global environmental results from the model
ensemble showing percentage change between 2050 scenarios versus
current (2020). Percentage change for aBAU scenarioin 2050 versus current
(2020) (a) and the EL2 scenario in 2050 versus current (2020) (b). Results are
shown forsectors across three environmental dimensions - non-CO, (GHG)
emissions, water withdrawals, nitrogen fertiliser use. AGR =all agricultural
products (but excluding fisheries and aquaculture), CRP=all cropsincluding
cereals (CER) (wheat, rice, coarse grains); vegetables, fruits, nuts, and legumes
(VFN); oilseeds (OSD); and sugar crops (SGC) (all shown) and other minor food
crops and non-food crops (energy crops and plant-based fibres; not shown

Percent change (%)

Percent change (%)

separately), LSP =all livestock productsinclude ruminant meat (RUM) (cattle,
sheep, and goats), non-ruminants (NRM) (pork, poultry meat and eggs),

dairy (DRY), and acategory of other animal products (e.g. wool; not shown
separately). LSP excludes fisheries and aquaculture. Shaded areas give the
range of results (dark grey = inter-quartile range, light grey = min-max range)
withindividual model results given by teal (percentage decrease) and orange
(percentageincrease) lines. Black vertical lines indicate median values

which are also expressed numerically in each figure (on the right-hand side).
LSP,RUM, DRY, NRM results for water withdrawal and nitrogen fertiliser are
capturedincropsectors for feed production.
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Extended Data Table 1| Average annual rate of change of
global agricultural land across different historical periods
with BAU and EL2 future scenarios for comparison

Average annual rate of change (%/year)

Years CE Cropland Grazing Total agricultural land
0-1000 0.03% 0.08% 0.06%
1000-1700 0.09% 0.09% 0.09%
1700-1950 0.52% 0.57% 0.55%
1950-2020 0.40% 0.38% 0.38%
1950-1960 0.98% 1.81% 1.55%
1960-2000 0.27% 0.25% 0.26%
2000-2020 0.33% -0.16% 0.00%
2000-2010 0.12% -0.16% -0.07%
2010-2020 0.55% -0.14% 0.08%
BAU 2020-2050 0.28% 0.05% 0.13%
EL2 2020-2050 0.10% -0.40% -0.23%

Historic source data from HYDEG8.
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Extended Data Table 2 | Relative change to agricultural
employment in the EL2 scenario with 2020 and BAU in 2050

Model Sector Change EL2 vs 2020 (%) | Change EL2 vs BAU 2050 (%)
MAGNET AGR -27.9 0.1
GCAM AGR -223 -13.8
MAgPIE AGR -36.4 3.6
MAGNET CRP -228 1.9
MAgPIE CRP -29.2 215
MAGNET LSP -39.9 -23.8
MAgPIE LSP -62.3 -48.1

AGR =all agricultural products (but excluding fisheries and aquaculture), CRP = all crop
products, LSP = all livestock products excluding fisheries and aquaculture.
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