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Abstract
Humanity is challenged with making progress toward global biodiversity, freshwater, and climate goals, while providing 
food and nutritional security for everyone. Our current food and land-use systems are incompatible with this ambition 
making them unsustainable. Papers in this special feature introduce a participatory, integrated modeling approach applied 
to provide insights on how to transform food and land-use systems to sustainable trajectories in 12 countries: Argentina, 
Australia, Canada, China, Germany, Finland, India, Mexico, Rwanda, Sweden, the UK, and USA. Papers are based on work 
completed by members of the Food, Agriculture, Biodiversity, Land-use, and Energy (FABLE) initiative, a network of in-
country research teams engaging policymakers and other local stakeholders to co-develop future food and land-use scenarios 
and modeling their national and global sustainability impacts. Here, we discuss the key leverage points, methodological 
advances, and multi-sector engagement strategies presented and applied in this collection of work to set countries and our 
planet on course for achieving food security, biodiversity, freshwater, and climate targets by 2050.
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Introduction

Our food system is a root driver of biodiversity loss, land-
use conversion, unsustainable freshwater use, and green-
house gas (GHG) emissions (Rockström et al. 2020; Willett 
et al. 2019; Springmann et al. 2018). At the global level, 
these impacts have reached, or are close to reaching, major 
tipping points (Armstrong McKay et al. 2022; Steffen et al. 
2015). Climate change is already threatening food supply 
and ecosystem services in many countries and these threats 

are set to worsen without major actions to curb global tem-
perature increases (Mora et al. 2018). At the same time, our 
food systems are not supporting healthy human diets. Some 
800 million people are undernourished, while some 2 bil-
lion are overweight or obese, creating a health crisis (Afshin 
et al. 2019). Actions are urgently needed to shift food and 
land-use systems to a sustainable trajectory where people 
live in harmony with nature in the current and future cli-
mates (CBD 2021).

To meet global targets for food security, biodiversity 
conservation, freshwater use, and GHG emissions, coun-
tries need to develop food and land-use policies that amplify 
cross-sector benefits and minimize trade-offs over short and 
long-time horizons (Mosnier et al. 2022; Schmidt-Traub 
et al. 2019). Such policies ideally need to account for cross-
sector and temporally displaced feedbacks (e.g., land-use 
change impacts on biodiversity loss) and geographic spillo-
vers (e.g., food security increases in one place driving fresh-
water depletion in another). Yet, designing these policies is 
challenging, because it requires an understanding of pro-
cesses within and across food, ecological, land-use, water, 
and climate systems in specific social, economic, and politi-
cal contexts, through time and across space.

Globally‑Consistent National Pathways towards Sustainable Food and Land‑use Systems
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The Food, Agriculture, Biodiversity, Land‑use, 
and Energy (FABLE) consortium

To address this challenge, the Food, Agriculture, Biodiver-
sity, Land-use, and Energy (FABLE) consortium was con-
vened in 2018 as part of the Food and Land-Use Coalition 
(FOLU). It is led by the International Institute for Applied 
Systems Analysis and the UN Sustainable Development 
Solutions Network, in partnership with the Alliance of Bio-
versity International and CIAT, EAT, the Potsdam Institute 
for Climate Impact Studies, and many other institutions.

FABLE is a collaborative initiative which aims to under-
stand how countries can transition toward sustainable land-
use and food systems. FABLE brings together over 200 
science and policy experts from 88 national institutes cur-
rently spanning 20 countries and growing. These country 
teams learn, share, create, and apply knowledge and tools 
to develop bottom–up (i.e., grounded in local and national 
stakeholder knowledge), mid-century, integrated national 
pathways that aim to address local development priorities, 
collectively achieve global sustainability objectives, and bal-
ance international trade in commodities.

The FABLE approach

FABLE’s goal is to empower its members to transition to 
sustainable food and land-use systems supported by multi-
objective assessment tools (Mosnier et  al. 2022). This 
involves country teams (i) agreeing on a set of global long-
term targets, broadly consistent with the objectives of the 
Paris Agreement (Article 4.19), the proposed post-2020 
Global Biodiversity Framework, and the Sustainable Devel-
opment Goals (Table 1); (ii) developing pathways and apply-
ing models, adapted to local needs, to explore the evolution 

of national land-use and food systems and national and 
global impacts by mid-century following the current trends 
compared to leveraging policy to seek a more sustainable 
future; and (iii) in an iterative process, adjusting models to 
ensure balanced trade flows. Throughout the process, coun-
try teams engage local stakeholders and experts to review 
assumptions, seek advice, and build a shared vision.

A key objective of the FABLE consortium is to build 
capacity among its members to use multi-objective assess-
ment tools to help understand options and design integrated 
food and land-use policies. Integrated Assessment Models 
(IAMs) can be used for this purpose (van Soest et al. 2019). 
Two recognized spatially explicit partial-equilibrium IAMs 
that include agricultural, food and land-use systems are the 
Global Biosphere Management Model (GLOBIOM) (Havlík 
et al. 2014) and the Model of Agricultural Production and 
its Impact on the Environment (MAgPIE) (Dietrich et al. 
2019). GLOBIOM and MAgPIE are coded in GAMS, a 
high-level system for mathematical programming and opti-
mization, which requires a fee for its use. The technical and 
cost requirements can create barriers to access and use of 
these IAMs. The FABLE Calculator (Mosnier et al. 2020) 
is a simpler integrated model designed to help remove such 
barriers. It is an open-source, Excel-based food and land-use 
system assessment tool, that is relatively easy to learn and 
use yet complex enough to provide reasonable estimates of 
multi-objective impacts. Its limitations include that—like 
GLOBIOM and MAgPIE—it uses broad land-cover catego-
ries (cropland, grassland, urban, forest, and other natural 
land) and does not account for differences in productivity, 
biodiversity value, or carbon storage of agricultural land and 
forested areas under different management categories (e.g., 
agroforestry versus monoculture cropland, or extensive ver-
sus intensively managed pasture). In addition, the FABLE 

Table 1  FABLE global sustainability targets (FABLE 2021)

Theme Target

Biodiversity conservation A minimum share of earth’s terrestrial land supports biodiversity conservation. No net loss by 2030 and an increase 
of at least 20% by 2050 in the area of land where natural processes predominate

A minimum share of Earth’s terrestrial land is within protected areas. At least 30% of global terrestrial area by 2030
Zero net deforestation. Forest gain should at least compensate for the forest loss at the global level by 2030

Climate mitigation GHG emissions from crops and livestock compatible with keeping the rise in average global temperatures to below 
1.5 °C, which we interpret as below 4  GtCO2e  yr−1 by 2050 (3.9 Gt for non-CO2 emissions and 0.1 Gt for  CO2 
emissions)

GHG emissions and removals from Land-Use, Land-Use-Change, and Forestry (LULUCF) compatible with keeping 
the rise in average global temperatures to below 1.5 °C. Negative global GHG emissions from LULUCF by 2050

Food security Zero hunger. Average daily energy intake per capita higher than the minimum requirement in all countries by 2030
Low dietary disease risk. Diet composition to achieve premature diet-related mortality below 5%

Freshwater use Water use in agriculture within the limits of internally renewable water resources, taking account of other human 
water uses and environmental water flows. Blue water use for irrigation < 2453  km3yr−1 (global estimates in the 
range of 670–4044  km3yr−1) given future possible range (61–90%) in other competing water uses
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Calculator is not spatially explicit at the sub-national level, 
meaning that further analysis is required to validate the fea-
sibility of some of the future land-use assumptions (e.g., 
productivity on new agricultural land) and to determine pos-
sible spatial configurations for future land-use accounting for 
local values and constraints (e.g., biodiversity conservation 
value, cultural importance). A key strength of the FABLE 
Calculator is that it can be used to explore how different 
assumptions affect sustainability outcomes in an iterative, 
participatory way, as the assumptions are changed in a user-
friendly excel spreadsheet and the calculations of estimated 
impacts are fast and transparent. This makes it a valuable 
tool for cross-sector stakeholder engagement, exploration, 
and dialogue.

This Special Feature presents applications of GLOBIOM, 
MAgPIE, and the FABLE calculator, applied to explore 
impacts of a range of future national food and land-use sce-
narios on food security, biodiversity, GHG, and freshwater 
outcomes to 2050. The scenarios are based on assumptions 
about trends in diet, food waste, energy supply, climate 
change, population growth, agricultural expansion and pro-
ductivity, water use, international trade, reforestation, defor-
estation, and protected areas (Fig. 1).

Results from FABLE

In this special feature, we present the conceptual framework 
and results from applying the FABLE approach in 12 coun-
tries. Together, the articles contribute to defining integrated 
food and land-use mid-century pathways and the critical 
actions required at the national level to meet global chal-
lenges to conserve biodiversity, halt global warming, safe-
guard freshwater resources, and secure human nutrition. All 
authors are part of the FABLE consortium and the articles 
are based on work completed in 2020–2021 as part of the 
FABLE work program.

In this editorial, we seek to consolidate the shared learn-
ing and key messages that stand out from the spectrum of 
FABLE country experiences and contributions. We find 
that: (1) integrated modeling reveals a set of critical lever-
age points, synergies, and trade-offs, for shifting to national 
and global sustainability, (2) methodological advances are 
enabling clearer and co-designed recommendations for 
policy action but key gaps remain, and (3) accessible multi-
objective tools provide a foundation for engaging and foster-
ing dialogue among cross-country and multi-sector research 
and policy actors.

Fig. 1  An overview of the FABLE approach to developing food and 
land-use pathways using multi-objective assessment tools. Societal 
demand for food, material goods, and energy must be met through 
human use of land, such as croplands, grasslands, and urban areas, 
while also taking account of future socio-economic development 

(such as global markets, trade, and population) and climate change. 
FABLE explores pathways for meeting these societal demands within 
planetary boundaries, demonstrating that it is possible to provide 
healthy food to all of humanity in a sustainable way
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Leverage points for sustainability

The papers in this special feature demonstrate that a higher 
level of ambition is needed in most countries to meet 
national food security, biodiversity, climate, and water tar-
gets in tandem. All the papers show that, if current trends 
continue, future changes in food production, consumption, 
and land use will make it impossible to achieve biodiver-
sity, freshwater use, food security, and climate mitigation 
targets by 2050. Yet, many papers also show that implement-
ing current policy pledges will be insufficient to reverse the 
situation, and countries will still fall short of most targets 
without more ambitious pledges (Frank et al. 2022; Jha et al. 
2022; Lehtonen and Rämö, 2022; Smith and Harrison et al. 
2022; Zerriffi et al. 2022). Integrating pathways from the 12 
countries represented in this special feature together with 
those from all other regions in the world shows that a lack 
of national ambition will make it challenging to meet global 
targets, particularly on biodiversity conservation (FABLE 

2022b) and climate mitigation (FABLE 2021). Achieving 
national and global food, biodiversity, water, and climate 
goals in tandem will require substantial changes in behav-
ior at all levels (individual, community, food and forestry 
businesses, and local and national government) and many 
of these changes require going beyond the current levels of 
political ambition.

This special feature shows that there are several key lev-
erage points for shifting to sustainable food and land-use 
systems consistently identified in multiple studies, across 
countries and continents (Fig. 2). These include changing 
diets, improving crop and livestock productivity, reducing 
deforestation, and restoring natural forests, shrubland, and 
grasslands. Other levers identified in several papers include 
reducing food waste and post-harvest losses, and reducing 
demand for food, water, and land including by slowing popu-
lation growth. These levers contribute, to varying degrees, to 
achieving global food, biodiversity, water, and climate tar-
gets in tandem. Successful achievement of multiple targets 

Fig. 2  Main levers identified in papers in this special feature for 
reaching food, biodiversity, freshwater, and climate targets. The most 
important levers (in bold) are those identified in multiple papers and/

or consistently having a large influence on target achievement. Con-
nections show pathways between levers and targets
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is more common when multiple levers are applied simulta-
neously and when levers apply changes that are major and 
likely difficult, rather than minimal and easy, to achieve.

Changing diets

Most papers in this SF find that achieving national and 
global sustainability targets will require a substantial change 
in eating habits. For example, exploring options for sustain-
able food and land-use futures in Mexico, González-Abra-
ham et al. (2022) assumed a change toward a healthier diet 
by reducing fat and oil content and substantially increasing 
the intake of fruits, vegetables, legumes, nuts, and fish. If 
the Mexican culture, strongly emblematic in terms of its 
gastronomy, can achieve such a substantial change in its 
eating habits, the authors show it is feasible that Mexico’s 
population will have a healthy nutrition by 2050, while also 
limiting agricultural expansion, expanding forested area, and 
consequently reducing GHG. In the German context, Rasche 
et al. (2022) showed that reductions in meat and dairy con-
sumption would reduce GHG emissions from German agri-
culture from 66 to 22  TgCO2e by 2050, and increase the land 
area where natural processes predominate, and biodiversity 
can thrive, from 19 to 27–32%.

These results provide evidence that dietary shifts can 
enable food, biodiversity, and carbon targets to be met in 
tandem from the academic viewpoint. However, the dietary 
shifts that are feasible and adequate to achieve food, bio-
diversity, and climate objectives vary from place to place, 
depending on present-day diets, capacity to increase spe-
cific locally produced and imported foods on the existing 
or new agricultural land, and political and societal willing-
ness to alter cultural norms (FABLE 2021). For example, 
Perez-Guzman et al. (2022) discuss that in Rwanda, shift-
ing to healthier diets is more likely to be compatible with 
national production and economic targets if these diets favor 
crops that underpin Rwandan livelihoods, such as bananas, 
beans, cassava, and potatoes. However, the previous research 
in Rwanda highlights the importance of maintaining or 
increasing local access to, and consumption of, a diversity 
of foods, such as meat, fish, nuts, and vegetables, to close 
nutritional gaps (Del Prete et al. 2019). Hence, this must be 
taken into account when promoting economically important 
crops. While in some countries, there is a need to increase 
consumption of certain foods to close nutrition gaps and 
improve diet-related health outcomes, in others, too much 
food is consumed. Simply reducing consumption of calo-
ries and foods where these exceed nutritional requirements, 
such as in Canada (Zerriffi et al. 2022), the UK (Smith et al. 
2022), and USA (Wu et al. 2022), will help improve nutri-
tional outcomes and reduce diet-related diseases in these 
countries while also helping achieve food security at the 
global level.

Increasing crop and livestock productivity

Several papers in this special feature explore the effect of 
closing yield gaps to meet future food demands. Increasing 
crop and livestock productivity on the existing agricultural 
land has the advantage of limiting further land conversion, 
and can also reduce the existing agricultural land area, free-
ing up land for restoration. For example, in the UK, raising 
crop productivity was sufficient to free up 34,000 ha of agri-
cultural land (Smith and Harrison et al. 2022).

In all countries, there is a high uncertainty regarding 
feasible productivity increases, and the limits of feasibil-
ity are likely to shift under climate change. In addition, 
productivity increases need to be achieved using agroeco-
logical approaches to avoid the negative environmental 
consequences associated with intensification through syn-
thetic pesticide use, excessive use of fertilizers, unsustain-
able irrigation, and simplification of farms and landscapes 
(Estrada-Carmona et al. 2022; Sánchez et al. 2022; Tscharn-
tke et al. 2021; Beckmann et al. 2019; Liu et al. 2017; Tuck 
et al. 2014). Agroecological intensification may not be able 
to achieve the productivity increases that are possible with 
high chemical input use, although evidence shows that yield 
gaps created by removing chemical inputs are reduced and 
can be closed by increasing crop and non-crop diversity in-
field, e.g., with agroforestry, intercropping, cover crops, and 
use of flower strips (Beillouin et al. 2021; Tamburini et al. 
2020; Ponisio et al. 2015). Where yield gaps remain, demand 
side changes are likely to be needed to alleviate pressure on 
land-use and meet biodiversity and climate objectives. For 
example, Basnet et al. (2023) demonstrate that shifting from 
20 to 30% organic farmland, in line with Sweden’s national 
target, would only lead to improvements in national food 
self-sufficiency, biodiversity conservation, and reductions 
in GHG emissions, when coupled with dietary changes and 
reduced food waste. When this happens, organic farming 
forms part of a promising pathway to achieving sustainable 
food and land-use systems.

Reducing deforestation and restoring natural land

Across the collection of SF papers, achieving net-zero GHG 
emissions by 2050 generally involves halting deforestation 
immediately (Frank et al. 2022; Jha et al. 2022; Navarro 
Garcia et al. 2022) or at least before 2030, while increas-
ing afforestation efforts. This picture gets more complicated 
when analyzing the different drivers at the forest–agricul-
ture frontier, such as food consumption patterns—particu-
larly excessive meat consumption, and the balance between 
realistically possible land-based  CO2 removal potential 
and Agriculture, Food and Land-Use (AFOLU) emission 
patterns (FABLE 2022a). For example, FABLE countries 
with the most ambitious afforestation pledges include India  



328 Sustainability Science (2023) 18:323–333

1 3

(Jha et al. 2022) and USA (Wu et al. 2022), yet the change 
in net emissions as a result of afforestation in these countries 
depends on which other activities are present. India has low 
levels of meat consumption, and its land-based  CO2 removal 
potential is not substantial, but AFOLU is currently a net 
emitter mainly due to livestock production. The analysis 
presented in this SF suggests that AFOLU could be carbon 
neutral by 2050 if a reduction in livestock emissions is com-
plemented by other changes, such as afforestation and an 
increase in agricultural productivity. The United States, on 
the other hand, currently has an excess of meat consumption, 
but has a substantial land-based  CO2 removal potential. Its 
AFOLU sector could convert from being a net emitter to a 
net sink by 2050, if the afforestation efforts are accompanied 
by dietary shifts to consume less meat, and an increase in 
livestock productivity.

At a global level, restoration of natural land—inclusive 
of afforestation efforts—will be vital to achieve climate and 
biodiversity objectives (FABLE 2022a, b). The Conven-
tional for Biological Diversity has set global targets of a 5% 
increase in natural land by 2030 and a 15% increase by 2050, 
while halting loss of the existing intact and wilderness land 
by 2030 (CBD 2021). Expanding the 56% of terrestrial land 
area where natural processes currently predominate, and 
addressing the relative shortfall of this land within tropical 
biomes, is going to be challenging, but failure to act will put 
biodiversity on a perilous trajectory and lead to the AFOLU 
sector overshooting net emission targets (FABLE 2022b). 
Countries approach deforestation and restoration pledges 
from different starting points. The amount of forest and other 
natural land where natural processes predominate and bio-
diversity thrives is vast in countries like Australia, Canada, 
and Russia, and relatively small in India, Germany, the UK 
and Rwanda, but the latter three countries have substantially 
higher population densities and smaller land areas intensify-
ing demands on the remaining natural land (FABLE 2022b).

In all countries, restoring more land to nature requires 
reducing the area used for other purposes, principally agri-
culture. FABLE’s work shows that the best strategies for 
achieving this are shifting diets toward less land-intensive 
foods, and increasing crop and livestock productivity, free-
ing up land for restoration (Frank et al. 2022; González-
Abraham et al. 2022; Jha et al. 2022; Lehtonen and Rämö, 
2022; Navarro Garcia et al. 2022; Perez-Guzman et al. 2022; 
Rasche et al. 2022; Smith and Harrison et al. 2022; Zerriffi 
et al. 2022). Of note, some restoration efforts to date have 
promoted single or exotic species which do little to restore 
native ecosystem functioning. The FABLE approach does 
not explicitly distinguish habitat quality within restored land, 
yet to benefit biodiversity, afforestation and other restora-
tion efforts need to focus on local, diversified plant species 
adapted to future climates (FABLE 2022b). In addition, 
GLOBIOM, MAgPIE, and the FABLE Calculator do not 

consider the biodiversity conservation and carbon storage 
and sequestration potential of agricultural land. Several 
authors point out that further work is needed to incorporate 
the contribution of improved agricultural land management 
to sustainability targets, such as zero-chemical agroecologi-
cal practices and low-intensity livestock systems that incor-
porate trees and other natural vegetation covers (González-
Abraham et al. 2022; Smith and Harrison et al. 2022). Such 
practices are likely to form a core part of sustainable futures 
particularly in countries with high pressure on land-use and 
little remaining natural land.

Other leverage points

Reducing food waste and losses were other actions that con-
tributed substantially to multi-target achievement in several 
studies, e.g., Australia (Navarro Garcia et al. 2022) and Swe-
den (Basnet et al. 2023). International trade was also critical 
for achieving economic growth objectives and food secu-
rity in some countries. For example, increasing imports of 
wheat, milk, and nuts will be needed to meet future demand 
for these foods and close nutritional gaps in Rwanda, while 
an increase in tea and coffee exports is expected to meet 
economic targets (Perez-Guzman et al. 2022). In Mexico, 
feeding the country’s projected 146 million people in 2050 
while meeting biodiversity and climate targets will require 
approximately doubling maize, milk, and beef imports, even 
when assuming a reduction in cereal, meat, and dairy con-
sumption per person, a near doubling of maize productivity, 
and an increase in livestock productivity (González-Abra-
ham et al. 2022).

Papers in this special feature discuss that reducing food 
and resource demands, including by slowing population and 
economic growth, is another key leverage point for shift-
ing to sustainable food and land-use systems (Navarro Gar-
cia et al. 2022; Zerriffi et al. 2022). Humans account for 
0.01% of all biomass on the planet, which is 20 times the 
estimated biomass of all wild terrestrial mammals (Bar-On 
et al. 2018). While multiple studies show we can feed the 10 
billion people predicted to live on the planet in 2050 (Gerten 
et al. 2020; Bajželj et al. 2014; Foley et al. 2011), substantial 
changes in consumption patterns, wealth distribution, and/or 
reduced population growth are needed to ensure that every 
person has a fair share of resources, technology, and energy 
without taking the planet over its biological and climate tip-
ping points. For example, the UNEP Emissions Gap Report 
estimates that, to keep global warming below 1.5°, GHG 
needs to stay below 2.2 tons per capita (UNEP 2021). Yet 
currently, the world’s richest 10% are predicted to generate 
per capita emissions ten times above this safe limit in 2030, 
while emissions for the world’s poorest 50% will stay well 
below the threshold (Oxfam and Institute for European Envi-
ronmental Policy 2021). The question of how to achieve a 
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just and equitable food access and quality of life for all needs 
to be more openly discussed and constructively answered 
now, while there is still time to positively shape current and 
future family planning decisions, and societal and individual 
expectations and behaviors regarding resource consumption.

Methodological advances

This special feature demonstrates that integrated assess-
ment tools, notably the FABLE Calculator, GLOBIOM, 
and MAgPIE, can effectively break down the complexity 
of food and land-use systems by showing the cross-sector 
impacts of single and combined national policy decisions 
(Mosnier et al. 2022). As with all models, the tools used in 
FABLE have some limitations. Several papers in this special 
feature present methodological advances applied to expand 
and extend the capabilities of MAgPIE (Wang et al. 2022) 
and the FABLE Calculator (Frank et al. 2022; Navarro Gar-
cia et al. 2022; Basnet et al. 2023).

Multi‑model approaches

One limitation of the modeling infrastructure used in this 
collection of papers is that results are generally not spatially 
explicit. This means that the leverage points at the national 
level may be clear—such as expanding restored land or pro-
tected areas—but FABLE country teams cannot readily pro-
vide guidance on where and how best to prioritize actions 
within a country, or check how spatially explicit changes in 
land management fit within the existing spatial zoning strate-
gies. In this special feature, Frank et al. (2022) demonstrate 
that it is possible to combine results from the FABLE Calcu-
lator with a land-use allocation model (Dinamica EGO) and 
conservation prioritization approach (NatureMap), to con-
struct a food and land-use pathway for Argentina that allows 
it to meet key biodiversity, freshwater use, food production, 
and carbon storage targets by 2050. Extending the FABLE 
approach in this way opens a doorway for helping meet the 
requirement for biodiversity-inclusive spatial planning that 
countries will make as part of their post-2020 Global Bio-
diversity Framework commitments to identify the ranges of 
systemic drivers that achieve multiple sustainability targets.

Applying FABLE tools as part of a multi-model approach 
can also help to move past the ‘what’ needs to be done to 
the ‘how’ in the transition to sustainable food and land-use 
systems. Wang et al. (2022) combine land system model 
outputs from MAgPIE with an econometric model to test the 
effect of various domestic fertilizer policies on fertilizer use, 
losses, and pollution, and food security in China. Through 
this novel approach, they were able to quantify the substan-
tial biophysical and economic benefits of removing subsi-
dies for synthetic fertilizer manufacturing, but also show 

that China’s target of zero growth in nitrogen fertilizer use 
can only be met by increasing nitrogen management and 
uptake efficiency.

Expanding the solution space

In applying models, local stakeholders and researchers 
make assumptions about future conditions (e.g., rate of 
deforestation, growth in imports or exports). Poor choices, 
misleading historical data, and unexpected future events, 
can lead to unrealistic or inaccurate assumptions. Navarro 
Garcia et al. (2022) use scenario discovery to systematically 
explore the effect of different parameter ranges on model 
outputs. Through coupling the FABLE Calculator with a 
Monte Carlo simulation software, the authors were able to 
systematically explore the effect of a range of each param-
eter’s values on model outputs and differentiate thousands 
of possible pathways for food and land-use systems. They 
distinguish ‘resilient’ pathways as those that incorporate a 
diversified portfolio of solutions working together to hit mul-
tiple sustainability targets, and more risky pathways that rely 
on small sets of solutions or individual levers (e.g., affores-
tation, carbon capture, and storage) increasing the risk of 
setbacks. They find that livestock productivity and stocking 
density, afforestation, and dietary shifts are the most influ-
ential factors in Australia’s aim to meet national targets for 
food consumption, net afforestation, water consumption, net-
zero emissions, and biodiversity conservation, by 2050. Yet, 
achieving all five targets will require very ambitious actions 
under optimistic future socio-economic pathways (SSP1) 
and will be impossible to achieve under SSP2 (continuation 
of long-term socio-economic trends) or SSP3 (future lack of 
international cooperation and neglect of environmental and 
social goals). Navarro Garcia et al. (2022)’s methodology 
has the advantage of showing policymakers the full suite of 
options available to them to achieve sets of sustainability tar-
gets, and could help multiple sectors find consensus around 
a feasible pathway.

Future development priorities

The existing tools and methodological advances presented 
in this special feature already go a long way to ensuring 
that FABLE outputs are policy relevant and have practical 
utility. The value of FABLE’s approach could be further 
strengthened by closing several key data and methodo-
logical gaps. These include distinguishing effects of agro-
ecologically managed farmland (e.g., agroforestry, zero 
synthetic inputs, maintenance of natural infrastructures in 
and around fields, improved rice management) from other 
farming systems, separating extensive and intensive pasture, 
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better representing forest production systems, and incorpo-
rating climate adaptation and resilience assumptions into 
the scenarios. Data availability is a key constraint to further 
developing the capacity of FABLE models, and national and 
global monitoring efforts should continue to try and close 
data gaps. For example, FABLE tools are dependent on pub-
lished food supply, demand and trade data, particularly from 
FAO. This means scenarios do not consider certain foods 
that are poorly represented in national accounting and are 
important to farmer livelihoods and consumer diets in some 
countries, such as fish and some plant-based proteins in USA 
(Wu et al. 2022), climate-adapted crop species (e.g., fonio), 
and local crop varieties and livestock breeds. Finally, the full 
economic benefits and costs associated with transitioning to 
alternative food and land-use trajectories are not quantified, 
such as avoided public health costs, investments required 
to expand protected areas or restore abandoned agricultural 
land, or changes in agricultural subsidies needed to sustain 
viable agricultural sector livelihoods. Future work could 
seek to close this gap and quantify the price of action, and 
inaction, across scenarios.

Stimulating multi‑sector collaborations 
and dialogue

Food and land-use systems involve the environment, agricul-
ture, forestry sectors but also health, society, and economics. 
Food itself is a nutritionally essential, culturally valued, prof-
itable product, and what food and how it is produced affects 
everyone. Its importance means that opinions on how best to 
manage food and food systems are often deeply entrenched 
and not easily shifted. For example, in the US, the health 
and climate benefits of reducing meat consumption are hotly 
contested (Wu et al. 2022). Entrenched cultural and economic 
positions mean bringing about major changes in food and 
land-use systems will not be easy, yet this is what the papers 
in this SF show is required to meet food, biodiversity, and 
climate targets in tandem. For example, in the UK (Smith 
and Harrison et al. 2022), Mexico (González-Abraham et al. 
2022), and Argentina (Frank et al. 2022), sustainable food 
and land-use system trajectories are only possible if assump-
tions about drastic changes in diets are met.

Creating change

A survey carried out in Germany by Rasche et al. (2022) 
shows stakeholder perspectives differed substantially regard-
ing the feasibility of reducing beef and pork consumption, 
reducing food waste, and reducing soy imports, with aca-
demics, and to some degree public sector, generally more 
optimistic than private sector actors (Rasche et al. 2022). 

These results suggest that food system stakeholders need 
stronger incentives to make the major changes that are 
assumed possible, and necessary, by papers in this spe-
cial feature. Rasche et al. (2022) highlight that education 
(Garcia-Gonzalez and Eakin 2019) and health-promoting 
policies (Muller et al. 2009) are considered powerful incen-
tivizes for mobilizing major changes in food consumption 
choices. Increasing cross-sector dialogue and collaboration 
can also help. A review of integrated planning initiatives in 
South and Central America showed that bringing diverse 
stakeholder groups in a landscape or community together to 
discuss priorities, identify conflicts, and co-develop a shared 
vision for a sustainable future increases the likelihood of 
positive outcomes (Estrada-Carmona et al. 2014). In inter-
disciplinary research projects, even spontaneous, low levels 
of stakeholder engagement can be enough to achieve impact 
and is sometimes actually more effective than organized, 
regular engagement (Huzzard 2021).

Engaging stakeholders in finding solutions

The FABLE approach involves multi-sector stakeholder 
engagement to ensure that the pathways tested are of inter-
est to relevant stakeholders and are thus more likely to be 
implemented. This engagement takes place via a ‘Scena-
thon’, or scenario marathon, which is an iterative series of 
stakeholder consultations that progressively develops the 
pathways for testing with the integrated assessment tool. The 
engagement focuses on bringing together both researchers 
and policy stakeholders from multiple sectors to remove 
communication, methodological, knowledge, and political 
barriers and build consensus around a shared vision for a 
sustainable future.

Papers in this special feature show that there are multiple 
methods of effectively engaging national stakeholders; that 
doing so helps increase the policy relevance of the devel-
oped pathways, and including multiple sectors and disci-
plines helps identify priorities for action to create a shared 
vision and incentives for change. For example, in the UK, 
three pathways were co-created with 27 relevant stakehold-
ers through a series of workshops and consultations (Smith 
and Harrison et al. 2022). This iterative and transparent 
engagement throughout the process ensured the pathways 
fit well with current government policy and future policy 
aspirations. Stakeholders felt that the integrated modeling of 
land-use taking account of trade and global environmental 
targets was a major strength of FABLE, as it emphasizes 
links between the UK and other countries’ emission reduc-
tion ambitions. It also enabled exploration of the trade-offs 
and challenges associated with the major land-use change 
needed to deliver the UK’s net-zero target, while simulta-
neously meeting our biodiversity and other environmental 
commitments (FABLE 2020).
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In Germany, Rasche et al (2022) engaged stakehold-
ers from 25 organizations ranging from national and local 
governments, civil society, academia and the private sec-
tor, primarily through an online survey. Some of the survey 
questions aimed at gathering stakeholder perspectives about 
the feasible range of changes that Germany could make to its 
food and land-use systems, which were then used to design 
the country’s pathways. With the respective responses, the 
authors defined four pathways which symbolized the prefer-
ences of each of the respondents’ types: the common vision 
of all stakeholders, and specific preferences of academic, 
public sector, and private sector actors. An important find-
ing was the heterogeneity of responses across stakeholder 
groups highlighting where additional effort is needed to 
build consensus.

Cross‑country collaboration and consistency

The FABLE consortium itself is one of the world’s larg-
est multidisciplinary collaborations focused on tackling 
the challenge of achieving a sustainable future in the exist-
ing national policy contexts. Researchers involved in the 
FABLE Consortium are specialists in every aspect of the 
food system and regularly share information, guidance, 
and resources on research, stakeholder engagement strate-
gies, and methodological advances with the entire group. 
This gives each country team easy access to the latest data 
and science on FABLE-related topics and a go-to person 
to ask about topics that lie outside their area of expertise. 
The consortium members work together to agree on global 
targets, develop methodologies to apply consistently across 
countries to quantify impacts of food and land-use scenarios, 
and iteratively adjust assumptions to ensure global trade bal-
ance. This exercise produces nationally and globally relevant 
research outputs, but its less tangible value lies in fostering 
cross-country understanding and learning, knowledge shar-
ing, collaborations, and momentum, to strive to achieve our 
collective vision of a sustainable future.

Conclusion

Globally, a shift to sustainable food and land-use systems is 
needed to meet nutritional, agricultural, and environmental 
targets. FABLE is the only bottom–up initiative for explor-
ing food and land-use pathways at the global scale that takes 
account the national context through stakeholder engage-
ment, while factoring in international trade and fostering 
understanding of the collective responsibility across coun-
tries for meeting global targets. Work on the FABLE initia-
tive presented in this special feature explains the FABLE 
methodology and demonstrates how applying it pinpoints 
leverage points that can secure sustainable food and land-use 

futures nationally and globally. The major leverage points, 
in terms of their cross-country importance and magnitude 
of progress that can be made for achieving single and multi-
ple food security, biodiversity conservation, freshwater use, 
and climate mitigation targets, include shifting diets, rais-
ing crop and livestock productivity, and restoring natural 
land where biodiversity thrives and carbon sequestration 
increases. Other important levers include reducing food 
losses and waste, shrinking per capita resource consump-
tion, and filling nutritional gaps through international trade. 
Minor changes in each of these areas will be insufficient to 
get countries and the planet on track; only major changes, 
made in many countries, will enable us to achieve holis-
tic sustainability targets. Stronger policies and incentives 
will help enable all stakeholder groups to participate and 
support the transformative change process. These and other 
mechanisms for applying sustainability levers need to be 
implemented with care and tailored to each country’s local 
context to ensure that benefits and trade-offs are fairly and 
equitably distributed.

Acknowledgements This work was supported by Norway’s Interna-
tional Climate and Forest Initiative, the UK Engineering and Physical 
Sciences Research Council (PAH, award number EP/R01860X/1), and 
the UK Natural Environment Research Council (PAH, Award Nos. NE/
T003952/2 and NE/R016429/1 as part of the UK-SCAPE programme 
delivering National Capability). The authors would like to thank the 
Food and Land Use Coalition (FOLU) and the World Resources Insti-
tute for their support to the FABLE Secretariat.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Afshin A, Sur PJ, Fay KA, Cornaby L, Ferrara G, Salama JS, Mul-
lany EC, Abate KH, Abbafati C, Abebe Z, Afarideh M, Aggar-
wal A, Agrawal S, Akinyemiju T, Alahdab F, Bacha U, Bachman 
VF, Badali H, Badawi A, Bensenor IM, Bernabe E, Biadgilign 
SKK, Biryukov SH, Cahill LE, Carrero JJ, Cercy KM, Dan-
dona L, Dandona R, Dang AK, Degefa MG, El Sayed Zaki M, 
Esteghamati A, Esteghamati S, Fanzo J, Farinha CSeS, Farvid 
MS, Farzadfar F, Feigin VL, Fernandes JC, Flor LS, Foigt NA, 
Forouzanfar MH, Ganji M, Geleijnse JM, Gillum RF, Goulart 
AC, Grosso G, Guessous I, Hamidi S, Hankey GJ, Harikrishnan 
S, Hassen HY, Hay SI, Hoang CL, Horino M, Islami F, Jackson 
MD, James SL, Johansson L, Jonas JB, Kasaeian A, Khader 
YS, Khalil IA, Khang YH, Kimokoti RW, Kokubo Y, Kumar 
GA, Lallukka T, Lopez AD, Lorkowski S, Lotufo PA, Lozano 

http://creativecommons.org/licenses/by/4.0/


332 Sustainability Science (2023) 18:323–333

1 3

R, Malekzadeh R, März W, Meier T, Melaku YA, Mendoza W, 
Mensink GBM, Micha R, Miller TR, Mirarefin M, Mohan V, 
Mokdad AH, Mozaffarian D, Nagel G, Naghavi M, Nguyen CT, 
Nixon MR, Ong KL, Pereira DM, Poustchi H, Qorbani M, Rai 
RK, Razo-García C, Rehm CD, Rivera JA, Rodríguez-Ramírez 
S, Roshandel G, Roth GA, Sanabria J, Sánchez-Pimienta TG, 
Sartorius B, Schmidhuber J, Schutte AE, Sepanlou SG, Shin 
MJ, Sorensen RJD, Springmann M, Szponar L, Thorne-Lyman 
AL, Thrift AG, Touvier M, Tran BX, Tyrovolas S, Ukwaja KN, 
Ullah I, Uthman OA, Vaezghasemi M, Vasankari TJ, Vollset SE, 
Vos T, Vu GT, Vu LG, Weiderpass E, Werdecker A, Wijeratne 
T, Willett WC, Wu JH, Xu G, Yonemoto N, Yu C, Murray CJL 
(2019) Health effects of dietary risks in 195 countries, 1990–
2017: a systematic analysis for the Global Burden of Disease 
Study 2017. The Lancet 393(10184):1958–1972. https:// doi. org/ 
10. 1016/ S0140- 6736(19) 30041-8

Armstrong McKay DI, Staal A, Abrams JF, Winkelmann R, Sak-
schewski B, Loriani S, Fetzer I, Cornell SE, Rockström J, Len-
ton TM (2022) Exceeding 1.5°C global warming could trigger 
multiple climate tipping points. Science 377(6611):eabn7950

Bajželj B, Richards KS, Allwood JM, Smith P, Dennis JS, Curmi E, 
Gilligan Ca, Lee-gammage WS, Baj B, Richards KS, Allwood 
JM, Smith P, Dennis JS, Curmi E, Gilligan Ca (2014) Impor-
tance of food-demand management for climate mitigation. Nat 
Clim Change 4(October):924–929. https:// doi. org/ 10. 1038/ nclim 
ate23 53

Bar-On YM, Phillips R, Milo R (2018) The biomass distribution on 
Earth. Proc Natl Acad Sci USA 115(25):6506–6511. https:// doi. 
org/ 10. 1073/ pnas. 17118 42115

Basnet SK, Wood A, Röös E, Jansson T, Fetzer I, Gordon L (2023) 
Organic agriculture in a low-emission world: exploring combined 
measures to deliver sustainable food system in Sweden. Sustain 
Sci. https:// doi. org/ 10. 1007/ s11625- 022- 01279-9

Beckmann M, Gerstner K, Akin-Fajiye M, Ceaușu S, Kambach S, 
Kinlock NL, Phillips HRP, Verhagen W, Gurevitch J, Klotz 
S, Newbold T, Verburg PH, Winter M, Seppelt R (2019) Con-
ventional land-use intensification reduces species richness and 
increases production: a global meta-analysis. Glob Change Biol 
25(6):1941–1956. https:// doi. org/ 10. 1111/ gcb. 14606

Beillouin D, Ben-Ari T, Malézieux E, Seufert V, Makowski D (2021) 
Positive but variable effects of crop diversification on biodiversity 
and ecosystem services. Glob Change Biol 27(19):4697–4710. 
https:// doi. org/ 10. 1111/ GCB. 15747

CBD (2021) First draft of the post-2020 global biodiversity framework 
(CBD/WG2020/3/3). https:// www. cbd. int/ confe rences/ post2 020/ 
wg2020- 03/ docum ents

Del Prete D, Ghins L, Magrini E, Pauw K (2019) Land consolidation, 
specialization and household diets: evidence from Rwanda. Food 
Policy 83:139–149

Dietrich JP, Bodirsky BL, Humpenöder F, Weindl I, Stevanović M, 
Karstens K, Kreidenweis U, Wang X, Mishra A, Klein D, Ambró-
sio G, Araujo E, Yalew AW, Baumstark L, Wirth S, Giannousa-
kis A, Beier F, Meng-Chuen Chen D, Lotze-Campen H, Popp A 
(2019) MAgPIE 4-a modular open-source framework for mod-
eling global land systems. Geosci Model Dev 12(4):1299–1317. 
https:// doi. org/ 10. 5194/ gmd- 12- 1299- 2019

Estrada-Carmona N, Hart AK, DeClerck FAJ, Harvey CA, Milder JC 
(2014) Integrated landscape management for agriculture, rural 
livelihoods, and ecosystem conservation: an assessment of experi-
ence from Latin America and the Caribbean. Landsc Urban Plan 
129:1–11. https:// doi. org/ 10. 1016/j. landu rbplan. 2014. 05. 001

Estrada-Carmona N, Sánchez AC, Remans R, Jones SK (2022) 
Complex agricultural landscapes host more biodiversity 
than simple ones: a global meta-analysis. Proc Natl Acad Sci 
119(38):e2203385119. https:// doi. org/ 10. 1073/ pnas. 22033 85119

FABLE (2020) Pathways to Sustainable Land-Use and Food Systems. 
In: 2020 Report of the FABLE Consortium. Laxenburg and Paris. 
https:// doi. org/ 10. 22022/ ESM/ 12- 2020. 16896

FABLE (2021) Environmental and agricultural impacts of dietary shifts 
at global and national scales. FABLE Policy Brief, Paris

FABLE (2022a) National food and land mitigation pathways for net 
zero. FABLE Policy Brief, Paris

FABLE (2022b) Pathways for food and land use systems to contribute 
to global biodiversity targets. FABLE Policy Brief, Montpellier, 
France

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, John-
ston M, Mueller ND, O’Connell C, Ray DK, West PC, Balzer C, 
Bennett EM, Carpenter SR, Hill J, Monfreda C, Polasky S, Rock-
ström J, Sheehan J, Siebert S, Tilman D, Zaks DPM (2011) Solu-
tions for a cultivated planet. Nature 478(7369):337–342. https:// 
doi. org/ 10. 1038/ natur e10452

Frank FC, Volante J, Calamari N, Peri P, Gonzalez Chavez B, Gar-
cia Martinez P, Mosciaro MJ, Martin G, Amaro IB, Guerrero 
IP, Casellas K, Zuliani M, Sirimarco X, Gaitan J, Cristeche E, 
Barral MP, Villarino S, Zelarayan AL, Monjeau A (2022) A 
multi-model approach to explore sustainable food and land use 
pathways for Argentina. Sustain Sci. https:// doi. org/ 10. 1007/ 
s11625- 022- 01245-5

Garcia-Gonzalez J, Eakin H (2019) What can be: stakeholder perspec-
tives for a sustainable food system. J Agric Food Syst Commun 
Dev 8(4):61–82. https:// doi. org/ 10. 5304/ jafscd. 2019. 084. 010

Gerten D, Heck V, Jägermeyr J, Bodirsky BL, Fetzer I, Jalava M, 
Kummu M, Lucht W, Rockström J, Schaphoff S, Schellnhuber 
HJ (2020) Feeding ten billion people is possible within four ter-
restrial planetary boundaries. Nat Sustain 3(3):200–208. https:// 
doi. org/ 10. 1038/ s41893- 019- 0465-1

González-Abraham C, Flores-Santana C, Sonia R-R, Marcela O-Á, 
Flores-Martínez A, Torres Rojo JM, Verdinelli GB, Fernández 
Callero CA, McCord GC (2022) Long-term pathways analysis to 
assess the feasibility of sustainable land - use and food systems in 
Mexico. Sustain Sci. https:// doi. org/ 10. 1007/ s11625- 022- 01243-7

Havlík P, Valin H, Herrero M, Obersteiner M, Schmid E, Rufino MC, 
Mosnier A, Thornton PK, Böttcher H, Conant RT, Frank S, Fritz 
S, Fuss S, Kraxner F, Notenbaert A (2014) Climate change mitiga-
tion through livestock system transitions. Proc Natl Acad Sci USA 
111(10):3709–3714. https:// doi. org/ 10. 1073/ pnas. 13080 44111

Huzzard T (2021) Achieving impact: exploring the challenge of stake-
holder engagement. Eur J Work Organ Psy 30(3):379–389. https:// 
doi. org/ 10. 1080/ 13594 32X. 2020. 17618 75

Jha CK, Ghosh RK, Saxena S, Singh V, Mosnier A, Guzman KP, 
Stevanović M, Popp A, Lotze-Campen H (2022) Pathway to 
achieve a sustainable food and land-use transition in India. Sustain 
Sci. https:// doi. org/ 10. 1007/ s11625- 022- 01193-0

Lehtonen HS, Rämö J (2022) Development towards low carbon 
and sustainable agriculture in Finland: possible with moderate 
changes in land use and diets. Sustain Sci. https:// doi. org/ 10. 1007/ 
s11625- 022- 01244-6

Liu J, Hertel TW, Lammers RB, Prusevich A, Baldos ULC, Grogan DS, 
Frolking S (2017) Achieving sustainable irrigation water withdraw-
als: global impacts on food security and land use. Environ Res Lett 
12(10):104009. https:// doi. org/ 10. 1088/ 1748- 9326/ aa88db

Mora C, Spirandelli D, Franklin EC, Lynham J, Kantar MB, Miles W, 
Smith CZ, Freel K, Moy J, Louis LV, Barba EW, Bettinger K, 
Frazier AG, Colburn IX JF, Hanasaki N, Hawkins E, Hirabayashi 
Y, Knorr W, Little CM, Emanuel K, Sheffield J, Patz JA, Hunter 
CL (2018) Broad threat to humanity from cumulative climate haz-
ards intensified by greenhouse gas emissions. Nat Clim Change. 
8(12):1062–1071. https:// doi. org/ 10. 1038/ s41558- 018- 0315-6

Mosnier A, Penescu L, Thomson M, Perez-Guzman K, Steinhauser J, 
Douzal C, Jordan P (2020) FABLE Calculator 2020 update

https://doi.org/10.1016/S0140-6736(19)30041-8
https://doi.org/10.1016/S0140-6736(19)30041-8
https://doi.org/10.1038/nclimate2353
https://doi.org/10.1038/nclimate2353
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1007/s11625-022-01279-9
https://doi.org/10.1111/gcb.14606
https://doi.org/10.1111/GCB.15747
https://www.cbd.int/conferences/post2020/wg2020-03/documents
https://www.cbd.int/conferences/post2020/wg2020-03/documents
https://doi.org/10.5194/gmd-12-1299-2019
https://doi.org/10.1016/j.landurbplan.2014.05.001
https://doi.org/10.1073/pnas.2203385119
https://doi.org/10.22022/ESM/12-2020.16896
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.1007/s11625-022-01245-5
https://doi.org/10.1007/s11625-022-01245-5
https://doi.org/10.5304/jafscd.2019.084.010
https://doi.org/10.1038/s41893-019-0465-1
https://doi.org/10.1038/s41893-019-0465-1
https://doi.org/10.1007/s11625-022-01243-7
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1080/1359432X.2020.1761875
https://doi.org/10.1080/1359432X.2020.1761875
https://doi.org/10.1007/s11625-022-01193-0
https://doi.org/10.1007/s11625-022-01244-6
https://doi.org/10.1007/s11625-022-01244-6
https://doi.org/10.1088/1748-9326/aa88db
https://doi.org/10.1038/s41558-018-0315-6


333Sustainability Science (2023) 18:323–333 

1 3

Mosnier A, Schmidt-Traub G, Obersteiner M, Jones S, Javalera-Rincon 
V, DeClerck F, Thomson M, Sperling F, Harrison P, Pérez-Guzmán 
K, McCord GC, Navarro-Garcia J, Marcos-Martinez R, Wu GC, 
Poncet J, Douzal C, Steinhauser J, Monjeau A, Frank F, Lehtonen 
H, Rämö J, Leach N, Gonzalez-Abraham CE, Ghosh RK, Jha C, 
Singh V, Bai Z, Jin X, Ma L, Strokov A, Potashnikov V, Orduña-
Cabrera F, Neubauer R, Diaz M, Penescu L, Domínguez EA, 
Chavarro J, Pena A, Basnet S, Fetzer I, Baker J, Zerriffi H, Reyes 
Gallardo R, Bryan BA, Hadjikakou M, Lotze-Campen H, Ste-
vanovic M, Smith A, Costa W, Habiburrachman AHF, Immanuel 
G, Selomane O, Daloz AS, Andrew R, van Oort B, Imanirareba 
D, Molla KG, Woldeyes FB, Soterroni AC, Scarabello M, Ramos 
FM, Boer R, Winarni NL, Supriatna J, Low WS, Fan ACH, Nara-
mabuye FX, Niyitanga F, Olguín M, Popp A, Rasche L, Godfray 
C, Hall JW, Grundy MJ, Wang X (2022) How can diverse national 
food and land-use priorities be reconciled with global sustainabil-
ity targets. Lessons from the FABLE initiative. Sustain Sci. https:// 
doi. org/ 10. 1007/ s11625- 022- 01227-7

Muller M, Tagtow A, Roberts SL, MacDougall E (2009) Aligning food 
systems policies to advance public health. J Hunger Environ Nutr 
4(3–4):225–240. https:// doi. org/ 10. 1080/ 19320 24090 33211 93

Navarro Garcia J, Marcos-Martinez R, Mosnier A, Schmidt-Traub 
G, Javalera Rincon V, Obersteiner M, Perez Guzman K, Thom-
son MJ, Penescu L, Douzal C, Bryan BA, Hadjikakou M (2022) 
Multi-target scenario discovery to plan for sustainable food and 
land systems in Australia. Sustain Sci. https:// doi. org/ 10. 1007/ 
s11625- 022- 01202-2

Oxfam, Institute for European Environmental Policy (2021) Carbon 
Inequality in 2030: Per capita consumption emissions and the 
1.5°C goal, Joint agency briefing note. http:// hdl. handle. net/ 
10546/ 621305

Perez-Guzman K, Imanirareba D, Jones SK, Neubauer R, Niyitanga F, 
Naramabuye FX (2022) Sustainability implications of Rwanda’s 
Vision 2050 long-term development strategy. Sustain Sci. https:// 
doi. org/ 10. 1007/ s11625- 022- 01266-0

Ponisio LC, M’gonigle LK, Mace KC, Palomino J, de Valpine P, Kre-
men C (2015) Diversification practices reduce organic to conven-
tional yield gap. Proc R Soc B: Biol Sci. https:// doi. org/ 10. 1098/ 
rspb. 2014. 1396

Rasche L, Schneider UA, Steinhauser J (2022) A stakeholders’ pathway 
towards a future land use and food system in Germany. Sustain 
Sci. https:// doi. org/ 10. 1007/ s11625- 022- 01212-0

Rockström J, Edenhofer O, Gaertner J, DeClerck F (2020) Planet-
proofing the global food system. Nat Food 1(1):3–5. https:// doi. 
org/ 10. 1038/ s43016- 019- 0010-4

Sánchez AC, Jones SK, Purvis A, Estrada-carmona N, De Palma A 
(2022) Landscape and functional groups moderate the effect of 
diversified farming on biodiversity: a global meta-analysis. Agric 
Ecosyst Environ. https:// doi. org/ 10. 1016/j. agee. 2022. 107933

Schmidt-Traub G, Obersteiner M, Mosnier A (2019) Fix the broken 
food system in three steps. Nature 569(7755):181–183. https:// 
doi. org/ 10. 1038/ d41586- 019- 01420-2

Smith AC, Harrison PA, Leach NJ, Godfray HCJ, Hall JW, Jones SM, 
Gall SS, Obersteiner M (2022) Sustainable pathways towards cli-
mate and biodiversity goals in the UK: the importance of manag-
ing land-use synergies and trade-offs. Sustain Sci. https:// doi. org/ 
10. 1007/ s11625- 022- 01242-8

Springmann M, Clark M, Mason-D’Croz D, Wiebe K, Bodirsky BL, 
Lassaletta L, de Vries W, Vermeulen SJ, Herrero M, Carlson 
KM, Jonell M, Troell M, DeClerck F, Gordon LJ, Zurayk R, 

Scarborough P, Rayner M, Loken B, Fanzo J, Godfray HCJ, Til-
man D, Rockström J, Willett W (2018) Options for keeping the 
food system within environmental limits. Nature 562(7728):519–
525. https:// doi. org/ 10. 1038/ s41586- 018- 0594-0

Steffen W, Richardson K, Rockstrom J, Cornell SE, Fetzer I, Ben-
nett EM, Biggs R, Carpenter SR, de Vries W, de Wit CA, Folke 
C, Gerten D, Heinke J, Mace GM, Persson LM, Ramanathan V, 
Reyers B, Sorlin S (2015) Planetary boundaries: guiding human 
development on a changing planet. Science. https:// doi. org/ 10. 
1126/ scien ce. 12598 55

Tamburini G, Bommarco R, Wanger TC, Kremen C, van der Heijden 
MGA, Liebman M, Hallin S (2020) Agricultural diversification 
promotes multiple ecosystem services without compromising 
yield. Sci Adv 6(45):eaba1715. https:// doi. org/ 10. 1126/ sciadv. 
aba17 15

Tscharntke T, Grass I, Wanger TC, Westphal C, Batáry P (2021) 
Beyond organic farming – harnessing biodiversity-friendly land-
scapes. Trends Ecol Evol 36(10):919–930. https:// doi. org/ 10. 
1016/j. tree. 2021. 06. 010

Tuck SL, Winqvist C, Mota F, Ahnström J, Turnbull LA, Bengtsson J 
(2014) Land-use intensity and the effects of organic farming on 
biodiversity: a hierarchical meta-analysis. J Appl Ecol 51(3):746–
755. https:// doi. org/ 10. 1111/ 1365- 2664. 12219

UNEP (2021) Emissions Gap Report 2021 - A World of Climate Prom-
ises Not Yet Delivered. Nairobi. ISBN: 9789280738902

van Soest HL, van Vuuren DP, Hilaire J, Minx JC, Harmsen MJHM, 
Krey V, Popp A, Riahi K, Luderer G (2019) Analysing interac-
tions among Sustainable Development Goals with Integrated 
Assessment Models. Global Transitions. 1:210–225. https:// doi. 
org/ 10. 1016/j. glt. 2019. 10. 004

Wang X, Xu M, Lin B, Bodirsky BL, Xuan J, Dietrich JP, Stevanović 
M, Bai Z, Ma L, Jin S, Fan S, Lotze-Campen H, Popp A (2022) 
Reforming China’s fertilizer policies: implications for nitrogen 
pollution reduction and food security. Sustain Sci. https:// doi. org/ 
10. 1007/ s11625- 022- 01189-w

Willett W, Rockström J, Loken B, Springmann M, Lang T, Vermeulen 
S, Garnett T, Tilman D, DeClerck F, Wood A, Jonell M, Clark 
M, Gordon LJ, Fanzo J, Hawkes C, Zurayk R, Rivera JA, Vries 
WD, Sibanda LM, Afshin A, Chaudhary A, Herrero M, Agustina 
R, Branca F, Lartey A, Fan S, Crona B, Fox E, Bignet V, Troell 
M, Lindahl T, Singh S, Cornell SE, Reddy KS, Narain S, Nishtar 
S, Murray CJL (2019) Food in the Anthropocene: the EAT–Lan-
cet Commission on healthy diets from sustainable food systems. 
The Lancet 393(10170):447–492. https:// doi. org/ 10. 1016/ S0140- 
6736(18) 31788-4

Wu GC, Baker JS, Wade C, McCord G, Fargione JE, Havlik P (2022) 
Contributions of healthier diets and agricultural productivity 
towards sustainability and climate goals in the United States. 
Sustain Sci. https:// doi. org/ 10. 1007/ s11625- 022- 01232-w

Zerriffi H, Reyes R, Maloney A (2022) Pathways to sustainable land 
use and food systems in Canada. Sustain Sci. https:// doi. org/ 10. 
1007/ s11625- 022- 01213-z

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11625-022-01227-7
https://doi.org/10.1007/s11625-022-01227-7
https://doi.org/10.1080/19320240903321193
https://doi.org/10.1007/s11625-022-01202-2
https://doi.org/10.1007/s11625-022-01202-2
http://hdl.handle.net/10546/621305
http://hdl.handle.net/10546/621305
https://doi.org/10.1007/s11625-022-01266-0
https://doi.org/10.1007/s11625-022-01266-0
https://doi.org/10.1098/rspb.2014.1396
https://doi.org/10.1098/rspb.2014.1396
https://doi.org/10.1007/s11625-022-01212-0
https://doi.org/10.1038/s43016-019-0010-4
https://doi.org/10.1038/s43016-019-0010-4
https://doi.org/10.1016/j.agee.2022.107933
https://doi.org/10.1038/d41586-019-01420-2
https://doi.org/10.1038/d41586-019-01420-2
https://doi.org/10.1007/s11625-022-01242-8
https://doi.org/10.1007/s11625-022-01242-8
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/sciadv.aba1715
https://doi.org/10.1126/sciadv.aba1715
https://doi.org/10.1016/j.tree.2021.06.010
https://doi.org/10.1016/j.tree.2021.06.010
https://doi.org/10.1111/1365-2664.12219
https://doi.org/10.1016/j.glt.2019.10.004
https://doi.org/10.1016/j.glt.2019.10.004
https://doi.org/10.1007/s11625-022-01189-w
https://doi.org/10.1007/s11625-022-01189-w
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1007/s11625-022-01232-w
https://doi.org/10.1007/s11625-022-01213-z
https://doi.org/10.1007/s11625-022-01213-z

	Integrated modeling to achieve global goals: lessons from the Food, Agriculture, Biodiversity, Land-use, and Energy (FABLE) initiative
	Abstract
	Introduction
	The Food, Agriculture, Biodiversity, Land-use, and Energy (FABLE) consortium
	The FABLE approach
	Results from FABLE

	Leverage points for sustainability
	Changing diets
	Increasing crop and livestock productivity
	Reducing deforestation and restoring natural land
	Other leverage points

	Methodological advances
	Multi-model approaches
	Expanding the solution space
	Future development priorities

	Stimulating multi-sector collaborations and dialogue
	Creating change
	Engaging stakeholders in finding solutions
	Cross-country collaboration and consistency

	Conclusion
	Acknowledgements 
	References




