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• Five explorative storylines for future EU
food systems were developed and
modelled.

• Implementation of agroecology and local-
isation of food systems were explored.

• Large-scale organic farming for export
risks increasing environmental impacts in
EU.

• EU policy targets can be met when agro-
ecology is combined with dietary change.

• Unchanged preferences and technology
will require unrealistic taxes and tariffs.
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Agroecology has been proposed as a strategy to improve food system sustainability, but has also been criticised for
using land inefficiently. We compared five explorative storylines, developed in a stakeholder process, for future
food systems in the EU to 2050. Wemodelled a range of biophysical (e.g., land use and food production), environmen-
tal (e.g., greenhouse gas emissions) and social indicators, and potential for regional food self-sufficiency, and investi-
gated the economic policy needed to reach these futures by 2050. Two contrasting storylines for upscaling
agroecological practices emerged. In one, agroecology was implemented to produce high-value products serving
high-income consumers through trade but, despite 40% of agricultural area being under organic management, only
two out of eight EU environmental policy targets were met. As diets followed current trends in this storyline, there
were few improvements in environmental indicators compared with the current situation, despite large-scale imple-
mentation of agroecological farming practices. This suggests that large-scale implementation of agroecological prac-
tices without concurrent changes on the demand side could aggravate existing environmental pressures. However,
our second agroecological storyline showed that if large-scale diffusion of agroecological farming practices were
implemented alongside drastic dietary change and waste reductions, major improvements on environmental indica-
tors could be achieved and all relevant EU policy targets met. An alternative storyline comprising sustainable intensi-
fication in combination with dietary change and waste reductions was efficient in meeting targets related to climate,
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biodiversity, ammonia emissions, and use of antibiotics, but did not meet targets for reductions in pesticide and
fertiliser use. These results confirm the importance of dietary change for food system climate change mitigation.
Economic modelling showed a need for drastic changes in consumer preferences towards more plant-based, agroeco-
logical and local foods, and for improvements in technology, for these storylines to be realised, as very high taxes and
tariffs would otherwise be needed.
1. Introduction

Agroecology as a strategy to improve food system sustainability has
been proposed by major influential institutions (FAO, 2018a; IPCC, 2019;
HLPE, 2019).Within the EuropeanUnion (EU), both the Farm-to-Fork strat-
egy (EC, 2020a) and the Biodiversity Strategy (EC, 2020b) highlight the
importance of agroecological approaches. Agroecological farming practices
include crop-livestock integration, low-input management, reliance on
local resources and diversification (Altieri and Rosset, 1996). Despite re-
cent attempts to define and describe it more closely (FAO, 2018b; Wezel
et al., 2020), agroecology comes in many forms and context-specific
implementations (Bezner Kerr et al., 2021; Lampkin et al., 2020;
Gallardo-López et al., 2018). In addition, it can be interpreted as a science,
a social movement and a set of practices (Wezel and Soldat, 2009). The
current EU regulation on organic production (EU, 2018) is an example of
a formalised implementation of farming based on agroecological practices
that has had some success. However, implementation rates have been
modest; the average proportion of land under organic practices in the EU
in 2019 was only 8.5% (ranging from approximately 0.5% in Malta to
25% in Austria) (Eurostat, 2021).

However, agroecology and organic production systems have also
been criticised for being non-viable on a large scale (Connor and
Mínguez, 2012; Connor, 2018; Smith et al., 2019). This is because agro-
ecological farming systems are more land-demanding due to lower
yields and the common practice to ‘grow’ nitrogen (N) using legumi-
nous crops, rather than relying on externally supplied N in the form of
synthetic fertilisers. Fuchs et al. (2020) highlighted the risk of greening
EU agriculture using agroecology, suggesting that this might displace
production elsewhere, leading to increased impacts in other world re-
gions. Nevertheless, Muller et al. (2017) demonstrated that organic
production on a global scale can be feasible in terms of land availability
if coupled with demand-side mitigation options, including dietary
change and waste reduction. Other studies have confirmed these find-
ings, e.g. Erb et al. (2016) and Theurl et al. (2020) found that many
options exist to meet global food demands by 2050 without deforesta-
tion, even with low crop yields. Billen et al. (2021) looked at Europe
specifically and demonstrated that implementing agroecological prac-
tices in combination with dietary change can feed the projected
European population by 2050, while halving current N losses to the
environment. Studies like these are useful as they show the ‘option
space’ available, especially regarding the feasibility of upscaling agro-
ecological farming practices, and highlight the need for demand-side
changes and for external N inputs. However, they only consider bio-
physical factors and disregard socio-economic aspects. Moreover, the
interplay between socio-economic drivers and social desirability is
beyond the scope of biophysical modelling studies.

Scenario development and other foresight activities provide a struc-
tured way of thinking about the future and can enable effective decision
making (Wiebe et al., 2018). Scenarios are descriptions of plausible and
possible futures that help investigate outcomes of different actions
implemented today or in the future. Engaging stakeholders in scenario
development can increase the relevance and salience of future scenarios
and bring in aspects of social desirability (Kok et al., 2007). There have
been a number of scenario development initiatives covering the food
system (https://www.foresight4food.net/ provides a compilation; see
also Zurek et al., 2021). To name a few, FAO (2018a) presents three
influential global scenarios (Business As Usual, Towards Sustainability,
and Stratified Societies), which describe different future developments
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in terms of food production and consumption in different regions of
the world. Mora et al. (2020) developed global scenarios with particular
focus on nutrition and health, while Mitter et al. (2020) developed
five qualitative storylines for EU agriculture building on the Shared
Socio-economic Pathways (SSPs) (Riahi et al., 2017) in close coopera-
tion with stakeholders.

Few previous scenario studies have dealt specifically with agroecology.
An exception is the study by Karlsson et al. (2018), who together with
stakeholders designed a future food vision based on organic farming for
the Nordic countries and modelled the outcomes of this vision in terms of
land and energy use, greenhouse gases (GHG), foods produced, and N and
phosphorus (P) flows (Karlsson and Röös, 2019). On the European level,
Poux and Aubert (2018) developed and modelled a scenario in which
dietary change allowed for reduced yields and thus widespread implemen-
tation of agroecology, which reduced GHG emissions by 40% while main-
taining export capacity, conserving natural resources and restoring
biodiversity. As agroecology is now being promoted at EU level (EC,
2020a; CoR, 2021) and by individual member states (e.g. the Swedish
Food Strategy; GOS, 2017) and by a range of non-government organisations
(Food, Farming & Countryside Commission), it is important to further
investigate possible future consequences of large-scale implementation of
agroecology.

In this paper, we present five explorative qualitative storylines, de-
veloped in a stakeholder process, for future development of food sys-
tems in the EU to 2050. For each scenario, we used two biophysical
mass-flow and nutrient models to model outcomes in terms of land
use, food production, a range of environmental and social indicators
and potential for regional food self-sufficiency, and compared these
outcomes to relevant EU-level policy targets. The biophysical models
follow thermodynamic principles and do not pursue optimization rou-
tines based on economic reasoning, and hence are able to model the
environmental implications of counterfactual scenarios, which are far
from current economic equilibriums. Based on the physical outcomes
of the five storylines, we then considered the type of economic policy
needed to achieve these futures by 2050. The overall aim of the work
was to provide policy-relevant information on the environmental and
economic effects of applying agroecological practices on a large scale.
The study makes a novel contribution to current food system scenario
research by integrating qualitative agroecologically focused storylines
with biophysical and macroeconomic modelling.

The remainder of this paper is divided into five parts, describing: de-
velopment of the five qualitative storylines (Section 2), biophysical
modelling to determine the impacts of the storylines at the global, EU
(here the EU25 excluding Malta and Cyprus but including the United
Kingdom), country and NUTS2-region scale (Section 3), benchmarking
of results against current policy targets (Section 4), and macroeconomic
modelling to identify the economic policies needed to achieve the
biophysical outcomes (Section 5). Finally, we discuss our findings in
Section 6.

2. Storylines

2.1. Development of storylines

The storylines form the qualitative context (i.e. narrative) in which the
quantitative outcomes from our modelling work should be interpreted.
Storylines need to be salient (i.e. relevant to the policy question and stake-
holders), explore a range of plausible futures, credible (i.e. scientifically

https://www.foresight4food.net/
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sound and consistent) and legitimate (i.e. societally accepted and trans-
parent) (Pérez-Soba and Maas, 2015; Rounsevell and Metzger, 2010).
To ensure that our storylines met these criteria, they were developed
in an iterative and transparent manner in a process involving a wide
range of EU-level and local stakeholders and project partners, repre-
senting knowledge and views from 13 EU member states, Switzerland
and the UK (see Röös et al. (2021) for details). The well-established
matrix approach (Rounsevell and Metzger, 2010) was applied to create
the storylines. In this approach, two major uncertainties concerning
the system under study are identified and drawn out along two axes,
forming a scenario cross. The axes create four quadrants, in which
storylines consistent with the characteristics of the axes are developed.
The axes used here were: 1) the level of implementation of agroecolog-
ical farming practices, and 2) localisation of the food system (i.e. level
of trade within the EU and globally) (Fig. 1). These emerged in stake-
holder workshops as key uncertainties and drivers of development of
the EU food system. The storylines were drafted by the authors and dis-
cussed and refined during stakeholder workshops and through written
feedback (Röös et al., 2021).

Five storylines for the year 2050 emerged (Fig. 1). Business-as-usual
extended the dynamics and critical aspects of current agri-food systems
into the future, while Agroecology-for-exports depicted a future in which
policy and market actors promote the agroecological approach as a
marketing strategy. In the third quadrant of the scenario cross, two
storylines arose. Both were based on more localised food systems
being given priority over agroecological farming practices, but for dif-
ferent reasons. In Localisation-for-protectionism, rising nationalism and
protectionism demanded further re-nationalisation of agricultural pro-
duction and policies, while in Localisation-for-sustainability the ambition
was to increase food system sustainability by cutting food miles and
diversifying local production systems. Finally, Local-agroecological-
food-systems reflected implementation of more advanced stages of
the agroecological transition, called ‘re-design’. While the Localisation-
for-sustainability storyline relied more on the route of ‘sustainable
intensification’ and advanced technology for achieving sustainability,
Local-agroecological-food-systems differed by embracing ‘strong’ agro-
ecological practices. Strong agroecological practices in this context are
biodiversity-based solutions that require a re-design of current farming
systems, in contrast to weak practices which are mainly limited to
improved efficiency and precision in the use of inputs and replacing
synthetic chemicals with organic variants (Guisepelli et al., 2018;
Prazan and Aalders, 2019). Summaries of the storylines are given in
Section 2.2 and the full storylines can be found in the Supplementary
Material S1.
Fig. 1. Scenario cross and the five st
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2.2. Storylines

2.2.1. Storyline 1: Business-as-usual
Business-as-usual describes a future inwhich globalisation of the EU food

system continues and implementation of agroecology is low. Farmers are
incentivised to produce commodities at the lowest possible cost, with corre-
sponding effects on specialisation and benefiting from economies-of-scale,
but at the expense of the environment. Trade increases among EU member
states and between the EU and globalmarkets, and specialisation of produc-
tion in different regions continues. A few multinational food industries and
retailers dominate the global food market. On a global level, there is weak
cooperation between international and national institutions, the private
sector and civil society. The structure of the EU agricultural policy remains
similar to the current Common Agricultural Policy (CAP) and continues to
drive agricultural production towards specialised, large-scale and export-
oriented agricultural production. Although the CAP includes support for
e.g. organic production and other agroecological practices, there is large
variation in the implementation rate of such policies between countries
and efforts are uncoordinated. Although there is an ambition at the EU
level for more agroecological practices, these are only half-heartedly
supported by most national governments. There is weak or no policy
targeting demand (e.g. consumption taxes, labelling, nudging etc.) in EU
member states. Production trends continue according to current trends,
with slight decreases in agricultural area and increases in cereal, poultry,
dairy, and intensive beef production. Food waste levels remain similar to
current levels or decrease somewhat in countries in which waste reduction
policies are implemented. Diets are not substantially changed, but follow
current trends.

2.2.2. Storyline 2: Agroecology-for-exports
In the Agroecology-for-exports future, the focus is on competitive

markets, innovation and participatory societies, with the goal of achieving
sustainable development through rapid technological progress and diffu-
sion. Integration of global markets continues, leading to high levels of inter-
national trade. The increased global wealth leads to the adoption of
resource- and energy-demanding lifestyles by the growing global middle-
class, as developing countries follow the resource- and fossil energy-
demanding development in industrialised countries. Food systems, like
other sectors, have become increasingly globalised, with high trade both
within the EU and across the globe. In the EU specifically, strong support
and investment in organic farming, following the goals set up in the
Farm-to-Fork strategy (EC, 2020a), have led to a large increase in landman-
agedwith (weak) agroecological practices. Although the initial ambition in
the Farm-to-Fork strategy was to promote organic production to reduce
orylines developed in this study.
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environmental pressures, the main driver has gradually changed to using
agroecological approaches (in this future interpreted as organic farming)
as a means to produce high-value foods for trade between EU member
states, but also for exports to the newly affluent economies with a rapidly
growing upper and middle class. The focus is on banning the use of pesti-
cides through organic production, to prevent potential negative effects on
human health. Most agroecological farming systems resemble current
mainstream organic practices and tend to be of the ‘substitution’ rather
than the ‘re-design’ variant. Eating patterns develop according to current
projections, staying rich in meat and other resource-intensive food prod-
ucts. A highly segmented food market is evident in this storyline, in
which agroecological products are consumed by the highly educated
segment of the population and exported outside the EU, while the majority
consume conventional low-quality food. Food waste levels remain similar
to current levels or decrease somewhat in countries where waste reduction
policies are implemented.

2.2.3. Storyline 3a: Localisation-for-protectionism
The Localisation-for-protectionism storyline reflects a development in

which nationally or locally produced foods, regardless of production
methods, are prioritised in the EU. Investment in agroecological farming
systems is low. Global trade wars, recurring pandemics starting with the
COVID-19 situation in 2020 and global political tendencies for less interna-
tional cooperation and increased competition between regions strengthen
belief in the importance of self-sufficiency in food supply. In the wake of
this, some EU member states have put policies in place to promote more
national food production, based on arguments like supporting local farmers
and/or reducing the dependency on imported foods, e.g. in preparedness
for supply interruptions due to conflicts or trade wars. Member states
keep agriculture strongly protected and financially supported. Member
states manage to keep up with international competition mainly through
protective trade policy, but also through consumer demand for domestic
products. On the demand side, most countries implement policies to pro-
mote consumption of local foods. There are increasing numbers of publicly
funded projects and initiatives to support local production, including label-
ling schemes and policies to support short supply chains. In terms of agricul-
tural production in the EU, the focus is on increased output of bulk
commodities and continued growth of the agricultural sector, primarily to
supply member state populations. Local production is prioritised over
implementing agroecological practices or other more sustainable ways of
farming, which are often seen as inefficient use of land. Major investments
in local food processing facilities, locally adapted machinery and produc-
tion of agricultural inputs such as fertilisers, pesticides and machinery
have been made in many countries to enable local food systems. Most
citizens continue to eat a highly environmentally impacting diet, with
high levels of animal products, as there are few consumer side policies in
place to steer consumption in a different direction and as investment and
support for intensive livestock production continue. Food waste decreases
slightly due to somewhat higher food prices.

2.2.4. Storyline 3b: Localisation-for-sustainability
In the Localisation-for-sustainability storyline, local food systems do not

arise for reasons of nationalism and protectionism, but rather as an out-
come of a deliberate policy goal of creating sustainable and resilient food
systems. Supporting local food production to sustain and develop rural
communities is an important socio-economic sustainability goal that is
given high priority in this narrative. The main difference between this
and the Local-agroecological-food-system storyline (see Section 2.2.5
and S1.5), which also includes a transition to local food systems, is that
Local-agroecological-food-systems has a strong focus on agroecological food
systems, including more ‘nature’-based practices and re-design of agricul-
tural systems. Localisation-for-sustainability focuses on the localisation
aspects and relies more on technical solutions to achieve sustainability,
i.e. it is more aligned with the ‘sustainable intensification’ perspective
(Godfray, 2015). For example, in this storyline, using mineral N fertilisers
produced using renewable energy would be seen as a sustainable practice.
4

In line with the sustainable intensification perspective, further deforesta-
tion or cultivation of grassland is heavily regulated. Agroecological prac-
tices have not increased from current levels and are dominated by weak
practices. A prerequisite for ‘pursuit of a sustainable and resilient localised
food systems' is a shift in diets to increased seasonality, determined by local
availability of foods. Depending on location, eating patterns in the EU then
stratify. In southern Europe, climate change-induced droughts drive up the
price of crops and the economic viability of feeding cereals to livestock
diminishes, so diets become mainly plant-based, i.e. vegan and vegetarian
diets become the norm. In northern Europe, the variation in climate condi-
tions increases markedly, making the availability of fruits, vegetables, and
cereals more volatile. Increased use (and dependence) on low-cost grazing
on marginal lands makes milk and ruminant meat more abundantly
available, however. Additionally, rapid technological advances introduce
an array of novel food products, stemming from sources with low environ-
mental impact.

2.2.5. Storyline 4: Local-agroecological-food-systems
A rapid increase in climate and environmental concerns among large

population groups in the EU, and fierce campaigning for stricter policies
to prevent climate and environmental breakdown drive change in the
Local-agroecological-food-systems storyline. This integrated approach to EU
food security presented in the Farm-to-Fork strategy (EC, 2020a), rather
than the silo approach of separate agricultural, environmental and health
policies, has been largely adopted by most member states by 2028. The
strategy's high ambitions for organic farming (goal of 25% of total farmland
in 2030) spurs investment and interest in agroecological transitions. Differ-
ent types of alternative food systems expand rapidly, including different
types of community-supported agriculture and short supply chain/direct
sales online systems. The CAP is now handled under the umbrella of the
integrated food policy and has radically changed by 2050. Most impor-
tantly, support for industrial livestock holdings has been abolished and
major investments have gone into improving the productivity of smaller
agroecological farms and supporting transition to agroecological farming.
Greater consumer awareness is achieved by coherent marketing campaigns
and dissemination of clear, accurate and complete information about the
benefits of agroecological production systems for society. By 2050, on aver-
age across member states, 20–50% of land is farmed with strong agroeco-
logical practices, serving mostly local markets. Industrial pig and poultry
holdings have drastically decreased, as consumer support for such systems
has been heavily reduced by increased awareness of animal welfare, antibi-
otic resistance and risks of zoonosis. Ruminant populations are not affected
to the same extent, as these can be incorporated into agroecological farming
systems more easily. However, many intensive ruminant production
systems are re-designed to be grass-based, with animal numbers adjusted
to local land availability. The concept of locally adapted agroecological
food systems in this storyline also involves striving for more healthy and
sustainable consumption patterns. This includes a view that excess intake
of “unnecessary” foods, excess consumption of livestock products, espe-
cially from animal species consuming human-edible feed (i.e. pigs and poul-
try), and excess intake of food in general is a waste and should be prevented
by powerful policy measures. As a result of the action put in place in many
areas on production, consumption andwaste reduction, diets are drastically
changed to more sustainable, mainly plant-based, diets, although in some
countries where consumption of ruminant products is currently low,
the consumption of beef and dairy from grass-based systems is increased,
replacing some of the monogastric products.

3. Biophysical modelling

3.1. Biophysical models

We used two biophysical mass- and nutrient-flow models, BioBaM
(version BioBaM-GHG 2.0; Kalt et al., 2021; Muller et al., 2020) and
SOLm (Muller et al., 2017, 2020; Röös et al., 2021), to model the bio-
physical outcomes and some socioeconomic indicators of the different
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storylines. The model outputs include: (1) area of agricultural land used
in different regions, (2) amounts of crop and livestock biomass pro-
duced in different regions to meet demand, (3) ‘potential land feasibil-
ity’, (4) the N deficit, thus addressing the challenge of potential N
undersupply in agroecological systems (Connor, 2018; Barbieri et al.,
2021; Morais et al., 2021), (5) GHG emissions from agricultural produc-
tion, including energy use, production of inputs and land use change,
(6) biodiversity pressures, (7) the net trade between EU regions and
member states and rest of the world (RoW), (8) producer value, labour
use and labour productivity, and (9) animal welfare. The models were
calibrated with data on land availability and yields from FAO (2020),
Eurostat (2021) and the Common Agricultural Policy Regionalised
Impact (CAPRI) model (Britz and Witzke, 2015; Kempen and Witzke,
2018). The baseline reflected the situation in 2012, and thus consisted
of a mix of conventional and organic systems in a region, i.e. the yields
per NUTS2 region were the average yields for organic and conventional
systems combined. This baseline was chosen for consistency across the
different data sources that were used as input to the models, e.g. grass-
land areas and yields, the CAPRI data on livestock diets. The latest
FAO (2018a) scenarios were used as the starting point and further
geographical detail was added for the EU, including agroecological
practices. For developments in the RoW, we used input data and factors
for the business-as-usual scenario from FAO (2018a), complemented
with data from Erb et al. (2016) and Kalt et al. (2021). For simplicity,
developments in RoW were held constant in the modelling across all
storylines. Hence, we investigated the consequences of different devel-
opments in the EU in a context in which RoW followed the business-
as-usual scenario in FAO (2018a), meaning that preferences and values
of consumers and policy makers in the rest of the world remain
unchanged even if these change drastically in the EU.

In BioBaM, the EU is divided into 227 regions (NUTS2), thus enabling
detailed spatial assessment and integration of land use change-induced
impacts resulting from changes in production (e.g. use of agroecological
practices or changes in food demand). BioBaM calculates changes in the
flows of biomass from cropland and grassland and induced land use
changes based on exogenously set population dynamics and diets (here
following the storylines). When land is freed up as a result of decreased
demand or increased productivity, it is assumed to revert to vegetation
regrowth native to the region, leading to ‘nature-based' carbon sequestra-
tion (Kreidenweis et al., 2016; Griscom et al., 2017).

In this study, potential land feasibility was calculated as the ratio
between the area of land needed to supply demand in a region, using
local yields and livestock efficiencies to determine the land demand, and
the available land in that region considering allowed expansion of cropland
according to the different storylines (Section 3.2.1) (Table 1). The ratio is
calculated separately for cropland and grassland, with the lower value
determining the potential land feasibility (Kalt et al., 2021). That is, when
calculating the potential land feasibility, what is currently grown in the
region is not considered, but rather the BioBaM model looks at whether
the local demand for food could potentially be satisfied by local production.
Biodiversity pressures are captured by three different indicators: (i) total
biomass appropriation, defined as the harvested biomass as a share of the
potential net primary production (Haberl et al., 2007b), (ii) grazing
pressure, i.e. grazing harvest as a percentage of the current vegetation
(Petz et al., 2014), and (iii) heterogeneity of agricultural land use as
captured by the Shannon index, a proxy for the supportive capacity of
agroecosystems to host biodiversity (Mayer et al., 2021).

The SOLmmodel follows a similar approach, but relies onmore detailed
modelling of agronomic aspects of production systems (e.g. for animal pro-
duction systems with herd structures and correspondingly differentiated
feed supply, nutrient excretion and emissions) (Muller et al., 2017, 2020;
Röös et al., 2021). We used SOLm to complement the outputs from BioBaM
with results on: (i) additional indicators of resource use (use of energy,
pesticides and irrigation water), (ii) additional environmental indicators
(N surplus, water scarcity and ammonia emissions), and (iii) socio-
economic indicators (use of antibiotics in livestock production, labour
5

use, producer value and labour productivity). Producer value is derived
using the production quantities and the per unit primary product producer
prices as provided by FAO (2020), reflecting farm-gate prices received by
the farmers. SOLm also captures trade flows, which we used as inputs in
macroeconomic modelling. Being a biophysical model, trade flows in
SOLm are derived from trade flows as provided by the data for the baseline
year; exports from each country then being adapted proportionally to
changes in domestic production and source regions for imports being
adjusted according to the trade clusters in the scenarios. The drawback of
this approach is that it is not driven by market dynamics, which could
allow us to derive prices directly, the advantage is that it is close to the base-
line in relative trade-patterns and thus captures country specific aspects
that are mirrored in these. The N surplus indicator captures the difference
between total N inputs (mineral fertiliser, manure production, other
organic fertilisers, biological fixation and deposition) and outputs (N in
crop and grassland biomass) from the agricultural production systems
according to the OECD N balance (OECD, 2019).

Other land uses (e.g. for fibre and biofuels), population and emission
factors for energy use were held constant across the five storylines. Other
land uses were set according to the FAO commodity balances as in 2012
(FAO, 2018a), population was assumed to follow a medium projection for
population development (Fricko et al., 2017) and emissions from energy
use corresponded to current levels (for emission factors used in BioBaM,
see Kalt et al. (2021) and Muller et al. (2020)).

3.2. Parameterisation of the biophysical models

This section describes how the qualitative storylines were translated
into concrete numeral input to the models (see Table 1 for a summary).

3.2.1. Cropping
The storylines differed in terms of how and to what extent agroecolog-

ical farming practices were implemented. In Business-as-usual, Localisation-
for-protectionism and Localisation-for-sustainability, it was assumed that
there was no change in the diffusion of such practices from the baseline,
i.e. implementation of agroecological practices reflected the situation in
2012. In Agroecology-for-exports, 75% of fruits, vegetables and nuts for the
EU market were assumed to be produced using organic practices, while
100% of fruits, vegetables and nuts for export to RoW were assumed to
be organic (grown on surplus land not needed for supplying the EU food
demand). For all other crops, organic practices were assumed to be used on
20% of available land in this storyline. For Local-agroecological-food-systems,
a diffusion rate of agroecological practices of 50% for all crops in 2050 was
assumed.

A yearly increase in conventional crop yields following FAO (2018a)
was assumed. These yield changes accounted for expected negative impacts
on yields from climate change. We implemented weak agroecological prac-
tices as organic farming, assuming yield gaps based on Ponisio et al. (2015).
In addition, in organic crop rotations, legumeswere assumed to be included
every four years to supply nitrogen. A smaller yield gap, 50% of the gap in
Ponisio et al. (2015), was assumed for strong agroecological practices, as
we assumed these to allow for external N fertiliser additions, such as
synthetic fertilisers, in cases where legumes (grown every four years) do
not provide the amounts of N needed.

The storylines also differed in the extent towhich cropland was allowed
to expand into grassland (with no expansion into forest allowed in any of
the storylines) in cases where the available 2012 domestic cropland was
not sufficient to cover demand. In Business-as-usual, cropland was allowed
to expand by up to 20% compared with the 2012 cropland extent in each
region (if sufficient grassland suitable for cropping was available). In
Agroecology-for-export and Localisation-for-protectionism, cropland was
allowed to expand by up to 70% if enough land suitable for cropping (i.e.
highly productive grassland) was available in the region, in accordance
with the focus on increased agricultural production and de-emphasised
environmental concerns. However, in Agroecology-for-export, expansion
was only allowed to cover demand in Europe and not to provide additional



Table 1
Model inputs used in biophysical modelling of the different storylines.

1. Business-as-usual 2. Agroecology-for-exports 3a. Localisation-for-protectionism 3b. Localisation-for-sustainability 4. Local-agroecological-food-systems

C R O P P I N G
Share of land under
agroecological
practices

As in 2012
(5.7% in organic
production on
average)

75/100%a of high-value crops
(fruits, veg, nuts), 20% for all
other crops

As in 2012 As in 2012 50% of cropland under
agroecological practices (all crops
equally)

Crop yields
conventional

FAOSTAT 2012 with productivity increasesb

Crop yields
agroecology

NA Organic yields. i.e. yield gaps
according to Ponisio et al.
(2015)

NA NA Agroecological yields, i.e. 50% of
the Ponisio et al. (2015) yield gap

Nitrogen supply Synthetic fertilisers Biological fixation (legumes
every fourth year)

Synthetic fertilisers Synthetic fertilisers Biological fixation (legumes every
fourth year) complemented with
synthetic fertilisers

Cropland
expansion

Maximum 20%
expansion, if
suitable land
available

Maximum 70% expansion, if
suitable land available

Maximum 70% expansion, if
suitable land available

Not allowed Not allowed

L I V E S T O C K
Livestock diets As in 2012

CAPRI (EU),
Herrero et al.
(2013) for RoW
with yearly
productivity
improvements

‘Intermediate’ ruminant
production; 10% reduction in
efficiency for monogastrics on
average

As in 2012 As in 2012 Ruminant diets entirely
grass-based, 10% reduction in
efficiency for monogastrics on
average

Distribution of
livestock

According to
current patterns

According to cropland and
grassland availability across the
EU

According to cropland and
grassland availability within the
country

According to cropland and
grassland availability within the
country

According to cropland and
grassland availability within the
country

Maximum grazing
intensity

Max. sustainable
level (Erb et al.,
2016)

Max. sustainable level (Erb
et al., 2016)

+10% from Business-as-usual −10% from Business-as-usual −20% from Business-as-usual

D I E T S A N D W A S T E
Dietary patterns FAO BAU

projectionc
FAO BAU projectionc FAO BAU projectionc Strict average EAT-Lancet dietd EAT-Lancet dietd with higher

share of beef and dairy
Ruminant /
monogastric meat

As in FAO BAU
projection

As in FAO BAU projection As in FAO BAU projection Strictly according to the
EAT-Lancet diet a

50% of monogastric meat in the
EAT-Lancet diet a replaced with
ruminant meat and dairy

Waste levels As in 2012 As in 2012 Reduced by 15% Reduced by 50% Reduced by 50%
T R A D E
Trade clusters Global trade, no

restriction
EU-trade first, then RoW Country wide trade first, then

EU, then RoW
Country wide trade first, then EU,
then RoW

Country wide trade first, then EU,
then RoW

a 75% for the EU market, 100% for exports.
b FAO, 2018a; Table S2.1.
c FAO, 2018a; Business-as-usual scenario.
d Willett et al., 2019.

E. Röös et al. Science of the Total Environment 847 (2022) 157612
commodities for export. In Localisation-for-sustainability and Local-agroeco-
logical-food-systems, no expansion of cropland was allowed.

3.2.2. Livestock production
Livestock diets from CAPRI were assumed for the EU (Britz and Witzke,

2015), and livestock diets from Herrero et al. (2013) for RoW. Annual effi-
ciency gains of 0.1% for the Global North and 0.24% for the Global South
were assumed for all livestock species (Fricko et al., 2017). These livestock
diets were used for Business-as-usual, Localisation-for-protectionism and
Localisation-for-sustainability.

In Agroecology-for-exports, the mix of conventional and organic rumi-
nant production was modelled as an ‘intermediate intensity’ production
system inwhich the amount of feed produced fromcroplandwas heavily re-
duced (by between 46% and 96% across countries). In Local-agroecological-
food-systems, ruminants were assumed to be entirely grass-fed. For both
these storylines, it was assumed that conventional systems still dominated
production of monogastric animals, but that agroecological practices with
lower feed conversion ratios increased slightly (modelled as an overall
reduction in feed conversion ratio for monogastrics of 10% in both cases).

For Business-as-usual, livestock production was distributed spatially
according to current patterns and scaled linearly with demand. For the
three storylines based on localisation, livestock production was re-
distributed across the country based on the availability of cropland and
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grassland. For example, if ruminant production in a region needed to
increase due to an increase in demand for meat and dairy and no further
grassland was available in that region, ruminant production was moved
to another regionwithin the country with grassland available, and similarly
for cropland and monogastric production. For Agroecology-for-export,
following its emphasis on trade, redistribution of livestock production
across the whole of the EU was assumed. Grazing intensities were assumed
to remain below maximum sustainable thresholds (Kalt et al., 2021;
Erb et al., 2016; Haberl et al., 2007a) in Business-as-usual and Agroecology-
for-export. In Localisation-for-protectionism, grazing was allowed to intensify
to deliver more local foods, while in Localisation-for-sustainability and even
more so in Local-agroecological-food-systems, maximum grazing intensity
was reduced to protect biodiversity.

3.2.3. Diets and waste
In Business-as-usual, Agroecology-for-exports and Local-for-protectionism,

the diets followed FAO (2018a) per country business-as-usual projections,
i.e. they only changed slightly from 2012 diets. In Local-for-sustainability
and Local-agroecological-food-systems, due to their sustainability focus,
diets were assumed to change drastically to align with the EAT-Lancet refer-
ence diet, defined as a healthy diet whose environmental impacts have the
potential to stay within planetary boundaries (Willett et al., 2019). The
quantity of foods from the major food groups (grains, vegetables etc.)
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were assumed to be the same as in EAT-Lancet in all countries, but type of
e.g. grains and vegetables depended on what was historically (2012)
grown in the region. In Local-for-sustainability, the amount of foods followed
EAT-Lancet strictly, while in Local-agroecological-food-systems, 50% of
monogastric meat was replaced by ruminant meat and dairy, reflecting
the role of ruminants in making use of grassland (van Selm et al., 2022).
See Fig. S3.1 and Table S3.1 for percentage changes in consumption of
the major food groups.

In the two sustainability-focused storylines, Local-for-sustainability and
Local-agroecological-food-systems, food waste and losses were reduced by
50%. In Local-for-protectionism, food waste and losses were reduced by
15%, while in the other two storylines they remained at current levels.

3.2.4. Trade
In Business-as-usual, we assumed that the crop production shares of each

country remained similar to the base year. In cases in which the 2012 land
availability was not sufficient tomeet local demand, commodities to supply
the EU with food were assumed to be sourced from any country globally
with unused cropland available. Thus, if there are global increases in cereal
consumption (and thus production to cover this consumption), the EU was
also assumed to increase total production in regions with land available.
However, for livestock production, the EU was assumed to produce only
the animal products needed in RoW that could not be produced beyond
the EU without land expansion. This assumption was applied across
storylines and, since production and consumption in RoW were kept the
same across storylines, net exports (i.e. the global deficit) of animal prod-
ucts were the same for all storylines.

In Agroecology-for-exports, deficits in EU regions were assumed to be
covered by production within the EU in the first instance. If EU regions
had spare cropland after meeting local demand, they were assumed to uti-
lise this land for production of export goods (fruits, vegetables and nuts)
using organic practices. These exports of organic products from the EU
did not replace other production in RoW, as these products were considered
luxury crops consumed in addition to projected consumption. In the three
localisation storylines, supply from within the respective country was
prioritised over imports from other countries. Deficits in regions beyond
the EU (as a result of decreased exports from the EU) were first covered
by surplus production in RoW. If these RoW regions could not provide
sufficient biomass, EU regions were assumed to produce for export.

3.3. Results from biophysical modelling

3.3.1. Land use
In all storylines, including those in which livestock consumption and

food waste levels stayed high (according to current trends), the use of crop-
land and grazing landwas reduced as a result of increases in yields and live-
stock productivity and land was freed up for vegetation regrowth (Fig. 2a;
Table S3.1). However, in Agroecology-for-exports this effect was minor, as
surplus land, i.e. land available after meeting EU demand, was used to
produce for export. Most land was freed up in Localisation-for-sustainability,
with 29% of cropland and 72% of grazing land used in 2012 released for
other uses as a result of drastic changes to diets and waste. In Local-agroeco-
logical-food-systems this effect was not as strong, as this storyline favoured
ruminant livestock, which are more land-demanding, over monogastrics
and only 13% of grazing land was freed up. However, grazing in this
storyline was extensive and, despite its large-scale use of land, it could be
beneficial for biodiversity (Dumont et al., 2009).

Localisation-for-protectionism gave similar results in terms of land use
as Business-as-usual, because diets were the same across these storylines
(Fig. 2a). However, slightly more land was freed up in Localisation-for-
protectionism as livestock were distributed within the country, grazing
was intensified and waste was slightly reduced compared with
Business-as-usual (Table 1). Under the assumption of demand in RoW
developing according to business as usual in all storylines, decreases
in exports from the EU increased production in RoW, and hence use of
agricultural land. For all storylines, cropland use outside the EU
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increased by 9–17% (Table S3.1). However, global grazing land
decreased by approximately 13% as a result of ruminant livestock
productivity increases. Thus despite the need for more cropland abroad,
the need for total agricultural land globally decreased by 5–7%
(Table S3.1).

3.3.2. Food production
Ruminant meat production in the EU increased by 13–15% in the

storylines in which diets developed according to projected trends (Business-
as-Usual, Agroecology-for-exports and Localisation-for-protectionism), driven by
increases in demand within the EU and RoW. Production of monogastric
meat, egg and dairy declined (by 6–7%, 32–33% and 18–19%, respectively)
in these three storylines, due to reductions in exports, with more global
production taking place in RoW (Fig. 2c). Production volumes were some-
what lower in Localisation-for-protectionism, due to slightly decreased food
waste (15%) (Table 1). There were drastic reductions in livestock production
in the two storylines in which diets changed to align with the EAT-Lancet diet
(Localisation-for-sustainability and Local-agroecological food systems). Ruminant
meat production decreased by 66% in the Localisation-for-sustainability, but
by considerably less in Local-agroecological food systems (37%), where 50%
of monogastric products were replaced with ruminant products.

Production of most crops increased in all storylines. However, for
storylines in which diets aligned with the EAT-Lancet diet, production of
cereals decreased as a consequence of decreased demand for feed formono-
gastrics. In Business-As-Usual, production of cereals increased by 45%, oil
crops by 48%, roots and tubers by 73% and fruits and vegetables by 9%
(Fig. 2c). Holding country-level production shares constant at 2012 levels
when global demand increased meant that production was scaled up for
all crops in all regions until there was no more available land. Hence,
production in the EU expanded beyond the EU demand to also supply
increased amounts to RoW. There were drastic increases in pulses (almost
500% corresponding to approximately 8% of cropland) in the storylines
in which diets aligned with the EAT-Lancet diet, as plant protein replaced
animal protein.

Large increases in production of oil cropswere also seen for storylines in
which food production was localised (Localisation-for-protectionism,
Localisation-for-sustainability and Local-agroecological food systems), as the
EU currently imports large amounts of these crops. Hence in a future relying
on local production, substantially more oil cropswould have to be grown in
the EU, using up to almost a fourth of cropland. This presents a major
challenge in terms of the availability of land to grow e.g. rapeseed in reason-
able rotations to avoid plant pests and diseases (Bajželj et al., 2021). In
Agroecology-for-exports, production of fruits, vegetables and nuts increased
substantially (223%) following the strategy of using excess land for
exporting high-value organic products. In Localisation-for-sustainability and
Local-agroecological-food-systems, production of these crops also increased
substantially (83%), following a doubling in EU consumption (Fig. S3.1).
The way in which production of animal products and crops changed for
different member states is shown in Table S5.1 and S5.2, respectively.

3.3.3. Potential land feasibility
The potential land feasibility (the ratio between the area of land needed

to supply demand in a region and the available land in that region consid-
ering allowed expansion of cropland; Section 3.1) of regions and countries
in the EU depended on cropland and grassland availability and on diets,
which determined the demand for food and feed. In 2012, the availability
of land in the EU was close to matching the area of land needed to meet
the EU population biomass demand, as the potential land feasibility was
97% (Fig. 2b).

At the aggregated EU level and for all storylines, potential land feasibil-
ity was higher than in 2012 due to productivity gains and/or changes in
diets, while the population in the EU remained nearly constant. In
Business-As-Usual, potential land feasibility was nearly 146%, due to yield
and livestock productivity increases. InAgroecology-for-exports it was a little
lower (110%), due to a 20% implementation rate of agroecological farming
practices, and hence lower yields. Potential land feasibility in Localisation-



Fig. 2. (a) Percentage change in cropland and grazing land and percentage of total agricultural land available for vegetation regrowth across storylines, (b) potential land
feasibility in the European Union (EU), i.e. the extent to which available agricultural land in 2012 can theoretically support local demand, and (c) percentage change in
EU production of a number of main commodities in the different storylines.
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for-protectionism was similar (152%) to that in Business-as-usual, as in both
these storylines there were no drastic dietary changes but increases in
yields and livestock productivity (Fig. 2b). However, in Localisation-for-
protectionism, grazing intensity increased (i.e. more ruminant meat and
milk could be produced from grazing land) and food waste was slightly
reduced, so potential land feasibility increased for most countries. In
Localisation-for-sustainability and Local-agroecological-food-systems,
potential land feasibility was highest among all storylines (203% and
227% respectively), because of drastically reduced biomass demand
from aligning EU diets with the EAT-Lancet diet. In these storylines,
extensification of grazing land, and hence a reduction in food produced
from this land, was feasible without impairing potential land feasibility.

On a national level, in 2012 only 11 out of the 26 member states
assessed had sufficient land to potentially support national demand, with
potential land feasibility ranging from 36% for Portugal to 217% for
Denmark (Table S6.1). With increases in productivity, land feasibility in-
creased for all member states in all storylines exceptAgroecology-for-exports.
However, in Business-as-usual eight member states still did not achieve land
feasibility and in Localisation-for-protectionism it was not achieved by six
8

member states. In Localisation-for-protectionism, potential land feasibility
was 44% higher than in Business-as-usual for some countries (Croatia,
Ireland and Slovenia) due to reduced food waste, higher cropland expan-
sion allowance and higher grazing intensity (Table S6.1).

For the two storylines based on futures with more localised food
systems and drastically changed diets (Localisation-for-sustainability and
Local-agroecological-food-systems), all but four countries (Belgium, the
Netherlands, Portugal, the UK) achieved land feasibility. For Agroecology-
for-exports, potential land feasibility showed very varying results for differ-
ent countries (Table S6.1). For some countries, e.g. Denmark, Germany and
Sweden, there were drastic reductions in potential land feasibility due to
higher shares of agroecological crop production and a shift away from
concentrate feeds towards by-products and grass for ruminants. Since
diets remained comparable to current levels, meeting this demand required
more land which, ceteris paribus, reduced potential land feasibility. Poten-
tial land feasibility was substantially higher than in Business-as-usual only
for countries such as Ireland, due to shifts in ruminant diets towards more
grass-based feed and thus less fodder demand from cropland. The potential
land feasibility at the sub-national scale (NUTS2) is shown in Fig. 3.



Fig. 3. Potential land feasibility (the ratio between the area of land needed to supply demand in a region and the available land in that region considering allowed expansion
of cropland) in sub-regions (NUTS2) across the different storylines.
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3.3.4. Environmental impact
For all storylines in which diets did not change substantially, GHG emis-

sions increased somewhat (to 588 Mt. CO2e for Business-as-usual, 558 Mt.
CO2e for Agroecology-for-exports and 603 Mt. CO2e for Localisation-for-
protectionism, from 522 Mt. CO2e in 2012; Fig. S7.1). In Localisation-
for-sustainability and Local-agroecological-food-systems, emissions were
drastically reduced, to 290 and 279 Mt. CO2e, respectively, due to
reductions in overall demand and hence lower production volumes.
Vegetation regrowth on freed land enabled carbon sequestration so
that 52%, 66% and 72% of emissions were offset in Business-as-usual,
Agroecology-for-exports and Localisation-for-protectionism, respectively.
In Localisation-for-sustainability and Local-agroecological-food-systems,
vegetation regrowth made these futures net-negative in terms of GHG
emissions from agriculture (Fig. S7.1). However, under the assumption
that food consumption will not deteriorate from current trends of in-
creased demand in RoW and that foregone production in the EU must
be replaced by production outside the EU, global emissions still in-
creased from 2012 and were more similar across storylines (Fig. S7.2).

Different cropping patterns across the storylines drove differences in
energy use and, to a lesser extent, the share of organic production. Water
use and water scarcity increased in all storylines due to increased produc-
tion of irrigated crops, such as fruits or vegetables (Fig. 2c). The increase
in water use was smaller in Localisation-for-protectionism than in Business-
as-usual, explained by reductions in food waste with corresponding lower
overall production and by the shift in crop production patterns between
regions with different water scarcity levels. In Agroecology-for-exports, pro-
duction of irrigation-intensive crops such as fruits, vegetables and nuts
explain the higherwater use. In Localisation-for-sustainability and Local-agro-
ecological-food-systems, water use increased due to the need for irrigation of
oil crops, pulses, fruit, vegetable and nuts, despite large reductions in
overall crop production, which referred here to largely non-irrigated
crops (cereals). Water scarcity was determined by location of production.
In Localisation-for-sustainability, water scarcity was higher than in Agroecol-
ogy-for-exports as the focus on local food led to production of water-
demanding crops in water-scarce areas, while in Agroecology-for-exports
increased production of fruits, vegetables and nuts also increased in places
where water was more abundant.

Pesticide use increased somewhat in Business-as-usual and Localisation-
for-protectionism due to higher production volumes. The most important
driver of pesticide use was the share of organic production, explaining the
decrease in storylines with large shares of agroecological production
(Agroecology-for-exports and Local-agroecological-food-systems). However,
pesticide use also decreased in Localisation-for-sustainability, as a result of
decreased overall production volumes following changes in diet. Regional
production patterns also played an important role, i.e. whether or not
production increases occurred in regions with generally higher pesticide
use levels per hectare.

In Business-as-usual, increasing intensification continued with yet more
N inputs per unit output, a pattern which persisted in all storylines with
low shares of agroecological practices. The N surplus was considerably
reduced in Agroecology-for-exports, due to the higher share of organic pro-
duction with corresponding reductions in synthetic fertiliser use. The
effect was even greater in Local-agroecological-food-systems, where the
high share of agroecological production resulted in an 85% reduction in
the N surplus compared with 2012 (Fig. 4). Reductions in ammonia emis-
sions in Localisation-for-sustainability and Local-agroecological-food-systems
resulted from drastic reductions in livestock production in these storylines.

In terms of indicators for impacts on biodiversity, total biomass appro-
priation followed total production volumes, while grazing intensity showed
greater variation across storylines (Fig. 4). It was highest for Agroecology-
for-exports as biomass demand remained high (no substantial changes to
diets) and ruminant livestock was increasingly grass-fed. Grazing intensity
also increased in Local-agroecological-food-systems compared with the 2012
level, althoughmeat consumption was reduced drastically. In that storyline
the share of ruminant meat was higher, as ruminant products were
favoured over monogastric meat, while in Localisation-for-sustainability the
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amounts of meats followed the EAT-Lancet reference diet strictly, with
more poultry and less ruminant meat, which also decreased the grazing
pressure below 2012 levels.

In 2012, most regions showed a medium level of heterogeneity, with
lower diversity in the UK in Northern Europe (Fig. 5). In Business-as-usual
and Agroecology-for-exports, the Shannon index decreased, indicating
lower heterogeneity, due primarily to further intensification and continua-
tion of the current specialisation in Business-as-usual, and to the strong focus
on high-value products for exports in Agroecology-for-exports. In Localisa-
tion-for-protectionism and Localisation-for-sustainability, heterogeneity
increased moderately and more substantially, respectively, compared
with 2012. Since domestic demand was the major driver of agricultural
production in these two storylines, this led to a more diverse set of crops,
increasing the heterogeneity of agricultural production. Local-agroecologi-
cal-food-system showed the most pronounced heterogeneity of all scenarios,
reaching an average EU-wide Shannon index of over 70 (Fig. 5).

3.3.5. Socio-economic consequences
In Agroecology-for-exports, the increase in high value and labour inten-

sive products (fruits, vegetables and nuts) led to overall higher producer
value and labour use, in such proportions that the labour productivity
also increased (Fig. 6). To a small extent in this storyline and to a very
pronounced degree in storylines with lower livestock numbers, the labour
productivity results were driven by a shift from the livestock to the crop
sector. In general, the drop in labour use and producer value in the livestock
sector was compensated for by developments in the cropping sector. For
antibiotics use, the differences between storylines reflected differences in
intensity and animal numbers, given that the indicator was built on a per-
head antibiotics use value multiplied by the number of living animals. For
example, in Local-agroecological-food-systems, the reduction was driven by
reduced animal numbers and a shift from more antibiotic-intensive mono-
gastrics to ruminants. Regional differences in intensity and antibiotics use
also affected the results, with reductions in overall antibiotics use in
Localisation-for-protectionism explained by livestock production being
moved to areas with less intensive livestock rearing. It has to be emphasised
that the antibiotics use index for 2050 does not account for any potential
improvement in antibiotics use, e.g. in the course of implementation of
the Farm to Fork strategy (EC, 2020a), or national policies.

4. Benchmarking against policy targets

In order to benchmark the outcomes of the different storylines, we com-
pared the results from the biophysical modelling with established or pro-
posed policy targets (Table 2). For climate change, the EU 2030 Climate
Target Plan, set in place in September 2020, established the ambition of
the EU to reduce overall GHG emissions to at least 55% below 1990 levels
by 2030. The 2030 Climate Target Plan will be amended to the EU Climate
Law,which aims for the EU to be climate-neutral by 2050 (EU, 2021). In the
current climate framework, there are no specific EU or national targets for
the reduction in GHG emissions to be achieved in the agricultural sector
specifically. Agricultural emissions are accounted for together with emis-
sions from transport, buildings, waste and small industry, under what is
called the Effort Sharing Regulation (ESR). The current EU target for
2030 in the ESR sector is a reduction of 30% from 2005 levels, with a
proposed updated target of 40% (EC, 2021a). For ammonia emissions, the
National Emission Ceilings Directive 2016/2284/EU obliges EU member
states to reduce their emissions by 19% by 2030 (EU, 2016).

Key quantitative commitments in the EU Biodiversity Strategy for 2030
(EC, 2020b), against which we benchmarked our results, include: a reduc-
tion in the use of pesticides by 50%; management of at least 10% of agricul-
tural area as high-diversity landscape features (which was considered as
freed-up land here); at least 25% of agricultural land under organic
management; reduced fertiliser use by at least 20%; and planting at least
3 billion trees (we assumed that 1250 trees can be planted on one hectare
of freed-up agricultural land and did not consider technical or economic
constraints; EC, 2021b). In addition to these goals, the EU Farm to Fork



Fig. 4. Environmental impacts of the storylines in relation to the baseline year 2012.
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strategy includes a goal of reducing the use of antimicrobials in livestock
production by 50% (EC, 2020a).

5. Policy measures for realising the storylines

5.1. Economic model

We investigated how the biophysical allocations in the respective
storylines might be achieved through policy interventions, focusing on
two aggregated regions: the EU and RoW. The EU was treated as a single
region because it is a customs union and has harmonised its economic
and trade policies in the agricultural sector via the CAP. Thus we studied
how market-based policies (taxes and subsidies on production and
consumption and import tariffs) could achieve the outcomes of the biophys-
ical models, i.e. quantities produced, consumed and exported in each of the
two regions, for each storyline. Themodel calculatedmarket-based policies
assuming no changes in consumer preferences or technology, but in reality
such changes shift demand and supply (as detailed in the storylines) which
would lessen the need for the policies in some cases. For instance, an
increased preference for domestically produced goods would diminish the
need for import tariffs.

We used a partial equilibrium model of production, consumption, and
trade (Muth, 1964) that has been used previously in many prominent
studies on how policy interventions affect agricultural markets (Sumner
and Wohlgenant, 1985; Gardner, 1987; Alston et al., 1995). For each
storyline, the model found policies necessary to deliver farm-gate prices
such that farmers produced the quantities stipulated by storyline, and
consumer prices such that consumers purchased the stipulated quantities,
while allowing for changes in trade flows. For details, see Supplementary
Material S8.

The 2050 Business-as-usual storyline was taken as a baseline against
which the other storylines were compared. We assumed that policies
needed to reach 2050 Business-As-Usual were similar to the policy regime
in 2012 and that technologies and consumer preferences were similar to
those in operation today. The ad valorem import tariffs, consumption
taxes/subsidies and production taxes/subsidies in each storyline thus repre-
sented changes relative to this baseline, expressed as a percentage of the
Business-as-usual price. Note that a negative tax is the same as a subsidy.

In Business-as-usual, the policies that we considered, such as production
subsidies and import tariffs, only made up a small part of EU support for
farmers. The OECD Producer Support Estimate for the EU, an aggregate
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measure of transfers from government (CAP support) to producers covering
all agricultural production, was 19% of gross farm receipts in 2020 (OECD,
2021). Of these transfers, less than onefifthwas in the form of price support
such as production subsidies and import tariffs, whereas four-fifths were via
income support,which does not directly affect commodity prices. However,
some sectors such as poultry (28% of gross receipts), and beef and veal
(13%) receive significant production subsidies, while others including
dairy (32%) and sugar and confectionery (27%) benefit from significant
protection through tariffs (WTO, 2020).

5.2. Results from macroeconomic modelling

The economic modelling revealed that if the outcomes in the storylines
were to be achieved through market-based policy interventions alone, very
strong measures would generally be needed (Table 3; Figs. S9.1–S9.3).
There was generally a need for high import tariffs to encourage local pro-
duction, combined with production taxes to discourage production and
exports. Consumption subsidies, which are positive in each storyline, coun-
teract the negative impact of production taxes on consumption in order to
align with the results from the biophysical model.

In Table 3, all of the numbers are percentages of the Business-as-usual
price. For concreteness, assume that the average price of food in Business-
as-usual is 100 euro per ton, after allowing for the effects of existing policy
(i.e. any tariffs, consumption subsidies, and production taxes that may exist
in this storyline). Then a production tax of +104 indicates that, on top of
existing policy, taxes of 104 euro per ton are paid by producers. Assume
that in Business-as-usual producers are subsidised at a rate of 20 euro per
ton. Then the net production tax will be 84 euros per ton.

Regarding the effect of the policy instruments on prices, since we
assumed a high price elasticity of supply, changes in farm-gate prices
were rather modest, even when the storylines called for large changes in
production quantities. On the other hand, changes in consumer prices
were much greater due to low elasticities of demand, consistent with
existing literature showing the difficulty of shifting food consumption
patterns (Powell and Chaloupka, 2009; Smed et al., 2016).

5.2.1. Agroecology-for-exports
To recap, in the Agroecology-for-exports storyline, the focus was on

competitive markets, albeit with a focus on within-EU trade over trade
with RoW, and innovation for sustainable development. There was strong
support for organic farming as a means to produce high-value foods (fruit,



Fig. 5. Heterogeneity of agricultural land use per region in the different storylines, calculated as Shannon Index based on 14 agricultural land uses (11 cropland uses, 3
grassland uses). A high score represents high heterogeneity.
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Fig. 6. Percentage change in socio-economic variables in the different storylines in relation to the baseline year 2012.
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nuts and vegetables), both for domestic consumption and export. Eating pat-
terns developed according to current projections, staying rich in meat.

In this scenario, substantial increases in import tariffs compared with
Business-as-usual were required by 2050 (Table 3). The average tariff
increase across the 12 food categories was 53%. This was needed as the
EU was more self-sufficient in this scenario due to the EU trade cluster,
which prioritised production in the EU over imports from RoW. At the
Table 2
Scenario outcomes in relation to 2030 policy targets. (Green= targ
tion made).
1Current target (EC, 2021a).
2Proposed updated target (EC, 2021a).
3Not organic production in a strict sense according to current regul
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same time, consumption subsidies averaging 13% were required, whereas
production was subsidised for nuts and vegetables and taxed for all other
products (except vegetables) (Fig. S9.3). The production subsidies for nuts
and vegetables were needed to enable exports in the scenario, i.e. the pro-
duction subsidies kept the prices competitive on global markets. These sub-
sidies would have to be combined with regulations to ensure organic
production methods, which is similar to the payments for organic
et met; red= target not met, pink= target not met, but reduc-

ations, as some synthetic fertilisers are used.



Table 3
Policy instruments required to reach 2050 storylines compared to 2050 BAU, average across all food categories.

Agroecology for exports Localisation for protectionism Localisation for sustainability Local agroecological food systems

Tariff (%) +53 +58 +33 +56
Consumption subsidy (%) +13 +39 +1 +6
Production tax (%) +24 +104 +69 +113
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production that currently exist under the CAP.However, in this scenariowe
assumedmore rapid innovation in these sectors than in Business-as-usual, an
innovation that should reduce costs and the need for production subsidies.

5.2.2. Localisation-for-protectionism
Localisation-for-protectionism involved protective trade policy and

increased consumer demand for domestic products. On the production
side, the focuswas on increased outputs of bulk commodities and continued
growth of the agricultural sector, primarily to supply national populations.
The result was a dramatic increase in production of oil crops and a fall in
cereal production due to the need to rectify the current situation in which
large volumes of oil crops are imported while cereals are exported.

The average tariff increase needed across the 12 food categories was
58% compared with Business-as-usual, which was very similar to Agroecol-
ogy-for-exports (Table 3). This calculation assumed unchanged consumer
demand, but in the Localisation-for-protectionism storyline demand for
domestic products increased; the larger this increase, the smaller the need
for a tariff. The shift away from imports led to higher food prices in the
EU, which encouraged production. However, production taxes were
required for all goods, averaging 104% (Table 3). Finally, substantial
consumption subsidies were required for most crops (except for cereals,
root crops and tubers) if consumers were to maintain the assumed diet
despite the higher prices which would otherwise result from the combina-
tion of higher tariffs and lower production subsidies, unless preferences
for local products drastically changed.

5.2.3. Localisation-for-sustainability
Under Localisation-for-sustainability, local food systems arose as an out-

come of a deliberate policy goal of creating sustainable and resilient food sys-
tems through ‘sustainable intensification’. Hence there was no increase in
agroecology, but a shift in diets to increased seasonality and local stratifica-
tion. Rapid technological advancement also introduced an array of novel
food products stemming from sources with low environmental impact.

As in the previous storyline, the emphasis on localisation led to a
dramatic drop in cereal production and an increase in oil crops. Further-
more, there was a dramatic drop in production and consumption of animal
products, due to their replacement with legumes, fruits, vegetables and
nuts. In the economic model, these were achieved through large consumption
taxes on milk and meat (and to a lesser extent cereals) and large subsidies on
most plant-based foods were needed (Fig. S9.2), combined with large taxes
on production to prevent production in the EU for international markets
(Fig. S9.3). The average import tariff was 33% (Table 3), which was lower
than in Localisation-for-protectionism because of the consumption taxes for
some food categories, but necessary because international producers were
also covered by the consumption taxes. With regard to animal products, these
measures should be interpreted as a proxy for the large reductions that would
be necessary in the prices of alternatives to milk and meat, combined with
changes in consumer preferences for these alternative products. For nuts, oil
crops, pulses and vegetables (where EU production increased) the reverse oc-
curred, with consumption and production subsidies or levels of taxes increased
compared with Business-as-usual. With regard to vegetables, consumption
subsidies can be interpreted as increased preferences for these goods.

5.2.4. Local-agroecological-food-systems
In the Local-agroecological-food-systems storyline, support for industrial

livestock holdings was abolished and major investments went into
improving the productivity of smaller agroecological farms, as well as mar-
keting agroecological food. Pig and poultry numbers decreased drastically,
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whereas ruminants were integrated into grass-based farming systems.
Finally, diets became much more plant-based.

In terms of aggregate biophysical quantities, this scenario was quite
similar to Localisation-for-sustainability, but with a large shift to agroecolog-
ical production practices. If this shift were mandated by policy, it would
imply raised costs and could therefore remove the need for a production
tax, which (in the absence of the mandate) would be 113% on average
(Fig. S9.3), the highest of all storylines. Furthermore, there would be
large consumption taxes on cereals, milk, meat and eggs (Fig. S9.2) but, if
there were a sufficiently large preference shift away from these goods,
such high consumption taxes would not be necessary. As in the previous
storyline, the key was a change in preferences for different foodstuffs,
such as meat alternatives and vegetables.
6. Discussion and conclusions

Two contrasting scenarios for upscaling agroecological practices were
compared in this study. In the first, Agroecology-for-exports, agroecology
was assumed to be implemented as a way to produce high-value products
serving high-income consumers through trade. On the positive side, this
could increase producer value and labour productivity (Fig. 6). However,
despite 40% of the agricultural area being under organic management
(far exceeding the Farm to Fork target of 25%), only two of the eight EUpol-
icy targets analysed were achieved (Table 2). As diets, and hence demand,
followed current trends in this storyline, there were few improvements in
environmental indicators compared with the current situation, despite
large-scale implementation of agroecological practices (Fig. 4). Pesticide
use decreased, but not enough to reach the target (Table 2). As land freed
up through yield and livestock productivity increases was assumed to be
used to produce more for export, this was the only storyline in which the
biodiversity target to free 10% of agricultural land was not met. Hence,
large-scale implementation of agroecological practices, without concurrent
changes on the demand side, and without regulations in place to prevent
land freed up from increases in yield and livestock productivity
being used for additional production, environmental pressures could be
aggravated.

However, as illustrated by our second storyline with emphasis on agro-
ecology, Local-agroecological-food-systems, large-scale diffusion of agroeco-
logical practices alongside drastic dietary change and waste reductions
would allow major improvements in environmental indicators to be
achieved. This futurewas the only one considered here thatmet all relevant
EU policy targets (Table 2). In summary, this illustrates that results highly
depend on the assumptions employed to characterise agroecology. Sustain-
able intensification in combination with dietary change and waste reduc-
tions, as illustrated by Localisation-for-sustainability, was also effective in
meeting targets related to climate, biodiversity, ammonia emissions and
the use of antibiotics, but did not meet targets for reductions in pesticide
and fertiliser use.

The quantitative EU policy targets for biodiversity (Table 2) only
account for biodiversity that would benefit from land being freed up from
agriculture, and do not consider farmland biodiversity for which organic
farming has proven to be beneficial (Tuck et al., 2014). One of the drivers
behind the higher biodiversity found on organic farmland is greater diver-
sity in land uses, which we measured in this study using the heterogeneity
of agricultural land use indicator (Fig. 5). Heterogeneity was greatest in
Local-agroecological-food-systems as a result of both localisation, i.e. produc-
ing all types of crops needed for the local population, and more varied crop
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rotations in agroecological systems due to the need to grow leguminous
crops for nitrogen supply.

In agreement with many previous studies, our results showed the
importance of dietary change for climate mitigation (Theurl et al., 2020;
Röös et al., 2017; Muller et al., 2017; Sun et al., 2022; Bowles et al., 2019).
For both storylines inwhich diets were alignedwith the EAT-Lancet reference
diet with drastic reductions in total meat consumption (a reduction with
54–71% across member states in Localisation-for-sustainability and 62–78%
in Local-agroecological-food-systems), GHG emissions in the EU almost halved.
In addition, the land saving effect of this dietary change enabled a yearly car-
bon sink through natural vegetation regrowth of between 500 and 1100 Mt.
CO2e, offsetting more than twice or up to four times the agricultural emis-
sions. Similarly, Lee et al. (2019) concluded that, without such transforma-
tion of the food system, it is unlikely that Europe will be able to play its
role in needed large-scale afforestation ambitions. However, competition
for land for different uses (e.g. food production for export markets, bioenergy
production, infrastructure etc.) is increasing, so ensuring that freed land is de-
voted to natural vegetation regrowthwould require strong policies andmight
not be the preferred option when balancing many sustainability aspects.

The need for drastic changes in dietary patterns raised the question of
practical feasibility. Our economic analysis showed that consumption
taxes on meat of over 70%, in combination with high production taxes
and import tariffs, would be needed to achieve the desired outcomes. The
need for high taxes to considerably change consumption is in line with pre-
vious research on consumption taxes on food (Powell and Chaloupka, 2009;
Smed et al., 2016). A 70% tax on meat is comparable to excise duties ap-
plied in the EU on goods such as cigarettes, which must be set at a rate of
at least 60% of the average retail selling price (Directive 2011/64/EU). A
70% meat tax would be similar in magnitude to the Norwegian sugar tax
of 8.60 NOK/kg, implemented in 2017. A 70% meat tax would be several
times higher than the EU minimum excise duty on petrol (0.359 EUR/l,
Directive 2003/96/EC). However, such high food taxes are scarcely politi-
cally feasible in the current situation in the EU, where food production is
currently subsidised through the CAP. Although use of consumption taxes
on food to mitigate climate impacts from the food system has been sug-
gested and modelled in research (Säll and Gren, 2015), such taxes have
not entered into the political negotiations. The Farm to Fork strategy men-
tions that: “EU tax systems should also aim to ensure that the price of different
foods reflects their real costs in terms of use of finite natural resources, pollution,
GHG emissions and other environmental externalities.” (EC, 2020a). However,
there is no further concrete information on how that should be achieved. An
alternative to such high taxes (or perhaps a precondition for their accept-
ability) would be drastic changes in preferences towards more plant-
based, agroecological and local foods, in order for the futures described in
the storylines to be realised. It is still highly uncertain whether such
changes in consumer preferences can be achieved, although policy could
be used to create social tipping points (Nyborg et al., 2016). An aspect
that could increase the acceptability of food taxes is the health gains that
could also come from a transition to more plant based diets (Springmann
et al., 2018). Large-scale diffusion of agroecological practices would also
require a range of policy and actions from other food system actors, includ-
ing initiatives that go beyond agricultural production to include processing
and retail and develop the demand side (Wezel et al., 2018; Lampkin et al.,
2020; Moschitz et al., 2021).

The extent to which the EU food system is localised or based on trade
betweenmember states and RoWwas identified by our participating stake-
holders as a major uncertainty and driver of development in the EU food
system. A call for local food systems can come for several reasons. In
response to increasing political instability and increased prioritisation of
national interests, some EU member states have put in place policies to
increase food self-sufficiency (e.g. Sweden; GOV 2017). Our results showed
that most, but not all, EU countries can feed their population (Table S6.1),
so achieving high self-sufficiency is not viable for all member states. There
are mixed views and a long-standing debate on the usefulness of policies to
support high levels of self-sufficiency. Proponents of such policies stress the
importance of supporting domestic food production in order to be less
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reliant on global markets, but also to build national pride and contribute
to rural development, while critics emphasise the high costs and ineffi-
ciency that result from making self-sufficiency a priority (Clapp, 2017).

Participatory transdisciplinary research on the transition of food
systems has the potential to stimulate reflexive learning on the relevant plu-
rality of underlying values, perspectives, assumptions and institutional and
power structures (Den Boer et al., 2021). Participatory scenario develop-
ment can enable researchers and practitioners to explore new perspectives
on future food systems and to “think outside the box” in developing scenar-
ios that are fundamentally different to the current agri-food system
(Schwarz et al., 2021). This can help scientists to better incorporate a diver-
sity of reflections and practices in their models and facilitate science-policy-
society dialogue on the co-benefits and trade-offs, risks and opportunities
associated with transition to agroecological food systems.
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