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Abstract
Food systems contribute considerably to greenhouse gas (GHG) emissions and influence land use. In Germany, many strategies have 
been proposed by policy-makers to reduce negative impacts and make the food system more sustainable. It is unclear how close the 
suggested policies, when bundled, will bring the food and land use system towards the targeted goals; and what stakeholders from 
non-policy-making organizations consider realistic changes in the German food system. We thus surveyed different stakeholder 
groups on their opinions about realistic changes in the food and land use system in Germany up to 2050, developed four stakeholder 
pathways, and used an accounting tool to determine the effect of each pathway on indicators such as land use, GHG emissions, 
and biodiversity conservation potential. The assessment showed that GHG emissions from agricultural activities and land use are 
reduced from 66 to − 2–22  TgCO2e by 2050, while the area where natural processes predominate increases from 19 to 27–32%, 
and the resilience of the food system is not negatively influenced. The change is caused mainly by a diet-change-induced reduction 
of livestock production and agricultural area transformation into areas with higher carbon sequestration rates. If followed, the com-
mon stakeholder pathway (based on all stakeholder responses) would thus lead towards a sustainable food and land use system, but 
only if the underlying assumption of a drastic diet change towards more plant-based products comes true. Stakeholders from the 
academic and public sectors were more likely to assume that such a change was realistic than stakeholders from the private sector.

Keywords FABLE calculator · Food system · GHG emissions · Land use change · Stakeholder survey · Sustainable 
transformation

Introduction

The European Union aims to make Europe the first climate-
neutral continent of the world.1 The pathway towards this 
goal is outlined in the European Green Deal (European 
Comission 2019), which includes supplying clean, afford-
able and secure energy, mobilizing the industry for a clean 
and circular economy, building and renovating in an energy 
and resource-efficient way, zero pollution, preserving and 

restoring ecosystems and biodiversity, accelerating the shift 
to sustainable smart mobility, and building a fair, healthy 
and environmentally friendly food system. Concrete tar-
gets in the pursuit of these goals comprise a reduction of 
greenhouse gas (GHG) emissions by at least 55% by 2030, a 
renewable energy share of at least 40%, an increase in energy 
efficiency of 36–39% compared to 1990, a removal of 310 Tg 
carbon by sequestration in restored forests, soils, wetlands 
and peatlands, and the extension of the EU-wide network of 
protected areas to cover at least 30% of land and 30% of sea. 
In Germany, the parliament went beyond EU targets, aim-
ing at an overall 65% reduction of GHG emissions by 2030 
compared to 1990 levels, and 88% by 2040, reaching net-
zero emissions by 2045 and net-negative emissions by 2050 
(Bundesklimaschutzgesetz,2 Annex 2). Sectoral targets vary 
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between 77% (energy) and 36% (agriculture) GHG emission 
reductions by 2030 (BMU 2016, Bundesklimaschutzgesetz). 
In addition to these emission reductions, Germany is target-
ing an increase in annual  CO2 uptake from land use, land use 
change, and forestry (LULUCF) to 25 million tons  CO2e by 
2030 and 40 million tons in 2045 (Bundesklimaschutzge-
setz). Even though the food and land use system in Germany 
is not forced to reduce emissions to the same extent as other 
sectors, doing so would alleviate pressure on these sectors 
and ensure an overall more rapid move towards achieving the 
goals set out in the Paris Agreement. In Germany, agricul-
ture was directly responsible for 8.2% of all GHG emissions 
in 2020, not including overlap with other sectors such as 
energy requirements for fertilizer production. Around 50% 
of these emissions are methane emissions from enteric fer-
mentation and manure management, 45.6% nitrous oxide 
emissions from fertilizer applications and manure manage-
ment, and the rest are  CO2 emissions from other manage-
ment operations such as liming (Umweltbundesamt 2021).

If a nation’s entire food system with all relevant pro-
cesses—growing, harvesting, processing, packaging, 
transportation, marketing, consumption, distribution, and 
disposal—is considered, emissions attributable to the food 
system can reach double the emissions from agriculture 
alone (Tubiello et al. 2021). Moreover, the food system is 
a major determinant of how agricultural area is managed 
in a country. For example, the amount of food lost post-
harvest determines the surplus which has to be produced, 
and the consumption level of certain food groups determines 
the area dedicated to their production. As the production of 
meat-based proteins requires 30–40 times more area than 
the production of the same amount of cereal-based proteins 
(Poore and Nemecek 2018), the diet of a population is sig-
nificantly influencing land use, not only domestically but 
also in countries meat is imported from. In food systems 
which evolve to require less agricultural area, it may be pos-
sible to change land use towards systems with higher carbon 
sequestration rates, which may reduce GHG emissions of up 
to a third of the amount stipulated in the Paris Agreement 
(Roe et al. 2019).

Future land use scenarios such as the one just described 
are important drivers of projections for socioeconomic and 
climate development (e.g. Riahi et al. 2016) and can also 
be used to study and assess various human–environment 
interactions beyond climate (e.g. Habel et al. 2019). Most 
scenarios are created by scientists and can be interpreted as 
possible futures relying on natural, technical, and economic 
concepts. However, the societal plausibility of the scenarios 
is usually not investigated: using the web of knowledge plat-
form, we found more than 76 thousand studies on combined 

searches of the topics ‘land use’ and ‘pathways’. When we 
further restricted the search criterion to relate to the area of 
social sciences or the topic ‘plausibility’, the returned studies 
decreased by more than 99%. If, instead, the topic ‘poten-
tial’ was used as an additional search restriction, more than 
20% of the originally found studies remained. This small 
experiment reveals an unfortunate separation between inte-
grated scientific assessments and plausible political objec-
tives. While integrated scientific assessments are generally 
more consistent, political objectives, on the other hand, 
are often compromises between different societal interest 
groups or between different regional entities. These societal 
compromises appear to be more plausible but may suffer 
from inconsistencies and inefficiencies. Inconsistencies may 
result from different institutions dealing with different policy 
objectives for shared resources. Inefficiencies can arise if 
theoretically promising pathways are societally conten-
tious and compromises are needed to find a generally more 
acceptable but less efficient pathway. For example, many 
studies have shown meat consumption in general and beef 
specifically to be a key source for greenhouse gases from the 
food and land use sector. However, while a substantial reduc-
tion or outright ban of these products might be very efficient 
for climate protection, neither consumers nor farmers would 
support this. Even discussing policies far less stringent than 
an outright ban, such as a meatless ‘Veggie Day’, has fos-
tered strong backlash in the population.

Deriving land use scenarios consistent with current or 
planned policies is usually straightforward. In Germany, 
planned and/or already implemented mitigation measures 
for agriculture include a 20% reduction of nitrogen ferti-
lizer applications, an increase in the share of land farmed 
organically from currently 10 to 30% in 2030, the reduc-
tion of food waste by 25–50% and the promotion of more 
plant-based diets; other plans are more vague, such as the 
strengthening of the resilience of the food system (BMEL 
2019; BMU 2020; Bundesregierung 2008). It is unclear, 
however, how close the suggested policies, by themselves 
and when bundled, will actually bring the food and land use 
system towards the targeted goals. It is also unclear how 
stakeholders view these plans and whether they consider 
them realistic or acceptable.

In this paper, we address these issues by first changing the 
angle and approaching the topic from a bottom-up instead of 
top-down perspective, and, second, by estimating the mag-
nitude of change in the food and land use system under the 
suggested policies. For this, we survey different stakeholder 
groups on their opinion about realistic changes in the food 
and land use system in Germany up to 2050. Based on the 
answers, we develop four stakeholder pathways (a com-
mon stakeholder pathway, and three pathways representing 
stakeholder opinions from the academic, public and private 
sectors) and use an accounting tool to determine the effect 
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of each stakeholder pathway on indicators such as land use, 
biodiversity conservation potential, food consumption, trade, 
and GHG emissions. Specifically, we examine if the changes 
stakeholders deem realistic for the German food and land 
use system by 2050 can (1) meet either of the various GHG 
reduction targets, (2) increase the area suitable for biodiver-
sity conservation, and (3) increase the resilience of the food 
system. Furthermore, we compare the trajectories of these 
indicators under the stakeholder pathways to the trajectories 
under a pathway based on the trends we currently observe, 
and the trajectories under a pathway developed to portray a 
sustainable change in food and land use systems. By doing 
this, we can determine how far the stakeholder pathways 
take us away from the pathway of current trends and towards 
a pathway leading to a sustainable food and land use system, 
and how much more ambitious we may have to be in the 
future to meet our sustainability targets.

Materials and methods

Description of FABLE calculator

The FABLE calculator is developed and maintained by the 
FABLE consortium,3 a group consisting of a core-team and 
currently 20 country teams. It is an open-source Excel model 
that can be used to study the potential evolution of food and 
land use systems under different policies and socioeconomic 
development pathways. As an Excel-based tool, it is more 
accessible and easier to understand for non-modellers than 
other agroeconomic tools and allows for a deeper stake-
holder engagement. Furthermore, every participating coun-
try develops their own bottom-up pathways, thus reflecting 
policies and discussions more realistically than what is pos-
sible in more generic agroeconomic models. The different 
pathways can be brought together in so-called ‘Scenathons’, 
where collective global impacts are calculated based on the 
different national calculators.

The FABLE calculator focuses on agriculture as the main 
driver of land use change and can be used as an accounting 
tool to depict changes in the level of agricultural activities, 
land use, food consumption, trade, and GHG emissions in 
each 5-year time step in the period 2000–2050. It includes 
76 agricultural raw and processed products from the crop 
and livestock sectors and relies extensively on the FAOSTAT 
database4 for input data. Every country team has their own 
national FABLE calculator, as the input data on current diet, 
socioeconomic development status, population, agricultural 
and forest area share, etc. differ between countries.

To start a calculation, the user defines the pathway they 
want to analyse by selecting one of the available develop-
ment scenarios for each of the 15 parameter items contained 
in FABLE, such as different population and GDP trajectories 
or shifts in food consumption (Table 1). At the core of these 
calculations are the scenario definitions, where shifters are 
calculated that implement the scenario target values over 
time by partially shifting the historic, usually 2010, values 
depending on the chosen implementation rate. The variety 
of available scenarios for each item ensures that the user 
can explore the potential impact of current policies or those 
that are not (yet) in place, and/or test for the consequences 
of a wide range of ‘if’ assumptions and their most important 
dependencies. As national targets may not be the same, the 
scenarios available for selection can differ between the dif-
ferent national FABLE calculators.

After the selection of the scenarios, the calculator runs 
through a list of calculation steps (each comprising a large 
number of sub-calculations of which only the most central 
ones are introduced here) where all steps after the first are 
dependent on variables computed in the previous steps. In 
the first step, the targeted human consumption of different 
products is calculated based on historic data and scenario 
trajectories for population, diet, food waste, biofuel, and, for 
some diet scenarios, GDP, by first calculating demands for 
food, biofuels, and other non-food uses, then adding them 
up.

In steps two and three, these values form the base for 
the calculation of, first, the necessary livestock, and, taking 
crop requirements for livestock feed into account, crop pro-
duction. Here, the scenarios on productivity growth, post-
harvest loss, imports, and exports are taken into account. 
For livestock, herd sizes are calculated by adding exports to 
and subtracting imports from the domestic product demand, 
differentiating between different product sources (e.g. milk 
from dairy cattle, other cattle, or sheep and goats). Based 
on the herd sizes, historical feed requirements, and the pro-
ductivity shifters, feed requirements per livestock and crop 
type are calculated. For livestock, an increasing productiv-
ity increases the required feed. From herd size and stock-
ing rates, required pasture area is calculated. Similar to the 
livestock requirements, crop area is calculated based on the 
calculated demand from step one, the required feed, crop 
imports and exports, historic yield data, post-harvest loss, 
productivity growth, and the related scenarios.

In step four, the pasture and cropland area required for 
production as well as other land requirements, e.g. for 
planned afforestation, are calculated. This takes into account 
scenarios on allowed cropland expansion, protected area 
growth, and afforestation policies. In step five, it is checked 
if the required pasture and cropland area is higher than 
the maximum available area (i.e. total land minus urban, 
protected, and new forest area). If it is, the area (step six), 

3 http:// www. fooda ndlan dusec oalit ion. org/ fable.
4 https:// www. fao. org/ faost at/ en/# data.

http://www.foodandlandusecoalition.org/fable
https://www.fao.org/faostat/en/#data
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livestock production (step seven), crop production (step 
eight), and human consumption (step nine) are reduced to 
feasible values based on the maximum available area. For 
example, if a slight cropland expansion would be required 
to fulfil all demands, but the expansion is not possible or 
allowed, the ratio between required and allowed cropland 
is calculated and used to downscale area and production for 
all crops equally, which further affects livestock numbers 
and final indicators. If crop and pasture area are below the 
available maximum, unused area is added to the other natu-
ral land category and the targeted values are accepted as the 
feasible values.

In the last step, indicators for food security, GHG emis-
sions, biodiversity, freshwater use, self-sufficiency, and 
diversification are calculated based on the feasible consump-
tion, production and land use values. The main indicators 
accounted for in the FABLE calculator consist of:

• Food (total kcal, g protein, g fat per capita per day)
• Biodiversity (protected areas per land cover type, area 

where natural processes predominate)

• Land (cropland area, pasture area, urban area, forest area, 
afforested area, other land area)

• GHG emissions  (CO2,  CH4,  N2O emissions from crops, 
 N2O,  CH4 emissions from livestock,  CO2 emissions from 
deforestation,  CO2 emissions from other land conversion, 
 CO2 sequestration from agricultural land abandonment, 
 CO2 sequestration from active afforestation)

• Water (green, blue, grey water consumptive use for 
crops)

• Trade (import quantity, export quantity)
• Supply (production quantity, harvested area, planted area, 

crop yield, number of animals, production losses, biofuel 
production)

• Demand (feed consumption, food consumption, food 
waste, processing for biofuel, other processing, stock 
variation)

A detailed documentation of the FABLE calculator is 
provided in Mosnier et al. (2020).

Table 1  Projections and scenarios the user may choose from before running a calculation with the German FABLE calculator. More scenarios 
can be added by the users

For each item, one scenario must be selected. The set of selected scenarios represents one pathway

Item Available scenarios Description

GDP projections SSP1, SSP2, SSP3 Speed of economic growth of advanced countries and speed 
of convergence for other countries

Population projections SSP1, SSP2, SSP3, SSP4, SSP5, UN_medium, UN_high, 
UN_low, UN_constfertility, UN_instantreplacement, 
UN_momentum, UN_zeromigration, UN_constantmor-
tality, UN_nochange

Fertility, mortality, migration, education, and urbanization 
rates

Alternative diets SSP1, SSP2, SSP3, noChange, EATLancetAverage, 
9050101p5, 8050202p0, FatDiet, NatHealthyDiet

Calorie demand per capita, share of plant-based calories, 
ratio of vegans and vegetarians, macronutrient distribu-
tion

Food waste Current, Increased, Rapid50, Slow50 Share of food consumption which is wasted
Imports I1, I2, I3 Share of consumption which is imported
Exports E0, E1, E2, E3, Redux Evolution of exports
Livestock productivity NoGrowth, BAUGrowth, HighGrowth, LowGrowth Productivity in 2050 in comparison to productivity 

2000–2010
Crop productivity NoGrowth, BAUGrowth, HighGrowth, LowGrowth Productivity in 2050 in comparison to productivity 

2000–2010
Agricultural expansion NoExpansion, NoDefor2030, FreeExpansion Agricultural area expansion
Afforestation NoAffor, BonnChallenge Afforestation
Activity of population Low, Middle, High Active or sedentary lifestyle of population
Climate change NoChange and combinations of:

RCPs: 2.6, 6.0
GCMs: hadgem2-es, gfdl-esm2m, ipsl-cm5a-lr, miroc-

esm-chem, noresm1-m
Crop models: GEPIC, LPJmL

Scenarios of climate change with or without crop produc-
tivity adjustment

Protected areas NoChange, PAEExanpsion, PAAichi30, PAAichi50 Expansion of protected areas beyond current shares
Post-harvest losses NoChange, Reduced Share of supply lost during storage and transportation after 

2010
Biofuel demand NoChange, OECD_AGLINK, National Biofuel demand until 2050
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Description of stakeholder survey

We sent invitations to the survey to the main email addresses 
of the following 51 institutions: One to the German Federal 
Environmental Agency (Umweltbundesamt), one to the Ger-
man Federal Office for Agriculture and Food (Bundesanstalt 
für Landwirtschaft und Ernährung), thirteen to state depart-
ments of agriculture (Landwirtschaftsministerien), seven to 
state chambers of agriculture (Landwirtschaftskammern), 
eleven to farmer’s associations (Bauernverbände), eleven 
to organizations of the private sector such as supermarket 
chains, lobby groups, and other associations, and seven to 
universities and research institutes. In each invitation, we 
asked that the email be forwarded to one or more appropriate 
respondents, who should answer on behalf of their organiza-
tion. The respondents were advised to skip questions that 
they felt were outside their area of expertise. We received 
25 responses. Twelve respondents stated that their organiza-
tion was a scientific institution, seven said it was part of the 
public sector and six stated it was a private association. The 
respondents had a background in agriculture (16), climate 
(2), animal husbandry (2), environmental protection (2), soil 
science (1), communication (1), and nutrition and health (1).

To derive a stakeholder pathway for future food and land 
use systems, we asked the following questions:

 (Q1) By what  percent should the consumption of ani-
mal fat, beef, cereals, chicken, eggs, fish, legumes, 
milk products, nuts, pork, potatoes, sugar, vegetable 
fat, and vegetables and fruits each change by 2050, 
respectively?

 (Q2) By what percent can we realistically decrease food 
waste by 2050?

 (Q3) Will the productivity of crop products (cereals, corn, 
legumes, potatoes, vegetables) strongly increase, 
slightly increase, stay constant, slightly decrease or 
strongly decrease by 2050, respectively?

 (Q4) Will the productivity of livestock products (beef, 
chicken, eggs, milk, pork) strongly increase, slightly 
increase, stay constant, slightly decrease or strongly 
decrease by 2050, respectively?

 (Q5) What percent of soy imports (for fodder) can be 
replaced with alternative protein sources by 2050?

Scenario analysis with FABLE calculator

To properly assess the impacts of the stakeholder path-
way on a future land use and food system in Germany, we 
compare it to two pathways that were already defined for 
a previous assessment (Steinhauser and Schneider 2020). 
The current trends pathway corresponds to a future based 
on current policy and historical trends (Table 2, ‘Current 
trends’). It is characterized by a small population decline 

(from 81.86 million inhabitants in 2020 to 78.91 million in 
2050), significant constraints on agricultural expansion, no 
change in the extent of protected areas, medium productivity 
increases in the agricultural sector, and a 50% reduction of 
the share of food that is wasted by consumers over the period 
2010–2050.5 Furthermore, we assume an evolution towards 
a slightly more flexitarian diet, expressed through a cultural 
shift towards 10% vegetarians and 1.5% vegans, as well as a 
reduction in average overall caloric intake by 10%.

The sustainable pathway represents a future in which sig-
nificant efforts are made to adopt sustainable policies and 
practices (Table 2, ‘Sustainable’). In this future, the popula-
tion grows slightly from 82.2 million in 2020 to 82.4 mil-
lion in 2050 due to SSP1-associated improvements in over-
all human wellbeing and mortality. The extent of protected 
areas increases to 42% in 2050, there is a high productivity 
increase in the agricultural sector, the share of consumer 
food waste is reduced relatively quickly to 50% of the cur-
rent share (the target value is reached by 2030 instead of 
2050 and kept constant afterwards), and there is a stronger 
cultural shift towards a more flexitarian diet, with an increas-
ing number of vegetarians (20%) and vegans (2%) by 2050, 
as well as a 30% reduction in overall average caloric intake. 
The sustainable pathway was developed by scientists of Uni-
versität Hamburg for the 2020 Report of the FABLE consor-
tium (Steinhauser and Schneider 2020) in consultation with 
national stakeholders and experts.

Based on the survey and the already existing pathways, 
we defined four stakeholder pathways (Table 2). One path-
way depicts a common vision amongst all stakeholders, 
one pathway is based on the responses of the scientists that 
answered the survey, one pathway on the responses of the 
public sector employees, and one pathway on the responses 
of members of private associations and organizations. Items 
of the pathways that were not covered by the survey, such 
as GDP, population, and climate change projections, were 
assumed to follow the same trends as in the 'current trends’ 
pathway.

Results

In the following, we first describe the stakeholders’ 
responses to the online survey about realistic changes in the 
food and land use system in Germany by 2050 and how 
this translates into several stakeholder scenarios. Then, we 
examine if the stakeholder pathways can meet various GHG 
reduction targets (36%, 55%, or 65% by 2030), increase the 

5 Example: In 2010, approximately 12% of fruits and vegetables were 
discarded by consumers in Germany. The target is that by 2050, only 
6% of fruits and vegetables should be thrown away.



446 Sustainability Science (2023) 18:441–455

1 3

area suitable for biodiversity conservation, and increase the 
resilience of the food system. For this, we assess the tra-
jectory of different indicators in the stakeholder pathways, 
compare them to target values, and use a current trends and 
a sustainable pathway scenario to quantify the level of ambi-
tion inherent in the stakeholder pathways.

Stakeholder opinions

The analysis of the answers to the stakeholder survey 
revealed that the different stakeholder groups from aca-
demia, the public and the private sector sometimes held 
strongly deviating opinions. Mostly members of academia 

advocate for zero consumption of animal products and 
believe that a higher reduction in food waste is realistic. 
Stakeholders from the private sector are more conserva-
tive in their estimations of food waste reduction and do 
not think that the consumption of animal products will 
decline by more than 30%. We thus decided to formulate 
four different stakeholder pathways: the first pathway is 
based on the median of all answers and represents a com-
mon stakeholder pathway, the other three pathways are 
based on the median responses of each stakeholder group 
and show the variety of opinions held in the German food 
and land use sector.

Table 2  Scenario portfolios 
of the future food and land 
use pathways ‘current trends’, 
‘sustainable’, and ‘stakeholder’

The listed scenarios were selected in the Scenario_definition Table of the FABLE calculator to run the 
calculation. In the stakeholder pathways, the scenarios ‘diet’, ‘food waste’, ‘import changes’ and ‘crop and 
livestock productivity’ were adapted to reflect the median responses, the academia responses, the public 
sector responses and the private sector responses. GDP, population and climate change projections fol-
lowed the ‘current trends’ pathway
a 90-50-10-1.5: By 2050, the diet of a German will be reduced to 90% of the total calories consumed in 
2010 (FAOSTAT), sugar and fat consumption will be reduced by 50%, 10% of the population will be veg-
etarians, and 1.5% vegans
b 70-50-20-2.0: By 2050, the diet of a German will be reduced to 70% of the total calories consumed in 
2010 (FAOSTAT), sugar and fat consumption will be reduced by 50%, 20% of the population will be veg-
etarians, and 2% vegans
c Slow/Rapid 50%: Slow: 50% food waste share reached in 2050; rapid: 50% reached in 2030
d I3: imports of soy cake are reduced by 50% until 2050
e Redux: export of milk, pork and beef reduced by 25% until 2050
f Climate change scenario: GCM: hadgem2-es, crop model: GEPIC
g Reduced post-harvest losses: 50% reduction of crop and livestock products lost during storage and trans-
portation compared to 2010
h Aichi50: expansion of protected areas by a minimum of 30% until 2030 and 50% until 2050
i Middle activity level: Moderately active lifestyle that includes physical activity equivalent to walking 
about 2.5–5 km per day at 5–6.5 km/h, in addition to the activities of independent living
j Biofuel demand based on OECD_AGLINK: projections of future biofuel demand until 2028 (OECD-FAO 
Agricultural Outlook), constant afterwards

Scenario Current trends Sustainable Stakeholder (4 pathways)

GDP projections SSP2 SSP1 SSP2
Population projections SSP2 SSP1 SSP2
Diets 90-50-10-1.5a 70-50-20-2.0b StakeDiet (Table 3)
Food waste Slow 50%c Rapid 50%c StakeLoss (20, 25, 20, 15%)
Import changes I2 (stable) I3d (− 50%) StakeImp (− 30, − 75, − 20, − 28%)
Export changes E0 (stable) Reduxe (− 25%) E0 (stable)
Livestock productivity BAUGrowth HighGrowth StakeGrowth (Fig. 1b)
Crop productivity BAUGrowth HighGrowth StakeGrowth (Fig. 1a)
Climate change  scenariof RCP6p0 RCP2p6 RCP6p0
Post-harvest losses No change Reducedg Reducedg

Protected areas No change Aichi50h No change
Agricultural expansion NoExpansion NoExpansion NoExpansion
Afforestation NoAffor NoAffor NoAffor
Activity level of  populationi Middle Middle Middle
Biofuel  demandj OECD_AGLINK OECD_AGLINK OECD_AGLINK
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Q1—Changes in diet by 2050

We received 23 responses to the first question. Based 
on the whole dataset, the consumption of animal prod-
ucts should decrease by 2050, strongly for meat products 
(median − 50 to − 60%) and less strongly for fish, eggs, 
and milk products (median − 15 to − 30%), whereas the 
consumption of crop products should increase by at least 
20% (Table 3, columns ‘%’). When looking at the differ-
ent stakeholder groups, the envisioned changes in diet dif-
fer markedly, especially for animal products. People from 
academia envision a median reduction of 73% for beef and 
65% for pork consumption (12 responses), whereas mem-
bers of the private sector think a median reduction of 15% 
for beef and 30% for pork is more realistic (6 responses). 
Despite the different estimates for the future consump-
tion of different food groups, the total calories consumed 
in each diet are in the same range of roughly 3000 kcal 
per person and day (Table 3, last row). To implement the 
stakeholder values as alternative diet scenarios in the 
FABLE calculator, we multiplied the calories consumed 
per product category in 2010 (FAOSTAT) with the percent 
change given by the stakeholders. The resulting values 
for kcal consumption per capita per day for each prod-
uct group (Table 3, columns ‘kcal’) were entered into the 
FABLE calculators as the scenario ‘StakeDiet’.

Q2—Realistic reduction of food waste until 2050

This question was answered by 23 respondents in total. The 
median of all responses was 20% (maximum 50%, minimum 
5%). The median of the responses from people working in 
academia was 25% (11 responses), from the public sector 
15% (7 responses) and from the private sector also 15% (5 
responses). The values were added to the FABLE calculators 
as an option in the scenario selection for food loss share in 
2050 (‘StakeLoss’). We assume that the reduction in food 
loss will commence linearly from 2010 to 2050, when the 
final value of each pathway is reached.

Q3—Changes in crop productivity by 2050

23 respondents answered this question. The majority of 
respondents agreed that the productivity growth of crop 
products will slightly increase in comparison to the pro-
ductivity growth observed in the time period 2000–2010 
(Fig. 1a). Only for potatoes does a majority think that the 
productivity growth will stay constant. Since there was 
a rather wide spread of opinions but no clear distinction 
between the different stakeholder groups, we decided to only 
consider the whole dataset and use the same scenario in each 
pathway. For the implementation into the FABLE calcula-
tors we had to assign values to the Likert items we offered 

Table 3  Summary of the diet 
change envisioned by the 
German stakeholders for the 
year 2050

The column FAO2010 shows the average kcal consumption per capita and day in Germany in 2010 based 
on FAOSTAT. The next columns show for each stakeholder pathway the percentage change [%] given by 
the stakeholder groups in response to Q1: By how many percent should the consumption of the listed prod-
ucts change by 2050? and the resulting change in consumed kcal as used in the FABLE calculator [kcal]. 
The categories alcohol, beverages and spices and other were not surveyed

FAO2010 Common Academia Public sector Private sector

kcal kcal % kcal % kcal % kcal %

Animal fat 258 155 − 40 71 − 73 181 − 30 239 − 8
Beef 47 24 − 50 13 − 73 24 − 50 40 − 15
Cereals 792 1029 + 30 1089 + 38 1069 + 35 950 + 20
Chicken 65 32 − 50 32 − 50 32 − 50 61 − 5
Eggs 47 37 − 20 26 − 45 37 − 20 47 0
Fish 37 31 − 15 22 − 50 31 − 15 37 0
Legumes 12 17 + 45 18 + 50 15 + 30 14 + 23
Milk products 296 207 − 30 163 − 45 222 − 25 267 − 10
Nuts 50 60 + 20 60 + 20 50 0 60 + 20
Pork 259 104 − 60 91 − 65 104 − 60 181 − 30
Potatoes 104 125 + 20 125 + 20 125 + 20 125 + 20
Sugar (added) 394 256 − 35 197 − 50 275 − 30 266 − 33
Vegetable oils 420 504 + 20 535 + 28 462 + 10 441 + 5
Vegetables, Fruits 146 182 + 25 208 + 43 175 + 20 179 + 23
Alcohol 232 232 – 232 – 232 232 –
Beverages, Spices 32 32 – 32 – 32 32 –
Other 4 4 – 4 – 4 4 –
Sum 3194 3032 2917 3071 3175
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as choices (strong increase, slight increase, constant, slight 
decrease, strong decrease). The crop productivity growth 
scenarios already implemented in FABLE consist of the sce-
narios NoGrowth, LowGrowth (lower growth rate than in 
the period 2000–2010), BAUGrowth (same growth rate as in 
the period 2000–2010) and HighGrowth (higher growth rate 
than in 2000–2010). We thus assigned the productivity mul-
tipliers as follows to the Likert items: strong increase = High-
Growth, slight increase = (HighGrowth + BAUGrowth)/2, 
constant = BAUGrowth, slight decrease = LowGrowth, 
strong decrease = (NoGrowth + LowGrowth)/2. The mul-
tipliers were then calculated as the weighted mean over 
all responses, with the weight being the ratio of respond-
ents who selected a specific Likert item. The stakeholder 
multipliers for crop productivity changes fall between the 
BAUGrowth and HighGrowth multipliers. The adjusted 
growth scenario was added to the scenario selection as 
‘StakeGrowth’.

Q4—Changes in livestock productivity by 2050

19 respondents answered this question. Depending on the 
type of livestock, 32–58% of respondents agreed that live-
stock productivity will decrease in future, yet a considerable 
number of respondents also think that it will stay constant 

(21–42%) or even increase (16–32%) (Fig. 1b). The imple-
mentation into FABLE followed the same steps as described 
in Q3 above. The calculated stakeholder multipliers in 
the ‘StakeGrowth’ scenario for livestock productivity fall 
between the LowGrowth and BAUGrowth multipliers.

Q5—Reduction of soy imports by 2050

17 respondents answered this question. The median response 
was that 30% of soy imports may be substituted with other 
protein sources by 2050 (maximum 100%, minimum 2%). 
The median of the responses from people working in aca-
demia was 75% (8 responses), from the public sector 28% 
(6 responses) and from the private sector 20% (3 responses). 
We implemented these values into the FABLE calculators 
by specifying a linear reduction in soy cake import rates 
until the total reduction specific to each pathway is reached 
in 2050 (‘StakeImp’).

Pathway analysis: land and biodiversity

Status quo

In 2010, Germany was covered by 36% cropland, 14% grass-
land, 32% forest, 7% urban, and 11% other natural land. The 

(a)

(b)

Fig. 1  Stakeholder answers to the question if the productivity of a 
crop and b livestock products will decrease, increase or stay constant 
in 2050 in comparison to the productivity change observed in the his-
torical time period 2000–2010. Percentages on the left show the share 

of responses assuming a slight or strong decrease in productivity 
growth, in the middle no change, and on the right a slight or strong 
increase
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‘other land’ category covers the remaining terrestrial area 
not covered by the categories above and can be very het-
erogeneous, including degrees of wilderness. In 2020, land 
where natural processes predominate accounted for 19% 
of Germany’s terrestrial land area. The term covers ‘areas 
where natural processes predominate, but are not necessarily 
places with intact natural vegetation, ecosystem processes or 
faunal assemblages’ (Jacobson et al. 2019), and is an indica-
tor related to biodiversity conservation.

Projections

Land cover changes from 2030 to 2050 will be dominated 
by a decrease in pasture and an increase in other land area in 
the current trends pathway (Fig. 2). The reduction in pasture 
is a consequence of the increase in livestock productivity per 
head, the stable livestock density, and the decrease in red meat 
consumption. Even though milk consumption increases over 
time slightly in the current trends pathway, this increase is 
compensated by the other dynamics. The ratio of areas where 
natural processes predominate rises from 19% in 2020 to 
24% in 2050, denoting only a small benefit for biodiversity 
conservation and protection. In the sustainable pathway, the 
expansion of protected areas by a minimum of 30% until 2030 
and 50% until 2050 is mandated, and dietary shifts towards a 

healthier diet with lower calories, and a lower consumption of 
pasture-intensive animal products is assumed, which explains 
the more pronounced decrease in pasture area and the decrease 
in cropland area in comparison to the current trends pathway. 
The share of land where natural processes predominate rises to 
almost 37%. The dynamics in the common stakeholder path-
way fall in the middle between the current trends and the sus-
tainable pathway: the reduction of pasture and cropland area 
and increase in other land area are not as pronounced as in the 
sustainable pathway, yet higher than in the current trends path-
way. The share of land where natural processes predominate 
rises to 32%. The pathway envisioned by only the members of 
academia would lead to a land use change more aligned with 
the sustainable pathway, with a reduction of cropland share 
from 36% in 2010 to 29% in 2050, and a reduction of pasture 
share from 14 to 5%. The share of land where natural processes 
predominate rises to 33%. The land use changes observed for 
the pathways developed from the expert opinions of stakehold-
ers in the public and private sectors are similar in terms of 
cropland expansion—the shares in 2050 are 29% and 31% in 
the public and private pathways, respectively—but deviate in 
terms of pasture area, which only declines to 7% in the public 
and 9% in the private sector pathway. The share of land where 
natural processes predominate rises to 31% (public sector path-
way) and 27% (private sector pathway).

Fig. 2  Evolution of area by land cover type in the current trends, sustainable and stakeholder pathways. The black lines in the plots denote the 
ratio of area where natural processes predominate
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Pathway analysis: GHG emissions from AFOLU

Status quo

Direct GHG emissions from Agriculture, Forestry, and Other 
Land Use (AFOLU) accounted for 54.8  TgCO2e in Germany 
in 2021 (preliminary estimation), which is 7% of total emis-
sions (Umweltbundesamt 2021). Enteric fermentation is the 
primary source of AFOLU emissions (56.4%), followed by 
fertilizer applications and manure management (38.8%), as 
Germany has a large number of dairy cattle, manure storage 
units, and practice-intensive application of manure and other 
fertilizers. Furthermore, Germany’s agricultural land has a 
considerable share of drained and degraded peatlands, which 
are often not only very productive, but also sources of a 
significant amount of GHG emissions (Tubiello et al. 2016).

Projections

Under the current trends pathway, total agricultural GHG 
emissions decline from 2010 to 2050 by 56% to 33  TgCO2e 

(Fig. 3). Emissions from cropland stay nearly constant over 
that time, but emissions from livestock go down by 33% to 
31  TgCO2e in 2050, and there are negative emissions from 
changes in land use of − 13  TgCO2e (Table 4). The decline 
in emissions from livestock is explained by the assumed 
increase in livestock productivity per head, the stable live-
stock density, and the decrease in red meat consumption 
in the current trends pathway. The negative emissions stem 
from the transformation of managed land (cropland, pasture) 
to ‘other land’, where sequestration of carbon is higher. In 
the sustainable pathway, total emissions from crops, live-
stock, biofuels and land use drop to − 12  TgCO2e. In the 
four stakeholder pathways, the decrease of total emissions is 
variable. While the changes in the food and land use system 
in the common and the public sector stakeholder pathways 
cause a potential decline of emissions to 5 and 6  TgCO2e, 
respectively, the private sector stakeholder pathway may 
lead to total emissions in the amount of 22  TgCO2e, and the 
academia stakeholder pathway to negative emissions of − 2 
 TgCO2e. With an emission reduction goal for the German 
agricultural sector of 36% in 2030 compared to emissions 

Fig. 3  Potential AFOLU emis-
sion trends until 2050 by land 
use category in the current 
trends pathway. The lines show 
estimated total emission trends 
in the different pathways

Table 4  Total  CO2 emissions (in Tg  CO2e) by source in the reference year 1990 (Rösemann et al. 2021) and estimated for 2030 and 2050 under 
the different pathways

The percentage change values of total  CO2 emissions in the last two columns refer to the changes between 1990 and 2030/2050

Livestock Crops LUC Biofuels Total

Tg  CO2e 1990: 52.3 24.2 – − 0.9 (2000) 76.5

Tg  CO2e in: 2030 2050 2030 2050 2030 2050 2030 2050 2030 2050

Current trends 41.5 30.9 19.4 18.1 − 4.3 − 12.5 − 3.9 − 3.9 52.8 (− 31%) 32.7 (− 57%)
Sustainable 33.9 16.5 17.1 12.3 − 14.7 − 36.4 − 3.9 − 3.9 32.4 (− 58%) − 11.5 (− 115%)
Common 34.1 20.5 17.8 14.9 − 12.4 − 26.7 − 3.9 − 3.9 35.7 (− 53%) 4.9 (− 94%)
Academia 31.9 17.0 17.7 14.8 − 14.6 − 30.3 − 3.9 − 3.9 31.2 (− 59%) − 2.4 (− 103%)
Public 34.4 21.0 17.9 15.1 − 12.0 − 26.1 − 3.9 − 3.9 36.4 (− 52%) 6.1 (− 92%)
Private 39.1 28.1 18.6 16.4 − 7.5 − 18.6 − 3.9 − 3.9 46.3 (− 39%) 22.0 (− 71%)
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in 1990 (76.5 Tg  CO2e), the current pathway will not quite 
reach this goal with a reduction of only 31%. The sustainable 
and all four stakeholder pathways, however, will surpass this 
goal and even reach or almost reach the EU’s emission goal 
of 55% (Table 4, second to last column). None of the path-
ways will achieve Germany’s general emission reduction 
goal of 65% in 2030. Going further in time, the sustainable 
and the academia stakeholder pathways may achieve nega-
tive emissions between 2040 and 2050, while the common 
and public sector stakeholder pathways almost but not quite 
reach net-zero emissions by 2050.

The difference between the total emission reductions cal-
culated for the different pathways can be mainly attributed 
to a higher sequestration due to land use change, followed 
by a reduction in the livestock sector and only marginally 
to a decrease in the emissions of crop production (Table 4). 
There is a considerable difference in AFOLU GHG emis-
sion estimations between the stakeholder pathways, which 
is most likely caused by the different changes in diet with 
a much higher reduction of animal product consumption in 
the academia and public sector pathways than in the private 
sector pathway. The projected crop and livestock productivi-
ties are the same in all stakeholder pathways and therefore 
cannot contribute to the observed difference in emissions. 
Lastly, the amount of food waste reduction also does not 
seem to contribute noticeably to the amount of GHG emis-
sions. The stakeholders deemed a food waste reduction of 
15–25% until 2050 as realistic, whereas in the current and 
sustainable pathways, it is assumed that food waste will 
be reduced by 50% in the same time horizon. Considering 
that food waste contributes significantly to GHG emissions 
(Adelodun and Choi 2020; MacRae et al. 2013), it is unex-
pected to see that our results are not as sensitive to the level 
of reduction as may have been assumed.

Pathway analysis: diet and food security

Status quo

In Germany, undernutrition is negligible (FAO et al. 2020), 
but 54% of adults were overweight and 18% obese in 2014 
(Robert Koch Institut 2018; Schienkiewitz et al. 2017). 
Based on the reference system of the International Obesity 
Task Force, 19.3% of children between age 3 and 17 were 
overweight between 2014 and 2017. This is a minute decline 
since the 2010 baseline study (Schienkiewitz et al. 2018). In 
2017, approximately 7–10% of the population suffered from 
diabetes type 2, numbers which are projected to increase 
even further in the coming decades (Tönnies et al. 2019). In 
2014/15, about 6% of all German adults suffered from coro-
nary heart disease (Busch and Kuhnert 2017), and cardiovas-
cular diseases are the primary cause of death with about 40% 
(Dornquast et al. 2016), which can be attributed in part to 

dietary risks (Mozaffarian 2016). The main source of daily 
calories comes from crop products (ca 1500 kcal/person), 
followed by animal products (ca 1000 kcal/person) and other 
products such as sugar, alcoholic and non-alcoholic bever-
ages (ca 630 kcal/person). Concerning the provision of food, 
the agricultural sector of Germany is reliant on imports for 
a variety of products, especially feed for livestock. Much is 
imported from European neighbours, which makes Germany 
not strictly self-sufficient, but still resilient in terms of food 
security. In 2010, self-sufficiency was only achieved for the 
product groups cereals, milk and dairy, oilseeds and vegeta-
ble oils, pork, and roots and tubers.

Projections

In the current trends diet, the consumption of total calories is 
reduced by about 290 kcal per person per day by 2050. This 
reduction is mainly caused by a decrease in consumption of 
sugar, animal fat and vegetable oils (Fig. 4). In the sustain-
able diet, there is a decrease in oil and sugar consumption 
and in the consumption of all animal-based food groups, 
whereas the consumption of the other food products stays 
relatively constant. By 2050, this leads to an overall reduc-
tion in daily calorie intake of about 850 kcal per person. In 
the common stakeholder diet, the consumption of animal 
products is reduced by 38%, but the consumption of crop 
products is increased by 30% by 2050, which means that the 
total calories consumed per person per day stays relatively 
constant over time and there is only a slight decrease of 
162 kcal per person per day from 2010 to 2050. When bro-
ken down to the different stakeholder groups, the diet shifts 
differ in the severity, but not the direction of change. In all 
pathways, there is a shift from animal-based to plant-based 
calories, but stakeholders in the academic sector envision 
a more radical change in comparison to the stakeholders 
of the private sector, with the public sector stakeholders in 
between. The total calories consumed per person per day 
decrease by 277, 123 and 19 kcal per person per day in the 
academia, public, and private diets, respectively, and thus 
stay below the reductions reached in the sustainable and 
even the current trends diet.

Concerning food provision, in all pathways, the depend-
ency on imports for nuts, fruits and vegetables, beverages, 
spices and tobacco, pulses, eggs and poultry to satisfy 
demand remains unchanged (Fig. 5). If Germany was self-
sufficient in 2010, as for cereals, the self-sufficiency ratio 
may decline in future, but not below the self-sufficiency 
line. These projections show that despite changes in internal 
demand due to changes in diet, changes in crop and livestock 
productivity, and changes in food losses, the overall self-
sufficiency status of Germany in regards to different product 
groups does not change.
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Discussion

In this study, we conducted a bottom-up analysis of a future 
food and land use system pathway for Germany. For this, 
we surveyed stakeholders in the food and land use system, 
evaluated their assessments, and created a pathway that 
we could analyse with the FABLE calculator. We analysed 
whether the stakeholder pathways could meet various GHG 
emission reduction targets, increase the area suitable for 
biodiversity conservation, and increase the resilience of the 
food system. We also compared it to a pathway following 
current trends and a pathway towards a sustainable food and 
land use system.

The results indicate that it will be possible to reach the 
German emission reduction goal for the agricultural sector 
of 36% by 2030 and come close to the general EU emission 
reduction goal of 55% under all stakeholder pathways. It 
is also possible to nearly reach carbon neutrality by 2050 
in three of the four stakeholder pathways, with the private 

sector pathway being the exception. The two main factors 
for these AFOLU emission reductions are a diet-change-
induced decrease in livestock production and, as a direct 
result of this, a decrease in agricultural land area for graz-
ing and crops, which makes room for other land types with 
higher carbon sequestration rates. This finding is in accord-
ance with other studies that have identified land use/land 
use change and dietary choices and consumption patterns as 
large contributors to reductions in GHG emission (Crippa 
et al. 2021; Dalin and Outhwaite 2019; Hayek et al. 2021; 
Willett et al. 2019). It should be mentioned that due to cur-
rent German policies, no afforestation is allowed in the 
FABLE calculator when land use change occurs. All freed 
up agricultural area is instead shifted to ‘other natural land’. 
If an afforestation policy was implemented, parts or all of 
this area could be turned into forest, leading to even higher 
carbon sequestration.

The resilience of the food system in Germany is nei-
ther affected negatively nor positively in the stakeholder 

Fig. 4  Projections of the average daily kilocalorie intake of different food groups under the pathways current trends, sustainable and stakeholder 
(common, academia, public and private sector)
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pathways, despite changes in food demand, changes in crop 
and livestock productivity, and changes in food losses. Con-
cerning land suitable for biodiversity protection, we estimate 
that the area where natural processes predominate will rise 
from 19 to 27–33% under the stakeholder pathways, which 
is again mostly due to a change in diet and a reduction of 
livestock production. Crenna et al. (2019) also estimate that, 
in the EU, it is the meat products that have the most profound 
negative impacts on biodiversity. It remains unclear how 
valuable this area will be for biodiversity protection, as land 
only recently converted from intensive or extensive use to 
areas of low human impact does not have the same diversity 
and habitat quality as undisturbed areas with natural intact 
vegetation. These areas are usually the ones that host the 
highest amount of biodiversity (Green et al. 2005). However, 
even though areas with low human impact are not wilder-
ness, they can help to slow down the loss of diversity and 
provide valuable ecosystem services (Jacobson et al. 2019).

Overall, our analysis of the different stakeholder pathways 
shows that all of them are leading towards a more sustain-
able food and land use system in Germany by 2050. It should 
be kept in mind that we used the ‘middle of the road’ (SSP2) 
scenario for GDP and population projections and the more 
pessimistic projections for climate change impacts on yield 
as contained in the current trends pathway. Had we used the 
SSP1 projections and the more optimistic climate change 
impact projections as in the sustainable pathway, the changes 
would have been even more pronounced. Many of the posi-
tive changes in the indicators can be attributed to a decreased 
production of animal products, mostly triggered by a change 
in diet. Yet, how realistic is it for the German population to 

change their diet as drastically as it was deemed realistic by 
many of the stakeholders, especially in academia and the 
public sector, with decreases in sugar and livestock product 
consumption of up to 70%? Globally, trends lead into the 
opposite direction, towards diets high in energy and low in 
micronutrient content, with increasing shares of meat, sugar, 
and processed foods (Caballero and Popkin 2002; Monteiro 
et al. 2010; Popkin and Nielsen 2003). In Germany, ani-
mal products contribute on average 35% to the daily calorie 
intake, a value which has only decreased slightly in the last 
years (Bundesinformationszentrum Landwirtschaft 2021). 
Even in our small sample of stakeholders, there was a very 
wide range of individual opinions, with some thinking that 
overall animal protein consumption may further increase in 
future, whereas others saw a steep rise in vegetarians and 
vegans. Based on these facts, it seems unrealistic that the 
stakeholders' envisioned drastic changes in diet may be 
realized, especially those by the academic and public sec-
tor stakeholders. However, other stakeholder groups have 
indicated a high amount of faith in the power of education 
(Garcia-Gonzalez and Eakin 2019) and health-promoting 
policies (Muller et al. 2009) to realize a change in consump-
tion patterns; and believe that projects like community gar-
dening and urban agriculture could promote a change in diet 
(Campbell 2004). Based on these assessments, the change in 
diet in the different stakeholder pathways may still be con-
sidered feasible, more so because they are not accompanied 
by a reduction in total calorie consumption, only a substitu-
tion of calorie sources.

Many previous integrated assessments of land use 
and food system developments have focused on natural, 

Fig. 5  Self-sufficiency per product group in 2010 and 2050. Self-sufficiency is defined as the ratio of total internal production over total internal 
demand. A country is self-sufficient for a product if the self-sufficiency ratio of the product is equal to one
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technical, and economic capacities. These assessments 
ignore social plausibility and acceptance. Conversely, politi-
cal targets synthesize many societal dialogues between dif-
ferent interest groups, often at the expense of feasibility and 
consistency. This study tries to reconcile the strengths and 
weaknesses of scientific assessment and societal/political 
discourse to derive plausible futures of land use and food 
systems, which are acceptable, consistent, and feasible. One 
disadvantage of the online survey approach we used (due to 
COVID-19 restrictions) is that the answers could only be 
collected individually and not discussed in group settings 
to form a consensus. For this, a further Delphi survey (cf. 
Rayens and Hahn 2000) or a comparable approach would 
have been needed. Fortunately, other organizations in Ger-
many such as the DAFA (German alliance for agricultural 
research) are in the process of developing goals for the agri-
cultural sector using stakeholder working groups and meet-
ings,6 from which further (consensus) scenarios for stake-
holder analyses may be derived in future.
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