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SEGAE, a serious game that relies on a scientific model
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e To improve agroecology learning, we built the online simulation game SEGAE: this article
presents its framework and illustrates its potential

o SEGAE can prompt discussion on steps and possible trade-offs when increasing sustainability
in an integrated crop-livestock farm

o SEGAE helps to acquire a systems approach and improve skills in agroecological transition
management

o SEGAE was designed to strengthen European training in agroecology, and active contributions

from users would help to improve this tool

Abstract

CONTEXT: There is growing evidence that agroecology can reconcile the environmental, economic,
and social pillars of agricultural sustainability. However, teaching and learning agroecology is
challenging, especially since most agricultural graduate programs in Europe are not adapted to teach the
diversity of its related practices.

OBJECTIVE: To improve agroecology learning, we built the online simulation game SEGAE. This
article presents the framework on which SEGAE is based and illustrates the game’s potential to achieve
pedagogical objectives.

METHODS: The game is based on a modeling framework that gamifies the implementation of
agroecological practices in an integrated crop-livestock farm and assesses their impacts on
sustainability. To do so, SEGAE is based on an output-oriented approach that represents impacts of
practices on various indicators. These impacts are included in a matrix, which is associated with a
dynamic graphical interface accessible to players. Two examples of game sessions were developed to
illustrate the game’s potential.

RESULTS AND CONCLUSIONS: In the first example, players can gain knowledge about
agroecological practices by implementing practices that improve soil quality and assessing their impacts
on sustainability. Results of this example place the farm’s improved overall sustainability into
perspective with its reduced food production potential. In the second example, players can improve their
skills in transition management and acquire a systems approach by converting the farm to organic
farming within five years. Results of this example prompt discussion of the steps needed to obtain
organic certification and the coherence between crop and animal production needed to foster
sustainability.

SIGNIFICANCE: SEGAE was designed to strengthen European training in agroecology, and active
contributions from users would help to improve this tool, extend it to new farming systems and forge

connections within the community of teachers working on agroecology.
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1. Introduction

There is growing evidence that agroecology represents a pertinent mechanism to foster agricultural
sustainability (FAO, 2019; Gliessman, 2014). Through its holistic approach, agroecology reconcile the
environmental, economic, and social pillars of sustainability, which are conceptualized here as three
distinct but interacting systems (Purvis et al., 2019). Agroecology is a dynamic concept that was
popularized in scientific, political discourse in recent years (Wezel et al., 2020). It embraces a science,
a set of practices and a social movement, and can be applied from food production to consumption
(Francis et al., 2003; Wezel et al., 2009). Agroecological practices aim to foster ecosystem services in
order to sustain production while limiting environmental impacts by decreasing the use of anthropogenic
inputs (Altieri and Farrell, 2018). To promote such practices, it is essential to teach agroecological
concepts to current and future professionals of the agricultural sector, such as high-school and university
students (Jouan et al., 2020).

However, agroecology can be difficult to learn, in particular for students, since it includes a large
diversity of practices involved in complex biological processes, while operating within a globalized food
system. It is thus necessary to develop interdisciplinary approaches to teach agroecology, embracing
economic and social dimensions (Francis et al., 2019). However, agricultural graduate programs in
Europe are usually taught by specialized teachers who focus on a narrow range of disciplines and
subjects, which does not train students to develop interdisciplinary approaches (Francis et al., 2008).
Moreover, agricultural graduate programs are insufficiently based on systems approaches, which limits
the representation of complex relationships between farming practices, agricultural production and
sustainability (Francis et al., 2011).

To foster agroecology learning, emergent teaching materials such as serious games have been identified
(Duru et al., 2015). These games are designed to ease learning by proposing fun activities (Crookall,
2010). Most serious games related to agriculture are based on boards (Dernat et al., 2019; Loriot and
Gowthorpe, 2017; Vaulot et al., 2018). This can limit their accessibility to a large international audience,
and also potentially restrain their interactivity, a key element to facilitate learning (Vogel et al., 2006).
Other games benefit from more accessible and interactive design but restrict their focus to one part of
farming systems, either crop or animal production (Calsamiglia et al., 2020; Dourmad et al., 2013;
Garcia-Barrios et al., 2016), since it can be tricky to represent the multiple components of a farming
system in which crop and livestock management are highly integrated. In addition, several games focus
on social relations among stakeholders involved in management of farming systems, but the inclusion
of various agroecological practices, and their economic impact, is rather limited (Braasch et al., 2018;

Garcia-Barrios et al., 2008). Other games that rely on agronomic models have the advantage of



104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121

122

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

integrating various practices while producing credible simulations (Martin et al., 2011). Even though
they do no reach the complexity of research models (e.g., ORFEE (Mosnier etal., 2017), STICS (Brisson
et al., 2003)) or of decision-support tools (Rose et al., 2016), these model-based games are often adapted
to a professional audience, which limit their direct use in formal education. Finally, to the best of our
knowledge, there is no serious game that highlights agroecology as a mechanism to improve the three
pillars of sustainability: environmental, economic and social.

To fill these gaps in agroecology learning, we built the serious game SEGAE (SErious Game for
AgroEcology learning; https://rebrand.ly/SEGAE), which is an online simulation game based on an

output-oriented modeling approach. This game is the main output of the Erasmus+ SEGAE project, a
three-year project that associated six European universities from Belgium, France, Italy and Poland.
SEGAE is aimed particularly at university students in fields related to agriculture but can also used with
high-school students and extension agents. The aim of this study is to (i) show the relevance of SEGAE
for learning agroecology by detailing its modelling framework, and to (ii) illustrate its potential by
highlighting the coherence of simulations through examples of game sessions (i.e., a predefined number
of game turns to reach specific goals). The examples presented are based on the integrated crop-livestock
dairy farm of western France developed in the initial version of SEGAE. Similar farming systems of the

other partner countries are still under development and are not illustrated here.
2. Method

2.1.  Conceptual model

2.1.1. The integrated crop-livestock farm model

SEGAE’s conceptual model represents its theoretical foundation. Designed at the farm scale, the model
was developed to address three main educational objectives for players: (i) learn about agroecological
practices, (ii) acquire a systems approach by assessing combined impacts of these practices and (iii)
improve skills in transition management by reaching given goals with limited time and resources in the
game.

To address these objectives, the conceptual model represents multiple components of an integrated crop-
livestock farm and integrates several categories of practices related to agroecology. It consists of five
modules that interact with each other through practices that impact ecosystem services (Figure 1). Most
of these practices are agroecological and were chosen and adapted from two review studies (Dumont et
al., 2013; Wezel et al., 2014) (section 2.2.1). The conceptual model has an annual timescale, and its
spatial extent is the farm scale; thus, it does not consider indirect impacts, such as environmental impacts
that occur outside of the farm boundaries.

The crop module represents cropping systems of annual crops and forages (including 10 categories of
crop-related practices); its main output is crop and forage production. The animal module represents the

structure and demographics of the dairy cattle herd, integrates feed requirements, and calculates
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production of milk, meat and manure. It includes eight categories of animal-related practices. The socio-
economic module represents the economic and financial functioning of the farm (e.g., purchases, sales,
investment capacity) and estimates the workload of farmers and the farm’s contribution to societal
expectations. It includes two strategic decisions (i.e., distribution of farm profit and type of agriculture),
which are equivalent to practices since they can influence crop and animal modules. The ecosystem
module represents ecological components that are not dedicated only to crop and animal production. It
includes two categories of practices —agroforestry and green infrastructure — that can influence the other
modules. The soil module represents soil functioning (e.g., water, nutrient and carbon cycles, including
gaseous emissions, carbon storage and leaching) and considers soil physical properties and soil
biodiversity. It includes three categories of practices, which also belong to the crop module.
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Figure 1. Conceptual model of the five modules of SEGAE. Each module is associated with various
categories of practices and interacts with others through the practices that impact ecosystem services.
Practices, and their impacts (red arrows), are considered only at the farm scale (dashed line), except in

the socio-economic module, which includes market effects and some societal expectations.
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2.1.2. The output-oriented approach to represent impacts of practices
The main originality of SEGAE’s conceptual model lies in the output-oriented approach chosen to
represent the impacts of practices (Figure 2). Unlike a process-based approach, which mechanistically
represents biological processes in a farming system, the output-oriented approach focuses on specific
indicators that are impacted by practices. The output-oriented approach can thus be likened to an
empirical approach at the farm scale. Thus, SEGAE contains no mechanistic models; instead, impacts
of practices were identified by a literature review (section 2.2.1). The main advantage of this framework
is to summarize impacts of practices on relevant indicators while avoiding the use of complex

calculations that would require large amounts of time and computing capacity (section 2.2.1).
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Figure 2. Example of the output-oriented approach implemented in SEGAE that represents the impact of a

practice on various indicators. The illustrated practice (in the green cell) is “Straw left on soil”, which belongs
to the category “Residues management”. The framed arrows represent qualitatively the impact factors; Red
arrow: output-oriented approach embedded in SEGAE; Doted black arrows: process approach not embedded
in SEGAE; Yellow cell: indicator embedded in SEGAE: Blue cell: process not embedded in SEGAE; Other
impacts of “Straw left on soil” assessed in SEGAE (e.g., increase in earthworm abundance) are not

represented here.

2.1.3. The sustainability score
Another originality of SEGAE is to emphasize impacts of agroecological practices on the three pillars
of sustainability. To do so, a set of sustainability scores was conceptualized based on previous
frameworks that assess the sustainability of farming systems, such as the AGRO*ECO method (Girardin
et al.,, 2000) and MASC (Sadok et al., 2009). An overall sustainability score is calculated from a
hierarchical tree of sustainability that includes (i) as a first order, three scores that correspond to
environmental, economic and social sustainability, respectively; (ii) as a second order, scores for 9
indicators and (iii) as a third order, scores for 13 sub-indicators (Table 1). A detailed description of third-

order indicators and second-order economic indicators is available in the Appendix.

Table 1. Indicators included in SEGAE’s hierarchical tree of sustainability
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First-order

indicators

Second-order indicators

Third-order indicators

Environmental

sustainability

Biodiversity conservation (1/3)

Soil biodiversity (1/2)

Above-ground biodiversity (1/2)

Use of abiotic resources (1/3)

Use of energy resources (1/3)

Global warming potential (2/3)

(1/3) Water quality (1/3)
Environmental quality (1/3) Air quality (1/3)
Soil quality (1/3)
) Farm profit (1/3)
Economic

Sustainability Farm diversification (1/6)

sustainability

Economic efficiency (1/6)
(1/3)

Farmer income (1/3)

Animal welfare (1/4)

Societal expectations (1/2) Contribution to employment (1/4)

Social

o Food production potential (1/2)
sustainability

Workload (2/5)
(1/3)

Working conditions (1/2) Simplicity of the system (1/5)

Safety of pesticide user (2/5)

The scores for indicators of order n are weighted averages of the scores for indicators of order n+1. Each
indicator is associated with a specific weight that we defined to reflect its relative impact on
sustainability. Each indicator score in the hierarchical tree is normalized from 0-1, and an increase in
the score always represents a beneficial change, even for indicators of harm (e.g., “Global warming

potential”).

2.2.  Overview of the game

2.2.1. The matrix
The matrix is a spreadsheet that connects impacts of practices to many indicators. It includes 124
practices in lines and their impacts on 575 primary indicators in columns (Figure 3). For each category
of practices (Figure 1), a set of practices is available; for example, the category “tillage management”

¢

includes “conventional tillage”, “reduced tillage” and “no tillage”.

The indicators are related to crops, animals, the environment and socio-economic aspects of the farm.
While all 124 practices of the matrix are available in the game, players do not see all 575 indicators.
These primary indicators, directly impacted by practices, are used mostly to calculate 365 secondary

indicators that are aggregations of the primary ones at farm or herd scales. Some of the 365 secondary
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indicators are used for internal calculations (e.g., nitrogen flows, economic output), while many of them
are displayed to players, either as sustainability indicators in the hierarchical tree of sustainability (e.g.,
soil biodiversity) or as technical indicators (e.g., amount of feed purchased) to help players understand
the farming system.

In the matrix, multiplicative or additive factors are used to calculate the impacts of practices on the 575
indicators. Most practices impact several indicators, which helps players understand the complexity of
the system through the interdependence of the three pillars of sustainability. We (i) found these impact
factors in original studies described in peer-reviewed articles, (ii) determined them by analyzing several
scientific articles or local technical documents, (iii) calculated them using specific tools (e.g., software)
or (iv) estimated them based on our expert opinion in the associated fields. Some factors are included in
the matrix only to perform certain calculations. The complete matrix, including all practices and

indicators, as well as the impact factors and their references, is available in (Jouan et al., in review).
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Crop-related indicators Animal-related indicators Environment-related indicators Socio-economic indicators
Fftrategic Category of practice Yield N supply Pesti.cide Ratiolnl Animal\ Manurle Animal Vet clost Biodiversity | Soil quality Wat.er Ene.rgy Worklload Co.st
dimension saving |composition| production | production| welfare saving quality saving saving saving
Soil Tillage management = + * + i i
Soil cover + " I = + + +
management -
Residue management - + + + + +
Fertilization - + + +
Crop protection against diseases - + + + + +
Crop Weed control + +/- - + = = +/-
management Crop protection against animal pests - e + + + +
Cash crop cultivars - i
Spatial distribution of cash crops q q + + +
Cropping system #1 + + + + +/-
Land use Cropping system#2 g + + + +/-
management Temporary grassland composition +
Permanent grassland area + +
Landscape Green infrastructure + + + +
management Agroforestry + + +
Herd Cattle breed +f- +
management Herd size +/- +/- +/- -
Cow housing system o +- +/- i +/- - +/- +/- +/-
Management of Feeding system for cows - +/- - - + +/- +/- +/-
COWS Concentrate supply for lactating dairy cow +/- +/- +/- +
Management of the risk of mastitis +/- - + -
Heifer, bull & steer housing system - + +[- + + + + +
Management of Feeding system for heifers - +/- +/- + +/- +/-
heifers and Anti-parasitic management + - + + o
fattening cattle Bull & steer management + +f- +/- +/- +/- +
Feeding system for calves + +/-
Strategic Type of agriculture +
decisions Distribution of farm profit +/-

Figure 3. Simplified illustration of SEGAE’s matrix (Jouan et al., in review) that connects impacts of farm practices to farm indicators. The impact factors are represented

qualitatively. +: agroecological practices in the category increase the values of related indicators compared to conventional practices; -: agroecological practices in the

category decrease the values of related indicators; +/ -: agroecological practices in the category increase or decrease the values of related indicators depending on the

practice and indicator. Cost saving includes the indicators "various costs", "investment capacity” and “CAP subsidies" (the last equivalent to cost reductions). The values

of the impact factors were determined in different ways, as indicated by the color code. Green: found in an original study described in a peer-reviewed article; Blue:

determined by analyzing of several scientific articles or local technical documents; Purple: calculated using specific tools (e.g., software); Orange: estimated based on our

expert opinion in the associated fields; Gray: used only for internal model calculations.
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2.2.2. The graphical interface

The graphical interface represents the various elements of an integrated crop-livestock farm enriched
with several game tabs and buttons (Figure 4). The initial farms represented were parameterized to
represent a typical integrated crop-livestock dairy farm of each partner country that participated in the
development of the game (i.e., Belgium, France, Italy, and Poland). The French farm (Table 2) was
parameterized to represent a typical dairy farm in western France: its initial characteristics, which are
presented in table 2, are very close to official statistics in term of crop production, animal production
and economic results (Draaf Bretagne, 2018).

Table 2. Main characteristics of the French integrated crop-livestock farm represented in SEGAE

Total area (ha) 85
o Wheat (ha) 17
e Forage maize (ha) 31
e Temporary grassland (ha) 28
e Permanent grassland (ha) 9
Number of dairy cows 60
e Milkyield (L.cow™) 7,546
Number of heifers 45

The farm page of the graphical interface displays the residential and operating buildings (e.g., shed,
stable), fields, cows and agricultural machines to increase the realism (Figure 4). Nine white buttons
represent strategic dimensions within which practices are grouped into coherent sets to optimize the
playability. In particular, the feeding system button groups crop and animal practices available in other
buttons to help players think about the coherence between cropping and animal production. By clicking
on any of these nine buttons, players can change practices on the farm. Each practice has an information
button that details the practice, its potential impacts and how it can be managed in the game (e.g., the
housing system of cows can be changed only once during a game session). A tenth white button called
warehouse allows players to analyze the main technical results of the farm: crop and livestock
production and sales, purchased inputs, workload and economic results.

Several black monitoring tabs (Figure 4) help players track their status in the game (e.g., year, practices
available) and assess its choices. In particular, the Report tab describes the sustainability scores in detail
over time. To supplement this tab, a central gauge and three secondary gauges, one for each pillar of
sustainability, gives an overview of the sustainability scores. The strategic dimension buttons can also
display the evolution of many related technical indicators. In addition, to reinforce the game aspect and
provide a stimulating effect, players obtain a game score that can be compared to those of other players.
Players’ scores start at zero and increase each year by the lowest of the three sustainability scores (i.e.,

economic, environmental or social).
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Finally, the graphical interface can change depending on the practices chosen (Figure 4b): implementing
agroforestry and hedgerows adds trees and hedges, improving erosion control makes the river turn blue,
leaving straw on soil makes bales of straw disappear, installing a slatted floor for cow housing changes
the manure pit into a slurry tank, and converting the farm to organic production makes the tractor with

a pesticide sprayer disappear.

Soil management

Crop management

P&

~

Feftilization

Next year »

(b)

Soil mManagement

Crop management

()

management

Fertilization

2078 Pts Lul &% Sustainability Next year »

Figure 4. The graphical interface available for (a) the baseline situation and (b) implementation of three
agroecological practices: in-field agroforestry, hedgerows and no tillage. Agroforestry and hedgerows cause trees
and hedges to appear. When several erosion-control practices are implemented, the color of the river turns from

brown to blue.
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The engine that calculates indicator values each year was programmed in JavaScript. The graphical
interface and its changes were programmed by Succubus Interactive, a French company specialized in
developing digital serious games (http://www.succubus.fr).

2.2.3. Playing the game

Players play the game via the graphical interface. By clicking on each strategic dimension (white
button), players can access the related practices and change them. In the single-player mode (see details
below), up to five practices from the nine dimensions can be changed per year, in order to ease the
understanding of impacts. Then, by clicking on the Next year tab, the game applies the choices:
indicators are calculated, and their scores and the sustainability gauges are updated.

Two game modes are available. In the single-player mode, the player is autonomous and chooses one of
the predefined farms, and the game session lasts up to 10 game turns (i.e., 10 years in the game). The
player wins if the farm reaches a good economic, environmental and social sustainability, i.e., a score
above 0.6 for each sustainability, within 10 game turns. The player loses if these goals are not reached
within 10 game turns, or if the farm profit is negative for more than 3 game turns. A risk option is
available to make predefined hazards (e.g., drought, milk or input price fluctuations) occur with a 10%
probability each year. At the end of the game, the player’s final score is recorded in the scoreboard
published on the game's website. In the classroom mode, the player joins a game created by a teacher,
who can define (i) the main parameters of the farm, (ii) specific goals to be reached and (iii)
characteristics of hazards (probability of occurrence and impacts). At the end of the game, data tracking
allows the teacher to analyze the strategies of multiple players and discuss these strategies with them.
Both game modes are designed to be used within pedagogical activities that should include (i)
presentation of the learning objectives and an overview of the game, (ii) one or more game sessions with
one or several scenarios adapted to the pedagogical objective and the level of students and (iii)
discussion of the results, methodology and limits of the game with the teacher. Several scenarios are

proposed by Jouan et al. (2020).

2.3.  Examples of game sessions
To illustrate the game’s potential for learning agroecology and the coherence of simulations, two
examples of game sessions are presented:

e SOIL: a one-step scenario to make players work on a systems approach. The player’s objective
is to improve soil quality by implementing agroecological practices that improve environmental
sustainability without worsening economic or social sustainability. The player must reach the
objective within one year.

o ORGANIC: a multi-step scenario to make players work on transition management. The player’s
objective is to modify practices to meet European Union specifications for organic farming
(European Council, 2007). The farm must be converted within five years. Impacts on the

sustainability scores are assessed over several years. Two approaches to conversion are
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presented: (i) the approach A is a basic one that meets the minimum specifications for organic
certification and (ii) the approach B is an improved one that shows what improvement is possible
when integrating a systems approach into transition management.
In both game sessions, players can also learn practical knowledge about agroecological practices, since
they must review the many practices available in the game and choose some of them to achieve their
objectives. Hazards were not activated in these sessions.

3. Results of game sessions

3.1.  Session to improve soil quality
In the SOIL game session, players must introduce agroecological practices to improve soil quality. In
the player’s shoes, we chose to introduce four agroecological practices from several categories. First,
soil management was modified by performing reduced tillage instead of conventional tillage and by
leaving straw on the soil instead of removing it. Second, one of the two cropping systems was diversified
by selecting the rotation “maize — wheat — maize — barley” to replace the default rotation “maize —
wheat”. Third, hedgerows were planted as green infrastructure.
Once the player applied these choices, the score of soil quality nearly doubled from 0.34 to 0.67 (out of
1), as shown in the hierarchical tree of sustainability (Figure 5). This improvement is explained by an
increase in the soil’s resistance to erosion (due to reducing tillage, leaving straw on the soil and planting
hedgerows) and an increase in soil organic carbon content (due to leaving straw on the soil). The two
other indicators of environmental quality — water quality and air quality — also improved due to (i) less
pesticide use because of crop diversification and (ii) planting hedgerows, which decreased utilized
agricultural area by 5%. This combination of agroecological practices also improved the score of
biodiversity conservation due to an increase in microbial biomass, soil meso-fauna and earthworm
abundance. Nevertheless, the score of pressure on energy resources decreased due to the increase in feed
and straw purchases, which worsened the farm’s energy efficiency. This increase in feed and straw
purchases was due mainly to crop diversification (less forage produced) and leaving straw on the soil.
This decreased score of pressure on energy resources offset the increase in the score of global warming
potential, which was related to using less fuel and synthetic fertilizers. Because of these changes,
environmental sustainability improved from 0.39 to 0.54.
All economic indicators were improved, mainly because the profit from crop production increased.
Indeed, the agroecological practices implemented did not decrease crop yields, and the cost of
production decreased due to using less pesticides and fertilizers because of crop diversification. Profit
also increased because sales of cereals increased and they have a higher price than maize, whose sales
decreased. Thus, economic sustainability increased from 0.29 to 0.39.
Regarding social sustainability, the score of societal expectations decreased slightly due to planting

hedgerows, which decreased crop production because of less utilized agricultural area. Consequently, it
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worsened the “Food production potential” indicator. The “Simplicity of the system” indicator was also
worsened due to implementing agroecological practices that complicated farm management (except for
leaving straw on the soil). Nevertheless, this worsened score was offset by the improved safety of
pesticide users due to crop diversification and planting hedgerows. Because of these changes, social
sustainability remained stable at 0.55, and overall sustainability improved from 0.41 to 0.49.
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Figure 5. Detailed scores of the three pillars of sustainability in the farm, before and after implementation of agroecological practices in the SOIL game session.

These practices are “reduced tillage”, “straw left on soil”, rotation maize — wheat — maize — barley” and “hedgerows as green infrastructure”. Scores for indicators of

order n are weighted averages of the scores for indicators of order n+1. The weight of each indicator is shown in parentheses.
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3.2.  Session to manage transitions to organic farming
In the ORGANIC game session, players must convert the farm to meet organic certification
specifications within five years. These specifications, adapted to the game, are detailed in the
information button corresponding to the strategic decision “Type of agriculture: Organic farming”. Once
all the practices necessary for conversion have been implemented in a game session, players can choose
to trigger the conversion to organic certification.

3.2.1. Approach A
For approach A, we chose to implement agroecological practices gradually to meet the minimum
specifications of organic certification within five years. In the first year, practices for crop protection
were changed from conventional practices to practices based on an agroecological approach (Figure 6;
Approach A). These changes increased the scores of all three pillars of sustainability, mainly due to
substantial improvements in biodiversity conservation, environmental quality and profit. Indeed, the
cost of crop protection was nearly halved, while the yields remained constant. Overall sustainability
reached 0.50. In the second year, treatments of cows and heifers became selective, which led to minor
changes in indicator scores and constant overall sustainability. In the third year, crop production
practices were changed further by using only biocontrol products against pests and diseases and
mechanical weed control against weeds. These changes decreased crop yields, which led to an increase
in feed purchases and thus a decrease in the score of abiotic resource use. However, this worsened score
was offset by the improvement in biodiversity conservation made possible by decreasing pesticide use.
Thus, environmental sustainability improved slightly, from 0.45 to 0.48. Social sustainability also
improved, mainly due to an increase in the scores of workload and safety of pesticide users. However,
economic sustainability decreased from 0.48 to 0.41, due to the decrease in crop yields that decreased
farm profit. Overall sustainability remained constant. In the fourth year, management of animal health
was changed further by using only preventive measures and immunizing cattle against parasites. As a
result, economic sustainability continued to decrease, reaching 0.38, because animal production became
less profitable, with a slight decrease in milk and meat yields, along with higher feed requirements. The
score of animal welfare worsened due to the decrease in veterinary treatment. The scores of workload
and simplicity of the system also worsened, which decreased social sustainability. Thus, overall
sustainability began to decrease, reaching 0.48. Finally, in the fifth year, fertilization practices were
changed by using only organic fertilizers, feed concentrates for dairy cows were reduced and organic
certification was triggered. Due to the certification, economic sustainability increased (+0.27 points):
the value of production was improved by higher prices, which offset the loss of profitability due to the
decrease in crop yields caused by the new fertilization practices. However, this decrease worsened the
“Food production potential” indicator, which decreased social sustainability. Environmental
sustainability also decreased due the worsening of the score of abiotic resource use with an increase in

feed purchases. Indeed, forage self-sufficiency, which was 100% at the beginning of the session, reached
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only 78%, while protein self-sufficiency reached only 57%. However, overall sustainability improved
from 0.41 to 0.54.

3.2.2. Approach B
For approach B, we also chose to implement agroecological practices gradually over five years but also
to exceed the specifications of organic certification to improve overall sustainability. In the first year,
implementing the same practices as in approach A yielded the same changes in sustainability scores. In
the second year, we implemented an additional practice compared to those implemented in the second
year of approach A: we diversified one cropping system from the default rotation “maize — wheat” to
“maize — wheat — maize — barley” (Figure 6; Approach B). By doing so, environmental sustainability
increased more than in approach A due to better biodiversity conservation and environmental quality.
Economic sustainability also improved more because crop sales increased. Thus, overall sustainability
was 0.02 points higher in approach B than in approach A. In the third year, the same practices as in
approach A were implemented, which yielded the same changes. In the fourth year, we implemented an
additional practice compared to those in approach A: temporary grassland was composed of complex
grass/legume mixtures instead of only grass. Due to the higher protein content of the grass/legume
grassland, feed purchases decreased, which led to higher economic sustainability (+ 0.08 points) than in
approach A. In the fifth year, the same practices as in approach A were implemented. However, the
decrease in grassland yield observed in approach A was no longer observed since temporary grasslands
with legumes needed less fertilization. Thus, on-farm feed production decreased less, and feed purchases
increased less. Indeed, compared to the beginning of the session, forage self-sufficiency decreased by
only 6 percentage points, and protein self-sufficiency even increased by 16 percentage points.
Consequently, the score of abiotic resource use increased instead of decreasing, and economic
sustainability increased more than in approach A, reaching 0.75. In approach B, overall sustainability

reached 0.61, which was 0.07 points more than in approach A.
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Figure 6. Evolution of sustainability scores as a function of changes in practices in the two approaches to the
ORGANIC game session, in which the player’s objective is to convert the farm to organic farming. Changes in bold
are those performed in approach B but not approach A.
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4. Discussion

4.1. SEGAE: an innovative tool for learning agroecology

SEGAE is a promising tool to learn agroecology. It is based on a modeling framework that gamifies the
implementation of agroecological practices on a farm and stylizes their impacts on sustainability. This
game addresses three main educational objectives for players.

First of all, the objective of acquiring a systems approach was illustrated through the SOIL game session,
in which players aim to improve soil quality by choosing agroecological practices from the farms’
strategic dimensions and to assess their impacts on the three pillars of sustainability. Session results
showed that environmental and economic sustainability were improved, but that social sustainability
remained constant, mainly due to a decrease in food production potential. This is an important issue for
the large-scale development of agroecology and thus can lead to interesting discussions with students.
Indeed, beyond learning about agroecological practices and their impacts, SEGAE was built to foster
discussion and debate in ways that complement other studies of agroecology and its impacts on
sustainability (e.g., Poux and Aubert (2019)).

Then, the objective of improving skills in transition management was illustrated through the ORGANIC
game session, in which players aimed to convert the farm to organic farming within five years. To
illustrate the importance of transition management, this game session was repeated with two approaches.
Results from approach A showed that conversion to organic farming improves the three pillars of
sustainability, even though certain indicators were worsened, and some impacts were not included in
the game’s boundaries (e.g., environmental impacts due to input production and transport). These results
are consistent with recent reviews (Reganold and Wachter, 2016; Seufert and Ramankutty, 2017). The
improvement in economic sustainability was enabled by obtaining an organic price premium after
conversion. Here, we assumed that conversion subsidies, associated with the higher prices during
conversion, were equivalent to organic prices, which the farmer can legally benefit from 2 years after
beginning the conversion. However, the example game sessions did not consider an important factor
that can compromise the viability of organic farming greatly: price and production risks (Berentsen et
al., 2012). Nonetheless, this factor can be considered in the game by activating the risk option. By doing
so0, predefined hazards can occur, which makes it possible to test the farm’s resilience while challenging
students. To illustrate it, we implemented again the ORGANIC game session (approach A) in the current
version of SEGAE by activating the risk option: a global milk overproduction happened in year 2, 3 and
5, which made milk price decrease by 100€.t. The sustainability scores were lower than in the version
presented in this article: the economic sustainability reached 0.36 instead of 0.65, which lead to a lower
overall sustainability (0.45 instead of 0.54). These random events are totally customizable by the teacher,
and can thus allow a wide diversity of pedagogical scenarios (e.g., adaptation to climate change,

increasing price of pesticides due to environmental taxes).
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In addition, even though the farm’s sustainability scores improved in the approach A, forage and protein
self-sufficiency decreased. This decrease differs from practices observed on farms that develop a
strategy based on grazing and feed self-sufficiency to increase their resilience during conversion
(Boulttes et al., 2019; Perrin et al., 2020). However, results can be improved by introducing legumes to
temporary grassland, as in approach B, in which protein self-sufficiency increased, as did the three
pillars of sustainability. Thus, SEGAE provides opportunities for players to develop learning through
trial-and-error (Couvreur et al., 2018) by testing several combinations of practices and looking for clues
in technical indicators to improve sustainability scores. This is especially true since the order in which
practices are chosen matters: for example, if mineral fertilization is removed in the first year of
conversion, overall sustainability plunges to 0.30, which threatens the farm’s viability.

A last objective, to learn about agroecological practices, was assessed in a previous article that details
SEGAE’s potential to help learn in an entertaining way (Jouan et al., 2020). To do so, an evaluation of
university students who played the game was performed during a one-week workshop, by implementing,
beyond others, a knowledge survey. In this article, we showed that students significantly increased their
knowledge of agroecology with a mean increase of nine percentage points in their scores. In addition,
more than 86% of the students enjoyed the game, appreciating its interaction and feedback. We thus
concluded that SEGAE was an interesting tool to help students acquire knowledge of agroecology in a

fun way.

4.2.  Important pedagogical aspects
SEGAE is available online to all at no cost at https://rebrand.ly/SEGAE. However, SEGAE was not

originally designed to be used in an autonomous way: this tool should preferably be part of a pedagogical
activity led by a teacher. As already mentioned in section 2.2.3., the pedagogical activity should include
a discussion on the results, the methodology, and the limits of the game with the teacher. A pedagogical
guide is available on SEGAE website to help teacher build such activities. In particular, it is necessary
important to discuss the choice of various indicators of sustainability indicators chosen, their calculation
methods and their associated scores weights. Indeed, the sustainability scores are composite scores that
enable students to analyze the sustainability of the farm. However, the indicators are aggregated based
on various weights, which stem from our own expertise and have substantial impacts on the simulation.
To highlight this issue with students, one solution for the teacher is to come up with two different sets
of weights and subdivide the class to make half the students play with each of the set of weights. The
teacher can then discuss the differences in sustainability scores due to the differences in weights with
the all students.

In addition to the sustainability scores, the students have access to the main technical results in the
“warehouse” button. It is essential for the teacher to make students analyze these scores since they help
them to understanding the sustainability scores. Besides, another score is available: the player's score.

This score, calculated from the lowest score of the three pillars of sustainability cumulated over the
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years, helps students to question the sustainability scores since it highlights the necessary balance
between these three pillars. Overall, the three types of score introduced in SEGAE — sustainability
scores, technical scores and player’s score — should be used together to optimize the pedagogical outputs
of the game.

4.3.  Strengths, limits and perspectives

SEGAE has three main advantages. First, the diversity of indicators covers the three pillars of
sustainability, which enables players to understand potential antagonistic impacts of agroecological
practices. Second, the interactivity of the graphical interface enables players to display a summary of
these indicators in the hierarchical tree of sustainability and to envision some impacts of the practices
implemented. It also incites players to investigate impacts of practices further through a wide range of
information available in the Report tab. By doing so, players can improve their knowledge about various
disciplines in an active way. Third, the adaptability of several game elements enables users, especially
teachers, to transpose the game to their context and improve it. In particular, the code of the calculation
engine that connects the matrix to the graphical interface is open source, which allows future users to
improve the game or reuse it in other software.

Since the model was developed for educational purposes, representation of impacts was simplified using
an output-oriented approach. This choice may cause impacts that are related to complex and indirect
processes to be ignored. In particular, the impacts of practices appear instantly and the game does not
capture interactions that could appear when several practices are implemented. The small set of rations
and rotations in the game also makes it difficult to match them to each other exactly, which can lead to
configurations that would probably not exist in reality. In addition, the game focuses only on the farming
system itself: indirect impacts of practices that do not occur directly on the farm are not considered (e.g.,
CO; emissions from production of inputs, impacts on the nearby water ecosystems from reducing the
use of antibiotics in animal production). One improvement would thus be to include data from life cycle
assessment in the evaluation of agroecological practices (van der Werf et al., 2020). Finally, the current
version of SEGAE includes four farming systems still under development (i.e., French, Belgian, Italian
and Polish). The parametrization of these farming systems is based on typical farms, and does impacts
greatly the results of the simulation. A development path would be to adapt the game to very different
contexts, such as tropical farms where agroecological practices can be particularly beneficial (Pretty et
al., 2006), but it would require considerable effort. However, since the game was built to be scalable, it
can be adapted to other temperate farming systems by developing new farms with new practices and
indicators. Despite these limitations, SEGAE was already introduced to c.a. 90 university teachers and
extension agents who were enthusiastic about the game: some of them already used it in their courses in
the context of covid-19 epidemic. To go further, it would be interesting to present this game to farmers.

Even if they are not the target audience, they could also improve the coherence of simulations.
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SEGAE was designed to strengthen European training in agroecology, and active contributions from
users would help improve the tool, create new scenarios and forge connections within the community
of teachers working on agroecology. This community is organizing gradually by developing seminars
and international degree programs. This approach complements more local initiatives that include
farmers in participatory projects to improve the sustainability of agricultural systems (Lacombe et al.,
2018). In addition, by connecting multiple dimensions of farm sustainability, as well as some societal
expectations, SEGAE provides a fresh look at agroecological practices. These farming practices, which
are usually considered as unprofitable and under-optimized, are depicted in the game in an
interdisciplinary and integrated way that highlights their utility and ease their understanding by students.
Finally, overall sustainability is estimated using a smaller set of indicators that have different weights.
The indicators chosen and the balance among them stem from our expert opinion, which is an important
issue that deserves to be studied further. In particular, the challenges to social sustainability that
agroecological practices may cause, such as an increase in workload and decrease in food production
potential, should be studied deeply. Closely related to sustainability, the concept of farm resilience
should also be emphasized in European agricultural programs. SEGAE could contribute to this goal by
using the classroom mode, which can simulate persistent stress such as climate change. By studying a
system’s ability to prepare for threats, absorb impacts and adapt to them, current and future professionals

could become better prepared to face the many challenges that face the agricultural sector.

5. Conclusion
To improve agroecology learning, we built the online simulation game SEGAE
(https://rebrand.ly/SEGAE). This article presented the model framework on which it is based and

illustrated the game’s potential. SEGAE is based on an output-oriented approach that represents impacts
of practices on multiple indicators. These impacts are included in a matrix that is connected to a
graphical interface that stylizes them. The article presented and discussed two examples of game
sessions and their results. The results of the first example, which aimed to improve soil quality, allow
players to put the improvement of overall sustainability into perspective with a decrease in food
production potential. The results of the second example, which aimed to convert the farm to organic
farming, allow players to discuss the steps needed to obtain organic certification and the coherence
between crop and animal production needed to foster sustainability. SEGAE is currently adapted to four
farming systems in Europe, but since it was designed to be scalable, active contributions from users

would allow it to be improved and adapted to other European contexts.

Acknowledgement
This research was funded by the European Commission through the Erasmus+ program (project no.
2017-1-FR01-KA203-037254) and by the French Chair of Agroecology. This publication is binding



507
508
509
510
511
512

513

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

only on its authors, and the Commission is not responsible for any use which may be made of the
information contained therein.

The authors thank Professor Leonardo Nanni Costa (DISTAL, University of Bologna) for his assistance
in providing all information about the Italian animal module. The authors also thank Succubus
Interactive for the expertise in serious game design and Michael Corson for proofreading the

manuscript’s English.

References

Altieri, M.A., Farrell, J.G., 2018. Agroecology: the science of sustainable agriculture, 2nd edition. ed.
CRC Press, Boca Raton, USA.

Berentsen, P.B.M., Kovacs, K., van Asseldonk, M.A.P.M., 2012. Comparing risk in conventional and
organic dairy farming in the Netherlands: An empirical analysis. J. Dairy Sci. 95, 3803-3811.
https://doi.org/10.3168/jds.2011-5200

Bouttes, M., Bize, N., Maréchal, G., Michel, G., Cristobal, M.S., Martin, G., 2019. Conversion to
organic farming decreases the vulnerability of dairy farms. Agron. Sustain. Dev. 39, 19.
https://doi.org/10.1007/s13593-019-0565-3

Braasch, M., Garcia-Barrios, L., Cortina-Villar, S., Huber-Sannwald, E., Ramirez-Marcial, N., 2018.
TRUE GRASP: Actors visualize and explore hidden limitations of an apparent win-win land
management strategy in a MAB reserve. Environmental Modelling & Software 105, 153-170.
https://doi.org/10.1016/j.envsoft.2018.03.022

Brisson, N., Gary, C., Justes, E., Roche, R., Mary, B., Ripoche, D., Zimmer, D., Sierra, J., Bertuzzi, P.,
Burger, P., Bussiére, F., Cabidoche, Y.M., Cellier, P., Debaeke, P., Gaudillére, J.P., Hénault,
C., Maraux, F., Seguin, B., Sinoquet, H., 2003. An overview of the crop model stics. European
Journal of Agronomy 18, 309-332. https://doi.org/10.1016/S1161-0301(02)00110-7

Calsamiglia, S., Espinosa, G., Vera, G., Ferret, A., Castillejos, L., 2020. A virtual dairy herd as a tool to
teach dairy production and management. J. Dairy Science 103, 2896-2905.
https://doi.org/10.3168/jds.2019-16714

Couvreur, S., Hebrard, V., Defois, J., Potier, G., Piva, G., Cortés, C., Baccar, R., 2018. Rami
fourrager(C): A serious game for teaching engineers the basics of forage systems. Fourrages
61-71.

Crookall, D., 2010. Serious games, debriefing, and simulation/gaming as a discipline. Simulat. Gaming
41, 898-920. https://doi.org/10.1177/1046878110390784

Dernat, S., Vollet, D., Cayre, P., Dumont, B., Rigolot, C., 2019. Accompanying the collective
construction of a plan for the future. The case of a collaborative and territorialized process for
the actors of the PDO cheese ‘Fourme de Montbrison’ (Loire, France), in: Agricultural
Education and Extension Tuned on Innovation for Sustainability. Experiences and Perspectives,
Proceedings of the 24th European Seminar on Extension and Education. Acireale, Italy, pp. 1—
2.

Dourmad, J.-Y., Adji, K., Boulestreau-Boulay, A.L., Emeraud, L., Espagnol, S., 2013. A 3D-serious
game for teaching the environmental sustainability of pig farming systems. Presented at the
Annual Meeting of the European Federation of Animal Science (EAAP), Wageningen
Academic Publishers, Nantes, France, p. 660.

Draaf Bretagne, 2018. La filiere laitiére en Bretagne (Agreste Bretagne - Les cahiers régionaux). Rennes,
France.

Dumont, B., Fortun-Lamothe, L., Jouven, M., Thomas, M., Tichit, M., 2013. Prospects from
agroecology and industrial ecology for animal production in the 21st century. Animal 7, 1028—
1043. https://doi.org/10.1017/S1751731112002418

Duru, M., Therond, O., Martin, G., Martin-Clouaire, R., Magne, M.-A., Justes, E., Journet, E.-P.,
Aubertot, J.-N., Savary, S., Bergez, J.-E., Sarthou, J.P., 2015. How to implement biodiversity-
based agriculture to enhance ecosystem services: a review. Agron. Sustain. Dev. 35, 1259-1281.
https://doi.org/10.1007/s13593-015-0306-1



557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609

European Council, 2007. Council Regulation (EC) No 834/2007 of 28 June 2007 on organic production
and labelling of organic products and repealing Regulation (EEC) No 2092/91, OJ L.

Francis, C., Breland, T.A., Nicolaysen, A.M., Lieblein, G., 2019. Global perspective enrich learning in
a graduate agroecology course. NACTA Journal 63, 139-145.

Francis, C.A., Jordan, N., Porter, P., Breland, T.A., Lieblein, G., Salomonsson, L., Sriskandarajah, N.,
Wiedenhoeft, M., DeHaan, R., Braden, I., Langer, V., 2011. Innovative education in
agroecology: experiential learning for a sustainable agriculture. Crit. Rev. Plant Sci. 30, 226—
237. https://doi.org/10.1080/07352689.2011.554497

Francis, C.A., Lieblein, G., Breland, T.A., Salomonsson, L., Geber, U., Sriskandarajah, N., Langer, V.,
2008. Transdisciplinary research for a sustainable agriculture and food sector. Agron. J. 100,
771-776. https://doi.org/10.2134/agronj2007.0073

Garcia-Barrios, L., Perfecto, I., Vandermeer, J., 2016. Azteca chess: gamifying a complex ecological
process of autonomous pest control in shade coffee. Agric. Ecosyst. Environ. 232, 190-198.
https://doi.org/10.1016/j.agee.2016.08.014

Garcia-Barrios, L.E., Speelman, E.N., Pimm, M.S., 2008. An educational simulation tool for negotiating
sustainable natural resource management strategies among stakeholders with conflicting
interests. Ecological Modelling 210, 115-126. https://doi.org/10.1016/j.ecolmodel.2007.07.009

Girardin, P., Bockstaller, C., Van der Werf, H., 2000. Assessment of potential impacts of agricultural
practices on the environment: the AGRO* ECO method. Environ. Impact Asses. 20, 227-239.

Jouan, J., De Graeuwe, M., Carof, M., Baccar, R., Bareille, N., Bastian, S., Brogna, D., Burgio, G.,
Couvreur, S., Cupiat, M., Dumont, B., Jacquot, A.-L., Magagnoli, S., Makulska, J., Maréchal,
K., Pérés, G., Ridier, A., Salou, T., Tombarkiewicz, B., Sgolastra, F., Godinot, O., 2020.
Learning interdisciplinarity and systems approaches in agroecology: experience with the serious
game SEGAE. Sustainability 12, 4351. https://doi.org/10.3390/su12114351

Lacombe, C., Couix, N., Hazard, L., 2018. Designing agroecological farming systems with farmers: A
review. Agr. Syst. 165, 208-220. https://doi.org/10.1016/j.agsy.2018.06.014

Loriot, M., Gowthorpe, J., 2017. Jeu Ruralis. ACTA éditions/ RMT Biodiversité et Agriculture, Paris,
France.

Martin, G., Felten, B., Duru, M., 2011. Forage rummy: A game to support the participatory design of
adapted livestock  systems. Environ. Modell. Sofw. 26, 1442-1453.
https://doi.org/10.1016/j.envsoft.2011.08.013

Mosnier, C., Duclos, A., Agabriel, J., Gac, A., 2017. Orfee: A bio-economic model to simulate
integrated and intensive management of mixed crop-livestock farms and their greenhouse gas
emissions. Agr. Syst. 157, 202-215. https://doi.org/10.1016/j.agsy.2017.07.005

Perrin, A., Cristobal, M.S., Milestad, R., Martin, G., 2020. Identification of resilience factors of organic
dairy cattle farms. Agr. Syst. 183, 102875. https://doi.org/10.1016/j.agsy.2020.102875

Poux, X., Aubert, P.-M., 2019. An agroecological Europe in 2050: multifunctional agriculture for
healthy eating. Findings from the Ten Years For Agroecology (TYFA) modelling exercise. (No.
Study N°09/18). Iddri-AScA, Paris, France.

Pretty, J.N., Noble, A.D., Bossio, D., Dixon, J., Hine, R.E., Penning de Vries, F.W.T., Morison, J.I.L.,
2006. Resource-conserving agriculture increases yields in developing countries. Environ. Sci.
Technol. 40, 1114-1119. https://doi.org/10.1021/es051670d

Reganold, J.P., Wachter, J.M., 2016. Organic agriculture in the twenty-first century. Nature Plants 2, 1—
8. https://doi.org/10.1038/nplants.2015.221

Rose, D.C., Sutherland, W.J., Parker, C., Lobley, M., Winter, M., Morris, C., Twining, S., Ffoulkes, C.,
Amano, T., Dicks, L.V., 2016. Decision support tools for agriculture: Towards effective design
and delivery. Agr. Syst. 149, 165-174. https://doi.org/10.1016/j.agsy.2016.09.009

Sadok, W., Angevin, F., Bergez, J.-E., Bockstaller, C., Colomb, B., Guichard, L., Reau, R., Messéan,
A., Dore, T., 2009. MASC, a qualitative multi-attribute decision model for ex ante assessment
of the sustainability of cropping systems. Agron. Sustain. Dev. 29, 447-461.
https://doi.org/10.1051/agro/2009006

Seufert, V., Ramankutty, N., 2017. Many shades of gray—The context-dependent performance of
organic agriculture. Science Advances 3, e1602638. https://doi.org/10.1126/sciadv.1602638



610
611
612
613
614
615
616
617
618
619

van der Werf, H.M.G., Knudsen, M.T., Cederberg, C., 2020. Towards better representation of organic
agriculture in  life  cycle assessment. Nature  Sustainability 3, 419-425.
https://doi.org/10.1038/s41893-020-0489-6

Vaulot, Q., Rzewuki, D., Rousval, V., 2018. Agro Challenges. Educagri Editions, Dijon, France.

Vogel, J.J., Vogel, D.S., Cannon-Bowers, J., Bowers, C.A., Muse, K., Wright, M., 2006. Computer
gaming and interactive simulations for learning: a meta-analysis. J. Educ. Comput. Res. 34,
229-243. https://doi.org/10.2190/FLHV-K4WA-WPVQ-HOYM

Wezel, A., Casagrande, M., Celette, F., Vian, J.-F., Ferrer, A., Peigné, J., 2014. Agroecological practices
for sustainable agriculture. A  review. Agron. Sustain. Dev. 34, 1-20.
https://doi.org/10.1007/s13593-013-0180-7



620  Appendix
621  Detailed description of the indicators included in the hierarchical tree of sustainability (in yellow). In green, qualitative sub-indicators; in blue, quantitative sub-

622 indicators. Yield gap is the difference between the maximum yield attainable in the game and the yield reached during the game session.

Index of soil meso-fauna

| Abundance of earthworms
Soil biodiversity +—
. Abundance of microrganisms in the soil

Biodiversity conservation .
Index of above-ground natural enemies

Above-ground biodiversity -i_'. Index of pollinators

Energy consumption

Use of energy resources < Energy efficiency

Use of abiotic resources Emissions from soil management

Environnmental sustainability /" Emissions from enteric fermentation
Global warming potential

Emission from land use

Quantity of pesticides

water quality < Quantity of nitrates

Ammonia volatilization

Environmental quality Air quality < Residues of pesticides in the air

Soil organic carbon

soilquality < Risk of erosion

Gross margin of crop&milk&meat + subsidies - cost of hired workers

Farm profit

Overa" Sustainability R [Sales of crop OR meat (MAX) ]/ [sales of crop&meat]

“——— Economic sustainability

[Gross margin of crop&meat] / [sale of crops&meat]

Economic efficiency

[Farm profit x profit distribution rule 1/ number of permanent workers

Farm income

Score of animal welfare
Animal welfare ——

Quantity of external work needed/ legal annual workload

Societal expectations Contribution to employment

1/2 crop yield gap + 1/2 animal yield gap

Food potential production

Social SUStamablllty Peak work time for crop production + routine work time for animal production

Workload

Score that assesses the mental load of farming system management
Working condition Simplicity of the system —

1- Treatment frequency index of crops

623 Safety of pesticide user
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