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ABSTRACT

Resilience management of farming systems requires building an understanding of the under-
lying drivers of the adaptive capacity of the system. In this paper, we use the concept of
resilience as a framework to understand how bovine livestock farming systems may adjust to
challenging environmental, social, and political conditions. Using an interactive simulation
model (microworld), we explored potential developments for livestock farmers in Bourbonnais,
France, to the effect of simultaneous changes in the socioeconomic landscape and unpredict-
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able weather conditions resulting from climate change. The results offer insights into the
potential trade-offs between systems scale and long-term sustainability by suggesting that
sacrificing socioeconomic performance in the short and medium term may increase long-term

sustainability and resilience.

1. Introduction

In recent decades, European food systems have
become more intensive, efficient, and specialised
(EEA/European  Environment Agency, 2010;
European Commission, 2011). These changes have
not happened in isolation but as a response to global
and regional changes that have increased the size of
European markets and opened a world of possibilities
and new technologies (Knickel et al., 2018; Saifi &
Drake, 2008). However, these gains have come at the
expense of a reduction in system resilience, as regional
food systems have increased their path dependency
and, intentionally or unintentionally, reduced their
buffers (Knickel et al., 2018). This lack of resilience
was evident in 2018, when multiple farm systems
failed to cope with abrupt changes in weather condi-
tions (Beitnes et al., 2022; Beillouin et al., 2020).

Climate change is one of the greatest challenges that
farmers have faced in generations (Blanco et al., 2017).
Changes in rain patterns, heat waves, and droughts
resulting from climate change are already pushing
farmers to their limits, and these effects are likely to
intensify in the upcoming years (Mitter et al., 2019).
As the public becomes more aware of climate change,
its effects are leading to cultural, economic, and beha-
vioural changes. An early example of this widespread
effect of climate change is the increasing shift in con-
sumer preferences towards more sustainable diets
(Hartmann & Siegrist, 2017; Sanchez-Sabate &
Sabaté, 2019) and more aggressive policies and regula-
tions limiting the usage of chemical fertilisers (Dubois
et al., 2019).

Changes in consumer diets are a concern to those
who socially or economically depend on livestock farm-
ing systems, particularly those participating in dairy and
bovine meat production. Livestock farming systems are
a major economic activity in Europe (Olesen & Bindi,
2002), and meat production has experienced steady
growth since the end of the second world war
(Masters et al., 2016). However, consumption of meat
per capita has stagnated in many European countries in
recent decades and in some cases have even started to
decline (de Boer & Aiking, 2018; Soler & Thomas,
2020). While this decline thus far seems moderate,
consumption habits are changing rapidly and raise con-
cerns about a sustainable future for these systems
(Mitter et al., 2019; Paas et al., 2021).

While there is little doubt of the impact livestock
farming (particularly of bovine cattle) has on climate
change, it is important to recognise the impact that
losing these farming systems will have in the wider
socioecological system. While meat and milk remain
part of diets, local livestock systems are still necessary
to reduce CO2 emissions. Locally produced food is
fundamental to mitigate climate change effects by
satisfying food demand with a lower carbon footprint
(Pinto-Correia et al., 2021; Schmitt et al., 2017). While
meat and dairy remain part of European diets, the
extinction of farming systems in the region will
increase global CO2 emissions because retailers will
have to transport food from elsewhere (Allen et al.,
2018). Moreover, this food will need to be packaged
and processed, thereby increasing the emissions gen-
erated per ton of food produced even more.
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Farming systems in Europe are also important for
cultural and economic reasons, particularly in rural
areas where farming has been the main economic
activity for generations and farming systems are part
of the local identity and landscape (Moreno et al.,
2018; Assandri et al., 2018). The extension of livestock
systems will affect millions of people who directly or
indirectly depend on them. These communities will
find themselves deprived of their livelihood, and entire
towns may collapse as people migrate to cities in
search of better opportunities (Hocquette et al., 2018).

While we recognise the role of reducing meat con-
sumption as a part of the effort to reduce CO, emis-
sions and mitigate climate change, we also argue that
at least some livestock systems should be preserved
and managed in more sustainable ways (European
Commission, 2015; Knickel et al., 2013). Our aim in
this paper is to explore the conditions for a scenario
that finds a compromise between environmental and
socioeconomic goals with the aim of finding sustain-
able futures for meat producers in Europe.

With this aim, we use the concept of resilience as
a framework to understand how meat production
systems may adjust to the challenging environmental,
social, and political conditions described before. In
simple terms, resilience is a system’s ability to main-
tain its functionality even when it is affected by exter-
nal disturbances (Folke et al., 2010; C. Holling, 1986;
Meuwissen et al., 2019). Resilience provides a forward-
looking approach for understanding the internal
mechanisms that drive a system’s response to external
disturbances (Pizzo, 2015). By looking at system resi-
lience, it is possible to anticipate how a system may
perform in an increasingly challenging environment
and understand the conditions that are conducive to
its chances of adapting and surviving.

This paper is organised as follows. We start by
discussing the current landscape of beef production
in France, and we use beef production in the
Bourbonnais region as a case study to illustrate the
challenges that could be expected in the short- and
medium-term future. Next, we explain the methodol-
ogy used for the analysis and how we operationalised
and assessed system resilience. The paper continues by
presenting the simulation results and finishes with
a discussion of the insights gained and the next steps
for further research.

2. Bovine livestock systems in France

In general, livestock farming is an important economic
activity in France. In 2020, approximately 9% of the
total French agricultural value (FranceAgriMer, 2020)
came from livestock farming. France’s livestock farms
are heterogeneous small-scale, mixed, and large-scale
intensive farming systems (Olesen & Bindi, 2002).
Currently, France holds Europe’s third largest pig

herd, fourth largest herd of sheep and goats, and the
largest bovine herd. In 2021, 34.4% of Europe’s bovine
cattle were held in France (BusinessFrance, 2021).

The Bourbonnais region is a historic and cultural
area in the French region of the Auvergne-Rhone-
Alpes and mostly encompasses the area demarcated
by the department of Allier. Agriculture is an impor-
tant economic activity in the region employing 8% of
the regional workforce (on average 4% of the popula-
tion in France works in agriculture). Although agri-
cultural production is diversified in the region,
livestock breeding dominates in the north of the
Allier. The region has the second highest number of
suckler cows in France and is the main producer of
high-quality and high-cost meat in the country.

However, as in other European countries, the situa-
tion in the Bourbonnais is changing rapidly. Between
2000 and 2010, the number of farms in the region
decreased by 25%, with changes of —33% for dairy
cows, —17% for beef farms, and —52% for beef and
dairy farms (Animal Futures, 2021). Conversely, as
shown in Figure 1, the same period saw an increase
in the Utilised Agricultural Area (UAA) occupied by
livestock farms (Agreste FDS_G_0001), suggesting
a shift towards large-scale farms.

The dramatic changes portrayed in Figure 1 show
that as the effects of climate change intensify, there is
a growing concern among farmers and other stake-
holders about the implications of this changing land-
scape for the industry’s long-term sustainability (Paas
et al,, 2021). The subsistence of livestock farming in
the Bourbonnais and the important social, economic,
and environmental outcomes this system generates for
the region can no longer be taken for granted.

3. Methodology

3.1. Building microworlds for policymaking in
resilience management

Since farming systems are nested, multilevel systems that
combine multiple actors interacting among each other
and with the environment through complex networks of
feedback loop relationships (C.S. Holling, 2001; Folke,
2006; Holling & Gunderson, 2002), it is almost impos-
sible to grasp systems behaviour using intuition alone
(Gain et al.,, 2020; Liu et al,, 2015). As an alternative,
simulation models are often used by policy-makers to
explore the performance of farming systems under dif-
ferent conditions (Anderson, 2021; Marandure
et al.,2020; Stave & Kopainsky, 2015). Known by many
names (e.g., microworlds, synthetic task environments,
high fidelity simulations, interactive learning environ-
ments), interactive simulation models are used to help
decision-makers navigate this complexity and to identify
policy leverage, unintended consequences and emerging
behaviours (Gonzalez et al., 2005).
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Figure 1. The number of cattle farms in the Bourbonnais region [farms] (dashed line - right axis) and the respective average farm

size [ha/farm] (solid line — left axis) (source: Agreste FDS_G_0001).

While originally intended as a means to designate
simulation models that will be used for supporting
education in classrooms (Papert, 1980), currently, the
concept of a microworld is used to refer to simulation
models that are used to foster learning in a variety of
settings, including business and the public sector
(Senge, 1990). In simple terms, a microworld is
a representation of a real system that helps stake-
holders make sense of its real counterpart (Lane,
1995). The model in this case offers a mathematical
metaphor of the real world that allows stakeholders to
explore what-if scenarios and strategies (Winch,
1999). Microworlds are a useful tool to help stake-
holders take a systemic perspective by linking stake-
holders’ decisions, the system components, and their
relationships to the system performance.

There are a variety of assessment methods, including
both quantitative and qualitative approaches (e.g., sys-
tem dynamics modelling, network analysis, agent-based
modelling, multi-criteria analysis, and integrated assess-
ment/decision support systems), that are suitable for
developing microworlds (An, 2012; Belton & Stewart,
2002; Filatova et al., 2013; Lippe et al,, 2019). In this
case, we used system dynamics (SD) modelling as our
assessment method. Our choice was grounded on cap-
ability of SD modelling to combine quantitative simula-
tions with qualitative elements of system thinking to
make it easier for stakeholders to have conversations
about the mechanisms influencing the system beha-
viour. SD modelling is a an approach based on feedback
control theory that aims to explain the behaviour of
a system through the relationships of its components
and the influence these components have on each other
(Kunc et al., 2018; Zolfagharian et al., 2018). These
relationships, formally known as the system structure

in the SD literature, can be visualised through diagrams
to identify feedback loop relationships (Winch, 1999).
Since the aim of the present analysis was not only to
anticipate the potential development of meat produc-
tion systems but also to identify its influencing mechan-
isms, we found that this link between SD and system
thinking was a critical advantage of SD over other
modelling methods (Zolfagharian et al., 2018).

Systems thinking provides a broader understanding
of how a system functions by investigating the rela-
tions of the elements that form the system as a whole
rather than as the sum of its parts (Perissi, 2021;
Richmond, 1993; Senge, 1990). As O’Garra et al.
(2021) explained, systems thinking is a powerful per-
spective in resilience management because it helps
stakeholders to recognise and understand the interde-
pendencies and interactions reshaping a system to
respond to a given disturbance.

By combining the visual elements of SD and the
possibility of simulating future behaviours, microworlds
are helpful constructs for enhancing our understanding
of the underlying mechanisms influencing system
responses to shocks and disturbances. As part of resili-
ence management, microworlds could help stakeholders
to: 1) aggregate detail while focusing on dynamic com-
plexity, 2) help to operationalise resilience, and 3) expli-
citly identify control variables in the system.

This study undertakes the modelling process in
three steps aligned with the standard SD modelling
process (Sterman, 2002) and the recommendations of
Herrera and Kopainsky (2020) for using SD to support
the assessment of resilience: 1) defining the scope of
resilience, 2) defining the system, and 3) building
a simulation model. These steps are briefly described
later in this section.
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3.2. Operationalising resilience

There are many different approaches for assessing
resilience (Herrera, 2017; Tendall et al. 2015).
Following recommendations from other authors (e.
g., K. de Bruijn et al.,, 2017; Meuwissen et al., 2019;
Walker et al., 2004) we operationalised resilience by
looking at the system outcomes and their behaviour
when affected by an external disturbance. Using
asymptotic resilience (Arnoldi et al, 2016) as
a framework, we focused on how outcome functions
deviate from and return to their equilibrium beha-
viour. Asymptotic resilience assumes that the system’s
behaviour will tend to the equilibrium while all vari-
ables remain in the same basin of attraction. Making
these assumptions allows us to measure resilience by
looking at the impact (I) of the disturbance on deviat-
ing the behaviour from its equilibrium and the dura-
tion of its response (average recovery rate R™$)
(Arnoldi et al., 2016).

Let us assume that a disturbance affects the system
at time t,, displacing the system behaviour from x; to
Xmax (see Figure 2). If the equilibrium is stable, then
the system will eventually return to its original beha-
viour, and there is a maximum displacement x,,,, after
which the system starts to bounce back (recover). The
impact (I) is equal to x,,. (see Figure 2) and can be
calculated as the maximum Euclidean distance
between the behaviour of the system in equilibrium
f¢(x) and the behaviour affected by the disturbance
f'(x), as shown in Equation 1.

I = Xpax = Max|f¢(x) — f'(x)| (1)

The average recovery rate R*’$ is the average rate
at which a system returns to equilibrium (Arnoldi
et al, 2016; Herrera, 2017; Martin, Deffuant &
Calabrese, 2011). Since the response is assumed to
be asymptotic rather than linear, R*$ can be esti-
mated (see Equation 2) using the Euclidean norm

)

x(t) = [>_x(t) to measure the phase-space dis-

tance to equilibrium. A more stable system returns
faster to equilibrium, so the larger R*¢ is, the
higher the system’s resilience.
R Inx, — Inxg 2
t

where:

x; is the distance to equilibrium N* for the function
E(t)

t is the time it takes the system to bounce back.

To conceptualise the disturbance (o) affecting the
system, we used a vector with two components (see
Equation 3): a) the magnitude of the disturbance (M)
over b) a given period (d = duration) (Herrera, 2017).
For example, if we assume o is a drought, then M is the
magnitude of the drought as a percent reduction
below average rainfall expected for that period, and
d is duration of the drought in months. In this paper,
we are interested in the effect that a shock might have
on the system rather than the effect of a long-term
disturbance, and hence, we have assumed that ¢ has
a defined d.

o=M=xd (3)

3.3. Scope definition: Resilience of what to what?

A first step in resilience assessment is to define the
relationship of the resilience (Helfgott, 2018; Herrera
de Leon & Kopainsky, 2019; Walker et al., 2004). Our
analysis focuses on the resilience of two system out-
comes: food production throughput and socioeco-
nomic benefits of the system. To measure food
production throughput, we decided to use the variable
“calves exported”. It is worth noting that most of the
cattle exported to the Italian market for veal are

to

Time

Figure 2. lllustrative behaviour of a stable system after being affected by a disturbance with a limited duration.



exported alive; therefore, we decided to measure the
variable “calves exported” in livestock units rather than
the weight of carcasses.

While the socioeconomic benefits of the system are
more difficult to measure, we found it important to
evaluate a variable that would allow us to evaluate the
system from the perspective of the communities host-
ing the farms. With this purpose, we chose to use the
variable “jobs in farms” as a proxy for measuring the
socioeconomic benefits of farms to the region. Note
that in the case of family farms, the number of jobs
generated by a farm is estimated based on the total
number of full-time equivalents working on the farm,
including paid employees and family members. Using
jobs allows us to narrow the benefits of farming sys-
tems to those directly perceived by the rural commu-
nities hosting them.

We looked at the combination of disturbances to
the supply side resulting from climate change and
long-term variations in consumption habits from the
demand side. We used drought as the potential climate
change effect that could reduce supply throughput.
Similar many other European countries, France has
been affected in recent years by more severe and
frequent droughts that have adversely affected grass-
lands. The severity and frequency of extreme weather
conditions are expected to continue to increase
because of climate change, representing an increasing
and unpredictable threat to farmers.

For analysis purposes, we considered the system’s
response to a single disturbance that will temporarily
reduce crop yield for a fixed period. Namely, we
looked at the impact that one severe drought may
have in the next 20 years. To do this, we tested system
behaviour when exposed to different reductions in
rainfall (M) from 0 mm/year to —200 mm/year and
lasting from zero to three years (d), as shown in
Table 1.

Long-term changes to the consumption patterns
were introduced in the model through scenarios
affecting the operating environment in which bovine
livestock systems operate. While we are mainly
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interested in changes to consumption habits, particu-
larly the consumption of bovine meat, it became
quickly apparent that changes in consumption will
be part of a wider trend that involves changes in
many different parts of the system. To account for
these wider trends, we built on the narratives used by
Mitter et al. (2020) to describe the shared socioeco-
nomic pathways for European agriculture and food
systems (Eur-Agri-SSPs). The Eur-Agri-SSPs are five
scenarios outlining possible futures for key drivers
affecting the responses of European food systems to
climate change. The Eur-Agri-SSPs consider changes
in several environmental, socioeconomic, and techni-
cal drivers based on the perspectives of different sta-
keholders (Mitter et al., 2020).

For simplicity, we only used the three Eur-Agri-
SSPs that are more relevant to us by describing the
most contrasting changes to bovine meat consump-
tion patterns. The scenarios considered are:

(1) Sustainable pathways: This scenario describes
a significant increase in environmental aware-
ness that translates into a considerable reduc-
tion in meat consumption per capita and
a preference for locally produced food.

(2) High-tech paths: This scenario portraits
a future where growing faith on technological
progress eases concerns about the effects of
climate change and the consumption of meat
per capita rebounds to increasing at rates seen
in previous decades.

(3) Established paths (business as usual): This is
our counterfactual scenario. This scenario
assumes consumption of meat per capita
remains stable for the foreseeable future with
an increase in total demand driven by a modest
population growth.

These scenarios were introduced in the model by
modifying the values of four variables: “land available
for agriculture”, “market size”, “meat demand per
capita”, and “farm’s technology”. Table 2 provides

Table 1. Disturbances tested in the model where the disturbance o is defined as per Equation (1) as the product of the magnitude
of the disturbance (M) and its duration (d) and the angle (8) between the vector components M and d.

Magnitudes
0 -10 —-100 -150 —-200
durations mm/year mm/year mm/year mm/year mm/year mm/year
1 year 0 mm/ -10 mm/ —50 mm/ -100 mm/ —150 mm/ —200 mm/
6:0° 0: 0: —26° 0: —45° 6: —56° 0: —63°
-5.7°
2 years 0 mm/ —20 mm/ —100 mm/ —200 mm/ —300 mm/ —400 mm/
6:0° 0: 0: —14° 0: —27° 6: —36° 0: —45°
-2.9°
3 years 0 mm/ -30 mm/ —150 mm/ —300 mm/ —450 mm/ —-600 mm/
6:0° 0: 0: —9.4° 0: -18° 6: —26° 0: —34°
-1.9°

Note that since M has units of mm/year, the disturbances o have units of mm. The angle 8 in Table 1 represents the angle between the vector components
M and d. We cannot assume that the system will react in the same way to two vectors that have the same magnitude (e.g., 0 = =200 mm) if their angles
are different (e.g.,, M = =100 mm/year with d = 2 years and M = —200 mm/year with d = 1 year).
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Table 2. A summary of the Eur-Agri-SSPs scenarios used in the analysis to explore future trends for the bovine livestock system in
the Bourbonnais region and the variables used in the model to generate each scenario.

VARIABLES AFFECTED IN THE

SCENARIO STORYLINE MODEL
SCENARIO 1: AGRICULTURE Social and environmental awareness increase steadily and significantly and are Land available for agriculture:
ON SUSTAINABLE PATHS reflected in tightened pro-environmental policies. decreases 1% per year from

SCENARIO 2: AGRICULTURE
ON ESTABLISHED PATHS

SCENARIO 3: AGRICULTURE
ON HIGH-TECH PATHS

European domestic demand shifts towards plant-based diets and bio-based
materials.

International trade decreases because short and transparent agricultural supply
chains are preferred.

Technology develops with a focus on reducing greenhouse gas emissions

European development follows historical patterns resulting in slow but steady
social, environmental, and technological progress.

Agricultural commaodities are mostly traded within Europe even though global
market integration advances.

Depletion of natural resources increases because of continuous growth of the
agriculture and food economy, and pro-environmental regulations and
resource-efficient technologies are only developed at a moderate pace.

European residents share a growing faith in technology, material-intensive life-
styles, and trade liberalisation.

Individuals’ affinity for technological innovation also affects increasing global
demand for European agricultural products.

Increased private investments in technological know-how and the education of
employees in the agriculture and food systems boost economic growth, which is
largely dependent on fossil energy sources.

2020

Market size: decreases 1%

per year from 2020

Meat demand per capita:
decreases 2% per year from
2020

Farm’s technology: increases 1%
per year from 2020

Land available for agriculture:

increases 0.5% per year from
2020

Market size: indexed to
population growth in Europe.
Meat demand per capita: remains
at current levels.

Farm’s technology: increases
0.5% per year from 2020

Land available for agriculture:

increases 0.1% per year from
2020

Market size: increases 3%

per year from 2020

Meat demand per capita: remains
at current levels.

Farm’s technology: increases 2%
per year from 2020

a short description of the narrative of each scenario
and the variables that were used in the model to gen-
erate each of them.

3.4. Definition of the system

The model developed for this case is an aggregated (as
opposed to a detailed) interactive simulation model
(Morecroft, 2007) and was built using historical data
available in ‘Agreste (2020) describing the perfor-
mance of beef production farms in the Bourbonnais.
The structure of the model was built using cases
described in the literature (e.g., Lien et al., 2007;
Eakin & Wehbe, 2009) and stakeholder narratives
collected although participatory workshops as part of
the “Towards SUstainable and REsilient EU FARMing
systems” (SURE-Farm) project, which is a research
and innovation project funded by the European
Union’s Horizon 2020 programme that involves 16
universities and research institutes from 11 European
countries (SUREFarm, 2021).

At the core of the model, we have positioned the
economic viability of farms represented by
a reinforcing cycle between the number of “livestock
units per farm” and “farm revenues” (see Rl in
Figure 3). As pointed out by Bowman and Zilberman
(2013), the factors determining whether a farm is
profitable depend on the type of activity, technology
used, and farmers’ management decisions. In our
model, we started from the assumption that farmers

will make choices that contribute to improving their
profits by increasing their income and reducing their
risk and labour requirements (Bowman & Zilberman,
2013; Stoorvogel et al., 2004).

The rest of the model builds around this simple
structure by searching which are the variables that
are affecting and are affected by the variable “Farm
profits”. We added these relationships by looking at
case studies and theories documented in the literature
that could explain past behaviour. Most of the
dynamics included in the model are built upon the
factors that farmers can influence directly to increase
farm throughput. Farm throughput is a function of
fixed inputs and different forms of farm capital, such
as “Livestock units”, “Assets” (human capital and phy-
sical assets) and “Production efficiency”, driven by
technological innovation (Ahituv & Kimbhi, 2002).
The model assumes that all things being equal, farmers
that have a higher income will be more likely, more
willing and able to increase their throughput by invest-
ing their profits into capital (Knowler & Bradshaw,
2007; Mccann et al., 1997),

For instance, it could be expected that larger farms
(i.e., farms with more “Livestock units per farm”) have
higher throughputs and higher revenues than smaller
farms (see R1 in Figure 3). As discussed, by Bowman
and Zilberman (2013), those farmers with higher rev-
enues have more resources available for investing in
either: a) continue increasing their size (R1), b) new
technologies (e.g., automated feeders) that help them
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Figure 3. A causal loop summarising reinforcing loops included in the model representing bovine livestock farms in Bourbonnais.

Note: Signs (“+" or

‘) at arrowheads indicate the polarity of relationships: a “+” denotes that an increase in the independent

variable causes the dependent variable to increase, ceteris paribus (and a decrease causes a decrease). Similarly, -* denotes that
an increase in the independent variable causes the dependent variable to decrease. The loop identifier, R, indicates a reinforcing
feedback mechanism, and B indicates a balancing one (see Sterman, 2002).

to increase efficiency and reduce operating costs (see
R2 in Figure 3), or ¢) new assets (e.g., equipment, land,
human capital) that enable them to increase the num-
ber of livestock units they can host in their farm (see
R3 in Figure 3)

However, the relation between investment and effi-
ciency gains is not linear. As the farms’ productivity
approaches its limits, additional investment in new
assets is likely to have a smaller impact on farms’
productivity. Eventually, the efliciencies gained
through additional investment in new assets do not
compensate for the return generated, and as shown in
B1 (see Figure 3), lower returns slow down the invest-
ment in new assets.

This is a case of the limits to success mechanism
described by Kim (2000, p. 7.) where “efforts initially
lead to improved performance. Overtime, however,
the system encounters a limit which causes the perfor-
mance slow down or even decline” (see Figure 4). In

a)

1L
Constraints

TN

Limiting
Action
+.

Investment (RJ T (B\
\jrmance

this case, the limits are the maximum productivity per
agricultural area that can be achieved through factors
such as technology as even when a new technological
breakthrough occurs, there is only so much food that
can be produced from a given area.

There are other constraints limiting or slowing the
system growth. For example, if all other variables
remain constant, then an increase in the number and
size of farms increases the “Workforce demand for
farms” (see Figure 5). A higher demand for labour
might increase competition in the labour market and
increase recruitment costs and wages, slowing down
further farm expansion (see B2 in Figure 5).

Similarly, there is only a maximum number of live-
stock units that the grasslands and water resources in
the region can support (see B3 in Figure 5). Water
quality and quantity have a direct effect on farming
system production. Water availability is already
a major concern for farmers (Falloon & Betts, 2010).

b)

Farm
performance

»
»

Investment

Figure 4. a) A causal loop diagram illustrating the system archetype limits to success and b) an illustrative chart showing the

expected relation between farm performance and investment.
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_ Cost of/\ﬂ

Available —— |abour
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capacity per livestock unit
- Farm
Demand Workforce revenues ¥
workforce Constraints Farm
for farms profits
+
R1 Calves
+
zlfufr::ne; Profits diving exported

growth +
Investment

% Livestock
units

Figure 5. A causal loop summarising some balancing loops included in the model representing bovine livestock farms in
Bourbonnais. Arrows indicate the direction of causality. The plus (+) in the arrowhead indicates a direct relationship between
variables, and the minus (-) indicates an inverse relationship between the variables connected. An “R” has been used to denote

reinforcing loops and “B” to denote balancing loops.

More and larger farms are likely to consume more
water, and farmers’ decisions about how to manage
this resource may reduce water availability if, for
example, farmers overexploit groundwater. Water
quality may also worsen if fresh water sources are
contaminated with nitrates due to more intensive
practices (Howden et al., 2013). An increase in farm
production may reduce water quality and water avail-
ability, reduce the grass available, and hinder future
options for increasing production (see B3 in Figure 5).
Correspondingly, farming systems need organic mat-
ter and nutrients present in the soil (Bot & Benites,
2005), but high production throughputs can result in
soil degradation (Prager & Posthumus, 2010; Tsiafouli
et al,, 2015) and eventually increase farm dependency
on fertilisers and production costs.

3.5. Constructing the simulation model

The timeline selected for the model was between 2000
and 2040, allowing us to calibrate the model against
20 years of historical data and to explore scenarios up
to 20 years into the future. The delta time (DT), the
parameter utilised by a numerical method (commonly
Euler’s method) to numerically calculate the value of
the stock, was set up as 1/12, equivalent to one month.

Model Inputs: Input variables are those that are not
calculated by the model itself but are used as an input
so that the model can calculate the remaining vari-
ables. In an SD model, there are often only a few
parameters, as most variables are calculated within
the model. Table 3 shows a summary of the main
inputs to the model and the data used to calibrate
the model by comparing simulated results against
historical data.

The stock and flow diagram in Figure 6 illustrates
how the relationships described in the diagrams in
Figures 3,5 were translated into an SD model using
Stella architect software. The feedback loops in the
figure are the same as those previously described as
part of the definition of the system, but the stock
diagram makes explicit which variables have been
considered stocks (e.g., “Livestock units per farm”).

Figure 6 also shows exogenous factors included in
the model. For example, the model considered
changes in meat demand and water availability.
These parts of the model are not internally driven by
the mechanisms previously explained but by wider
economic and environmental factors occurring at
a larger scale than the one considered in the model
(national and global as opposed to regional scale). For
example, meat demand has changed according to the
Eur-Agri-SSPs (see Figure 2). The opportunities for
expanding the scope of the model and exploring long-
term and larger-scale dynamics (e.g., the impact of
sustainable farming technologies on climate change)
are discussed later in this paper.

The diagram in Figure 6 is a map of the mathema-
tical model developed in Stella software. Underneath
this visual representation, the model has mathematical
equations that recalculate the value for each variable
every DT. The type of equation used will depend on
the real-world nature of the relationships between
variables (e.g., linear, exponential). Equations 4,5
show examples of the equations used in the model.
Table Al shows the full list of equations used in the
model.

Claves exported = Calves exported per farm
x Number of farms (4)
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Figure 6. A simplified stock-and-flow diagram showing the main structure included in the simulation model representing
livestock farming systems in Bourbonnais. Arrows indicate the direction of causality. The plus (+) in the arrowhead indicates
a direct relationship between variables, and the minus (-) indicates an inverse relationship between the variables connected. An
“R” has been used to denote reinforcing loops and “B” to denote balancing loops. Boxes represent stocks; arrows with valves
represent flows. A stock is the accumulation of the difference between its inflows and outflows. Note that the actual model is

more complex than this diagram.

where:
Calves exported is the total amount of calves
exported out of the Bourbonnais region, Calves
exported per farm is the average amount of calves
exported per farm, Number of farms is the number
of bovine livestock farms operating at any given
time.

©)

Farmprofits = Farmincome — ProductionCost

where:

Farm profits: is the financial gain a farm makes
from selling bovine livestock,

Farm income is the revenue a farm makes from
selling bovine livestock, and

Production cost is the average annual cost incurred
by the farm during the given time period.

The “stocks” represent variables that accumulate
over time. In mathematical terms, a stock is the inte-
gral of the net flow added to the initial value of the
stock, where the integral is calculated using numerical
algorithms (see Equation 6). More details on numer-
ical methods to calculate stocks in SD models can be
found in Duggan (2016).

Assets(t) = Assets (t — dt)
+ (Acquisition of assets — Depreciation and dwindle)
* dt

(6)

where:

Assets (1) is a stock with the cumulative economic
value of the assets owned by the farm, Acquisition of
assets is a flow with the economic value of the assets
added acquired by the farm, and Depreciation and
dwindle is the loss of economic value due to ageing
and obsolescence of the assets held by the farms.

Defining the initial value of the stock is an important
step of the model calibration and can be done by using
input variables (e.g., the known value of a stock at the
beginning of the simulation) or, if there are no data
available, by estimating the value of the stock that will
represent an equilibrium between the initial inflow
and outflow rates.

The model was validated using some of the tests
recommended by Morecroft (2015), Sterman (2002),
and Barlas (1996). Model validation is required to test
to what extent the model can explain the system



behaviour. As Barlas (1994) pointed out, in SD, the
validation process focuses on the model structure and
its capacity to capture patterns of behaviour rather
than numerical predictions. The model structure was
validated through the following structure-oriented
tests: parameter-confirmation test, direct extreme-
condition test, dimensional consistency test,
extreme-condition test, and behaviour sensitivity test
(Barlas, 1996).

The ability of the model to explain behaviour
patterns was tested by comparing the model results
against historical data. Figure 7 shows the simu-
lated behaviour for selected variables in the model
(dashed line) against the historical data obtained
from the literature (solid line). As shown in the
figure, both time series are close to each other and,
more importantly, follow the same trend.

To test behaviour precision, we used both error
rate (E1) and error variance (E2). According to
Qudrat-Ullah (2012), an SD model produces
a good fit if E1 <5% and E2 <30%. The error
rates for the selected variables are presented in
Table 4. As seen in Table 4, both error rates are
below the threshold, suggesting that the model
offers a good fit.
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Table 4. Model error for selected variables, where E1 is the
error rate and E2 is the error variance.

Variable E1 E2

UAA dedicated to livestock 0.6% 8.1%

Number farm jobs 0.7% 6.5%

Number livestock farms 1% 7.2%

Number of livestock units per farm 1.2% 10.8%
4. Results

4.1. Scenarios without additional climate change
disturbance

Figure 8 shows simulation results for the two perfor-
mance indicators: “jobs in farms” and “calves exported”
in the absence of any disturbance. The solid lines in
Figures 8a,b show the behaviour of these indicators
under the established paths scenario (Scenario 2). As
shown in the figures, without major changes in the
socioeconomic landscape, the system continues its
trajectory, and the system sees a small reduction in
the number of people working on farms (Figure 8a)
mainly due to the reduction in the proportion of
family farms in the region. The decrease in the number
of calves exported every year is more pronounced (see
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Figure 7. Simulated and historical behaviour for a) average farm size [ha/farm], b) number of farms [farms], c) Jobs in farms [FTE]
and d) utilised agriculture area (UAA) [ha] (source for historical behaviour: Agreste FDS_G_0001).
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Figure 8. Simulated behaviour for a) jobs on farms and b) calf exports under the three Eur-Agri-SSPs: Scenario 1 (Sc1): Agriculture
on sustainable paths, Scenario 2 (Sc2): Agriculture on established paths, Scenario 3 (Sc3): Agriculture on high-tech paths.

Figure 8b), as smaller farmers exit the industry due to
poor returns resulting from more competitive
markets.

The simulated behaviour for the sustainable paths
scenario (Scenario 1), dashed lines in Figures 8a,b,
shows the effects a substantial reduction in the meat
consumption per capita may have in the system. As
expected, a decrease in demand results in a reduction
in both variables (see Figure 8(a,b)) as the number of
farms shrinks.

The high-tech paths scenario (Scenario 3) shows
only moderate differences against the business as
usual situation (Scenario 2). In the short-term, inten-
sification and opportunities to export to new markets
increase throughput (see Figure 8(b)) and reduce
dependency on labour (see Figure 8(a)). However, as
the number of farmers increases, the number of jobs
bounces back, temporarily generating even more jobs
that could be expected in the established paths sce-
nario. However, in the medium term, the same open-
ness to markets and globalisation are also likely to
result in a more competitive environment. The dimin-
ishing returns mechanism and the lower production
costs in other regions (e.g., Brazil, Argentina) are
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eventually too high for local producers, and both
throughput and jobs start to decline back to the
trend seen in the established paths scenario.

4.2. Scenarios with climate change disturbances

Figure 9 illustrates how the different droughts
described in Table 1 could affect the behaviour of the
system. For simplicity, Figure 9 only shows the simu-
lation results under Scenario 2 (agriculture on estab-
lished paths), since this is the scenario that closely
resembles business-as-usual. The solid black line in
Figure 9a,b is the expected behaviour without any
disturbance (same as shown in Figure 8). The grey
lines show the behaviour when the disturbance takes
different combinations for magnitude and duration,
and the red line shows the simulation run with the
largest impact (I).

The time series resulting from simulations for dif-
ferent disturbance combinations under different sce-
narios were subsequently used to estimate the system
resilience. System resilience was assessed using the
metrics described in the methodology section, and
the results can be found in Table 5. These results
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Figure 9. Simulated behaviour for a) jobs on farms and b) calf exports for the disturbances listed in Table 1 under Eur-Agri-SSPs 2

(Agriculture on established paths).
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show that if the disturbance affecting the system is
small, the impact on both variables is relatively low,
and the recovery rate is high. In contrast, long dura-
tions result in high impact rates and slow recovery
rates. The results also show that in some cases, the
system has a higher resilience (lower I and higher R*'¥)
in Scenario 1.

5. Analysis and discussion

As could be expected, bovine livestock systems, such
as those in the Bourbonnais, are expected to perform
better in scenarios with high meat consumption
(Scenarios 2 and 3 in this paper) and to struggle in
scenarios where plant-based diets are widespread
(Scenario 1 in this paper). While scenarios with low
meat production may be beneficial to some stake-
holders, farmers and those depending on livestock
farms for their living see them as an existential threat.

We argue, however, that this is not necessarily true
once unpredictable effects of climate change are con-
sidered as the performance of the system in terms of
outcomes differs from its performance in terms of
resilience. As shown by the metric impact (I) in
Table 5, after introducing unpredictable effects of cli-
mate change, the outcomes for both indicators (“jobs
in farms” and “calves exported”) could be expected to
be better under Scenario 1 (sustainable pathways).
This resilience seems to be driven by the number of
farms (see Figure 5). Since there is a smaller number of
farms sharing the same environmental resources,
especially water, a reduction in the availability of
these resources has a smaller impact on the farms’
performance. It seems that, unintentionally, Scenario
1 has already moved the system to a more stable
equilibrium where the system has a larger headroom
regarding its environmental resources.

The results for the average recovery rate R*'$ in
Table 5 are less conclusive. On the one hand, the
model anticipates that the R*$ for “jobs in farms”
could be lower for Scenario 1 than for the other sce-
narios. This is not surprising because one of the
assumptions in Scenario 1 is that barriers to entry for
farmers are higher due to stricter environmental reg-
ulations. Hence, it could be expected that severe
droughts will have smaller but more enduring conse-
quences on jobs in Scenario 1 than in the other
scenarios.

On the other hand, the R*$ for “calves exported” is
similar for all the scenarios, and the system seems to
obtain a better combination of impact (I) and average
recovery rate (R*’$) under Scenario 1 since the impacts
are low, and the recovery is as quick as in the other
scenarios. In Scenario 1, farmers are less likely to exit

the system because there are strong entrance barriers
to other competitors in the local markets and thus
their products have high margins. This means that
even if there is an external disturbance affecting their
throughput, then the impact on farms’ profits and
market position will be smaller and/or shorter.

The opposite happens in Scenario 3 (see Table 5),
where impact (I) is high because the profit margin on
the “calves exported” is low and markets are open and
highly competitive. Under Scenario 3, we can expect
that even a small reduction in the throughput may put
farmers out of business. However, the same openness
of markets assumed in Scenario 3 allows for a quick
recovery (high R*#) following the end of the distur-
bance. This quick recovery is the result of a larger
market with a higher demand for meat and low
entrance barriers.

In short, our results show that the scale and inten-
sity of bovine livestock systems make them vulnerable
to external disturbances such as climate change.
Strategies focus only on improving their short-term
performance, such as those expected in a high tech
path (Scenario 3), may succeed in the short and med-
ium term but are likely to increase some of these
vulnerabilities, especially among smaller producers.

6. Conclusions and further research

The landscape of food production systems in Europe is
rapidly changing as the social, environmental, and
economic systems they are embedded in evolve.
Bovine livestock systems are now constantly contested
as environmental awareness reduces meat and milk
consumption per capita and external disturbances
such as climate change and the COVID-19 pandemic.
The future subsistence of these farming systems that
have traditionally defined the culture, economy, and
landscape of many regions in Europe requires us to
rethink their size and configuration. As our results
suggest, these new systems require us to think beyond
performance and to purposefully manage their
resilience

As proposed in the introduction, the aim of our
analysis was to determine the conditions under which
bovine livestock systems, such as those in the
Bourbonnais region, can persist sustainably. Our
results suggest that, counterintuitively, this type of
farming system has better chances to survive in the
sustainable paths scenario (Scenario 1). On the one
hand, the anticipated change in diets assumed in this
scenario is likely to reduce the number of farms and
jobs in the sector. However, the same downsizing of
the system seems to increase its resilience to environ-
mental threats, such as the effects of climate change,



when compared to other scenarios. The results suggest
that a reduction in the number of farmers operating in
the region could give the system enough headroom to
operate in more challenging conditions.

Unfortunately, livestock systems in Europe are
likely to look different in the future, and although it
may be counterintuitive to farmers and other stake-
holders, managing the system transition towards
a new stability domain may be a better alternative
than cling to unsustainable and vulnerable paths.
However, further work needs to be done to under-
stand these new stability domains and to engage farm-
ers in conversations that help them look beyond short-
term subsistence.

Moreover, recognising the challenges ahead, it is also
important that local and central governments facilitate
the transformation of farming systems to this new sta-
bility domain by helping farmers and local communities
endure the social and economic consequences of this
change. Farmers and communities depending on farm-
ing systems are about to undergo significant and painful
transformations, and more work needs to be done to
understand the support that they will need. Further
research will need to include wider stakeholder engage-
ment, potentially using microworlds as transitional
objects, to have open conversations between stake-
holders with conflicting views.
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