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Maximilien Cosme a,*, Arouna Koné b, Franck Pommereau c, Cédric Gaucherel d 

a UMR DECOD, Institut Agro Rennes, Angers - Bat. 4, 65, rue de Saint-Brieuc, Rennes 35042, France 
b Direction Provinciale de l’Agriculture, des Ressources Animales et Halieutiques, Dano, Ioba Province, Burkina Faso 
c IBISC, University of Evry Paris-Saclay, 23, Boulevard de France, Evry 91034, France 
d UMR AMAP, University of Montpellier, INRAE, CNRS, IRD, Cirad, 2196 Boulevard de la Lironde, Montferrier-sur-Lez 34980, France   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The trajectories of smallholder farms are 
driven by events triggered by social, 
environmental and economic 
conditions. 

• We studied in which management con
ditions a poorly endowed farm can 
develop and maintain a sustainable 
agropastoralism. 

• For that purpose, we used a discrete- 
event modelling framework to predict 
all possible trajectories of a generic 
farm. 

• Model predictions matched reported 
farm trajectories from southwestern 
Burkina Faso. 

• Access to arable land, workforce, soil 
fertility, livestock and equipment are 
key for building a sustainable 
agropastoralism.  
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A B S T R A C T   

CONTEXT: Smallholder farmers in sub-Saharan Africa seek to improve their livelihoods by investing in new 
assets. These investments and their effectiveness are constrained by current capital and management practices. 
Therefore, to understand farm trajectories, the combined effects of different management practices and the 
timing of investments and losses must be considered. 
OBJECTIVE: The present study aimed to determine, under 128 distinct scenarios, which ones enable a poorly 
endowed farm to develop and maintain a sustainable agropastoralism in southwestern Burkina Faso. 
METHODS: For this purpose, we used the Ecological Discrete-Event Network (EDEN) modelling framework. This 
framework includes a formalism based on if-then rules describing economic and ecological events (e.g. in
vestments and losses) that affect qualitative variables. The model rules were built from a literature review, expert 
interviews, and direct observations. Based on this model, the software then computes all trajectories the farm can 
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take. Based on empirically-reported farm types and trajectories, we then attempted to falsify the modelled dy
namics using model-checking techniques. 
RESULTS AND CONCLUSIONS: Model predictions matched all observed farm types and trajectories, thus not 
falsifying the model. Results highlighted that, for this system, livelihood improvement relied on the ability of the 
farm to to increase its cultivated area, workforce, livestock and fodder resources, all while producing and 
applying organic inputs to maintain or recover soil fertility. Although qualitative, model predictions are 
consistent with available observations and provide explanations about farm trajectories in southwestern Burkina 
Faso. 
SIGNIFICANCE: The EDEN modelling framework, through its qualitative — yet rigorous — exploration of all 
possible trajectories, can help the decision-making process by highlighting the far-reaching consequences of 
management actions.   

1. Introduction 

Understanding how farm households maintain, accumulate, or lose 
their assets and capabilities is crucial for designing socially and envi
ronmentally relevant management policies. To approach this question, it 
is common to start by discriminating farm types based on their activities, 
assets, and/or objectives (Thiombiano, 2015; Vall et al., 2006; Diarisso 
et al., 2016; Dixon et al., 2001). Usually, a few farm types are found to 
coexist (Dixon et al., 2001) and differ by a few factors (e.g. livestock 
capital, farm size, labor force, market orientation or dependence on non- 
farm income) (Ouédraogo et al., 2016; Kuivanen et al., 2016; Chikowo 
et al., 2014; Zorom et al., 2013). Since the last two decades, farm tra
jectories (i.e. how a specific farm changes over time) have also received 
increasing attention (Haan and Zoomers, 2005; Novotny et al., 2021). 
Indeed, farmers’ livelihoods are historical objects. They emerge out of 
past actions, and decisions are made within and shaped by a particular 
context (of policy setting, politics, history, agro-ecology and socio- 
economic conditions) (Scoones and Wolmer, 2002; Scoones, 2015). 
Such trajectories depend on the farmers’ ability to maintain or enhance 
their capabilities and assets, to increase their resistance and resilience to 
stresses and shocks, and maintain their natural resource base (Carney, 
1998). In this study, we will draw upon existing knowledge of farm 
dynamics to model farm trajectories and assess how small farmers can 
develop a persistent production of food crops, cash crops, and livestock. 

Observational studies have highlighted the dynamic nature of 
poverty (Camfield and Roelen, 2013), while others pinpointed major 
drivers of transition/diversification (Novotny et al., 2021) and the 
persisting coexistence (Tittonell, 2014) of multiple household types. 
One of the most prominent examples is persisting poor households, stuck 
in a self-reinforcing poverty (Barrett and Bevis, 2015) whose pathways 
to exit have been studied empirically. Modelling studies also offer ex
planations of farm trajectories by enabling us to formulate and test hy
potheses about their drivers e.g. (Dou et al., 2020). Agent-based models 
are widely used in social-ecological modelling (for a review, see (Ver
burg et al., 2016)) and are the main type of model for studying liveli
hood transitions. For instance, an agent-based model predicted that 
improved crop management combined with forest protection in 
Madagascar was able to improve food self-sufficiency and household 
income, and reduced wealth inequalities (Brinkmann et al., 2021). 
Another agent-based model highlighted the central role of market in
fluence in smallholders’ livelihood transitions (Magliocca et al., 2013). 
However, this kind of model generally requires abundant data for 
parameterization, which are generally unavailable. On the other hand, 
expert knowledge and qualitative information are abundant for many 
farm systems. Therefore, a formalism that would handle qualitative in
formation on interactions between system components may ease the 
modelling process while making predictions more general (Levins, 
1966). 

The Ecological Discrete-Event Network (EDEN) dynamical modelling 
framework has been developed with this objective (Gaucherel and 
Pommereau, 2019). This framework relies on a discrete-event formalism 
involving qualitative variables. System states (here, farm types) change 
through discrete transitions resulting from the application of predefined 

“if-then” rules. The modelled dynamics are non-deterministic, yet non- 
probabilistic (i.e. possibilistic). Therefore, it computes all possible 
states and transitions resulting from the successive rule applications. 
Such qualitative models proved useful in systems biology for modelling 
regulatory networks (Thomas, 1991; Abou-Jaoudé et al., 2016) and 
recently emerged in ecology (Campbell et al., 2011; Gaucherel et al., 
2017; Robeva and Murrugarra, 2016) and social-ecological studies 
(Cosme et al., 2021; Gaucherel et al., 2020; Mao et al., 2021). 

In this paper, we aimed to model the dynamics of a farm system 
[defined by the limits of the sphere of household decision-making, 
(Garrity et al., 2012)] under various scenarios in Southwestern Bur
kina Faso (West Africa). Using a farm typology (Vall et al., 2006) and 
reported farm trajectories (Ouédraogo et al., 2016) from a specific 
village, we assessed under which scenarios (i.e. combinations of envi
ronmental conditions and management practices) our model predictions 
matched observations. Once model predictions agreed with observa
tions, we determined which scenarios and events enabled small farmers 
to develop a sustainable (i.e. persistent) agropastoralism. Based on 
empirical evidence e.g. (Ouédraogo et al., 2016), we hypothesized that 
(H1) the observed farm types were reachable by the smallest farms (i.e. 
they can step out of poverty), (H2) livestock was critical for improving 
livelihood (Diarisso et al., 2016) and (H3) maintaining fertility was a 
key factor in improving livelihood (here, agropastoralism) (Diarisso 
et al., 2016; Tittonell et al., 2010). 

2. Materials and methods 

2.1. Field surveys and study area 

Two field surveys were conducted in March and November 2019 in 
Dano (Ioba Province, Southwestern region). During these surveys, we 
interviewed researchers, local farmers, NGOs and extension services. 
Interviews consisted in open, informal discussions (with the support of 
local colleagues) about farmers’ production strategy (e.g., proportion of 
maize/millet and cotton, gardening). Soil and water management 
practices were also discussed, with observation of different techniques 
(e.g., grass strips, stone bunds, digues or diguettes). The management 
schedules and objectives at various time scales, within the set of finan
cial and environmental constraints, was an important part of interviews. 
This area is considered representative of the South Sudanian agroeco
logical zone in Burkina Faso. In this region, the climate is characterized 
by one rainy season running from May to October with a mean annual 
rainfall of 900 to 1000 mm since the 1950s (Schmengler, 2010). In the 
last few decades, changes in the precipitation regime increased the 
vulnerability of rainfed food production, which is the predominant form 
of agriculture. Additionally, the shortening of fallow periods induces a 
widespread reduction in soil organic carbon and nutrients. Predominant 
soil types are Plinthosols, Lixisols, Luvisols, Gleysols (Hounkpatin et al., 
2018; Yira et al., 2016). Natural vegetation is a wooded savanna and is 
mainly determined by water availability, seasonal fires and wood 
collection by local people. 

Agriculture is the main economic activity. Today, traditional crops 
include sorghum, millet and maize for household consumption, and 
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cotton is the main cash crop. Agriculture and livestock husbandry are 
generally combined, albeit to different degrees. This region has experi
enced an important agricultural expansion. This has led to a drastic 
reduction or abandonment of fallowing and a widespread reduction of 
soil fertility through water erosion and soil carbon mineralization. 
Fertility loss, in turn, constrains crop yields and thus agriculture-derived 
income. To tackle these issues (fertility loss and constraints on income), 
several management options have been proposed, including crop res
idue collection, regulation of dry season free grazing (to reduce outgoing 
carbon and nutrient fluxes (Manlay et al., 2004)), erosion control (by 
means of stone bunds, diguettes or grass stripes) or non-farm activities 
which provide complementary incomes which can then be invested in 
agriculture. When possible, farmers generally tend to complement cash 
crop production with livestock and manure production, thus adopting 
an agropastoral livelihood. Livestock provides many services, among 
which animal traction, production of organic fertilizers (manure) or 
social-cultural value during traditional ceremonies. Livestock relies on 
rangelands and fallows in rainy season, and on crop residues in dry 
season. When fodder is lacking, the wealthiest farmers may send their 
livestock on transhumance. Some farmers also complement livestock 
feed with cottonseed cake in dry season. In the last decades, fodder 
plants have also been highly promoted but are not yet widely adopted. 

2.2. Farm types 

We compared predicted farm types with a farm typology proposed 
for the village of Koumbia in Tuy province (Southwestern Burkina Faso) 
(Vall et al., 2006), and farm trajectories (i.e. farms switching from one 
type to another) with recent studies carried out in the same village 
(Ouédraogo et al., 2016; Fayama et al., 2018). Indeed, we did not find 
any literature on farm types and trajectories at the southwestern region 
scale. Despite being limited to one village, Vall’s typology (Vall et al., 
2006) overlaps with typologies done in the whole neighboring Ioba 
Province (Thiombiano, 2015) and elsewhere in Burkina Faso (Diarisso 
et al., 2016). Consistencies between typologies include e.g. the existence 
of subsistence-based farm and wealthier agropastoral farms. Other 
groups such as non-farm based households exists in Ioba and Yatenga 
(Thiombiano, 2015; Diarisso et al., 2016) and were not reported in Vall’s 
typology (Vall et al., 2006). 

In Koumbia, three main farm types have been identified: agriculture- 
oriented farms (A), agropastoral farms (AP) and livestock-oriented farms 
(i.e. breeders, B). Following (Vall et al., 2011), agriculture-oriented 
farms were further refined here in small (A1), medium (A2) and large 
(A3) farms. A1 includes small subsistence-based farms focusing on food 
crop production and/or non-farm activities. They have a few or no 
draught animal and few or no equipment and low cultivated area (<7ha) 
(Diarisso, 2015). A2 own a few draught animals and equipment and tend 
to increase cotton production and cultivated area (≈ 10 ha). A3 cultivate 
large areas (>10ha), but still have a limited livestock capital. However, 
their access to fertilizers allow them to increase grain and crop residues 
production. Agropastoral (AP) farmers focus more on multi-crops and 
cotton production and increase their cattle herds with the money earned 
with cash-crops (cotton and maize) and sometimes with non-farming 
incomes. Their cultivated area is highly variable (from ≈ 5 ha (Dia
risso, 2015) up to >30ha (Vall et al., 2006)). Finally, breeders (B) own 
relatively small farm areas and large cattle herds. Although they may 
include a small portion of cereal production for their own consumption, 
they heavily rely on fodder availability. Note that AP and B types can be 
split in two sub-types [as in 2] which, however, mostly differ by quan
titative aspects (e.g. herd size or cultivated area). 

2.3. Farm trajectories 

Five trajectories involving the previously mentioned farm types are 
identified in the literature (Ouédraogo et al., 2016; Fayama et al., 2018): 
(1) A1 → A2 → A3 → AP; (2) A1 → A2 → A3; (3) A2 → A1; (4) B → AP 

and (5) A1 → A2 → AP. Since trajectory (2) is included in trajectory (1), 
we will not consider trajectory (2). We used these observed trajectories 
to falsify the model, that is, to reject the model if observed farm tra
jectories were not predicted by the model. 

2.4. Discrete-event modelling 

The EDEN modelling framework relies on a qualitative and discrete- 
event formalism. A discrete-event framework describes system dynamics 
in terms of events, i.e. changes possibly occurring at irregular intervals 
(Cassandras and Lafortune, 2008). 

In EDEN, no quantitative parameters are required. Variables take 
two values, + or − , and are thus Boolean, an abstraction that facilitates 
model conception, computation and analysis. This Boolean abstraction 
can be interpreted as follows: if a variable A has a positive influence on 
another variable B and its density is sufficient (A+), then B can become 
active (B+). This “sufficient density” defines a hypothetical threshold 
above which A is functionally active (i.e. able to change the value of B). 
Below this threshold, A is unable to change the value of B and is thus 
functionally inactive. We assume that such a threshold exists for each 
considered variable and interaction. The value of all variables at a given 
time defines a system state (Table 1). 

The EDEN framework uses a formalism based on “if-then” rules 
representing social-ecological events. A rule specifies the conditions for 
an event to occur, and the consequences of this event on variables values. 
For instance, the rule rainfall+ > > grass+ indicates that grass 
growth (i.e. the event) is conditioned by rainfall. When a system state 
satisfies a rule condition, this rule is executed and generates a new state. 
The switch from one state to another is called a transition. Rules are 
executed one by one (or, technically speaking, asynchronously). As a 
consequence, when several rule conditions are satisfied, each rule is 
executed independently and thus opens alternative trajectories 
exploring each possible sequence of events. This makes the model robust 
to changes in the speed or probability of events and, ultimately, to the 
order of events. The model is thus non-deterministic. Note that no tra
jectory is “chosen”: all possible trajectories are computed. We call this 
non-probabilistic non-deterministic approach possibilism. 

In brief, the EDEN framework is based on a qualitative, asynchronous 
and possibilistic approach. The model computes all alternative se
quences of rules execution. The model output is a State-Transition Graph 
(STG) whose nodes and edges represent system states and transitions, 
respectively. An illustrative model of the method is provided in (Cosme 
et al., 2021). Additionally, technical details on model functioning are 
provided in previous works (Gaucherel and Pommereau, 2019). 

Table 1 
Glossary.  

Rule A relationship stating that if a certain condition is met, then 
some state variable values must change. 

State Set of variables with associated values. 
Transition State change induced by a rule execution. Therefore, it is a 

change in one or more variables’ values. 
Trajectory Sequence of one or more transitions. 
STG A State-Transition Graph is a graph whose nodes are states and 

edges are transitions. 
Control/State 

variable 
The value of a state variable can change over time, whereas the 
value of a control variable is initially fixed and does not 
change. 

Scenario Combination of control variable values or, equivalently, a set of 
rules that can be triggered. 

CTL Computation Tree Logic is a temporal logic used to express 
temporal properties of a system’s dynamics. 

Farm type A predefined combination of state variable values 
corresponding to certain characteristics of an empirically 
observed farm type. 

Model falsification A model is falsified if it does not predict some empirical 
pattern.  
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2.5. Definition of the farm model: Rules and variables 

Model conception was based on information gathered during field 
surveys and literature review about soil fertility management, non-farm 
activities, livestock management and crop production. It aimed to 
address the following questions: 

Q1. Are observed farm types and trajectories predicted by the model? 

Q2. For a newly settled and small farm household, which scenarios 
and management actions enable improving its livelihood (i.e. switching 
to a better endowed farm type)? 

Q3. Under which scenarios is it (im)possible for a small farm to 
develop and maintain agropastoralism? 

The model and its detailed analyses are fully available at Appendix A. 
It is aimed at computing farm trajectories (resulting from management 
actions and ecological events) under various scenarios and favorable 
climatic, market and safety conditions. The model has two kinds of 
variables: state variables, which are modified by rules applications, and 
control variables, which are set initially and are not affected by rules. A 
specific combination of control variables valuations defines a scenario. 
Since control variables are not affected by rules, their appear in rules’ 
conditions and thus constrain rule application. Therefore, a scenario also 
corresponds to a set of allowed events. The model does not explicitly 
include perturbations (e.g. drought, market fluctuations or conflicts), 
which are partly represented by scenarios. 

The model includes nine state variables, seven control variables 
(Table 2) and 38 rules, plus 16 constraints (i.e. rules applied in priority 
to represent fast and/or mandatory events) (Tables B.1 and B.2). 

Following Q1, initial variables values are chosen to represent a small 
farm (A1, Table 3). The seven control variables and the state variable Lv 
have unspecified initial values (noted “*”) and can thus be either present 
or absent. Therefore, 27 = 128 scenarios are considered simultaneously, 
with each declined in two versions (with and without livestock), thus 
making 256 initial states. 

2.5.1. Definition of farm types and trajectories within the model 
Each farm type was defined as a combination of present/absent state 

variables (Table 3) such that each state belongs to a single farm type. 
However, some states did not match any of the predefined farm type and 
were thus left uncharacterized. Farm trajectories were defined as se
quences of at least two farm types such as A1 → A2, which by the way 
implies that A2 is directly preceded by A1, with no intermediate farm 
type. 

2.6. Verification of farm types and trajectories 

The verification of the existence of farm types and trajectories in the 
STG (i.e. the computed states and transitions) was assessed using a 
temporal logic. Temporal logics express dynamical properties about 
discrete dynamics [for applications of temporal logic in agricultural or 
ecological studies, see e.g. (Largouët and Cordier, 2000; Hélias, 2003; 
Cordier et al., 2014)]. Such dynamical properties can be, for instance, 
“currently, the farm is small (A1)”, “the farm will necessarily become A1” 
or “medium-sized farm type (A2) is possibly preceded by A1”. 

Here we chose a temporal logic fitted to the non-deterministic nature 
of our model: the Computation Tree Logic [CTL, (Clarke et al., 2018)]. 
This logic is used to express whether, from a given state of a system, a 
dynamical property holds for some or all of its futures. 

For instance, one can ask whether an A1 farm possibly or necessarily 
leads to an A2 farm or, in other words, whether A2 eventually occurs for 
some (∃) or for all (∀) trajectories starting from A1. 

These ∃ and ∀ branching operators are combined with temporal oper
ators, namely X (for neXt), F (Finally), G (Globally) and U (Until). 
Intuitively, these temporal operators express the following properties:  

• X: what happens in the immediate next state (e.g. “A2 occurs at the 
next time step”)  

• F: what happens at some point in the future (e.g. “A2 occurs at some 
subsequent step”)  

• G: what happens from now on and forever in the future (e.g. “A2 
remains always present”) 

Table 2 
Variables and their initial values in the model. State variables are changing in the model, while control variables are predefined. The initial values of variables are 
either “present” (+ ), “absent” ( − ), or unspecified (*) when both initial values are considered. Note that livestock (Lv) is the only state variable whose initial value is 
not specified, as we assume that a family can own livestock since its establishment. For the description of their dynamics, see Tables B.2 and B.1.  

Type Acronym Variable Description Initial value 

State variables Fe Soil fertility Soil nutrient and organic matter content +

Cr Crop residues Residues from cereals (maize, sorghum, millet) +

Fp Fodder plants Woody or non-woody plants grew for feeding livestock - 
Lv Livestock At least two draught animals * 
Ma Manure Manure production. Implies a large livestock herd. - 
Cc Cash crops Income-generating crops (mostly cotton) - 
Ca Cultivated area Area used for agricultural production (mostly for cash crops) - 
Eq Equipments Ploughs, seeders, carts or truck -  
Wf Workforce Family or hired workers -  

Control variables Flw Fallowing Sufficient fraction of land under natural or managed fallow for maintaining overall soil fertility * 
Rg Rangelands Available and sufficiently productive rangelands for maintaining livestock * 
CRC Crop residue collection Removal of crop residues after harvesting * 
Fg Free grazing Animals allowed to freely graze crop residues * 
EC Erosion control Efficient soil and water conservation measures (e.g. stone bunds, grass stripes or diguettes) * 
Nf Non-farm income Gold mining, remittances, wage earning or petty trade *  
Al Available land Available land to develop agriculture and extend cultivated area. *  

Table 3 
Typology of farm types used in the model. Each farm type is defined in our model 
by a specific combination of six state variables (Table 2) based on the literature 
(Vall et al., 2006; Vall et al., 2011; Vall et al., 2017; Ouédraogo et al., 2016). 
Variables are Cc: cash crops; Ca: cultivated area; Ma: manure; Eq: farm equip
ments; Cr: crop residues; Lv: livestock. Symbols: “+”, the variable must be 
present; “− ”, absent; “*”, either present or absent. Note that control variables are 
not used in the definition of farm types.   

Variables 

Farm type Cc Ca Ma Eq Cr Lv 

A1 (Subsistence farmers) − − − * * * 
A2 (Medium farmers) + − − + * +

A3 (Large farmers) + + − + + +

AP (Agropastoralists) + * + + + +

B (Breeders) − − + * * +
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• U: a chronological sequence (e.g. “A2 is systematically preceded by 
A1) 

Note that in this paper, we only use qualitative dynamical properties, 
without any quantitative detail about when or how long a property holds. 

Additionally, a temporal logic formula can also include logical op
erators AND (∧), OR (∨) and NOT (¬). All these operators may combine 
to express more complex dynamical properties such as: 

A1 ∧ ∃F(∃(A3 U ∀G(AP) ) )

which can be translated as “Among small farmers (A1), some can even
tually (∃F) become large farmers which may develop (∃(A3 U) a persistent 
(∀G) agropastoralism (AP)”. 

2.7. Answering model questions 

A CTL formula is tested on a State-Transition Graph using an auto
mated tool called model-checker. Using the ITS-tools model-checker 
(Thierry-Mieg, 2015), we verified the existence of observed farm types 
and trajectories in the model (Q1) (see Table 4 for detailed CTL formulas 
of trajectories). States that satisfy a given CTL formula and transitions 
between them can then be visualized (Fig. 1). 

Then (Q2), we determined in which scenarios an A1 farm can reach 
A2, A3 and AP. A farm type is said reachable from a state if there exists at 
least one trajectory from that state to that farm type. This was done in 
three steps (Fig. 1): (1) isolating states satisfying the property of interest, 
(2) obtaining the values of control variables for each of these states (i.e. 
the scenarios) and (3) factoring these scenarios by applying the 
distributive law of Boolean algebra. Finally (Q3), we also defined “sus
tainable agropastoralism” as a CTL formula (Table 4) and assessed under 
which scenarios (i.e. control variables) and management actions (i.e. 
transitions) an A1 farm cannot, can or necessarily develops sustainable 
agropastoralism. Finally, we conducted a sensitivity analysis by sys
tematically drawing each rule with replacement. As the model includes 
38 rules, we generated 38 alternative models and tested the same tra
jectories as in the original model (Appendix E). 

3. Results 

3.1. Comparing observations and model predictions 

3.1.1. Farm types 
The model predicted all reported farm types (Fig. 2). Note that this 

does not mean that they were stable, as some can be reached and then 
lost due to inadequate environment or management. Farm types were 
reachable in specific conditions, with A2, A3 and AP being reachable in 
multiple scenarios (Fig. 3). 

This Boolean expression indicates that arable land (Al) and livestock 
(Lv) are prerequisites for stepping out of A1. Livestock had to be com
bined with a sufficient fodder in rainy (Flw ∨ Rg) and dry season 
(CRC ∧ Fg). Alternatively, if the household did not own livestock 
initially and earned income from non-farm activities, it could purchase 
livestock and then, either (1) engage in fodder plants production 
(implied by Flw-, see R24 in Table B.9) or (2) adopt a more traditional 
management, relying on free grazing in dry season and fallows or ran
geland in rainy season. In addition, the sensitivity analysis (E) revealed 
that increasing workforce is crucial for A1 farms to improve their live
lihood, as workforce is a necessary condition to increase cash crop 
production. Therefore, the ability of A1 farmers to step out depends on 
access to arable land, livestock (whether inherited or acquired through 
non-farm income), workforce and fodder management. 

Therefore, if these initial conditions are not met, A1 farmers cannot 
step out towards A2. Some predicted farm types were not included in 
Vall’s typology, such as those based on non-farm activities, and were 
grouped under the A1 farm type. 

3.1.2. Farm trajectories 
The model predicted all observed trajectories. Trajectories A1 → A2 

and B → AP were driven by an increase in cash crop production, A3 → 
AP by an increase in manure production (implying an increase in live
stock), A2 → A3 by an increase in cultivated area and A2 → A1 by soil 
fertility loss (Table D.1). 

Observed trajectories were possible for scenarios in which (1) access 
to arable land was guaranteed and if either (2a) fodder was sufficient (in 
both seasons) for feeding livestock or, (2b) in an intensive context (Flw- 
), if non-farm income was sufficient for purchasing livestock (and if 
fodder plants production was developed before soil fertility loss). 

Trajectories A1 → A2 → A3 → AP and B → AP were interruptible, i.e. 
it was possible for the trajectory to be diverted or reversed. In particular, 
it was always possible for medium farmers (A2) to fall down (i.e. not to 
become large farmers). Therefore, some events should be avoided for an 
household to step out, which are discussed in the next section. 

3.2. How (not) to reach a sustainable agropastoralism? 

The ability for small farmers to reach a sustainable agropastoralism 
(AP for short) was context-dependent (Table 6). Five main factors 
determined this reachability: (1) the availability of arable land, (2) the 
access to livestock, (3) fodder availability, (4) workforce and (5) the 
ability to maintain or recover soil fertility. We studied in which sce
narios an A1 farm could reach sustainable AP impossibly, possibly or 
necessarily. 

When sustainable AP was reachable (central, yellow area, Fig. 4), the 
farm did not practice fallowing (Flw-) but used erosion control tech
niques (EC) (Table 6). To keep sustainable AP reachable, the farm had to 
produce food and cash crops, which require sufficient soil fertility, 
which in turn required agricultural equipment and sufficient workforce 
to apply organic inputs (crop residues or manure) (rules R28–29, 
Table B.2). If the farm acquired agricultural equipment and started 
production of organic inputs before soil degradation (Table 7), sus
tainable AP became necessary (blue area, Fig. 4, Fig. F.1). Note that once 
this transition had occurred, soil fertility could be still be lost, but could 
also always be restored, provided sufficient manure was applied (result 

Table 4 
Dynamical properties verified in this study. Each property is translated as a CTL 
formula where U, G and F are the temporal operators until, globally and finally, 
respectively. Farm types are defined in Table 3.  

CTL formula Interpretation 

Observed trajectories  
∃(A1 U A2) An A1 farm can switch to 

A2 
∃(A2 U A3) An A2 farm can switch to 

A3 
∃(A3 U AP) An A3 farm can switch to 

AP 
∃(B U AP) A B farm can switch to AP 
∃(A2 U A1) An A2 farm can switch to 

A1 
∃(A1 U (A2 ∧ (∃(A2 U (A3 ∧ (∃(A3 U AP) ) ) ) ) ) ) An A1 farm can switch to 

A2, then A3 and then AP 
∃(A1 U (A2 ∧ (∃(A2 U AP) ) ) ) An A1 farm can switch to 

A1, then A2 and then AP 
Reachability of sustainable agropastoralism  
∀G(AP) Sustainable AP 
∀F(∀G(AP) An A1 farm necessarily 

reaches sustainable AP 
∃F(∀G(AP) ∧ ¬(∀F(∀G(AP) ) An A1 farm may or may 

not reach sustainable AP 
¬∃F(∀G(AP) An A1 farm cannot reach 

sustainable AP  
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not shown). A1 farms would necessarily reach sustainable AP when the 
farm owned livestock, had sufficient dry season fodder and practiced 
fallowing (Table 6). Finally, scenarios preventing sustainable agro
pastoralism were highly heterogeneous (see Table 6 for a detailed 
interpretation of the corresponding scenarios). 

4. Discussion 

Our study uses a qualitative and discrete-event modelling framework 
- named EDEN - to predict farm types and trajectories in Southwestern 
Burkina Faso. Based on knowledge from scientific literature, field ob
servations and interviews of experts, it describes which farm types a 
small farm (noted A1) can reach and how to reach them. This answer is 
twofold, as it both includes the specific events responsible for a given 
transition and the scenarios in which they may occur. Model predictions 
were compared with observed trajectories in the Koumbia village, which 
is located in the Tuy Province (southwestern region, Burkina Faso). 

4.1. Farm types 

Our model predicted that A1 farm type (i.e. the initial, poorly 
endowed farm type) was able to reach all other farm types (A2, A3, AP 
and B), which does not falsify hypothesis H1. It also predicted new farm 
types which were not reported in Vall’s typology, but reported else
where in the region (Thiombiano, 2015), such as households oriented 
towards non-farm activities (which were merged with A1 farms for the 
sake of clarity). Such strategies have nonetheless been observed in 

Identifying scenarios

Factoring

Fig. 1. Summary of the analysis technique. A state has state properties (here, the property “blue” or “gray”) and dynamical properties, i.e. the trajectories it belongs to. 
Dynamical properties are expressed as CTL formulae. In this illustration, some states have the state property “blue”. All states either have the dynamical property 
“blue is reachable” (noted ∃F(blue) in CTL, and corresponding to the blue shade) or not (¬∃F(blue), light orange shade). The CTL formula ∃F(blue) is used to (1) 
determine which states satisfy it and (2) split the State-Transition Graph accordingly. The resulting graph (right-hand side) thus has two nodes gathering states 
according to their ability to reach “blue”. This graph highlights the fact that the system can permanently lose its ability to reach the property “blue”. In a second step, 
the model-checker enables to determine the value of the variables A, B, C and D (representing scenarios) are determined for each initial state satisfying the ∃F(blue) 
formula. This is expressed as a Boolean expression using SymPy (Meurer et al., 2017), that can be further factorized using the distributive law of Boolean algebra to 
provide a more concise and interpretable expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Farm types and transitions. Each node in this STG corresponds to a set of 
states of the same farm type and each edge corresponds to a farm transition. A 
path corresponds to a farm trajectory. Squares include at least one stable state 
(i.e. states with no outgoing transition). Rounded squares include no stable 
state. The unlabeled node indicates intermediate, transient farm types. The 
triangle indicates initial states (all A1). 

Fig. 3. Boolean expression summarizing the scenarios in which A2, A3 and AP were reachable. Variables noted "-" are absent (and present otherwise), ∧ and ∨ mean 
"AND" and "OR", respectively. Overbraces and underbraces indicate the interpretation of portions of the formula. 
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Koumbia (Ouédraogo et al., 2016). They are described as an income 
source for investing in agriculture (Mélanie Blanchard, pers. comm.), 
which is consistent with our model predictions. Predicted farm types 
overlapped with those described in other farm typologies in West-Africa 
(Thiombiano, 2015; Diarisso et al., 2016; Kuivanen et al., 2016; Doux
champs et al., 2016; Sanon et al., 2014) or elsewhere in sub-Saharan 
Africa e.g. (Tittonell et al., 2005). The consistency of model pre
dictions with other West-African typologies involving other farm types 
e.g. (Thiombiano, 2015) could be assessed in a future study. 

4.2. Farm trajectories 

The model also predicted all observed farm trajectories. Arable land 
was a necessary condition for A1 farms to step out, as it is crucial for 
developing cash crop production. Livestock ownership was also crucial 
(Tables 5 and C.1) as it enables to purchase and use agricultural 
equipment, and thus increase cash crop production. This is consistent 
with hypothesis H2 and reported drivers of farm dynamics in south
western Burkina Faso (Ouédraogo et al., 2016; Savadogo et al., 1994) 
and is also confirmed by studies highlighting the role of non-farm in
come such as remittances, gold mining or petty trade for enabling 
agricultural investments (including livestock) in rural areas (Barrett 
et al., 2001). Note, however, that livestock requires sufficient fodder all 

year long, that is, rangelands or fallows during rainy season and crop 
residues (collected or available by free-grazing) during dry season. Such 
fodder could also come from fodder plants production such as mucuna 
(Mucuna sp.), cowpea (Vigna unguiculata) or local trees and shrubs such 
as Faidherbia albida or Pterocarpus erinaceus (Vall et al., 2012; Sib et al., 
2020). The role of rules must also be highlighted, as sensitivity analysis 
(Appendix E) revealed the role of cultivated area, cash crops and labor, 
and whose removal of rules resulted in falsified models (their pre
dictions did not match all observations). When manure production could 
not be increased, the richest type of farm was A3, which corresponds to 
the current situation of some farms whose growth is limited by their 
ability to produce sufficient manure. Therefore, this farm type seems to 
be a good alternative when livestock herd is small or fodder is 
insufficient. 

Some unlikely transitions were also observed, such as those leading 
to the farm types oriented towards livestock production (B). This is (at 
least) partly due to the fact that we did not consider cultural constraints, 
as children from a given family will tend to engage in the same activities 
as their parents and their ethnic group. In this case, exclusive livestock 
production is in large part practiced by people related to the Fulani 
ethnic group. Therefore, this transition, albeit theoretically possible, 
will in practice be rarely or never observed. In this study, we did not 
distinguish AP farms which, in Vall’s typology, are split in medium and 
large agropastoralists. Large AP farms are characterized by large culti
vated areas (> 15ha) and livestock herds (> 20 Tropical Livestock 
Units). Although available literature does not discuss the impossibility 
for a small farm to grow this large, it is highly unlikely in reality. 
Therefore, two solutions could be combined to overcome this issue: 
developing a multivalued model to distinguish medium and large AP 
farms, and using probabilistic rules to yield more realistic results in 
terms of the actual feasibility of certain trajectories. 

4.3. Reaching and maintaining agropastoralism 

Demographic pressure and the resulting agricultural expansion have 
led African smallholder to reduce or abandon fallowing as a soil man
agement technique. However, high mineralization rates observed in the 
tropics (Wang et al., 2021) quickly deplete soil organic matter and put 
crop production at risk. As a response, many farmers have developed a 
form of mixed-farming or agropastoralism involving (cash and food) 
crop and livestock production in which livestock is used as a source of 
income, as a tool for tillage and transport and as source of organic 
amendments for improving and maintaining soil fertility (Moritz, 2010; 
Harris, 2002). 

As this form of agropastoralism represents an improved livelihood 
compared with that of subsistence farmers, we determined the condi
tions under which it is impossible, possible or necessary for such small 
farmers to develop a sustainable agropastoralism. Sustainable agro
pastoralism was reachable (N.B.: not necessarily reached) if (1) arable 
land was accessible and sufficient, (2) farmers adopted erosion control 
techniques, (3) workforce was sufficient, (4) owned livestock or had 
means to purchase it and (5) if fodder was sufficient and available all 

Fig. 4. Transitions between reachability sets of sustainable agropastoralism. A 
reachability set is a set of states sharing the same dynamical properties with 
respect to sustainable agropastoralism. Blue set: sustainable AP will be reached; 
Yellow set: sustainable AP can be reached; Orange set: sustainable AP will not 
be reached. Each node corresponds to a set of states belonging to initial states 
and/or to the same reachability set with A1 nodes the initial states and AP node 
the set of sustainable agropastoralist farm states. Unlabeled nodes include 
several farm types. Edges correspond to transitions between reachability sets. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 5 
Predicted scenarios for observed trajectories. Each observed trajectory was translated as a CTL formula 
(Table 4), and then tested in the model. Then, the scenarios enabling each trajectory were computed. 
Variables noted “ − ” are absent (and present otherwise). Symbols ∧ and ∨ mean “AND” and “OR”, 
respectively. For variables acronyms, see Table 2.  

Observed trajectory Scenarios 

A1 → A2 Al ∧ (Lv ∧ (Flw ∨ Rg) ∧ (CRC ∨ Fg) ) ∨ (Nf ∧ (Flw − ∨ Fg) )

A2 → A3 Al ∧ Lv ∧ (((Flw ∨ Rg) ∧ (CRC ∨ Fg) ) ∨ (Nf ∧ Flw − ) )

A3 → AP 
B → AP Al ∧ Lv ∧ Nf ∧ (CRC ∨ Fg ∨ Flw − )

A2 → A1 Al ∧ Lv ∧ Flw − ∧(((Nf ∨ Rg) ∧ (CRC ∨ Fg) ) ∨ (Nf ∧ EC − ) )

A1 → A2 → A3 → AP Same as A1 → A2 
A1 → A2→AP  
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year long. This was achieved by maintaining rainy season pastures 
(rangelands or fallows) and dry season fodder (crop residue production 
and collection or free grazing), or alternatively, by producing fodder 
plants. However, these conditions were not sufficient per se, as the lack 
of organic inputs could lead to an irreversible soil fertility loss. Farmers 
thus have to develop their capacity to rebuild soil fertility and prevent its 
depletion, which is consistent with hypothesis H3. For that purpose, the 
farm has to produce sufficient manure (or any appropriate organic 
input) and purchase appropriate equipment for transporting and 
applying these organic inputs. In this case, the persistence of most 
endowed farms was thus closely linked to the persistence of soil fertility, 
which is consistent with current knowledge (Barrett and Bevis, 2015; 
Tittonell et al., 2010). 

4.4. Limitations and perspectives 

4.4.1. Disturbances, resilience and shifts between scenarios 
Our model is a preliminary step for understanding farm dynamics in 

an undisturbed context. However, economic shocks (Novotny et al., 
2021), climate change (Jones and Thornton, 2009), extreme weather 
events (Motsholapheko et al., 2011), political instabilities or health 
crises are known to impact livelihood dynamics (Marschke and Berkes, 
2006). Additionally, authors have promoted resilience as a relevant 
concept for managing farm systems (Darnhofer, 2021; Sallu et al., n.d.). 
However, the concept of resilience is intrinsically linked to that of shock 
(or perturbation) (Walker et al., 2006). Hence, as our model does not 
include perturbations, it cannot assess the resilience of farm systems. 
Yet, methods used in this study remain valid for issues related to resil
ience as disturbances can easily be represented in the EDEN framework 
e.g. as new rules, as it has been done in a previous study (Cosme et al., 
2021). 

One way of accounting for shifts between scenarios and disturbances 
might be to label rules according to their effect. For example, an increase 
in cash crop production due to an increase in arable land would be 
labeled [Al+]. On this basis, we could resort to an extension of the CTL 
temporal logic (namely ARCTL, for Action-Restricted CTL) that would 
allow us to use these labels to filter out forbidden scenario changes and 
disturbances. This has been successfully applied to the study of East- 

African rangeland systems (Thomas, 2022) and can be applied to 
other social-ecological systems. 

4.4.2. Interactions between farms 
Our model implicitly includes the effect of neighboring farms, as in 

rule R33 in which free grazing implicitly prevents the maintenance of 
crop residues in dry season, and may thus induce soil fertility loss if 
fallowing is not practiced and manure is not applied. Yet, spatial in
teractions between farms could be more deeply investigated. Our farm- 
scale model predicts that agropastoral farms can persist if arable land 
and fodder are sufficient. However, in current conditions, such a 
resource-consuming farm type would probably not be generalizable at 
the village-scale. Indeed, it requires and concentrates lots of resources, 
which currently requires an intense exploitation of the local environ
ment and induces a strong competition for fodder and nutrients with 
neighboring farms. For instance, it has been showed (Manlay, 2000) that 
between-farms nutrients transfers induced by free grazing are mostly 
beneficial to big cattle owners and detrimental to small farms. Such 
spatial processes can be studied by duplicating our farm model (and 
maybe adding distant rangelands for seasonal transhumance) and 
including farm interactions and then studying the reachability and na
ture of stable states. Therefore, we could assess under which scenarios 
multiple interacting farms could improve their respective livelihood and 
coexist in a sustainable way with their environment. A spatialized 
generalization of the EDEN framework has already been developed 
(Leloup et al., 2021) and could be used for this investigation. 

4.4.3. Causal analysis of system dynamics 
Through model-checking, the EDEN framework currently allows the 

automated verification of dynamical properties of interest. However, it 
is still limited in its ability to provide a true causal explanation, i.e., what 
chronological ordering of events is necessary/sufficient to reach a state 
of interest? For instance, although we know the conditions that make 
sustainable agropastoralism possibly reachable, we do not know, from 
these states, which events sequences guarantee reaching sustainable AP. 
Such explanations could be provided using additional tools, namely 
techniques related to Petri nets unfolding prefix. These techniques have 
recently been designed for ecosystem analysis (Aguirre-Samboní et al., 
2022) but have never been applied to real ecosystems. 

4.4.4. Towards a more quantitative approach 
In its current form, the EDEN modelling framework does not consider 

the probability of states and transitions. For instance, the production of 
fodder plants has not been widely adopted in southwestern Burkina Faso 
(Vall et al., 2012). Yet, we could assign a low (conditional) probability to 
this event (rule R19, Table B.2). This could make the model more useful 
to land managers, but would (1) require more data for model concep
tion, (2) add new assumptions, (3) overlook the effect or rare events and 
(4) perhaps reduce model robustness and reliability. This explains why, 
as a first step, this Boolean possibilistic model is adequate for addressing 

Table 7 
Rules driving transitions between reachability sets. Due to the various contexts 
in which a transition may occur, it may be driven by one (e.g. Possible → 
Impossible) or several phenomena (e.g. Possible → Necessary). See Table B.2 for 
rules description.  

Transition Rule(s) and Interpretation 

Possible → 
Impossible 

R32 to R35 (Soil fertility loss) 

Possible → Necessary R13, R14, R17, R18, R22 (Development of manure 
production) 
R37, R38 (Purchase of agricultural equipment)  

Table 6 
Reachability of a sustainable AP under various scenarios. Each scenario is a specific combination of control variables. A variable marked “ − ” is absent, otherwise it is 
present. Note that Lv is not a control variable, but can either be present or absent in initial states, and is thus included in scenarios (Table 2).  

Scenario Interpretation 

Sustainable AP cannot be reached  
Flw ∧ Fg- ∧ (CRC- ∨ Lv) The farm practices fallowing, but either does not own livestock, or dry season fodder is lacking. 
Flw- ∧ (EC- ∨ (Nf- ∧ Rg-) ) Fallows are insufficient. In addition, erosion control is insufficient or the farm is lacking income and rangeland. 
Nf- ∧ (Lv- ∨ (CRC- ∧ Fg-) Income is lacking and the farm has no livestock or insufficient fodder. 
Al− Access to arable land is insufficient, preventing the farm from increasing its cultivated area and cash crop production. 
Sustainable AP can be reached  
Al ∧ Flw − ∧ EC ∧ (Nf ∨ (Lv ∧ Rg ∧ (CRC ∨ Fg) ) ) Fallows are insufficient for feeding livestock and preventing soil fertility loss, which is now prevented by erosion control 

techniques. In addition, the farm either owns livestock (which requires forage) or be engaged in non-farm activities (which 
allow to purchase livestock). Arable land is available to develop cash crop production. 

Sustainable AP will be reached  
Al ∧ Flw ∧ ((Lv ∧ (CRC ∨ Fg) ) ∨ (Fg ∨ Nf) ) Fallows prevent soil fertility loss and fodder is available. Livestock is either initially owned or can be purchased by means of 

non-farm income. Arable land is available to develop cash crop production.  
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the questions we raised in this study. 
In addition, Boolean variables save the modeller from having to rank 

variables’ responses to a given condition. For instance, our model makes 
no assumption regarding differences in soil fertility requirement be
tween fodder plants and cash crops. However, the former may include 
Fabaceae, which require lower nitrogen requirements. Multivalued 
variables (taking values 0, 1, 2…) could fix this issue, as each value 
would correspond to a fertility interval to which various crop species 
would respond differently. Yet, in biology, Boolean models have shown 
to preserve some properties of continuous ones [albeit under specific 
conditions, (Saadatpour and Albert, 2016; Davidich and Bornholdt, 
2008)], and can thus be seen as a first step towards a better under
standing of agroecological dynamics. 

4.4.5. Going beyond livelihood studies 
This work assesses the long-term effects of the combination of 

management practices on the economic status of rural households in 
Burkina Faso. Although the model investigates the effect of human ac
tions on soil fertility, the combined socio-economic and ecological 
viability [or coviability, (Barrière et al., 2019)] remains unexplored. Yet, 
this region of Africa experiences a widespread environmental degrada
tion (Chikanda, 2009) whose relations to farmers’ livelihoods have 
already been pointed (Sallu et al., n.d.; Chikanda, 2009). Therefore, 
future works should explicitly address socio-economic viability, but also 
environmental degradation and biodiversity loss, thus tackling the 
problem of social-ecological coviability. 

5. Conclusions 

In this paper, we developed a qualitative, discrete-event and possi
bilistic model of farm trajectories in southwestern Burkina Faso. Avail
able data were in agreement with model predictions, such that the 
model was not falsified/refuted. Additionally, we determined under 
which scenarios such trajectories may occur. Regarding the ability of 
small farmers to become agropastoralists, the model highlighted the role 
of the interplay between workforce, agricultural equipment, land 
availability, soil management techniques, fodder availability and 
manure production. Indeed, workforce and equipment are necessary to 
apply organic inputs, but also to increase cultivated area and cash crop 
production. These production factors are efficient when arable land is 

available and appropriate soil and water management techniques are 
practiced (such as fallowing or erosion control). Finally, manure pro
duction is determined by fodder availability, i.e. rangelands, fallows, 
crop residues or fodder plants (e.g. fodder crops and shrub banks). 
Therefore, in a favorable economic and environmental context (i.e. with 
good prices on the market, no climatic disturbance, no pests and no 
diseases), for an isolated farm, our model suggests that the persistence of 
agropastoralism depends on thefarm’s ability to increase its cultivated 
area, workforce, livestock and access to fodder, all while producing and 
applying organic inputs to maintain soil fertility. 
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Appendix A. Code availability 

Zip archive containing:  

1. “README” is a text file explaining how to install ecco and run the farm trajectories model  
2. “farm trajectories model.rr” is a text file containing the system description of the model  
3. “farm trajectories model.ipynb” is a Jupyter notebook covering the model analysis  
4. “farm trajectories model.html” is a static HTML preview of this notebook 

Appendix B. Model rules 

The model includes 38 “regular” rules and 16 constraints. Constraints are executed in priority to other rules. See (Gaucherel and Pommereau, 
2019) for formal definition of rules. In this model, and in contrast with other studies (Gaucherel and Pommereau, 2019; Cosme et al., 2021; Gaucherel 
et al., 2020; Mao et al., 2021), we chose to make as few assumptions as possible about parameters and thus opted for rules including a single variable 
update at a time (except in constraints). In contrast with our previous studies, we studied the “full” graph, i.e. the graph including all states (satisfying 
constraints or not). Indeed, in previous studies, states satisfying constraints were removed prior to analysis as they represented ecologically unrealistic 
or too transient states. This was not the case here as considering a state as “unrealistic” is (at least partially) arbitrary and we aimed at a maximally 
parsimonious model.  
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Table B.1 
Model constraints. Constraints with the same effect are grouped within the same row. The comma (,) is equivalent to the logical “AND”. Variables noted with “− ” are 
inactive, and active otherwise. Variables are Fe: soil fertility; Fp: fodder plants; Cc: cash crops; Ca: cultivated area; Ma: manure; Eq: farm equipment; Cr: crop residues; 
Lv: livestock; Wf: Workforce; EC: erosion control; Nf: non-farm activities; CRC: crop residues collection; Rg: rangeland; Fg: free grazing; Flw: fallows; Al: available 
arable land.  

N◦ Condition Realization Description References 

C1 Fe-, Ma- 

Cr- 
Crop residues production requires a sufficient fertility or manure inputs with equipment for 
collecting, transporting and applying it. 

(Bationo and Mokwunye, 1991; 
Bationo et al., 2007) 

C2 Fe-, Eq- (Bationo and Mokwunye, 1991; 
Bationo et al., 2007) 

C3 Lv- Ma- Manure requires livestock to be produced. Common sense 

C4 Lv- 

Ca- Without livestock or animal traction or sufficient workforce, cultivated area must be reduced.  C5 Eq- Assumption 
C6 Wf-  

C7 Fe- 

Fp- 
Fodder plants require a fertile soil ans sufficient workforce (besides, food crops have priority 
over fodder crops). 

(Klein et al., 2013) 
C8 Wf-  

C9 Cr-  

C10 Eq- 

Cc-, Ca- 
Without fertility or animal traction or draught animals or sufficient workforce, cultivated area 
must be reduced, which reduces cash crop production.  

C11 Wf- Assumption 
C12 Lv-  

C13 Fe-  

C14 Rg-, Flw-, 

Fp- 

Lv-, Ma-, Eq-, 

Ca- 

Without rainy season forage or dry season forage, the livestock herd (and components 
depending on it) cannot be sustained.  

C15 CRC-, Fg-, 

Fp- 

Assumption 

C16 Cr-, Fg-, 

Fp-    

Table B.2 
Model rules. Rules with the same effect are grouped within the same row. The comma (,) is equivalent to the logical “AND”. Variables noted with “− ” are inactive, and 
active otherwise. Variables are Fe: soil fertility; Fp: fodder plants; Cc: cash crops; Ca: cultivated area; Ma: manure; Eq: farm equipment; Cr: crop residues; Lv: 
livestock; Wf: Workforce; EC: erosion control; Nf: non-farm activities; CRC: crop residues collection; Rg: rangeland; Fg: free grazing; Flw: fallows; Al: available arable 
land.  

N◦ Condition Realization Description References 

R1 Fe 
Cr Soil fertility or manure may increase crop residues yield. (Bationo et al., 2007) 

R2 Ma, Eq (Bationo and Mokwunye, 1991) 

R3 Cc, Flw-, Rg, 

Cr, Eq, CRC 

Lv 

If forage (fallows or rangelands in rainy season and freely grazed or collected crop residues in 
dry season, or fodder plants in both) and income (from the sale of cash crops or non-farm 
activities) are sufficient, then livestock may be purchased. It is assumed that the production of 
crop residues in neighboring farms is sufficient. 

(Blanchard, 2010; Diallo and Vall, 
2010) 

R4 Nf, Flw-, Rg, 

Cr, Eq, CRC 

(Richard et al., 2019) 

R5 Cc, Flw, Cr, Eq, 

CRC 

(Richard et al., 2019) 

R6 Nf, Flw, Cr, Eq, 

CRC 

(Richard et al., 2019) 

R7 Cc, Flw-, Rg, Fg (Richard et al., 2019) 
R8 Nf, Flw-, Rg, Fg (Richard et al., 2019) 
R9 Cc, Flw, Fg (Richard et al., 2019) 
R10 Nf, Flw, Fg (Richard et al., 2019) 
R11 Cc, Fp (Klein et al., 2013) 
R12 Nf, Fp (Klein et al., 2013) 

R13 Cc, Lv, Rg, Cr, 

Eq, CRC 

Ma 
If the farm earns agricultural or non-farm income, and livestock and forage (in all seasons) are 
present, then more livestock can be bought and thus manure can be produced. 

(Manlay et al., 2004; Diarisso et al., 
2015; Richard et al., 2019) 

R14 Cc, Lv, Rg, Fg (Richard et al., 2019) 
R15 Cc, Lv, Flw, Cr, 

Eq, CRC 

(Richard et al., 2019) 

R16 Cc, Lv, Flw, Fg (Richard et al., 2019) 
R17 Cc, Lv, Fp (Klein et al., 2013; Richard et al., 

2019) 
R18 Nf, Lv, Rg, Cr, 

Eq, CRC  

R19 Nf, Lv, Rg, Fg (Richard et al., 2019) 
R20 Nf, Lv, Flw, Cr, 

Eq, CRC 

(Richard et al., 2019) 

R21 Nf, Lv, Flw, Fg (Richard et al., 2019) 
R22 Nf, Lv, Fp (Klein et al., 2013; Richard et al., 

2019) 

R23 Al, Wf, Lv, Cr, 

Eq 
Ca 

If arable land is available and workforce is sufficient, then animal traction enables farmers to 
increase cultivated area. 

(Havard et al., 2010) 

(continued on next page) 
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Table B.2 (continued ) 

N◦ Condition Realization Description References 

R24 Al, Wf, Fe, Flw- 

, Cr 
Fp Soil fertility enables farmers to produce fodder plants. (Klein et al., 2013) 

R25 Al, Wf, Eq, Lv, 

Fe, Cr 
Cc 

Soil fertility and animal traction enable farmers to produce cash crops. Cash crop producers 
are assumed to also produce food crops (and thus crop residues). 

(Kidron et al., 2010; Kidron and 
Zilberman, 2019) 

R26 Wf- Wf+ Workforce increases with time (i.e. spontaneously). Assumption 

R27 Flw 

Fe If organic matter is applied and erosion controlled, then soil fertility can be restored. 

(Manlay, 2000) 
R28 Wf, EC, Fg-, Eq, 

Cr, CRC- 

(Bationo and Mokwunye, 1991; de 
Ridder and van Keulen, 1990) 

R29 Wf, EC, Eq, Ma (Gross and Glaser, 2021) 

R30 Flw-, EC- 

Fe- 
Without erosion control nor organic inputs nor equipment nor workforce, continuous 
cultivation may reduce fertility  

R31 Flw-, Cr-, Ma- (de Ridder and van Keulen, 1990) 
R32 Flw-, Eq, CRC, 

Ma- 

(de Ridder and van Keulen, 1990) 

R33 Flw-, Fg, Ma-  

R34 Flw-, Eq-  

R35 Flw-, Wf-  

R36 Cc, Lv, Cr 

Eq 
Income enables purchasing agricultural equipment. Note that every equipment (cart, plough, 
etc.) requires livestock. 

(Havard et al., 2010; Havard et al., 
2004) 

R37 Nf, Lv, Cr (Havard et al., 2010; Havard et al., 
2004) 

R38 Lv, Cr (Havard et al., 2010; Havard et al., 
2004)  

Appendix C. Determining scenarios for farm trajectories 

The reachability of each farm type from initial states was assessed using CTL. We recall that initial states were all A1 farm types. A farm type is said 
reachable if there exists at least one trajectory leading to this farm type, at some point in the future. This corresponds to the formula ∃F(ϕ), where ϕ is 
the set of states of interest (e.g. a particular farm type). If we consider all the initial states, some may reach ϕ, others may not. The Table C.11 
summarizes the scenarios for which each farm type is reachable. In general, the scenarios for reaching a farm type are displayed as a disjunctive 
normal form (i.e. an “OR of ANDs”). 

For instance, A2 is reachable under six disjoint scenarios: 

(Al ∧ Fg ∧ Nf)

∨ (Al ∧ Nf ∧ Flw − )

∨ (Al ∧ CRC ∧ Flw ∧ Lv)

∨ (Al ∧ CRC ∧ Lv ∧ Rg)

∨ (Al ∧ Fg ∧ Flw ∧ Lv)

∨ (Al ∧ Fg ∧ Lv ∧ Rg),

which can be factored using the distributive law: 

Al ∧ ((Lv ∧ (Flw∨Rg) ∧ (CRC∨Fg)) ∨ (Nf ∧ (Flw∨Fg)) ),

where “∧” and “∨” are the logical AND and OR, respectively.  

Table C.1 
Scenarios for which farm types are reachable. It indicates scenarios for which A2, A3, AP and B were reachable.  

Farm type CTL formula Scenarios 

A2 A1 ∧ ∃F(A2)
Al ∧ ((Lv ∧ (Flw ∨ Rg) ∧ (CRC ∨ Fg) ) ∨ (Nf ∧ (Flw ∨ Fg) ) )A3 A1 ∧ ∃F(A3)

AP A1 ∧ ∃F(AP)

Note that these scenarios do not guarantee reaching a farm type, at least for two reasons: on a logical perspective, a state satisfies the formula ∃F(φ)
if there is at least one trajectory from that state to φ, which does not mean that all trajectories lead to φ. On the “interpretative” perspective, the fact 
that a trajectory exists does not mean that the system will take it. Indeed, depending on the type events that can occur, the system could remain in the 
current state for an arbitrary time (e.g. if the event is very unlikely), or take another trajectory, depending on management choices or on unspecified 
social-ecological constraints at a given moment. Therefore, these conditions are necessary but not sufficient conditions for reaching each farm type.  
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Appendix D. Determining events for farm trajectories 

Each State-Transition Graph is associated to a transition table detailing every transition. The transition table indicates the rule(s) triggering each 
transition. Each rule may be associated to a label, which can be used to indicate the type of transition (e.g. natural or human-driven) or anything 
relevant to the modeller.  

Table D.1 
Transition table of Fig.2. In the “rules” column, R13–22 is a shortcut for all rules between R13 and R22. Labels indicate the 
variables affected by the rules.  

Source Target Rules and constraints Labels 

A3 Undefined C1, C14, C15 Ca-, Cr-, Eq-, Lv-, Ma-  
A1 C13 Cc-  
AP R13-R22 Ma+

A1 B R18-R22 Ma+
Undefined R23 Ca+
A2 R25 Cc+

A2 A1 C13 Cc-  
Undefined C14, C15, C16 Ca-, Eq-, Lv-, Ma-  
AP R13-R22 Ma+
A3 R23 Ca+

AP B C13 Cc-  
Undefined C14, C15 Ca-, Eq-, Lv-, Ma- 

Undefined A1 C10, C12, C13, C14, C15, C16 Ca-, Cc-, Eq-, Lv-, Ma-  
B C13 Cc-  
A3 R25 Cc+
AP R25 Cc+

B A1 C14, C15, C16 Ca-, Eq-, Lv-, Ma-  
Undefined R23 Ca+
AP R25 Cc+

Appendix E. Sensitivity analysis 

We conducted a sensitivity analysis by systematically drawing with replacement from the set of rules. This procedure involves removing the first 
rule, computing the model and desired properties (in this case, CTL formulas), then replacing the rule and removing the next one, and so forth. The 
sensitivity analysis revealed that:  

• Removing rule R23 (Al+, Wf+, Lv+, Cr+, Eq +>>Ca+) does not predict A2 → A3, A3 → AP and all related trajectories.  
• Removing rules R25 (Al+, Wf+, Eq+, Lv+, Fe+, Cr +>>Cc+) or R26 (Wf- >Wf+) did not predict any observed trajectory. 

Therefore, if it is not possible to increase cultivated area or cash crop production or workforce, then the model cannot reproduce observation. This 
is due to the fact that we removed only one rule at a time, and that these rules are the only performing this action. For example, removing all rules 
increasing manure production (Ma+) keeps predicting A1 → A2, A2 → A3 and A2 → A1, but does not predict A3 → AP or B → AP. Therefore, when 
manure production is constrained - implying that livestock herd size is limited - AP cannot be reached and A3 becomes the best endowed farm type. 

Therefore, an interesting extension of this procedure would be to test the powerset of rules, i.e. the set of all subsets of rules, of size 2n with n the 
number of rules. This could reveal sets of rules interacting non-trivially. 

Appendix F. How (not) to reach a sustainable agropastoralism? 

Based on properties expressed in Table 4 we split the State-Transition Graph in three sets: states for which it is (1) impossible, (2) possible but not 
necessary and (3) necessary to reach a sustainable AP. We now discuss the case in which the farm can possibly reach sustainable AP (Fig. F.1). Focusing 
on transitions between these sets (Fig. F.1a), we saw that equipment acquisition (Eq+) and development of livestock herd for manure production 
(Ma+) were both required to allow the farm to reach sustainable AP necessarily. By further dividing the set of “possible” (yellow) states with respect to 
these two variables (Fig. F.1b), the graph now shows that it is possible to achieve a sustainable PA by acquiring equipment alone, while allowing for 
further development of manure production. Livestock (through manure production) is therefore essential to achieve sustainable agropastoralism, but 
cannot be sufficient, as spreading manure requires farm equipment and sufficient workforce. 
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Fig. F.1. Crucial events driving the development of a sustainable agropastoralism. Edge labels are the rules’ labels, as discussed in Appendix D. (a) State-Transition 
Graph is split by its ability to reach sustainable agropastoralism. The reachability sets are: yellow: possible; blue: necessary; brown: impossible. (b) The “possible” set 
is split with respect to Eq and Ma, with edge labels indicating where they are active. Acronyms are: Eq: agricultural equipment; Ma: Manure production and Fe: soil 
fertility. Node colors correspond to those of (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Appendix G. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.agsy.2024.103949. 
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l’association agriculture-élevage. Cahiers Agricultures 26 (2), 25006. https://doi. 
org/10.1051/cagri/2017011. URL. http://www.cahiersagricultures.fr/10.1051/ 
cagri/2017011. 

Verburg, P.H., Dearing, J.A., Dyke, J.G., Leeuw, S.V.D., Seitzinger, S., Steffen, W., 
Syvitski, J., 2016. Methods and approaches to modelling the Anthropocene. Glob. 
Environ. Chang. 39, 328–340. https://doi.org/10.1016/j.gloenvcha.2015.08.007. 
URL. https://www.sciencedirect.com/science/article/pii/S0959378015300285. 

Walker, B., Gunderson, L., Kinzig, A., Folke, C., Carpenter, S., Schultz, L., 2006. 
A handful of heuristics and some propositions for understanding resilience in social- 
ecological systems. Ecol. Soc. 11 (1) https://doi.org/10.5751/ES-01530-110113 
publisher: The Resilience Alliance. URL. https://www.ecologyandsociety.or 
g/vol11/iss1/art13/. 

Wang, C., Morrissey, E.M., Mau, R.L., Hayer, M., Piñeiro, J., Mack, M.C., Marks, J.C., 
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