Title Page

Some slide-cascades in social-ecological systems viewed
by spatially explicit and multi-scale models

Authors

e Maxime Leloup, MPI EVA, HBEC Dept., Leipzig, Germany, maximeleloup61@gmail.com,
https://orcid.org/0000-0003-0462-6505

e Maximilien Cosme, CIRAD, UMR AMAP, Montpellier, France,
maximilien.cosme(@cirad.fr, https://orcid.org/0000-0001-8353-5104

e Franck Pommereau, Université Paris-Saclay, Univ Evry, IBISC, 91020, Evry-
Courcouronnes, France,franck.pommereau@univ-evry.fr, https://orcid.org/0000-0002-9959-
3699

e (Cédric Gaucherel, INRAE, UMR AMAP, Montpellier, France, cedric.gaucherel@inrae.fr,
https://orcid.org/0000-0002-4521-8914

Keywords: Burkina Faso; discrete-event system; Petri nets; food security; slide-cascade; decision
maker; foresight; process-based model.

Abstract

Food security is a key aspect of a sustainable society, and some threats as climate change and food
riots may unsettle any social-ecological system such as the Dano’s region in Burkina Faso. Some
facets of food security such as food production and food distribution are inherently spatial, and
taking space into account may refine our region understanding. We developed both spatialized and
non-spatialized discrete event models to address food security dynamics in the Dano social-
ecological system. The comparison of these two models allowed estimating the influence of
spatialization in modelling dynamics. Results showed that water cycle and soil components are
critical features of the landscape’s food security. Space refined the region’s understanding in
highlighting unexpected slide-cascades the system is exposed to and revealing high sensitivity of
the region’s food security to dam water presence. As food security spreading in space, to explicit
spatial processes in models appears critical to get a proper understanding of most processes in social
ecological systems.
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Some slide-cascades In soclal-
ecological systems viewed by
spatially explicit and multi-

scale models

Abstract

Food security is a key aspect of a sustainable society, and some threats as climate change and food
riots may unsettle any social-ecological system such as the Dano’s region in Burkina Faso. Some
facets of food security such as food production and food distribution are inherently spatial, and
taking space into account may refine our region understanding. We developed both spatialized and
non-spatialized discrete event models to address food security dynamics in the Dano social-
ecological system. The comparison of these two models allowed estimating the influence of
spatialization in modelling dynamics. Results showed that water cycle and soil components are
critical features of the landscape’s food security. Space refined the region’s understanding in
highlighting unexpected slide-cascades the system is exposed to and revealing high sensitivity of
the region’s food security to dam water presence. As food security spreading in space, to explicit
spatial processes in models appears critical to get a proper understanding of most processes in social
ecological systems.

1) Introduction

Food system is a critical criterion for a sustainable society, and food security evaluates how
sensitive and robust are different food systems. The food security framework has been developed
long time ago (United Nations, 1975 ; Peng, Berry 2019 ; Anderson 2019), and requires at least a
viable food production and food distribution network (Peng, Berry 2019). Food security spreads in
space, and both food production and food distribution are today and will become increasingly
sensitive to climate change, such as rainfall pattern change, as well as to human activities. For
example, livestock herding is impacted by higher occurrence of extreme events (Mbow et al. 2020),
while human conflicts combine with climate change to create extreme hunger hotspots, as in West
African Sahel (OXFAM 2021). Lastly, these observations are spatially distributed and mediated,
and thus require an explicit consideration of their spatial aspects, as all these concepts and threats
spread out in definite landscape (Mbow et al. 2014). In this study, we investigated how spatialized
modelling can grasp the influence of climate change on food security in a social-ecological system
(SES).

The SES framework establishes an integrated approach able to investigate how climate change and
human conflicts may combine for disturbing food security (Cherkasskii 1988 ; Colding, Barthel
2019 ; Wittman et al. 2017). In this context, climate modelling already raise awareness answers
about future climate change (Mbow et al. 2020), while other models raise awareness for both social
ecological systems and food security, including in a climate change scenario (Fujimori et al. 2019).
Hence, environmental sciences use various formal model types for understanding their studied

I+


https://www.editorialmanager.com/sepr/download.aspx?id=7450&guid=a910dd64-d5cc-482f-a78f-d350637e428b&scheme=1
https://www.editorialmanager.com/sepr/download.aspx?id=7450&guid=a910dd64-d5cc-482f-a78f-d350637e428b&scheme=1
https://www.editorialmanager.com/sepr/viewRCResults.aspx?pdf=1&docID=267&rev=0&fileID=7450&msid=b8530c78-b90f-4808-88be-755709c0ab69

©CO~NOOOTA~AWNPE

systems and anticipate their fates (Goulart et al. 2013 ; Ortiz et al. 2013 ; Magliocca et al. 2013 ;
Motesharrei et al. 2014 ; Gaucherel, Pommereau 2019). Here, we will consider models defined as
formal models, and systems defined as the field reality they represent, perceived through a systemic
approach (Garbolino et al. 2019).

The studied SES is the Dano catchment (126 km?) in the South West region of Burkina Faso, West
Africa. This landscape is a densely populated and impacted West African Sudanian savanna, next to
Sahel (Op de Hipt et al. 2017). This region summarizes global stakes: climate change, land and soil
degradation, forecasted water shortage, decreasing agricultural productivity, and increased potential
food insecurity (Yaro, Hesselberg 2016 ; Eze et al. 2014 ; Sandwidi 2007 ; Callo-Concha et al.
2012). This region provides the relevant context to study food security at stake, due to it is low
adaptive capacity to climate change (Yira et al. 2017).

We aim at modelling the Dano SES to understand and anticipate its possible fates. Ecology has long
used models, such as the Lokta-Volterra predator prey model representing the population system
with quantitative differential equations (Volterra 1926 ; Motesharrei et al. 2014). Ecology also
adopted agent-based models (ABM), and Social-ecological research went further in adopting them
(Colon et al. 2015 ; Dou et al. 2020). ABM disaggregates system components in populations of
interacting lower level entities (e.g. individuals or households). In doing so, ABMs aim to explain
large scale, emergent phenomena from local interactions (Grimm, Railsback 2005). Other ABMs
represent human-environment interaction such as the pasture-forest-shepherds one, managing to
illustrate an individual-society retro-action loop in which the constraint on individuals is spatial and
multi-scale (Bonnefoy et al. 2001).

As any process distributes in space, some of them may be ignored or poorly represented by a non-
spatial model, missing some key resulting patterns. Various models have been developed in
environmental sciences to address how and when spatial configuration can be of significant
influence. The first approach is pattern oriented, focusing on display of land uses and land covers in
space (Inkoom et al. 2018 ; Koo et al. 2018 ; 2019 ; Verburg et al. 2002 ; Gaucherel et al. 2012).
The second approach is process oriented, focusing on individual’s behaviors and their potentially
emergent effects (Bonnefoy et al. 2001 ; Kniveton et al. 2011). Finally, some approaches try to
combine both previous ones (Castella, Verburg 2007).

Discrete event models provide a complementary point of view to model such complex social
ecological systems. They allow a qualitative and integrated approach (Mao et al. 2021), more
intuitive to the modeler than differential equations. Unlike ABMs, they also allow exploring all
potential trajectories of a system (i.e. successions of states) and are sometimes called possibilistic
models (Mao et al. 2021 ; Gaucherel et al. 2012). Discrete event models thus complement
traditional models and can be a preliminary heuristic step before focusing on quantitative and fine
grain differential equations. In addition, discrete event models can also cope with space although
some difficulties may arise here too due to upscaling model inputs (Verburg et al. 2002 ; Gaucherel
et al. 2012).

The objective of this work is to address social-ecological questions using discrete event, process
oriented and spatially explicit models. Our main question focuses on food security issues in
Southwest Burkina Faso, where climate change is expected to threaten food security (Yaro,
Hesselberg 2016). We will address the following questions: (Q1) Does climate change (here,
drought and violent rainfall events) impact food security, and how? And (Q2) How does space
mediate these impacts? We hypothesize that: (H1) Food security is threatened by social and
ecological processes: mainly violent events, soil fertility loss and water supply (Callo-Concha et al.
2012 ; Peng, Berry 2019 ; Anderson 2019), and (H2) Spatial structure affects food security through
functional complementarity between spatial units. In particular some landscape effects will occur, in
which food security can deconstruct or reconstruct step by step. Finally, we discuss the importance
of considering space in anticipating food security issues.
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2) Materials and Methods

2.1) Study site

The study focuses on a subpart of the Dano’s watershed around the Moutori Dam (11° 08’ 38" N, 3°
03" 43" W), located in Burkina Faso, West Africa (Fig. 1a-b). This area is a climate change hotspot
subject to the African Monsoon (Yaro, Hesselberg 2016 ; Callo-Concha et al. 2012). Rainfall
patterns are already subject to high intra- and inter-annual variabilities, varying from droughts to
high intensity rains (Yira et al. 2017). Some dams have been built in the country to mitigate induced
seasonal low water availability (Kabe Kagne 2009 ; Dreyer Stiftung 2019). Groundwater potentials
have been evaluated as moderate to good, but groundwater in similar nearby regions is already at
risk in the near future (2030) (Martin 2006 ; Sandwidi 2007). The region is hilly with 295m mean
elevation and 3.1% mean slope (Op de Hipt et al. 2017). Soil fertility is generally low, soils are
sensitive to erosion and compaction (Callo-Concha et al. 2012), and uphill soils can degrade up to
the formation of petroplinthite, an infertile iron-rich rock (Eze et al. 2014). Local potential
vegetation mixes forests and savannas, which tend to shrink, gradually replaced by agricultural land
uses such as rainfed crops and irrigated crops (Arbonnier 2004 ; Callo-Concha et al. 2012). Multi-
functional trees are kept in the well-known African agroforestry park (Arbonnier 2004). The Dano
landscape is a stopover in seasonal livestock migrations further north and further south (Callo-
Concha et al. 2012 ; Pale 2018 ; Greenhough 2016).

Local population mainly includes sedentary farmers (90%), urban people (10%) and seasonal
nomads with herds (Pale 2018). This population is growing at a fast pace, inducing reduced fallow
and increasing conversion of forest and savannah to croplands (Pale 2018 ; Op de Hipt et al. 2017).
Monetary economy entered deeply in people’s life recently, including through agricultural loans
and supply chain, supervised by NGOs such as Dreyer Stiftung and extension officers. Local
markets provide foods produced in the region, the country or abroad (Kabe Kagne 2009 ; OEC
2017 ; Cosme 2019). These markets are still highly commodity dependent and thus sensitive to
commodity price variations (OEC 2017 ; FAO 2019). In extreme cases, excessive food price
inflation can lead to food riots (Bush 2010 ; Berazneva, Lee 2013). Livestock can also trigger
conflicts, due to misconduct and/or water shortage (Pale et al. 2016 ; Abroulaye et al. 2015). And
threatening terrorism in the north of Burkina Faso coming south could highly disturb local food
security (Benedikter, Ouedraogo 2019 ; Cosme 2019).

We chose to divide the Dano landscape into five patches (Fig. 1b) according to several criteria such
as the food security research questions and the specificities of existing activities. Water cycle, the
main limiting factor in this SES, drove the intention to work at the watershed level. The need to
develop the spatial model on a simplified landscape suggested limiting the number of patches to
five. To shape food security (e.g. food production places, local market) and ecologically sounded
patches (e.g. water resources, vegetation), the landscape has been divided into hills h1l and h2, the
Moutori Dam d, the downslope valley bottom v and the neighboring Dano city ¢ (Fig. 1b). The time
scale chosen in this model is long term (about 30 years), which allowed enough significant changes
in the qualitative and discrete model to be represented, but intentionally avoided drastic
transformations difficult to model such as humans and non-humans adaptive processes. To focus on
long term dynamics, only inter-annual climate variations have been modeled. For example,
occurrence of drought in the model represented recurrent droughts having a significant impact in the
Dano SES.
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2.2) Methods

2.2.1) The EDEN modeling framework

A model from the EDEN framework (Gaucherel, Pommereau 2019 ; Cosme et al. 2021) describing
any SES uses a set of Boolean variables, an initial state, and a set of if-then rules describing
successive changes in system state (Table S1). We represented the Dano landscape as an interaction
graph, in which nodes and edges represent variables and their interactions, respectively (Fig. 1c, 2a-
c). The model represents dynamics as sequences of discrete states and transitions. A state is a
combination of all Boolean variables Vi, whether they are present Vi+ (sometimes written Vi in
figures), or absent Vi- (often not written). Rules consist in two parts: the condition (if) and the
realization (then). A condition specifies the value of some variables (e.g. if resources are present)
triggering the realization (e.g. then humans are present, i.e. supposedly functionally present and
potentially impacting the rest of the modeled SES). The model also includes priority rules (called
constraints) to represent fast processes that must realize, whereas a rule may realize (Tables S1-4).
Hence, a system state fulfilling the condition of a constraint is unrealistic from the model’s point of
view. From a given initial state and based on chosen rules, the model computes all reachable states
(or state space). The resulting social-ecological dynamics are then represented by a state-transition
graph (STG) made up of the system states (vertices) and transitions (edges) linking states through
one process, unique or one among several possible. For interpretation purpose, the STG can be
simplified into a realistic state transition graph displaying only realistic states and transitions (Fig. 2
d-e) (Cosme et al. 2021), after application of all constraints (the case of most STGs here, if
unspecified).

2.2.1.1) The Deer spatial modeling

A Deer (Discrete Ecosystemic Evolution Rules) model lean on the EDEN model to build a spatially
explicit version of the studied landscape in a twofold way: the generic part and the specific part of
the SES. The generic part described how any considered landscape is functioning, while the specific
part described the specific landscape studied, including this landscape’s initial state. Firstly, the
generic part of the model consisted in locations, considered as generic spatial units. Each location
was considered as a sub-system with variables (e.g. resources in any local unit), rules and
constraints (e.g. humans in the global region can deplete local resources). Secondly, each location
was associated to specific spatial units (e.g. “any local region” becomes “this local region”).
Specific spatial units then form a spatial graph (called specific landscape) whose edges correspond
to their spatial relations (contiguity, slope and/or scale) (Fig. 1b, 2b). Each specific spatial unit is
thus described by its neighboring relations and the initial values of its variables (Table S2-5).
Thirdly, processes written in a given location use variables from his own location or from another
location according to spatial (contiguity, slope or scale) and logical criteria (« there exists » or « for
all »).

Deer generic processes were also translated in processes formulated with the specific part of the
model (e.g. this given human population in this global region can deplete this local region
resources). Hence, the Deer model translated in a complete EDEN model with specific variables,
initial state and rules and constraints (Table S3). In this spatially explicit framework, system
dynamics were still represented as a STG. However, in contrast with the non-spatial framework,
events (i.e. process transitions) have a definite spatial extent.

Through an illustrating example, we presented and compared spatial and non-spatial models (Fig. 2,
Tables S1-2). These toy-models represented a theoretical SES system highlighting the human-
environment interaction, with the environment being perceived as resources to sustain the human
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population. This model was thus a simplified population - resource model, comparable to the Lotka-
Volterra predator prey model. Both models described the same relations between humans (Hu) and
environmental resources (E), first in a non-spatial model (Fig. 2a, Table S1). The spatial model
introduced a landscape containing two locations, local and global locations. The spatial graph
contained three spatial units, two local regions (r1 and r2) and a global one (g) (Fig. 2b). The non-
spatial model variables were then attributed to the spatial model locations (S2). The environment
(E) is located in each local region (rl and r2), while humans (Hu) populate the global region (g) due
to possible migrations between units (S2-3). In the non-spatial model, there was only one resource
pool (E) (Table S1, Fig. 2a), while the spatial model included two localized distinct resource pools
(ER1 and ER2) (Table S2, Fig. 2b-c). Then, each process was written in chosen locations, keeping
separated inter- and intra-unit processes (S2). The models were built with a unique identifier (ID)
for each process to link their meaning in both model outputs (S1-2-3, Fig. 2d-e). Some new
spatially related processes may occur here, such as migrations of environmental resources between
local regions (e.g. colonizing forest) or local niche constructions (S2). Both spatial and non-spatial
model outputs had a common property: they form a set of mutually reachable states (Fig. 2d-e).

2.2.2) The Dano models and scenarios

For the Dano study site, pairs of models have been developed to then be compared: the non-spatial
one and spatial one. The non-spatial model includes 19 variables, 26 constraints and 71 rules (S4).
Variables were chosen to represent a priori key elements of the studied SES. They represented local
climate, soils, water, flora, fauna and human society (Table 1). Some (control) variables cannot be
influenced by others and are fixed, such as drought Dr, violent rainfall events Rv, rain
randomization Rr, and external food commodity Ec coming from abroad. All models in this study
focused on the poorest urban quintile of local population who are the most and first exposed to food
insecurity (Peng, Berry 2019 ; Anderson 2019), thus food distribution and city market. Following
the same workflow as for the toy-models, the non-spatial model was spatialized. The resulting
spatial model has 31 variables, 163 rules and 47 constraints (S5). They were allocated to one (e.g.
livestock Li in the global one) or several (e.g. Soil degradation Sd in hills or valley bottom)
locations. Some variables, such as pest outbreaks or trees, were thus present in several specific
spatial units (Fig. 1c), S5).

In parallel, two scenarii for the Dano site were developed to then be compared: a reference and a
climate change scenario. The reference scenario displayed an initial state free of climate change and
no external food commodity shortage (Callo-Concha et al. 2012). It describes the current situation
of the studied SES (in 2019) without major disturbance (Table 1) (Callo-Concha et al. 2012 ;
Cosme 2019). The climate change scenario simulated major climatic disturbances, with significant
recurrence of both droughts and violent rains over the years. It represented a plausible forecasted
evolution of the regional climate (Yira et al. 2017 ; Op de Hipt et al. 2017 ; Yaro, Hesselberg 2016 ;
Pachauri et al. 2015) (Table 1). Consequently, four combinations of scenarii and spatial versions
were investigated to address our questions: a reference scenario non-spatial model, a reference
scenario spatial model, a climate change scenario non-spatial model, and a climate change scenario
spatial model.

2.2.3) The Dano model analyses

The model outputs (STG) tend to have a high number (often millions) of SES states. Hence,
interpreting them required using several techniques to summarize their information content, such as
grouping states according to their composition (i.e. which variables are present/absent?) or dynamic
relations (e.g. are they connected to each other?). An example of dynamically related states is a
Strongly Connected Component (SCC, hereafter called “a stability”) is a set of mutually reachable
states (Cosme et al. 2021 ; Gaucherel, Pommereau 2019). One such stability is represented in Fig.
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2d-e. Also, a set of states leading to the same stabilities was called “a basin” (Bérenguier et al.
2013 ; Cosme et al. 2021). Based on stabilities and basins, the STG can be summarized into a
hierarchical transition graph (HTG) whose nodes are basins and SCCs (Bérenguier et al. 2013). The
HTG enables identifying irreversible transitions in system dynamics, which may be crucial events
for ecosystem management. Social-ecological properties can be further examined in both STG and
HTG (summarized in Suppl. Mat. S6). Food production Prod is one of these properties. A system
state is labelled with food production when two among three food variables are present (rainfed
crops Rc+, irrigated crops Ic+ and external commodities Ec+). Labels differed when studying a
stability in a given STG, or when analyzing a diamond-shape HTG due to connected basins (S6).

We recall that a stability was a set of mutually reachable states, i.e. any change can be reversed,
which is comparable to the definition of resilience (Gunderson, Holling 2002). Here, we say that a
stability was food security compatible if some state in this stability simultaneously produced
(labelled Prod) and distributed (labelled Distr) food (labelled ProdDistr, S6). Labels and model
variables will always be written in italics. Labels used for STG stabilities used the Boolean
operation “or” to point variables affecting food security presence. Presence of any reversible
degradation was thus labelled Degrl (S6). System characteristic can then be directly read from the
labels in STGs or extracted STG stabilities. To keep this labelled text simpler, the absence of a label
will be crossed out (e.g. no food production is noted Pred), and the Boolean «and » operation
between two labels will be written by concatenation (e.g. ProdDistr). Clean food security was thus
ProdDistr, degraded food security was ProdDistrDegrl, and food insecurity grouped all the other
labels, written (Prod or Bistr). The eight possible combinations of the labels presence or absence
allowed displaying a summarized (Diop et al. 2019) and standardized representation of a stability
named a « canonical graph ». Hence, reading the food security dynamics in a stability became
systematic and made comparisons of stabilities easier. This food security dynamics can then be
summarized according to different steps and drivers in potential trajectories in what we called the
«monitoring scheme table » (Table S7). This table was thus highlighting food security early
warning signals and early regenerating signals.

The analysis of diamond shape HTG focused on ecosystemic components affecting food security by
a systematic absence in each stability or basin (using Boolean « and » operation), such as no food
production NoProd, no food distribution NoDistr and reversible/irreversible degradations Degrl /
Ip, Ag and their combination Degr2 (S6). Hence, the focus differed from a single stability analysis,
as labels featured only stabilities and basins in which food security is possible NeProdNeDBistr, or
impossible: NoProd, NoDistr or NoProdNoDistr. They allowed displaying a standardized HTG
representation, standardizing the reading of food security dynamics. These labels also allowed
interpreting the beginning, intermediate, ending and largest stabilities of the whole state space, as
well as focusing on key transitions and processes linking them.

2.2.4) Overall methodology

Finally, to highlight differences between spatial and non-spatial models, we compared the reference
scenario and the climate change scenario with canonical graphs, monitoring scheme table and
standardized HTG. Canonical graph allowed comparing food security dynamics between scenarios
displaying a single stability with the largest stability found in a diamond-shape HTG scenario. The
monitoring scheme table gave more details about food security dynamics in the canonical graphs of
different scenarii, and spatial / non-spatial models (S7). This table highlighted key early warning
and regeneration signals among processes and drivers involved in food insecurity (Peng, Berry
2019 ; Anderson 2019 ; Callo-Concha et al. 2012). Standardized HTG investigated both non-spatial
model and spatial model diamond-shape HTG scenarios.
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3) Results

3.1) Reference scenario

In the non-spatial model of the reference scenario (Fig. 3a), dynamics are reversible, i.e. all states
form a single stability. This stability includes food insecure (Pred or Bistr) as well as food secure
(ProdDistr and ProdDistrDegrl) states. Although some states exhibited reversible land degradation
(Degrl), the system was never irreversibly degraded (i.e. petroplinthite soils (Ip+) or dry aquifers
(Ag-)). The model predicted a constantly full dam (Dw+) and no pest outbreak (Ps-) (Table S7).
Other variables vary and system characterization such as degraded food security presents a priori
unexpected recurring components combinations. For example, reversible degradation (Degrl) in
degraded food security states was always associated with a systematic combination of soil
degradation, excessive livestock, excessive fire, or NGOs and technical services absence (Sd+ or
Li+ or Fi+ or Ng- states, S6-7). Hence, violent events and banks absence (Ve+ and Bk-) which were
also labelled Degrl were not compatible with food security in this scenario, even in degraded food
security (Table S7).

Food security may be directly reached from several states of the modeled system, but can only be
lost when already combined to reversible degradation. Hence, the global food security disturbing
scheme was linear in this reference scenario. Trajectories from clean food security to degraded food
security and then food insecurity relied on a few rules and system states. The associated processes
and components can be considered as early warning signals in the system (Table S7). For example,
degrading clean food security started with abundant trees and rainfed crops bringing excessive
livestock herds (ID 17), which can then collapse crops (ID 15, 39) and bring conflicts (ID 61, 62),
leading later on to food insecurity. On the other side, food security may resettle through early
regenerating signals. Banks play a central role in settling food security, sometimes clean food
security, by restoring distribution networks (ID 73), irrigated crops (ID 76), and rainfed crops (ID
89). Irrigated crops may restart on their own in appropriate contexts (ID 77), and enough available
food can stop price inflation (ID 82, 83, 84). Food security can then be cleaned through absence of
fodder pushing out livestock excesses (ID 69), Banks restoring NGOs (ID 81), NGOs restoring fire
situation (ID 75), or both restoring soils (ID 91) (Table S7).

The spatial model of the reference scenario displayed roughly the same dynamics (Fig. 3a), with the
notable exception that livestock excess, which may locally remove trees (ID 58), will lead to the
collapse of the global distribution network (constraint ID 66) through a violence outbreak
(constraint ID 63) along a cascade of events (Table S7). On the other hand, accounting for spatial
structure allowed retrofitting the system, one spatial unit at a time, up to a clean food security, with
fallow practices for example (ID 90).

3.2) Climate change scenario

The non-spatial model of the climate change scenario displayed a globally unstable and irreversible
dynamic (diamond shape HTG, Fig. 5a). Unlike the non-spatial model of the reference scenario,
dam water, aquifer and petroplinthite vary now following the climatic disturbances of drought and
violent rains. These three transitions are irreversible (Table S4, Fig. 5a). In this scenario, the overall
system dynamics contain basins and stabilities (Fig. 5b-c-d). The initial stability, the largest one,
contains no systematic annoyance (i.e. NoProd, NoDistr, Degrl, Ip+, Ag- etc.), making it similar to
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the reference scenario model (Fig. 5a-b, 3b). And the terminal stability (Fig. 5a-€) is a collapse in
which food production (resp. food distribution) is impossible (NoProd, resp. NoDistr), dam (resp.
aquifer) is empty (Dw-, resp. Ag-), and reversible degradation (resp. petroplinthite presence) is
systematic (Degrl, resp. Ip+). Intermediate food security compatible stabilities displayed various
combinations, such as one small stability with reversible degradation (Degrl) and dam water loss
(Dw-) only (Fig. 5a-b), and four tiny stabilities with reversible degradation, dam water loss and
petroplinthite presence (Fig. 5a-c).

The overall cascading dynamics proceeded from a few transitions (i.e. aquifer emptying (ID 1), and
petroplinthite formation (ID 16) (Fig. 5a)). Transitions emptying dam water were more numerous
(S12), the most obvious ones being direct effects of drought that may combine with excessive
livestock (ID 3, 4), and direct sedimentation after violent rains on degraded soils (ID 96, S12, Fig.
5a). Other indirect processes all implied a constraint leading to a combination of violent rains, soil
degradation and livestock excesses (constraint ID 98). Soil degradation or livestock excesses in this
last constraint may be triggered by abundant trees and rainfed crops (ID 17) or rainfed and irrigated
crops (ID 45, 46, S12, Fig. 5a).

3.2.1) Largest stability

The transitions in the main (largest) stability differed from the main stability of the non-spatial
model of the reference scenario: two new transitions may leave food security states, including one
starting directly from clean food security to food insecurity (Fig. 3b). The transition involved was
the detrimental effect of droughts on rainfed crops (ID 31, Table S7). Hence, unlike in the reference
scenario, food security disturbing scheme under climate change was no longer linear. Transitions
between degraded food security and food insecurity varied in their combination. Some may no
longer operate (ID 15, 39), as combination of their condition with violent rains constrained the
system by emptying the dam (constraint ID 98), thus leaving the initial and main stability. Yet, new
transitions may operate and collapse irrigated (resp. rainfed) crops through pest outbreak (ID13,
resp. ID 40), or rainfed crops through drought, sometimes in combination with excessive fires and
tree absence (ID 31, 42).

Early regenerating signals in the main stability also differed compared to the non-spatial model of
the reference scenario. Crop restoration processes may no longer operate as they were drought-free
dependent (ID 76, 77, 89, Table S7). They were replaced by processes with more restrictive
conditions. Irrigated crops restored from bank helped as in the reference scenario, but only when
pests and soil degradation were absent (ID 79). Rainfed crops restored with even more restrictive
conditions, requiring in addition NGOs and absence of excessive fires or livestock (ID 88). Hence,
cleaning food security implied the same processes as in the non-spatial model of the reference
scenario, but it added a new process specific to the climate change scenario: shutting down pest
outbreak with helps of banks and NGOs (ID 85).

3.2.2) Spatial model

The spatial model of the climate change scenario displayed the same overall unstable and
irreversible system dynamics (diamond shape HTG), yet in more details as petroplinthite is now
spatialized (Ipl, Ip2, Fig. 6a). The system dynamic contained no more basins but only stabilities
(Fig. 6b...f). Intermediate stabilities displayed various combinations of processes, such as allowing
food security and dam water presence when one among the two hill plots contained petroplinthite
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(Ip, Fig. 6¢-d). These stabilities displayed larger sizes and more diverse trajectories than the two
empty-dam-water stabilities free of petroplinthite and of systematic reversible degradation (Fig. 6b-
c-d). The main stability differed from the non-spatial model one by some transitions (Table S7).
Early warning signals of degraded food security were the same, adding rainfed crop collapse from
excessive livestock (ID 39, Table S7). Here, dam emptying conditions required soil degradation
everywhere upslope. Yet, new cascading effects threaten degraded food security. As in the spatial
model of the reference scenario, violent event emergence (constraint ID 63) implied cascades
triggered by either local fire excess (ID 6) or by local trees collapse due to pests (ID 59). These
cascades exhibited many steps, up to four successive constraints (S8). Differences in the early
regenerating signals compared to the spatial model of the reference scenario lied in the absence of
fallow due to violent rainfalls (ID 90), as well as in local cascading collapse of degradations due to
pests and fires (ID 13, 31, 40, 42).

4) Discussion

In this study, we compared a spatial and a non-spatial model of a complex West-African social-
ecological system (SES). This comparison highlighted the complementary role played by the
various spatial units of the studied landscape for maintaining food security at the watershed scale.

4.1) The effect of space in SES dynamics

Spatialization allowed phenomena to cross geographical scales, known as a transcalar effect. Unlike
a multiscalar phenomenon, acting at several scales at once (Gaucherel et al. 2008 ; S. Fowler 2016),
a transcalar phenomenon crosses geographic scales when some local processes imply a global
process or the reverse (Djament-Tran 2015). In our study, the reference scenario highlighted
cascading processes which made a local event triggering a global disturbance putting the whole
system’s food security at risk (Table S7). We propose to call them slide cascade, and they are
expected to be faster than other trajectories as they only involve constraints representing fast events.
Once lost, food security recovered progressively (i.e. one spatial unit a time), thus scaling up from
local to global yet without cascading processes (Table S7). These transcalar phenomena illustrated
how food security instability is at its margin and may disturb the whole system. In this case, food
security may « break at once », while it may gradually rebuild « step by step », which has deep
influence on the way we manage our SES (Pasqualino et al. 2019).

Spatial heterogeneity enabled accounting for functional complementarity between spatial units of
the modeled landscape. For example, hills hl and h2 (Fig. 1b) may stabilize food security in
intermediate (local) states along the general cascading collapse of the system (Fig. 5-6). This is due
to the fact that when one hill is degraded with petroplinthitic soils and cannot support food
production, the other still can, thus maintain global food security. In this context, dam water can
still maintain as dam sedimentation threshold from uphill soil degradation have not been reached
(S12). Twenty-two different stabilities show this property, unlike in the non-spatial model (Fig. 5b-
c, 6b-c-d). Two stabilities among these displayed big sizes (i.e. with more diverse trajectories) than
the two empty-dam-water ones free of petroplinthite soils with systematic reversible degradation
(Fig. 6b-c-d). Hence, spatialization showed that food security is sensitive to dam water absence
compared to local irreversible soil degradation of a plot in the modeled climate change scenario.

Climate change induced irreversible social-ecological transitions. Droughts, violent rains and pests
were able to induce food insecurity at the whole stability level (Showler 2002 ; Poisot et al. 2018 ;
Fujimori et al. 2019). Due to violent rains, the system no longer relied on fallow to recover, and



©CO~NOOOTA~AWNPE

dam water became a key component to save the SES food security (Fig. 5-6, Tables S4-5). Dam
water also became a sensitive component of the SES, as it can no longer refill correctly due to
recurrent droughts (Fig. 5-6, Tables S4-5). As expected and confirmed by the literature (Turral et al.
2011 ; Callo-Concha et al. 2012 ; Eze et al. 2014), water shortage and soil degradation (more
precisely, aquifer drying up and soil hardening) were able to induce irreversible transformations of
the SES. Other ones related to the dam water appears to be less obvious for local authorities and
management. Besides obvious threats, our models revealed interesting slide cascade that would be
highly difficult to anticipate without such a qualitative and possibilistic model. For example, a local
process locally degrading soil may trigger drying up dam water downslope and place the whole SES
at risk (Fig. 6).

4.2) Pros and cons of qualitative and discrete models

The EDEN spatially implicit models allow integrated, discrete and qualitative modelling of SESs, in
a wide range of situations. Hence, they help thinking these complex systems, in a different way than
quantitative and traditional models (Volterra 1926 ; Motesharrei et al. 2014). They also allow
focusing on processes that are critical in the SES dynamics and may then be investigated in more
details with quantitative approaches (Bisson et al. 2019 ; Fujimori et al. 2019).

The Deer models extend the EDEN models with spatialized processes into a powerful yet
perfectible framework. This extends the previous thinking with spatial considerations, handling a
multi- and trans-scalar spirit on already complex SES systems. Unlike raster-based approach
(Inkoom et al. 2018 ; Koo et al. 2018 ; Bisson et al. 2019), the vector-oriented and topological view
as chosen in Deer opens a new way in considering space. This approach is often less resource
intensive and is complementary to other traditional approaches (Verburg et al. 2002 ; Bonnefoy et
al. 2001 ; Bisson et al. 2019). Similarly, to use the same topological spirit to model the whole SES
functioning (Gaucherel et al. 2012), as represented in the SES network (Fig. 1), appears quite
efficient and parsimonious. By this way, system trajectories can be represented with simplified GIS
maps at intermediate computed states, without the need to compute the whole dynamics in a GIS
environment (Verburg et al. 2002 ; Inkoom et al. 2018). This functional approach of geography can
thus merge with ecological understanding to build a greater comprehension of SESs and their
dynamics.

Despite their inherent inability to answer quantitative questions, EDEN and Deer models provide an
integrated and complementary tool to quantitative ones. They explore causality (Pearl, Mackenzie
2018) in their own way (Fig. 3-5-6), and can help to focus on key variables to quantify in
differential equations as causal models do in determining a priori if running a linear model is worth
it or not (Pearl, Mackenzie 2018 ; McElreath 2020). These qualitative models will likely fail in
upscaling with highly realistic representations, containing up to hundred spatial units for example,
as the possibilistic output (computed state space) grows exponentially with the input size (i.e. the
number of processes and variables). But the spirit of the Deer model is not to faithfully represent
space, rather than to more faithfully represent the whole SES functioning and dynamics without
neglecting the landscape structure (Gaucherel et al. 2012) (Figs 1-3-5-6).

In our study, the topology of spatial units is static. The mean patch borders in the modeled
landscape are not static, but their neighborhoods are (Fig. 1b). This may occasionally limit the
modelling capacities of Deer models, but seems to be a reasonable constraint for the 30 year
foresights of this study. As in any other model, Deer and EDEN frameworks keep the same
variables and rules during the whole computation. Hence, our models also fail in grasping
innovative or adaptive aspects of the studied systems. Can we imagine that Dano people will let all
the hills covered with petroplinthite without some innovative attempts to change this inevitable fate
(Fig. 6)? This is an option which would suggest changing the model’s rules and running again
EDEN and Deer models. Modelling innovation and adaptation is a huge stake/issue and is probably
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the next major challenge for SES models, as it may open the door out of irreversibility, be it
climatic, social or ecological.
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Tables

Model variables and scenarii

Acronym Description Initial state ‘ -Initi.al state .
Reference scenario | Climatic scenario
Atmosphere
Dr Drought - +
Rv Violent rains - +
Rr Rain randomisation - -
Soil
Ip Iron Pebble (petroplinthite) - -
Sd Soil, degraded + +
Water
Dw  |Dam water (focused on Moutori dam) + +
Aq Aquifer + +
Fauna
Li Livestock (in excess) - -
Ps Crop pests - -
Flora
Tr Lignous plants (includes food & fodder N N
trees)
Ic Irrigated crops + +
Rc Rainfed crops + +
Fi Fire (in excess) - -
Human
Ve Violent events - -
Bk Banks + +
Dn Food distribution network + +
Pi Food price inflation - -
Ng NQOS & technical services (extension N N
officers)
Ec External commodities (food commerce) + +

Table n°1) Model variables and their initial values (+ or -) for each scenario in non-spatial models.

¢ 9

“+” (resp. “-”’) means that the corresponding variable is initially present (resp. absent). Full model
references, comments, rules, constraints, and spatially explicit version available in the
supplementary material (S4-5). Scenarii fixed parameters include Dr, Rv, Rr and Ec. In spatial

models multi-localised ecosystemic components include Ip, Sd, Ps, Tr, Rec, and Fi.
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Figure captions

Study site & spatialization

Figure 1. The study site and its spatialization. The Dano site (a), in Burkina Faso, West Africa, is
displayed with the Dano social ecological system (b, SES) and the ecosystem graph (c). The SES is
displayed with its corresponding spatial graph, the modeled spatial units with their topology and
slopes. The ecosystem graph is displayed for the spatial model, with vertice colors that fit the
ecosystem component colors to be found in table S11. Images sources: Open Street Map & Sentinel
2.

Toy models

Figure 2. Spatial and non-spatial toy models of human-environment interactions. The interaction
graph of the Dano non-spatial model (a), displaying linked variables if they are connected by a rule
or a constraint. The spatial graph (b) shows dotted lines for global contiguity and plain line for local
contiguity. The interaction graph of the Dano spatial model (c) is displayed too. The state-transition
graph of the spatial model (d) is displayed with vertices and edges representing the system structure
(states) and transitions linking them, respectively. Transition labels are assembled as follows: the
rule unique identifier (ID), type of event (r: regeneration or d: degradation), variable affected (Hu:
humans, E: environment). For instance, 2.dE indicates that the transition is caused by rule 2 and
induces an environmental degradation (i.e. E-). Finally, the state-transition graph of the spatial
model (e) shows a different structure than the non-spatial model (d), two additional types of events
(mi: migration and n: niche construction) are introduced. They are allowed by dividing space into
two local regions.

Canonical graphs

Figure 3. Canonical graphs of food security for the biggest stabilities of reference and climate
change scenarios. Canonical graphs represents the various food security statuses the system can
exhibit and the transitions between them in the reference scenario (a), and climate change scenario
(b). Climate change canonical graph bold arrows indicate transitions that were absent in the
reference scenario. Initial scenarii states belong to “ProdDistrDegrl” vertice. Spatial and non-
spatial models don’t vary canonical graph transitions topology. Differences lie in the content of
transitions (cf monitoring scheme table S7 and biggest stabilities raw data S10). Climate change
scenario adds transitions removing food security, including a new food security removing transition
starting directly from clean food security “ProdDistr”.

Raw hierarchical transition graphs, climate change scenario, spatial
model

Figure 4. Raw HTG, climate change scenario, spatial model, colored with number of states of the
1829 stabilities. Diamond shape HTG displays a global irreversibility, leading from the initial
stability to the terminal one through different trajectories. Nothing else can be said about stabilities
content as only their size appear.


https://www.editorialmanager.com/sepr/download.aspx?id=7427&guid=66179626-9a8c-4b9a-a17e-3cb430216264&scheme=1
https://www.editorialmanager.com/sepr/download.aspx?id=7427&guid=66179626-9a8c-4b9a-a17e-3cb430216264&scheme=1

Summarized hierarchical transition graph, climate change scenario,
non-spatial model

Figure 5. Hierarchical transition graph, climate change scenario, non-spatial model. The HTG,
labelled using irreversible degradations Ip & Agq as a criteria have been summarized (a). Zooming in
different (a) vertices, allowed to summarize at an intermediate level (b...e), grouping irreversible
degradation free vertices (b), Ip present vertices (c), Ag present vertices (d), and both Ip & Aq
present vertices (e). These zoomed graphs used systematic absences of food production NoProd or
food distribution NoDistr, presence of reversible degradation Degr/ and topological nature of HTG
vertices as a criteria (e.g. stabilities in bold and basins in ifalic) to summarize at an intermediate
level (b...e). In the climate change scenario water drives the global dynamic (a), leading irreversibly
from initial, biggest, food security compatible, dam water present and free of systematic
degradation stability (483 states), to a completely collapsed end stability. Intermediary steps keeps
some food security possible when losing dam water in one stability (b) (16 states), and then when
petroplinthitic soils Ip adds in 4 extremely small dam water dried stabilities (2 states maximum).
Basins and their irreversibility can be present in trajectories, and in (b) and (c) losing food
production is definitive whereas losing food distribution can sometimes reverse. Several processes
lead to dam water loss at the top of (a-b) (linked to excessive livestock, drought, violent rain, fire
and crops), but all other transitions in (a) contain one process among two: petroplinthitic soils
formation or aquifer emptying.

Summarized hierarchical transition graph, climate change scenario,
spatial model

Figure 6. Hierarchical transition graph, climate change scenario, spatial model. The HTG, labelled
using irreversible degradations Ipl, Ip2 & Agq as a criteria have been summarized (a). Zooming in
different (a) vertices, allowed to summarize at an intermediate level (b...f), grouping irreversible
degradation free vertices (b), Ip/ present vertices (c), Ip2 present vertices (d), Ipsat present vertices
(e). All other vertices in (a) are similar (f). These zoomed graphs used systematic absences of food
production NoProd or food distribution NoDistr, presence of reversible degradation Degr/ and
topological nature of HTG vertices as a criteria (e.g. stabilities in bold, no basins present) to
summarize at an intermediate level (b...f). In the climate change scenario water drives the global
dynamic (a), leading irreversibly from initial, biggest, food security compatible, dam water present
and free of systematic degradation stability (339774 states), to a completely collapsed end stability.
Intermediary steps keeps some food security possible when losing dam water in two stability (b)
(1544 & 1600 states). Local petroplinthic soils development allows two kinds of food secure
compatible intermediate stabilities. The first one keeps dam water in one (resp. 21) stability (c)
(resp. (d)) with 12338 states (resp. 35 to 5562 states). The second one losed dam water in 11 (resp.
45) stabilities (c) (resp. (d)) with 4 to 80 states (resp. 2 to 24 states). Petroplinthic soils saturation in
hills allowed extremely small food security compatible dam water dried stabilities (20 with 1 to 4
states). Several processes lead to dam water loss at the top of (a-d) (linked to excessive livestock,
drought, violent rain, fire and rainfed crops), but all other transitions in (a) contain one process
among two: petroplinthitic soils formation or aquifer emptying. Results are very close to non-spatial
model of the climate change scenario (Fig. 5) in a more detailed way as space is explicited and there
is now 2 Ips. Except that: no more basins are present, irrigated crops cannot be a dam emptying
factor as they are downslope, spatializing allow food security & dam water presence when one
among two Ip is present (c-d), with bigger stabilities sizes than the two dam-water-off ones in (b).
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