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Abstract 
!is paper presents a work in progress within the project « Modeling the role 
of socio-environmental interactions on Ancient Settlement Dynamics - Mod-
elAnSet » developed by archaeologists, historians, palaeoenvironmentalists and 
computer scientists at University Côte d’Azur (Nice). Agent-based modelling 
is used to explore the respective role of environmental and social factors in 
the evolution of the settlement pattern and dynamics during the Roman pe-
riod in South-Eastern France. !e model aims at simulating the impact of the 
climatic and macro-economic conditions on the behaviour of Gallo-Roman 
landowners. According to the pro"t they derive from their farms and/or villas, 
which depends both on natural and socio-economic factors, the landowners 
can decide to maintain without change, improve, enlarge or abandon their ag-
ricultural holdings or to create a new one. !rough the repeated landowners’ 
decision-making, the ABM thus simulates a changing macro-level settlement 
pattern, in terms of number, type and location of the settlements. !e paper 
focuses on the conceptual model in order to present the model entities and the 
dynamics underlying their interactions, and explain our choices and hypothe-
ses.
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Introduction

Since the early 90’s, a group of French archaeologists 
has been developing a wide research program devoted 
to the analysis of long-term dynamics of the settlement 
system, in collaboration with geographers. !rough 
successive projects1, they elaborated a series of indi-
cators to describe and compare settlement’s intensity, 
hierarchical structure and spatial distribution in vari-
ous areas of Southern and Central France between the 
Iron Age and the Early Middle Age (Durand-Dastès et 
al. 1998; van der Leeuw, Favory & Fiches 2003).

Based on more than 2000 settlements identi"ed 
in "eld surveys, these indicators were built on the 
same methodological basis in order to make the 
results comparable between di#erent regions. !ey 
enabled to highlight regularities in the settlement’s 
dynamics observed both in Southern and Central 
Gaul, as well as local speci"cities (Bertoncello et al. 
2012; Ouriachi & Bertoncello 2015). For the begin-
ning of the Roman period, two main patterns have 
been identi"ed (Figure 1):

• from the 2nd c. BC to the 1st c. AD, a 
strong increase in the number of rural settle-
ments caused a more concentrated spatial dis-
tribution of the settlements; 

• During the 1st c. AD, the development of 
a new type of rural settlement - the Roman 
villa – led to a more hierarchized settlement 
structure;

• At the end of the 1st c. and during the 
2nd c. AD, the number of settlements strong-

1 Mainly the two Archaeomedes projects (Archae-
omedes I (1992-1994) « Understanding the Natural and 
Anthropogenic causes of soil degradation in the Mediterranean 
Basin », Program Environment of the European Commission 
DGXII; Archaeomedes II (1996-1999) « Policy relevant models 
of the natural and anthropogenic dynamics of degradation 
and deserti"cation and their spatio-temporal manifestations 
», Program Environment of the European Commission DGXII, 
coordinated by Sander van der Leeuw, University of Cam-
bridge), followed by the two Archaedyn projects (Archaedyn 1 
(2005-2008) « Spatial dynamics of territories from Neolithic to 
Middle Ages », ACI « Spaces and Territories », French Ministry 
for Research and New Technologies, contract ET28; Archaedyn 
2 (2009-2012), French National Agency of Research, contract 
ANR-08-BLAN-0157-01, coordinated by François Favory and 
Laure Nuninger, UMR 6249- USR 3124, Besancon, France).

ly declined in most areas, resulting in a more 
dispersed spatial distribution, while the hier-
archical diversity of the settlements decreased.

In order to go beyond these observations regarding 
the state of the settlement system at di#erent peri-
ods, it is necessary to investigate the processes that 
underlie its transformations through time. !is in-
terest in dynamics motivated the use of modelling 
to simulate the processes of creation, abandonment 
or maintenance of the rural settlements, in so far as 
these processes determine the quantitative, qualita-
tive and spatial evolution of the settlement system. 
!e Agent-Based Model we are presenting in this pa-
per is in line with this perspective2: its purpose is to 
explore the respective role of environmental and hu-
man factors in the evolution of the settlement system 
during the Roman period. Agent-based modelling is 
particularly well suited to this goal as it allows to ex-
plore how interactions between the systems compo-
nents at the micro-level generate new properties and 
structures of the system at the macro-level. 

Our model is under development on the NetLogo 
platform (Wilensky 1999) and we will focus here on 
the conceptual model3. As usual in social sciences, 
the model components and their characteristics are 
based both on our knowledge (i.e. from archaeolog-
ical and textual data) and on hypotheses that must 
be made explicit and that can be tested within this 
simulation framework. It is important to emphasize 
that our aim was, at this "rst stage of the modelling 
process, to set up the general framework of the mod-
el by de"ning its components and the main rules of 
their interactions underlying the system dynamics. 
Accordingly, this paper will present the entities of the 
model, the model dynamics and the expected out-
puts, before mentioning some future developments.

2 !is model is developed within the ModelAnSet proj-
ect (« Modeling the role of socio-environmental interactions 
on Ancient Settlement Dynamics ») supported by UCAJEDI 
Complex Systems Academy of Excellence of University Côte 
d’Azur, Nice.
3 In order to ease the collaboration with the computer 
scientists in charge with the implementation of the ABM, we 
used the ODD (Overview, Design concepts, Details) protocol 
developed by Grimm et al. (2006; 2010) to describe the concep-
tual model.
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!e Model Components:  
Agents and Spatial Entities
!e dynamic of the system results from the creation, 
abandonment, or maintenance of the rural settle-
ments. As the decision to create, abandon or main-
tain a rural estate mainly depends on its owner, we 
chose to simulate the behaviour of Gallo-Roman 
landowners regarding their agricultural holdings.

Although there was a great diversity of Gallo-Ro-
man landowners, and as modelling imposes to sim-
plify reality, we only consider three types of agents 
with di#erent socio-economic status: the farmers, 
the big landowners, and within this group, the aris-
tocrats, meaning magistrates who played a political 
role in the city. We decided that farmers could only 
possess one farm while big landowners and aris-
tocrats could own several farms and villas, as evi-

denced by Latin texts. For the latter, theoretically, the 
number of properties held was set to a maximum of 
three for big landowners (including one villa) and six 
maximum for aristocrats (including at least three vil-
las). In the model, this rule has to prevent one owner 
from possessing most of the lands in the territory of 
the city.

!e size intervals assigned to each type of agri-
cultural holding (farm/villa) were selected - as far as 
possible - based on historical and archaeological data. 
Indeed, this is a tricky historical problem: even when 
reliable data seem available (such as those given by 
the marble tablets of the cadastre of the Roman col-
ony of Orange), it appears that the sizes mentioned 
(max. of 97 ha) are not those of the agricultural hold-
ings, but those of public land allocated to farmers 
under land leases; moreover, among the successful 
tenderers, there are general farmers who want to 

Figure 1.  a: Synthetic representation of the settlement’s dynamics in 4 French micro-regions between the 2nd c. BC and 
the 3rd c. AD according to the quantitative, spatial and hierarchical indicators developed within the Archaedyn project ; b: 
Legend of the symbols (from Ouriachi & Bertoncello 2015).
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take advantage of the “vectigal” (tax) collection but 
do not exploit the land (Favory 2012: 138-139). !e 
assessment of the size of the Roman rural domain is 
mainly based on two types of data. !e "rst ones are 
the size of the buildings and the storage or produc-
tion capacity deduced from the agricultural installa-
tions. However, according to the authors, the same 
data produce very di#erent results: for example, the 
domain of the villa of Sette"nestre (Tuscany, Italy) 
varies from 25 to 125 ha, including 7.5 to 50 ha of 
vines (Compatangelo 1995: 46). In other cases, the 
surrounding landscape (concept of “natural region” 
based on topographical boundaries) is taken into 
account to de"ne the area of land associated with 
a villa. Mauné (2010) thus estimates the surface of 
the villa of Quintus Iulius Pri(...) at Aspiran (Hérault, 
France) at 350 or 450 ha (Mauné et al. 2010: 113). 
Congès & Lecacheur (1994) evaluate the domain of 
the Pardigon villa (Var, France) at 80-100 ha with the 
"rst method (cellar storage capacity), and at 300 ha 
with the second one or 90 ha if considering only the 
plain (Congès & Lecacheur 1994: 286). We cannot 
mention all the numerous studies of this kind but 
these elements allowed us to set the size thresholds 
for the villas between 50 and 500 ha, knowing that 
some domains can reach far bigger sizes: for example, 
in another context, the estates of the villas in Roman 
Brittany varied between 60 and 1300 ha (Compatan-
gelo 1995: 64-65)4. Concerning the farms, the sur-
faces are clearly lower: thus, Bu#at (2010) mentions 
15 ha of vines for the two farms of Gasquinoy (near 
Béziers, France), and more generally, archaeologi-

4 We must also bear in mind that the “fundus” is an 
accounting unit that must be distinguished from the produc-
tion unit. A fundus may comprise several production units 
(Compatangelo 1995: 52).

cal surveys give areas from 10 to 20 ha (Bu#at 2010: 
183). Ouzoulias (2006) estimates that a tenant had to 
cultivate 17 to 22 ha of land in a subsistence farming 
context, to guarantee the persistence of his exploita-
tion (Ouzoulias 2006: 199-200). !us, for the farms, 
the size interval for the agricultural surface was set 
between 10 and 50 ha. 

In addition to the dimensions of the domains, it 
is necessary to determine the behaviour of the land-
owners regarding each of their agricultural hold-
ing(s). We selected "ve actions: they can maintain 
their holding without change, enlarge or improve it, 
abandon it or create a new one. !eir decision de-
pends on their socio-economic status and the pro"t 
they derive from each holding or expect to derive if 
they create a new one. !e socio-economic status of 
the landowners de"nes their initial economic pow-
er, the number and type of rural settlement they can 
own as well as their behaviour (tab. 1). We have some 
elements concerning the wealth of the aristocrats: 
we know that the census required from them is 400 
000 sesterces under the Republic, and 1 million for 
the senators under the Principate, the census of the 
knights remaining unchanged. !e magistrates had 
to pay the “summa honoraria/legitima” upon enter-
ing their public o$ce. !is sum varied according to 
the size of the city (for example 2000 sesterces in the 
colony of Urso for the “duumviri” and the “aediles”, 
but 38000 sesterces in Carthage); nevertheless, it is 
obvious that magistrates were wealthy men. Regard-
ing the farmers’ income, ancient sources are even 
more scarce and it probably varied a lot from an area 
to another and according to the origin of the farmer 
(in our case: Gaul or Roman). We can get some clues 
from the case of the veterans of the Roman legions: 
from the information provided by Roman historians 

Initial economic 
power

Maximum number and 
type of holdings

Spatial behaviour for the 
location of their holding(s)

Farmers 500 - 1000 (tokens) 1 (farm) Restrained to their own holding
Big landowners 1000 - 5000 (tokens) 3 (including at least 1 villa) Within a radius of 20 km from 

any of their holdings
Aristocrats > 5000 (tokens) 6 (including at least 3 villas) No spatial constraint (can create 

holdings anywhere); Attraction 
by the city capital: must have 
at least 1 of their holdings in a 
radius of 10 km from the capital

Table I: Attributes and behaviour rules of the agents. 
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and farms in the settlement system) and will also al-
low to place the simulation in a realistic environment, 
based on the actual landscape of this area, although 
it is not fully implemented yet in the ABM.
!e model also aims to integrate the impacts of two 
factors external to the settlement system on the pro-
duction capacity of the rural holdings. !e "rst one 
is the macro-economic context within the Roman 
Empire, which might have in%uenced the economic 
power of the landowners, for example through the 
%uctuations of the taxation and the state of the mar-
ket. !is economic factor has not been implemented 
yet in the model. !e second element is the climate, 
which has an impact on land fertility. For the mo-
ment, climate change is simulated in a very coarse 
manner by randomly increasing or decreasing the 
landscape units’ fertility, but it is planned to combine 
the ABM with a palaeoclimatic model.

!e Model Dynamics (Figure 2)

At each iteration, the landowners’ decision-mak-
ing regarding each of their holdings depends on 
the combination of the evolution of their econom-
ic power and the pro"t derived from this particular 
farm/villa. !e economic power of the landowners 
is not considered in its absolute value but in terms 
of evolution: at each iteration, their revenue (drawn 
from all their holdings) can be equivalent, superior 
or inferior to their revenue at the previous iteration. 
!ere are many intervening factors in the pro"t pro-
duced by an agricultural holding: the type and size of 
the domain, the amount of workforce, the size and 
e$ciency of the agricultural equipment, the type of 
agricultural productions, the environmental condi-
tions, etc. Due to the complex interactions between 
these elements, estimating the pro"t derived from 
each agricultural holding would require developing 
a speci"c model dedicated to this goal. !is is en-
visioned as a medium-term perspective but at this 
stage, we accepted to use very rough estimators for 
the pro"t produced by each villa or farm in the mod-
el, in order to focus on the model structure. !us in 
the model, the pro"t derived from each holding at 
each iteration can be “high” or “low” with respect to 
a theoretical average value "xed at 600 (tokens) for 
the farms and 6000 (tokens) for the villas. !is val-
ue is the average between the minimal and maximal 

and biographers (especially Suetonius and Tacitus), F. 
Gayet calculated that the capital available for a veter-
an a&er his demobilization might amount to a mini-
mum of 16 500 sesterces during the Augustan period, 
and between 10 500 and 12 000 sesterces minimum 
from Caligula to the Antonine period (Gayet, oral 
information).

It is very di$cult to de"ne values of general scope 
from "gures so variable and speci"c to particular 
cases. !us the ranges of values we chose for the ini-
tial economic power of each type of landowners are 
largely arbitrary and relative, in a ratio of 1 to 10 or 
more between the less wealthy farmer and any aris-
tocrat (tab. 1). Allowing to change and « play » with 
these parameters is one of the interest of modelling 
to test and re"ne our hypotheses.

!ings are getting even trickier when it comes to 
de"ning the landowners’ behaviour. Regarding their 
economic behaviour, we consider that landowners 
demonstrate a certain rationality5. Indeed, in the 
model, the landowners decide what to do with each 
of their agricultural holdings according to the pro"t 
they derive from it or expect to derive if they create 
a new one.

!is pro"t is related "rstly to the production ca-
pacity of the holding, which depends on its environ-
mental context. At this "rst stage of the model de-
velopment, "ve very stylized types of environmental 
units were selected: alluvial plain, foothills, plateaux, 
sedimentary basins, hillslopes; each one is credited 
with a productive potential. !e pro"t also takes 
into account the cost of transporting the goods to 
the nearest marketplace, i.e. the agglomerations. In 
the model, two types of agglomeration were distin-
guished to account for historical reality: one city cap-
ital and three smaller towns, with no administrative 
role (the so-called “secondary agglomerations”).

!e model was instantiated in a speci"c spa-
tio-chronological context which is the territory of 
the Roman colony of Forum Iulii, the actual Fréjus 
in South-East of France, where archaeological and 
palaeoenvironmental studies have been conducted 
for over 20 years (Bertoncello 1999; Bertoncello et 
al. 2012; Bertoncello et al. 2014). !is instantiation 
helped calibrating some model parameters (such as, 
for example, the relative proportions of towns, villas 

5 Concerning the debate on rationality in Ancient 
economy, see for example Andreau et al. 2004.
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pro"t values possible for each type of holdings (farm/
villa) which depend on their size (i.e.: 10 to 50 ha 
for a farm and 50 to 500 ha for a villa) and on their 
production capacity, related to their environmental 
context (see above).

Table II shows the range of actions that can be 
performed by the landowners according to the evo-
lution of their economic power and the pro"t de-
rived from each holding. In the simplest case, when 
the landowner’s revenue is lower than his previous 
one and the pro"t from his holding is high, he will 
maintain it without change. On the contrary, if the 
pro"t is low, he will abandon this farm or villa, but 
only a&er "ve consecutive years of low pro"t. !is 
delay was introduced to take into account the vari-
ability of the agricultural production from one year 
to another and to avoid too much instability of the 
system; the "ve-years timescale is one of the param-
eters to be tested.

As farmers cannot own more than one farm, new 
agricultural holdings can only be created by big land-
owners and aristocrats, when their revenue is superi-
or or equivalent. In this last case the landowners can 
only create new holding(s) if they abandon the same 
number of holding(s). Su$cient contiguous patch-
es of land must be available to create a new estate, 
within the size intervals de"ned for farms and villas. 
According to their socio-economic status, landown-
ers were assigned di#erent spatial behaviour (Table 
I). As they can only improve or enlarge their exist-
ing farm, the farmers’ range of action is limited to 
their holding. !e aristocrats can create settlements 
anywhere but they are speci"cally attracted by the 
city-capital, as it is the place where they exercise their 
political functions. Indeed the Roman magistrates 
had to reside in the city-capital during their annu-
al o$ce, but they were also required to have at least 
one property in the territory, in order to guarantee 

Figure 2. Flowchart of the model dynamics using the UML formalism. 
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their ability to assume their public responsibilities 
(see Berrendonner 2005: 83 who quotes the Law of 
Taranto which gives this information). !erefore, 
in the model, the aristocrats must have at least one 
holding in a radius of 10 km from the capital: ac-
cording to ethnological studies, this distance corre-
sponds to a two-hour walk. When they want to cre-
ate a new holding, the patches of land located within 
this 10 km radius are granted an extra attractiveness 
value. In order to simulate various spatial behaviours, 
we hypothesize that the big landowners have a more 
« local » range of action than the aristocrats: they can 
only create new holdings within a radius of 20 km 
from any of their existing estates.

When the landowners’ revenue is superior to the 
previous one, they can choose to maintain their set-
tlement without change, enlarge it or improve it. By 
improvements, we mean various hydro-agricultur-
al structures such as irrigation or drainage ditches, 
land terraces, stone clearance, etc., which can be 
created to improve the production of the land. !is 
generates feedbacks between agents’ behaviour and 
the properties of their environment, as they can im-
prove land productivity. If such an “improved” do-
main comes to be abandoned, the presence of these 
hydro-agricultural structures is considered as an ad-
vantage to create a new agricultural holding on these 
lands, as they reduce the initial investment necessary 
to exploit them. In the model this is expressed by a 
higher value of attractiveness given to these patches. 

Another feedback loop is introduced in the mod-
el by degrading land productivity a&er "ve years of 
consecutive exploitation. 

Beside the economic value of the agricultural 
holding, its symbolic value is also taken into account. 

!is refers to the attachment of some landowners to 
one speci"c settlement. We have mentioned the at-
tractiveness of the city-capital for the aristocrats. An-
cient texts and epigraphical documents also suggest 
that the owners attached particular importance to 
the estate where the family grave was located (see the 
example of the funerary monument of the Domitii 
family, located at Rognes, 15 km from the city-cap-
ital Aquae Sextiae /Aix-en-Provence, whose mem-
bers belonged to the municipal aristocracy of the 
colony: Burnand 1975). In the model, this symbolic 
value will push the landowners to keep their holding 
even if its pro"t is low.

Expected Outputs

According to these processes, the repeated land-
owners’ decision-making produces a changing mac-
ro-level settlement pattern, in terms of number, type 
and location of the settlements (Figure 3).
In order to explore the respective role of the chosen 
environmental (i.e. fertility of the various simulat-
ed environmental units, climatic conditions) and 
social (economic power and symbolic behaviour of 
the landowners, distance to the nearest town, mac-
ro-economic context) factors in the evolution of the 
settlement pattern and dynamics, various scenarios 
will be tested. !e basic ones will be to run the model 
"rst without any climatic nor macro-economic vari-
ations, then to introduce climatic change or econom-
ic %uctuations, then both of them. 

!is raises the tricky question of estimating the 
validity of the various simulated scenarios. One way 
to do this in our case is to compare the simulated out-

Landowner's 
economic 

power (t+1)

Pro"t derived from each agricultural holding Possibility of creating 
new holdings (only 
for big landowners 

and aristocrats)
High pro"t 

(Farm: > 600 tokens; Villa: > 
6000 tokens)

Low pro"t
(Farm: < 600 tokens; Villa: < 

6000 tokens)

Equivalent (=) Maintain
Maintain No
Abandon Yes

Higher (>) Enlarge or Maintain Improve or Maintain Yes
Lower (<) Maintain Abandon No

Table II: !e actions performed by the landowners according to the evolution of their economic power and the pro"t deri-
ved from each agricultural holding.
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provides a testing of an hypothesis of process rather 
than a proof of the existence of process (« c’est une 
mise à l’épreuve plus qu’une preuve » : Tannier et al. 
2017, 406).

Concluding Remarks and Perspectives

A "rst version of the ABM has been implemented 
and is now in the testing phase. Besides the un-
avoidable and necessary adjustments of the mod-
el, we would like to mention further developments 
that are envisioned in the near future. !e "rst one 
concerns the ABM itself and more speci"cally the 
agents’ behaviour. For the moment, the actions of 
the landowners are de"ned by "xed rules: accord-
ing to the combination of these rules they react in 
one way or another. In opposition to these « reac-
tive agents », the integration of « cognitive agents 
» in the model is currently tested in order to bet-
ter take into account the complexity of human be-
haviour. !e BDI model (Beliefs, Desires and Inten-
tions: Bratman 1987) allows to assign agent beliefs 
about itself (for example in our case, its economic 
power) and its environment (estimation of lands’ 

puts with the archaeological records. !is implies to 
produce outputs which are comparable to the quan-
titative, spatial and hierarchical indicators available 
to describe the settlement pattern and dynamics in 
the area of Fréjus during the Roman period (see Fig-
ure 1 above and Bertoncello et al. 2012; Ouriachi & 
Bertoncello 2015). !e model will thus calculate, at 
each iteration, the proportion of villas and farms per 
type of landowner and per type of landscape units; 
the proportion of settlement maintained, enlarged, 
improved, abandoned or created; the minimum, av-
erage and maximum size of the estate for each type 
of settlement by type of owner; the minimum, av-
erage and maximum distance of each type of settle-
ment by type of owner to the city capital and to the 
closest smaller town, etc.. In order to compare them 
to empirical data, these values will be compiled for a 
chosen number of iterations supposed to correspond 
to an archaeologically relevant period of time. It is 
obvious though that a good match between the sim-
ulated outputs and empirical data is not su$cient to 
draw "rm conclusions on the causalities involved in 
the settlement dynamics. But this can help us to se-
lect which ones of our hypotheses are the most plau-
sible. In that sense, modelling is a tool to think. It 

Figure 3. Screenshot of a simulation of the model on the NetLogo Platform, with a zoom on some patches.
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fertility), as well as desires (for example, creating 
a villa close to the city-capital), which will deter-
mine what actions the agent will initiate to reach 
its goal. Possibility !eory (Dubois & Prade 1988) 
is used to weight and prioritize the various desire 
generation rules, allowing to better account of the 
gradual nature of reasoning and deliberations of a 
cognitive agent in a context of uncertainty (da Cos-
ta Pereira & Tettamanzi 2010). Using such cognitive 
agents in our model opens interesting perspectives 
to integrate more nuanced perceptions of land pro-
ductivity, of the impact of hydro-agricultural struc-
tures, of the macro-economic context, etc.!e two 
other main developments planned for the model re-
late 1) to past climate and climatic changes, and 2) 
to the functioning of Ancient agrosystems. Each of 
these items requires a model per se, and the issue is 
thus to couple our ABM with both a palaeoclimatic 
and an agrosystemic models. !is is the goal of the 
RDMed project which started in September 2018.6 
Based on the previous work done by the team of 
Joël Guiot at University Aix-Marseille, this project 
aims to simulate the response of Ancient societies to 
climatic change by developing an integrated model 
coupling our Agent-Based Model, an agroecosys-
temic model for agricultural production (adapt-
ed from the LPJmL model to Ancient agriculture: 
Contreras et al. 2019), an erosion model to simulate 
the e#ect of human activities on the landscape, and 
a palaeoclimatic model combining modern and pa-
laeoclimatological data using a statistical downscal-
ing technique to provide the appropriate temporal 
and spatial resolutions (Contreras et al. 2018). !e 
prototype of the ABM we presented in this paper is 
thus a small preliminary brick in a more ambitious 
and long term project.

6 !e RDMed (« Resilience and adaptation to Droughts 
and extreme climate events in the MEDiterranean: lessons 
learnt from past on a 1.5°C or more warmer world”) project 
is directed by Joël Guiot (CEREGE, Aix-en-Provence) and 
supported by AMidex – Aix-Marseille University.
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