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Abstract

Agent-based modelling allows researchers to build artificial pastoral systems that are spatially explicit and allow

for the examination of complex interactions between households, herds, and rangelands over long time periods.
However, agent-based modelling also necessarily reduces the complexity of the pastoral systems. The question

that we examine in this paper is how researchers model pastoral systems and what artificial pastoral systems they
create. To answer that question, we systematically reviewed 35 agent-based modelling studies of pastoral systems.
We examined how the studies describe the focal pastoral system, how the focal system is represented in a conceptual
model, implemented in computer code, and how it emerges as an artificial pastoral system from the simulations. Our
review indicates that most models are built by interdisciplinary teams, integrated into empirical studies of pastoral
systems, and use a specific pastoral system as its focal system. The research problems explored in the models range
from resource management, wealth dynamics, herd demography, sustainability, adaptation, mobility, and conflict. The
artificial pastoral systems that emerge from these agent-based modelling studies mostly confirm current theoretical
understandings that are based on empirical studies of pastoral systems. There are a few emergent patterns that have
not been validated extensively in empirical studies. We conclude with a discussion of the theoretical, methodological,

and practical implications of using agent-based models to create artificial pastoral systems.
Keywords Pastoral systems, Agent-based models, Social-ecological systems, Artificial societies

Introduction

Pastoral systems with their dynamic couplings between
households, herds, and rangelands are an excellent exam-
ple of a complex system. Agent-based modelling is one of
the choice tools to study complex systems, and in the last
20 years, the number of agent-based modelling studies
of pastoral systems has steadily increased. Agent-based
modelling allows researchers to build artificial pastoral
systems that are spatially explicit and allow for the exami-
nation of complex interactions between households,
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herds, and rangelands over long time periods. However,
agent-based modelling also necessarily reduces the com-
plexity of pastoral systems. The question that we examine
in this paper is how researchers model pastoral systems
and what artificial pastoral systems they create as well as
whether these models generate new insights. To answer
that question, we conducted a systematic review of agent-
based modelling studies of pastoral systems.
Agent-based models, also referred to as ABMs or
multi-agent simulations, are widely used by researchers
from different disciplines to study complex systems (Bon-
abeau 2002; An et al. 2020). Complex systems, sometimes
called complex adaptive systems, are systems “in which
large networks of components with no central control
and simple rules of operation give rise to complex collec-
tive behavior, sophisticated information processing, and
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adaptation via learning or evolution” (Mitchell 2009, 13).
Or, simply put, in complex systems, the whole is more
than the sum of its parts. Examples of complex systems
are ant societies, neurological systems, immune systems,
market economies, and flocks of birds. Flocking is an
iconic example of the concept of emergence in complex
systems. Flocks consist of hundreds, thousands, or some-
times tens of thousands or more birds forming swarms
that seem to behave as one super-organism. Researchers
have used agent-based models to show how flocks can
emerge from the interactions between individual birds
following simple behavioural rules, for example: (1) colli-
sion avoidance: avoid collisions with nearby flock mates;
(2) velocity matching: attempt to match velocity with
nearby flock mates; and (3) flock centering: attempt to
stay close to nearby flock mates (Reynolds 1987). Agent-
based models lend themselves well to the study of com-
plex systems because they allow researchers to create a
world with agents that follow relatively simple behav-
ioural rules and then examine what patterns emerge
over time when the agents interact with each other and
the world. Moreover, agent-based models can be used to
model systems that are spatially explicit with a heteroge-
nous agent population whose interactions with the world
and each other are characterized by a degree of stochas-
ticity. This makes agent-based models particularly useful
for modelling pastoral systems in which mobile pasto-
ralists interact with each other and with a world that is
characterized by a high degree of variability in the spati-
otemporal distribution of resources.

One of the challenges of modelling in general and the
development of agent-based models, in particular, is how
to represent complex reality in simple computer models
(Skoggard and Kennedy 2013). Agent-based modelling
is a form of bottom-up modelling in that the behav-
ioural rules for agents are programmed with the expecta-
tion that the interactions between agents and the world
result in the emergence of patterns at the system level in
the model that can also be observed in the focal system,
i.e. the pastoral system that is represented in the model.
Modelling movement decisions is a good example. Eth-
nographic research of pastoralists shows that decisions
about where and when to move are shaped by many dif-
ferent factors (McCabe 2004), including proximity to
markets, upcoming marriages, and threats of banditry—
to name a few. However, at the regional or population
level, the movements of pastoralists can be explained by
changes in rainfall patterns (McCabe 2004) and the spa-
tiotemporal distribution of forage resources (Moritz et al.
2014), which is the main reason why pastoralists move
(Turner and Schlecht 2019). Thus, rather than modelling
all the different reasons that inform when and where pas-
toralists move in an agent-based model, a decision rule
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that considers rainfall or forage distribution may be suf-
ficient to model pastoral movements. Grimm et al. (2005)
call this pattern-oriented modelling, which involves sys-
tematically using multiple patterns observed in real sys-
tems at different hierarchical levels and scales to optimize
model complexity and reduce uncertainty. They argue
that by using observed patterns that characterize the sys-
tem and its dynamics, modellers can deduce what vari-
ables and processes must be in the model so that these
patterns can emerge. However, they also note that model-
lers need to find the right balance between simplicity and
complexity—the model cannot be so simple that it misses
key features of the focal system, nor so complex that it
is unclear what the model is doing (Grimm et al. 2005).
In modelling pastoral systems, researchers have to make
decisions about how to best represent the social and eco-
logical processes of the focal system without making it
too simple or too complex in the artificial system. These
decisions also shape what artificial pastoral systems
emerge from the modelling studies.

In this paper, we are building on previous compara-
tive analyses of modelling studies of social-ecological
systems (Cioffi-Revilla 2011; Kuznar 2006; Cioffi-Revilla
and Gotts 2003; Hales et al. 2003; Rouchier et al. 2008;
Rouchier et al. 2000; Skoggard and Kennedy 2013; An
2012; Matthews et al. 2007), including a review of partici-
patory modelling studies of extensive livestock husbandry
systems (Choisis et al. 2010). First, like Choisis et al.
(2010), we analysed the modelling studies as a process
in which researchers aim to understand the dynamics of
pastoral systems by translating a focal pastoral system
into a conceptual model and an agent-based model and
then analyse the dynamics in the artificial pastoral system
that emerges from the simulations of the computational
model. Second, we adapted Cioffi-Revilla’s categorization
of the different types of systems/models to distinguish
between (1) focal system, or the empirical domain to be
modelled; (2) conceptual model, or the abstraction of the
focal system; (3) computational model, or the translation
of the conceptual model into computer code; and (4) arti-
ficial system, or the system that emerges from the simu-
lations with the agent-based model. Cioffi-Revilla (2011)
uses a slightly different typology of focal system, model
abstraction, simulation system, and model validation, but
their analytical distinction between different stages or
levels of agent-based modelling is very useful in examin-
ing how the process of agent-based modelling shapes our
understanding of pastoral systems. Finally, Cioffi-Revilla
(2011) and Choisis et al. (2010) refer to the simulated
system as the validation phase or the model validation
because that is when researchers evaluate whether the
simulated system resembles the processes and patterns in
the focal system. However, we argue that after this phase
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of validation, the simulated system takes on a life of its
own and becomes, what we call an artificial pastoral sys-
tem. The artificial system is then used to answer ques-
tions or test hypotheses about pastoral systems, and this
system in turn is what contributes to our understanding
of pastoralism.

Methods

To examine whether and how agent-based modelling has
been used to model pastoral systems and the types of
artificial pastoral systems they create, we systematically
reviewed more than 30 agent-based modelling studies
of pastoral systems. We selected the studies by search-
ing the Web of Science and Google Scholar using the
keywords “agent-based model” and “pastoral” and then
searched for additional modelling studies in the refer-
ences cited in these papers and added ones that we had
identified previously, for example MacOpiyo’s disserta-
tion (2005). This search yielded more than 40 papers. We
excluded those papers that were not primarily focused on
pastoral systems. For example, we did not review a paper
that examined how livestock movements shaped the
transmission of infectious diseases (Kim et al. 2016). We
ended up with a list of 35 papers (see Table S1 for a list of
the papers in our sample).

The number of agent-based modelling studies of pasto-
ral systems has steadily increased in the last 20 years (see
Fig. 1). Half of the papers in our sample were published in
the last 5 years.

We read each of the articles and used codes to describe
the focal pastoral system, how it is represented in the
conceptual model, is implemented in computer code,
and emerges from the simulation results. We adapted
codes from Cioffi-Revilla’s systematic comparison of
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agent-based modelling studies (2011), the Overview,
Design concepts, Details (ODD) protocol, which offers
a comprehensive description of agent-based models
(Grimm et al. 2010), Kuznar’s comparative framework
(2006), in particular the purpose and implementation of
the model, and we developed our own codes (see Table
S13 for our codebook). The coding results are presented
in the supplementary materials (see Tables S2-S12).

In our comparative analysis of agent-based modelling
studies, we made a distinction between (1) focal system,
(2) conceptual model, (3) computational model, and (4)
the artificial system that emerges from the simulations,
which we have defined as follows:

(1) Focal pastoral system refers to the pastoral system
being modelled, which may be a specific empirical
case, e.g. pastoralists in the Far North Region of
Cameroon, or a generic system, e.g. pastoralists in a
dryland environment.

(2) Conceptual model refers to how the focal system,
in all its complexities, is represented in an abstract,
narrative model.

(3) Computational model refers to how the conceptual
model is represented as lines of computer code in
the agent-based model.

(4) Artificial pastoral system refers to the narrative
description of the pastoral system that emerges
from the simulations with the agent-based model.

Of course, the boundaries between these systems and
models are not always clear-cut. For example, when the
focal system is a generic pastoral system that is derived
from the literature of multiple pastoral systems, the focal
system overlaps considerably with the conceptual model.
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Similarly, there is considerable overlap between the con-
ceptual model and the computational model, especially
when the conceptual model is described as a series of
algorithms. Because the computer code was not available
for about a third of the papers, our analysis focused on
comparing the focal system, the conceptual model, and
the artificial system (and not the computational model).

Results

Research teams

Nine of the modelling studies were published by individ-
ual researchers and/or a Ph.D. researcher and their advi-
sors. All others were published by interdisciplinary teams
of researchers that included agricultural economists,
animal husbandry scientists, anthropologists, archae-
ologists, complexity scientists, computer scientists,
ecologists, economists, epidemiologists, geographers,
modellers, and rangeland ecologists. Most of these inter-
disciplinary teams were engaged in long-term study and
modelling of pastoral systems and have published multi-
ple papers and modelling studies (28 out of 35), whereas a
smaller number of papers seems to have been a one-time
modelling project (7), most of these were Ph.D. projects
(4). More than half of the papers are grounded in empiri-
cal research of one or more of the team members of the
focal system: 17 of the papers are grounded in ecologi-
cal and/or social science research of the focal system and
4 of the papers are grounded in archaeological research.
The other 14 papers used data from existing literature to
develop the models.

A number of the papers in our sample came from the
same research lab or centre, for example, five papers
are from researchers at the Center for Social Complex-
ity at George Mason University, four from the Helmholtz
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Centre for Environmental Research—UFZ, three from
the Centre de Coopération International en Recherche
Agronomique pour le Développement (CIRAD), and
the following teams have two papers in our sample: Ari-
zona State University/Rutgers, University of Barcelona,
Colorado State University, and the Ohio State Univer-
sity. Most of the papers in our sample are from the USA
(14), followed by Germany (7), Japan (3), UK (3), France
(3), the Netherlands (2), Spain (2), and Senegal (1). The
number of authors ranges from 1 to 9, with an average of
4 authors per paper. A few of the authors in our sample
were on multiple papers: Claudio Cioffi-Revilla was on
4 papers published by the Center for Social Complexity
at George Mason University and Birgit Miiller was on 4
papers published by the Helmholtz Centre for Environ-
mental Research—UFZ. In total, our sample contains 117
unique authors.

Model implementation, documentation, and dissemination
What programming languages are used to implement
agent-based models, the level of detail of the model
description and documentation, and whether and how
the model is made accessible in model repositories are
important factors because they affect whether other
researchers are able to replicate and build on these mod-
elling studies and thus advance research with agent-
based modelling of pastoral systems (Janssen et al. 2020;
An et al. 2020).

Most of the modelling studies in our sample used Net-
Logo (13 out of 35), followed by MASON (5), which has
been developed in Java by researchers from the Center
for Social Complexity at George Mason University (Luke
et al. 2005) (see Fig. 2 and Table S2). Other applications
and languages that were used in one or two of the studies
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were as follows: SWARM, Java, C+ +, Python, REPAST,
CORMAS, and FORTRAN 95. In eight cases, we were
unable to determine what computer language or appli-
cation was used. Our analysis indicates that NetLogo is
becoming the standard agent-based modelling applica-
tion in modelling studies of pastoral systems. NetLogo
models were also more often publicly available through
model repositories like COMSES Computational Library
(6 out of 9 published models were NetLogo models). In
general, NetLogo is one of the most widely used applica-
tions because it is free, relatively easy to use, and power-
ful enough for most modelling projects (Wilensky 1999;
Janssen, Pritchard, and Lee 2020). There are also at least
five agent-based modelling textbooks that use NetLogo
(Railsback and Grimm 2012; Wilensky and Rand 2015;
Janssen 2020; Romanowska et al. 2021; Smaldino 2023).

One of the advantages of agent-based modelling stud-
ies is that it is relatively easy to replicate the study and
further the development of the model. (In contrast, it
is much more difficult—if not impossible—to replicate
empirical studies of pastoral systems.) There are several
ways in which researchers can make their agent-based
models accessible to others.

One of the most important ways to make the mod-
els accessible to others is to describe it clearly and
comprehensively so that other researchers can use the
descriptions to build the model themselves in the same
or other programming languages. In the last 15 years, a
standard has emerged for describing agent-based mod-
els: the Overview, Design concepts, Details (ODD) pro-
tocol (Grimm et al. 2006), which has been revised two
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times (Grimm et al. 2010, 2020). Over half of the papers
in our sample used the ODD protocol to describe their
model, but this number is slightly misleading because
six of the papers were published before the first version
of the ODD was published in 2006. More than two-
thirds of the modelling studies published after the ODD
2.0 was published in 2010 used the ODD to describe
their agent-based model (19 out of 26) (see Fig. 3 and
Table S2).

Another way to make the model accessible is by pub-
lishing the model itself in a dedicated model reposi-
tory so that others can download the model and run it
on their own computers. In our sample, one-fourth of
the models have been made publicly available in model
repositories (9 out of 35): one was published in GitHub
(https://github.com); one in NetLogo’s Modeling Com-
mons (http://modelingcommons.org); one in Zenodo
(https://zenodo.org); and the six others in the CoMSES
Computational Library (https://www.comses.net), which
is a repository for agent-based and other models used in
the study of complex social-ecological systems (see Fig. 3
and Table S2).

Finally, we also checked whether research teams built
on the work of others by using existing models, includ-
ing models that have been published in repositories listed
above, or whether they started developing models from
scratch. We found that less than half of the studies used
existing models, mostly developed for other modelling
studies by members of the same team (13 out of 35),
which means that 22 teams purpose-built their model
from scratch (see Table S2).
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In summary, there is considerable variation in the
implementation, documentation, and dissemination
of the models used in our sample; some models are not
described in detail or made publicly available (Kato
2014), while others are described in great detail and pub-
lished in a model repository (e.g. Dressler et al. 2019a,
2019b).

Focal system

One of the questions that we examined was whether the
focal systems that the researchers modelled represented
a specific pastoral system or a generic pastoral system. A
specific focal system refers to a particular pastoral system
or an empirical case study of a pastoral system, for exam-
ple, pastoralists in the Logone Floodplain of Cameroon,
whereas a generic focal system refers to a general class
of pastoral systems, for example, pastoralists in dryland
Africa.

An example of a modelling study that aims to rep-
resent a specific pastoral system is the study by Fust
and Schlecht (2018) that models mobile pastoralists in
southwestern Madagascar. Their model is parameter-
ized mostly with empirical data from that specific pas-
toral system and some data from the literature. To give
an indication of how particular and precise this model s,
the authors calculated the average energy costs of moving
through different vegetation types, using a total of 63,650
measurements derived from GPS tracking of cattle.

Focal systems that represent a generic pastoral system
are generally informed by literature from a particular
sub-set of pastoral systems. For example, the focal sys-
tem in a number of the papers is a generic pastoral sys-
tem in dryland Africa (John et al. 2019) or parameterized
with data from the literature on African pastoral systems
(Moritz et al. 2017). The study of Chioffi-Rivella et al.
(2010) is a good example of a modelling study that uses
a generic pastoral system as its focal system. Their model
aims to represent a generic pastoral system in Inner Asia,
but it is unclear what data or literature is used to param-
eterize the model. In fact, it is not even clear what live-
stock species pastoralists raise—there are only references
to generic “animals” (Cioffi-Revilla et al. 2010). However,
since the purpose of the model is to understand dynam-
ics among households, a detailed sub-model of herds is
less important.

Another type of focal system is a prehistoric pastoral
system. This focal system references both a specific sys-
tem, which no longer exists but can be reconstructed
through the study of the material remains, and descrip-
tions from contemporary pastoral systems. The paper by
Joyce and Verhagen (2016) is an example of a modelling
study that has a specific prehistoric pastoral system as
its focal system. The authors simulated different animal
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husbandry strategies using data inferred from the faunal
record from the Dutch Roman limes zone. Other mod-
elling studies aim to model prehistoric pastoralists, but
do not rely on a particular archaeological study. Instead,
they are informed by assumptions from the literature of
generic pastoral systems in the same region (e.g. Angou-
rakis et al. 2014; Angourakis et al. 2017; Clark and Crab-
tree 2015).

In our sample, most modelling studies have a specific
pastoral system as their focal system (25 out of 35) (see
Table S3). Of these, most have a specific focal system
from Africa (18 out of 25), followed by Asia (5 out of
25) and Europe (2 out of 25). The modelling studies with
generic focal systems referenced pastoral systems in Asia
(5 out of 10), Africa (3 out of 10), and Australia (1 out of
10) (although the geographical focus of the model is not
always made explicit, it can be deduced from the descrip-
tions of the model and the literature cited). Finally, all
modelling studies use findings and general assumptions
about pastoral systems in the literature to parameter-
ize the model, including those that are parameterized
by data from extensive empirical studies (e.g. Fust and
Schlecht 2018).

Modelling purpose, conceptual model, and sub-models
The model purpose, i.e. research questions and hypoth-
eses that drive the modelling study, shapes the concep-
tual model. In principle, only those components of the
pastoral systems that are pertinent for the research ques-
tion will be included in sub-models (everything else will
be left out). This also means that the model purpose is
important in terms of the artificial pastoral systems that
emerge from the modelling study.

While all the studies in our sample are modelling pas-
toral systems, they have different purposes and pursue
different questions in their modelling studies and there-
fore focus on different components and dynamics of
these systems. However, the purpose of the model or the
modelling studies was not always clear. In some cases, the
goal of the paper is simply to examine the dynamics of
the artificial pastoral system, rather than using the model
to address specific theoretical questions or evaluate spe-
cific hypotheses.

The purposes of the models range from examining
how households mitigate risks of winter storms and how
different sharing strategies impact the survivability of
mobile pastoralist groups (Clark and Crabtree 2015) to
examining how climatic variability and environmental
stress affect conflicts between herders and farmers (Hai-
legiorgis et al. 2010) (see Table S4). We selected these two
examples randomly, but they illustrate well the similari-
ties and differences in purpose that we find across these
modelling studies. The first study focuses on pastoralists
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in Mongolia, while the second study focuses on pastoral-
ists in East Africa. Both studies are concerned about the
impact of climatic variability on pastoral systems—win-
ter storms in Mongolia and drought in East Africa. How-
ever, the first study focuses on climatic impacts on social
dynamics within pastoral systems, whereas the second
focuses on the impacts on social dynamics between pas-
toralists and agriculturalists. The similarities and differ-
ences also made it challenging to classify the modelling
studies in terms of focus and purpose. The keywords give
a good idea of the overlap in the focus of the modelling
studies (see Fig. 4 and Table S12).

The modelling studies cover multiple sub-models and
dynamics, e.g. herd movements, herd demography and
wealth dynamics, climate change, and conflict. We used
several strategies to describe the focus of the model-
ling studies. After we identified the main purpose of the
study, we coded the main topics and then created seven
categories (see Fig. 5 and Table S5). The number of mod-
elling studies is relatively evenly distributed among the
categories: herd demography (6), resource management
(6), wealth dynamics (6), mobility (5), sustainability (5),
adaptation (4), and conflict (3).
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In addition, we asked fourteen specific questions
about what dynamics of pastoral systems were modelled,
i.e. what the different sub-models were (see Fig. 6 and
Table S6 for a detailed description of the sub-models).
For example, we asked whether the climate was mod-
elled, e.g. whether rainfall changed from year to year,
or whether herds were moving and whether there was a
sub-model that guides herd demography. Not surpris-
ingly, one of the most common sub-models concerns
herd-managers, i.e. the key agents in pastoral systems (28
out of 35 models). The most modelled dynamics of pas-
toral systems are herd-manager decision-making, range-
land dynamics, livestock grazing, herd demography, and
climate. These are the sub-models that make up a simple
pastoral system without relations with the external world.
The dynamics that are modelled less often are the ones
that concern the social, economic, and political dynamics
of pastoral systems, including the role of the market and
relations between pastoralists and other populations, i.e.
the outside world.

Table S5 shows how many of the twelve dynamics of
pastoral systems (or sub-models) were modelled in each
of the modelling studies. The number of sub-models
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ranges from 2 to 11, with a mean and median of 7 sub-
models per paper. The study with the smallest number of
sub-models is the herd demography paper by Joyce and
Verhagen (2016), which only models herd demography
and how much energy animals gain from forage. The
studies with the largest number of sub-models are those
examining how climate shapes conflicts between herders
and farmers (Kuznar and Sedlmeyer 2005; Hailegiorgis
et al. 2010) and the studies that use the coupled Savanna-
DECUMA model (Boone et al. 2011; Boone and Lesoro-
gol 2016), which is the most complex and detailed model
of all the ones that we reviewed.

Finally, several of the modelling studies have an explicit
secondary purpose and that is to demonstrate how

agent-based modelling can be used to explore questions
about pastoral systems. One of the reasons for this sec-
ondary purpose is that agent-based modelling is not
a conventional methodology and researchers may be
preemptively addressing questions and concerns that
reviewers and readers may have about the reason and
rigour of the methodology. Another reason is to encour-
age other researchers to consider integrating agent-based
modelling in their methodological toolkit. The chapter
by Boone and Lesorogol (2016), for example, explains
the coupled Savanna-DECUMA model clearly in a way
that is accessible to readers who are new to agent-based
modelling. It also has a section titled, Strengths and Chal-
lenges of Coupled Systems Modeling, which makes a pitch
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for integrating modelling approaches in the research of
pastoral systems. Similarly, the goal of the paper by Saka-
moto (2016) is to demonstrate the analytical potential
of combining multi-temporal satellite images and agent-
based modelling to examine pastoralists’ access to graz-
ing resources in drylands with unpredictable ecological
dynamics.

Model entities, spatial and temporal scales

Rather than providing a detailed description of all the
state variables of the different models, we briefly discuss
the main model entity—the agents—and the spatial and
temporal scales of the models. The results below show
that there is considerable variation.

Types and number of agents

In agent-based models, agents are the objects that inter-
act with other objects in the world. In models of pastoral
systems, agents can be individual humans, individual ani-
mals, collectives of humans and animals (i.e. households
and herds), and/or units of land. Technically, humans and
animals do not have to be coded as agents—in one of the
models the agents are units of land that have attributes
of household density and livestock numbers (Kariuki
et al. 2018). Most of the studies use households as pri-
mary agents (17 out of 35), while others use individuals
(9), herds (5), units of land (3), or camps (1) as agents (see
Fig. 7 and Table S7). However, even though the models
use different agents—individual, household, herds, or
camps—they basically represent the same unit: house-
holds owning livestock that make decisions about where
to move, consume forage, gain energy, or reproduce. The
number of agents ranges from 2 to 50,000 households,
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and about one-third of the models have between 10 and
100 agents.

Spatial environment

For some modelling studies, we could not identify the
number or size of the spatial units, whereas other mod-
els were not spatially explicit and did not model the envi-
ronment, but only herd demographics (e.g. Moritz et al.
2017). For the 18 studies that specified the spatial envi-
ronment, the spatial size of the pastoral system modelled
varied considerably from 9 to 24.6 million ha (see Table
S8). The smallest system concerns an agropastoral village
in Senegal (Bah et al. 2006), whereas the largest system
represents the South Omo Zone in southwest Ethio-
pia (Hailegiorgis et al. 2018). Most systems were either
between 10,000 and 100,000 ha (5) or over 1,000,000 ha
(8). The smaller systems generally represent one seasonal
grazing area, and the larger systems represent all the
grazing areas that are used in an annual round. The spa-
tial units mostly represent grazing areas and their size or
the spatial resolution of the model, varying in size from 1
to 100,000 ha, though most units are 100 ha (6), followed
by less than 10 ha (5), and a couple of hundred hectares

(3).

Temporal resolution and duration

The temporal resolution ranges from days to years. The
most common resolution was days (11), followed by sea-
sons (7), years (7), weeks (5), months (2), and 6 h (1) (see
Table S9). In two cases, it was unclear what the temporal
resolution is, other than a simulation step or a round of
negotiation. The duration ranges from 5 to 20,000 years
(or 50 to 240,000 steps), which underscores how agent-
based modelling is useful for simulations of long-term
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dynamics. Most of the simulations last between 25 and
500 years (or about 1 to 20 generations). The modal dura-
tion is 100 years (or about 4 generations) (8 of 35), fol-
lowed by one generation (or about 20 to 30 years) (6 of
35). Again, it is not always clear what the duration of the
simulations is because it is not specified in the paper, and
in those cases, we derived the approximate time steps
and duration from figures in the paper.

Agent attributes

How agents in pastoral systems are coded reflects the
theoretical orientation of the researchers, for example,
are the agents coded as rational (i.e. maximizing) actors
or social beings? Are they learning and adapting their
strategies in response to changing conditions? Do they
collaborate and/or engage in conflict? In half of the stud-
ies (18 out of 35), pastoralists are modelled as agents
with limited social interactions with other agents (see
Table S7). In these models, agents may interact indirectly
with other agents through their actions in the world, for
example, their use of grazing resources reduces the avail-
ability of resources for others. When agents interact
directly with each other, it is either to share information
(5), initiate conflict (4), cooperate (6), and/or avoid other
agents (3). When agents are part of collectives, they will
cooperate with other agents in their collective and have
conflicts with agents from other collectives (5). In 12 of
the models, pastoralists belong to or form larger collec-
tives of agents (see Table S7). For example, in modelling
studies that examine herder-farmer conflicts, agents
belong to either the herder or the farmer group (e.g.
Kuznar and Sedlmeyer 2005). In other modelling stud-
ies, the larger collectives generally represent kin, ethnic,
or political groups, and membership of these groups
affects access to resources (e.g. Cioffi-Revilla, Rogers, and
Latek 2010). The goals of the agents are either focused on
gaining access to resources (17 out of 35), herd growth
(13), maintaining the rangelands (3), and/or meeting
human subsistence needs (see Table S10). In half of the
models the agents aim to maximize access to resources
or herd growth, whereas in the other models, the agents
aim to maintain access to resources or herd growth. In
other words, pastoralists are either modelled as maxi-
mizers or satisfiers towards their goals of gaining access
to resources to support herd growth (e.g. Dressler et al.
2019a, 2019b).

Artificial systems

After the conceptual model is implemented in com-
puter code with rules and parameters for agents and the
world, the pastoral system that emerges from the simula-
tion is what we refer to as the artificial pastoral system.
The question that we examine in this section is what
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these emergent artificial systems are and to what extent
they align with what we currently know about pastoral
systems.

In almost all of the cases, the outcomes from the simu-
lations confirm existing theoretical understandings of
pastoral systems (24 out of 35) and only one case had a
surprising result that was not predicted by the theoreti-
cal model (Rouchier et al. 2001). About half of the model-
ling studies used an explanatory approach in which the
agent-based model was used to evaluate specific hypoth-
eses (16 out of 35) (see Table S11). The results of the
explanatory studies generally supported the hypotheses;
only two papers described findings that did not support
the hypotheses (Yu et al. 2019; Clark and Crabtree 2015),
while others had mixed results (Martin et al. 2014; Moritz
et al. 2017, 2015; Rasch et al. 2017). Of course, this may
be a result of the tendency to publish positive results, but
not negative results. The other studies used an explora-
tory approach in which the focus was on exploring the
dynamics of the pastoral systems modelled.

Many of the findings that emerge from the modelling
studies in the artificial pastoral societies are not surpris-
ing and make sense in the light of existing literature based
on empirical studies of pastoral systems. The modelling
studies found, for example, that greater resource variabil-
ity is associated with greater mobility (MacOpiyo 2005;
Sakamoto 2016); that greater mobility leads to more sus-
tainable outcomes (Kato 2014; Yu et al. 2019; Traore et al.
2023); that loss of access to rangelands negatively affects
pastoral livelihoods (Boone et al. 2011); that increasing
population and resource scarcity lead to more conflict
(Hailegiorgis et al. 2010; Kuznar and Sedlmeyer 2005);
that drought and other disasters have a major impact on
pastoralists, and in particular poorer pastoralists (Martin
et al. 2014; Boone and Lesorogol 2016; Rasch et al. 2017;
Hailegiorgis et al. 2018); that pastoralists with smaller
herds are at greater risk of losing them (Moritz et al.
2017); that pastoralists with larger herds recover more
quickly from droughts (Rogers et al. 2012); that wealthier
pastoralists are able to move greater distances (Okayasu
et al. 2010; Milner-Gulland et al. 2006); that traditional
livestock exchange systems are associated with greater
herd longevity and household survival (Aktipis et al.
2016; Aktipis et al. 2011; Clark and Crabtree 2015); that
livestock insurance and policy interventions may help
pastoralists recover from losses (John et al. 2019; Rasch
et al. 2017), but that the effects of these interventions
may be limited because of the dynamics of scale and
stochasticity of herd demography (Moritz et al. 2017).
Other interesting results were that production strategies
that focus on products from live animals require more
land and labour than those focusing on meat produc-
tion, at least among farmers in the lower Rhine region
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during the Roman period (Joyce and Verhagen 2016) and
that greater consumption of livestock products leads to
smaller herds (Gunther et al. 2021).

There are a few surprising findings or results that have
not been validated extensively in empirical studies. Some
modelling studies found, for example, that pastoralists
with freedom to move and knowledge of the distribu-
tion of resources distribute themselves in an ideal free
distribution in which grazing pressure matches graz-
ing resources (Moritz et al. 2015); that grazing lawns
emerged from local foraging, short movements, and
anticipation of resource exhaustion (Guerrin 2020); that
increase in rainfall will lead to the expansion of agricul-
tural fields at the expense of rangelands for pastoral-
ists (Bah et al. 2006; Kariuki et al. 2018); and that herd
size did not affect lineage longevity (Rogers et al. 2015),
which contradicts the findings of other modelling stud-
ies that we reviewed. These studies are a good example
of the value of using agent-based modelling to study the
long-term dynamics of pastoral systems at large spatial
scales. Something that is (nearly) impossible with empiri-
cal studies.

One of the other interesting emergent patterns of our
review is that maximizing strategies are often not pro-
ductive or sustainable (e.g. Rouchier et al. 2001; Dressler
et al. 2019a, 2019b), which is also what we found in our
own simulations of pastoral mobility (Moritz et al. 2015).
Instead, models where pastoralists have strategies that
consider social relations, cultural traditions, and/or
attachments to place, lead to more efficient and sustain-
able outcomes (Rouchier et al. 2001; Moritz et al. 2015).
It is interesting to note that the models from Moritz et al.
(2015) and Rouchier et al. (2001) derived the behavioural
rules from ethnographic research with pastoralists rather
than using a rational-actor model with a maximization
rule.

Discussion

The question that we examine in this paper is how build-
ing artificial pastoral systems has shaped the represen-
tation of pastoralism and whether it has generated new
insights. In the conceptual model, researchers spec-
ify what the agents and the world are like and how the
agents interact with each other and/or the world. These
specifications do not determine what the outcome of the
simulations will be, but of course, the conceptual model
and the model parameters do set the space of possible
outcomes. In other words, researchers are shaping our
understanding of pastoral systems by using a particu-
lar theoretical framework, pursuing particular research
questions (and not others), selecting a particular focal
system, developing the conceptual model, coding the
agents and the world, and running simulations and
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producing an artificial system that they then interpret
using a particular analytical framework. Empirical stud-
ies also hold some of these characteristics in common
with agent-based modelling in that theoretical interests
and research questions lead researchers to focus on spe-
cific phenomena. However, in modelling studies, there is
a greater risk that the model’s representations of pastoral
systems take on a life of their own as lab settings where
agent-based modelling studies are conducted lack oppor-
tunities for immediate empirical reality checks.

In general, the artificial systems that emerge from the
agent-based modelling studies confirm current theoreti-
cal understandings based on empirical research of pas-
toral systems, but a few of the studies have surprises or
emergent patterns that have not been validated exten-
sively in empirical studies. We have found that research-
ers start either with a specific focal system, because the
modelling exercise is part of a larger research project that
aims to understand that particular focal system (e.g. Bah
et al. 2006); that researchers start with a theoretical prob-
lem and then model an abstract generic pastoral system
(e.g. Dressler et al. 2019a, 2019b); or that they pursue a
theoretical problem in a particular pastoral system (e.g.
Moritz et al. 2015). We found that some artificial pasto-
ral systems, in particular those with a generic focal sys-
tem, were shaped more by theoretical assumptions about
human behaviour, such as rational actor theory, rather
than reflecting empirical pastoral systems (e.g. Dressler
et al. 2019a, 2019b). In that sense, these modelling stud-
ies advance our understanding of a specific theoretical
model or paradigm, rather than advancing our under-
standing of pastoral systems.

In our own modelling study of pastoralists in the Log-
one Floodplain (Moritz et al. 2015), we parameterized
and validated our model with different kinds of empiri-
cal data, for example, the movement decision rules of the
agents were derived from ethnographic research in the
floodplain (Moritz et al. 2013), while the herd size that
resulted from the simulations were similar to the ones
we observed in the floodplain (Scholte et al. 2006). And
while we had found evidence for an ideal free distribu-
tion in the floodplain in which the distribution of graz-
ing pressure matched that of grazing resources (Moritz
et al. 2014), we did not know how pastoralists achieved
such a distribution. Our modelling study showed that an
ideal free distribution could be achieved with relatively
simple movement rules in a situation of open access.
When we developed this agent-based model, we used an
iterative, recursive, and abductive (IRA) approach (Agar
2006) in which we went back and forth between what we
knew about pastoralists in the floodplain, our conceptual
model, and the computational model. We went through
multiple iterations of this recursive approach between
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the ethnographic data and the conceptual and computa-
tional models. This recursive practice further shaped the
conceptual model (which is the abductive component
of the IRA approach). In that way, there are similarities
between ethnographic logic and agent-based model-
ling logic (Agar 2004). Even though agent-based model-
ling may seem easier and quicker than the messiness of
ethnographic fieldwork, in our experience the process of
developing agent-based models takes years (rather than
months) and the conceptual problems to be solved are as
challenging as the coding problems.

One of our other observations is that when research-
ers have a developed model, they will use and adapt the
model to explore other, related questions (e.g. Dressler
et al. 2019a, 2019b). But a potential risk is that the model
is then driving the research rather than the theoreti-
cal questions, which means that the only questions that
will be explored are those that can be answered with the
existing or slightly adapted model, rather than developing
a new model to answer new questions or study different
pastoral systems. In that sense, the artificial pastoral sys-
tem may take on a life of its own and shape the research
on pastoral systems (rather than problems from the field
and/or theory shaping the research).

There is considerable variation in pastoral systems and
thus, not surprisingly, considerable variation in agent-
based models of pastoral systems. Not all research-
ers acknowledge that the findings from their modelling
study only apply to the type of pastoral system that they
model. Of course, this problem is not unique to model-
ling studies of pastoral systems, but it is important to ask
how generalizable the findings from these models are.
Having developed three agent-based models ourselves
and reviewed many others, we do not think it possible to
develop one agent-based model that could represent well
the diversity of all pastoral systems, even when the set-
tings and parameters of such a model could be adjusted.
The SAVANNA and DECUMA models seem the closest
to a model that can potentially capture a wide range of
different pastoral systems. The SAVANNA model was
developed in the 1980s by Michael Coughenour (1985)
and has since been used to model different pastoral sys-
tems across the world (Coughenour 1992; Boone et al.
2011; Boone and Lesorogol 2016; Thornton et al. 2006).
The model is parameterized with social and ecological
data from the systems to be modelled (Boone and Leso-
rogol 2016), and whenever Randall Boone applies the
SAVANNA and DECUMA models to a new system, he
will visit these sites in person to get a first-hand under-
standing of the system (personal communication).

Agent-based modelling is well suited to examine long-
term, social-ecological dynamics of pastoral systems and
to explore a wide range of research problems. And, as
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we noted, demonstrating the usefulness of this method-
ology is the aim of a number of the papers we reviewed
(e.g. Sakamoto 2016; Boone and Lesorogol 2016). There
are a few methodological lessons that we can draw
from our review. First, a comprehensive and systematic
description of the model is critical for understanding
the modelling studies themselves and to further advance
agent-based modelling of pastoral systems. The studies
that used the Overview, Design concepts, Details (ODD)
protocol were easier to understand than studies that
did not use this protocol. Fortunately, more and more
researchers are using the ODD protocol. Another posi-
tive development is that more researchers are publish-
ing their models in model repositories like the CoMSES
Computational Library (Janssen et al. 2008), which now
has more than 1000 models in its repository, and offers
a peer-review system to ensure that models are easy to
use, are well-documented, and have readable code. These
practices make it easier for researchers who are new to
agent-based modelling to develop new skills and add this
method to their toolkit.

More researchers are using the Overview, Design con-
cepts, Details (ODD) protocol to describe and publish
their models, allowing other researchers to replicate and/
or build on existing modelling studies and ask new ques-
tions or test new hypotheses. However, our review shows
that there is not yet evidence of adoption of these mod-
els and/or their code by other researchers, except for
Okayasu et al. (2010) who used an existing model from
Milner-Gulland et al. (2006). Marco Janssen has taken
the lead in replicating classic agent-based modelling
studies (Janssen 2009, 2007). In addition to improving
transparency, another advantage of using the Overview,
Design concepts, Details protocol and making models
publicly available is that it would facilitate the reusabil-
ity of code and models, so that researchers can build on
the work of others and do not always have to start from
scratch, which is time-consuming (Tang et al. 2020; An
et al. 2020; Hauke et al. 2020; Thiele and Grimm 2015).
Hopefully, as more scholars of pastoral systems use
agent-based modelling, there will be more replication
studies and increased adoption of existing models.

Comparative analysis of modelling studies like this
one may hopefully make it easier for researchers to find,
adopt, and adapt existing models. Hales et al. (2003)
argue that the lack of model-to-model comparisons
means that researchers develop their own models with-
out building on the lessons of prior modelling efforts.
Existing models may already capture important dynam-
ics or components of pastoral systems and may have been
validated through sensitivity analysis and/or empirical
validation. However, the reuse of models may be limited
because most models are built for a particular purpose;
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they are not general models that can be used to explore
any question about pastoral systems. This is also high-
lighted by the fact that some research groups build new
models for new projects (Moritz et al. 2017, 2015). Most
researchers and research groups seem to develop their
own models and are not building on the work of oth-
ers. However, Hales et al. (2003) note that researchers
all working on the same model is not an optimal situa-
tion either because it has the potential to stifle innova-
tion, particularly if the models are built with theoretical
assumptions that do not well represent the dynamics of
pastoral systems. In other words, in terms of innovation,
it may be better to build more new models, i.e. to let a
thousand flowers bloom.

However, there are two groups that have been build-
ing on and expanding more or less the same agent-based
models for more than a decade. The first is the group of
computational social scientists at George Mason Uni-
versity (GMU) who collaborated with anthropologists
from the Human Relations Area Files (HRAF) at Yale
University and developed a series of agent-based mod-
els to understand the environmental, social, and cultural
dimensions of conflicts in the Rift Valley region of east-
ern Africa (Skoggard and Kennedy 2013) as well as the
dynamics of wealth and human-environmental dynamics
among pastoralists in Inner Asia (Rogers et al. 2015; Rog-
ers et al. 2012). Starting with a relatively simple model
(HerderLand), the researchers gradually increased the
complexity of the social and ecological components of
the model (Skoggard and Kennedy 2013). The second is
the Natural Resource Ecology Laboratory (NREL) at Col-
orado State University, which developed the SAVANNA
model in the 1980s (Coughenour 1985), and which is still
being used today, as well as the DECUMA model, which
also has been used by multiple projects (e.g. Thornton
et al. 2006; Christensen et al. 2003). The success and per-
sistence of these coupled models are due to long-term
institutional support, the commitment of the researchers,
and the model’s comprehensiveness and flexibility which
has been used to model a wide range of social-ecological
systems (Chimner et al. 2020; Boone et al. 2011). How-
ever, the disadvantage of the SAVANNA/DECUMA is
that it may be too complex, preventing its widespread
adaptation by researchers who are not affiliated with the
research group that developed the model at Colorado
State University. In fact, this is true for most agent-based
models of pastoral systems; it is used by the researchers
that developed the model but not by other researchers.

Most researchers or research teams start building their
own model and then further develop it. One of the main
reasons for this phenomenon is that the models—both
the conceptual model as well as the actual agent-based
model—are quite complex (even the simple ones). The
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other reason is that these models are mostly special-
purpose models, i.e. they are developed with a particular
purpose or research question in mind, which comes with
its own particular theoretical assumptions. These ques-
tions and theories do not translate readily from one team
to another. It is an illusion that one generic model can
represent all pastoral systems and is simple or abstract
enough to represent multiple systems and answer mul-
tiple questions. It is the question that determines what
should be in the model—models are generally developed
to answer one specific research question (informed by
particular theoretical assumptions). One would be sur-
prised how many assumptions are already built into even
the simplest of models. The use of the ODD protocol
may address this as one of the components of the pro-
tocol is to describe the basic principles and to place the
model within its larger theoretical context, i.e. connect
the model to ideas, theories, hypotheses, and modelling
approaches, and specify, for example, the theory that
informs agent behaviour (Grimm et al. 2020, S15).
Another option may be that researchers may take dif-
ferent parts from different models, i.e. sub-models that
represent one component of the pastoral system (e.g.
herd demography, vegetation dynamics, movement deci-
sions). Each agent-based model offers a different rep-
resentation of pastoral systems. They do not all include
the same components. Some of the models focus on one
component and leave the other components undevel-
oped. One question we considered is whether it is a good
strategy to take the best components of these different
models and combine them in one model? For example,
one sub-model represents the variability in the spati-
otemporal distribution of resources and the constraints
on mobility caused by farms and flies (Sakamoto 2016),
one represents the dynamics of animal nutrition (Fust
and Schlecht 2018), and another for herders decision-
making about when and where to move (Moritz et al
2015). Of course, one thing to keep in mind is that the
most detailed model is not necessarily the best model.
Simpler models are often better. Even more important is
that the model serves its purposes, i.e. it should fit a par-
ticular research question (see the “Discussion” section).
There are other challenges with reusing sub-models
from existing models and combining them in a new
model because the computational sub-models come
with built-in assumptions from the conceptual model
that may not match those of the project. It is thus impor-
tant to critically review the built-in assumptions. Oth-
erwise, one ends up with a Frankenstein model that
combines computational sub-models representing the
different components of a pastoral system (e.g. herd,
household, rangelands), but in which the conceptual
assumptions may not be well integrated, creating an ugly,
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monster model. For example, Boone et al. (2011) offer a
very detailed and comprehensive model of pastoral sys-
tems that has been adapted to a wide range of pastoral
systems. However, a disadvantage of the SAVANNA/
DECUMA model is that there are built-in assumptions
about human decision-making that shape the outcomes
of the simulations. These assumptions may be appropri-
ate for the sociopolitical systems of Maasai or Samburu
pastoralists in Kenya, but not necessarily for pastoral
systems in other parts of the world. Thus, if a research
team does want to adopt sub-models or existing models
for their own projects, it is also important to evaluate and
adapt the assumptions and parameters that are built into
the sub-models.

Finally, for readers interested in using agent-based
modelling to examine the dynamics of pastoral systems,
we are partial to NetLogo. Most of the models in our
sample used NetLogo and we have used it ourselves to
model pastoral systems (Moritz et al. 2015; 2017; Moritz
et al. 2023). It is free, easy to learn, and powerful, and it
comes with example models (Wilensky 1999). Moreover,
there is a large user community, free online courses, and
multiple textbooks (Wilensky and Rand 2015; Janssen
2020; Railsback and Grimm 2012; Vazquez and Caparrini
2016; Smaldino 2023), including some that can be down-
loaded for free (Romanowska et al. 2021).

Conclusion

Agent-based modelling offers the opportunity to explore
long-term dynamics in pastoral systems as well as con-
duct what-if experiments, which are difficult and/or
unethical to study empirically. Because pastoral systems
are complex social-ecological systems, agent-based mod-
elling is a highly appropriate methodology to explore
specific research questions that cannot be easily exam-
ined empirically. Our review of agent-based modelling
studies of pastoral systems examines how pastoral sys-
tems are conceptualized and implemented in agent-based
models and the artificial systems that emerge from the
simulations. Most of the modelling studies validate cur-
rent understandings of pastoral systems that are derived
from empirical studies and/or the theoretical frameworks
that guide these modelling studies. A few of the model-
ling studies we reviewed yield insights that are difficult to
achieve with empirical studies because of the spatiotem-
poral scope of the research questions. One of the main
challenges of agent-based modelling of pastoral systems
(and other complex social-ecological systems) is to get
the model right so that it is a meaningful representation
of a specific or generic pastoral system. Interdisciplinary
teams in which modellers and researchers studying pas-
toral systems empirically collaborate are well-placed to

Page 14 of 16

develop models that are theoretically compelling as well
as meaningful representations of pastoral systems.
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