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Modeling Coupled Herd and Household Dynamics in Pastoral Systems

Overview

The literature on pastoral systems is dominated by concerns about the Malthusian specter of
livestock populations growing exponentially in a situation of limited natural resources. While
models show that livestock populations have the potential to grow exponentially in pastoral
societies, the empirical evidence shows that livestock population sizes are relatively stable in
African pastoral systems. Until now the conventional explanation has been that droughts,
diseases and other disasters keep livestock populations in check and prevent them from growing
exponentially. However, this project proposes to evaluate an alternative explanation. It will
examine whether and how coupled demographic dynamics at the herd and household level
constrain the growth of livestock populations in pastoral systems. The researchers will use
agent-based modeling to examine the impact of the domestic cycle of households on the
demography of family herds (and vice versa) and ultimately its impacts on the growth of
livestock populations at the regional level. Agent-based modeling will allow the researchers to
run thousands of simulations and to evaluate how different herd-household scenarios impact
long-term demographic patterns at the population level.

Intellectual Merit

This project uses the conceptual framework of coupled systems to examine how the domestic
cycle of households affects the demography of family herds, and ultimately the growth of
livestock populations in pastoral systems. The hypothesis — coupled herd and household
dynamics keep livestock populations in check — is innovative, and so is the methodology of
using agent-based modeling to examine the non-linear dynamics of coupled demographic
systems. If the simulations support the hypothesis that coupled herd and household dynamics
keep livestock populations in check, this will fundamentally change our understanding of
demographic dynamics in pastoral systems. The project will generate a number of large-scale
projects that integrate empirical research and modeling studies to examine how herd and
household dynamics shape and are shaped by economic inequality, management of natural
resources, the ecology of infectious diseases, and the transition from pastoralism to ranching.

Broader Impacts

This project will train students in systems thinking using agent-based modeling. First, a graduate
student will be trained in the use of agent-based models to study coupled demographic systems.
The training involves developing a conceptual model, coding in NetLogo, conducting
simulations, analyzing data, and preparing the model and paper for publication. Second, in
collaboration with the PAST Foundation, a non-profit dedicated to improving education by
promoting transdisciplinary problem-based learning, the researchers will develop an educational
module to train middle school students in systems thinking. The educational module will draw
on existing research and teaching on games and sustainability. The module will include games
and agent-based models that represent a range of sustainability problems. The researchers will
develop the module in an after-school program and then implement and assess it in summer
camp at the PAST Foundation. The goal is to train students to think of sustainability problems
as complex systems that can be modeled and examined using agent-based modeling.
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RESEARCH PROBLEM

One of the dominant narratives about pastoral systems is that livestock populations have
the potential to grow exponentially and destroy common-pool grazing resources.
However, longitudinal and interdisciplinary research has shown that pastoralists are able
to sustainably manage common-pool resources (Coughenour et al., 1985; Little and
Leslie, 1999; Moritz et al., 2014a) and that livestock populations are not growing
exponentially (McCabe, 1990; Moritz et al., 2014b; Sandford, 2006; Sperling, 1987). The
current explanation for limits on livestock population growth is that reoccurring droughts,
diseases and other disasters keep populations in check (Ellis and Swift, 1988). However,
we hypothesize that demographic processes at the level of the herd and household may
keep livestock population growth in check. Our hypothesis is that two mechanisms at the
herd and household level explain why livestock populations grow much slower in
pastoral systems than predicted by conventional Malthusian models. The two
mechanisms are: (1) the domestic cycle of the household, and (2) the herd-size threshold
effect.

A brief example illustrates how the coupling between these two mechanisms may
keep livestock populations in check. Among Fulani pastoralists in the Far North Region
of Cameroon, the family herd is divided among sons when the patriarch dies. In the ideal
scenario, the patriarch dies at an advanced age when the herd is large enough for each son
to inherit a herd that can support their respective families. However, when a patriarch of
an extended family dies prematurely and leaves each son with herds that are too small to
support their respective families, there is a great chance that the herds will disappear over
time. Two reasons drive this phenomenon. First, when the herds do not provide enough
milk, the sons have to sell reproductive animals to feed their families. Second, smaller
herds have a greater chance of decreasing in size due to stochasticity in fertility and
mortality. Eventually, a herd may become too small and this forces the family to leave
pastoral society and pursue other livelihoods to support themselves. We have seen these
scenarios play out among pastoralists in Cameroon (Moritz, 2003; Moritz, 2013).

We will use agent-based modeling to examine whether and how these coupled
mechanisms keep livestock population growth in check. Agent-based modeling is a
particularly useful tool to examine these processes because the long-term, demographic
dynamics of herds and households are difficult to study empirically and we lack the
longitudinal data sets of coupled herd and household demography in pastoral systems.
Moreover, agent-based modeling allows us to conduct multiple experiments on a
computer to explore the dynamics of coupled herd-household demographic processes.
While agent-based models have been used to study pastoral systems, including risk
management through social strategies (Aktipis et al., 2011; Clark and Crabtree, 2015),
management of grazing resources (Dressler et al., 2018; Fust and Schlecht, 2018; Moritz
et al., 2015; Rouchier et al., 2001), and climate change and conflict (Hailegiorgis et al.,
2010; Kuznar and Sedlmeyer, 2005), it has not yet been used to examine the coupled
demographic dynamics of herd and household. Thus, we use a new method to study
demographic processes and offer a new way to conceptualize the demographic dynamics
in pastoral systems.
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CONCEPTUAL FRAMEWORK

Pastoralists keep herd animals and this shape their lives — socially, culturally,
economically, and ideologically. Herding animals is a commitment to a way of life in
which the interdependence with their animals structures pastoralists’ lives (Chang and
Koster, 1994). This interdependence is also evident in the relationship between human
and animal demographic processes. Stenning (1958) explained how pastoralists seek an
equilibrium between herd and household, in which the herd provides enough milk to feed
the household and the household provides enough labor to manage the herd. This
equilibrium is dependent on the fertility of herd and household. In pastoral households
there is often a strict division of labor in which men are responsible for the fertility of the
herd and women are responsible for the fertility of the household. If there are fertility
problems in either one, the potential disequilibrium between herd and household may
lead to the dissolution of the household.

Pastoral households regularly go through periods of disequilibrium because of the
domestic cycle in which households expand and dissolve. In the domestic cycle,
households start with a husband and wife, expand with the addition of children (and
sometimes additional wives), and dissolve as children marry and set up their own
independent households. Because of the domestic cycle, households regularly experience
labor and/or food shortages. Pastoral societies across the world have developed practices
and institutions to resolve these imbalances between herd and household, for example
through labor contracts and livestock exchanges. However, there are also imbalances
between herd and household due to misfortunes, e.g., infertility problems may limit
growth of the herd or an early death of a patriarch may lead to an untimely division of the
family herd among heirs. One of the main risks of these unfortunate events is that the size
of the family herd may fall below a critical threshold.

Studies on pastoral wealth have shown that the dynamics of herd growth are to the
advantage of pastoralists with larger herds and that those same dynamics work against
pastoralists whose herd size is below a certain threshold (Bradburd, 1982; Fratkin and
Roth, 1990; Lybbert et al., 2005). In other words, pastoralists with herd size above the
threshold likely see their herds increase over time and pastoralists with herds below the
threshold likely see their herd decrease in size (Borgerhoff Mulder and Sellen, 1994;
Fratkin and Roth, 1990; Grandin, 1989; Sieff, 1999) and that this inequality in livestock
wealth persists over generations (Borgerhoff Mulder et al., 2010). This is due to two
processes. First, if herd size is above a certain threshold, households are buffered against
risks of droughts, diseases and other disasters (Bradburd, 1982; Fratkin and Roth, 1990).
Second, if herd size is below that threshold, households have to sell reproductive animals
to support their families and this limits the natural growth potential of their herds.

When herd size becomes too small, it can no longer provide enough food and/or
income for the household. Consequently, these poor households have to leave the pastoral
system and pursue other livelihood strategies like crop agriculture. This process has been
called “sloughing off” (Barth, 1961) and has been described for pastoral societies across
the world (Bradburd, 1989; Fratkin and Roth, 1996; Loftsdottir, 2008). One of the
consequences of the sloughing off of households is that animals are also removed from
the pastoral system as impoverished households are selling more animals at local and
regional livestock markets than other households. The majority of livestock sold at these
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markets is either consumed locally or exported for consumption elsewhere, and thus

disappear from the pastoral system.

Coupled Herd-Household Dynamics

ANIMAL
SALES

fertility

size & FAMILY composition size & HOUSE composition
HERD HOLD
mortality mortality

MILK
PRODUCTION

Figure: 1 Conceptual model of coupled herd-household dynamics in pastoral systems

Demographic processes change
the size and composition of herd
and household, while couplings —
milk production, animal sales —
affect the demographic processes
in herd and household. For
example, milk produced by the
herd supports the growth of the
household, but when milk
production is insufficient, the
household has to sell animals,
which changes the size and
composition of the herd. The
greater the herd size, and in
particular the number of lactating
cows, the greater the milk
production. The greater the
number of people in a household,
the greater the demand for milk
and/or need for animal sales. The
demographic processes of the herd
and household are tightly coupled.

Our project builds on theoretical models in population ecology, in particular, non-
linear dynamics of coupled populations like the Lotka Volterra model that explains the
dynamics of prey and predator populations (Turchin and Taylor, 1992; Volterra, 1931).
However, our herd-household model is more complex than the prey-predator model as it
considers how the structure and function of smaller social units shape the demographic
processes of each other. Similarly, we expect to find some Allee effects, in which there is
a positive relationship between individual fitness and population densities (Allee, 1931;
Courchamp et al., 1999; Stephens and Sutherland, 1999), which may be caused by

different factors (Berec et al., 2007). The Allee effect is similar to the herd size threshold
effects described above. For example, Courchamp et al. (1999) show that populations can
be at unstable states at low densities and stable states at high densities, which describes
similar phenomena in family herds: small herds decrease in size because animals have to
be sold to feed the household, while large herds do not grow as much in size because
there is not enough labor in the household to manage the herds well.

Thus, while the demographic processes at the herd and household level have been
described, the couplings between the two and its impacts on long-term growth of
livestock populations have not been systematically studied. Our modeling approach will
allow us to examine those demographic dynamics.
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RESEARCH PLAN

The goal of this research project is to examine whether and how the domestic cycle of
pastoral households affects demographic processes of the family herd (and vice versa),
and ultimately what the implications of these coupled dynamics at the herd-household
level are for the growth of livestock populations at the regional level. In order to be able
to examine the coupled herd-household demographics in pastoral systems, we will
develop an agent-based model that is a simple but meaningful representation of a wide
range of pastoral systems. However, a cursory review shows that there is considerable
variation across pastoral systems in the species of livestock raised, the degree of market
involvement, the livestock products sold, the organization of households, the types of
livestock exchanges, let alone the larger social, ecological, economic and political context
(Barfield, 1993). Therefore, we have decided to model our pastoral systems after Fulani
pastoralists in the Far North Region of Cameroon, which are part of a much larger and
diverse population of Fulani pastoralists that can be found across West and Central
Africa, and for which we have collected ethnographic and demographic data on
households and family herds in prior research projects (Moritz, 2003, 2010, 2013).

However, the pastoral system of Fulani pastoralists in the Far North Region of
Cameroon is also highly complex and this requires us to make decisions that simplify the
empirical reality for our conceptual and agent-based models. We will reduce the
complexity of herd-household dynamics in five major ways. First, we are not considering
labor in our analyses because we have found that it is relatively easy for households to
recruit laborers and that the economic costs are minimal (Moritz et al., 2011). Second, we
are not considering livestock exchanges between households because we have found that
they contribute to short-term survival of households but not to long-term viability of
family herds (Moritz, 2013). Third, we are only modeling cattle and no other livestock,
even though pastoralists in our study area also keep some small stock (goats, sheep) for
minor expenses and a few animals for transportation (donkeys, horses) (Moritz, 2012a).
Fourth, while we recognize that members of the households may have competing
interests and do not necessarily pool their resources, we treat the herd and the milk
production as a common resource for the whole household (Moritz, 2003). Fifth, even
though in the Chad Basin large increases and decreases in cattle numbers are mostly due
to changes in transhumance movements (Moritz et al., 2018a), we do not consider
migration in order to assess the effects of fertility and mortality rates in herds and
households. Other researchers will be able to use our agent-based model and include
labor, livestock exchanges, and other aspects of pastoral systems, but in order to examine
the coupled demographic dynamics, we have to keep the model as simple as possible, but
not simpler.

Building the model using NetLogo. We will build the model using NetLogo (Wilensky,
1999), which is easy to use and powerful enough for our purposes. We will provide a
description of the agent-based model following the Overview, Design concepts, Details
(ODD) protocol that has been developed by Grimm et al. (2010), which is considered the
golden standard in ABM protocol description. We will make the agent-based model
publicly available via the Computational Library repository of the Network for
Computational Modeling in the Social and Ecological Sciences (CoMSES) and will seek
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certification of the model by the same network. By making the model publicly available
and describing it clearly and accessibly using the ODD protocol, other researchers will be
able to replicate our study and build on our research project, for example, to examine the
impacts of primogeniture (versus equal wealth division) on herd-household dynamics
(Borgerhoff Mulder et al., 2010; Smith et al., 2010).

In our agent-based model, we start each simulation with one household and its
family herd. In some simulations, we use a randomization process so that each simulation
starts with a household and herd that is different in size and composition. For example,
one simulation may start with a household that consists of a husband (30 years) and wife
(24 years) and three young daughters (7, 4, 1 years) and one herd of 45 cattle of different
ages and sex, including 18 lactating cows. We use data from the literature and our own
research to generate different sizes and compositions for herds and households.

Figure 2: Process overview of the coupled herd-household model

Household

size, composition

calculate caloric

Herd

size, composition

needs

\/

compare caloric
needs and milk
production

\/

calculate milk

members age,
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\/
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update size and
composition

v

production

\/

\/

animals age,
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\/
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composition

v

The process overview describes what happens in one time-step, i.e., a six-month
season. Simulations run for 25 or 250 years (50 or 500 steps).

The general process of the model is represented in Figure 2 and has the following
steps: (1) calculate the caloric needs of the family; (2) calculate the milk production of
the herd; (3) sell animals if caloric needs are greater than milk production; (4) animals
age, reproduce, and/or die; (5) humans age, reproduce, and/or die; and (6) update size and
composition of the household, which also includes the division of households, for
example, when a son marries and sets up his own independent household. In our model,
each time-step is one six-month season, in which the dry season has higher mortality
rates and lower levels of milk production than the rainy season. During the simulations
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we keep track of the following outcomes for herds and households: survival, size, and
composition.

Model Parameterization. We will parameterize the agent-based model using empirical
data from 25 individual family herds and households in the Far North Region of
Cameroon (Moritz, 2012b; 2013) as well as data from the literature on herd demography
and livestock production (Coulomb, 1974; Dahl and Hjort, 1976; Meir, 1987;
Mwanyumba et al., 2015; Njoya et al., 1997; Raikes, 1981; Wagenaar et al., 1986), herd
composition (Dahl and Hjort, 1976; Sutter, 1987), relative prices of milk, meat and grains
(Moritz, 2003; Zaal, 1998), caloric needs and intake (Galvin and Little, 1999; Loutan and
Lamotte, 1984), and pastoralists demography (David and Voas, 1981; Hampshire and
Randall, 2000; Hill, 1985; Meir, 1986; Meir, 1987; Randall, 2008).

We will use centrality measures (mean, mode, median) and distribution measures
(variance, standard deviation) derived from the empirical data to parameterize the model.
To give one example, we will use the mean and the standard deviation to set the fertility
rate for the family herd. In other words, each time step in the simulation the fertility rate
will be set randomly using the normal distribution of fertility rates. In this way our agent-
based model incorporates stochasticity, which is a critical component of pastoral systems
and our conceptual model. We do this for all the other parameters in the model, e.g.,
mortality rates, age of first calving. We will use a similar strategy to set the size and
composition of herds and households.

Experiments. We will use an iterative, recursive, and abductive (IRA) approach in our
modeling study (Agar, 2006), going back and forth between the conceptual model, agent-
based model, simulations, and data analysis to examine how herd and household
dynamics shape each other, and how this impacts the growth of livestock populations at
the regional level. The abductive component of this approach is that we will update our
conceptual model of herd-household dynamics as new questions and patterns emerge
from our simulations and data analysis. We are planning two modeling phases: (1) an
exploratory phase; and (2) a hypothesis-testing phase.

In the first modeling phase, we will start with four sets of simulations that
increase in complexity. We will analyze the data from these simulations to explore what
might explain the variation in outcomes and then use this to run controlled experiments in
which we test specific hypotheses in the second phase. Each set will consist of 1,000
simulations of the domestic cycle of one household coupled with the demographic
dynamics of its family herd. In the first set, we will initiate the model with the same herd
and household and then run the simulation for 25 years (the equivalent of one
generation). The second set will start with the same herd and household but run for 250
years (i.e., ten generations). The main reason to run simulations for 250 years is to check
whether the patterns we see in the simulation of one generation of herd-household
dynamics also hold in the long term. In addition, the longer simulations will allow us to
examine the impact of inter-generational transfers of wealth on herd-household dynamics
and regional livestock populations. In the third set of simulations, we will use a
randomization process to generate households and herds of different sizes and
compositions. The households may be at different stages of the domestic cycle, for
example, a husband and wife that recently married without children or an extended
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household with three married sons and their respective families. The herds may also be of
different sizes and compositions, for example, the herd may have ten or a hundred
animals and some herds may have a higher ratio of female to male animals. We will run
those simulations for 25 years. And in the fourth set we will run these same simulations
for 250 years. We will use descriptive statistics to report the variation in outcomes, e.g.,
number of family herds, number of households, size and composition of herds, size and
composition of households. We will use inferential statistics to identify possible
determinants of the variation in outcomes, for example, by examining to what extent
variation in herd size can be explained by fertility rates or age of first marriage.

In the second modeling phase, we will use the results from these exploratory
analyses to derive specific hypotheses about the importance of different variables and run
controlled experiments to test these hypotheses. Examples of hypotheses are the
following: H1: simulations of herds with coupled households will result in smaller
livestock populations at the regional level than simulations without coupled households;
H2: households with herds with higher fertility rates end with larger herds; H3:
households that are larger in size end with smaller herds; H4: households in which the
patriarch dies earlier end with smaller herds. We can test these hypotheses by running
simulations respectively with and without coupled households, low and high fertility rates
for livestock, low and high fertility rates for humans, and early and late deaths of
patriarchs. The evaluation of these and other hypotheses will allow us to examine, for
example, which is more important for livestock populations at the regional level: the
domestic cycle or the demographic dynamics of the family herd?

Data Analysis. Our overall goal is to examine whether and to what extent the coupled
demographic dynamics at the herd-household level limits the growth of livestock
populations at the regional level. We will evaluate our main hypothesis by comparing the
results of simulations when households are coupled to family herds and when they are
not. If simulations with coupled households results in smaller livestock populations at the
regional level than those without coupling between herds and households, it would
support our hypothesis. We will use inferential statistics to examine what processes
and/or variables have the largest effect, i.e., how and how much the domestic cycle of
pastoral households constrains the growth of livestock populations at the regional level.

Understanding the coupled herd-household dynamics also has implications for our
understanding of the dynamics of economic inequality in pastoral societies (Borgerhoff
Mulder et al., 2010; Salzman, 1999). While the emergence of economic inequality is not
the focus of our current research project, the simulations allow us to conduct preliminary
analyses of the impacts of the coupled demographic dynamics on the human population,
and in particular, how many households leave the pastoral sector, how many households
are below the poverty line, and what the level of economic inequality is among remaining
households.

Finally, the agent-based model will also allow us to examine the impact of
droughts, diseases, and other disasters on the coupled demographic dynamics of herds
and households. It may be that our hypothesis will not be supported and that disasters,
possibly in combination with the coupled herd-household dynamics, are what really keep
livestock populations in check at the regional level.

Page 12 of 65



Submitted/Pl: Mark Moritz /Proposal No: 1946258

Qualifications and workplan. We have used agent-based modeling successfully in other
projects to examine other questions about the dynamics of pastoral systems in the Far
North Region of Cameroon, including how pastoralists manage common-pool grazing
resources in a situation of open access (Moritz et al., 2015) and how pastoral mobility
shapes foot and mouth disease epidemics (Kim et al., 2012). We have also used agent-
based models to examine how to control the spread of infectious diseases by street dogs
in India (Yoak and Hamilton, 2014) and how the Boko Haram crisis impacts the
livelihoods of fishers in the Logone Floodplain of Cameroon (Henry, 2016; Henry et al.,
2017).

This research project builds on an earlier project supported by an EAGER grant
that funded a pilot project (see results from prior NSF support below). The support for the
pilot project was critical in developing the current research project as it allows us to use
data, models, and lessons from this pilot project. First, because the coupled herd-
household model is fairly complex, we divided the work in three separate modeling
projects: (1) an agent-based model for cattle herds; (2) agent-based model for human
populations; and (3) a coupled herd-household model. We have completed and published
the first model and paper with interesting results about the role of scale and stochasticity
in herd demography (Buffington et al., 2016; Moritz et al., 2017). We have completed the
second, human demography model, and are currently reviewing the demographic
parameters with help of a demographer from the Institute for Population Research (IPR)
at the Ohio State University. When the parameters are validated, we will run the
simulations and write up the results for publication in peer-reviewed journal like Current
Anthropology or Human Ecology. Finally, we have a preliminary version of the third,
coupled herd-household model. We are now requesting funds to hire a graduate student
for one year to help us finish this coupled herd-household model, run the simulations,
analyze the data, and write up the results.

The research team will have monthly meetings to discuss the model development,
solve problems, analyze data, discuss papers, and develop a new research program. Mark
Moritz will be primarily responsible for training and mentoring the graduate student and
will meet weekly with the student to work on the conceptual model, coding in NetLogo,
conducting simulations, analyzing data, and preparing the model and papers for
publication. Additionally, Mark Moritz, lan Hamilton, and the graduate student will have
monthly meetings with the staff from the PAST Foundation to develop, implement, and
assess the educational module (see broader impacts below).

RESULTS FROM PRIOR NSF SUPPORT

The project features a small team of experienced researchers who use an interdisciplinary
approach to study complex social-ecological systems using a combination of
ethnographic research, spatial analysis, and different modeling approaches. The
researchers have collaborated in three interdisciplinary labs at the Ohio State University
that have been funded by the National Science Foundation. The Modeling Regime Shifts
in the Logone Floodplain (MORSL) lab focused on coupled systems in the Logone
Floodplain. The Disease Ecology and Computer Modeling Laboratory (DECML) lab
focused on the ecology of infectious diseases, in particular the transmission of foot-and-
mouth disease in pastoral systems. The Ancient Socioecological Systems in Oman
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(ASOM) lab focuses on the dynamics of territoriality in prehistoric pastoral systems in
Southern Arabia. The team members come from the departments of Anthropology,
Preventive Veterinary Medicine, Evolution, Ecology and Organismal Biology,
Mathematics, and the Institute for Population Research and have demonstrated a strong
commitment to transdisciplinary research and training of graduate and undergraduate
students by collaborating in innovative projects.

EAGER: Modeling Coupled Herd and Household Dynamics in Pastoral Systems,
Mark Moritz (PI), Ilan Hamilton and Rebecca Garabed (BCS-1546061, 2015-2016)
($37,756). Intellectual merit: This project used the conceptual framework of coupled
systems and the methodology of agent-based modeling to examine how the domestic
cycle of households affects the demography of family herds, and ultimately the growth of
livestock populations in pastoral systems. Preliminary findings from simulations
conducted with the family herd model show that size and stochasticity matter for the
growth of family herds and that without offtake — sales of animals from the family herd —
family herds have the potential to grow exponentially. Broader impacts: We trained one
graduate student in the use of agent-based models to study coupled demographic systems.
The training involved building a conceptual model, coding in NetLogo, conducting
sensitivity analyses, conducting simulations, analyzing data, and preparing the model and
paper for publication using the standard ODD protocol. We published the results from the
simulations of our family herd model in Human Ecology (Moritz et al., 2017) and
published the model in the CoOMSES Computational Library (Buffington et al., 2016).

EEID: Livestock Movements and Disease Epidemiology in the Chad Basin:
Modeling Risks for Animals and Humans, (DEB-1015908, 2010-2017), Rebecca
Garabed (PI), Song Liang, Mark Moritz, and Ningchuan Xiao. Intellectual Merit: The
goal of this project was to understand the transmission and maintenance of Foot and
Mouth Disease Viruses (FMDYV) in networks of livestock movements in the Far North
Region of Cameroon. Our analyses show that the epidemiological patterns are complex
and can be explained in part by the different strains of the virus and in a part by livestock
movements. Broader Impacts: We have trained post-doctoral (4), doctoral (15), masters
(17), veterinary professional (11), and undergraduate (10) students who completed guided
research projects at five different US and African institutions from different disciplines,
including anthropology, city and regional planning, computer science, geography,
mathematics, nutrition, public health, and veterinary medicine in the interdisciplinary
study and modeling of the ecology of infectious diseases. We have published the results
from our empirical and modeling studies in multiple papers (Bertram et al., 2018a;
Bertram et al., 2018b; Healy-Profitos et al., 2016; Kim et al., 2016; Ludi et al., 2016;
Mamoudou et al., 2016; Moritz et al., 2013; Pomeroy et al., 2019a; Pomeroy et al.,
2019b; Pomeroy et al., 2015a; Pomeroy et al., 2015b; Suh et al., 2017; Vougat Ngom et
al., 2017a; Vougat Ngom et al., 2017b; Vougat et al., 2015; Xiao et al., 2015).

CNH: Exploring social, ecological, and hydrological regime shifts in the Logone
Floodplain, Cameroon, (BCS-1211986, 2012-2018) Mark Moritz (PI), Michael Durand,
Ian Hamilton, Bryan Mark, and Ningchuan Xiao. Intellectual Merit: This
interdisciplinary research project focused on the impact of human activities and climate
change on African floodplains. We developed an integrated computer model that
simulates the dynamic couplings among social, ecological and hydrological systems of
the Logone floodplain in Cameroon and examine the role of fishing canals on the coupled
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system of the floodplain. Our findings indicate that the canals are a highly efficient
fishing technique that is well adapted to the boom-and-bust dynamics of floodplain fish.
Broader Impacts: We synthesized the findings of our research and the discussion from
the workshop in a policy brief that is aimed at stakeholders at the regional, national, and
international levels (Moritz, 2017) and we contributed to sustainable management of the
floodplain through capacity building at two NGOs that are working on behalf of
floodplain inhabitants: the Cameroonian Association for Environmental Education
(ACEEN) and the Center for Research and Development of Pastoralism (CARPA). We
trained twenty-five MA and PhD students from the University of Maroua and
Ngaoundér¢ in research and modeling of Coupled Human and Natural Systems (CHANS)
during a four-day workshop in Cameroon in May 2017. We have presented several
papers at numerous conferences and have published eleven papers and have three in the
pipeline (Fernandez et al., 2016; Fernandez et al., 2018; Laborde et al., 2018a; Laborde et
al., 2019; Laborde et al., 2018b; Lynch et al., 2017; Lynch, 2016; Moritz et al., 2016;
Moritz et al., 2018b; Murumkar et al., under review; Phang et al., 2019b; Phang et al., in
preparation; Phang, under review; Shastry and Durand, 2019), one undergraduate thesis
(Henry, 2016), one dissertation (Shastry, 2019), and two agent-based models (Henry et
al., 2017; Phang et al., 2019a). In addition, we contributed to the "Rome Declaration"
developed at the Freshwater, Fish and the Future conference of the Food and Agriculture
Organization (Taylor et al., 2016), and published a film about canal fishers (Ahmadou
and Laborde, 2017).

Network structure and conflict management in a cooperatively breeding fish (I0S
- 1557836, 2016-202), Ian Hamilton (PI). Intellectual Merit: This project uses
simulation and empirical approaches to investigate how groups are able to limit conflict,
given the network of individual decisions and, often, conflicting interests that
characterize real animal groups. This project further investigates the outcomes of
collective decisions on individual performance and on group persistence. Together, these
are important steps toward understanding how individuals construct their social
environment through the interaction of their behavior with others, and how the social
environment feeds back on individual performance and fitness. Broader Impacts: The
research and educational activities include training graduate and undergraduate students
in interdisciplinary research and complex systems, international collaboration with
researchers and institutions in sub-Saharan Africa, and development of educational
modules on social network analysis. The project started recently and we have presented
preliminary results (Hamilton and Hellmann, 2018; Stucke and Hamilton, 2018), one MS
thesis (Stucke, 2018), and published two papers (Ligocki et al., 2019; Moritz et al.,
2018b).

CNH-L: Pastoral Territory as a Dynamic Coupled System (BCS-1617185, 2016-
2021), Joy McCorriston (PI), lan Hamilton and Mark Moritz. Intellectual Merit: This
project examines environmental conditions under which territoriality emerges in pastoral
ecosystems, but also how territoriality in turn shapes the environment in the arid
rangelands of prehistoric Southern Arabia. Broader Impacts: The research and
educational activities of this project have two outcomes: (1) training graduate,
undergraduate, and middle-school students in the interdisciplinary study of complex
social-ecological systems; and (2) strengthening collaborations with researchers and
institutions in the Middle East. The project started recently and we have presented
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preliminary results (Buffington and et al, 2019; McCorriston, 2018a; McCorriston,
2018b; McCorriston, 2018c; McCorriston and et al, 2019) and published two papers
(Buffington and McCorriston, 2018; McCorriston, 2018b).

CONTRIBUTIONS

This research project will yield several deliverables. First, we will publish at least two
research articles: one that describes the simulation results of the agent-based model of
human demography in pastoral societies, and another article that describes the results of
the simulations of the coupled herd-household model that examines how the domestic
cycle affects family herd demography and ultimately livestock populations at the regional
level. Second, we will publish our agent-based models in the Computational Library
repository of the Network for Computational Modeling in the Social and Ecological
Sciences (CoMSES). We also seek model certification from CoMSES. The purpose of
certification and publication in the repository is to advance the use of agent-based models
in scholarly research by following rigorous standards in model code and experiment
documentation. Third, if the simulation results support our hypothesis, we will develop a
new large-scale project that integrates empirical research and agent-based modeling to
examine how herd and household dynamics shape and are shaped by the transition of
pastoralism to ranching. This project will address the following question: if livestock
populations in pastoral systems are constrained by the domestic cycle, what are the
demographic dynamics of livestock populations on the ranch in which land, labor and
livestock are managed according to the logic of capital rather than the logic of cattle
(Schareika et al., in press)?

BROADER IMPACTS

This project will train students in agent-based modeling and systems thinking. Many
natural and human systems can be studied as complex and coupled systems, and systems
thinking has become increasingly common across disciplines in the social, biological, and
physical sciences, applied mathematics, engineering, and other STEM fields. Further,
systems thinking can link these disciplines explicitly, as in the case of the study of
coupled human-natural systems, and via the transfer of concepts and methods among
disciplines, e.g., the use of agent-based modeling in systems as diverse as the immune
system (Folcik et al., 2007), behavior of shoppers (Schenk et al., 2007), or nest choice of
social insects (Pratt et al., 2005).

First, we will train a graduate student in the use of agent-based models to study
research problems in coupled demographic systems. The student will develop skills in
building a conceptual model, coding in NetLogo, conducting sensitivity analyses,
conducting simulations, analyzing data, and preparing model and paper for publication.
The graduate student will also participate in the development, testing, and assessment of
the educational module for the middle school students.

Second, we will develop an educational module on complex systems and agent-
based modeling for middle school students. The goal of the education module is to have
students learn to think of research problems as systems that can be modeled and explored
using agent-based models. The educational module will draw on existing research and
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teaching on games and sustainability and include different games and agent-based models
that represent a range of sustainability problems (Janssen et al., 2019; Ostrom et al.,

1994; Pérez-Cirera, 2010). One of the educational materials will be a physical
representation of an agent-based model in the form of a board game in which students
play the role of agents. An important component of the game is that students will be able
to modify the rules and chance elements to explore the game and its system dynamics.
Moreover, students will be able to systematically evaluate changes in the rules and
chance elements of the game using agent-based model, which allows students to run
hundreds of experiments in a relatively short time.

The use of games in education is gaining ground (Evensen, 2009; Salter, 2013), in
what has been called the ‘gamification of learning’ (Kapp, 2012). Agent-based models
are in many ways like board games and lend themselves well for innovative learning
strategies in the classroom. Agent-based models of social-ecological systems have
already been translated into participatory multi-agent simulations in which stakeholders
play the roles of the different agents in the model, particularly in the context of natural
resource management (Bah et al., 2006; Bousquet et al., 2002; D'Aquino et al., 2003).
However, their use in the classroom has not been well developed, even though they offer
great opportunities for students to learn about complex systems, system dynamics, and
agent-based modeling. A good example that we seek to emulate is the ERAMAT board
game about Maasai pastoralists that researchers at James Madison University have
developed to encourage system thinking among their students (Mayiani, 2013).

We will collaborate with a team from the PAST Foundation to develop,
implement, and evaluate the educational module. The PAST Foundation is a non-profit
organization in Columbus, Ohio that was founded by two anthropologists. We already
have a working relationship with the PAST Foundation and have led three informal
agent-based modeling workshops for an after-school program for middle school students
at the foundation’s Innovation Lab.

Current PAST faculty are anthropologists, researchers and educators who have
the experience and expertise to develop and implement our education materials and
assess the degree to which we succeed in training students to become system thinkers.
The educational programs of the PAST Foundation are guided by transdisciplinary
problem-based STEM learning and involve students, schools and community partners
from Central Ohio. The PAST Foundation offers multiple informal programs that we will
use to develop, test, and evaluate our educational materials, including PAST Summer
Bridge immersive experiences, Design Challenges, and the after-school Innovators Club,
which introduce students from across Ohio and the US to design thinking and problem
solving. The PAST Foundation has considerable experience in disseminating successful
training modules to educators across the US.

INTELLECTUAL MERIT

The literature on pastoral systems is dominated by concerns about the Malthusian specter
of livestock populations growing exponentially in a situation of limited natural resources
(Ehrlich and Holdren, 1971; Hardin, 1968; Malthus, 1798). However, we hypothesize
that a built-in dynamic in the domestic cycle of pastoral households limits the growth of
livestock populations. This project uses the conceptual framework of coupled systems to
examine how the domestic cycle of households affects the demography of family herds
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(and vice versa), and ultimately the growth of livestock populations in pastoral societies.
The hypothesis - herd and household dynamics keep livestock populations in check - is
innovative, as is the proposed methodology of using agent-based modeling to examine
the non-linear dynamics of coupled demographic systems. If the simulations support the
hypothesis, it will fundamentally change our understanding of pastoral systems. Our
project will likely generate a number of large-scale projects that integrate empirical
research and modeling studies to examine how herd and household dynamics shape and
are shaped by other economic, ecological, and political drivers. Understanding how
demographic dynamics at the level of the household and family herd play out at the
population level not only advances our theoretical understanding of the ecology of
pastoral societies, but also will advance our understanding of the emergence and
persistence of inequality in pastoral societies (Borgerhoff Mulder et al., 2010; Salzman,
1999) and of long-term demographic dynamics in other social-ecological systems (Axtell
et al., 2002; Gurven and Davison, 2019; Turchin, 2009).
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