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2. Theories and Models:
Understanding and Predicting
Societal Collapse

Sabin Roman

There have been numerous arguments put forth to explain why
societies collapse. In this chapter we consider different approaches to
understanding the risk of societal collapse. According to Joseph Tainter,
collapse is a rapid and significant loss of an established level of socio-
political complexity of a society.! A complex society usually exhibits
a degree of social stratification and differentiation; specialisation of
economic functions and occupations at the individual, group, and
territorial level; centralised control, i.e. elites that regulate and integrate
economic and political activity; regimentation and behavioural control
(e.g. rule of law); investment in cultural property (e.g. monumental
architecture, literary, and artistic creation etc.); information flow
between individuals (e.g. education), between economic and political
groups, and between centralised structures and the periphery;
trading and redistribution of resources; the general coordination and
organisation of individuals and groups; and a single political unit which
integrates an extended territory. Practically, collapse is signalled by (or
has been associated with) the disappearance or significant decline in
these indicators of complexity.

A simple example of quantitative reasoning that gives some insight
into the long-term future of our society is the doomsday argument. In
1964 the American cultural theorist Albert Goldman proposed ‘Lindy’s
Law” after spending time in Lindy’s delicatessen in New York listening
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to comedians try to predict how long each other’s shows would run
for. According to this law, “the life expectancy of a television comedian
is proportional to the total amount of his exposure on the medium”,
based on the observation that many comedians would overexpose
themselves in ways that would ultimately prove unsustainable in the
long run. This principle was later formalised by the mathematician
Bernard Mandelbrot* and then generalised by Nassim Taleb into the
idea that non-perishable things (like human projects and ventures, up
to and including human civilisations, but not people or artefacts) ‘age’
in reverse so that “every year that passes without extinction doubles the
additional life expectancy” and “the robustness of an item is proportional
to its life”.> Of course, this does not mean we can predict when any given
society will collapse, but it does allow us to gain some indication of how
long societies in general can be expected to survive, and also potentially
which aspects of any given society will outlast which others.

A similar kind of argument was developed by ]. R. Gott to consider
future prospects for our species.* This is not based on assumptions
about the way that things do or don’t age, but rather on a Bayesian
argument about what we can infer from the fact that we ourselves have
observed something existing. The idea is that, if an item can only be
observed for a finite length of time (e.g. the period of time during which
it exists) then, unless we have some prior belief that we are observing
it at a special time in its life (e.g. we are actually observing its creation
or demise) we should expect our observation of that thing to be located
randomly within this period. Thus, we might reason that there is a 95%
probability that we will not be observing it at either the first or last 2.5%
of its life, and an equal chance that we are observing it in the second
half of its lifespan as in the first. Gott goes on to evaluate this argument
against his observations of different aspects of civilisation, including
Stonehenge, the Berlin Wall, the USSR, and the journal Nature (in which
he was publishing). He also applied this argument to our observation
of the existence of humanity itself, concluding that we should have
95% confidence that our species will survive between 5,100 years and
7,800,000 years into the future.

Gott, and most other theorists of the subject, were actually more
interested in further development of the doomsday argument, which
depends not on the temporal location of our observation of the existence
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of humanity, but rather on our own demographic location within the
species itself. The argument is as follows: from a total of N humans
that will be born, any one person is equally likely to find themselves at
any position n of the total population N. So, the distribution of n/N is
uniform over [0; 1]. There is a 95% chance that n/N is within [0.05; 1],
so n/N > 0.05, which implies that N < 20n. This places an upper limit
on the total expected number of people that will ever be born. With
different assumptions on birth rates, we can then determine the total
time that humanity has to exist. If 60 billion people have been born by
now, then a total of 1.2 trillion people is to be expected overall. This
argument has been analysed from various perspectives. However, it
has too many moving parts to give a robust time horizon for the end
of humanity. The total number of humans up to the present day needs
to be estimated, as well as the fraction this constitutes of the total N,
and the likely population levels and birth rates over time. For example,
population levels for humanity have varied from a few million (for
most of our history) to billions (after 1800). Hence, depending on
these estimates, the time our species has left can vary from thousands
to millions of years so that, irrespective of its validity, the argument is
simply not that informative.

While Lindy’s Law and the temporal version of the doomsday
argument have fewer moving parts, allowing timescales to be estimated
with less uncertainty, the arguments still do not prove to be that
informative, with the estimates for the future lifespan of our civilisation
or species ranging over at least three orders of magnitude (similar to the
demographic case). Nevertheless, the argument is not necessarily void,
as the upper bound of its predictions are comparable with estimates of
mammal species’ lifetimes.

What makes the doomsday argument informative is its use of the
95% confidence interval, but this is not necessarily justified. Assuming
that all the humans born up to the present moment (or the amount of
time our species has existed for) amounts to 5% of the total is rather
arbitrary. Nevertheless, since Sir Ronald Fisher introduced the 95%
confidence interval, there has been a tyranny of the 5% in statistical
testing.” The 5% feels like a ‘safe’, modest quantity to reference and
changing the doomsday argument to use more than 10% (which crosses
a psychological boundary for a civilisation with a decimal system)
would likely be viewed with suspicion and unease.
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Regardless of their potential value, however, Lindy’s Law and the
doomsday argument offer us only one way to assess the likely future
of our species, and their axioms are limited by being almost entirely
neutral regarding evidence that might shed light on this question (apart
from the date at which our species/civilisation first emerged and the
total size of previous populations, both of which are highly contestable
and hard to determine with any precision). At its core, the doomsday
argument relies on the assumption that there is some natural regularity
that governs the past and future lifespan of humanity and our projects,
arguing that we have no reason to consider our current observations
of them to be special in history. Given the rapid changes that have
been experienced in recent decades—in everything from the global
population to the pace of technological development—both of these
assumptions appear highly questionable.

However, we do not, in fact, need to adopt such an evidence-neutral
approach. There have been numerous studies that address societal
collapse within the field of archaeology (see the work of Tainter’s
The Collapse of Complex Societies and references therein)® and from
an ecological perspective.” In the next sections, we review the main
categories of theories put forward to explain societal collapse.

Exogenous factors and one-shot explanations

A popular reason that is proposed for the collapse of complex societies
is the depletion of natural resources, which can take various forms, such
as deforestation (as Jared Diamond has argued in the case of Easter
Island)® or degradation of soil quality for the Maya.? This is a recurrent
topic of concern for modern society, with emphasis ranging from
water scarcity'® to phosphorus shortages,' or, quite frequently, energy
production.’? The problem is often phrased in terms of reaching peak
production of a certain resource, such as metals® or fossil fuels.!

The loss of resources can be gradual or rapid (such as in the case
of a fast onset of environmental changes, with historic examples being
the floods of the Nile river that favoured crop parasites in the Middle
Kingdom of Egypt® or droughts for the Maya)."® A contemporary
example is climate change, which can lead to reduction in glacial cover
and threaten freshwater supplies' or loss of arable land due to changes
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in temperature and precipitation.’® Disruption via the loss of resources
can also take the form of a shift to a new resource base that can destabilise
prior social order and contribute to collapse.” A notable example for
the modern world is the change to renewable energy resources and the
move away from fossil fuels. A genuine transition to renewables is likely
to be tumultuous.”

The general difficulty with natural resource arguments for the
collapse of societies is that administrative structures, the allocation of
labour, and numerous innovations are often developed and geared
towards dealing with possible resource shortages and deteriorating
environmental conditions.” Thus, the scarcity of resources first leads
to an increase of the complexity of a society, rather than its collapse.
While this can be a contributing mechanism to collapse, by itself it is not
enough to adequately explain collapse. Overall, theories of collapse that
rest on the depletion or scarcity of natural resources propose an almost
paradoxical hypothesis that societies collapse in conditions they have
been adapting to and dealing with since their inception.

Another broad category of explanations for collapse is focused on
competition between societies, which can also take multiple forms.
Historical cases that have been included in this category are the demise
of the Huari and Tiahuanaco.”? A common instance of competition is
invasion from outsiders, which includes the Germanic invasion of the
Roman Empire,® or the invasion of the Hittite Empire by seafaring
nomads,* or contact with Europeans (in the case of Easter Island).” In
recent history, the possibility of collapse via this competitive route has
notable examples, such as the collapse of the Soviet Union in competition
with the US.?

While appealing in its simplicity and the identification of a ‘smoking
gun’ for collapse, this class of arguments misses an important point.
Throughout its history, any given society has likely encountered many
external threats, such as competition with several other societies on
economic terms or, more directly, as conflict and warfare. None of
these instances led to its collapse, but rather to a further increase in its
complexity. Thus, blaming collapse on a certain instance of competition
with another society is a type of cherry-picking.

Catastrophes are also a frequently quoted cause of collapse, with
examples including the volcanic eruptions and earthquakes for the
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Minoan Civilisation,” major epidemics for the Maya,” or rat infestation
for Easter Island.” Catastrophes can be classified as extreme cases of
contingent events, which form another class of explanations, where a
sequence of detrimental events led to the collapse. The events need not
be causally related, but represent a string of losses experienced by the
society that weaken it and lead to its breakdown or collapse. Again,
these types of arguments neglect the adaptive capacity a society has
in managing shocks to its function. While a sizable catastrophe can
effectively destroy an entire social system, such as with Pompeii,* they
rarely have the geographical reach to lead to widespread collapse.

A related theory of collapse considers societies to be vulnerable and
incapable of adaptation, so they cannot provide adequate and sufficient
responses to their challenges and circumstances, e.g. the Aztec and Inca
Empires.® If a society could not find and implement effective solutions
to its problems, what prevented it from doing so? While these types of
theories postulate the natural implication that if a society is not able to
respond adequately to problems it will collapse, they do not account for
the state of fragility.

For modern society, there are several examples of catastrophes that
are threatening: the case of a solar flare, or asteroid impact, or a series
of volcanic eruptions. While these can prove damaging worldwide in
various regards (demographically, economically) it is questionable
if they would pass the necessary threshold to lead to global collapse.
The critical features lie in social organisation and how we are using
the environment that gets impacted. In the case of the dinosaurs, the
asteroid hitting the planet led to the destruction of their ecological niches
and thus to their extinction,* but some species of mammals did survive.
Thus, for the systems our society uses, our concern for their collapse
does not necessarily stem from the gravity of any given catastrophe, but
rather the high level of fragility we see they have. As with the ancient
historical cases, to understand the vulnerability of the modern world
in facing external threats, we need to account for its internal dynamics,
which is of much higher complexity, and thus a greater challenge than
any historical example. This is well exemplified by climate change,
where the main driver of the phenomenon has been human activity
since the start of the industrial revolution.
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Overall, arguments based on competition with other societies,
intruders, or catastrophes neglect the fact that these types of events
have previously been encountered by a given society but no collapse
occurred, e.g. earthquakes in the Minoan civilisation, barbarian attacks
on the Roman front, or competition between the Mayan centres. In
addition, these theories have the added difficulty of placing the drivers
of the collapse outside of the society in question, which is incomplete
from an epistemological perspective without accounting for changes in
social structure and dynamics.

Social structure and class conflict

Some of the earliest proposed causes for the collapse of civilisations
have been the conflict between social classes and the mismanagement
by elites. Compared to the arguments above, one of the strengths of this
class of explanations lies in placing the mechanism of collapse within
the society in question. However, these explanations are accompanied by
some mystical (vague, unmeasurable) factors underlying the collapse,
e.g. a loss of social unity or of civic virtue.

One early theory of societal decline and collapse was put forward
by Ibn Khaldun in 1377, who proposed a cyclical model for the rise
and fall of civilisations.*> Khaldun introduces the notion of ‘asabiyyal’,
which roughly translates to social cohesion and unity. The theory can be
summarised as follows: asabiyyah is strongly felt in the early stages of a
society, but diminishes as the society grows and the leadership becomes
too removed from the concerns of the majority of people. If a group at
the periphery of the society enjoys a greater degree of social solidarity,
it can grow in dominance and eventually lead to a change in the
leadership. Then, a new cycle can start. One notable application of the
theory has been to the Ottoman Empire to understand its development,
which started at the periphery of the Byzantine Empire and grew to
prominence.*

In the 18" century Edward Gibbon, in Decline and Fall of the Roman
Empire, argued that the “virtue” of the citizens degraded, as they were less
willing to protect their borders and outsourced their military defences
to barbarian mercenaries.® In addition, he stated that Christianity
diminished the martial spirit of the Romans, and belief in the afterlife
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made them reluctant to sacrifice themselves for the empire. We can
observe that both Khaldun and Gibbon give explanations that rely on
the loss of social cohesion—either due to the leadership or amongst the
masses—and the subsequent invasion/replacement by an outside force.

As archaeology developed as a scientific field, the explanations based
on class conflicts gained new popularity. A major systematic study,
with a comprehensive review and integration of historical knowledge
on societal development and collapse, was Arnold Toynbee’s A Study of
History, published in 1961, with volumes IV-VI covering the ‘breakdown’
and ‘disintegration” of civilisations.*® Toynbee does not consider
environmental degradation or external invading forces as a root cause
of the breakdown of a society. Rather, he argues that the mechanism
behind the collapse is internal to the society and develops a theory of
how this unfolds (as follows).

A “creative minority” is responsible for problem-solving within
a society that leads to its growth and development, but eventually
it ceases to be innovative, at which point it turns into a “dominant
minority” which simply imposes rules and forces the majority into
obedience. The majority is called the “proletariat” and is further divided
into internal and external categories. The internal proletariat is under
direct subjugation of the dominant minority, whereas the external one
is left in poverty and disorganised. This state of affairs creates a tension
that eventually leads to the disintegration of the social order. Toynbee
applies the above theory to an extensive set of examples, including the
Roman Empire, the Mayan civilisation, and the Old Egyptian Kingdom.

Recent applications of the class conflict hypothesis include Easter
Island*” and the Maya.*® In the case of the modern world, we see
a significant degree of social upheaval in the 18" and 19% century
based on class conflict,” which (in part) likely inspired this category
of theories for societal collapse. The main difficulty with theories of
internal conflict and elite mismanagement is that these types of tensions
and inefficiencies always exist in societies.* It is questionable that only
at a certain point in a society’s history did these recurrent themes cause
the social structure to break down completely.

Prior to collapse, a high degree of social conflict can be present,
as was the case with certain Chinese dynasties,* but direct causation
cannot be inferred from this temporal succession. Similar to theories of
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resource depletion, the class conflict arguments encounter the difficulty
that these types of challenges are characteristic to the structuring and
functioning of a society since its inception. Similar to arguments based
on external threats, the occurrence of internal conflicts is so common
that explaining collapse based on the social upheaval happening just
before collapse amounts to cherry-picking of events. Arguably, there is
a long chain of events, with both internal and external factors, which
occur throughout a society’s history that are causally connected and can
amount to its collapse. While the class conflict hypothesis highlights an
important category of such contributing events, the causal structure is
still short-sighted and the connection with other factors is neglected.

As seen above, most common theories of societal collapse either
focus on factors that are not internal to the society in question or, in cases
where the causes are intrinsic to the society, they refer to social conditions
that have been characteristic to the society since its formation. The main
difficulty in the explanations above is that they force the cause to be
considered a single factor and posit the causal mechanism as a direct,
linear process. Given the complexity of the systems involved, collapse
is often a multi-faceted process that requires accounting for multiple
interrelated factors. Simply listing the different contributing phenomena
is insufficient to give us additional insight, but what can bridge the
epistemological gaps is establishing the connection and causation
between the different aspects affecting the operation of a society, such
as its resource usage, its social organisation, main paradigms, norms,
and institutions, and how it adapts to external threats. A consistent way
to map these factors into one conceptual scheme is the identification of
feedback mechanisms and the use of causal loop diagrams to illustrate
the relationships that form and manifest over time.

The case of feedback mechanisms

A feedback mechanism is a multi-causal relationship between two or
more variables. It can be represented by a causal loop diagram (CLD),
where the different variables are listed and connections are illustrated
with arrows. The variables are called stocks and represent quantities
that change over time.
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Technology.

Population- Food availability

Fig. 1. A causal loop diagram (CLD) illustrating the relationship between
population and food availability posited by Malthusian theory (lower half). An
increase in population leads to a decrease in availability of food due to larger
consumption. An increase in available food spurs an increase in population due
to the higher amount of resources. The feedback tends to stabilise: any increase
in population comes with a decrease in available food, which leads to a lower
population. Boserup considers technology as adding a positive feedback loop
(upper half), wherein a greater population leads to more technological innovation
which allows more food production.*

The influence of one stock on another is shown through an arrow
with a + (plus) or - (minus) depending on the growth of the starting
stock, which leads to increase (+) or decrease (-) in the target stock.
A CLD of a process can highlight its non-linear nature, represent how
multiple factors influence each other, clarify the conceptual model of
the dynamics, and be a stepping stone to a quantitative description.”
Numerous physical, biological, social, and technological processes can
be described through CLDs,* and they represent a natural explanatory
framework for a process as complex as societal collapse.

An early example of a feedback mechanism applied to the
sustainability of human society can be found in the 1798 work of Thomas
Malthus, whose main argument can be summarised in the CLD of Fig.
1 (lower half).* The CLD can be understood as follows: an increase
in population leads to a decrease in available food, while an increase
in available food leads to an increase in population. The feedback
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mechanism is balancing, meaning that an increase in population leads
to a decrease in available food, which would imply a decrease in the
population. Thus, the variables tend to stabilise to certain values, because
significant growth in one then leads to a counter-acting response from
the other. The CLD only illustrates the simplest instance of Malthusian
ideas, but does convey the point that population overshoot implies a
later, possibly sharp, population decline.

An additional aspect Malthus points out is that population grows
in exponential fashion, whereas agricultural production can only
grow linearly. As described above, the mismatch will cause population
levels to return to sustainable levels. In addition to food scarcity, with
increasing population density, the chance of war breaking out increases,
diseases are more easily transmitted, and general livelihood become
harsher, which makes the bearing and raising of children more difficult.
From the economic viewpoint, we can interpret this as saying that the
costs of sustaining the population are growing faster than the capacity
to sustain them.

With the industrial revolution, it became increasingly clear that
technology could help eliminate—or at least delay—the negative
population pressure Malthus hypothesised. Eventually, an alternative
theory appeared with E. Boserup’s The Conditions of Agricultural Growth:
The Economics of Agrarian Change Under Population Pressure, which
argued that, under conditions of rapid population growth and low land
productivity, new, more intensive, agricultural technology would be
developed to provide sufficient food.* Behind Boserup’s thesis is the
old tenet that ‘necessity is the mother of all invention’. For example,
the Mayan civilisation employed intensive agricultural practices
(field-raising, terrace-building, etc.) and better irrigation and water
management systems (e.g. building reservoirs) to cope with rainfall
variability (including droughts) and their growing population.”

In Fig. 1 (upper half) we can see the CLD associated with Boserup’s
idea: an increase in population leads to an increase in technological
development, that leads to an increase in food production. Thus, the
decrease in food availability due to a large population growth can be
compensated for through technological means. When conventional
farming methods prove insufficient, the short-term response is likely the
diversification and intensification of agricultural practice to compensate
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for any likely shortfall in production. But, as the Mayan case illustrates,
on much longer time scales, the (ultimately) finite carrying capacity of
the environment would constrain population growth (assuming all other
factors are unchanged).”® Thus, the theories of Malthus and Boserup
can operate at different timescales, with a Malthusian catastrophe not
necessarily avoided in the long term.

The question is then if technological innovation can continue to
overcome environmental and production problems associated with the
availability of food (and other necessary resources). Despite challenging
Malthus by arguing that productivity per unit of land increases under
intensification, Boserup argues that productivity per unit of labour
actually decreases. Through factors such as preparation, fertilisation,
and irrigation, human labour per unit of agricultural output increases
but continues to be undertaken due to the growing population size.
The work of Boserup received quantitative support through the data
compiled by Clark and Haswell* and Wilkinson,* who show that the
average and marginal return on agriculture does indeed decline with
increasing labour.

Tainter generalises Boserup’s observation of declining productivity
per unit of labour to all problem-solving endeavours, not just
procurement of food.”! Specifically, Tainter posits that there are
diminishing returns to investments in complexity (all activity geared
towards problem-solving). In particular, this trend holds for technical
innovation, e.g. to reach the same number of patent applications in
1958 as in 1946, the US required twice as many scientists and engineers,
and three times as much investment as 12 years before.” Similar trends
continue up to the present,” with examples including the decreasing
number of patents per inventor the reduction in energy return
on investment in oil production,” Eroom’s law in pharmaceutical
discoveries showing a decrease in R&D efficiency by a factor of 100
from 1950 to 2010,%® and the rising economic and environmental costs
of deep learning.”

The theories of Malthus, Boserup, and Tainter are not only applicable
to modern society but also to past societies, and can (in part) account
for historical cases of collapse, at least in cases relating to resource-
harvesting in a fragile environment, such as for Easter Island*® and the
Classic Lowland Maya.” The idea of diminishing returns to investments
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in problem-solving is well exemplified by the Roman Empire,*® whose
early conquests were very profitable and allowed for the elimination
of taxes for the citizens. With the expanding territory, the military and
administrative costs grew as well.

At a certain point, further conquests/conflicts proved less beneficial
and even amounted to a loss of resources, like the wars with the Germanic
tribes. Maintenance of the empire ended up having larger costs than
revenue, and territory was gradually lost. The Roman currency, the
denarius, was being debased to expand the money supply and cover the
costs (at least temporarily).®! Throughout a period of 400 years, these
negative returns manifested as a collapse. Similar arguments have been
forwarded regarding the Chinese dynastic cycle,** the Ottoman Empire,*
and the Maya.*

More generally, as was the case with the Roman Empire, the
maintenance of a complex socio-political system requires resources
and energy in various forms. Each new problem leads to an increase in
the system’s complexity due to the new institutions, more people, and
different specialisations required to implement a solution. The increased
complexity carries additional energy costs. The previously existing
structures are not radically reformed but are expanded to incorporate
new functionality, or additional ones are created.

So, the complexity tends to add increase with time, and hence, so
do the costs of its maintenance. Furthermore, the benefits incurred in
this enterprise suffer from the law of diminishing returns.®® As such,
“investment in socio-political complexity as a problem-solving response
reaches a point of declining marginal returns”.® At an advanced stage of
socio-political growth, a society uses up most of its energy to maintain
all the previously implemented solutions, and has very low returns on
solving new problems. Thus, it becomes increasingly sensitive to—and
incapable of—tackling internal or external threats and perturbations.
In these conditions, collapse is a likely outcome, irrespective of specific
factors or circumstances.

Another theoretical framework that significantly extends Malthus’
work is structural demographic theory.” Beyond the population,
the theory considers the role played by state structures and elites in
stabilising or destabilising social order and dynamics. Multiple feedback
mechanisms are posited within the social hierarchy, and several causal
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pathways are found for the emergence of political and wider social
instability. The theory was developed by Peter Turchin and others to
explain the emergence of rebellions and revolutions within a state, and it
has led to numerous quantitative models that capture these phenomena
in mathematical form.*

A theory of collapse built on feedback mechanisms describing social
dynamics is consistent with the nature of a complex system, wherein
multiple interacting factors are present, the evolution is non-linear,
and causality cannot be assigned to singular aspects of the system. The
frameworks outlined above are examples of influential theories on long-
term sustainability (and collapse) that can be formulated as feedback
mechanisms. While bridging epistemological gaps found in prior
types of arguments, we can ask if these theories can provide specific
predictions or remain as explanatory frameworks with no clear time
horizons for their insights.

Quantitative models

To achieve specific, reliable, and quantitative predictions, it is necessary
to formulate mathematical models of societal dynamics and evolution,
such as within structural demographic theory.® Qualitatively describing
the structure and dynamics of societies through feedback mechanisms
is an important stepping stone towards the developments of realistic
mathematical models.”” A mathematical model can encapsulate the
non-linear features of the relationships and dynamics found within a
social system, and quantify and predict the time evolution of relevant
variables (such as population levels, resource usage, economic metrics,
etc.).

There are several different modelling methodologies that are
commonly employed, and they differ in their complexity and calibration.
There are large-scale models that attempt to capture multiple socio-
environmental factors in a fine-grained fashion. These models fall into
two broad classes:

(a) agent-based models (ABMs), which represent individuals (or
communities) as agents with set attributes and behavioural rules, such
that a realistic rendering of relevant behaviour is desired with the aim of
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obtaining larger scale emergent phenomena. Often, they also explicitly
model the spatially extended features, such as terrain; and

(b) integrated world models, which employ a wide variety of
modelling techniques (system dynamics, econometrics, etc.) and aim
for an accurate, detailed representation of the system under study. They
are complex models that use a large number of variables and parameters.

Early agent-based models were formulated and implemented in the
1970s and 80s. One of these models which we will mention is Schelling’s
model of racial segregation,” the iterated prisoner’s dilemma,”? and Craig
Reynolds” “Boids” computer programme.” In the 1990s, the method
expanded significantly, and became widely applied to modelling social
and economic phenomena. Of particular interest is the Sugarscape
model that is built up gradually and grows increasingly complex, when
more realistic phenomena start to emerge (like wealth inequality, trade
relations, and conflict).” This example is an excellent illustration of the
general, non-trivial, and useful insights ABMs can provide by building
social structure from the bottom-up.

There are several notable examples of agent-based models that
address the dynamics of past societies and human activity (trade,
migration, etc).”” Arguably, the first significant effort in this sense was
by Dean et al.,”® Axtell et al.,”” and Gumerman et al.,”* who modelled
the Kayenta Anasazi that lived in the Long House Valley in the Black
Mesa area of north-eastern Arizona (US) from about 1800 BCE to 1300
CE. Other agent-based models focus on the Mayan civilisation” and
the Bronze Age collapse,® but beyond the cases listed, agent-based
models that aim to reproduce the archaeological records of complex,
past societies are scarce. Effort in this area is directed more towards
understanding prehistoric social dynamics and organisation.®

Given the large number of parameters and the many specific
modelling choices that have to be made when designing such a high-
resolution model, the problem of validating it is quite difficult. How
many other parameter values and design decisions are compatible
with the output of the model? To what extent are these possible
models equivalent and insightful about the actual historical behaviour,
decisions, and events? These questions cannot be answered in general,
and despite the significant effort put into developing a realistic ABM,
the whole endeavour can be at risk of becoming a very sophisticated
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curve-fitting exercise that provides little historical insight. Still, a variety
of empirical approaches have been applied to ABMs, and this has led to
a continued debate regarding their validation.®

The first major examples of mathematical models developed to
account for collapse have not been aimed at ancient societies, but rather
at modern society. The first global integrated models were initiated after
the sustainability movement of the 1960s, when the Club of Rome was
established by a group of economists and scientists with the goal to
pursue a holistic understanding of—and solutions to—the world’s major
social and environmental problems.® In the mid-1950s, Professor Jay
Forrester at MIT developed system dynamics, a diagrammatic method
to aid the development of large-scale models consisting of differential
equations.®

At the request of the Club of Rome, Forrester developed the
World1 and World2 models, which incorporate complex feedback that
characterises modern industrial society.®> Eventually, the World3 model
was developed, which led to the ‘Limits to Growth’ (LTG) study, led by
Donella Meadows, that attempted to understand the development of
society by taking into account a wide range of phenomena, including
food production, pollution, economic wellbeing, population growth,
and industrial output.® ‘Limits to Growth’ is based on the World3 model,
which consists of 16 state variables (e.g. population, pollution, arable
land) and 80 fixed parameters. The timeframe of the model is 200 years,
between 1900 and 2100. The study focused on three scenarios: a base
case with parameters best fitted to historical data, an environmentally
sustainable case, and a technologically driven, industry-intensive
scenario.

The first and third scenarios led to a peak in industrial output in
the 21% century and a subsequent decline in economic activity and
demographic levels. The sustainable case manages to reach a steady
state with little loss of life, but it requires parameter choices that, in
the real world, would require drastic action to curtail pollution and
population growth. Given its dire outlook, the LTG study has received
harsh criticism from economists,” but in recent years the standard run
of the model has been found to match well with historical trajectories.®
Since LTG was published, several other models have been developed,
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which are aimed at integrating social, ecological, and technological
factors into a coherent whole to provide policy recommendations.*

There is another category of models where low-dimensional
dynamical systems are employed to represent the dynamics of the
system in an aggregated way. The models generally fall into one of two
methodological approaches:

(a) economic-based models, in which individuals of the society
are modelled as rational, utility-maximising agents. Typically, a utility
function is chosen dependent on labour and land, and maximised under
certain constraints. The relations that are obtained later inform the
choice of dynamical system and parameters that influence the societal
dynamics; and

(b) ecologically inspired models, which employ functional forms
used in ecology to build the dynamical system and do not rely on neo-
classical assumptions of consumer behaviour. The choice of dynamical
system in this case is made by attempting to match the model structure
to a theoretical framework (sociological or archaeological), along with
empirical observations and measurements.

A broader trend started in the late 1990s—developing simple
dynamical systems to model societal evolution. Renewed interest in
the mathematical modelling of societal development (and collapse)
was sparked by the work of Brander and Taylor.” Several papers that
appeared following Brander and Taylor’s also employed the economic
methodology and analysed how different factors—such as property
rights, technology, or growth—could have impacted and possibly
modified the outcome on Easter Island.

With regard to economic models of societal dynamics, we can
identify three weaknesses: (i) the fundamental assumption of rational
human behaviour is not justified empirically,” (ii) the literature did not
aim to improve the archaeological fit of the initial model by Brander and
Taylor, and (iii) the models have increased in complexity over time with
no discernible, testable features—e.g. more parameters were added or
more complicated objective functions were proposed. Models which
were developed on ecological and archaeological grounds, which we
detail next, do not share these difficulties.

Some models do not employ an economic approach to modelling
societies, but rather develop the dynamical systems more heuristically,
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from either ecological considerations or society-specific features
consistent with the archaeology. In mathematical ecology, similarly
to economics, an adequate representation of a system by a model is
achieved by following certain general modelling principles.” But with
regard to historical processes, there has not yet been a consensus on the
appropriate modelling techniques. A new field called ‘cliodynamics™*
seeks to provide such a common framework for modelling historical
processes, but the field is still in its infancy.

Discussion

We have reviewed the main theories put forward to explain how
societies collapse, starting with qualitative theories with a focus on
single exogenous factors, such as resource depletion, competition
and conflict with other societies, catastrophes, and contingent events.
Then, we considered theories with an endogenous explanation of
collapse, which focus predominantly on class structures and elite
mismanagement. In this regard, the theories of Khaldun, Gibbon, and
Toynbee were highlighted as notable examples throughout the history
of the field. The theories considered up to this point posit that collapse
occurs in conditions that have been recurrent throughout the history
of societies. Hence, taking any one given event (e.g. resource shortage,
war, rebellion, etc.) as being the cause of the collapse means ignoring
similar historical precedents and not accounting for how the society
became susceptible to collapse.

Then, we considered theories that can be formulated as feedback
mechanisms operating within societies. Historically, Malthus’ theory
provides an early example, upon which several refinements were made,
notably by Boserup and Tainter, and later in structural demographic
theory. These later theories provide frameworks compatible with the
nature of a complex system (such as a society) and do not have the
epistemological problems of previously mentioned theories, as they
provide a mechanism and causal pathway for increased vulnerability to
collapse. Furthermore, they provide a stepping stone to mathematical
modelling of collapse, which moves beyond qualitative considerations
and gives quantitative insight into the phenomenon.

Quantitative models of societal dynamics and collapse broadly fall
into the following categories: agent-based models, integrated world
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models, and low-dimensional dynamical models. Agent-based models
offer a bottom-up approach to understanding a system'’s structure and
behaviour. The insight these models can provide is how basic building
blocks of the system in question behave. The difficulty lies in matching
underlying agent behaviour with large-scale features with the data,
and discriminating between alternative assumptions regarding the
agent’s characteristics. Integrated world models have a high degree of
complexity (many variables, equations, mechanisms, and sub-models)
that hinder understanding and communication. Nevertheless, due to
their complexity and comprehensiveness they are also the most realistic
models, and are used in policy-making.

Low-dimensional dynamical systems models have been widely used
to capture societal mechanisms from a top-down perspective.”* The
different schools of thought on the methodology of developing these
models can be divided into either economically or ecologically focused;
each one has different emphases and strengths. The advantage of low-
dimensional models is that they can capture a specific idea or theory
on how societal evolution takes place. This, plus their smaller number
of variables, allows for comparison with the archaeological record. The
main shortcoming of these models is the potential over-simplifications
they make in describing the systems under study. However, searching
for models at a mesoscopic scale of intermediate complexity can be
advantageous, as sufficient societal elements can be accounted for to
reproduce known data, but the model can also be kept manageable, so
that it can be understood analytically and communicated more easily.

Still, the topic of societal collapse has generally been approached
from a mostly qualitative perspective, which presents arguments in a
narrative form without a mathematical understanding of the underlying
dynamics. In some cases, there even appears to be an aversion to
quantitative models.”” Tainter argues that quantitative models are
inadequate to capture the full scope of societal complexity and the
underlying drivers of its evolution.” Turchin disagrees, and argues that
“a discipline usually matures only after it has developed mathematical
theory” especially if the discipline deals with dynamical quantities.””
Informal verbal models are appropriate if the underlying mechanisms
are sufficiently simple (acting in a linear and additive manner), but
generally misleading if the system exhibits non-linear feedback and
time lags.”
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Casting hypotheses into quantitative models can help in illuminating
uncertainties regarding the system, expose prevailing wisdom as
incompatible with available data, guide data collection, or uncover
new questions.” Mathematical models can thus be “indispensable
when we wish to rigorously connect the set of assumptions about
the system to predictions about its dynamics behavior”.'® However,
as with Lindy’s Law and the doomsday argument, there remains the
general difficulty (as with any mathematical model) of choosing and
calibrating its parameters. In addition, given the overall complexity of
any given society, any proposed qualitative or quantitative description
(feedback mechanism, models, etc.) can only aim to provide a partial
description of societal dynamics and collapse. Establishing cause-effect
relationships requires both empirical support and validated modelling,
and remains subject to much debate. Applying this methodology to
modern society comes with additional difficulties due to the system’s
highly interconnected nature, but progress is being made with regard to
threats such as climate change.'”

The use of quantitative models to test the validity of hypotheses has
not been common in social sciences historically, and a new field called
‘cliodynamics” has emerged to tackle this issue'®?, and provide historical
and current insight into social processes and emerging instability.'®

Cliodynamics has the potential to follow in the footsteps of
theoretical physics and mathematical biology in providing a robust,
reliable modelling framework. The framework would be applicable to
societal dynamics for ancient and modern cases. While the validation
of any given model is difficult and debatable, by building a significant
number of models with diverse features, a mathematical dictionary can
be constructed that allows diverse social phenomena to be translated
into equations or computational models. While economics provides one
possible framework for modelling human behaviour, the models can be
overly limiting in their underlying assumptions, whereas cliodynamics
is more open to a diversity of assumptions from either an ecological or
historical perspective.

Each term in an equation or rule in an agent-based model can form
a foundation and a set of building blocks to obtaining certain emergent
behaviours. For example, the law of mass action is a common functional
term employed to model predator-prey interactions in population
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biology or population interactions in epidemiology. Similarly, the
relationships between state resource, population, and war;'* the impact
of wealth on birth rates;'® population shifts between specialisations;'*
the territory conquered by an army;'” or transitions between a unified
or turbulent period in history can be modelled through specific terms
and equations proposed in the literature.'® If a common set of historical
mechanisms can be found throughout multiple time periods and a
modelling framework with a toolkit of different methodologies adaptive
to different scenarios can be built, then the science-fiction discipline of
psychodynamics that Asimov imagined would be within reach.

Notes and References

1 Tainter, J., The Collapse of Complex Societies. Cambridge University Press
(1988).

2 Mandelbrot, B.B., The Fractal Geometry of Nature. W.H. Freeman (1982).

3 Taleb, N.N., Antifragile: How to Live in a World We Don’t Understand. Allen
Lane (2012).

4  Gott III, J.R., ‘Implications of the Copernican Principle for Our Future
Prospects’, Nature, 363(6427) (1993), pp.315-19.

5 Stigler, S., ‘Fisher and the 5% Level’, Chance, 21(4) (2008), p12.
6 Tainter (1988).

7 Costanza, R., L. Graumlich, W. Steffen, C. Crumley, ]. Dearing, K. Hibbard,
R. Leemans, C. Redman, and D. Schimel, ‘Sustainability or collapse:
What can we learn from integrating the history of humans and the rest of
nature?’, Ambio (2007), pp.522-27.

8 Diamond, J., Collapse: How Societies Choose to Fail or Succeed: Revised Edition.
Penguin (2011).

9  Webster, D., The Fall of the Ancient Maya: Solving the Mystery of the Maya
Collapse. Thames & Hudson (2002).

10 Mekonnen, M.M. and A.Y. Hoekstra, ‘Four billion people facing severe
water scarcity’, Science Advances, 2(2), (2016), e1500323.

11 Cordell, D. and S. White, ‘Peak phosphorus: Clarifying the key issues of
a vigorous debate about long-term phosphorus security’, Sustainability,
3(10) (2011), pp.2027-49.



48

12

13

14

15

16

17

18

19

20

21

22

23
24

The Era of Global Risk

Dorian, J.P., H.T. Franssen, and D.R. Simbeck, ‘Global challenges in energy’,
Energy Policy, 34(15) (2006), pp.1984-91.

Ambrose, H. and A. Kendall, “‘Understanding the future of lithium: Part 1,
resource model’, Journal of Industrial Ecology, 24(1) (2020), pp-80-89.

Chapman, I., ‘The end of peak o0il? Why this topic is still relevant despite
recent denials’, Energy Policy, 64, (2014) pp.93-101.

Butzer, KW. and G.H. Endfield, ‘Critical perspectives on historical
collapse’, Proceedings of the National Academy of Sciences, 109(10) (2012),
pp-3628-31.

Kennett, D.J., S.F. Breitenbach, V.V. Aquino, Y. Asmerom, J. Awe, J.U.
Baldini, P. Bartlein, B.J. Culleton, C. Ebert, C. Jazwa, and M.]. Macri,
‘Development and disintegration of Maya political systems in response to
climate change’, Science, 338(6108) (2012), pp.788-91.

McDonald, R.I, P. Green, D. Balk, B.M. Fekete, C. Revenga, M. Todd,
and M. Montgomery, ‘Urban growth, climate change, and freshwater
availability’, Proceedings of the National Academy of Sciences, 108(15) (2011),
pp.6312-17.

Zhang, X. and X. Cai, ‘Climate change impacts on global agricultural land
availability’, Environmental Research Letters, 6(1) (2011), p.014014.

Harner, M)]., ‘Population pressure and the social evolution of
agriculturalists’, Southwestern Journal of Anthropology, 26(1) (1970), pp.67—
86; Bennett, ].W., The Ecological Transition: Cultural Anthropology and Human
Adaptation. Routledge (2017).

Huber, N., R. Hergert, B. Price, C. Zdch, AM. Hersperger, M. Piitz,
F. Kienast, and J. Bolliger, ‘Renewable energy sources: Conflicts and
opportunities in a changing landscape’, Regional Environmental Change,
17(4) (2017), pp.1241-55.

Isbell, W.H., ‘Environmental perturbations and the origin of the Andean
state’, in C.L. Redman, M.]. Berman, E.V. Curtin, W.T. Langhorne, N.M.
Versaggi, and J.C. Wanser (eds), Social Archeology: Beyond Subsistence and
Dating. Academic Press (1978), pp.303-13; Dillehay, T.D. and A.L. Kolata,
‘Long-term human response to uncertain environmental conditions in
the Andes’, Proceedings of the National Academy of Sciences, 101(12) (2004),
pp-4325-30.

Lanning, E.P,, Peru Before the Incas. Prentice-Hall (1967).
Manning, P. and T. Trimmer, Migration in World History. Routledge (2013)

Carpenter, R., Discontinuity in Greek Civilization. Cambridge University
Press (1966).



25

26

27

28

29

30

31

32

33
34

35

36

2. Theories and Models: Understanding and Predicting Societal Collapse 49

Stevenson, C.M., C.O. Puleston, PM. Vitousek, O.A. Chadwick, S. Haoa,
and T.N. Ladefoged, ‘Variation in Rapa Nui (Easter Island) land use
indicates production and population peaks prior to European contact’,
Proceedings of the National Academy of Sciences of the United States of America,
112(4) (2015): 1025-30.

Nijman, J., “The limits of superpower: The United States and the Soviet
Union since World War II', Annals of the Association of American Geographers,
82(4) (1992), pp.681-95.

Marinatos, S., “The volcanic destruction of Minoan Crete’, Antiquity, 13(52)
(1939), pp.425-39; Driessen, J. and C.F. Macdonald, The Troubled Island:
Minoan Crete Before and After the Santorini Eruption. Aegaeum (1997).

Acuna-Soto, R., D.W. Stahle, M.D. Therrell, S.G. Chavez, and M.K.
Cleaveland, ‘Drought, epidemic disease, and the fall of classic period
cultures in Mesoamerica (AD 750-950). Hemorrhagic fevers as a cause of
massive population loss’, Medical Hypotheses, 65(2) (2005), pp.405-09.

Hunt, T.L., ‘Rethinking Easter Island’s ecological catastrophe’, Journal of
Archaeological Science, 34(3) (2007), pp.485-502.

Scandonea, R. and L. Giacomellia, ‘Vesuvius, Pompei, Herculaneum: A
lesson in natural history’, Journal of Research and Didactics in Geography, 2
(2015), p.33.

Conrad, G.W. and A.A. Demarest, Religion and Empire: The Dynamics of
Aztec and Inca Expansionism. Cambridge University Press (1984); Sinopoli,
C.M.,, ‘The archaeology of empires’, Annual Review of Anthropology, 23(1)
(1994), pp.159-80; Chepstow-Lusty, A.J., M.R. Frogley, B.S. Bauer, M.].
Leng, K.P. Boessenkool, C. Carcaillet, A.A. Ali, and A. Gioda, ‘Putting the
rise of the Inca Empire within a climatic and land management context’,
Climate of the Past, 5(3) (2009), pp.375-88.

Chiarenza, A.A., A. Farnsworth, P.D. Mannion, D.J. Lunt, PJ. Valdes, J.V.
Morgan, and P.A. Allison, ‘Asteroid impact, not volcanism, caused the
end-Cretaceous dinosaur extinction’, Proceedings of the National Academy of
Sciences, 117(29) (2020), pp.17084-93.

Khaldun, 1., Mugaddimah (1377).

Lewis, B., ‘Ibn khaldun in Turkey’, Ibn Khaldun: The Mediterranean in the
14th Century: Rise and Fall of Empires. Foundation El Legado Andalus
(2006), pp-376-80.

Gibbon, E., The History of the Decline and Fall of the Roman Empire. Strahan &
Cadell (1776).

Toynbee, AJ., A Study of History (12 vols). Oxford University Press (1961).



50

37

38

39

40

41

42

43

44

45

46
47

48
49

The Era of Global Risk

Pakandam, B., Why Easter Island Collapsed: An Answer for an Enduring
Question. London School of Economics, Economic History Working Papers
(117/09) (2009).

Hamblin, R.L. and B.L. Pitcher, ‘“The Classic Maya collapse: Testing class
conflict hypotheses’, American Antiquity, 45(2) (1980), pp.246-67; Chase,
AF. and D.Z. Chase, ‘Contextualizing the collapse: Hegemony and
Terminal Classic ceramics from Caracol Belize’, in S.L. Lopez Varela and
A.E. Foias (eds), Geographies of Power: Understanding the Nature of Terminal
Classic Pottery in the Maya Lowlands. British Archaeological Reports (2006),
pp-73-92.

Goldstone, J.A., Revolution and Rebellion in the Early Modern World: Population
Change and State Breakdown in England, France, Turkey, and China, 1600-1850.
Routledge (2016).

Tuchman, B.W., March of Folly from Troy to Vietnam. Alfred A. Knopf (1984);
Tainter, (1988).

Eberhard, W., A History of China. University of California Press (2020);
Roman, S., ‘Historical dynamics of the Chinese dynasties’, Heliyon, 7(6)
(2021), p.e07293.

Boserup, E., The Conditions of Agricultural Growth: The Economics of Agrarian
Change Under Population Pressure. Allen and Unwin (1965).

Meadows, D.H., Thinking in Systems: A Primer. Chelsea Green Publishing
(2008).

Sterman, J., Business Dynamics. McGraw-Hill, Inc. (2000).

Malthus, T. R., An Essay on the Principle of Population as it Affects the Future
Improvement of Society, with Remarks on the Speculations of Mr. Godwin, M.
Condorcet, and Other Writers. Johnson (1798).

Boserup (1965).

Turner, B.L., ‘Prehistoric intensive agriculture in the Mayan Lowlands:
Examination of relic terraces and raised fields indicates that the Ro Bec
Maya were sophisticated cultivators’, Science, 185(4146) (1974), pp.118-
24; Turner, B.L. and J.A. Sabloff, ‘Classic Period collapse of the Central
Maya Lowlands: Insights about human—environment relationships for
sustainability’, Proceedings of the National Academy of Sciences, 109(35)
(2012), pp.13908-3914; Webster (2002).

Diamond (2011).

Clark, C. and M.R. Haswell, The Economics of Subsistence Agriculture.
Springer (1970).



50

51
52

53

54

55

56

57

58

59

60

61

62
63

64

2. Theories and Models: Understanding and Predicting Societal Collapse 51

Wilkinson, R.G., Poverty and Progress: An Ecological Model of Economic
Development. Taylor & Francis (2022).

Tainter (1988).

Machlup, F., The Production and Distribution of Knowledge in the United States.
Princeton University Press (1962).

Tainter, J.A., ‘Energy, complexity, and sustainability: A historical
perspective’, Environmental Innovation and Societal Transitions, 1(1) (2011),
pp-89-95.

Strumsky, D., J. Lobo, and J.A. Tainter, ‘Complexity and the productivity
of innovation’, Systems Research and Behavioral Science, 27(5) (2010),
pp-496-509.

Taylor, T.G. and J.A. Tainter, “The nexus of population, energy, innovation,
and complexity’, American Journal of Economics and Sociology, 75(4) (2016),
pp-1005-043.

Scannell, P, ‘The question of technology’, Narrating Media History.
Routledge (2012), pp.223-35.

Thompson, N.C., K. Greenewald, K. Lee, and G.F. Manso, ‘Deep learning’s
diminishing returns: The cost of improvement is becoming unsustainable’,
IEEE Spectrum, 58(10) (2021), pp.50-55.

Roman, S., S. Bullock, and M. Brede, ‘Coupled societies are more robust
against collapse: A hypothetical look at Easter Island’, Ecological Economics,
132 (2017), pp.264-78.

Roman, S., E. Palmer, and M. Brede, ‘'The dynamics of human-environment
interactions in the collapse of the classic Maya’, Ecological Economics, 146
(2018), pp-312-24.

Roman, S. and E. Palmer, ‘The growth and decline of the Western Roman
Empire: quantifying the dynamics of army size, territory, and coinage’,
Cliodynamics, 10(2) (2019); Tainter (1988).

Tainter, J.A., ‘Problem solving: Complexity, history,
sustainability’, Population and Environment (2018), pp.3-41.

Lattimore, O., Inner Asian Frontiers of China. Beacon Press (1940).

Lewis, B., ‘Some reflections on the decline of the Ottoman Empire’, Studia
Islamica, (9) (1958), pp.111-27.

Culbert, TP, ‘The collapse of the classic Maya civilization’, in N. Yoffee
and G.L. Cowgill (eds), The Collapse of Ancient Civilizations. University of
Arizona Press (1991), pp.69-101.



52

65

66
67
68
69

70
71

72

73

74

75

76

77

78

The Era of Global Risk

Tainter, J.A., ‘Complexity, problem solving, and sustainable societies’,
Getting Down to Earth: Practical Applications of Ecological Economics (1996),
pp-61-76.

Tainter (1988), p.118.
Goldstone (2016).
Turchin, P.,, Historical Dynamics. Princeton University Press (2018).

Turchin, P. and A. Korotayev, “The 2010 structural-demographic forecast
for the 2010-2020 decade: A retrospective assessment’, PloS One, 15(8)
(2020), p.e0237458.

Sterman (2000).

Schelling, T.C., ‘Dynamic models of segregation’, Journal of Mathematical
Sociology, 1(2) (1971), pp.143-86.

Axelrod, R. and W.D. Hamilton, ‘The evolution of cooperation’, Science,
211(4489) (1981), pp-1390-396.

Reynolds, C.W., ‘August. Flocks, herds and schools: A distributed
behavioral model’, Proceedings of the 14th Annual Conference on Computer
Graphics and Interactive Techniques (1987), pp.25-34.

Epstein, ]. M. and R. Axtell, Growing Artificial Societies: Social Science From
the Bottom up. Brookings Institution Press (1996).

Kohler, T.A. and S.E. van der Leeuw (eds), The Model-Based Archaeology of
Socionatural Systems. School for Advanced Research Press (2007), p.312;
Barceld, J.A. and F. Del Castillo (eds), Simulating Prehistoric and Ancient
Worlds. Springer International Publishing (2016).

Dean, J.S., G.J. Gumerman, J.M. Epstein, R.L. Axtell, A.C. Swedlund, M.T.
Parker, and S. McCarroll, “Understanding Anasazi culture change through
agent-based modeling’, Dynamics in Human and Primate Societies: Agent-
Based Modeling of Social and Spatial Processes (2000), pp.179-205.

Axtell, R.L., JM. Epstein, ].S. Dean, G.J. Gumerman, A.C. Swedlund,
J. Harburger, S. Chakravarty, R. Hammond, J. Parker, and M. Parker,
‘Population growth and collapse in a multiagent model of the Kayenta
Anasazi in Long House Valley’, Proceedings of the National Academy of
Sciences, 99(suppl 3) (2002), pp.7275-79.

Gumerman, G.J., A.C. Swedlund, ].S. Dean, and ].M. Epstein, ‘The evolution
of social behavior in the prehistoric American Southwest’, Artificial Life,
9(4) (2003), pp.435-44.



79

80

81

82

83

84
85
86

87

88

89

90

91

92

2. Theories and Models: Understanding and Predicting Societal Collapse 53

Heckbert, S., ‘MayaSim: An agent-based model of the ancient Maya social-
ecological system’, Journal of Artificial Societies and Social Simulation, 16(4)
(2013), p.11.

Chliaoutakis, A. and G. Chalkiadakis, ‘Agent-based modeling of ancient
societies and their organization structure’, Autonomous agents and multi-
agent systems, 30 (2016), pp.1072-116.

Barceld, J.A. and F. Del Castillo (eds) (2016).

Windrum, P, G. Fagiolo, and A. Moneta, ‘Empirical validation of agent-
based models: Alternatives and prospects’, Journal of Artificial Societies and
Social Simulation, 10(2) (2007), p.8; Moss, S., ‘Alternative approaches to the
empirical validation of agent-based models’, Journal of Artificial Societies
and Social Simulation, 11(1) (2008), p.5.

Ozbekhan, H., ‘La planification prospective’, Actualité économique, (3)
(1976).

Forrester, ].W., Industrial Dynamics. MIT Press (1961).
Forrester, ].W., World Dynamics. Wright-Allen Press (1971).

Meadows, D.H., D.L. Meadows, ]J. Randers, and W.W. Behrens, The Limits
to Growth. Universe Books (1972).

Bardi, U., The Limits to Growth Revisited. Springer Science & Business Media
(2011).

Turner, G.M., ‘A comparison of the Limits to Growth with 30 years of
reality’, Global Environmental Change, 18(3) (2008), pp.397—411.; Turner,
G., ‘Is global collapse imminent? An updated comparison of the Limits to
Growth with historical data’, MSSI Research Paper, 4 (2014), p.21.

Costanza, R., L. Graumlich, W. Steffen, C. Crumley, J. Dearing, K. Hibbard,
R. Leemans, C. Redman, and D. Schimel, ‘Sustainability or collapse:
what can we learn from integrating the history of humans and the rest of
nature?’, Ambio (2007), pp.522-27.

Brander, J.A. and M.S. Taylor, ‘The simple economics of Easter Island: A
Ricardo-Malthus model of renewable resource use’, American Economic
Review (1998) pp.119-38.

Janssen, M.A. and M. Scheffer, ‘Overexploitation of renewable resources by
ancient societies and the role of sunk-cost effects’, Ecology and Society, 9(1)
(2004); Nell, EJ. and K. Errouaki, Rational Econometric Man: Transforming
Structural Econometrics. Edward Elgar Publishing (2013).

Turchin, P., Complex Population Dynamics. Princeton University Press
(2013).



54

93
94

95

96
97
98
99

100
101

102
103
104

105
106
107
108

The Era of Global Risk

Turchin, P., “Arise ‘cliodynamics”, Nature, 454(7200) (2008), pp-34-35.

Roman, S., Dynamic and Game Theoretic Modelling of Societal Growth,
Structure and Collapse. Doctoral dissertation, University of Southampton
(2018).

Tainter, J.A., ‘Plotting the downfall of society’, Nature, 427(6974) (2004),
pp-488-89.

Tainter (2004).
Turchin (2013), p.1.
Sterman (2000).

Epstein, J.M., “Why model?’, Journal of Artificial Societies and Social
Simulation, 11(4) (2008), p.12.

Turchin (2013), p.4.

Kemp, L., ‘US-proofing the Paris climate agreement’, Climate Policy,
17(1) (2017), pp.86-101; Richards, C.E., R.C. Lupton, and J.M. Allwood,
‘Re-framing the threat of global warming: An empirical causal loop
diagram of climate change, food insecurity and societal collapse’, Climatic
Change, 164(3) (2021), pp.1-19.

Turchin (2008).
Turchin, P., Ages of Discord. Beresta Books (2016).

Turchin, P.,, ‘Long-term population cycles in human societies’, Annals of the
New York Academy of Sciences, 1162(1) (2009), pp.1-17.

Roman et al. (2017).
Roman (2018).
Turchin (2008); Roman and Palmer (2019).

Roman, S., ‘Historical dynamics of the Chinese dynasties’, Heliyon, 7(6)
(2021), p.€07293.



