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ARTICLE INFO ABSTRACT

Keywords: As the world faces multiple crises, lessons from humanity’s past can potentially suggest ways to decrease dis-
Broflze age ruptions and increase societal resilience. From 1200 to 1100 BCE, several advanced societies in the Eastern
Societal collapse Mediterranean suffered dramatic collapse. Though the causes of the Late Bronze Age Collapse are still debated,
Resilience . . : « " . . . .

Risk contributing factors may include a “perfect storm” of multiple stressors: social and economic upheaval, earth-
Networks quake clusters, climate change, and others. We examined how collapse might have propagated through the

societies’ connections by modeling the Eastern Mediterranean Late Bronze Age trade and socio-political net-
works. Our model shows that the Late Bronze Age societies made a robust network, where any single node’s
collapse was insufficient to catalyze the regional collapse that historically transpired. However, modeled sce-
narios indicate that some paired node disruptions could cause cascading failure within the network. Subse-
quently, a holistic understanding of the region’s network incentive structures and feedback loops can help
societies anticipate compounding risk conditions that might lead to widespread collapse and allow them to take
appropriate actions to mitigate or adapt societal dependencies. Such network analyses may be able to provide
insight as to how we can prevent a collapse of socio-political, economic and trade networks similar to what
occurred at the end of the Late Bronze Age. Though such data-intensive analytics were unavailable to these
Bronze Age regions, modern society may be able to leverage historical lessons in order to foster improved
robustness and resilience to compounding threats. Our work shows that civilization collapses are preventable; we
are not necessarily destined to collapse.

Geopolitical conflicts

1. Introduction: The Late Bronze Age civilizations and their
collapse

From approximately 1700-1200 BCE, the Late Bronze Age in the
Aegean and Eastern Mediterranean featured a number of centralized
societies whose monuments endured in some instances for centuries.
The key players included the Mycenaeans on mainland Greece, who
succeeded and somewhat subsumed the Minoans on Crete, New
Kingdom Egypt, Babylonia, Cyprus, Assyria, the Hittite empire in Ana-
tolia, cities in the region of Western Anatolia, and the cities of Canaan,
including the international entrepot Ugarit (Fig. 1).

Dramatic changes at the end of the Late Bronze Age attest to the
abrupt collapse of several of these long-standing and interconnected
societies and the transformation of others (Cline, 2021). During this

period, regional trade, expressions of art and culture, and prevailing
systems of palace governance disintegrated, inaugurating a far less
connected period with diminished societal complexity. Scholars have
proposed causes for this regional collapse, with particular emphasis
upon social strife, famine, or an invasion by the ‘Sea Peoples,” but no
theories have proved conclusive. We know that the Late Bronze Age
Collapse struck cosmopolitan societies which had prospered for cen-
turies. Why did they suddenly become untenable? What precipitated the
widespread collapse? This has been the subject of scholarly debates for
several decades now.

Archaeological and textual remains document a high degree of
connectivity between Bronze Age polities prior to the Collapse, largely
borne from necessity. For instance, the bronze metal that constituted the
era’s technical innovation contained 90 % copper and 10 % tin and
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required international trade to secure the components, namely copper
from Cyprus and tin from either Turkey or Central Asia, i.e.,
Afghanistan, Uzbekistan, and Tajikistan (see (Powell et al., 2022; Powell
et al., 2021).

A minimum of 175 exchanges between 28 separate polities can be
either documented or inferred from archaeological remains and textual
inscriptions in the period prior to the Late Bronze Age Collapse (Cline,
2021). The connections include marriages between various empires,
war, disease, military aid, and material exchanges. Access to critical
materials, such as the tin from Central Asia, fueled the development of
long-distance trade routes beyond the Eastern Mediterranean, and sub-
sequently fostered the exchange of other goods (grains, wood, spices,
pottery, precious metals, and various luxuries) between the Aegean and
Eastern Mediterranean polities. Evidence of exchange of certain foods
with South Asia has been recently discovered, including sesame, soy-
beans, turmeric, and possibly bananas (Scott et al., 2021).

Such societal complexity provided the foundations of population
growth and the formation of robust societies. These societies had pre-
viously survived both natural disasters (e.g., the earlier eruption of
Santorini) and socio-political cataclysms (e.g., the conflict between
Egypt and the Hittites, including the Battle of Kadesh) to continue
advancing: regional complexity was sustained and grew. Harvests
improved, international trade expanded, diplomatic and cultural ex-
changes grew broader in scope (Cline, 2021; Manning et al., 2014;
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Marco, 2018).

Towards the end of the Late Bronze Age, many disruptions re-
occurred but with differences from earlier periods. In particular, new
studies involving lake sediments, stalagmites in caves, and coring from
lagoons, in regions stretching from Italy and Greece to Turkey, Syria,
Lebanon, Israel, and Iran, have produced evidence of drier and colder
conditions, especially towards the end of this period (see, e.g., Cline,
2021; Finné et al., 2019; Kaniewski et al., 2020; Kaniewski et al., 2019;
Kaniewski et al., 2019; Langgut et al., 2015; Weiberg and Finné, 2018).
Such a regional change in climatic conditions likely created local dis-
ruptions to food sources and water, and possibly other critical functions
like sea travel and fire management.

During the early 12th century BCE, many cities were abandoned or
violently destroyed. This Collapse decreased regional trade, reduced
literacy, and lowered socio-political and economic organization. Over
time, bronze was replaced by the more locally accessible iron, hence the
name for this succeeding period: the Iron Age.

These regional changes occurred rather suddenly and probably un-
expectedly, begging the question: what could produce this outcome? It
has been suggested (Cline, 2021) that a “perfect storm” of calamities,
including drought, famine, disease, invaders, and earthquakes, coa-
lesced to create the disaster. However, while this may suggest what
happened, it does not answer why or how the interconnected network
and its components collapsed. The current study models the Late Bronze
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Fig. 1. The Late Bronze Age world. Here we have combined modern place names (Mainland Greece, Cyprus) with the contemporary names of regions that no
longer exist (Ugarit, Canaan, Hittite Empire). The node “Western Anatolia” is a conglomerate of several polities on the western coast of modern-day Turkey, including

some that were occasionally subsumed in the Hittite Empire, as shown.
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Age Collapse to examine whether the Collapse arose following link
failures within the connected political and commercial networks of the
Late Bronze Age societies.

2. Materials, methods, and network description

This analysis combines network science and the wealth of informa-
tion available from the Late Bronze Age Collapse. Our network contains
ten nodes: nine of these represent the most important regions of the Late
Bronze Age in this area, namely Assyria, Babylonia, Canaan, Crete,
Cyprus, Egypt, Mainland Greece, Hittites, and Western Anatolia, while a
tenth node represents Ugarit, an international city with substantial
archaeological and textual evidence.

Our network contains two layers: commercial and political, based
primarily on the archaeological and textual evidence presented in the
book 1177 BC: The Year Civilization Collapsed (Cline, 2021). While
recognizing that our network uses an incomplete historical record, we
hope that the ample extant evidence approximates the most salient
features of these two layers. Fig. 2 shows the modeled network’s polit-
ical and commercial layers.

The political links represent diplomatic ties between nodes: friendly
relations and mutual defense pacts, as seen in treaties between the
Hittites and the Egyptians or between the Hittites and at least one ruler

Hittites

Mainland Greece
?
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of Wilusa (i.e., Troy). We regard such political ties as undirected links,
meaning the exchange relationship is reciprocal rather than originating
at one node and ending at the other. We distinguish four levels of
strength for these political ties: w = 1,...,4. There are E; = 30 links in the
political layer.

The commercial links represent trade flows between the nodes,
including pottery, metal and glass ingots, and luxuries like beads and
ivory. We regard such trade flows as directed, although goods almost
always flow in both directions. We again distinguish four levels of
strength for these trade links: w = 1,...,4. There are E, = 89 directed links
in the commercial layer.

We have limited our analysis to links of strength 3 and 4 in both
layers, producing a two-layer interdependent network of N = 10 nodes,
E; = 21 undirected political links, and E; = 54 directed commercial
links. This limiting created a sufficiently sparse network to stress test
while still reflecting the archaeological record. Since E; = 54 directed
links connect each node pair in both directions, we further reduce them
to 27 undirected links.

2.1. Compounding threats and determining node stability

The network model tests the hypothesis that node failures cause link
failures that can affect the node at the link’s other end. We assume that a

Politics Layer

Mainland Greece

Egypt

Fig. 2. Late Bronze Age network. The network consists of interdependent political (top, blue) and commercial (bottom, red) layers. The vertical dashed lines
between the two layers display interdependencies between the layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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node will “collapse” when a sufficient number of its links collapse.
Moreover, we also assume that the commercial and political layers are
interdependent and that the well-being of a node in one level depends
upon its state in the other layer. Consequently, a node failure in one
layer causes the failure of the same node in the other layer (Barta et al.,
2019; Boccaletti et al., 2014; Buldyrev et al., 2010; Gao et al., 2015;
Kivela et al., 2014; Shekhtman et al., 2015). If multiple nodes collapse
simultaneously, or nearly so, that could cause a catastrophic failure to
take place far more rapidly than if only one or two nodes collapse.

We feel that these assumptions are justified for a variety of reasons,
including the fact that the loss of diplomatic support could expose a
region to attacks from external aggressors, threatening its existence.
Similarly, the loss of commercial ties threatens the economic prosperity
and can weaken political and diplomatic capabilities.

As such, we have set the following rules for node stability:

1) To be considered stable overall, a node must be stable in both layers.
If a node destabilizes in one layer, it destabilizes in the other layer.

2) To be considered stable in the political layer, a node needs to have at
least two links to other stable nodes.

3) To be considered stable in the commercial layer, a node needs to
retain at least one third of its commercial links with other stable
nodes.

We chose these rules because in running our computer modeling, we
found that demanding only one political tie for continued stability in the
political layer made the network too robust. However, demanding that
each node has at least three political ties causes the original network to
collapse without any initial stimuli. Hence, the only non-trivial choice is
two links per node for stability.

Similarly, in the commercial layer, we tested having a node or region
fail if it loses irreplaceable goods when a link is cut. For example, if the
node depends on gold but has only a single link for acquiring gold,
cutting that commercial link would cause the node to fail. However, the
data regarding the goods traded between the various nodes or regions
via their commercial links is insufficient to proceed using this method. In
the end, we characterized continued stability in the commercial layer
using the remaining fraction of commercial ties (p). Experimentation
using that p > 1/3 of original ties are necessary for stability, or p > %, or
p > 2/3 produced similar results, so we have chosen the smallest of
these.

Existing archaeological and textual records indicate which of the
Late Bronze Age societies failed, but after 3,000 years the order in which
they failed is not clear. Therefore, we considered any of the societies
which failed catastrophically to be potential instigators of the Collapse.
These include the Hittites in Anatolia, the Mycenaeans on Mainland
Greece, the Minoans on Crete, the southern Canaanites, the inhabitants
of western Anatolia, and the citizens of Ugarit.

To stress-test the network, we examined all possible 1, 2, 3, and 4-re-
gion/node removal combinations. In each experiment, we removed the
initial node(s) and checked the stability of the remaining nodes in the
political layer and the commercial layer. Due to layer interdependence,
we postulated that a node remains stable if it is stable in both layers. If a
node becomes unstable in either layer, we removed it from the network
in both layers. We continued to remove nodes and examine network
layers in a cyclical fashion until no additional nodes remained to be
removed. We quantified the fraction (or, equivalently, the percentage)
of removed nodes according to the initial stress:

D=—""_ )

where N = nodes in the network, N; = initial number of nodes removed
during the stress-testing experiment, and N, = unstable nodes after the
initial removal of N; nodes.
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3. Results

As became evident during our modeling experiments, the Late
Bronze Age network remains robust with respect to 1-node removals in
eight out of the ten possible cases; the network remains stable if, for
example, only Mainland Greece is removed, or only the Egyptians
(Fig. 3a). However, in the two remaining 1-node removal cases (Main-
land Greece and the Hittites), the networks lose one additional node
each time, resulting in 11 % damage.

2-node removal had more effects on the Late Bronze Age network
(Fig. 3b), but most of the 2-node removals still failed to damage the
greater network. Twenty-seven of the 45 possible 2-node removal sce-
narios did not produce any network damage. An additional 15 of the 2-
node removal scenarios destabilized less than three of the eight
remaining nodes. However, the remaining three of the 2-node removal
scenarios destabilized more than five of eight nodes. For instance, the
removal of both Egypt and Ugarit left the network with only three stable
nodes, and the 2-node scenarios of either both the Hittites and Egyptians
or both the Hittites and Ugarit completely disintegrated the Bronze Age
network.

Simultaneous removals of three and four nodes damaged to the
Bronze Age network even more (see Fig. 3¢ and 3d), consistent with the
scale of initial damage. Most of the damaging 3- and 4-node combina-
tions include the damaging 2-node combinations just mentioned.

Overall, our stress-test experiments indicate interconnectedness
made the Aegean and Eastern Mediterranean Late Bronze Age civiliza-
tions generally robust. Using our stipulated thresholds for collapse, the
loss of any single node would be insufficient to create a cascade. How-
ever, our stress test of the network revealed a vulnerability to certain
node combination failures: two 2-node combinations that could initiate
cascading failures across the commercial and political networks. Both
cases involve a failure of the Hittite Empire, one paired with a simul-
taneous failure of Egypt, and the second with a simultaneous failure of
Ugarit. We will consider these below.

4. Discussion

The model predicted a cascading network failure if both Egypt and
the Hittite Empire failed. However, although Egypt was affected by the
Late Bronze Age Collapse, it did not totally collapse despite periods of
disorganization and even anarchy during the next few centuries (Cline,
2024). Thus, this modeled paired failure could not have occurred and we
dismiss this scenario.

The second instance, involving the simultaneous failures of Ugarit
and the Hittite Empire, is historically plausible because both entities did
collapse around this time. We know, from both textual and archaeo-
logical evidence, including letters sent between the last Hittite and
Ugaritic kings as well as the Hittite viceroy at Carchemish (Cline, 2021;
Pardee, 2003) with further references), that despite famine, Ugarit was
operating normally until an attack by unknown aggressors caused the
city’s destruction and complete abandonment. Meanwhile, the Hittite
Empire also experienced famine and the capital city Hattusa was
abandoned for an unknown reason and later destroyed. Although it is
not possible to pinpoint precisely when each node collapsed, nor which
collapsed first, it is possible that they collapsed closely together in time
(Cline, 2021; Kemp and Cline, 2022).

The archaeological record shows that after both Ugarit and the
Hittite Empire collapsed, neither recovered. Similarly, our modeled
network shows that their paired failure would have been sufficient to
collapse the Bronze Age network entirely due to the structure of the
network itself.

Fig. 4 shows the progression of this collapse scenario. The loss of
Ugarit’s and the Hittite Empire’s nodes and links sufficed to destabilize
Western Anatolia, Cyprus, and Canaan (Fig. 4a). Their subsequent link
failures compounded the existing commercial network gaps caused by
the loss of Ugarit and the Hittites and caused the collapse of Mainland
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Fig. 3. Stress testing of the Late Bronze Age network. Summary of Network Scenario Outcomes Shown are the distributions of network damage realizations

following the removal of (a) 1, (b) 2, (c¢) 3, and (d) 4 nodes simultaneously.

Greece and Crete (Fig. 4b). These commercial link losses would then
have affected Egypt (Fig. 4c), and finally Assyria and Babylonia
(Fig. 4d). We therefore believe that our modeling has demonstrated at
least one avenue by which this previously robust network could have
experienced cascading collapse. However, there is more to the discus-
sion, as follows.

4.1. Robustness and resilience of civilizations

The restructuring and reformation of complex systems over time can
involve cycles of growth, conservation, collapse, and renewal at distinct
scales, as described by the concept of panarchy (Gunderson and Holling,
2002; Newhard and Cline, 2022). Within panarchy, collapse is a
precondition for restructuring, which can yield a system that is more
robust to emergent constraints or conditions. Such was the case with the
eventual recovery after the Late Bronze Age Collapse. During this time a
new alphabet, which was easier to learn and use than the earlier writing
systems such as Linear B and cuneiform, was standardized and dissem-
inated by the Phoenicians, and iron replaced bronze as the metal of
preference (Cline, 2024).

Collapse can occur when entrenched systems are maladaptive for
new circumstances, but is collapse truly inevitable, as some scholars
argue (Quigley, 1979; Spengler, 1991; Toynbee, 1987)? We believe that
the patterns and origins of collapse may suggest answers for these
questions.

Large-scale environmental changes taking place during the Late
Bronze Age may not have been perceived as great threats by contem-
porary individuals, especially by those who did not experience the
impact of a changing climate directly (Haldon et al., 2020). Yet, to take
the macro-scale view, node vulnerability could have become more
pronounced as the climatic patterns changed. For example, declining
crop yields could reduce tribute and taxation to palace leadership, who
in turn lost capacity to provide for their cities or maintain armies to ward
off invaders. An inability to feed one’s people could exacerbate risks of
internal social upheaval and external competition for scarce resources

(see, i.e., (Maran, 2023). Such competition threatens dwindling inter-
national trade, creating scarcity for traded commodities (Kaniewski
et al., 2013; Vidal-Cordasco and Nuevo-Lopez, 2021). At the same time,
natural resource shortages could affect governance and security, such as
the ability to safely transport goods in the presence of hungry residents
and societal breakdown.

Additionally, these societies were interconnected to an extent not
often seen in antiquity either before or after. Societies can exist without
links, but we hypothesize that these links allowed the societies to grow
beyond the constraints imposed by their local resources. These nested
dependencies produced a network with ample redundancy that pro-
moted robustness and recovery if any single regional power were dis-
rupted by disaster, but they also created the potential for cascading
disruptions following multi-nodal failures. To invoke the Heraclitus Law
(or Principle), the factors that enabled the rise and success of the
network may have also contributed to its demise (Barta, 2019).

The robustness of the network suggests that a single crisis was un-
likely to trigger the regional collapse of the 12th century BCE. However,
climate change could have undermined individual nodes, making them
vulnerable to shocks that they had previously weathered (Weiberg and
Finné, 2018). The region’s changing climate increased the probability
for simultaneous and independent node disruptions.

Our model results suggest that Egypt, Assyria, and Babylon would
have been the last nodes to be affected, as the collapse cascaded within
the Late Bronze Age network. The historical record provides some
validation and corroboration for this: in the aftermath of the Collapse,
Egyptian civilization was diminished but endured, while both the As-
syrians and the Babylonians demonstrated resilience and adaptation
following the collapse of their neighbors (Cline, 2024). The Assyrians
successfully survived a century or more of drought and related mis-
fortunates, including attacks by the Aramaeans and Babylonians, and
eventually expanded in the 9th century BCE, culminating in the Neo-
Assyrian Empire.
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version of this article.)

4.2. Comparisons to today

The Late Bronze Age shares some similarities with the modern world,
including dependencies on scarce materials — instead of tin, for
instance, we rely on oil, lithium (Narins, 2017), or phosphorus
(Chowdhury et al., 2017). We also now face climate change affecting a
global trade system so connected and interdependent that one blocked
trade route can cause worldwide ramifications (de Bodt et al., 2021).
Likewise, societal dependence upon cyber access and other transmission
infrastructure presents opportunities for disruptions to societal systems.

Our analysis demonstrates that network complexity can amplify
events in non-linear fashions, causing networks which appear robust to
nevertheless collapse when disrupted in a specific way. Further study of

the ancient situation indicates vulnerabilities perhaps apparent only in
hindsight for at least some of the societies during the Late Bronze Age
Collapse (Cline, 2024; Manning et al., 2023; Maran, 2023). The city of
Ugarit maintained normal operations until immediately before the
destruction of the city (Cline, 2021): thus systems can operate and
appear functional even while the underlying foundations are eroding.
Failure to recognize and adapt to new circumstances can allow the
appearance of normality and continuity while the system is at risk of
catastrophic failure from a disruption that might have previously been
considered routine.

Our society may be entering a similar circumstance as the Late
Bronze Age: the changes of a shifting environment can increasingly
disrupt societies simultaneously and create conditions for cascading
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disasters. Potentially, this could reduce the complexity needed for
modern standards of living to function, such as infrastructure, security,
and trade, including aspects that make life enjoyable, e.g. the arts. The
COVID-19 pandemic has already revealed structural weaknesses. These
include brittle supply chains and understaffed emergency response or-
ganizations. Globally, many regions are unprepared for and increasingly
vulnerable to climate change. With Russia’s 2022 invasion of Ukraine,
many countries reliant on the latter’s considerable wheat exports have
already suffered the effects of a conflict in which they are not directly
involved.

4.3. Final observations

Interconnectedness is a vehicle for prosperity when a network’s
nodes are stable, but it similarly conveys discord when nodes begin to
fail. Modern civilization has the advantage of far greater foresight by
model projections as well as the ability to critically examine the past,
including impacts of climate change (Burke et al., 2021). The two stra-
tegies frequently proposed to manage expected disruptions are mitiga-
tion and adaptation. Mitigation is any action that prevents or reduces
disruption, while adaptation makes changes to better support critical
functions in a changing threat environment.

However, even as modern civilization has increasingly demonstrated
our ability to anticipate future disruptions, large systems are not always
able to maneuver to respond, either by mitigation or adaptation. This
has been poignantly demonstrated by the coronavirus pandemic, both in
the global inability to contain the pandemic and cascading disruptions in
economic and educational systems, among others, as the pandemic
progressed. Other examples of “long fuse, big boom™ used to describe the
Late Bronze Age Collapse (Kemp and Cline, 2022) include water scarcity
in the Colorado River or the depletion of the Ogallala Aquifer. Thus, the
lessons of past collapse due to a failure to mitigate or adapt are very
much applicable to modern challenges, even when our predictive
powers are markedly better.

The network analysis of the Late Bronze Age in the Aegean and
Eastern Mediterranean provides a cautionary tale in which intercon-
nectedness plays a crucial role in propagating disruption. The contem-
porary world is characterized by melting glaciers and soaring
temperatures that weaken individual nodes and make compounding
disruptions more likely. While we are not necessarily destined to
collapse, now is the time to build resilience into our modern inter-
connected system and plan for a tomorrow that may be very different
from today. The Late Bronze Age Collapse demonstrates what we must
strive to avoid. This Bronze Age interconnected network flourished for
centuries prior to the collapse. Though we cannot know whether deci-
sion makers of the Late Bronze Age realized that their societies had lost
resilience or whether they subsequently tried to adapt, the ruins of
destroyed cities across the Aegean and Eastern Mediterranean regions
bear witness that whatever choices they made in the end did not save
them.
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