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ABSTRACT
The pandemic of The COVID-19 caused by the Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2) has changed global systems, at 
least temporarily. There is good evidence that the virus originated in 
wild animals around the Chinese city of Wuhan and spread to other 
areas and became a pandemic affecting almost all countries in the 
globe. This article explores the pandemic through a systems science 
approach and views it from the perspective of the SARS-CoV-2 virus. 
It proposes a novel conceptualization where the pandemic emerges 
from four converging systems: the earth systems, the urbanocene (i.e. 
the urbanization processes and spaces that have become the main 
living space of the human species), the system of mobile humans and 
objects, and the virus with its potential to infect. 
Loss of biodiversity is an important change to the earth system that 
promotes the emergence of zoonotic infections. The infective virus 
and its transmissibility are other factors promoting the epidemic. The 
urbanocene has resulted in high densities of populations that facilitate 
the spread of epidemics. Finally, the hyper-connectivity of human 
species and physical objects it has produced (e.g. planes and cargo) 
and their movement across thousands of miles often from city to city 
has promoted widespread dissemination of the virus. As the underlying 
systems evolved in parallel, a critical point was reached which resulted 
in synergies that led to the emergence of the COVID-19 pandemic.
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An introduction to systems science
This article begins by exploring the pandemic through a systems science approach. 

It then describes four converging systems and how they facilitated the emergence of the 
pandemic of COVID-19 which has disrupted the functioning of human civilization, at least 
temporarily. The systems considered are the earth systems and disruptions to biodiversity, 
the urbanocene and concentration of human populations, the virus and its infectivity and the 
human-goods system and hyper-connectivity.

The father of systems thinking, Ludwig von Bertalanffy, defined a system as “an 
entity that maintains its existence through the mutual interaction of its parts” (1968). 
It comprises interconnecting parts that change over time and affect the whole. These 
interactions are multiple, dynamic and have feedback loops which enable self-regulation. 
The collective outcomes of the system are significantly different features or characteristics 
that more than simply add to the contributions of the individual components of the system. 
Some of these systems are described as Complex Adaptive Systems (CAS) because they 
are “open” to environmental influences, demonstrate constant dynamic changes with non-
linear interactions between its components, have positive and negative feedback loops and 
constantly adapt and self-organize (Eidelson, 1997; Jayasinghe, 2011). CAS are increasingly 
used to understand natural sciences, social and biological systems and population health 
such as obesity.

The dynamics of any complex adaptive system is such that there are critical thresholds. 
These are abrupt, dramatic and non-linear, and move the system to a qualitatively different 
state. This process is called bifurcation or phases transition which is well described in 
physical systems, for example the transition from ice to water (Eidelson, 1977; von 
Bertalanffy, 1968). The parameters that push a CAS towards the critical phase are termed 
control parameters. Under situations well below the critical point small changes in the 
parameters have relatively proportionate effects on the system and there is general stability. 
However, as it approaches the critical phase, the system becomes less stable and begins to 
fluctuate more intensely and frequently, and a small change is capable of switching it to a 
different phase altogether.

COVID-19 from the perspective of earth systems
Earth Systems Science is a relatively new transdisciplinary field of study that 

attempts to understand the structure and functioning of the Earth as a CAS (Steffen et 
al., 2020). The interconnected earth system comprises several sub-systems, e.g. biosphere, 
atmosphere, geosphere, hydrosphere and cryosphere. The human-driven changes to the 
Earth, its land (i.e. part of geosphere), oceans (the hydrosphere), atmosphere and living 
organisms (i.e. the biosphere) impact and disrupt delicate balances and processes of nature 
at an unprecedented magnitude and speed (Steffen et al., 2020). Examples include the rapid 
pace of loss of global forest cover or the speed of extinction of species. 

Earth Systems scientists have identified nine critical points termed planetary 
boundaries that are equivalent to the points of bifurcation of a CAS, after which the 
modes of operation may prove irreversible and less hospitable to humans and other forms 
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of life (Steffen, 2015; IPBES, 2019). These could be considered as thresholds of nine of 
the earth’s subsystems functioning at a global level that affect human survival: climate 
change (indicated by global warming etc.); biosphere integrity (assessed by biodiversity 
loss and extinctions); biogeochemical changes (i.e. anthropogenic phosphorous introduced 
to the oceans and removal of nitrogen from the atmosphere); ocean acidification; land 
use (of which conversion of land to grow crops is a key driver of loss in biodiversity); 
freshwater utilization; ozone layer in the stratosphere; overall particulate concentrations in 
the atmosphere; and chemical pollution and release of novel entities. 

In the context of emerging infections, key roles are played by climate change and 
the loss of biodiversity (Keesing et al., 2010). The effects of climate change are mainly 
through global warming and the resurgence of disease-carrying vectors such as mosquitoes 
in otherwise cold climates. Examples include multiple epidemics of dengue, endemic 
dengue, and malaria in parts of Europe. Loss of biodiversity appears to be an even stronger 
trigger for emerging infections, especially at a more local level. 

Loss of biodiversity and infections
The current rate of extinction of species is the highest ever and is accelerating. Of the 

vertebrate species alone, at least 680 species have become extinct since the 16th century. 
There are 8 million estimated animal and plant species, of which close to 1 million are 
threatened with extinction. The relationship between biodiversity and zoonotic infections 
continues to be controversial and complex. 

Loss of biodiversity generally increases disease transmission and the prevalence of 
zoonotic diseases (Keesing et al., 2010). However, areas with high biodiversity can act as 
pools for new pathogens and add to the emergence of zoonotic infections from wildlife, i.e., 
an “amplification effect” (Jones et al., 2008). Increased diversity can also lead to decreased 
disease transmission and prevalence of the infection in the reservoir host, i.e., a “dilution 
effect” leading to lower rates of zoonotic infections (Luis et al., 2018). This paradoxical 
effect has been seen in studies on Sin Nombre hantavirus infections (SNV) and its main 
host, the deer mouse. SNV is transmitted directly by deer mice mainly to humans. It is also 
transmitted to other rodents though they are not important as reservoirs. Environments 
having a higher diversity of species led to a dilution effect of the main host (i.e., lower 
density) and a corresponding decrease in human hantavirus infections. However, when 
density of the host is taken into account it was found that a more diverse environment 
increased transmission to humans, an amplification effect (Luis et al., 2018). 

Areas such as Wuhan city, which is believed to have been the epicenter of the 
COVID-19 pandemic, have experienced a rapid loss in vegetation and natural habitats due 
to the expansion of built-up areas and the indirect effects of cropland expansion. Remote 
sensing data suggest evidence of decrease in lake areas and the loss and fragmentation of 
wetlands due to urban expansion in and around Wuhan city (Gui et al., 2019). As a result, 
there is loss of habitats for wild species and a decrease in the biodiversity of the area  
(Ke et al., 2018). Such changes would have had complex effects on specific zoonotic 
species such as SARS-CoV-2. 
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Another well-known factor in zoonosis is large-scale agriculture. It is estimated that 
since 1940, more than half the episodes of zoonosis were linked to expansion of agriculture 
and expansion of croplands. The evidence is even stronger in the case of emerging 
infections. In an analysis of 335 emerging infectious diseases between 1940 and 2004 it 
was found that the main cause was zoonosis (60.3%) of which 71.8% originated in wildlife 
(e.g. Ebola virus). These origins were significantly correlated with social, environmental 
and ecological factors (Rohr et al., 2019). 

Virus spillover
As a result of exploitation and loss of habitat and complex interactions, populations of 

wildlife species that have been reduced and domesticated species in the neighboring human 
habitats attract more zoonotic virus species (Johnson et al., 2020). Primates and bats are 
examples and have been the natural reservoirs of pathogens for several massive epidemics, 
such as apes in the case of HIV and bats in relation to SARS, Nipah and Ebola. Bats are 
tolerant to many viruses with zoonotic potential such as Ebola, rabies and coronaviruses, 
and seem to have a high frequency of harboring corona and other viruses. For these reasons 
bats were considered a special reservoir for zoonotic viruses, i.e., a “special reservoir 
hypothesis”. However, recent studies indicate that this is not the case and that bats act as 
reservoirs in zoonosis in a manner expected of, and similar to, other mammals (Mollentze 
& Streicker, 2020). 

A factor that promotes bats as effective reservoirs for infection is that they themselves 
allow the virus to replicate yet remain asymptomatic, with minimal pathology. The proposed 
reason for this close relationship or co-existence is co-evolution of some of the viruses with 
species of bats. The virus is freely excreted in the saliva and the process of transmission 
could be through an intermediate such as horses and pigs or directly to humans as in the 
case of Nipah (Cui et al., 2007). 

Spillover of the virus to humans is facilitated by the vector adapting to semi-urban 
environments of humans and increases in human-animal contacts such as hunting and wet 
markets. The exposure of infected animals to humans occurs through domestic animals, 
farm animals and wet markets. The latter is a feature in south east Asia and China where 
several species of wild animals are kept together for slaughter and sale. These markets 
and some of the restaurants promote bat-human and bat-animal interactions. This was 
demonstrated in the initial cases of SARS that occurred in a restaurant chef who had regular 
contact with bats and other wild animals as part of his job. 

The Virus System 
Bats (e.g. Rhinolophus affinis) are considered to be the natural hosts for a number 

of SARS-related coronaviruses. Malayan pangolins (Manis javanica) also have similar 
viruses. The spillover of viruses has little impact unless they are capable of infecting the 
human host. This capability and the species-jump from bats (or other hosts) to humans 
is dependent on the ability of the virus to invade human cells. Studies on the underlying 
molecular mechanisms indicate that the virus species in bats were able to enter human cells 
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with mutations that produced a viral glycoprotein that could bind to the cell surface receptor 
human angiotensin converting enzyme 2 (ACE2). This was facilitated by rapid division and 
mutation rates, a characteristic of RNA viruses (Andersen et al., 2020; Plowright et al., 
2015). 

After the original mutation to SARS-CoV-2 in the animal host, it can follow one of 
two pathways: either natural selection in an animal host before zoonotic transfer or zoonotic 
transfer followed by natural selection in humans. The presence of minor self-contained 
epidemics or a low-grade pre-existing epidemic could account for the identification of 
SARS-CoV-2 in postmortem samples of persons who died on 6 February 2020, three weeks 
before the first case was reported from Washington (CDC COVID-19 Response Team, 
2020). 

While biodiversity was reducing, and mutant virus species were spilling over to 
humans through animal-human contact, two other parallel systems were also evolving at 
great speed. This related to concentrations of humans in urban areas and their physical 
connectivity through travel.

The Urbanocene
The 20th century has seen the growth of cities in an unprecedented manner. The 

density of the human population is a significant independent predictor of emerging 
infections. 

Humans who were foragers a few thousands of years ago have progressively moved 
to larger villages, towns, cities and megacities, and had become, by 2007, largely urban 
dwellers with 50% of the species living in cities. This intense period of migration to cities, 
which in turn became the “crucible of civilization, the hubs of innovation, the engines of 
wealth creations and centers of power”, is recognized as the urbanocene, developing as 
a sprout from the Anthropocene (West, 2017). The application of different models yields 
differential growth rates for urban areas. These growths include land use, population 
changes, mobility patterns and environmental changes (e.g., urban heat island formation) 
(Liu et al., 2019).

Since land reforms in 1987, China is undergoing a massive state-sponsored process 
of urbanization. Wuhan city with a population of 11.1 million in the Hubei Province of 
China has attracted the attention of researchers for several years. Initial studies used 
geographic information systems (GIS) and regression analyses to recognize determinants 
of spatial growth (Cheng & Masser, 2003). Other techniques included remote sensing and 
network analyses. The city is undergoing an accelerated phase of urbanization. From 1990 
to 2000 the urban population increased from 55.9% to 58.9% (annual growth rate of 0.3%) 
and then from 2000 to 2015 to 70.6% (having an annual growth rate of 0.8%). In contrast, 
from 1990 to 2000 urban land area grew from 263.2 ha to 295.8 ha (annual growth rate of 
1.0%) and accelerated from 2000 to 2015 having an annual growth rate that reached 6.0% 
(Wang et al., 2018).

The high density of urban populations results in close contact which will promote 
airborne spread of virus infections. 
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Physical Hyper-Connectivity 

Mobility and global connectivity
Mobility of humans has been a feature of civilization. These would have led to 

infections moving with migrating groups and traders. The spread of smallpox to Egypt 
in the 1st millennium BC was believed to be due to traders who arrived in caravans or by 
sea. In the 11th to 13th centuries the crusades and subsequent invasions led to the spread 
of infections in Spanish and Portuguese colonies (Thèves et al., 2016). In the pre-industrial 
period (14th to 18th century) the spread of plague followed major trade routes (Yue et 
al., 2017). In recent times, more rapid transport of humans across geographic locations 
has contributed to the rapid spread of diseases in several areas. This human connectivity 
has resulted in several such massive epidemics. It is believed that the influenza epidemic 
known as the Spanish Flu began in Europe, probably in British military camps around 1916 
(Oxford et al., 2002). The infection subsequently spread to other military camps in France 
and was carried by migrant workers along rail routes to Spain, and across the Atlantic by 
US military personnel (Byerly, 2010; Trilla et al., 2008). 

Excluding wars when large movements of troops occurred, travel during peacetime 
was limited to trade, work and recreation. Initial travel across long distances using 
motorized travel began with the construction of vehicles and trains. The latter began during 
the Industrial Revolution in the UK around 1825. Around the same time, large numbers 
of people began to use sea travel. However, the rapid and large-scale transport of people 
across continents effectively began with commercial air travel. 

One facet of global connectivity is the mass of people who have now begun to move 
across cities, countries and continents. The other is the mobility of goods and mediums of 
transport, i.e. the movement of vehicles, ships and planes. Both these agents of connectivity 
have the capacity to transport infectious agents and organisms across thousands of miles. 

This connectivity is brought about by the progressive increase in global air traffic 
passengers from around 2 billion in January 2010 to 3.5 billion by October 2019 (author’s 
estimate from Figure 1 in Iacus et al., 2020). Though it is a small proportion of persons who 
repeatedly travel and account for these high figures, this is a massive volume of movement 
for a planet of about 7.8 billion persons (Iacus et al., 2020).

Within countries, the movement of people can be estimated by the proxy measure on 
the number of cars on the roads, which is close to a billion. This gives an opportunity for the 
rapid and wide spread of infections and for the generation of epidemics (Balcan et al., 2010; 
Colizza et al., 2006). The mobility patterns are quite complex and can be mathematically 
modelled (Zhao et al., 2015).

Physical hyper-connectivity
The term hyper-connectivity is often used in the field of information technology 

to indicate communication between persons, persons to machines and across machines. 
Machines and computers are linked to millions of other machines or computers (e.g. 
Internet of Things – IoTs, and people communicating with each other via the internet 
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or mobile phones). These forms of massive networks with trillions of data transfers are 
unprecedented. In the physical sphere, I propose a novel concept of physical hyper-
connectivity to indicate the connections between potential carriers of infections, animate 
or inanimate, and spanning from minute air pollution particles that carry viruses to humans 
who spread infections through travel to airplanes carrying malaria-carrying mosquitoes 
across continents. 

A recent study reported that the global spread of diseases such as SARS is partly due 
to the air transportation network (Colizza et al., 2006; Pybus et al., 2015). The different 
modes of travel could have synergetic effects on spreading an infection, as seen with the 
Influenza A epidemic in China. The initial phase of spread was due to air and road travel, 
while in the later phases it was rail travel that facilitated the spread (Cai et al., 2019).

Connectivity of artefacts (in this instance defined as any object which requires 
human labour) when transporting goods and humans is another area that needs attention. 
Organisms surviving on the surfaces of such materials will act as fomites. The pathways 
taken by a product, from an airplane or a cargo container to a utility item, could easily 
traverse half the globe. 

All these move around in parallel networks that span the whole globe, each item 
a potential carrier of contagion. What prevents it from being a major source of a global 
pandemic is that the virus or microorganism often fails to survive the harsh environments 
during travel or transport. Another source of potential wide spread of the virus could be in 
atmospheric dust particles. RNA has been detected in PM10 particles in outdoor samples in 
Italy (Setti et al., 2020), although its viability over distant travel is not known. 

The Perfect Storm in Complexity Science
The hypothesis proposed in this article is that the four systems described above 

worked in parallel, converged, and led to interactions and synergies from which emerged 
the COVID-19 pandemic. The convergence of these different systems led to a “perfect 
storm”: the emergence of the virus from loss of biodiversity in the earth systems; the ability 
of RNA viruses to mutate in the biological system; increased human-animal contact and 
concentrations of humans in urban areas facilitating spread of the virus; and finally, the 
networks of connectivity that promoted city-to-city spread. 

CASs demonstrate three main patterns of behavior: periodic dynamics, chaotic 
dynamics, and random dynamics (criticality) (Katerndahl, 2013). It is likely that the four 
systems described in this article went through such fluctuations in their behavior and 
converged or demonstrated synergies at a critical point. From the perspective of the virus, 
the periodic dynamics pattern was when it was endemic in bats and other wild animals. 
There was a tight coupling of the virus’ distribution as a system in the animals. This 
was through feedback loops (e.g. changes in the density of the host populations) where 
its current status of distribution was dependent on its previous state. Such patterns are 
considered predictable, show proportionate responses to interventions and are limited by 
restrictions of strong attractors (i.e. a status towards which a system evolves). This evolved 
to the subsequent pattern of chaotic dynamics where there is a temporal separation between 
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actions and outcomes. This is illustrated by the virus having mini-epidemics among animals 
in urban areas (e.g. domestic animals, animals living in peri-urban areas and in animal 
markets) and among a few humans. This system is very sensitive to small changes and 
responds in a less predictable manner. However, there are attractors that limit the extent of 
the spread of the system. The final pattern was random dynamics (criticality) pattern. The 
virus spread had no attractors to limit its extent, and it rapidly cascaded across its usual 
environments to become a pandemic. 

Similar fluctuations are seen in human mobility at macro and micro levels. At a 
macrolevel, seasonal movement of people based on tourism and holiday seasons often 
demonstrate periodic patterns. Within the city, there are clear patterns of human mobility 
based on those traveling to and away from a city during working days (Zhao et al., 2019). 
Changes to the earth systems probably follow seasons of the weather and crop cycles. An 
example is land denudation from initial deforestation which then leads to new crops that 
are harvested based on its cycles of growth. Wuhan had recently seen a massive increase 
in agricultural production and conducted the First Wuhan Agriculture Carnival in 2016 
(General Office of Hubei Provincial People’s Government, 2016). All these activities would 
lead to fluctuating levels of interactions between wild animals and humans. 

Conclusion
Complexity science approaches are increasingly being applied to the natural 

sciences, population health, psychology and medicine (Jayasinghe, 2012, 2020). This 
article proposed a hypothesis based on complexity science to explain the COVID-19 
pandemic. This hypothesis could be explored with quantitative data and developed into a 
mathematical model which may predict future epidemics and pandemics. The pandemic 
has had impacts on global pollution, sound levels, earth’s vibrations and animal behaviours 
(Tollefson, 2020). The model can be refined using such data and can give scientists the tools 
to intervene and prevent future catastrophes. The article also introduces a novel concept of 
physical hyper-connectivity that could be explored further.
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