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The greatly accelerated economic growth during the Anthropocene has resulted in
astonishing improvements in many aspects of human well-being, but has also caused the
acceleration of risks, such as the interlinked biodiversity and climate crisis. Here, we report
on another risk: the accelerated infectious disease risk associated with the number and
geographic spread of human infectious disease outbreaks. Using the most complete, reliable,
and up-to-date database on human infectious disease outbreaks (GIDEON), we show that the
number of disease outbreaks, the number of diseases involved in these outbreaks, and the
number of countries affected have increased during the entire Anthropocene. Furthermore,
the spatial distribution of these outbreaks is becoming more globalized in the sense that the
overall modularity of the disease networks across the globe has decreased, meaning disease
outbreaks have become increasingly pandemic in their nature. This decrease in modularity is
correlated with the increase in air traffic. We finally show that those countries and regions
which are most central within these disease networks tend to be countries with higher GDPs.
Therefore, one cost of increased global mobility and greater economic growth is the increased
risk of disease outbreaks and their faster and wider spread. We briefly discuss three different

scenarios which decision-makers might follow in light of our results.
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Introduction

The Anthropocene has also been nicknamed the ‘Great Acceleration’ because various socio-
economic and Earth-System related indicators experienced a continuous and often exponential
growth after the Second World War (Steffen et al., 2015a; McNeill and Engelke, 2016; Steffen et
al., 2018). While this relentless growth of the human enterprise improved human well-being around
the world in many aspects (Waage et al., 2010; Barrett, 2013; Permanyer and Scholl, 2019; Zheng
and Qian, 2019), negative impacts have likewise increased (IPCC, 2016; IPBES, 20220). In tandem,
warnings about a climate emergency (Lenton et al., 2019; Ripple et al., 2020), a sixth mass
extinction (Pereira et al., 2010; Barnosky et al., 2012; Ceballos et al., 2015), increasing ocean
acidification and dead zones (Hoegh-Guldberg et al., 2007; Diaz and Rosenberg, 2008; Branch et
al., 2013), and even widespread ecosystem collapse (Jackson, 2008; Barnosky et al., 2012; UNEP,
2016) and transgression of safe planetary boundaries (Steffen et al., 2015b) have grown
increasingly urgent. To avoid or at least dampen the anticipated or already realized changes,
scientists and many others have called out for radical changes to how human economies operate and
relate to human societies and their environments (UnmiiBig, 2015; Simms, 2016; Walther, 2019;
Ripple et al., 2020).

We here want to draw attention to another important and noteworthy feature of the Anthropocene
which greatly affects public health, human well-being, and economic performance. These findings
are especially pertinent as the world reels from the health, social and economic impact of the
current SARS-CoV-2 pandemic (El Zowalaty and Jéarhult, 2020; Ghebreyesus and Swaminathan,
2020; Lorusso et al., 2020).

The increasing connectivity of human populations due to international trade and travel (Guimera
et al., 2005; Colizza et al., 2006; Brockmann and Helbing, 2013; Gabrielli et al., 2019), the rapid
growth of the transport of wild and domesticated animals worldwide (Rosen and Smith, 2010;
Schneider, 2012; Rohr et al., 2019; Levitt, 2020), and other factors such as the increasing
encroachment of human populations on hitherto isolated wild animal populations through loss and
fragmentation of wild habitats (Patz et al., 2004; Despommier et al., 2006; Pongsiri et al., 2009;
Myers et al., 2013) have led to a great acceleration of infectious disease risks, e.g., the increase in
emerging infectious diseases and drug-resistant microbes since 1940 (Jones et al., 2008) and the
increase in the number of disease outbreaks since 1980 (Smith et al., 2014).

To expand the previous analysis (Smith et al., 2014) to the beginning of the Anthropocene, we
investigated whether the number of disease outbreaks has increased since the Second World War. In
addition, we examined whether the global pattern of infectious disease outbreaks changed possibly

due the increasing connectivity of human populations. In other words, have the disease outbreaks
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become more globalized in the sense that these outbreaks are increasingly shared by countries
worldwide?

To investigate these questions, we used a the most complete, reliable, and up-to-date global dataset
(GIDEON Informatics, 2020) which had already been used in the previous analysis (Smith et al.,
2014). This dataset can be used to enumerated the recorded annual number of disease outbreaks. To
investigate the changing global patterns of disease outbreaks, we used this dataset to calculate two
measures which have been recently introduced into ecological and parasitological studies. These
two measures, namely modularity and centrality, quantify the connectivity of bipartite networks.

Modularity is defined as the extent to which nodes (specifically, sites and species for presence-
absence matrices) in a compartment are more likely to be connected to each other than to other
nodes of the network (Thébault, 2013). The calculation of a modularity measure is useful for global
phenomena because it allows the overall level of compartmentalization (or fragmentation) into
compartments (or clusters, modules, subgroups, or subsets) of an entire dataset to be quantified.
High modularity in a global network means that subgroups of countries and disease outbreaks
interact more strongly among themselves (that is, within a compartment) than with the other
subgroups (that is, among compartments) (Bordes et al., 2015).

Centrality is defined as the degree of the connectedness of a node (e.g., a keystone species in
ecological studies; Jordan, 2009; Gonzalez et al., 2010). In the context of our study, centrality is the
degree of the connectedness of a country and those countries connected to it. We estimated the
countries which are the potential centres of disease outbreaks by investigating the eigenvector
centrality of a given country in a network of countries which share disease outbreaks among each
other. Eigenvector centrality is a generalization of degree centrality, which is the number of
connections a country has to other countries in terms of sharing disease outbreaks. Eigenvector
centrality considers countries to be highly central if the connected countries to them through shared
outbreaks are connected to many other well-connected countries (Bonacich and Lloyd, 2001; Wells
et al., 2020).

Modularity and centrality analyses have been used to investigate various ecological,
parasitological and epidemiological questions (e.g., Tylianakis et al., 2007; Jordan, 2009; Gonzélez
et al., 2010; Anderson and Sukhdeo, 2011; Bascompte and Jordano, 2014; Poisot et al., 2014;
Bordes et al., 2015; Genrich et al., 2017).

Using a widely used world dataset on infectious disease outbreaks, we here present results which
demonstrate that the accelerated number of disease outbreaks and their increased global spread are
two further threatening aspects of the accelerated infectious disease risk associated with the

globalization process which characterizes the Anthropocene.
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Methods

Data on GDP and mobility (trade, traffic, transport, travel, and tourism). The data on gross
domestic product (GDP) per capita was taken from the World Bank database. It was calculated by
dividing a country’s GDP by its midyear population; the numbers are in current United States of
America (USA) dollars from 1961 to 2018. As measures of mobility, we searched for various
numerical examples of the increase in global trade, traffic, transport, travel, and tourism during the
Anthropocene. The data on the air freight and air passengers were taken from the World Bank
database (World Bank, 2020a; World Bank, 2020b). The database yielded the number of air
passengers and the air freight in million metric tons (MT) per km from 1970 to 2017 separately for
each country. The data on container movements were provided by Container Trades Statistics and
the Institute of Shipping Economics and Logistics (in litt., 2020). Other examples were found
through a quick literature search using the appropriate keywords; however, the illustrative examples
resulting from this literature search (presented in Table 1) were not intended to be a comprehensive

literature review on this topic.

Data on infectious disease outbreaks. To collate the total number of infectious disease outbreaks
over the years 1940-2018, we extracted the relevant data from the medical database called GIDEON
(GIDEON Informatics, 2020) which contains information on the presence and occurrence of
epidemics of human infectious diseases in each country as well as the number of surveys conducted
in each country. The GIDEON data are curated as records of confirmed outbreaks, are continually
updated using various sources such as WHO and Promed, and are accessible via subscription. This
dataset is generally considered to be the most complete, reliable, and up-to-date in the world and
has been regularly used in previous macro-scale studies of infectious disease, epidemics, and
pathogen diversity (e.g., Smith et al., 2007; Dunn et al., 2010; Morand et al., 2013; Morand et al.,
2014; Poisot et al., 2014; Smith et al., 2014; Morand, 2015; Morand and Walther, 2018). Each row
in the GIDEON dataset specifies the disease ‘species’, the year and the country of the outbreak. The
‘annual total outbreak number’ is simply the annual total number of outbreaks regardless of the
disease designation and including all countries. The ‘annual total disease number’ uses the same
data for each year as the ‘annual total outbreak number’ but then counts only the different infectious
diseases which had at least one outbreak in that respective year. The ‘annual total country number’
uses the same data for each year as the ‘annual total outbreak number’ but then counts only the
different countries which had at least one outbreak in that respective year. Our entire 1940-2018

dataset contains 17424 outbreaks of 361 human infectious diseases in 224 nations.

Statistical analyses. In our case, we built yearly bipartite networks of presence-absence matrices
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which link countries with all the recorded epidemic outbreaks. We then transformed these bipartite
networks where separate nodes from countries were connected with nodes of epidemic outbreaks
into unipartite networks using the tnet package (Opsahl, 2009) in R (R Development Core Team,
2019).

The calculation of modularity of bipartite networks of shared epidemic outbreaks among countries
allowed us to identify modules of countries that share common epidemic outbreaks in each
respective year (see Introduction) (Blondel et al., 2008; Bordes et al., 2017). We calculated our
modularity measure of unipartite network for each year using igraph (Lehoucq et al., 2019). High
modularity calculated in this context means that an epidemic remains relatively constrained within a
few countries while low modularity means that an epidemic has spread across relatively more
countries.

The calculation of the eigenvector centrality of the unipartite network of each respective year
allowed us to determine the number of connections a country has to other countries in terms of
epidemic outbreak sharing. Eigenvector centrality is a measure of the degree of the connectedness
of a country and those countries connected to it. High centrality calculated in this context means
that a country is connected to many countries which are also well-connected (Bonacich and Lloyd,
2001; Wells et al., 2020).

A visual examination of the time trend of the annual modularity measure suggested a
discontinuous trend over time. To detect such a discontinuity (or breakpoint) in the trend over time,
we used the R package segmented (Muggeo, 2003; Muggeo, 2008). This package allows the
identification of one or more discontinuities using the bootstrap method; in other words, the
decomposition of a relationship into one of more piece-wise linear relationships and the
identification of breaking point(s). The standard errors of the breakpoint estimates were computed
with the procedure of Clegg et al. (2009) which is implemented in the R package segmented.

Finally, we used a smooth regression to visualize the patterns of changes over time (Harrell, 2015)

(e.g., for air transport, modularity, etc.).

Results

Increase in global measures of mobility and GDP. The increase in measures of mobility during
the Anthropocene has been staggering, with growth percentages of up to 5600% (Table 1). Many
more impressive local and regional examples exist, see, e.g., (Wilson, 1995; Wilson, 1997). For
further analyses below, we only used the World Bank data on flight passengers and air freight;
therefore, we detail them here. Since the 1970s, the total global number of flight passengers (Fig.
1A) and air freight have increased exponentially (Fig. 1B). The total number of flight passengers

increased from around 330 million in 1970 to more than 4 billion in 2017, representing a > 1200%
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increase. The total amount of air freight increased from around 15660 million MT/km in 1970 to
220707 million MT/km in 2017, representing a > 1300% increase. Global GDP per capita (in
current USA dollars) also increased exponentially from 805 dollars in 1970 to 10777 dollars in
2017, representing a > 1200% increase (Fig. 1C).

Increase in the number of outbreaks. Since the 1940s, the annual total outbreak number (Fig.
1D), the annual total disease number (Fig. 1E), and the annual total country number (Fig. 1F) have
increased exponentially. However, for the annual total disease number, this increase has slowed
since the 1990s. While there is some annual up-and-down variation, the overall trends are well
demonstrated by the smooth line regressions. Furthermore, around 2010, the trends for the three
variables began a decrease or stagnation in the actual data, but not in the smooth line regressions.

A global map of the total outbreak numbers summarized from 1940 to 2018 shows a highly
uneven, positively skewed distribution of outbreaks among countries (Fig. 2). The countries with
the most outbreaks are the USA (1894), the United Kingdom (UK) (927), India (653), Canada
(565), Japan (547), Australia (467), China (432), Spain (416), France (401), Italy (372), and
Germany (371).

Decrease in the modularity of network of countries versus outbreaks. Since the 1940s, the
annual modularity measure has overall decreased (Fig. 3). However, it remained at about the same
level (or even increased slightly) until 1962; after 1962, there is a clear downward and almost linear
trend. This discontinuity analysis of the trend (using the R package segmented) split the trend in
two parts around an estimated break-point in 1962 (with a standard error of 4.10 years) with (1) a

flat linear trend from 1940 to 1962 and (2) a significantly negative linear trend from 1962 to 2018.

Relationship between air travel and modularity. Since the 1970s, the annual modularity measure
was negatively correlated with the annual total number of passengers (Fig. 4B) (Spearman rank test,
rho? = 0.78, F1,46 = 154.9, P < 0.00001) and the annual total amount of air freight (Fig. 4A)
(Spearman rank test, tho? = 0.84, F1,44 = 230.2, P < 0.00001).

Change in the centrality of outbreaks. We calculated the centrality values for each nation and for
each year, and then calculated the mean and standard deviation using all the annual values for each
country (Fig. 5). The distribution of mean values is positively skewed, with a few nations exhibiting
very high centrality values (Fig. SA). The countries with the highest centrality values are USA
(0.87), India (0.51), Japan (0.48), Canada (0.46), Germany (0.41), Italy (0.38), Australia (0.38),

China (0.37) and France (0.37). The average centrality measure correlated positively with the GDP
7
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per capita of the year 2017 with individual countries as data points (Spearman rank test, tho? = 0.82,
F1,154 =14.75, P =0.00018). The distribution of standard deviation values of centrality is
approximately normally distributed, but with countries with high standard deviations concentrated
in Asia, Europe, and the Americas (Fig. 5B).

We also plotted all the annual centrality values for each nation within six regions. Despite a large
amount of variation over the investigated time period, the three North American countries had the
highest mean of centrality values, followed by the three Pacific countries and then the European,
South American, Asian and African countries (Fig. 6). These differences in centrality between the
six regions are statistically significant (Kruskal-Wallis 2 =271.58, df =5, P =2.2e-16).
Furthermore, despite the small sample size, the average centrality measure correlated positively
with the GDP per capita of the year 2017 with individual regions as data points (Spearman rank test,
rtho? = 1.00, P <0.00001). North American, Pacific, and European countries were more central in
our unipartite disease outbreak networks. The most central positions (i.e. highest centrality values)
in the network of all outbreaks were occupied by: the USA for North America; UK, Germany, and
Russia for Europe; Brazil, Argentina, and Cuba for South America; India, Japan, and China for

Asia; Democratic Republic of the Congo, Egypt and Kenya for Africa; and Australia for Pacific.

Discussion
Short summary of results

Our results further support the hypothesis that the Anthropocene is associated with to a great
acceleration of infectious disease risks. First, we showed that the number of disease outbreaks, the
number of diseases involved in these outbreaks, and the number of countries affected have
increased during the entire Anthropocene (thus expanding on the results of previous studies which
were more limited in time or space, e.g., Morand et al., 2013; Morand et al., 2014; Smith et al.,
2014; Morand, 2015). Furthermore, these increases have mostly been exponential, although with
some recent slowdowns (see Discussion below).

Second, we demonstrated that the spatial distribution of these outbreaks has become more
globalized in the sense that the overall modularity of the disease networks across the globe has
decreased since around 1962. In other words, clusters of disease outbreaks began to increasingly
become connected with other clusters so that the fragmented nature of outbreak clusters diminished
over time. Before 1962, a disease outbreak usually remained confined to one or a few closely
connected countries; thereafter, disease outbreaks have become increasingly pandemic in their
nature. We thus revealed a long-term, worldwide change in the biogeographic structure of human
infectious diseases associated with outbreaks.

We further found that this decrease in modularity is correlated with the increase in air traffic. The
8
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increase in global mobility and especially in air traffic (Table 1) allows an outbreak to rapidly
spread across several national and continental borders within a short period of time (see also results
from modelling and real-world data below).

Third, we demonstrated which countries and regions are most central within these disease
networks. Countries which are more centrally located within these disease networks tend to be also
the more developed and emerging countries with significantly higher GDPs. Therefore, one cost of
increased global mobility (which is currently tightly linked to economic growth and globalization,
see Discussion below) is the increased risk of disease outbreaks and their faster and wider spread

(although we note that the risk per capita may be decreasing, Smith et al., 2014).

Limitations of this study

Before we discuss the implications of our results, we address possible limitations and biases.
While GIDEON is generally acknowledged to be the most complete, reliable, and up-to-date global
dataset on infectious disease outbreaks, we nevertheless should consider that (1) there may have
been some underreporting in the early part of the Anthropocene, and (2) recent outbreaks may not
have been entered into GIDEON yet.

(1) There may have been some underreporting of infectious disease outbreaks during the early
parts of the Anthropocene in developing countries. However, the imposition in the 1980s of the so-
called Washington Consensus imposed by the International Monetary Fund, World Bank and United
States Department of the Treasury and the resulting the structural adjustment programs dramatically
decreased the public health and education capabilities of developing countries (e.g., Oliver, 2006;
Abul Hossen and Westhues, 2012; Kebede et al., 2019) which should also have affected reporting
rates. However, we see no evidence of a slowdown of our trends (Figures 1D-F) in the 1980s and
1990s.

While we cannot exclude the possibility of some underreporting of disease outbreaks during the
early part of the Anthropocene, it is rather unlikely that the large increases of several hundreds of
percent which we documented in Figures 1D-F are entirely due to underreporting. Since the overall
trends are so consistent and so large over a relatively long period of time, we argue that these trends
are real even if the actual numbers may be off by a few percentage points.

(2) The recent slowdowns shown in Figures 1D-F could be real or due to the most recent
outbreaks not having been entered into GIDEON yet. If they are real, they are not really influencing
the overall decade-long trends documented here. However, if they are due to underreporting, then
the documented trends would be even stronger.

Although it is generally acknowledged that correlation does not prove causation, the correlation

between air travel and modularity specifically (Fig. 4), and the relationship between increased
9
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mobility and the faster and wider spread of disease outbreaks (Table 1, Figures 1 and 3) in general
make sense given theoretical models and real-world evidence (see Discussion below). However, we
acknowledge that other factors may be responsible, especially variables which may covary with
mobility measures. Further causal analyses are therefore required, but these are beyond the scope of

this study.

General discussion and future implications

The starting point of a disease outbreak is due to a variety of local conditions or factors (Morand
and Lajaunie, 2017; Morand and Figui¢, 2018). For instance, Jones et al. (2008) related the
emergence of infectious diseases to human population density and growth, latitude, and wildlife
host richness, and Plowright et al. (2008) specified ecological drivers for several emerging
infectious diseases. There may be several reasons why the number of outbreaks is increasing, which
are reasons due to local conditions at the source of the outbreak (e.g., probably the presence of a
seafood market for the current SARS-CoV-2 pandemic, Zhou et al., 2020). Such factors may be the
increasing number of drug-resistant microbes, higher contact rates with wildlife, increased livestock
and global food production, urbanization, deforestation, agricultural intensification, and others
(Wilcox and Gubler, 2005; Jones et al., 2008; Plowright et al., 2008; Keesing et al., 2010; Smith and
Guégan, 2010; Morand et al., 2014; Johnson et al., 2015; Hassell et al., 2017; Jorgensen et al., 2018;
McMahon et al., 2018; Rohr et al., 2019).

However, after emergence, the local, regional, or global spread of a disease is of course dependent
on many other factors of which host mobility is usually one of the most important ones. This is of
course especially true for directly transmitted human pathogens (Walther and Ewald, 2004, and
studies cited below), although mobility of humans as well as vectors are also important for the
global spread of vector-borne diseases (Tatem et al., 2006; Brown et al., 2012; Eritja et al., 2017;
Golnar et al., 2018; Oliveira et al., 2018).

Theoretical models predict that increased mobility leads to a faster and more wide-ranging spread
of a disease outbreak, and, vice versa, decreased mobility slows and contains the spread of an
outbreak. Modelling the spread of the SARS-CoV-1 pandemic, Hufnagel et al. (2004) demonstrated
that two control strategies, shutting down airport connections and isolating cities, reduced the
spread of the virus. Drastic travel limitations also delayed a pandemic by a few weeks in a model of
the global spread of influenza (Colizza et al., 2007). Similarly, increasing levels of (1) isolation of
infectious hosts, household quarantine and related behavioral changes which reduce transmission
rates and (2) air traffic reduction increasingly slowed the global spread of influenza, although the
latter control strategy required the almost complete halt of global air traffic (Cooper et al., 2006;

Ferguson et al., 2006; Flahault et al., 2006; Hollingsworth et al., 2006; Epstein et al., 2007; Bajardi
10
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etal., 2011). Epstein et al. (2007) emphasized that a combination of both control strategies would
be even more effective, a result mirrored by Mao (2011) for a model at the city scale. Crucially,
Hollingsworth et al. (2006) also showed a significant decrease in the number of countries affected if
travel reductions are combined with other control strategies to reduce transmission rates. This result
was confirmed by Cooper et al. (2006) and Flahault et al. (2006) who found that fewer cities
(distributed around the world) were affected by major outbreaks if sufficiently early and significant
travel and transmission reductions were implemented. In a simulated smallpox attack, even gradual
and mild behavioral changes had a dramatic impact in slowing the epidemic (Del Valle et al., 2005).
Another model suggested that public health policies that encourage self-quarantine by infected
people can lower disease prevalence (Chen et al., 2011).

Real-world examples also demonstrate the link between increased mobility and faster disease
outbreaks. Real data on influenza in the USA showed that a reduction in air travel resulted in a
delayed and prolonged influenza season (Brownstein et al., 2006a; Brownstein et al., 2006b).
Similarly, the presence of airports and railway stations significantly advanced the arrival of
influenza during the 2009 pandemic in China (Cai et al., 2019). Global connectivity due to air
traffic allows an outbreak to rapidly spread across several national and continental borders within a
short period of time. For example, the Ebola virus outbreak was brought into the continental USA
onboard a commercial flight from Liberia because the host was asymptomatic during the flight
(CDC, 2014). Sevilla (2018) reviewed and modelled how air travel can aid the global spread of
Ebola, HINI influenza, SARS-CoV-1, and pneumonic plague. A systematic review of the
effectiveness of travel reductions concluded that internal travel restrictions as well as international
border restrictions both delay the spread of influenza epidemics (Mateus et al., 2014).

Therefore, given the staggering global increase in global mobility during the Anthropocene
documented in Table 1, the increase of the number of disease outbreaks, of diseases involved in
these outbreaks, and of countries affected, as well as the decrease of modularity of these disease
outbreaks make sense because the mobility of humans, other living beings, and goods (which can
act as carriers or vectors) all facilitate the spread of disease and species (e.g., Smith and Guégan,
2010; Findlater and Bogoch, 2018; Sardain et al., 2019).

Given the lack of any antiviral or vaccine treatment, the current SARS-CoV-2 pandemic has
forced governments to drastically curtail people’s mobility and introduce continent-wide social
distancing and lockdowns in order to at least slow its spread by lowering transmission rates. Thus,
the governments’ responses to this acute global health emergency actually mirror many of the
recommendations which were given by the various modelling studies cited above. It should also be
noted that the restriction of people’s mobility (and its most extreme form, quarantine) and social

distancing were already used before the advent of the germ theory of disease and are even used to
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some extent by other species (Hart, 2011; Tognotti, 2013; Bashford, 2016).

Given the link between mobility and disease outbreaks documented by our study, the key question
which decision-makers and society at large should ask are which of the following three scenarios
(which we outline in very broad terms only) should we aim for in the coming decades.

(1) Once the current SARS-CoV-2 pandemic is over, we continue on our path of ever increasing
mobility without regard to the costs in terms of the accelerated infectious disease risk.

(2) We attempt to slow down or even reverse mobility rates of infected hosts and vectors.

(3) We attempt to slow down or even reverse mobility rates of humans and other carriers and
vectors (in other words, decrease many or all of the mobility measures in Table 1). We briefly
discuss the implications of each scenario. However, this discussion is by no means exhaustive, but
meant to stimulate further discussion and study which are urgently needed to come to terms with the
accelerated infectious disease risk of the Anthropocene.

(1) Most likely, at least in the short-term, economic and political decision-makers will return to
‘business-as-usual’ which means increasing mobility rates even further. After all, various
projections predict more immense increases of mobility within the next few decades. For example,
international tourist arrivals worldwide are expected to increase by 3.3% a year between 2010 and
2030 to reach 1.8 billion by 2030 (UNWTO, 2020) from the 1.4 billion recorded in 2018 (Table 1).
WATF (2019) predicted a 3.7%, 2.3%, and 2.0% annual increase in passenger traffic, air cargo, and
aircraft movements, respectively, until 2040. Sardain et al. (2019) predicted a 240-1209% increase
in global maritime traffic by 2050 while the ITF (2019) projected an average 3.4% annual growth in
the demand for global freight until 2050. Over the next 20 years, air passenger traffic and the
number of flying air freighters are predicted to increase by 100% and 30%, respectively (IATA,
2017). Purwanto et al. (2017) predicted that, from 2005 to 2050, world passenger transport will
increase from 34.2 to 73.0 trillion passenger-km, world freight demand from 26.3 to 50.8 billion
MT-km, the world fleet of passenger cars from 735 to 1400 million vehicles, the world fleet of road
freight vehicles from 107 to 160 million vehicles, the world fleet of rail vehicles from 297000 to
622000 vehicles, the world fleet of aircraft from 13410 to 21335, and the maritime fleet from 901 to
2027 million dwt.

In addition to the environmental and social costs and risks of this scenario (e.g., increasing land-
use change, greenhouse gas emissions, resource use and waste production, etc.), including the risk
of widespread ecosystem collapse (see Introduction), we can now add the cost of an increasing
infectious disease risk. While our study only focused on human infectious diseases, this cost related
to increased mobility is also increasing for animal and plant disease outbreaks as well as alien
species introductions (e.g., Anderson et al., 2004; Fisher et al., 2012; Bélanger and Pilling, 2019;

Sardain et al., 2019). While outbreaks of animal and plant diseases may be amenable to a cost-
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benefit analysis (Tildesley et al., 2019), the current SARS-CoV-2 pandemic has clearly shown that
simple cost-benefit analyses cannot be applied when the lives of millions of people are at stake
(note that another emerging infectious disease, the global HIV pandemic, has claimed 32 million
lives so far). Given that another pandemic becomes more likely with increasing rates of emergence
and increasing global mobility, a ‘business-as-usual’ scenario is automatically associated with
further epidemics and pandemics, possibly killing further millions of humans and devastating local
and regional economies or even the global economy.

If a ‘business-as-usual’ scenario is followed with regards to global mobility, countries and the
world community should at least invest in better detection and surveillance methods to catch and
contain the next pandemic as early as possible, and in better preparedness of public health facilities
in case the next pandemic nevertheless gets out of hand (Jain et al., 2018; Bedford et al., 2019; Di
Marco et al., 2020). However, this scenario nevertheless will likely be associated with an increased
number of epidemic outbreaks (some of which may become devastating pandemics), given the
results of our study.

(2) Consequently, the most realistic and agreeable scenario may be to slow down or even reverse
the mobility rates of infected hosts and vectors. Again, the current SARS-CoV-2 pandemic has
demonstrated that identifying infected hosts and reducing secondary infection rates caused by these
infected hosts appear to be the most successful strategies to achieve elimination of the outbreak
(e.g., Baker and Wilson, 2020; Baker et al., 2020). The required measures, such as mass home
quarantine, restrictions on travel, expanded testing and contact tracing, and additional surveillance
measures, are thus mostly focused on (1) identifying and isolating infected hosts (which means to
drastically restrict their mobility) and (2) drastic restrictions of mobility for uninfected hosts.

While the latter is possible in crisis situations, it cannot be a long-term solution to the quandary of
the increased infectious disease risk of the Anthropocene unless we want to decrease our total
global mobility (see scenario 3 below). Therefore, much improved identification and isolation
infected hosts may be the way forward. Already, such measures have been adopted during the
current SARS-CoV-2 pandemic, e.g., body temperature checks for every air travel passenger even
though they appear to be ineffective (Cohen and Bonifield, 2020). However, if efficient and reliable
health checks which can identify various diseases and which can be administered relatively time-
and cost-efficiently to large numbers of passengers could be implemented, we may be able to
significantly restrict the mobility of infected hosts. While such a proposal may sound like “pie in
the sky” at the moment, rapid advances in diagnostic techniques, such as translational proteomics,
may soon allow us to identify infected hosts using simple breathalyzer, saliva, or urine tests (Athlin
et al., 2017; Nakhleh et al., 2017; Tao et al., 2019; Zainabadi et al., 2019). Furthermore, hygienic

measures, such as the enforcement of handwashing and the wearing of facemasks in public
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transport hubs, complete and regular disinfection of important traffic hubs and vehicles (including
the air and all surfaces), and much better vector control should become mandatory global standards
of public health (e.g., Grout and Speakman, 2019; Nicolaides et al., 2019, reviewed in Huizer et al.,
2015), especially in the most central of traffic hubs, such as the world’s most connected airports
(Guimera et al., 2005; Bajardi et al., 2011). Such measures would certainly help to decrease the
mobility of infected hosts and thus the transmission and global spread of diseases.

(3) The most sustainable scenario is, however, to decrease or even reverse global mobility rates of
humans and other carriers and vectors, especially if it is part and parcel of a much larger movement
towards global sustainability by reducing humanity’s environmental footprint and replacing
unsustainable economic growth with sustainable economic degrowth (Schneider et al., 2010; Daly
and Farley, 2011; Alexander, 2012; Czech, 2013; Galaz, 2014; Cosme et al., 2017; Weiss and
Cattaneo, 2017; Chiengkul, 2018; Sandberg et al., 2019; Schmid, 2019). Such a general,
comprehensive and global slowdown of mobility of both uninfected and infected people and vectors
would be opposed for many reasons and by many interest groups, mainly based on economic
arguments based around the need for continuous economic growth which has so far almost always
been positively linked with increased mobility (e.g., Arvin et al., 2015; Hakim and Merkert, 2016;
UNWTO, 2017; Saidi et al., 2018; Nasreen et al., 2020). It is to some extent possible to decouple
mobility from economic growth (Loo and Banister, 2016; Lane, 2019), but even if such a
decoupling was achieved, it would not sufficiently reduce mobility to significantly decrease
infectious disease risks. As the modelling results cited above and the experience with the current
SARS-CoV-2 pandemic clearly show, only a huge reduction in mobility and contact rates is
sufficient to achieve a slowdown or halt of a highly contagious disease outbreak which is already
under way.

Yet, a decrease in global levels of mobility should also decrease the overall number of disease
outbreaks, according to our results (which is different to just slowing and containing the spread of
an outbreak, see Discussion above). Therefore, the many environmental benefits of economic
degrowth and deglobalization would be augmented by a global health benefit, the almost certain
decrease of infectious disease outbreaks. Since economic degrowth and deglobalization have been
advocated by many sustainability experts to deal with the currently converging environmental crises
(climate change, ocean acidification, biodiversity, etc., see references above), our results further
strengthen the argument for such a ‘not-business-as-usual’ scenario.

Moreover, the economic degrowth scenario would also ameliorate many of the local conditions or
factors associated with the emergence of outbreaks (such as increased livestock production and
contact rates with wildlife, climate change, loss and fragmentation of natural habitats caused by

urbanization and agricultural intensification, etc.) thus further decreasing the likelihood of disease
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outbreaks.

In addition, we have a growing understanding that the presence of abundant biodiversity and
healthy ecosystems has an overall positive effect on human well-being and health (Chivian and
Bernstein, 2008; Wood et al., 2014; Sandifer et al., 2015; Walther et al., 2016; Morand and
Lajaunie, 2017; McMahon et al., 2018) which should count as an additional health benefit of the

economic degrowth scenario.

Conclusions

Naturally, decreasing mobility is a moral and political choice which can be informed by science,
but not answered by science. However, given all the current negative impacts of high mobility
(greenhouse gas emissions, land-use and land-cover change and the resulting habitat loss and
fragmentation due to transportation infrastructure and energy production, transport of alien species,
etc.), maybe it is time to ask whether it is morally justified, for example, to move the equivalent of
all the inhabitants of a small town across a continent so that a football team can be supported by its
fans during an away game? Is it necessary to fly halfway around the world for a weekend shopping
trip? Is it really most cost-efficient for supply chains to cover the entire globe when all the
externalities are included? Is long-term sustainability achievable with ever higher rates of mobility?

The demand for ever-increasing mobility is putting many stresses on the Earth system and
therefore also on many aspects of human well-being and health. In this study, we documented
another one: The public health risks of an increasing number of disease outbreaks and their
increasingly global spread. Even without the devastating current impacts of the SARS-CoV-2
pandemic, the additional disease outbreak burden associated with our highly mobile and migratory
human societies is a definite cost which must be considered in its moral and ethical implications as
we consider the future trajectory of the Anthropocene (Ehrlich and Ehrlich, 2013; Steffen et al.,
2018; Schill et al., 2019).
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Fig. 1. | The increase of air travel, GDP, and disease outbreaks since the 1940s. Resulting

graphs from plotting the total global number of air passengers (A), total global air freight (B), and
global GDP from 1970 to 2017; and the annual total outbreak number (A), the annual total disease
number (B) and the annual total country number (C) from 1940 to 2018. Fitted smooth regressions

(in blue) with confidence intervals (in light blue) are shown.
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Fig. 2. | World map of total disease outbreaks from 1940 to 2018. The frequency histogram is

also included.
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Fig. 3. | The decrease in the modularity of outbreaks since the 1940s. The graph from plotting
the annual modularity measure from 1940 to 2018. We also fitted a smooth regression (in blue) with
confidence intervals (in light blue). The two red lines display the results of the discontinuity
analysis which split the trend into two parts with an estimated breakpoint in 1962 (see details in

Results).
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Fig. 4. | Correlation between annual modularity and in air travel and transport since the
1970s. Resulting graphs from plotting the (A) annual global number of air passengers and (B)
annual global total of air freight (cf. Fig. 1) against the annual modularity measure (cf. Fig. 3) from
1970 to 2017. Fitted smooth regressions (in blue) with confidence intervals (in light blue) are

shown.
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Fig. 5. | World map of centrality measures from 1940 to 2018. (A) Mean centrality values of

shared disease outbreaks and (B) their variability (using the standard deviation). The frequency

histograms are also included.
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Fig. 6. | Box plots of centrality measures for six regions. Box plots of all annual centrality values
(1940-2018) for all countries in Africa (n = 45 countries), Asia (n = 48 countries), South America (n
= 25 countries), Europe (n =40 countries), Pacific (n = 3 countries), and North America (n =3

countries).
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Table 1 | Evidence for increase in global measures of mobility during the Anthropocene.

Time period

Variable

Increase (total amount and percentage®)

References

1950-2010
1950-2010
1950-2016
1950-2008

1950-2005

1950s-2000s
1950s-2000s

1970-2017
1970-2017
1980-2004

1980-2009
1980-2018

1980-2018
1990-2017
1992-2018

Traffic vehicles for transportation
International tourism
International tourism

Seaborne trade

Global merchant fleet

World trade

World trade of goods destined for
the processing industry

Air travel

Air freight

Global value of trade (exports and
imports)

Global merchant ship fleet

Containers

International maritime trade
International migrants

Total ship number

<200 to > 1200 million motor vehicles (> 600%)
<100 to > 900 million arrivals (> 900%)

25 to 1400 million arrivals (5600%)

0.5 to 11.0 billion MT of seaborne cargo (2200%)

84.6 to 652.5 million MT (771%)
- (>300%)
- (>400%)

0.33 to 4.00 billion passengers (1212%)
15660 to 220707 million MT/km (1409%)
2033075 to 8975589 million dollars (441%)

683 to 1192 capacity in million MT (174%)
34.9 to 680.8 million TEU containers (1951%)

2605 to 11005 million MT loaded (422%)

152.5 to 257.7 million (169%)
28666 to 98755 ships (344%)

35

(Steffen et al., 2015a)
(Steffen et al., 2015a)
(UNWTO, 2017; UNWTO, 2019)

(Stopford, 2009; Yercan and Yildiz, 2012;

UNCTAD, 2019b)

(Stopford, 2009)

(World Ocean Review, 2010)
(World Ocean Review, 2010)

Figure 1A (World Bank, 2020a)
Figure 1B (World Bank, 2020b)

(UNCTAD, 2005)

(World Ocean Review, 2010)

Institute of Shipping Economics and Logistics

(in litt., 2020)
(UNCTAD, 2019a)
(UN, 2017)

(Tournadre, 2014); Jean Tournadre (in litt.,

2020)


https://doi.org/10.1101/2020.04.20.049866
http://creativecommons.org/licenses/by-nc-nd/4.0/

1997-2017 Global merchant fleet tonnage ~ 723 to ~ 1765 million DWT (244%) (ISL, 2017)
2013-2019 Containers 141.7 to 169.1 million full TEU containers (119%) Container Trade Statistics (in litt., 2020)

SCalculated as percentage increase by dividing the later estimate by the earlier estimate. The numbers and percentages given in this Table are approximations
whenever numbers are given with a ~, < or > sign because these numbers were taken from graphs in Steffen et al. (2015a) and ISL (2017). Abbreviations: DWT
= deadweight tonnage is a measure of how much weight a ship can carry; MT = metric ton; TEU = twenty-foot equivalent unit, a standard size for 6.1 m long

containers.
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