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Using an eight-dimensional indicator index, we evaluate the trajectories of resilience of 160 countries over 20
years. Our highly-granular analysis of the current state of the world shows what must happen to control climate
change and switch from quantitative to qualitative growth. Assessing the resilience of a country is a complex task
prone to opacity and subjectivity. The challenge is to strike a balance between the Earth’s biophysical limits and
socioeconomic models designed to ignore them. Here we propose a resilience index composed of eight indicators
of socioeconomic status (GDP and HDI), natural resources and population (arable land and water resources per
capita), energy (supply and renewables), and environmental impacts (greenhouse gas emissions and material
footprint). We show that the socioeconomic indicators have improved, while natural resources have been
depleting and environmental impacts worsening. We need to reduce the current material footprint 1.5-fold.
Average CO, emissions per capita must drop by an order of magnitude. Furthermore, population growth and

political instability seem to undermine resilience score of a country.

1. Introduction

As this paper will show, the human enterprise is increasingly un-
sustainable because of the ever-growing number of people, who use ever
more energy and liquidate the natural endowment of the planet. On
August 24, 2021, typing sustainability in Google yielded 1.22 billion
hits. The top hit was this definition of sustainability: “Meeting the needs
of the present without compromising the ability of future generations to meet
their needs”. Thus defined sustainability rests on three pillars: economic,
environmental, and social. In practice, they are profit, planet, and
people. This subjective, nonscientific and anthropomorphic definition
shares few similarities with those in (Brundtland and Visser, 1987;
Ripple et al., 2017; Dinerstein et al., 2019; Bradshaw et al., 2021). But
what if “profits” trample all else? If “people” are merely the source of
cheap labor? And “planet” is a substrate from which the profits are
extracted as raw materials (Patzek, 2004; Dinerstein, 2007; Elhacham
et al., 2020), soil (Thaler et al., 2021), lumber (Elhacham et al., 2020;
Patzek and Pimentel, 2005; Patzek, 2007), water (Stokstad, 2020; Google
Timelapse, Our Ocean, 1984-2020, Google Earth, 2021) etc., and into
which mountains of toxic wastes are dumped (Elhacham et al., 2020;
Tiseo, 2020)? What if the “needs of the present” are mostly the needs of
the well-to-do, who have privileges that yield opportunities, but decline
to take responsibilities that these privileges confer, opting instead for a
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“net-zero” deception of some kind, e.g., (Dyke et al., 2021)? Moreover,
who knows what the needs of future generations will be?

The initial challenge one faces in sharpening the definition above is
to eliminate the subjectivity around the needs of the present and to
accommodate these needs to the biocapacity of Earth. Observing various
trends in the recent past might help us evaluate the progress being made
towards “sustainable development”. We highlight the following changes
in the last 25 years: the world’s gross domestic product (GDP) grew 2.4
times; the material footprint doubled; the CO2 emissions and energy
consumption increased by more than half, spawning a population in-
crease of a little less than half (EIA, 2020; UN, 2020). It seems that, on
average, we oversupply the present needs, but how will we cater to the
needs of future generations?

In 2004, Patzek proposed (Patzek, 2004) a thermodynamic definition
of sustainability: “A cyclic process is sustainable if and only if (i) It is
capable of being sustained, i.e., maintained without interruption, weakening
or loss of quality ‘forever,” and (ii) The environment on which this process
feeds and to which it expels its waste is also sustained forever.” The key
implications are: (1) A cyclic process must not reject waste chemicals
into the environment, i.e., its net waste production must be close to zero
“forever”. (2) A sustainable cyclic process must not reject heat into the
environment at a rate that is too high for the Earth to export this heat to
the universe; otherwise, the environmental properties will change. (3)

Received 18 September 2021; Received in revised form 3 February 2022; Accepted 10 February 2022

Available online 27 February 2022
0921-8009/© 2022 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier

B.V. This is an open

access article under the CC BY-NC-ND license


mailto:tadeusz.patzek@kaust.edu.sa
www.sciencedirect.com/science/journal/09218009
https://www.elsevier.com/locate/ecolecon
https://doi.org/10.1016/j.ecolecon.2022.107383
https://doi.org/10.1016/j.ecolecon.2022.107383
https://doi.org/10.1016/j.ecolecon.2022.107383
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolecon.2022.107383&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Bolson et al.

The operational definition of “forever” Patzek chose for human civili-
zation was 5000 years, the age of Egypt’s oldest surviving wood struc-
ture. (4) Almost everything we do is unsustainable, because all major
human activities are linear and irreversible (mining of minerals, oil, gas,
coal, soil, groundwater, ecosystems, biodiversity, etc.). We also dump
toxic chemicals everywhere in the environment (atmosphere, water, and
land).

In view of the remark (4) above, no scientist can claim that the
human economy is sustainable. At best, one may try to construct a
consistent measure of how resilient the countries around the world are
relative to one another. Here “resilient” means a country capable to
recover from some difficulties for some time; it is the country’s tough-
ness and elasticity. Resilient countries can be very different. For
example, Paraguay and Iceland are both resilient, but for different rea-
sons. Their modes of future failure will also be different. In this paper,
we construct an eight-dimensional resilience measure for some 160
countries around the world, and track this measure for all countries over
20-25 years. Allowing for the customary misspelling of resilience as
sustainability, we will use these two terms interchangeably, with a clear
understanding that nothing in the human economy is thermodynamically
and ecologically sustainable.

To make our eight-dimensional (octagon) approach to quantifying
global resilience accessible to diverse audiences, we have aligned its
eight indices with the most popular definition of ‘sustainability’
described above. This definition is so popular because it focuses on the
“needs” of the living people, while in fact, to satisfy those needs the
global economy is pursuing monetary goals by liquidating ecosystems
and undermining life-support functions future generations will need to
survive (Toth and Szigeti, 2016). Climate change is one of these impacts
that will ravish food systems (Wheeler and von Braun, 2013), biodi-
versity (Dinerstein et al., 2019; Bar-On et al., 2018; Arneth et al., 2020;
Raven and Wagner, 2021), and social dynamics (Roche et al., 2020). The
concept of “planetary boundaries,” or absolute limits of growth,
(Rockstrom et al., 2009) brings into focus the carrying capacity of our
planet and ecological overshoot. The decline of natural resource avail-
ability — including loss of biodiversity — will make it impossible to
maintain current lifestyles (Fuso Nerini et al., 2019; Ceballos et al.,
2020). Another critical factor is power supply. It will be difficult to
change the status quo and forgo in the next 20 years the 15 TW of pri-
mary power from fossil fuels, which powered the human world 313 days
in 2019 while adding to global warming for centuries (Ricke and Cal-
deira, 2014; Zhang and Caldeira, 2015). Since 1830, power production
and population growth went hand-in-hand (see SI Fig. 1). Without
exosomatic power, there is no quantitative socioeconomic growth, and
several of the ‘Sustainable Devel- opment’ Goals of the United Nations
may be unachievable (Hagens, 2020; Fuso Nerini et al., 2018). Relevant
trends in the global economy are shown in SI Figs. 1 - 5.

We accept that resilience has three pillars - environmental, social,
and economical. We analyze resilience from a perspective that covers (1)
some of what nature provides (arable land and water); (2) how severely
we are impacting and depleting the ecosphere (greenhouse gas emis-
sions and material footprint); (3) whether there is energy available to
perpetuate the complex systems in place (energy supply) and how much
of this energy is non-fossil (renewables); (4) what access to goods and
services (GDP) there is; and (5) how well a basic quality of life (HDI) is
delivered.

The elusive sustainability (resilience, really) is a multifaceted and
complex idea with its science which attempts to create knowledge that
solves key problems (Patzek, 2007; Kates et al., 2001). Sustainability’s
complexity demands a complete restructuring of how institutions pro-
duce relevant knowledge (Patzek, 2004; Cash et al., 2003). Forecasting
sustainable development hinges on science, current knowledge, and
tools. The desire to produce a sustainability index is not new. At present,
there are analyses and indices for a variety of large systems, such as food
(Chaudhary et al., 2018), energy systems (Evans et al., 2009; Cartelle
Barros et al., 2015), food-energy-water nexus (Ozturk, 2015), local

Ecological Economics 195 (2022) 107383

communities (Valentin and Spangenberg, 2000; Lindsay et al., 2020;
Reed et al., 2006), and countries (Nilashi et al., 2019; Nourry, 2008).
Furthermore, a sustainability index can be developed with a variety of
tools and methodologies from multi-criteria analyses (Rowley et al.,
2012; Giampietro et al., 2006; Etxano and Villalba-Eguiluz, 2021) to
machine learning (Nilashi et al., 2019). Furthermore, the use of partially
ordered sets could help to account for the complexity involved in sus-
tainability/resilience (Fattore and Arcagni, 2021). Specifically, there
exist the widely accepted ecological footprint (Rees, 1992; Wackernagel,
1994) and the environmental performance index (Hsu and Zomer,
2016).

Nevertheless, despite the progress in understanding the issues and
developing the corresponding tools, there are no universally accepted
and deployed sustainability or resilience indices. Here is why: a viable
index must facilitate both qualitative and quantitative evaluations
(Moldan et al., 2012). The difficulty lies in selecting and interpreting
indicators that compose this index (Moldan et al., 2012), and each
particular selection is prone to subjectivity (Morse et al., 2001) that
could bias the index. More importantly, a popular resilience index will
affect policymaking (Hezri and Dovers, 2006) and will therefore be
subject to intense political negotiations. In the end, a useful resilience
index must be concise, easy to communicate, and global (Hak et al.,
2016).

The eight indicators of our index are readily available from the well-
known databases from, e.g., EIA, IEA, FAO, UN, World Bank, etc. Public
domain data make this index accessible to large audiences. To help in
engaging different spheres of civil society, we present key information in
a simple graphical form. We evaluate how different countries have been
performing for up to 25 years, and identify global trends and critical
aspects of development. Limitations and potential biases of our index are
discussed. The proposed thresholds for our resilience indictors can be
adjusted easily.

2. Methodology

This section provides all the information needed to understand and
replicate the resilience index. Section 2.1 describes the selected in-
dicators and thresholds adopted for each of them. Section 2.2 provides
the details of indicator normalization and score calculation. Fig. 1 shows
a flowchart that describes the steps necessary to calculate the resilience
octagon index.

2.1. Indicators and thresholds
To evaluate a country’s resilience properly, we selected indicators

based on three pillars — social, economic, and environmental. The
selected indicators and threshold criteria are:

Collect Define Normalize
Data " Thresholds g Data
Calculate | Draw
Area D Octagon

Fig. 1. Procedure to arrive at a resilience score. The initial step is to collect
data from the databases available for the selected indicators. Secondly, we set
thresholds for each indicator. Afterwards, the indicator values are normalized
with the adopted thresholds. The normalized values are assigned to the vertices
of the unit octagon. The final step consists of calculating the area of the polygon
thus formed.
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1. Gross Domestic Product (GDP) is an economic criterion providing
one measure of a country’s level of economic activity. GDP is a
monetary index (the value of final sales of goods and services), and it
does not reflect the true well-being of the country (Stiglitz, 2020).
The threshold adopted here is $30,000 for GDP per capita adjusted
for purchasing power parity (PPP). This value is an entry-level for a
country to be classified as high-income (Bank, 2019; Statistics Times,
2018). The reference data are from the U.S. DOE EIA (EIA, 2020),
and the PPP is referenced to the year 2015.

2. Human Development Index (HDI) is a composite index based on
access to education by the expected years of schooling children, the
living standard from gross national income per capita, and life ex-
pectancy at birth (UN, 2018). HDI is already scaled between 0 and 1,
and there is no threshold to define. We note that HDI is inherently
imprecise, and usually overestimates a country’s advancement by
underestimating the rule of law, self-governance, advanced
schooling, and research infrastructure. Also, HDI seems to be
incompatible with ecological stability (Hickel, 2020). An interesting
attempt at extending and improving HDI was just published (Lucia
and Grisolia, 2021). In our more complex approach, HDI is but one of
eight indicators. The reference data are from UNDP (UNDP, 2021).

3. Energy Supply assesses energy independence with the ratio of en-
ergy produced domestically per year (power) to total power
consumed. The threshold we chose separates countries that can
supply their total power demand from those that cannot. The refer-
ence data for primary energy consumption and production are from
EIA (EIA, 2020).

4. Renewable Energy evaluates the fraction of total power produced
that is generated by the alleged “renewables” and nuclear reactors.
Our threshold separates countries that can supply their power de-
mand from renewable and nuclear sources from those that cannot.
The reference data are from EIA (EIA, 2020).

5. CO, Emissions are a must from environmental perspective.
Adequate threshold determination is difficult because this threshold
should be dynamic, accounting for the remaining carbon budget
(WBGU, 2009; Friedlingstein et al., 2014). The adopted value is 2
tCOy/yr/capita. We lump all emissions as CO5 equivalent emissions
to account for CO,, CH4, NOx, and change of land use (Ritchie and
Roser, 2020; Houghton and Nassikas, 2017).

6. Arable Land refers to the land suitable for crop production (FAO,
2020a). Cultural aspects can significantly interfere with defining a
threshold for the minimum arable land per capita. The type of diet
matters because what is eaten affects this indicator more than how
much is eaten (Ritchie, 2007). Depending on a diet, the required area
can vary from 0.18 ha/capita to 0.86 ha/capita (Peters et al., 2007).
The selected threshold is 0.5 ha/capita, allowing a diverse diet with
some meat consumption. The data are from FAO (FAO, 2019).

7. Water is the total internal renewable water resource per capita.
According to FAO (FAO, 2020b), an average of 1000 m>/yr/capita is
a minimum required to sustain life and guarantee agricultural pro-
duction. The reference data are from AQUASTAT (FAO, 2014).

8. Material Footprint is the net material consumption. It is the sum of
domestic extraction plus the raw material equivalent of imports and
minus the raw material equivalent of exports (UN, 2020). Defining
the sustainable use of materials ranges from a target for total mate-
rial consumption to consumption according to the type of material
(biotic or abiotic) (Bringezu, 2015; Lettenmeier et al., 2014). The
selected threshold is 8 t/yr/ capita (Lettenmeier et al., 2014). The
data used for the material footprint are from the UN International
Resource Panel (UN, 2020).

2.2. Resilience score
The initial step consists of normalizing the indicators between 0 and

1. Each indicator that has a threshold as a lower bound (GDP, energy,
renewables, arable land, and water) receives the maximum score of 1
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when its value is equal to or greater than the threshold. When this in-
dicator’s value is smaller than the threshold, the score is this value
divided by the threshold (a fraction). Thus, e.g., a water indicator less
than one is bad.

Each indicator that has an upper bound threshold (CO5 emissions
and material footprint) is set to 1 if its value is equal to or below the
threshold. When an indicator’s value is greater than its threshold, the
score is the threshold value divided by the actual value of the indicator
(a fraction). Thus, e.g., a CO5 indicator less than one is bad.

The resilience score is calculated as the polygon area whose vertices
are set by the scaled indicators. The radial distance to each vertex is the
normalized value of the corresponding indicator. The allocation of an
indicator to a given vertex is based on the highest linear correlation
between this indicator and another one; thus, achieving an optimized
distribution. This distribution minimizes the contribution from corre-
lated indicators — see SI Fig. 6 for the correlation matrices and p-values.

Some of the potential methods of calculating resilience scores are:

1. Polygon Area is the area of a polygon, in which each vertex repre-
sents an indicator. Radial distance to a vertex is a normalized value of
an indicator assigned to this vertex (see SI Fig. 6). This area can be
obtained in two ways:

1.1 Optimized: the order of the indicator vertices is based on linear
correlations between pairs of variables (see SI Fig. 6).

1.2 Permutated: areas of the polygons are constructed from all
permutations of vertices, and the mean area is calculated (see SI
Fig. 7).

2. Summation (): all indicators (I,) are summed (Score Zgzlln)

8
3. Multiplication (IT): all indicators are multiplied (Score H In>

n=1

2.3. Categorical classification

A categorical classification was made to analyze trends in the indi-
cator scores by classifying them as low, middle, and high. According to
the established threshold, the low classifications mean a poor or critical
score of the selected indicator. The middle classification indicates that
an indicator is not in a critical condition. The high category means a
satisfactory score; the indicator is on the safe side of its threshold
criterion.

The intermediate values of the categorical classification are: Carbon
dioxide emissions 0.4 to 1; Energy supply 0.5 to 0.9; GDP 0.4 to 1; HDI
0.55 to 0.8; Land 0.4 to 1; Material footprint 0.5 to 1; Renewables 0.25 to
0.5; Water 0.5 to 1. If an indicator’s value is below the lower threshold, it
is classified as “Low”. When the indicator value is above the upper
threshold, it is classified as “High”.

3. Results and discussion
3.1. Comparing approaches: limitations and biases

Different methods of calculating a resilience index lead to different
results and potentially inject biases towards certain conclusions. The IT
approach amplifies the differences, requiring a country to have all in-
dicators with reasonable values for a good total score. A single indicator
with a low value severely penalizes the resilience index’s final score. The
IT approach score is only as good as the worst indicator. This approach
emphasizes a country’s key weakness, which will be the first reason for
this country to fail during extreme events in climate and politics.

Conversely, the X approach is weakly affected by a single indicator.
Strong indicators compensate for weak ones. This compensation could
be questioned. For example, could ample energy mitigate arable land
and water scarcity? For how long? Similarly, increasing renewables will
increase energy supply and probably reduce CO2 emissions. To what
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extent are these compensations reliable? Also, it is important to mention
that certain compensations could easily occur. As we can see, each case
needs to be evaluated separately.

The optimized octagon approach balances the indicators scores; a
single indicator cannot severely penalize or compensate others in the
resilience score.

Fig. 2 displays the accumulated resilience scores of the maximum
resilience available to all 166 countries in the database in 2015. These
countries are ordered from the most vulnerable to the most resilient
ones. If each country had a perfect score, their common maximum score
value would be 2.83/7 = 0.9. Thus 166 countries would accumulate ~
150. The earth’s countries accumulated 59 according to the summation
(%) score, 29 according to the optimum octagon score, and 0.4 according
to the product (IT) score. The three methods (summation, optimized
octagon and multiplication) demonstrate that the summation acts as an
upper bound and the multiplication as a lower bound on the resilience
indices (see SI sections 2 and 3 for details).

Notice that the world is already either very vulnerable or just
vulnerable according to the optimum octagon score — scoring 0.29 out of
1. If this is not a warning to all humans, we do not know what is.
Parenthetically, the unrealistically high X score might be preferred by
the world’s politicians and international organizations, and the brutal I1
score by the climate change, biodiversity and ecology experts. The IT
score, according to which the world is only 0.4 resilient, is the direst
warning produced by our analysis. Recall that the II score makes a
country as good as its weakest indicator. This score may actually be most
descriptive of the real world with climate warming, the ensuing social
unrest, and large-scale human migrations that will disrupt or annihilate
global supply chains. The ongoing sixth mass extinction may be the most
serious environmental threat to the persistence of our global civilization,
because it is irreversible (Ceballos et al., 2020). Therefore, loss of
biodiversity and habitats (Ripple et al., 2017; Dinerstein et al., 2019;
Bradshaw et al., 2021; Dinerstein, 2007; Elhacham et al., 2020) may be
the most important index that will have to be added once sufficient data
are collected for each country.

The following analysis is based on the more conservative optimized
octagon approach. The scores from the optimized approach are between
the IT and X approaches and provides a wide enough distribution of the
resilience scores to facilitate comparisons among countries.

100

Vulnerable

Alert

Resilient II
= = = Potential

0.1

Cumulative Resilience Score

2015
0 50 100 150
Number of Countries

Fig. 2. Cumulative resilience score of the world in 2015. It shows the accu-
mulated resilience scores of 166 countries. In 2015, the earth’s countries
accumulated 59 points according to the summation () score, 29 according to
the optimum octagon score, and 0.4 according to the product (IT) score. The
scores were sorted in ascending order from the most vulnerable to most resilient
countries. Two-thirds of the Earth’s countries are vulnerable.
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3.2. Global perspective

The resilience scores of all assessed countries are shown in Fig. 3.
Regional patterns may emerge from the geog- raphy and socioeconomic
characteristics of the neighboring countries. The planet’s resilience
score has been sliding uniformly (see SI section 4). Our approach pro-
duces global resilience scores that are negatively affected (i.e., de-
crease) with population growth and high population density.

Typical characteristics of the most resilient countries are the abun-
dance of natural resources and low population density. As we can see,
some developed countries, considered resilient by many, do not appear
in this ranking that seems to rectify misconceptions in characterizing a
genuinely resilient country.

The common traits of the least resilient countries are limited natural
resources and high population densities. Overall, the developed and
vulnerable countries are thriving due to international trade. They
compensate for the lack of natural resources by imports and export the
unavoidable environmental deterioration elsewhere. This observation
highlights the fragility of global trade; a major interruption could cut off
these developed countries from vital supplies. The developed countries
also face other impacts from their activities - depletion of domestic re-
sources, e.g., oil exploitation, and environmental impacts of tourism.
International trade is highly desirable economically, but it accelerates
resource exploitation, leading to stock depletion just to maintain present
consumption (Riekhof et al., 2019). This situation contradicts sustain-
able development and is one of the numerous social traps (Costanza,
1987).

An additional observation is related to the relatively highly ranked
countries that are underdeveloped. These countries seem resilient
because they lack access to consumption and have small material foot-
prints and low levels of CO; emissions. Knowing that GDP is one of the
indicators growing quickly, we should expect a worsening of these
emerging economies’ scores. A great challenge is how to develop these
countries sustainably - raising concerns about whether world commu-
nity measures development correctly.

3.3. Resilient and vulnerable countries

The resilience octagon posits that harmony and balance among all
eight indicators are key to resilience. Fig. 4 illustrates this observation.
Countries with good scores for the majority of indicators are deemed to
be resilient, while the countries with only a few indicators that are not
critically low are vulnerable. An acute imbalance of indicators is a strong
predictor of vulnerability (see SI Fig. 7).

Fig. 4a shows the resilience octagon for some of the most resilient
countries. Their indicators span a large area of the plot in the range of
45% to 55% of the maximum area, which means that these countries
achieve good scores in the majority of the indicators. It seems obvious
that a truly resilient country must supply its own needs with minimal
environmental impacts. Thus, under the applied criteria, high scores for
all indicators imply strong resilience.

Fig. 4b shows some of the most vulnerable countries. They span small
areas of the octagon in the range of 9% to 14%. These countries have low
values of some indicators, but they might have one or two high ones. The
vulnerable developed nations have strong socioeconomic indicators
(GDP and HDI) and/or a strong energy indicator for the hydrocarbon-
rich countries. The underdeveloped nations mainly have good CO,
emissions and material footprint indicators that are associated with
poverty rather than resilience. Expectedly, small countries with limited
natural resources and excessive populations are most vulnerable.

There are two distinct groups of vulnerable countries that are easy to
identify - oil producers and small islands. The oil-producing countries
have a strong dependence on fossil fuels for energy supply that results in
high CO, emissions, and meager renewable energy sources. In addition,
most of these countries are located in a hot and arid climate and have
limited/nonexistent arable land and water resources. The small islands
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Low Resilience Score

High

Fig. 3. Global resilience. The most resilient countries are greenish, while the least resilient countries are reddish. The contrast in the colors is based on a normalized
distribution of the score values. More resilient countries have low population density and high availability of natural resources. The high population density in the
Asian countries results in their low resilience scores. Due to the limited biophysical carrying capacity of the MENA region, this region is grossly overpopulated. The
data are for the year 2015, with the white areas missing. The country borders are plotted using (Greene et al., 2019).

Energy

Renewables CO,
Water GDP
Land HDI
Material Footprint
—— Bhutan Iceland Paraguay

(2)

Energy
1

Renewables | 0.8 CO,

Water GDP

Land HDI

Material Footprint

——Djibouti -Kuwait

Singapore

(b)

Fig. 4. Resilience octagon. (a) Resilient countries fill large areas of the octagon. (b) For vulnerable countries, only small areas of the octagon are filled. Reference

year: 2015.

are mostly finance tax havens or tourism hubs. They have limited nat-
ural resources and are energy deficient. Some of these countries are
entirely dependent on resource imports from foreign nations to keep
their economies working. These countries are negatively impacted when
a major hurricane hits or the sea level rises (see SI sections 4 and 6 for
the resilience trends and scores of the G20 and other selected countries).

Fig. 5 shows the countries that are consistently ranked among the
most and least resilient ones. Their maximum count is 26 over the
studied period from 1990 to 2015. Overall, there are consistencies in the
membership of the dominant groups of countries in both cases. Other
countries appear sporadically, only when they are ranked near the top or
bottom twenty.

The most resilient countries in Fig. 5a are diverse and not commonly
considered as resilient. They range from developed to emerging coun-
tries, revealing that there is no unique recipe for a country to be resilient.

The most vulnerable countries in Fig. 5b are small. Here again, the
group is diverse, usually fitting the typical profile described above.
However, upon checking this historical ranking, we learn that besides
the dominant group, the countries that appear in the most vulnerable
group have faced or are currently facing political instability. This situ-
ation mainly affects a country’s socioeconomic indicators. Political
instability cascades into all other indicators, lowering them, and this
effect can last for a long time. Political instability is not only bad for
business, but also for resilience.
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Fig. 5. Histograms: (a) Resilient countries. The counts refer to the number of times a country appeared as one of the twenty most resilient countries. (b) Vulnerable
countries. The counts refer to the number of times the country ranked as one of the twenty most vulnerable countries. The maximum score is 26 in both cases,

referring to the period from 1990 to 2015.

3.4. Indicator trends

Fig. 6a shows a categorical distribution of the indicators for 2015.
When a country is classified in the low category, it must be interpreted as
critical; it needs improvements when it is classified in the middle cate-
gory, while a high classification indicates that a country is within the
proposed resilience targets. We should point out that half of the in-
dicators are in a critical state. The critical condition of the energy in-
dicator shows that most countries are dependent on imports to supply
their domestic needs, mostly with fossil fuels. Consequently, renewables
are the most critical indicator that confirms dependence on external
fossil fuels to cover energy needs. The GDP indicator shows that many
countries have underdeveloped economies — development in these
countries could mean improved living standards but this would be re-
flected as an increment of their material footprint and CO, emissions.
The arable land and water indicators highlight overpopulation. The
numerous countries in the “low” category cannot feed their populations
without imports and/or have insufficient water supply systems.

Fig. 6b shows trends in the eight indicators, comparing data in 1992
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and 2015. Improvements occurred mainly in the socioeconomic in-
dicators, GDP and HDI, and in the expansion of renewables. It is
important to mention that the improvement in renewables is illusory.
First, Fig. 6a shows that most countries are in critical states regarding
renewable energy resources, and their improvement is an advance from
zero to a value near zero (see SI Fig. 1); second, modern renewables
(mostly wind turbines and solar PV) are merely replaceable, not
renewable, and are heavily subsidized by fossil fuels (Seibert and Rees,
2021). The natural resource indicators worsened, mainly due to popu-
lation growth, which means that more people share a dwindling stock of
finite resources; here arable land and water. Land and water misman-
agement and misuse are the common aggravating factors. The wors-
ening of the material footprint indicator is a side effect of development,
reflecting increased living standards and easier access to goods and
services. COy emissions show a balance of improvement and decline.
This metric is ambiguous. While we observe improvements (lower
emissions) in selected countries, global emissions are increasing. Addi-
tionally, Fig. 6a shows that most countries are in critical status. One
might question if this balanced improvement/worsening occurs by a
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Fig. 6. Indicators. (a) The indicator score is subdivided into three categories: low or critical, middle or needing improvement, and high that is within the proposed
resilience targets. The number above each bar is the number of countries in a given category. The latest classification is for the year 2015. (b) Indicator changes. Each
green bar represents the countries that improved an indicator. Each red bar groups the countries that worsened an indicator. The comparison is between 1992

and 2015.
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transference of emissions, (e.g., heavy industry moving towards cheap
labor), or that the improvements in some countries are nullified by the
worsening in other countries, where increased emissions are a direct
consequence of development. Note that the indicators with scores equal
to one in 1992 and 2015 might have worsened or improved in absolute
terms. Indicator changes below their respective thresholds do not
modify the score and are not detected by our approach (see SI section 5
for indicator trends).

Fig. 6 suggests a path for improvement. Access to energy is the most
important element of sustainability. Expansion of renewables can
improve three indicators (with the reservations noted above): 1) the
share of renewables in the energy mix; 2) the structure of energy supply
(renewable resources are local); and 3) CO5 emissions. Furthermore, this
measure may bring socioeconomic benefits, such as job creation (Ram
et al., 2020). Proper management and preservation of natural resources,
i.e., of arable land and water are essential to a sustainable future. It
seems clear that overpopulation is the key factor driving decline in most
worsening indicators. Implementation of population policies that lead to
an eventual population reduction is a prerequisite for long-term
sustainability.

3.5. Impacts on policy making

The resilience octagon makes it possible to track the impact of the
adoption of different policies. The present study shows the effect of the
previous actions that produced the observed status in 2015 (see SI sec-
tions 4 to 6). While the resilience score is a reference number tracking
the current situation, the qualitative information expressed by the
polygon shape provides insights into where the country is heading.

Fig. 7 shows the evolution of the World, Afghanistan, and Denmark.
We notice that at a global level, the resilience score is worsening.
Afghanistan and Denmark were selected because in 1995, they had
similar resilience scores. Afterward, they took very different paths.
Denmark improved its apparent resilience by maintaining its population
stable and increasing its share of renewables, thus increasing its energy
and CO, scores. In contrast, Afghanistan worsened significantly over the

0.4 <5

<
‘b Denmark

=
o
&

% @

3 3

Energy

Resilience Score
(]
[S%]

<
3

Renewables

World

<

Afghanistan
1995 2000 2005 2010 2015
Year

Land HDI
) Material Footprint

Fig. 7. Resilience histories. The y-axis represents the area of the optimized
resilience octagon, normalized by the maximum score. The black octagon shows
the optimized permutation of the indicators. The blue polygons represent the
world, whose score is decreasing, mainly due to the depletion of natural re-
sources (land and water), an increase of the material footprint, which could be
linked to population growth and improvement of living standards or urbani-
zation. The green polygon depicts Denmark that has improved mainly due to an
increase in renewables and reduction of CO5 emissions. The red polygon depicts
Afghanistan, whose scores have been worsening, mainly due to a reduction of
arable land and renewables, which can be associated with growth of the pop-
ulation that almost doubled and has been made worse by climate change. War is
factored in the HDI score that will take another large hit after September 2021.
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analyzed period. Its population almost doubled despite the continuous
wars, decreasing the scores of natural resources (water and arable land).
The human development index also suffered. Note that the polygon
shapes remained unchanged for Denmark and changed somewhat for
Afghanistan, but the respective areas diverged, increasing for Denmark
and decreasing for Afghanistan.

Countries with similar resilience scores in Fig. 7 can be following
different paths. Beyond the resilience score, we must appreciate the
qualitative aspects of the octagon. Qualitative interpretation improves
understanding of trends and avoids a simple numerical reduction that
can be misleading (Arcagni et al., 2021). The octagon approach helps to
identify national policy strengths and weaknesses; the current polygon
shape can provide clues about where a country is heading (see SI section
6). Furthermore, follow-up studies will allow one to compare and track
the impacts of particular national policies. Countries often develop
along similar lines. Identifying a country that had a similar polygon
shape at a previous point in time can provide valuable insights into the
possible future path of a second country and suggest policy initiatives to
take or avoid. The possibility of projecting the future development of a
country, by knowing its previous and current states, provides important
insights to decision-makers in choosing and implementing optimal
policies and actions.

4. Conclusions

The eight-dimensional resilience index developed here pinpoints the
resilient and vulnerable countries worldwide. All versions of this index
lead to similar conclusions. Countries with ample natural resources will
be more resilient in face of crisis. Conversely, the apparently successful
countries, whose advanced economic development (high GDP per cap-
ita) allows them to import natural resources from foreign nations will
prove more vulnerable in the long run.

Over the 20- to 25-year periods analyzed, the following global trends
have been identified: socioeconomic improvement that seems to be
associated with natural resource depletion; energy-wise, there has been
a slight improve- ment in energy supply from expanding renewables, but
this expansion does not even cover the year-on-year increases in fossil
fuel consumption and renewables remain far from displacing fossil fuels
(except for electricity generation in a few countries); population growth
and income increases combined with the resultant depletion of resources
are the proximal causes of the deteriorating global resilience. We have
not explicitly assessed the role of climate change, but it will likely
emerge as a major influence on developmental trends in coming years.

Beyond the scope of this work, additional key indicators (climate and
biodiversity) and/or thresholds could be investigated. The developed
algorithms are available as supplementary materials, giving all an op-
portunity to explore specific queries and add new indicators.

It is clear that the world’s countries have been dealt unequal hands in
the global game of prosperity, survival, and domination: their
geographical locations, topographies and local climates, neighboring
countries, surface areas, natural resources, biodiversity, mineral re-
sources, etc., all play determining roles. The political systems, human
development, and populations of these countries have also evolved quite
differently, with expected variable consequences. It is evident from this
analysis that most countries are in acute ecological overshoot (Rees,
2020), and their long-term viability is uncertain in a rapidly changing
world. Overshoot is eventually a terminal condition. Yet it is also clear
that most people worldwide are in utter denial of the severity of our
current predicament. The distal cause of this denial operates beneath
consciousness: Homo sapiens has evolved as a dogged K-strategist in the
competition for resources and habitat. The very behavior that made our
species successful in dominating the Earth in simpler times has become a
potentially fatal maladaptation in the rapidly changing environment of
our own making (Rees, 2010).

To reduce ecological overshoot and slow the sixth extinction of life
on the Earth, it is essential that global society adapt to using much less of
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everything and cooperate in reducing human population. Regrettably,
the resistance of entrenched interests in positions of political and eco-
nomic power, combined with the normal defensive instincts (e.g.,
spatial, temporal and social discounting) and emotions of ordinary
people prevent the world community from acting on the objective re-
ality that our reasoning brain (neocortex) registers.

To engineer — even to contemplate — a coordinated economic
contraction opposes everything that people in the techno-industrial so-
cieties have been biologically and culturally programmed to do. How-
ever, nothing will change until we learn to transcend both expansionist
human nature and the reinforcing cultural myth of perpetual growth and
continuous technological development. History is not encouraging.
More granular recommendations — such as a global one-child policy —
have been voiced with little success by countless authors over the last
century. Dare we hope that the social scientists, psychologists, and
economists reading this paper will begin to articulate novel yet action-
able recipes that will enable the world’s most advanced and/or popu-
lated societies to change course dramatically? Only then will we avoid
what would otherwise be an inevitable collision with biophysical reality.
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