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Abstract

Global food security for a population of 9 billion by 2050 depends on a complex socioeconomic and biophysical system. Current
strategies involve decreasing food losses, increasing yields, and improving distribution efficiencies. Herein, we use a systems-
based approach to show that contrary to a historically rising global dietary energy production (DEP: per capita calories grown
or captured), food self-sufficiency at the country-level has been in a four-decade decline as the number of countries generating
insufficient DEP for their populations continue to increase at a steadfast rate. Global trade and food imports for the most part
have kept up and compensated for these growing declines. However, the necessary expansion in food exports and distribution
is fueled by ever-increasing growth in non-renewable fossil fuel use resulting in increasing instability in present society.
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Introduction

Food security for an increasing population faced with dimin-
ishing natural resources is requiring ever more complex
socioeconomic and biophysical evaluations and solutions
(Tilman et al. 2011; Godfray et al. 2010; WHO and FIUWA
2017; WFP and FIA 2015; Pimentel and Pimentel 2008;
Cole et al. 2018; FAO 2016). While food supply at the table
is a traditional food security metric (individual perspective),
actual food production will always be a primary metric in
the food supply chain. We need to grow the calories before
we distribute them. We simplify by focusing on production,
which allows us to identify necessary proactive steps to
improve food security in an otherwise exceedingly complex
food supply chain.
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Herein, we show that while global food production con-
tinues to increase, average country-level food self-sufficiency
has been consistently decreasing for the past half-century
and that observable trends like urbanization and increas-
ing population density correlate with these declines. Scale
matters; human societal units from families and local com-
munities to the global economy and population are highly
organized and powerful self-organizing resource dissipative
systems are growing rapidly in size, power, and complex-
ity (Waters et al. 2016; Bettencourt et al. 2007; Rees 2012;
Nekola et al. 2013). Correspondingly, to capture these emer-
gent influences, we scale the food self-sufficiency dilemma
in terms of per capita food production on a country-by-
country basis. Country-level regulations, such as tax codes,
import quotas, incentive schemes, and registration and data
collection systems, along with less formalized nationalism
tend to result in relatively homogeneous values of human
macroecological variables, such as trends in population,
GDP, and indices of well-being within national boundaries.
Country-level data provide reliable, standardized, quantita-
tive information on socioeconomic factors, such as natural
resource extraction, agricultural production, demography,
and economic activity and on biophysical factors, such as
water availability, arable land, and temperature.

Conservatively and for simplicity, we define food self-
sufficiency thermodynamically as the domestic production
of sufficient per capita calories. This definition assigns each
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domestic population’s per capita calorie needs to their coun-
try’s farm and ocean production which informs countries
whether they are producers (producing more than per capita
needs) or consumers (producing less than per capita needs)
in the food supply system. Food self-sufficiency therefore
does not imply a given country is assigned to specifically
feed their own population. Rather it implies that a country’s
population represents a load on the global food supply sys-
tem and we are measuring to what degree they are compen-
sating that load with their own calorie production within the
same food system. We use dietary energy produced (DEP)
to quantify food production, and conservatively assume
2000 kcal per capita per day as a reasonable threshold for
basic nutrition (Alexandratos and Bruinsma 2012). DEP is
the per capita food calories grown or captured available for
consumption by humans (Porkka et al. 2013). Food produc-
tion from farm and ocean will always be the first step in
the food supply chain. The global food system’s ability to
produce and also distribute additional calories to account for
waste, food choice, and macro and micronutrients in addi-
tion to simple calorie production is beyond the scope of this
paper but otherwise worsens the food self-sufficiency trends
we quantify (e.g., thermodynamically humans require suf-
ficient calories, but also need nutrients).

Results

Here we have analyzed trends in DEP for 164 countries for the
45-year period from 1965 to 2010. From 1965 to 2010, while
the number of food calories per capita produced by global
agriculture and fisheries increased, the average DEP for the

164 countries analyzed actually decreased (Fig. 1a). These
trends reflect increasing variance and disparity in food produc-
tion among countries when accounting for their population’s
own needs—while a few produced much more food, most
produced less. The number of countries producing enough
food to meet the caloric requirements of their populations
decreased by 35%, from 101 to 66, over the 45-year period
(Fig. 1b); on average, curiously persistent, three countries fell
into food production deficit every 4 years. These declines are
consistent with current food security circumstances (WHO
and FIUWA 2017; FAO 2009; Chaudhary et al. 2018), but
clarify the self-organizing, resource-consumptive power of
human associations at scale. As more countries produce less
DEP, remaining countries are thermodynamically required
(and for the most part rewarded) to temporarily provide
more. Under-producing countries achieve adequate diets
by importing more food. The remaining large producers are
then required to invest in further high-volume unsustainable
practices, and therefore short-term production erodes their
own long-term prognosis. The market forces involved in these
alignments are well beyond the scope and intention of this
paper (Pimentel and Pimentel 2008; Brown et al. 2011, 2013).
The inter-country results (Fig. 1) are theoretically expected
in a globally traded economic system, constrained by a finite
biosphere. As countries unsustainably harvest their habitats
to provide for not only their own daily metabolism, they also
harvest a wide variety of other material and market needs
which further pressures their arable lands (Ehrlich and Harte
2015; Smil 2013; Hall and Day 2009; Schramski et al. 2015).

Observed trends and the resulting dilemma for global
food security are due largely to dramatic changes in
human ecology and demography with corresponding
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Fig. 1 Change in dietary energy produced (DEP) from 1965 to 2010. a Global DEP, average DEP for 164 countries, and the standard deviation
in DEP among the 164 countries. b Number of countries producing more or less than 2000 kcal/cap/day in 1965 and 2010 (Color figure online)
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Fig.2 Consequences of increasing agricultural intensity, urbaniza-
tion, and technology. Per capita energy consumption (W/capita)
increases with agricultural intensification. For additional informa-

detrimental natural resource consequences (Fig. 2). In
just 15,000 years, humans have increased from no more
than about 50 million subsistence hunter-gatherers living
at low densities in approximate balance with earth’s eco-
logical processes to agricultural-industrial-technological
societies of over 7.5 billion people, mostly crowded into
cities. From Jericho, Constantinople, and Rome, to Bei-
jing, London, and Tokyo, cities and their urban ecosystems
have become the major habitat of our species. They now
hold > 55% of the global population and represent the new
endpoint of ecological succession in the Anthropocene
(Rees 2012; Clements 1916; Odum 1969). In just 49 years
(1965-2014), urbanization increased from 37 to 54% and
is now increasing at almost 1.0% per year; the number
of cities larger than 300,000 grew from 554 to 1664; the
number of cities larger than 10 million increased from 3
to a mind boggling 28, an almost tenfold increase (Nations
2014). As urbanization continues to spread dramatically,
the most serious resource concern is how much longer the
global trade pattern of food supply can rely on the coun-
tryside to support both the Earth’s biological metabolism
and civilization’s extra-biological resource use (Cumming
et al. 2014). Unlike natural climax ecosystems, cities are
not in balance with energy flow and other ecological pro-
cesses; they are hardscapes acting as sinks of energy and
sources of pollutants (Rees 2012; Prigogine 1977). Urban

tion, the authors suggest Pimentel and Pimentel, 2008 and Smil, 2013
(Pimentel and Pimentel 2008; Smil 2013) (Color figure online)

humans consume far more energy and other resources and
produce more industrial wastes than their past hunter-
gatherer ancestors and current rural counterparts. Conse-
quently percent urbanization is now a reasonably accurate
predictor of each country’s rate of resource consumption
(Rees 1999; Burger 2015; Burger et al. 2017).

The ongoing urban demographic shift is correlated to
declining food self-sufficiency (Fig. 3a, b). In 1965, most
predominantly rural countries with low to intermediate pop-
ulation densities produced enough food for their populations
and only two of the most highly urbanized countries (>75%
urban), Bermuda and Malta had large food production defi-
cits (2000 kcal/capita/day). In only 45 years, by 2010 all
of the countries with dense, highly urbanized populations
had large food production deficits. More clearly, as popula-
tion density of most countries increased, an accurate indica-
tor of environmental pressure (Pascual and Barbier 2006;
Duh et al. 2008; Briggs 1999), DEP declined substantially.
For example, in 2010, the average population density of the
98 consumer countries at 168 people/km? is more than dou-
ble the average density of 78 people/km? of the 66 remaining
producer countries. The ramifications of these correlations
weigh heavily on a global population trending urban at 1%
per year. The underlying reasons for the variation and trends
in each country’s net 45-year trajectory of DEP (Fig. 3c) are
complex (e.g., temporal and spatial variation in ecological
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Fig.3 a 1965; b 2010, Dietary energy production (DEP) versus per-
cent urbanization for 164 countries. Size of data markers proportional
to population density. The four quadrants are defined as follows: (/)
Gray is>50% urban and producing>2 k kcal/day (urban-producer);
(II) Green is<50% urban and>2 k kcal/day (rural-producer); (IIT)
Yellow is <50% urban and <2 k kcal/day (rural-consumer); (/V) Red
is>50% urban and < 2 k kcal/day (urban-consumer). ¢ Net trajectories
from 1965 to 2010 for 164 countries. Color of arrow indicates quad-
rant of 2010 data point. Black arrow is starting (37.5%, 2766 kcal/
day) and ending (55.8%, 2067 kcal/day) averages of all 164 coun-
tries (not shown linear best-fit coefficient of determination of this line
when drawn through all 10 averages calculated at all 10 time steps at
5 year increments from 1965 to 2010 is R?=0.97). Total net move-
ments over all 45 years between quadrants; IV gains 40 countries, 1
gains 10, II loses 44, and III loses 6. Some examples are shown (23 of

conditions including climate, soils, net primary produc-
tion, access to energy, water and technology to subsidize
agricultural production, political history, economic policy).
However, the collective and remarkably consistent trajectory
(Fig. 3c, black arrow, R’= 0.97) downward (three countries
every 4 years descended below 2000 kcal/capita/day) and
to the right indicates that an increasing number of large cit-
ies and sovereign countries are drawing heavily from the
global system and a large fraction of the global population
face increasing insecurity for their food supplies while total
dietary production continues to increase (Fig. 3d).

Food insecurity is especially pronounced for the increas-
ing numbers of city dwellers, who must import food from
rural areas, and of urbanized countries with caloric deficits,
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164): (1) United States, (2) Ukraine, (3) Canada, (4) New Zealand, (5)
Uruguay, (6) Australia, (7) Malaysia, (8) Paraguay, (9) Mauritius, (/0)
Fiji, (11) Kiribati, (/2) Vanuatu, (/3) Solomon Islands, (/4) Trinidad
and Tobago, (/5) Antigua and Barbuda, (/6) Grenada, (/7) Maldives,
(18) Djibouti, [note: final data point for 2010 is (77, —9666.9), but not
shown to minimize graph size], (/9) Cyprus, (20) United Arab Emir-
ates, (217) Israel, (22) Venezuela, and (23) Belgium. d Global annual
total dietary energy produced in zeta joules/year. In 2010, the 66
countries in quads I and II (producers with DEP>2000 kcal/capita/
day) supplied 0.0254 ZJ or 90.1% of total DEP (0.0282 ZJ) of caloric
energy produced in the world. The remaining ninety-eight countries
in quads III and IV (consumers with DEP <2000 kcal/capita/day)
together supplied remaining 9.7% or 0.0027 ZJ (Color figure online)

which must import from the decreasing number of countries
where food production still exceeds domestic consumption.
The steadily increasing urban dilemma is exacerbated by the
additional energetic and material costs for the preservation,
storage, and transport of food over the steadily increasing
distances from source to consumer. Biophysical constraints
dictate that cities will never be able to feed themselves. There
is simply not enough sunlight and land to grow enough plants
for urban agriculture to produce the 2000 kcal/capita/day
of photosynthetically derived calories to satisfy the food
requirements of urban populations. For example, Singa-
pore requires a minimum of 4.1 x 10'? kcal/year to feed its
population of 5.6 million. If Singapore were to grow highly
productive green revolution rice on 100% of its land area,
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Fig.4 Percent calories derived from animals in per capita dietary
energy supply (DES) as a function of a country’s urbanization, n=1476
(Color figure online)

the maximum yield would be 0.46 x 10'? kcal/year. So even
this unrealistic scenario for urban agriculture would meet
only 11% of the population’s caloric needs (Richardson and
Moskal 2016; Kim et al. 2015; Peters et al. 2008).

The urban food supply dilemma is exacerbated by a
predictable shift toward increased consumption of animal
calories, which have higher natural resource demands than
vegetable diets. Averaged dietary percent of animal calo-
ries increases with urbanization roughly on a rising gradient
from 7% in very rural countries (< 10% urban) to 32% in
very urban countries (>90% urban) (Fig. 4). These animal
calories extol an 11-fold increase (Pimentel and Pimentel
2003) in energy investments (primarily fossil fuels) over
plant-based calories and require 36% of the calories pro-
duced by the world’s crops for animal feed (Cassidy et al.
2013). Then these animal’s metabolic processes lose 88%
of this plant feedstock to respiration producing only ~12%
in edible animal calories (Berners-Lee 2018). At most 4%
of the original 36% of global feedstock cropping calories
(0.12x0.36 =0.04) is making it to the table. An energeti-
cally inefficient system is growing a meat habit together with
a country’s degree of urban lifestyle.

Discussion

The global human population and economy has continued
to grow uninterrupted. Continuing growth including DEP is
enabled by extraordinary quantities of other forms of energy
to power non-metabolic food system processes. The expo-
nential growth in primary energy consumption (Fig. 5) illus-
trates the precariousness of the domestic and inter-country
food self-sufficiency risk depicted in Fig. 1 (Holdren 1991).
A large fraction, 15-30%, of all primary energy consumed
by individual nations and the global economy is consumed
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Fig.5 Global primary power consumption, population, and per capita
power consumption. Global energy consumption has remained ~85%
fossil fuels for the last three decades. Global food systems are respon-
sible for 15-30% of all energy expended (Color figure online)

for the food system—to produce and deliver food from field
or ocean to table (Pimentel and Pimentel 2003; Canning
et al. 2010; FAO 2011). This primary energy, almost entirely
from non-renewable fossil fuels, is expended for fertilizers,
machinery, irrigation, herbicides, and insecticides to obtain
high yields and for preservation, transportation, distribution,
and marketing.

At a global scale, the greater socioeconomic system is
efficient at promoting and then distributing food, albeit at
astonishing energetic costs. In 2005, 52% of countries pro-
duced insufficient per capita calories yet 80% of all coun-
tries were quantified as importing at least 500 kcal/capita/
day (Porkka et al. 2013). Consider that energy consumption
for global transportation continues to grow at 1.4% per yr,
now accounts for 25% of civilization’s energy consumed,
and remains 95% dependent on fossil fuels (EIA 2016). The
increasing disparity underway between calorie producer and
consumer countries (Fig. 1a) is currently enabled by and
conditional on this commensurately growing transportation
energy investment. Expanding ever-increasing food produc-
tion, preservation, and distribution between increasingly dis-
tal producer and consumer countries requires yet additional
energy flows to those extraordinary dispatches depicted in
Fig. 5 (Pimentel and Pimentel 2008; Brown et al. 2011). The
food system’s excessive fossil fuel energy subsidy is unsus-
tainable and represents an Achilles’ heel for the sustenance
of global human metabolism.

Terrestrial agriculture has been able to keep pace with
increasing demand by converting native ecosystems to
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agroecosystems and by using mechanization and techno-
logical innovations enabled by fossil fuels to increase yields.
For the most part, however, these methods cannot be used
in the oceans, where natural biophysical constraints limit
the potential to increase primary production and protein
supply rates. Marine harvest rates are still increasing while
31% of marine fish stocks are classified as over-exploited or
depleted and another 58% of fish stocks are fully exploited
(FAO 2016). Illegal or unregulated fishing with unknown
harvests is significant (World Wildlife Foundation 2015).
The impacts of human exploitation on biomass stocks and
marine food webs initiate a positive feedback resulting in
steadily decreasing biomass. Consequently, as countries
continue to fall behind in DEP, they are relying on overhar-
vested marine systems for their own needs with oceans and
their marine fisheries currently supplying 17% of essential
protein on a global basis (FAO 2016). Similar to terrestrial
systems, unsustainable quantities of energy, mostly from fos-
sil fuels, are needed to further increase marine harvest rates
from remaining stocks.

Despite these immediate-term concerns, long-term food
security is particularly tied to the success of environmental-
ism whose goal is to enact consequential methods or change
to insure long-term biosphere stability. Our results provide a
meaningful way for proposed environmental reforms, prac-
tices, and partnerships to be evaluated for their outcomes at
varying scales. Despite ongoing improvements, concern for
the complexity of agricultural life cycle analyses (LCAs) is
genuine given the multitude of continuously changing local-
to global-scale variables (e.g., natural resources, suppliers,
economic conditions, production rates, demography, and
on biophysical factors, such as water availability, weather,
and soils) (Caffrey and Veal 2013; Sachs et al. 2010; Knapp
and van der Heijden 2018; Renouf et al. 2018). Undertak-
ing these analyses is time consuming, expensive, involves
extensive or proprietary data, requires higher education
training, and altogether faces a mindboggling quantity of
food to table systems waiting to be analyzed (Pimentel and
Pimentel 2008; Perryman and Schramski 2015). The speed
of the global marketplace (Figs. 2, 4) renders completed
models of various activities to a commensurately short shelf
life. Nevertheless, ongoing refinements and new technolo-
gies like vertical farming, underground farming, and artifi-
cial meat need these multi-scaled assessments to evaluate
impacts versus benefits. These issues are outside the bounds
of the present analysis but our model and results provide
a quantifiable context for initiating and informing discus-
sions on goals, usefulness, practicality, and overall ability for
authorities to enact change while simultaneously forestalling
the trends we identify.

@ Springer

Conclusions and Recommendations

Food security analysis is usually a measure of food avail-
able or food consumed by the individual, which involves a
higher resolution of analysis of trade and distribution with
subsequently nuanced findings based on geographical loca-
tion and socioeconomic status among others (WHO and
FIUWA 2017). For example, Porkka et al. conclude from
the same data used herein (although they terminate their
findings 2005, our analysis extends to 2010) show that
food availability has increased substantially by focusing on
dietary energy supply (DES, per capita food supply to the
individual, thus accounting for trade and distribution). They
also show a slightly different definition of food self-suffi-
ciency (actual quantity of individuals within countries with
DEP > 2500 kcal/day) that has remained relatively constant
during this time span (Porkka et al. 2013). However, we
show that over the last four decades, the number of coun-
tries whose borders we contend are a self-organizing and
powerful source of political, economic, and environmental
control, are no longer supplying sufficient calories to the
global market to offset for their own population loading
on the same Earth system. That is, while the populations
within the remaining calorie positive countries are large
which has kept the global average individual DEP high, the
average DEP production of the countries that represent these
populations is declining (Fig. 1). Further, the decrease is
steady, seemingly predictable, and apparently non-reversible
(Fig. 3c). This suggests an underlying potential erosion in
global food security that has not previously been noted.
We can be a bit more quantitative with our findings. In
2010, the 98 caloric deficit consumer countries in III and
IV provided only 0.003 ZJ/year or 9.7% of the total global
caloric energy flow (Fig. 3d), leaving them uniquely depend-
ent on global trade and vulnerable to future environmental
or social disruptions. A steadily growing but currently more
than one-quarter of the world’s population live in III and IV
and depend on other countries to produce and supply enough
food to make up for within-country DEP deficits. And this
current unbalanced global production system requires the
extraordinary fossil fuel flows shown in Fig. 5. The food
self-sufficiency risk is predictably highest in urbanized-con-
sumer countries (quadrant IV). These are both the least pro-
ductive, producing a combined total 0.001 ZJ/year over the
last 45 years (Fig. 3d) and yet the fastest growing, increasing
more than threefold, from 17 to 58 countries, in the same
period. As countries shift toward IV, they increase consump-
tion of inefficient animal calories (Fig. 4). The remarkably
rapid average trend toward quadrant IV (Fig. 3c) is theo-
retically predicted for a thermodynamically overburdened
and overharvested finite system of countries but also repre-
sents strong empirical evidence, as these trends have been
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consistently underway for decades. Unfortunately, our theory
and empirical evidence confirms that once countries enter
IV, they have almost no chance of recovering. This secures
their status as global consumers but more ominously perma-
nently increases the future demands on the shrinking global
producers in I and II which altogether further beholden the
entire system to yet additional and questionable exogenous
energies increases (Fig. 5).

In the short term, scientists, policymakers, politicians,
and lay people can use our global and domestic scale
results to inform their ongoing assessments of food secu-
rity risks (Fig. 1). Additional DEP systems research at
multiple scales (e.g., continents, biomes, economic status,
arable lands) will inform the stability or precariousness of
each trajectory and help countries assess their food vulner-
abilities (Fig. 3). As of yet, untested technologies at scale
like genetic decreases in respiration to increase yields or
purported high-yield agroecological farming techniques
need heightened awareness and ground truthing (South
et al. 2019; Schutter 2011). At one extreme are countries
that have high food self-sufficiency with large areas of
arable land, productive agriculture, and relatively rural
low-density populations that currently produce sizeable
food surpluses. Domestic food production levels may be
of only a small concern and international sales can be
carefully encouraged for benefits in return. At the other
extreme, are small, highly urbanized countries that are
extremely vulnerable to socio-political upheaval and envi-
ronmental catastrophe due to limited arable land and net
food deficits. Diet choices, magnitudes of domestic food
production, and availability and viability of international
supplies also have a heightened sense of urgency in these
cases. All countries would benefit by reducing animal diets
ensuing both less fossil fuel consumption and the return
to the market place of a large proportion of the edible
calories produced by the world’s crops currently being
used for animal feed (i.e., ~36%). Presumably, a portion of
the land currently dedicated to animal calorie production
could also be transitioned back to crop production. DEP
magnitudes depicted in Fig. 3 and domestic food securities
would improve. Meanwhile, agriculture’s role in climate
change, which is significantly beyond the scope of work
herein, cannot be ignored. Agriculture is a looming con-
straint on future decisions where greenhouse gases from
still expanding transportation, to livestock outgassing, and
deforestation are consequential concerns. For example,
reduced animal diets and carbon sequestration in harvest-
ing techniques are urgently being promoted (Toensmeier
2016).

At the global scale, the long-term outlook is challeng-
ing, in large part because a growing global population and
economy will require yet more energy to provide additional
global production and trade operations. Despite gains in

renewable energy production, the majority of the extra-
metabolic energy is still obtained from fossil fuels and
the finite reserves of oil, gas, and coal are being rapidly
depleted. War, social discord, climate change, increasing
pollution, and biomass depletion all contribute, albeit in
ways that are difficult to quantify and predict, to increasing
risks to maintaining adequate food supplies. We contend
that as natural resources wane, country-level boundaries
and policies and the self-organizing powers attributed to
their politics, economics, social norms, and military will
always maintain a consequential and non-trivial degree of
importance on food production, storage, and import and
export decisions. Currently, the trend toward increased
urbanization and heavier animal calorie diets, fewer large
food-producing regions, and an expansive food preserva-
tion and global delivery system wholly dependent on fossil
fuels, suggests global food self-sufficiency is declining and
becoming less stable and resilient to external pressures.

Materials and Methods

Figure 1: United Nations data for populations (Nations 2014)
and Porkka et al.’s data for dietary energy produced (DEP)
(Porkka et al. 2013) are used where DEP is the per capita
grown or captured caloric energy, including both animal
and crop calorie production, available for consumption. One
inherent strength in Porkka et al.’s methods is that crop calo-
ries routed to feedstock are not counted until they become
animal calories (i.e., no double counting). These feedstock
calories are temporarily lost but later returned as a less calorie
containing animal product. A significant portion of feedstock
calories are lost as waste heat in the metabolic processes (i.e.,
> 80%) which then lowers DEP as animal calorie production
increases. Porkka et al. note that extreme cases of high animal
consumption and inefficient diets result in cases of negative
DEP. Final data used are compiled in Source Data. Worksheet
titled country data includes raw DEP data by country and
year. Worksheets DEP statistics and Quadrant statistics are
the resultant calculations for Fig. 1a, b, respectively.

Average [red line] :
Y DEP of each country €))

Average DEP = -
164 countries

Standard deviation [blue line] :

1/2
Y (DEP average — country DEP)? 2)
164 countries

Stddev of DEP = <

Global average [green line] :
Y (country DEP X population) 3

Global DEP = -
Y country population
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Porkka et al’s dataset for DEP spanned 40 years from
1965 to 2005 in 5-year averaged increments; thus 9 data
points total for each country (i.e., 1965, 1970, and so on).
We then used similar methods as expressed in their supple-
mentary information including clarifying personal emails
with Dr. Porkka to calculate DEP for 2010 which is included
in the Source Data. Thus Fig. 1a includes ten timesteps from
1965 to 2010 at 5-year increments.

Figure 3: United Nations data for percent urbanization
(United Nations 2014) and population density (World Pop-
ulations Prospects 2017), and Porkka et al.’s data for die-
tary energy produced (DEP) (Porkka et al. 2013) are used
in Fig. 3a—c. Final data used are compiled in Source Data
worksheet titled country data that includes DEP, per capita
population density, and % urban data by country and year.
In Fig. 3d, for each 5-year time step starting with 1965
through 2010 (10 steps), for each country, we calculate
total dietary energy produced by multiplying population
by DEP (both values located in worksheet titled country
data) and add the totals for each of the four quadrants. An
example calculation for 2010 is provided in Source Data
worksheet titled 2010 quad totals.

Singapore’s food needs: The population and land
mass of Singapore in 2016 were ~5.6x 10° and
717 km? (World Bank retrieved 11-13-17). Assuming
a 2000 kcal/day diet, Singapore’s inhabitant’s require
(5.6 x 10° people) x (2000 kcal/person/day) x (365 day/
year) =4.1 x 10'? kcal/year. Assume rice produces 5
tonnes/ha/year which is above the global average of
4.6 t/ha/year in 2016 and also assume rice = 1290 kcal/
kg. Total rice energy production of Singapore = (5
tonnes/ha) X (717 km?) x (100 ha/km?) x (1000 kg/
tonne) X (1290 kcal/kg) =0.46 x 10'? kcal/year. The per-
cent of diet is then (0.46 x 10'? kcal/year)/(4.1 x 10'? kcal/
year)=11%.

Figure 4: Percent calories in dietary energy supply
(DES) from animals are from Porkka et al. (2013). These
are per capita calories supplied to the individuals of each
country. Percent urbanization is from the United Nations
(United Nations 2014). Original data from Porkka et al.
and the UN report are available in Source Data, worksheet
titled country data. These data are reordered for Fig. 4 in
worksheet titled animal calories and urbanization. This
represents 164 countries over nine time steps at 5 year
intervals for a total of n=1476 data points. Using the
reordered data in the worksheet titled animal calories and
urbanization, we first captured all data points at less than
10% urbanization (n=57) to calculate 7% from animal
calories. Similarly, we captured all data points greater
than 90% urbanization (n=39) to obtain 32% from ani-
mal calories. Examples of these calculations are available
in Source Data.

@ Springer

Figure 5: Similar to Ehrlich et al. with updated data
(2012). Primary energy consumption is derived from Smil
(2010), the EIA (2013), and BP (2017) and population is
UN data (1999). Final data used are compiled in Source
Data, worksheet titled global energy consumption.
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