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Abstract
The ability of food systems to feed the world’s population will continue to be con-
strained in the face of global warming and other global challenges. Often missing 
from the literature on future food security are different scenarios of population 
growth. Also, most climate models use given population projections and consider 
neither major increases in mortality nor rapid declines in fertility. In this paper, we 
present the current global food system challenge and consider both relatively high 
and relatively low fertility trajectories and their impacts for food policy and systems. 
Two futures are proposed. The first is a “stormy future” which is an extension of the 
“business as usual” scenario. The population would be hit hard by conflict, global 
warming, and/or other calamities and shocks (e.g., potentially another pandemic). 
These factors would strain food production and wreak havoc on both human and 
planetary health. Potential increases in mortality (from war, famine, and/or infec-
tious diseases) cannot be easily modeled because the time, location, and magnitude 
of such events are unknowable, but a challenged future is foreseen for food secu-
rity. The second trajectory considered is the “brighter future,” in which there would 
be increased access to education for girls and to reproductive health services and 
rapid adoption of the small family norm. World average fertility would decline to 
1.6 births per woman by 2040, resulting in a population of 8.4 billion in 2075. This 
would put less pressure on increasing food production and allow greater scope for 
preservation of natural ecosystems. These two trajectories demonstrate why alterna-
tive population growth scenarios need to be investigated when considering future 
food system transitions. Demographers need to be involved in teams working on 
projections of climate and food security.
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Introduction

Projections of food demand into the twenty-first century rely on population projec-
tions from demographers as well as historic to present trends of policy choices and 
priorities in food systems. Similarly, the trajectory of future greenhouse gas emis-
sions depends on population projections in addition to projections of per capita 
fossil fuel usage, mitigation, and so on. Since 1963, the United Nations Population 
Division (UNPD) has produced population projections for each nation of the world 
and in recent decades they have been done every 2 years.1

Over the last 70 years, the world population has increased greatly from 2.5 bil-
lion in 1950 to 8.0 billion in 2022. 2 World population is still growing by about 70 
million persons per year. Figure 1 shows the median projection to 2075 by region. 
While the populations of Europe, North America, Latin America and the Carib-
bean, and Oceania remain nearly constant in this century, Africa is growing very 

Fig. 1   Population by region from 2000 to 2020 and projected to 2075

1  How accurate are population projections? In hindsight, UN projections for individual countries have 
sometimes had considerable error and the error of course increases the longer the time interval between 
the projection and the actual population count. From a study in 2000, the mean absolute error across 
countries at ten years duration was 7% and at 30 years was 16% (National Research Council (USA), 
2000). However, for the world, the percentage error even at 30 years from projection to actual was less 
than 4%.
2  World population reached 1 billion in 1800, 2 billion in 1930, and passed 3, 4, 5, 6 and 7 billion in 
1960, 1974, 1987, 1999 and 2011 respectively. This has been very rapid growth in the last century, i.e., a 
nonagenarian today has seen world population quadruple in his/her lifetime.
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fast (adding 33 million persons per year). Africa’s population is expected to increase 
from 1.4 billion in 2022 to 3.3 billion by 2075. Asia is expected to increase from 4.7 
to 5.3 billion by 2050 and then decline to 5.1 billion by 2075. 3

Those countries with populations that have been roughly constant over the 
last half century (except for the USA) consume beyond their means across all 
commodities but particularly food. In places such as North America, Europe, and 
Australia, not only are more calories consumed, but the dietary patterns have become 
more environmentally intensive with regard to water, land use, and biodiversity loss 
(Willett et al., 2019). These countries along with a handful of others, including some 
middle-income countries such as Brazil and Indonesia, have the largest greenhouse 
gas emissions (GHG) coming from their food systems (Crippa et  al., 2021). In 
contrast, in many low-income countries, populations are not getting enough nutrient-
dense foods to meet their nutritional and physiological needs, and these countries 
are contributing less GHG per capita and environmental degradation in aggregate 
(Beal et al., 2023).

In this paper, we first provide the current context for population projections and 
the challenges food systems face to feed the world population. Second, we consider 
two hypothetical trajectories for population and global food security from now to 
2075.4 In the first trajectory, which is named “stormy future,” fertility declines only 
slowly, and the population will be hit hard by conflict, global warming, and/or other 
calamities. In the second trajectory, entitled “brighter future,” there will be rapid 
adoption of the small family norm, resulting in a population that increases due to 
momentum, but then comes back down to 8.4 billion by 2075 without increases in 
mortality. For each trajectory, the components of population change are first out-
lined and then possible changes in food production and consumption are described.

Current context

Presently, a major reason for continued rapid population growth is population momen-
tum. This is due to the young age distribution of countries where fertility has declined 
recently, i.e., even if girls in these countries only have two births each in their life-
times, the population will continue to grow for decades because there are large num-
bers in the young ages. The effect of momentum is enormous; most of the population 
growth projected by the UNPD between now and 2050 is due to momentum (United 

3  Also, with declines in fertility, the population ages so for example, the median age in Mexico in 2020 
was 29 years but in 2075 the estimate is 48 years (United Nations Population Division, 2022). Countries 
need to prepare for this eventuality.
4  We chose the year 2075 instead of 2100 which many authors use, because very few people alive  
today will be alive in 2100 so the forecasts for that year depend almost entirely on projections of fertility 
(and mortality) over the next 77 years. As a rough indication of this, with the world population by age  
from UNPD and a model life table with expectation of life of 72.5 years (close to the world average 
now according to the Population Reference Bureau 2022 Data Sheet), 34% of people alive today can be 
expected to be alive in 2075 but only 4% can be expected to be alive in 2100.  Fertility projections even 
30 years hence can be quite far off.  An example is the extended baby boom after World War II.
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Nations Population Division, 2017). But such growth can be counteracted by women 
having fewer than two births, or below replacement fertility (BRF). However, even 
with BRF, a large effect of momentum persists. Consider the case of China—its fer-
tility has been less than 2.1 births per woman5 since 1991 but its population contin-
ued to increase from 1.14 billion in that year to 1.43 billion in 2022 and is only now  
starting to decline (its fertility level in 2022 was 1.2 births per woman).6

Thus, we live in a demographically divided world; while over half of the world 
population lives in countries with two or fewer births per woman, fertility remains 
high in quite a few countries. Sub-Saharan Africa (SSA) is the region with the high-
est fertility (with a total fertility rate (TFR), the average number of children that 
would be born to a woman over her lifetime given current rates of fertility by age, 
of 4.6), but with great variation from country to country. Projected population lev-
els in the twenty-first century depend greatly on how fast fertility declines in this 
region.7 The fertility transition has been slower there than it was in previous decades 
in Asia and Latin America and it stalled in a number of SSA countries. Stalls in edu-
cational improvement in SSA in the period around 2000 help explain the stall in the 
fertility transition in multiple countries (Kebede et al., 2019). But recent evidence 
indicates that the transition may be speeding up. For example, the Kenya Demo-
graphic and Health Survey (DHS) of 2008–2009 gave a TFR of 4.6, the 2014 survey 
reported a TFR of 3.9, and the 2022 survey gave an estimate of 3.4 (Kenya National 
Bureau of Statistics, Kenya Ministry of Health and the DHS Program, 2023). But 
Niger still has a TFR of 6.8.

How do demographers produce the best forecasts they can for the twenty-first 
century? Basically, it involves projecting trends of fertility, mortality, and net 
migration at the national level. The UNPD now uses Bayesian methods to model 
the trends in these components for each nation (United Nations Population Divi-
sion, 2022; Azose & Raftery, 2015; Alkema et al., 2011). In total, 200,000 projec-
tions are done to the year 2100 and then median values are determined. The UN also 
produces probability intervals and also projections with TFR levels l/2 birth above 
the median level and l/2 birth below the median level. These projections (which we 
label as high, median, and low) will be used in this review.

In the last decade, a European group of scientists at several institutions produced 
population projections as well. In addition to using available data, this group relied on 
expert opinion to develop future trends. Their projection method has added girls’ level 

5  Two children per woman replaces the generation but replacement fertility is technically taken as 2.1 
since some births do not survive to reproductive age.
6  Unless otherwise specified, all population and fertility numbers given in the text are drawn from data 
(estimates and projections) released by the UNPD in 2022 (United Nations Population Division, 2023).
7  It is noteworthy that all the United Nations projections use the same downward trend in mortality 
(United Nations Population Division, 2023).  Except for major calamities, trends in fertility are far more 
important than trends in mortality for determining population forecasts.
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of schooling in addition to age and sex.8 Demographers have long known that the most 
important socio-economic variable determining levels of fertility is women’s schooling 
(Axinn & Barber, 2001; Lutz & Kc, 2011). Throughout the world, women with more 
schooling marry later, have lower fertility preferences, and use contraception at higher 
rates than women with less schooling (Liu & Raftery, 2020). The projections of this 
group (at the Wittgenstein Centre for Demography and Global Human Capital (WIC) 
and involving the International Institute for Applied Systems Analysis and the Vienna 
Institute of Demography) incorporate level of schooling in addition to age and sex and 
are labeled as Shared Socio-economic Pathways (SSPs) (Lutz et al., 2018). There is 
a story for each of the five SSPs (KC & Lutz, 2016; O’Neill et al., 2016; Riahi et al., 
2017). For this review, we use the SSP1 with relatively low fertility and the SSP3 with 
relatively higher fertility (Wittgenstein Centre for Demographic Data, 2023). In addi-
tion, we compare these with low, high, and median projections of the UNPD. Figure 2 
shows the trends of TFRs for these five projections. The SSP scenarios are also paired 

Fig. 2   TFRs for SSP1, SSP3, and UN high, low, and median projections to 2075

8  After they have estimated trends in fertility and mortality, both groups of demographers utilize the 
cohort-component method of population projection (Preston et  al., 2001). This method uses the popu-
lation for a given country by age and sex groups at time “t” together with fertility and mortality rates 
estimated for that time for the country to produce the population by age and sex at time “t+n” where n 
has typically been 5 years. (However, the UNPD is now using single year age groups and time intervals.)  
Then, also with a Bayesian approach (Azose & Raftery, 2015) estimated net numbers of immigrants (or 
emigrants) are added (or subtracted).  Also, the European group added another dimension—education—
to the model.



	 Population and Environment           (2023) 45:20 

1 3

   20   Page 6 of 26

with different levels of GHG and mitigation. SSP1 and SSP3 are paired with “Repre-
sentative Concentration Pathways” (RCPs) which predict how concentrations of GHG 
in the atmosphere will change by 2100 due to human activities. SSP1 is paired with an 
RCP of 2.6 which is 2.6 watts of radiative forcing per square meter on earth, relative to 
its value in the pre-industrial world, i.e., changes since that time. SSP3 is paired with 
an RCP of 8.5 (Intergovernmental Panel on Climate Change, 2014). The food system 
literature has used SSPs to project food security and undernourishment scenarios as 
well as how food supply policies or demand shifts could impact these different sce-
narios and outcomes (Fujimori et al., 2019; Hasegawa et al., 2018; Intergovernmental 
Panel on Climate Change, 2019; Van Dijk et al., 2021).

Given that all humans need to eat to survive, one might think that projections of 
food demand would be straightforward given a population forecast. However, there 
are multiple complicating factors. First, there are limits to the amount of new land 
that can be devoted to food production. It is estimated that more than 40% of arable 
land on the planet is already under cultivation (Fig. 3) and the choice is to sustain-
ably intensify or less optimally, extensively into new lands, some being pristine 
naturescapes (Willett et al., 2019). Similarly, there are limits to the amount of food 
that can be harvested from oceans. The Food and Agriculture Organization (FAO) 
has estimated that 35% of wild fish species are already fished beyond sustainable 
levels (FAO, 2022). The entirety of blue foods—animals, plants, and algae harvested 
from freshwater and marine environments—supply protein to over 3.2 billion peo-
ple, are a key source of nutrients in many coastal, rural, and indigenous communi-
ties, and support the livelihoods of over 800 million people (Golden et al., 2021). 
These foods provide many nutrients for human nutrition but are under tremendous 
pressure from an environmental perspective (Gephart et  al., 2021). Because blue 
foods are the highest traded commodity, the demand for these foods with a growing 
population also rises, further straining this resource.

A second important factor that complicates food supply and demand projections is 
changes in food preferences. In nations where per capita income has increased, there is 

Sources: FAO et al. 2022 and Our World in Data (2019)

Habitable land
102 million kilometers2

Agriculture land
51 million kilometers2

46% Agriculture 37% Forests 16% shrub, urban etc.

77% Livestock: meat and dairy* 23% Crops

18% of calories 82% of calories37% of protein 63% of proteinGlobal calories 
& protein

*Note: The 77% of global agricultural land used for livestock consists of land for grazing plus land used to grow animal feed.
The 23% is land used to grow crops for human consump�on.

Fig. 3   Habitable land use in the world and calorie and protein from two agricultural land uses (square 
kilometers and percentages)
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increasing demand for more animal-sourced foods (ASF) (Herrero & Thornton, 2013). 
Figure 4 shows projections of the food production of various ASF to 2050 using a 2012 
medium population projection, with significant variations regionally and sub-nationally 
depending on agroecosystems, culture and traditions, and food environments (Beal 
et al., 2023). Livestock raised for beef is responsible for 6% of total GHG emissions 
largely in the form of methane (Crippa et al., 2021). Clearing land for livestock pro-
duction is also the number one driver of deforestation around the world, reducing the 
chances for large forest biomes to serve as carbon sinks. Of the 46% of arable land used 
to grow food, 77% of that land is used for livestock, which only provide 18% of total 
calories and 37% of protein consumed (Fig. 3) (FAOSTAT, 2023; Poore & Nemecek, 
2018). This is one reason for the massive deforestation in the Amazon basin—to pro-
duce beef for export or to grow soy to be used for cattle feed (Nepstad et al., 2014). 
Figure 5 shows a linear extrapolation of deforestation in the Amazon. It has been shown 
that three quarters of the Amazon rainforest has been losing resilience so a decline 
greater than linear is a most likely scenario (Boulton et al., 2022).

A third factor that impacts food projections is global warming. The world has 
already warmed 1.1  °C above pre-industrial levels, impacting the ability to grow 
food. Global warming puts the quantity, quality, stability, and safety of the global 
food supply at risk (Intergovernmental Panel on Climate Change, 2023). Increasing 
surface temperatures, accumulating atmospheric CO2, rising sea levels, and chang-
ing weather patterns and less predictable extreme weather events all affect food sup-
ply chains (Myers et al., 2017).

Fig. 4   World meat production 2000–2021 and projections to 2050 by type of meat
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A fourth factor is how we raise food. The global food system contributes approxi-
mately 30% of all GHG (Crippa et al., 2021), and significant environmental degradation 
(Willett et al., 2019). Of all GHG from food systems, 80–86% come from agriculture, 
with the remaining emissions coming from downstream food chain actions including 
food processing, packaging, transportation, and retail (Crippa et  al., 2021). Expand-
ing agricultural land use is a major contributor to rising CO2 levels in the atmosphere, 
declines in freshwater resources and draining of wetlands, and biodiversity loss due to 
deforestation (Tilman et al., 2017).

Agriculture is designed in such a way that it utilizes only a fraction of the biodi-
versity readily available on the planet. Over 5500 species are on offer for food but 
50% of the world’s calories for humans come from just 3 staple crops—wheat, rice, 
and maize. This puts food systems at significant climate and nutritional risk (Saladino, 
2022). Modern agriculture has been designed to be astonishingly efficient using vari-
ous inputs (e.g., mechanization, fertilizers, pesticides, and herbicides) through mono-
cropping systems that can be scaled to produce a large quantity of crops, feeding many 
people (Pingali, 2012). While this system has generated sufficient calories in the sys-
tem, there are concerns about the nutritional diversity of these crops, over extensifica-
tion into natural biomes (e.g., forest landscapes), and environmental concerns in the 
ways these foods are grown (Berners-Lee et al., 2018; Nelson et al., 2018).

With increased global warming and food insecurity, as well as poor progress in 
addressing multiple forms of malnutrition (including undernourishment, stunting, 

Fig. 5   Estimates of square kilometers of remaining Amazon forest cover by year from 1970 and linear 
extrapolation to 2075
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wasting and overweight/obesity), there are recurring debates about whether global food 
systems can sustainably provide enough nourishing food to feed a growing world pop-
ulation (FAO et  al.,  2022; Barrett, 2022; Webb et  al., 2020; GNR: Global Nutrition 
Report, 2022). A grand global challenge is how to transform food systems so that they 
provide nourishment for the worlds’ population in a way that is environmentally sus-
tainable, generates nutritious, safe foods for everyone’s dietary needs, and is equitable 
(Fanzo et al., 2021). Policy, technology, and human ingenuity have largely staved off 
massive famines in the last half century (Byerlee & Fanzo, 2019; Barrett, 2020), but 
with the lack of concerted action on mitigating global warming, geopolitical fractures, 
and the growing inequities, this task is all the more daunting, resulting in what is now 
being called a “polycrisis” (World Economic Forum, 2023).

Recently, there has also been increased recognition that food systems are suscepti-
ble to disturbance and shocks (Cottrell et al., 2019). While shocks to food systems can 
include natural disasters, pandemics, economic instability, and political or social unrest, 
shocks can also include environmental stressors that push beyond the boundaries of the 
system. The COVID-19 pandemic demonstrated the fragility of certain parts of current 
food systems and underscored the interconnectedness of each component of the system 
(Barrett et al., 2020). In 2022 into 2023, we have seen the impacts of war between two 
breadbasket countries (Ukraine and the Russian Federation), rising food prices, an on-
going pandemic, and extreme weather events (Hendriks et al., 2022). The poorest and 
most vulnerable are and will continue to be disproportionately impacted by high food 
prices stemming not only from the war, but market uncertainties as a result of a multi-
tude of shocks (Behnassi, M., & El Haiba et al., 2022; Abayalso et al., 2023).

Stormy future trajectory

High population growth

Under the high population projection of the UNPD and the SSP3 of WIC, fertility 
declines slowly so population continues to increase quite rapidly to reach 10.3 (SSP3) 
or 10.5 (UN) billion by 2050 and 12.0 (SSP3) or 12.6 (UN) billion by 2075 (see the 
upper two lines of Fig. 6). SSP3 is characterized by regional rivalry, slow economic 
growth, and low priority for environmental and social goals (Riahi et al., 2017). With 
regard to GHG emissions and global warming, under this scenario, CO2 emissions 
roughly double by 2100. The Intergovernmental Panel on Climate Change (IPCC) esti-
mates that this increase in emissions will lead to warming of about 4 °C by 2100. This 
level of warming could prove catastrophic for ecosystems and humans. Specifically, 
extreme weather events will be much more numerous and some places on the planet 
will become uninhabitable. As living conditions worsen in places greatly affected by 
global warming, people will migrate. Efforts have been made to predict international 
migration flows resulting from global warming (Rikani, Frieler & Schewe, 2022). 
However, other than low island nations (e.g., Vanuatu and Tuvalu) and nations with 
millions of people living in low-lying areas (e.g. Bangladesh), other specific countries 
affected and the scale of emigration as distinguished from internal migration are largely 
unknowable. However, it is clear that global warming affects the middle latitudes the 
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most and therefore movement will be toward more northern climes and more devel-
oped regions, specifically countries of North America and Europe (including Russia). 
Estimates of flows of international migration during the last several decades have been 
done (e.g., Abel & Sander, 2014; Azose & Raftery, 2015) and UNDP and WIC incor-
porate net migration in their projections. But based on data from prior years, clearly 
past projections have been considerably off for countries like Syria and Ukraine.

Increases in mortality can also be expected. Estimates of excess deaths due to 
given levels of warming have been made. One estimate from a systems dynamics 
model with 180 equations and parameters and using a more optimistic scenario 
(SSP2) is 800,000 excess deaths per year in 2050 compared to model outputs with 
no global warming effects. But incorporating additional deaths due to economic 
damage raises the estimate to 4–5 million per year (Homer, 2020). Another estimate 
using a completely different model is in the same range—4.6 million excess yearly 
deaths by the end of the century compared to United Nations projections which do 
not take account of global warming (Bressler, 2021).

Other authors have concluded that, unless drastic measures are taken, we are 
headed for global collapse before or by midcentury (Kareiva & Carranza, 2018; 
Ripple et  al., 2021). Collapses of earlier local populations have been documented 
(Diamond, 2011; Brozovic, 2023). In 1798, Thomas Malthus predicted that when a 
population exceeds the supply of food necessary for its survival, then there will be 
increases in mortality due to war, pestilence, and famine. Despite no shortage of food 
on a global level in the aggregate presently, all three checks are more likely under this 

Fig. 6   Selected United Nations and Shared Socioeconomic Pathways (SSPs) population projections to 2075
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trajectory. We now consider two of the three checks—war and pestilence. It should be 
noted that the timing, location, and magnitude of occurrences of war and pestilence 
are nearly impossible to predict. Famine is considered in the next subsection.

Higher levels of mortality from conflicts over resources are likely in this trajectory. 
For example, fresh water will become scarcer in several regions. Currently, there are 
rising tensions between Ethiopia and Egypt over the former’s construction of a huge 
dam on the Nile River (Mersle, 2020). Also, Pakistan and India, both with nuclear 
weapons, have several times been at the brink of war. The possibility of a direct con-
frontation, even if by accident, between Russia and the USA in Ukraine is ever present 
and could lead to a nuclear war. Similarly, tensions are rising between the USA and 
China. The Doomsday clock of the Bulletin of Atomic Scientists (2023) is 90 s to mid-
night; it estimates the assessed risk of global catastrophe. This is the closest it has ever 
been to midnight. It has been estimated that a nuclear attack on US or Russian cities 
with 100 1-megaton bombs (for comparison, the Hiroshima bomb was 15 kilotons of 
TNT equivalent) would result in about 70 million deaths (Leaf, 1986).

Conflicts, as well as extreme weather events, including hurricanes, exceptional 
heat, droughts, and flooding may cause massive movement of persons within and 
across national borders. The war in Syria has been linked to the poor response of 
the government to the droughts there (Linke and Reuther, 2021); approximately 
seven million Syrians left the country and are refugees mainly in Turkiye (United 
Nations High Commissioner for Refugees (UNHCR), 2023). The current conflict in 
Ukraine has also led to huge numbers of displaced persons, with an estimated 5.7 
million Ukrainians outside of the country (UNHCR, 2023). If no action is taken to 
address global warming, the world will witness more of both internally displaced 
people and refugees (Intergovernmental Panel on Climate Change, 2023).

Pestilence will rise: It is estimated that HIV/AIDS took the lives of 36 million 
persons between 1980 and 2020 (WHO, 2022). A recent estimate of excess deaths 
due to the COVID-19 pandemic for the period 2020 to 2021 using World Health 
Organization data is 14.8 million with an uncertainty interval of 13.2 to 16.6 million 
(Msemburi et al., 2023). The probability of future pandemics is raised considerably 
in this trajectory due to increased population density, destruction of wild habitats, 
and sped-up global warming (Intergovernmental Panel on Climate Change, 2022). 
An estimate of case fatality of the Delta variant of COVID-19 from meta-analyses 
mainly of data from hospital cases early in the pandemic was 10% (Alimohamadi 
et al., 2021). However, the case fatality with the Omicron variant and with treatment 
interventions has been considerably lower. Thus, a current overall estimate of known 
deaths to known cases since the beginning of the pandemic is 1% and for a recent 
28-day period is 0.7% (Johns  Hopkins  University Coronavirus Resource Center, 
2023). Unfortunately, cases and associated deaths in many middle- and low-income 
countries are seriously under-reported. The levels of transmissibility and case fatal-
ity of the next pandemic are obviously unknown. There is also a serious concern 
about future pandemics because of the rise of antimicrobial-resistant pathogens 
as well as the shrinkage or destruction of natural habitats so wildlife is forced to 
migrate which puts them in closer proximity to humans and domesticated animals, 
increasing the risk of future zoonotic spillover events (Rusic et al. 2021).



	 Population and Environment           (2023) 45:20 

1 3

   20   Page 12 of 26

More concerning, in the peer-reviewed literature over the last 30  years, there 
have been five groups of ecologists who have independently estimated the maxi-
mum sustainable population size for the planet (Daily et al., 1994; DasGupta et al., 
2021; Ferguson, 2005; Lianos & Pseiridis, 2016; Pimentel et  al., 2010). All the 
estimates are between 2.0 and 3.3 billion. Table 1 shows these estimates and the 
basic ingredients of the models used to estimate the sustainable population size.9 It 
is clear from these ecological analyses that the human population is in overshoot, 
i.e., we are effectively living on the “principal” of the planet to use a banking anal-
ogy. In short, our current level of extraction of resources cannot continue indefi-
nitely (e.g., fossil fuels and rare minerals are non-renewable). This is one reason 
why the estimates in Table 1 are so far below the current population size of 8 bil-
lion. The last column of the table gives possible reasons why the estimates could 
be too low. Malthusian limits have been proved wrong repeatedly in the past so that 
could happen again if new technologies like fusion energy allow for a sustainable 
population above 4 billion. (see the “The brighter future trajectory” )

But unfortunately, there are planetary boundaries which when passed can lead 
to major instability. A rise of 2  °C above pre-warming levels constitutes one of 
these boundaries and past that level, the positive feedbacks will lead to disasters 
(Rockstrom et al. 2009). It has been recently argued that we are at risk of passing 

Table 1   Authors who have published estimates of sustainable human population size with brief listing of 
key model parameters used and possible reasons the estimate could be wrong

Author(s)/year Key model parameters Estimate  
(in billions)

Possible reason(s) estimate 
could be wrong

Daily et al. (1994) Sustainable energy consump-
tion (6 TW); 3 kW per 
capita (now at 12 kW in 
USA)

2 New energy sources (fusion, 
fission….)

Ferguson (2005) Max gigatons of CO2 that can 
be absorbed; 4.2 tons per 
person per year

2.1 Negative emissions technologies

Pimentel et al. (2010) Land needed to provide food 
(0.5 ha per capita)

2 Hydroponics, more intensive 
cultivation, vegetarian diets

Lianos and Pseiridis 
(2016)

Ecological footprint-
biocapacity ratio

3 Uses per capita product of 
$11,000; world production 
(maximum sustainable) is 
ROUGH estimate

DasGupta et al. 
(2021)

Trends in GDP and stock and 
use of natural capital

3.3 Assumes GDP per capita of 
$20,000; at $12,000, the esti-
mate is 9 billion (2011 prices)

9  Note that sustainable population size is clearly less than maximum size.
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multiple climate tipping points and urgent action is needed to avoid dangerous 
futures (McKay et al., 2022). Two examples of positive feedbacks are (1) the melt-
ing of permafrost (e.g., in Alaska) which releases huge quantities of methane, lead-
ing to further warming (Elder et al., 2021); (2) melting Arctic ice leads to increased 
warming as open water absorbs much more sunlight and thus heat, than does ice 
(Knudsen et al., 2015).

Stormy future food security

Because optimal food production requires specific conditions (for example, certain 
crops may only thrive in a narrow band of temperatures), disruptions to environmen-
tal and climatic conditions along with extreme weather events will negatively impact 
crop yields, the nutrient content of crops, and the broader ecosystems that support 
food production (Clark et al., 2019; Springmann et al., 2018; Willett et al., 2019). 
Models suggest that maize, soy, and rice yields will decline with more CO2 in the 
atmosphere, particularly across the lower latitudes of the planet (Jägermeyr et  al., 
2021). In addition to affecting the quantity of food, rising atmospheric CO2 levels 
may also diminish the quality of food; certain staple crops such as rice and wheat 
are projected to have decreased protein, iron, and zinc content when grown under 
high CO2 conditions (Myers et al., 2014; Smith et al., 2018).

In this stormy future, many countries, particularly in sub-Saharan Africa, will 
continue to rely on food assistance to meet their basic caloric needs (Cohen, 2019; 
Haddad et al., 2016). The food security outlook in East Africa is dire. Prices of food 
are spiking worldwide (due to the shadow of COVID-19, the Ukraine-Russia con-
flict, and climate-related extreme weather events), undernourishment is rising, and 
child and maternal undernutrition are stagnant or worsening after some years of pro-
gress (GNR: Global Nutrition Report, 2022; Van Dijk et al., 2021). Globally, FAO 
data show that the food price index for 2022 was 14% above its level for 2021 and 
46% above its level for 2020 (FAO, 2023). This is in an environment where already 
3.3 billion people cannot afford what is considered a healthy diet (Herforth et al., 
2020). Also, FAO and others (2022) estimate that 9.3% of the world population is 
undernourished and 2.3 billion people are moderately or severely food insecure.

Countries with inadequate agricultural production to feed their growing popu-
lations but which have adequate other resources (i.e., from mining or agriculture 
commodities for export (e.g., palm oil from Indonesia)) to buy food with foreign 
exchange are in a better situation than those countries which do not (DeFries et al., 
2015; Remans et al., 2014; Wood et al., 2018).10 As the world’s population contin-
ues to rise in this trajectory, food hoarding, export bans, and protectionism will put 
countries which are reliant on food imports for most of their food basket at serious 
risk (Barrett, 2020).

10  Maurice King and co-authors (1995) defined a population as demographically trapped if “it has 
exceeded or is projected to exceed the combination of 1) the carrying capacity of its own ecosystem, b) 
its ability to obtain products, and particularly food, produced by other ecosystems except as food aid, and 
c) its ability to migrate to other ecosystems in a manner which preserves (or improves) its standard of liv-
ing (up-migration).”
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Famines have occurred throughout human history (World Atlas, 2022). In China, 
and South Asia, millions have died from famines. In East Africa, prolonged droughts 
have been devastating for the agricultural and pastoralist sectors. As nations impose 
restrictions on exports of foodstuffs, the food situation in would-be receiving nations 
will deteriorate (Ives, 2022). The escape valve for such countries in this situation has 
been emigration. However, as thousands and thousands of economic and environ-
mental refugees add to the 29.4 million current refugees (UNHCR, 2023), neighbor-
ing countries and developed countries are closing their borders (Piguet, 2021).

The brighter future trajectory

Toward population stabilization

In this trajectory, fertility declines rapidly in countries where fertility is now consid-
erably above replacement and the world population would only be 8.3 to 8.4 billion 
in 2075 (SSP1 scenario of WIC and UN low fertility scenario respectively). In SSP1, 
“educational and health investments accelerate the demographic transition” (Riahi 
et al., 2017). For example, Nigeria which had a TFR of 4.9 in 2022 would have a 
level of 2.5 in 2050 and 1.7 in 2075 under the UN low projection. These declines 
could be driven in good part by increases in girls schooling. With more schooling, 
young women marry and begin childbearing later. Also very important is the small 
family norm, in particular the one-child family. As noted above, the two-child fam-
ily would lead to continued population increase for many decades due to population 
momentum. Aside from China which had coercive policies, two countries that have 
undergone rapid fertility transitions and now have near or below replacement fertil-
ity are Thailand and Iran. In Iran, fertility declined from 4.0 to 2.0 in only 8 years. 
Incentives for small families will be needed in some places.

Lower population growth increases the chances that nations can focus on lower-
ing levels of poverty. For a country such as India, providing for its current popula-
tion of 1.41 billion is easier than providing for a population of 1.68 billion expected 
in 2075 under the UN median projection. But under the low fertility projection, it is 
estimated that India will only have a population of 1.35 billion in that year. Given 
the expected increases in extreme heat and drought in India (Gupta et al., 2020), this 
decline in population would ease pressure on food systems.

Slower population growth also allows countries to spend more resources on 
health care so mortality from infectious and chronic diseases can be reduced and life 
expectancy increased. Of course, with low fertility, populations necessarily have a 
period of population ageing. Many authors have given proposals for accommodating 
an older population on average, including increasing the age of retirement (Lewis, 
2005; Rozen-Bakher, 2020). Finally, lower population growth allows countries to 
preserve natural resources, in particular forests and species; clearing of forests for 
agricultural production can be minimized if population is not increasing since cet-
eris paribus less additional land is needed for agriculture.
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In the final report of the International Conference on Population and Development 
in Cairo in 1994, the chapter “Reproductive Rights and Reproductive Health” has the 
following text “…recognition of the basic right of all couples and individuals to decide 
freely and responsibly the number, spacing and timing of their children…” (United 
Nations Fund for Population Activities, 2004). Most organizations working in repro-
ductive health focus on “freely.” But population scientists who know that the current 
level of fertility in some countries is not sustainable often need to remind policymakers 
of the “responsibly” part. Whether we admit it or not, reproduction is in the commons 
(Hardin, 1968). Thus, there are choices at both the individual and the societal level and 
social institutions need to guide those choices more than they have in the recent past.

Individual or couple level: Even with fertility falling rapidly to 1.6 births per 
woman worldwide in this trajectory, the population in 2075 is still higher than at 
present due to population momentum. Therefore, with the small family norm, most 
women and couples would willingly choose to have one child or no children. Those 
who chose none may wish to adopt.

Societal level: Nearly all governments of low- and middle-income countries with 
above replacement fertility have population policies which seek to lower popula-
tion growth rates. Voluntary family planning is the means to this end, but demand 
has been low in most countries of sub-Saharan Africa where desired family size is 
considerably above 2; in fact, Bongaarts (2020) estimated that the average level of 
wanted fertility in 25 SSA countries was 4.4 children. Clearly governments and non-
governmental organizations need to encourage the small family norm. The United 
Nations reports that governments of 69 nations have policies to reduce fertility, 
either by raising the age at first marriage or union formation, by raising the age at 
first birth for women, or by increasing the duration between births (United Nations 
Department of Economic and Social Affairs, 2021). Research has shown that dra-
mas provide a very cost-effective way to change reproductive behavior—telenovelas 
have been used in many countries in this effort (Population Media Center, 2023).

One solution to the problem of rapid population growth that is often cited is the 
education of girls (Shapiro, 2012). As noted above, education gives women alterna-
tives to early marriage and childbearing, and it is obviously a societal good in its 
own right. However, its effect on population growth is delayed in time. On the other 
hand, expansion of contraceptive programs can lead to fertility declines in the near 
term. Contraceptive services must be made available to entire national populations 
either without cost or at minimal cost. Developed countries need to increase assis-
tance for contraceptive programs in developing countries. This will bring the unin-
tended and unwanted pregnancy rates down.

Another way to slow population growth is to increase the length of the genera-
tion. A simple example illustrates the point. If women in two populations both have 
an average of three children with the same inter-birth intervals, but in the first popu-
lation, women have their first birth at age 15 while in the second they have their first 
birth at age 30, the former population will grow about twice as fast as the latter. This 
is true even though in both, women are having 3 births. China included this aspect in 
its “Longer, later, fewer” family planning messaging.
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Brighter future food security

There are various pathways to ensure that food systems could feed a world of 8.4 
billion in 2075 if the world can shift to this trajectory. With lower population, food 
systems could potentially provide healthy diets and feed the world in environmen-
tally sustainable ways. Some pathways will involve doing agriculture differently 
and managing land in innovative ways that benefit nature, some will involve helping 
consumers access healthy diets, and others will ensure that vulnerable populations 
are cared for and protected.

Many of the socio-technical solutions for the food system being tested and devel-
oped currently could be important to mitigate and adapt to global warming (Barrett 
et al., 2020). By not over-taxing the global food system to push out more calories to 
feed 10 to 12 billion people, agricultural systems could move toward systems that 
are more diverse in the types of foods grown, and not extensify into forest land-
scapes that are vital for biodiversity and that act as carbon sinks (Willett et  al., 
2019). With fewer mouths to feed, some efficiency could be sacrificed for more 
resilience in agriculture, for example, agroecology approaches (Bezner Kerr et al., 
2021; Struik & Kuyper, 2017).

To encourage farmers to shift from monocropping that efficiently produces loads 
of calories to feed the masses, toward more diverse and resilient landscapes, coun-
tries could redesign agricultural subsidy policies toward fruits, vegetables, nuts and 
legumes, and other nutritious foods. A recent study suggests that if half of all agri-
cultural subsidies worldwide were repurposed to support the growing of foods that 
benefit human health as well as the environment, it could increase the cultivation of 
fruits and vegetables by as much as 20% and reduce greenhouse-gas emissions from 
agriculture by 2% (Springmann & Freund, 2022).

There are a range of available technologies to protect crops against extreme 
weather events, increase potential yields of crop commodities, and improve the nutri-
tional quality of crops including genetically modified organisms (GMOs), Crispr 
technology, and biofortification (Glass & Fanzo, 2017; Kim & Kim, 2016; Shew 
et al., 2018). GMOs and Crispr technology are being used to make crops drought-
tolerant or wind-resistant with sustained or increased yields (Abdallah et al., 2021). 
There is technology to artificially create photosynthesis of certain crops to grow in 
the dark (Hann et al., 2022). Biofortification is the process of increasing the density 
of vitamins and minerals in a crop through plant breeding or agronomic practices. 
It is a cost-effective and sustainable means of providing more micronutrients in the 
food basket of the poor who have insufficient access to a high-quality and diverse 
diet (Bouis & Saltzman, 2017; Bouis et  al., 2011). Vertical agriculture in urban 
areas has potential that needs to be further explored.

Agriculture can move toward net zero carbon emissions with significant reduc-
tions in methane from livestock and other systems and nitrous oxide emissions 
from chemical fertilizers (Reay, 2020). Certain practices could be adopted such 
as improving soil care, carbon concentration, and sequestration, reducing nutrient 
leakage from fields, utilizing low input organic systems and renewable energies as 
a replacement for fossil fuel to heat greenhouses, and enhancing the efficiency of 
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crop water use and drip irrigation (Springmann et al., 2018). Carbon sequestration 
in agricultural soils and above ground could be increased significantly and prac-
tices such as conservation tillage or riparian buffers can help limit greenhouse gas 
emissions. Moreover, feed additives and feed reformulation for livestock also show 
promise for lowering emissions (Górniak et al., 2022). Instituting technologies and 
behaviors that minimize food loss and waste are also critical (Bajželj et al., 2014; 
Global Panel on Agriculture & Food Systems for Nutrition, 2018).

This brighter future trajectory requires considerable changes. Some individuals, 
communities, and countries will need to decrease their environmentally intensive 
meat consumption, while others, which do not get enough access to animal-sourced 
foods, could afford to increase their intake to meet nutritional needs (Bai et  al., 
2022; Laborde et al., 2021). A modeling study suggests that if the world can move 
more toward the SSP1 scenario, global food security would improve, with a marked 
decrease in populations at risk of hunger (Sulser et al., 2021). In a SSP1-RCP 2.6 
scenario, roughly 282 million people would be undernourished in 2050 whereas in 
a SSP3-RCP 8.5, 916 million would be undernourished, with South Asia and sub-
Saharan Africa disproportionately suffering (Table 2).

There are ways to encourage those who over-consume meat to eat less of it. To 
address the high demand for ASF, some tech companies have come up with a solution 
—alternative proteins—which include lab-grown meat, plant-based meat, and single- 
cell proteins from yeast or algae (Sexton et  al., 2019). The lab- and plant-based 
innovations mimic the taste, smell, and texture of meat and would lessen the need 
for people to raise and consume animals. To ensure these foods are accessible and 
acceptable to people all over the world, their production will have to be scaled in 
massive and affordable ways for everyone.

Countries on a trajectory to reduce their undernutrition burden should not fall 
into the same trap as high-income countries with significant burdens of obesity 
and diet-related non-communicable diseases, also known as the nutrition transition 
(Popkin et al., 2020). Innovations along the supply chain and within food environ-
ments including taxes on unhealthy foods and beverages, subsidy to increase the 

Table 2   Millions of persons 
projected to experience hunger* 
in SSP1 and SSP3 scenarios in 
2050

* Definition of hunger used is FAO’s prevalence of undernutrition 
(POU) also called hunger

Region SSP1-RCP 2.6 SSP3-RCP8.5

East Asia and Pacific 80.0 141.2
Europe 5.9 6.1
Former Soviet Union 4.4 7.5
Latin America and Caribbean 15.9 48.4
Middle East and North Africa 26.9 50.5
North America 3.8 3.1
South Asia 67.9 271.6
Sub-Saharan Africa 78.0 388.1
World 282.8 916.4
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production and sale of healthy foods, and front-of-pack labeling that increases trans-
parency of the nutritional content of foods, their source, and their environmental 
footprints for consumers (An et al., 2021; Popkin et al., 2021) are all being tested 
and tried in food environments around the world (Caro et al., 2020; Fanzo & Davis, 
2021; Niebylski et al., 2015; Popkin et al., 2021).

While populations will stabilize in this trajectory, there remains a need for govern-
ments to undertake grand food systems transformation (Intergovernmental Panel on 
Climate Change, 2019). Currently, food systems are constrained, are vulnerable to 
shocks, and are not achieving the desired outcomes of delivering healthy diets and 
contributing to environmental sustainability.

Conclusion

Scientists who study planetary health are clear that decisions made in this decade 
with regard to fossil fuel emissions, population policies, and food systems will 
determine whether the world in the decades ahead is closer to the stormy or to the 
brighter future trajectory illustrated in this paper (Ripple et al., 2021). Because there 
is no global government that can direct the changes that are needed, countries must 
work together to bring about these changes. The UN convenes government leaders 
to encourage countries to agree to lower GHG and to convert to renewable energy 
sooner rather than later. Yet the world is lagging behind in the emission targets made 
at the Paris Climate Summit in 2015 (United Nations Framework Convention on 
Climate Change (UNFCCC), 2016); the latest Intergovernmental Panel on Climate 
Change (IPCC) report shows net GHG have not declined in recent years and unless 
declines begin soon or there are major breakthroughs in mitigation, then warming 
above 2 degrees centigrade this century is very likely (Intergovernmental Panel on 
Climate Change, 2023). There are a range of policies, innovations, and incentives 
that need to be put in place to ensure food systems can transform in positive ways.

While some of the solutions proposed are critical for both trajectories, in a 
brighter future, SSP1 type scenario, the demographic, political, economic, and 
social environments would more easily facilitate and prioritize food-based climate-
positive solutions. However, if no action is taken on changing food systems such 
as sustainable agriculture practices, dietary changes, and reducing food waste, the 
world will not meet the Paris climate targets (Clark et  al., 2020). On population, 
similarly, the UN can sponsor conferences and its demographers and those of the 
European group can project rapid fertility declines as described herein, but govern-
ments need to prioritize family planning programs and find the means to fund them.

With regard to fertility, the estimate for 2022 at the world level (TFR of 2.31; see 
X in Fig. 2) is close to neither the high UNPD (or SSP3) lines nor to the low esti-
mates of the two groups. It remains to be seen if there will be a rebound in fertility 
post-COVID taking it toward the high trajectory or if fertility will further decline 
due to the relatively poor current economic situation in many countries.
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The brighter future projections with rapid declines of fertility to replacement lev-
els do not bring world population size down below its present level of 8.0 billion 
by 2075.11 To realize this future, nations, particularly those in Sub-Saharan Africa, 
need to put greater emphasis on family planning programs. Furthermore, efforts are 
needed to encourage the small family norm, particularly the one-child family.

Both climate scientists, including the IPCC, and researchers who study food 
systems typically take as given the population projections to 2050 and even to 
2100. However, those projections are simply based on extrapolations of current 
trends. Extrapolation of trends of fertility and mortality does not consider the pos-
sibility of abrupt changes which could occur as global warming negatively affects 
more and more people on the planet and tipping points in global ecosystems are 
passed. More generally, they do not consider feedback mechanisms between popu-
lation, climate, and food production. A recent review article on the role of popu-
lation science in research on the environment (Muttarak, 2021) argues forcefully 
that climate impacts on population need to be given greater consideration.

The present world has been built on fossil fuels and converting all sectors to 
renewable energy will require an unprecedented effort; some have drawn paral-
lels to the shift in the British and US economies and sacrifices that were necessary 
to triumph in World War II. Both food systems researchers and climate scientists 
need to involve demographers more in their interdisciplinary teams when modeling 
future scenarios. The current business as usual leads to the stormy future trajectory 
in which food systems will struggle to feed the population. Inadequate action on 
global warming, military conflicts, and other grand challenges exacerbate a taxed 
global food system further. There are already cracks in the current operationalization 
of food systems, and their ability to provide healthy diets for everyone in environ-
mentally sustainable ways is questionable. The brighter future trajectory is one that 
could ensure food system sustainability and resilience if the actions and behavior 
changes outlined here are instituted.
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