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Abstract

:

Changes in national and global food demand are commonly explained by population growth, dietary shifts, and food waste. Although nutrition sciences demonstrate that biophysical characteristics determine food requirements in individuals, and medical and demographic studies provide evidence for large shifts in height, weight, and age structure worldwide, the aggregated effects for food demand are poorly understood. Here, a type–cohort–time stock model is applied to analyze the combined effect of biophysical and demographic changes in the adult population of 186 countries between 1975–2014. The average global adult in 2014 was 14% heavier, 1.3% taller, 6.2% older, and had a 6.1% higher energy demand than the average adult in 1975. Across countries, individuals’ weight gains ranged between 6–33%, and energy needs increased between 0.9–16%. Noteworthy, some of the highest and lowest increases coexist within Africa and Asia, signaling the disparities between the countries of these regions. Globally, food energy increased by 129% during the studied period. Population growth contributed with 116%; weight and height gains accounted for 15%; meanwhile, the aging phenomenon counteracted the rise in energy needs by −2%. This net additional 13% demand corresponded to the needs of 286 million adults. Since the effect of biodemographic changes are cumulative, we can expect the observed inertia to extend into the future. This work shows that considering the evolving individual biophysical characteristics jointly with sociodemographic changes can contribute to more robust global resource and food security assessments. Commonly used static and homogenous caloric demand values per capita might lead to misrepresentations of actual needs. What previous analyses could have estimated as increased food availability, sufficiency, or surplus waste might actually be energy sequestered by the mass of the human lot. Based on the discovered trends, feeding nine billion people in 2050 will require significantly more total calories than feeding the same people today.
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1. Introduction


Human activity is regarded as the dominant cause of contemporary environmental change, driven by the resources required by populations [1,2,3,4,5]. The most comprehensive assessments on the human–environment relationship traditionally describe resource use as a function of the population’s size, affluence, and technology [4,6,7,8,9,10,11,12]. Yet, population remains an exogenous variable that is deprived of evolving biophysical traits. Evidence shows that humans changed drastically at the individual and societal levels over the past century. Notably, global life expectancy increased from 36 to 70 years during the 20th century [13]. Similarly, adult height increased as much as 20 cm for some nations in only four generations (100 birth cohorts) [14]. Global average body mass index (BMI) (see Supplementary Information for a glossary of terms) increased by 0.4 kg/m2 per decade [15], increasing from 21.7 kg/m2 in 1975, to 24.2 kg/m2 in 2014 for male adults [16]. Senescence has been delayed by a decade, leading to a more long-lived species [17]. At the same time, demographic transitions accelerated, driven by an aging population, and decreased fertility and mortality rates [18,19].



Although populations can be seen as stocks of individuals that require constant flows of energy and materials to be sustained, individuals and groups have different and evolving characteristics, which in turn also demand differentiated resources [5]. Beyond population size, what are the implications of heterogeneous and dynamic population characteristics for the sustainability goals? The combined effects of individual biophysical and demographic changes for resources, particularly food, remains poorly understood.



Food security is a global major concern [20]. Ending hunger and granting access and adequate nutrition for everyone is one of the sustainable development goals by 2030 [21]. Yet, research on food availability typically models food production, supply, and losses [22,23,24,25,26]. In other words, most of the assessments on food for human consumption and diets do not actually model “humans”, but rather “products”.



Indeed, most of the recent assessments on “diets” are based on supply data provided by the Food and Agriculture Organization (FAO) balance sheets and methodologies [12,27]. The common limitation is the scarcity of harmonized bottom–up physical dietary data next to the convenience of food balance sheets maintained by the FAO for most of the countries in the world [28].


“To compute per capita dietary energy consumption in calories, the FAO has traditionally relied on food balance sheets… this choice was due mainly to the lack of suitable surveys conducted regularly.”.



(p. 49, [20])







Moreover, average per capita “food consumption” is commonly calculated as the total food calories supplied in a given country, divided by its total population [12]. Although some authors acknowledge the discrepancy between supply side and actual requirements, they are bound to common practices and data availability:


“The (food consumption) values are assessed through a commodity balance model and include household level and retail wastes. They are, therefore, not equal to actual food intake but are commonly used and well suited for cross-country comparisons…”.



(p. 4, [12])






“Although these [dietary] data include wastes from processing, packaging, and transport, they do not include consumer waste and so do not correspond to the average consumed diet.”.



(p. 13415, [27])







Indeed, supply-side data include retail and household level losses, which can be as high as one-third of the total supply for developed nations [12]. Moreover, registered food supply might be used as livestock feed [29].



It is problematic to (1) base assessments of “food demand and dietary requirements” on supply-side data and to (2) simplify population as the “number of people” when estimating availability or sufficiency. The first implies assessing resource requirements based on preferences and business as usual practices, including wasteful lifestyles, instead of assessing actual needs [30]. The latter neglects how different people from different ages, sex, birth cohorts, and body types have different food requirements. Both omissions might introduce a biased perspective when assessing the physical food needs of a particular year [31]. However, treating population as a number with static and homogenous requirements might have major implications when studying historical changes [12], forecasting scenarios [32], strategizing for food resilience [31], or monitoring progress toward sustainable development goals [21,33].



Based on standard methods, official statistics indicate global progress toward raising food consumption per person in the last three and a half decades, increasing from an average of 2370 kcal/person/day, to 2770 kcal/person/day [32]. However, given body-type changes, does a 30-year-old American male in 2014 require the same calories as his counterpart in 1974? Regarding demographic changes, do one million people representing the American population of 1974 collectively require the same calories as a similar representative sample in 2014?



Clarifying such questions is particularly important for assessing food requirements, which are not solely dependent on economic and technological factors, but are fundamentally a function of the energetic metabolic requirements of humans [34] depending on sex, age, weight, and physical activity level. The influence of these factors has been studied in individuals [35,36,37] and to a lesser extent at demographic levels [29,38,39]. Furthermore, most of the studies that are concerned with global food security overlook the effect of changes in the metabolic requirements of humans [24,32,40,41,42], and mainly focus on the technological aspects of food losses and waste [25,26].



The food-energy requirements of a person depend upon their biophysical characteristics, including age, sex, and weight [34]. For example, the food-energy needs of a male are generally larger than those of a female of the same weight and age. Similarly, people of the same sex but of different age and/or weight have different food-energy needs. Furthermore, people born in different generations—even in the same country—might have significantly different body configurations at a given life stage.



There have been increases in height [14] and body mass [16] between cohorts in the last century, both leading to increases in weight. Younger generations tend to be taller and heavier than older ones. Moreover, a worldwide aging phenomenon has been observed [19,43,44], particularly in developed nations. Both conditions, along with population growth [18], have repercussions for food demand. While weight increments lead to higher energy requirements, these requirements decrease with aging.



Thus, the society-wide food-energy requirements can be described as a function of both demographic and biological processes. The joint and independent effects of these drivers on food demand have not been systematically explored.



Few studies evaluated the food energy issue from a metabolic perspective at the global scale. Walpole et al. [39] studied the adult population (for the remainder of this paper, ‘population’ is used to denote ‘adult population’, unless otherwise specified) of 190 countries for the year 2005. Their results focused on the impact of obesity and showed that the energy requirements attributable to these factors corresponded to the energy requirements of 135 million global average adults. They also conclude that increasing cases of overweight and obesity could have an effect that is equivalent to the energy requirements of an extra half a billion people by 2050.



More recently, Hiç et al. [29] studied the energy requirements for 169 countries from a longitudinal perspective (1950–2050), including infants, children, adolescents, adults, elders, and pregnant and lactating women. The authors found that the average population’s energy requirements increased in the past by 2.2% due to demographic structural changes, while using static average weight values. Although this study captures most of the demographic nuances of the human food requirements, it disregards the biophysical changes in height and BMI, which are proven to be the relevant factors for explaining changes in food demand. Thus, longitudinal food energy studies that account for these biophysical changes at the global scale are missing.



This article combines concepts from nutritional health sciences and demography, i.e., biodemography, with a dynamic stock modeling approach to deconstruct the role of population for food demand. It characterizes the implications of the biophysical heterogeneity of individuals and demographic transitions across nations and throughout time. The purpose is to clarify whether ignoring such aspects might—or not—lead to misrepresentations in food security assessments, forecasts, and scenarios.



This is the first study to deconstruct the role of human populations’ physical characteristics from a longitudinal perspective, beyond mere population numbers, as a driver of global food demand. This article presents the integrated effect of changes of the individual biophysical traits of height, weight, and BMI and demographics on the human mass and food energy requirements of the population of 186 countries from 1975 to 2014. The results presented here are based on yearly sex-and-age disaggregated data for each country. In total, the dataset spans 114 birth cohorts.




2. Materials and Methods


This paper models population as a dynamic stock constituted by individual elements of diverse types whose size and characteristics change over time—either across generation or along their life. In other words, populations are composed of individuals of different ages and sexes whose characteristics change along their life and across cohorts; for instance, height, weight, life expectancy, and metabolic rate.



The methodical approach presented here is founded on the theory of demographic metabolism that was introduced by Lutz [45] to explain how societal changes result from the changing compositions of the population and its characteristics (e.g., sex, age, life expectancy, educational level, etc.). Some of these characteristics might change over the life of a person (e.g., educational level, age, body size) or generations (e.g., life expectancy, anthropometric features). Up until now, the demographic metabolism approach, despite a high degree of granularity when studying populations and data availability, has not been widely applied to address human needs or deconstruct the role of population as a driver of resource use.



The mathematical foundations of this paper are based on a “type–cohort–time” (TCT) approach, which is typically used to model resource use in the dynamic stocks of the built environment [46,47,48]. Here, a TCT approach is applied to investigate the changes in food-energy demand due to changes in the demographic structure and the biophysical characteristics of the world’s population between 1975–2014.



Figure 1 presents a system and model definition for the study of the food energy demand “e” of the world’s adults. The populations “P” of 186 nations “k” are modeled as a stock that is constituted of individual humans of different sexes (types) “i” and cohorts “c”, whose biophysical characteristics and energy needs evolve over time “t”. Particularly, the population stock is differentiated by sex and birth cohort, and the body mass index and height are used to estimate the caloric demand of individuals according to their sex and age. The SI describes the classical demographic modeling approach that was adapted in this research.



2.1. Food Energy Demand Calculations


The calculations are based on the FAO guidelines [34] for total human energy expenditure to approximate the daily food energy “e” demand of a person (Equation (1)). First, the basal metabolic rate (BMR) is calculated as a function of weight “W”, sex, and age with the guide’s formulae on “Table 5.2” of the guidelines. Second, the average food energy need (theoretical energy expenditure) is estimated by multiplying the BMR by a factor of 1.76 to account for the physical activity level (PAL). This is the average value in the FAO’s guide (Table 5.1), which represents an “active or moderately active” lifestyle. A moderate activity level was assumed for all of the population, because specific PAL information is not available for most of the countries.


      e  i , c , t   = B M  R  i , c , t   · PAL     



(1)







Walpole’s [39] considerations were followed to derive weight from BMI and height “H” (Equation (2)). BMI and height are taken from studies from the NCD-RFC (Noncommunicable Diseases Risk Factor Collaboration) [14,16]. The annual information on mean BMI, which is only available by sex, was assumed to be representative for adults of all ages. This allows the sex–cohort–time average weight calculations. In addition, the mean adult height, reported at the age of 21, was assumed to be achieved at the age of 18 for consistency with the BMI data, which reports from this age. Height data are available for the 1896–1996 cohorts; hence, adults from the 1875–1895 cohorts are considered to have the same height as their 1896 peers. The assumptions on height have a minor effect in the results and conclusions, as the population in the cohorts of concern represent a small share of the total population.


      W  i , c , t   = B M  I  i , c , t   ·  H  i , c  2      



(2)







Average (per capita) values of food energy and weight at the national and global levels are weighted averages by population size, sex, and age. The total food energy “E” requirements and the total mass “M” (of a nation) aggregated the weight and energy demand of the individuals of all of the ages and sexes (Equations (3) and (4)).


      M  t , k   =   ∑  i    ∑  c   P  i , c , t , k   ·  W  i , c , t , k       



(3)






      E  t , k   =   ∑  i    ∑  c   P  i , c , t , k   ·  e  i , c , t , k       



(4)








2.2. Data Sources


Population statistics were obtained from the United Nations [49], which are available for every year of analysis by age groups of five years. For the 1975–1989 period, the data are available for 17 age groups covering the ages 0 to 80+. For the 1990–2014 period, the data are available for 21 age groups for the ages 0 to 100+. For every year of analysis, the age group’s population was distributed equally among each individual age of the group. For the period 1975–1989 the 80+ population was apportioned among the ages 80 to 100+ by using the distribution of 1990. All of the input data that were used for the research are publically available as referenced within the paper, and made available for the reader as an Extended Data file.





3. Results


3.1. Global Trends


In the past four decades, the population increased by 116%, but was outpaced by increases of 146% in human mass and 129% in total theoretical food energy requirements (Figure 2a). The average global adult in 2014 is 14% heavier, 1.3% taller, 6.2% older, and has a 6.1% higher energy demand than the average adult in 1975 (Figure 2b and Figure 3). From a global perspective, the effect of this additional demand is equivalent to the food energy needs of 286 million adults today. This is equivalent to about 1.2 times the population of United States, or double that of Brazil. The total mass increase due to additional weight was 39.68 Mton, which is the equivalent of almost the adult mass of India or two times that of the United States.



In 2014, the global population was 4.98 billion people, weighed 322 Mton, and demanded 13 Tkcal/day (Figure S1). Half of the population resided in only five countries: China, India, the United States, Indonesia, and Brazil. These countries, when combined with Russia, represented 50% of the global human mass and food energy requirements. The world average adult weighed 64.7 kg, was 163 cm tall, was 42 years old, and demanded 2615 kcal/day, assuming a moderately active lifestyle [34] (Figure 3).



Population, human mass, and food energy grew at different rates (Figure 2c). The non-linear relationship between weight and food energy changes (Figure S2b) explains the continuous decoupling between weight gains and energy increases (Figure 2b). The food energy demand per kilogram of body weight (i.e., the energy-to mass ratio) decreased by almost 7%, from 43.4 kcal/kg to 40.4 kcal/kg. This implies a trend of diminishing returns i.e., for every kilogram of body weight increase, there was a reduction of 70 to 91 calories needed per every additional kilogram.



The total mass and energy growth rates declined between 1986–1998 and 2006–2014, generally following the population trend (Figure 2c). In addition, these periods were characterized by decelerations in weight gain and accelerations in aging (Figure 2d), which increased the decoupling between weight and energy. Since energy requirements tend to decline in the latter stages of life [34], aging mitigated the global surge in food requirements (Figure 4 and Figure S2d).



The aging effect in the period 1975–2014 decreased food energy requirements by 1.9% (Figure 4), corresponding to the food needs of approximately 40 million adults, which is equivalent to the population of South Korea. Conversely, the rise in BMI increased the energy requirements by 14% in the same period (Figure 4). This is equivalent to the food needs of approximately 308 million adults, i.e., the combined population of Mexico and the United States.



In this study, the food energy requirements for the world average adult (2615 kcal/cap/day) are slightly higher than those of Walpole et al. [39] (2549 kcal/cap/day for 2005 adults) and Hiç et al. [29] (2370 kcal/cal/day for all the 2010 population). The difference between this study and that of Walpole et al. can be explained by the nine additional years that were included in this study, since our 2005 estimate of 2586 kcal/cap/day is similar to theirs (Dataset S1). The difference with Hiç et al. may be attributed to their inclusion of youths, which is a demographic with lower calorie requirements.



Hiç et al. [29] reported a 2.2% increase in average energy requirements between 1950–2010, while our estimates suggest a 6.1% increment between 1975–2014. Hiç et al. attributed the changes to demographic transitions toward older populations while recognizing the limitations of their approach in not including changes in weight. The results presented here depict the relevance of considering both weight and demographic structural changes when accounting for food energy, and demonstrate that changes in height and BMI have a larger impact than demographics (Figure 4).




3.2. National Trends


The average adult food energy needs and weight were in the range of 2200–2960 kcal/cap/day and 43–79 kg in 1975 (Figure 3a,c). These values increased to 2320–3210 kcal/cap/day and 50–93 kg in 2014 (Figure 5a,c). These gains ranged between 22–401 kcal/cap/day and 4–20 kg, with relative fluctuations of 0.9–16% for energy (Figure 3b and Figure 5d) and 6–33% for weight (Figure 3d and Figure 5b).



Notwithstanding this diversity, the disparity between the highest and the lowest energy requirements and the heaviest and the lightest adults has remained nearly constant since 1975. The adults with the highest energy demand require about 1.4 times more food energy than those with the lowest, and the heaviest weigh nearly twice as much as the lightest (1.86 times). Noteworthy, some of the highest and lowest increases coexist within Africa, Central Asia, and the Middle East, signaling the disparities between the countries of these regions.



Higher weight is usually correlated with higher energy demand; however, the countries with the most and least energy demanding adults do not strictly correspond to those with the heaviest and lightest countries (Table 1, and Dataset S1).



In 1975, the lightest (below 45 kg) and least demanding adults (below 2250 kcal/cap/day) were from the same countries (Table 1). However, in 2014, Ethiopia became one of the lightest (below 54 kg), yet was not among the least demanding (below 2300 kcal/cap/day). In contrast, Nepal remained among those with the lowest energy demand, despite a large weight increase (23.7%).



Adults in the Czech Republic, the United States, and Iceland were among the heaviest (above 70 kg), but did not have the highest energy demand (above 2800 kcal/cap/day) in 1975 (Table 1). Conversely, the United Arab Emirates and Qatar had some of the largest energy needs, but were not among the heaviest. Moreover, by 2014, Saint Lucia was the heaviest (above 81 kg), but not the most energy demanding. The countries with the highest energy-demanding population in 1975 remained so in 2014.



Also, the relative changes spanned a large range (Table 1). While Zimbabwe and Saint Lucia had the smallest and largest weight gains respectively, Japan and Oman had the smallest and largest energy increases, respectively (Figure 3b,d).



The differences between weight and food energy trends can be explained by the differentiated height and age trends (Figure 3e,g). For instance, the French have a lower energy demand than the Brazilians (Figure 3a), despite being heavier and taller (Figure 3c,e). This may be explained by the older population in France (Figure 3g). Likewise, the Japanese and Indians now have similar food energy needs after marked differences in 1975 (Figure 3a). Food requirements remained almost constant in Japan, despite weight and height gains (Figure 3c,e), which may be explained by its population becoming the oldest (Figure 3g,h). On the contrary, the Indians’ energy needs increased due to medium weight gains (Figure 3d) and moderate aging (Figure 3e,f). The discrepancy between weight and food energy is also explained by other environmental, lifestyle, and genetic factors [50,51].



Adults in all of the countries, except Madagascar and Rwanda, increased in average height (up to 4.5%) (Figure 3f), with height increases of up to 7.1 cm. However, some countries observed a decline in the average height after 1990 (Figure S3c). By 2014, 65 countries had declining average adult height, despite general increases in the mean height of individuals born in the last century [14]. Worldwide, height gains at the population level are slowing down, reinforced by the aging of the population. Generally, older adults, whose proportion in the population has been increasing, are shorter than their younger counterparts.



The changes in average population age exhibited the largest range (−8.8 to 25.8%) (Figure 3h), which translated to absolute age differences of −3.6 to 10.7 years. Yet, the aging of the population tends to accelerate in most countries [44] (Figure 3f,h and Figure S3).





4. Discussion


The results show higher energy requirements across nations (2320–3210 kcal/cap/day) than Hiç et al. [29] (1800–2800 kcal/cap/day) but are comparable to Walpole et al. [39] (2318–3017 kcal/cap/day). Despite these similarities, the ranking of the heaviest and lightest adults (Table 1), and thus food energy needs, differs slightly from the ranking made by Walpole et al. For instance, in the upper range, the average American (United States) and Emirati (United Arab Emirates) adult weighed 81.3 kg and 77.8 kg in 2005, respectively (Dataset S1). Walpole et al. reported 82 kg and 75.8 kg for the same countries. Similarly, the lower range results are 54.6 kg and 51.9 kg for Eritrea and Cambodia, while Walpole et al. reported 52.1 kg and 55.9 kg, respectively.



In terms of food energy requirements, 2920 kcal/cap/day were estimated for the United States, while Walpole et al. reported 2874 kcal/cap/day. This difference of 46 kcal/cap/day, although relatively small (approximately 1.5%), translates to a total of 10 Gkcal per day over the entire country. This energy demand is equivalent to the food energy requirements for Croatia or New Zealand, which each have approximately 3.4 million adults.



The differences between these results and Walpole et al. can be attributed to the dissimilar data sources and treatment. In this study, to derive weight, height data were available for all of the cohorts and sexes in all of the countries, but yearly BMI values were only reported as country averages by sex. On the other hand, Walpole et al. used BMI data grouped by age and sex. However, since some of the height data were missing, these data gaps were filled using linear regression methods of data from neighboring countries. Both methods can underestimate and overestimate the weight of different population segments as well as the country average. Thus, we highlight not only the need for, but also the importance of, having both historic age and sex disaggregated BMI information, as well as sex and cohort height statistics, to make better estimates on food requirements.



Kastner et al. identified “population numbers” as the major global driver of land requirements to satisfy food demand [12]. They concluded that with socioeconomic development, population growth rates decrease, and therefore per capita food availability increases [12]. This study shows that biophysical changes, especially weigh gains, are a significant driver for food demand in themselves. This means that a reduced population does not directly translate to increased food availability in linear terms, as previously assumed. Similarly, the resource implications of supplying adequate macronutrients and micronutrients might be underestimated if they rely on population numbers and supply data to estimate bottom–up nutritional needs [27,52]. Except for a few exceptional aging countries such as Japan, the same population size will likely require significantly more food energy in the upcoming decades, especially in the low-income and emerging economies (Figure 5).



Previous studies have either focused on food availability [12,29], biophysical changes [39], or demographic changes separately [17,44]. This study shows that combining these elements allows for “opening the black-box” of long-term drivers of food requirements. The paper contributes with a methodological framework for “bio-demographically informed resource assessments”, which utilize existing public data (see Materials and Methods). The framework can be readily applied to other domains of consumption where larger body types and aging are expected to play a role: transport, clothing, furniture, housing, elderly services, etc.



Limitations and Strengths


Although this study provides clear findings, result interpretation is subject to data and methodological limitations. The United Nations (UN) population data are subject to underestimations and overestimations, especially in lower-income countries [29]. Yet, this is the only global database available, and it is widely used by the research community. There are currently no standardized global data on group-specific PAL across countries. A recommendation for international health statistics is to gather data on PAL differentiated by demographic group. This would increase the reliability of assessments for resource use, but also for social well-being [31,33].



This study excludes physiological or environmental considerations that might affect food requirements. However, such aspects might have stronger implications in the era of climate adaptation. This study identified increasing food demands without discussing health implications [52]. The estimated increased food requirements may very well correspond to increased obesity [39]. Fulfilling the demand estimates calculated from the bottom–up, as shown in this paper, would arguably reinforce overeating and further weight gains [29]. Arguably, given that the trends in obesity vary widely across countries with similar development status [15], overeating does not seem to be solely influenced by the amount of food available, but by the predominant lifestyles in a given nation.



Lastly, this article focuses on the basic aspect of food security, which is food availability, sufficiency, and with implications on food adequacy. However, issues of food access, utilization, and stability are important for food security, but lie beyond this research scope [31].



We combine three modeling approaches of traditional FAO food availability assessment, biophysical changes from the medical sciences, and demographic structural changes, as modeled by demographers. A necessary step is to characterize and quantify the effects of variables that were not previously examined in the light of resource demands. The type–cohort–time approach opens a path for dynamic stock models to move from merely describing the general characteristics of the total stock or certain cohorts, toward a more comprehensive and disaggregated description of the characteristics of its individuals, while still keeping account of the totality of the stock. This allows for more accurate descriptions of the populations and resources, which is key to enabling targeted policies that depart from defining the prerequisites for a good life, and depict strategies on how to provide them efficiently.





5. Policy Implications


This article broadens the perspective of food availability assessments by deconstructing and characterizing the influence of specific population traits beyond mere population numbers [12,23]. Methodologically, it increases the robustness and resolution of current approaches for food demand and availability. Although population size is commonly assumed as one of the main drivers of increased resource use, this paper shows how populations’ biophysical characteristics exert their own inertia and evolve significantly over a short period of time.



More worryingly, top–down assessments of food sufficiency and malnutrition are commonly based on a comparison of average dietary energy requirements against food supply [31]. Monitoring progress would involve assessing differentiated energy requirements against the actual intake for each socioeconomic group [52]. Otherwise, the recent progress detected in rising food availability per person [32] might be actually undermined by the increased caloric demands.



For example, based on supply data, O’Neill et al. evaluated countries’ food sufficiency by comparing country-specific supplied calories against a desirable threshold of 2700 kcal per adult per day [33]. Such a threshold value would perhaps been suitable for 1975, where energy demand ranged between 2200–2960 kcal/cap/day, but it certainly falls on the lower side for 2014 standards, which is between 2320–3210 kcal/cap/day. Further, given that average supply-side waste ranges between 214–510 kcal/cap/day, such a threshold value implies that around 2300 kcal/cap/day are available for consumption. That is even lower than the lowest bottom–up demand calculated here for 2014 (Timor-Leste).



Clearly, actual food availability should be set at a national level, correcting for body type, BMI, activity level, sex, and age distributions. Cross-validation of results across multiple sources increases the robustness of food security and availability assessments. The challenge is the lack of harmonized surveys across countries [31]. Thus, calculating energy needs by using anthropometric and demographic data is a pragmatic option to validate estimates of energy needs. It is a relatively low-cost procedure due to the availability of harmonized and reliable data sources, as has been demonstrated in this paper. At the individual level, the approach of this paper could improve social sciences research that estimates resources associated with lifestyles through bottom–up participatory methods or self-reported surveys [53].



Biophysical heterogeneity and demographic dynamics become increasingly relevant when exploring future scenarios of food security [32]. Given that growth in body sizes and population aging are expected to accelerate toward the mid-century [39,44], these phenomena have to be explicitly considered to ensure progress toward the Sustainable Development Goal of Zero Hunger. More robust assessments of food security are especially important for low-income and emerging economies, where most of the worlds’ population live, and which currently experience the steepest sociodemographic transitions [18]. Future research could expand this work to model evolving cultural needs, such as diets or food preferences and characterize the bill of resources pulled by cultural lock-ins [54], and not only physical ones, as done here.



Addressing human needs in resource assessments calls for explicitly modeling the differentiated requirements of different population segments, and thus recognizing that society is an ensemble of diverse individuals from different generations who require different goods and services from the production systems along with their lives [54]. Furthermore, the increasing human mass, size, and aging phenomena have implications for resource use beyond food. Other energy and material connotations could be explored for buildings, transport, water, waste, sewage, furniture, clothing, and health care. Bigger humans tend to require larger living and sitting spaces and produce more waste [35], while an aging population requires different economic goods [5,19].



The implications of these findings also impact resource conservation strategies that argue for sufficient consumption by defining a desirable social threshold of food availability [30,33]. Ideally, international negotiations and national strategies toward reducing consumption would be based on bottom–up assessments of physical needs [54,55]. The risk of assessing supply while framing it as “demand” and modeling a static population might send imprecise messages to policies on food sovereignty and public health. In general, differentiating region-specific needs based on underlying physical drivers is a prerequisite toward feasible sufficiency thresholds [5,54]. Additionally, a more specific use of terminology i.e., not confounding the concepts of “food supply” and “food demand”, or “food consumption” (purchased or eaten by households?) and “food intake” (theoretical or actual?) [12,27,33] could add transparency to food assessments.



In sum, this study highlights the importance of population dynamics and the differentiation of cohorts and types (see Materials and Methods) across time to better understand the changing needs of a population, as well as the resources and infrastructure that are required to satisfy these needs [54]. Integrated metabolic and sociodemographic models can contribute to a more robust global resource outlook [20] that can distinguish waste along the food value chain and forecast the food needs of evolving populations [29]. Based on current physical and demographic trends, feeding nine billion people in 2050 will require more total calories than feeding the same people today. This is a sobering fact that places further urgency on reducing supply chain and consumer waste, shifting to less resource-intensive diets, and encouraging more frugal and healthy lifestyles.




6. Conclusions


Indeed, the interrelated dynamics between population, weight, height, and age have implications for food supply and demand, as well as food security in the coming decades. This paper confirms that during the 1975–2014 period, the rise in food demand was mainly driven by population increases, even when considering country-specific energy requirements (116%). However, food demand was also affected in a non-negligible manner (13%) by changes in human biophysical traits (Figure 4), and only moderately counteracted by the aging phenomena at a global level (−2%). Thus, what previous analyses could have estimated as food surplus or waste might actually be sequestered mass—or energy required—by the bigger bodies of the human lot [56]. It is noteworthy that nations with an aged population can expect more drastic reductions in food demands due to the aging phenomenon. We show that the effect of biodemographic changes are cumulative and thus exert an inertia into the future. Based on the discovered trends, feeding nine billion people in 2050 will require significantly more total calories than feeding the same people today.
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Figure 1. System and model definition for the study of the food energy demand of the population. “i” represent the sex, “c” the cohort, “t” the time, and “k” the country. NCD-RFC: Noncommunicable Diseases Risk Factor Collaboration (see references). BMI: Body Mass Index. BMR: Basal Metabolic Rate. PAL: Physical Activity Level. 
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Figure 2. Changes in global population aggregate (left) and average biophysical traits (right). Relative changes (a,b) and growth rates (c,d) in population, human mass, and food energy (a,c) and weight, height, age, food energy, and energy-to-mass ratio (b,d) with respect to 1975. While human mass refers here to the total population, the term weight is used to indicate the average mass per capita. Key: Population, human mass, and energy grow at different rates. Human mass grows steeper than population (Left). 
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Figure 3. Absolute values (left—(a,c,e,g)) and relative changes (right—(b,d,f,h)) in average food energy demand (a,b), weight (c,d), height (e,f), and age (g,h). 
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Figure 4. Decomposition analysis of factors contributing to changes in the total human mass and food energy in the period 1975–2014. Key: body mass index, reflecting weight gains, contributed to 14% of the increase in global energy. 
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Figure 5. Average weight and food energy needs in 2014 (a,c) and relative change with respect to 1975 (b,d) by country. (a) Average weight in kg in 2014, and (b) relative change with respect to 1975 values. (c) Average food energy demand in kcal/cap/day in 2014, and (d) relative change with respect to 1975 values. 
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Table 1. Highest and lowest average food energy demand and weight.
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Average Food Energy Demand [kcal/Cap/Day]

	
Rel. Change in Food Energy

	
Average Weight [kg]

	
Rel. Change in Weight






	
1975

	
2014

	
▲1975–2014

	
1975

	
2014

	
▲1975–2014




	
Highest 10




	
TON

	
2955.8

	
TON

	
3211.4

	
OMN

	
16.0%

	
TON

	
79.1

	
TON

	
93.3

	
LCA

	
32.7%




	
PYF

	
2903.5

	
QAT

	
3151.3

	
GNQ

	
15.7%

	
PYF

	
76.2

	
WSM

	
89.3

	
GNQ

	
31.1%




	
ARE

	
2879.4

	
WSM

	
3143.6

	
LCA

	
15.6%

	
WSM

	
72.5

	
PYF

	
85.5

	
CPV

	
29.4%




	
QAT

	
2831.3

	
ARE

	
3070.9

	
CPV

	
15.0%

	
CZE

	
71.6

	
USA

	
83.6

	
MDV

	
28.9%




	
KWT

	
2830.9

	
PYF

	
3050.7

	
GRD

	
14.1%

	
KWT

	
70.7

	
LCA

	
82.7

	
MYS

	
27.0%




	
WSM

	
2812.4

	
KWT

	
3024.4

	
VCT

	
13.4%

	
USA

	
70.6

	
QAT

	
81.6

	
GRD

	
26.8%




	
ISL

	
2730.7

	
LCA

	
2966.8

	
JAM

	
12.7%

	
ISL

	
70.1

	
KWT

	
80.8

	
KOR

	
26.7%




	
CZE

	
2726.8

	
USA

	
2953.4

	
GAB

	
12.6%

	
LTU

	
69.6

	
NZL

	
80.6

	
JAM

	
26.3%




	
USA

	
2726.3

	
PSE

	
2949.1

	
KGZ

	
12.3%

	
ARE

	
68.9

	
AUS

	
79.3

	
VCT

	
26.2%




	
FSM

	
2707.3

	
JOR

	
2941.0

	
WSM

	
11.8%

	
EST

	
68.8

	
IRL

	
79.2

	
HND

	
26.0%




	
Lowest 10




	
IND

	
2262.2

	
JPN

	
2441.8

	
CZE

	
4.4%

	
BDI

	
46.8

	
ERI

	
54.9

	
SGP

	
10.6%




	
BDI

	
2261.5

	
LAO

	
2430.0

	
MKD

	
4.3%

	
MMR

	
46.5

	
NPL

	
54.8

	
SOM

	
10.3%




	
MMR

	
2259.3

	
KHM

	
2420.7

	
MDG

	
3.7%

	
IND

	
46.1

	
LAO

	
54.6

	
CZE

	
10.1%




	
IDN

	
2243.8

	
ETH

	
2414.8

	
FRA

	
3.6%

	
IDN

	
45.5

	
KHM

	
54.4

	
FRA

	
9.8%




	
KHM

	
2230.7

	
NPL

	
2414.1

	
ZWE

	
3.3%

	
LAO

	
44.9

	
ETH

	
53.9

	
JPN

	
9.5%




	
LAO

	
2229.8

	
IND

	
2412.8

	
HKG

	
3.3%

	
KHM

	
44.8

	
IND

	
53.8

	
PRK

	
8.3%




	
NPL

	
2223.1

	
MDG

	
2402.7

	
DJI

	
3.2%

	
NPL

	
44.3

	
MDG

	
53.1

	
MDG

	
8.1%




	
BGD

	
2219.6

	
VNM

	
2384.4

	
PRK

	
3.2%

	
VNM

	
44.1

	
VNM

	
52.8

	
DJI

	
7.4%




	
TLS

	
2202.0

	
BGD

	
2384.1

	
SGP

	
2.9%

	
BGD

	
43.8

	
BGD

	
52.3

	
BHR

	
7.1%




	
VNM

	
2199.1

	
TLS

	
2322.7

	
JPN

	
0.9%

	
TLS

	
43.1

	
TLS

	
50.1

	
ZWE

	
6.1%








ARE: United Arab Emirates, AUS: Australia, BDI: Burundi, BGD: Bangladesh, CPV: Cape Verde, CZE: Czech Republic, DJI: Djibouti, ERI: Eritrea, EST: Estonia, ETH: Ethiopia, FRA: France, FSM: Federated States of Micronesia, GAB: Gabon, GNQ: Ghana, GRD: Grenada, HKG: Hong Kong, IDN: Indonesia, IND: India, ISL: Iceland, IRL: Ireland, JAM: Jamaica, JOR: Jordan, JPN: Japan, KGZ: Kyrgyzstan, KHM: Cambodia, KWT: Kuwait, LAO: Lao People’s Democratic Republic, LCA: Saint Lucia, LTU: Lithuania, MDG: Madagascar, MKD: The Former Yugoslav Republic of Macedonia, MMR: Myanmar, NPL: Nepal, NZL: New Zealand, OMN: Oman, PRK: Democratic People’s Republic of Korea, PSE: State of Palestine, PYF: French Polynesia, QAT: Qatar, SGP: Singapore, SOM: Somalia, TLS: Timor-Leste, TON: Tonga, USA: United States of America, VCT: Saint Vincent and the Grenadines, VNM: Vietnam, WSM: Samoa, ZWE: Zimbabwe.
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