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Global human‑edible nutrient 
supplies, their sources, 
and correlations with agricultural 
environmental impact
R. R. White* & C. B. Gleason*

Food production, sustainable development, population growth, and agricultural environmental 
impacts are linked global problems that require complex solutions. Many efforts evaluating these 
challenges primarily evaluate dietary strategies designed for health and environmental objectives 
without considering the subsequent adaptations required by the global food supply. Here we use a 
complementary approach to summarize trends and variability in the current agricultural system in the 
context of the growing population and impending environmental challenges. Globally, agricultural 
systems produce sufficient nutrients to feed 10 billion people with the exception of Ca, DHA + EPA, 
vitamins B4, D, and E. In a network analysis, greenhouse gas emissions were conditionally dependent 
on ruminant meat and milk, while water use was conditionally dependent on vegetable and fruit 
production; however, supplies of most nutrients were also dependent on these same production 
categories, suggesting trade‑offs between nutritional and environmental objectives. Future work 
should evaluate strategies to address these compromises (i.e., improving water use efficiency and 
reducing greenhouse gas emissions), to explore to what extent such compromises are biophysically 
essential or merely a product of the current agricultural system structures. Given the time‑sensitive 
nature of population growth and environmental concerns, strategies to make more effective use of 
currently produced agricultural products will also be critical complementary strategies to sustainably 
feed the growing population which can work in concert with other agricultural‑, diet‑ and policy‑
focused efforts.

In response to the apparent Malthusian  crisis1 implied by the growing global  population2, numerous investiga-
tions have sought to identify optimal human diets for global  sustainability3–5. Such investigations are critically 
important because agricultural systems globally account for 76% of water  withdrawal6 and 25% of greenhouse 
gas (GHG)  emissions6. Furthermore, diet has a considerable effect on human  health7,8, meaning changes in diet 
can be used to simultaneously address human health and environmental impact objectives. Because of the end-
goal-driven nature of this problem, most existing investigations have focused on evaluating dietary strategies 
designed for health and reduced environmental impact objectives without considering the biophysical capacity 
of the agricultural system to support these diets. Although these assessments have the advantage of identifying 
out-of-the-box ideas and solutions, they can be prone to identifying infeasible options because they rely on what 
is theoretically possible, not what is physically (or practically)  possible9. Complementing diet driven assessments 
with assessments of existent agricultural systems can provide a more comprehensive assessment of food systems 
options when attempting to progress toward sustainability. The objective of this study was to summarize current 
agricultural supplies of human-edible nutrients (HEN), their sources, and their correlation with agricultural GHG 
emissions and water withdrawal, in the context of the population at global, continent, and individual country 
scales. The goal of this summary process was to glean understanding of how current food systems contribute to 
nutrient supplies and environmental impacts through analysis of those systems which exist today.

Results and discussion
Sufficiency of macronutrient supplies and sources of supply. Agricultural supplies of nutrients pro-
duced after accounting for waste, trade, and animal feed use were stratified by nutrient and by food category 
within a continent and within individual countries (Supplementary Figs. S1 and S2). These total nutrient sup-
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plies were then compared with population nutrient requirements estimated from population age and gender 
distributions to evaluate nutrient sufficiency. Supplies were calculated using the P4 supplies described in the 
Supplementary Information (residual food available after accounting for trade, livestock feed, and waste). In 
a global assessment (Supplementary Fig. S3) the current agricultural system supplies sufficient human-edible 
nutrients to feed the current population with the exception of DHA + EPA and vitamin D. If the population were 
scaled to 10 billion people (i.e., an estimated future target  population10), calcium, choline, and vitamin E would 
additionally be produced in insufficient supply. Comparison of the current agricultural system based on future 
population target requirements enables better conceptualization of how today’s system might be leveraged to 
feed a growing population, and is not intended to imply that the agricultural system will remain constant as the 
population grows and the climate changes over the next several decades. Because global analyses can mask local 
and geographically specific food limitations, we also analyzed continent- and country-specific food supplies in 
greater detail.

Agricultural systems produced 1.3 to 8.2 times the energy necessary to meet requirements of the different 
continents’ populations (Fig. 1). Africa and Asia had the lowest levels of production relative to population 
requirements while North America, Oceania, and South America had the highest levels (Fig. 1). Despite being 
the lowest, agricultural systems in Africa and Asia produced 1.3 to 1.8 times the energy required by their popu-
lace. Regardless of this theoretical opportunity to exceed population energy needs, FAO data suggest more than 
800 million people habitually under-consume energy  globally6. The incongruencies between data on hungry 
populations in Africa and Southeast Asia, in  particular11, and the energy production levels identified in this 
work provide some context to interpreting calculated supply numbers. A supply estimate exactly matching the 
population requirement implies adequate supply only if there are no: heterogenous socioeconomic distributions; 

Figure 1.  Breakdown of nutrient supplies by food type category and nutrient for each continent. Numbers 
reflect the supply of that nutrient expressed as a ratio of the population requirement for that nutrient.



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16781  | https://doi.org/10.1038/s41598-022-21135-1

www.nature.com/scientificreports/

habitual overconsumption by some individuals; underconsumption by others; challenges with food transport 
and distribution; and variation in true requirements among individuals.

As might be expected from estimated global energy supplies (Supplementary Fig. S3), the nutrient require-
ment years oversupplied by agricultural systems producing sufficient energy far exceeds the deficiencies incurred 
in deficient countries (Fig. 2). Energy excesses are a separate human health concern because excess consump-
tion of energy may lead to diabetes, obesity, and heart disease, among other ailments. The misbalance between 
countries producing excess energy supplies and those with energy deficiencies further supports equitable and 
accessible food distribution as a major challenge limiting our ability to feed the growing global population. 
Despite numerous countries with dramatic energy over-supply, the country-level shortage in agricultural supplies 
of energy suggests 390 million people are not provided sufficient energy by their domestic agricultural system 
(Fig. 2). When compared to the FAO estimate (800 million) of people habitually under-consuming energy, there 
is a clear disconnect between nutrients being supplied by the agricultural system and the consumption of nutri-
ents by humans, further supporting the idea that coordination among the global agricultural systems could be a 
short-term strategy to address nutrient insufficiencies induced by limited domestic supplies. The fact that, under 
current energy production levels (over 4× population needs), approximately 10% of the global population habitu-
ally under-consumes energy suggests that strategies and policies which incentivize more efficient and equitable 
food use are essential and complementary approaches to agricultural systems interventions or dietary changes 
which have been previously proposed to address global food shortages. In addition to the findings yielded above, 
the individual country analysis could be employed as a strategy to discuss the concentration of nutrient scarcity 
issues (i.e., to examine those countries with deficiencies versus adequate supplies and identify if the supply of a 
particular scarce nutrient is diffuse or very concentrated). Across geographical locations, cereals and sweeten-
ers provided the majority of energy available for consumption. Although cereals are often referred to as staple 
foods, sweeteners are referred to as “empty calories” because they provide energy without concurrently providing 
nutrients like protein, vitamins, and minerals; contribute to metabolic diseases; and disrupt regular hormone 
 signaling12. Although the values are not intended to imply dietary consumption patterns and do not match the 

Figure 2.  Comparison of nutrient provision (excess or deficient relative to population requirements) based on 
individual country data, summed to yield global supply estimates. Supply estimates used the P4 representation, 
which accounts for losses associated with waste and animal feed usage, along with changes in balance associated 
with trade. Values reflect the billions of human nutrient requirement years that are either over-supplied or 
under-supplied by the agricultural system, when supplies are scaled to the requirement of each country’s 
population. Nutrient deficiencies and excesses are shown on different panels for readability and on the same 
panel for scale comparison.
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expectation based on the prevalence of sweeteners in the Western  diet13, the supply estimates calculated herein 
suggest sweeteners supply 14 to 26% of the consumable energy supplied by agricultural systems in Northern 
America, Europe, and Africa; 34% of the consumable energy supplied in Asia; 54% of that supplied in Oceania, 
and over 78% of supplies in South America. The prevalence of sweeteners as an energy source may contribute to 
the pervasiveness of the obese but undernourished phenotype expressed throughout developed and developing 
 societies14. Cereals in North America and sugars in South America are routinely used for ethanol production 
rather than human food consumption so further consideration of how industrial uses of agricultural products 
impact human food supplies is also  important15.

Protein and amino acids produced by the agricultural production system ranged from 0.9 to 9.6 times that 
required for each continent’s population (Fig. 1). Cereals, meat, milk, and pulses were the major suppliers of 
protein (Fig. 1). Plant-based protein sources are often limited in concentrations of the essential amino acids Lys 
and  Met16. Thus, it is not surprising that across all continents, Lys, Met, and Phe were produced in the lowest 
supplies. Those regions with higher proportion of protein coming from animal products (e.g., Oceania) had 
improved supplies of Lys and Met relative to those regions with limited supply coming from animal products 
(e.g., Africa and Asia). In Africa and Asia these amino acids were supplied in quantities close to sufficiency (0.9 
to 1.5 times required), meaning that incomplete or heterogeneous distribution of these nutrients among food 
consumers will contribute to deficiencies. Data suggest stunting, a complex condition, can, among other things, 
infer insufficient intakes of adequate quality protein in  children17,18. The prevalence of stunting in portions of 
Africa and Southeast  Asia19,20, supports the idea that supplied protein quantity and quality in these regions, along 
with provision of other nutrients, should be strengthened. To further complicate the protein supply challenges 
in Africa and Asia, the comparison of protein supplies pre- and post-accounting for animal feed suggest that 
animal feeding systems in Africa and Asia are, on average, protein negative, implying that more protein is fed to 
livestock that is harvested from those animals. Because livestock products are an important source of nutrient-
dense proteins and a complete amino acid source, addressing these inefficiencies in livestock production may 
be an important regional adaptation to support more sustainable food systems. As a final protein supply chal-
lenge, export from Asia and Africa indicate these regions are net protein importers, and retention of produced 
protein within these regions may better support societal demands for nutrient dense and high-quality amino 
acid sources. Collectively, the low supplies of protein and amino acids and the exacerbation of that challenge 
through inefficient protein feeding to livestock and protein export through trade highlights the need for focus 
on enhanced availability of amino-acid dense food categories, reconsideration of trade strategies, and enhanced 
efficiency of livestock feeding in these regions (Supplementary Fig. S2). As a complementary approach, protein 
sourcing from other regions of the world where protein is produced in dramatic excess may also support greater 
protein availability in Africa and Asia, though contributes to socioeconomic challenges such as concerns around 
nutritional imperialism.

Sufficiency of micronutrient supplies and sources of supply. Individual studies have highlighted 
the role of lipids (i.e., EPA, DHA, ALA, and LA) in global disease  burden21. Although some essential fatty acids 
are produced in ample supplies globally (e.g., arachidonic acid (AA)), others like EPA/DHA, linolenic acid, and 
linoleic acid have insufficient domestic production for 924 million to 1.98 billion people (Fig. 2). Meat and eggs 
made up the entirety of EPA, DHA, and AA sources globally (Fig. 1). Linoleic and alpha linolenic acids were 
supplied by a wider variety of foodstuffs with nuts, oilseeds and pulses being particularly important sources. The 
present assessment does not consider global supplies of seafood, which will undoubtedly contribute to consum-
able supplies of these essential fatty acids, particularly EPA and DHA.

Vitamins are among the more commonly noted deficiencies worldwide. In this investigation, vitamins A, B4 
(choline), B12, C, D, E, and K were among the most insufficiently supplied nutrients (Fig. 2). The importance of 
different food categories in providing vitamin supplies differed by vitamin and by region (Fig. 1). For numerous 
B vitamins not commonly insufficiently supplied (i.e., B6, thiamin, riboflavin, niacin, and folate), cereals and 
pulses were important supplies. For those vitamins that were commonly insufficiently supplied, roots and tubers 
(vitamins A, E, and C); nuts and oilseeds (vitamins E and K); vegetables (vitamins A and K); pulses (vitamins 
B4 and K); milk (vitamins A, B4, B12, and D); meat (vitamins D and B12); and eggs (vitamins B4 and D) were 
important sources. The diversity in sources of vitamins highlights the necessary complexity of the agri-food 
system. Maintaining the diversity of agricultural products produced globally is important because there is no 
single food product or type that best sources all nutrients provided in least supply, which suggests that human 
diets require a variety of different food types because of the complementary nutrient profiles provided.

Of the vitamins in low supply, vitamin D supplies were insufficient for 1.43 billion people on a country-
level (Fig. 2). This severity of insufficiency matches claims for the high prevalence of vitamin D deficiency 
 worldwide22,23. Choline supplies were insufficient for 3.28 billion people (Fig. 2), which was surprising because 
global choline insufficiency is not a subject widely discussed within the scientific literature. Further investiga-
tion is warranted on why choline deficiencies are not more broadly identified, given the apparently low supplies 
globally. Conversely, vitamins  A24,  E25, and  K26 have previously been identified as frequently deficient in popula-
tions around the world, thus their low estimated supplies was consistent with previous literature. A summary 
of surveys on vitamin B12 suggests 5 to 35% of the global population experiences deficiencies in  B1227, within 
the present work 1.7 billion people were estimated to have insufficient domestic vitamin B12 supplied by their 
countries’ agricultural system. Although excesses of most of these vitamins exceed the deficiencies, choline, 
vitamin A, and D were close to balanced between estimated deficiencies and excesses, meaning increased global 
supplies of these nutrients should be a priority because socioeconomic pressures causing heterogeneity in food 
supply distribution will contribute to insufficient supplies in many regions.
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The most commonly observed mineral deficiencies globally are iron, iodine, and  zinc28. In deficient countries, 
the agricultural system failed to provide Fe to meet the needs of 149 million people and Zn to meet the needs 
of 393 million (Fig. 2). Interestingly, these two minerals were supplied in greater quantities than many others 
assessed. Potassium and calcium were the most insufficiently supplied minerals (Fig. 2) with 2.29 and 3.07 billion 
people’s requirements not being supplied by their domestic agricultural systems. Calcium insufficiency has been 
highlighted globally, typically in discussions of nutritional rickets and in association with limitations in vitamin 
 D29. A study on the prevalence of low Ca intakes worldwide also found limited Ca consumption in most countries; 
however, these authors highlighted the need for more comprehensive data to better understand the severity of 
limitations in Ca  intake30. Milk and pulses were the most important sources of Ca across each continent (Fig. 1). 
Adapting agricultural systems to provide improved supplies of Ca, supplementing, or fortifying foods to enhance 
Ca availability have been widely discussed as solutions to the low global provision of Ca and should collectively 
be considered as strategies to address this challenge (Supplementary Fig. 3). In contrast, K deficiency has not 
been widely reported and should be evaluated further. Sources of K were varied and included roots and tubers 
(Africa), pulses and cereals (Asia, Europe, North America, South America), and milk (Oceania; Fig. 1).

Previous studies have identified physiological differences in nutrient and energy metabolism, retention, and 
use among different demographic  groups31–33. Within the present work, the nutrient targets were based on age 
and gender differences only and did not reflect any known or presumed differences among racial/ethnic groups, 
disease states, climate influences, etc. Similarly, nutrient targets did not account for any known nutrient interac-
tions, and regional/varietal differences in crop and animal nutrient compositions were not considered. More 
precise accounting for some of these regionally specific factors may shift the profile of nutrients supplied and 
required within individual countries. Because comprehensive datasets on these more regionally specific varia-
tions are not presently available, it was not feasible to include the expected variability within the present analysis.

Environmental impacts and nutrient supplies. Figures 3 and 4 depict a Bayesian learning network 
relating country-level supplies of foods and nutrients, agricultural GHG emissions, and agricultural water with-

Figure 3.  Bayesian learning network relating individual country yearly average production of different 
categories of foods (total mass produced), production of different nutrients and energy (total amount produced), 
and agricultural production of methane  (CH4), nitrous oxide  (N2O), and carbon dioxide equivalent  (CO2eq), 
and agricultural water use. Nodes are colored to highlight the relationships revealed by exploring the Markov 
blankets of  CO2eq,  CH4 and  N2O. Navy nodes and edges show indirect conditional dependencies driving 
 CO2eq,  CH4 and  N2O. Green nodes and edges show direct conditional dependencies driving  CO2eq,  CH4 and 
 N2O. Red nodes reflect nutrients expected to decrease if ruminant meat was targeted as a strategy to decrease 
greenhouse gas emissions. Light blue nodes reflect those expected to increase if ruminant meat was targeted as 
a strategy to decrease greenhouse gas emissions. The variables highlighted in the tan colors show the broader 
nutrient blanket expected to be conditionally dependent on ruminant meat and milk production but through 
more than 1 degree of separation.
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drawal, each scaled per capita to avoid skewing by large population countries. Figure 3 highlights the nodes and 
edges within the network which are associated with targeting strategies to lower per capita  CH4,  N2O, or  CO2 
equivalents, while Fig. 4 highlights the nodes and edges within the network which are associated with targeting 
strategies to lower per capita water use. Aside coloring to display key relationships, the networks underlying each 
figure are identical. The words within each image reflect nodes (i.e., variables) within the network, and arrows 
reflect conditional dependencies. Arrows are directed implying the node pointed to is conditionally dependent 
on the node where the arrow originates. Those conditional dependencies also have directionality in terms of the 
type of association (i.e., inverse versus direct), which are largely codified by the color patterns in each figure. 
Identified linear relationships and standard errors of associations within the network are presented (Supplemen-
tary Table S1).

The network revealed a driving role of oilseed production in agricultural systems, highlighted by a cascade of 
conditional dependencies and positive linear associations where oilseed production drove (directly or indirectly), 
production of cereals, eggs, sweeteners, non-ruminant meat, vegetables, fruits, pulses, ruminant meat, and milk. 
Production of nuts, roots and tubers, and berries were largely independent of the oilseed-driven cascade of rela-
tionships associating those more prevalent and traditional agricultural products. This was sensible because many 
industrialized agricultural systems tend to rely on cash crops and production of livestock both to supply domestic 
demand and to support economically viable trade. Nuts, roots and tubers, and berries require more specialized 
environmental conditions and are likely more driven by climate than by other agricultural system factors.

Assessment of greenhouse gas nodes revealed conditional dependencies on berries and ruminant meat. Meth-
ane was additionally conditionally dependent on DHA + EPA and vitamin A supplies within systems. Associations 
among greenhouse gas variables and berries were inverse, suggesting those systems with greater berry production 
per capita tended to have lower greenhouse gas emissions. The other associations were direct, suggesting that 
with greater production of ruminant meat, and provision of DHA + EPA and vitamin A came greater production 
of greenhouse gases. Ruminant meat was highly central within the network and was tightly linked with milk 
production. To explore the impacts of reducing ruminant meat and milk production as a strategy to control 
greenhouse gas emissions, we explored the directionality of conditional dependencies relating nutrient provision 
to supplies of meat. Twelve nutrients were directly associated with ruminant meat and milk production, while 

Figure 4.  Bayesian learning network relating individual country yearly average production of different 
categories of foods (total mass produced), production of different nutrients and energy (total amount 
produced), and agricultural production of methane  (CH4), nitrous oxide  (N2O), and carbon dioxide equivalent 
 (CO2eq), and agricultural water use. Nodes are colored to highlight the relationships revealed by exploring the 
Markov blanket of agricultural water use. Green nodes and edges show conditional dependencies with direct 
associations driving agricultural water use. Red colored nodes and edges show negative collateral impacts 
associated with targeting vegetable and fruit production as a strategy for reducing agricultural water use. The 
variables highlighted in the tan colors show the broader nutrient blanket expected to be conditionally dependent 
on vegetable and fruit production but through more than 1 degree of separation.
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two (choline and cysteine) were indirectly associated. Ruminant meat production was involved in the cascade of 
agricultural products driven by oilseeds and the broader implications of shifting relationships upstream in that 
production cascade revealed that only 5 nutrients (vitamin B6, vitamin C, vitamin K, copper, and alpha linolenic 
acid) were conditionally independent of ruminant meat. As such, the assessment suggests that production of 
ruminant animals within food systems represents a biophysical compromise within the food system whereby 
provision of low-supply vitamins, minerals, amino acids, and fatty acids is improved but at the expense of elevated 
greenhouse gas emissions. As such, direct mitigation of greenhouse gas emissions from ruminant agriculture 
may be a strategy to address this compromise without negatively influencing nutrient profiles.

Agricultural water use was conditionally dependent and directly associated with production of vegetables. 
Much like ruminant meat and milk, fruits and vegetables were strongly linked with fruits revealed as condi-
tionally dependent upon and directly associated with vegetable production at the country level. Water use was 
conditionally independent of greenhouse gas emissions variables, revealing different strategies may be needed to 
address different aspects of agricultural environmental impacts. Much like was observed with targeting ruminant 
meat as a strategy to reduce water use, a number of nutrient supplies were conditionally dependent on production 
levels of fruits and vegetables, thus reducing production of fruits and vegetables may have unintended negative 
consequences on supplies of energy, potassium, copper, phosphorus, histidine, calcium, and vitamins K, C, and 
B6. Similarly, fruits and vegetables were implicated in the cascade of production variables driven by oilseed 
production, and the broader nutrients which may be influenced by shifts in that pathway driving vegetable 
production influenced all nutrients except phenylalanine, threonine, tryptophan, and vitamin B12. Collectively, 
both analyses suggest that nutrients, broadly, are conditionally dependent on production choices within the 
agricultural systems. Much like those strategies suggested by the analysis on GHG emissions, improving the 
water use efficiency of fruits and vegetables may be a compromise to support enhanced environmental impacts 
of production systems and provision of adequate nutrients for populations.

Conclusions
Fully recognizing that the comparison of humanity’s environmental impact with respect to proposed planetary 
 boundaries34 highlights the need for rapid responses to environmental challenges, the data presented herein 
suggest that considerable nutrient excesses are currently generated by agricultural systems globally. The excesses 
indicate the idea that we must produce more food to support a growing global population is an oversimplification 
and somewhat inaccurate. Alternative priorities that should be considered for globally-focused efforts toward 
building more sustainable food supply systems include: (1) promoting coordination within the global agricultural 
system to facilitate improved affordability and accessibility of produced foods; (2) improving cooperation among 
food system sectors to highlight the essential aspects and complementarity of all food types; and (3) character-
izing the extent to which compromises among nutrient supplies, GHG emissions, and water withdrawal can be 
tolerated within the global context. Although it must be an objective of all sectors to try and reduce environmen-
tal impacts, the opportunities to do so while continuing to enhance available supplies of domestically or globally 
limiting nutrients will undoubtedly require more individualized efforts (e.g., enhancing protein-use efficiency 
of livestock production and trade systems in Asia and Africa), and the complexity of country-specific analyses 
supports the idea that geographic specificity is essential in considering appropriate supply-side interventions 
supporting food sustainability.

Methods
Data overview. To conduct this analysis, we sourced 10 years of agricultural production data from FAOSTAT 6,  
mapped agricultural products to foods, and sourced composition of those foods from the USDA food nutri-
ent composition  database35 to estimate supplies of nutrients produced within the agricultural sector. Livestock 
production data and crop production data were both sourced from FAOSTAT 6. Food import, export, and waste 
data from  FAO6 were also leveraged to account for food transportation and wastes. Food consumption by live-
stock was estimated from the region-specific breakdown in Mottet et al.36. Different supply representations were 
calculated to contextualize the relative importance of these different food fluxes in the global food landscape. 
These supplies were compared to human nutrient requirements calculated based on age- and gender-specific 
 requirements37,38 and age- and gender-based population  distributions10. Greenhouse gas emissions estimated 
by  FAO6 were also sourced to understand correlations among GHG, nutrient supplies, and agricultural systems.

Data sources and cross‑referencing. Agricultural production data was sourced from two downloaded 
datasets obtained from FAOSTAT 6. The crop production data included 168 primary crop products from 240 
geographical areas from 2008 to 2017. These geographical regions reflected the FAO calculated values for global 
and continent data, as well as reported values for individual countries. The animal production data included 
44 primary products from the same geographical areas. Of these 212 primary products, composition data were 
sourced from  USDA35 for 206. The products without nutrient composition information included fibrous prod-
ucts that are not used for human food and tobacco and related drugs that are chewed or smoked rather than 
consumed for nutrients. Because the nutrient composition and food supply data were from different sources, 
a cross-reference was developed to map the name in the FAO database to the associated name in the USDA 
database. This cross-reference was merged into each dataset and used for cross-referencing when merging and 
making calculations from these datasets.

Datasets estimating populations of men and women in different age groups in 255 geographical regions 
throughout the world were downloaded for reference dates of 2005, 2010, 2015, and  202010. The age groups 
reflected 5-year intervals from birth (0 years to 99 years). Individuals greater than 100 years of age were grouped 
into a single category. Because the timespans did not match perfectly with the FAO data, in cross-referencing 
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between this dataset and the yearly FAO data, 2005 data were used for 2008, 2010 data were used for 2009 
through 2013, 2015 data were used for 2014 through 2016 and 2020 data were used for 2017. The datasets also 
used different names to refer to similar geographical locations (often spelling the names of countries differently 
or ordering words differently within a country name) and a cross-reference was created to map from the FAO 
areas list to the UN areas list.

A requirement dataset was developed based on the age- and gender-specific  requirements37,38 to match the 
age groupings provided by the UN population database. The names of the different populations were then used 
to cross-reference the requirement database to the population database for calculating weighted average require-
ments for a population within a given time range.

Because of inconsistencies and incompleteness of the FAO food loss and waste database for specific countries 
and food products, food waste aggregate estimates for regions and food types were used to estimate food loss 
and  waste39. Loss, which included production, postharvest, and processing losses, was differentiated from waste 
and was assumed to occur prior to accounting for the import and export of goods, waste was assumed to occur 
after trade of goods. Cross-references were developed to map food categories to individual food products and 
regions to individual countries (where necessary).

Trade data (import and export) from  FAO6 were leveraged to estimate the quantity of agricultural products 
being imported and exported annually by different geographical regions. Although the trade data were from the 
same source, minor technical editing (missing commas, parentheses, altered spelling, etc.) of some food product 
descriptions were needed to cross reference between trade data and production data.

Environmental impact datasets were referenced from FAO calculated  values6 and downloaded for the geo-
graphical regions of interest between 2008 and 2017. Because of the coherence with the other FAO data used in 
the analysis, no specific cross-references were needed to integrate these data with production data.

Animal feed intake data were estimated based on representative animal diets from OECD countries and from 
non-OECD countries based on different production  styles36. Daily animal intakes were differentiated to reflect 
ruminant and non-ruminant diets. The relative proportions of animals housed under each production style were 
calculated based on the values presented in Mottet et al.36. These proportions were then merged into the animal 
dietary dataset and used to calculate a weighted average diet for each animal type. The animal types were then 
cross-referenced to 10 years of region-specific animal population estimates from  FAO6 and used to calculate total 
intake of different food categories based on animal type each year. Because the geographical regions used in this 
paper did not match the FAO geographical regions perfectly, a separate regional cross-reference was created to 
map between these datasets.

Calculating supplies of food. Four different food supplies were calculated. These are reflected in the 
four representations shown in the different figures. Representations included: P1, agricultural production with-
out animal products; P2, P1 with food losses removed and then trade accounted for; P3, P2 with food waste 
accounted for; and P4, P3 with animal products and animal feed consumption accounted for. To calculate these 
different supplies, the crop and animal production data were merged into a single agricultural production data-
set. The cross-references in product name and location were then used to merge in estimates of the proportion 
of each product lost to (or provided by) each food flux. Because of incomplete reporting of regions across the 
datasets, the resulting merged production data contained information for 222 unique geographical regions and 
213 agricultural products. Missing values (e.g., missing production estimates for a product in a country) were 
assumed to be 0. The total kg of each food produced was calculated as 1000 times the metric tonnes of food 
reported to be produced in the production data set. The same conversion was used to calculate the kg of food 
imported and exported from each region. The net effect of trade was calculated as the difference between pro-
duction after accounting for food losses plus imports, minus exports. If this value was less than 0, it was assumed 
to be 0 because total exports from a country were assumed to be bounded by domestic production plus imports. 
The amount of food wasted was estimated by multiplying the food supply after accounting for trade by the pro-
portion of food estimated to be wasted. The amount of food going to livestock feed was calculated as the food 
supply after accounting for trade multiplied by the proportion of individual feeds estimated as fed to livestock. 
The amount of food coming from livestock sources was calculated by summing food from meat, milk, and eggs. 
The different supply representations were then calculated based on these estimated food fluxes. The P1 supply 
was calculated as the raw production quantities without livestock products. The P2 supplies were those obtained 
from P1 after subtracting losses and adding the net contribution of trade. The P3 supplies were estimated as the 
P2 supplies minus the fluxes associated with food waste. The P4 supplies were estimated as the P3 supplies plus 
the production quantities of livestock products, minus the flux of fed feed. These values were averaged over the 
available years of data for reporting in the manuscript.

Calculating human nutrient requirements and ratios of supply to requirements. Human nutri-
ent requirements were calculated much the same as described in our previous  work40 but with different age 
groups considered. The population database was cross-referenced to the requirements database and used to 
generate an estimate of the requirement of a geographical area for a year. That requirement was divided by 365 
to generate daily requirements, which were compared to the original requirement databases as a sense check. 
These requirements were then averaged over the available years of data to yield the requirements used for refer-
encing throughout the work. The different supply representations described above were cross-referenced to the 
annual requirement of each geographical region to determine the sufficiency of the nutrients supplied by the 
agricultural system.
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Examining relationships among supplies and impacts. To explore the relationships among environ-
mental impacts and agricultural supplies, the individual country level data were used. The GHG emissions data-
base, the water withdrawal database, and the production database were merged into a single database with one 
row for each country. A Bayesian learning  network41,42 was then developed to examine the relationships between 
individual country yearly average production of different categories of foods (based on the total mass produced), 
production of different nutrients and energy (based on the total amount produced), and agricultural production 
of  CH4,  N2O, and  CO2 equivalents  (CO2eq), and agricultural water use. Bayesian learning networks allow for 
examination of structural associations among complex datasets by highlighting their conditional dependencies 
in a directed acyclic graph. This network derivation strategy was well suited to analysis of the associations among 
food production, nutrient supplies, and environmental impacts because the strategy can incorporate expected 
knowledge, highlight conditionally dependent and independent relationships within complex datasets, and pro-
vide a structured, graphical relationship of the probabilistic relationships identified. All values were scaled per 
capita to better control for mass variations associated with country population sizes. Expert knowledge was 
incorporated into the network structure by blacklisting associations from nutrient supplies to food categories 
(i.e., milk production could not be conditionally dependent on calcium supplies, but the opposite could be true). 
A score-based hill-climbing algorithm was used for structure learning. Arc strength and directional probabilities 
were calculated based on model averaging across 200 bootstrapped derivations. A parsimonious network was 
selected by retaining arcs with strength greater than 0.6 based on graphical evaluation of the conditional den-
sity function of arc strengths versus the minim required arc strength. The resulting network was fully directed 
with 54 notes, 250 edges, and an average Markov blanket size of 22.7 nodes. The network was visualized with 
the Rgraphviz  package43, and used to explore structural relationships revealed by the conditional dependent of 
 CO2eq on ruminant meat production and the conditional dependence of water use on vegetable production.

Data availability
The datasets used in the analysis are available on the open-access Virginia Tech Data Repository (https:// doi. org/ 
10. 7294/ 6y9v- gg39). The code used to generate figures presented in the analysis is archived at https:// github. com/ 
rrwhi tevt/ Global- Agric ultur al- Suppl ies- of- Human- Edible- Nutri ents- Their- Sourc es- And- Their- Corre lation- 
with- Ag/ tree/ master.

Received: 9 August 2022; Accepted: 22 September 2022

References
 1. Bergaglio, M. The contemporary illusion: Population growth and sustainability. Environ. Dev. Sustain. 19, 2023–2038 (2017).
 2. U.S. Census Bureau. U.S. Census Bureau International Database (2013).
 3. Smetana, S. M., Bornkessel, S. & Heinz, V. A path from sustainable nutrition to nutritional sustainability of complex food systems. 

Front. Nutr. 6, 39 (2019).
 4. Tuomisto, H. L. The complexity of sustainable diets. Nat. Ecol. Evol. 3, 720–721 (2019).
 5. Willett, W. et al. Food in the Anthropocene: The EAT–Lancet Commission on healthy diets from sustainable food systems. Lancet 

393, 447–492 (2019).
 6. FAO. FAOSTAT. http:// www. fao. org/ faost at/ en/# data/ QA (2019).
 7. Ludwig, D. S., Willett, W. C., Volek, J. S. & Neuhouser, M. L. Dietary fat: From foe to friend?. Science 362, 764–770 (2018).
 8. Riccardi, G. & Costabile, G. Carbohydrate quality is key for a healthy and sustainable diet. Nat. Rev. Endocrinol. 15, 257–258 (2019).
 9. von Braun, J., Afsana, K., Fresco, L. O., Hassan, M. & Torero, M. Food system concepts and definitions for science and political 

action. Nat. Food 2, 748–750 (2021).
 10. UN DESA. World Population Prospects 2019, Online Edition. Rev. 1. (2019).
 11. Von Grebmer, K. et al. 2017 Global Hunger Index: The Inequalities of Hunger (Intl Food Policy Res Inst, 2017).
 12. Carocho, M., Morales, P. & Ferreira, I. C. Sweeteners as food additives in the XXI century: A review of what is known, and what 

is to come. Food Chem. Toxicol. 107, 302–317 (2017).
 13. Popkin, B. M. & Hawkes, C. Sweetening of the global diet, particularly beverages: Patterns, trends, and policy responses. Lancet 

Diabetes Endocrinol. 4, 174–186 (2016).
 14. Astrup, A. & Bügel, S. Overfed but undernourished: Recognizing nutritional inadequacies/deficiencies in patients with overweight 

or obesity. Int. J. Obes. 43, 219–232 (2019).
 15. Martinelli, L. A. & Filoso, S. Expansion of sugarcane ethanol production in Brazil: Environmental and social challenges. Ecol. Appl. 

18, 885–898 (2008).
 16. Schmidt, J. A. et al. Plasma concentrations and intakes of amino acids in male meat-eaters, fish-eaters, vegetarians and vegans: A 

cross-sectional analysis in the EPIC-Oxford cohort. Eur. J. Clin. Nutr. 70, 306–312 (2016).
 17. Wu, G. et al. Amino acid nutrition in animals: Protein synthesis and beyond. Annu. Rev. Anim. Biosci. 2, 387–417 (2014).
 18. Adesogan, A. T., Havelaar, A. H., McKune, S. L., Eilittä, M. & Dahl, G. E. Animal source foods: Sustainability problem or malnutri-

tion and sustainability solution? Perspective matters. Glob. Food Secur. 25, 100325 (2020).
 19. Danaei, G. et al. Risk factors for childhood stunting in 137 developing countries: A comparative risk assessment analysis at global, 

regional, and country levels. PLoS Med. 13, e1002164 (2016).
 20. Skoufias, E., Vinha, K. & Sato, R. All Hands on Deck: Reducing Stunting through Multisectoral Efforts in Sub-Saharan Africa (World 

Bank Publications, 2019).
 21. Elvevoll, E. O. & James, D. The emerging importance of dietary lipids, quantity and quality, in the global disease burden: The 

potential of aquatic resources. Nutr. Health 15, 155–167 (2001).
 22. Palacios, C. & Gonzalez, L. Is vitamin D deficiency a major global public health problem?. J. Steroid Biochem. Mol. Biol. 144, 

138–145 (2014).
 23. Amrein, K. et al. Vitamin D deficiency 2.0: An update on the current status worldwide. Eur. J. Clin. Nutr. 74, 1498–1513 (2020).
 24. Sommer, A. Vitamin A Deficiency and Its Consequences: A Field Guide to Detection and Control (World Health Organization, 1995).
 25. Péter, S., Eggersdorfer, M. & Weber, P. Vitamin E Intake and Serum Levels in the General Population: A Global Perspective. In 

Vitamin E in Human Health (Humana Press, 2019).
 26. Sankar, M. J. et al. Vitamin K prophylaxis for prevention of vitamin K deficiency bleeding: A systematic review. J. Perinatol. 36, 

S29–S35 (2016).

https://doi.org/10.7294/6y9v-gg39
https://doi.org/10.7294/6y9v-gg39
https://github.com/rrwhitevt/Global-Agricultural-Supplies-of-Human-Edible-Nutrients-Their-Sources-And-Their-Correlation-with-Ag/tree/master
https://github.com/rrwhitevt/Global-Agricultural-Supplies-of-Human-Edible-Nutrients-Their-Sources-And-Their-Correlation-with-Ag/tree/master
https://github.com/rrwhitevt/Global-Agricultural-Supplies-of-Human-Edible-Nutrients-Their-Sources-And-Their-Correlation-with-Ag/tree/master
http://www.fao.org/faostat/en/#data/QA


10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16781  | https://doi.org/10.1038/s41598-022-21135-1

www.nature.com/scientificreports/

 27. McLean, E., de Benoist, B. & Allen, L. H. Review of the magnitude of folate and vitamin B12 deficiencies worldwide. Food Nutr. 
Bull. 29, S38–S51 (2008).

 28. Bailey, R. L., West, K. P. Jr. & Black, R. E. The epidemiology of global micronutrient deficiencies. Ann. Nutr. Metab. 66, 22–33 
(2015).

 29. Creo, A. L., Thacher, T. D., Pettifor, J. M., Strand, M. A. & Fischer, P. R. Nutritional rickets around the world: An update. Paediatr. 
Int. Child Health 37, 84–98 (2017).

 30. Balk, E. M. et al. Global dietary calcium intake among adults: A systematic review. Osteoporos. Int. 28, 3315–3324 (2017).
 31. Braun, M. et al. Racial differences in skeletal calcium retention in adolescent girls with varied controlled calcium intakes. Am. J. 

Clin. Nutr. 85, 1657–1663 (2007).
 32. Jones, A. et al. Body-composition differences between African American and white women: Relation to resting energy require-

ments. Am. J. Clin. Nutr. 79, 780–786 (2004).
 33. da Costa, K. A., Corbin, K. D., Niculescu, M. D., Galanko, J. A. & Zeisel, S. H. Identification of new genetic polymorphisms that 

alter the dietary requirement for choline and vary in their distribution across ethnic and racial groups. FASEB J. 28, 2970–2978 
(2014).

 34. Rockström, J. et al. Planetary boundaries: Exploring the safe operating space for humanity. Ecol. Soc. 14, 1–35 (2009).
 35. USDA/ARS. FoodData Central. http:// fdc. nal. usda. gov (2019).
 36. Mottet, A. et al. Livestock: On our plates or eating at our table? A new analysis of the feed/food debate. Glob. Food Secur. 14, 1–8 

(2017).
 37. WHO. Protein and amino acid requirements in human nutrition: Report of a joint GAO/WHO/UNU expert consultation (2007).
 38. USDA/HHS. Dietary Gudelines for Americans. (2010).
 39. FAO. Global food losses and food waste-extent, causes and prevention. (2011).
 40. White, R. R. & Hall, M. B. Nutritional and greenhouse gas impacts of removing animals from US agriculture. Proc. Natl. Acad. 

Sci. 114, E10301–E10308 (2017).
 41. R Core Team. R: A language and environment for statistical computing. (2020).
 42. Scutari, M. Learning Bayesian networks with the bnlearn R package. J. Stat. Softw. 35, 1–22 (2010).
 43. Hansen, K. et al. Rgraphviz: Provides plotting capabilities for R graph objects. (2020).

Acknowledgements
The present study was supported by funding from Dairy Management Inc. The authors would like to acknowledge 
Dr. Mary Beth Hall and Dr. Juan Tricarico for providing feedback on this manuscript.

Author contributions
R.W. completed the analysis and wrote the manuscript. C.G. contributed to manuscript writing and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 21135-1.

Correspondence and requests for materials should be addressed to R.R.W. or C.B.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://fdc.nal.usda.gov
https://doi.org/10.1038/s41598-022-21135-1
https://doi.org/10.1038/s41598-022-21135-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Global human-edible nutrient supplies, their sources, and correlations with agricultural environmental impact
	Results and discussion
	Sufficiency of macronutrient supplies and sources of supply. 
	Sufficiency of micronutrient supplies and sources of supply. 
	Environmental impacts and nutrient supplies. 

	Conclusions
	Methods
	Data overview. 
	Data sources and cross-referencing. 
	Calculating supplies of food. 
	Calculating human nutrient requirements and ratios of supply to requirements. 
	Examining relationships among supplies and impacts. 

	References
	Acknowledgements


