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Editor note: This article has 21 co-authors, but we only include the name and a�liation information for
the corresponding author. For the full list of contributors, please refer to the original publication
(https://doi.org/10.1371/journal.pone.0205683). 

Producing enough food for the growing human population while reducing greenhouse gas (GHG)
emissions and other environmental impacts from farming is a major global challenge.

Proposed solutions commonly focus on boosting production by approximately 70 percent, increasing
yields in unproductive regions, eliminating waste and reducing meat consumption. Such solutions may
also help reach some of the environmental targets set by international agreements such as the Paris
Climate Agreement and the Sustainable Development Goals (https://sustainabledevelopment.un.org/?
menu=1300) (SDGs) set by the United Nations in 2015.

To date, however, there has been no serious global evaluation of whether the production of different
types of food (especially fruits and vegetables) is su�cient to provide a nutritionally balanced diet for
the global population. Nor is it known whether a switch towards a nutritionally balanced diet might
reduce the environmental impact of food production, thus helping meet SDGs and the Paris Agreement
targets. And a recent paper, however, found that a global shift towards current Western diets, an already
observed trend in many parts of Asia, could lead to increased land use by 1 Giga hectare. This suggests
that at least some commonly used nutritional guidelines need to be considered in terms of their impact
on environmental sustainability.

This article is adapted from the original publication (https://doi.org/10.1371/journal.pone.0205683),
which explored the extent to which global food production was nutritionally su�cient for 2011 (our
baseline year when the world’s population was approximately 7 billion) and will be su�cient for a
population of 9.8 billion, which is expected in 2050. We do this by comparing the types of diets
nutritionists recommend versus global agricultural production statistics, and then explore options for
producing a nutritionally balanced global diet.

Data and methods
We used a range of food and crop databases along with different nutritional guidelines and
recommendations, using several assumptions – including choice of nutritional guidelines, calculating
actual and recommended servings, calculating the amount of land needed for existing vs. Harvard
Healthy Eating Plate (HHEP; created by experts at Harvard School of Public Health and Harvard Medical
School, points consumers to the healthiest choices in the major food groups) diets; and calculating
greenhouse gas emissions – to compare the amount of food that is produced globally with what
nutritional experts consider to be a healthy diet.

Then we estimated both the land use and GHG implications of switching to nutritionally recommended
diets. And then, to provide a rough estimate of the implications of different possible strategies, we
estimated the impact of four possible future scenarios:

To feed a growing global population, this study suggests that the only
way to eat a nutritionally balanced diet, save land and reduce
greenhouse gas emissions is to consume and produce more fruits and
vegetables as well as transition to diets higher in plant-based
protein. Source: https://commons.wikimedia.org/wiki/File:Child-
559415_1920.jpg

https://doi.org/10.1371/journal.pone.0205683
https://sustainabledevelopment.un.org/?menu=1300
https://doi.org/10.1371/journal.pone.0205683
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A scenario where all livestock consumption is replaced by plant-based proteins.
A scenario where consumers reduce livestock consumption to 20 percent of their protein
(consistent with the current ratio of meat: plant-based protein in India).
A science-and-technology scenario in which new technologies increase crop yields.
A household food waste-reduction scenario.

Also, to assess some of the implications of moving towards a nutritionally balanced global diet, we
made several assumptions which need to be considered in the interpretation of the results. For detailed
information on the data and methods used, please refer to the original publication.

Results

Comparison of available vs. healthy food scenarios
Currently, worldwide food production exceeds 2,750 kilocalories per person per day, which exceeds the
amount required to feed the global population. Although these data account for farm-level waste, they
do not include the estimated 20 percent household food waste. Hence, currently available calories are
likely to be about 2,200 kilocalories per person per day, which is su�cient for the world’s current
population.

However, when global production is divided into different food groups, a radically different picture
emerges. Speci�cally, global agriculture currently produces 12 servings of grains, �ve servings of fruits
and vegetables, three servings of oil and fat, three servings of protein, one serving of milk and four
servings of sugar per person per day. In contrast, using the HHEP, we estimate that global agriculture
production should provide eight servings of whole grains, 15 servings of fruits and vegetables, one
serving of oil, �ve servings of protein, and one serving of milk per person per day to provide a
nutritionally balanced diet. Thus, the world currently over-produces grains, fats and sugars, while
greatly under-producing fruits and vegetables and, to a smaller extent, proteins, including seafood (Fig.
1).

Fig. 1: Global production versus recommended consumption. Global
food production (blue bars) are from FAO (2011) data and nutritional
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Within the broad food categories, there are further mismatches between current production and
recommended consumption. While the HHEP model suggests that total fruit and vegetable servings
should comprise about 40 percent fruit and 60 percent vegetables, fruits currently make up only 28
percent of global fruit and vegetable production. Moreover, of global vegetable production, almost 40
percent consists of starchy vegetables such as cassava and potatoes. In addition, almost two-thirds of
animal protein consumed is red meat that the HHEP model regards as the least desirable protein for
human health and generates more greenhouse gases than other proteins.

Land-use implications
Our analysis found that if global agriculture produced foods at the levels recommended by the HHEP,
then the amount of arable land devoted to:

Grain production would be reduced by 150 million ha;
Fat and oil production would drop by 105 million ha; and
Sugar production would drop by up to 30 million ha.

At the same time, the arable land devoted to fruits and vegetables would need to increase by 171
million ha. To meet our needs for protein, the amount of arable land devoted to animal feeds would
increase by 57 million ha while land used for plant protein would increase by 20 million ha. Overall,
therefore, shifting production to match the diet recommended by the HHEP would reduce the amount of
arable land needed for agriculture by a total of 51 million ha. This reduction in agricultural land use
could help global efforts to conserve biodiversity and enhance ecosystem services.

The situation is different when we consider pastureland in addition to arable land: 3,433 million ha of
pastureland are currently used to raise livestock. Increasing protein production to levels consistent with
the HHEP recommendations would require 3,891 million ha. This underlines the need for greater
reliance on other protein sources, like seafood.

For an estimated 9.8 billion global population by mid-century, our analysis shows that, if diets remain
static and farming continues to produce the same proportions of food as it does today, we will require
12 million ha more arable land and 1,373 million ha more pastureland. With universal adoption of the
HHEP diet, global agriculture would need 39 million ha less arable land and 2,017 million ha more
pastureland.

Greenhouse gas emission impacts
Using statistics from our baseline year of 2011, we estimate that adopting the HHEP diet will increase
total cradle-to-farm-gate GHGs relative to the world’s existing diet by approximately 2.8 gigatons (GT)
of carbon dioxide per year or by 49 percent, exclusive of any additional GHGs that could occur due to
land use change.

recommendations (orange bars) are based on Harvard University
Healthy Eating Plate model. All data are displayed in dietary servings
following the CFG [17] and USDA guidelines.
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We also considered what would happen if the HHEP diet were implemented with high animal protein (at
current levels), but with only 2 servings of red meat per week. In this case, the total GHG emissions
would increase by only 0.7 GT from current levels. These data suggest that pescetarian (people
adhering to a diet that incorporates seafood as the only source of meat in an otherwise vegetarian diet)
or vegetarian diets could result in decreasing GHG emissions.

Discussion: Three pathways for future diets
Our primary �nding is to illustrate the fundamental mismatch between what global agriculture
produces and what the world’s population requires for a balanced diet as recommended by nutrition
experts. Although global agriculture already produces enough calories for the world’s current
population, there is insu�cient production of fruits, vegetables and protein and major over-production
of energy-dense foods, especially sugars, cereals and oils. Consequently, people must over-consume
these products in order to meet their calorie requirements. The failure of global agriculture to provide a
balanced diet presumably contributes to the current epidemic of obesity and diabetes.

The analysis also quanti�es the land use and GHG effects if diets remain static and farming continues
to produce the same proportions of food as it does today for the projected 2050 population of 9.8
million. Brie�y, if nothing else changes, the data suggest we will require 12 million ha more arable land
and 1,373 million ha more pastureland and produce 2.25 GT more GHGs annually. In contrast, with
universal adoption of the HHEP diet, global agriculture would need 1,978 million ha total land and
produce 6.15 GT more annual GHGs. As these estimates exceed the available land base and acceptable
emissions, we consider three potential pathways for the future.

Pathway 1: A shift to proteins that require less land and produce
fewer GHGs
One way to reduce the GHGs associated with our diets would be to both improve the e�ciency of
livestock systems and reduce the proportion of protein we obtain from animal agriculture. With that
said, this analysis should not be seen as a rationale for a purely vegetarian diet. Livestock plays an
important role in many agro-ecosystems, 987 million people worldwide depend on raising animals as a
key livelihood strategy, and much pastureland is ill-suited to crop production. In parts of the world
where malnutrition is still prevalent, increased consumption of livestock products can help improve the
well-being of the rural poor. In addition, animal agriculture and animal-based diets are culturally
important for people around the world. Hence, meat consumption will continue, but cannot persist at
today’s levels without major consequences.

Overall, therefore, the data suggest that the environmental footprint of food and farming systems
would drop with increased reliance on plant-based or alternative proteins such as fungus, algae or
insects. In addition, scienti�c work is currently helping improve the e�ciency by which animals convert
feed into useable meat and to breed animals (especially cattle) that produce fewer GHGs. It is also
possible to reduce the environmental impact of livestock and increase soil carbon sequestration
through approaches such as “high-density short rotation” grazing where relatively high numbers of
cattle are placed on a small pasture for a short period.

The situation is more complex regarding land use. As noted above, even with universal adoption of the
HHEP diet, producing enough protein for the global human population will increase the amount of
arable land associated with farming due to the need to expand the production of high-protein
leguminous crops (Fig. 2A). This could have serious environmental consequences relating to soil loss,
the GHGs emitted from land use change, and the biodiversity loss associated with commodity farming.
However, reducing the amount of pastureland used to raise livestock may compensate for this increase
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in arable farming. Therefore, when both arable and pasture lands are considered, the data show that
the total amount of land used by agriculture would not have to rise if there was a shift to both the HHEP
and a much greater consumption of plant-based protein (Fig. 2A).

Increasing �sh consumption is another useful strategy as �sh represent a relatively low GHG emitting
supply of protein and have been found to improve heart and blood vessel health and reduce
cardiovascular disease. Nevertheless, there are other concerns including contamination of �sh by
toxins, the over�shing of oceans, and habitat loss. Hence, more effort is needed to develop sustainable
sources of �sh (perhaps through improved and land-based aquaculture or aquaponics) and promote
sustainable �shing practices.

Overall, the analysis presented here reinforces the growing number of studies that demonstrate the
importance of developing new protein systems (based on plants, algae, fungi or insects) that require a
smaller land base and fewer resources.

Fig. 2: Comparison of the amount of land used in million ha, with the
adoption of HHEP diet for 7 billion people (today) and 9.8 billion
people (in 2050): A) For protein servings from animal and plant
sources and plant sources only. B) With the current situation of
household food waste and with 10 percent household food waste.
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Pathway 2: Science and technology to increase yields
A second approach would be to use science and technology to increase yields, especially for fruits and
vegetables, of which many are pollinator-dependent. In the calculations above, we assumed that
technological advancements will continue to increase yields by 1 percent per year which is consistent
with how technology has increased yields over the past 50 years.

However, a switch to HHEP, plus the rising demand due to population growth, would require a yield
increase of 8 percent per year for fruits and vegetables. This would represent a huge scienti�c and
technological challenge and would require a realignment of international agri-food research away from
the current primary focus on cereals and starchy foods towards research on fruits and vegetables.
Similarly, to maintain HHEP-recommended levels of protein and dairy without increasing land
requirements, yields would need to increase by 3 percent per year for meat-based protein and by 0.8
percent per year for dairy (Table 1).

Bahadur, Nutritional Needs, Table 1

Increasing production of fruits and vegetables, without increasing the amount of arable land used by
agriculture, might also be achieved in part through urban agriculture, innovations in vertical farming,
indoor production facilities driven by LED lighting and hydroponics, and other advanced horticultural
production technologies. Such innovative production systems must be developed in tandem with
farmer-directed, participatory plant breeding and genetics programs, and support for pollination
services, in order to boost yields.

Pathway 3: Reducing waste
Another possible solution could be a reduction of household food waste. Given the FAO data include
farm-to-retail waste, but do not include household waste that is estimated to be as high as 20 percent,
we calculated how halving this amount of household waste would affect both arable and pastureland
requirements for both current diets and for a diet using only plant-based protein. If global household
food waste were reduced by half, then instead of requiring 987 million ha of arable land for 7 billion
people and 999 million ha for 9.8 billion people, requirements would be only 888 and 899 million ha,
respectively. Similarly, when we consider a future both that increases the consumption of plant-based
protein and reduced waste, the requirement for pastureland should be only 1,973 million ha for 7 billion

Food groups Population of 9.8 billion by 2050

Whole grains No increases needed*

Fruits and vegetables 8.72% annually

Oils No increases needed*

Protein 3.27% annually

Milk/dairy 0.79% annually

Table 1. The annual percentage yield increases needed to produce the HHEP diet for the world population of
2050 without an increase in the amount of arable land. 
*Since we are currently producing grains, oils & fats, and sugars in excess of projected needs, these categories
can either be less intensively farmed or land could be taken out of production for these crops, thus reducing
agriculture’s impact on ecosystem services.
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people and 2,763 million ha for 9.8 billion compared to the current 3,433 million ha of pastureland (Fig.
2B). In terms of GHG emissions, reducing waste from 20 percent to 10 percent would reduce resource
use for food production, thus reducing emissions by 10 percent (in addition to reducing methane
emissions from land�lling).

Conclusions
In summary, (1) current agricultural production fails to provide the mixture of foods needed for the
world’s population to have the type of balanced diet recommended by nutritionists; (2) rectifying this
imbalance would save arable land, but (3) also saving pastureland and reducing GHG emissions would
require more reliance on plant-based sources of protein. Furthermore, if the world’s population grows as
anticipated, food production must change to �t within available land and acceptable levels of land use
and GHG emissions.

The data suggest that adopting nutritionally balanced diets that involve a greater consumption of fruits
and vegetables, plus lower consumption of grains, fats and sugars, along with developing proteins that
require less land to produce should help to ensure sustainable and balanced diets through the coming
decades. Such a transition would reduce global GHG emissions, better support ecosystem services and
biodiversity and have signi�cant bene�ts for human health.
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