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Maximizing the intersection of human health and the health of
the environment with regard to the amount and type of
protein produced and consumed in the United States

Christopher D. Gardner, Jennifer C. Hartle, Rachael D. Garrett, Lisa C. Offringa, and Arlin S. Wasserman

This review utilizes current national dietary guidelines and published databases to eval-
uate the impacts of reasonable shifts in the amount and type of protein intake in the
United States on the intersection of human and environmental health. The established
scientific basis and recommendations for protein intake as described in the US Dietary
Reference Intakes are reviewed. Data on food availability from both the US
Department of Agriculture and the Food and Agriculture Organization of the United
Nations and data on consumption from the National Health and Nutrition
Examination Survey are used to examine estimates of current US protein consumption.
Greenhouse gas (carbon dioxide equivalents, CO2eq) and blue and green water impacts
of US protein consumption resulting from US agricultural practices were obtained from
previously published meta-analyses. A 25% decrease in protein intake paired with a
25% shift from animal food to plant food protein intake—from an 85:15 ratio to a
60:40 ratio—would best align protein intake with national dietary recommendations
while simultaneously resulting in 40% fewer CO2eq emissions and 10% less consump-
tive water use. The modeling of this strategy suggests a savings of 129 billion kilograms
of CO2eq and 3.1 trillion gallons of water relative to current consumption.

INTRODUCTION

Evidence is mounting for the adverse environmental

impacts of the volume and types of foods and beverages
produced and consumed nationally in the United States

as well as globally. Specific concerns include emissions
of greenhouse gases,1,2 farmland topsoil losses,3 and the

pollution, depletion, and disruption of global water
resources.4–6 Among the many different components of

the human diet, beef and dairy products have been sin-
gled out as having a larger adverse environmental im-

pact than most other dietary components, owing

primarily to their heavy reliance on, and low efficiency

of, converting crops to a feed.7–10 Meat is the major
source of protein in the current US diet, and adequate

protein is essential to good health. What is less clear
and often confusing to many Americans is the optimal

amount of protein needed for their health and how this
compares with the amount they typically consume. This

also raises the question of how well aligned US agricul-
tural practices are with national dietary recommenda-
tions for protein intake.

According to data reported by the joint
Organization for Economic Co-operation and
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Development–Food and Agricultural Organization

(OECD-FAO) in 2018, Americans eat more meat from
livestock sources, per person, than any other country in

the world.11 According to the 2018 report, in the years
2015–2017, meat consumption in North America was

an estimated 200 lbs per person per year. In compari-
son, annual meat consumption in Latin America and
the Caribbean averaged approximately 130 lbs per per-

son, in East Asia, South Asia, and the Pacific approxi-
mately 60 lbs per person, and in Africa only

approximately 30 lbs per person.11 These numbers are
increasing globally as more countries and cultures

adopt a more Western-style diet.11,12 The most com-
mon types of livestock used for meat, as referred to

above, are poultry, pig, and cattle, along with smaller
amounts of sheep and goat. Additional animal-based

protein sources are dairy and eggs, which are both
heavily consumed in the United States and across many

other parts of the world. Producing this much meat,
dairy, and eggs efficiently and affordably for more than

300 million Americans has led to the widespread use of
concentrated animal feeding operations and to

increases in the production of corn and soy for use as
livestock feed rather than for direct human consump-

tion.13 While these developments have dramatically in-
creased the access to and the affordability of animal-

based protein, there is growing concern that they are
contributing to a dual set of crises in human health and

the health of the environment.1,14–16

There is a growing public health movement to pro-

mote a shift to a more plant-based, less animal-based
diet.17 The objective of this review and analysis is four-

fold: (1) to review the established scientific basis and rec-
ommendations for protein intake; (2) to examine how

these recommendations align with current protein con-
sumption in the United States; (3) to consider the cur-

rent environmental impacts of US protein consumption
resulting from US agricultural practices; and (4) to model

and project a series of environmental impacts that could
result from implementing several different strategies for
shifting protein intake in the United States, thereby bet-

ter aligning intake with dietary recommendations. Thus,
the overall objective is to build a case for maximizing the

intersection of human health and the health of the envi-
ronment in the context of optimizing the amount and

type of protein intake in the United States.

US RECOMMENDATIONS FOR PROTEIN INTAKE

Dietary Reference Intakes, Estimated Average
Requirement, and Recommended Dietary Allowance

National recommendations for protein intake are

based on the US Dietary Reference Intakes (DRIs),

most recently updated in 2005.18 The DRIs for protein

are presented in 2 distinct categories for 2 distinct
purposes: the Estimated Average Requirement (EAR)

(Table 1) and the Recommended Dietary Allowances
(RDAs) (Table 2). The RDA is generally determined

to be the EAR plus 2 standard deviations, so as to
meet or exceed the requirement of 97.5% of the popu-
lation. For women and men 18 years and older, the

EAR is 0.66 g/kg of body weight, and the RDA is 0.8 g/
kg of body weight. For a 57-kg woman, considered the

reference, the EAR is 38 g/d and the RDA 46 g/d. For
the reference 70-kg man, the EAR is 46 g/d and the

RDA 56 g/d.

Type and quality of protein: animal vs plant

With few exceptions, all foods contain protein. While
the proportion and quality of protein differ somewhat

from one food to another, there are general misconcep-
tions in the US public about what these differences are.

The quality of protein refers to the distribution of
amino acids within the protein and in what amount the

limiting amino acid is present. Essential amino acids
cannot be synthesized by the body and therefore must

be obtained from dietary sources; they include histidine,
isoleucine, leucine, lysine, methionine, phenylalanine,

threonine, tryptophan, and valine. The nonessential
amino acids are alanine, arginine, asparagine, aspartic

acid, cysteine, glutamic acid, glutamine, glycine, pro-
line, serine, and tyrosine. This latter group can be pro-

duced from intermediates of various metabolic
pathways in the body, and therefore they do not neces-

sarily have to come from dietary sources. A typical day
of eating a common variety of foods includes adequate

amounts of both essential and nonessential amino acids,
almost regardless of the presence or absence of animal

foods (Figure 1, Table S1 in the Supporting Information
online).

Table 1 Estimated Average Requirement (EAR) for pro-
tein, by age and sexa

Age group EAR for protein (g/kg/d)

Females Males

7–12 mo 1.00 1.00
1–3 y 0.87 0.87
4–8 y 0.76 0.76
9–13 y 0.76 0.76
4–18 y 0.71 0.73
> 18 yb 0.66 0.66
aData from the Dietary Reference Intakes for Energy,
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and
Amino Acids (2005).18

bThe EARs specified for each of the age groups of 19–30 y,
31–50 y, 51–70 y, and > 70 y are all identical. For the purpose
of brevity, these age groups are presented here as > 18 y.
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Protein quality and limiting amino acids. The issue of

dietary protein quality usually refers to the concept of
the limiting amino acid. The limiting amino acid refers

to the specific amino acid in a food that is present in

the lowest proportion relative to an individual’s dietary

requirement, which is a different amount for each
amino acid. This is very different than simply being the

amino acid present in the lowest amount in that food.
Protein-containing foods do not contain the 20 amino

acids in equal proportions. In many foods, tryptophan
is the amino acid present in the lowest amount in com-
parison with the other amino acids. However, trypto-

phan is never the limiting amino acid in foods. While
its proportion is low, the human requirement for tryp-

tophan relative to other amino acids is also low. The 2
amino acids most likely to be limiting are lysine and

methionine. Lysine tends to be the limiting amino acid
in protein found in grains, and methionine in protein

found in beans.

All plant foods have all 20 amino acids. There are com-

mon misconceptions about whether all plant foods

Table 2 Recommended Dietary Allowances (RDAs) for
protein, by age and sexa

Age group RDA for protein (g/kg/d)

Females Males

7–12 mo 1.20 1.20
1–3 y 1.05 1.05
4–8 y 0.95 0.95
9–13 y 0.95 0.95
14–18 y 0.85 0.85
>18 yb 0.80 0.80
aData from the Dietary Reference Intakes for Energy,
Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and
Amino Acids (2005).18

bThe RDA specified for each of the age groups of 19–30 y,
31–50 y, 51–70 y, and > 70 y is identical. For the purpose of
brevity, these age groups are presented here as > 18 y.

Figure 1 Proportions of amino acids in selected foods across food groups. Amino acids are grouped as essential or nonessential, in
descending order of prevalence within food groups. Amount of protein per 100 kcal is presented in Table S1. (Source: Nutrition Database
System for Research, University of Minnesota; http://www.ncc.umn.edu/ndsr-database-page/). Abbreviations: Ala, alanine; Arg, arginine; Asp/n,
aspartate and asparagine; Cys, cysteine; Glu/n, glutamate and glutamine; Gly, glycine; His, histidine; Iso, isoleucine; Leu, leucine; Lys, lysine;
Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.
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contain all 20 amino acids. It is widely believed among

both health professionals and the general population
that certain plant foods are entirely devoid of specific

amino acids and, thus, that protein adequacy cannot be
supported by plant foods alone. In fact, all plant foods

contain all 20 dietary amino acids. Figure 1 (and Table
S1 in the Supporting Information online) provides data
on the proportions and amounts of each of the 20 amino

acids found in a variety of animal and plant foods. Also
included in Table S1 in the Supporting Information on-

line are the grams of each amino acid per 100 kcal of
each food. Notably, it would be unrealistic to think that

anyone would obtain their entire daily protein needs
from a single type of food in a given day, considering

how ubiquitous protein is in all food sources.

Animal vs plant food sources of protein. Meats contain
protein and fat, but no carbohydrates. Plant foods con-

tain protein, fat, and carbohydrates, with the largest
component most often being the carbohydrate fraction

(except for oilseeds). This explains why meats always
have a higher proportion of protein per calorie (kilocal-

orie) than plant foods. In addition, the amino acid dis-
tribution of meats and other animal foods, including

eggs and dairy, is more similar to the distribution
needed by humans than is the distribution of amino

acids in plant foods. Therefore, if it were difficult for
individuals to meet their protein needs on a given day

(eg, limited access to food), it could be easier to come
closest to achieving protein adequacy by choosing ani-

mal foods over plant foods because of the better match-
up of amino acid distributions. However, for those with

access to a reasonably varied and diverse diet (eg,
“. . .an eating pattern that is varied, nutritious and ade-

quate in energy and other nutrients—not made up of,
say, just cookies, crackers, potato chips and juice”), it

would be rare for them to not meet their daily protein
requirement from any of a diverse range of diets.19

Complementary amino acid distributions of different
plant foods, typically not important for protein adequacy.

Mixed meals that contain a variety of plant foods can
make up for the limiting amino acids of individual

foods (eg, grains or legumes) by complementing one
another; these are known as complementary proteins.

While the protein in grains tends to be limiting in ly-
sine, proportionally grains are relatively high in methio-

nine. Conversely, while the protein in beans/legumes
tends to be limiting in methionine, proportionally beans

are relatively high in lysine. Therefore, consuming
grains and beans/legumes together provides what is of-

ten referred to as complementary protein, the suggestion
being that the distribution of amino acids in grains and

beans/legumes consumed together is more similar to

the distribution needed for humans than when these

foods are eaten alone. It has been reported that comple-
mentary foods do not need to be eaten during the same

hour or even the same meal to be effectively comple-
mentary but should be consumed within the same 24-

hour period.20

Rarely, however, are there the situations in which it
becomes important to make a conscious effort to com-

plement one’s plant protein intake. There are 3 condi-
tions that would need to be met simultaneously in

order to create a need to complement plant-based pro-
teins: total protein intake for the day was low (ie, close

to an individual’s protein requirement); very little die-
tary variety was available or chosen; and no animal pro-

teins were consumed, as in a vegan diet.
As will be presented here, most Americans con-

sume a total protein intake that greatly exceeds their re-
quirement. In addition, most Americans have access to

and choose a diet comprised of a wide variety of foods.
This can also be true for those following a vegan diet.

Therefore, for the typical US consumer, even vegeta-
rians and vegans, it is usually not necessary to pay close

attention to whether complementary proteins have
been consumed.21

Negligible impact of the ratio of plant protein to animal
protein on the EAR and RDA. The 2005 DRI for protein

addresses the issue of plant vs animal protein in terms
of the impact on protein recommendations. The DRIs

for protein were determined from nitrogen balance
studies (eg, those in which the maintenance of lean mus-

cle mass was investigated). The following excerpt comes
from the 2005 DRI: “ . . .the source of protein (90% ani-

mal, 90% vegetable, or mixed) did not significantly affect
the median nitrogen requirement, slope, or intercept,”22

as determined by the research of Rand et al.23

In other words, even though the protein in plant

foods is somewhat lower in quality than the protein in
animal foods (owing to the concept of limiting amino

acids), in mixed diets in which 90% of the protein
derives from a variety of plant foods and only 10% of

the protein derives from animal foods, the EAR and
the DRI are no different than those for a typical

American diet that is significantly higher in animal
protein. Stated more simply, the difference between

protein quality from a mostly plant-based diet and pro-
tein quality from a more animal-based diet is negligible

for most people.

Protein requirements for the elderly, growing
children, and pregnant women

Evidence shows that an increase in protein intake above

what is recommended for the general adult population
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may reduce the aging population’s risk of osteoporosis,

or bone loss, and sarcopenia, or muscle loss.24 The age
category generally referred to here is 70 years of age and

older. The literature supports an RDA of 1.0 to 1.2 g of
protein per kilogram of body weight to maintain nor-

mal calcium metabolism, nitrogen balance, and renal
function in the elderly.24,25 International recommenda-
tions also support an increase in protein intake for the

elderly. The World Health Organization (WHO) rec-
ommends a protein intake of 0.9 to 1.1 g/kg/d for the

elderly.26

The DRIs for protein intake per kilogram of body

weight are modestly higher for children and pregnant
women because of growth needs in these groups. For

children aged 1 to 3 years, 4 to 13 years, and 14 to
18 years, the RDA is 1.05, 0.95, and 0.85 g/kg of body

weight per day, respectively. The RDA for pregnant
women of all ages is 1.1 g/kg of body weight per day.

Protein requirements for athletes

Another population that may have an increased need

for daily protein is athletes. Several lines of research sug-
gest that athletes may need a protein intake of between

1.2 and 1.7 g/kg/d to support their high activity level
and their interest in gaining muscle mass.27–30 In a re-

view on this topic, Coleman30 suggests a range of 1.2 to
1.6 g/d, with 1.2 g/d being the amount endurance ath-

letes need during low- to moderate-intensity activity if
energy and carbohydrate intakes are adequate, and

1.6 g/d being the amount that may be needed by elite en-
durance athletes. At the lower end of this range, 1.2 g/d

should be enough for well-trained strength athletes such
as bodybuilders. An exception is that individuals in the

early stages of intensive resistance training may require
a protein intake of up to 1.7 g/kg/d. Coleman30 suggests

that a protein intake of up to 2 g/kg/d is unlikely to
cause any adverse effects, but intake beyond this level

may accelerate disease progression (eg, preexisting kid-
ney disease), reduce glycogen levels, and be detrimental
for optimal performance. Notably, as described in more

detail in the section below, “Estimations of per capita
protein intake,” the average American on a 2500-kcal

diet currently consumes approximately 1.2 to 1.6 g of
protein per kilogram. For highly active individuals, the

higher energy intake required to support the energy
output (eg, >4000 kcal/d) will almost certainly contain

substantially more protein than 1.2 to 1.6 g/kg/d.

Protein intake, satiety, and weight control

Another outcome of interest with regard to protein in-
take is the potential to control appetite and satiety,

along with the longer-term implications for weight

control. With regard to appetite and satiety, it is possi-

ble that diets containing more than approximately 15%
of energy intake from protein—the typical intake level

in the United States31—could be useful. However, if the
purpose of a higher proportional protein intake is to

help curtail overall energy intake, the net increase in to-
tal protein intake could be minor. For example, 15% of
calories from protein in 2000 kcal would be 75 g of pro-

tein, which would be identical to 20% of calories from
protein in 1500 kcal, which could be the case for some-

one trying to achieve a daily deficit of 500 kcal for the
purpose of weight loss or weight control. A 2004 review

concluded that higher-protein diets are more satiating
than lower-protein diets but also reported that the data

on weight control for high- vs low-protein diets were
less consistent.32 In a more recent study, Blatt et al33

conducted an experiment that involved covertly varying
the protein content of a meal at 5 different levels, from

10% to 30% of energy, and found no impact on energy
intake or ratings of satiety. This area of research war-

rants further study.

Summary

The RDA is currently 0.8 g/kg for the generally healthy
adult population. Higher levels to support the growth of

children and pregnant women range from 0.85 to 1.1 g/
kg. For endurance and elite athletes, an even higher

level of 1.2 to 1.6 g/kg may be appropriate and is also
likely to be easily achieved simply from the greater calo-

ric intake needed to support physical activity at a high
level of intensity. Protein is widely available from all

food sources, both animal and plant foods, and the
amount and quality of protein from plant food sources

is often underestimated or misunderstood. An ongoing
area of interest with regard to protein intake is the po-

tential impact on both appetite and satiety, which are
likely influenced not only by the amount of protein but

also by the specific food sources of protein as well as the
other nutrients and food components found in those

food sources.

ESTIMATIONS OF PER CAPITA PROTEIN INTAKE

Per capita consumption of protein, specifically animal

food vs plant food protein, in the United States can be
estimated in 2 ways, both of which have notable limita-

tions. One is to use availability, ie, production adjusted
for imports and exports, for which extensive data are

provided by the US Department of Agriculture
(USDA). An important difference between availability

and consumption is the waste that occurs at many
points in the food chain, from production to consump-

tion. Adjustments for waste can be made, but the
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available data for waste along the many steps from pro-

duction to consumption are limited. A second approach
to estimating protein intake is to use national-level indi-

vidual data on consumption. This is available from the
National Health and Nutrition Examination Surveys

(NHANES), which have been conducted annually since
1999. An important limitation here is that this data col-
lection method relies on self-report. It has been well

established that this method can result in substantial
under-reporting, on average. Again, adjustments for

under-reporting can be made, but these adjustments in-
volve assumptions and estimates. Neither of the meth-

ods described above is able to provide a definitive level
of per capita intake of protein in the United States, but

an examination of the 2 complementary sources of data
together provides what is likely a reasonable estimate.

Protein consumption estimated from USDA
availability data, with adjustment for waste

Food availability data from the USDA provide estimates
of per capita consumption of red meat, poultry, fish and

seafood, dairy, eggs, grain, legumes and nuts that are
based on domestic food production that moves through

domestic marketing channels.34 All of the animal-based
protein values are for raw, boneless meat. The dairy

protein values include the contributions of such isolated
proteins as whey or casein, which are used as a protein

additive in some types of processed foods or are avail-
able in powdered form to be added by consumers to

beverages or foods. The amount of protein available per
capita for Americans is approximately 112 g/d, as

reported by the sources presented in Table 334–37.
Eighty-five percent of the protein in this estimate is de-

rived from animal food sources, with only 3% of the to-
tal coming from fish and seafood.

A second calculation to account for food waste can
be applied to per capita food production availability

estimates.36 US Department of Agriculture loss-
adjusted food availability data accounts for loss at 3 lev-
els: the primary level, which is from farm to retail, the

retail level, and the consumer level. For meat, poultry,
fish, and seafood, the primary loss from carcass weight

to retail weight is taken into account before the data are
presented in the food availability data sheets. Eggs and

fresh vegetables and fruits have additional losses that in-
clude inedible portions that are removed, which are

accounted for at the consumer level. When accounting
for loss in these ways, Americans are estimated to con-

sume approximately 81 g of protein per day, of which
approximately 69 g/d (85%) is animal protein, as shown

in Table 3.
Other estimates of food consumption come from

the World Agricultural Supply and Demand Estimates

(WASDE) data, which are based on the aggregate of US

production and imports of agricultural products minus
exports.38 Using just the WASDE values that are avail-

able for red meat, poultry, and eggs, protein availability
per capita is 83 g/d. The WASDE data on total protein

was not compared directly with the USDA food avail-
ability data sheets, as per capita values for seafood,
beans (other than soybeans), nuts, and grains are not

available through WASDE.

Protein consumption estimated from NHANES data,
with adjustment for under-reporting

Using 1988–1991 NHANES III data from 7924 adults,
Smit et al31 calculated age- and gender-specific esti-

mates of protein intake. In their analysis, the authors
systematically addressed sources of animal food protein

vs plant food protein and concluded the average daily
protein intake for adults was 80 g/d, with 69% from ani-

mal food protein. The energy intake values reported
were 2591 6 39 kcal for men and 1746 6 18 kcal for

women (mean 6 SEM). Fulgoni39 analyzed protein in-
take data from NHANES 2003–2004. The analysis did

not separate animal food protein from plant food pro-
tein. The report concluded daily protein intake was
90 g/d, but no energy intake data are provided, and so

no estimates of under-reporting are possible.
The most recent dietary data from NHANES 2013–

2014 estimates that Americans consume approximately
80 g of protein per day. For men, the average is 94 g of

protein per day, and for women, 67 g of protein per day
(Table 440). The values presented in the Table 4 are for

the first day of 24-hour dietary recall data collected in
person for 15 673 individuals by NHANES staff.41 In

this analysis, the breakdown of animal food vs plant
food protein was not available.

Estimation of under-reporting. The 2005 report on DRIs

for energy and macronutrients provides an estimated
average total energy expenditure for adults by gender
and activity level, as determined by doubly labeled wa-

ter, the gold standard for measurement of energy
expenditure.18 Data are presented separately in

this analysis for those with a body mass index of 18.5
kg/m2, 25 kg/m2, and greater than 25 kg/m2. Applying

current estimates that two-thirds of US adults are over-
weight or obese, these data suggest that the average

level of total energy expenditure is approximately
3050 kcal/d for men and 2350 kcal/d for women, or ap-

proximately 2700 kcal/d for adults. Under weight-
stable conditions, total energy intake should match to-

tal energy expenditure, while for individuals gaining
weight, energy intake would be even higher. Assuming

weight stability among adults aged 20 years and over,
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the values presented in Table 4 represent a likely
under-reporting of approximately 28% for women and

approximately 19% for men. For the NHANES 1988–
1991 data presented by Smit et al,31 the numbers would

be very similar: under-reporting of approximately 35%
for women and 18% for men (no such estimates can be

made for the work by Fulgoni39 because energy intake
was not reported). Similar estimates of under-reporting

of dietary intake have been observed and reported by
other investigators.42–44

If NHANES assessments indicate an average pro-
tein intake of 80 g/d for adults, and if the profile of

nutrients in the calories under-reported were identical
to those that were reported, then addressing under-

reporting of 25% would bring that total to 100 g/d.
Another approach to addressing this is to consider us-

ing 15% to 16% of energy intake from protein, which
has been consistently reported from NHANES analy-

ses,31,39 and apply that to an average caloric intake of
approximately 2700 kcal as determined by doubly la-

beled water studies as noted above, which equals ap-
proximately 100 to 110 g of protein per day. A third

approach is to consider studies that have used 24-hour
urinary nitrogen excretion under weight-stable condi-

tions as a biomarker of protein intake. Several studies
have consistently reported that the amount of protein
intake assessed by 24-hour recalls is, on average, 80% to

90% of the amount determined by the more objective
assessment by urinary nitrogen excretion.45–47

Therefore, average protein intake for American adults,
as determined by assessment of dietary intake in

NHANES, is greater than 80-90 g/d and is likely closer
to 100 g/d or more.

Joint report of the Food and Agriculture Organization
and the WHO

Another perspective on estimating protein intake comes
from a 2009 Food and Agriculture Organization

(FAO)/WHO report titled Livestock in the Balance.7

This document presents a global perspective from coun-
tries all over the world, including both developing and

developed economies. In chapter 2, “Change in the
Livestock Sector,” the United States was ranked highest

in meat consumption from among more than 150 coun-
tries for which data were available, consuming approxi-

mately 126 kg per capita per year (277 lbs per capita per
year). Given the proportion of protein in most types of

meat, approximately 35% to 40% of calories,48 this
would be approximately 130 g of protein per capita per

day from meat, without taking into account the contri-
bution of plant food protein. As noted in the

Introduction, intake in North America and Europe is
approximately fourfold higher than in Central and

West Asia and North Africa.7,49

Summary of per capita protein intake estimations

As presented here, several different sources of national
or global data can be used to estimate daily per capita

protein consumption in the United States. The 3
approaches used here involve starting with USDA or

WASDE protein availability data and factoring in waste;
starting with NHANES protein intake data and factor-

ing in under-reporting; or taking into consideration
FAO/WHO data on US consumption of meat. From

these different perspectives, a reasonable estimate of per
capita protein intake in US adults is approximately 90
to 100 g/d, of which approximately 70% to 85% is ani-

mal food protein. From a global perspective, the United
States consumes more protein and more animal-based

protein than most, if not all, countries in the world.

ENVIRONMENTAL FOOTPRINT OF PROTEIN INTAKE IN
THE UNITED STATES

As already described, the current mix of protein sources

in the US diet is composed mostly of animal-based
foods. Most foods from terrestrial animals are produced

by converting plants eaten by animals into edible meat,

Table 4 Protein consumption in the United Statesa

Age group Sex Sample size Mean energy (kcal)6 SD Mean protein (g) 6 SD

2–19 y M and F 3019 188561.1 69.861.16
� 20 y M and F 5047 2141618.7 83.660.73
� 2 y (total) M and F 8066 2079617.2 80.360.74

2–19 y M 1520 2101626.4 79.961.96
� 20 y M 2414 2477626.1 98.361.25
� 2 y (total) M 3934 2382621.0 93.661.18

2–19 y F 1499 1657627.7 59.261.13
� 20 y F 2633 1825618.1 69.860.79
� 2 y (total) F 4132 1786616.4 67.460.74
aData from the National Health and Nutrition Examination Survey (NHANES) 2013–2014.40
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milk, and eggs. Food from aquatic animals (eg, fish and

shellfish) is produced by converting either plants or
other fish into edible meat. Owing to losses in energy

across trophic levels, the conversion of plants or fish
into animal proteins is not completely efficient and

results in the production of a smaller amount of food in
terms of weight, energy (kilocalories), and protein. As
such, producing a unit of animal food protein often

results in greater environmental impacts than produc-
ing an equivalent unit of plant food protein, so long as

the protein content of the plant product is not
negligible.

The efficiency of converting feed is a major factor
influencing the environmental footprints of different

protein sources, though production practices (crop
management, feeding, level of confinement) cause wide

variations in impacts within even a single protein
source. Conversion efficiencies differ by species and

production method as well as by whether the animal
food produced is muscle, milk, or eggs. It can take up to

49 times as much plant food material, by weight, to pro-
duce 1 unit of consumable animal food protein by

weight. Generally, fish and shellfish are much more effi-
cient converters of feed,50 although, as noted previously,

fish and seafood intake in the United States is estimated
to be only approximately 3% of total protein intake. The

feed conversion ratio for converting plants into edible
meat to produce some traditional animal proteins foods

is as follows: beef, between 24:1 and 49:151,52; pork, be-
tween 3:1 and 9:153–55; chicken and turkey, approxi-

mately 2:1 to 5.4:155,56; dairy, approximately 2.4:155;
eggs, approximately 2.4:155; salmon, approximately

1.3:150; and marine fish, approximately 1.9:1.50

The environmental impact of different animal-

based foods is largely related to production practices
and the resulting conversion efficiency. Animals raised

on pasture or in the wild (eg, marine fish) will have sub-
stantially different impacts than animals raised in par-

tial or full confinement at high densities, which rely
heavily on feed inputs. For animal foods relying on
feed, much of the environmental impact associated with

feed production derives from the production of the
crops (or fish) used to produce the feed.57,58 However,

animal maintenance and digestion results in additional
energy, water, and land inputs and carbon emissions.

These impacts vary substantially by species and are cor-
related with conversion efficiencies.50,56

As of 2012, cropland occupied 17% of the total land
area (390 million acres) of the United States. The most

widely planted crops in the United States are corn and
soybeans, which together occupy 40% of the total crop-

land in the United States, or about 7% of all land. The
majority of US crop production is used to feed animals.

Between 2000 and 2010, 67% of the crop calories and

80% of the plant proteins produced in the United States

were allocated to animal feed, either domestically or
abroad.59 An even larger amount of land is used to raise

livestock directly, with permanent pastures occupying
18% of all land (415 million acres) in the United

States.60

By comparison, acres planted with specialty crops,
which include all fruits, vegetables, and nuts, totaled

only 14 million acres in 2012,61 which is 8% of the acre-
age planted with corn and soybeans. Notably, the acre-

age planted with specialty crops is insufficient to
produce enough fruits, vegetables, nuts, and seeds to

provide enough of these foods for every person in the
United States to meet current US dietary guidelines.

Acreage planted in specialty crops would need to dou-
ble to meet this need without imports.62

Carbon footprint of protein sources

The amount of greenhouse gases emitted to produce 1

pound of edible food (ie, the carbon footprint) differs
substantially between animal foods and plant foods and

is estimated through a life cycle assessment, which
accounts for all of the greenhouse gases emitted to pro-

duce a food source, including those associated with feed
production and transport and the inputs used to pro-

duce the feed. This footprint is commonly represented
as the carbon dioxide equivalent (CO2eq) weight of all

greenhouse gases emitted, which normalizes different
volumes of emissions according to their global warming

potential.
Data from Heller and Keoleian,63 which provide a

comprehensive set of greenhouse gas emission estimates
for protein sources on the basis of the largest meta-

analysis of prior work compared with alternative
options, were utilized in the current review (Figure 2)63.

Sources from around the world were included in that
study, but most of the estimates for animal foods derive

from US studies. These estimates, when compared with
those from several other meta-analyses that included a
smaller subset of products, show that the 2014 estimates

of greenhouse gas emissions reported by Heller and
Keoleian63 are generally similar to those reported in

these other studies, except for the data of Tillman and
Clark1 who reported substantially lower estimates for

pork, grains, and legumes (see Table S2 in the
Supporting Information online). Because the green-

house gas emission estimates for plant proteins reported
by Heller and Keoleian63 are higher than those from al-

ternative studies, they may be considered a conservative
estimate of the potential carbon savings of moving from

animal source proteins to plant source proteins.
Across all studies, beef and lamb have by far the

highest carbon footprint per unit of protein produced,
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followed by dairy, eggs, pork, and seafood (eg, long-
lined wild cod or hake). Plant food proteins and poultry

have the lowest carbon footprints per unit of protein
produced. The carbon emissions associated with a gram

of protein from beef are at least 7.5 times higher than
those associated with a gram of protein from plant sour-

ces. The emissions associated with dairy and eggs are 2
to 3 times higher.

Water footprint of protein sources

The blue and green water footprints of the terrestrial
protein food sources, as estimated by Mekonnen and

Hoekstra (2012)52 and Mekonnen and Hoekstra
(2010),64 are the most widely used data sets for deter-

mining the water footprints of food products. The blue
water footprint assesses the amount of surface and

groundwater required to make a product, while the
green water footprint assesses rainwater usage. The

blue and green water footprint estimates for livestock
include water consumed directly, as well as water con-
sumed indirectly via feed inputs. The blue water foot-

print associated with food production (ie, water
consumed via irrigation) is often included in environ-

mental assessments of food production and other hu-
man activities because it is actively managed by

societies and has clearer tradeoffs with other potential
uses. However, the green water footprint of food is

also important to consider because it can reveal high
tradeoffs associated with the yields of different food

sources per unit of land and opportunities to better
utilize water resources to meet food production

goals.65

Most livestock production practices in the United

States can be characterized as industrial; that is, they

rely heavily on animal confinement and the use of feed
inputs to maximize productivity. However, some live-

stock is exclusively grazed. The water footprints associ-
ated with meat production tend to decline with a move

from grazed practices to fully industrial production be-
cause the conversion efficiencies increase.52 Unlike the

greenhouse gas estimates provided by the meta-analysis
above,63 the estimates provided by Mekonnen and

Hoekstra52 are specific to animal products produced in
the United States and are weighted by the amount of

production associated with each practice. The blue and
green water footprints from this study (see Table S3 in

the Supporting Information online) are considered
here, but the gray water estimates (water pollution asso-

ciated with a product) are excluded because the data
available include only leaching and runoff from nitro-

gen fertilizers and not pollution from animal excre-
ment. As such they would underestimate the gray water
impacts of animal source foods relative to plant source

foods.
Plant food proteins have a higher water footprint

than almost all animal proteins (Figure 3, A and B59,61).
However, the green water footprint of ruminants (beef

and lamb) is even higher than that of plant proteins be-
cause of the dependence of these animals on large pas-

ture or rangeland areas. Poultry and eggs have a
particularly low overall water footprint.

Carbon and water footprints of current US protein
intake

We have used the data presented up to this point to

provide an estimate of the total annual greenhouse gas
footprint (expressed in CO2eq) and water footprint of

the foods that contribute to dietary protein

Figure 2 Carbon footprint of protein sources.63 Beef and lamb have by far the highest carbon footprint per unit of protein produced, fol-
lowed by dairy, eggs, pork, and seafood. Plant proteins and poultry have the lowest carbon food prints per unit of protein. Detailed notes on
the precise definitions of each category for each study and the exact studies included for comparison are listed in Table S2 in the Supporting
Information online (Comparative Study 2 had values only for pork, poultry, and seafood). Abbreviation: KG CO2 eq, kilograms of carbon diox-
ide equivalents.

206 Nutrition ReviewsVR Vol. 77(4):197–215

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article-abstract/77/4/197/5307079 by guest on 01 M
arch 2019

https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuy073#supplementary-data
https://academic.oup.com/nutritionreviews/article-lookup/doi/10.1093/nutrit/nuy073#supplementary-data


consumption in the US. The starting values used were
the USDA availability data in Table 3. Those values

were increased by approximately 10% to match the con-
clusion in summary section on per capita protein intake

estimations that Americans consume approximately 90
grams of protein/day (the low end of the 90–100 g/d

range). Those daily values of grams of protein of each

food type consumed per day were multiplied by
365 days/year, then multiplied by the greenhouse gas

and water footprint per gram of protein of each food
type (Table 5)52,62,63 and finally were multiplied by

308,827,000 people in the US from the most recent cen-
sus data. The current consumption of animal food and

plant food protein in the U.S. is associated with more

Figure 3 Blue water footprint (A) and green water footprint (B) of protein sources.59,61 Plant proteins have a higher water footprint
than almost all animal proteins. The green water footprint of beef and lamb is even higher than plant proteins. Poultry and eggs have a par-
ticularly low overall water footprint. Detailed notes on the precise definitions of each category are listed in Table S3 in the Supporting
Information online.

Table 5 Total annual carbon and water footprints of the animal and plant foods that contribute to dietary protein con-
sumption in the United States52,62,63

Protein source Greenhouse gases footprint
(billion kg of CO2eq)

Water footprint, blue
and green water

(billion gallons of water)

Beef 164.2 24 318
Pork 33.1 6655
Poultry 41.5 4576
Lamb 1.6 222
Seafood 5.1 –
Dairy 87.2 13 386
Eggs 12.1 1329

Total, animal-based protein 344.7 50 485
Grains 11.0 10 803
Peanut and tree nuts 2.4 1939
Beans, legumes, peas 2.0 2138

Total, plant-based protein 15.4 14 880
Total, all protein sources 360.2 65 366

Abbreviation: CO2eq, carbon dioxide equivalents.
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than 360 billion kilograms (360 million metric tons)

of CO2eq greenhouse gas emissions and more than
65 trillion gallons of water per year, or �1.2 metric

tons CO2eq, and greater than 210,000 gallons water per
capita/year.

Consumption of protein from cattle products
accounts for by far the largest amount of carbon emis-
sions and water usage, roughly 70% of the total annual

greenhouse gas footprint and 58% of the water footprint
of U.S. protein consumption. In contrast, all plant pro-

teins currently contribute to just 4% of the total annual
carbon footprint and 23% of the water footprint.

REDUCTION IN CARBON AND WATER IMPACTS OF US
FOOD CONSUMPTION FROM CHANGES IN PROTEIN

INTAKE

Three scenarios of potential shifts in protein intake
that involve either reducing overall protein intake or
shifting toward more plant protein and less animal
protein, or both

Here, the potential environmental impact of 3 different
shifts in protein intake in the US is considered, begin-

ning with a general description of what those shifts
would look like in terms of actual foods. This descrip-

tion is facilitated by a series of 4 food photographs
(Figure 4). All 4 photographs include the same 6 items:

3 animal food protein sources (chicken, yogurt, and
eggs) and 3 plant food protein sources (bread, nuts, and

kidney beans). There are 2 amounts of total protein: ap-
proximately 90 g (see section above, Summary of Per

Capita Protein Intake Estimations) and a 25% lower
amount, approximately 67.5 g. The caloric value of the

6 foods on the plate ranges from approximately 600
kcal to approximately 1100 kcal (Figure 4). The intent

of presenting each plate of food is to illustrate a plausi-
ble and familiar set of food types and quantities that

would provide all approximately 90 g or all approxi-
mately 67.5 g for the entire day (ie, the set of foods is
not intended to represent a single meal, nor is it

intended to represent a full day of meals and snacks).
Therefore, the photos help to demonstrate one possible

approach for obtaining either approximately 90 g or ap-
proximately 67.5 g of protein from just 6 common ani-

mal and plant foods while contributing only 600 to
1100 kcal for the day. However, it should be noted that,

for an individual eating a 2000-kcal, a 2500-kcal, or a
3000-kcal diet, the other foods consumed that day that

are not represented on these plates would be providing
additional calories and additional protein (as described

previously), and so total protein intakes for the entire
day would necessarily be higher than the numbers pre-

sented in all 4 food photos.

For the shifts that involve an increase in plant pro-

tein intake, different strategies were used for grains,
nuts, and beans. From Table 3 it can be seen that ap-

proximately three-quarters of the plant protein in the
food items listed derives from grains, with only minor

amounts coming from nuts and beans. For the exam-
ples in Figure 4, the increases in plant protein were
achieved by increasing only the nuts and beans (given

how high grain intake is already, the aim was to not in-
crease this even further in the examples). Moreover,

given the high caloric intake of nuts, the increase in
nuts was limited to a maximum of 1 oz per day; the ad-

ditional plant protein increases in these examples were
achieved with increased amounts of beans. Therefore,

when shifting toward more plant protein intake in the
examples below, the amount of bread does not increase

any higher than that shown the current scenario, the
amount of nuts does not increase any higher than 1 oz,

and increases in beans account for the remainder of the
changes.

The current scenario, in food photo A (Figure 4),
reflects approximately 90 g of total protein intake and

an 85:15 ratio of animal protein to plant protein.
In shift scenario 1, in food photo B (Figure 4), total

protein intake is kept at current levels while shifting
25% of the total protein from animal to plant, such that

the distribution of animal protein to plant protein in an
individual’s diet changes from 85:15 to 60:40.

In shift scenario 2, in food photo C (Figure 4), cur-
rent protein intake levels are cut back by 25% while

keeping the proportions of proteins from animal and
plant foods the same as it is now, ie, 85:15.

In shift scenario 3, in food photo D (Figure 4), shift
scenarios 1 and 2 are combined. Total protein intake is

cut back by 25%, and at that lower total amount of pro-
tein, the distribution is also shifted from an 85:15 distri-

bution to a 60:40 distribution of animal protein to plant
protein.

Shift scenario 1: shift from a 85:15 ratio to a 60:40 ratio
of animal protein to plant protein, while keeping total

protein intake constant. The case was made earlier that
the quality of protein (ie, distribution of amino acids) is

higher in plant foods than many people seem to believe.
Vegetarian and even vegan diets typically contain ade-

quate amounts of protein, including adequate amounts
of all 20 amino acids and, specifically, all of the essential

amino acids (Figure 1). Therefore, this shift would not
substantively impact the adequacy of protein intake in

Americans, given that typical total protein intake so
greatly exceeds the EAR and the RDA. In addition,

while this proposal shifts in the direction of fewer ani-
mal foods and more plant foods, the majority of protein

intake would still be derived from animal foods (ie, this
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proposal does not suggest that everyone to shift to a
vegan or vegetarian diet). For this example, the shift to

greater plant protein intake was modeled by leaving

grain intake constant, increasing average daily nut/seed
intake by approximately 3-fold, from approximately

0.3 oz (�50 kcal) to 1 oz per day (�150 kcal), and

CURRENT SCENARIO
90 grams protein

85:15 animal:plant

SHIFT SCENARIO #1
90 grams protein

60:40 animal:plant

SHIFT SCENARIO #2
67.5 grams protein (25% decrease)

85:15 animal:plant

SHIFT SCENARIO #3
67.5 grams protein (25% decrease)

60:40 animal:plant

Serving

Protein

Calories

Serving

Protein

Calories

Serving

Protein

Calories

Serving

Protein

Calories

A. Scenario #1
Current

B. Scenario #2
Same total protein

Shift to 60:40

C. Scenario #3
Reduce animal

and plant protein

by 25%

D. Scenario #4
Reduce protein

Shift to 60:40

Chicken

4.8 oz

41.9 g

235

3.4 oz

30.0 g

168

3.6 oz

31.4 g

176

2.6 oz

22.5 g

126

Eggs 
(lg)

2.0

13.6 g

170

1.0

6.8 g

85

1.5

10.2 g 

128

0.8

5.1 g

64

Greek 
Yogurt

(non-fat)

7.3 oz

21.2 g

123

6.0 oz

17.2 g

100

5.5 oz

15.9 g 

92

4.5 oz

12.9 g

75

Animal
Total

76.7 g

528 kcal

54.0 g

353 kcal

57.5 g 

396 kcal

40.5 g

265 kcal

Bread

2.7 oz

9.6 g

195

2.7 oz

9.6 g

195

2.0 oz

7.2 g

146

2.7 oz

9.6 g

195

Peanuts

0.3 oz

2.2 g

49

1.0 oz

7.0 g

154

0.2 oz

1.7 g 

36

1.0 oz

7.0 g

154

Kidney
Beans

0.6 oz

1.4 g

22

8.6 oz

19.4 g

301

0.5 oz

1.1 g 

17

4.6 oz

10.4 g

161

Plant
Total

13.3 g

266 kcal

36.0 g

650 kcal

10.0 g 

199 kcal

27.0 g

510 kcal

OVERALL
TOTALS

90.0 g

794 kcal

90.0 g

1002 kcal

67.5 g 

595 kcal

67.5 g

774 kcal

ANIMAL PLANT

* Note: Decision to                                                achieve increase in 

plant protein by increasing nuts & beans but not bread was intentional. 

American daily bread intake already very high.

* Note: The proportions of bread, nuts and beans presented 

here are representative of current average daily American diet.

Data corresponding
to food photography

A B

C D

* Note: Decision to                                                achieve increase in 

plant protein by increasing nuts & beans but not bread was intentional. 

American daily bread intake already very high.

Figure 4 A day’s worth of protein on 1 plate. Each plate represents a different option for consuming 90 g or 67.5 g of protein for the entire
day; ie, breakfast, lunch, dinner, and snacks combined. For ease of comparison, the same 3 animal foods (chicken, eggs, yogurt) and the same
3 plant foods (bread, peanuts, kidney beans) are used. Calories for each plate range from � 600 kcal to � 1000 kcal, suggesting these would
represent 25% to 50% of total kilocalories for a 2000-kcal diet (and a smaller percentage for higher kilocalorie intake). Only protein-rich foods
are pictured here (ie, no vegetables or fruits). Notably, as described previously, since all whole foods contain protein, the additional foods con-
sumed would provide additional protein to a complete diet of� 2000 kcal.
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increasing average daily legume intake by approxi-

mately 14-fold, from 0.6 oz (�20 kcal) to 8.6 oz per day
(�300 kcal).

As illustrated in the example provided, this shift
would have implications for the sources and amounts of

calories and carbohydrate as well as for the sources and
amounts of protein. The calories associated with obtain-
ing approximately 90 g of protein from chicken, yogurt,

eggs, wheat bread, kidney beans, and nuts, with an
85:15 ratio of animal protein to plant protein, would be

approximately 800 kcal (Figure 4, food photo A). With
the same amount of total protein and the same food

sources of protein, but a 60:40 ratio of animal protein to
plant protein (ie, less chicken, yogurt, and egg, more

nuts and kidney bean), the calories would be approxi-
mately 200 kcal higher and mostly from beans

(Figure 4, food photo B). The extra calories from beans
would be primarily carbohydrate, but these would be

complex carbohydrates and accompanied by fiber. If
this were to be an overall isocaloric shift in diet, other

dietary components, ie, non-protein-rich foods, would
need to be decreased. This shift may not be optimal.

Shift scenario 2: decrease all main sources of protein

intake from both animals and plants, while keeping the
85:15 ratio of animal protein to plant protein constant.

As noted in food photo C (Figure 4), if both the animal
and plant protein intake from the food sources in food

photo A (Figure 4) were decreased by 25%, kilocalorie
intake from this subset of protein-rich foods would also

decrease proportionally, by 25%. The net decrease
would be approximately 200 kcal/d. Given the current

rate of overweight and obesity in the United States,
widespread adoption of a hypocaloric diet could lead to

substantial benefits from weight loss. However, it is not
realistic to think that the 200 kcal would not be com-

pensated in some other way. If this were to be an isoca-
loric shift in diet, other dietary components, ie, non-

protein-rich sources, would need to be increased.
Making healthy shifts would be advised, but the specif-
ics of those shifts are beyond the scope of this analysis.

Again, this shift may not be optimal; however, an
optimal shift might entail combining shift scenarios

1 and 2.

Shift scenario 3: decrease the total amount of protein
consumed by 25%, and shift simultaneously from an

85:15 ratio to a 60:40 ratio of animal protein to plant
protein. As illustrated in food photo D (Figure 4), a 25%

decrease in total protein intake to approximately 67.5
g/d, with a simultaneous shift from an 85:15 to a 60:40

ratio of animal protein to plant protein, would result in
the smallest portions of chicken, yogurt, and eggs. This

would also result in a relative increase in plant sources

of protein, but not as much of an increase as illustrated

in shift scenario 1. As in shift scenario 1, for this sce-
nario, the amount of bread was not increased; only the

amounts of nuts and beans were increased: a 3-fold in-
crease in peanuts, from approximately 0.3 oz (�50 kcal)

to 1 oz (�150 kcal) per day, and an approximately 8-
fold increase in beans, from approximately 0.6 oz
(�20 kcal) to approximately 4.6 oz (�160 kcal) per day.

The net difference in overall caloric intake across all
categories of animal and plant protein-rich foods for

this type of shift would be negligible. The proportions
of calories from macronutrients in these protein-rich

foods would shift from two-thirds animal-derived and
one-third plant-derived to one-third animal-derived

and two-thirds plant-derived, ie, less protein and more
carbohydrate, with the carbohydrate increase being pri-

marily from nutrient-dense and fiber-rich legumes/
beans. This scenario is proposed as the best choice of

the 3 options presented to optimize the intersection of
human health and the health of the environment.

Impacts of reduced protein intake

The environmental benefits of reducing protein intake
and/or shifting the mix of protein consumed to include

a larger share of plant-based protein are significant, par-
ticularly in terms of carbon emissions. Under shift sce-

nario 3, US consumption of protein sources would
result in 40% fewer CO2eq emissions and 10% less blue

and green water, representing a savings of 129 billion
kilograms of CO2eq and 3.1 trillion gallons of water rel-

ative to current consumption.
Under any scenario of reduced consumption of an-

imal protein, CO2eq emissions would be reduced by
more than 20%. Shift scenario 2 (a reduction in protein

consumption by 25% without allocating more con-
sumption toward plant sources) results in the largest re-

duction in water usage: approximately 25% less than
current consumption patterns. These water savings are
greater than those of shift scenario 3, owing to the rela-

tively high water footprint of plant protein sources vs
most animal sources (except for cattle products).

However, shift scenario 2 would result in 25% higher
CO2eq emissions than shift scenario 3, highlighting a

tradeoff between climate mitigation and water conser-
vation. Shifting toward plant protein consumption

without reducing overall protein consumption (shift
scenario 1) would still reduce CO2eq emissions by 20%

but would also increase water consumption by 24%
(Figure 5, A and B).

Documentation of the detailed calculations used to
generate these estimated effects is available in an Excel

file with 11 worksheets (link provided here).
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HEALTH IMPLICATIONS OF SHIFTING TO A MORE
PLANT-BASED DIET

The above-described proposed shifts toward greater
consumption of beans and nuts, with accompanying

decreases in intakes of animal-based foods, is well
aligned with the promotion of human health. As de-

scribed by Merrigan et al,14 the Dietary Guidelines for
Americans, which have been updated every 5 years since

their inception in 1980, “. . .have consistently recom-
mended a diet higher in plant-based foods and lower in

animal-based foods.” Most recently, the 2015 Dietary
Guidelines Advisory Committee stated in their
Executive Summary that “. . .a diet higher in plant-

based foods, such as vegetables, fruits, whole grains,
legumes, nuts, and seeds, and lower in calories and

animal-based foods is more health promoting and is as-
sociated with less environmental impact than is the cur-

rent U.S. diet.”17 The data supporting this statement
came from 15 studies identified by the 2015 Dietary

Guidelines Advisory Committee.
In 2016, Nelson et al66 followed up with a system-

atic review that identified 23 total studies—the 15 above
and 8 additional studies published after the report by

the 2015 Dietary Guidelines Advisory Committee had
been completed—that confirmed and strengthened the

conclusion linking proposed changes in the US diet to
the promotion of human health and environmental

sustainability. The health outcomes noted include the

major nutrition-related chronic noncommunicable
diseases—cardiovascular disease, coronary artery dis-

ease, stroke, hypertension, type 2 diabetes, obesity, and
cancer—as well as all-cause total mortality.67–71 Pan et

al71 addressed the shift from animal protein to plant
protein most directly in a prospective study that in-
cluded 37 698 men from the Health Professionals

Follow-up Study (1986–2008) and 83 644 women from
the Nurses’ Health Study (1980–2008). They modeled

the replacement of red meat (unprocessed, processed,
and total) with nuts, legumes, and whole grains, and in

each case the plant-based alternative was associated
with a statistically significant reduction in total

mortality.
As would be expected, these studies were observa-

tional and not interventional, ie, a mixture of cross-
sectional and prospective cohorts. Therefore, the results

are findings of associations and not causation. Notably,
this topic does not lend itself to long-term, large-scale

intervention trials. However, the level of causal infer-
ence is strengthened by the consistency of the findings,

the mechanistic plausibility, and the reproducibility of
the findings in the United States, Sweden, Japan, and

Europe.66,67

DISCUSSION

The US RDA for protein has remained unchanged for
decades.18 The basis for the recommendation, and the

amount recommended, have come under debate, with
some suggestions to increase the recommendation, par-

ticularly for certain subsets of the population.72–76 It is
suggested here that discussions of determining an opti-

mal level of total protein intake should be expanded to
include not only different population subsets but also

recognition of the current levels of intake, the health
implications of animal vs plant food sources of protein,

and the impact of growing and raising those food sour-
ces of protein on environmental sustainability and,
thus, the ability to continue to produce adequate food

and protein for generations to come.
Dietary and nutrition advice disseminated over the

past several decades has focused on the macronutrient
categories of fats and carbohydrates, often aiming to ed-

ucate the public about the health risks and benefits
from consuming too much of specific types of fats and

carbohydrates. There appears to have been less effort to
inform the public about the amount and sources of pro-

tein necessary to support good health or to provide ad-
vice about moderate protein intake. There also appears

to be confusion about the amount and quality of protein
that can be obtained from plant-food sources. Amidst a

lack of understanding and confusion about protein

Figure 5 Calculations for carbon footprint (A) and water foot-
print (B) under different protein consumption scenarios.
Abbreviation: KG CO2 eq, kilograms of carbon dioxide equivalents.
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requirements and intake, a growing body of scientific

evidence has linked the agricultural practices of produc-
ing food sources of dietary protein to environmental

sustainability, particularly with regard to greenhouse
gas emissions and water usage. This review has utilized

national dietary recommendations and published data-
bases to link human protein requirements and intakes
to estimated impacts on environmental sustainability in

the United States. There is ample room in the US diet
to consume less total protein and to shift toward an in-

take of more plant-based and less animal-based protein
while still meeting and surpassing protein requirements,

which, when scaled to the more than 300 million
Americans, would significantly decrease greenhouse

gases and, to a lesser extent, water usage. This shift
would also be consistent with improving human health,

as described earlier.
The findings presented in this review build on what

are generally consistent findings from a growing body
of research that addresses similar topics. The most com-

mon finding reported is that animal-based diets have
higher greenhouse gas emissions than plant-based diets.

Tilman and Clark1 address this by comparing the pro-
jected impact of 4 different diet types on greenhouse

gas emissions. They conclude that greenhouse gas emis-
sions are lower and sustainability is higher with vegetar-

ian, pescatarian, or Mediterranean diets than with the
current US diet, which is higher in meat and animal

food intake than the other patterns. Harwatt et al77 re-
port that substituting beans for beef could achieve 46%

to 74% of the reductions needed to meet the US 2020
greenhouse gas target. Eshel and Martin78 report that

shifting from the current US diet to a plant-based diet
would reduce US greenhouse gas emissions by 6%.

Other environmental sustainability benefits projected to
result from shifting away from an animal-based diet to-

ward a more plant-based diet include reductions in wa-
ter usage, energy inputs, land use, and extinctions.4,79,80

A counter position is presented by Tom et al81 in
an analysis that models changes in the US diet that in-
volve the following: (1) decreasing caloric intake so as

to achieve a healthy weight, (2) switching from the mix
of foods of a current US diet to a mix more consistent

with US dietary guidelines, or (3) doing both simulta-
neously. The authors conclude that, in the third sce-

nario, energy use, blue water footprint, and greenhouse
gas emissions are all increased relative to current die-

tary practices. Some of the assumptions made in this
analysis with regard to dietary shifts to match US die-

tary guidelines include reducing meat consumption by
approximately 100 kcal/d, increasing vegetable and fruit

intake by approximately 300 kcal/d, and increasing
dairy intake by approximately 300 kcal/d. The rationale

for the magnitude of the proposed increase in dairy

intake is unclear, debatable in its accuracy, and likely

problematic in these projections. Moreover, the pro-
posed increase contributes substantially to the higher

negative environmental impacts reported by this study.
However, the proposed increase in vegetable and fruit

intake is realistic and would also help explain the overall
increase in blue water usage in this analysis, since pro-
ducing vegetables and fruits requires substantial water

inputs. The corresponding analysis in water usage in
the current review does not take changes in vegetable or

fruit intake into account, which was beyond the scope
of the research question, since that question was fo-

cused on protein-rich foods, with the primary protein
sources of plant foods being grains, nuts, and beans.

Even so, the environmental sustainability impacts pro-
jected for shifts to greater intakes of plant-based protein

are much larger, in terms of reductions of greenhouse
gases, than water usage.

The objective of this review was to address the in-
tersection of human and environmental health and the

importance of environmentally sustainable, healthy
food choices for generations to come. As described

above, the published literature is consistent with regard
to the human health benefits attributable to shifting to-

ward a more plant-based diet in the United
States.14,17,67–71 Collectively, these studies conclude that

a diet higher in legumes, nuts, seeds, whole grains, vege-
tables, and fruits and lower in animal-based foods—

especially red meat—is consistent with aligning human
health and environmental sustainability.66 Tilman and

Clark1 also conclude that the more plant-based
Mediterranean, pescatarian, and vegetarian diets are as-

sociated with lower rates of type II diabetes, cancer, cor-
onary mortality, and total mortality. This review adds

to the literature by focusing more specifically on pro-
tein, ie, animal-derived vs plant-derived protein. Both

Pan et al71 and Song et al16 have reported that replacing
animal protein with plant protein was associated with

lower all-cause mortality.

CONCLUSION

The quality of plant-based protein is higher than many

Americans realize. Similarly, the amount of total pro-
tein most Americans eat is well beyond their daily re-

quirement. Unlike dietary fat or carbohydrate, which
both have storage depots in the human body, there is

no mechanism for storing dietary protein consumed in
excess of functional need, and therefore daily excesses

of protein intake are converted to carbohydrate and fat.
Reductions in the consumption of animal food protein

and shifts toward increases in the consumption of plant
food protein are consistent with improvements in hu-

man health, particularly in the areas of prevention and
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treatment of chronic, noncommunicable, diseases.

Reducing total protein consumption by 25%, while also
reducing the proportion of animal food protein con-

sumed, would contribute to substantial climate change
mitigation equivalent to approximately 8% of the green-

house gas emissions reductions pledged under the Paris
Agreement.82,83 The associated water savings under the
same scenario is equal to 4% of all the freshwater used

annually in the United States or 14% of the freshwater
used for irrigation and livestock.84 Reductions in animal

food protein intake would have the added benefit of
freeing up farmland now dedicated to corn and soybean

production for livestock feed to produce more vegeta-
bles, fruits, nuts, and seeds. While the spillover effects

of such large reductions in land area devoted to feed
crops remain unknown, reducing greenhouse gas emis-

sions associated with food consumption may be a com-
paratively low-cost mechanism of mitigating climate

change and improving human health in the United
States. Guidelines for optimal protein intake in the

United States should consider human health, the avail-
ability of food sources of protein, and the effects of rais-

ing and growing those protein food sources on
environmental sustainability. It should be less than the

total protein currently consumed in the United States
and should involve a shift toward consumption of a

greater proportion of plant protein.
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