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Global diets link environmental
sustainability and human health
David Tilman1,2 & Michael Clark1

Diets link environmental and human health. Rising incomes and urbanization are driving a global dietary transition in
which traditional diets are replaced by diets higher in refined sugars, refined fats, oils and meats. By 2050 these dietary
trends, if unchecked, would be a major contributor to an estimated 80 per cent increase in global agricultural greenhouse
gas emissions from food production and to global land clearing. Moreover, these dietary shifts are greatly increasing the
incidence of type II diabetes, coronary heart disease and other chronic non-communicable diseases that lower global life
expectancies. Alternative diets that offer substantial health benefits could, if widely adopted, reduce global agricultural
greenhouse gas emissions, reduce land clearing and resultant species extinctions, and help prevent such diet-related
chronic non-communicable diseases. The implementation of dietary solutions to the tightly linked diet–environment–
health trilemma is a global challenge, and opportunity, of great environmental and public health importance.

Agriculture is having increasingly strong global impacts on both the
environment1–5 and human health, often driven by dietary changes6–9.
Global agriculture and food production release more than 25% of all
greenhouse gases (GHGs)2–4, pollute fresh and marine waters with agro-
chemicals1,5, and use as cropland or pastureland about half of the ice-free
land area of Earth10. Despite the intensity and impacts of global agricul-
ture, almost a billion people still suffer from inadequate diets and insecure
food supplies11–13. Moreover, the global transition towards diets high
in processed foods, refined sugars, refined fats, oils and meats has con-
tributed to 2.1 billion people becoming overweight or obese6,14. These
dietary shifts and resulting increases in body mass indices (BMI) are
associated with increased global incidences of chronic non-communicable
diseases, especially type II diabetes, coronary heart disease and some
cancers7–9,15–22, which are predicted to become two-thirds of the global
burden of disease if dietary trends continue9,16,17. In China, for instance,
as incomes increased and diets changed20, the incidence of type II dia-
betes increased from ,1% of its population in 1980 to 10% in 2008,
partly because type II diabetes occurs at lower BMI levels and earlier in
an individual’s life in Asian than in western populations9. Moreover,
diet-driven increases in global food demand7,8,12,23 and increases in popu-
lation are leading to clearing of tropical forests, savannas and grass-
lands1,5,23, which threatens species with extinction1,3–5,23–25.

Because it directly links and negatively affects human and environ-
mental health, the global dietary transition is one of the great chal-
lenges facing humanity. Meaningful solutions will not be easily achieved.
Solutions will require analyses of the quantitative linkages between diets,
the environment and human health, on which we focus here, and the
efforts of nutritionists, agriculturists, public health professionals, edu-
cators, policy makers and food industries.

Here we compile and analyse global-level data to quantify relation-
ships among diet, environmental sustainability and human health, evalu-
ate potential future environmental impacts of the global dietary transition
and explore some possible solutions to the diet–environment–health
trilemma (Methods and Supplementary Information). To do so, we first
expand on earlier food lifecycle analyses24,25 (LCAs) by searching for all
published LCAs of GHG emissions of food crop, livestock, fishery and
aquaculture production systems that delimited the full ‘cradle to farm
gate’ portion of the food/crop lifecycle. Next we use about 50 years of data

for 100 of the world’s more populous nations to analyse global dietary
trends and their drivers, then use this information to forecast future
diets should past trends continue. To quantify effects of alternative diets
on mortality and on type II diabetes, cancer and chronic coronary heart
disease, we compile and summarize results of studies encompassing ten
million person-years of observations on diet and health. Finally, we
combine these relationships with projected increases in global popu-
lation to forecast global environmental implications of current dietary
trajectories and to calculate the environmental benefits of diets assoc-
iated with lower incidences of chronic non-communicable diseases.

Lifecycle environmental impacts of foods
Dietary composition strongly influences GHG emissions2, 24–27. The 120
LCA publications that met our criteria report a total of 555 LCA ana-
lyses on 82 types of crops and animal products, allowing us to calculate
diet-related GHG emissions per gram protein, per kilocalorie and per
serving from ‘cradle to farm gate’ (Fig. 1; Methods, Extended Data
Tables 1–3). We express emissions as CO2 warming equivalents, in
grams (g) or gigatonnes (Gt) of CO2 carbon equivalents (CO2-Ceq).

GHG emissions vary widely among foods (Fig. 1; Extended Data Table 3
lists means, s.e.m. and number of data points). As is well known, relative
to animal-based foods, plant-based foods have lower GHG emissions.
This difference can be large; the largest we found was that ruminant meats
(beef and lamb) have emissions per gram of protein that are about 250
times those of legumes (Extended Data Table 3; Student’s t-test com-
parison of means: P , 0.0001). Eggs, dairy, non-trawling seafood, tradi-
tional (non-recirculating) aquaculture, poultry and pork all have much
lower emissions per gram of protein than ruminant meats (Tukey range
test comparing ruminant meats with each other item: P , 0.0001 for each
comparison). However, when sustainably grazed on lands unsuitable for
cropping and fed crop residues, ruminant dairy and meat production can
increase food security, dietary quality, and provide environmental ben-
efits via nutrient cycling28,29. How a given food is produced can also affect
emissions. Seafood caught by trawling, in which nets are often dragged
across the ocean floor, has emissions per gram of protein about 3 times
those of non-trawling seafood (Fig. 1; Extended Data Table 3; t-test
mean comparison: P 5 0.017). Items within the same food group can
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also differ. For instance, among cereal grains, wheat has a fifth the GHG
emissions per g protein of rice (t-test comparison: P 5 0.002).

Finally, to understand its environmental impacts, it is important to
know the nutritional needs that a food meets and how much is con-
sumed to do so. Fruits and vegetables are important sources of micro-
nutrients, antioxidants and fibre. Unlike root crops and legumes, which
are calorie-dense or protein-dense, most vegetables are not primarily
consumed for calories or protein and should be evaluated by emissions
per serving. For instance, 20 servings of vegetables have less GHG emis-
sions than one serving of beef (Fig. 1b). However, fish and meats, which
are high in protein, are also nutritionally dense foods that provide essen-
tial fatty acids, minerals and vitamins28,29, and can have relatively low
GHG emissions if eaten in moderation. Finally, the nutritional value of
some foods can depend on how they are produced. For instance, in com-
parison to grain-fed cattle, grass-fed beef and dairy have nutritionally
superior fatty acid and vitamin content30.

Global dietary change
Although diets differ within and among nations and regions for a variety
of climatic, cultural and historic reasons, diets have been changing in

fairly consistent ways as incomes and urbanization have increased
globally during the past five decades6–9. This dietary transition has many
components, but, in broad outline, its magnitude and global nature are
illustrated by trends in per capita demand for meat, empty calories and
total calories (Fig. 2), where demand is defined as food brought into a
household.

As annual incomes (per capita real gross domestic product, GDP)
increased from 1961 to 2009, there were concomitant increases in per
capita daily demand for meat protein (Fig. 2a) within and among eight
economically based groups of nations23 (Extended Data Table 4). In
2009, the richest 15 nations (Group A; Fig. 2a) had a 750% greater per
capita demand for meat protein from ruminants, seafood, poultry and
pork than the 24 poorest nations (Group F). Total protein demand
also increased with income, but legume protein demand decreased as
animal protein demand increased. India, a nation with low rates of meat
consumption, is the major exception to an otherwise global trend in the
income-dependence of demand for meat protein (Fig. 2a). China ini-
tially had meat demand increase more rapidly with income than Groups
A–F, but was similar to them by 2009.

A second trend within and among economic groups is the income-
dependent increase in demand for ‘empty calories’, here defined as cal-
ories from refined fats, refined sugars, alcohols and oils (Fig. 2b). In 2009,
Group A nations had an average per capita empty calorie demand of
1,400 kcal per day, whereas demand was 285 kcal per day for Group F.
The exception, China, is on an increasing but lower trajectory (Fig. 2b).

A third trend is that total per capita caloric demand also increased
with income (Fig. 2c), with China falling below the fitted trend, and
Group A being above it. Because some food brought into homes (demand)
is wasted13, and the proportion wasted tends to increase with per capita
GDP31, actual per capita consumption of meat, empty calories and total
calories may be about 20%–25% lower than demand for the Group A
nations and about 5% lower in Group F nations. This suggests that, in
nations with per capita GDP above approximately $12,000 per year (in
1990$), per capita total caloric consumption may be about 500 kcal per
day greater than needed nutritionally.

In total, annual data for 1961 to 2009 for China, India and six income-
based groups of nations show that global dietary changes are associated
with increased income (Fig. 2), which is itself associated with urbaniza-
tion and industrial food production20. When these trends are combined
with forecasts of per capita income for the coming decades, we estimate
that, relative to the average global diet of 2009, the 2050 global-average
per capita income-dependent diet would have 15% more total calories
and 11% more total protein, with dietary composition shifting to having
61% more empty calories, 18% fewer servings of fruits and vegetables,
2.7% less plant protein, 23% more pork and poultry, 31% more rumin-
ant meat, 58% more dairy and egg and 82% more fish and seafood.

Diet and human health
Diet is an important determinant of human health. Many of the world’s
poorest people have inadequate diets, and would have improved health
were their diets to include more essential fatty acids, minerals, vitamins
and protein from fish and meats and added calories and protein from
other nutritionally appropriate sources12,29. In contrast, diets of many
people with moderate and higher incomes are shifting in ways (Fig. 2)
associated with increases in non-communicable diseases6,7 including type
II diabetes9,19, coronary heart disease21 and cancer21, and with higher
all-cause mortality rates18,22.

A point of contrast to the detrimental health impacts of emerging
global diets is provided by the benefits reported for three well-studied
alternative diets. Here we summarize results from ten million person-
years of observations across eight study cohorts32–39 (Methods; Extended
Data Table 5). For each cohort we use reported health outcome effect
sizes that had been calculated after statistical control for potentially
confounding variables to compare disease incidence rates of individuals
who consumed typical omnivorous diets with those who had diets clas-
sified as Mediterranean, pescetarian or vegetarian (Fig. 1a). These diets
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Figure 1 | Lifecycle GHG emissions (CO2-Ceq) for 22 different food types.
The data are based on an analysis of 555 food production systems: a, per
kilocalorie; b, per United States Department of Agriculture (USDA)-defined
serving; c, per gram of protein. The mean and s.e.m. are shown for each case.
Extended Data Tables 1–3 list data sources, items included in each of the 22
food types and show the mean, s.e.m. and number of data points for each bar,
respectively. NA, not applicable.
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have different compositions. A vegetarian diet consists of grains, vege-
tables, fruits, sugars, oils, eggs and dairy, and generally not more than
one serving per month of meat or seafood. A pescetarian diet is a veget-
arian diet that includes seafood. A Mediterranean diet is rich in vege-
tables, fruit and seafood and includes grains, sugars, oils, eggs, dairy
and moderate amounts of poultry, pork, lamb and beef. Omnivorous
diets, such as the 2009 global-average diet and the income-dependent
2050 diet, include all food groups.

Relative to conventional omnivorous diets, across the three alterna-
tive diets incidence rates of type II diabetes were reduced by 16%–41%
and of cancer by 7%–13%, while relative mortality rates from coronary
heart disease were 20%–26% lower and overall mortality rates for all causes
combined were 0%–18% lower (Fig. 3). This summary illustrates the
magnitudes of the health benefits associated with some widely adopted
alternative diets. The alternative diets tend to have higher consumption
of fruits, vegetables, nuts and pulses and lower empty calorie and meat
consumption than the 2009 average global diet and the 2050 income-
dependent diet (Extended Data Fig. 1). Our analyses are not designed
to compare the health impacts of the three alternative diets with each

other, nor to imply that other diets might not provide health benefits
superior to these three diets. Indeed, the reported impacts of individual
foods, such as deleterious impacts from sugars40 and processed meats19,22,
and benefits from nuts and olive oil41, suggest that variants of these three
diets may offer added health benefits, as may other diets.

Environmental impacts of diets
GHG emissions are highly dependent on diet24–27,42–44. Even foods that
provide similar nutrition and have similar impacts on health can have
markedly different lifecycle environmental impacts. Using LCA emis-
sion data, we calculated annual per capita GHG emissions from food
production (‘cradle to farm gate’) for the 2009 global-average diet, for
the global-average income-dependent diet projected for 2050, and for
Mediterranean, pescetarian and vegetarian diets (Fig. 4a). Global-average
per capita dietary GHG emissions from crop and livestock production
would increase 32% from 2009 to 2050 if global diets changed in the
income-dependent ways illustrated in Fig. 2. All three alternative diets
could reduce emissions from food production below those of the pro-
jected 2050 income-dependent diet (Fig. 4a), with per capita reductions
being 30%, 45% and 55% for the Mediterranean, pescetarian and veget-
arian diets, respectively. However, minimizing environmental impacts
does not necessarily maximize human health. Prepared items high in
sugars, fats or carbohydrates can have low GHG emissions (Fig. 1) but be
less healthy than foods they displace20. Solutions to the diet–environment–
health trilemma should seek healthier diets that have low GHG emis-
sions rather than diets that might minimize GHG emissions.

Changes towards healthier diets can have globally significant GHG
benefits (Fig. 4b). From 2009 to 2050 global population is projected to
increase by 36% (ref. 10). When combined with the projected 32%
increase in per capita emissions from income-dependent global dietary
shifts, the net effect is an estimated 80% increase in global GHG emis-
sions from food production (from 2.27 to 4.1 Gt yr21 of CO2-Ceq).This
increase of 1.8 Gt yr21 is equivalent to total 2010 global transportation
emissions3. In contrast, there would be no net increase in food pro-
duction emissions if by 2050 the global diet had become the average of
the Mediterranean, pescetarian and vegetarian diets (Fig. 4b).

Future global land clearing for agriculture could threaten species with
extinction1,5 and release GHG beyond that from food production. How-
ever, the extent of such land clearing is uncertain, variously projected
to total from 0 to 109 hectares5,23,45,46 by 2050, perhaps because of uncer-
tainties about the future values of five factors: crop yields, agricultural
and food waste, livestock yields from pastures, animal feed use efficiency
and agricultural trade. Here we focus not on forecasting the absolute
amount of cropland needed in 2050, but on estimating across many scen-
arios (243 combinations of three values for each of the five factors;
Methods) the differential impacts of diets on global cropland. The alter-
native scenarios forecast a range of changes in cropland from 2009 to
2050 for each diet (Fig. 4c). For each scenario we calculated the difference
between projected 2050 land demands of the income-dependent diet

A
B
C

China

D
E
F
India

Economic group

India

30

25

20

15

10

0

5

a

1961

2009

1961

1961

2009

2009

M
e
a
t 

(g
 o

f 
p

ro
te

in
 p

e
r 

d
a
y
)

0

200

400

600

800

1,000

1,200

1,400

E
m

p
ty

 c
a
lo

ri
e
s
 (
k
c
a
l 
p

e
r 

d
a
y
) b

2009

2009

1961

1961

1961

2009

China

5,000 15,000 25,000

1,500

2,000

2,500

3,000

3,500

D
ie

ta
ry

 c
a
lo

ri
e
s
 (
k
c
a
l 
p

e
r 

d
a
y
) c

1961

1961

2009

2009

Per capita GDP (1990 $)

5,000 15,000 25,000

Per capita GDP (1990 $)

5,000 15,000 25,000

Per capita GDP (1990 $)

Figure 2 | Dietary trends and income. Dependence of per capita daily
dietary demand for: a, meat protein; b, refined sugars1refined animal
fats1oils1alcohol; and c, calories on per capita gross domestic product (GDP
measured in 1990 International Dollars). Each point is an annual datum for

1961 to 2009 for India, China, and six economic groups containing 98 other
nations (Extended Data Table 4). Fitted curves were used to forecast 2050
income-dependent demand.

R
e
d

u
c
ti
o

n
 i
n
 r

e
la

ti
v
e
 r

is
k
 (
%

)

0

10

20

30

40

50

M
ed

ite
rra

ne
an

Pes
ce

ta
ria

n

Veg
et

ar
ia
n

M
ed

ite
rra

ne
an

Pes
ce

ta
ria

n

Veg
et

ar
ia
n

M
ed

ite
rra

ne
an

Pes
ce

ta
ria

n

Veg
et

ar
ia
n

M
ed

ite
rra

ne
an

Pes
ce

ta
ria

n

Veg
et

ar
ia
n

Type II diabetes Cancer Coronary

mortality
All-cause

mortality

*

Figure 3 | Diet and health. Diet-dependent percentage reductions in relative
risk of type II diabetes, cancer, coronary heart disease mortality and of all-cause
mortality when comparing each alternative diet (Mediterranean, pescetarian
and vegetarian) to its region’s conventional omnivorous diet (Methods).
Results are based on cohort studies32–39. The mean and s.e.m. values shown are
weighted by person-years of data for each study. Number of studies for each bar
are, from left to right, 3, 2, 2, 1, 2, 2, 4, 2, 5, 13, 2 and 4. *Cancer in
Mediterranean diets is from a single study so no s.e.m. is shown.

RESEARCH ARTICLE

5 2 0 | N A T U R E | V O L 5 1 5 | 2 7 N O V E M B E R 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014



and of each alternative diet (Fig. 4d). Across these scenarios, the income-
dependent diet requires from 370 to 740 million hectares more crop-
land than the alternative diets, and averages 540 million hectares more
(Fig. 4d). These results suggest that shifts towards healthier diets could
substantially decrease future agricultural land demand and clearing, as
could improvements in the five factors (Extended Data Table 6). Land
clearing also leads to GHG emissions. Clearing 540 million hectares
from 2010 to 2050 would release about 0.6 Gt yr21 of CO2-Ceq.

In addition to dietary shifts, other changes will be needed for agri-
culture to become environmentally sustainable13,23,28–31,47–49. If, by 2050,
all forms of crop and food wastage13,31 were globally reduced by 50%,
food production emissions could be reduced by about 0.5 Gt yr21 of
CO2-Ceq relative to the 2050 income-dependent diet. Increases in use
efficiencies of animal feeds (from those of Extended Data Table 7), fert-
ilizer and irrigation, and improvements in pasture management and
aquaculture would increase food production, decrease GHG emissions
and improve water quality28,29,47–49. Increases in yields of under-yielding
nations could also reduce emissions23. Climate change, though, can affect
yields50, which could in turn have an impact on agricultural GHG emis-
sions and land clearing.

Discussion
Dietary choices link environmental sustainability and human health.
Current dietary trajectories (Fig. 2) are greatly increasing global inci-
dences of type II diabetes, cancer and coronary heart disease. These
dietary changes are causing globally significant increases in GHG emis-
sions and contributing to land clearing. Although this pattern does not
mean that healthier diets are necessarily more environmentally bene-
ficial, nor that more environmentally beneficial diets are necessarily
healthier, there are many alternative dietary options that should sub-
stantially improve both human and environmental health.

Our analyses demonstrate that there are plausible solutions to the
diet–environment–health trilemma, diets already chosen by many peo-
ple that, if widely adopted, would offer global environmental and public
health benefits. Clearly, to appeal to specific segments of the global popu-
lation, other such diets should also be developed. The health benefits
of adopting such diets could be substantial. Chronic diet-related non-
communicable diseases are affecting an increasing number of children
and adults in all but the poorest nations. Nations ranging from China
and India to Mexico, Nigeria and Tunisia are in the midst of this increas-
ing disease incidence17. Unless the nutrition transition that is under way
is changed, diabetes, chronic heart disease and other diet-related chronic
non-communicable diseases will become the dominant global disease

burden, often affecting even the poorer members of poorer nations for
whom appropriate health care is unavailable16,17.

The dietary choices that individuals make are influenced by culture,
nutritional knowledge, price, availability, taste and convenience, all of
which must be considered if the dietary transition that is taking place
is to be counteracted. The evaluation and implementation of dietary
solutions to the tightly linked diet–environment–health trilemma is a
global challenge, and opportunity, of great environmental and public
health importance.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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emissions (b), and cropland for each diet (Methods; alternative scenarios,

such as lines 1-4, have fairly parallel trends) (c). d, 2050 global cropland
reductions from alternative diets relative to income-dependent diet. The box
and whisker plots (c, d) show mean (centre line) and percentiles below (2.5th,
10th, 25th) and above it (75th, 90th, and 97.5th) based on 243 scenarios.
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METHODS
Lifecycle compilation and analyses. We identified and used in our analyses a
total of 120 publications detailing 555 LCAs of GHG emissions from a total of 82
different food items. To find candidate publications, we searched for papers report-
ing LCAs for numerous food crops, livestock types, fishery species and aquaculture
species using Web of Knowledge, PubMed, AGRICOLA and Google Scholar. We
chose all published LCAs (Extended Data Table 1) that detailed the system bound-
aries of the study and that included and delimited the full ‘cradle to farm gate’
portion of the food/crop lifecycle GHG emissions, including emissions from pre-
farm activities such as fertilizer and feed production as well as infrastructure con-
struction, but excluding emissions from land-use change. The better to compare the
emissions between different food groups, we calculated emissions per unit protein,
per kilocalorie, or per USDA serving using data from the USDA’s Nutrient Database51

and the USDA’s MyPlate52. Because few data were available on emissions from
post-farm-gate activities (processing, packaging and transportation to the house-
hold), they are not included in our analyses. However, on the basis of data for 21
crop/food production systems for which data were available, inclusion of post-
farm-gate food emissions would increase our otherwise calculated 2050 total global
agricultural production emissions by about 20%.

For analysis, we aggregated food items into the 22 food groups shown in Fig. 1.
Extended Data Table 2 lists food items included in each food group. Extended
Data Table 3 has the number of data points as well as mean and standard error of
GHG emissions for each food group. To minimize bias, we do not use in our analyses
GHG emissions from uncommon ways of producing foods, such as greenhouse-
grown vegetables (33 g of CO2-Ceq per serving, versus 14 g of CO2-Ceq per serving
for field-grown vegetables), for an uncommon speciality food, lobsters caught via
trawling (690 g of CO2-Ceq per gram of protein), and one outlier, organic potatoes,
with estimated emissions 16 times that of conventional potatoes.
Economic groups. Our analyses of dietary trends and of environmental impacts
of alternative diets use data from the 100 most populous nations for which annual
data were available from 1961 to 2009. We analyse data from the two most popu-
lous nations, China and India, individually and use aggregated data for all other
nations, with these nations aggregated into six groups based on per capita GDP23.
Group A contains the 15 nations with the highest per capita GDP, Group B has the
next 15, and so on to Group F which contains the 24 nations with the lowest, except
for Group C which has 14 nations (Extended Data Table 4). These eight economic
groups/nations contain 89.9% of the 2009 global population. Nations that did not
have continuous data available from 1961–2009 were excluded from the study.
Health impacts of different diets. We used Web of Knowledge, PubMed and
Google Scholar to search for cohort-based peer-reviewed publications examining
the health outcomes of Mediterranean-like, pescetarian (fish consumption . once
per month but all other meats , once per month), or vegetarian (fish plus meat ,

once per month, except , once per week for one study32) diets relative to health
outcomes of typical omnivorous diets of individuals in the same cohort. We report
results for those cohort studies that followed more than 5,000 individuals for a
period of at least one year, and that detailed (1) the number of individuals following
each diet, including the average omnivorous diet in the studied cohort, (2) the
average number of years of observation and (3) the relative risk of one or more of
four medical conditions: type 2 diabetes incidence, all cancer incidence, heart
disease mortality or mortality from all causes. In total, our analysis contains results
presented in 18 publications32–39,53–62 that, in aggregate, summarize approximately
ten million person-years of observations, drawn from eight prospective health
study cohorts (Extended Data Table 5). We use only published incidences that had
been corrected, in the original publication, for effects of potential confounding
variables.

In the case of the pescetarian and vegetarian diets, individuals either followed
or did not follow these diets, based on the criteria described above. For the Mediterranean
diet, we compared the health outcomes for individuals with a Mediterranean diet
score of 6–9 (as defined by Trichopoulou63,64 and altered by individual studies) to
those with a score of 0–3.

Relative disease risk for each study of a particular diet–disease combination was
calculated as the reported risk of a particular medical condition for an alternative
diet (Mediterranean, pescetarian or vegetarian) divided by the risk for the same
condition for the cohort portion of that study consuming the local omnivorous
diet, then expressed as a percentage. To determine the average relative risk for each
disease and each alternative diet across all eight cohorts, we weighted the relative
risk we calculated for each instance of a disease–diet combination by the number of
person-years of observations for that particular medical condition and alternative
diet combination.
Per capita GDP forecasts. We forecast the 2050 per capita GDP for each eco-
nomic/national group as described in ref. 23, by using a differential equation model
represented by a Kuznet-shaped curve fitted65 to the observed 1961–2009 depend-
ence of (dP/dt)(1/P) on P, that is, the dependence of per capita real GDP growth

rates on real per capita GDP, where P is per capita GDP data from the Total
Economy Database of the Groningen Growth and Development Centre, New
York66.
Income-dependent diet. We use ‘demand’ to refer to food brought into a house-
hold, which we do not call ‘consumption’ because some portion of it is not eaten,
but rather is wasted13,31. We used data from the United Nations Food and Agriculture
Organization (FAO)10 in 2013 to calculate per capita daily demand for various
types of foods, for total dietary protein and for total calories for each year from 1961
to 2009 for each of the eight economic groups/nations. We then determined the
dependence of demand on per capita GDP using GDP data for 1961 to 2009 from
the Total Economy Database66.

Total demand, proportion of total demand from plants (barley, maize, wheat,
rice, other cereals, soybeans, oil crops other than soybeans, starchy roots and tubers,
legumes, fruits, vegetables and sugar crops), demand for meat (beef, lamb, mutton
and goat, pork, poultry, and seafood), demand for dairy and eggs, as well as demand
for empty calories (refined animal fats, oils, sugars and alcohols) were modelled
globally using a Gompertz 4p curve (Fig. 2). The Gompertz 4p is a logistic-like
function that has both an upper and a lower asymptote. The Gompertz 4p equation
is:

Y~az(b{a)(exp½{exp½{r(x{d)��)

where a is the lower asymptote, b is the upper asymptote, r is the growth rate, and d
is the inflection point. For each economic group, we assumed that the relative
consumption of foods within each of the modelled food groups remained constant
at 2009 proportions. Economic groups that followed a trend different from that of
the global trajectory (India for meats, China and economic Group D for dairy and
eggs, and China for empty calories) were modelled independently of the rest of the
economic groups using demand against the square root of per capita GDP (Fig. 2).

By combining the fitted dependence of demand on per capita GDP with country-
specific per capita GDP and United Nations population forecasts, we were able to
estimate total annual demand in 2050 for each food group within each economic
group.
Alternative diets. Per capita protein demand for the vegetarian diet is based on
the General Council of Seventh-day Adventists Nutrition Council’s recommended
vegetarian diet67. The pescetarian diet was modified from the vegetarian diet, and
includes a single one-ounce serving of fish per day but reduced milk, egg and cereal
demand so that total per capita protein demand is 1.5 g less per day than that of the
vegetarian diet. The Mediterranean diet is derived from recommendations from
refs 68 and 64. Demand for 2010 through 2050 within each economic group was
then calculated using United Nations population forecasts10.
Marine fisheries and aquaculture. In this publication, we use FAO reported fish-
eries landings in 2009 (ref. 69) plus the increment in marine fisheries that is esti-
mated to come from improved management70 as the global maximum fisheries
catch. For our projections of GHG emissions associated with alternative diets, we
assume that any fish consumption beyond this limit is produced in aquaculture
systems. Recent analyses discuss ways to more than double aquaculture protein
production by 2050 while minimizing the environmental impacts of this increased
production71,72. Global adoption of the Mediterranean or the pescetarian diet by
2050 would require 62% or 188% more seafood production, respectively. If wild-
caught landings stayed at current levels, aquaculture, which grew at 6.1% per year
for 2002 to 2012 (ref. 71), would have to increase at 4.1% per year from 2010 to
2050 to meet the demand of the pescetarian diet.
Agricultural cropland use. We estimate 2050 land demand to see whether alterna-
tive diets have consistent differences in their land demands even when allowing for
a range of scenarios of future global agricultural development, as represented by
suites of values for future yields, food waste, pasture productivity, livestock effi-
ciency, and agricultural trade. Specifically, we explore 243 different scenarios con-
sisting of all combinations of three values for each of five factors (the 2050 percentage
increases in crop yields, in livestock productivity of pastures, in feed-use efficiency
of livestock and aquaculture, and in international agricultural trade, and the 2050
percentage decreases in food waste). Statistical analysis of the dependence of the
land needed in 2050 on diet type and on the values of each variable provides estimates
of the effect of a 1% change in each variable on 2050 land demand, and of each diet
on 2050 land demand (Fig. 4c, Extended Data Table 6). The values chosen for each
variable represent small (15%) to moderate (30%) changes that seem plausible
given past temporal trends.
Crop yield scenarios. We used crop production data as reported by the FAO10. We
calculated weighted average crop yields for each of the eight economic groups for
several crop groups (barley, maize, rice, wheat, other cereals, soybeans, other oil
crops, fruits, vegetables, pulses, roots and tubers, sugar crops and tree nuts). We then
converted the weighted average crop yields into nutritious yields (kcal per ha and
tonnes of protein per ha) using data from the USDA’s Nutrient Database51.
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As our baseline scenario for future yields, we assume that crop yields will
continue increasing along the linear trajectory fitted to the past 25 years for each
crop group within each economic group. We use the previous 25 years of data, as
opposed to all of the data available, because recent analyses suggest that the tra-
jectories of crop yield increases have slowed during this time frame73. The other
two yield scenarios are ‘accelerated’ compared to past trajectories (that occur at
faster than historic rates), but limited so as not to exceed the 2009 yields of the
highest-yielding economic group (usually Group A or B, depending on crop type).
Accelerated yields increase from 2009 values linearly through the years such that
by 2050 they have closed either 15% more or 30% more of the 2009 yield gap
between an economic group and the highest-yielding economic group than would
have been closed by following their historic yield trends. Thus our three yield
scenarios accelerate the closing of the yield gap by 0%, 15% or 30%.
Food waste scenarios. We used available data31 to calculate food waste for different
sectors of the food production system (agricultural production, handling and
storage, processing and packaging, distribution and household consumption)
by crop groups (cereals, oil seeds and pulses, roots, fruits and vegetables, meats,
milk, and seafood) and by geographic region31.

When calculating the impacts of reduced food waste, we assume that food
consumption (what is actually eaten) remains constant. For our land-use fore-
casts, we keep waste at its current levels31 (0% reduction), or reduced waste in each
of the aforementioned sectors of the food production system by 15% or 30%.
Livestock feed-use efficiency scenarios. Livestock operations that use animal feeds
currently differ widely in their feed conversion efficiencies. Here we assume, as
our base case, that by 2050 all livestock operations in all economic groups will
achieve the feed conversion ratios of the best economic group in 2009 for each
type of livestock. The two accelerated scenarios assume that 2050 feed conversion
efficiencies of all economic groups are 15% or 30% greater than the efficiencies
observed in the best economic groups of 2009 (Extended Data Table 7).
Pasture livestock production scenarios. Our three scenarios for pasture produc-
tivity are that global livestock production from pastures will remain at its current
level (0% increase), will increase 15% by 2050, or will increase 30% by 2050.
Increased pasture livestock production is assumed to displace livestock produc-
tion in animal feeding operations, thus decreasing the land area needed to grow
feed crops.
Agricultural trade scenarios. We define agricultural trade as the percentage of
demand within each economic group for a given crop group that is met through
international trade. For our scenarios we assume, for simplicity, that the mag-
nitude of trade is the same for each crop group, with the exception of fruits and
vegetables, which are assumed not to be traded in our model. Trade is assumed to
be between a lower-yielding group and the economic group that has the highest
yield for each given crop group. Our three scenarios have international trade that
would provide 10%, 20% or 30% of domestic demand.
Cropland use forecasts. For each diet (income-dependent, Mediterranean, pes-
cetarian and vegetarian), we forecast the cropland needed in 2050 for each scen-
ario (each of the 243 combinations of three values for each of the five variables
discussed above).

Food demand and crop yields for each economic group were determined as
explained above. To forecast animal feed use, we used peer-reviewed publications
to perform an analysis of animal diets74–76 and to calculate protein conversion
ratios (feed protein used to edible protein produced; Extended Data Table 7) and
the average animal feed composition for beef, mutton and goat, pork and poultry,
as well as for several aquaculture species. In combination with our food demand
projections, this analysis enabled us to estimate animal feed use.

For each diet and each scenario (that is, each combination of values for waste,
yields increases, pastureland productivity, efficiency of feed conversion and inter-
national trade), cropland use in 2050 for a given crop group within a given

economic group is the total 2050 demand for the crop group (from both food
and animal feed demand from within that economic group and from trade)
divided by the 2050 crop yield for that economic. Global cropland demand for
each scenario and diet is the summation across all crop groups and all economic
groups of the land required for every crop group within every economic group.
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Extended Data Figure 1 | Dietary composition. The percentage of per capita
total dietary protein (a) or calorie demand (b) that is met by each of ten food
types is shown for each of five different diets: the global-average 2009 diet,
the projected income-dependent diet for 2050, the Mediterranean diet, the
pescetarian diet and the vegetarian diet.
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Extended Data Table 1 | Original data sources for LCAs in Fig. 1

Abbreviations for food types are: B 5 barley; BEER 5 beer; BU 5 butter; CER 5 cereals minus barley, maize, rice and wheat; DA 5 dairy; EGG 5 eggs; PUL 5 pulses; M 5 maize; NA 5 non-recirculating aquaculture;
NT 5 non-trawling fisheries; OC 5 oil crops; OIL 5 oils; PK 5 pork; PO 5 poultry; R 5 rice; SR 5 starchy roots; RA 5 recirculating aquaculture; RM 5 ruminant meat; SC 5 sugar crops; SOY 5 soybeans;
SUGAR 5 sugar; TF 5 trawling fisheries; V 5 vegetables; W 5 wheat; WINE 5 wine; TEF 5 temperate fruits; TRF 5 tropical fruits.
1http://www.esu-services.ch/fileadmin/download/buchspies-2011-LCA-fish.pdf
2https://elibrary.asabe.org/azdez.asp?AID519478&T52
3http://www.sik.se/archive/pdf-filer-katalog/SR728(1).pdf
4http://www.newbelgium.com/Files/the-carbon-footprint-of-fat-tire-amber-ale-2008-public-dist-rfs.pdf
5http://www.google.com/url?sa5t&rct5j&q5energy%20consumed%20by%20north%20atlantic%20fisheries&source5web&cd51&ved50CCgQFjAA&url5https%3A%2F%2Fwwz.ifremer.fr%2Fpeche%
2Fcontent%2Fdownload%2F40520%2F552957%2Ffile%2FEnergie%2520consomm%25C3%25A9e%2520(GB).pdf&ei57OtCU7aJA6igyAHXm4DQBg&usg5AFQjCNEviRn3L9pf2Jkcn3-HVM_uWkAtVg&
sig25ff3wbuD91tSz6nwAmbWu6Q&bvm5bv.64363296,d.aWc
6http://randd.defra.gov.uk/Default.aspx?Menu5Menu&Module5More&Location5None&Completed50&ProjectID511442
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Extended Data Table 2 | Food group composition

Specific food items included in each of the 22 food types detailed in Fig. 1 of the main text.
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Extended Data Table 3 | Mean food production emissions

Number of studies, mean CO2-Ceq emissions, and standard error of the mean associated with food production for each of the 22 food types.
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Extended Data Table 4 | Economic group country composition

List of nations and the percentage of the world’s population included in each economic group or nation in 2009. In parentheses are such percentages based on 2050 population forecasts. The 100 nations were
ranked by their 2000–2007 average per capita GDP (in 1990 international dollars), with the top 15 assigned to Group A, the next 15 to Group B, and so on, but with the last 25 assigned to Group F, except that China
(economically in Group C) and India (economically in Group E) were each designated as its own ‘group’ because of their large population sizes.
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Extended Data Table 5 | Cohort studies and health conditions examined

For each of the publications32–39,53–62 used to quantify effects of three alternative diets on health conditions, its cohort, diet, person-years of data and health conditions examined are listed below. Abbreviations are:
AARP 5 American Association of Retired Persons; EPIC 5 European Prospective Investigation into Cancer; NHS 5 Nurses Health Study; AHS 5 Adventist Health Studies; SUN 5 Seguimento Universidad de
Navarra; UK Veg 5 Vegetarian Society of the United Kingdom: UHCR 5 Uppsala Health Care Region; Whitehall 5 Whitehall; C 5 Cancer; D 5 Diabetes, HD 5 Heart Disease; ACM 5 All Cause Mortality.
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Extended Data Table 6 | Effects of agricultural development variables on forecast 2050 cropland use

Increases in agricultural trade, pasture productivity, animal feed efficiency, waste reduction and accelerated yields consistently result in diet-dependent decreases in cropland requirements. a, Analysis of results
by diet type gives the reduction in 2050 global agricultural land use (million ha) associated with a 1% increase in each of the five variables, based on a separate multiple regression analysis for each diet type of the
forecasted 2050 cropland requirements for each of the 243 scenarios. b, Median forecasts of the additional cropland needed by each diet in 2050 relative to 2009 (Methods).
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Extended Data Table 7 | Protein conversion ratios of livestock
production systems

Number of studies and mean protein conversion ratios (feed protein used/edible animal protein
produced) in examined terrestrial and aquatic livestock production systems with high use efficiencies.
Data sources are listed in Extended Data Table 1.
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