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Abstract

As populations become more affluent and urbanized, diets are shifting such
that they are becoming higher in calories and include more highly pro-
cessed foods and animal products. These dietary shifts are driving increases in
diet-related diseases and are also causing environmental degradation. These
linked impacts pose a new key issue for global society—a diet, health, and
environment trilemma. Recent dietary shifts have contributed to increasing
diet-related health and environmental impacts, including an 80% increase
in global diabetes prevalence and an 860% increase in global nitrogen fertil-
izer use. Furthermore, if current dietary trajectories were to continue for the
next several decades, diet-related diseases would account for three-quarters
of the global burden of disease and would also lead to large increases in diet-
related environmental impacts. We discuss how shifts to healthier diets—
such as some Mediterranean, pescetarian, vegetarian, and vegan diets—could
reduce incidence of diet-related diseases and improve environmental out-
comes. In addition, we detail how other interventions to food systems that
use known technologies and management techniques would improve envi-
ronmental outcomes.
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INTRODUCTION

Global agriculture and the global food production system are essential for human survival and pros-
perity, but they also contribute to poor health and environmental degradation. Nearly 800 million
people are undernourished globally, and more than 2 billion people are overweight (classified as
body mass index (BMI) > 25) or obese (BMI > 30) (1, 2). Global agriculture emits 25–33% of global
greenhouse gases (GHGs) (3), occupies 40% of Earth’s terrestrial surface (http://www.fao.org/
faostat/en/#home), is the single greatest cause of extinction risk globally (4), is the major cause of
eutrophication of freshwater and marine ecosystems because of fertilizer runoff (5), harms health
through reduced global air quality (6, 7), and accounts for more than 70% of global freshwater
withdrawals (8).

The links between diets, human health, and environmental degradation—known as the diet,
health, and environment trilemma—comprise a series of interconnected problems confronting
every society globally. Moreover, these problems are on a trajectory to become progressively
more severe during the coming decades, especially in developing nations, because dietary shifts
toward less healthy and less sustainable diets are tightly associated with increased affluence and
urbanization. Also, because diets are socially, economically, and culturally important, solutions to
the diet-health-environment trilemma must be consistent with the social, economic, and cultural
values of each country or region.

In this review, we first summarize and evaluate the data that describe the magnitudes and trends
of each of the three components of this trilemma: (a) dietary shifts over the past few decades and
the associated health and environmental outcomes; (b) the environmental and health impacts of
different types of foods; and finally, (c) the future human health and environmental harm that
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Figure 1
Relationship between per capita income and daily food demand. Data span 1961 to 2013 and are aggregated
into 11 world regions. Each point indicates per capita food demand and per capita GDP purchasing power
parity in a given year, for each given world region. Per capita GDP purchasing power parity is measured in
1990 international dollars, which indicate per capita wealth after being adjusted for prices in different
countries. Per capita food demand is measured as the amount of food that enters the household per day. Per
capita food demand is higher than per capita consumption because it does not account for household food
waste. Per capita food demand data is from FAOSTAT (http://www.fao.org/faostat/en/#home); per capita
GDP purchasing power parity is from https://www.conference-board.org/data/economydatabase/. This
figure uses recent data to update relationships shown in References 10 and 11.

would result if current dietary trajectories were to continue into the future. Next, we discuss
the anticipated environmental and health benefits if healthier diets were to be adopted globally.
We then examine other aspects of the global food system, which if modified would also reduce
agriculture’s health and environmental impacts. We end by highlighting recent food-related policy
initiatives and their effectiveness in improving diet-related health and environmental outcomes.

HISTORIC DIETARY SHIFTS AND THEIR HEALTH
AND ENVIRONMENTAL IMPACTS

Per capita total caloric food demand, measured as the amount of food per person that enters
households, has increased since 1961 as populations have become more affluent and urban (9,
10) (Figure 1). Increases in caloric demand have been the most rapid in developing regions that
have undergone large increases in per capita gross domestic product (GDP) (11; see also http://
www.fao.org/faostat/en/#home). For instance, per capita caloric demand has increased >50%
to 2,540 kcal/day in South Asia and Southeast Asia and >30% to 3030 kcal/day in Latin America
since 1961. Per capita caloric demand in Sub-Saharan Africa was fairly constant between 1960 and
1985, as was per capita GDP, but has increased by >20% since 1985 and is now 2,460 kcal/day.
In contrast, total caloric demand in countries that were already affluent in 1961 has been compar-
atively constant. Caloric demand in Europe, for example, increased 13% to 3,200 kcal/day. The
United States is an exception to this otherwise global trend, having experienced a 30% increase
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Figure 2
Historical trends in food demand, health, and environmental outcomes for each of 11 geographic regions. Proportional increase,
relative to 1975 (which is set at a value of 1.0) in (a) daily per capita demand for animal-based foods (meat, fish, dairy, and eggs),
(b) prevalence of overweight and obesity, and (c) application of nitrogenous fertilizers. Data for panels a and c are from FAOSTAT
(http://www.fao.org/faostat/en/#home); data for panel b are from the World Bank (http://www.worldbank.org/).

in caloric demand (800 kcal/day) between 1961 and 2000, although caloric demand in the United
States has decreased 70 kcal/day over the past decade to 3,680 kcal/day in 2013 (Figure 2a).

Demand for animal-based foods (meat, fish, dairy, and eggs) has followed similar trends, with
the largest increases in consumption in low- and middle-income nations and smaller changes in
higher-income nations. Of particular note is the 1300% increase in demand of animal-based foods
in China, an increase from 52 kcal/day in 1961 to 724 kcal/day in 2013. Demand for animal-based
foods in East Asia increased by 400% to 700 kcal/day, whereas demand in Latin America and the
Caribbean increased by 75% to 710 kcal/day. Consumption of animal-based foods is increasing
at a slower rate in Sub-Saharan Africa, having increased 17% to 190 kcal/day over the same time
period. Consumption trends of animal-based foods in high-income nations vary. For instance,
consumption of animal-based foods decreased 15% in Oceania and 5% in North America but
increased by more than 20% in Europe. Consumption of animal-based foods in Oceania, North
America, and Europe is now 1,000 kcal/day, 970 kcal/day, and 970 kcal/day, respectively.

Demand for sugars and sweeteners has increased rapidly in most world regions (11). Demand
in Eastern Asia has increased >150% since 1961 and is now 90 kcal/day, whereas demand in
Northern Africa, Sub-Saharan Africa, and South Asia and Southeast Asia has increased >50%
to 300 kcal/day, 130 kcal/day, and 210 kcal/day, respectively. Demand for sugars and sweeteners
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in most other regions has increased between 15% and 40%, although demand in Oceania and
Northern Europe has decreased by 24% and 20%, respectively. Current demand for sugars and
sweeteners is highest in North America (580 kcal/day), Mesoamerica (450 kcal/day), North Asia
(430 kcal/day), and South America (410 kcal/day).

Per capita demand for fresh fruits and vegetables has increased in all world regions except
Western Asia. The largest proportional increase in demand for fruits and vegetables was in South
Asia and Southeast Asia and in Northern Africa, which experienced a 200% and 150% increase,
respectively. Eastern Europe and Northern Europe also had rapid increases in demand for fruits
and vegetables. Vegetable demand in Sub-Saharan Africa and Latin America and the Caribbean—
regions where the average individual consumes less than one-third the fresh vegetables of any
other region—was relatively constant. Current (2013) demand for fresh fruits and vegetables is
lowest in Sub-Saharan Africa, Latin America and the Caribbean, and Eastern Europe.

Changes toward diets higher in total calories, animal-based foods, and sugars and sweeteners
have been associated with increased prevalence of diet-related diseases such as diabetes, heart dis-
ease, and overweight and obesity (Figure 1d). Over the past several decades, diet-related diseases
have increased in all world regions but have increased at the fastest rate in regions where dietary
shifts and lifestyle changes have been the most rapid.

Diabetes prevalence has increased in all world regions (12). Between 1980 and 2014, the percent
of the global adult population suffering from diabetes increased from 4.7% to 8.5% (12, 13).
Diabetes prevalence increased most rapidly in those countries that have undergone rapid shifts
toward diets higher in sugars and animal-based foods. For instance, diabetes prevalence in China
increased from <1% to >10% between 1980 and 2008 as demand for animal-based foods increased
by 300% and demand for sugars and other sweeteners increased by 25% (14). Diabetes prevalence
has also increased 150% in the Middle East and North Africa (from 5% in 1980 to 12.5% in
2014), 100% in Central Asia (from 5% in 1980 to 10% in 2014), and more than 50% in Southern
Africa (from 4% in 1980 to 7% in 2014) and in the Caribbean (from 5% in 1980 to 8% in 2014).
Furthermore, the rate of increase of diabetes prevalence has itself been increasing in most of these
regions in the past 5–15 years.

The prevalence of overweight and obesity has also increased rapidly. Global prevalence of
overweight and obesity increased by 30%—from 29% to 37% of the global adult population—from
1975 to 2014 (15). The increase in overweight and obesity has been especially rapid in developing
regions such as South Asia and Southeast Asia (250% increase in prevalence since 1975 to 20%
of the adult population being overweight or obese in 2013), East Asia (180% increase to 30% of
the adult population), and Sub-Saharan Africa (150% increase to 27% of the adult population).
Overweight and obesity prevalence is increasing at a less rapid rate in high-income and developed
regions, although the current prevalence of overweight and obesity is higher in these regions than
in less affluent and developing regions. For instance, overweight and obesity prevalence increased
50% in Europe and 60% in North America, with 58% of the adult population being overweight
or obese in Europe and 66% of the adult population being overweight or obese in North America
(Figure 2b).

The recent increase in diet-related diseases has shifted the global burden of disease from dis-
eases associated with infection and underconsumption to those associated with unhealthy diets
and overconsumption. In total, diseases associated with unhealthy diets and overconsumption ac-
count for 40% of the global burden of disease globally, and often a much higher proportion of
the burden of disease in developed countries that have high per capita caloric intakes (16). Fur-
thermore, prevalence of diseases resulting from overconsumption is increasing—even in regions
where underconsumption is still widespread (17)—and will likely continue to do so if recent dietary
transitions continue (18, 19).
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Shifts toward diets higher in calories and animal-based foods have also resulted in increased
diet-related environmental impacts. For instance, global nitrogen fertilizer use has increased 860%
since 1961 (Figure 2c; see also http://www.fao.org/faostat/en/#home). Fertilizer use increased
particularly rapidly in developing regions, such as South America (710% increase), South Asia
and Southeast Asia (580% increase), and West and Central Asia (570% increase), and slower
in the least developed regions such as Sub-Saharan Africa (240% increase) and in more affluent
regions such as Europe (8% increase) and North America (50% increase). Runoff from fertilizer
application has polluted many large bodies of water (20, 21), and volatilization of nitrogenous
fertilizers harms human health via formation of fine particulate matter (PM2.5) (6, 7). Atmospheric
deposition of agriculturally derived nitrogen also threatens terrestrial ecosystems and their plant
diversity (4, 20).

Agricultural land use and GHG emissions have also increased since 1961. The amount of land
used for crop production has increased 15% globally, with the largest proportional increases in
cropland use occurring in South America (120% increase), Sub-Saharan Africa (65% increase),
and Southeast Asia (70%) increase. In contrast, land in crop production decreased in more affluent
regions (e.g., North America and Europe). Agricultural GHG emissions have followed a similar
trend: proportional increases in GHG emissions have been largest in developing regions such as
Sub-Saharan Africa (120% increase), South America (140% increase), and Asia (130% increase),
and have changed to a lesser extent in more affluent regions.

Agricultural activities are the leading threat to biodiversity, partially because of agricultural-
driven habitat destruction, habitat fragmentation, and fertilizer applications. In total, agricultural
activities threaten 70% to 75% of endangered birds and mammals with extinction globally (4),
although agriculture threatens a higher percentage of species in regions that have recently un-
dergone rapid industrialization (e.g., South Asia and Southeast Asia, Central America, and South
America) and a smaller percentage of species in regions that have not yet been widely industrialized
(e.g., Sub-Saharan Africa) (22).

FORECASTS OF FUTURE DIETS

Several analyses have forecasted future dietary patterns by examining historic relationships be-
tween per capita consumption and per capita income, urbanization, and several other determinants
of dietary patterns (10, 11, 23). These analyses estimate that the global average per capita calorie
demand, measured as calories that enter the household, will increase by approximately 11% to
15% from 2005 to 2050 (11, 23). Global demand for animal-based foods is expected to increase
more rapidly, with meat demand expected to increase by 26% to 32% and dairy and egg demand
expected to increase 20% to 58% by 2050. Shifts toward diets higher in calories and animal-based
foods are forecast to be particularly rapid in developing nations, especially those in South Asia,
Southeast Asia, and Sub-Saharan Africa, because of the large expected proportional increases in
per capita GDP in these regions. In contrast, dietary shifts are expected to be smaller in currently
developed nations.

The combination of forecasts of growth in per capita food demand and in global population
suggest that global crop production may increase by 60% to 100% from 2005 to 2050 (10, 23, 24).
These estimates vary because of different assumptions about the growth of per capita meat demand
and the extent to which pasturelands or grains would be used to produce dairy and ruminant meats.
Alexandratos & Bruisma (23), who forecast a 60% increase in global crop production, based their
estimates on historic trends in national crop production and expert opinion and assume smaller
increases in meat consumption and larger amounts of dairy and meat produced on pasturelands.
Tilman et al. (10), in contrast, forecast an approximately 100% increase in global crop production
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by combining UN forecasts of 2050 populations for each country with historic global relationships
between per capita wealth and per capita crop demand, which includes both the animal feeds and
human foods required to meet per capita food demand. Pardey et al. (24) forecasted that global crop
production would increase by 69% from 2010 to 2050 by accounting for population age structure,
shifts in consumption between different plant-based foods (e.g., grains to fresh produce), from
plant-based foods to animal-based foods, and income-dependent increases in food demand.

ENVIRONMENTAL AND HEALTH IMPACT OF DIFFERENT FOODS

Environment

Recent meta-analyses (11, 25–28) of crop and food life-cycle assessments (LCA) have elucidated the
overarching patterns of environmental impacts of producing approximately 100 different foods
across multiple environmental indicators. In this section, we review the results of these meta-
analyses, discussing how GHG emissions, land use, and nutrient pollution vary among food types
(Figure 3a). We compare foods mainly on the basis of their caloric content; however, comparisons
of vegetables and fruits are best made in terms of servings because they are primarily consumed
for micronutrients rather than their caloric content.

LCA meta-analyses have found that plant-based foods often have the lowest GHG emissions per
kilocalorie of food produced. Dairy, eggs, pork, poultry, and low-impact fish production systems
(nontrawling fisheries as well as pond, net pen, and flow-through aquaculture systems) have GHG
emissions approximately 100% to 2,500% higher than those of plant-based foods per kilocalorie
of food produced; and production of high-impact fish (bottom trawling fisheries and recirculating
aquaculture) and ruminant meats (beef, sheep, goat) has GHG emissions approximately 2,000%
to 10,000% larger than those of plant-based foods per kilocalorie of food produced. The GHG
emissions of fish production systems vary because of their energy inputs. Wild-caught fish captured
with lines, purse nets, and seine nets can have low energy inputs and relatively low GHG emissions
as do unfed, pond, and net pen aquaculture systems. Trawling fisheries (where nets are dragged
across the seabed) and recirculating aquaculture (where water is consistently cycled and filtered)
emit approximately 200% to 400% more GHGs than other fishery and aquaculture production
methods because of their higher energy inputs (11, 25, 26).

The total land required to produce a kilocalorie of food follows a similar trend as GHG emis-
sions. Plant-based foods have the lowest land use requirements per kilocalorie of food produced;
dairy and eggs require several times more land than plant-based foods; pork and poultry require
approximately 100% to 400% more land than dairy and eggs; and ruminant meats require ap-
proximately 2,000% to 10,000% more land (depending on the extent of grazing) than plant-based
foods. Production of ruminant meats requires more land than other food, in part because of the
inefficiency with which they convert feed into human-edible food. It is unclear how much land
is required to produce a unit of fish in aquaculture systems, but it is likely similar to the amount
needed for eggs, poultry, or pork because they have similar feed requirements and efficiencies (11).

Nutrient pollution per kilocalorie of food, measured as the amount of nutrients that leave a
farming system and enter the surrounding environment, also follows a similar trend. Production
of plant-based foods results in the smallest amount of nutrient pollution per kilocalorie of food
produced. Production of a kilocalorie of fresh fruits and vegetables results in approximately twice
the amount of nutrient pollution as other plant-based foods, which is largely because the caloric
contents of vegetables and fruits are low. However, most fruits and vegetables are eaten for their
vitamin, mineral, and antioxidant contents rather than for their calories. When measured per
serving of food produced, fruits and vegetables have nutrient pollution similar to or lower than
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Figure 3
Environmental and health impacts of different foods or dietary patterns. (a) Environmental impact per
kilocalorie of food produced and (b) health outcomes of consuming different diets. In panel a, plant-based
foods are indicated in green, added sugars are in orange, dairy and eggs are in gray, land-based meats are in
red, and fish is indicated in blue. Data for panel a are from 26; data for panel b are from 57–61.
Abbreviations: AP, acidification potential, AP (gSO2-e), release of pollutants from producing a kcal of food,
measured in grams of SO2; EP, eutrophication potential; g, gram; GHG, greenhouse gas; kcal, kilocalorie.

other plant-based foods. Production of dairy, eggs, poultry, and pork creates intermediate amounts
of nutrient pollution, approximately 1,000% to 5,000% higher per unit of food produced than
the nutrient pollution from producing plant-based foods. Production of ruminant meat results
in the largest amount of nutrient pollution per unit of food, approximately 10,000% higher than
production of plant-based foods (26). Aquaculture production in a closed body of water can also
contribute to nutrient pollution (29).

116 Clark · Hill · Tilman



EG43CH05_Tilman ARI 8 October 2018 13:34

Animal-based foods often have higher environmental impacts than plant-based foods because
of the inefficiency with which animals convert feed into human-edible food. For nonruminant
animals, the environmental impact of animal-based foods is correlated with feed conversion ratio
(FCR), or the amount of feed protein required to produce a gram of edible animal protein (11).
Eggs and dairy have the lowest impact of animal source foods with FCRs of 2.6 and 3.9, respectively.
Poultry and pork have approximately twice the impact of eggs and dairy and have FCRs of 4.9
and 5.7, respectively. Ruminant meats (from cattle, sheep, and goats) have much higher impacts
because of their greater FCRs (mutton and goat FCRs are 14.4 and beef FCRs are 19.3) and also
because of methane released by their digestive symbionts.

These LCA meta-analyses effectively illustrate the general relative environmental impacts of
different foods. However, the majority of LCA publications used in these meta-analyses measured
the environmental impacts of production systems that were in North America or Europe and were
high input and highly mechanized (25, 26). In addition, because many of the environmental impacts
of food production are context dependent and are in part determined by the local ecosystem, it is
possible that the environmental impacts of food production in less-westernized, lower-input, and
less-mechanized production systems may differ from those discussed here (30, 31).

Food Types, Diets, and Health

A wide variety of methods have been used to study the effects of different diets and foods on
human health. In this section, we mainly focus on prospective cohort studies, which examine
diets and health outcomes for a cohort of individuals through time. These studies statistically
control for age, gender, race, socioeconomic variables, history of smoking, and other variables in
determining how different foods or diets may be associated with disease outcomes. By controlling
for these factors, and by tracking consumption patterns and disease outcomes through time for
large numbers of individuals, researchers are able to estimate the association between consuming
an additional serving of food per day and its impact on human health. However, because cohort
studies cannot control all potential confounding factors of disease, the association between food
consumption and disease incidence may not be causal.

These studies reveal that the health impacts of food consumption are often qualitatively similar
to the environmental impact of food consumption. For instance, consuming an additional serving
per day of unprocessed plant-based foods is typically beneficial to health (32–37); consuming an
additional serving per day of dairy (38, 39), eggs (40, 41), and chicken (42, 43) does not significantly
impact health outcomes; and consuming an additional serving per day of red and processed red
meats (43–45) contributes to poor health. Although consumption of both red and processed red
meats contributes to poor health, consumption of processed red meats is associated with more
negative health outcomes than unprocessed red meats, perhaps because of the higher levels of
nitrate and nitrite in processed meats (46). The exceptions to the trend are that consuming an
additional serving per day of fish (47–49), which often has environmental impacts similar to dairy
or chicken, is often beneficial to health, whereas consuming an additional serving per day of sugar
(50, 51) or sugar-sweetened beverages (52–54), both of which have relatively low environmental
impacts, often contributes to increased disease risk.

Other prospective cohort studies have compared the health outcomes of individuals that
have omnivorous dietary patterns to individuals that consume more plant-based diets such as a
Mediterranean, pescetarian, vegetarian, or vegan diet. Mediterranean diets are characterized
as containing large amounts of fruits, vegetables, whole grains, legumes, moderate amounts of
seafood, and small amounts of other meats and as using olive oil as the primary oil. In cohort
studies, vegetarian diets contain dairy and eggs, but very limited amounts of other meats;
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pescetarian diets include fish, dairy, and eggs, but very limited amounts of other meats; and vegan
diets contain very limited amounts of dairy, eggs, or meat.

These dietary analyses have consistently found that diets higher in plant-based foods are asso-
ciated with reduced disease risk compared to omnivorous dietary patterns (Figure 3b) (11). For
instance, shifting from a westernized dietary pattern to one that is more similar to a Mediterranean
diet reduces risk of diabetes by 7% (55), and of heart disease by 10% (56), and total mortality by
8% (56). Strict adherence to a Mediterranean diet would likely offer larger health benefits (57).
Pescetarian (58, 59), vegetarian (60, 61), and vegan (58, 59, 61) diets also provide health benefits
relative to westernized dietary patterns characterized by high consumption of calories, animal
products, and sugars and sweeteners.

Although prospective cohort studies are useful in examining the average health impact of dif-
ferent foods, they have some limitations. Most analyses examined food consumption and health
outcomes in primarily Caucasian populations; however, health outcomes may differ between eth-
nicities (62, 63) and genders (63, 64). For instance, diabetes incidence is higher in men than women
in Chinese, South Asian, and white populations (63), whereas in the US, cancer rates are higher in
African Americans than in Hispanics, Asian Americans, or Caucasians for many types of cancers
(62). In addition, analyses that also control for genetic disposition sometimes differ in their re-
sults. For example, prospective cohort studies have found that consuming intermediate amounts
of alcohol (65) or coffee (66) is associated with a reduced risk of cardiovascular disease, whereas
Mendelian analyses that also control for genetic markers have not found a health benefit when
consuming any amount of alcohol (67) or coffee (68). Furthermore, the health benefit of consum-
ing an additional serving of food is nonlinear. For example, consuming additional whole-grain
cereals when they are already consumed in quantities >100g/day offers smaller health benefits for
coronary heart disease and no additional health benefits for stroke or cardiovascular disease (33).

ENVIRONMENTAL AND HEALTH FORECASTS
OF DIETARY PATTERNS

Environment

Shifts toward diets higher in calories and animal-based foods, when combined with population
growth, are expected to increase global agricultural production by 60%–100% between 2005
and 2050. This large increase in agricultural production is forecast to drive large increases in
diet-related environmental impacts such as GHG emissions; land clearing to create croplands
and pastures; increased risks of species extinction and biodiversity loss; pollution of freshwaters,
aquifers, and marine ecosystems; and PM2.5 air pollution from agricultural fertilizers and animal
production (Figure 4a).

Agricultural GHG emissions come from four major sources. First, when land is cleared to create
new pastures or croplands, the aboveground and root biomass that had been present on that land is
commonly burned or decomposes, and the carbon in the biomass is released to the atmosphere as
CO2. The production and use of nitrogen fertilizers is a second major cause of agricultural GHG
emissions. Producing nitrogen fertilizer is energy-intensive, releasing large amounts of GHGs.
Moreover, a small fraction (often approximately 1%) of applied nitrogen in nitrogen fertilizers
is microbially converted into the gas nitrous oxide (N2O), which is approximately 300 times
more potent as a GHG than CO2 on a per-mass basis. Third, production of rice and ruminants
emits methane, a GHG approximately 25 times more potent than CO2. Fourth, fossil fuel and
electricity use on farms release GHG. In total, agricultural GHG emissions currently account for
approximately 25% to 33% of total global GHG emissions.
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Figure 4
Projected environmental impact of future diets. (a) Percent increase in diet-related environmental impacts if current dietary trajectories
continue to 2050. (b) Greenhouse gas emissions of healthier, more plant-based diets, measured as a percent of GHG emissions from a
“business-as-usual” 2050 diet if current dietary trajectories were to continue. Data are from 10, 11, 18, 23, 69–71, 77–79. Abbreviation:
GHG, greenhouse gas.

Diet-related GHG emissions are projected to increase approximately 50% to 80% between
2010 and 2050 (11, 18, 69, 70) because of increased consumption of ruminant meats, but also be-
cause of land clearing, increased fertilizer application, increased production of rice, and a growing
global population. Notably, this projected increase in agricultural GHG emissions is greater than
the current global emissions from all forms of transportation combined. Thus, during a period
in which vehicle electrification has been proposed as a partial solution to climate change, any cli-
mate change benefits it may provide would be substantially less than the increases in agricultural
emissions if diets continue to change along current trajectories.

Forecasts of agricultural land expansion to 2050 range from approximately 200 million to
1,000 million hectares because of differing forecasts of future increases in yields and in per capita
food demand (10, 11, 22, 23, 70, 71). The estimate that cropland will expand by 200 million hectares
assumes that crop yields would grow faster than in the past (along exponential trajectories) and
that per capita food demand would increase less than forecasted by other analyses. There is little
empirical support for exponential increases in yields; this would be inconsistent with the slowing
rate of yield increases observed in most world regions during the past 30 years (72). The estimate
that cropland could expand by 1,000 million hectares is based on extrapolating past yield trends
and by assuming that per capita crop demand would change along historic income-dependent
trajectories. Other analyses forecast intermediate increases in cropland extent to 2050 ranging
between 200 and 700 million additional hectares of cropland over the next several decades (11,
22, 70, 71).

Agricultural land expansion increases threats to biodiversity. Threats to biodiversity are forecast
to increase the most in developing and tropical nations, where the amount of agricultural land
expansion is expected to be greatest (22, 73). Large-bodied animals will be at particular risk from
agricultural land expansion because of their large habitat requirements and low population sizes and
densities (22). For instance, Visconti et al. (73) estimate that mean species population abundance of
large mammals would decline by approximately 18% to 35% by 2050. Tilman et al. (22) forecast
that threats to large-bodied mammals and birds will more than double by 2060, equating to a
projected average IUCN status of greater than “endangered” for large-bodied mammals and birds
in tropical regions. Threats to medium- and small-bodied organisms are also forecast to increase.
These analyses, however, may underestimate future extinction risks because they do not account
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for the negative impact that habitat fragmentation (74, 75) or agricultural intensification (76) may
have on biodiversity.

Nitrogen (10, 77–80) and phosphorus (77, 79, 80) fertilizer applications are also forecast to
increase as diets shift and populations grow. Global agricultural nitrogen use is forecast to increase
by approximately 0 to 190% from 2010 to 2050. The wide range in nitrogen use forecasts is due
to differences in underlying assumptions on technological adoption, international trade, and agri-
cultural efficiency (10, 77–80). Phosphorus use is forecast to more than double over the same time
period (77, 80). Increased nutrient applications on agricultural land may also increase agricultural
runoff, which in turn can lead to poor human health outcomes through polluted water supplies
and the formation of marine dead zones where marine aquatic life cannot survive.

The environmental impacts of food consumption are forecast to increase the most in develop-
ing nations because of the rapid rate of expected dietary transitions toward more meat-based diets
and because of projected high rates of population growth in these nations. In comparison, envi-
ronmental impacts from food consumption are expected to remain fairly constant in high-income
and developed nations because of much lower rates of population growth and smaller expected
changes in dietary patterns. However, because food production and consumption do not always
occur in the same place, the environmental impacts of agricultural production often occur in a
different place than where food is consumed. For instance, agricultural water use in the United
States is larger than what would be expected from dietary patterns because the United States
exports large amounts of “virtual water” (water used to produce food that is ultimately traded
internationally) to other nations (81).

Health

Projected dietary shifts to 2050 are forecast to increase prevalence of diet-related diseases (13,
19). Diabetes prevalence is forecast to increase by 55% globally from 2000 to 2030. The increase
in diabetes prevalence is expected to be more rapid in regions currently undergoing large shifts
toward diets higher in meats, sugars, and total calories. Indeed, by 2030 diabetes prevalence is
forecast to increase by 100% in the Middle East and North Africa, by >70% in South Asia and
Southeast Asia, and by 60% in Sub-Saharan Africa (13, 19). More affluent regions such as Europe
(22% increase) and North America (37% increase) have smaller forecasted increases in diabetes
by 2030 because of smaller dietary and lifestyle changes (13, 19).

Global forecasts of other diet-related diseases show similar trends. From 2005 to 2050, cardio-
vascular disease mortality is forecast to increase >50% in China (82) and the United States (83).
Prevalence of overweight and obesity will also continue to increase if dietary patterns and lifestyles
do not change, with the largest increases forecasted for currently developing nations (18). In total,
diet-related diseases will account for two-thirds to three-quarters of the total global burden of
disease by 2030 if current trajectories continue (84).

DIETARY SHIFTS AS A SOLUTION TO THE
DIET-HEALTH-ENVIRONMENT TRILEMMA

Adopting a healthier and more plant-based diet, such as a Mediterranean, vegetarian, pescetarian,
or vegan diet, could provide large global environmental benefits relative to current and forecasted
future diets (85). Global adoption of these healthier diets could reduce global 2050 diet-related
GHG emissions by approximately 30% to 60% (11, 18, 70) (Figure 4b), decrease future cropland
use by approximately 20% to 35% (11, 70), reduce future threats to biodiversity (22), and reduce
nitrogen (78, 79) and phosphorus (79) fertilizer inputs relative to forecasted future dietary impacts.
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The environmental benefits of adopting healthier and more plant-based diets would vary
greatly among nations if one were to look solely at the changes in environmental impacts as-
sociated with a change to healthier diets. Adopting healthier diets in developed nations would
reduce per capita diet-related environmental impacts down to this baseline, largely because of
reduced consumption of ruminant meats, other meats, and total calories (11, 18). Other countries
that consume large quantities of ruminant meat, such as Argentina and Brazil, would also experi-
ence large environmental benefits from healthier diets. Adoption of healthier diets in food-insecure
developing nations would increase their per capita diet-related environmental impacts because of
increased consumption of total calories and animal products, but would also decrease the preva-
lence of malnutrition in these nations (18).

Diets with lower environmental impacts are not necessarily healthy, and healthier diets do not
necessarily have lower environmental impacts. Adopting the healthy dietary pattern recommended
by the US government would increase diet-related GHG emissions in the United States (86). In
contrast, a hypothetical diet that met caloric needs and minimized diet-related greenhouse gas
emissions reduced GHG emissions by 90% relative to the usual diet of the United Kingdom, but
was likely to be unhealthy, containing only seven food items in unrealistic quantities and no fruits
or vegetables (87). Substituting foods with in a diet can also improve health but may be associated
with either decreased or increased GHG emissions. For instance, an isocaloric substitution of
whole grains, nuts, legumes, fish, dairy, or eggs for red meat is associated with improved health
(88) and would likely reduce diet-related environmental impacts, whereas an isocaloric substitution
of fresh produce for red meat would also improve health outcomes but have a smaller GHG benefit
(89).

Shifting toward healthier dietary patterns would improve diet-related health outcomes. In-
creased adoption of a combination or a mixture of Mediterranean, pescetarian, vegetarian, or
vegan diets would reduce the risk of diabetes, cancer, heart disease, overweight and obesity, and
total mortality relative to expected dietary patterns in 2050 (18). In total, adoption of a more plant-
based diet would reduce mortality from coronary heart disease, stroke, cancer, and type 2 diabetes
by 12% to 19% and total global mortality by 6% to 10% (5.1 to 8.1 million fewer deaths per year)
by 2050, and provide major environmental benefits. The health benefits of such diets are primar-
ily from reduced consumption of red meat and decreased prevalence of overweight and obesity,
but also because of increased intake of nuts, fruits, and vegetables (18). Epidemiological stud-
ies examining dietary patterns and health outcomes also show that adoption of plant-based diets
would improve health outcomes in affluent regions that consume large quantities of animal-based
foods (e.g., 59, 90), although increased consumption of animal-based foods in undernourished
populations might improve health outcomes (91).

OTHER ROUTES TO IMPROVED AGRICULTURAL SUSTAINABILITY

There are many ways other than adopting more plant-based diets to improve agricultural sustain-
ability. The next section highlights several inefficiencies in the current agricultural system that, if
overcome, could greatly increase agricultural sustainability.

Closing Yield Gaps

Crop yields in many developing nations could be greatly increased by greater access to agricultural
inputs and by using agricultural inputs more efficiently (92; see also http://www.yieldgap.org/
water-productivity). For instance, 94 nations have average crop yields that are less than half of
their potential, whereas 43 nations have yields less than one-third of their potential (Figure 5).

www.annualreviews.org • The Diet, Health, Environment Trilemma 121

http://www.yieldgap.org/water-productivity
http://www.yieldgap.org/water-productivity


EG43CH05_Tilman ARI 8 October 2018 13:34

0.4

0.6

0.9

0.2

0.8

Yield gap ratio

Figure 5
Existing crop yield gaps. Shown is the ratio of current yields to potential yields, as estimated by 92 (see also http://www.yieldgap.org/
water-productivity). A ratio of 0.2 indicates that a nation, on average, has crop yields 20% of what that nation is capable of yielding.
Low ratios indicate large yield gaps, or the difference between current yields and potential yields. Countries in gray are missing data on
either current yields or potential yields.

Nearly half of these nations are in Sub-Saharan Africa; others are in South Asia, Southeast Asia,
and Latin America. Increasing crop yields by decreasing the difference between current and po-
tential yields, an idea known as closing yield gaps, would simultaneously improve environmental
outcomes (10, 11, 22, 70), increase farmer income, and improve food security and diet-related
health outcomes (93, 94). For instance, global food production would increase 28% or 58% if
every nation were to achieve crop yields equivalent to 75% or 95% of their potential crop yields,
respectively (94). Smaller closures in yield gaps would also have globally significant ramifications;
increasing crop yields to 50% of their potential yields in low-performing areas would increase
crop production enough to feed an additional 850 million people per year (95).

Closing yield gaps is possible with existing technologies and management techniques. Planting
and intercropping agricultural fields with grains and legumes (96); using cover crops and manure
to increase soil fertility; increasing access to improved seeds, fertilizers, and pesticides; and better
timing fertilizer application with crop nutrient demand are effective methods for increasing crop
yields (97). National government programs in Malawi (98), Rwanda, Zambia, Ghana, Mali, and
Senegal (99) that increased access to agricultural inputs successfully increased crop yields by 20–
80%. Smaller-scale interventions such as integrated pest management (100) and use of nitrogen-
fixing crops during fallow periods, among other methods (101, 102), have also increased crop
yields in low-yielding regions.

Closing yield gaps is not without potential environmental or economic drawbacks. Increasing
crop yields by closing yield gaps often requires increased nutrient inputs such as water and fertil-
izer (92). Increasing water use in arid and drought-stricken regions could stress water resources,
and it may not be possible if irrigation water is in short supply. Increasing fertilizer application
could also lead to increased nutrient runoff if management techniques designed to limit nutrient
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runoff, especially efficient methods of fertilization, are not also adopted when fertilizer inputs are
increased. In addition, maintaining yields at levels greater than 75% to 85% of maximum poten-
tial yields may not be more economically profitable, depending on crop and fertilizer prices, than
maintaining yields at slightly lower levels (103).

Reducing Food Waste

Thirty to forty percent of global food production is ultimately lost or wasted (104). Lower-income
and developing nations waste a larger proportion of food during production and transport, largely
because of lack of infrastructure and poor storage facilities. In contrast, higher-income nations
tend to waste more food at retail stores and households, partially because of aesthetic quality
standards. Solutions designed to reduce food loss and waste will as such need to account for local
contexts and the underlying causes of food loss and waste.

Reducing food loss and waste could improve environmental outcomes and increase food secu-
rity. For instance, cutting food loss and waste in half would reduce global irrigation water use by
11%, land use by 9%, and fertilizer use by 10% (105). In addition, halving food loss and waste
would also potentially increase food availability by 1,300 trillion kcal per year by 2050, or 22% of
the estimated crop production increase required to meet estimated crop production in 2050 (106).

Reducing food waste is possible at all points in the food supply chain. Intermarché, a French
supermarket, reduced food waste and increased their profits by selling misshapen produce at a
discount (see http://itm.marcelww.com/inglorious). Other supermarkets have since adopted
similar programs. National governments, such as those in France and Italy, have laws that encour-
age or require grocery stores to donate food that would otherwise be wasted. Increasing access
to refrigeration, storage technologies and facilities, and market access, as well as improving crop
production and harvest techniques, could reduce food loss and waste in low-income nations (104).

Increasing Efficiency of Fertilizer Applications

Increasing fertilizer use efficiency, or the amount of food produced per unit of fertilizer input,
would reduce nutrient runoff and emissions of pollutants that contribute to climate change and
reduced air quality (107, 108). Low fertilizer use efficiency results from over application of fertilizer
and temporal and spatial mismatch between fertilizer application and crop nutrient demand.
Mismatches between fertilizer application and crop nutrient demand ultimately result in fertilizer
leaching into ground waters (e.g., aquifers), flowing into surface waters (e.g., rivers), and, for
nitrogen, being emitted as nitrous oxide that causes climate change or as ammonia that creates
PM2.5. Fertilizer runoff can create dead zones, cause biodiversity loss, and also contribute to poor
health outcomes by increasing nitrate and nitrite levels in drinking water (109) and contributing
to air pollution (6, 7).

Improving fertilizer use efficiency is possible with existing technologies and management strate-
gies. Precision agriculture, a management technique that improves the match between crop nu-
trient demand and nutrient application, has reduced fertilizer runoff in a variety of crops (107).
Incorporating cover crops into crop rotations can also reduce nutrient runoff, and using nitrogen-
fixing crops as cover crops would simultaneously reduce the need for nitrogen fertilizer inputs.
Creating buffer strips at edges of pastures (110) and croplands (111, 112) can decrease fertilizer
runoff by >90% and herbicide runoff by >60% while also providing ecosystem services such as
carbon sequestration (111) and habitat for pollinators (112).

Governmental policy interventions have been effective at improving fertilizer use efficiency
and reducing fertilizer runoff. The EU Nitrates Directive, established in 1991, aimed to decrease
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fertilizer runoff because of its effect on human health (113). Since the Nitrates Directive was
established, N fertilizer application decreased 30% and P and K applications decreased 70%
without negatively affecting the rate at which national crop yields (measured as national mean
kilocalories per hectare) increased. In addition, water quality and human health outcomes
associated with excess nutrient runoff have improved in the EU (114). Analyses conducted in
other developed nations have also shown that national-average fertilizer application rates could
be decreased by 25% without negatively impacting crop yields (108).

Land Use Planning

Conservation-based land use planning could reduce agriculture’s future environmental im-
pacts. Establishing new protected areas (e.g., national parks, conservation reserves, etc.) to meet
and/or exceed the Aichi Biodiversity Targets (see https://eur-lex.europa.eu/legal-content/
EN/TXT/PDF/?uri=CELEX:52013DC0683&from=en) would improve biodiversity out-
comes (115). This is particularly true if protected areas were larger or linked together to allow for
migration between neighboring protected areas or to decrease habitat fragmentation in regions at
risk of land clearing (116). Increasing enforcement of existing protected areas to reduce hunting,
poaching, and resource extraction would improve biodiversity outcomes, but could also increase
food insecurity in regions that rely on the nutrition provided by bushmeat (117).

Leveraging national, regional, and global food trade patterns to avoid increased production
in biologically sensitive or low-yielding regions could also improve global environmental out-
comes. For example, a recent analysis showed that preferentially growing crops in countries with
high yields for export to countries with low yields could prevent approximately 25 to 75% of
the expected increase in future threats to biodiversity (22). Such trade-based conservation mea-
sures, however, would be constrained by local food preferences and should ensure adequate food
sovereignty and security. Analyses conducted at smaller spatial scales have also shown that land
use planning can improve biodiversity outcomes while simultaneously increasing economic out-
put (118). However, while trade-based measures would decrease environmental impacts over large
spatial scales (e.g., globally), they would simultaneously increase environmental impacts in the re-
gions to which agricultural production is shifted. For instance, shifting agricultural production
from lower- to higher-yielding regions would decrease total land in agricultural production, but
would also increase the amount of land in agricultural production in higher-yielding regions (22).

Integrated Agriculture

There are environmental trade-offs between organic (as it is called in the United States; ecological
in Europe) and conventional agricultural systems. On average across all crops, per unit of food
produced, organic agricultural systems require more land (26, 119, 120) and have higher rates
of nutrient runoff. Conventional systems require more energy (26, 120), have lower soil organic
carbon stocks (121), and have decreased biodiversity (122–124) relative to organic systems. Organic
foods also have lower pesticide residues (125) and higher micronutrient concentrations (126, 127),
although these differences may not provide observable health benefits (126, 128). However, some
organic crops, especially short-statured fruits and vegetables, have been associated with outbreaks
of E. coli and other pathogens when unsterilized manure was a nitrogen source (129).

Integrating the benefits of different systems of food production, for instance the higher yields of
conventional systems, higher soil organic carbon stocks of organic systems, and reduced reliance on
synthetic inputs in organic systems and systems with higher crop diversity (96, 130), might create a
more sustainable integrated agricultural system than what currently exists. Moreover, because the
environmental and health impacts and productivity of agriculture are context dependent (30, 31),
the most sustainable and productive systems will vary depending on local environmental, cultural,
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and political systems. Developing an integrated agricultural system that combines the benefits of
organic and conventional systems could lead to a more sustainable agricultural future.

PATHWAYS TO HEALTHIER AND MORE SUSTAINABLE DIETS

Finding ways to increase adoption of healthier and more sustainable diets may be difficult. Humans
evolved to prefer foods high in fats, protein, sugar, and salt (131)—which are now often found
in large quantities in those commercially processed foods that are also often associated with poor
health or large environmental impacts. Meat consumption is also a sign of affluence and wealth in
many cultures (132), whereas multinational corporations focus on maximizing profits by marketing
palatable and cheap foods that are also often unhealthy (133). Recent policy interventions in
culturally, socially, economically, and politically diverse nations may provide insight into future
policies that could be effective at improving diet-related health and environmental outcomes if
more widely adopted.

Changing the food environment could be effective at changing dietary patterns. Increasing
access to healthier foods (e.g., fruits and vegetables) while decreasing access to less healthy foods
has been found to increase consumption of fresh fruits and vegetables and decrease consumption
of processed foods at households, schools, and work places (134). Dish and package size are
positively correlated with per capita caloric intake, and reducing dish and package size may help
reduce caloric intake. For instance, when serving size doubles, caloric intake increases 18% to
25% for meal-related foods (e.g., pasta) and 30% to 45% for snacks (135). Sharing meals can also
alter food consumption patterns. Individuals consume 33% more when sharing meals with one
other person and 45% more when sharing meals with two others (136, 137), but sharing frequent
family meals increases consumption of fresh produce and decreases consumption of soft drinks
(138). Changing the food environment in these, and other, ways could likely help shift caloric
consumption and dietary patterns in healthier ways.

Taxation of less healthy or less sustainable foods has also been effective at shifting dietary
patterns. Taxes on sugar-sweetened beverages such as sodas and sweetened fruit juices in Mexico
(139) and several cities in the United States (140) have decreased consumption of taxed beverages by
up to 10%. A Danish tax on foods high in saturated fats (e.g., butter and margarine) also decreased
consumption of taxed foods (141). Taxes on unhealthy foods are not universally effective, nor may
they be long lasting, possibly because such taxes are regressive and may not be an ideal solution
to shifting diets. For instance, a tax on sugar-sweetened beverages in Chicago (142) was repealed
after two months, whereas the Danish tax on foods high in saturated fats (143) was repealed after
two years because of consumer and political opposition.

Food labeling can be, but is not always, effective at shifting dietary habits. Back-of-package
nutrition labeling increases consumption of healthier foods and decreases caloric consumption
among label users (144). Labeling foods with “traffic light labels” (where “good” foods are labeled
with green and “bad” foods labeled with red) for health (145, 146) or environmental (147) pur-
poses has been associated with increased purchases of healthy or sustainable foods and decreased
purchases of less healthy and less sustainable foods. Labeling appears to be more effective among
individuals who are concerned about health or environmental outcomes (145), but the potential
benefits of labeling may be negated when healthy or sustainable foods are more expensive than
alternatives (147). Calorie labeling at fast food restaurants in the United States was enacted to
reduce the number of calories purchased, although this has not been associated with a change in
the number of calories purchased at fast food outlets (148).

It seems plausible, but is as yet unclear, that integrating sustainability into government-
recommended dietary guidelines could increase rates of adoption of healthier diets and could
be effective at reducing diet-related environmental impacts. Brazil, Germany, Sweden, and Qatar
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have incorporated environmental sustainability into their government dietary guidelines, and the
Netherlands and the United Kingdom are beginning to do so (149).

CONCLUSIONS

The diet-health-environment trilemma is created by the dietary choices people commonly make
as incomes and urbanization increase, combined with the negative impacts of these diets on health
and the environment. These negative impacts will grow greatly in the next several decades if
current diet trajectories continue. For instance, by 2050, diet-related GHG emissions are forecast
to increase 50% to 80% (11, 18) and land use by 200 to 1,000 (10, 23) million hectares, while
also increasing threats to biodiversity (22, 73) and harming ecosystems and human health from
excess nitrogen and phosphorus fertilizer applications and runoff (77, 78, 97). These dietary shifts
would simultaneously increase the prevalence of diet-related diseases such as overweight and
obesity, diabetes, and heart disease (18), ultimately leading to diet-related diseases being three-
quarters of the global burden of disease by 2030 (84). Global adoption of healthy plant-based diets
could prevent much of the expected increase in diet-related environmental impacts and also reduce
expected diet-related mortality by 12% to 19% by 2050 (18). Improving other aspects of the global
agricultural system, such as increasing crop yields in underyielding areas (11, 22), reducing food
waste (105), improving fertilizer use efficiency (107, 108), and creating an integrated agricultural
system that combines the benefits of organic and conventional agricultural systems (26), would
further improve agricultural sustainability and food security.

Solving the diet-health-environment trilemma will not be easy. Policies designed to decrease
consumption of less healthy and less sustainable foods and instead increase adoption of healthier
and more sustainable foods could improve the health and environmental outcomes of dietary pat-
terns. Existing policies such as taxing (139, 141) or labeling (145, 146) unhealthy or unsustainable
foods may offer more benefits if adopted more widely (150). However, policies also need to ac-
count for the cultural, economic, social, and political environment to be effective, and it is possible
that a policy that is effective in one region may be ineffective in another (e.g., 139, 142). One of
the great challenges of our era is finding ways to widely achieve adoption of diets that improve
health and environmental outcomes.

SUMMARY POINTS

1. The diet-health-environment trilemma results from the dietary choices individuals make
and their effects on health and the environment.

2. Historical shifts toward diets higher in calories and animal-based foods as populations
have become more affluent have resulted in increased diet-related environmental impacts
and the prevalence of diet-related diseases such as diabetes, heart disease, and overweight
and obesity.

3. Continued dietary shifts toward diets higher in calories and animal-based foods are ex-
pected to result in increases in prevalence of diet-related diseases and a 50% to 80%
increase in diet-related greenhouse gas emissions, as well as other negative environmen-
tal impacts.

4. Adoption of healthier and more plant-based dietary patterns would simultaneously im-
prove health outcomes and diet-related environmental impacts relative to expected di-
etary patterns. For instance, global adoption of a vegetarian diet would reduce diet-related
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mortality by 17% relative to forecast dietary patterns, and it would reduce diet-related
environmental impacts by 60%.

5. Addressing other inefficiencies in the global agricultural system using current technolo-
gies and management techniques could also reduce agriculture’s environmental impact.
Reducing food waste by half would decrease agriculture’s irrigation water use by 11%,
land use by 9%, and fertilizer use by 10%. Increasing crop yields in underyielding na-
tions could also prevent the expansion of cropland while also increasing crop production
enough to feed an additional 850 million people per year.

6. The diet-health-environment trilemma is one of the key issues facing global societies.
Finding solutions that shift diets toward healthier and more sustainable dietary patterns
would have globally significant health and environmental benefits. Taxation and food la-
beling have often been, but are not always, effective at shifting diets in healthier and more
sustainable directions. Further research into the policies and interventions that are most
effective at shifting diets toward healthier and more sustainable dietary patterns is needed.

FUTURE ISSUES

1. How will climate change affect the diet-health-environment trilemma? Will it amplify
or mediate the links between diet, health, and environment?

2. To what extent does air pollution from agriculture impact human health? What are the
economic damages of these health impacts, and how can they be reduced?

3. What are the expected spatial patterns of agriculturally driven threats to biodiversity,
and how can conservation actions be targeted at these spatial scales?

4. Which policies, government programs, corporate marketing campaigns, and other in-
terventions are effective, and which are not, at shifting diets toward healthier and more
sustainable dietary patterns?
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