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�Introduction: The Anthropocene Crisis and the Global 
Food System

Since the evolution of modern humans about 200,000 years ago, the last 12,000 years 
have been the only period with a climate stable enough to support agriculture, which 
in turn has both encouraged and supported population growth to the current 8+ bil-
lion, estimated to increase to almost 10 billion by 2050. The growth rate in human 
consumption and its impacts on the planet increased with the Industrial Revolution 
beginning at the end of the eighteenth century and increased further with the Great 
Acceleration in the growth of the “global socioeconomic system” since the mid-
twentieth century (Steffen et  al., 2015). There is now increasing evidence that 
“social and economic systems run on unsustainable resource extraction and con-
sumption” have led to exceeding boundaries for maintaining stability and resilience 
of the Earth system to support life as we know it (Rockström et al., 2023). When 
criteria for intergenerational, intragenerational, and interspecies justice to protect 
humans and other living being through space and time are included in eight Earth 
system boundaries that have been adequately quantified, seven have already been 
exceeded, affecting the climate, ecosystems, freshwater availability, and nutrient 
cycles. Safeguarding Earth system stability and resilience over time by staying 
within these boundaries is required to protect humans and other living organisms 
from significant harm.

The result of human impact on the Earth has led many scientists to propose a new 
geological epoch, the Anthropocene. The term has been adopted to describe the 
increasing impact of humans across a broad range of physical, biological, and social 
parameters (Zalasiewicz et al., 2021), and the Anthropocene crisis, now threatens 
human society, the existence of many species, and the very stability of the favorable 
conditions that led to agriculture.

Paradoxically, the human behaviors that have led to the Anthropocene crisis are 
also those that have facilitated humans’ biological evolutionary success, defined as 
increasing population numbers and increasing control and consumption of resources 
(Cleveland, 2013). Today these behaviors are promoted by the dominant cultural, 
social, and economic system of neoliberal capitalism, which promotes responding 
to the Anthropocene crisis by continuing growth in total consumption, only more 
efficiently, by using fewer resources and creating less pollution per unit of growth. 
However, this “green growth” in total consumption cannot be completely uncoupled 
from increased environmental impact, so the absolute amount of resource consump-
tion and pollution would continue to increase, only at a slower rate, failing to avoid 
Anthropocene catastrophe (Hickel & Kallis, 2020; Jackson, 2016).

Fortunately, there are other evolutionarily selected human behaviors, motivated 
by values of empathy, altruism, and caring for other living beings that can support 
sufficient consumption, reducing demand on the environment to avert catastrophe 
by reducing our environmental pollution and consumption of resources equitably. 
This will entail reducing superfluous consumption (consumption that does not con-
tribute to well-being) by the wealthier populations that comprise the Global North 
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(Fanning et al., 2022), as well as stabilizing, and even reducing, the human popula-
tion. The cultural, social, and economic systems that have led to the Anthropocene 
crisis must be radically transformed—the main challenge is not technological, but 
cognitive and cultural—to deemphasize the values that drive increasing superfluous 
consumption and to emphasize the values that can support sufficient consumption, 
and that can avoid the catastrophe and lead to human and planetary thriving 
(Cleveland, 2013).

As documented in this chapter, the global food system is a major contributor to 
the Anthropocene environmental crisis, as well as the public health crisis—increas-
ing zoonotic diseases and a pandemic of obesity and diet-related non communicable 
diseases (NCDs). The food system is dominated by animal source foods (ASFs) and 
ultra processed foods, with high rates of food loss and waste, and negative environ-
mental and health impacts (Fig. 30.1) A major driver of food system impact is the 
current nutrition transition—a product of powerful multinational food corporations 
and supportive governments promoting the increased production and consumption 
of profitable but environmentally destructive, relatively unhealthy ASFs and ultra-
processed foods, which replace more environmentally sustainable and healthy foods 
(Godfray et al., 2018; Swinburn et al., 2019). The food system’s negative environ-
mental impacts and their monetary costs are not borne by the food corporations that 
profit from the food system but are externalized to the present and future society and 
environment.

Because the food system is a major cause of the Anthropocene crisis, it is also 
key to resolving it. The large number and mass of livestock animals on the Earth 
producing ASFs produce a large proportion of the negative impact of food on the 
environment, though ASFs are not required for a healthy diet. This means that much 
of the ASFs eaten in the Anthropocene is superfluous consumption. In addition, 

Fig. 30.1  The global food system. (© 2024, the authors used with permission)
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about 10% of energy and 28% of protein in the global human diet are in excess of 
nutritional requirements (Alexander et  al., 2017). A critical part of a successful 
response to the Anthropocene crisis will be drastically reducing superfluous ASF 
consumption and production in overconsuming populations, by moving toward 
healthy, sustainable, plant-based diets (HSPBDs) (McGreevy et al., 2022). A change 
to more sufficient consumption can greatly reduce environmental impact, doesn’t 
require extensive research, technology development, or resources (Ivanovich et al., 
2023), and could increase equity by making resources available to increase con-
sumption to sufficient levels in underconsuming populations.

In this chapter, we compare the environmental impacts of HSPBDs with different 
omnivorous diets, i.e., those containing ASFs, (including beef, chicken, pork, fish, 
seafood, dairy, and eggs). We include “healthy” and environmentally “sustainable” 
in our definition of plant-based diets (PBDs) because some plant-based foods 
(PBFs), and PBDs, are relatively unhealthy and environmentally harmful. (Note: we 
use “omnivorous diets” to mean diets with significant amounts of ASFs, and 
HSPBDs to mean diets with all or mostly all PBFs, including vegan diets with no 
ASFs, vegetarian diets with dairy and/or eggs, and flexitarian diets with small 
amounts of meat.)

�Environmental Impacts of Plant-Based and Omnivorous Diets

There is some uncertainty in estimates of the impact of the food system, including 
the differences between PBFs and ASFs, because of lack of data, inconsistency in 
methods, and differences in the impacts of foods based on their specific contexts. 
However, a large majority of the growing scientific research on human diets increas-
ingly leads to the conclusion that overall, HSPBDs have much lower negative envi-
ronmental (and health) impacts than omnivorous diets.

�Environmental Impacts of Actual and Model Diets

Animals are on a higher trophic level in the food web than plants. In moving from 
lower to higher trophic levels there is an increasing use of energy and resources per 
unit of mass (Bonhommeau et al., 2013), therefore, it is more ecologically efficient 
to eat plants than to eat the animals that eat the plants. One global estimate is that 
from crop harvest (including feed crops) through to product available for use, there 
is an 11.3% loss of energy and 7.6% loss of protein, while for livestock, from inputs 
(feed, silage, hay, grazed grass) to product available for use, the loss is 87.3% of 
energy and 81.9% of protein (Alexander et al., 2017). As a result, while ASFs sup-
ply only 18% of calories and 37% of protein in the diet, ASF production occupies 
77% of all land used for food production globally, about 85% of this for grazing and 
pasture, and the rest for feed crops (equal to one-third of crop land) (Ritchie & 
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Roser, 2013). ASFs use other resources less efficiently too. For example, in the US, 
it requires only about 10% of the environmental resources to produce PBFs with the 
equivalent amount of energy and/or protein as ASFs (Shepon et  al., 2018). The 
much lower resource use of PBFs is a major reason they are also much less polluting.

Therefore, it’s not surprising that analysis of actual and model diets shows that 
HSPBDs have much lower negative environmental impact than omnivorous diets. 
For example, analysis of the diets of 29,210 French adults found greenhouse gas 
emissions (GHGE), energy use, and land use were highest for omnivorous diets and 
lowest for vegan diets (Rabès et al., 2020). One extensive analysis used impact data 
from 570 life cycle assessments, accounting for variations in sourcing and produc-
tion methods, for ~38,000 farms in 119 countries for GHGE, land use, water use, 
eutrophication risk (dramatic, harmful growth of algae in bodies of water due to 
influx of nutrients, primarily nitrogen and phosphorus, e.g. from agricultural fertil-
izer runoff), and potential biodiversity loss (limited to vertebrate species extinc-
tions) (Scarborough et al., 2023). The authors linked these data to diets of a sample 
of 55,504 vegans, vegetarians, fish-eaters, and meat-eaters in the UK.  Results 
showed impacts for vegans compared with high meat-eaters (>= 100 g total meat 
consumed per day) were lower by 75% for GHGE, 75% for land use, 54% for water 
use, 73% for eutrophication, and 67% for biodiversity loss. Low meat eaters also 
had a large reduction in environmental impact compared with high meat-eaters.

Model diets also show lower environmental impact of HSPBDs. In a review of 
studies comparing existing diets with modified diets based on those existing diets, 
HSPBDs with no ASFs showed the highest reduction in GHGE and land use 
(Hallström et al., 2015). The impacts of global warming in terms of human health, 
terrestrial ecosystems, and freshwater ecosystems were significantly lower for 
model vegan diets compared to the Mediterranean diet based on Italian nutritional 
recommendations (Filippin et al., 2023). A number of studies have shown that the 
model EAT-Lancet flexitarian diet (a reference diet designed to meet targets for a 
global food system to promote human health and stay within Earth system boundar-
ies) can reduce environmental impact while improving health (Willett et al., 2019). 
For example, compared with existing European diets, the EAT-Lancet diet could 
improve health (measured as reduced mortality and cancer) while also reducing 
GHGE 50% and land use 62% (Laine et al., 2021).

Food that is lost (pre-retail) or wasted (retail and consumer level) is also an 
important contributor to environmental impact while contributing nothing to nutri-
tion. Globally, about one-third of all food produced is lost or wasted. Animal foods 
also contribute greater environmental impacts per unit of food lost and wasted, 
because of their greater environmental impacts of production. In the US for exam-
ple, one study found that animal foods were 33% of the mass of food wasted, while 
the GHGE from this waste was 74% of the GHGE from all food wasted at this level, 
with ruminant meat accounting for 3% by mass of food wasted, but for 31% of 
GHGE from waste; in contrast, fruits and vegetables accounted for 33% of waste by 
mass, but only 8% of GHGE (Heller & Keoleian, 2015).
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�Resolving Confusion About Diets’ Environmental Impacts

Life cycle assessment (LCA) is the method used for most analyses of food system 
environmental impacts, whether based on empirical data or modeling (Cleveland & 
Gee, 2017). While the data available for use in LCAs are constantly being improved, 
they vary in quality, and there are many empirically based and value-based assump-
tions about what impacts to include, and how they should be attributed to different 
aspects of a food’s life cycle, from the inputs for production, through to post-
consumer waste. More empirically based assumptions include e.g. those about what 
impact data are most accurate, and how to allocate impacts among different prod-
ucts of a process, like milk, meat, or manure. More value-based assumptions include 
those about how to define system boundaries, e.g., whether to include land use 
change in the past in estimating impacts of a food, and those about whether to esti-
mate impacts per kcal, grams of protein, or servings. Despite this, a large number of 
LCAs making different assumptions have shown that HSPBDs have a much lower 
environmental impact than omnivorous diets.

An important source of variability both between and within LCAs of diets is the 
wide range of impacts for the same foods, at different spatial scales from local to 
global, and in different seasons, and by different processes. However, the most com-
prehensive study of this to date found that despite large differences in environmental 
impacts of the same foods produced by different entities, ASFs overall have a much 
higher impact than PBFs (Poore & Nemecek, 2018).

Not accounting for the different roles that different foods play in the diet can also 
lead to confusion. For example, model diets that replaced some meat with fruits and 
vegetables on a calorie-for-calorie basis, increased GHGE of PBDs over omnivo-
rous diets (Tom et al., 2015). However, these foods provide different nutrients; plant 
foods with high vitamin and mineral densities, like vegetables, can have low energy 
density, leading to high CO2e per kcal, an illustration of why it is inappropriate to 
substitute foods with very different characteristics on a caloric basis.

Perhaps the greatest contributor to confusion about the impact of different diets 
is the food industry that profits from selling unhealthy, environmentally unsustain-
able food, and encourages excess consumption, controls so much of our food envi-
ronment, and has an outsized influence on governments, civil organizations, and 
university researchers (Nestle, 2018; Swinburn et al., 2019, p. 32). This includes 
ASF industries that influence public policy and scientific research to suppress 
information about the negative environmental impact of ASFs, for example in the 
US in dietary guidance by government and professional nutrition associations 
(Rose et  al., 2021). Also in the US, the beef industry has a major campaign to 
convince the public that beef is environmentally sustainable, funded by the US 
government, and funds research, e.g. at the University of California, that promotes 
beef (Fassler, 2023).
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�Disentangling the Diet, Environment, Health, Equity Nexus

PBDs, including those with no ASFs, can be healthier than standard omnivorous 
diets, while also reducing environmental impact (WHO, 2021). However, while 
there is a lot of overlap between healthy and environmentally friendly foods (Clark 
et al., 2022), not all PBDs are healthy, e.g., ultra-processed PBFs (Anastasiou et al., 
2022). One study of 100 dietary patterns found that reduced GHGE from diets was 
associated with poorer health indicators, because some low GHGE diets low in 
animal foods, saturated fat, and salt, are also low in essential micronutrients, and 
high in sugar (Payne et al., 2016). Sugar is a plant food with relatively low environ-
mental impact, but current levels of consumption of added sugar, as in sugary bever-
ages like soda and coffee drinks, increase the risk of NCDs including diabetes, liver 
and heart disease, and dental cavities (Huang et al., 2023).

In addition, there are trade-offs, because ASFs can have higher levels of some 
bioavailable nutrients than comparable PBFs (Beal et al., 2023), and nutrients in 
ASFs are a critical part of the diet of some populations, like nomadic herders. In 
populations obtaining most of their energy from starchy carbohydrates, the addition 
of meat “or other major protein sources,” e.g., legumes and nuts, “is likely to miti-
gate micronutrient deficiencies and have metabolic benefits by reducing high glyce-
mic load” and improve overall health, for example in the EAT-Lancet diet (Willett 
et al., 2019, p. 10).

Overall, however, increasing PBDs are critical for increasing equity, because the 
diminishing resources for production and sinks for pollution in the Anthropocene 
means that high and increasing consumption of ASFs by wealthier populations 
results in fewer resources available for low-income, under consuming populations 
(Cleveland, 2020). These populations can also be exposed to more water, soil, and 
air pollution from ASF production because a larger proportion of them often live 
near polluting animal food production facilities (e.g.  Lenhardt & Ogneva-
Himmelberger, 2013).

�Climate Change

Climate change is one of the most critical of human environmental impacts, “a 
threat to human well-being and planetary health” with “a rapidly closing window of 
opportunity to secure a livable and sustainable future for all” (IPCC, 2023, p. 25). 
The food system accounts for one-third of all anthropogenic GHGE driving climate 
change (Crippa et al., 2021), and about 57% is from ASFs, 29% from PBFs, and 
14% from other sources (Xu et  al., 2021). The potential of HSPBDs to mitigate 
climate change is even greater than suggested by these estimates because large 
amounts of carbon can be sequestered when land is reverted to natural vegetation 
from grazing and feed production (Hayek et al., 2021).
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While CO2 emissions from fossil fuels have had the largest climate warming 
effect, other greenhouse gases (GHGs) play a major role, especially methane, 
which accounts for about 30% of global warming. The different warming impacts 
of non-CO2 GHGs, and of all GHGs combined, are expressed as CO2 equivalents 
(CO2e). Animal food production emits a large proportion of methane which has a 
100-year climate warming potential of 28 times that of CO2, but a 20-year global 
warming potential of 81 times that of CO2 because of its short life span in the 
atmosphere (Smith et al., 2021, p. 16), therefore, reducing methane emissions over 
the short term is critical. ASFs accounted for 69% of food system methane emis-
sions in 2020 (based on Ivanovich et al., 2023). The food system is also a major 
source of nitrous oxide, another powerful greenhouse gas that has a 100-year 
warming potential almost 273 times that of CO2 (Smith et al., 2021, p. 16), and 
ASFs account for 59% of global nitrous oxide emissions (based on Ivanovich 
et al., 2023).

An analysis of 120 publications found that at the global level, ruminant meat had 
the highest CO2e per serving, per gram of protein and per kcal, e.g., over 250 times 
as much CO2e as legumes per gram of protein, mostly due to methane (Tilman & 
Clark, 2014). A comparison of the climate impact of Mediterranean, U.S. Healthy, 
U.S. Current, Healthy Vegetarian, and Vegan diets for the U.S. found kg CO2e/per-
son/day of 3.42, 3.33, 3.19, 1.57, and 0.72 respectively, with ruminant meat the 
largest contributor of CO2e to the three omnivorous diets, and dairy the largest con-
tributor of CO2e to the vegetarian diet (Jennings et al., 2023).

If the current growth in GHGE of our food system continues, food system emis-
sions will surpass the total allowable GHGE from all sectors needed to stay below 
1.5 °C of warming (Clark et al., 2020). Reducing food system emissions by achiev-
ing 50% of the potential for adoption of HSPBDs, along with higher yields, reduced 
waste, and high efficiency, is needed for a 67% chance of staying below 1.5 °C. With 
100% compliance for all these strategies, food system net cumulative emissions 
could become zero by dramatically lowering emissions, or even negative due to 
sequestering carbon on abandoned croplands.

Although pasture-raised (grass-fed) beef is being promoted as a climate solution, 
net benefits are likely to be quite modest (Garnett et al., 2017). Any climate benefits 
of grazing are specific to local contexts, limited by the capacity of the soil to seques-
ter carbon, and the amount of carbon already in the soil, and stored carbon can be 
quickly released by poor management, natural events such as droughts or fires, and 
by land-use change (Godfray et al., 2018). Evaluating the effect of grass-fed beef on 
the climate must also include the potential alternative uses of grazing land when 
cattle are removed. One global analysis found that shifts to HSPBDs by 2050 could 
enable sequestration on former grazing land of CO2 equal to 99–163% of the CO2 
emissions budget required for a 66% chance of limiting warming to 1.5 °C (Hayek 
et al., 2021).
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�Nitrogen (N) and Phosphorus (P) Use and Pollution

N and P are both nutrient elements required for living organisms and are common 
in crop fertilizers. Even though our atmosphere is 80% inactive nitrogen gas, plants 
require reactive nitrogen (Nr) that can participate in biological processes, and the 
transformation of nitrogen gas to Nr, a process called nitrogen fixation, is a limiting 
factor for food production. Until the early twentieth century, this process was mostly 
through soil bacteria and cultivation of N-fixing plants, like legumes, when the 
Haber-Bosch industrial process was invented, which converts nitrogen gas to ammo-
nia, a form of Nr, via a chemical reaction under high pressure and temperature. 
Today about 70% of the Nr used in food production is from the Haber-Bosch pro-
cess, contributing about ~40% of dietary protein in the human diet. (Galloway et al., 
2003, p. 345).

Only about 50% of the Nr in fertilizers used for crop production is incorporated 
in the crops, while the other 50% pollutes the environment through leakage into the 
soil, water, and atmosphere, causing major disruption of terrestrial and aquatic eco-
systems, leading to reduced biodiversity, acidified surface waters, and emissions of 
the GHG nitrous oxide. Nitrate, a common N compound polluting drinking water, 
is a major health problem, and N-containing compounds from fertilizer and other 
sources in the lower atmosphere contribute to ozone and smog, important causes of 
respiratory illness (Galloway et al., 2003).

While the source of Nr for crop production is the air, the source of P is mining a 
small number of global mineral deposits which, with rapidly increasing demand for 
P fertilizers, will be exhausted in several generations, and the remaining deposits 
are lower quality and more expensive to mine (Vaccari et al., 2019). Like Nr, P use 
in crop production is very inefficient, with only about 15% of P mined is consumed 
as food (Vaccari et al., 2019). Thus, increased efforts to recover P from agricultural 
and municipal waste streams are critical for global food security.

N and P often contaminate surface waters, mostly through runoff from agricul-
tural fields, due to inefficient fertilizer application and use by plants, and animal 
waste (Bechmann & Stålnacke, 2019). In many aquatic systems, either N or P is the 
“limiting nutrient,” so that that contamination by field runoff stimulates algal 
growth, leading to eutrophication. When the algae die, decomposing bacteria use up 
oxygen in the water, resulting in “dead zones.” Reducing agriculture’s impacts on 
biogeochemical cycling includes applying N and P fertilizers optimally with respect 
to type, amount, location, and timing.

ASFs account for much more N and P use and pollution than PBFs. A global 
estimate of N and P in animal manures in 2011 was equal to the amount used in 
synthetic N and P fertilizers (Liu et al., 2017). Estimates for P use in Germany agri-
culture range from 1.4 and 2.7 g of P per kg of food for fruits and vegetables, to 
5.3 g for grains and 10 g for vegetable oils, while for animal products it ranges from 
10 g of P per kg of food for eggs, up to 70 g for butter and 98 g for beef (Meier & 
Christen, 2013). In the US ASFs contribute 70% of N and 80% of P leaked to the 
environment from the food system, with beef alone accounting for 40% and 50% 
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respectively (Metson et al., 2020). Nitrogen pollution for plant foods range from 0.0 
and 2.8 kg N loss per kg for oil and starchy roots up to 16.1 g N loss per kg for 
pulses (legumes), while for animal products the range is from 20.4 for milk to 
234.0 g N for beef (Leach et al., 2017).

�Blue Water Use

The water footprint has three components: blue water (fresh surface and groundwa-
ter), green water (rain water that is evaporated or transpired through plants), and 
gray water (water needed to dilute polluted water to harmless levels). Production of 
ASFs accounts for 75% of land use change for agriculture, which leads to losses of 
green water, and lower soil moisture which degrades ecosystems (te Wierik 
et al., 2021).

Blue water for irrigated crop production diverts it from supporting healthy eco-
systems. Globally about 70% of blue water use is for agriculture, with over a third 
for livestock (98% of this for feed crops) (Mekonnen & Hoekstra, 2012). In the arid 
western US diversion of surface water greatly increases instances of risk of local 
extinction for fish species, with 70% of these instances due to diversion for irrigat-
ing cattle feed crops (Richter et  al., 2020). The Colorado river basin is a major 
source of water in this region, but it has been drastically depleted over years of 
overuse, and now by climate change-related prolonged drought: 70% of the 
Colorado River withdrawn is used for agriculture, 71% of this (or 56% of the total) 
to irrigate feed for beef and dairy cattle (Richter et al., 2020).

PBFs have a much lower water footprint than ASFs. For example, the combined 
blue, green, and grey water footprints per kg of beef, chicken, eggs, and milk are 48, 
13, 10, and 3 times that of vegetables, and even the combined water footprints of 
just the protein content of these foods is 4.3, 1.3, 1.1 and 1.2 times that of vegetable 
protein (based on Mekonnen & Hoekstra, 2012).

�Land Use Change and Biodiversity Loss

In 2017 there were more than 30 billion terrestrial vertebrate livestock animals 
(82% poultry) in the world (four times the number of humans), with 75 billion 
slaughtered annually (95% poultry) (FAOSTAT, 2019). This large and growing pop-
ulation of domestic food animals is replacing wild animals, with one estimate that 
85% of wild mammal biomass has been lost, with livestock biomass now 14 times 
that of wild mammals, and 1.7 times that of humans (Bar-On et al., 2018).

The large number of animals required to produce ASFs for high and rising con-
sumption is a major cause of land use change, driving the alarming loss of biodiver-
sity through habitat loss, with extinction rates about 1000 times the background 
rate, the 6th mass extinction in the Earth’s history (Machovina et al., 2015). For 
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example, in Mexico, increasing ASFs in the diet has led to environmentally damag-
ing land use change (Tello et al., 2020). Over 37% of the Earth’s ice-free land sur-
face is used for agricultural production, of which livestock production accounts for 
about 75% (which includes one-third of cropland used for animal feed) (FAOSTAT, 
2019). While the effect of grazing domestic animals can increase biodiversity in 
some circumstances, the overall effect is a large loss of biodiversity (Filazzola et al., 
2020). Increasing ASF consumption and production continue to drive land use 
change, e.g., in the Amazon, an area uniquely rich in biodiversity, three-quarters of 
the deforested land has been converted to livestock grazing and feed crop produc-
tion (Machovina et al., 2015). Land use change is often fragmented, which increases 
habitat destruction including because areas bordering a developed area are also 
impacted.

�Air Pollution

Air pollution is currently the most significant environmental risk factor for decreased 
human health globally, and agriculture is a major source. Exposure to atmospheric 
particulate matter, 2.5 micrometers or less in diameter (PM2.5), is the largest con-
tributor to premature death due to cancer, stroke, and cardiovascular disease, and 
global PM2.5-related emissions from the food system are linked to 23% of the 3.9 
million PM2.5-attributable premature deaths per year (Balasubramanian et al., 2021). 
PM2.5 may be emitted directly (primary PM2.5), or it can be formed in the atmo-
sphere by various precursors including ammonia. Globally, ASF production (manure 
management and grazing) accounts for 60% of ammonia emissions (Balasubramanian 
et al., 2021).

In the U.S., agricultural production results in 17,900 deaths per year due to 
impaired air quality, with a greater number attributable to ASFs v. PBFs per kg, per 
serving, per kcal, and per g of protein, except for per g protein for fruits (Domingo 
et al., 2021). Primary PM2.5 from agriculture including tillage, fuel combustion for 
farm equipment, livestock dust, and burning of fields comprises 27% of this pollu-
tion, and secondary PM2.5 from ammonia emissions 69%, mostly from livestock 
waste and fertilizer application. Reducing ASFs via HSPBDs, e.g. a vegan, vegetar-
ian, or flexitarian (EAT-Lancet) diet, would reduce deaths from agricultural PM2.5 
by 68%, 76%, and 83%, respectively (Domingo et al., 2021).

�Diet-Related Disease and the Impact of Health Care

Eating ASFs, especially in the large and growing quantities consumed today, is not 
required for human health, and is associated with a number of NCDs. Globally, 
unhealthy diets (low in fruits, vegetables, legumes, whole grains, nuts, and seeds, 
and high in red and processed meat) are among the top three risk factors for poor 
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health (along with tobacco use and air pollution) (Murray et al., 2020). The pan-
demic of NCDs contributes to rapidly rising health-care costs which could reach 
$47 trillion annually by 2030 globally (Bloom et al., 2011), and a total of $95 tril-
lion, or $265,000 per person, for 2015–2050 in the US (Chen et al., 2018).

An important, often overlooked, environmental impact of these unhealthy diets 
is the health care associated with diet-related disease. For example, in 2018 GHGE 
from health care in the US were about 553 metric tons of CO2e, 8.5% of total US 
emissions, and the combined effect of GHGE, PM2.5, and ozone pollution from 
health care resulted in 388,000 DALYs (disability-adjusted life years, or years lost 
to premature mortality and disability due to illness) (Eckelman et al., 2020).

A modeling study compared the standard American diet (SAD) to a healthier diet 
that eliminated red and processed meat (with no change in other ASFs), and 
increased fruits, vegetables, whole grains, beans, and peas (Hallström et al., 2017). 
This diet would reduce relative risk by 20–45% for the three diseases examined 
(colorectal cancer, type 2 diabetes, coronary heart disease), and associated health 
care costs $93 billion/year (equal to 42% of the total health care costs of these 
diseases).

This reduction in health care costs would in turn reduce GHGE by 84 kg/capita/
year. While this reduction in GHGE from health care is a small portion of GHGE 
from ASFs in the SAD, and even smaller portion of a typical U.S. resident’s total, 
due to lack of data the healthier diet did not include reductions in other diseases (e.g. 
hypertension, stroke, other cancers) linked to ASFs, which would reduce GHGE 
further.

�The Food System, the Environment, and Human 
Infectious Disease

As we have seen, the scale of animal agriculture has huge effects on the environ-
ment, which negatively affects human health. In addition, the widespread use of 
antibiotics in producing ASFs is causing an increase in antibiotic-resistant patho-
genic bacteria, and the ongoing conversion of natural habitats driven by ASF pro-
duction, and the large, dense concentration of farm animals are driving increasing 
prevalence of zoonotic infectious disease. The resulting increase in human disease 
and associated health care costs add to the environmental impacts of ASFs, along 
with those from the health care costs for diet-related NCDs.

�Antibiotic Use and Antibiotic-Resistant Bacteria

The development of antibiotics over the twentieth century led to large improve-
ments in human health. However, widespread use of antibiotics in animal agricul-
ture is reducing their efficacy by increasing the prevalence of antibiotic-resistant 
bacteria. In fact, according to the World Health Organization, antibiotic resistance 
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is “one of the biggest threats to global health, food security, and development today” 
(WHO, 2020).

In 2017 73% of all antibiotics used globally were in ASF production, mainly in 
low doses to promote growth, with an estimated 99,502 tons of active ingredient 
used in animal agriculture in 2020, projected to increase 8% by 2030 (Mulchandani 
et  al., 2023). This creates a selection environment in farm animals that favors 
antibiotic-resistant bacteria, which therefore multiply faster than those without 
resistance.

Manure from industrial food animal production contains high levels of antibiotic 
resistant bacteria, which can contaminate surface and groundwater, and the air 
(Sanchez et al., 2016), and be exported from farms as commercially available fertil-
izers (Cira et al., 2021). A growing number of studies find adverse health impacts 
associated with living in proximity to livestock operations and manured fields. 
Livestock workers have been found to be five times more likely than controls to test 
positive for Methicillin-resistant Staphylococcus aureus (MRSA) (Ye et al., 2015).

It has been shown repeatedly that after antibiotics were licensed for use in animal 
agriculture, the proportion of antibiotic-resistant bacteria resistant to those antibiot-
ics increased in humans. For example, the bacterium Campylobacter jejuni is a 
frequent cause of human gastrointestinal infection and is commonly found in 
domestic animal feces. Before 1990, the proportion of these bacteria in humans 
resistant to fluoroquinolone was less than 5%, but after fluoroquinolones were 
licensed for use in farm animals in 1990, this increased to 50% by 1993, and over 
80% by 1996 (Silbergeld et al., 2008).

�Animal Agriculture and Zoonotic Diseases

According to the UN, “Over the last 60 years, the majority of new zoonotic patho-
gens have emerged, largely as a result of human activity, including changes in land-
use (e.g. deforestation), and the way we manage agricultural and food production 
systems” (Maruma Mrema, 2020, p.  2). As discussed above, animal agriculture 
accounts for the large majority of land use change currently and in the past, leading 
to a loss of habitat for wildlife and increased contact between humans and disease 
vectors, both of which can result in increased transmission of zoonotic pathogens.

Industrial agriculture continues to replace traditional farming, including facili-
ties that confine animals in high densities. The lack of fresh air, insufficient space, 
inability to perform normal activities, and long-distance transport for slaughter 
leads to decreased well-being and increased stress, lowering immune response and 
increasing the ability of pathogens to pass through many animal hosts, which facili-
tates the evolution of greater pathogenicity (Jones et al., 2013). For example, avian 
influenza virus that produces only mild symptoms can be transmitted extensively 
among poultry populations, facilitating its evolution into a highly pathogenic avian 
influenza capable of human-to-human transmission (Dhingra et al., 2018).
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Similarly, large, dense swine populations on farms have been associated with 
elevated prevalence of swine influenza, and evidence shows that pigs can host 
viruses from humans and birds along with swine viruses, allowing horizontal trans-
fer of the genes between viral populations that can result in strains capable of trans-
ferring between species (Baudon et al., 2017).

�How Can We Increase HSPBDs to Address 
the Anthropocene Crisis?

Increasing awareness of the negative environmental impacts of ASFs in omnivorous 
diets will be one critical aspect of motivating adequate responses to the Anthropocene 
crisis, through both bottom-up changes by individuals, and top-down changes by 
schools, universities, governments, businesses, and other institutions.

�Information

Information about the environmental impact of foods and diets can motivate indi-
viduals to change food choices, especially when this information resonates with or 
changes values. An experiment with US consumers showed they lacked knowledge 
of the GHGE of foods, underestimated this the most for animal foods, and when 
provided labels with information on the GHGE of canned vegetable and beef soup, 
they chose the vegetable soup with lower emissions more often (Camilleri et al., 
2019). A randomized control trial in France found that front-of-package traffic light 
labeling of environmental impact led to participants choosing less meat-based and 
more vegetarian meals (Arrazat et al., 2023).

Reaching young people, e.g., in educational settings, is especially important 
because this can affect food choices over lifetimes while contributing to institu-
tional goals for reducing climate and environmental impact (Cleveland & Jay,  
2021). A US experiment compared the effects of two, two-quarter courses on uni-
versity student food choice, a control course on cosmology, and a treatment course 
which provided information on the climate effects of ASFs (Jay et  al., 2019). 
Students in the control reported no change in diets at the end of the course compared 
to the beginning of the course, while students in the treatment reported diets at the 
end of the course that were 17% lower in kg CO2e than at the beginning, mostly due 
to lower beef consumption, which declined from 3.5 to 2.5 servings/student/week. 
Similarly, US students who took a one-unit Foodprint seminar reported significantly 
increased vegetable intake and decreased ruminant meat intake relative to control 
course students and reduced dietary GHGE 14% (Malan, 2020).
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�Food Environments

Food environments are important determinants of food choices, and institutions can 
change these environments to include a larger proportion of PBFs, with the goal of 
reducing environmental impact. The dining service at one university substituted 
vegan mayo for egg-based mayo in all its foods after testing to assure that gustatory 
and physical properties were the same, which reduced CO2e 43%, blue water use 
77%, reactive nitrogen use 98%, and land used 63% (Cleveland et al., 2021). At 
another university, eliminating beef 1 day a week in campus dining halls reduced 
their CO2e food emissions by 20% (Cleveland & Jay, 2021).

Institutions can also nudge people toward PBDs by changing the way choices are 
presented, e.g., exploiting the tendency to accept a default. A recent study showed 
that by offering a plant-based meal as the default compared to a meat-based meal as 
the default, invitees to campus events choosing plant-based meals increased from 
18% to 66%, which decreased GHGE, land use, and nitrogen and phosphorus pol-
lution 39–43% (Boronowsky et  al., 2022). However, major progress on college 
campuses toward environmentally sustainable food systems requires higher educa-
tion institutions to relinquish neoliberal business policies in favor of the public good 
(Cleveland, 2023).

Because the development of dietary knowledge, attitudes, and habits in college 
can persist long after graduation (Movassagh et al., 2017), more healthy plant-based 
food environments on campus can positively affect health and the environment in 
later years (Hu et al., 2016). For example, a prospective cohort study that followed 
young adults over 30 years found that an increase in nutritional quality of plant-
centered diets was associated with statistically significant lower risk of type 2 dia-
betes, weight gain (Choi et al., 2020), and coronary vascular disease (Choi et al., 
2021). In turn, improved health from more plant-based diets will reduce GHGE 
from the healthcare system over time (Hallström et al., 2017), and reduced health 
care in general will reduce a range of healthcare system environmental harms 
(Lenzen et al., 2020).

�Prices

Taxing or subsidizing foods based on their environmental impact has much poten-
tial, and there are some successful examples. The government of Denmark taxed 
saturated fat from October 2011 to January 2013 to improve health, which resulted 
in a 4.0% reduction in saturated fat intake, as well as a decrease in salt, and increase 
in vegetable consumption for most people (Smed et al., 2016). Since most saturated 
fat in the diet is in animal foods, this tax would also decrease environmental impacts.

A modeling study found that taxing food based on climate impact globally and 
using tax revenues to increase the availability of fruits and vegetables, could avoid 
509,480 deaths, and reduce GHGE by 8.6% in 2020 (Springmann et  al., 2017). 
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Two-thirds of the GHGE reduction was due to reduced beef consumption and one 
quarter to reduced milk consumption, with a 40% increase in beef cost leading to 
almost 15% reduction in consumption.

�Conclusion

In the Anthropocene epoch, it has become clear that our dietary choices are existen-
tial choices. To feed a human population of 10 billion equitably in 2050 while stay-
ing within the sustainable Earth system boundaries requires a major shift toward 
HSPBDs, in addition to reducing food loss and waste, and improving the efficiency 
of agricultural and food processes.

Although there is some uncertainty about the details of the environmental impact 
of diets, understanding the well-documented greater negative environmental, health, 
and equity impacts of standard omnivorous diets compared with HSPBDs can lead 
to needed changes in behaviors and policies. The rapid, radical cultural and social 
changes required include replacing neoliberalism’s values that promote superflu-
ous  consumption, with scientific understanding of the role of ASFs in the 
Anthropocene, and the need for rapid and radical change to emphasize the values of 
sufficiency, community, and compassion. Replacing excess consumption in over-
consuming populations with sufficient consumption is also essential for increasing 
equity by enabling under consuming populations to have access to the food produc-
tion resources and the food needed for HSPBDs.

Acknowledgments  We thank Daniela Soleri for comments on drafts.

References

Alexander, P., Brown, C., Arneth, A., Finnigan, J., Moran, D., & Rounsevell, M. D. A. (2017). 
Losses, inefficiencies and waste in the global food system. Agricultural Systems, 153, 190–200. 
https://doi.org/10.1016/j.agsy.2017.01.014

Anastasiou, K., Baker, P., Hadjikakou, M., Hendrie, G. A., & Lawrence, M. (2022). A conceptual 
framework for understanding the environmental impacts of ultra-processed foods and implica-
tions for sustainable food systems. Journal of Cleaner Production, 368, 133155. https://doi.
org/10.1016/j.jclepro.2022.133155

Arrazat, L., Chambaron, S., Arvisenet, G., Goisbault, I., Charrier, J.-C., Nicklaus, S., & Marty, 
L. (2023). Traffic-light front-of-pack environmental labelling across food categories triggers 
more environmentally friendly food choices: A randomised controlled trial in virtual reality 
supermarket. International Journal of Behavioral Nutrition and Physical Activity, 20(1), 7. 
https://doi.org/10.1186/s12966-023-01410-8

Balasubramanian, S., Domingo, N. G. G., Hunt, N. D., Gittlin, M., Colgan, K. K., Marshall, J. D., 
Robinson, A. L., Azevedo, I. M. L., Thakrar, S. K., Clark, M. A., Tessum, C. W., Adams, P. J., 
Pandis, S. N., & Hill, J. D. (2021). The food we eat, the air we breathe: A review of the fine 

D. A. Cleveland and J. A. Jay

https://doi.org/10.1016/j.agsy.2017.01.014
https://doi.org/10.1016/j.jclepro.2022.133155
https://doi.org/10.1016/j.jclepro.2022.133155
https://doi.org/10.1186/s12966-023-01410-8


509

particulate matter-induced air quality health impacts of the global food system. Environmental 
Research Letters, 16(10), 103004. https://doi.org/10.1088/1748-9326/ac065f

Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings  
of the National Academy of Sciences, 115(25), 6506–6511. https://doi.org/10.1073/
pnas.1711842115

Baudon, E., Peyre, M., Peiris, M., & Cowling, B. J. (2017). Epidemiological features of influenza 
circulation in swine populations: A systematic review and meta-analysis. PLoS One, 12(6), 
e0179044. https://doi.org/10.1371/journal.pone.0179044

Beal, T., Gardner, C.  D., Herrero, M., Iannotti, L.  L., Merbold, L., Nordhagen, S., & Mottet, 
A. (2023). Friend or foe? The role of animal-source foods in healthy and environmentally 
sustainable diets. The Journal of Nutrition, 153(2), 409–425. https://doi.org/10.1016/j.
tjnut.2022.10.016

Bechmann, M., & Stålnacke, P. (2019). Agricultural nitrogen and phosphorus pollution in surface 
waters. In Oxford research encyclopedia of environmental science. Oxford University Press.

Bloom, D. E., Cafiero, E. T., Jané-Llopis, E., Abrahams-Gessel, S., Bloom, L. R., Fathima, S., 
Feigl, A. B., Gaziano, T., Mowafi, M., Pandya, A., Prettner, K., Rosenberg, L., Seligman, B., 
Stein, A., & Weinstein, C. (2011). The global economic burden of non-communicable diseases. 
http://apps.who.int/medicinedocs/en/m/abstract/Js18806en/

Bonhommeau, S., Dubroca, L., Le Pape, O., Barde, J., Kaplan, D. M., Chassot, E., & Nieblas, 
A.-E. (2013). Eating up the world’s food web and the human trophic level. Proceedings 
of the National Academy of Sciences, 110(51), 20617–20620. https://doi.org/10.1073/
pnas.1305827110

Boronowsky, R.  D., Zhang, A.  W., Stecher, C., Presley, K., Mathur, M.  B., Cleveland, D.  A., 
Garnett, E., Wharton, C., Brown, D., Meier, A., Wang, M., Braverman, I., & Jay, J. A. (2022). 
Plant-based default nudges effectively increase the sustainability of catered meals on college 
campuses: Three randomized controlled trials [Original Research]. Frontiers in Sustainable 
Food Systems, 6. https://doi.org/10.3389/fsufs.2022.1001157

Camilleri, A. R., Larrick, R. P., Hossain, S., & Patino-Echeverri, D. (2019). Consumers underesti-
mate the emissions associated with food but are aided by labels. Nature Climate Change, 9(1), 
53–58. https://doi.org/10.1038/s41558-018-0354-z

Choi, Y., Larson, N., Gallaher, D. D., Odegaard, A. O., Rana, J. S., Shikany, J. M., Steffen, L. M.,  
& Jacobs, D.  R. (2020). A Shift Toward a Plant-Centered Diet From Young to Middle 
Adulthood and Subsequent Risk of Type 2 Diabetes and Weight Gain: The Coronary Artery 
Risk Development in Young Adults (CARDIA) Study [Article]. Diabetes Care, 43(11), 
2796–2803. https://doi.org/10.2337/dc20-1005 

Choi, Y., Larson, N., Steffen, L. M., Schreiner, P. J., Gallaher, D. D., Duprez, D. A., Shikany, J. M., 
Rana, J. S., & Jacobs, D. R. (2021). Plant‐Centered Diet and Risk of Incident Cardiovascular 
Disease During Young to Middle Adulthood. Journal of the American Heart Association, 
10(16), e020718. https://doi.org/10.1161/JAHA.120.020718 

Chen, S., Kuhn, M., Prettner, K., & Bloom, D. E. (2018). The macroeconomic burden of non-
communicable diseases in the United States: Estimates and projections. PLoS One, 13(11), 
e0206702. https://doi.org/10.1371/journal.pone.0206702

Cira, M., Echeverria-Palencia, C.  M., Callejas, I., Jimenez, K., Herrera, R., Jr., Hung, W.  C., 
Colima, N., Schmidt, A., & Jay, J.  A. (2021). Commercially available garden products as 
important sources of antibiotic resistance genes-a survey. Environmental Science and Pollution 
Research International, 28(32), 43507–43514. https://doi.org/10.1007/s11356-021-13333-7

Clark, M. A., Domingo, N. G. G., Colgan, K., Thakrar, S. K., Tilman, D., Lynch, J., Azevedo, I. L., 
& Hill, J. D. (2020). Global food system emissions could preclude achieving the 1.5° and 2 °C 
climate change targets. Science, 370(6517), 705–708. https://doi.org/10.1126/science.aba7357

Clark, M., Springmann, M., Rayner, M., Scarborough, P., Hill, J., Tilman, D., Macdiarmid, J. I., 
Fanzo, J., Bandy, L., & Harrington, R. A. (2022). Estimating the environmental impacts of 
57,000 food products. Proceedings of the National Academy of Sciences, 119(33), e2120584119. 
https://doi.org/10.1073/pnas.2120584119

30  Plant-Based v. Omnivorous Diets: Comparative Environmental Impacts

https://doi.org/10.1088/1748-9326/ac065f
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1371/journal.pone.0179044
https://doi.org/10.1016/j.tjnut.2022.10.016
https://doi.org/10.1016/j.tjnut.2022.10.016
http://apps.who.int/medicinedocs/en/m/abstract/Js18806en/
https://doi.org/10.1073/pnas.1305827110
https://doi.org/10.1073/pnas.1305827110
https://doi.org/10.3389/fsufs.2022.1001157
https://doi.org/10.1038/s41558-018-0354-z
https://doi.org/10.2337/dc20-1005
https://doi.org/10.1161/JAHA.120.020718
https://doi.org/10.1371/journal.pone.0206702
https://doi.org/10.1007/s11356-021-13333-7
https://doi.org/10.1126/science.aba7357
https://doi.org/10.1073/pnas.2120584119


510

Cleveland, D. A. (2013). Balancing on a planet: The future of food and agriculture. University of 
California Press.

Cleveland, D. A. (2020). The solution on our plates: Why sustainable plant based diets are needed 
to reverse the food-climate-health-equity crisis. In K. M. Kevany (Ed.), Plant-based diets for 
succulence and sustainability. Routledge/Taylor & Francis.

Cleveland, D.  A. (2023). What’s to eat and drink on campus? Public and planetary health, 
public higher education, and the public good. Nutrients, 15(1), 196. https://www.mdpi.
com/2072-6643/15/1/196

Cleveland, D. A., & Gee, Q. (2017). Plant based diets for mitigating climate change. In F. Mariotti 
(Ed.), Vegetarian and plant based diets in health and disease prevention (pp.  135–156). 
Academic/Elsevier. https://doi.org/10.1016/B978-0-12-803968-7.00009-5

Cleveland, D. A., & Jay, J. A. (2021). Integrating climate and food policies in higher education: A 
case study of the University of California. Climate Policy, 21(1), 16–32. https://doi.org/10.108
0/14693062.2020.1787939

Cleveland, D. A., Gee, Q., Horn, A., Weichert, L., & Blancho, M. (2021). How many chickens does 
it take to make an egg? Animal welfare and environmental benefits of replacing eggs with plant 
foods at the University of California, and beyond. Agriculture and Human Values, 38, 157–174. 
https://doi.org/10.1007/s10460-020-10148-z

Crippa, M., Solazzo, E., Guizzardi, D., Monforti-Ferrario, F., Tubiello, F. N., & Leip, A. (2021). 
Food systems are responsible for a third of global anthropogenic GHG emissions. Nature Food, 
2, 198. https://doi.org/10.1038/s43016-021-00225-9

Dhingra, M. S., Artois, J., Dellicour, S., Lemey, P., Dauphin, G., Von Dobschuetz, S., Van Boeckel, 
T. P., Castellan, D. M., Morzaria, S., & Gilbert, M. (2018). Geographical and historical pat-
terns in the emergences of novel highly pathogenic avian influenza (HPAI) H5 and H7 viruses 
in poultry [original research]. Frontiers in Veterinary Science, 5. https://doi.org/10.3389/
fvets.2018.00084

Domingo, N. G. G., Balasubramanian, S., Thakrar, S. K., Clark, M. A., Adams, P. J., Marshall, 
J. D., Muller, N. Z., Pandis, S. N., Polasky, S., Robinson, A. L., Tessum, C. W., Tilman, D., 
Tschofen, P., & Hill, J. D. (2021). Air quality–related health damages of food. Proceedings 
of the National Academy of Sciences, 118(20), e2013637118. https://doi.org/10.1073/
pnas.2013637118

Eckelman, M. J., Huang, K., Lagasse, R., Senay, E., Dubrow, R., & Sherman, J. D. (2020). Health 
care pollution and public health damage in the United States: An update. Health Affairs, 39(12), 
2071–2079. https://doi.org/10.1377/hlthaff.2020.01247

Fanning, A.  L., O’Neill, D.  W., Hickel, J., & Roux, N. (2022). The social shortfall and eco-
logical overshoot of nations. Nature Sustainability, 5(1), 26–36. https://doi.org/10.1038/
s41893-021-00799-z

FAOSTAT. (2019). Food and agriculture data. FAO (Food and Agriculture Organization of the 
United Nations). http://www.fao.org/faostat/en/#home

Fassler, J. (2023, May 3). Inside big beef’s climate messaging machine: Confuse, defend 
and downplay. The Guardian. https://www.theguardian.com/environment/2023/may/03/
beef-industry-public-relations-messaging-machine

Filazzola, A., Brown, C., Dettlaff, M. A., Batbaatar, A., Grenke, J. S. J., Bao, T., Peetoom Heida, 
I., & Cahill, J. F. (2020). The effects of livestock grazing on biodiversity are multi-trophic: A 
meta-analysis. Ecology Letters, 23, 1298.

Filippin, D., Sarni, A. R., Rizzo, G., & Baroni, L. (2023). Environmental impact of two plant-
based, isocaloric and isoproteic diets: The vegan diet vs. the Mediterranean diet. International 
Journal of Environmental Research and Public Health, 20(5), 3797. https://www.mdpi.
com/1660-4601/20/5/3797

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling, E. B., & 
Cosby, B. J. (2003). The nitrogen cascade. Bioscience, 53(4), 341–356.

Garnett, T., Godde, C., Muller, A., Röös, E., Smith, P., de Boer, I.  J. M., zu Ermgassen, E., 
Herrero, M., van Middelaar, C., Schader, C., & van Zanten, H. (2017). Grazed and Confused? 

D. A. Cleveland and J. A. Jay

https://www.mdpi.com/2072-6643/15/1/196
https://www.mdpi.com/2072-6643/15/1/196
https://doi.org/10.1016/B978-0-12-803968-7.00009-5
https://doi.org/10.1080/14693062.2020.1787939
https://doi.org/10.1080/14693062.2020.1787939
https://doi.org/10.1007/s10460-020-10148-z
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.3389/fvets.2018.00084
https://doi.org/10.3389/fvets.2018.00084
https://doi.org/10.1073/pnas.2013637118
https://doi.org/10.1073/pnas.2013637118
https://doi.org/10.1377/hlthaff.2020.01247
https://doi.org/10.1038/s41893-021-00799-z
https://doi.org/10.1038/s41893-021-00799-z
http://www.fao.org/faostat/en/#home
https://www.theguardian.com/environment/2023/may/03/beef-industry-public-relations-messaging-machine
https://www.theguardian.com/environment/2023/may/03/beef-industry-public-relations-messaging-machine
https://www.mdpi.com/1660-4601/20/5/3797
https://www.mdpi.com/1660-4601/20/5/3797


511

Ruminating on cattle, grazing systems, methane, nitrous oxide, the soil carbon sequestration 
question  – And what it all means for greenhouse gas emissions. http://www.fcrn.org.uk/
projects/grazed-and-confused?qt-gnc_project=2#qt-gnc_project

Godfray, H. C. J., Aveyard, P., Garnett, T., Hall, J. W., Key, T. J., Lorimer, J., Pierrehumbert, R. T., 
Scarborough, P., Springmann, M., & Jebb, S. A. (2018). Meat consumption, health, and the 
environment. Science, 361(6399). https://doi.org/10.1126/science.aam5324

Hallström, E., Carlsson-Kanyama, A., & Börjesson, P. (2015). Environmental impact of 
dietary change: A systematic review. Journal of Cleaner Production, 91, 1–11. https://doi.
org/10.1016/j.jclepro.2014.12.008

Hallström, E., Gee, Q., Scarborough, P., & Cleveland, D. A. (2017). A healthier US diet could 
reduce greenhouse gas emissions from both the food and health care systems [Journal Article]. 
Climatic Change, 142(1), 199–212. https://doi.org/10.1007/s10584-017-1912-5

Hayek, M. N., Harwatt, H., Ripple, W. J., & Mueller, N. D. (2021). The carbon opportunity cost 
of animal-sourced food production on land. Nature Sustainability, 4(1), 21–24. https://doi.
org/10.1038/s41893-020-00603-4

Heller, M.  C., & Keoleian, G.  A. (2015). Greenhouse gas emission estimates of U.S. dietary 
choices and food loss. Journal of Industrial Ecology, 19(3), 391–401. https://doi.org/10.1111/
jiec.12174

Hickel, J., & Kallis, G. (2020). Is green growth possible? New Political Economy, 25(4), 469–486. 
https://doi.org/10.1080/13563467.2019.1598964

Huang, Y., Chen, Z., Chen, B., Li, J., Yuan, X., Li, J., Wang, W., Dai, T., Chen, H., Wang, Y., 
Wang, R., Wang, P., Guo, J., Dong, Q., Liu, C., Wei, Q., Cao, D., & Liu, L. (2023). Dietary 
sugar consumption and health: Umbrella review. BMJ, 381, e071609. https://doi.org/10.1136/
bmj-2022-071609

Hu, T., Jacobs, D. R., Jr., Larson, N. I., Cutler, G. J., Laska, M. N., & Neumark-Sztainer, D. (2016). 
Higher Diet Quality in Adolescence and Dietary Improvements Are Related to Less Weight 
Gain During the Transition From Adolescence to Adulthood. The Journal of pediatrics, 178, 
188–193.e183. https://doi.org/10.1016/j.jpeds.2016.08.026 

IPCC. (2023 (in press)). Summary for policymakers. In Core Writing Team, H. Lee and J. Romero 
(Eds.), Climate change 2023: Synthesis report. A report of the Intergovernmental Panel on 
Climate Change. Contribution of Working Groups I, II and III to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. https://www.ipcc.ch/report/ar6/syr/

Ivanovich, C.  C., Sun, T., Gordon, D.  R., & Ocko, I.  B. (2023). Future warming from global 
food consumption. Nature Climate Change, 13(3), 297–302. https://doi.org/10.1038/
s41558-023-01605-8

Jackson, T. (2016). Prosperity without growth: Foundations for the economy of tomorrow (2nd 
ed.). Routledge.

Jay, J. A., D’Auria, R., Nordby, J. C., Rice, D. A., Cleveland, D. A., Friscia, A., Kissinger, S., Levis, 
M., Malan, H., Rajagopal, D., Reynolds, J. R., Slusser, W., Wang, M., & Wesel, E. (2019). 
Reduction of the carbon footprint of college freshman diets after a food-based environmental 
science course [Journal Article]. Climatic Change, 154(3), 547–564. https://doi.org/10.1007/
s10584-019-02407-8

Jennings, R., Henderson, A. D., Phelps, A., Janda, K. M., & van den Berg, A. E. (2023). Five 
U.S. dietary patterns and their relationship to land use, water use, and greenhouse gas 
emissions: Implications for future food security. Nutrients, 15(1), 215. https://www.mdpi.
com/2072-6643/15/1/215

Jones, B. A., Grace, D., Kock, R., Alonso, S., Rushton, J., Said, M. Y., McKeever, D., Mutua, F., 
Young, J., McDermott, J., & Pfeiffer, D. U. (2013). Zoonosis emergence linked to agricultural 
intensification and environmental change. Proceedings of the National Academy of Sciences of 
the United States of America, 110(21), 8399–8404. https://doi.org/10.1073/pnas.1208059110

Laine, J.  E., Huybrechts, I., Gunter, M.  J., Ferrari, P., Weiderpass, E., Tsilidis, K., Aune, D., 
Schulze, M. B., Bergmann, M., Temme, E. H. M., Boer, J. M. A., Agnoli, C., Ericson, U., 
Stubbendorff, A., Ibsen, D. B., Dahm, C. C., Deschasaux, M., Touvier, M., Kesse-Guyot, E., … 

30  Plant-Based v. Omnivorous Diets: Comparative Environmental Impacts

http://www.fcrn.org.uk/projects/grazed-and-confused?qt-gnc_project=2#qt-gnc_project
http://www.fcrn.org.uk/projects/grazed-and-confused?qt-gnc_project=2#qt-gnc_project
https://doi.org/10.1126/science.aam5324
https://doi.org/10.1016/j.jclepro.2014.12.008
https://doi.org/10.1016/j.jclepro.2014.12.008
https://doi.org/10.1007/s10584-017-1912-5
https://doi.org/10.1038/s41893-020-00603-4
https://doi.org/10.1038/s41893-020-00603-4
https://doi.org/10.1111/jiec.12174
https://doi.org/10.1111/jiec.12174
https://doi.org/10.1080/13563467.2019.1598964
https://doi.org/10.1136/bmj-2022-071609
https://doi.org/10.1136/bmj-2022-071609
https://doi.org/10.1016/j.jpeds.2016.08.026
https://www.ipcc.ch/report/ar6/syr/
https://doi.org/10.1038/s41558-023-01605-8
https://doi.org/10.1038/s41558-023-01605-8
https://doi.org/10.1007/s10584-019-02407-8
https://doi.org/10.1007/s10584-019-02407-8
https://www.mdpi.com/2072-6643/15/1/215
https://www.mdpi.com/2072-6643/15/1/215
https://doi.org/10.1073/pnas.1208059110


512

Vineis, P. (2021). Co-benefits from sustainable dietary shifts for population and environmental 
health: An assessment from a large European cohort study. The Lancet Planetary Health, 5(11), 
e786–e796. https://doi.org/10.1016/S2542-5196(21)00250-3

Lenzen, M., Malik, A., Li, M., Fry, J., Weisz, H., Pichler, P.-P., Chaves, L. S. M., Capon, A., & 
Pencheon, D. (2020). The environmental footprint of health care: a global assessment. The 
Lancet Planetary Health, 4(7), e271–e279. https://doi.org/10.1016/S2542-5196(20)30121-2 

Leach, A. M., Galloway, J. N., Castner, E. A., Andrews, J., Leary, N., & Aber, J. D. (2017). An inte-
grated tool for calculating and reducing institution carbon and nitrogen footprints. Sustainability: 
The Journal of Record, 10(2), 140–148. https://doi.org/10.1089/sus.2017.29092.aml

Lenhardt, J., & Ogneva-Himmelberger, Y. (2013). Environmental injustice in the spatial distribu-
tion of concentrated animal feeding operations in Ohio. Environmental Justice, 6(4), 133–139. 
https://doi.org/10.1089/env.2013.0023

Liu, Q., Wang, J., Bai, Z., Ma, L., & Oenema, O. (2017). Global animal production and nitrogen 
and phosphorus flows. Soil Research, 55(6), 451–462. https://doi.org/10.1071/SR17031

Machovina, B., Feeley, K. J., & Ripple, W. J. (2015). Biodiversity conservation: The key is reducing 
meat consumption. Science of the Total Environment, 536, 419–431. https://doi.org/10.1016/j.
scitotenv.2015.07.022

Malan, H. J. (2020). Swap the meat, save the planet: A community-based participatory approach 
to promoting healthy, sustainable food in a university setting. UCLA. ProQuest ID: Malan_
ucla_0031D_18823. Merritt ID: ark:/13030/m54n4ckv. Retrieved from https://escholarship.
org/uc/item/3pq4t2mz

Maruma Mrema, E. (2020). Statement by Elizabeth Maruma Mrema, acting executive secretary, 
Convention On Biological Diversity, on the occasion of World Health Day, 7 April 2020. UN 
Convention on Biological Diversity. https://www.cbd.int/doc/speech/2020/sp-2020-04-07-
health-en.pdf

McGreevy, S. R., Rupprecht, C. D. D., Niles, D., Wiek, A., Carolan, M., Kallis, G., Kantamaturapoj, 
K., Mangnus, A., Jehlička, P., Taherzadeh, O., Sahakian, M., Chabay, I., Colby, A., Vivero-Pol, 
J.-L., Chaudhuri, R., Spiegelberg, M., Kobayashi, M., Balázs, B., Tsuchiya, K., … Tachikawa, 
M. (2022). Sustainable agrifood systems for a post-growth world. Nature Sustainability, 5, 
1011. https://doi.org/10.1038/s41893-022-00933-5

Meier, T., & Christen, O. (2013). Environmental impacts of dietary recommendations and dietary 
styles: Germany as an example. Environmental Science & Technology, 47(2), 877–888. https://
doi.org/10.1021/es302152v

Mekonnen, M. M., & Hoekstra, A. Y. (2012). A global assessment of the water footprint of farm 
animal products. Ecosystems, 15(3), 401–415. https://doi.org/10.1007/s10021-011-9517-8

Metson, G.  S., MacDonald, G.  K., Leach, A.  M., Compton, J.  E., Harrison, J.  A., & 
Galloway, J.  N. (2020). The U.S. consumer phosphorus footprint: Where do nitrogen 
and phosphorus diverge? Environmental Research Letters, 15(10), 105022. https://doi.
org/10.1088/1748-9326/aba781

Movassagh, E.  Z., Baxter-Jones, A.  D. G., Kontulainen, S., Whiting, S.  J., & Vatanparast, 
H. (2017). Tracking Dietary Patterns over 20 Years from Childhood through Adolescence into 
Young Adulthood: The Saskatchewan Pediatric Bone Mineral Accrual Study. Nutrients, 9(9), 
990. https://doi.org/10.3390/nu9090990 

Mulchandani, R., Wang, Y., Gilbert, M., & Van Boeckel, T. P. (2023). Global trends in antimicro-
bial use in food-producing animals: 2020 to 2030. PLOS Global Public Health, 3(2), e0001305. 
https://doi.org/10.1371/journal.pgph.0001305

Murray, C. J. L., Aravkin, A. Y., Zheng, P., Abbafati, C., Abbas, K. M., Abbasi-Kangevari, M., 
Abd-Allah, F., Abdelalim, A., Abdollahi, M., Abdollahpour, I., Abegaz, K. H., Abolhassani, H., 
Aboyans, V., Abreu, L. G., Abrigo, M. R. M., Abualhasan, A., Abu-Raddad, L. J., Abushouk, 
A. I., Adabi, M., … Lim, S. S. (2020). Global burden of 87 risk factors in 204 countries and ter-
ritories, 1990–2019: A systematic analysis for the Global Burden of Disease Study 2019. The 
Lancet, 396(10258), 1223–1249. https://doi.org/10.1016/S0140-6736(20)30752-2

D. A. Cleveland and J. A. Jay

https://doi.org/10.1016/S2542-5196(21)00250-3
https://doi.org/10.1016/S2542-5196(20)30121-2
https://doi.org/10.1089/sus.2017.29092.aml
https://doi.org/10.1089/env.2013.0023
https://doi.org/10.1071/SR17031
https://doi.org/10.1016/j.scitotenv.2015.07.022
https://doi.org/10.1016/j.scitotenv.2015.07.022
https://escholarship.org/uc/item/3pq4t2mz
https://escholarship.org/uc/item/3pq4t2mz
https://www.cbd.int/doc/speech/2020/sp-2020-04-07-health-en.pdf
https://www.cbd.int/doc/speech/2020/sp-2020-04-07-health-en.pdf
https://doi.org/10.1038/s41893-022-00933-5
https://doi.org/10.1021/es302152v
https://doi.org/10.1021/es302152v
https://doi.org/10.1007/s10021-011-9517-8
https://doi.org/10.1088/1748-9326/aba781
https://doi.org/10.1088/1748-9326/aba781
https://doi.org/10.3390/nu9090990
https://doi.org/10.1371/journal.pgph.0001305
https://doi.org/10.1016/S0140-6736(20)30752-2


513

Nestle, M. (2018). Unsavory truth: How food companies skew the science of what we eat. 
Basic Books.

Payne, C.  L. R., Scarborough, P., & Cobiac, L. (2016). Do low-carbon-emission diets lead to 
higher nutritional quality and positive health outcomes? A systematic review of the literature. 
Public Health Nutrition, 19(14), 2654–2661. https://doi.org/10.1017/S1368980016000495

Poore, J., & Nemecek, T. (2018). Reducing food’s environmental impacts through producers and 
consumers. Science, 360(6392), 987–992. https://doi.org/10.1126/science.aaq0216

Rabès, A., Seconda, L., Langevin, B., Allès, B., Touvier, M., Hercberg, S., Lairon, D., Baudry, 
J., Pointereau, P., & Kesse-Guyot, E. (2020). Greenhouse gas emissions, energy demand and 
land use associated with omnivorous, pesco-vegetarian, vegetarian, and vegan diets accounting 
for farming practices. Sustainable Production and Consumption, 22, 138–146. https://doi.
org/10.1016/j.spc.2020.02.010

Richter, B. D., Bartak, D., Caldwell, P., Davis, K. F., Debaere, P., Hoekstra, A. Y., Li, T., Marston, 
L., McManamay, R., Mekonnen, M. M., Ruddell, B. L., Rushforth, R. R., & Troy, T. J. (2020). 
Water scarcity and fish imperilment driven by beef production. Nature Sustainability, 3(4), 
319–328. https://doi.org/10.1038/s41893-020-0483-z

Ritchie, H., & Roser, M. (2013). Land use. Our world in data. https://ourworldindata.org/land-use
Rockström, J., Gupta, J., Qin, D., Lade, S. J., Abrams, J. F., Andersen, L. S., Armstrong McKay, 

D. I., Bai, X., Bala, G., Bunn, S. E., Ciobanu, D., DeClerck, F., Ebi, K., Gifford, L., Gordon, 
C., Hasan, S., Kanie, N., Lenton, T. M., Loriani, S., … Zhang, X. (2023). Safe and just Earth 
system boundaries. Nature. https://doi.org/10.1038/s41586-023-06083-8

Rose, D., Vance, C., & Lopez, M. A. (2021). Livestock industry practices that impact sustainable 
diets in the United States. The International Journal of Sociology of Agriculture and Food, 
27(1). https://doi.org/10.48416/ijsaf.v27i1.87

Sanchez, H. M., Echeverria, C., Thulsiraj, V., Zimmer-Faust, A., Flores, A., Laitz, M., Healy, G., 
Mahendra, S., Paulson, S. E., Zhu, Y., & Jay, J. A. (2016). Antibiotic resistance in airborne 
bacteria near conventional and organic beef cattle farms in California, USA. Water, Air, & Soil 
Pollution, 227(8), 280. https://doi.org/10.1007/s11270-016-2979-8

Scarborough, P., Clark, M., Cobiac, L., Papier, K., Knuppel, A., Lynch, J., Harrington, R., Key, 
T., & Springmann, M. (2023). Vegans, vegetarians, fish-eaters and meat-eaters in the UK 
show discrepant environmental impacts. Nature Food, 4(7), 565–574. https://doi.org/10.1038/
s43016-023-00795-w

Shepon, A., Eshel, G., Noor, E., & Milo, R. (2018). The opportunity cost of animal based diets 
exceeds all food losses. National Academy of Sciences of the United States of America, 115, 
3804. https://doi.org/10.1073/pnas.1713820115

Silbergeld, E. K., Graham, J., & Price, L. B. (2008). Industrial food animal production, antimicro-
bial resistance, and human health. Annual Review of Public Health, 29(1), 151–169. https://doi.
org/10.1146/annurev.publhealth.29.020907.090904

Smed, S., Scarborough, P., Rayner, M., & Jensen, J. D. (2016). The effects of the Danish saturated 
fat tax on food and nutrient intake and modelled health outcomes: An econometric and com-
parative risk assessment evaluation [Original Article]. European Journal of Clinical Nutrition, 
70(6), 681–686. https://doi.org/10.1038/ejcn.2016.6

Smith, C., Nicholls, Z. R. J., Armour, K., Collins, W., Forster, P., Meinshausen, M., Palmer, M. D., 
& Watanabe, M. (2021). The earth’s energy budget, climate feedbacks, and climate sensitivity 
supplementary material. In V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, 
S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.  I. Gomis, M. Huang, K. Leitzel, E. Lonnoy, 
J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, & B. Zhou (Eds.), Climate 
Change 2021: The physical science basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. IPCC. https://www.
ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter07_SM.pdf

Springmann, M., Mason-D’Croz, D., Robinson, S., Wiebe, K., Godfray, H. C. J., Rayner, M., & 
Scarborough, P. (2017). Mitigation potential and global health impacts from emissions pricing 
of food commodities. Nature Climate Change, 7, 69–74.

30  Plant-Based v. Omnivorous Diets: Comparative Environmental Impacts

https://doi.org/10.1017/S1368980016000495
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1016/j.spc.2020.02.010
https://doi.org/10.1016/j.spc.2020.02.010
https://doi.org/10.1038/s41893-020-0483-z
https://ourworldindata.org/land-use
https://doi.org/10.1038/s41586-023-06083-8
https://doi.org/10.48416/ijsaf.v27i1.87
https://doi.org/10.1007/s11270-016-2979-8
https://doi.org/10.1038/s43016-023-00795-w
https://doi.org/10.1038/s43016-023-00795-w
https://doi.org/10.1073/pnas.1713820115
https://doi.org/10.1146/annurev.publhealth.29.020907.090904
https://doi.org/10.1146/annurev.publhealth.29.020907.090904
https://doi.org/10.1038/ejcn.2016.6
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter07_SM.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter07_SM.pdf


514

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015). The trajectory of 
the Anthropocene: The great acceleration. The Anthropocene Review, 2(1), 81–98. https://doi.
org/10.1177/2053019614564785

Swinburn, B. A., Kraak, V. I., Allender, S., Atkins, V. J., Baker, P. I., Bogard, J. R., Brinsden, H., 
Calvillo, A., De Schutter, O., Devarajan, R., Ezzati, M., Friel, S., Goenka, S., Hammond, R. A., 
Hastings, G., Hawkes, C., Herrero, M., Hovmand, P. S., Howden, M., … Dietz, W. H. (2019). 
The global syndemic of obesity, undernutrition, and climate change: The Lancet Commission 
report. The Lancet. https://doi.org/10.1016/S0140-6736(18)32822-8

te Wierik, S. A., Cammeraat, E. L. H., Gupta, J., & Artzy-Randrup, Y. A. (2021). Reviewing the 
impact of land use and land-use change on moisture recycling and precipitation patterns. Water 
Resources Research, 57(7), e2020WR029234. https://doi.org/10.1029/2020WR029234

Tello, J., Garcillán, P. P., & Ezcurra, E. (2020). How dietary transition changed land use in Mexico. 
Ambio, 49(10), 1676–1684. https://doi.org/10.1007/s13280-020-01317-9

Tilman, D., & Clark, M. (2014). Global diets link environmental sustainability and human health 
[Article]. Nature, 515(7528), 518–522. https://doi.org/10.1038/nature13959

Tom, M., Fischbeck, P., & Hendrickson, C. (2015). Energy use, blue water footprint, and green-
house gas emissions for current food consumption patterns and dietary recommendations in the 
US. Environment Systems and Decisions, 1–12. https://doi.org/10.1007/s10669-015-9577-y

Vaccari, D. A., Powers, S. M., & Liu, X. (2019). Demand-driven model for global phosphate rock 
suggests paths for phosphorus sustainability. Environmental Science & Technology, 53(17), 
10417–10425. https://doi.org/10.1021/acs.est.9b02464

WHO. (2020). Antibiotic resistance. Retrieved 2020 June 3 from https://www.who.int/news-room/
fact-sheets/detail/antibiotic-resistance

WHO. (2021). Plant-based diets and their impact on health, sustainability and the environment: 
A review of the evidence. https://apps.who.int/iris/bitstream/handle/10665/349086/WHO-
EURO-2021-4007-43766-61591-eng.pdf?sequence=1&isAllowed=y

Willett, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Garnett, T., 
Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon, L. J., Fanzo, J., Hawkes, 
C., Zurayk, R., Rivera, J. A., De Vries, W., Majele Sibanda, L., … Murray, C. J. L. (2019). Food 
in the Anthropocene: The EAT–Lancet Commission on healthy diets from sustainable food 
systems. The Lancet. https://doi.org/10.1016/S0140-6736(18)31788-4

Xu, X., Sharma, P., Shu, S., Lin, T.-S., Ciais, P., Tubiello, F. N., Smith, P., Campbell, N., & Jain, 
A. K. (2021). Global greenhouse gas emissions from animal-based foods are twice those of 
plant-based foods. Nature Food, 2(9), 724–732. https://doi.org/10.1038/s43016-021-00358-x

Ye, X., Liu, W., Fan, Y., Wang, X., Zhou, J., Yao, Z., & Chen, S. (2015). Frequency-risk and 
duration-risk relations between occupational livestock contact and methicillin-resistant 
Staphylococcus aureus carriage among workers in Guangdong, China. American Journal of 
Infection Control, 43(7), 676–681. https://doi.org/10.1016/j.ajic.2015.03.026

Zalasiewicz, J., Waters, C. N., Ellis, E. C., Head, M. J., Vidas, D., Steffen, W., Thomas, J. A., Horn, 
E., Summerhayes, C. P., Leinfelder, R., McNeill, J. R., Gałuszka, A., Williams, M., Barnosky, 
A.  D., Richter, D. d. B., Gibbard, P.  L., Syvitski, J., Jeandel, C., Cearreta, A., … Zinke, 
J. (2021). The Anthropocene: Comparing its meaning in geology (chronostratigraphy) with 
conceptual approaches arising in other disciplines. Earth’s Futures, 9(3), e2020EF001896. 
https://doi.org/10.1029/2020EF001896

D. A. Cleveland and J. A. Jay

https://doi.org/10.1177/2053019614564785
https://doi.org/10.1177/2053019614564785
https://doi.org/10.1016/S0140-6736(18)32822-8
https://doi.org/10.1029/2020WR029234
https://doi.org/10.1007/s13280-020-01317-9
https://doi.org/10.1038/nature13959
https://doi.org/10.1007/s10669-015-9577-y
https://doi.org/10.1021/acs.est.9b02464
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://apps.who.int/iris/bitstream/handle/10665/349086/WHO-EURO-2021-4007-43766-61591-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/349086/WHO-EURO-2021-4007-43766-61591-eng.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1038/s43016-021-00358-x
https://doi.org/10.1016/j.ajic.2015.03.026
https://doi.org/10.1029/2020EF001896

