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Among the major issues facing the global population are persistent malnutrition (including
both undernutrition and overweight/obesity), climate change, and environmental
degradation. At the crossroads of these issues, animal-source foods (ASF; meat, poultry,
fish, dairy, and eggs) have attracted considerable attention for both their role in diets and
their environmental impacts—and their production also plays an important role in
livelihoods, particularly in low- and middle-income countries (LMICs). As these issues are
intertwined, they must be considered jointly and with sufficient recognition of the nuance
involved. This paper aims to add to this debate through a review and discussion of
evidence on ASF spanning several dimensions: nutrition, health, environment, livelihoods,
and equity. We discuss the nutritional properties of different types of ASF and their
potential for preventing undernutrition, then consider potential health risks associated with
the consumption of certain ASF. We next turn to production, summarising how various ASF
production systems affect the environment, indicating that there is considerable variability
depending on context and animal. We note some gaps in the environmental impacts
literature, then consider the role of animal production in livelihoods as well as equity
concerns. We then briefly discuss diets with potentially lower environmental impacts. The
paper concludes by bringing together these different dimensions to summarise potential
ways forward for decision making around ASF—whilst making clear how nuanced and
context-specific such decisions must be.

KEY MESSAGES

e ASF consumption tends to be higher in high-income countries, whereas undernutrition
in highest in LMICs—and overweight/obesity is an increasingly global phenomenon.

e Minimally processed ASF are good sources of many nutrients, often in higher
concentrations or more bio-available forms than in plant-source foods; their
consumption can be particularly beneficial to vulnerable groups.

e Excess consumption of certain ASF can lead to health problems, but overall diet quality
is the most important factor in determining health risk.

e Environmental impacts of ASF production include greenhouse gas emissions, land use
change, pollution, and biodiversity changes; they vary by type of ASF, production
system, context, and type of impact but are generally greatest for ruminant meat. There
are some options for reducing impacts.

e ASF production is integral to livelihoods in many LMICs, and some livestock (particularly
ruminants) play important roles in farming systems and societies.

e When considering ASF, the associated and interlinked health, nutrition, environmental,
and livelihood outcomes should be assessed jointly—with an eye to equity and a
grounding in local context, as well as an understanding of the diversity among different
types of ASF.



Despite large advances in recent decades, malnutrition remains widespread. Stunting (short
height for age, a sign of chronic undernourishment and/or infection) affects about 21% of
children under five (1), and a large share of the global population is likely deficient in
essential micronutrients (2). Such deficiencies have serious and lifelong consequences,
being associated with cognitive impairment, poor child development, decreased work
productivity, lower disease resistance, and higher mortality (3); negative effects can persist
across generations (4).

Undernutrition increasingly coexists alongside overweight and obesity. Overweight and
obesity alone affect over 2 billion adults worldwide, and an estimated 48 countries
(predominately lower-income countries) suffer from a double burden of high prevalence of
both undernutrition and overweight (5). Overweight/obesity and poor diets are associated
with increased risk of a number of non-communicable diseases (NCDs), such as diabetes—
the prevalence of which has nearly doubled in recent decades (6,7). Micronutrient
malnutrition and stunting, both partially caused by inadequate diet quality (8), limit the
ability of developing children to reach their growth and developmental potential (9-11).
Poor diets have negative health consequences throughout life and have been estimated as
the largest risk factor contributing to the global burden of disease, responsible for about
22% of adult deaths (12). Malnutrition thus reduces quality and length of life for millions
worldwide, preventing them from reaching their full potential. While it cuts across all
countries and varies within them, low-income populations and those in low- and middle-
income countries (LMICs) are most affected.

At the same time, humanity and the planet on which it depends face an ongoing and
growing existential threat: climate change and environmental degradation. At levels of
warming of 2°C above pre-industrial levels—which is considered optimistic given current
levels of emissions (13)—there will likely be considerable changes in precipitation patterns,
rising sea levels, greater coastal flooding, and increased frequency and severity of extreme
events (such as drought, heat waves, cyclones, and wildfires) (14). These are expected to
lead to, among other things, increased loss of biodiversity, lowered agricultural
productivity, changes in the nutrient content of crops, and increased hunger and mortality
(14,15). Progress addressing the issue has been paralyzingly slow: countries have
collectively failed to halt growth in greenhouse gas (GHG) emissions, and deep cuts are
urgently required to maintain hope of remaining below key temperature-increase
thresholds (16). In addition to climate change, the earth’s water systems are overburdened
and polluted, deforestation and habitat destruction are ongoing, and biodiversity is lost
daily (17-19).

Food systems—the processes, actors, and infrastructure involved in providing food, from
production to consumption—sit at the intersection of these issues as providers of essential
nutrients for human diets, users of natural resources, and emitters of GHG and other
pollutants. Within food systems, animal-source foods (ASF; meat, poultry, fish, dairy, and
eggs) have attracted attention for both their importance in diets and their environmental
impacts. ASF demand has been increasing and is projected to increase slightly in high-
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income countries (HICs) and considerably in LMICs over the next three decades (20-22).
This growth could have substantial negative environmental impacts if carried out following
existing production practices (23,24). However, it could also play a key role in reducing
undernutrition and supporting livelihoods, particularly in LMICs.

It is essential to consider these issues jointly, and in context, aiming to understand how
each concern manifests within a given geography and how best to balance amongst them.
In so doing, one must consider not only environmental and health factors but also the role
of animal production in livelihoods and the equity concerns integral to the just mitigation of
environmental change. The optimal balance is likely to be very different across
development contexts.

This paper aims to add to this debate. We discuss the important role of different types of
ASF in preventing undernutrition, as well as the potential health risks associated with their
consumption. We then consider how production of various ASF affects the environment,
including considerable nuance across production system and animal type. We briefly
consider the role of animal production in livelihoods as well as equity concerns. Finally, we
conclude with suggestions for how to move forward on making policy decisions related to
ASF that balance human nutrition and wellbeing with environmental health, equity, and
livelihoods. While we recognise the importance of also considering animal welfare issues,
that is beyond the scope of the present paper. The next section sets the stage for the
discussion by describing the current context of global nutrition and diets.

Malnutrition, including undernutrition, overweight, and diet-related NCDs, is a global
phenomenon with no population untouched. Among children under five, nearly a quarter
(21%) are stunted, 7% are wasted, 6% are overweight, and over half are deficient in
micronutrients (e.g., iron, vitamin A, zinc) vital for healthy development (1). Anaemia affects
one third of women of reproductive age (25). As shown in Fig. 1a for stunting, the largest
burden of undernutrition occurs in LMICs. Overweight, in contrast, is particularly common in
high-income regions but increasing in every region in the world (26). As shown in Fig. 1b,
globally, 18% of those 5 to 19 years are overweight (a considerable increase since 2000,
when it was 10%) and 39% of adults 18 years or older are overweight (25,27). Diet-related
NCDs (i.e., heart disease, type 2 diabetes, and some cancers) are also widespread (28), and
diabetes is increasing globally, with particular rapidity in LMICs (6). For example, the
disability and disease burden associated with diabetes in sub-Saharan Africa (SSA) more
than doubled between 1990 and 2017 (29).
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Figure 1. (a - top) Share of children under 5 y who are stunted, 2016; data source: UNICEF/WHO. (b - bottom) Share of adults
18 y and older who are overweight or obese (BMI >=25), 2016, data source: UNICEF /WHO. Both graphs reproduced from
‘Our World in Data’; permission not required.

Malnutrition is driven by a wide range of factors, with inadequate diets being one of the
most important. At a global scale, consumption of several key food groups deviates from
recommended levels: according to the 2017 Global Burden of Disease Study collaborators,
fruits, vegetables, whole grains, nuts, and seeds (all examples of minimally processed plant-
source foods (PSF)) are consumed at below-optimal levels (based on health risk
minimisation) in all major world regions, whereas legumes are under-consumed in over half
of world regions (12). In terms of ASF (Figure 2) and using the same data source, milk and
fish are under-consumed in most regions but particularly in LMICs in Asia and SSA (12).
Consumption of meat, eggs, and poultry varies widely across countries but tends to be
lowest in LMICs in Asia and SSA and highest in high-income North America (12).

Meanwhile, consumption of unhealthy highly processed foods (including both PSF and
ASF), and of the sodium, trans-fats, and sugars they often contain, is high in HICs (and some
middle-income countries) (12,30,31) and growing quickly in LMICs (32-34). These food
consumption patterns (jointly) drive nutritional outcomes. The next section argues that ASF
play an important role in this, particularly for preventing undernutrition.
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Figure 2. (a - top) per capita beef and buffalo meat consumption; (b - middle) per capita egg consumption; and (c - bottom) per
capita milk consumption; all data are in kilograms per person per year and do not account for food waste at the consumer level;

beef /buffalo meat data are from 2013, others are from 2017. Data source: United Nations Food and Agriculture Organisation

(FAO). Graphs reproduced from ‘Our World in Data’; permission not required.

NUTRITIONAL CONTRIBUTION OF ASF

ASF - including meat, freshwater and sea animals, eggs, and dairy — have unique beneficial
properties that distinguish them from PSF. ASF typically contain higher concentrations and
more bioavailable forms of nutrients commonly lacking in diets in LMICs, including iron,
vitamin A, zinc, calcium, vitamin B12, and high-quality protein (35-38). Moreover,
consumption of ASF can also enhance absorption of nutrients from PSF (39). There are also
bioactive compounds unique to ASF, especially dairy products, that can have beneficial



health effects. ASF are the only natural dietary sources of vitamins B, and D. Vitamin B
deficiency has immediate and long-term consequences including anaemia, developmental
regression, and depression during adulthood (40,41). Vitamin D deficiency causes rickets in
children, contributes to osteoporosis and bone fractures, and has been associated with
increased risk of infectious disease and NCDs (42).

While PSF contain vitamin A, iron, zinc, and calcium, these micronutrients are less
bioavailable than in ASF due to their chemical form, the surrounding food matrix, and
antinutrients like phytate and oxalate in PSF (43). Zinc deficiency is associated with poor
health, increased risk of diarrhoea, and impaired cognitive and motor development (44,45).
Calcium deficiency increases risk of rickets, but its broader health implications are poorly
understood (9). ASF are the only dietary sources of retinol (preformed vitamin A), which on
average is 12 times more bioavailable than plant sources of vitamin A (carotenoids) (1).
Moreover, some individuals are genetically poor converters of carotenoids and likely to be
deficient without consuming preformed vitamin A (46). Vitamin A deficiency has severe
consequences, including night blindness, increased susceptibility to infections, and death
(47). Meat is the only source of heme iron, a form of iron that is much more bioavailable
than the non-heme iron found in PSF (48). The proportion of iron that is heme iron varies
from 65-72% in beef and lamb, 39% in pork, and 26% in chicken and fish (49,50). Iron
deficiency is a primary cause of anaemia in many contexts and can result in cognitive
impairment, decreased work productivity, and death; even without accompanying anaemia,
iron deficiency is an important cause of cognitive impairment (51).

Most ASF contain ‘complete’ or high-quality proteins, which include all nine essential amino
acids in adequate quantities necessary in the human diet and important for child growth
(37,38). Diets without ASF must typically include a wider variety of foods and combine
varying food types to provide all amino acids in adequate quantities (52). While it is
possible to do this, affordability, knowledge, and other constraints may make it difficult,
particularly in low-resource settings. Finally, ASF, particularly fatty fish, contain essential
long-chain omega-3 fats (i.e., DHA and EPA), which have numerous health benefits,
including improved child development, healthier aging, and reduced inflammation (53). The
only plant sources of DHA and EPA are sea vegetables, which are not widely available and
accessible in sufficient quantities. While certain land PSF, like flaxseeds, contain a shorter
chain omega-3 fat (ALA), this does not have the same health benefits, and less than 10% is
converted to DHA or EPA (53).

ASF can be particularly important for reducing undernutrition among vulnerable groups in
resource-poor settings. Infants, young children, and adolescents are undergoing periods of
physiological change and accelerated growth; pregnant and lactating women have higher
nutrient requirements due to foetal growth and milk production (38). As such, these groups
are particularly vulnerable to nutrient deficiencies and associated negative health
outcomes—such as anaemia, poor brain development, and poor growth—if key
micronutrients are insufficiently consumed (35,38). Obtaining adequate high-quality protein
and micronutrients from PSF can be particularly challenging for young children, who have
small stomachs, as fairly large volumes are typically required. Since ASF tend to be dense in



many nutrients, smaller amounts can be eaten to meet requirements. For example, about
50 g of chicken liver provides the recommended daily intake of iron, vitamin A, zinc, vitamin
Bi2, and folate from complementary foods for breastfeeding children ages 6-23 months
(54,55).

ASF are thus ideal complementary foods (i.e., foods to be provided in addition to
breastmilk beginning at six months of age) (56). Observational studies have found
significant associations between ASF consumption and reduced odds of child stunting (e.g.,
(57-59)), and some randomised controlled trials (RCTs) have demonstrated that ASF
consumption can improve micronutrient status, growth, and/or cognitive performance (60—
62).' Dietary studies have shown that even when optimising consumption of locally
available plant-source foods, it is very difficult to meet nutrient requirements for several
micronutrients (64). The evidence for the translation of additional consumption of ASF into
improved functional outcomes, however, is limited. Recent systematic reviews have not
reached clear conclusions about the effects of ASF on child growth or development (65-67);
more research is thus needed.

While ASF can help vulnerable populations obtain adequate nutrients, food is more than its
nutrients. Bioactive compounds—extra-nutritional chemicals found in both plants and
animals in small quantities—can also have beneficial health effects. Certain bioactive
compounds are unique to ASF, including conjugated linoleic acid (CLA), certain bioactive
peptides, and insulin-like growth factor 1 (IGF-1). CLA has been shown to prevent or reduce
risk of cancer, inflammation, cardiovascular disease, metabolic disease, and fat deposition
as well as increase muscle mass and improve immune response (68). Bioactive peptides
from ASF can influence the cardiovascular, digestive, endocrine, immune, and nervous
systems to lower cholesterol and blood pressure, improve mineral absorption and immune
responses, and reduce blood clots, genotoxic activity, and obesity (69). Finally, ASF have
been shown to increase IGF-1, which may improve growth in children (70) and reduce
cancer and death in the elderly (71).2 Of note, throughout this section we have considered
minimally processed ASF and PSF: processing can result in large changes in nutritional
value—discussed in more detail in the next section.

While ASF clearly have valuable nutritional properties, high consumption of certain ASF can
be harmful, particularly when processed or prepared in unhealthy ways, such as with
considerable amounts of sodium and preservatives and/or cooked at high temperatures,
well-done, smoked, or deep fried. High consumption of ASF can also be problematic for
certain age groups, like those in middle age, when increased IGF-1 may increase risk of
cancers and death (71). Moreover, individual components in certain ASF, including
saturated fat, cholesterol, trimethylamine N-oxide, heme iron, antibiotics, and hormones, as

t Another trial was unable to replicate this result (63), although this may have been because of the existing high consumption
of ASF and high burden of infection in the study population.
2 |GF-1's potential negative effects are discussed in the next section.
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well as additives like sodium and preservatives, have been implicated as contributing to
disease. In this section, we discuss these factors in detail.

Saturated fats exist in a variety of PSF and ASF, and evidence on their health impacts is
mixed. A 2015 Cochrane review on the topic (72) included 15 RCTs assessing the impact of
replacing saturated fats with carbohydrates, unsaturated fats, and/or protein on mortality
and cardiovascular morbidity. It found a slight reduction in a composite endpoint of
cardiovascular events but no difference on cardiovascular or all-cause mortality. However, a
re-analysis of the included studies using a different method found no significant reduction
in risk of combined cardiovascular events, a high risk of publication bias in the original
review, and significant heterogeneity of included studies (73).2 A 2010 meta-analysis of
RCTs found that replacing saturated fats with polyunsaturated fats resulted in reduced
cardiovascular events (74). However, this study included trials with substantial differences in
diets between treatment and control groups.4 A 2016 systematic review (75) that included
84 RCTs assessing the effects of lowering saturated fat intake on serum lipid and
lipoprotein concentrations provided evidence that replacing saturated fats with unsaturated
fats improves serum lipid and lipoprotein concentrations. However, it is unclear whether
these changes significantly lower cardiovascular morbidity or mortality, and the type of
saturated fat and food source are important (76,77), as well as the quality of the overall diet
(78). Several other systematic reviews and meta-analyses of RCTs and observational studies
(79-83), a large observational study of over 100,000 individuals (84,85), and some leading
experts (76) have not found evidence that saturated fat significantly increases risk of NCDs
or death, on average.

Cholesterol is only found in ASF. Similar to saturated fat, dietary cholesterol has historically
been implicated in disease, particularly cardiovascular disease, by raising plasma
cholesterol concentrations. However, dietary cholesterol from eggs has recently been
shown to not significantly elevate plasma cholesterol concentrations, aside from in a
minority of ‘hyper responders’ (86). More importantly, numerous umbrella reviews,
systematic reviews, and meta-analyses of observational studies suggest dietary cholesterol
does not increase risk of NCDs, including cardiovascular disease, in the general population
(87-91) and that foods high in cholesterol may slightly reduce risk of stroke (88,89,91) and
type 2 diabetes (91).

Trimethylamine-N-oxide (TMAQ) is abundant in fish and can be generated in the gut from
precursors, including choline (present in eggs) and carnitine (present in beef). Many studies
have found a correlation between high levels of TMAO and cardiovascular disease, but
whether or not foods that produce increased levels of TMAO increase risk of cardiovascular
disease is unclear (92,93). Evidence is mixed on whether consumption of eggs and meat

% For example, the Cochrane review included the 1966 Oslo Diet-Heart study, in which the treatment group, in addition to
replacing saturated fat with soybean oil, received a large dose (~5 g/day) of EPA/DHS from sardines canned in cod liver oil
and was advised to restrict sugar and refined carbohydrates. It also included the 2006 Women's Health Initiative study, in
which the treatment group, in addition to lowering total and saturated fat, increased intake of fruits and vegetables.

4 This included the 1996 Oslo Diet-Heart study as well as the Finnish Mental Hospital study, which was not an RCT—all
participants from one hospital were assigned to treatment, all from a second hospital to control; additionally, participants in
the control group were disproportionally exposed to a cardiotoxic drug, thioridazine.
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leads to meaningful increases in TMAO (92-96). However, fish increases TMAO levels about
50 times more than either eggs or beef (93,94), and the health benefits of fish, particularly
its cardioprotective attributes, are well established (53,97). For this reason, it is unlikely that
moderate consumption of ASF containing TMAO or its precursors significantly increases risk
of cardiovascular or other NCDs, but further research is required.

Heme iron, as discussed in the prior section, helps prevent iron deficiency. However,
studies have found high intakes to be associated with increased risk of NCDs and death
(98-101). While dietary reference intakes do not specify upper limits of heme iron,
populations that consume large amounts of red meat would likely benefit from reducing
intake and/or increasing consumption of PSF high in antioxidants and iron inhibitors,
including fruits, vegetables, whole grains, legumes, nuts, and seeds.

Harmful components in ASF can be introduced from particular methods of production and
processing. Many forms of ASF production use mass administration of antibiotics to animals
to proactively prevent and control disease and increase growth and production efficiency
(102). ASF production is responsible for over half of global antibiotic consumption, and
antibiotic use is increasing rapidly, especially in LMICs (102,103). Antibiotic use in ASF
production is directly linked with antibiotic resistance, which can increase morbidity and
death from infectious diseases (104). Endocrine disruptors make their way into ASF through
the food and water that animals consume, the environment in which they live, and
hormones used to promote growth (105). These endocrine disruptors interfere with humans'’
natural hormone functions, which can negatively impact reproduction, development, and

behaviour (105).

Processing, including preserving, salting, drying, smoking, and cooking, can improve or
reduce the nutrition of ASF (and PSF). Preservatives, including sodium, nitrites, and nitrates,
are often added to processed meats. High sodium intake, particularly in conjunction with
low potassium intake, can increase the risk of cardiovascular disease, stroke, and mortality,
especially in hypertensive, older, and black populations; low levels of sodium can also
increase risk of cardiovascular disease and death (77,106-108). Nitrates and nitrites in
processed meats have been associated with cancer, cardiovascular disease, and diabetes
(109-111), although the strength of the evidence has been challenged (112,113). When
meat is cooked at high temperatures, well-done, or smoked, it can produce heterocyclic
amines and polycyclic aromatic hydrocarbons, which may be carcinogenic and/or
mutagenetic in humans (114-116).

In summary, while individual components within certain ASF likely contribute to specific
diseases, the quality of the evidence for these associations is relatively weak — in part
because the type of ASF and the level of processing has not always been adequately taken
into consideration. High intakes of processed red meat are associated with increased risk
for chronic diseases, such as heart disease, stroke, diabetes, and cancer (23,117-119). The
evidence of health risk associated with intake of unprocessed or minimally processed red
meat is mixed, but intake beyond a small to moderate amount likely contributes to risk for
chronic diseases (23,113,117-119). There is little evidence of health risk associated with



unprocessed or minimally processed ASF other than red meat, such as poultry, fish, eggs,
or dairy (88,120-124). ASF consumption is currently not considered a primary contributor to
the diet-driven disease burden in LMICs, at least in part because of low levels of
consumption, particularly of highly processed varieties (12). Increased consumption of
certain ASF, such as fatty fish that is rich in protein, micronutrients, and omega-3 fats, may
reduce undernutrition and risk of chronic diseases simultaneously (125,126).

Finally, the quality of the overall diet is most important. For example, low intake of
beneficial minimally processed PSF like fruits and vegetables or high intake of harmful PSF
like sugar-sweetened beverages, fast foods, and highly processed snack foods containing
trans-fat, refined flours, sugars, and oils can be highly detrimental, regardless of the amount
of ASF consumed (12,77,127-131).

ENVIRONMENTAL IMPACTS OF ASF PRODUCTIONS

About 83% of the animal-source protein consumed worldwide comes from livestock (i.e.,
land-based animals), with the remainder from fish and seafood (via aquaculture and capture
fisheries; 2015 estimate, (132)). ASF can be produced using a range of practices, including
those that are regenerative and sustainable (133,134). However, the majority of current
practices of ASF production globally are largely unsustainable and contributing to climate
change and environmental damage (135-138). Livestock production and aquaculture use
land, biomass, and water resources and can result in excess emission of GHG such as CO,
(carbon dioxide), CH4 (methane), and N,O (nitrous oxide) as well as other soil and water
pollutants (138,139).

Livestock use approximately 30-40% of global land (about 80% of agricultural land
(136,140)), with a portion of this being in mixed crop-livestock systems (135,140-142).
However, much of this land use is not in competition with food crops, as grazing can occur
on lands unsuited to crop production (141,143). Only about 43% of the land used for feed
production could be re-allocated to direct production of human food (i.e., as cropland)
(141). However, land use conversion for grazing land or feed crops is a major concern in
some areas; for example, it is estimated to have caused most Amazon deforestation (144).
Grazing land is projected to increase slightly by 2050, with estimates ranging from -5-25%
above 2009 levels, depending on assumptions about production levels and practices (145).
This is in addition to cropland expansion for feed crops. Feed production uses about half of
agricultural land (141), and the demand for feed is expected to grow by 6-17% from 2010
to 2025 (141). Such land use change generally has negative implications for biodiversity,
carbon sequestration, and other ecosystem services. Livestock can also negatively affect
biodiversity through over-grazing, spreading disease, competition with wildlife, water
pollution, and competition between feed crops and native plants (146), but the relationship

® Livestock also play roles in the transmission of disease, environmental enteric dysfunction, and the rise of antibiotic
resistance, and animal welfare is an important concem in animal production. However, these issues are beyond the scope of
this paper.
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between biodiversity and livestock is highly complex and context-specific (140). Indeed,
every ecosystem on earth includes plants and animals, many living in stable, symbiotic
relationships. Capture fisheries and aquaculture (through the use of wild-caught fish as
feed) can also have negative impacts on aquatic biodiversity (147), and aquaculture has
resulted in considerable loss of global mangroves, an important ecosystem for carbon
sequestration (147).

Livestock also use about 8-10% of global fresh water (136,140) (about a third of the total
fresh water used for agriculture (148)), with the vast majority (98%) of this being used for
feed production (23,136,149). Indeed, feed production from croplands consumes 37% of
the total water for crop production (150). Unlike GHG, the location of land and water use
matters: competition between livestock, crops, and humans for water and land can
sometimes entail trade-offs, particularly in arid water-stressed areas (146,151), which are
projected to increase substantially in coming years (152).

Livestock contribute approximately 15% of global anthropogenic GHG emissions (23), with
estimates varying depending on source, methods, and assumptions (135-137,153-156) and
some researchers disputing that the figure is this high (157). Aquaculture (including feed)
and fishing vessels contribute about 2% and 1% of global GHG emissions, respectively
(147). Feed production is the main process driving emissions for livestock, accounting for
45% of global livestock emissions (154). Livestock in LMICs contribute 50-65% of total
livestock emissions (150). Exact breakdowns by type are also disputed and geographically
varied, but the largest contributor is likely CHa (primarily from ruminants’ enteric
fermentation?), followed by N,O (from manure and slurry), and CO (from land use and land
use change, with smaller amounts contributed by transport and fuel use) (135,136,140).

Each of these GHG differs somewhat in its impact on global warming.’

Unsustainable agricultural production (including of livestock and feed crops as well as food
crops) also plays a key role in disrupting the natural nitrogen and phosphorus cycles, with
negative environmental consequences (24). When excess amounts of nitrogen and
phosphorus are released into an ecosystem, they can lead to acidification and
eutrophication, harming local plant and animal species.® Among livestock, the risk of this is
highest for pork and beef production (137). The leaching of livestock manure can also
contaminate water sources with pathogens and toxins, including antibiotic residues
(140,160).

® Ruminants use microbial fermentation in the rumen, a digestive organ, to convert fibrous plants like hay into soluble
nutrients; CHa is produced as a by-product.

" While the bulk of GHG in the atmosphere is COz, CHa is a very potent GHG, with a warming potential 28-36 times that of
CO2; N20 has a warming potential 265-298 times that of CO2 (158). CHa and N2O, however, dissipate relatively quickly in the
atmosphere, making the rate of emissions more important than the cumulative level of emissions—in contrast to CO2 (23). This
also means that reductions in these gases can have a very efficient impact on reducing GHG in the atmosphere. Emissions
from multiple gases are often converted into a single number, the CO2 equivalent (CO2eq) for easy comparison, though it has
been argued that such methods overestimate the effects of CHa, N2O, and other shorter-lived GHG (159).

8 Acidification results from emission of various chemicals from fertiliser, manure, and fuel; excess acidification makes it difficult
for plants to assimilate nutrients, decreasing growth. Eutrophication refers to the increase of nutrients (e.g., phosphate,
nitrogen, oxides, ammonia) entering an ecosystem and can have substantial environmental impacts (e.g., algal blooms,
aquatic dead zones) (138).
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At the same time, livestock also play an important role in supplying nutrients: it is estimated
that manure accounts for 14% of nitrogen, 25% of phosphorus, and 20% of potassium in
soils (161). Where fertiliser use is very low (e.g., SSA), livestock can be the only source of
key soil nutrients (162,163). However, efficiency of such nutrient cycling is generally lower in
LMICs than in HICs (150). Cattle contribute about 60% of these nutrients, with pigs and
chicken each contributing about 9-10% (146). Livestock can also increase biodiversity if
grazing is properly managed and play an essential role in ecosystems that lack native
herbivores (164). Rangelands sequester considerable amounts of soil carbon and can help
improve ecosystem water productivity (140,146). Livestock can thus be an integral part of
agricultural ecosystems.

VARIATION IN IMPACTS BY TYPE OF PRODUCTION

The way in which livestock are raised (see Box 1) has considerable implications for their
impact on the environment. A large portion of livestock’s environmental footprint stems
from feed production, and feed needs differ by production system, animal, and
agroecosystem. Intensive systems rely more heavily on grain or legume feed (edible to
humans), whereas extensive systems use grass, crop residues, or scavenged plants (non-
edible to humans). While grain/legume feed requires more inputs to produce, this can
come with important productivity trade-offs. For example, ruminants in many LMICs are fed
predominantly using grass and stover (grain crop residues), requiring little additional
resource input; however, they are also less productive and emit more CHs per animal, partly
due to this poor-quality feed (165). In terms of animals, beef cattle tend to require more

BOX 1: PRODUCTION SYSTEMS

Globally, animals are raised under a diverse range of systems, which can be grouped into
pastoral/agropastoral, mixed crop-livestock systems (extensive or intensive, in terms of their
resource input), and industrialised systems (166,167). Pastoral systems rely on grazing
(consumption of rangeland/pastures), mixed systems incorporate crops as inputs for livestock
and livestock residue as inputs for crops, and industrial systems produce little or none of their
own feed (166). Industrial systems are predominant in HICs, produce about 40% of global
production (76-79% of total production of pork, chicken, and eggs), and are expected to grow
in LMICs in the future (21,22,165). Pastoral (grazing) systems supply only a small amount of
global meat production (146,165), but use about 23% and 30% of land in OECD and low-
income countries, respectively (168). Mixed systems provide about 70% of ruminant meat and
almost 90% of milk, as well as half of global cereals (140,150). Mixed systems are of particular
importance for food security and livelihoods in LMICs, as it is estimated that over 60% of the
rural population lives in such systems (146). Fish and seafood can be obtained either through
wild capture (fisheries) or aquaculture, where fish and seafood are raised for consumption.
About 47% of fish and seafood currently comes from aquaculture, and this is expected to rise
(169). However, aquaculture is highly spatially concentrated, with 90% of production in Asia
and less than 1% in SSA (132).
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feed per unit produced than dairy cattle or pigs, and poultry are the most efficient
terrestrial feed converter (140,165). Part of this difference is unmodifiable, as it is shaped by
the comparatively low reproductive and growth rates of ruminants: large amounts of food
go to maintenance of the animal, as opposed to its growth or reproduction (136).

Overall, about 32% of grain production is used as feed (141), with most of this (78%) fed to
intensively raised pigs and poultry in middle- and high-income countries (141,165).
However, ruminants in most systems (aside from industrial feedlots) eat mostly feed that is
not edible to humans and does not compete with cropland (141). Only about 14% of
animals’ feed is digestible by humans (141), and feed production also uses large amounts of
agro-industrial by-products that could otherwise be waste (170).

In terms of animals, beef cattle typically use larger areas of land than dairy cattle, followed
by pigs and poultry (137). While sheep and goats can be raised on particularly marginal
land unsuited for other types of agriculture, they are often responsible for considerable
degradation of vegetation and soil (136,140). Cropland use per unit output is similar across
mixed ruminant and pork/poultry systems, but cropland use for intensively raised ruminants
is considerably higher, due to low feed conversion rates (136).

GHG emissions vary considerably by type of ASF. In general, monogastrics (e.g., pigs,
poultry) are more GHG-efficient than ruminants, and milk, white meat, and eggs are more
GHGe-efficient than ruminant meat (140,150). The emissions intensity of ruminant milk is well
below that of meat (12-140 versus 58-1,000+ kg COzeqg/kg edible animal protein), though
this difference shrinks with higher-quality ruminant diets; pork production is much lower, at
about 24 kg CO.eqg/kg protein, and poultry meat and eggs are lower still, at 3.7 kg
COzeqg/kg protein (165). This is largely due to feed- and land-use efficiencies: beef
production can use up to five times the amount of feed per unit of animal protein as dairy
(165), leading to large impacts on land use.” The emissions profile also differs: for
monogastrics, feed production is the main contributor to emissions under current
production methods, followed by manure; they contribute primarily N2O and COs. For
ruminants, enteric fermentation is the main source of GHG, in the form of CH4; feed
production methods and manure also contribute significant amounts of N2O (171). As a
result of these differences, cattle account for 77% of non-CO, GHG emissions (165).

This difference across animals is also partly driven by the high level of industrialisation of
the pig and poultry sectors compared to that of ruminants (165). There is considerable
heterogeneity in GHG-emissions intensity across livestock systems and across countries,
with HICs and those production systems that use higher-quality feed (e.g., industrial
monogastric systems) generally having lower emissions intensities (165). GHGs in extensive
systems mostly stem from land use and land use change, land degradation, and enteric
fermentation; in intensive systems, manure is a main source, with CO; emissions from
energy and input use also playing a role (140). Water use also differs by production
system/animal, with extensive systems requiring more water for livestock themselves and
intensive systems requiring water for cooling and cleaning; on balance, intensive systems

® The results of such comparisons would change somewhat if based on other nutrients, such as iron or calcium.
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tend to be more consumptive than extensive systems (140). Both intensive and extensive
systems contribute water pollutants, with this being more concentrated in intensive systems
due to greater livestock density (140). Intensive systems also result in greater soil nutrient
depletion, as nutrients in animal waste do not return to the animals’ supporting land base
(140). In terms of animals, beef farming uses about three times the water per unit of meat as
chicken (23).

Taken together, beef production uses the most land and energy and emits the most GHG,
followed by pork, poultry, eggs, and milk; these differences are largely driven by differing
feed efficiencies, CHs emissions, and reproductive rates (137). Beef production is also
responsible for more ecosystem acidification and eutrophication. On balance, industrial
poultry production is likely the most efficient major form of livestock production (excluding
fish); traditional poultry production has a low environmental impact (140), but this may not
compensate for its low productivity. Extensive systems are more likely to lead to land use
change and degradation (but can also sequester GHG), whereas intensive systems tend to
use more nutrients and water and result in higher levels of soil and water pollution
(136,140). Overall, shifting from traditional mixed and extensive systems to more intensive
systems probably improves land-use efficiency and reduces methane emissions from
ruminants but increases emissions from manure, water pollution, and energy consumption
and may harm biodiversity (140); changes in animal welfare may also result."

The environmental impacts of capture fisheries and aquaculture vary significantly across
context, species, and production/harvesting practice (169). Overall, energy use per unit
protein production of fish is comparable to that of chicken and less than other livestock
systems (e.g., pork, beef) (172). Fish tend to have a feed conversion ratio much lower than
that of livestock, as most do not need to divert energy to maintain body temperature (173).
Fisheries’ GHG emissions come primarily from CO; from ships’ diesel use, with higher
emissions intensities for trawling fisheries (138), which also have detrimental impacts on
biodiversity. For aquaculture, feed production is the main source of GHG emissions and
resource use (171). Fish feeds include both ASF (e.g., poultry-derived products, fishmeal)
and grains, meaning fish farms are responsible for negative impacts through the same
processes as crop and livestock production. By species, aquaculture GHG emissions are
lower for molluscs and higher in production of finfish (e.g., salmon) and crustaceans, which
relies on not only intensive feed but also aeration and water pumping to provide oxygen
and disperse waste (147). Carnivorous fish (e.g., salmon, cod) tend to have higher emissions
intensities due to their need for marine-based feed (171). Aquaculture also uses small
amounts of land and water and can emit CHa, pollute water, or result in habitat destruction
(147,172). While capture fisheries have lower environmental impacts than aquaculture on
many fronts, they put pressure on wild fish stocks—over 30% of which worldwide are
already overfished—and associated ecosystems (147,174).

10 A recent meta-analysis found that compared to conventional systems, organic systems use less energy but more land and
have a higher potential for eutrophication, with no difference for GHG emissions or acidification potential (138).

14



GAPS IN EXISTING KNOWLEDGE

Whereas the amount of information available on the environmental impacts of livestock has
grown massively over the past 15 years, with over 170 environmental impact assessments of
livestock published (175), there remain gaps in information about production efficiencies,
water use by source, environmental footprint, biodiversity impact, effects of processing, and
economic and ecological opportunity costs in specific sites (136), particularly in the varied
agroecosystems of LMICs. Reviews have shown that the vast majority of environmental life-
cycle analyses for food products come from HICs, with only 0.4% from Africa (138); for
foods as a whole, only 4% and 1% of 1,718 environmental impact estimates come from
South America and Africa, respectively (176). Studies often focus on single dimensions of
impact (e.g., GHG emissions), making it difficult to comprehensively assess a particular
livestock system’s environmental impact (136,137)—and to balance that against its nutrition
benefits. Studies that compare across foods also rarely include fish/seafood, a promising
food group from a nutritional perspective (177), for which information on environmental
impacts is incomplete (169).

OPPORTUNITIES FOR REDUCING ASF’'S ENVIRONMENTAL IMPACT

Numerous options exist for reducing the environmental footprint of livestock production,
though differing approaches will be needed across heterogenous production and
consumption systems, in alignment with local ecosystems, policies, and livelihoods.

One of the most promising ways to reduce GHG emissions from livestock, particularly in
LMICs, is through increased productivity (178), allowing smaller numbers of animals to be
raised. As shown in Fig. 3, livestock productivity in LMICs is well below that in HICs; it has
also barely grown in recent decades (179). With some variation by agro-ecosystem, there is
a well-defined inverse relationship between efficiency of production and GHG emissions
intensity: low-productivity animals consume resources at a higher rate per unit yield than
high-productivity animals (140,180). Indeed, SSA is the region with the greatest livestock
emissions intensity, largely driven by low productivity arising from poor-quality and scarce
feed and low-potential animals (165). In HICs, improved practices (as well as temperate
conditions making for higher-quality feed) enable considerably lower emissions intensity.
For example, per-unit emissions from bovine meat (in kg COzeq/kg milk) in SSA are about
two orders of magnitude larger than those in most HICs (165)— with large differences also
seen in milk yield. Increasing productivity could thus allow for a reduction in GHG emissions
without reducing production quantity (146,181), though such improvements have limits
(178).
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Figure 3. (a - top) Average yield of milk per milk-bearing animal and (b - bottom) eggs per bird; all data are in kilograms per
animal per year, based on 2014 UN FAO data. Graphs reproduced from ‘Our World in Data’; permission not required.

Productivity increases could come from improved breeds (21,153,182), improved veterinary
care and disease prevention (136), better animal husbandry practices (153,170), or
improved pasture management (e.g., rotation, improved pasture species) (146,182). Higher-
quality feed is a particularly promising approach, as many LMIC livestock are
undernourished (21). Feed is a key determinant of resource use, and feed-use efficiencies in
LMICs are well below those in HICs (136,153,165,181). Diet quality is also a determinant of
ruminants’ CHs output and influences N2O emissions from manure (183). Improvements in
animal diets could thus increase productivity—and perhaps ASF affordability (179)—while
lowering emissions intensities (184). Shifts in production system (e.g., from grazing to
intensive mixed) could achieve higher efficiency but would need to be carefully managed in
terms of waste production, antibiotic use, animal welfare, and zoonotic disease
(21,150,153,165). There could also be some risk of increased productivity driving more
negative impacts on other facets of resource use and environmental impact, aside from
GHG emissions.

Beyond increasing productivity, different techniques for rangeland management can
significantly reduce water use in such systems (185); techniques also exist for better
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managing water productivity in mixed systems (149). Deforestation could be reduced
through intensification, improved productivity, and regulatory changes to avoid conversion
of land for animal use; improved grazing management or silvopastoral systems (i.e.,
integrating trees, forage, and grazing) could increase biodiversity and soil quality and
reduce water loss (140). In feed-based systems, reductions in the environmental footprint of
feed production (e.g., through more efficient use of water and nutrients) could reduce that
of the associated livestock, as well (140).

GHG emissions, nutrient loss, and water pollution could also be reduced through improved
manure management and closer locating of livestock production near crop production or in
more integrated systems in HICs—which could also help reduce GHG emissions from crop
production, if manure replaced some mineral fertilisers (140,150,153,186). Anaerobic
digestion of manure to produce biogas could reduce GHG emissions from both manure
and energy use (181,187). Reducing waste along food value chains (which currently
represents about one third of global food production) could have a large impact on
emissions reductions across the food system, including for ASF (171), and diversion of food
waste to livestock could help reduce overall food system GHG emissions (188)."" Improving
the use of non-flesh parts of livestock (e.g., as food, or in beauty/pharmaceutical products)
could help reduce economy-wide environmental impacts (189).

Another option is to shift between types of ASF, to those which use resources more
efficiently. Shifts from ruminants to monogastrics could help increase efficiency and reduce
CH. emissions—e.g., replacing expected growth in beef production with equivalent growth
in poultry production could reduce environmental impacts by 5-13% (24). However, it could
also increase demand for feed grains (and thus CO; production from land use changes and
N>O from manure management (146)) and reduce availability of dietary iron and zinc, which
would need to be compensated for (e.g., with fortification or biofortification).

In the case of capture fisheries, emissions reductions of 10-30% could be attained through
changes to vessels and engines, fishing gear, and/or speed (147). Additional work to
prevent overfishing could also help, as emissions from fishing of overfished stocks are
higher due to the need to cover larger areas (172). In aquaculture, large variations in
emissions intensity across systems suggest considerable opportunities for improving their
environmental performance (173). GHG emissions intensities could be reduced by an
estimated 21% per tonne through feed changes, improved technologies, applying best
practices, and use of renewable energy (147); development of novel feed ingredients and
integrated aquatic polycultures are also promising (190).

There are also opportunities for sequestration of GHG in soil through livestock systems,
particularly for degraded rangelands in LMICs (191). However, the extent of these benefits
has been disputed and shown to vary widely by location (192-194). Overall, comprehensive
mitigation packages are estimated to be able to reduce livestock emissions intensity by 14—

" Food produced and not eaten is responsible for the emission of 3.3 Gtonnes of COzeq {the third-highest global emitter,
after the US and China), uses 250 km?® of surface water (three times Lake Geneva), and occupies about 1.4 billion hectares
(nearly 30% of the world’s agricultural land) (171).
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41% (154,181), with considerable variation across system, species, and region. Mitigation
potential within the sector is estimated to be lower than in other agriculture sectors (153);
for example, under optimistic assumptions, mitigation potential in tropical livestock systems
amounts to about 7% of agricultural mitigation potential (182).

These options can be used to reduce the environmental footprint of ASF production in
LMICs, but none are ‘quick fixes' and would inevitably contend with barriers to
implementation, such as poor access to information, extension, and credit as well as policy
and institutional challenges; change would need to happen in tandem with adaptation to
ongoing climate change (195,196). Adoption rates for agricultural technologies can be
around 1% a year (182). As such, realistic estimates for resource-use reduction through
improved practices tend to be well below theoretically possible reductions (136). Gender
and equity concerns also need to be kept in mind when weighing options: livestock
intensification, for example, would likely place a large burden on LMIC women (who may
not be compensated for this time), whereas livestock commercialisation could lessen their
control over livestock and associated products (150).

In addition to existing technologies, there is considerable potential for innovation in
livestock production systems—such as developing new low-input feeds, including from
insects (21) or seaweed—and in the efficient use of livestock products—such as by ensuring
full use of offal meats, which are often denser in vitamins and minerals than muscle meat
but widely underused, particularly in HICs (197). Aquaculture, as a relatively new field that
has potential to produce a highly nutritious product, is particularly promising as a focus for
innovation (190). There is also the possibility of creating lab-grown meat (21). However, it is
likely that some reduction in ASF demand in HICs will be needed: the Intergovernmental
Panel on Climate Change estimates the potential to reduce GHG emissions from livestock
through consumption changes to be much greater than that of technical changes on the
supply side (139,153). Options for such consumption changes are discussed below.

Animal production is a source of not only food but also income. Livestock production
directly supports an estimated 1 billion low-income smallholders in LMICs, including over
80% of low-income Africans (140), with particular importance in some of the world’s poorest
regions, such as the Sahel and Horn of Africa. Livestock value chains more broadly employ
at least 1.3 billion people globally (146). An estimated 117 million people are engaged in
fisheries and aquaculture, including postharvest jobs (198); whereas capture fisheries are
fairly widespread across coastal nations, aquaculture as a livelihood has tended to be
concentrated in a handful of countries (132). At a macro level, livestock (a comparatively
high-value product) is responsible for 17-47% of the agricultural value of production in
LMIC regions (150), and growth in livestock production has been shown to drive GDP
growth (199) and have high potential for poverty reduction (200,201). At the household
level, livestock contribute income to 68% of LMIC households, are responsible for about
one third of income from mixed cropping systems, and in some settings make the greatest
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percentage contribution to income for the poorest households (140). This income is
essential for food security and nutrition in these households.

Livestock, particularly small ruminants and poultry, can be particularly important for women,
as they represent an asset that is easier to acquire than land or other physical or financial
assets (202,203); women also tend to be highly active in the processing and sale of livestock
products (150). Livestock, particularly sheep and goats, also can be raised on marginal lands
unsuited for crops (140). Such lands are expected to increase under climate change, making
livestock an important alternative to crop production in highly climate-exposed regions
(143). Capture fisheries can similarly offer the main income-earning option in coastal and
island nations ill-suited to agriculture.

While detailed breakdowns of livelihoods supported by type of livestock and type of system
are unavailable, the majority of lower-income households in LMICS are engaged in
extensive production within mixed farming systems (140,167,204). Poultry are by far the
most commonly kept livestock by number (205); small rural poultry flocks, in aggregate,
account for 60-90% of the poultry population in many LMICs (206). Poultry rearing is
normally seen as but one (often small) component of diverse livelihoods, but the income it
contributes can be particularly important for poor households and women (206). Ruminants
may make larger contributions to household incomes, and ruminant pastoralism is a
particularly important livelihood to consider, as pastoralists are often among the poorest
populations living in the most marginal areas, with few other livelihood options (204). As
livestock value chains transition to rely more heavily on intensive production and formal
markets, smallholders can be marginalised and the number of lower-income people
supported by the associated livelihoods tends to be less (204). Such a transition is already
underway in some LMIC regions, particularly for poultry and pigs (165,167).

In addition to providing income, livestock (particularly ruminants) play multiple roles in
LMICs. In mixed crop-livestock systems, livestock manure is used to enrich soil, and
ruminants provide draught power for crop production, can improve soil structure, and
control insects and weeds (140,207). Livestock also provide non-food products, such as
wool, and their waste can be used as cooking fuel or building materials (140,170). Livestock
function as an asset, which can be sold if needed; they thus can help to buffer risk, smooth
household consumption, and increase resilience. Livestock can be sold to invest in small
businesses or other livelihoods (208) and, in some cases, be used as collateral for loans
(209). They—particularly larger livestock, such as cattle—may also play cultural roles (e.g.,
demonstrating social status, use in ceremonies or dowries) (21,150). Shifts in livestock
production would thus have profound implications for both livelihoods and cultures in
LMICs. This underlines the importance of increasing productivity, which would benéefit the
food supply, environment, and wellbeing of households.

Central to considering whether and how ASF production and consumption should change
to benefit people and planet is the question of equity. Equity has been integrated into
many global environmental policies, as in the concept of ‘common but differentiated
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responsibility’ of the 1992 United Nations Framework Convention on Climate Change. This
placed the onus for combatting climate change on industrialised nations, given that they
had produced the majority of prior GHG emissions and had the greatest capacity to adapt
(210). Additional principles of fairness and equity are also relevant: that the parties with the
most resources normally should contribute the most to a joint endeavour; that, if adequate
supplies of a key resource exist for everyone to have enough needed for a decent life, it is
unfair not to provide everyone with at least that adequate minimum; and that the most
vulnerable deserve special consideration in policy formulation (211,212).

The current situation of ASF consumption, environmental degradation, and malnutrition is
deeply inequitable. GHG emissions per capita are highest in HICs (Fig. 4a), where ASF
consumption is also highest—and levels of undernutrition are lowest (Figs. 1-2). Moreover,
the impacts of climate change will likely be felt most acutely by low-income residents of
LMICs (Fig. 4b) (212), exacerbating existing inequalities in wellbeing (213). The ability of
LMICs to both mitigate and adapt to climate change is further limited by their levels of
undernutrition—which is responsible for an estimated 11% of GDP being lost every year
(214). On the production side, hypothetical equal cross-country cuts in ASF production
could be disproportionately felt by low-income rural residents of LMICs, whose livelihoods
are more dependent on the sector (particularly for poultry and extensively raised
ruminants).’? LMICs, on balance, thus bear less responsibility for overall GHG emissions
(particularly when viewed historically (216,217)), they have lower capacity to adapt without
harming large numbers of livelihoods, and their citizens could in many cases benefit from
increasing their consumption of certain minimally processed ASF. Similar gradients exist
across low- and high-income groups within countries (albeit with considerable variability)
(218,219).

2 The livestock sector also supports livelihoods in HICs, but this role is much smaller. While figures specific to livestock are
unavailable, agriculture (including livestock) employs just 1-4% of the population in most OECD countries (215).
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Figure 4 — (a — top) GHG emissions per capita, measured in t CO2eq per year; Data are from Emission Database for Global
Atmosphere Research. (b — bottom) Projected economic impacts of climate change: projected change in GDP per capita growth
under a 20C increase in global mean surface temperature (compared to no additional warming). Data are from (220). Graphs
reproduced from ‘Our World in Data’; permission not required.

Viewing these facts through the lens of equity, it is clear that there can be no equitable one-
size-fits-all approach to increasing the environmental sustainability of the food system vis-a-
vis ASF. Instead, it suggests that HICs need to drastically change their ASF production and
consumption practices (and broader food systems) to give LMICs the opportunity to
increase ASF production and consumption, where appropriate, for the benefit of nutrition
and poverty alleviation. HICs and LMICs, meanwhile, must collaborate to boost productivity
and lower resource intensity of ASF production in LMICs for the benefit of the environment.
The relatively high levels of GHG emissions per capita from livestock in LMICs, despite low
levels of production (221), imply considerable potential gains to be made through this
route. Such an approach would be in line with definitions of sustainable diets and
sustainable livelihoods, which recognise the importance of equitably balancing
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environmental impacts against the needs of present and future human generations
(222,223).

For those environmental effects that are locally specific, such as water use, the picture is
more complicated: improvements in resource-use efficiency for the most nutritious ASF are
more urgent, and equity dictates the importance of carefully balancing the needs of
different local resource users (e.g., farmers, pastoralists) as well as those dependent on the
food they produce (e.g., urban dwellers).

Compared to ASF, PSF generally have significantly lower GHG emissions and land use (per
unit mass and/or per calorie), particularly for field-grown vegetables and fruit (138,176,224).
For ruminant meat, the difference is large, sometimes over a factor of 100 (138,224). Animal
products also tend to have larger per-unit water footprints than crop products, with some
difference by setting and type of water considered (148,150,225,226). Eutrophication (i.e.,
excess nutrients entering an ecosystem) and acidification potentials are also considerably
lower for most PSF than for ASF, though variations across systems are large (226). Of note,
most such comparisons are based on energy, protein, or mass, which do not account for
ASF'’s generally superior-quality protein, higher nutrient density and bioavailability, and
higher energy density when compared to PSF. Given the general gradient in environmental
impacts, however, a reduction in ASF consumption tends to be part of suggestions for
alternative dietary patterns with lower environmental impacts.

One of the most ambitious of these, the 2019 EAT-Lancet Commission, suggested a
'healthy reference diet’ that could keep the food system within boundaries for six earth-
systems processes (climate change, nitrogen and phosphorus cycling, freshwater use,
biodiversity loss, and land-systems change) (139). This diet included ASF as about 14% of
energy intake but allowed for ASF to be completely excluded from the diet (227). Indeed, a
review of 56 studies of environmentally friendly diets in HICs found that all recommended
lower ASF (particularly beef and pork) consumption as one way to reduce diets’
environmental impacts (228), and a review of 14 dietary patterns (again in HICs) found the
environmental footprint reduction to be proportional to the amount of ASF reduction (229).
Dietary scenarios with the lowest ASF consumption (vegetarian and vegan) tend to perform
best in terms of land use and GHG emissions (a 24-51% and 33-55% median reduction in
impact for vegetarian and vegan diets, respectively) (225,228,230-232), with water use
being lower for vegetarian—but not necessarily vegan—diets (224,225,228,230). Diets in
which ruminants are replaced with other ASF show smaller reductions (224), and diets in
which low-impact ASF (e.g., molluscs, insects) replace other ASF may be even lower-impact
than vegetarian diets (224). All such analyses depend on certain assumptions about what
substitutes for meat in vegan or vegetarian diets (i.e., minimally processed versus highly
processed PSF, levels of dairy products consumed) and how finely the study distinguishes
between different categories of meat; this is not always transparently communicated or
directly reflective of actual consumption patterns.
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Associational studies of low-environmental-impact diets and health outcomes, primarily
from HICs, have found mixed results. Semi-vegetarian, vegetarian, vegan, or pescatarian
diets are sometimes associated with significantly lower mortality and/or colorectal cancer
risk (229,233), and PSF consumption with lower risk of type 2 diabetes and heart disease
(234,235). However, other analyses show limited associations between diet and disease risk
(229). Modelling studies suggest that dietary shifts away from ASF could result in large
decreases in diet-related mortality and morbidity (139,232), though this also usually
includes the positive effect of increases in minimally processed PSF consumption
(particularly fruit and vegetables) and does not consider shifts solely away from the least
healthy ASF (i.e., processed red meats)."
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Figure 5. Relationship between percentage of energy from ASF and estimated prevalence of inadequate micronutrient availability,
based on analysis of national food balance sheets for 167 countries in 201 1. For all nufrients shown, Spearman correlation
coefficients were > 0.05 and p<0.0001. Micronutrient adequacy estimates from (36).

While revealing, there are some gaps in these studies. Many have focused on ASF as solely
a source of protein, ignoring the important micronutrients they provide; as a result,
suggested diets may be deficient in key nutrients, including iron, vitamin A, zinc, vitamin D,
vitamin Bz, calcium, and DHA (239,240). It is essential to look more broadly when
considering nutritional impacts, particularly in LMICs, given the large burdens of
micronutrient deficiency. This is confirmed through observational macro-level data, as
shown in Figure 5: as the percentage of energy from ASF in national food supplies
increases, micronutrient density and adequacy increase, with an average of 35% of energy
from ASF required to provide a nutritionally adequate diet for the population (Engle-Stone,
unpublished analysis based on (36)). While diets with no or minimal ASF can be nutritionally
adequate if well designed, few if any national food supplies are currently able to support
such diets for the majority of the population. Maintaining or shifting diets to be very low in
ASF yet sufficient in nutrients would require considerable production and behaviour change
that may be unrealistic for most countries.

2 From a solely nutritional perspective, the Dietary Approaches to Stop Hypertension (DASH) diet recommends an average of
30-35% of energy from ASF (236). Evolutionary diets (for > 99% of hominin past), which were highly nutrient dense and did
not contribute to chronic disease, consisted of between 30-70% of energy from ASFs (237,238).
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Second, comparisons often consider PSF as unprocessed or minimally processed crop
products; when transformed into highly processed easy-to-eat forms (e.g., meat
substitutes), the environmental footprint is likely higher and the nutritional and health
impacts potentially worse, though there is limited research available on this (241). Actual
effects of reductions in ASF consumption on health will depend on what substitutes for ASF
in the diet, be it minimally processed fruits, vegetables, legumes, and nuts, highly
processed snacks, fast foods, and sugar-sweetened beverages, or something in between.

Third, reference diets usually consider the average healthy adult, not those with special
nutritional needs (e.g., pregnant women, young children). Providing a special diet only for
these more vulnerable household members is challenging, however, as in many cultures all
household members eat the same meal, sometimes from the same plate. Finally, there has
been limited study of environmental impacts other than GHG emissions and land and water
use (229,242), and most work has focused on HICs (224,229). Greater geographic specificity
is important, as the effects of dietary shifts in terms of environmental impacts and nutritional
adequacy vary widely across countries (224,232).

This paper has aimed to, through a review of existing evidence, bring clarity and spark
discussion on the role of animal-source foods in supporting human and environmental
health and wellbeing. In so doing, we have summarised levels of ASF consumption around
the world, showing them to be comparatively low in many LMICs but fairly high in most
HICs. We have detailed the nutritional benefits of consuming low to moderate amounts of
minimally processed ASF, which tend to be rich in nutrients not found in (or found in lower-
quality forms in) PSF, noting that ASF can play a particularly important role in the diets of
young children prone to undernutrition. We have also discussed the negative health
consequences of high levels of consumption of processed red meat and, with less certainty,
unprocessed red meat, while noting that the overall diet is more important than individual
foods and that similar consequences can be seen for high levels of consumption of heavily
processed PSF. We then delved into environmental aspects of ASF, showing them to
generally have higher impacts than PSF in terms of GHG emissions, water and land use,
biodiversity loss, and soil and water pollution; while there is considerable variation by type
of ASF, production system, and context, ruminants tend to have the highest associated
environmental impact. We noted several opportunities for reducing these impacts through
changes in production approaches—with the caveat that these can only go so far. Finally,
we emphasised the important role of ASF production in livelihoods and lifestyles in LMICs
and argued that equity concerns within and among countries must be considered when
discussing potential changes to production or consumption.

We acknowledge some weaknesses to our analysis. Examining these issues at a global
scale, we left out considerable nuance in how they manifest locally, particularly for the
environmental topics. We were reliant on synthesising pre-existing research, which used
different definitions and data sources and thus was not always directly comparable.
Reflecting existing research, our discussion of environmental impacts provided limited
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detail on biodiversity, soil and water pollution, or soil health. Moreover, while important,
animal rights and welfare were not discussed, nor were issues related to preferences and
food cultures.

At the end of this exploration, we can say with certainty that the issue of ASF consumption
is complex, cutting across domains of nutrition and health, environment, livelihoods, and
equity, and manifests differently in different settings (and for different individuals). The
issues defy easy answers. Figure 6, below, summarises (with numerous simplifications and
generalisations, and based on our own reading of the literature) this complexity. While we
recognise numerous gaps, contestations, and oversimplifications in this figure, we include it
because it forces us to see health, environmental, and livelihood outcomes as inextricably
linked and non-separable within this debate. Moreover, it shows the vast amount of
information needed to make definitive, sound policy decisions about food production and
consumption; this should sober us to avoid making simplistic statements about ASF.

With these principles in mind, there are some conclusions that can be drawn. First, reducing
the environmental footprint of food production whilst shrinking global burdens of ill health,
undernutrition, and poverty cannot be done via a one-size-fits-all approach. Context
matters. Most of the cells shown in Figure 6 (especially those on environmental and
livelihood outcomes) will vary by context; when considering the policy or programmatic
approach relevant in a given setting, a completed matrix like Fig. 6 (or similar) is needed to
guide decisions. In particular, there is a need to consider LMICs explicitly, given the
different place of animals in livelihoods and lifestyles and differences in nutrition and health
issues—as well as differential responsibilities and capacities when it comes to climate
change mitigation and adaptation.
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With that in mind, most people in most HICs could reduce consumption of many ASF
(particularly red and processed meat and dairy) with no harm to their health (and likely some
benefits), were it replaced with minimally processed nutritious PSF. Were this done at scale,
there would be large potential benefits for the planet. Indeed, the potential for reducing the
environmental impact of the food system through consumption shifts is often largest in HICs;
in the United States, for example, the removal of ASF from diets would reduce food-related
emissions by 61-73% (226). HICs also have the greatest capacity to reduce consumption,
given current high levels and that these countries could more readily bear the costs of such a
transition, thanks to greater wealth and a smaller proportion of the population being
employed in the ASF-production sector. Empowered consumers in many HICs can also seek
to purchase sustainably produced ASF with lower environmental impacts.

The same is not true in most LMICs. Given the growing double burden of malnutrition (5),
many wealthy and middle-income populations in LMICs may benefit from the same
reductions in ASF consumption as HIC populations. Among lower-income consumers in
LMICs, however, diets still tend to be highly dependent on staple foods (e.g., wheat, rice, or
maize). For these people, moderately increasing consumption of un- or minimally processed
ASF (in addition to consumption of minimally processed PSF, particularly nutrient-dense
fruits, vegetables, and nuts/legumes) is a promising route to reducing malnutrition. Indeed,
intakes of many ASF in SSA and South Asia fall far short of recommendations, even those
given by ‘environmentally friendly” diets recommending low ASF intake (139). Increasing
minimally processed ASF consumption in these countries to meet recommended intakes
would improve the nutritional adequacy of population diets and have large benefits for
wellbeing. This is particularly true for nutritionally vulnerable groups, including children,
adolescents, and pregnant and lactating women, for whom such ASF (and the bioavailable
micronutrients they contain) can be especially important. It is also particularly true for certain
types of ASF—such as many fish, the consumption of which may reduce both undernutrition
and risk of diet-related NCDs.

However, increasing consumption of ASF (particularly ruminant meat and pork) in LMICs is
likely to increase the environmental footprint of the food system (170,224) unless
accompanied by improvements in productivity and/or production practices. This could be
enabled by concomitant reductions in ASF consumption in HICs (particularly in ruminant meat
in North America and Europe). However, since production in HICs is more efficient, such a
trade-off could not be one-to-one unless ASF production in LMICs were comparable to that
in HICs in efficiency or environmental impact. Increases in livestock productivity and lower
emissions intensities (including, perhaps, greater GHG sequestration) within the livestock and
fisheries sectors in LMICs are thus essential; such changes could have benefits for livelihoods,
nutrition, and the environment.

Second, as noted throughout this paper, it is essential to recognise the diversity of ASF (and
PSF) in terms of both environmental impacts and contribution to nutrition and health. In
doing so, we should avoid binary distinctions and instead choose ASF and PSF to prioritise
and deprioritise smartly, based on what they add to diet and their environmental footprint.

Third, a holistic view of sustainable diets must include a strong equity lens, with particular
consideration for the needs of the most vulnerable within and across countries. In doing so,
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there is a need to balance human and environmental health with economic growth and
livelihoods (150). Livestock and fisheries in many LMICs make large contributions to
livelihoods and income growth potential, particularly for those living in marginal areas with
limited options for agriculture and for the landless. Any consideration of restructuring the
food system to reduce its environmental impacts must consider the implications for
livelihoods and incomes. From a perspective of procedural (as opposed to distributive) justice
(212), there also should be additional involvement of LMIC citizens, across sub-national
groups, in research and decision-making related to food systems transformations.

Finally, across all of these topics, we have noted numerous areas of uncertainty and scientific
debate. There is thus a critical need for more research—particularly in LMICs and that jointly
examines all these issues, rather than viewing them in isolation. We are far from being able to
fill in all the cells in Fig. 6 for each country (and even farther for sub-national regions). Doing
so in a way that can inform policy debates should be an overarching aim of food systems
research going forward. With the strength of this science to guide us, we can ensure a civil,
respectful discourse on the topic of animal-source foods, grounded in evidence as opposed
to ideology. Doing so is crucial, given the critical importance of the issues surrounding ASF
for the health and wellbeing of both people and planet.
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