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Glossary

Animal sentience

Sometimes refers to the animal’s capacity for any
type of subjective experience, and sometimes to
the capacity to have subjective experiences with a
positive or negative valence, such as pain or plea-
sure (Browning and Birch 2022).

Animal source foods

Products sourced from animals. In this report, the
term is used to refer to foods derived from animals,
such as beef, pork, mutton, poultry, and dairy.

Antimicrobial resistance

A global public health issue characterized by the
ineffectiveness of antibiotic, antiviral, antiparasitic
and antifungal treatments stemming from inap-
propriate use of antimicrobials, often as a result
of chemical and biological pollution from the
pharmaceuticals, agriculture and healthcare sec-
tors and municipal waste (UNEP 2023).

Biomass fermentation

The process of using microorganisms to make
protein-rich food, where the microorganisms pro-
duced are themselves the primary ingredient.

Biopsy
Technique to collect tissue samples from living
donor animals (Melzener et al. 2020).

Cell lines
Populations of cells that can be maintained for an
extended period.

Cultivated meat

Meat produced directly from animal cells. This is
done by extracting cells from a living animal and
growing them in bioreactors. Cells can be differ-
entiated into muscle, fat and other cell types to
create products that have the same or similar
three-dimensional structure, nutrition profile and
organoleptic properties as conventional meat.

Culture media

Contains the nutrients and growth factors needed
to cultivate cells outside an animal’s body and
culture the muscle, fat and connective tissue cells
(O'Neill et al. 2020).

Enteric fermentation

A natural part of the digestive process in ruminant
animals such as cattle, sheep, goats and buffalo.
Microbes in the digestive tract, or rumen, decom-
pose and ferment food, producing methane as a
by-product (CCAC 2023).

Feed conversion ratio

A key characteristic describing requirements of
crops per unit of end product; describes the effi-
ciency of turning feed crops into animal meat
products (Sinke et al. 2023).

Fermentation-derived products

Foods produced using biomass or precision fer-
mentation. Biomass fermentation is the process
of using microorganisms to make protein-rich
food, where the microorganisms produced are
themselves the primary ingredient. Precision
fermentation uses microorganisms to produce
specific functional ingredients, including proteins,
vitamins and flavour molecules. These can be
used in novel plant-based food to improve taste or
texture, and in cultivated meat to enable more effi-
cient growth (Figure 3.3).

Heme protein

Iron-containing proteins, such as leghemoglobin
and myoglobin, which give plant-based meats a
taste and aroma similar to that of conventional
meat.

Just transition

Emphasizes that large socio-economic shifts
including in response to climate change should be
planned and implemented in a way that is socially
fair. Its principles encourage governments to work
with stakeholders to design policies that will help
to minimize disruptions and maximize benefits for
stakeholders affected by transition.

Macronutrient

Nutrients that provide calories or energy and are
required in large amounts to maintain body func-
tions and carry out the activities of daily life. There
are three broad classes of macronutrient: pro-
teins, carbohydrates and fats (WHO 2023a).

Micronutrient

Vitamins and minerals needed by the body in very
small amounts. However, their impact on a body’s
health is critical, and deficiency in any of them

can cause severe and even life-threatening condi-
tions. They perform a range of functions, including
enabling the body to produce enzymes, hormones
and other substances needed for normal growth
and development (WHO 2023b).

Mycoprotein
A fungal-derived protein source with a fibrous
structure (Ahmad et al. 2022).

Non-communicable disease

Noncommunicable diseases (NCDs), also known
as chronic diseases, are not transmissible directly
from one person to another. NCDs tend to be of
long duration and are the result of a combina-
tion of genetic, physiological, environmental and
behavioural factors (World Health Organization
[WHO] 2023).

Novel animal source food alternatives

Products with an appearance, taste, smell and
texture similar to or even indistinguishable from
conventional ASF, produced through new scientific
approaches.

Novel plant-based foods

These products aim to replicate the sensory expe-
rience of animal products by combining plant
protein (typically from soy or pea) with fats, vita-
mins, minerals and water (Figure 3.1).

Organoleptic experience
Sensory properties like flavour, aroma, texture,
bite, moisture, mouthfeel, appearance and colour.

Foodways
The eating habits and culinary practices of a
people, region, or historical period.

Functional diversity

An important component of biodiversity that char-
acterizes the variability of functional traits within
a community, landscape or even large spatial
scales. It can influence ecosystem processes and
stability (Ma et al. 2019).

Species richness

Represents a measure of the variety of species
based simply on a count of the number of species
in a particular sample (Fedor and Zvarikova 2019).

Precision fermentation

Uses microorganisms to produce ingredients,
including particular proteins, flavours, vitamins
and fats, to be added to a final food product.
These can be used in novel plant-based food to
improve taste or texture, and in cultivated meat to
enable more efficient growth.

Protein fractionation
The extraction of protein from the rest of the
plant.

Scaffolding

Materials used to support and guide tissue for-
mation for tissue-engineered constructs include
synthetic polymers, self-assembling peptides,
extracellular matrix (ECM) molecules and plant- or
fungus-derived materials (Bomkamp et al. 2021).

Sensory profile
Appearance, taste, smell and texture.

Zoonoses

Diseases that can spread between animals and
people, moving from wild and domesticated ani-
mals to humans and from humans to animals
(UNEP 2021b).
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Foreword

We are what we eat, and that makes us: unsustainable.

How we produce and consume food is contributing to Earth’s triple envi-
ronmental crisis: the climate emergency, nature and biodiversity loss, and
pollution and waste, with livestock production and consumption playing a
key role in all three.

Animal agriculture holds critical economic, social and cultural value. It is
vital to the livelihoods of rural households especially in developing countries,
and the global animal agriculture industry employs and provides healthy and
protein-rich food for millions of people. Yet the animal agriculture industry

IS also a significant contributor to emissions of greenhouse gases — both
direct animal emissions, and those associated with land clearing and grow-
ing animal food. Making room for more and more livestock and fodder crops
is driving the loss of tropical forests, while excess animal manure and chem-
ical fertilizers are polluting our groundwater, rivers and seas.

As global demand for meat and dairy products continues to rise, their pro-
duction and consumption pose significant challenges for public health and
animal welfare. Eating too much red and processed meat contributes to high
rates of obesity and diabetes. Animal agriculture raises the risk of new zoo-
notic diseases and antimicrobial resistance. Many animals are raised and
slaughtered in conditions that undermine their welfare.

It is clear that food systems, including the meat and dairy sector, must

be part of the social and economic transformations required to halt and
reverse the damage we are inflicting on Earth’s natural systems. Achieving
the Sustainable Development Goals, limiting global warming under the
Paris Agreement and fulfilling the Kunming-Montreal Global Biodiversity
Framework all depend on it.

The United Nations Environment Programme (UNEP) is committed to
searching for science-based solutions and using its convening power. This
work includes identifying and exploring emerging issues of environmental
concern, including through the UNEP Frontiers reports.

This special edition of UNEP’s Frontiers report explores the available evi-
dence on novel plant-based foods, cultivated meat and fermentation-derived
products as alternatives or complements to conventional meat and dairy
that could potentially leave a much smaller environmental footprint.

The report provides an overview of scientific knowledge of these novel alter-
natives as elements of a wider reform of food systems. It examines the
implications of their uptake for the environment and human health, as well
as for societal dynamics and animal welfare. However, the full extent of their
environmental, social and human health impacts is not yet fully understood.
Drawing on examples from around the world, it also looks at the state of pol-
icies and regulations and identifies the tools that governments can use to
steer the development of the sector.

The report also identifies where further research is urgently needed to plug
knowledge gaps and inform growing public debate about the pros and cons
of novel meat and dairy alternatives.

Novel alternatives to meat and dairy could play a positive role in a trans-
formed global food sector, generating employment and technologies that
power the sustainable economies of the future. But such a shift could also
threaten a range of existing jobs as well as raise important questions about
how it will affect disparities between the Global North and Global South and
rural and urban communities, and further concentrate the market power of
big companies.

Policymakers have a particular responsibility for ensuring that any such
transitions are socially fair and well managed, and do not undermine food
security or result in a more inequitable world for social minorities, including
women and Indigenous Peoples.

More and more people understand that we need to change our unsustain-
able ways. Mapping the frontiers of our knowledge, including of the impacts
of what we eat and the potential of new technologies, can help us find the
best path toward a better future.

Inger Andersen
Executive Director
United Nations Environment Programme
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Key findings

* Globally, food systems are responsible for about 30 per cent of the current anthropogenic
greenhouse gas emissions driving climate change. Animal products—including animal
emissions, feed, changes in land use and energy-intensive global supply chains—account
for almost 60 per cent of food-related emissions, for a total of 14.5—-20 per cent of global
emissions.

 Impacts of the growing demand for animal source foods (ASF) take place in a context of
unsustainable farming methods and overconsumption, especially in middle and high-in-
come countries. Overall, production and consumption significantly contribute to climate
change, air and water pollution, biodiversity loss, and soil degradation.

UN ENVIRONMENT PROGRAMME FRONTIERS 2023 SPECIAL ISSUE |

« While ASF are an important source of nutrition, high intake of red and processed meat is
associated with increased risk of non-communicable diseases. ASF production has also
been associated with public health risks such as zoonotic disease and antimicrobial resis-
tance, and animal welfare concerns.

( *sw

4 “’ ~ * Novel plant-based meat, cultivated meat and fermentation-derived foods show potential
for reduced environmental impacts compared to many conventional ASF. They also show
promise for reduced risk of zoonoses and antimicrobial resistance, and can significantly
reduce animal welfare concerns associated with conventional animal agriculture.

Further research is needed to understand the potential socioeconomic and nutritional
implications of novel ASF alternatives. Policymakers could also help maximize beneficial
outcomes by taking steps to safeguard food security, jobs, livelihoods, social and gender
equity and culture.

* The degree of uptake of these novel alternatives will likely depend on their cost, taste and
social and cultural acceptability and on how they are regulated.

« Governments have numerous policy options to explore and support the potential of novel
alternatives, including support for (open-access) research and commercialization and just
transition policies.

- If supported by appropriate regulatory regimes and governance instruments, novel ASF
alternatives can play an important role, likely with regional differences, in a shift towards
food systems that are more sustainable, healthier and less harmful to animals.

Figure 1. Scope of the report

1.
Introduction

2.

Animal source foods
significantly impact the
environment, human health,
socioeconomic dynamics
and animal welfare

3.

New technological solutions
are being developed to
provide an alternative to
animal source foods

4.

Policy and regulatory
environments can
significantly influence the
future of alternatives

5.
Conclusion

About this report

This report focuses on the potential environmental, health, social and animal welfare impli-
cations of the uptake of novel meat and dairy alternatives, in particular novel plant-based,
fermentation-derived and cultivated products. A team of interdisciplinary experts has assessed
the available evidence on the impacts of these alternatives in comparison with their con-
ventional counterparts, identifying pertinent considerations for policymakers involved in
regulating, investing in or providing other support for novel meat and dairy products and high-
lighting research gaps.

The report does not explore in depth how developing and shifting to novel alternatives compares
with other strategies for reducing the negative impacts of the current meat and dairy industry,
such as substituting meat and dairy with more traditional vegetarian and vegan products (e.g.
tofu, tempeh), developing insects as a source of human and animal feed, promoting extensive
and regenerative animal agriculture, reducing meat and dairy demand through pricing (e.g. meat
taxes) or direct interventions to reduce animal emissions (e.g. feed additives). Neither does the
report address fish and other aquatic animals, or meat from (other) wild animals.
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Executive summary

Globally, animal source food (ASF) contribute substantially to many coun-
tries’ economies and are a major source of employment and income. They
are also an important source of protein, vitamins, minerals and other nutri-
ents, especially in food-insecure settings, and carry special significance

for many demographic groups and cultures. At the same time, studies have
generally found that high intake of red and processed meat is associated with
increased risks of obesity and non-communicable diseases. Global production
and consumption of ASF, including beef, pork, mutton, poultry and dairy have
increased substantially in the last decades, with significant regional variations,
as a result of population growth, rising incomes and generally supportive
government policies, among other factors. Based on projected increases in
population and per capita meat consumption, current global meat consump-
tion is projected to increase by 50 per cent or more by 2050 (notably with
major regional differences).

Animal agriculture, including animal feed production, is estimated to con-
tribute 14.5-20 per cent of global human-caused GHG emissions, thus
contributing significantly to human-induced climate change, as well as
widespread air and water pollution, loss of soil structure and nutrients and
loss of terrestrial, freshwater and coastal biodiversity. Furthermore, some
livestock production systems have been linked to increased risk of zoonotic
diseases and are associated with rising antimicrobial resistance. There are
also animal welfare concerns as tens of billions of sentient animals are
raised and slaughtered every year.

A number of approaches of varying feasibility and potential impacts have
been proposed to address the environmental impacts of the livestock
sector. These include investing in smaller-scale, extensive or regenerative
livestock farms; direct interventions to reduce emissions from animal agri-
culture, such as feed additives; promoting reduced meat consumption in
favour of whole plant sources of protein such as beans and lentils; and dis-
couraging consumption of animal products with taxes or other policy levers.
Thus far, such interventions have been limited, and are not achieving the
desired impacts at the scale or speed necessary in the regions and amongst
populations where such changes are most needed.

An additional approach that has attracted attention from policymakers and
investors in recent years is to advance the development of novel alterna-
tives such as novel plant-based, fermentation-derived or cultivated ASF
products. These products have a sensory profile (i.e. appearance, taste,
smell and texture) similar to or even indistinguishable from conventional
ASF. These alternatives include:

 Novel plant-based products, made from plant protein (typically from soy
or pea) combined with fats, vitamins, minerals and water to closely imitate
the sensory profile of meat.

* Cultivated meat, which is real meat made from animal cells grown in
bioreactors.

* Fermentation-derived products, including:

« Biomass fermentation-derived products, which are protein-rich foods cre-
ated using the rapid growth of microorganisms that are themselves the
primary ingredients; and

* Precision fermentation-derived products, which use microorganisms to
produce ingredients, including particular proteins, flavours, vitamins and
fats, to be added to a final food product.
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Forecasts for the growth of the novel meat alternatives industry vary
widely. Projections for its share of total meat consumption range from 4

to 60 per cent by 2040, while projections for the market share occupied by
each category of alternative also vary. This illustrates the inherent uncer-
tainty of making predictions of uptake at this early stage of the industry’s
development. Significant technological advances are still required for these
foods to become available at wider scale and to compete with conventional
ASF on taste and price.

Assessing the environmental lifecycle impacts of novel ASF alternatives

is difficult, as data is scarce, parts of the industry are not yet operating at
scale and further developments are expected. However, novel ASF alter-
natives already show strong potential for reduced environmental impacts
compared to many conventional animal products. From a GHG emissions
perspective, the novel alternatives considered in this report compare espe-
cially favourably to beef, which is particularly high-emitting. Nevertheless,
some novel products, including cultivated meat, can be energy-inten-

sive to produce. Realizing their full emission reduction potential is therefore
contingent on the use of low-carbon energy.

Targeted research is needed to comprehensively assess the public health
implications of novel ASF alternatives as they develop. Both traditional
plant-based foods and novel ASF alternatives are associated with reduced
risk of zoonoses emergence and anti-microbial resistance. Diets that
emphasize minimally processed, plant-based foods are generally associated
with reduced risks of premature mortality and hon-communicable diseases.
However, novel plant-based products currently tend to be highly processed
and have high amounts of salt, though opportunities to enhance their nutri-
ent quality exist. Evidence on the health impacts of ASF alternatives using
fermentation or cultivated from animal cells is limited.

Understanding the potential socioeconomic implications of novel ASF
alternatives also requires further research. Nevertheless, it is clear that high
uptake would disrupt current food systems with both positive and negative
impacts for different stakeholders. Policymakers could help maximize bene-
ficial outcomes by taking steps to safeguard food security, jobs, livelihoods,
social and gender equity and culture.

ASF alternatives, including the novel forms discussed in this report,

have the potential to drastically reduce harm to animals in the food
system. Plant- and fermentation-based alternatives avoid the use of ani-
mals. Cultivated meat still involves the use of animals to obtain stem cells
(through biopsies) and, in some cases, animal serum (for growth media).
However, vastly fewer animals would be needed to support cultivated meat
production, and companies are working towards eliminating the use of
animal serum, with some proven successes.

The policy and regulatory environment for novel ASF alternatives is evolv-
ing rapidly, with many governments formulating and implementing new
policies and policy instruments. Many countries and regions—including
Brazil, China, the European Union, India, Israel, Singapore and the United
States of America—have invested in the production of novel ASF alterna-
tives. Some countries, including Australia, Brazil and Denmark, have provided
incentives to producers, with tax exemptions, subsidies and support for
energy and market development, while some countries, including China,
India and the Netherlands, are also investing in research, human resources,
curricula development and the promotion of sustainable practices in this
emerging sector. In contrast, in 2023 Italy approved a draft bill that would
ban production, import and export of food grown in laboratories, including
cultivated meat.
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Ways through which governments can support novel alternatives to
become commercially viable include providing funding for research—in
particular open-source research—and commercialization. Governments can
also develop regulatory and approval frameworks that ensure food safety in
a transparent and streamlined manner.

A shift away from unsustainable forms of production and consumption of
conventional ASF and towards novel alternatives presents various uncertain-
ties. Government decisions could facilitate increased environmental, social
and health benefits through proactive policymaking to promote a just and
sustainable transition. Governments could consider reducing and/or redis-
tributing subsidies or other forms of support currently in place for industrial
animal agriculture to ensure food prices reflect associated health and envi-
ronmental costs.

International collaboration, including through joint research, development
and harmonization of standards and international support, can also advance
the uptake of novel alternatives, alongside other approaches for meeting
global food security and nutritional needs.

Overall, novel ASF alternatives, if supported by appropriate regulatory
regimes and governance instruments, can potentially play an important
role in a shift towards food systems that are more sustainable, healthier
and less harmful to animals, with likely regional differences. Equitable,
evidence-informed policies are needed to ensure positive outcomes.
Understanding of the implications of these technologies and their inter-
actions with other environmental, health and social systems continues to
evolve, highlighting the need for more research, especially open-source
research. Policymaking will benefit from additional independent assess-
ments of the environmental, health and socioeconomic implications of
novel food technologies, as well as a better understanding of which poli-
cies are most effective in regulating and/or promoting them, and in what
geographical, socio-economic and, in some cases, cultural contexts they
are best deployed.
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1. Introduction

Globally, food systems are responsible for about 30 per cent of the current
anthropogenic GHG emissions driving climate change (Intergovernmental
Panel on Climate Change [IPCC] 2021). In turn, animal products (including
feed, direct emissions, land-use change and supply chains), account for
almost 60 per cent of food-related emissions (Machovina, Feeley and Ripple
2015; Poore and Nemecek 2018; Zabel et al. 2019; Xu et al. 2021). More than
three-quarters of the world’s farmland is taken up by production of animal
products (United Nations Environment Programme [UNEP] 2021b), but the
environmental impact varies with the type of meat, modes of production
(land, labour and capital intensity), production practices and the nature and
magnitude of support (such as subsidies) from governments.

A shift away from land-intensive animal protein production systems, espe-
cially cattle farming, could free up land and water, dramatically reduce their
carbon footprint and leave space for the restoration of degraded ecosys-
tems, contributing to climate change mitigation and biodiversity protection
(Machovina, Feeley and Ripple 2015). However, this is an enormous chal-
lenge made more complex by the economic, social and cultural importance
of the sector. ASF can provide nutritional health benefits but also carry risks,
depending on the food type and the context in which they are produced and
consumed. For example, red meat is an important source of protein, vita-
mins (e.g. vitamins D, B6 and B12), minerals (e.g. iron, selenium and zinc)
and other nutrients such as essential amino acids (e.g. lysine, threonine and
methionine). At the same time, studies have generally found that high levels
of red and processed meat consumption are associated with increased risk
of non-communicable diseases (NCDs), particularly cardiovascular disease,
type Il diabetes and certain cancers (Clark et al. 2019; Figure 2.3). Increased
risk of the emergence of zoonotic infectious diseases, such as avian flu, and
of anti-microbial resistance is also associated with animal farming (Morand
2020; Wiebers and Feigin 2020; World Health Organization [WHO] 2017).

Changes in the way we produce, distribute and consume ASF must be
steered in ways that ease, not exacerbate, the food insecurity that still
plagues many parts of the world. About 800 million people are currently
affected by hunger and are undernourished, and more than two billion suffer
food and nutritional insecurity (Food and Agriculture Organization of the
United Nations [FAOQ], International Fund for Agricultural Development [IFAD],
United Nations Children’s Fund [UNICEF], World Food Programme [WFP]

and WHO 2022). Although both men and women play a significant role in
smallholder food production, women's food security is more vulnerable to
environmental and economic pressures (Rao et al. 2019).

In developed countries, growing numbers of people—from ‘flexitarians’ cut-
ting down on meat to vegetarians eliminating it and vegans shunning animal
products altogether—are reducing their intake of animal protein (Ajena et al.
2021). But these trends are projected to be outpaced by overall growth in ASF
consumption globally, and most people continue to consume animal products,
often for their flavour or for cultural or social reasons. Per capita consumption
of ASF however remains low in many low- and middle-income countries, par-
ticularly among nutritionally vulnerable populations such as children under five
years, and women of reproductive age (United Nations, 2021).
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The significant impacts of animal agriculture raise questions of whether con-
ventional ASF could be replaced with novel alternatives that appeal directly to
meat-eaters at least in some regions. Classic plant-based ingredients such as
tofu and seitan have a long history of being used as protein sources. However,
these foods do not necessarily match the taste and texture of animal products
that appeal to many consumers. New technologies are being used to address
this, and include novel plant-based products, cultivated meat and products
derived from biomass and precision fermentation (see Box 1.1).

In industrialized countries, retail sales of alternative proteins surpassed
USS5 billion in 2021 (CE Delft and The Good Food Institute [GFI] 2021; Figure
3.4). This is modest compared with the value of the meat industry globally
estimated at about USS$900 billion in 2021 (Shahbandeh 2022), but signifi-
cant for an emerging industry.

Already, plant-based sources provide 57 per cent of protein that humans
consume globally (UNEP 2021c). Some predict that new ASF alternatives
will provide a significant additional portion of the global protein supply
within the next decade or two (Gerhardt et al. 2019; UNEP 2021b; GFI
2023a), though others are cautious about their potential market penetration

Box 1.1 Definitions

Novel plant-based foods aim to replicate the sensory experience of animal
products by combining plant protein (typically from soy or pea) with fats,
vitamins, minerals, water and other additives. This grouping does not include
more traditional plant-based meat alternatives such as tofu, tempeh, seitan,
mushrooms and jackfruit.

Cultivated meat is meat produced directly from animal cells. This is done by
extracting cells from a living animal and growing them in bioreactors. Cells
can be differentiated into muscle, fat and other cell types to create products
with a three-dimensional structure and organoleptic properties similar or
identical to those of conventional meat products.

Fermentation-derived products are foods produced using biomass or
precision fermentation. Biomass fermentation is the process of using
microorganisms to make protein-rich food, where the microorganisms
produced are themselves the primary ingredient. Precision fermentation
uses microorganisms to produce specific functional ingredients, including
proteins, vitamins and flavour molecules. These can be used in novel plant-
based food to improve taste or texture, and in cultivated meat to enable
more efficient growth.
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The rest of this report is structured as follows:

(Chriki and Hocquette 2020; Humbird 2021; IPES-Food 2022). An important
question is whether, and to what degree, these new products can replace
conventional ASF, or if they will merely complement them.

Amid rising public interest and debate, governments are beginning to
respond. An increasing number of countries have begun to invest in research
and in the production of alternatives to animal products (Section 4). On the
other hand, a few countries are responding with bans and restrictive reg-
ulations, citing concerns such as impacts on current animal agriculture,
farming communities and local culinary traditions (DeSoucey 2010; Sabelli
2023). Realizing the potential benefits depends on reducing the production
and consumption of conventional ASF and significant substitution with new
alternatives.

This report aims to advance the discussion of the potential role of hovel ASF
alternatives in contributing to a more environmentally sustainable, healthy
and socially and morally acceptable food system. It focuses on three prod-
ucts—novel plant-based products, biomass and precision fermentation
products and cultivated meat—and the production technologies involved. It
seeks to assess available evidence on the impacts of these innovations and
identify possible policies, further research and safeguards that could sup-
port them, if governments choose that course.

The report does not address more traditional vegetarian and vegan products
(e.g. tofu, tempeh, mushrooms) or insects. Neither does it address fish and
other aquatic animals, even though novel technologies may also have a role
in shaping the development of the fishing sector.

Section 2 examines in more detail the current and
projected regional and global demand for ASF and
the environmental, human health, socioeconomic
and animal welfare implications, recognizing the
diversity of production systems. It discusses the
need for a system-wide transformation to achieve
a more sustainable, healthy and equitable food
system, and briefly discusses the potential to
decrease the environmental impact of the current
food system through existing approaches.

Section 3 discusses three types of novel alter- Section 4 identifies and discusses policies that
natives to conventional animal products: novel are already being implemented to regulate or stim-
plant-based products, fermentation-derived prod-  ulate novel ASF alternatives, and what options
ucts and cultivated alternatives (described in could be considered if governments and societies

Box 1.1). It also examines the available evidence want to further support their uptake.
on required inputs, current status and projected
uptake of these novel foods, and considers their
potential environmental, health, socioeconomic
and animal welfare implications compared to con-
ventional meat and dairy at varying levels

of uptake.

Section 5 presents the report’s key conclusions
and highlights remaining knowledge gaps.

Feeding a growing population with affordable, healthy, nutritious and safe
food in an environmentally sustainable, socially acceptable and morally
responsible manner is one of the greatest challenges of the 21st century.
This report is intended to help shed light on both the potential and the limits
of novel alternatives to conventional animal products in helping to meet this
challenge.
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2

Global demand

for animal source foods
continues to increase

Rising demand is exerting immense pressure on food systems, with the live-
stock sector generally growing faster than other sectors. Global production
of cereals increased by 14 per cent over the last decade, while production
of meat, milk and eggs increased by about 15 per cent, 18 per cent and

22 per cent, respectively (FAO 2022). Much of the increase in demand for
cereals (and some other crops) is linked to their use as livestock feeds
(Organization for Economic Cooperation and Development [OECD] and FAO
2021). Over the past 60 years, total meat consumption has increased five-
fold and per capita consumption has almost doubled (Figure 2.1). Factors
including income growth, urbanization and globalization are driving the
rising demand for livestock products, especially in emerging and lower
income economies (Milford et al. 2019; Fukase and Martin 2020; Latino

et al. 2020; Reardon et al. 2021). Population growth is also a key factor in
less affluent regions, including many countries in Africa, where, inciden-
tally, per capita intakes of ASF remains very low (Latino, Pica-Ciamarra

and Wisser 2020). With global per capita meat consumption expected to
increase by 0—0.5 per cent per year (Henchion et al. 2021) and global popu-
lation expected to rise by 1 per cent per year (United Nations Department of
Economic and Social Affairs [UNDESA] 2022) global meat consumption in
2050 is projected to be about 50 per cent or more greater than present.

Within the global food system, patterns of production and consumption
vary considerably across and within regions. For example, per capita con-
sumption of animal meat (the sum of beef, pork, sheep meat, goat and
poultry) in Europe and North America is up to eight times that in Asia and
Africa (Table 2.1 and Figure 2.1 show recent estimates of regional meat
consumption). ASF can be a vital component of healthy, diverse diets,
particularly for nutritionally vulnerable populations in low- and middle-in-
come countries, e.g. children and women of reproductive age (Alonso,
Dominguez-Salas and Grace 2019; International Livestock Research
Institute [ILRI] 2019). On the other hand, health issues related to poor diet
quality and the prevalence of obesity are increasing steadily in both rich
and poor countries alike (Branca et al. 2020).

In addition to between-country variation, there is also significant with-
in-country variation in the consumption of ASF. In some countries, specific
consumer groups consume meat in amounts that exceed dietary protein
requirements (Behrens et al. 2017).

Table 2.1 Meat consumption per capita (kg per year)’

Region OECD-FAO Outlook
World 34.7
North America 95.3
Oceania 70.7
Europe 64.8
Latin America and Caribbean 59.6
Asia 27.0
Africa 12.7

Source: (OECD and FAO 2022; FAO 2023a; FAO 2023b; UNDESA 2023).

' These numbers are estimates with a range of uncertainty.
Similar numbers were estimated by Shahbandeh 2022.
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Meat production also varies considerably by region, with Asia being the larg-
est producer (about 43 per cent of global supply), followed by Europe (about
21 per cent), North America (about 15 per cent, South America (about 14 per
cent) and Africa (about 7 per cent) (Ritchie, Rosado and Roser 2019).

Government policies have contributed significantly to the development of
current meat production systems. Decades of investment, incentives (e.qg.
subsidies) and international trade in industrial livestock products have
come with a large cost to the environment (Chandel, Lal and Kumari 2019).
Poultry, pork, mutton, beef and dairy are among the food products that
benefit the most from government subsidies, a significant share of which
are allocated to industrial production (Stoll-Kleemann and O’Riordan 2015).
Moreover, environmental and health costs of meat production and con-
sumption are not reflected in the price or labelling of ASF that reach the
consumer. Consequently, animal products, especially those from intensive
production systems, are often significantly under-priced (Mosquera 2018;
McCormack 2021; Funke et al. 2022).
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2.2

The current animal
agriculture system
contributes to climate
change, pollution and
biodiversity loss

The current food system is a significant contributor to human-induced
climate change. It also contributes to the unsustainable use of natural
resources and the pollution of land, air and water, and is a significant driver
of biodiversity loss through the degradation and conversion of terrestrial,
freshwater and marine ecosystems (Springmann et al. 2018).

The environmental impact of meat production varies with the type of meat,
modes of production (land, labour and capital intensity), production prac-
tices and the nature and magnitude of support from governments. A shift
away from land-intensive protein production systems could free up land and
water, dramatically reduce their emissions, and create conditions for ecosys-
tem restoration (Hayek et al. 2021; IPCC 2021; IPCC 2023).

2.2.1 Greenhouse gas emissions from animal agriculture significantly
contribute to climate change

While the energy sector (production and use of fossil fuel energy, including
for transportation) is responsible for over 70 per cent of anthropogenic GHG
emissions (Gerber et al. 2013; IPCC 2022), the way people use land contrib-
utes around 30 per cent of total emissions, mostly from food production
(Clark et al. 2020; Jackson et al. 2020; IPCC 2021; Eisen and Brown 2022).
Overall, agricultural land use contribute around 70 per cent of food system
emissions, with supply chain activities such as processing, retail and waste
management contributing the rest (Crippa et al. 2021). IPCC (2022) esti-
mated that agriculture, forestry and other land uses contributes 13 GtCO_eq,
22 per cent of global GHG emissions. Regionally, Asia and the Americas
(North, Central and South) are the largest contributors of food system emis-
sions (FAO 2022).

Animal products—including animal feed, changes in land-use and energy
intensive global supply chains—account for almost 60 per cent of food
system GHG emissions (including methane, nitrous oxide and carbon diox-
ide), or between 14.5-20 per cent of total GHG emissions (Gerber et al. 2013,
Xu et al. 2021).2 Average emissions per kilogram of meat vary by up to a
factor of 10, with beef having the biggest emissions footprint, and poultry
the smallest (Xu et al. 2021). Emissions from cattle also vary widely, with
significantly higher average emissions from beef cattle than dairy cattle (Xu
et al. 2021). The largest producers of beef are Brazil, China, the European
Union, India and the United States of America, and the largest exporters

are Argentina, Australia, Brazil, India and the United States of America
(Hocquette et al. 2018).

Direct emissions from livestock—through enteric fermentation and manure
only—contribute 30-35 per cent of agricultural emissions (FAO 2021; UNEP
and Climate and Clean Air Coalition [CCAC] 2021; FAO 2022), or about half
of total animal product emissions. Cattle are the predominant contributors
of methane emissions from enteric fermentation while pigs are the main
source of nitrous oxide emissions from manure (UNEP and CCAC 2021).

Table 2.2 Major contributions to GHG from different sources®

Contribution to total GHG

Source ..

emissions (per cent)
Energy (production and use) ~70
Agriculture/food systems ~30

Animal products (incl. feed, direct emissions,

14.5-20
land-use change and supply chains)

Direct animal emissions 7.5-10

Methane, which is the second most emitted anthropogenic GHG after
carbon dioxide, has a much more powerful per molecule warming effect in
the atmosphere (Jackson et al. 2020; Saunois et al. 2020; UNEP and CCAC
2021), which coupled with its short atmospheric lifetime makes its emis-
sions from livestock a focus of climate mitigation strategies (Arndt et al.
2022; Scoones 2022). The food system accounts for 60% of all methane
emissions, with half of those coming from livestock farming and primarily
from enteric fermentation (ClimateWorks Foundation 2023).

2 Additional sources include a lower figure of 11 per cent, derived from the FAQ’s third version of the online Global
Livestock Environmental Assessment Model (GLEAM), however, the underlying methodology used by the GLEAM is
yet to be published and peer-reviewed. In contrast, Reisinger and Clark 2018, which uses a different carbon modelling
methodology, mentions a higher estimate of 23 per cent (FAO 2023d).

3 These numbers are estimates with a range of uncertainty.
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2.2.2 Some animal agriculture systems contribute to air and water pollution
and soil degradation

Beyond emissions, animal agriculture also contribute to other environmental
issues. Livestock feed production accounts for more than 40 per cent of total
agricultural water use (Heinke et al. 2020). The water footprint per unit of prod-
uct is higher for animal products (especially beef) than for crops (Mekonnen
and Hoekstra 2011; Gerbens-Leenes, Mekonned and Hoekstra 2013).

There is considerable variability in the impacts that different livestock prod-
ucts, production systems and supply chains have on the environment (Poore
and Nemecek 2018; ILRI 2019; Adesogan et al. 2020). Extensive livestock
production systems use fewer inputs, such as feed and chemicals, suggest-
ing low environmental impacts. They can however be considered inefficient,
compared to intensive systems, in their use of resources, given their low
levels of ASF output (Bosire et al. 2015; Mottet et al. 2017; Willett et al. 2019;
van Zanten, Muller and Frehner 2022). On the other hand, intensive crop-
ping and industrialized livestock production systems are in many parts of
the world driving nutrient mining, loss of soil structure (through compaction
and soil erosion), and wide-spread air and water pollution (Sakadevan and
Nguyen 2017; Hamza and Anderson 2005)

Run-off of fertilizers, pesticides and other chemicals to ground and surface
waters have increased as crop production for food and livestock feed has
intensified (Gerber et al. 2005; da Silva et al. 2010; Wang et al. 2017). Further,
nutrient losses (particularly of nitrogen and phosphorus) have increased as
a direct impact of 