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ABSTRACT

Debate on the sustainability of the global food system often compares the environmental, economic
and health impacts of plant- and animal-sourced foods. This distinction can mask the considerable
variation in impacts across and within these food groups. Moreover, the nutritional benefits of these
food groups are insufficiently discussed. In this review, we highlight the nutritional contribution to
the current global food system of both plant- and animal-sourced foods and place their impacts on
human health in the global context. We highlight how the comparison of the environmental impacts
of foods via life cycle analyses can change on the basis of the functional unit used, particularly the use
of mass as opposed to nutrient content or nutrient richness. We review the literature on the
affordability of nutrient-adequate diets, demonstrating the presence of both plant- and animal-
sourced foods in affordable nutritious diets. Finally, we address the potential of alternative food
sources that are gaining momentum, to ask where they may fit in a sustainable food system. We
conclude that there is a clear place for both plant- and animal-sourced foods in future
sustainable food systems, and a requirement for both for sustainable global nutrition; as such,
the two groups are complementary and not competitive.

Keywords: animal production, environmental footprints, human health, human nutrition,
non-communicable diseases, plant production, sustainable consumption, sustainable diets.

Introduction

Delivering nutrition to a growing global population is a challenge of an increasing urgency. It
is also not a straightforward challenge of increasing production of food calories or protein,
since good nutrition involves delivering safe, nutritious food in sufficient bioavailable
quantities to provide all essential nutrients, without incurring excess intakes (FAO/WHO
2014). Moreover, unconstrained increases in production of food at current efficiency
levels risks increased damage to the environmental base on which the global food system
depends. Thus, evidence-based changes to achieve a sustainable food system are required.

In 2018, the Food and Agriculture Organisation of the United Nations (FAO) recorded
global production of 10.6 billion tonnes of food commodities leaving the world’s farms
and fisheries (FAO 2020). Of this total, 47% (5.3 billion tonnes) became food for human
consumption, while 12% (1.4 billion tonnes) became animal feed. Note that this value
just includes food commodities leaving the farm gate as recorded by the FAO (e.g. cereal
crops), and not the mass of crops, by-products or grazed material used exclusively for feed
or non-food uses, which is substantial. We can use this resource to further separate the
uses of plant and animal production. Of the 9.18 billion tonnes of plant food commodities
that leave the farm gate, 4.2 billion tonnes (46%) were available as food; correspondingly,
of the 1.53 billion tonnes of animal food commodities (including co-products), 1.29 billion
tonnes (84%) were available as food. The remaining mass was directed elsewhere, namely,
losses along the supply chain, processing losses, non-food uses, seed for the following year’s
crops, and so on. Notably, plant food commodities constituted 95% of supply chain losses.
Thus, of the 5.49 billion tonnes of food, ~23% was animal-sourced and 77% was plant-
sourced.
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However, these mass figures do not provide adequate
information on the full value of these foods. Even if we were
to consider calories instead of mass, this would not account
for the many other essential nutrients present in these foods.
Thus, any evidence-based changes seeking to deliver sus-
tainable nutrition must take the full nutritional contribution
of different foods into account.

In recent years, there have been increasing calls from
sections of both the policy and scientific communities to
move to diets that are more plant sourced-food based for
perceived health and environmental advantages (Springmann
et al. 2018; Willett et al. 2019; Clark et al. 2020; European
Commission 2020; Mora et al. 2020; National Food Strategy
2021). While the degree of reduction of animal-sourced food
production and consumption varies in these recom-
mendations, they share this common theme. However,
animal-sourced foods are well known as nutrient dense
relative to energy content and play a major role in the
nutrition of billions of people (Murphy and Allen 2003;
Adesogan et al. 2020; Smith et al. 2021). Given the
challenges of delivering nutrition to a growing number of
people, how should the production of food change in the
future to ensure adequate global nutrition, and what role do
plant- and animal-sourced foods play?

In this review, we discuss the nutritional importance of both
plant- and animal-sourced foods, to demonstrate the essential
nature of both to adequate global and individual nutrition.
Further, we discuss their role in the current food system, and

in future sustainable food systems. As encapsulated in the
definition of sustainable food systems put forward by the
Committee on World Food Security, nutritional, environmental
and economic sustainability are all essential aspects of a
sustainable food system (HLPE 2014). We will address
each of these three aspects in turn, to demonstrate how
both plant- and animal-sourced foods contribute to
sustainability.

Human nutrition from plant and animal
sources

Nutrition is a broad term, and it is common to address aspects
within nutrition when assessing food systems. Nutrient
adequacy refers to the provision of adequate levels of all
essential nutrients, within the upper and lower bounds
needed to prevent deficiencies and avoid toxicities (Herforth
et al. 2020). To investigate the contribution of different food
groups to the provision of essential nutrients, we used the
DELTA Model (ver. 1.3; www.sustainablenutritioninitiative.
com) to calculate the proportion of 29 essential nutrients
available for consumption from the 2018 global food
production system. This model gives global totals for overall
nutrient availability from different sources, and compares
these with global requirement. The results of the model are
shown in Fig. 1 and discussed below.
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Fig. 1.

Overall proportions of global nutrient availability from plant- and animal-sourced foods. Protein and the amino acids

have been corrected for digestibility of the food item from which they were sourced. Source: the DELTA Model (ver. 1.3),
simulated using 2018 global food system data (www.sustainablenutritioninitiative.com).
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Fig. 1 clearly demonstrates the heterogeneous contributions
of plant- and animal-sourced foods, and subgroups within these
categories, to the global availability of different nutrients, as
well as the significant contribution of both to overall
nutrient supply. Carbohydrates, fibre, and several micronu-
trients, such as folate, vitamins C and E, are supplied entirely
or almost entirely by plant-sourced foods. Within this,
cereals make the major contribution of plant foods to most
nutrients, being consistent with their high production
volumes (nearly 3 billion tonnes globally in 2018). The
exceptions are dietary fat and vitamin E, largely sourced
from oilcrops. Likewise, vitamin B12 is supplied almost
entirely by animal-sourced foods (principally from meat), as
is the majority of the global supply of calcium (principally
from dairy) and the indispensable amino acids lysine,
methionine, and threonine. For all other nutrients included
in the DELTA Model, and many of those that are not
included (such as essential fatty acids, other amino acids,
bioactive compounds, and certain vitamins), both plant- and
animal-sourced foods provide significant proportions of
global nutrient availability.

Fig. 1 does not capture the important role of food structures
in the delivery of nutrients. While the DELTA Model accounts
for the digestibility of protein and indispensable amino acids in
different foods, it considers only the nutrient content of foods
for all the other nutrients. It is known that in animal-sourced
foods, generally, the bioavailability of the protein and amino

acids is higher than in plant-sourced foods (Gilani et al.
2012; Rutherfurd et al. 2014; Mathai et al. 2017; Wolfe et al.
2018; Bailey et al. 2020). Fig. 2 demonstrates that global
availability of protein and the indispensable amino acids is
reduced by 10-15% when bioavailability is considered in
addition to nutrient content. It also demonstrates that the
majority of this reduction is in the plant food groups. There
also exist data showing similar trends for many vitamins and
minerals (e.g. calcium (Guéguen and Pointillart 2000),
magnesium (Cazzola et al. 2020), iron, zinc, and vitamin A
(FAO/WHO 2001)). Using only nutrient composition data
provides significant limitations when considering the
nutrient availability from any food, which could lead to
erroneous conclusions on nutrient adequacy.

The current importance of both plant- and animal-sourced
nutrition becomes even clearer when considering global
sources of individual nutrients (Fig. 3). The DELTA Model
calculates that, on a global-average level, wheat and rice are
the largest contributors to energy and protein in the human
diet, with milk and meat being also major contributors (Fig. 3).

The mix of both plant- and animal-sourced nutrient sources
is similar for several micronutrients (Fig. 3). Thus, removal of
either of these food groups would seriously alter the available
sources of these nutrients and would likely leave parts of the
global population challenged in obtaining nutrient sufficiency
for multiple nutrients, having major consequences for health.
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Fig. 2. Proportion of protein and indispensable amino acids available from the food system before and after the digestibility
adjustments of the DELTA Model. For each nutrient, the right-hand bar shows the total nutrient content; the left-hand bar
shows the proportion of the nutrient that is digestible. Considering digestibility in addition to nutrient content results in a
reduction of 10—15% in the available protein and indispensable amino acids supplied by the global food system. This reduction
is largely due to the lower digestibility of these nutrients from plant-sourced foods. Source: the DELTA Model (ver. 1.3),
simulated using 2018 global food system data (www.sustainablenutritioninitiative.com).
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Contribution of food items to global nutrient availability for selected nutrients. Charts show the top five contributing food items to

supply energy, protein, calcium, lysine, zinc and vitamin A. Protein and lysine only have been corrected for digestibility from the food item.
Source: the DELTA Model (ver. 1.3), simulated using 2018 global food system data (www.sustainablenutritioninitiative.com).

Health impacts of diet

There are negative health consequences associated with
underconsumption and excess consumption of both individual
nutrients and food groups. The scientific literature features
much discussion of whether there may be health risks
associated with consumption of animal-sourced foods,
particularly red and processed meat (Boada et al. 2016), and
foods high in saturated fat (Clifton and Keogh 2017). These
risks are not widely accepted in the scientific literature
(Alexander et al. 2015; Klurfeld 2018; Kruger and Zhou
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2018; Johnston et al. 2019; Leroy and Cofnas 2019; Astrup
et al. 2020; Qian et al. 2020; Igbal et al. 2021; World
Famers’ Organisation Scientific Council 2021), for a number
of reasons.

High meat intakes often coincide with obesity and smoking,
as well as a reduced intake of whole grains, fruit, and
vegetables (Grosso et al. 2017; Turner and Lloyd 2017).
Adjusting for generally less healthy diets and lifestyles is a
challenge for observational population studies, given the
diversity of factors that can affect health, making drawing
conclusions challenging. Moreover, most studies of meat
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consumption have been performed in high meat-consuming
populations, limiting the insight that can be applied to other
populations (Yip et al. 2018). The NutriRECS consortium, an
independent scientific group that undertakes meta-analyses
of clinical, nutritional and public health science to inform
dietary guidelines, have advised continuation of current
levels of meat consumption due to low certainty that diets
with reduced quantities of these foods have a reduced risk of
harmful effects (Johnston et al. 2019).

More importantly, excess consumption risks have a minor
impact on global health in comparison to the health
consequences of undernutrition. The Global Burden of Disease
study, an international observational epidemiology program,
demonstrated that underconsumption of nutrients and
specific food groups outweighed excess consumption in
associations with deaths and disability-adjusted life years
(DALYs; Afshin et al. 2019). Diets high in sodium were the
leading factor associated with deaths attributable to diet
globally, at over 3 million per year in 2017 (~5% of deaths
in that year; United Nations Department of Economic and
Social Affairs Population Division 2017). The next greatest
dietary factors associated with deaths were diets low in
whole grains, fruits, nuts and seeds, vegetables, seafood
omega-3 fatty acids, fibre, polyunsaturated fatty acids, and
legumes. Together, the deaths attributable to diets low in
these specific nutrients or food groups was more than 12

Number of deaths at the global level attributable to diet
Diet high in sodium
Diet low in whole grains
Diet low in fruits
Diet low in nuts and seeds

Diet low in vegetables

Diet low in seafood omega-3
fatty acids

Diet low in fibre

Diet low in polyunsaturated
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million (over 20% of global deaths). The DALYs attributable
to diet showed a similar ordering (Fig. 4).

Contrastingly, diets high in processed or red meat
contributed to fewer than 200 000 deaths (~0.4% of global
deaths). While still a considerable number of people, this is
less than 1/50th of the number attributed to diets low in
specific nutrients and food groups at the global level.
Moreover, an inspection of the data for socio-demographic
and risk-factor groupings used in this estimation showed that
zero deaths or DALYs attributed to meat were within the
uncertainty interval for most groupings (supplementary
table 10 in Afshin et al. (2019)).

The same body of research also investigated how regional
consumption of food groups and specific nutrients compared
with the ‘optimal level of intake”: the level of risk exposure
that minimises the risk from all causes of death on the basis
of studies included in their meta-analysis. No regions met
the optimal intake levels for milk, fruits, whole grains, nuts
and seeds, fibre, calcium, or polyunsaturated fatty acids
(Afshin et al. 2019). Only a minority of regions achieved the
optimal intake of vegetables, legumes, or omega-3 fatty
acids. Red and processed meat was overconsumed mainly in
developed global regions, with underconsumption being
noted in many parts of Africa, Asia, and Oceania. It is
interesting to consider the number of deaths and DALYs that
could be avoided under conditions of more equitable access
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Fig. 4. Number of deaths and DALYs (disability-adjusted life years) attributable to individual dietary risks at the global level in 2017.

Adapted from Afshin et al. (2019).

705


www.publish.csiro.au/an

N. W. Smith et al.

Animal Production Science

to these foods to address micronutrient deficiencies. Note that
the underconsumed foods, at both the global and regional
levels, are both plant- and animal-sourced.

Another important health consequence of diet is
overnutrition. As a result of excess energy intakes, obesity is
increasing in all global regions, rising at a rate of 2.6% of
the global population per year (FAO et al. 2020). This is
coupled with the low intakes of essential nutrients and
important food groups demonstrated by Afshin et al. (2019).
This emphasises the need for nutrient-dense foods, that is,
those that deliver high concentrations of bioavailable
nutrients with a low concomitant energy intake. The foods
that optimise these properties vary for different nutrients,
but are both plant and animal sourced.

Environmental sustainability of plant and
animal production

Given that the majority of available food mass is plant-sourced,
many have concluded that animal production has a dispro-
portionately high impact on the environment for their
minority contribution to food availability. However, there is
far more nuance to the food system than can be drawn from
overall mass totals.

Mass comparisons do not capture nutrition

In the previous section, we discussed the nutritional value of
different food sources, and the importance of nutrient density.
Wholegrains have a higher concentration of nutrients than do
refined grains and are more associated with good health
(Afshin et al. 2019; Reynolds et al. 2019). Thus, comparing
the environmental footprint of wholegrains and refined
grains using weight as the functional unit does not capture
the greater nutritional value of the former.

This argument has been applied to protein. Greenhouse-gas
(GHG) and land-use footprints of animal-sourced foods
determined by life cycle analysis (LCA) vary greatly among
studies and among production systems, but are generally
greater than those of the equivalent mass of plant-sourced
foods (Fig. 5).

A striking feature of Fig. 5 is the range in footprints for some
of the food types, for example bovine meat, where the
difference in land-use and GHG emissions can vary more
than 10-fold, representing both differences in the suitability
of the local environment for producing the food type and the
degree to which best practices have been deployed within
that environment. While Poore and Nemecek (2018)
reported global average emissions for milk production of
2.8-3.2 kg carbon dioxide equivalents (CO»-eq)/L, high-
performing pasture-based systems in New Zealand result in a
national average of less than one-third of the global average
(Ledgard et al. 2020). Moreover, it is not yet possible to fully
quantify the contribution of different production systems to
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carbon sequestration, both in plant matter and the soil. This
is likely to add further variability between production systems
and geographic locations.

The degree of difference between the environmental
footprints of plant- and animal-sourced foods varies
substantially depending on the functional unit used. The
most commonly used functional unit, mass of the product,
shows a greater divide between the footprints of the two
food groups than when using protein as the functional unit
(Fig. 5). Choice of functional unit depends on what the key
value of the product is seen to be; for many plant- and
animal-sourced foods, protein is a highly valued component.

However, there is more to food than its macronutrient
content. Depending on the perceived value of the food, we
could also consider environmental footprints with micronu-
trients as the functional unit. For example, a comparison
between the footprints of the foods in Fig. 5 by using 1 kg of
iron as the functional unit would be expected to favour the
animal-sourced food, whereas a comparison using the
functional unit of 1 kg of vitamin C would favour plant-
sourced foods.

The refinement of functional units could go even further by
considering bioavailability, such as, for example, using 100 g of
bioavailable amino acids as the functional unit. This would
enable an environmental comparison at the level of nutrients
available for use by the body. This approach would be
limited by available bioavailability data for each nutrient,
but there already exist ample data on protein and amino
acid bioavailability to perform such a comparison for these
nutrients. Given the generally greater bioavailability of
protein in animal-sourced foods, this comparison could be
expected to further reduce the gap between the environ-
mental footprints of the two food groups seen in Fig. 5, but
such approaches are only just emerging in the field
(Moughan 2021).

LCA studies must make a judgement on what the desired
value of a food is for use in comparisons among them. The
common use of mass as the functional unit masks the
nutritional contribution of different foods. Equally, selection
of a single nutritional attribute of a food will unfairly favour
some over others. To avoid this bias, the use of a nutrient
richness or density metric as the functional unit can be made,
which encompasses a range of nutrients. While many studies
have conducted LCAs of different diets, fewer have evaluated
individual foods or production systems with a nutritional
functional unit (Tessari et al. 2016; McAuliffe et al. 2020).
However, these studies have shown interesting re-orderings
of impacts for both plant- and animal-sourced foods when
using nutritional functional units, with varied results among
different nutrient-profiling metrics (see review by McAuliffe
et al. (2020)).

Finally, it should be noted that many current studies have
reported all GHG emissions from the global food system in
CO,-eq values, calculated using fixed ratios for other GHGs,
such as methane. This is in accordance with the widely used
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Fig. 5. Comparison of environmental footprints of several plant- and animal-sourced food
products, demonstrating that the difference between plant and animal production decreases
when comparing protein content rather than mass. Data are from Poore and Nemecek
(2018) for pooled life cycle analysis data. The coloured boxes show the 10th to 90th
percentile footprints, with the mean displayed by the horizontal line in these boxes. The
transparent ends of the boxes extend to the 5th and 95th percentiles. The plots illustrate
two results. First, the environmental impacts of animal-sourced foods are generally greater
than those of plant-sourced foods, but also show great variation among studies and
production systems. Second, the difference between the footprints of animal- and plant-
sourced foods decreases when comparing on a protein basis rather than mass. GHG,
greenhouse gas; CO,-eq, carbon dioxide equivalents. See Poore and Nemecek (2018) for
methodology.

100-year global warming potential (GWP; o) metric. The use of
single scaling factors for the warming potential of different
GHGs can be misleading for gases such as methane, which
do not persist for millennia in the atmosphere, like CO,, and

thus contribute an approximately fixed degree of warming if
their emission rate is stable (Pierrehumbert 2014). An
alternative accounting method, GWP*, has been proposed
and used, which focusses instead on changes in the emission
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rate to calculate warming impact (Lynch et al. 2020). This
method is thought to better reflect the impacts of short-lived
gases, such as methane, and thus better reflect the impact of
high-methane production systems, such as ruminant
production. However, use of GWP* is not yet widespread in
its use in LCAs. Future analyses using this approach are
anticipated with interest.

Land and feed use

About half of the total global agricultural land is used to feed
livestock (Mottet et al. 2017). Of these 2.5 billion hectares of
land, ~2 billion are grassland, the remainder being arable
land. It can be argued that animal production is thus in
competition for land that could be used to produce human-
edible plants, or that human-edible plants are being used as
feed. However, it has been estimated that only 0.68 billion
hectares (34%) of current grazing land could be converted to
support crops for human consumption and also that only
~14% of global animal feed mass (0.84 billion tonnes) is
human-edible (Mottet et al. 2017).

Moreover, there is variation within the amounts of human-
edible feed used in different animal production systems in
different parts of the world; 1 kg of ruminant meat requires
on average 2.8 kg human-edible feed to produce (2.2 kg in
non-OECD countries, 4.2 kg in OECD countries), whereas for
1 kg of meat from monogastrics, this value is 3.2 kg (2.6 kg
in non-OECD countries, 4 kg in OECD countries; Mottet et al.
2017). Many ruminant systems produce meat and milk by
using almost exclusively pasture-based diets that are close to
100% human-inedible. Thus, the degree of food/feed
competition varies among production systems, with mono-
gastrics being more dependent on human-edible feedstuffs.
This will translate to human nutrition; the different options
for land use could be compared with the nutrition delivered
from them. For example, how much of an individual’s
nutrient requirements could be met by a hectare of land
under grazing ruminant production, compared with
conversion to producing cereals for monogastric feed, or
compared with producing cereals for human food, with by-
products used as animal feed. This would allow us to
compare the efficacy of land use for the delivery of nutrition
to people.

Forecasting demand for meat animal feed and the land
required to produce it, Mottet et al. (2017) predicted global
feed land-area changes of between —8% and 15% between
2010 and 2025, depending on the degree of improvement in
crop yields and feed conversion ratios. The largest increases
in land area requirement for feed are forecast in non-OECD
countries. Thus, increased efficiency of both animal and
plant production, especially in developing regions, could
reduce the land use footprint of global food production.

Another mechanism for reducing the land-use footprint of
global food production is a transition towards the concept of
‘low-cost livestock’, i.e. animal-sourced food production that
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does not compete for arable land (van Zanten et al. 2018).
This concept encourages the feeding of livestock on feed that
cannot (or is not desirable to) be consumed by humans, such
as forage, crop residues, co-products, and food waste. It has
been found that such practices could supply nearly half of
global protein requirements from animal-sourced foods,
along with substantial contributions to micronutrient
requirements (van Zanten et al. 2018). Moreover, low-cost
livestock production could result in a reduced requirement
for arable land compared to completely eliminating livestock
production, due to the increased plant protein production
that would be required from a global livestock-free food
system (Schader et al. 2015; van Zanten et al. 2016, 2018;
RGOs et al. 2017). Finally, these authors often cite the
importance of animal production systems in supplying
manure for the fertilising of agricultural land as a further
synergy between plant and animal production, reducing the
need for synthetic fertiliser manufacture.

The environmental impacts of the food system extend
beyond land use; GHG emissions, water use, soil erosion,
and nutrient and biodiversity loss are further aspects that
must be considered, and that show varying degrees of
impact between food production systems. As discussed by
the EAT-Lancet Commission on healthy diets from sustainable
food systems, while around three-quarters of the current GHG
emissions are attributable to animal products, at least this
proportion of cropland use, freshwater use, and nitrogen and
phosphorus application are from plant food production, with
staple crops being the greatest contributor (Willett et al.
2019). It is essential that the many aspects of environmental
sustainability are considered when assessing current and
proposed food systems.

Economic considerations in global food
system sustainability

Food production and delivery of nutrition must be both
affordable for the consumer and economically viable from a
production perspective if they are to be sustainable. Much
research has been performed addressing the affordability of
nutrition for the consumer in different parts of the world,
which have demonstrated the financial challenges associated
with changes away from the current food system that is
dominated by plant foods, with contributions from
animal foods.

While detailed plans for shifts to sustainable diets have been
proposed previously (Willett et al. 2019), these are not always
affordable for the consumer. It has been estimated that the
EAT-Lancet planetary health diet would cost more than the
household per capita income of 1.58 billion people using
2011 food prices (Hirvonen et al. 2020).

Other research has addressed the least cost of a nutrient-
adequate diet. Chungchunlam et al. (2020) used US
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supermarket food prices matched to nutrient requirement
data and produced a model that identified the least-cost
nutrient-adequate diet. The diet contained both plant- and
animal-sourced foods, and at USD1.98 per day was cheaper
than the nutrient-adequate least-cost plant-only diet at
USD3.61. A similar, but international, approach was taken
by Bai et al. (2021), who found that the least-cost nutrient-
adequate diet varied substantially in different parts of the
world, with animal-sourced foods a more affordable source
of nutrients in higher-income nations than in low-income
nations. The affordability of nutrient-adequate diets, as a
proportion of income, also varied, with the lowest
affordability seen in sub-Saharan Africa. Thus, a single
global recommendation for a diet that does not consider the
differing food prices and incomes in different parts of the
world would not be appropriate. Although shifts in food
prices could be expected over time and with changes in
production practices, achieving affordable sustainable diets
will be challenging. Currently, both plant- and animal-
sourced foods contribute to affordable nutrition.

The impact of changes to the food system on livelihoods
should also be a major consideration. Agriculture is also the
source of livelihoods for billions of people. It is estimated
that there are at least 570 million farms worldwide, of which
nearly 500 million can be considered family farms (Lowder
et al. 2016). The dairy sector alone employs almost a quarter
of a billion people through approximately 150 million farms
globally, and is thus thought to directly or indirectly support
the livelihoods of up to one billion people (FAO 2017).
When considering a change to the food system to make any
food groups more affordable, the cost and practicality of that
change for food producers must also be considered.

Emerging possibilities for nutrition

In addition to existing large-scale traditional food production,
novel foods such as insects, and cultured and fermentation-
produced proteins have entered the debate on sustainable
food systems. These foods have generated interest as
potential sources of protein, with reduced environmental
impacts compared with traditional, more widely consumed
foods.

However, there is great variation in the environmental
impacts of these protein sources. The global-warming
contribution of cultured meat differs among production
systems, some of which have larger impacts than does
traditionally reared beef (Lynch and Pierrehumbert 2019).
Cradle-to-plate analysis of chicken in comparison to
numerous alternatives (including lab-grown, insect-based
and mycoprotein) found that the integrated environmental
impacts of chicken and mycoprotein analogues were similar,
and were greater than insect-based but less than lab-grown
alternatives (Smetana et al. 2015).

The acceptance of the consumer will also be necessary if
these foods are to become widely eaten. There are many
factors of consumer concern, particularly taste, for cultured
meat (Bryant and Barnett 2018) and insect foods (House
2016; for which disgust is another barrier in Western
cultures; La Barbera et al. 2018). Less is known about
consumer preference for fermentation-produced protein, but
this could be expected to show similar trends.

Finally, there exist questions around the investment
required to scale up production of these foods, and the
economic feasibility of this scale-up (Stephens et al. 2018;
Madau et al. 2020). Given these uncertainties, as well as lack
of information on the nutritional content and quality of
these novel foods, the current food system will need to
continue to deliver widespread nutrition by using existing
methods (although with improvements to best practice and
wider adoption of best practice) until more is known about
the capacity of the alternatives.

Conclusions

Although we have discussed animal and plant production as
separate entities here and addressed their respective
implications in this paper, we must emphasise two points.
First, plant and livestock production are deeply intercon-
nected; a system view that combines the two is essential
when considering their benefits and impacts. Second, great
variation exists within these two very broad classifications of
food production, and generalised conclusions about either
mask the differing values of individual foods and the
nutrients they supply. We strongly feel that presenting plant
production versus animal production as mutually exclusive is
an incorrect simplification, and hides the much more
granular consideration needed for productive debate on the
subject of sustainable agriculture (Leroy and Hite 2020).

It should also be noted that people do not solely aim to
purchase nutrient-adequate diets; other values drive
purchasing decisions. This difference between demand and
requirement is important, and demand is more likely to
drive changes in production. However, the foods that are
demanded are not necessarily the best for human nutrition,
the environment, or the expenditure of the consumer.

When considering the future of the global food system, it is
essential to examine its nutritional, environmental and
socioeconomic sustainability (HLPE 2014). A food system
that optimises environmental and socioeconomic outcomes
but fails to deliver nutrition for all will not be sustainable.
There is no question that the efficiency of food production
will need to improve if we are to achieve a sustainable food
system. It is also clear that we will need to move to more
sustainable consumption patterns and diets, including
limiting food waste and overconsumption. Better integration
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of animal and plant production systems has the potential to
facilitate more productive and sustainable food systems.

Whether taking the global perspective of nutrient provision
or the individual perspective of consuming affordable,
nutritious diets, the future food system will need to be one
where plant-sourced nutrients are complementary to, and
not competing with, animal-sourced nutrients. The system
as a whole is currently plant-based and must remain so. As
this plant matter feeds both humans directly, and indirectly
via animal production, we believe the whole system should
aim to be plant-based and animal-optimised.
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