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The Future of Animal Feed: Lay Summary 

The feed-food competition for environmental and economic resources raises increasing concerns
about the production and supply of protein for the global livestock sector.

Risks to food-security and approaching deadlines for global sustainable development, means
exploring the potential for alternative protein feeds is imperative. However, as the use of
alternative feeds for livestock production is still at its infancy, it is critical that potential direct or
indirect food safety risks are evaluated before implementation at commercial scales. This Rapid
Evidence Assessment (REA) offers a lens that focuses on the potential opportunities and threats
of such alternatives for the sustainability and food safety of the global livestock sector.

Four potential alternative protein sources for livestock feeds are identified and evaluated through
this REA:

genetically modified / engineered protein crops and alternative cultivation methods
cellular agriculture
former foods, food waste and industry by-products and waste streams
animal by-products and insects

https://www.food.gov.uk/research/emerging-challenges-and-opportunities
https://doi.org//10.46756/sci.fsa.gzi586
https://www.food.gov.uk/research/emerging-challenges-and-opportunities
https://www.food.gov.uk/taxonomy/term/351
https://doi.org//10.46756/sci.fsa.gzi586


Through this analysis, a strategic policy roadmap and research agenda are synthesised to
facilitate higher-level policy making, supporting local solutions for global sustainable development
and a more food-secure future. The four broad directions for policy making and research the REA
proposes are:

decoupling protein production from fossil fuel
developing sustainable economic strategies for alternative proteins at a subnational level
supporting circular livestock feed solutions
further enhancing the feed and food regulatory system

The Future of Animal Feed: Introduction 

Background

The future of livestock feed is of major concern to stakeholders of the agri-food industry, including
the producers and consumers of livestock products, and regulatory authorities that need to
monitor the sustainable development of the sector and ensure food safety [Makkar, 2018; Gurgel,
Reilly & Blanc, 2021]. Feed production is the largest contributor to environmental and economic
impacts associated with livestock production systems. It is predicted that an increased demand
for animal-sourced food will lead to an almost twofold increase in global livestock production by
2050 [FAO, 2019]. The majority of livestock production systems globally rely heavily on
unsustainable, plant-based sources to cover the needs for protein in livestock nutrition [FAO,
2018]. Feed production competes directly for resources required to produce human food,
particularly due to the changing climate. Soybean, sunflower, and rapeseed meals, the most
popular conventional plant-based protein sources in feed formulations, are directly linked to
negative impacts including atmospheric pollution and global warming, acidification and
eutrophication, deforestation and land degradation impacts [LEAP, 2017; Andretta et al., 2021].
These environmental impacts cause significant negative secondary effects on habitat
conservation and flora and fauna biodiversity, and public health [Semper-Pascual et al., 2019;
Adam et al., 2021].

Considering the planet’s limited biophysical capacity, and instabilities in macroeconomic,
geopolitical, and socioeconomic factors, investigating more resilient and sustainable feed
ingredients, hence called alternative, is critical to improving the sustainability of the livestock
sector and meeting the increasing requirements both for livestock and human nutrition [van Huis
& Oonincx , 2017; van Hal et al., 2019; Te Pas et al., 2021]. In doing so, it is important to consider
potential impacts associated with such alternatives with regard to the environment, economy, and
society, to ensure effectiveness, viability, and sustainability of livestock feed, as well as ensure
food safety and prevent threats to human health [Muscat et al., 2020]. Using insect meals as a
case in point, Box 1 presents examples of benefits and risks associated with the implementation
of this alternative protein source, and highlights the complexity in identifying optimal, sustainable
and safe solutions.

Objectives

This Rapid Evidence Assessment (REA) report highlights the opportunities and limitations of
existing solutions for sustainable and safe protein in livestock feeds and proposes scenarios and
directions for future biotechnological developments for the production of alternative protein
sources. By doing so, the REA offers a research and policy roadmap to facilitate Food and
Standards Agency (FSA) strategic development towards achieving a more sustainable and safe
livestock feed sector, targeting global Sustainable Development Goals (SDGs) and ensuring food



safety. The specific objectives of this report are:

1. To identify alternative sources for protein feed ingredients and discuss their potential to
substitute conventional protein crops in future livestock feed formulations.

2. To evaluate the specific sustainability and food safety associated opportunities and risks
they present, as well as potential trade-offs.

3. To identify key relevant policy recommendations to inform FSA’s anticipatory strategic and
regulatory policy when considering the incorporation of alternative protein ingredients for
sustainable and safe livestock feeds.

Research questions

The report attempts to address the following specific research questions:

1. What are some alternative protein sources that could substitute conventional,
unsustainable protein feeds?

2. How environmentally friendly, commercially viable, affordable, and safe are they likely to
be?

3. Do they pose any significant risks to feed and food safety and security?
4. How can they contribute towards sustainable development of the livestock sector?

The Future of Animal Feed: Materials and
Methods

Methodology

The report adopts a holistic approach to review and evaluate sustainability implications of
potential alternative protein feed ingredients, considering equally the environmental, economic
and social dimensions throughout. This report was based on a rapid evidence assessment and
synthesis of available scientific and grey literature, including peer-reviewed scientific articles,
news articles, industry and government reports and relevant databases of the agri-food sector
(e.g., Farm Accountancy Data Network, 2022; Tables of composition and nutritional values of
feed materials, 2004). The research method involved extensive desk-based, qualitative research.
The report adopts a holistic approach to review and evaluate sustainability implications of
potential alternative protein feed ingredients, considering equally the environmental, economic
and social dimensions throughout.

Structure of the report

The following sections of the report present a brief description and overview of potential
alternative protein sources that can be used to substitute conventional protein crops in livestock
feeds. Specifically, Chapter 2 identifies categories of alternative protein sources and drivers that
call for a shift from conventional protein production. The categories are identified through
extensive scientific and grey literature review that focused on alternative protein sources whose
implementation on small scales had been previously explored, and whose upscale may be
enabled by the technological advancements of the next 10 years. The assessment discusses the
aspects of production and supply economics, and relevant economic uncertainties that may affect
the implementation of alternative proteins in future livestock feeds. Such issues must be
considered as they often largely dictate stakeholder investment behaviour and willingness to
adopt alternative strategies in their production systems Through this analysis, the REA attempts



to present pragmatic solutions considering a 10-year horizon while acknowledging the potential
existence of further alternatives that may be currently under development. 

They specific four categories presented in this REA are: 

1. Protein from genetically modified / engineered protein crops and alternative protein crop
growing methods, 

2. Protein from cellular agriculture, 
3. Protein from former foods, food waste and industry by-products and waste streams, and 
4. Protein from animal by-products and insects. 

For each of these categories, Chapters 3 through 6 present an assessment of the potential
opportunities for improvement of livestock feed sustainability and of the potential risks to
sustainability, considering the environmental, economic and social dimensions. Based on this
assessment, Chapter 7 identifies key trade-offs within and across the three pillars of sustainability
– environment, economy, society – and the state-of-the-art in trade-off assessment methods.
Chapter 8 then discusses emerging threats for sustainability of the livestock feed production
sector within and beyond a 10-year time horizon. Finally, Chapter 9 concludes the report by
synthesising key policy pathways to facilitate the development of strategic and regulatory plans
for FSA towards future sustainable livestock feed formulations.
 

The Future of Animal Feed: Drivers for shift
from conventional protein ingredients to
local, soilless and circular alternatives in
livestock feeds

Environmental drivers

Livestock feed is the largest user of available agricultural land globally covering approximately
two times more land than food crop production, with the increase in soybean cultivations being a
primary driver for land-use change (Fig 1.-2.) [Manceron et al., 2014]. While technological
advances and improved management practices in livestock production have driven a reduction in
pasture land-use over the past two decades, global cropland for livestock feed has exhibited an
increasing expansion particularly in the global South [Winkler et al., 2021]. The expansion of soy
production for livestock feed has been associated with increased land degradation and land-use
related impacts (i.e., deforestation) in one of the most important biodiversity hotspots globally, the
Brazilian tropical savanna (Cerrado) (Fig.2) [Song et al., 2021]. While, strict policies have been
implemented to mitigate severe environmental impacts of farming expansion, such as
deforestation (e.g., the “Soybean Moratorium”) [Kastens et al., 2017], this had limited effect in
reducing the intensity of resource use including land [Lathuilliere et al., 2017].

Figure 1: Expansion of the share of conventional protein crops in livestock feed formulations
between 1961-2009 based on FAOSTAT. Source: Manceron et al. (2014)



Figure 2: Land-use impacts by soybean crop expansion in South America presented through
overlays of annual soybean classification maps from 2001 to 2019. Source: Song et al. (2021)



Many of the land-use related impacts discussed previously are also associated with greenhouse
gas emissions (GHGs) arising from protein crop production [Castanheira & Freire, 2013]. Soil
management practices affect the release of CO2 from the land and into the air, and therefore
adopting alternatives that help reduce the need to disturb the soils can positively contribute in the
reduction of anthropogenic GHGs [Johnson, 2018]. Furthermore, the expansion of the protein
crop sector in the past two decades has led to a global increase in biomass burning, a practice
used for deforestation, largely contributing to anthropogenic climate change and atmospheric
pollution [Hoang & Kanemoto, 2021]. In addition to slash-and-burn deforestation, the burning of
agricultural wasted biomass from conventional protein crops has worsened issues of smoke haze
and airborne particulate matter pollution in the global South, particularly South East Asia and
Brazil [Tang & Yap, 2020; Adam et al., 2021]. Therefore, shifting to more soilless and circular
protein sources has an important positive interaction between mitigation of the land-related
impacts discussed previously and the opportunity to greatly reduce global warming potential and
atmospheric pollution associated with protein of livestock feed. Another source of GHGs from
conventional crop production is associated with the main hotspots for energy and fossil fuel use,
which are the operation of machinery for field operations (~63% of total energy-use) and the
production of necessary synthetic fertilisers, herbicides and pesticides (~37% of total energy-use)
[Hoffman et al., 2018].

Interlinked with the land-use related impacts mentioned previously, are also direct impacts to
biodiversity. Disturbances of forest ecosystems (i.e., deforestation) by crop farming expansion,
among other industries, is a big driver of species extinction of indigenous flora and fauna [Semper
Pascual et al., 2019]. Together with restrictions enforced by several nations globally regarding the
importation of crops that cause deforestation (e.g., UK Soy Manifesto
https://uksoymanifesto.uk/faq/), soilless and circular alternative protein sources may present
much needed opportunities towards biodiversity conservation, especially when they are

https://uksoymanifesto.uk/faq/


implemented in regions that are considered as biodiversity hotspots e.g., Brazilian Cerrado [Lima
et al., 2019; Paiva et al., 2020]. However, as previously discussed it is important that shifting to
such solutions does not leave behind abandoned and degraded land. Degraded soils cannot
support plant succession with a healthy organic horizon (i.e., humus) and sufficient nutrients and
this can have detrimental effects on the diversity of plant species. A secondary effect of land
degradation is habitat fragmentation (e.g., fragmented forest ecosystems), and so if conventional
protein crops are replaced then the maintenance of patches that allow species and gene flow
should be considered [Pacheco et al., 2018].

Furthermore, the use of large amounts of nitrogen and phosphorus synthetic (e.g., urea and di-
ammonium phosphate) and organic (e.g., manure) fertilisers for conventional protein crop
production is the primary contributor to acidification and eutrophication impacts associated with
livestock feeds, both for the terrestrial and aquatic ecosystems [FAO, 2016a; Zortea, Maciel &
Passuello, 2018].
Finally, agriculture is the largest contributor to water stress globally, with approximately 57% of
the blue water footprint of global conventional crop production being unsustainable [Mekonnen &
Hoekstra, 2020]. Oil crops (e.g., soybeans, rapeseed, sunflower) are the primary sources of
protein in livestock diets requiring an average of 2400 m3 of water per ton of produce; the second
highest crop class in water requirements, after pulses (e.g., beans, peas, lentils) [Mekonnen &
Hoekstra, 2011].

Economic drivers

The cost of production and supply of conventional protein crops involves large financial
investments associated with necessary direct inputs, including planting material (e.g., seeds),
fertilisers and water for growth, and plant protection products (e.g., pesticides, herbicides). Major
costs are also incurred due to labour inputs, fuel consumption for on-farm operations (e.g., tillage,
spray runs), and for the land (e.g., rent) [FAO, 2016b]. Transporting large amounts of crops over
long distances, often internationally and involving various means of transport (e.g., ships, planes)
is another source of significant costs. In the case of soybean that comes from Brazil, which is a
major global supplier, there are additional, high logistics costs due to poor infrastructure
connecting the producing region to the exporting hubs, even when alternative routes are explored
[Oliveira et al., 2020]. Furthermore, due to the dependency of conventional protein crop
production on fossil fuel (i.e., oil, petrol), the volatility of the price of such inputs can often cause
price spikes and interruptions in the supply of critical livestock protein feeds, such as soy and
sunflower meals [Taghizadeh-Hesary, Rasoulinezhad & Yoshino, 2019].

Food safety and social drivers

The conventional feed production and processing system exposes protein ingredients to several
biological and chemical contaminations at high rates and throughout the various phases, such as
pesticides at production and fungal contaminations at storing and transportation. One particularly
concerning type of such contaminations is caused by mycotoxins. These can have carcinogenic,
immunosuppressive, mutagenic and teratogenic implications for animal and human health
[Kabede et al., 2020]. Aflatoxin, a naturally occurring mycotoxin produced by the Aspergillus
flavus fungus, is known as the most potent hepatocarcinogenic molecule in nature and can cause
stunted growth, breathing difficulties, hormonal imbalances, reproductive diseases and even lead
to death [Conte et al., 2020; Mahato et al., 2021]. Oilseeds including soybeans, rapeseed and
sunflower seeds that are subjected to stressful conditions like prolonged heat, drought, damages
by insects, and damages or moisture at transportation/storage are vulnerable to A. flavus
contamination, which appears as yellow-green or gray-green mold on the seeds. If these seeds
are then used as livestock feed, they pose a serious threat to animal health due to increased
levels of the aflatoxin. Through livestock products such as meat, milk and eggs, humans then get



exposed to aflatoxins. These contaminants are persistent and can be found even in human milk
through the form of other metabolites, threatening infants’ healthy development [Alshannaq et al.,
2018]. Therefore, it is important to explore solutions that allow for more resilient genotypes and
shorter production and supply chains to avoid contamination risks. Furthermore, diversifying crop
production with the adoption of alternative protein feeds may present further opportunities for
social development as it would increase the overall size and economic value of the livestock feed
production sector (currently 62% of the European cereal crops, 88% of soy, and 53% of pulses
used as animal feeds) (FAOSTAT, 2021).

Local, soilless and circular alternatives as a potential
solution

A wealth of research has focused on the nutritional value, digestibility, and use of alternative
protein feeds for livestock. Literature suggests that alternative protein from local, soilless and
circular sources can sufficiently substitute conventional feed ingredients from a nutritional
perspective, although soy is still considered among the most balanced protein feeds for optimal
animal growth [Gasco et al., 2019; Luciano et al., 2020]. In addition, such alternative protein
sources may present solutions to address the critical sustainability issues of conventional feed
production discussed above. In the following chapters, this report presents opportunities and risks
associated with the incorporation of alternative protein feed ingredients sourced from:

1. Genetically modified / engineered (GM/GE) protein crops and alternative protein crop
growing methods (Chapter 3)

2. Cellular agriculture (Chapter 4)
3. Former foods, food waste, industry by-products and waste streams (Chapter 5)
4. Animal by-products and insects (Chapter 6)

The classification above is in accordance with practices from recent scientific literature and was
selected following consultations with experts from the FSA and the Department for Environment,
Food & Rural Affairs (DEFRA). The first group represents plant-derived protein from alternative
crop types (e.g., GM/GE variants, legumes) or alternative plant growing methods (e.g.,
hydroponics). The second group encompasses practices for mass protein extraction at a
microscopic level (e.g., fungal, bacterial, micro-algal organisms). The third group represents
circular agriculture streams using waste and by-products of the agricultural and other industries
(e.g., brewing, bio-refinery). Finally, the fourth group includes processed animal proteins (PAPs)
from by-products of livestock production or from insect farming.

Future of animal feed: Genetically modified /
engineered protein crops and alternative
cultivation methods

Genetically modified/engineered (GM/GE) plant crops have been incorporated in livestock feed
production commercially for more than 30 years. It is estimated that 70 to 90% of the GM/GE crop
biomass, which includes GM soy, is consumed by livestock globally [van Eenennaam & Young,
2014]. The most common GM/GE crops that are used in livestock feeds either as protein or as
energy sources are soy, maize, and potato. These feed ingredients make for up to 10%, 30%,
and 5% respectively of the typical diets of different livestock species (e.g., pigs, poultry, cattle)
[Flachowsky, Chesson & Aulrich, 2007]. Genetically modifying protein crops can reduce breeding
times and enhance resistances to pests, weeds and plant diseases, which also translates into



more cost-effective production and less expensive feed ingredients for livestock [Eriksson et al.,
2018; Gocht et al., 2021]. 

Home-grown (i.e., locally grown) legumes such as fava beans, lupins, and peas, and cultivations
of duckweed have presented an opportunity to replace conventional protein crops (e.g., soy) with
protein sources that are less damaging to the environment considering significant environmental
impacts such as land degradation, fossil fuel depletion, and global warming potential [Watson et
al., 2017; Sherasia et al., 2018; So?ta et al., 2019]. In addition to legumes and duckweed, other
promising alternative plant-based sources of high-quality proteins for feedstuffs are algae and
seaweed (macroalgae), which can also provide livestock with a range of vitamins, minerals, and
fatty-acids [Costa et al., 2021, Duarte, Bruhn & Krause-Jensen, 2021]. State-of-the-art
hydroponics and aquaponics practices (e.g., hydroponics fodder from cereal grain) may unlock
additional benefits for sustainability primarily by reducing the land footprint of protein and reliance
on synthetic inputs (e.g., fertilisers) [Bartelme et al., 2018].

Environmental implications

Land degradation, land use change and land availability related impacts

Home-grown proteins could substitute sizeable amounts of imported protein that has been grown
in high-risk regions like the Brazilian Cerrado, thereby relieving land-related pressures in those
regions [Paiva et al., 2020]. Future climate change projections have indicated more than a twofold
increase in soybean yields for areas of the North (i.e., East Canada), and so growing soybeans
locally along with other local protein crops (e.g., lupins) could enhance the effectiveness of this
practice to reduce land-use related impacts [Cordeiro et al., 2019]. GM/GE protein crops are more
resilient to extreme climates and could help accelerate a shift of protein crop production to
Northern areas [Alig & Ahearn, 2017]. Although not many studies have quantitatively investigated
the direct effect of GM/GE crops on land-use change, evidence suggests that there is the
possibility of unintended negative consequences due to the displacement of locally grown
proteins and knock-on effects on land use [Eriksson et al., 2018]. Introducing more protein from
soilless cultivations in livestock feed, such as freshwater algae and marine macroalgae
(seaweed), present another opportunity in mitigating land-related impacts [Øverland, Mydland &
Skrede, 2019; Koesling et al., 2021]. 

An issue that should be carefully considered when evaluating alternative protein sources,
particularly soilless cultivations, is that of land degradation, which is largely caused by the
abandonment of crop production-associated land [Winkler et al., 2021]. Steering away from
protein grown in the South (e.g., Brazilian soy) without planned sustainable alternative land uses
or conservation actions (e.g., reforestation) may result in vast areas of abandoned and
mismanaged land. This, in combination with effects of climate change in the south such as
increasing temperatures and frequencies of extreme droughts, could exert pressures on the land
surface and especially the soil organic carbon [Olsson et al., 2019]. Moreover, the specific soil
management practices (e.g., tillage, reduced tillage) should be considered when genetically
modified/engineered and home-grown alternatives are implemented, because these can have a
great impact on soil carbon sequestration and therefore soil quality [Johnson, 2018].

Greenhouse gas emissions, atmospheric pollution and fossil fuel depletion

GM/GE protein crops being resilient to plant diseases, poor soil conditions, and nutrient
availability, could help reduce the production and use of chemical inputs, further mitigating such
impacts. Reducing spray runs on the field and requirements for tillage (i.e., to prepare the soil for
cultivation and for weed control) can help reduce fossil fuel usage by many billions of litres
annually and significantly reduce associated GHGs [Brookes & Barfoot, 2020]. Hydroponics and



aquaponics may present another alternative to help mitigate GHGs and fossil fuel depletion, since
they are soilless cultivations and most of their energy-related impacts are associated with the use
of electricity (i.e., for lighting, greenhouse and water heating), which can be generated through
renewable sources. While such alternative cultivation methods could be implemented at large
scales using energy sourced from fossil fuel and still reduce several environmental impacts (e.g.,
land-use, nutrient leaching from fertilisers), renewable energy sourcing would largely improve
their pollution mitigation potential and economic viability. The use of fertilisers is also minimal with
these cultivation methods and accounts for less than 2% of their abiotic depletion potential [Chen
et al., 2020]. Another way to improve livestock sector carbon footprint and energy-efficiency is by
obtaining protein for livestock feed from crops grown locally (i.e., home-grown protein), since
using geographically shorter supply chains could help reduce emissions and energy requirements
for transportation and packaging [Taelman et al., 2015].

Nitrogen and phosphorus related impacts

GM/GE crops have increased resistances to extreme weather conditions, water and nutrient
scarcity among others. With these enhanced genotypes, they can supply the livestock sector with
protein throughout the year with reduced synthetic fertiliser needs [Paul, Nuccio & Basu, 2018].
Further reductions can be achieved with the adoption of algae and seaweed cultivations for
protein production. In addition to the fact that these alternatives do not make use of synthetic
fertilisers, they absorb very large amounts of carbon, nitrogen, and phosphorus from freshwater
and oceanic ecosystems that could otherwise lead to significant aquatic acidification and
eutrophication impacts [Zheng et al., 2019; Gao et al., 2021]. Most of the alternatives discussed
here have the potential to greatly reduce the need for such inputs and therefore, significantly

mitigate relevant environmental impacts and reduce economic costs. Despite the many

opportunities to mitigate nitrogen and phosphorus related impacts of livestock feed,

there are some potential, relevant risks that need to be considered. Soy protein has

been a very popular choice for animal production because it is very well balanced and

easily digestible. Substituting soy with alternative protein feeds may result in changes in

manure and urine compositions, through varied N and P amounts excreted, which in

turn may lead to higher concentrations of nitrogen on fields with their application at crop

production [Trabue et al., 2021].

Despite the many opportunities to mitigate nitrogen and phosphorus related impacts of

livestock feed, there are some potential, relevant risks that need to be considered. Soy

protein has been a very popular choice for animal production because it is very well

balanced and easily digestible. Substituting soy with alternative protein feeds may result

in changes in manure and urine compositions, through varied N and P amounts

excreted, which in turn may lead to higher concentrations of nitrogen on fields with their

application at crop production [Trabue et al., 2021].

Impacts to water quality and depletion of water resources

GM/GE crops, due to their resistances can provide abundant, healthy protein crop

yields throughout the year without overburdening the available water resources with

synthetic and chemical inputs [Paul, Nuccio & Basu, 2018; Dinar, Tieu & Huynh, 2019].

Reducing the use of fertilisers, pesticides, and insecticides can help improve the



ecological quality of waters and prevent losses of biodiversity from the potential

leaching of such chemicals in freshwater bodies and coastal ecosystems [Kumar et al.,

2020]. However, recent research has also highlighted a potential opposite effect and

threat of transgene sequences to be transferred to weeds, creating herbicide-tolerant

superweeds. This may lead to an overall increase in the use of herbicides, which needs

to be considered particularly in relation to water safety [Tsatsakis et al., 2017].

Soilless cultivation alternatives such as hydroponics and aquaponics can also help

improve water use efficiency when compared to traditional crop production, particularly

when exploiting wastewater resources [124 et al., 2019]. The uptake of toxic metals and

other contaminants by the plant however, is a major concern that needs to be

considered when wastewater is used for growing purposes [Cifuentes?Torres et al.,

2021]. Seaweed farming can improve life below water by facilitating the development of

complex habitats, stimulating biodiversity, providing organic matter within and beyond

the boundaries of their habitat, and converting large amounts of carbon to low carbon

feed and energy [Duarte, Bruhn & Krause-Jensen, 2021]. 

However, it may also be the driver for negative environmental changes that need further

investigation and careful consideration when planning for large-scale seaweed farming.

For example, it creates competition for light and nutrients between cultivated and wild

species (e.g., planktonic communities), pollution from artificial material as farming

infrastructure, noise disturbances to animals due to increased vessel activity in the area

and may significantly alter the geomorphology of coastal ecosystems. This is due to the

absorption of kinetic energy from waves, creating microclimates that may even extend

beyond the farming boundaries [Campbell et al., 2019].

The use of home-grown proteins may present an opportunity to further reduce the water

footprint of livestock feed, especially if it substitutes imported protein grown in high-risk

regions in terms of water scarcity (i.e., Brazilian soy from the Cerrado) [Santos & Naval,

2020].

Impacts to biodiversity

Using GM/GE crops may drive changes to agricultural biodiversity, for example reducing weed
seeds diversity by up to 36% [Andow, 2003] through the mechanisms of gene and trait transfer to
non-targeted, wild species, invasiveness, and weediness [Tsatsakis et al., 2017]. Furthermore,
farmers tend to use more potent chemicals when herbicide and pesticide resistant GM/GE crops
expand beyond domestication boundaries (i.e., weediness), leading to biodiversity losses of
terrestrial and aquatic species in nearby fields and water bodies [Schütte et al., 2017]. Such
effects can be disastrous to the point that close to complete mortality (96% – 100%) has been
reported as the potential effect of specific chemical herbicides on North American freshwater
biodiversity [Relyea, 2005].



Economic implications

Production and supply economics

GM/GE crops can help significantly reduce costs for fertilisers, water, pesticides, and herbicides,
while supplying increased yields [Kumar et al., 2020]. Given their potential to be cultivated in a
broader geographic range than conventional crops, they could help reduce transportation costs if
produced closer to the receiving markets or to transportation hubs. Shifting to more home-grown
protein alternatives like lupin, can also help reduce fuel for transportation and the associated
costs, and are generally less costly to cultivate compared to traditional protein sources like soy
[Lo, Kasapis & Farahnaky, 2021]. Even in scenarios where transportation fuel may rely on
renewable sources (i.e., bioethanol), it is important to consider that demand may continue driving
prices of biofuel feedstocks high, which include valuable conventional protein sources for the
livestock sector like soy and rapeseed [Popp et al., 2016; O’Malley & Searle, 2021]. This further
highlights the need to incorporate more alternative protein sources to maintain market stability
and feed availability globally. 

Literature is conflicted about the economic viability of seaweed farming as an alternative to
sourcing protein for feed, suggesting that it is a good solution when implemented in poorer
countries especially as post-harvest processing technologies become better and more affordable
[Duarte, Bruhn & Krause-Jensen, 2021], but not a cost-effective industry when implemented in
the Northern countries primarily due to the increased labour costs compared to the global South
[van den Burg et al., 2016; Emblemsvåg et al., 2020].

The economics of alternative protein sources at large scales is a major concern for their adoption,
since only a few alternative protein production and supply systems have been tested and
exploited commercially to date (e.g., genetically modified/engineered protein crops). Hydroponics
and aquaponics practices are mainly implemented in small scales, for example to provide single
cattle farms with fodder or in urban systems for the provision of leafy vegetables, where they
generate high profits [Girma & Gebremariam, 2018; Greenfeld et al., 2019]. While little research
has been done to evaluate their economic performance at industry level, there may be economic
benefits through integrated production systems and the co-production of protein crops and fish-
meals, also relieving pressures from the demand of such ingredients both for livestock feed and
human food [Goddek et al., 2015; Palm et al., 2018].

Robustness to economic uncertainties and extreme events

Among the alternatives discussed here, there are production methods that consume less energy
than conventional protein crop systems and rely much more on electricity, which can be sourced
from renewables, rather than fossil fuel for their needs. These include hydroponics cultivations,
algae and seaweed farming, insect farming, sourcing proteins from microorganisms, and from
industry waste streams and by-products. Electricity for these systems can be sourced from a
variety of renewable sources, for example from biogas and solar, wind, and tidal energy, which
rapidly becomes less expensive than energy from fossil fuel. Local solutions for energy sourcing
can further enhance understanding and control by governmental authorities over relevant inputs
and emissions associated with the agri-food sector. Therefore, considering the dependencies
between fossil fuel and feed ingredient prices and the added benefits of local renewable energy,
such alternative protein sources may offer resilient solutions for the future of livestock feed,
particularly as policy makers continue to support the development and diversity of the renewable
energy sector [Punzi, 2019].

Over the past two years, the Covid-19 pandemic has forced strict restrictions on global trading
and caused a great shock to the economy of the livestock sector due to the inaccessibility of
conventional feed ingredients and other necessary resources [Lioutas & Charatsari, 2021;



Rzymski et al., 2021]. Local protein sources, for instance from the home-grown cultivation
systems discussed here, could potentially help mitigate some of these economic impacts.
Furthermore, the pandemic has raised awareness about the investment in developing automation
technologies and has driven advancements in treatment practices that eliminate the risks of
pathogen and disease dispersal [Henry, 2020]. As discussed above, many of the alternatives
presented here could benefit greatly from such developments, which would potentially enable
them to make the step to commercial, large-scale production. Aside from Covid-19 related
impacts, uncertainties around global trading dynamics and future trading partners call for protein
sources that are resilient to fluctuations in import / export policies and do not rely on imported
resources, including imported energy [Taghizadeh-Hesary et al, 2019; Choi et al., 2021; Yao et
al., 2021]. The conflict in Ukraine has already led to historical high prices for European wheat and
corn, and a huge increase in the price of sunflower meals, a main protein ingredient in livestock
diets [IFIP, 2022]. Furthermore, the availability of chemical fertilisers and pesticides is expected to
become very limited since Ukraine and Russia are major exporters of such inputs, while their
price has already almost doubled and is expected to continue to rise [Schiffling & Kanellos, 2022].
Increasing adoption of locally grown genetically modified/engineered crops, microalgae and
seaweed farming, and protein from waste streams may help minimise dependency of the
livestock feed production sector on such inputs, especially if these are accompanied by a shift
from fossil fuel towards renewable locally sourced energy. A diversification of protein sources
may help avoid cases where feed producers shift to other profitable crops (e.g., energy crops for
biofuel) in times of such crises, therefore leading to a more robust livestock sector [USDA, 2022]. 

Social implications

Policy making in the agri-food sector often overlooks the social pillar of sustainability and
considers it as a lower priority compared to environmental and economic considerations.
However, as this section discusses for each alternative protein feed category, their production
and use may have important social implications for animal health and welfare, food safety and
public health, and social development.

Nutritional value and animal growth

GM/GE protein crops (e.g., Soybean Mon87701) can improve conventional ingredient nutrient
profiles, therefore potentially improving animal growth without compromising animal and human
health [Buzoianu et al., 2013; EFSA, 2020]. Studies have found that GM/GE soy can contain
between 48% - 63% of crude protein, compared to the 20% - 55% average protein content that
can be obtained by conventional soy crops [Edwards et al., 2000; Sauvant et al., 2004; Giraldo et
al., 2019]. This shows an opportunity in that smaller quantities of GM/GE soy crops could
substitute conventional soy and fulfil the relevant livestock requirements for protein. Research has
also shown that the inclusion of seaweed (macro-algae) as a protein source in poultry diets can
improve growth performance, laying rates and product quality [Coudert et al., 2020]. Seaweed
protein contents can vary widely however, depending on the farmed species (e.g., Palmaria
palmata, Porphyra sp.) between 3% - 47% [Morais et al., 2020]. Crude protein contents from
homegrown legumes and duckweed can also be comparable to conventional protein feeds,
ranging between 20% - 45% [So?ta et al., 2019; 2021].

Animal health and welfare

The resistant genotypes of GM/GE crops may help mitigate losses in nutritional value and more
importantly potential fungal and bacterial contaminations caused by damages or decay under
poor conditions of transportation and/or storage. Using local protein crops may offer another
option to mitigate fungal and bacterial contaminations caused by the transportation and/or storage
of feeds, particularly when these substitute ingredients that are imported from different countries



and very long distances (e.g., soybeans). Transportation of contaminated feed stuffs over long
distances (e.g., from China to the USA) greatly increases the risk for transmission of pathogens,
including fungal toxins and viruses. Studies have shown that this has been the main pathway for
transmission of animal diseases such as the African Swine Fever and Foot/Hoof and Mouth
Disease across countries and even continents [Becton et al., 2022]. These diseases, although
they are not contagious and harmful to humans, can cause severe impairments for animal growth
thereby leading to a significantly less productive sector [Becton et al., 2022].

Social development

Home-grown protein crops could stimulate economic and social growth in local rural communities
mitigating negative impacts of urbanisation [Swain & Teufel, 2017] and smallholders, local
producers may acquire a more central role in the agricultural sector.

 The introduction of novel technologies and practices required for the commercialisation of
alternative protein sources may promote cross-sectoral knowledge sharing and collaborations,
and opportunities for education as the demand for more specialised on-farm labour may increase
[Marinoudi et al., 2019]. On-farm work safety could be improved significantly through production
methods that minimise the use of hazardous agrochemicals (e.g., pesticides, herbicides, chemical
fertilisers) and that rely on automated technologies [Elahi et al., 2019]. Through increased
efficiency, reduced on-farm risks, and reduced demand for heavy physical labour, alternative
protein production chains may contribute to an overall improvement of labourer welfare and
gender representation in the livestock sector. 

Furthermore, the alternative protein sources presented in this section have the potential to
mitigate greatly negative impacts on terrestrial and aquatic ecosystems and biodiversity, and
therefore preserve ecosystem services improving firstly human wellbeing and quality of life, but
also global agricultural growth [Rukundo et al., 2018]. This is particularly important when
considering the extent of damages to some of the planet’s most valuable and pressured
ecosystems such as the Brazilian Cerrado and Amazon’s and Borneo’s rainforests, whose
services are appreciated globally [Flach et al., 2021]. As previously discussed, shifting to local
protein crops, growing genetically modified/engineered crops in the global North, or adopting
more of the landless cultivation methods presented here, may help reduce pressures and
contribute towards the conservation of such important ecosystems [Weindl et al., 2020].

Consumer perception and acceptance

Consumer perception has always been a big concern and a barrier to the adoption of alternative
proteins both for human consumption and for livestock feed. Although meat consumers and
livestock farmers seem to be positive about alternatives such as GM/GE crops, insects, algae,
and lab-grown feeds used in livestock production there is still much to be explored regarding the
tipping point in acceptance and the specific factors that affect it [Verbeke et al., 2015; Onwezen et
al., 2019]. Providing sufficient and credible information with the products at the point of sale is
critical to build trust with the consumers and facilitate their habituation and acceptance towards
alternative feeds [Altmann et al., 2022; Khaemba et al., 2022]. Issues of mislabelling need to be
controlled and avoided particularly as long as GM/GE protein ingredients are perceived as having
safety issues by some consumers [Montgomery et al., 2020]. Feed and food fraud threaten
customer trust and acceptance, but also food security since they often exclude vital information
about potential sources of fungal, bacterial, or chemical contamination. Other studies however
have shown that overly exposing the public to risk assessment protocols for relevant modern
biotechnologies and procedures (e.g, transgenesis) may contribute to feelings of distrust and fear
regarding the safe use of GM/GE feeds for livestock [Giraldo et al., 2019].



Food safety

The use of GM/GE protein crops as livestock feed can have unintended negative implications for
human health. The safety of most transgenic protein feeds has been evaluated in the context of
“direct use as human foods” because they can also be consumed by humans (e.g., soybeans,
canola). However, more research is needed to understand, monitor and regulate the risks for
toxicity and allergenicity of GM/GE livestock feeds to humans through indirect exposure by
consumption of livestock products [Giraldo et al., 2019]. An unintended negative impact is
horizontal transfers of genes from GM/GE protein foods, the presence of which has been reported
in the digestive tract of humans; this does not exclude the possibility for a transfer to humans
through livestock meat products. However, the quantities recorded have been relatively small
(i.e., maximum ~4% of transgenic DNA) and studies suggest that the low pH in animals’ stomach
can degrade most of it before large quantities reach humans [Netherwood et al., 2004; Dona &
Arvanitoyannis, 2009; Korwin-Kossakowska et al., 2020]. Another potential threat to human
health may arise indirectly through the overuse of glyphosate (herbicide) that many farmers do to
combat weediness of herbicide resistant GM crops; accumulated glyphosate in plant tissues and
root system promotes the growth and mycotoxin production of the fungi Fusarium which can
reach humans through the pathways described above [Diaz-Llano & Smith, 2006]. 

Aside from the adoption of protein sources that are more resilient to biological contaminants,
minimising mycotoxin outbreaks starts with good management practices such as thorough
grain/seed cleaning, removal of damaged seeds and debris, and sanitation of handling and
storage equipment [Ráduly et al., 2021]. However, considering that pressures of climate change
and unavoidable transportation/storage issues (e.g., Ukraine-Russia conflict) can greatly affect
the growth and distribution of contaminants and the risks they pose to feed and food safety, it is
critical that we employ multiple controlling mechanisms including alternative protein sources that
are grown more locally [Magnoli et al., 2019].

Finally, recent research has shown that there is no evidence to suggest that GM/GE protein crops
expose humans to novel allergens or that they are more allergenic than the conventional
counterparts [Dunn et al., 2017]. On the contrary, some studies propose that GM/GE feeds and
foods may even reduce the expression of proteins that lead to allergic reactions, therefore being
more suitable for human consumption from this perspective [Dubois et al., 2015]. Overall, more
research is required to precisely evaluate the risk for severe allergic reactions caused by animal
feeds; for example, how potent can protein meals from fava beans be as an allergen for
individuals with G6PD deficiency? The inclusion of seaweed in feeds may also lead to allergic
reactions, similar to those exhibited due to intolerances in seaweed-extract food additives (e.g.,
carrageenan from red seaweed) [Santo et al., 2020].

Regulatory implications

While the popularity of GM/GE protein feed ingredients has greatly increased over the past two

decades, incorporating them at commercial scales in livestock feeds requires thorough safety

assessment and labelling protocols. The US and Canadian regulatory authorities perform

comparisons with conventional counterparts through scientific experimentation to evaluate the

safety of GM/GE products, while legislation in EU focuses more on controlling and certifying the

modification process. In all cases however, it is important that the regulatory system knows the

actual genes that are being transferred to the feed crop and understands potential changes in its

functionality (e.g., production of novel protein / enzyme with potential allergenic action) [Giraldo et

al., 2019]. Besides GM/GE protein feeds, labelling and traceability protocols are important also for

the use of homegrown legumes and seaweed, especially when considering potential risk of



allergies and intolerances.

 

 

 

 

 

 

 

The Future of Animal Feed: Cellular
agriculture

Similar to algae and seaweed, micro-algae are rich in fatty acids and carotenoids important to
livestock from aquatic species (e.g., salmon, shrimp) to poultry and pigs and to humans who
consume it mainly in the form of food supplements [Jones et al., 2020]. Fungal proteins (e.g.,
yeast protein) have long been used both in feeds and human foods and current research focuses
on ways to optimise their production. One particularly interesting field of research looks into the
potential for animal and agricultural food waste (e.g., fish, fruits) to be used as substrates for
fungal protein production, therefore upgrading waste into high-value products while
supplementing the livestock sector with important protein resources [Tropea et al., 2022].
Bacterial protein is another well-known alternative solution for livestock feed, which can benefit
from further developments in upgrading waste or by-product substrates particularly in reducing
production costs to enable it to compete with less expensive conventional feeds [Puyol et al.,
2017; Ritala et al., 2017].

Cellular protein is typically produced through the ability of microorganisms to convert organic and
inorganic carbon substrates into valuable protein and other nutrients, or through the use of
GM/GE technologies (i.e., bioengineering) to extract such macromolecules from fermented cell
cultures (e.g,. Quorn, cultivated soy-meat).

Environmental implications

Land degradation, land use change and land availability related impacts

Production of protein feeds from cellular sources is not dependent on arable land and therefore
presents an effective solution to improving overall resource efficiency of the livestock sector and
mitigating land-use related impacts [Nyyssölä et al., 2022]. As cellular agriculture becomes
increasingly popular in the global North, it can significantly help relieve land-use pressures in
high-risk forested areas of the South [Stephens & Ellis, 2020]. Cellular protein can be produced in
facilities located in urban areas (e.g., labs, vertical farms), consequently freeing up agricultural
land for food crops and livestock.

Greenhouse gas emissions, atmospheric pollution and fossil fuel depletion



Cellular agriculture relies less on fossil fuel than conventional protein crop production and
currently operates on a mixture of fuels, consisting mainly of natural gas, coal and electricity from
renewable sources; a study using US large scale cell production as a case in point indicates a
fuel blend of 43% : 33% : 16% respectively [Mattick, 2018]. As a result, substituting protein crop
feeds with cellular protein can help reduce fossil fuel depletion and associated GHG emissions to
atmosphere. The potential for mitigation of such impacts can be increased by enabling additional
usage of renewable energy sources for cellular agriculture shifts, especially since its main
operations and energy requirements are for heating and artificial lighting and their automated
regulation [Mattick, 2018]. Bacterial and fungal protein (e.g., methanotrophs and yeasts
respectively) can reduce GHG emissions and improve resource efficiency of livestock feeds
further through the utilisation of industrial wastes and residues as feedstocks, for example CH4
and CO2 emissions from oil drilling [Nyyssölä et al., 2022]. Finally, since cellular protein
production can take place in urban areas and close to feed processing / manufacturing facilities
and distribution hubs, it can reduce GHG atmospheric emissions and fossil fuel use associated
with transportation requirements.

Nitrogen and phosphorus related impacts

Unlike conventional crops, cellular agriculture does not require synthetic fertilisers to provide the
necessary nutrients for protein production. Instead, nitrogen fixating microorganisms can either
recycle the reactive nitrogen available on soils and organic / inorganic substrates, or fixate
atmospheric nitrogen [Helliwell & Burton, 2021; Nyyssölä et al., 2022]. These processes help
reduce surpluses of nitrogen and phosphorus that could potentially lead to acidification and
eutrophication of terrestrial and aquatic ecosystems.

Impacts to water quality and depletion of water resources

The water footprint of protein production from microorganisms can vary greatly depending on the

type of substrate used and location of production. In cases where cellular agriculture uses plant-

derived feedstuffs (e.g., sugar), total consumption of water (including requirements for climate

regulation, heating and cooling of the facilities) is comparable to that of conventional crop

production [Behm et al., 2022]. On the other hand, cellular agriculture generates significantly less

wastewater than conventional protein crops and therefore it does not threaten water quality.

Moreover, it can utilise a range of water streams such as fresh, marine and recycle wastewater,

further reducing pressures on available water resources [Nyyssölä et al., 2022]. However, to best

evaluate the effectiveness of this strategy to improve water quality, alternative pathways for food

waste recycling should also be considered (Fig. 3) [Puyol et al., 2017].

Figure 3: Different biological technologies and pathways for wastewater treatment and
recovery. Source: Puyol et al. (2017).

 



Impacts to biodiversity

Cellular agriculture contributes to the conservation of biodiversity and preservation of biodiversity
hot-spot areas of the planet by reducing land requirements for protein feed production and
therefore mitigating associated impacts of deforestation and habitat fragmentation / loss.
However, an important consideration here is that a potential abrupt abandonment of agricultural
landscapes due to a shift towards cellular agriculture may lead to a loss of grassland biodiversity
and habitat fragmentation if land is mismanaged [Helliwell & Burton, 2021; Moritz et al., 2022].

Economic implications

Production and supply economics and resilience to extreme events

While more research is required to quantify the costs associated with the production of protein
feeds from cellular agriculture particularly under varied production scenarios (e.g., different
substrates), studies have looked into the economic of cultured meat production systems and
found that they can be comparable to conventional livestock and crop production systems [Bapat
et al., 2021; Eibl et al., 2021]. Advancements in biotechnology can help overcome challenges
regarding the large capital investments required for production (e.g., purchasing of production-
related equipment), for treatment of waste substrates to enhance biosecurity, and for sourcing of
required specialised labour [Odegard & Sinke, 2021]. Such developments will make cellular
protein more competitive in the feed market and help address current market uncertainties related
to the willingness of feed manufacturers and livestock producers to shift away from conventional
protein sources [Saavoss, 2019]. 

The relatively low fossil fuel requirements of cellular agriculture and ability of microorganisms to
convert a range of waste streams to valuable products enables novel circular economy pathways
that enhance resilience of the livestock feed production sector against fluctuations in fuel prices
and prices of relevant agricultural commodities (e.g., plant-derived feedstuffs). If more and less
expensive renewable energy becomes available for cellular agriculture (e.g., electricity from solar
power), then its economic performance at large scales can be further improved [Eibl et al., 2021;
Helliwell & Burton, 2021; Nyyssölä et al., 2022].



Considering the uncertainties and instabilities in global fuel prices and trading policies, the ability
of cellular agriculture to take place in urban areas and close to distribution hubs may greatly
reduce costs associated with transportation and increase feed security and availability in local
livestock production systems. Finally, cellular agriculture allows for better control of the levels and
quality of production, therefore providing higher consistency of representation in the market and
financial security [Gasteratos, 2019].

Social implications

Nutritional value and animal growth

From a nutritional perspective, protein from cellular agriculture sources can sufficiently compare
to protein levels from conventional sources. Specifically, crude protein contents from fungi (e.g.,
Saccharomyces cerevisiae), bacteria (e.g., Arthrospira plantensis) and micro-algae (e.g.,
Chlorella vulgaris) can range from 33% to 47%, 51% to 81%, and 7% to 59% respectively
[Pignolet et al., 2013; Glencross et al., 2020]. Research has shown that the amino acid
composition and nutritional profile of cellular protein meals that have been tested in livestock and
fish feed formulations does not lead to significant differences in animal body compositions and
growth [Hardy et al., 2018; Jones et al., 2020].

Animal health and welfare

Several studies have shown that cellular agriculture can have positive implications on animal
health and welfare. The control that cellular agriculture offers over the quality of produced feed
(i.e., GM/GE techniques that allow for specific proteins to be produced) can provide balanced
nutrients for optimal animal growth and meat quality (e.g., reduced unnecessary fats) [Mattick
2018]. Moreover, cellular protein production typically takes place under hygienic conditions in
controlled environments (e.g., lab-like facilities), therefore reducing the risk of potential biological
contaminations (e.g., mycotoxins) that can threaten animal health. However, safety risks that
include biological and chemical contamination may arise if the substrates (e.g., crop by-products)
and facilities (e.g., fermentation tanks) are contaminated during production, or if the produce is
contaminated at handling and post-production processing [Teng et al., 2021]. These risks become
particularly relevant in the absence of technologies required for the monitoring and detection of
undesirable microbial communities, toxins and chemical pollutants (e.g., nanoplastics), especially
if waste substrates are used for production.

Finally, acceptability by livestock of such novel feeds can present an issue for animal welfare. For
example, characteristics of novel feeds like palatability or texture compared to conventional
protein feeds may cause livestock to consume less quantities and therefore also risk good animal
health and growth [Mainardes & DeVries, 2016]. However, small adaptations in management
practices (e.g., social feeding strategies, gradual adaptation) can help greatly increase the
willingness of livestock to consume alternative feed ingredients [Mainardes & DeVries, 2016].

Social development

Several opportunities for social development may arise with the development of cellular
agriculture markets. Novel protein production systems could be located adjacent to sources of
waste and industrial by-products, therefore establishing efficient waste-to-product chains and
greatly improving waste disposal [Williams, 2021]. Cellular protein production facilities that are
located in urban areas can help build more resilient and resource-efficient localised livestock
systems that do not rely on transportation of ingredients over long distances and contribute to the
development of local economies. The requirements cellular agriculture has for specialised labour
and renewable energy sources can further encourage social and economic growth of less



developed rural communities.

Consumer perception and acceptance

Consumer acceptance is not considered a serious threat to the marketability and economic
viability of cellular protein feeds, since cellular agriculture has become an established practice in
the food industry over the past two decades. Consumers have gained significant exposure to
foods arising from cellular agriculture processes, especially used in vegetarian and vegan diets,
which should enable the smooth incorporation of such alternatives in livestock feeds [Teng et al.,
2021; Zollman Thomas & Bryant, 2021].

Potential risks regarding the willingness of consumers to try livestock products reared with cellular
protein may arise when waste substrates or GM/GE – bioengineering techniques are used that
are not well-understood or trusted by sections of the public. Further educating consumers on the
overall environmental, economic and social benefits of this alternative, on wrong perceptions of
related food safety issues, and adhering to transparent labelling protocols can help enhance
consumer acceptance and adoption rates.

Food Safety
As also discussed for animal health and welfare above, a major concern for food safety arises
when cellular protein production uses waste substrates that have not been thoroughly processed.
Such practices introduce the risk for several biological (incl. viral, bacterial, or fungal
microorganisms) and chemical contaminants (incl. microplastics, heavy metals, synthetic
molecules) to enter the human body through bioaccumulation. While current research is
constantly uncovering new information, there is still much uncertainty around the precise
mechanisms through which such contaminants are enabled and the specific problems they may
cause to humans. 

Another concern for food safety relates to that synthetic protein may lead to the introduction of
allergens in the human food chain similar to conventional protein sources, therefore leading to
potential allergic reactions and intolerances through the consumption of livestock products [Kuhad
et al., 1997].

Regulatory implications

A strict regulatory system must be in place to address safety related issues particularly when
waste substrates and GM/GE techniques are used for cellular protein production. Early and
precise detection of biological and chemical contaminants, as well as monitoring of good hygiene
practices are critical to ensuring feed and food safety. Anticipatory monitoring strategies, such as
randomised sampling and thorough inspections of production chains, as well as strict labelling
policies should be developed to prevent feed and food fraud incidents, which may increase as
quality and affordability of cellular protein improve and the market expands.

 

 

 

 

 

 



 

 

The Future of Animal Feed: Former foods,
food waste and industry by-products and
waste streams

Supplying livestock directly with human inedible protein from food waste has been another major
topic of research as a potential solution to livestock feed sustainability without compromising food
availability, since approximately 30% of global arable land produces food that is subsequently not
eaten [FAO, 2013; Tonini et al., 2018]. 

The assessment distinguishes between food waste and former foods. The former, refers to edible
material that was discarded either by choice or due to events like spillage and spoilage during
production and processing, while the latter refers to foods or food ingredients that did not reach
retailers and consumers (e.g., due to not meeting quality criteria). It is important to consider that
food waste may contain some inedible material mainly due to packaging residues [Tavill, 2020].

Many studies have investigated the nutrient profiles of popular food wastes globally, the impact of
waste processing methods on the effectiveness of food wastes as feed, and the potential
implications on livestock performance across several species [Dou, Toth & Westendorf et al.,
2018; Luciano et al., 2020]. Evidence suggests that food waste from both hospitality and
households have potential to substitute protein feedstuffs, while former foods from bakery and
confectionery can be used as a source of protein in livestock diets [Pinotti et al., 2021; Rajeh et
al., 2021]. Many large European and UK retailers, including Tesco, Arla Foods, and Coca Cola,
have already started investing in their waste sorting procedures to safely use surplus food as
animal feed [WRAP, 2016]. Such actions however have been delayed by significant food security
threats, including the Covid-19 pandemic, that forced retailers, restaurants, hotels and cafeterias
to operate at very low capacity, therefore generating limited amounts of food waste.  

Crop residues, agro-industrial by-products, and agroforestry plants (e.g., tea, cassava, mulberry,
mesquite) also present opportunities to source proteins for use in livestock feed. These sources
refer to by-products that are inedible for humans, such as plant foliage and by-products (e.g., leaf
protein concentrates) derived from agroforestry and post-harvest crop processing and that can be
used as sources of protein, energy and fibre for livestock [Tallentire et al., 2018; Li et al., 2019;
Salami et al., 2019]. Distillers’ dried grains with solubles (DDGS), a by-product of the biofuel
industry, has been among the most popular examples used to substitute soya and maize in diet
formulations for livestock and fish [Makkar, 2018]. Due to the potential use of such by-products as
livestock feed, synergies and integrations between biorefineries and livestock systems have been
explored to address issues of land availability and redistribute the environmental pressures
associated with the two industries [de Souza, Junqueira & Cavalett, 2021].

Agri-food waste-streams present many opportunities to sourcing protein for livestock feed, while
at the same time addressing a range of environmental pollution issues. Using novel
biotechnologies, nitrogen recovery rates of close to 100% have been reported from waste and
wastewater through to microbial protein for cellular protein, revealing the potential for biobased
circular economies in agriculture [Puyol et al., 2017]. Recent research has also explored the
potential of waste from livestock (e.g., liquid slurries) and biorefineries (e.g., anaerobic digestate)
to help grow sustainable duckweed, minimising water use for its cultivation and land otherwise
used for the disposal of the excess slurry [Stadtlander et al., 2019; So?ta et al., 2020].



Environmental implications

Land degradation, land use change and land availability related impacts

Generating protein from former foods, food waste, and industry by-products can help mitigate
global livestock sector land-use footprint, as it alleviates pressures from land that would otherwise
be used for feed-crop production. Funnelling food and industry wastes into livestock feeds can
significantly reduce requirements for landfills and relieve overall pressures on waste disposal
systems [Tonini et al., 2018]. Land occupied by plant, cereal and fruit production in particular, can
be used to accommodate grazing needs by ruminants, in addition to reducing crop land
requirements [Schader et al., 2015; Salami et al., 2019].

Greenhouse gas emissions, atmospheric pollution and fossil fuel depletion

Treating waste streams as valuable by-products helps significantly reduce the overall
environmental footprint of the industries that generate them – i.e., bakery, hotels and restaurants,
crop production, brewery, biofuel, etc. This is because the allocation of emissions and pollutants
generated through production, including GHG atmospheric emissions and impacts to resource
availability, would change from an “only the primary product is responsible” allocation process, to
“emissions are allocated to the primary product and valuable co-products”. Incorporating such
soilless protein sources in livestock feed frees up land and resources for conventional protein
crops like soybean, which can be used directly for human consumption or by other industries
(e.g., as feedstock for biofuel), overall reducing the environmental footprint of livestock feed
production. Studies have shown that using food waste as feed is the best performing disposal
strategy from an environmental perspective, when compared to the use of food waste as
feedstock for anaerobic digestion (i.e., bioenergy) and composting (i.e., organic fertiliser) (Fig.4)
[Vandermeersch et al., 2014; Salemdeeb et al., 2017; Dou, Toth & Westendorf et al., 2018].

With these alternatives, it is important that any required pre-treatment methods for the different
potential uses for such waste-streams are considered as their environmental impacts and
resource requirements may vary significantly (Fig. 5).

Figure 4: Environmental burdens and benefits of different uses for food waste – as dry
(grey) and wet feed (brown) for livestock production, through anaerobic digestion (blue),
and composting (green). The following environmental impact categories are considered:
GWP = Global Warming Potential, ODP = Ozone Depletion, HT-C = Carcinogen Emissions,
HT-NC = Non-carcinogenic Toxin Emissions, IR = Ionising Radiation, POF = Photochemical
Oxidant Formation, FEP = Freshwater Eutrophication Potential,  MEP = Marine
Eutrophication Potential, ET = Ecotoxicity, ADP-F = Fossil Fuel Depletion, ADP-E = Abiotic
Resource Depletion, AP = Acidification Potential, TEP = Terrestrial Eutrophication
Potential, PM = Particulate Matter Emissions. Source: Salemdeeb et al. (2017)



Figure 5: Fossil fuel requirements for the production of dry and wet feeds from food waste.
The figure highlights the importance to consider relevant treatment and processing
requirements associated with different disposal strategies for food waste, even when
comparing different animal feeding strategies. Source: Salemdeeb et al. (2017).

Nitrogen and phosphorus related impacts



Utilising former foods and food waste to source protein creates opportunities towards reducing
acidification and eutrophication impacts, even when compared to other potential exploitation
avenues (e.g., anaerobic digestion for energy production, composting as organic fertiliser) (Fig. 2)
[Salemdeeb et al., 2017]. Production of feed from food waste is not dependent on synthetic
fertilisers and other chemical inputs, therefore reducing pressures on fresh and marine water
bodies from nutrient and chemical leaching. Furthermore, it enables a recycling path for nutrients
that would otherwise be deposited to soils and aquatic ecosystems through waste disposal.

Impacts to water quality and depletion of water resources

Large improvements in water efficiency of livestock feeds can be achieved through sourcing of
protein from food waste and industrial waste streams, while at the same time and through the
same process removing unwanted contaminants from fresh and marine water bodies [Dou, Toth
& Westendorf et al., 2018]. Substituting conventional feeds with biofuel, agroforestry, and plant
by-products may help reduce the water footprint of these production chains overall, provided that
increased demand of such co-products does not drive overall increases in production [Mekonnen
& Hoekstra, 2020].

Impacts to biodiversity

The biodiversity impacts related to the disposal of food waste are far smaller than the ones

related to the production of food that is eventually wasted [FAO, 2013]. Therefore, using food

waste as feed yields its greater benefits for biodiversity conservation indirectly, sharing the

environmental burden associated with food production as a valuable co-product (i.e., re-allocation

of environmental impacts). Direct, positive impacts on biodiversity result from the fact that

converting food waste to feed does not require any additional land or synthetic and chemical

inputs compared to conventional agriculture, which helps preserve good habitat quality and

reduces habitat fragmentation.

Economic implications

Production and supply economics and resilience to extreme events

Circular agriculture streams for protein sourcing, such as feed derived from food waste and
former foods, may also help the livestock sector avoid large costs associated with conventional
protein crop production. A critical condition for these alternatives to be viable and cost-effective is
the proper treatment of food waste prior to their use as feed, to reduce the risks of pathogen and
disease outbreaks that could lead to severe economic consequences for the livestock sector
[Dou, Toth & Westendorf et al., 2018]. Ensuring high hygiene standards through timely collection
of the waste, thorough thermal treatment, appropriate transportation and handling practices incurs
costs that need to be accounted for when evaluating the feasibility of such feeding strategies
[Pinotti et al, 2020; Rajeh et al., 2021]. When comparing potential uses of food waste, specifically
processing it for the production of energy (i.e., anaerobic digestion) or processing it for the
production of animal feed (i.e., hygienic / thermal processing), the latter incurs twice the cost
[Martinez-Sanchez et al., 2016]. However, the financial benefits the livestock sector gains by
reducing animal feed production this way, generally outweigh the costs and make it a potentially
viable alternative [Martinez-Sanchez et al., 2016; Pinotti et al., 2021]. Further advancements in
biotechnology for waste treatment may increase the cost-effectiveness of circular agriculture
alternatives (e.g., protein from food waste, insects reared on waste) and cellular agriculture
protein streams (e.g., bacterial protein produced from waste substrates), thereby enabling easier
implementation at large scales [Ritala et al., 2017; Jones et al., 2020].



Social implications

Nutritional value and animal growth

Food waste can be a good source of amino acids, minerals, fatty acids, and vitamins essential for
animal growth [Rajeh et al., 2021]. However there is no clear evidence that it can significantly
improve animal performance. Literature suggests that food waste does not affect meat quality,
while some studies propose it may even improve it [Dou et al., 2018]. Table 1 below as adapted
from Rajeh et al. (2021), summarises the potential for food waste streams to provide valuable
nutrients for animal growth when incorporated in livestock feeds.

Table 1: Nutritional value of various sources of food waste used as livestock feeds and
tested on various livestock species. Adapted from Rajeh et al. (2021).   

Food
waste

Tested
livestock

Dry
matter
%

Crude
protein
%

Crude
fibre
%

Optimal
inclusion
level (%
of total
feed)

Feed
conversion
ratio (kg
intake/kg
weight
gain)

Retail food
waste

Fish 97.9 19.6 - 20 1.5

Restaurant
food waste

Fish
91.1-
97.9

18.9 -
31.1

0.8 -
15.3

25 - 75 1.1 - 1.3

Hotel food
waste

Fish
93.2-
97.9

19.6 -
31.1

5.7 20 - 53 1.5 - 2.6

Pasta
waste

Fish
89.8-
91.5

12.7 -
14.3

0.3 -
2.0

30 - 75 0.9 - 2.5

Date waste Fish
86.7-
92.9

2.4 -
2.6

1.8 -
2.1

30 1.2 - 1.8

Biscuit
waste

Chickens
89.3-
92.0

5.3 -
12.6

1.1 -
2.6

24 - 50 1.9 - 2.5

Restaurant
food waste

Chickens
82.1-
93.7

15.8 -
16.0

2.0 -
8.9

10 - 20 3.3 - 4.6

Retail food
waste

Chickens 82.1 15.8 2.0 20 4.6



Foodwaste
Tested
livestock

Dry
matter
%

Crude
protein
%

Crude
fibre
%

Optimal
inclusion
level (%
of total
feed)

Feed
conversion
ratio (kg
intake/kg
weight
gain)

Kitchen
(household)
food waste

Chickens 87.6 15.8 10.8 5 3.9

Fruit waste Chickens - 6.9 - 12.6 2.0

Date waste Chickens 95.2 8.1 9.1 10 2.3

Noodle
waste

Chickens 94.7 8.8 1.5 50 1.9

Retail food
waste

Cows 94.5 20.0 - 25 -

Kitchen
(household)
food waste

Cows 85.3 20.1 9.7 50 7.3

Cafeteria
food waste

Cows 46.1 29.4 - 50 -

Vegetable
waste

Goats 28.7 8.3 - 82 33.5

Restaurant
food waste 

Pigs
19.1-
96.1

14.4 -
25.0

2.3
14.5

20 - 50 3.0 - 5.6

Fruit waste Pigs 93.6 19.5 6.2 4.0 3.2

Kitchen
(household)
food waste

Pigs 23.1
14.1 -
19.1

4.2 -
4.4

- 3.0 - 3.1

Bakery
waste

Pigs - 9.5 2.3 24 3.2



Foodwaste
Tested
livestock

Dry
matter
%

Crude
protein
%

Crude
fibre
%

Optimal
inclusion
level (%
of total
feed)

Feed
conversion
ratio (kg
intake/kg
weight
gain)

Biscuit
waste

Pigs 84.5 8.7 0.3 - 3.2

Cafeteria
food waste

Pigs
22.4-
89.7

17.8-
21.4

- 20 - 50 3.4 - 4.3

Retail food
waste

Pigs 89.7 17.8 - 20 4.3

Restaurant
food waste 

Sheep 89.5 14.7 - 15 6.9

Kitchen
(household)
food waste

Sheep 89.5 14.7 - 15 6.9

Biscuit
waste

Sheep 96.9 9.7 2.1 25 5.0

Animal health and welfare

Food waste and former foods need to be very carefully treated with thermal processing (e.g.,
hydrothermal treatment at 110 °C for an hour) before they are fed to animals, because they can
contain viruses and bacteria that may cause serious animal diseases like swine fever and foot-
and-mouth disease. Even when food waste, former foods and industry waste streams are safe
from a microbiological perspective (e.g., from microbial and fungi contaminants) they may contain
high levels of chemical residues from packaging (e.g., plastic) and processing (e.g., heavy
metals, pesticides) causing harm to farmed animals [Pinotti et al., 2019]. Some former foods and
food waste may contain high concentrations of secondary metabolites or toxins, for example
chocolate residues can be high in theobromine. For this reason, their levels of inclusion in
livestock feeds need to be carefully considered.

While literature suggests that packaging remnants in former foods and food waste are usually
negligible (i.e., less than 0.1g per 100g), it is important to consider that different types of materials
may exhibit very different resistances. For example, polyethylene and polypropylene which are
two common packaging plastics, have different melting points at ~120°C and ~240°C
respectively.

Social development



Upcycling of food wastes and waste streams through livestock feeds creates several
opportunities for social development boosting growth of local communities, driving innovation in
biotechnologies and creating jobs for specialised labour [European Commission, 2015]. Adopting
circular alternatives helps improve ecosystem services, enhance quality of ecosystems, conserve
habitats for wildlife, and reduce pressures from agricultural intensification for conventional crop
production, which improve overall quality of life particularly for rural communities [Popescu, 2019;
Zhu et al., 2019; Jagtap et al., 2021].

 Consumer perception and acceptance

Evidence suggests that consumers of livestock products are currently conflicted with regards to
the suitability and safety as livestock feeds of food wastes, former foods and industry waste
streams, and insects reared on such waste streams.  On one hand, studies have shown that
consumers understand the benefits and appreciate the feeling of “doing good” by generating
valuable nutrients while reducing waste and improving the environmental and economic
performance of global livestock systems (i.e., “Eco-feed” concept) [Saito et al., 2009; Borrello et
al., 2017; Bhatt et al., 2018]. On the other hand, the possibility that food waste can be
contaminated by pathogens that caused recent outbreaks of diseases like Covid-19 and African
Swine Fever, raises issues of distrust regarding hygiene standards in livestock facilities, and
discouragement among livestock producers and consumers from supporting adoption of this
circular alternative [Mens et al., 2021; Jayathilake et al., 2022].

Food safety

As also discussed in previous chapters, microplastics found in food wastes can reach humans
bodies posing serious threats such as genotoxicity, inflammations and cell apoptosis. Besides the
pathway for human exposure to microplastics through ingestion of contaminated livestock
products, studies have identified another indirect and even more potent route. Specifically,
research has shown that digested microplastic, i.e., microplastic that has been fed to livestock
through food waste feeds and then excreted after digestion, has altered properties that increase
its adsorption capacity. This means that once released in wastewaters or waste substrates
through manure disposal it can be available as accidental feed for a wider group of organisms
(e.g., fish, insects) and eventually reach humans through several bioaccumulation pathways
[Krasucka et al., 2022].    

An important risk for food security arises with the potential for several allergens to reach human
foods through the use of food waste as animal protein feeds. It is important to consider that waste
from restaurants, households, retailers, cafeterias, and bakery and confectionery frequently
contain the majority of the 14 major allergens – gluten, dairy, fish and egg proteins, and traces of
nuts, groundnuts and peanuts  [ACAF, 2009; Testa et al., 2017; Bingemann et al., 2019]. Aside
from allergens, food waste can contain various additives and processed ingredients, such as
artificial sweeteners (e.g., aspartame), flavour enhancers (e.g., monosodium glutamate), artificial
colour additives and others, which can reach humans through bioaccumulation in livestock
tissues. These chemical substances have been associated with harmful effects on humans
including respiratory and skin allergic reactions and even stomach and intestinal cancer [Gultekin
et al., 2020; Rinninella et al., 2020].

Regulatory implications

The safe adoption of food wastes and waste streams as animal feeds presents a great challenge
for regulatory systems of the global livestock sector. Similar to the case of cellular agriculture, it is
critical that safety assessment protocols use state-of-the-art biotechnologies to detect biological
and chemical contaminants in food waste early and with precision. There is a need for sensitive
detection and treatment methods to ensure safe implementation of such alternatives, as studies



have reported concentrations of heavy metals and pesticides in food waste that exceed limits
allowed in conventional protein sources [Dou et al., 2018]. Establishing standards and schemes
for the certification of treatment techniques and practices, and types of wastes that are
appropriate for conversion to livestock feed may be required to avoid relevant food safety threats
[Westendorf,, 2000]. Unmonitored and unregulated processing and feeding practices can lead to
large disease outbreaks with severe consequences for the growth of the livestock sector, like the
2001 Foot-and-Mouth disease in the United Kingdom [Mens et al., 2021]. Such incidents further
contribute to feelings of distrust by the consumers and lack of confidence in that regulatory
authorities can guarantee the safety of novel feeds and consequently of livestock products.

The Future of Animal Feed: Animal by-
products and insects

Animal-based protein sources have been used primarily to counteract some of the drawbacks of
plant-based feeds such as their relatively low protein content and presence of several anti-
nutritional factors that reduce nutrient availability and tackle major sustainability issues such as
land use and global warming potential [Lasekan, Bakar & Hashim, 2013; DiGiacomo & Leury,
2019]. While processed animal proteins (PAPs) of fish origin (i.e., fish meals) have been a
common feed ingredient for many livestock species, in many countries legislation prohibits the
use of PAPs from other species (e.g., avian PAPs) to prevent potential disease outbreaks like the
epidemic of bovine / transmissible spongiform encephalopathies (BSE/TSE) in the 1980s
[Lecrenier et al., 2020; Woodgate & Wilkinson, 2021]. Advancements in PAP rendering
technologies and the controlling and regulatory processes may lead to lifting of such bans, as
happened recently in the European Union (EU) [EU Commission, 2021]. The EU now allows for
swine PAPs to be used in avian diets and vice versa, while insect PAPs can be used in either.
However, ruminant PAPs are still prohibited to prevent a reoccurrence of TSE outbreaks, with the
exception of milk, collagen and gelatine that can be used only for non-ruminants [Ricci et al.,
2018]. 

Insects are also becoming increasingly popular both as potential feeds and human foods, with
insect meals typically containing between 50 – 82% crude protein as well as other important
nutrients (e.g., calcium, iron) [Madau et al., 2020]. As natural decomposers, insects can be reared
in a great variety of substrates from feedstock material to waste, therefore converting unwanted
substrates into sources of high-quality protein and healthy fats. To date, insect protein meals,
mainly from five species have been explored and commercially exploited in bird and pet feeds,
while their introduction in the livestock feed sector is a subject of further research [Manceron et
al., 2014; Kim et al., 2019; van Huis et al., 2021].

Environmental implications

Land degradation, land use change and land availability related impacts

As a circular approach, using swine, poultry and ruminant PAPs in livestock feeds can help
achieve similar overall environmental benefits to those discussed for protein obtained from food
waste and industry waste streams, and cellular protein reared on waste. The production of insect
protein for livestock feed at commercial scales however, presents slightly more complex
interactions with the environment [Madau et al., 2020; van Huis et al., 2021]. 

Insect farming can potentially reduce land use requirements for protein production e.g., up to 98%
when compared to soybean-fishmeal protein mixtures [van Huis & Oonincx, 2017]. However, it
should be noted that insect farms (i.e., facilities) are not landless units and therefore unintended



land-use impacts may become relevant for insect farming too as the sector expands i.e., with the
displacement of other agricultural activities or driving land-use change in urban areas [Doi &
Mulia, 2021].

Greenhouse gas emissions, atmospheric pollution and fossil fuel depletion

Mass rearing of insects for livestock feeds overall generates less GHG emissions when compared
to conventional protein sources (e.g., fish meals, soy). However, it requires higher amounts of
energy mainly for indoor climate regulation, an important condition for optimal insect growth as
they are poikilotherms [van Huis & Oonincx, 2017; van Zanten et al., 2015]. Despite the high
energy requirements, insect farming is not heavily dependent on fossil fuel because its typical
farming operations involve the use of electricity. Therefore, there is a potential to fulfil these
requirements through renewable energy sourcing and consequently further reduce the carbon
footprint of livestock feed overall [Wang & Shelomi, 2017]. It is important to consider that insect
farming is still at its infancy and there is a lot of room for improvement regarding resource
efficiency, particularly considering the ability of insects to be reared on a wide range of substrates
including various wastes [Bosch et al., 2019].

Nitrogen and phosphorus related impacts

In addition, rearing insects on manure produced by livestock (i.e., circular approach) has the
potential to further reduce total nitrogen concentrations in agricultural soils by up to 62% [Elahi et
al., 2022]. Further research should explore synergies and potential benefits from using different
industry waste streams (e.g., food wastes) to identify optimal insect rearing strategies depending
on specific regional agri-environmental policies; for example, organic wastes from livestock and
households could be funnelled towards insect farming to help reduce overall concentrations of
nitrogen and phosphorus in designated vulnerable zones (i.e., Nitrogen Vulnerable Zones,
Phosphorus Vulnerable Zones) mitigating acidification and eutrophication impacts [Huygens et
al., 2020].

Impacts to water quality and depletion of water resources

Although insects rely heavily on water for their growth, the overall water requirements for mass
insect rearing are still significantly lower compared to conventional protein crop production [Wang
& Shelomi, 2017]. The benefits of insect farming on depletion of water resources and water
quality can be even greater if wastewater sludge and slurries are considered as substrates for
rearing (i.e., upcycling of wastewaters to valuable protein). Under such scenarios, it is important
to note that alternative uses of wastewater and their benefits can vary across geographies. For
example, wastewater could be used for the production of energy, irrigation in conventional
agriculture, or domestic (e.g., showering, washing) and non-domestic use (e.g., firefighting,
swimming pools), all of which could be prioritised differently depending on countries’ water-stress
levels [Zhao et al., 2019; Malone & Newton, 2020].

Impacts to biodiversity

As discussed for the cellular and circular agriculture alternatives above, adopting soilless protein
production strategies such as protein from animal and insect PAPs can have several indirect
positive implications for the conservation of global biodiversity, primarily through mitigating habitat
loss, fragmentation and degradation impacts caused by conventional crop production [Jansson &
Berggren, 2015]. However, it is important to consider that poorly managed mass rearing facilities
may introduce risks for displacement of local species, i.e., through uncontrolled mixing of farmed
and wild insect populations [Jansson & Berggren, 2015; van Huis et al., 2021].



Economic implications

Production and supply economics and resilience to extreme events

The economic feasibility of mass rearing of insects has been a topic of debate and conflict in
recent literature. Due to high requirements for energy, the relatively low prices of competing
conventional protein sources, and challenges in the marketability of insects as feed for livestock
systems in Europe and Western countries, insect farming has not yet been exploited extensively
at industrial scales [Arru et al., 2019]. On the other hand, insect farming can help avoid costs
associated with synthetic and chemical inputs (i.e., does not require fertilisers), fossil fuel use
(i.e., relies more on renewable energy), transportation (i.e., insect farm facilities can be located in
or near urban areas) and labour [DiGiacomo & Leury, 2019; WWF, 2021]. Considering also the
potential for insects to be reared on industry wastes (i.e., circular business model) further
increases its potential cost-effectiveness through discounts in waste disposal of associated
industries [Chia et al., 2019; Madau et al., 2020]. This diversity of potential synergies with other
industries suggests that insect farming can be a resilient protein production system, robust to
changes in availability and pricing of rearing substrates / inputs. Furthermore, its resilience can be
enhanced with developments in the renewable energy sector that may enable uninterrupted and
less expensive supply of electricity from renewable sources [DiGiacomo & Leury, 2019; WWF,
2021; van Huis et al., 2021].

Social implications

Nutritional value and animal growth

Insects are natural decomposers and great at converting energy embedded in organic matter into
high concentrations of edible protein ranging between 35% and 82% [DiGiacomo & Leury, 2019;
WWF, 2021]. In addition to this, insect meals provide livestock with important bioactive
compounds and nutrients, such as iron, zinc, antimicrobial peptides, chitin, and lauric acid that
can improve gut health and promote growth [Gasco et al., 2018; Madau et al., 2020]. Although
evidence indicates that insects are a great source of high-quality protein for livestock, it is
important to consider that their nutritional value may vary between insect species and depending
on the substrate they are reared on [Oonincx & Finke, 2021; Pinotti & Ottoboni, 2021; WWF,
2021].

Animal health and welfare

While swine, poultry, and ruminant PAPs are a good source of protein and beneficial nutrients
that promote animal growth and gut health, the way they are incorporated to livestock feeds
should be carefully considered. Cross-feeding strategies appear to be critical in order to minimise
the risks for viral contaminations that can cause significant impairments to animal health and
welfare, or for severe diseases caused by prions such as BSE/TSEs.

As discussed in previous Chapters (i.e., protein production from cellular agriculture and food
waste), using waste substrates for mass insect rearing may introduce important threats to their
health and welfare, such as the accumulation of heavy metals, pesticides, microplastics and other
contaminants that can reduce insect growth and increasing mortality rates [Schrögel & Wätjen,
2019]. An important issue to consider in relation to this is the ambiguity around the classification
of farmed insects as feed or livestock. The latter could require strict standards to be followed in
the insect farming industry to ensure insect health and welfare. Further, insects carrying biological
and chemical contaminants are then fed to farmed fish/shellfish or livestock, and the
contaminants reach their tissues where they cause various complications such as intestinal
blockages, reducing animal appetite and growth.



Social development

Aside from promoting human wellbeing with the upcycling of animal by-products and wastes used
for insect rearing, such alternatives present great opportunities for socio-economic growth. Due to
the range of insect species that are suitable for consumption by animals, there can be economic,
stable, locally produced insect farming solutions that allow smallholder livestock producers
globally to be self-sufficient and avoid large costs associated with purchasing of conventional
protein feed ingredients (Fig. 6) [Chia et al., 2019]. Furthermore, because insect farming is just
starting to develop and considering its requirements for energy, hygienic treatment of waste
substrates, and detection of microscopic contaminants, it may be a great driver for innovations in
biotechnologies, regulatory and safety assessment systems and policies of the livestock sector,
and the food-energy-water nexus overall [Ojha et al., 2021; Sindermann et al., 2021].

Figure 6: Contribution of insect farming to global Sustainable Development Goals from a
socio-economic perspective. Source: Chia et al. (2019)

Consumer perception and acceptance

Along with legislation, consumer acceptance and attitudes towards the use of protein feeds from
insects and animal by-products present the most important barriers to scale-up of these



alternatives. There are major concerns regarding the extent to which religious and cultural factors
would affect consumers acceptance of livestock reared on animal and insect PAPs, which could
significantly limit the available markets. Such concerns mainly relate to the use of swine or beef
PAPs that are considered forbidden in certain religions and cultures. Biases (e.g., disgust)
developed through lack of understanding and socio-cultural misinformation significantly contribute
to stakeholder distrust towards the safe and successful adoption of alternative proteins in
livestock feeds. However, there are still gaps in research and more efforts are required to
understand whether circular agriculture alternatives and insects are more acceptable when used
as feeds rather than foods [van Huis et al., 2021].  In many cultures, including the Western world,
insects reared for feed are viewed as livestock and therefore, consumers require insect rearing
systems to adhere to high animal welfare standards. Retailer requirements and livestock
certification standards could put further pressures on the growth and adoption rates of such
protein feeds, requesting safety assurances to prevent food safety and mislabelling issues [van
Huis et al., 2021; WWF, 2021].

Food safety

The re-introduction of PAPs from swine, poultry, and ruminants to livestock feeds raises some
critical biosecurity concerns, mainly regarding past experiences of human disease outbreaks like
the BSE/TSE epidemic of the 1980s [Woodgate & Wilkinson, 2021]. To minimise such risks,
animal by-products and PAPs should be fed strictly cross-species (e.g., swine PAPs to poultry
and vice-versa). Livestock feed producers that use PAPs from more than one species should
carefully consider potential risks of cross-contamination and avoid mixing and milling such feeds
using the same facilities [Lecrenier et al., 2020; Woodgate & Wilkinson, 2021].

Another major food safety risk arises with the mass rearing of insects, which can also be vectors
of diseases and lead to pathogen contaminations threatening animal and eventually human
health [van Huis et al., 2021]. When reared on livestock manures insects may carry veterinary
drug residues, hormones and biological contaminants (e.g., bacteria with transgenic DNA,
mycotoxins). When reared on plant and crop production waste, they may be exposed to
pesticides and herbicides and mycotoxins. In addition, there is a risk for heavy metals and micro
and nanoplastics to be accumulated into insects through waste substrates [Truzzi et al., 2020].
Bioaccumulation pathways then such as “animal feed è livestock è manure è farmed insects
è livestock è humans”pose serious threats to human health and overall food safety. In addition
to causing impairments in animal performance and welfare as discussed above, contaminants
can enter the human food chain through livestock product consumption and cause severe effects
like inflammatory responses, disruption on gut microbiota and effects on nutrient absorption, and
even chronic inflammations that increase the risks for cancer [Smith et al., 2018; Prata et al.,
2020]. The extent of bioaccumulation varies across the different farmed insect species, the
growth phase they are in when exposed to contaminants, and the type of biological contaminant,
metal or plastic particle [van der Fels?Klerx et al., 2018; Meyer et al., 2021]. Thus far, studies
have shown that the concentrations of both biological and chemical contaminants significantly
decrease as insects reach adulthood [BfR, 2019; Schrögel & Wätjen, 2019]. However, more
research is required to understand the specific pathways for the different contaminants and
quantify bioaccumulation at each key step of these pathways up until human consumption (e.g.,
insect growth phases, animals digestive tract, livestock meat, milk, eggs) to better inform
prevention strategies and regulatory systems [van der Fels?Klerx et al., 2018]. To date, several
mitigation strategies have been established to address the risk of biological contaminants and
specifically the removal of pathogens at PAPs production phase. The “kill-step” is a well-used
strategy in food safety that involves killing pathogens using thermal processing over time.
Common thermal processing practices include pasteurisation, freezing, and heating / cooking.
While these strategies are highly effective, there is a need to enhance our understanding of
bioaccumulation pathways and processes that can potential change the physicochemical



properties of both biological and chemical contaminants to further reduce the risks for food
hazards.

Finally, allergens introduced to livestock and humans from insects may pose a serious risk for
food safety. Studies have investigated the potential for cross-reactivity between edible insects
and “domestic” insects and found that tropomyosin is such a cross-reactive allergen. They further
investigated potential treatment methods to reduce allergenicity of edible insects and concluded
that the reactivity of immunoglobulin is resistant to thermal processes and enzymic digestion.
Therefore, evidence suggests that individuals allergic to “domestic” insects and those who are
involved in insect farming should be considered as high-risk groups regarding their exposure to
livestock products reared on insects or edible insects [Ribeiro et al., 2021].

Regulatory implications

Regulatory and safety assessment systems should employ state-of-the-art biotechnologies and
practices to detect PAPs (e.g., specific immunoassay and polymerase chain reaction methods,
infrared microscopy) and frequently reassess the prevalence of classical and atypical forms of
BSE/TSEs [BIOHAZ, 2011]. 

To ensure safe mass rearing of insects for livestock feeds, thorough safety assessments and
close monitoring of farming practices should be established, while pathogen resistant genotypes
should be explored by future research (e.g., understanding of virome in commercially reared
crickets) [de Miranda et al., 2021].

Table 2: Could insects be a sustainable protein source for livestock? The table
summarises the main environmental, economic, and social impacts associated with the
commercial implementation of insect meals as protein source for livestock feeds.

Environmental Implications

Insect farming presents opportunities to combat critical environmental pressures. It does
not rely on extensive land areas and fossil fuel inputs to the same extent as conventional
protein crop production.
It can be implemented in a wide range of climate conditions and locations, help reduce
pressures on land and soil quality, and keep climate-related impacts to a minimum through
the use of renewable resources.
At larger scales it becomes a very energy demanding operation and so it should rely mostly
on renewable energy rather than fossil fuel.
Preliminary evidence points towards significantly lower impacts than conventional protein
crop production for biodiversity, water quality, acidification, and eutrophication.

Economic Implications

High start-up and operational costs make the exploitation of insect farming at industrial
scales difficult.
The lack of government financial support, private investments, and the competition for
resources with subsidised industries create suboptimal conditions for growth of this
production system, particularly in the absence of a stable market.
Standardisation and assurance of production standards and inclusion limits may be
required to encourage retailers to support livestock producers to use insect meals.

Social implications

Insects can be reared on waste substrates, therefore upgrading them to healthy fats and
proteins.
Adding value to waste promotes a strong sense of caring for the environment.



Their production relies less on manual labour than conventional protein sources and
presents opportunities to promote innovation through automation of farming operations.
There is a threat that insects can be disease vectors particularly if reared on waste, and
that using insect processed proteins may lead to disease outbreaks.
Strict legislation on waste substrates, insect processing, and feeding strategies are needed
to minimise feed and food safety risks from insects as vectors of diseases.
Further understanding agri-food stakeholders’ perspectives on insect farming is imperative
to combating biases, misinformation, and to work towards silver bullet solutions.

Tables 3-6 below summarise the potential opportunities and risks to sustainability and
food safety associated with the commercial implementation of the alternative protein
ingredients discussed in this REA.

Table 3: Environmental opportunities and risks associated with the incorporation of
alternative protein sources in livestock feeds

Environmental Implications Opportunities Risks

Land degradation, land use
and land availability related
impacts

Diversify and shift protein
production from the global
South reducing deforestation
and land-use change
pressures in endangered
ecosystems (e.g., Amazon) –
e.g., insect farming uses 90%
less land compared to soy
production. 

Soilless crop growing methods
resulting to more land available
for food production and
healthier soils overall.

 

Poor management of
former arable areas
leading to abandoned
and deserted lands. 

Geographical shift in
protein production
increasing feed-food
competition for land in
the global North and
knock-on effects of
land-use.

 

Greenhouse gas emissions,
atmospheric pollution and
fossil fuel depletion

Reduced events of biomass
burning and deforestation.

More land occupied by trees
leading to healthier
atmosphere. 

Less synthetic and chemical
inputs required for soilless and
circular alternatives, therefore
less energy required and
emissions for their production.

Specific operations of
soilless alternatives
(e.g., drying process at
seaweed farming) may
require large amounts
of energy, which can
increase fossil fuel
depletion pressures
unless renewably
sourced.  



Impacts to biodiversity

Reduced synthetic and
chemical inputs improving
conditions for terrestrial &
aquatic life. 

Reduced events of biomass
burning and deforestation
leading healthier and less
fragmented habitats and
ecosystems. 

Seaweed farming creating new
habitats for aquatic wildlife.
 

 

 

Invasiveness/weediness
of GM/GE crops.

Gene flow from
GM/GEs threatening
wild genotypes.

Poor management of
mass insect rearing
facilities resulting to
contamination of
ecosystems with non-
native species.

 

Nitrogen and phosphorus
related impacts

Less synthetic fertilisers for
crop production leading to
reduced leaching to soils and
water, therefore reducing
acidification & eutrophication
pressures.

Recycling of N and P from food
waste, former foods, animal by-
products, and industry by-
products through circular
agriculture, reducing nutrient
leaching at waste disposal.

 

Freshwater algae and
seaweed farming
leading to increased N
and P concentrations in
aquatic ecosystems.

Changes in manure
composition of livestock
due to consumption of
alternatives, resulting to
increased N and P
deposition at field
application or emissions
at storage.
 

 



Impacts to water quality and
depletion of water resources

 

Reduced requirements for
irrigation due to more resilient
GM/GE genotypes and soilless
alternatives. 

Less synthetic and chemical
inputs leading to healthier
groundwater for human
consumption. 

Upcycling of wastewater
through circular and cellular
agriculture.

Increased water
requirements for
hydroponics, insect
farming, and food waste
processing at
commercial scales.

 
Table 4: Economic opportunities and risks associated with the incorporation of alternative
protein sources in livestock feeds.

Economic Impacts Opportunities Risks



Production and supply
economics

Reduced costs associated with
synthetic and chemical inputs (e.g.,
fertilisers, pesticides, herbicides). 

Reduced costs for transportation
and import of protein feeds from long
distances / international, as well as
easier access to labour with cellular
and circular agriculture hubs or
insect farms located closer to feed
manufacturers and livestock
production systems.
 

 

High capital / start-
up costs for
implementation of
some soilless
alternatives (e.g.,
seaweed, insect
farming) at
commercial scales.

Reduced
availability of novel
technologies
required for
commercialisation. 

High operating
costs due to
energy
requirements,
especially as long
as renewable
energy prices
remain high.

High operating
costs due to
energy
requirements,
especially as long
as renewable
energy prices
remain high.

 

 



Robustness to economic
uncertainties and extreme
events

Protein production from GM/GE and
local crops being more resilient to
extreme climate and weather events
and interruptions in supply chains
(e.g., reduced losses due to long
delays in transportation). 

Uninterrupted and robust to global
trading dynamics supply by
diversifying with soilless alternatives
and shifting to increased local
protein production.

Sensitive to
volatile energy
prices due to high
energy
requirements.

Cost-effective
commercial
implementation
depending largely
on advancements
in biotechnology.  
 

 
Table 5: Social opportunities and risks associated with the incorporation of alternative
protein sources in livestock feeds.

Social Implications Opportunities Risks

Animal health and welfare

Crude protein content as high as
93% (e.g., poultry PAPs)

Good sources of fats and
bioactive compounds that
promote animal gut health and
growth

Animal by-products, insects, and
food wastes characterised by
enhanced bioavailability of
nutrients compared to most
plant-based protein sources

Reduced risk for animal
diseases (e.g., Foot and Mouth
disease) caused by poor
transportation and storage
conditions of protein crops

 

 

Uncertainties around complete GM
genome and functionality

Acceptability by livestock of alternative
and novel feeds resulting to inefficient
feeding and impaired growth

Poor hygienic processing in circular
streams (e.g., food waste) resulting to
accumulation of biological (e.g.,
mycotoxins) and chemical (e.g., nano-
plastics) contaminants in livestock
tissues

 



Social development

Increased feed availability due to
shorter supply chains

Reduced heavy-duty on-farm
labour

Innovation in production / supply
chains

 

 

Automation of production and supply
chains for alternative proteins resulting
to higher unemployment rates in
agriculture

Reduced protein feed production from
the global South resulting to
impoverishment of rural communities

 

Consumer perception and
acceptance

Sustainable alternatives promote
a “feel good” factor

Lack of understanding and
misinformation

Increased incidents of feed fraud and
mislabelling to make livestock products
more appealing to consumers

Some alternatives like insects or food
waste may promote a “disgust” factor

Table 6: Food safety related opportunities and risks associated with the incorporation of
alternative protein sources in livestock feeds

Food safety Opportunities Risks

Biological contamination

Less mycotoxin outbreaks
caused by storage and
transportation
implications.

Uncertainties around complete GM
genome and functionality.

Increased risk for viral disease outbreaks
from animal by-products, such as
BSE/TSEs.

Poor processing of wastes for protein
feed production resulting in increased
risk for pathogens to reach humans.

 



Chemical contamination
Less pesticides / uptake
of heavy metals from
irrigation waters.

Poor processing of wastes for protein
feed production resulting in increased
risk for contamination of humans by
microplastics, nano-plastics, and
packaging remnants through
bioaccumulation.

Allergenicity

GM/GE crop variants
potentially reducing the
expression of proteins
causing allergies.

Major allergens introduced in human
foods through bioaccumulation from
several alternative feeds such as GM/GE
crops, legumes, seaweed, and food
waste.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The Future of Animal Feed: Directions for
future research and policy making 

Implications and assessment of sustainability trade-offs

The sustainability of livestock feed production is an inherently complex concept that involves the
management of available land and resources, considering their optimal use for multiple objectives
[Nyström et al., 2019]. The REA identifies sustainability trade-offs as the situations in which
achieving a good performance in one of these objectives comes at the expense of the
performance in another. Sustainability trade-offs can be found across all different hierarchical
levels of the sector, from the protein crops, the farm and farming business, to the landscape and
the markets. For example, shifting to landless cultivations (e.g., hydroponics, aquaculture) or
moving much of protein feed production to the global North can alleviate environmental pressures
of the global South and free-up land, however it may exacerbate poverty and social exclusion of
south rural communities. Adopting circular agriculture alternatives (e.g., protein feed from former
foods, food waste, by-products) can significantly reduce the environmental footprint of livestock
feeds but can also potentially lead to large instabilities in the global agri-food market, reveal new
risks for food security, and even lead to production sub-systems and markets dedicated to by-
products that may generate further impacts. Overall, how can we ensure that the socio-economic
gap created by the adoption of alternative protein feeds, will not be filled with unsustainable
practices potentially resulting to even larger negative impacts than what conventional protein feed
production generated? 

Such trade-offs become particularly prominent when stakeholder objectives conflict and when

there are limits on available resources to achieve sector goals (e.g., economic restrictions, issues

of land availability) [Patterson et al., 2017]. Within- and across sustainability pillars trade-offs are

ubiquitous in the decision-making of future alternative protein feeds. The REA proposes that all

three sustainability pillars are considered equally, to enable stakeholders of the livestock sector

including policy makers, farm managers, and researchers to identify and evaluate key trade-offs

for the sustainable commercialisation of alternative protein feeds (Table 7).

For the assessment of such trade-offs, stakeholders need to adopt a holistic approach when
evaluating agri-food system performance [Green et al., 2020]. Simulation and optimisation life
cycle assessment (LCA) models, and multi-criteria decision analyses (MCDA) quantitatively
evaluate the sustainability impacts associated with the various inputs and outputs of alternative
protein feed production. However, because most of these alternatives have not yet been adopted
at commercial scales, in combinations, and in diverse livestock systems, empirical research
should generate more detailed datasets to reduce uncertainties and enhance understanding of
livestock protein scenarios. Furthermore, there are no sets of reference scenarios to describe a
range of plausible socio-economic futures for the agri-food sector, unlike what the global climate
modelling community has established, which makes predictions even harder [Rosenzweig et al.,
2016]. Another inherent limitation of these models is that agri-food stakeholders often do not
behave predictably and according to economic, social or environmental rationality. For example,
farmers may not necessarily invest large amounts of capital in a green technology (e.g.,
anaerobic digestion) even if projections show increased returns on investment and improved
environmental performance [Klapwijk, et al., 2014]. Participatory approaches (e.g., interactive
cognitive mapping), interviews and focus groups could help understand stakeholder behaviour,
knowledge, and perception better, offering critical information for the implementation of alternative
protein feeds. Regardless of developments in quantitative trade-off assessments, the final



interpretation of outputs is usually left with the stakeholders and so it is imperative that their
needs, concerns and vested interests are well understood to ensure that sustainability solutions
are realised [Brick et al., 2018; Journeault et al., 2021]. Stakeholder objectives often change in
time and with geography determining which trade-offs are more relevant, which should be
considered when working towards the future of livestock feeds [Kanter et al., 2018].

Table 7: Examples of sustainability trade-offs in using alternative protein sources for

livestock feeds. The table presents recommendations for focus of future research and key

stakeholders for participation in a dialogue for the better understanding of key

sustainability trade-offs in the livestock feed sector.

Trade-off
Future research
recommendations

Stakeholders'
dialogue

Reducing land use with soilless feed
alternatives frees arable land for food
production and helps conserve wildlife
habitats. However, if not properly
managed unoccupied land can
degrade quickly and lead to more
fragmented habitats.

Better biodiversity indices,
improved soil horizon
scanning & soil organic
carbon monitoring
techniques.

Farmers, policy
makers, local
communities

Pest resistant GM/GE protein crops
require less pesticides/herbicides
leading to less chemical pollution for
agricultural biodiversity. However GM
genotypes they may threaten wild
types due to gene transferring or
displace local species.

Better understanding of
GM genomes and
interactions with wild
types.

Researchers,
farmers, policy
makers, local
communities

Using waste streams as substrates in
cellular agriculture or insect farming
reduces costs of production and
avoids costs for waste disposal.
However, it raises biosecurity
concerns due to increased potential for
bioaccumulation of biological and
chemical contaminants from waste to
human foods.

Advancements in
biotechnology for better
understanding of
bioaccumulation pathways
and detection of
nanoparticles /
contaminants.

Researchers,
policy makers,
consumers

Protein feeds from cellular and circular
agriculture reduce industrial waste.
However, they raise risks for
consumer acceptability and therefore,
jeopardise market viability of livestock
products.

More research on relevant
consumer perception and
attitudes, cultural and
religious barriers, retailers
and industry stakeholder
requirements and
concerns.

Local
communities,
consumers, farm
managers,
retailers



Cellular and circular alternatives
promote innovation in the agri-food
sector leading to the development of
automated, resource-efficient protein
production and supply chains.
However, they may have increased
requirements for expensive
technologies and specialised labour,
which may drive smallholder feed
producers out of the competition and
increase unemployment.

More quantitative and
accurate modelling of the
socio-economic
implications of large scale
cellular and circular
agriculture under various
macro-economic
scenarios

Farm managers,
policy makers,
local
communities,
retailers,
consumers

Emerging threats within and beyond a 5-year horizon

Livestock sector stakeholders need to consider several emerging threats. Reviewing recent
scientific and grey literature, the REA identifies significant socio-economic threats in the
immediate and intermediate short-term (now to the next five years), due to the on-going global
energy crisis, and the increased volatility of fuel and agricultural commodity prices causing
instabilities in global trading. The Ukraine-Russia conflict has blocked the supply of sunflower
meal from one of the largest producers globally (Ukraine) and has frozen large European
investments that aimed to support Ukrainian soy production replacing unsustainable imports.
Other recent geo-political developments like Brexit have exacerbated feelings of insecurity and
distrust of agricultural stakeholders, as well as created concerns and instabilities in future trading
partners, supply of labour, import/duty policies, agri-environmental schemes and new
requirements to receive support through subsidies [Grant, 2016; Swinbank, 2017; Chang, 2018].
Political conflicts have caused significant delays in protein feed trading (e.g., delays at Ukrainian
ports due to Ukraine-Russia conflict), therefore increasing the risks for biological contamination
(e.g., aflatoxin) due to poor storage and transportation conditions [Zupaniec et al., 2021].
Potential disease outbreaks threatening feed and food security should also be considered with
the reintroduction of PAPs for livestock feeds in Europe. 

In the longer time horizon (beyond five years), climate-related impacts on global protein feed
production are expected. Anticipated threats include impaired productivity and poorer nutrient
profiles of conventional protein feeds, due to extreme and damaging climate-events (e.g.,
droughts, frost, hail) and soil degradation i.e., poor soil organic horizons due to intense
agricultural activity and prolonged droughts. Finally, climate change-contaminant interactions,
such as increase in mycotoxin contamination due to increased feed ingredient moisture, are
expected to lead to increased outbreaks of biological contaminants and alternations in the
pathways of bioaccumulation [Alava et al., 2017].

Roadmap for future research and discussions

Like any other extensive evidence assessment, this report acknowledges specific limitations
which highlight potential directions for future research and discussions. The REA captures most
of the environmental, economic and social implications that are immediately relevant to FSA and
the UK but are also important for global sustainable development of the livestock feed sector. It
focuses on the most mature, well-established and well-explored alternative protein feed solutions
as these have been identified through scientific literature, governmental reports and expert
opinion. However, it acknowledges that there may be other less-known, currently under
development, or yet unrecognised potential alternatives, which the REA does not consider
primarily due to limitations in availability of relevant data and information. Such limitations make



the discussion regarding suitability of potential alternatives at commercial scales particularly
difficult. Furthermore, the REA recognises that considering the rapid advancements in the energy
sector and biotechnologies, and the uncertainties in macro-economic and geo-political
developments, additional sustainability implications may arise with the future implementation of
these solutions at industrial scales. 

Another important limitation to consider is that this report focused specifically on the use of
alternative protein sources as ingredients for livestock feed; however, there may be important
implications for their economic viability and overall sustainability that can be explored through a
more holistic approach that considers their specific interactions with the human food chain. The
report acknowledges also that while it identified key sustainability trade-offs for the
implementation of alternative proteins at commercial scales, more in-depth research is required to
better understand and quantitatively evaluate them under various spatiotemporal scales.

Key recommendations for policy making

The REA synthesises four broad directions for policy making and research that may enable the
potential contribution of alternative protein feeds to global sustainable development goals (Table
8) [UNDESA, 2022].

Decoupling protein production from fossil fuel should be the first focus of policies and action
in the livestock feed sector. Replacing diesel and gas with energy from renewable
resources can reduce the carbon footprint of the livestock sector overall. Renewable
energy prices should be regulated to ensure feed market stability, and feed producers and
manufacturers should have access to energy from multiple renewable sources (e.g., solar,
wind, geothermal) to allow for abundant and uninterrupted supply. This may enable
sustainable adoption and unlock the full potential of alternative protein feeds that require
large amounts of energy for feed processing (e.g., insect meals, food waste, former foods).
  
Developing sustainable economic strategies for alternative proteins at a subnational level
can help relieve great amounts of environmental pressure particularly from areas that
experience issues of deforestation, land degradation, and land availability, but also a large
part of the carbon footprint that is associated with transportation of feed over long
distances. Local feed prices may increase due to higher labour and other input costs, but
the markets should be regulated to ensure that such increases do not outweigh economic
benefits from avoided import duties and transportation costs. Local solutions may need to
be financially supported to avoid livestock producers turning to less expensive imported
alternatives. While an economic growth of local feed markets in the North may lead to
overall socio-economic development of rural communities, there may be an opposite,
degrading effect for areas of the South that will lose their production (e.g., the Brazilian
Cerrado), which policies should consider.  
Supporting circular livestock feed solutions such as protein from food waste, former foods,
animal by-products, and industry by-products, can help reduce land-related impacts,
economic costs of crop production, and tackle food waste. This requires addressing the
main obstacles of customer and producer acceptability through more efficient stakeholder
engagement, understanding of their concerns, and clarifying relevant misinformation and
biases. Educating and supporting on-farm labour, livestock producers, and consumers with
matters of feed and food security that may arise from the adoption of circular alternatives
can facilitate uptake of these sustainable alternative protein sources.
Further enhancing the feed and food regulatory system with research on more sensitive
early detection and monitoring methods for feed and food security risks. This is imperative
for enabling the safe adoption of alternatives like cellular and insect protein reared on
waste substrates, food waste and former foods as protein sources, and processed animal
proteins. Emerging feed and food security threats, like the impacts of climate change and



storage/transportation conditions on biological contaminant blooms, should be considered
throughout. 
These recommendations are not mutually exclusive and propose a roadmap and research
agenda towards a more sustainable livestock feed production and achieving several global
sustainable development goals. Immediate action is required in the coming years in
reshaping the global livestock feed market to enhance its resilience against macro-
economic and geopolitical instabilities (e.g., war in Ukraine, energy crisis, Covid-19
restrictions). Potential interactions between sustainable feed solutions and trade-offs within
and between sustainability pillars, should be further researched to identify impacts on
stakeholders across spatiotemporal scales. Anticipatory policies should be in place to
compensate for losses through such trade-offs and to scope the future of the livestock
sector beyond the time horizon suggested by the current sustainability agenda (i.e., 2030
as in UN SDGs). New research should adopt more transdisciplinary and co-design
approaches to map the stakeholder power and potential to enable sustainable solutions for
the livestock feed sector and get a better insight into the complexities of the less
understood socio-economic implications. In addition, future research should investigate
how the capacity of land to accommodate the production of any alternative protein sources,
including the ones discussed here, changes under different demand scenarios [Shah & Wu,
2019].

Table 8: Example of interactions between alternative protein sources for livestock feeds
and global sustainable goals

 

Sustainability goals Mechanism

Socio-economic resilience
against climate-related,
macroeconomic, and geo-
political extreme events (SDG 1)

Decoupling protein feed production from fossil fuel and
economically volatile energy sources; reduced reliance
on imported protein and global trading partnerships

Increase food security and end
hunger (SDG 2)

Landless protein sources reducing feed-food
competition; increasing protein feed availability and
improving accessibility through local markets; reduced
protein feed costs through the use of circular
agriculture alternatives leading to less expensive /
accessible livestock products

Improve water quality and water-
use efficiency, supporting the
participation of local
communities in water security
(SDG 6)

Reduced reliance on groundwater resources for
irrigation; reduced chemical pollution of water bodies
by avoiding synthetic fertilisers / chemical inputs at
crop production

Promote job creation, and safe
and secure working
environments (SDG 8)

More diverse labour input requirements; reduced
heavy-duty manual labour compared to conventional
crop production  



Resilience and adaptive capacity
to climate-related hazards (SDG
13) & Carbon Net Zero
emissions

Reduced reliance on fossil fuel, more land available for
trees; healthier soil organic carbon stocks; reducing
pressure on water cycle through reduced irrigation

Nitrogen (N) and Phosphorus (P)
Vulnerable zones to reduce
eutrophication pressures

Reduced use of synthetic N and P fertilisers reducing
nutrient leaching; reduced organic material deposition
in water bodies due to healthier / more stable soils 

Minimise impacts of ocean
acidification (SDG 14)

Reduced nitrogen leaching from soils due to the use of
synthetic fertiliser

Ensure the conservation and
sustainable use of terrestrial and
inland freshwater ecosystems
and their services (SDG 15)

Healthier soil horizons; reduced potential for
acidification of ecosystems; reduced impacts of habitat
fragmentation and degradation for terrestrial and
aquatic biodiversity

Combat desertification, land and
soil degradation, deforestation
(SDG 15)

Reduced land requirements for protein crop
production; reduced reliance on protein sources from
environmental hotspots 

Reducing food waste, carbon,
and protecting critical water
resources (Courtauld
Commitment 2030)

Food waste used directly as feed or substrate; reduced
fossil fuel use leading to reduced carbon emissions;
landless alternatives using significantly less water
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