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Abstract

he demand for livestock products is expected to increase as much as 50

percent by 2050. This increase in the consumption will demand enormous resources.
Animal feed is the most challenging, because of the limited availability of natural
resources, climatic changes and food-feed-fuel competition. The costs of conventional
feed resources, such soymeal, fishmeal and standard cereals like corn, are very high
and moreover their availability in the future will be limited. For this reason, scientific
research is focusing on the study of alternative sources (e.g., by/co-products from
cereals process, former food products, seaweeds, insects) to standard feed ingredients.
The focus of this dissertation will be on the use of former food as an alternative
ingredient in animal nutrition, especially for pigs. Various subjects will be addressed
concerning effects of these materials on pig growth, health and performance as well

as their safety and sustainability.



Riassunto

ntro il 2050, si prevede che la domanda di prodotti di origine animale

aumentera fino al 50% in tutto il mondo. Questo aumento del consumo di prodotti di
origine animale richiedera I’impiego di enormi risorse. Di tutto il comparto
zootecnico, l'alimentazione animale e la piu impegnativa e dispendiosa, a causa della
limitata disponibilita di risorse naturali, dei cambiamenti climatici e della
competizione cibo-mangime-carburante. Attualmente, i costi delle risorse alimentari
convenzionali, come per esempio farina di soia, farina di pesce e cereali standard come
il mais, sono molto elevati e inoltre la loro disponibilita in futuro sara limitata. Per
guesto motivo, la ricerca scientifica si sta orientando sullo studio di fonti alternative
(come ad esempio sottoprodotti e coprodotti che derivano dalla lavorazione dei
cereali, ex-alimenti, alghe e insetti) agli ingredienti standard per mangimi. Il focus di
questo elaborato sara sull’utilizzo di former food — detti anche ex alimenti - come
ingrediente alternativo in alimentazione animale, specialmente per i suini in post-
svezzamento. Verranno affrontati diversi argomenti che riguardano la sostenibilita, la
sicurezza e tutti gli aspetti legati alla salute intestinale e growth performance degli
animali che assumono diete integrate con former food, nonche tutti gli aspetti che

riguardano la sicurezza e sostenibilita di questi ingredienti.
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CHAPTER

General Introduction

1.1 CLIMATE CHANGE AND OTHER IMPLICATIONS OF ANIMAL
PRODUCTION

The human population is expected to growth to almost 11 billion people by 2100 (UNPD, 2019).
For this reason, also the demand for livestock products is expected to increase as much as 50
percent by 2050, especially in developing countries (Africa and Southern Asia) (FAO 2020a).
As a result of increasing incomes, urbanization, environment and nutritional concerns and other
anthropogenic pressures, the global food system is undergoing a profound change. Worldwide,
there is a huge rise in the demand for food of animal origin, this is happening for a variety of
reasons, not only caused by growth population, but also urbanization and economic enlargement
in developing countries. In the wake of the COVID-19 pandemic, the deep interconnection
between human, animal, plant and environmental health has emerge clearly; much of the world
has become aware of the importance of biosecurity in protecting global health. This accentuates
the urgency to transform the planet’s agri-food systems: it was so before the pandemic, it is even
more now. In any case, it is time to take action to reinvent our approach to animal production

and animal nutrition (Hulme, 2020).

Livestock animals contribute to food security, nutrition, poverty alleviation, and economic
growth. Moreover, animal feed plays a vital role in the global food security, and it is conceived
to ensure the sustainable production of safe and affordable animal proteins. With the increase of
the animal production, it will be necessary for more feed to be produced, which will be safety
certified. Consequently, new and old feed sources are being controlled for hazards and critically
analyzed to guarantee feed safety for animal consumption. However, the food safety regulatory
framework is not fully harmonized between the countries, creating a lack in feed safety chain,

increasing the animal health risks and the animal consumption by the humans (FAO, 2018a)



Beyond food production, farm animals play other important economic, cultural and social roles
and provide multiple functions and services. Farms are an essential part of agro-
ecosystems. Furthermore, this increase in demand for animal products stems from the fact that
millions of people are changing and will change their basic diet in the future, shifting from plant-
based diets to more intensive demand for animal products like meat, dairy and eggs; obviously
this could provide opportunities for economic growth for developing countries (Delgado et al.,
1999; Cassidy et al., 2013). Globally, 34% of global food protein comes from livestock animals.
Worldwide, will have to face the challenge of increasing the number of farms and also, at the
same time, increasing the production of cereals to support the diets, both for humans and for
animals (FAO 2020b). Nowadays, industrialization and globalization of livestock sector is
centered on advances that have improved feed-to-meat conversion efficiency, animal health,
reproduction rates, transport costs and liberalization of world-trade (Naylor et al., 2005). The
most significant shift has been towards the production of monogastric animals, such as chickens
and pigs, which are able to use concentrated feed more efficiently than cattle (or sheep) and
which have short life cycles that accelerate genetic improvements (Muir and Aggrey, 2013). For
example, the average time it takes to produce a broiler chicken in the United States has been
reduced from 72 days in 1960, 48 days in 1995, to 42-46 days today, and the slaughter weight
has gone from 1.8 to 2.2 to 2.9kg today (USDA, 2020). While, another important indicator is
the feed conversion ratio (FCR) that measure the efficiency of feed turned into a kg of animal
product, and as reported from FEFAC (2021), from 2000 to 2019, the FCR improvement for
fattening pigs went from 3.03 to 2.68 kg feed/kg body weight (11% of improvement), and for
salmon it went from 1.57 to 1.31 kg feed/kg body weight (16% of improvement). However, in
the meantime, FCR were reduced to 15% for broilers and more than 30% for laying hens
(USDA, 2020). The annual growth of pig and poultry production in developing countries was
double the world average in the 1990s. In 2001, three countries - China, Thailand and Vietnam
- counted for more than half of the pigs and one third of the chickens produced all over the
world. Another major meat producing country, that is expected to become the largest meat
exporter in the world, is Brazil. Precisely, as a consequence of the world population growth and
the increase of demand of food in many developing countries, in fact, a rapid growth in meat
consumption is expected. Already in the last 50 years, the annual per capita consumption of
meat in the world has gone from 23 kg in 1961 to 43 kg in 2018 (FAOSTAT, 2018). In particular,
emerging countries have seen an increase in consumption of meat, especially from monogastric
livestock (i.e., pig and poultry). In general, animal production can be expressed as per protein

basis, allowing comparisons between species and products. For example, Asia, with about 19



million tons of protein, is the region with the highest production, mostly represented by
monogastric species. Otherwise, Western Europe, North America, Latin America and the
Caribbean and South Asia have comparable production levels, between 12 and 10 million tons
of protein. In Latin and North American the main role is play by beef, milk and chicken, while
in Western Europe, animal production is primarily driven by dairy cattle; the major role in South
Asia is conducted by buffalo production. Finally, the Near East and North Africa, Sub-Saharan
Africa, Eastern Europe, Oceania and the Russian Federation produce between 4 and 1.6 million

tons of protein, with a lower individual share on a global scale (Figure 1) (FAOSTAT, 2018).
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Figure 1. Regional total animal production. Meat production in protein basis was calculated by using data
on dressing percentages, carcass to bone-free meat and average bone free meat protein content. Milk from
all species was converted into fat and protein corrected milk. Eggs production is also expressed in protein
terms (FAO, 2017)

Livestock systems have a significant impact on the environment (air, land, soil, water and

biodiversity). With the increase in number of farms and livestock animals, one of the major

aspects to consider will be the climate change. Undoubtedly, climate change will affect livestock

production, changing the quality and quantity of feed (Thornton et al., 2013). According to

Steinfeld et al (2006), livestock takes 70% of all agricultural land and 30% of the planet’s land

surface. According to the estimates of the Intergovernmental Panel on Climate Change (IPCC),
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the warming of the air, in the next period, could be between 1.1 and 2.9° in the best scenario,
while in the worst scenario, it could be between 2.4 and 6.4° (IPPC, 2017). Unfortunately,
climate change will modify the biodiversity and genetic resources of the various cultivable
species and this will affect the digestibility and nutritional quality of forages and other feed
ingredients. In the near future, due to climate change, security and availability of water source
will be priorities for humanity (Thornton et al., 2010). The effects of climate change will be
different all over the world and may be beneficial in some countries and disadvantageous in
others; only few researches studied the effect of climate change in tropical regions, and they
have looked at the impacts in temperate regions (Easterling et al., 2007; Nardone et al., 2010).
As long as the water needs are satisfied, the increase in temperature and concentrations of CO2
and nitrogen can be advantageous, by increasing in some areas of the world, primary production
in pastures and allowing the cultivation of even more productive forage species (Thornton et al.,
2013). Climate change will have a greater impact on grassland-based systems than on cropland
because growing conditions on croplands could be more easily manipulated (e.g., through
irrigation and/or wind protection) (FAO 2020b). Some countries, like North America, Northern
Europe, Northern Asia and the Mediterranean basin, have a high farm animal density and a high-
level animal production. These farms are based on industrialized livestock systems, farming
high selected pigs, poultry, meat and dairy cows (Nardone et al., 2010). Climate change will
also affect animals, through increased heat stress, change in water availability and more
livestock diseases and disease carriers (Thornton et al., 2010). Therefore, the real challenge of
the future will be to balance the increase in the number of animals farming, with the demand of
raw materials for feed production and the productivity of farms, while improving the
sustainability of all the livestock sector. Moreover, livestock sector is the largest land-use system
and it occupies 30% of the world’s ice-free surface, contributes 40% of global agricultural gross
domestic product, and provides income for more than 1.3 billion people and nourishment for at
least 800 million food-insecure people, all the while using vast areas of range lands, one-third
of the freshwater, and one-third of global cropland as feed (Herrero et al., 2013). The cultivation
of crops requires the input of manure and fertilizers as well as energy carriers, water, crop
protection products and auxiliary materials and may involve land transformation (Thornton et
al., 2013). The most crucial aspect of land use is deforestation, with livestock playing a major
role through the creation of new pastures or expansion of arable land to produce crops like
soybeans and other cereals, important to support the global intensification of livestock feeding
(Herrero et al., 2009, Naylor et al., 2005). While cattle ranching is considered as the major

proximate cause of forest clearing in the Legal Amazon, soy cultivation often expanded into



areas previously used as pastures, thereby indirectly triggering forest-to-pasture conversion
elsewhere (Barona et al., 2010). Moreover, soy production may have contributed to
deforestation by other indirect pathways, such as boosting land prices and infrastructure
development (Barona et al., 2010, Fearnside, 2001, Fearnside, 2005, Nepstad et al., 2006). This
creates a great pressure on agriculture and natural resources. This will be crucial, as today,
because the animals reared and then slaughtered contribute directly or indirectly to 18% of
greenhouse gases (GHG) emission and 9% of COz total emissions (FAO, 2018b; Nardone et al.,
2019). Both, ruminants and non-ruminants are responsible of enteric fermentation during the
digestive process. These animals produce especially methane, but the quantity is lower in
monogastric species, compared to ruminants. Poorly digestible rations, like highly fibrous
ingredients, produce higher enteric methane emissions (FAO, 2018b). Livestock sector emitted
an estimated total of 8.1 gigatons CO2-eq in 2010. Methane (CHa4) accounts for about 50% of
the total; while nitrous oxide (N20) and carbon dioxide (CO2) represent almost equal shares
with 24% and 26%, respectively (FAO 2017). Manure is a source of both methane and nitrous
oxide. Methane is released during anaerobic decomposition of organic matter. Nitrous oxide is
mainly  generated during manure ammonia  decomposition.  Different manure
management systems can produce different level of emission. Methane emissions are higher
when manure is stored and treated in liquid systems (lagoons or ponds), while dry management
system, such as drylot or solid systems, tend to favor nitrous oxide emissions. Beef and dairy
cattle are the main contributor to the sector's emissions with about 5.0 gigatons CO2-eq, which
represents about 65% of sector's emissions. Pigs, poultry, buffaloes and small ruminants have
much lower emissions, representing between 7% and 10% of sector's emissions (Figure 2). In
particular, in pigs the 60% of the 9% of the GHG emission comes from feed and, of that the

single biggest contributor is soybean meal.
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Figure 2: Global total livestock GHG emissions by different species (FAO, 2018).



It is well-known that when considering the carbon footprint of an animal product, the feed
ingredient production stage represents the largest share of the GHG emissions (FEFAC, 2020).
There are several emissions related also to feed production. Carbon dioxide emissions arise from
expansion of feed crops and pastures into natural areas such as forests, from manufacture of
fertilizers and pesticides for feed crops and from feed transportation and processing. Nitrous
oxide emissions are caused by the use of nitrogenous fertilizers and by direct application of
manure both in pastures and crop fields. Energy consumption occurs along the entire supply
chain.

Production of fertilizers and the use of machinery for crop management, harvesting, processing
and transport of feed crops generate GHG emissions, which were accounted as part of the
emissions from feed production. Energy is also consumed on animal production site for
ventilation, illumination, milking, cooling, etc. Finally, livestock commaodities are processed,
packed and transported to retail points, which involves further energy use. In Figure 3 are
reported the contribution of main sources of emissions from global livestock supply chains
(FAO, 2018b)
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Figure 3: Global emission by different sources from livestock sector. (FAO, 2018)
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Generally, animal products have a much higher water footprint than plant-based foods (Table
1) (Mekonnen and Hoekstra, 2010).

Table 1: the water footprint of some selected food products from crop and animal origin (Adapted from Mekonnen
and Hoekstra, 2010).

Litre per Litre per Litre per gram  Litre per gram
Kilogram Kilocalorie of protein of fat

Sugar crops 197 0.69 0.0 0.0
Vegetables 322 1.34 26 154
Starchy roots 387 0.47 31 226
Fruits 962 2.09 180 348
Cereals 1644 0.51 21 112
Oil Crops 2364 0.81 16 11
Pulses 4055 1.19 19 180
Nuts 9063 3.63 139 47
Milk 1020 1.82 31 33
Eggs 3265 2.29 29 33
Chicken meat 4325 3.00 34 43
Butter 5553 0.72 0.0 6.4
Pig meat 5988 2.15 57 23
Sheep/goat meat 8763 4.25 63 54
Bovine meat 15415 10.19 112 153

Compared to crop products, animal products do not only require more land to obtain a certain
nutritional value, but also more energy and water (Hoekstra, 2014). The water footprints of
animal products can be understood from three main factors: (i) feed conversion efficiency of the
animal, (ii) feed composition, (iii) and origin of the feed. Moreover, all the three factors are
influenced by type of production system (grazing, mixed, industrial) (Mekonnen and Hoekstra,
2014). Regarding feed conversion efficiency, the more feed is required per unit of animal
product, more quantity of water is necessary to produce animal feed. While regarding feed
composition, the most important value is the ratio of concentrates versus roughages and
percentage of valuable crop components versus crop residues in the concentrate. Finally,
regarding the origin of the feed it’s important to consider that the water footprint of a specific

animal product could change across different countries due to differences in climate and



agricultural process, due to the place where feed components are obtained (Mekonnen and
Hoekstra, 2014). Animal production requires large volumes of water for feed production,
drinking water and servicing animals. By far the largest water demand in animal production is
the water needed to produce animal feed. Because of the increasing demand for animal products
and the growing sector of industrial farming, the demand for feedstuffs grows as well, including

cereals, starchy roots, fodder crops, oilseeds and oil meals. The water footprint of meat from
beef cattle (15400 m3/ton as a global average) is much higher than the footprints of meat from
sheep (10400 m3/ton), pig (6000 m3/ton), goat (5500 m3/ton) or chicken (4300 m3/ton). The
global average water footprint of chicken egg is 3300 m3/ton, while the water footprint of cow

milk amounts to 1000 m3/ton. Global animal production requires about 2422 Gm 2 of water per
year (87.2% green, 6.2% blue, 6.6% grey water). One third of this volume is for the beef cattle
sector; another 19% for the dairy cattle sector. Most of the total volume of water (98%) refers
to the water footprint of the feed for the animals. Drinking water for the animals, service water
and feed mixing water account only for 1.1%, 0.8% and 0.03%, respectively (Mekonnen and
Hoekstra, 2014).

Focusing our attention on Italy, this country is among the largest agricultural producers in the
European Union and this production causes significant impacts on the environment. The
degradation of agricultural soils is among the most worrying in Europe: the carbon content in
the soil is only 1.1% by weight, this data is below the 1.5% threshold considered at risk of
desertification. At the national level, fresh water withdrawals due to agriculture amount to
6.74% of renewable water resources, but substantial volumes of "virtual water" are consumed
indirectly by our country through food imports. In addition, more than 75% of fish stocks are
overfished or exhausted. The 64% of annual greenhouse gas (GHG) emissions from the
agricultural sector are due to animal production and 36% to plant production. The emissions are
equal to approximately 2.3 Gg CO2 eq. for each agricultural hectare, lower than other large
agricultural producers such as France, Germany and the Netherlands, but higher than in Spain.
The lack of a national political strategy limits the opportunities to invest in sustainable
agriculture and mitigate climate change. Finally, young people represent only 5% of farmers,
even if recent statistics show their rapprochement with the sector. In the future, all over the
world, one of the objectives to achieve is the stabilization of greenhouse gas concentrations in
the atmosphere and water/land footprint of animal production, at a level that would prevent
dangerous anthropogenic interference with the climate system. Such a level should be achieved

within a time frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure



that food and feed production is not threatened and to enable economic development to proceed
in a sustainable manner (FAO, 2017).

1.2 FEED AND FOOD COMPETITION

All over the world the demand of animal products will increase between 48% and 57% and for
this reason animal protein demand will increase even more (Parisi et al., 2020). Six billion tons
of feed materials (DM) is consumed annually by livestock sector, including one third of global

cereal production.

About food and feed competition and future food security conception, there are several studies
(Godfray et al., 2010; Eisler et al., 2014; Mottet et al., 2017) that reported that about 1 billion
tons of cereals are fed to livestock annually resulting in a competition for land and raw materials
between human and animal nutrition. In this context, to convert losses from the food industry
into ingredients for the feed industry, thereby keeping food losses in the food chain, can be
considered a virtuous practice that should be implemented worldwide (Eisler et al., 2014; Pinotti
et al., 2020). In addition, soybean cakes, which production can be considered as main driver of
land-use, represent 4% of the global livestock feed intake. However, monogastric consume 72%
of the global livestock grain intake, while grass and leaves represent more than 57% of the
ruminants’ intake. Animal feed and feeding are fundamental in livestock production. In animal
production the highest cost (up to 70%) is represented by feed, that is economically the most
important element in animal husbandry (FAO 2014a). Moreover, feed is what links livestock to
land use. The classification of feed material is based on what is edible by humans (i.e., cereal
grains, soybeans, pulses, banana and cassava) or not (i.e., roughages such as grass, crop residue,
fodder beets, cotton seeds) (Figure 4). The feed materials are always classified as not human-
edible (Mottet et al., 2017).



Competes with food-
crops for land
(opportunity cost >0)

Human-
edible

Examples of
materials

Grass, fodder and silage from
No Yes grasslands convertible to
cropland, cotton seed cakes

Produced on currently or
potentially arable land

Not derived
—» from human-
edible product

Grass and fodder from
grasslands unconvertible to

Produced on non arable land No No 5 ?
cropland, synthetic amino
acids, limestone, fish meal

Feed
material Cereal grains, soybeans
Human-edible Yes Yes % -

pulses, cassava

Derived from
“—» human-edible
product

Not human-edible, main

driver of land use (EFA>2/3) L e Sayhean cakes

Cakes from rapeseed, canola
Not human-edible, not main No No and palm kernel, corn gluten
driver of land use (EFA<2/3) feed and meal, brans, straws
and stover, pulp, molasses

Figure 4: Feed classification (Adapted from Mottet et al., 2017).

Livestock animals use feed via grazing and indirectly via traded grain or forage. Globally,
Herrero et al., (2013) reported that in 2000, livestock consumed about 4.7 billion tons of feed
biomass, with ruminants consuming the bulk of feed (3.7 billion tons compared with 1 billion
tons by pigs and poultry). Overall, grasses comprise some 48% (2.3 billion tons) of the biomass
used by livestock, followed by grains (1.3 billion tons, 28%). Beef production is often criticized
for its very huge consumption of grain, some studies reported that the quantitative vary from 6
kg to 20 kg of grain per kg of beef produced (Mottet et al., 2017; Eshel et al., 2014; Godfray et
al., 2010). Diet composition and quality are determinants for productivity and feed-use
efficiency of farm animals. To help create a sustainable livestock sector, high nutritional value
feed from international markets is necessary to support high production farm animals (Rauw et
al., 2020).

There are three negative effects that livestock sectors produced to food security: (i) animal feed
rations contain products that can also serve as human food; (ii) animal feed may be produced
using land suitable for human food production; (iii) livestock animals have the low efficiency
in converting feed into human food (Mottet et al., 2017). In addition, due to the land scarcity
increase and arable land decrease, the industry has relied increasingly on technological advances
and new alternative resources to keep up with the demand for increased livestock production.
Other changes and innovations must concern the management of waste and food surpluses.
Making the food chain more efficient through waste reduction will reduce the need for new
resources to be allocated for food production. In the study conducted by van Hal et al. (2019),

to evaluate the impact of accounting for feed-food competition on LCA results, economic and

16



food-based allocation were compared in an LCA of a novel egg production system that feeds
only products unsuitable or undesired for human consumption. In this study was reported that
compared to free range laying hens fed a conventional diet, feeding only low-opportunity-cost
feedstuff (LCF) reduced global warming (GWP) potential by 48 to 58%, energy use (EU) by 21
to 37%, land use (LU) by 34 to 47% and land use ratio (LUR) by 32% in case of economic
allocation. This was caused by the small environmental impact allocated to LCF due to their
relatively low economic value. Moreover, using food-based allocation, the impact per kg egg
was further reduced by 54% for GWP, 38% for EU, 94% for LU, and 88% for LUR. In
conclusion, an LCA with economic allocation underestimates the environmental benefits of
avoiding feed-food competition. Cassidy et al. (2013) reported that on a global basis, crops
grown for direct human consumption represent 67% of global crop production, 55% of global
calorie production, and 40% of global plant protein production. Feed crops represent 24% of
global crop production by mass. However, since feed crops like maize, soybeans, and oil seed
meal are dense in both calories and protein content, feed crops represent 36% of global calorie
production and 53% of global plant protein production. Together crops used for industrial uses,
including biofuels, make up 9% of crops by mass, 9% by calorie content, and 7% of total plant

protein production.

However, in 2021, analysis conducted by FEFAC, demonstrated that practically none of the feed
used to produce feed for livestock animals can be considered food grade, because, feed materials
don’t meet the minimum standards required for human food production, regarding their
presentation or technical characteristics. The majority of feed ingredients used in compound
feed originate from crop cultivation and the 86% of the global livestock feed intake is made of
materials that are currently not eaten by humans. In general, when a food produced for human
consumption is sold to a feed industry, is always the result of an exceed in the production
(FEFAC, 2021). Moreover, FEFAC reported that animal feed production is per definition never
in competition with human consumption, from an economic point of view. That’s why, if food
materials are used in feed production, will never cause a lack of food along the supply food
chain (FEFAC, 2021). The use of food effectively no longer destined for human consumption
to produced feed, for FEFAC, should not be automatically considered as something
‘unsustainable’, but more often that’s important to keep food grade bio-resources in the food
value chain through feed for livestock animals. As reported in Figure 5, it is fundamental to
make a distinction between non-food grade feed ingredients that drive (arable) land use and the
ones that does not, the latter being of more traditional co-product nature (e.g., sugar beet pulp,

brewers’ grains, sunflower meal). Cereals, soybean products and pulses destined to animal feed



production are qualitative not suitable for human consumption, but in any case, there is an

element of competition between animals and humans for land use (FEFAC, 2021)

- Non-food grade - 96% D Food grade - 4%

[l Feed use is the main
driver of the land - 65%

M Feed use is not the main
driver of the land - 31%

Figure 5: Feed used by compound feed manufactures (FEFAC, 2021).

From FEFAC’s experience this assessment about food and feed production cannot tell the full
picture in terms of sustainability, but the presence of general accusations that feed production is
in direct competition with food consumption, generate insecurity. Animal feed production must
to be considered part of the food production itself (FEFAC, 2021).

It has been estimated that between 30% and 50% of global food products are lost or wasted
before and after reaching the consumer. In 2006, the total loss of food in EU 27 was about 90
million tons and it is estimated that in 2020 food waste will reach 126 million tons (FAO, 2011).
As a result, the European Parliament recommended to the European Commission to reach the
Sustainable Development Goals by 2030, in particular Goal 12 of ensuring sustainable
consumption and production pattern (Union Innovation, 2014). In the European Union,
especially in countries with intensive animal production, producers are not able to ensure that
livestock is supplied with nutrients of regional origin, as for example protein (Guyomard et al.,
2021). Regarding pig farms, it’s necessary an evaluation of the availability of local feed and
feedstuff co-products or alternative feed ingredients as first step to study the feasibility of the
reduce farm impact (Rauw et al., 2020). In order to improve the feed efficiency, a large use of

human-edible products in animal diets has been proposed.
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In fact, this inefficiency can be avoided using livestock feeds that do not compete with food
production, so called “low-opportunity-cost feedstuffs” (e.g., food by-products & waste and
grazing resources). Reducing food loos and waste is the key to achieving sustainability and
brings savings for consumers and producers and from a social point of view, the redistribution
of surplus food that otherwise would be wasted, is very important. In Europe, the Commission
iIs committed to halving per capita food waste at retail and consumer levels by 2030. Using the
new methodology for measuring food waste and the data expected from Member States in 2022,
it will set a baseline and propose legally binding targets to reduce food waste across the EU
(European Union, 2020). In addition to quantifying level of food waste, the Commission will
investigate food losses during the production, and explore ways of preventing them.
Coordinating action at EU level will reinforce action at national level, and the recommendations
of the EU Platform on Food Losses and Food Waste will help show the way forward for all

actors (European Union, 2020).

Food waste in Italy costs over 15 billion euros, equal to about 1% of GDP. The waste of food
produced each year, at the per capita level, is equal to 65 kg, of which 27.5 kg attributable to
internal consumption. Considering food losses, Italy is slightly below the European average,
with 2% of food lost from the post-harvest phase to industrial processing, excluding the
agricultural phase. The quality of national policies against food waste is high and is realized
through the National Plan for the Prevention of Food Waste which intervened to facilitate the
donations of food surpluses, through a strongly participatory approach that involved numerous
actors in the supply chain, increasing, according to the estimates of the Food Bank, donations
of 20% in the first year of application. The definition of reduction objectives in line with the
2030 Agenda, economic incentives, the strengthening of tax deductions for the donation of
surpluses and the revision of economic index on waste, could contribute to further reducing

waste (Fondazione Barilla, 2019)



1.3 ALTERNATIVE FEED INGREDIENTS

Guaranteeing healthy, good and sufficient food to meet the nutritional, cultural and social needs
of a growing and increasingly world population is one of the most important challenges of our
century, to promote sustainable development that respects the limits of the planet.

Europe is promoting the importance of Circular Economy (CE), but this concept is fundamental
all over the world. Annually, thanks to Circular Economy, the global economy would benefit
about 1000 billion US dollars (Korhonen et al., 2018).

In this contest, animal products have been the basis of the diet of people with different ages,
health conditions, and secular and religious beliefs and the demand of these products is set to
grow (Pulina et al., 2017). Circular Economy includes the economic, environmental and social
dimensions of sustainability and in this particular case, all these aspects are regarding the
importance to find a strategy to develop more intensive and sustainable animal production
worldwide. As reported before, feeding pigs is the most expensive aspect of pig production.
Historically, feed costs have represented 65- 75% of the variable costs of pig production, but
this increases drastically over the past 2 years. This has been the result of a combination of poor
harvests in different parts of the world, increasing demand for feed grains from the biofuel
sector, and speculative buying by funds (Kiare and Nyachoti, 2009). Moreover, feed for animals
is based mainly on corn and soybean, which are adopted everywhere and, therefore, one of the
most important objectives of the current research is to find alternative and suitable ingredients
that can be use in animal nutrition. In the prospective of Circular Economy, animal feed is based
on the exploitation of the environment and on the collection of waste coming from human food
industry. Nevertheless, nutrition remains the central topic of animal husbandry.

For example, soy is the most important protein source for pigs, but recently it is crucial to be
aware of the environmental impacts that the feed industry has. Reducing the amount of soy in
the ration by improving genetics, health and feed regimes will significantly reduce the carbon
footprint of pig feed and pig farms. Moreover, soy is associated with deforestation and
conversion of natural areas, but FEFAC in 2016, introducing the new Soy Sourcing Guidelines
to lead agriculture and also feed industry towards a responsible and sustainable use of soy
(FEFAC, 2016). Luckily, an increasing number of animal nutrition companies are becoming
aware of the sustainable impact of feed and problems regarding the large use of soy. For this
reason, feed companies are trying to reduce waste of products and resources and find alternative
and valid feed ingredients (Doyle, 2021).



There is an urgent need to develop alternative feeding systems based on high-yielding plants,
novel feed like insects, algae, new by or co-products, aquatic plants, and fodder leaves, which
can also be produced locally. As reported by Stein et al. (2007), alternative energy feed
ingredients are important to try the substitution of common materials in feed for livestock
animals. Using every other cereal instead of corn and wheat can be considered a minor
ingredient. Sorghum, where it is raised instead of corn, can be of an equal status to these two
staple energy sources. When using minor ingredients, it is best to use a mix of them, or small
quantities of these minor cereals with a major cereal or other energy source, because most of
these have higher content of non-starch polysaccharides that could reduce energy digestibility,
cause sticky droppings, and have anti-nutritional factors. To help the use of minor cereals in
livestock diets, it could be use enzymes with more or less success to limit anti-nutritional effects.
Knowing the source of such ingredients is often enough for a nutritionist to determine their
quality and how to best adjust their use in combination with enzymes and other additives or

ingredients.

Other alternative ingredients used for feeding livestock animals, are all the co and by-products
that are coming from processing and transformation of standard cereals, like corn, soy and
wheat. For example, distillers dried grains with solubles (DDGS), field peas, wheat shorts and
liquid co-products from the bio-fuel and food industry are all considered valid ingredients.
DDGS is the most common co-product from many “cthanol plants”. Generally, it is dried to about
10% moisture content, this process ensures a long shelf life and reduces flowability issues during
storage and transport (Rosentrater, 2018). At first, the majority of DDGS were used principally
in cattle and weren’t used extensively in swine diets. Recently, different studies (Shurson, 2002;
Stein and Shurson, 2009; Kiare and Nyachoti, 2009) reported that corn DDGS contains high
levels of digestible and metabolizable energy, digestible amino acids, and available phosphorus.
Stein et al. (2006) showed that the DE and ME value of corn DDGS is equal or even higher than
corn (3,639 kcal DE/kg and 3,378 kcal ME/kg), but it is considered a low protein quality feed
ingredient due to its low lysine content. Because of the higher nutrient value, DDGS is very well
suited for pig and poultry diets, and can be a cost-effective partial replacement for corn, soybean
meal, and dicalcium phosphate in swine feeding. Regarding the use of DDGS in swine diets,
Whitney and Shurson (2004) conducted two experiments to study the effects of increasing levels
(from 0 to 25%) of DDGS on growth performance of early-weaned pigs. Dietary treatments

consisted 3-phase nursery feeding program.



All pigs were provided a commercial pelleted diet for the first 4 days post-weaning, and then
they were fed with their respective experimental Phase 2 diets (for 14 days), followed by Phase
3 experimental diets (for 21 days). All the data referred to the growth performance of pigs were
similar among dietary treatments regardless of dietary DDGS level fed for both experiments. In
experiment 1, feed intake was unaffected by dietary treatment, but in experiment 2, increasing
dietary DDGS level linearly decreased feed intake during Phase 2, and tended to decrease
voluntary feed intake over the length of the experiment. These results suggest that it is important
the level of inclusion in the diet, high quality corn DDGS can be included in Phase 3 diets for
nursery pigs at dietary levels up to 25%, without any negative effect on growth performance.
Satisfactory growth performance can also be achieved when adding up to 25% DDGS in Phase
2 diets for pigs weighing at least 7 kg in body weight. However, including high levels
immediately in the post- weaning period, may negatively influence feed intake, resulting in

poorer initial growth performance.

Another co-product, obtained from biodiesel production, and used for feeding pigs, is crude
glycerol. Biodiesel is an alternative fuel that can be produced from vegetable oils and (or) animal
fats. The oil or fat is mixed with an alcohol, generally methanol, and a catalyst (often sodium
hydroxide) that causes triglycerides to separate, forming methyl esters (biodiesel) and crude
glycerol (Hansen et al., 2009). Crude glycerol has been proposed as a potential beneficial energy
source for pigs. It is absorbed by the gastrointestinal tract of non-ruminants and is utilized as an
energy source in the gluconeogenic pathway (Tao et al., 1983) and it contains 3,021 kcal/kg of
ME (Lammers et al., 2008). Recent studies have demonstrated that it can be used in nursery pig
diets and growing-finishing pig diets (Seneviratne, 2009; Hansen et al., 2009). Every liter of
biodiesel produced, generated 79g of crude glycerol (Thompson and He, 2006). For example,
Hansen et al. (2009) studied the effect of feeding different level of inclusion of crude glycerol
(0, 4, 8, 12 16%) to growing-finishing pigs on performance, plasma metabolites and meat quality
at slaughter. They reported that crude glycerol could be included in finishing pig diets without
any detrimental effect on growth performance and meat quality of pigs. However, blood glycerol
levels became higher after prolonged feeding of this co-product, and may reduce the efficiency
of glycerol when used as energy source for pigs. Furthermore, over the 8% of inclusion in diets,
crude glycerol formed a firm aggregate within 24 h of mixing that presented some feeding
difficulties, for this reason seems better to limit crude glycerol to less than this percentage in
mash diets. Crude glycerol may play a role in the pig industry by supplying energy at a more
cost-effective price than competing energy ingredients; however, a shadow-pricing exercise is

necessary to ascertain whether glycerol can be economically included in current diets (Hansen



et al.,, 2009). Some problems in the use of this co-product are related to the chemical
composition, because crude glycerol contains methanol, which is poisonous at low

concentrations and may cause metabolic disorders and blindness.

Tapioca (cassava) is produced in Southeast Asia, India and other regions and also, it is imported
in other countries, like USA and UE. It is largely use like alternative ingredients in feed for
monogastric animals (Mavromichalis, 2017). In India about 50 percent of the 630 million
people, living in rural areas, are poor and dependent on livestock sector for their income. For
this reason, the farmers coming from developing countries cannot used cereals for feeding pigs
or poultry due to the high cost of cereal grains. Sustainability of livestock diets can come from
the use of tapioca or cassava root meal as energy source (Tzudir et al., 2012). This ingredient is
capable of providing very high yields of energy/ha. Moreover, it is low in fiber and protein, but
high in soluble carbohydrate (Tzudir et al., 2012). If tapioca is chopping and sun-drying, it is
completely safe for livestock feeding because the level of hydrocyanic acid (HCN) (that limits
its use) will be very low (Tewe et al. 1980). The level of inclusion of tapioca in feed for pig (20-
25 kg of body weight) goes from 20% to 35% (FAO, 1992). Both in the past and more recently,
in the scientific literature is possible to find studies (Chou et al., 1973; Tzudir et al., 2012) in
which maize has been partially replaced by tapioca in diets for post-weaning and growing pigs.
Tzudir et al. (2012) showed that tapioca root meal can be included in the diet of growing cross
bred pigs up to a level of 50%. Also, the inclusion of tapioca has a significant increase of the
average daily gain (AGD) of the animals, a higher digestibility of dry matter (DM), organic
matter (OG) and ether extract (EE) and a reduction of the severity and duration of diarrhea,
compared to animals fed with a standard diet. While Chou et al. (1973) showed that replacement
of maize by tapioca is possible at much higher levels (60-75%). In this study, the quality of meat
was also reported and no significant difference was observed between pigs fed cassava diets and

those fed maize diets.

Gou et al., (2015) showed the effects of a supplementation of candy co-product (Chocolate
Candy Feed — CCF) as alternative carbohydrate source to lactose on growth performance of
newly weaned pigs. Lactose in whey powder have been identified as major component that
enhance appetite and weight gain of nursery pigs, but also the carbohydrates from CCF including
fructose and sucrose could have the same effect. In fact, in this study, lactose was replaced for
0, 15, 30, 45% by CCF based on equal amounts of total sugars, and the experimental period was
divided into 3 phases. Results showed that partially replacing dietary lactose with carbohydrates

from CCF increased feed intake in phase, due to the increase in diet palatability. In phase II,



pigs fed with increasing levels of dietary CCF, tended to increased blood urea N, that implied
there was increased N excretion. Carbohydrates from a candy co- product can replace up to 45%
of lactose without impairing growth performance, feed intake, and feed efficiency of pigs during
the overall nursery period. Furthermore, partially replacing lactose with carbohydrates from
CCF could cause a decrease in weight gain in later nursery phases. In addition, the price of
candy co-product was 45% cheaper than the price of whey powder, and 68% cheaper compared

to the price of whey permeate, commonly used in feed formulations.

Another novel feed that is recently study to feed livestock animals are seaweeds. Seaweeds are
simple organisms, which are able to take advantage of sunlight and they could convert carbon
dioxide into sugars and oxygen, during the photosynthesis process (Morais et al., 2020). The
most common varieties of edible algae include: Neopyropia, Pyropia spp., Undaria
pinnatifida, Saccharina latissima, Palmaria palmata and Chondrus crispus, these types are
associated with many health benefits, such as decreasing blood pressure, preventing spills and
valuable protein source (@verland et al.,2019).

Generally, seaweeds are used unprocessed, in medicine, human diets, animals’ feeds and for
improvements in agricultural soil, as fertilizers (Jamal et al., 2017). The term “algae” implies
more divisions of lower plants, which contain chlorophyll in cells and generally live in water,
although they are quite widespread outside the aquatic environment (Kovac et al., 2013), and on
the basis of dimensions they are divided into macroalgae (macroscopic algae) and microalgae
(microscopic algae). Seaweeds are an important source of vitamins, minerals, proteins,
polyunsaturated fatty acids, antioxidants; moreover, they are rich in potassium, sodium, calcium,
magnesium and phosphorus and are a source of essential trace elements, such as iron,
manganese, copper, zinc, cobalt, selenium and iodine (Gouveia et al., 2008).

Algae have a relatively high protein quality compared to cereal and soy flour. but generally,
have highly variable composition, with large differences in the final content in proteins,
minerals, lipids and fibre, due to different species (Makkar et al., 2016). For example, the protein
content of brown algae is generally lower than in red (30-140 g/kg of dry matter in Saccharina
latissima, while 80-350 g/kg in Palmaria palmata) (Berkhout, 2021).

Morover, Berkhout (2021) reported that diets integrated with seaweed were less palatable than
diets integrated with fish meal. The animals fed Saccharina diet had a significantly higher water
intake and urine production than the other animals. This diet also stood out regarding urine
concentration of iodine, which was 300 times higher than for the fishmeal-based diet.

More than 75% of seaweed has higher proportions of total essential amino acids than wheat
flour and 50% higher than soy flour and also higher than rice and corn (Li et al., 2018).



The cyanobacteria algae (also named blue-green algae) are the most promising organism that
could isolate new active natural products, this type of algae is very interesting as ingredients
used in livestock feed (Kovac et al., 2013). For example, Ulva is a seaweed species with bright
green sheets, located in marine environments and in brackish water; most especially in estuaries.
This species is one of the important types of seaweed found abundantly in many coastal areas
of many countries and it is rich in minerals, protein and vitamins (Morais et al., 2020). Ulva
seaweed could be utilized as animal feed or supplement, because its bioavailability of nutrients
embedded in the polysaccharide remained elusive due to inefficient metabolism by animals.
This chemical limitation generally impedes efficient use of Ulva seaweed as sole animal feed.
Although several seaweed species contain valuable amino acids of immense nutritional efficacy;
their release can be poor due to crosslinking within the polysaccharide matrix of the algae mass.
In conclusion, seaweed animal feed assays occur mainly as fresh, dried or even seaweed crude
seaweeds extract. Unfortunately, there is a general lack of nutritional and biochemical studies
of seaweed as feeds that makes difficult the analysis of how seaweed composition affects animal
welfare. Thus, more studies, regarding seaweed complete biochemical profile (macro and
micronutrients, also seaweed metabolites), are needed to fully understand the impact of
seaweeds in the animals (Morais et al., 2020).

However, potential of seaweeds needs to be further explored as animal feed additive or
supplement, but they cannot be applied as a complete substitute of the typical animal feed.
Seaweed benefic effects are generally below 10% of the total concentration in the animal feed,
above that, it was demonstrated to show negative effects and even animals refused to eat the
provided feed, correlated to problems of palatability (Haberecht et al., 2017).

Finally, the necessity to find alternative ingredients to replace fish and soy meal has led studies
and researchers to consider insect proteins as novel feeds for animals (Henry et al., 2015;
Ottoboni et al., 2018). In reality, the advantageous aspects of the use of insects as feed are many:
insects have little consumption of land and water, but have a high conversion efficiency of feed
into insect biomass (Eike et al., 2017). The crude protein contents of these alternate resources
are high: 42 to 63% and so are the lipid contents (up to 36% oil), which could possibly be
extracted and used for various applications including biodiesel production. Unsaturated fatty
acid concentrations are high in housefly maggot meal, mealworm and house cricket (60-70%),
while their concentrations in black soldier fly larvae are lowest (19-37%) (Chia et al., 2019).
Different studies (Gasco et al., 2020; Kar et al., 2021; Bosch & Swanson, 2021) have confirmed

that palatability of these alternate feeds to animals is good and they can replace 25 to 100% of



soymeal or fishmeal depending on the animal species. Except silkworm meal other insect meals
are deficient in methionine and lysine and their supplementation in the diet can enhance both
the performance of the animals and the soymeal and fishmeal replacement rates. Most insect
meals are deficient in Ca and its supplementation in the diet is also required, especially for
growing animals and laying hens (FAO, 2014b; Chia et al., 2019). The levels of Ca and fatty
acids in insect meals can be enhanced by manipulation of the substrate on which insects are
reared. Benefits of using insects for livestock feed include high nutritional values, feed
efficiency, and reproductive capacities. Insects have the ability to produce by-products; are
naturally present in some livestock diets (e.g., fish, poultry, pigs) and can create additional socio-
economic and environmental benefits (FAO, 2014b). A wide range of suitable insects exists,
e.g., Black Soldier Fly (BSF) larvae, house fly maggots, mealworms, silkworms and locusts-
grasshoppers-crickets. Several insect species are able to convert organic waste into edible
biomass, of which the composition may depend on the substrate (Ottoboni et al., 2018). BSFs
are considered to have the most potential for feed (Eike et al., 2017). Kar et al. (2021) reported
that Black soldier fly larvae can replace soybean meal as a protein source in the feed of growing
pigs. Black soldier fly larvae are potentially a more suitable and sustainable protein source as
they can be grown on waste and residual streams from food production. The feeding trial was
conducted with two groups of growing pigs. One group was fed a diet with regular soybean meal
as a protein source, while the other was fed a diet with black soldier fly larvae as the protein
source. Data from this trial were gathered on the microbiota of the small intestine and
metabolites in the blood of the pigs (Kar et al., 2021). In conclusion, pigs fed insect larvae had
increased levels of Bifidobacterium bacteria, which have been shown to have a positive effect
on human and animal health. Moreover, BSF diet was able to suppress harmful bacteria, and
amine metabolite profiles in blood plasma showed the ability of the black soldier fly larvae to
provide functional properties that could be beneficial to pig health and performance beyond their
ability to provide amino acids as building blocks for protein synthesis. Black soldier fly larvae,
therefore, promote the growth of gut microbial taxa that are either indicators of a healthy gut or
are recognised as beneficial microbes that have positive effects on pig health. The functional
value of BSF as dietary protein source showed good effects on the small intestinal microbiome
and the profile of blood plasma amine metabolites. Such functional value could ultimately
improve the competitiveness and the economic perspective of insect meals as sustainable
feedstuffs for pig diets compared to conventional protein sources. In addition, compared to
feeding an SBM-based diet, there were no significant effects of dietary inclusion of BSF on the

growth performance and on plasma cytokine and chemokine concentrations under non-



challenge conditions. As said before, growing insects requires a negligible investment of capital
or land. The time-consuming part is loading the trays, switching the trays, moving the trays to
where the larvae can be dried out, transferring the dried insects to the pulverising machine, and
turning the insects into flour. Fortunately, each of these labor-intensive steps can easily be
automated, introducing accuracy and tracking capabilities to the process along with a lower

production cost.

1.4 FOCUS ON FORMER FOOD LIKE ALTERNATIVE FEED
INGREDIENT

Globally, 120 -130 billion tons of natural resources are consumed every year and produce around
3.4 to 4 billion tons of municipal waste (Song et al., 2015). A bad management of these wastes
causes both environmental and economic problems. In the food sector, the Food and Agriculture
Organization (FAO) reported that globally, 34% of global food protein comes from livestock
animals. Worldwide, will have to face the challenge of increasing the number of farms and also,
at the same time, increasing the production of cereals to support the diets, both for humans and
for animals (FAO 2014a). We have to consider that six billion tons of feed materials (in DM) is
consumed annually by livestock animals, including one third of global cereal production. It has
been estimated that between 30% and 50% of global food products are lost or wasted before and
after reaching the consumer, in fact resulted that the world wastes about 1.4 billion tons of food
every year (FAO 2018a). In 2006, the total loss of food in EU 27 was about 90 million tons and
it is estimated that in 2020 food waste will reach 126 million tons. While, United States discards
more food than any other country in the world: nearly 40 million tons. That’s estimated to be
30-40 % of the entire US food supply, and equates to 99 kg of waste per person (FUSIONS,
2016). Reducing food loos and waste is the key to achieving sustainability and brings savings
for consumers and producers and from a social point of view, the redistribution of surplus food
that otherwise would be wasted, is very important. reuse food loss and food waste to feed
animals is a viable option that has the potential to simultaneously address waste management
(landfilling), food security, and resource and environmental challenges (Luciano et al., 2020;
Pinotti et al., 2021). The increasing availability of by-products from various food industries has
long raised interest in animal nutrition. Besides common by-products, former food products
generate large amounts of wasted, consisting mainly of unsold products (i.e., bread, croissants,

biscuits, cakes, dough). Former foodstuffs have many names in different parts of the world:



dried bakery product, bakery meal, bakery waste, former food, cookie meal, bread meal
(Mavromichalis, 2013). Despite the many names, and variable composition, it always describes
the same source of materials, namely by-products or waste of the bakery industry, consisting
primarily of wheat flour and variable quantities of sugar, salt, oils and additives (Stein et al.,
2007; Mavromichalis, 2013). The foods, which are removed from the regular food chain for
economic and quality reasons, can be indicated as Former Food Products (FFPs) or ex-food
(Giromini et al., 2017). According to the EU Catalogue of Feed Materials (Regulation [EC] No
2017/1017) former foodstuffs are “foodstuffs, other than catering reflux, which were
manufactured for human consumption in full compliance with the EU food law but which are
no longer intended for human consumption for practical or logistical reasons or due to problems
of manufacturing or packaging defects or other defects and which do not present any health
risks when used as feed”. From a regulatory point of view, former foodstuffs are considered a
valid feed ingredient, and its use in animal nutrition would help recycling and valorizing the
wasted food. In general, former foods are rich in starch because wheat flour is the main
ingredient in all bakery products. Because this starch is already thermally processed (cooked),
it is highly digestible, and thus, of high nutritive value. For this reason, former foods are a
suitable ingredient for young pigs and starter broilers diets. The typical composition of former

foods compared with two common cereals is reported in Table 1.

Table 1. Nutritional values of processing Former Food Products, Barley and Wheat (Adapted from Bouxin, 2016
and Pinotti et al., 2021)

Former Food Barley Wheat
Dry matter (%) 88 88 88
Crude protein (%) 10.9 11 12.4
Crude fat (%) 9.8 2.8 2.1
Crude fiber (%) 2.2 5.5 2.7
Starch (%) 50.9 51.6 59.2
Sugar (%) 14.0 2.2 2.4
Metabolizable Energy (ME) for pig

16.48 12.95 14.43
(MJ/kg)




From a nutritional point of view, former foods contain about 2.981 kcal/kg net energy (NE)
(NRC, 2012), which compares very favorably with maize at 2.672 Kcal/kg NE. Accordingly, it
contains 3.500 kcal/kg metabolizable energy (ME) for poultry, when maize contains 3.300
kcal/kg. Giromini et al. (2017) analyzed different types of former foods and reported that the

energy values obtained ranged from 16.2 to 18.1 MJ kg_1 for digestible energy (DE) and from

15.9t0 17.9 MJ kg_1 for ME and these values were comparable with wheat control. However,
if candy bars, snacks, cakes and other high-fat ingredients comprise a large part of the product
mix, then former food will also be of high-fat concentration (normal levels are about 8 percent
as for the above quoted energy level). Any extra fat, will increase dietary energy and must be
taken into account when formulating diets. Salt is almost invariably a part of any baked product.
Some contain more than others, and therefore the salt (sodium) content of bakery meal must be
monitored very closely. To this end, the inclusion level of bakery meal on any formula should
not exceed what is needed to meet the sodium requirements of the animal. Removing other high-
salt ingredients (such as fish meal or animal plasma) and, of course, pure salt, from formulas

increases the upper limit of inclusion rate for bakery meal (Mavromichalis, 2013).
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Abstract: With the diminishing availability of farmland, climate change and the threat of
declining water re- sources, livestock needs to meet the growing demand for food and feed by
using fewer resources. The re- use of food losses as sustainable ingredients for feed
formulations could represent a promising alter- native to cereal grains for both monogastrics
and ruminants, increasing livestock sustainability and reducing the competition between
animal and human nutrition. The acceptance of food leftover for feeding animals it is still far
to be completely welcomed in several countries, where the outdated stereotypical image of the
garbage used as feed is still existing. To implement this practice, a renewed image of food
leftover as feed is needed, mainly disseminating the most recent findings about their properties,
the new technologies applied for their production and their impact on the environment. This
paper aims to disseminate a wide understanding of food losses and explores the potential
benefits of using two main categories of food leftovers, namely former food products (FFPs)
and bakery by-products (BBPs), as alternative feed ingredients in pig and ruminant nutrition.
Several characteristics of those two categories of food losses are examined and compared to a
standard diet, such as nutritional-related properties, safety, efficiency and environmental
implications. The literature shows that both categories of food leftovers hold a significant
nutritional value and are a sustainable alternative to traditional feed ingredients. They resulted
as a low-risk category for animal health. In addition, when used in complete feed to replace
traditional feed ingredients, neither FFPs nor BBPs do not decrease animal’s growth
performances. These findings valorize food losses into animal feed as a well-suited strategy to
contribute to a reduced environmental and climate footprint of animal products and food waste
prevention. However, a greater participation by feed/food processors and stakeholders is
crucial to allow the sector to increase its contribution in the entire EU food and feed chain.



INTRODUCTION

Animal feed is the largest single cost item of livestock production, accounting for 60%e85%
(FEFAC, 2018) (depending on the farm species) of the total cost inputs/year (Lawrence et al.,
2008). Innovative feeding and nutrition practices have become increasingly important as
livestock systems strive to become more efficient and sustainable (Luciano et al., 2020). The
feed industry needs then to enhance the efficiency of livestock production by reducing GHG
emissions and other factors that have a negative environ- mental impact (Audsley and
Wilkinson, 2014). Livestock production needs to pay more attention to limit the use of natural
resources per amount/unit of animal product, expressed as the footprint per product, such as the
“water footprint”, “mineral footprint”, “land (arable or total land) footprint” (Flachowsky and
Meyer, 2015). Compared to other food items, the production of animal food has a high
environmental impact given that the conversion of plan biomass by animals lead to a loss of
energy and proteins (Van Hal et al., 2019). The 32% and up to 68% of the yielded grains in the
world and in developing countries, respectively, are being fed to livestock (Elferink et al., 2008).
Feeding grains to livestock may be unsustainable due to world population growth and this leads
to the research of alternative and more sustainable feed ingredients (van Zanten et al., 2015).
The selection of the most appropriate raw materials and the feed formulation are two factors that
can influence efficiency indicators (Pinotti et al., 2019a). There is a worldwide trend for waste
reduction, including food waste reduction. This has led to an increase in the recycling and reuse
of these products in the animal feed chain (Organization, 2019). Strategies and solutions, such
as a “food recovery hierarchy”, are thus needed to reduce the impact of feed production on the
environment by reducing the use of natural re- sources and increasing their reuse (Mourad,
2016). Food leftovers as a cereal substitution is an example, since they do typically not compete
for land consumption with food production (Van Hal et al., 2019). Several products that humans
cannot eat could be suitable as livestock feed, e.g., co-products, food-waste and biomasses such
as plant by-products (Pinotti et al., 2020). From a circular economy perspective, feeding ex-food
to livestock or using biomass to feed livestock, referred to as ‘leftover streams’, could be an
effective option for using resources and reducing food losses (Fausto-Castro et al., 2020) as

outlined in Figure 1.
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Figure 1. The role of food losses, upgraded to feed, i.e., former foodstuffs products (FFPs) and bakery by-
products (BBPs) in the circular economy.

Specifically, ex-food (also known as ‘former foodstuff products’, FFPs), represents a sustainable
and alternative energy supply for feeding animals (Pinotti et al., 2019b). There are several terms
that are used to refer the different food effluents, such as food losses, food waste, and former
foods products. Food waste refers to materials that remain after, or are produced during the
processing, manufacture, preparation or sale of human food. This can include different types of
food biomasses and edible material intended for human consumption, arising at any point in the
food supply chain, such as that collected at restaurants, retail, or from household food scraps
(Gustafsson et al., 2013). Food losses refer to a decrease in food quantity or quality in the early
stages of the food supply chain, thus reducing the amount of food suitable for human
consumption. The concept food losses are thus often related to post-harvest activities that lack
systems or infrastructural capacities. Food waste, on the other hand, often refers to later stages
of the food supply chain, such as retail and consumer households. Hence, the causes of food
waste are often related to human behavior and take place in the later stages of the food supply
chain (Gustafsson et al., 2013). Former foods products and food leftovers are food effluents that
are somewhere in the middle. Specifically, food leftovers are foodstuffs that were manufactured
for human consumption in full compliance with food laws, but which are no longer intended for
human consumption for practical or logistical reasons or due to problems of manufacturing,
packaging defects or other defects e none of which present any health risks when used as feed

(Gustafsson et al., 2013; Organization, 2019). An important distinction between former foods
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products/food leftovers and food waste is their legal status. Former foods products can be used
to feed humans or animals which does not represent a form of waste treatment; while food waste
can be further processed to return nutrients to the soil, extract energy and generate heat, but
cannot return to the food chain. Clearly, the animal feed chain should not be a means to dispose
of degraded or contaminated foodstuffs, and that the product should have a sufficient nutritional

value so that it can be considered as feed (Organization, 2019).

The evolution of livestock systems will inevitably involve a trade-off between feed security,
feed safety, animal welfare, environmental sustainability and economic development (Thornton,
2010). Sustainability is not the only common denominator among many of these issues, which
are often politically-sensitive (Vagsholm et al., 2020). Innovation is considered another key fac-
tor in the field of sustainable feed/food security (Pinotti and Dell’Orto, 2011). The conversion
of industrial food losses into ingredients that can be employed in feed industry is regarded as a
virtuous practice that should be carried out worldwide, with the aim to keep food losses -and
finally nutrients-in the food chain (Georganas et al., 2020). The potential mitigation of
environmental impacts due to the use of FFPs as animal feed should also be considered. Specific
life cycle assessment (LCA) studies on the reuse of FFPs in animal nutrition are still limited.
One study by Vandermeersch et al. (2014) clearly indicate that food losses have great potential
to be con- verted into animal feed ingredients. In the same direction, Salemdeeb et al. (2017)
investigated the use of food waste as animal feed. This study concluded that the use of municipal
food waste for animal nutrition purposes would lead to better environmental and health impact
than processing waste by composting or by anaerobic digestion (Salemdeeb et al., 2017). The
use of food waste for animal nutrition is currently not allowed in the EU while the use of FFPs,
which are not food waste, is already regulated by several authorities around the world and does

not represent a regulation issue. Figure 2 summarizes the legislation for the use of food in feed.
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Figure 2. Flow chart from FOOD to FEED. Adapted from: European Commission Notice, 2018.

The use of FFPs as feed is still limited and, in several countries, their processing is still in a
start-up phase (Luciano et al., 2020). To allow the sector to increase its contributions in livestock
sustainability, it is crucial to achieve a comprehensive science-based analysis to demonstrate the
feasibility, safety and sustainability implications. The gap of knowledge about nutritional
properties, safe use, legal definition and good manufacturing practices represents the main factor
that limits the former foodstuff processing industry to expand in Europe. The aim of this review
is to fill the lack of knowledge about FFPs to promote their use in feed. The study first examines
the nutritive attributes of FFPs, processing- related properties and safety-related issue. Finally,

it explores resource and environmental implications.

METHOD

The method used in this review consisted of three steps: (i) choosing key words for the literature

search, (ii) using different databases to identify the suitable literature (iii) analyzing the selected



literature by extracting information. These three steps are summarized in Figure 3 and are

described below.
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