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Implications

* Food waste produced across the supply chain poses
negative environmental, social, and economic conse-
quences.

» Livestock can play a key role in using food waste and
by-products by converting low-value materials into
high-quality products.

* Challenges regarding utilization of food waste include
regulatory restrictions, safety concerns, and logistics
associated with collection, transport, and handling.

* Addressing these challenges ensures improved stability
and resiliency of Canada’s food supply chain, which
will be increasingly threatened by global political un-
rest and climate change.
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Increasing demand for food coupled with higher environ-
mental standards is shaping agricultural activities toward eco-
logically sustainable and efficient systems (McGuire, 2015).
However, food waste remains a global dilemma, with negative
environmental, social, and economic consequences (Spang
et al., 2019) associated with estimated annual losses of approxi-
mately one-third of all edible food (1.3 billion metric tonnes,
MMT) across the supply chain (FAO, 2011). More recently, the
FAO (2019) has defined food waste using two indices: food lost
in production or in the supply chain before it reaches the retail
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level (Food Loss Index) or food that is subsequently wasted
by consumers or retailers (Food Waste Index). Fourteen per-
cent of the world’s food is lost before it reaches the retail level,
but the contribution associated with the Food Waste Index is
still being explored (FAO, 2019). In the United States alone,
food loss streams have been estimated at 35.9 MMT from
production/processing of vegetables, fruit, and meat/poultry/
fish, whereas total retail and consumer waste are estimated at
19.5 MMT and 40.8 MMT, respectively (Dou et al., 2016). In
Canada, total annual loss and waste along the food value chain
equates to 35.5 MMT, of which 11.2 MMT (32%) is avoidable,
valued at $49.5 billion, and representing 51.8% of the food dol-
lars spent in retail stores in 2016 (Gooch et al., 2019).

As described above, food loss is typically associated with
loss of quality or low-quality by-products during the produc-
tion, processing, and distribution stages of the supply chain,
whereas food waste or surplus food is defined as food that is
not consumed at the retail, food service, and consumer stages
of the food supply chain and is related to consumer behavior
(Dou et al., 2016). By-products include a wide range of feed-
stuffs obtained from 1) cereal grain and oilseed cleaning,
milling or extraction; 2) brewery, distillery, or ethanol produc-
tion; 3) vegetable, fruit, and sugar processing, and 4) livestock
processing. Often, a collective term, “food loss and waste,”
refers to both indices (Gooch et al., 2019). The term surplus,
although perhaps more socially acceptable, was purposefully
avoided as it implies that producers and the associated food
supply chain are using land and resources in excess of demand.
Furthermore, it mitigates the shared responsibility to address
loss and waste across the supply chain, from the producer to
the consumer.

Estimates of food loss and waste are dictated by method-
ology, with potential overestimates because 1) food redirected
for less productive uses, such as fertilizer and animal feed, is
deemed as lost; 2) farm losses are monetized at retail-level prices
(Bellemare et al., 2017); and/or 3) an inability to accurately de-
termine consumer waste, which can be impacted by many factors
including consumer affluence (van den Bos Verma et al., 2020).
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Minimizing food loss is an important avenue to improve global
food security and improve management of land, water, and
energy resources in food production systems. Indeed, it has
become a global priority formalized by the United Nations
(UN) 2030 goal to “...halve per capita global food waste at
the retail and consumer levels and reduce food losses along
production and supply chains, including post-harvest losses”
(UN, 2015).

Options to reduce food loss and waste have been described
using a “hierarchy of recovery” (Figure 1) which include 1) re-
duction at source, 2) recovery/redistribution to address hunger,
including utilization in animal diets, 3) recycling into phar-
maceuticals, cosmetics, fertilizers/compost, as well as bio-
diesel or natural gas production through anaerobic digestion,
and finally, 4) disposal in landfills or via incineration (ECCC,
2019). These options, however, vary broadly by country ac-
cording to technological development, regulations restricting
rendering of animal products into animal feed, as well as con-
sumption. Although countries with higher per capita consump-
tion have higher food waste production (van den Bos Verma
et al., 2020), many also have efficient livestock production
systems based on emissions per unit of commodity (Gerber
et al., 2011). Canada, for example, has highly efficient livestock
production systems, but produced 961 kg of waste per capita
in 2014 at a cost of $85/capita for nonhazardous waste man-
agement (Richter et al., 2018). Many Canadian communities
utilize landfills for disposal as a consequence of the availability
of significant tracts of undeveloped land (Bruce et al., 2016).

Therefore, diverting food loss and waste toward livestock and
poultry feed is a logical solution to reduce use of landfills as a
strategy for disposal. Numerous studies have addressed food
loss and waste in terms of food security, food safety, public
health, and the environment, but there are a limited number of
North American reviews (Dou et al., 2018), examining conver-
sion to feed for food-producing animals. Modeling efforts have
demonstrated that if livestock were removed from the land-
scape in the United States, 43.2 X 10° kg of human-inedible
food and fiber by-products would no longer be converted into
human-edible food, pet food, or industrial products (White and
Hall, 2017), highlighting the importance of food loss and waste
utilization as an ecosystem service associated with livestock
production. Unusable by-products present a liability and their
disposal has an associated environmental footprint.

Food loss and waste streams available for
inclusion in livestock diets

Utilizing food loss and waste in animal diets addresses
waste management, food security, resource and environmental
challenges. Livestock as “up-cyclers” play a critical role in the
solution to reducing food loss and waste (Figure 2), with the
potential to convert inedible foods into high-quality protein in
the form of meat, eggs, and milk, while addressing waste man-
agement, food security, resource and environmental challenges
(Dou et al., 2018). More specifically, the presence of a myriad
of microorganisms in the rumen, and to a lesser extent, the
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Figure 1. Hierarchy of solutions to address food loss and waste (adapted from ECCC, 2019).
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Figure 2. Food waste arises from food processors, restaurants, households, and food markets. Some food waste can go directly to livestock farms as feed,
whereas others require secondary processing where they are separated from waste, subject to further processing. Streams that are suitable as feed are used on
livestock farms, those designated as unsuitable may be directed toward composting or biodigestion. Unrecyclable packaging may be directed toward landfill.
Plants that produce bioethanol and vegetable oils produce distillers grains and oilseed meals, which can be used directly by livestock as an important source of

energy and protein.

large intestine, has the potential to effectively degrade fiber pre-
sent in human-inedible plants and plant by-products to enable
the ruminant host to generate high-quality protein including
essential amino acids and fatty acids (Matthews et al., 2019).
Animal protein is also an important source of B vitamins, with
B12 obtained exclusively from animal sources, as well as A, D,
and K2 (organ meats) and various minerals (i.e., zinc, selenium,
iron) that are often more available in animal than plant-based
foods (Leroy and Cofnas, 2020).

Currently, a large portion of the feed utilized in North
American livestock production consists of grains, pulses, and
oilseeds, as well as other commodities including potatoes that
fail to reach the quality grade required for human consump-
tion. This can be the result of harvest failures, crop pests, poor
growing conditions due to early frosts, floods or drought, or
excess production exceeding storage capacity. For example,
in Canada, malt barley commands a price that is 51% greater
than feed barley, but over 75% of malt barley fails to meet the
criteria necessary for beer-making (Ribeiro and McAllister,
2016) due to factors including sprouting damage or low protein
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content which interfere with the malting process. However,
barley that is rejected for malt production is acceptable as live-
stock feed. Furthermore, cereal grains and pulses are cleaned of
contaminants prior to shipping, generating “grain screenings”
consisting of mixtures of broken grains, chaff, weed seeds, and
dust. The chemical composition of grain screenings can vary
substantially depending on the parental material from which
they were derived and their origin during the cleaning process.
Screenings that are captured in dust collection systems are often
high in minerals and fiber, suitable only as a low-quality feed
for ruminants. To improve nutrient consistency and quality,
screenings are often blended and pelleted prior to feeding.

In addition to on-farm or near farm losses, as much as 30%
of global agriculture production results in biomass waste (Ajila
et al., 2012) from food and industrial processing, including al-
cohol and biofuel production, oilseed processing, fruit and
vegetable processing, sugar production, root and tuber pro-
cessing, and herb, spice and tree processing (Salami et al.,
2019). Increased production of biofuels in Canada (approxi-
mately 1.8 billion liters in 2019; GAIN, 2019a) has generated
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dried distillers grains, which are rich in energy, protein, and
minerals. This by-product can constitute up to 50% of the diet
dry matter (DM) for confined cattle (Leupp et al., 2009) and
up to 15% and 10% of the diet dry matter for pigs (Beltranena
and Zijlstra, 2011) and poultry (Salim et al., 2010), respectively.

Expansion of oilseed production in Canada has also re-
sulted in increased availability of oilseed meals. Canola (19
MMT annually) and soybean (6 MMT annually) were the
principal oilseeds produced in Canada in 2019 (GAIN, 2019b).
Soybean and canola meal are the principal protein sources used
in livestock diets, with the fiber being higher and protein con-
tent lower in canola than soybean meal. Sunflower, flax, corn,
and safflower are also sources of oilseed meals in Canada, but
account for less than 1% of meal production.

A number of feed sources resulting from the regional pro-
cessing of crops are often substituted for a portion of the cereal
grain in animal diets, many of which have been characterized
by Lardy et al. (2015). Milling of wheat to flour produces bran
and germ or a mixture of by-products that can be offered to
livestock as wheat middlings. Similarly, the hulls of primary
crops such as oats, soybeans, and sunflowers may be removed
during processing and are frequently used as a fiber source in
ruminant diets. Processing by-products of fruits and vegetables
including potatoes are also available for utilization in livestock
diets. However, their high moisture necessitates immediate use
or further treatment (e.g., ensiling) to prevent spoilage. As
fractionation of commodities for inclusion in foodstuffs ex-
pands due to increased demand for novel products including
meat substitutes, the diversity and volume of by-products in
livestock diets is expected to increase. For example, pea pro-
cessing in western Canada has expanded significantly to pro-
vide pea isolates used in dairy and meat substitutes (Acheson,
2016; https://www.roquette.com/media-center/news/2020-09-
29-roquette-world-largest-pea-protein-plant-portage-canada).

Japan and South Korea have been leaders in recycling food
waste into animal feed, where as much as 60% of daily mu-
nicipal food waste is redirected to animal feed (Nguyen et al.,
2017). An opportunity for further inclusion of food waste in
livestock diets in Canada exists, given that of the 61.12 MMT
consisting of dairy and eggs, field crops, produce, meat and
poultry, marine, and sugar/syrup entering the Canadian food
system in 2016, only 25.58 MMT (41.9%) were consumed, with
31.4% of the remainder deemed as avoidable food waste. The
largest volume and value arose from manufacturing, followed
by households, and the processing sector (Gooch et al., 2019).

Challenges

Despite the abundance of by-products and food waste avail-
able, there are a number of challenges regarding their use in
livestock production.

Economic viability

Logistics associated with collection, transport, and handling
of by-products and food waste may be too cost-prohibitive
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for use in livestock diets, particularly when considering high-
moisture by-products and food waste. In Canada, some food
processing by-products, such as whey and waste vegetables, may
be provided at little to no cost to livestock farms, provided that
the farms pay transportation costs and ensure timely pick-up.
For livestock farms located in close proximity to source, these
by-products can reduce feed costs significantly. Even for more
“main-stream” by-products such as distillers grains, reduced
costs compared with cereal grains and protein supplements
promote increased inclusion in livestock diets.

Several Canadian food producers (including Maple Leaf
Foods, McCain Foods, Kraft Heinz Canada, Unilever Canada,
General Mills, Nestl¢ and Kellogg’s) have made public commit-
ments to reduce food waste including diverting surplus food for
human consumption or reusing food as livestock feed, compost,
or to generate alternative energy (ECCC, 2019). Identifying in-
dustries with significant loss and waste sources along the food
supply chain, quantifying food waste and by-product avail-
ability, as well as effective communication and coordination
(Gooch et al., 2019), are necessary steps to leverage strategies
for large-scale diversion of food loss and waste to livestock feed.
To date, economic costs have limited the number of animal
feed processors and distributors in Canada that have converted
human-inedible food waste to animal feed (MacRae et al.,
2016). Economic assessments of food waste recycling scenarios
using indicators such as return-on-investment are needed to as-
sess their economic feasibility at a commercial scale. Incentives
are considered necessary to ensure the economic feasibility of
recovering and recycling materials from food loss and waste,
especially in the retailing, manufacturing, and processing sec-
tors (Caldeira et al., 2020). Improving the economic efficiency
of recycling by-products and food waste, combined with tax
incentives, could create demand for these products within the
animal feed industry.

Collection and distribution logistics

Efficient and cost-effective collection and distribution of
consumer food waste is a global challenge, with disposal in
landfills often deemed as the most economically viable option
(Dou et al., 2018). In Canada, urban centers are widely dis-
persed, with rural areas characterized by small communities
and isolated farmsteads (NZWC, 2018). Consequently, trans-
portation of waste commodities over long distances creates
logistical challenges. Although consumers prefer to purchase
locally produced food, options to reduce food waste at a local
scale may be limited with the exception of its use as a substrate
for biogas or composting. A systematic approach to food waste
accounting is essential to design efficient and effective policies
that result in reduced food loss and waste along the food supply
chain. Fortunately, estimating the volume of food loss gener-
ated by production and processing is easier compared with
estimation for the household and food service sectors as a con-
sequence of standardized practices that generate by-products
of known quantity. Defining the myriad of food wastes that
arise from households, retail, and food service sectors is far
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more challenging due to the diversity of purchasing and con-
sumption behaviors by consumers (Caldeira et al., 2019).

Regulatory restrictions

Inclusion of by-products and food waste in animal diets
is also limited by regulatory policy as feedstuffs must be in-
cluded in the Feeds Act governed by the Canadian Food
Inspection Agency (CFIA). The Feed Acts in Canada permits
the use of several processing by-products and bakery wastes as
feed (CFIA, 2015), but there are many low volume and novel
by-products associated with new processing technologies and
changes in consumer demand that are not currently included.
For example, by-products resulting from the extraction of oil
from hemp include meal (32% crude protein) and hulls, which
are valuable protein and fiber resources, but are not currently
included in the list of permitted feeds. Increased consumer
demand for newer products, such as quinoa, have resulted in
by-product and wastes that have suitable nutritional profiles
to allow displacement of cereal grains, but often these are not
approved for use in animal diets. In other cases, existing re-
gulations prevent or restrict use. For example, the Enhanced
Feed Ban is a stringent regulation, which restricts the recycling
of meat and bone meal to prevent the introduction of prions
responsible for bovine spongiform encephalopathy that may
be present in specified risk materials into the food chain. An
examination of regulatory policy supported by research has
the potential to address economic viability and sustainability
of food production through safe expansion of by-product use
commensurate with expanded commodity production and
availability of food loss and waste at the processing, retail, and
consumer levels.

Feed safety

Any effort to divert food that does not meet quality stand-
ards for humans or is recovered prior to disposal in landfills
must ensure that animal, human, and environmental health
is uncompromised. A wide range of potential contaminants
can be found in by-products and food waste, such as myco-
toxins, herbicides, fungicides, pesticide residues, pathogens,
antinutritional factors (glycoalkaloids, tannins), and heavy
metals (aluminum, arsenic, cadmium, and lead), as well as
glass, metal, and plastic packaging (CFIA, 2019). The high-
moisture content of many fruit and vegetable by-products and
food waste creates an ideal environment for the growth of bac-
teria and fungi that may produce toxins during decomposition.
It is important to note that sensitivity to feedstuffs containing
antinutritional factors such as fungal metabolites differs be-
tween species. For example, cattle and poultry are less sensitive
than pigs to vomitoxin, a fungal metabolite that may be found
in Fusarium-infected cereals (Trenholm et al., 1985).

Commercial composting plants employ a variety of pro-
cesses to remove plastic, glass, metal, and stone contamin-
ants including density separation with water or air, vacuum,
and manual removal (Levis et al., 2010). Therefore, to divert
food waste to animal feed, labor, and advanced equipment are
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required to separate usable food waste from packaging and for-
eign contaminants (Truong et al., 2019).

A number of preservation techniques: 1) heat sterilization,
2) heat sterilization plus drying to 80% to 95% DM, 3) ensiling
alone or after heat treatment with or without addition of fer-
mentation aides (bacteria, enzymes, or acids), and 4) enzymatic
treatment have been employed to stabilize food wastes (Dou
et al., 2018). However, these processes can add significant cost
to their utilization (Sugiura et al., 2009) and typically occur at
a centralized industrial scale, making it challenging for small
stakeholders to undertake. In Japan, specialized plants have
successfully manufactured feed from by-products and food
waste utilizing processes ranging from drying to ensiling with
lactic acid bacteria (Sugiura et al., 2009). For several high-
moisture commodities, such as potatoes, ensiling is essential for
preservation and to suppress pathogens causing diseases such
as cysticercosis (Buttar et al., 2013). In the European Union,
advanced low-cost low-energy processing technologies based
on physicochemical and biotechnological processes (Petrusan
et al., 2016) have been developed to treat fruit, vegetables,
tubers, cereals, and dairy wastes to produce bulk feed, as well
as specialized functional feed additives including 1) protein hy-
drolysates; 2) functional immune-stimulating protein hydrolys-
ates; 3) fiber with prebiotic properties; and 4) antioxidants to
enhance oxidative status. More recently, enzymatically treated
wastes from supermarket food including fruit, vegetable, meat,
and dairy products were fed to growing pigs in California
(Jinno et al., 2018). These wastes provided a level of nutrition
comparable to that of a standard corn-soybean diet, but the
pigs gained less weight due to reduced intake as a consequence
of the high water content of the feed. Consequently, to be
adopted, these food wastes must be priced to ensure cost of
gain remains comparable or lower than standard diets.

Assessment of nutrient quality

The heterogeneity of by-products and food waste creates
challenges as their nutrient composition may vary considerably
within and between lots, making it difficult to balance diets to
meet livestock requirements. Screenings, for example, are fre-
quently marketed on the basis of bulk density, making it diffi-
cult to gage their nutritional value. Consequently, the nutrient
composition of these products must be measured frequently
and diets reformulated as necessary. One solution with on-farm
application is the use of near-infrared spectroscopy (NIRS) for
rapid assessment of feed value, and the detection of myco-
toxins and pesticides in food waste (Shahin and Symons, 2011).
However, prior to on-farm use, robust calibration equations
must be developed for each by-product by comparing NIRS
spectra to traditional laboratory evaluation of the feeds. Other
rapid screening technologies, such as flow-injection mass spec-
trometry, could also be used to detect contaminants, but would
only be suited to centralized food waste/by-product processing
distribution centers due to operational complexity and equip-
ment costs. Nonetheless, rapid and accurate assessment to de-
termine the nutritional value of by-products and food waste is
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For the past 10 yr in Alberta, Kasko Cattle Co. Ltd. has held contracts
with both Cavendish Farms and Lamb Weston potato processors for
by-products including peels, off-quality French fries, and potatoes that
spoiled in storage. Potatoes are fed year-round, constituting 5%-15% of
dietary dry matter, with peak inclusion occurring when overproduction
of potatoes are seasonally cleared from storage facilities to ensure ad-
equate storage for the new crop. Fresh potatoes are processed in a tub
grinder, mixed with peels, and ensiled for 1 mo. The potatoes and peels
are ensiled to kill eggs of Tuenia spp, preventing cysticercosis and con-
demnation of cattle carcasses (Buttar et al., 2013). Although there are
other challenges in feeding potato by-products (acidity of potatoes dam-
ages feed trucks and silage pits, high water content), this producer has
found a way to ensure that the year-round supply of a relatively con-
sistent product of high nutritive value outweighs the challenges.

essential if these products are to be utilized in precision feeding
livestock operations (Dou et al., 2018).

Environmental impact

Over the last decade, several life cycle assessments (LCAs)
have been conducted to determine the environmental im-
plications of traditional disposal streams for food loss and
waste (anaerobic digestion, landfill, and composting) com-
pared with their use as livestock feed. However, inclusion of
end point affects without consideration of “up-stream” im-
pacts along the food chain, including energy, fertilizer, water,
and land use as well as greenhouse gas (GHG) and ammonia
emissions, has been identified as one of the shortcomings as-
sociated with several of these assessments (Dou et al., 2018).
Recently, Salemdeeb et al. (2017) conducted a hybridized LCA
that used 14 environmental and health indicators associated
with four food waste disposal strategies. Converting municipal
waste to feed for pig production lowered the environmental im-
pact compared with anaerobic digestion and composting, with
wet-processing superior to dry processing for all environmental
indicators. These evaluations often involve assessment of
trade-offs in food waste management practices. For example, in
South Korea, it requires energy to dry and process food waste
in centralized facilities, but once produced it can be economic-
ally transported longer distances and is less likely to spoil due
to its low water content. In contrast, wet food waste is much
more expensive to transport and spoils rapidly, but if used lo-
cally does not produce the GHGs associated with drying and
long distance transportation.
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Over the last decade, Canada Sheep and Lamb Farms Ltd
have successfully included bread, beet pulp, pea, lentil,
and dried bean screenings in formulated rations to 60,000
ewes. Use of by-products will continue as they expand
their operation from Canada into Russia. Bakery prod-
ucts are being used successfully by some Canadian cattle
and sheep farms. Bread packaged in plastic bags for retail
sale is received by the feedlot where it is chopped, plastic
removed by airflow and included in total mixed rations.
The bread is an ideal substitute for cereal grains as it con-
tains 16% crude protein and is high in energy.

Conclusions

Global and Canadian assessments of food loss and waste
as a percentage of food grown are substantial, but there is no
standardization as to how these assessments should be con-
ducted. This hampers progress in our collective battle against
food loss and waste by delaying public policy change and the
creation of accountability metrics that can be applied across
the food supply chain. Nonetheless, it is evident that redirec-
tion of food waste from landfills is necessary to improve global
food security and resource sustainability issues. It is also lo-
gical that livestock, with their capacity to “up-cycle” relatively
low-quality feedstuffs into high-quality protein, are an essen-
tial element of this solution. Canadian livestock producers are
recognized globally for the animal care standards, milk, meat
and egg quality and efficiency of production. Furthermore,
Canadian farmers have demonstrated interest, ingenuity, and
investment to replace traditional feeds with by-products and
even food waste.

Today’s diversity of by-products and urban setting for
much of our food waste requires a diversity of solutions.
Disincentives to waste food will be influenced by food prices
and costs for food disposal. Producer and processor in-
centives to recover more food and to redirect by-products
away from landfill and nonfood recycling efforts will re-
quire investment to improve infrastructure, creating market
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opportunities. Furthermore, revised policy and regulation
are essential to fully implement the spectrum of solutions.
Research to facilitate safe incorporation of by-products and
food waste in animal feed is a critical step toward changes in
policy and regulation.

Canada has some unique challenges. The large geo-
graphic area, with much of food processing and food waste
occurring in large urban centers means that by-product and
food waste sources are often large distances from the live-
stock and poultry farms. As a major food commodity ex-
porter, Canada’s food supply chain is heavily intertwined
with multinational food processors and retailers affecting
transportation costs. These companies will need incentives
or regulation to shift current practices at the local or na-
tional level. As one of the world’s most northerly food pro-
ducers, Canada may have an advantage by using cold weather
to reduce spoilage of by-products or food waste in storage
for a part of the year to reduce storage and processing
costs. Furthermore, comprehensive LCA-type assessments
to examine environmental benefits of treatment options
including replacement of feed grains with by-products or
food waste will provide much-needed information regarding
the impact on the environment including GHG and am-
monia emissions as well as land and water. Finally, a co-
ordinated approach requiring input from producers, feed
suppliers, researchers, policy makers, and retailers is critical
for the development of successful strategies for inclusion of
food loss and waste in livestock diets.
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