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ABSTRACT

The objective of this research was to examine the impact of including bread waste in
feedlot diets on the environmental footprint of beef cattle. Existing data including diet
composition and animal performance metrics (body weight, average daily gain, dry matter
intake, feed:gain ratio) were obtained from two previous feeding trials in which steers were fed
bread by-product (BBy) at rates of 40% (growing steers) and 55% DM (finishing steers).
Environmental footprint metrics were estimated through modeling approaches and included land
use requirements, greenhouse gas (GHG) emissions, ammonia (NHs) emissions, and water use
requirements. Including bread waste in the diets of growing steers resulted in a 45% decrease in
land use (ha hdt) for feed crops, a 14% decrease in GHG emission intensity (kg CO2e hd?), a
4% decrease in NHs emission intensity (kg NHs hd), and a 37% decrease in water use intensity
(L kg! live weight) compared to steers fed a conventional corn-based diet. Finishing steers fed a
BBy-based diet had a 63% reduction in land use (ha hd!) for feed production, a 19% reduction in
GHG emission intensity (kg CO2e hd!), 1% reduction in NH3 emissions (kg NHs hd?), and a
61% reduction in water use intensity (L kg live weight). Furthermore, GHG emissions
associated with BBy from production to waste management were 24% and 53% lower when
diverting BBy from landfill to growing and finishing diets, respectively. Utilizing bread waste in
feedlot diets not only reduces the environmental footprint of growing and finishing cattle but
makes use of land, water and fertilizer resources that have already been expended. Furthermore,
as bread waste is priced lower than conventional feedstuffs, its inclusion in feedlot diets is

expected to reduce the cost of production for growing and finishing cattle. Despite the benefits,



current challenges that must be considered include availability and proximity of bread waste to

feedlots, short shelf life, and regulatory restrictions.
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1 GENERAL INTRODUCTION

Despite significant advancements in agricultural productivity, the number of people in the
world that experience hunger or food insecurity has been increasing since 2014 (FAQO, 2020).
However, there is no global food shortage but rather an exorbitant amount of food that is lost or
wasted. Globally, 2.5 billion tonnes of edible food are discarded annually (World Food Program
USA, 2021) with only 30-50% of the food produced being eaten (Babbitt et al., 2022). This loss
of food from production through to waste management not only exacerbates world hunger but
also further impacts global climate change by emitting over 9.3 billion tonnes of carbon dioxide
equivalents (COze), annually (Zhu et al., 2023). Indeed, food loss and waste (FLW) accounts for
almost 60% of the Canadian food industry’s environmental footprint (Nikkel et al., 2019). In
addition, $940 billion is spent globally on food that is ultimately wasted, annually (US EPA,
2021). As the global population is estimated to grow to 9.7 billion people by 2050 (United
Nations, 2022), food systems must not only provide sufficient nutrition but do so in an
environmentally sustainable fashion with efficient use of resources. While animal agriculture is
estimated to produce 14.0-17.3% of global greenhouse gas (GHG) emissions (Xu et al., 2021), it
is also the source of products with highly bioavailable protein and many critical micronutrients
important for human health (Randolph et al., 2007). Feeding food waste to livestock presents a
possible multi-faceted mitigation strategy by transforming waste into high quality nutrients from
animal products while reducing the environmental burden of both animal agriculture and food
waste. Addressing these interlinked challenges requires an approach that includes sustainable
agricultural practices, efficient food production and distribution systems, and robust programs

and policies to mitigate climate change and reduce FLW.



2 LITERATURE REVIEW

2.1 Food loss and waste

Food produced for the human population that is not consumed can be primarily
categorized as either food loss or food waste, often differentiated by where in the food chain it
has been discarded. Food loss refers to any food or commodity that was damaged, lost or
destroyed before it could be consumed by humans (World Food Program USA, 2021), thus being
discarded during production, processing, or manufacturing (Gooch et al., 2019). Some losses are
planned and are limited in value for human consumption such as screenings, hulls, and peels
(Gooch et al., 2019), while unplanned losses consist of fresh produce left in fields, mishandled
food that cannot proceed to distribution, and commodities that cannot continue to retail as they
do not meet consumer standards in physical appearance (Nikkel et al., 2019) or in their chemical
profile (i.e. malt barley). Food waste is defined as human edible food that is deliberately
discarded before or after it spoils at the consumption stage by retailers, household consumers or
service providers such as restaurants. These definitions can vary between sources. For example, a
Canadian report by Second Harvest defined produce deemed unacceptable for distribution for
cosmetic reasons as food loss (Nikkel et al., 2019) whereas the World Food Program (2021)
considers it food waste. Due to these differences in definitions, this study will refer to them

collectively as FLW.

2.1.1 Regional differences in FLW
In 2011, the FAO released a report that quantified the per capita FLW at pre-consumption

(production up to but not including retail) and consumption (retail onwards) stages for the



following regions: Europe, North America and Oceania, Industrialized Asia, Sub-Saharan
African, North Africa and West and Central Asia, South and Southeast Asia, and Latin America
(FAO, 2011). Six of the seven regions, excluding South and Southeast Asia, had pre-
consumption FLW above 150 kg persont year™. The North American and Oceania regions
reported consumption FLW at 115 kg persont year* and ranked highest in consumption FLW
for six of seven commodity groups, including cereals, roots and tubers, fruits and vegetables,
meat, fish, and dairy. Together, these two regions ranked third for consumption FLW of oilseeds
and pulses. Higher consumption FLW was reported in mid- to high-income regions such as
Europe, North America and Oceania, and industrialized Asia compared to low-income regions
(FAO, 2011). The dominant portion of FLW in low-income regions occurs pre-consumption and
is due to issues in post-harvest handling such as pests as well as storage availability,
transportation (including infrastructure) and a lack of preservation technologies (FAO, 2011).
Lipinski et al. (2013) examined FLW across geographic regions in calories rather than on a
weight basis, as food types vary in their water and caloric content per kilogram. North America
and Oceania ranked first at 1520 kcal in terms of wasted food (person d-1) followed by Europe
and industrialized Asia at 748 and 746 kcal (persont d1), respectively. It is apparent that there
are significant differences between countries with opportunities for reduction, particularly in

North America and Oceania, with a two-fold higher caloric loss compared to Europe and Asia.

2.1.2 Food loss and waste in Canada
Despite Canada’s classification as a high-income country, 4 million Canadians
experience food insecurity, while 58% of all food produced nationally is destined for landfills

(Nikkel et al., 2019). Gooch et al. (2010) identified the primary contributors to FLW in Canada,



as overproduction, defects in products as well as unnecessary inventory (especially in
households) with the latter accounting for 51% of the total FLW observed along the agri-food
value chain — the single biggest contributor to food waste. In addition, the National Zero Waste
Council (NZWC; 2022) has suggested that 63% of the food discarded by Canadians was fit for
consumption at the time of disposal. These losses are largely due to retail marketing tools and
consumer behaviour. Canadian retailers often use price-reduction promotions when food is
bought in bulk, which encourages consumers to buy quantities beyond their needs (Gooch et al.,
2010). This often leads to preparation of surplus amounts, resulting in leftovers and/or not
utilizing products before their quality has declined to a point where they are perceived as
unappealing or unsafe for consumption. Use of “best before” and even expiry dates are
infrequently based on food safety but instead are used to protect brands and manage quality
perception (Nikkel et al., 2019). This encourages consumers to discard food and beverages that
are still safe for human consumption. Furthermore, retailers often have “sell by” dates and items
that have reached that date will be removed from shelves and discarded, even though this food
would be safe to consume, further contributing to 1.31 million tonnes of annual retail FLW in
Canada (Gooch et al., 2019).

Strategies to improve the environmental sustainability of food systems often focus on
reducing transportation emissions and plastic packaging. However, Gooch et al. (2010) found
that transportation or “food miles” accounted for only 3% of food waste in Canada. Further, the
Waste and Resource Action Programme (WRAP, 2022) estimated that more GHGs are produced
from wasted food than from plastic packaging. Despite the negative effect plastic pollution has
on the environment (UNEP, 2024a), plastic packaging does offer some benefits by extending

shelf life of food and reducing spoilage (Helmcke et al., 2022).



2.1.3 Economic impact of FLW

The negative economic impact associated with food loss affects producers, processors
and consumers. Producers are not compensated for their investment in production resources
(seed, water, fertilizer etc.) when food becomes lost along the value chain, regardless of if there
are significant price increases to consumers (Lipinski et al., 2013). For example, the mishandling
of delicate produce, such as raspberries, can reduce the amount of sellable product by as much as
75%, with the remainder sold at a higher price to ensure profitability for retailers (Gooch et al.,
2010). At the processing stage, inaccurate market demand forecasts can also contribute to food
loss. If processors are unable to fill orders due to shortages, they may be financially penalized or
otherwise. To avoid this scenario, surplus quantities are ordered from producers which may leave
processors with excess product that cannot be sold before spoilage (Nikkel et al., 2019).
Nikkel et al. (2019) estimated that $50 billion could be saved along the Canadian food supply
chain by eliminating avoidable food loss and waste. However, these losses could be closer to
$107 billion per year when the cost of waste inputs, such as labour and transport are included
(Gooch and Felfel, 2014). In Canada, household waste alone has been estimated at $20 billion

across the country, as the average household wastes $1,300 of food each year (NZWC, 2022).

2.1.4 Environmental impact of FLW

Food that is directed to landfills and large-scale or household compost represents a loss of
resources beyond the food itself. The land, energy, water, and other inputs such as fertilizer that
were used to produce the food have also been wasted, while at the same time additional and
unnecessary carbon dioxide (CO2) and methane (CH4) are produced and emitted into the

atmosphere (FAO, 2011). Many consumers believe discarded food (especially when composted)



decomposes and the nutrients within are returned to the soil. However, decomposing food
releases large amounts of CHa into the atmosphere due to the presence of methanogens that live
in anaerobic environments such as landfills (Mitloehner, 2020). Methane is a GHG that is 28
times more potent than CO2 over a 100-year period, despite its relatively short lifespan. Methane
only remains in the atmosphere for 12-15 years whereas CO2 can remain in the atmosphere for
thousands of years (US EPA, 2024). Greenhouse gas emissions from food waste account for 8-
10% of the global emissions annually (UNEP, 2021). In Canada, 56.5 million tonnes of CO2
equivalent emissions are created annually by food waste (Gooch et al., 2019). Improved
utilization of the current food supply by decreasing FLW would reduce GHG emissions from the
agricultural sector, as well as the need for fertilizers, processing, and transport (Lipinski et al.,
2013).

In addition to the reduction in GHG emissions, decreasing food waste can also have a
land and water-use sparing effect. The land associated with producing FLW accounts for 28% of
global agricultural area (FAO, 2013). Furthermore, approximately 173 billion m? of water are
used annually to produce food that is wasted or lost, accounting for close to one quarter of all
water used for global agriculture (Lipinski et al., 2013). For every tonne of FLW occurring in
Canada, 128 tonnes of water are wasted, accounting for close to 60% of the food industry’s water
footprint (Gooch et al., 2019). Therefore, more efficient utilization of the food already produced

would reduce the need to draw more water from the earth’s reserves (Lipinski et al., 2013).

2.2 Livestock feed and the role of livestock in mitigating FLW
The Organization for Economic Cooperation and Development, in collaboration with the

FAO (2020), determined that the agriculture industry uses 40% of the earth’s land, 70% of which



is pasture. Globally, 6 billion tonnes of dry matter (DM) are fed to livestock each year; however,
86% of this consists of human inedible sources and 57% of the land is used to produce forage
and is unsuitable for cultivation of crops for consumption by humans (Mottet et al., 2017).
Historically, human-inedible food, such as processing by-products, have not been considered as
FLW (MacRae et al., 2016). However, Gooch et al. (2019) included and categorized by-products
as “planned losses” to more accurately identify inefficiencies and opportunities in the agri-food
system. It is important to note that without an end use for these residues, the processing of
human food would further present an environmental burden (Mottet et al., 2017). It has been
estimated that 30% of global livestock feed already consists of residues, co-products or by-
products from food processed for human consumption, accounting for close to 1.6 billion tonnes
of DM (Mottet et al., 2017). As swine, poultry and beef feedlot diets rely heavily on concentrate
feed (Puente-Rodriguez et al., 2022), these operations can use processing residues to meet
nutrient requirements of diets including fibre, protein, and energy. Utilizing FLW as animal feed
not only mitigates waste but also reduces the need to grow conventional feed that relies on costly
resources (Rajeh et al., 2020).

A circular food economy aims to close the loop of products as well as reduce both
resource consumption and waste disposal into the environment (Jurgilevich et al., 2016).
Although reducing the surplus of food produced is the ideal solution, alternative strategies
include donating excess food (that is still human-edible) to shelters and food banks, and feeding
it to livestock (Figure 2.1). Including surplus food in livestock diets provides another opportunity
for food that has used land, water, and fertilizer resources in its production to be utilized to

generate high quality products for human consumption in the form of meat, milk, and egg



products. Feeding FLW to livestock creates an opportunity for products that may no longer meet

quality standards for humans to remain in the circular food economy.

Food Recovery Hierarchy

Source Reduction
Reduce the voluma of surplus food produced

Feed Hungry People

Donate excess o food banks and shelters

Feed Animals
Divert food loss and waste lo animal feed

Industrial Uses
Fuel conversion or anargy recovery
thraugh anasrobic digastion

Composting
Creals a nutrient-rich
soll amendment

Landfill
("q, Last resort to disposal
»

Figure 2.1 Food waste reduction solution hierarchy (Adapted from US EPA, 2021)

Most fruits and vegetables must meet high cosmetic standards to be accepted by retailers
and consumers, which results in produce that is deemed undesirable and rejected post-harvest
(MacRae et al., 2016). In many cases, this produce can be fed to livestock, providing crop
farmers with various benefits including financial compensation, commodity exchange (i.e.
manure) or no cost for removal and disposal. In exchange, livestock producers receive valuable

low-cost feed.



2.2.1 Impact of FLW on environmental sustainability of ruminant production systems

Ruminant-based food production, particularly beef, has been identified as a significant
source of GHG emissions due to production of CH4 via enteric fermentation as well as the
production of feedstuffs, such as cereal grains (Desjardins et al., 2012). Not only does the
production of feed crops have an environmental impact, but it is also the subject of feed vs. food
debates. Utilizing FLW in ruminant diets allows for the production of high-quality animal-based
protein while reducing the number of harvested crops required to feed animals; thereby further
supporting production of human-edible food as the highest priority.

Plant-based protein and dairy alternatives are growing in popularity due to increased
concern about the effects of animal agriculture on climate change and human health (World
Animal Protection, 2021). However, processing of plant-based commaodities can produce
substantial quantities of by-products/co-products that are not consumed by humans. Roquette in
Portage la Prairie, Manitoba operates the world’s largest pea protein processing plant and relies
on the consumption of their co-products by livestock for economic viability. Pea cream, pulp and
screenings are human-inedible products from the refining of peas for human consumption
(Roquette, 2022). Directing these co-products to landfills would present a significant
environmental burden while eliminating a valuable feed resource. Van Zanten et al. (2018)
reported that human consumption of products from animals that were fed diets comprised of
FLW would reduce the amount of required arable land by 25%, compared to if only plant-based
food was consumed. Additionally, complete removal of livestock from the agri-food landscape
would not only reduce the upcycling of by-products/co-products but may also compromise the
ability to meet the nutrient requirements of humans (Mottet et al., 2017). Although there are

many plant-based proteins that provide protein and a variety of micro-nutrients, it is difficult to



consume adequate quantities of all required micro-nutrients on a plant-based diet (Mottet et al.,

2017).

2.2.2 Challenges of utilizing FLW for livestock feed

Barriers to further incorporating FLW into livestock diets include availability, cost and
logistics of transport, storage, as well as unique challenges including federal approval. Although
there are some relatively new organizations coordinating the redistribution of FLW for use in
livestock diets, increased resources and effective communication are needed to mitigate
challenges associated with FLW.

The Canadian Food Inspection Agency requires all feedstuffs to be reviewed and
assessed for them to be approved as feed for livestock (CFIA, 2024a). Many processing by-
products and cull crops are currently approved, but as consumer trends change, some new by-
products or crops with suitable nutrition profiles for animal feed may not be approved (Ominski
et al., 2021). As previously stated, the largest contribution to food waste in Canada is from
households, but the Canadian Federal Feeds Act and Regulations bans the use of plate-waste as
livestock feed. This is a precaution to avoid the recurrence of Bovine Spongiform
Encephalopathy (BSE) as well as reduce the risk of spreading zoonotic diseases (CFIA, 2024b).
The European Union (EU) also banned this practice in livestock to avoid the transmission of
BSE, foot and mouth disease and African swine fever (EC regulation No. 1774/2002). However,
as of August 2022, the feeding of processed animal protein to non-ruminant livestock was
allowed in the EU (EC regulation No. 999/2001). If other countries follow suit, feeding of plate-
waste could replace 8.8 million tons of human-edible grain that are currently used globally in

swine diets (zu Ermgassen et al., 2016). Although there is tremendous potential to utilize plate-
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waste as a livestock feed, there are several hurdles which must be overcome, including collection
of household waste, the heterogeneous nature of the product, and risk of contaminants.

Furthermore, availability of several products including fruit and vegetables grown in
Canada is seasonal, which may require frequent modification of livestock diets to ensure that
nutrient requirements are met throughout the year (Halmemies-Beauchet-Filleau et al., 2018).
Consistent streams of homogenous feedstuffs are desirable to ensure nutrient requirements are
met with the least amount of effort. Froetschel et al. (2014) found that the nutrient profile of
grocery by-product (GBP), composed of vegetables, fruit, and fresh bakery items varied
monthly. Therefore, these authors recommended that each batch of GBP be analyzed
individually to accurately quantify nutrient content to support diet formulation (Froetschel et al.,
2014). Other products, such as bread, may be more consistent in nutrient profile and available
throughout the year. Guiroy et al., (2000) found that a mixture of surplus bakery items and their
by-products collected from the same source were consistent in their nutrient composition across
lots.

The cost of including FLW in livestock diets is an important consideration for producers.
Not only must the price of the FLW product be equal to or lower than conventional commodities
but the cost and ease of coordination for shipping and storage must also meet or be superior to
the standard feedstuff (Lardy et al., 2015). To ensure economical transport, surplus or damaged
food must be within a reasonable distance to livestock or distributors (Lipinski et al., 2013). If
the cost of transport is based on weight, products that contain higher moisture, such as fruit and
vegetables, will cost more per unit of DM. Furthermore, wet products, such as pea cream, require
different distribution and storage infrastructure than that required for dry products, which may

require significant capital investment.
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High moisture levels not only increase transportation costs but also increase the potential
for spoilage. At distribution or grocery centers, sorting higher moisture items (fruits and
vegetables) from drier items (breads) may reduce the spoilage of the drier items and increase
their suitability as livestock feed. Unfortunately, this requires time and financial investment to
train staff as well as additional infrastructure for storage. This may also discourage retailers from
participating in redistribution if directing surplus food to landfill is less expensive and the
framework is already in place (Nikkel et al., 2019).

In addition, fungi that thrive in high moisture environments can release toxins that
negatively impact livestock. The presence of toxins can decrease feed intake, nutrient
digestibility and absorption, negatively impacting animal performance (Xu et al., 2022). The
potential presence of anti-nutritive factors must also be considered. For example, due to toxic
alkaloids, green or sprouted potatoes are unsuitable as livestock feed (CFIA, 2024a). Some
authors have suggested that fruit and vegetable wastes may potentially contain pesticide residues,
heavy metals and dioxins (Wadhwa et al., 2015) which may negatively affect livestock and/or
preclude their approval for inclusion in livestock diets. Furthermore, feeding these novel
feedstuffs may present unique challenges with regards to processing and delivery. For example,
potatoes and other tubers such as turnips and beets may cause cattle to choke, particularly if they
are frozen. As a result, it is recommended that these feed sources be chopped or ensiled prior to
feeding (Lardy et al., 2015).

High inclusion rates of some types of FLW in livestock diets can negatively affect the
quality of the desired animal product. For example, inclusion of carrots in the diet at more than

20% DM caused discolouration of fat in lambs and cattle (Lardy et al., 2015). Further, inclusion
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rates of onions of more than 25% DM in dairy cow diets, produced off-flavoured milk (Lardy et

al., 2015).

2.3 Environmental indices to quantify the environmental footprint of beef
Greenhouse gas emissions are an often-used environmental indicator to examine the
impact of food waste mitigation strategies (Shurson, 2020). Additional environmental metrics

that should be considered include land and water use as well as NHs emissions.

2.3.1 Greenhouse gas emissions

Traditionally, the term Global Warming Potential (GWP) has been used to examine the
cumulative warming potential of different GHGs compared to CO2 over a fixed period - usually
100 years (Environment and Climate Change Canada; ECCC, 2024). Carbon dioxide is a
naturally occurring gas that is a part of the carbon cycle which has been significantly altered by
human activities over the past 200 years (Falkowsi et al., 2000). It accounts for 26% of GHG
emissions from the Canadian agriculture sector (Desjardins et al., 2020). In beef operations, CO2
is produced from the burning of fossil fuels during the production of fertilizers, seeding and
harvesting of feed crops, and the transportation of feed and livestock. Carbon dioxide is used as
the baseline GHG and has a GWP of 1 (US EPA, 2024).

Methane accounts for 38% of GHG emissions from Canadian agriculture, most of which
(87%) is produced by enteric fermentation, with the remainder generated from manure
(Desjardins et al., 2020). Diverse strategies have been investigated to reduce enteric CH4 such as
genetic selection, vaccines, feed manipulation and dietary additives (Palangi et al., 2022). The

GWP for CHa is estimated to be 27-30 over 100 years (US EPA 2024).
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The remaining 36% of Canadian GHG emissions arises from nitrous oxide (N20), a
potent GHG with a GWP 273 times that of CO2 (Desjardins et al., 2020). These emissions occur
as a result of soil management practices such as fertilizer application, biomass decomposition,
cultivation and tillage as well as the handling, storing and spreading of manure (Fouli et al.,
2021).

Measuring GHG emissions directly is a costly and time-consuming endeavor. Models
offer an inexpensive and more efficient alternative to field experimentation (Bryant and Snow,
2008), enabling the agricultural industry to identify management strategies that may lead to
reduced GHG emissions (Jose et al., 2016). For example, modeling can assess the impact of on-
farm management strategies, including the use of food waste in diets on the carbon footprint of
the beef industry. However, it is important to note that scenario-specific model coefficients
which are garnered from field experimentation are required to obtain meaningful output data.

Holos (https://agriculture.canada.ca/en/agricultural-production/holos-software-program)
is a whole-farm model software program that was developed by Agriculture and Agri-food
Canada (AAFC) as a free resource to help producers identify strategies that reduce GHG
emissions from their operations. Input data includes livestock species, feeding practices, tillage
type and crop type. Holos estimates the type (COz, CHas, and N20) and source of emissions
(AAFC, 2024).

Other models have been used to estimate GWPs when employing various waste
management strategies of FLW. Using a life cycle assessment (LCA), Eriksson et al. (2015)
found that diverting banana, lettuce, and bread wastes to landfill had GWPs of 1.4, 0.21, and 1.9
kg CO2e kg food waste, respectively compared to GWPs of -0.011, -0.013, and -0.61 kg CO2e kg

food waste when banana, lettuce, and bread wastes were used for animal feed, respectively.

14



2.3.2 Land and water use

As previously stated, livestock production requires substantial land and water resources.
Close to 30% of the world’s arable land and 32% of its freshwater are utilized to produce feed
for livestock (Herrero et al., 2013). Land sparing effects have been reported when including
FLW in the diets of livestock. Using LCA, bread waste that was valorized as animal feed,
resulted in land sparing effects that were 40% higher than achieved if it was directed towards
anaerobic digestion or incineration (Brancoli et al., 2020). Quintero-Herrara et al. (2021)
demonstrated that inclusion of broccoli stems in the diet of dairy cattle at 11% diet DM reduced
land use intensity by 0.002 m?a kg live weight (LW). Finally, feeding 7.1 kg fresh citrus waste
hd d* to 160 dairy cows in the US, was shown to have a yearly land sparing effect of 0.09 ha
hd! (Baker et al., 2024).

According to the Water Footprint Framework, water use can be classified into 3
categories: i) green water (rainwater); ii) blue water (surface and groundwater); iii) grey water
(wastewater; Mekonnen and Hoekstra, 2011). Most of the water associated with Canadian beef
cattle production is consumed by feed crops (75%; Canadian Roundtable for Sustainable Beef,
2016). Clean drinking water is also a necessity but accounts for less than 1% of the water
footprint of beef cattle (Legesse et al. 2018a).

The water use intensity of Canadian beef was recently estimated at 657 L kg* LW
(Aboagye et al., 2024). In addition, Legesse et al. (2018a) demonstrated that water use intensity
decreased from 557 to 459 L kg boneless beef weight between 1981 and 2011. The observed
decrease was attributed to improved production efficiency associated with increased crop yields
and animal productivity, as well as increased use of crop by- or co-products in beef cattle diets

(Legesse et al., 2017). Baker et al. (2024) demonstrated that 83,040 m3 of water used for crops
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could be spared annually by feeding 7.1 kg hd* d-! of fresh citrus waste to 160 dairy cattle.
Additionally, FLW is often high in water content (Dou et al., 2018) and therefore including it in
the diet of livestock can reduce drinking water requirements. Sheep fed a diet containing 10%
DM of fruit or vegetable waste were observed to consume 22% and 14% less potable water,

respectively (Sahoo et al., 2021).

2.3.3 Ammonia emissions

Ammonia (NHs3) is a colourless water-soluble gas with a potent odour and can have
negative impacts on human health and the environment. It is highly reactive with atmospheric
sulfuric and nitric acids, contributing to air pollution with the potential for serious impacts on
human health (WHO, 2021). Excess NH3 can be toxic to some vegetation and fish, altering the
biodiversity in nutrient-poor ecosystems (AAFC, 2021). In other cases, NH3s can lead to
eutrophication, causing algae blooms and hypoxic waters, decreasing aquatic biodiversity
(NOAA, 2024). Furthermore, although NHs is not a GHG, it readily oxidizes in soil, forming
nitrate which through denitrification, can produce N20O (Prosser et al., 2019).

Agricultural processes such as use of nitrogen fertilizer and manure management account
for 93% of Canada’s anthropogenic NHs emissions (AAFC, 2021). Emission factors can vary
greatly depending on manure composition, collection and storage as well as environmental
conditions (Hristov et al., 2011). Reduced excess dietary crude protein (CP) can mitigate these
emissions from animal production systems by reducing nitrogen (N) excretion (Hristov et al.,
2011). Legesse et al. (2018b) concluded that NHs emission intensity associated with Canadian
beef (kg of NHs kg* of beef) was decreased by 20% from 1981 to 2011, due to increased

reproductive efficiency, average daily gain, and carcass weights as well as dietary modifications.
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To the author’s knowledge there is no published literature regarding NHs emissions when
feeding FLW to livestock. However, there is work underway investigating the effects of
including cull potatoes at 15% and 30% diet DM on NH3s emissions for cattle compared to

conventional corn or barley diets (G. Mengistu, unpublished).

2.4 Current strategies and opportunities to reduce FLW

Nikkel et al. (2019) estimated that 32% of Canada’s food waste is avoidable and could be
redistributed for further use. New efforts have been and continue to be explored to combat FLW.
Loop Resource, founded in British Columbia, has been diverting unsaleable food from groceries
store to livestock operations (loopresource.ca, 2024) by working with grocery stores and
livestock producers across Canada to divert grocery waste to livestock feed. To ensure waste
meets CFIA regulations, which prohibit the feeding of raw meat to livestock, it is sorted by

department and all partnered farms are required to follow CFIA guidelines.

2.4.1 Use of ensiling to increase the utilization of FLW

Currently most methods of utilizing FLW as animal feed are on an “as-is” basis and do
not include preservation. Consequently, FLW must be used immediately due to the rapid
spoilage of high moisture commodities such as fruits and vegetables (Bakshi et al., 2016).
Although limited in scope at present, ensiling is a potential strategy to increase the shelf-life of
FLW as most beef feedlots and dairies in Canada have the knowledge and the infrastructure
necessary to ensile forages. In addition, 30-45% of Canadian cow-calf operations also feed silage

as an over-winter-feeding method (BCRC, 2020).
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Ensiling cull potatoes and/or peels is a method of preservation that is currently in use by
some cattle producers. However, due to their high moisture content (80%), it is strongly
recommended to ensile potatoes with dry forages or dried by-products (wheat middlings or beet
pulp) to achieve optimal moisture levels for ensiling (Lardy et al., 2015). Ensiling carrot or
pumpkin with crop sorghum has been explored in Australia (Forwood et al., 2019). These
authors found that when vegetable matter was included at 20% DM, digestibility and total
volatile fatty acid concentration of the silage were increased, producing high-quality alternative
feed for ruminants.

Froetschel et al. (2014) observed that GBP could be readily ensiled, reaching and
maintaining anaerobic stability in storage as demonstrated by a low pH and a sufficient water-
soluble carbohydrate content, and the production of fermentation acids (lactic and acetic). These
authors also observed that regardless of the variability in nutrient content, the total digestible
nutrient (TDN) values attained were relatively consistent at approximately 85%, DM basis,
which would allow producers to feed GBP silage as an energy source.

Dou et al. (2022) examined the potential to ensile discarded fruits and vegetables alone or
with crop residues using mini silos. When fruit and vegetables were ensiled without the addition
of crop residues or other forages, both ADF (13.6%) and NDF (15.9%) content were found to be
lower than conventional forage silage (> 25%, > 40%, respectively). Ensuring adequate fibre in
cattle diets is imperative to maintain rumen health through the prevention of metabolic disorders,
such as acidosis. Fibre promotes rumen motility and saliva production, both of which help buffer
against ruminal acids (Heinrichs and Kmicikewycz, 2023). When fruit and vegetables were

ensiled with drier crop residues, the silage produced was comparable in ADF (20.4-40.4%) and
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NDF (32.4-57.8%) content to conventional silage (Dou et al., 2022). These authors concluded

that large scale ensiling practices for GBP need to be further explored.

2.5 Conclusion

To reduce the significant quantity of FLW generated in Canada, it is paramount that all
players along the agri-food value chain contribute to the solution. Livestock should not be
overlooked as a key player in this solution. By incorporating food waste into the diets of
livestock, nutrients that would otherwise be lost are recycled, producing nutrient dense foodstuffs
for a growing human population. Additional benefits include the potential to reduce the
environmental impact of the sector including improved water and land use efficiency, as well as
lower GHG and NH3 emissions. Further research is necessary to quantify the environmental
benefits of including FLW as livestock feed. This information is essential for producers,
processors and government to enhance decision-making and policy/program development

regarding use of FLW.
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3 HYPOTHESIS AND OBJECTIVES

3.1 Hypothesis

The use of bread by-products as an ingredient in the diet of cattle in a feedlot production system
will result in a reduced environmental footprint compared to a standard corn-based diet.
Environmental footprint criteria include i) land use, ii) greenhouse gas emissions [carbon dioxide
(COz2), methane (CHa), and nitrous oxide (N20)], iii) ammonia emissions (NHs), and iv) water

use.

3.2 Objectives

Evaluate and compare the environmental impact of feedlot cattle fed a standard corn-based diet
or a bread by-product-based diet using existing data including diet composition and animal
performance metrics (body weights, average daily gain, dry matter intake, feed efficiency) along
with region-specific climate and crop yield data to assess:

i. Greenhouse gas emissions associated with crop and animal production.

ii. Land use associated with feed production for feedlot cattle diets.

iii. Ammonia emissions associated with feedlot housing, manure storage and land

application.

iv. Water use associated with crop production, animal requirements, and beef processing.
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4 MANUSCRIPT

ENVIRONMENTAL IMPACTS ASSOCIATED WITH FEEDING BREAD BY-PRODUCTS

TO GROWING AND FINISHING FEEDLOT CATTLE

21



4.1 ABSTRACT

Environmental impacts of feedlot cattle when bread by-products (BBy) are substituted for
corn in feedlot diets were evaluated and included land and water use, greenhouse gas (GHG) and
ammonia (NHs) emissions. Land, water, off-farm feed production and NH3s emissions were
estimated with the use of spreadsheet models, while Holos was used to model whole-farm GHG
emissions. Data from two experiments using growing (Dvorak et al., 2001) and finishing (Guiroy
et al., 2000) steers fed BBy at 40% and 55% of diet DM, respectively were used. Steers fed BBy
had lower DMI than those offered the corn-based diet (9.26 vs. 10.08 kg d-*, Dvorak et al., 2001;
10.17 vs. 11.39 kg d1, Guiroy et al., 2000), reducing the demand for corn grain, corn silage and
hay. The lower DMI did not affect animal performance and resulted in improved feed:gain ratios
of 6.17 vs. 7.04 and 6.64 vs. 7.22 for growing and finishing steers, respectively. Additionally, as
BBy contained higher crude protein (15.9% DM, Dvorak et al., 2001; 16.0% DM, Guiroy et al.,
2000) than corn (~10% DM), less soybean meal was required to meet protein requirements. In
the growing experiment, inclusion of BBy resulted in the use of 45% less land and 37% less
water, with GHG and NH3s emissions reduced by 14 and 4%, respectively. In the finishing
experiment, feeding BBy reduced land and water use by 63% and 61%, respectively while GHG
emissions declined by an estimated 19% and NH3s emissions were unaffected. Furthermore, GHG
emissions associated with BBy from production to waste management were 24% and 53% lower
when diverting BBy from landfill to growing and finishing feedlot diets, respectively.
Consequently, inclusion of bread waste in feedlot diets is an effective strategy to reduce the

environmental footprint of feedlot cattle. This research adds to the growing body of literature
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that suggests that feeding food loss and waste to livestock improves the sustainability of food

production systems.
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4.2 INTRODUCTION

An increased global demand for animal products in middle- and low-income countries
(World Bank, 2021) is expected to result in an increased demand for sustainably produced feed.
As an exporting nation of many agricultural products including beef, Canada is well positioned
to respond to the increased demand for animal products. However, food production growth may
challenge land and water resources which may be further exacerbated by climate change (Hein,
2020). Simultaneously, one fifth of all food produced globally is wasted (UNEP, 2024b), leading
to inefficient use of land and water resources while emitting large amounts of greenhouse gases
(GHG) from landfills. Many food items, although no longer acceptable for human consumption,
can be diverted from landfills and fed to livestock as an alternative to conventional feedstuffs.

Bread and bakery products account for 9% of the 35.5 million tonnes of food loss and
waste (FLW) in Canada (NZWC, 2022; Nikkel et al., 2019). As bread waste is energy dense, it
may be included in beef feedlot diets as a substitute for traditional energy feeds such as corn. A
few studies have measured the growth performance of feedlot cattle fed bread or bakery products
(Milton and Brandt, 1994; Guiroy et al., 2000; Dvorak et al., 2001), but research to quantify the
environmental impact of this practice has not been conducted.

Feeding FLW to livestock is not a novel idea and many producers are including crop by-
products such as oat hulls, canola meal and other forms of FLW in contemporary diets. However,
defined inclusion rates that meet nutrient requirements so as to achieve growth performance
targets are essential if FLW is to be widely included in livestock diets. Further, to the author’s
knowledge, there are no other North American studies that have examined the environmental

impact of including bread waste in growing or finishing diets of feedlot cattle. The purpose of
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this study was to explore the impact of including bread waste in the diets of growing and

finishing feedlot steers on land and water use as well as GHG and NH3 emissions.
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4.3 MATERIALS AND METHODS

4.3.1 Experimental design
Experimental site and climate characterization

The municipality of Hanover, Manitoba was selected as the site in which the model
feedlot was located as bread waste has historically been included in the diets of feedlot cattle in
this area. Site information such as hardiness zone, ecodistrict, and soil characteristics were
categorized as 3B, Steinbach, and coarse dark gray chernozem, respectively (Holos 4.0.0.576).
Long term (1993-2022) monthly average temperature and precipitation values (Table 4.1) were
obtained from the Steinbach weather station (5MB0223) as provided by Agriculture and Agri-

Food Canada (AAFC).

Table 4.1 Long-term average (1993- 2022) temperature and precipitation for Steinbach, MB
(AAFC, 2023).

Month Mean temperature (°C) Mean precipitation (mm)
January -15.71 17.26
February -13.89 13.90
March -5.17 19.85
April 3.83 29.31
May 11.26 73.60
June 17.37 91.07
July 19.83 82.48
August 18.69 78.23
September 13.64 59.61
October 5.80 42.55
November -3.62 24.21
December -12.11 21.73
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Animal management
Diet composition and animal performance metrics were obtained from two existing data
sets that utilized bread by-products (BBY) as a substitute for corn in: i) growing steers (Dvorak et

al., 2001) and ii) finishing steers (Guiroy et al., 2000).

Growing steers
Dvorak et al. (2001) examined the growth performance of 44 Angus-cross beef steers,
stratified by weight, and randomly assigned (11 steers/pen) to a roughage-based grower diet (2

pens/diet) containing either corn or BBy (Table 4.2).

Table 4.2 Ingredient composition of growing diets with corn or bread by-product (BBy).

Ingredient composition, % DM Corn diet BBy diet
Dry rolled corn 39.5 3.0
Bread by-product - 40.0
Alfalfa hay 30.0 30.0
Corn silage (40% grain) 20.0 20.0
Partially desugared beet molasses 4.0 4.0
Soybean meal (49% CP) 4.8 1.2
Feather meal 0.4 0.4
Blood meal 0.1 0.1
Salt 0.3 0.3
Limestone 0.24 -
Dicalcium phosphate 0.105 0.535
Vitamins and minerals 0.045 0.045
Monensin premix (Rumensin 80) 0.0125 0.0125
Finely ground corn 0.4995 0.4075

(Adapted from Dvorak et al., 2001)
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Both diets contained alfalfa hay, corn silage, beet molasses, a mixed protein supplement
(soybean meal; SBM, feather meal, blood meal), salt, vitamins and minerals (Table 4.2) as well
as Monensin (27.5 mg/kg DM). The control diet contained 39.5% dry rolled corn whereas the
experimental diet contained BBy at 40% DM. The BBY consisted mainly of crusts (70.2% DM)
that arose from a crustless sandwich product (Table 4.3). The nutrient composition of lots of
BBy remained fairly consistent with < 1 SD variance for DM, CP, TDN, ADF, calcium and
phosphorus. However, the SD associated with crude fat and NDF was between 2 and 3. Growing

steers were fed for 84-d (June-September) in confinement.

Table 4.3 Average nutrient composition of bread by-products from growing and finishing
experiments.

Bread by-products

Nutrient, % DM Growing? Finishing®
Dry matter 70.2 67.6
Crude protein 15.9 16.0
Crude fat 4.9 3.3
TDN 87.0 86.5
ADF 1.2 1.9
NDF 7.2 3.0
Ca 0.09 0.10
P 0.15 0.20

2 Data from Dvorak et al., 2001
b Data from Guiroy et al., 2000

Diets were formulated to meet the ruminal degradable and metabolizable protein
requirements based on NRC Nutrient Requirements for Beef Cattle (1996) for growing cattle
with an average initial weight of 302.07 kg. This resulted in CP of 13.8% and 14.1% DM for the

corn and BBy diets, respectively.
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Feed intake was recorded daily, and dry matter intake (DMI) was calculated and
expressed in kg hd1d-1 (Table 4.4). Weight of each steer was measured on 3 consecutive days (d
82-84) and averaged to obtain a final weight. The average initial and final weights were used to
calculate average daily gain (ADG) and feed efficiency (g feed kg gain). It was assumed that
after the 84-d feeding period, growing steers would require further growth to reach slaughter

weight and therefore environmental metrics were estimated on a per head or live weight basis.

Table 4.4 Weight and feeding characteristics of growing feedlot steers fed a diet including corn
or bread by-product (BBy).

Diet
Item Corn BBy
n= 11 11 11 11
Avg initial weight 301.99 302.5 302.37 301.43
Avg final weight 420.19 424.85 431.02 424.96
DMI (kg hd*d™) 10.09 10.08 9.36 9.15
ADG (kg hd! d?) 1.41 1.46 1.53 1.47
Feed:gain ratio 7.17 6.92 6.11 6.22

(Adapted from Dvorak et al., 2001)

Finishing steers

Guiroy et al. (2000) used 120 15-month-old Angus crossbred feeder steers blocked into
three weight classes: i) light weight (L, n =20; 340 kg); ii) medium weight (M, n =60; 364 kg),
and iii) heavy weight (H, n =40; 385 kg). Half of the steers in each group were placed on a
conventional corn-based finishing diet, while the other half were fed a BBy-based diet. Steers
were implanted (Synovex-S, Fort Dodge Animal Health, Overland Park, KS) at the start of the
experiment.

The conventional corn-based and BBy-based diets are described in Table 4.5. The BBy

fed to finishing steers consisted of surplus and left-over bakery waste and other food processing
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plants (Table 4.3). Both diets included Monensin (33 mg kg* DM) and were formulated to meet
NRC (1996) nutrient requirements for growing beef cattle with a target weight of 553 kg. Diets
were isonitrogenous (12.7% CP) and met ruminal microbial N requirements for optimal

microbial growth.

Table 4.5 Ingredient composition of corn-based and bread by-product (BBy)-based diets fed to
finishing steers.

Ingredient composition, % DM Corn-based diet BBy-based diet
Dry whole shelled corn 63.3 15.3
Bread by-product - 55.2
Corn silage (40% grain) 18.1 18.4
Timothy hay 9.0 6.2
Soybean meal (49% CP) 7.2 2.5
Limestone 1.2 1.2
Mineral mix 1.2 1.2
Vitamin premix 0.1 0.1
Rumensin premix, g kg feed 0.033 0.033

(Adapted from Guiroy et al. 2000)

Guiroy et al. (2000) reported one DMI (kg hd* d'), ADG (kg hd* d1), and feed:gain
ratio per diet regardless of initial weight class. Days on feed were estimated using the following
equation:

DOF = (553 kg — Initial weight) + ADG (4.1)
Where:
DOF = days on feed
553 kg = target finished weight

ADG = average daily gain associated with the diet fed (kg hd* d-!)
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Table 4.6 Weight, feeding and carcass characteristics of light (L), medium (M), and heavy (H)
weight finishing steers fed corn- or bread by-product (BBy)-based diets.

Diet
Corn-based BBy-based

Performance metric L M H L M H
n= 10 30 20 10 30 20
Initial weight (kg) 340 364 385 340 364 385
DOF 134 119 106 138 123 109
DMI (kg hd* d*)* 11.39* 10.17*

ADG (kg hd* d*)* 1.59% 1.54*

Feed:gain ratio* 7.22% 6.64*

Dressing percentage* 62.6* 62.4*

(Adapted from Guiroy et al. 2000)
* One average value per diet based on a SAS (1998) analysis comparing weighted means

Hot carcass and boneless weights were determined using Equations 4.2 and 4.3.

HCW = DP x slaughter weight (4.2)
Boneless beef = HCW x 0.71 4.3)
Where:
HCW = hot carcass weight
DP = dressing percentage, Table 4.6
Boneless beef = weight after trim and cutting into useable portions without bones, kg

0.71 = percentage of HCW converted to boneless beef (Mekonnen and Hoekstra, 2010)

Cropping system inputs and yields for growing and finishing experiments
Corn grain and silage as well as hay, were assumed to be grown on-farm with reduced-till
management. Urea was incorporated or partially injected into the soil in the spring at the

recommended rates (Holos 4.0.0.576) for corn grain and corn silage to generate targeted yields
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(Table 4.7). No synthetic fertilizer was applied to hay. Soybeans as a source of SBM and wheat
to produce BBy were assumed to be grown in the Hanover region, while the remaining feed

ingredients were assumed to be purchased.

Table 4.7 Crop yields, fertilizer rates and loss percentages.

Feed crop Yield | appliiei:r;;::)Zﬁ;ate Storage loss  Feeding loss
(kg DM ha™) (kg ha'?) (%) (%)
Grain corn 6805.28 471.0 5 5
Silage corn 9817.13 394.3 10 5
Alfalfa hay 3709.05 - 15 5
Timothy hay 5315.00 - 15 5
Soybeans 2048.77 - 5 5
Spring Wheat 4593.69 - - -

It was assumed that the soybeans were transported to a local crushing plant with 1 tonne
of soybeans producing 792 kg of SBM (USSEC, 2023). Soybean meal was then transported to
the feedlot for inclusion in the diets.

Canada Western Red Spring was assumed to be the wheat class used to produce the BBy
used in both the growing and finishing diets, as it is the predominant wheat class used for bread
production in Canada (Cereals Canada, 2024). The processing of wheat and manufacturing of the

bread was assumed to occur within 85 km of the location in which it was grown.

4.3.2 Calculating land use requirements
Total feed crop land requirements (ha) were calculated per diet using DMI (kg hd* d1),
ingredient inclusion rate (% DM), number of animals, DOF, and yield (kg DM ha!) for each

crop type (Equation 4.4). Field losses were included in yield estimates, with storage and feeding
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losses for each crop obtained from the literature (Ball et al.,1998; Kertz, 1998; Manitoba
Agriculture, 2024; Schwab, 2021; Table 4.7). Five-year average (2017-2022) crop yields for
alfalfa hay, corn grain, corn silage, soybeans, and red spring wheat were obtained from Manitoba

Agricultural Services Corporation (https://www.masc.mb.ca) for the Hanover region. As wheat

was not grown for feed, land needed to grow it was not attributed to steers fed BBy, nor were
storage or feeding losses considered. Timothy hay yield was obtained from Seed Manitoba

(2013).

DMI P xn* DOF * (1 +1)
yield

Crop land required =

(4.4)
Where:
DMI = dry matter intake (kg hdtd)
P = proportion of ingredient in diet (%)
n = number of steers in treatment group
DOF = number of days steers in treatment were on feed
| = storage and feeding loss (%)

Yield = kg DM ha!

4.3.3 Estimating greenhouse gas emissions
Holos

The Holos model (4.0.0.576; 2024) was used to estimate GHG emissions and soil carbon
using IPCC Tier 1l (2019) emissions factors specific to Canadian conditions. This model uses

Canadian weather and soil data to estimate emissions and soil carbon. Holos was used to
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estimate GHG emissions from feed crop production as well as those associated with the feeding
of growing (Dvorak et al., 2001) and finishing steers (Guiroy et al., 2000).

Greenhouse gases included in net emissions were i) methane (CHa) from enteric
fermentation and manure management; ii) nitrous oxide (N20) from nitrogen (N) inputs, crop
residues and animal manure; and iii) carbon dioxide (COz) from fossil fuel consumption,
electricity use, and production of fertilizer.

Enteric CHa is a product of rumen fermentation and was estimated using gross energy
intake of the feed consumed (MJ hdt d!), a diet-specific CH4 conversion factor, the energy
content of CH4 (55.65 MJ kg™) and a reduction factor associated with the inclusion of an
ionophore in the diet (Alemu and Pogue, 2024). Methane emissions derived from solid manure
(deep bedding) was calculated based on the amount of volatile solids (VS) excreted (kg hdtd),
CH4 producing capacity of beef cattle (m® CHs kg VS) and a CH4 conversion factor based on
beef cattle in a deep bedded system (Alemu et al. 2024a).

Direct N20O emissions were estimated from nitrification - denitrification processes, crop N
inputs, crop residues, and manure. The calculated emission factor for N2O considered
topography, precipitation, and soil texture of the region in a reduced tillage system. Manure
produced on farm was assumed to be applied to the land the following year, with emissions
proportionately divided among crop fields within same calendar year. The emission rate of N2O
from manure considered total excreted N (kg hd* d) and an emission factor specific to beef in a
deep bedding manure system (Alemu et al. 2024b). Indirect N2O emissions associated with
leaching, runoff, and volatilization of fertilizer and manure were also estimated with

consideration given to precipitation, potential evapotranspiration, and temperature.
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Carbon dioxide emissions were calculated by considering fossil fuel consumption based
on regional tillage, soil and crop types. A conversion factor of GJ of diesel to kg CO2 (70 kg GJ
1) was used with consideration for area of land cultivated. As cattle were housed in feedlots
(confined, no barn) on a deep bedding manure system, CO2 emissions depended on the number
of days on feed, number of animals, annual electricity required per head (65.7 kWh hd!), and the
Manitoba-specific electricity conversion to CO2 (1.0 x 102 kg CO2 kWh-?). Carbon dioxide
emissions from spreading solid manure considered the volume of manure, a conversion factor

(0.0248 GJ 1000 L) and the diesel conversion factor for the equipment used for spreading.

Mass allocation

An Excel-based model was used to determine GHG emissions (kg COze kg* DM) and
mass allocation (Mengistu et al., 2022) from imported SBM and BByY. Manitoba-specific carbon
footprints were obtained from Desjardins et al. (2020) for soybeans (0.08 kg CO2¢ kgt DM) and
spring wheat (0.37 kg COze kg* DM) production. Emissions from processing soybeans to SBM
(0.016 kg CO2e kg'* DM; McGeough et al., 2012), wheat to flour (0.16 kg CO2e kg™* DM) and
flour to bread (0.03 kg CO2e kg'* DM) were obtained from Espinoza-Orias et al. (2011). As the
primary product derived from processed soybeans is oil for human consumption (AAFC, 2006),
only the proportion allotted to SBM (79.2%; USSEC, 2023) was considered in GHG emission
estimates. Similarly, as the bread was not produced for feed, GHG emissions from BBy were not
attributed to steers.

Transport was assumed to be by heavy-duty diesel trucks with average emission factors
(g Lt fuel) for CO2, CH4, and N20O (ECCC, 2020a) converted to CO2e to generate a single

emission factor. Average truck fuel consumption of 2.48 km L was obtained from Holtshausen
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et al. (2021) and load capacity was assumed to be 43,000 kg (https://agri-trans.ca/equipment).

Transport emissions from SBM were calculated based on the distance from field to processing
plant (30 km), and from the processing plant to the feedlot (33 km). Spring wheat transport
emissions were calculated based on the distance from field to the mill (69 km), the mill to the
bakery (84 km), and the bakery to feedlot (5 km).

It was assumed that if BBy was not used as cattle feed, it would be disposed of in the
landfill nearest to the bakery (4 km) using a transport truck in a single trip. Landfill emissions for
food waste were used as proxy for BBy obtained from Lee et al. (2017) with an emission factor

of 2.6 kg CO2¢ kg dry food waste.

4.3.4 Estimating ammonia emissions
Nitrogen intake and excretion

Ammonia emissions from cattle were based on total ammoniacal N (TAN) derived from
urine and feces as well as manure storage and land application as described by Legesse et al.
(2018Db). Estimated daily excreted N (Nexcretion rate) Was calculated by estimating the difference
between daily N intake and daily N retention. Daily N intake (IPCC 2019; Equation 4.5) was
estimated per head using gross energy (GE) intake of the steer, proportion of CP in the diet and

net energy requirements for maintenance (NEmaintenance).

GE CP%

1845 < 100 &%

N intake =

(IPCC, 2019; 4.5)
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Where:
N intake = daily N intake, kg N hd* d!
GE = gross energy intake, MJ hd! d!
18.45 = conversion factor for dietary GE per kg of DM, MJ kg
CP% = percent of crude protein in diet

6.25 = conversion from kg of CP to N, (kg N)*

CE = [<NEm> N (NEg>] _ DE
~ I\REM REG/] ~ 100

(IPCC, 2019; 4.6)

Where:

NEm = net energy required by steer for maintenance, MJ d*

REM = ratio of net energy available in diet for maintenance to digestible energy

consumed

NEg = net energy required for growth, MJ d-!

REG = ratio of net energy available for growth in diet to digestible energy consumed

DE = digestible energy expressed as a percentage of gross energy, % TDN

NE,, = Cf,q, X BWO75
(IPCC, 2006; 4.7)

Where:

Cfia = animal category coefficient adjusted for temperature, MJ d* kg

BW = average live weight of steer during the feeding period, kg
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25.4
REM = [1.123 — (4.092 X 1073 x DE) + (1.126 X 1075 x (DE)?) — (ﬁ)]

(IPCC, 2006; 4.8)

0.75

NE, = 22.02 X (—) x ADG10%7
g C, X FW

(IPCC, 2006; 4.9)
Where:
Cq = animal description coefficient with a value of 1.0 for steers
FW = final live body weight of the steer, kg

ADG = average daily weight gain of the steer, kg

37.4
REG = 1.164 — (5.160 x 1073 x DE) + (1.308 X 105 x DE2) — (ﬁ)

(IPCC, 2006; 4.10)

Daily N retention was estimated using Equation 4.11.

106 x [26g _ (793 X NE,
_ X[ ‘( ADG )]

Nyetention = 1000 x 6.25

(IPCC, 2019; 4.11)
Where:
Nretention iS expressed in kg N animal-*d-!
268 = constant derived from Equation 3-8 NRC (1996), g protein kg hd!

7.03 = constant derived from Equation 3-8 NRC (1996), g protein MJ* hd!
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6.25 = conversion from kg dietary protein to kg dietary N, kg protein (kg N)*

Nitrogen excreted through urine (TANexcreted) Was estimated using Equation 4.12, while N
excreted in fecal matter (FecalNexcreted) Was assumed to account for the remainder (Equation
4.13).

TANcxcretea = Nexcretea X Fractionyringry—n
(D&mmgen and Hutchings, 2008; 4.12)
Where:
TANexcreted = N excreted in urine, kg TAN hd* d*
Fractionurinary-N = fraction of N excreted in urine, 0.57 as CP in diet was between 9 and

15%, DM (Chai et al., 2014).

FecalNexcreted = Nexcreted * (1 - FraCtionUrinary—N)
(Dammgen and Hutchings, 2008; 4.13)
Where:

FecalNexcreted = N excreted in fecal matter, kg fecal N hd* d-!

Quantification of NH3 emissions
Animal housing
Ammonia emissions associated with growing and finishing steers confined in feedlots

were estimated using Equation 4.14.

39



17
NHzfeearor = TANexcretea X EFfecatot aaj X 14

(Legesse et al., 2018b; 4.14)

Where:
NHateediot = NH3 emissions from feedlot confinement, kg NHs hd* d-!
EFreediot adj = temperature-adjusted emission factor for feedlot confinement
17/14 = conversion coefficient of NH3-N to NH3
EFfeeqiot aaj = Taaj X EFfeedior
(Legesse et al., 2018b; 4.15)
Where:
Tadj = the adjusted temperature for animals confined in feedlots, kg (NH3-N) kgt
EFfeediot= 0.9 kg (NH3-N) kg!
T . = 1.0417
a7 1.041177
(Legesse et al., 2018b; 4.16)
Where:

T = average temperature of the feeding period, °C

TANexcreted (Mg TAN hd* period-!) and NHz emissions (Mg NHs hd* periodt) were

multiplied by the number of days in each feeding period to estimate periodic TANexcreted

(PTANexcreted) and periodic NH3 (PNHsfeediot), respectively.
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Manure storage

Manure was assumed to be stockpiled as it is common practice in confined feedlots
(Legesse et al., 2018b). Manure storage was assumed to begin 2 months after the start of the
feeding trials as described by Sheppard and Bittman (2012). Total NH3-N mass movement from
feedlot to storage was estimated by calculating the difference between PTANexcreted and

PNHasreediot as seen in Equation 4.17.

14

PTANstorage = PTANexcreted - PNH3feedlot X ﬁ

(Legesse et al., 2018b; 4.17)
Where:
PTANstorage = TAN in manure that is moved to storage; Mg TAN hd! period*
PTANexcreted = TAN in manure excreted by feedlot cattle, Mg TAN hd period!
PNHsreediot = temperature-corrected periodic NH3 emissions from feedlot cattle, Mg NH3
hd! period*

14/17 = conversion of NH3 to NH3-N
Ammonia volatilization from stored manure (NHasemissions) Was estimated by considering

TAN in manure during storage and a temperature adjusted stockpiling emission factor. Variation

in TAN during manure storage is defined in Equation 4.18.

PTANstorageZ = PTANstorage X (1 - Fnitrify) + (PONstorage X Fmineralize)

(Legesse et al., 2018b; 4.18)
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Where:
PTANstorage2 = adjusted TAN in manure storage, Mg TAN hd-! period!
Fnitrify= fraction of TAN nitrified during storage, 0.14 (Chai et al., 2014)
PONistorage = periodic organic N from fecal matter in storage, Mg organic N hd-* period*
Fmineralize = fraction of organic N mineralized as TAN during storage, 0.28 (Chai et al.,

2014)

Manure land application

Manure was assumed to be spread in April of the following year in accordance with the
Livestock Manure and Mortalities Management Regulation (Government of Manitoba, 1998). As
the modeled farms were assumed to use no/low-till management, all manure was assumed to be
spread on untilled land. The volatilization of NH3 that occurs during application was calculated
by multiplying TAN with an untilled land specific EF (0.79) which was adjusted for temperature
of the application period. The periodic TAN moved from storage to land was estimated using

Equation 4.19.

14
PTANland = (PTANstorageZ - PNH3emissions X 1_7>

(Legesse et al., 2018b; 4.19)
Where:
PTANIand = periodic TAN applied to untilled land during the application period per
animal, Mg TAN hd! period-!

PNHa3emissions = periodic NHaemissions from stored manure, Mg NHz hd* period-!
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4.3.5 Estimating water use
Crop production

As irrigation is uncommon in Manitoba (Statistics Canada, 2023), moisture retained in
the soil as a result of previous precipitation in addition to the precipitation during the growing
season was assumed to meet crop water requirements. Therefore, only green water was included
in calculations. Green water use associated with feed crop production were calculated based on
potential evapotranspiration (PET) or crop-specific actual evapotranspiration (AET) for the
region, proportions of feed in each diet, and crop yield as described by Legesse et al. (2018a).

Evapotranspiration (ET) data was obtained from AAFC’s Versatile Soil Moisture Budget
model using data from the Steinbach weather station (5MB0223). Potential evapotranspiration
was used to estimate water use for Timothy and alfalfa hays since soil moisture was not a
limiting factor. Crop-specific AET data was used to estimate water use for corn, soybeans, and
wheat. Potential evapotranspiration values were estimated using the Priestley-Taylor method
(1972) which calculates ET of a reference crop (grass or alfalfa) when crop is at full cover and
soil water is not a limiting factor (Al-Kaisi, 2000), while AET was calculated using the modelled
phenology stage and K. of the crop (Y. Zhang, AAFC, personal communication).

The growth stage length for crops were obtained from the literature and were based on
growing region and altered to accommodate harvest (Allen, 2002; Legesse et al., 2018a). The
four growth stages included initial, development, mid-season, and late-season. Both Timothy and
alfalfa were assumed to start spring growth April 25" (D. Cattani, personal communication).
May 1st was assumed as the planting date for optimal crop yield for remaining crops according
to a nine-year average (MASC, 2019). Only the proportion of soybeans associated with SBM

(79.2%) was included in water use estimates.
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Wheat production, milling and bread manufacturing

As the bread in this study was not produced for feed, water requirements for wheat were
not attributed to steers fed the BBy. Water utilized for the milling and baking of wheat flour is
negligible, accounting for less than 1% of the total water footprint of bread (Matohlang

Mobhlotsane et al., 2018) and therefore was excluded.

Animal water consumption and processing
Total water consumption per animal was estimated using the daily water requirement of
feedlot steers as described by Hicks et al. (1988; Equation 4.20), multiplied by the number of

days in the feeding period.

DWI = —6.0716 + (0.70866 X MT) + (2.432 x DMI) — (3.87 X PP) — (4.437 x DS)
(Hicks et al. 1988; 4.20)
Where:
DWI = daily water intake, L d!
MT = average maximum temperature during the feeding period, °C
DMI = dry matter intake, kg d-!
PP = average daily precipitation during the feeding period, cm

DS = dietary salt, % DM

Water used for cleaning and maintaining feedlots was deemed negligible (Beaulieu,

2007; Legesse et al., 2018a) and was not included in total water use. A value of 16.5 L kg™
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boneless beef produced was assumed for processing water requirements, as per Legesse et al.

(2018a).
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4.4 RESULTS

4.4.1 Impact of bread waste inclusion in feedlot diets on land use requirements

Land requirements for growing steers fed the BBy diet (GBBY) were 0.10 ha hd!
compared to 0.19 ha hd* for growing steers fed the corn diet (GC), resulting in a 45% decrease
in land use (Figure 4.1). The most notable reductions in land requirements with GBBy were
observed for corn grain (93%) and soybeans (76%), while corn silage and alfalfa hay were only
9% and 8% lower, respectively, as compared to GC. Land requirements for finishing steers were
0.09, 0.10, and 0.11 ha hd* for H steers fed the BBy-based diet (HBBY), M steers fed the BBy-
based diet (MBBY), and L steers fed the BBy-based diet (LBBY), respectively. This is compared
to 0.24, 0.27, and 0.30 ha hd™* for L steers fed the corn-based diet (LC), M steers fed the corn-
based diet (MC), and H steers fed the corn-based diet (HC), respectively. Land requirements
across all three treatment groups fed the BBy-based diet (FBBY) were 63% lower as compared to
those fed the corn-based diet (FC; Figure 4.2). When comparing FBBY to FC, reductions in land
requirements for corn grain and soybeans were 78% and 68%, respectively. Land requirements
for Timothy hay and corn silage were 36% and 6% lower with FBBY as compared to FC. In both

corn and BBy-based diets, the ranking of land requirements was H < M < L steers.
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Figure 4.1 Land required for production of feed in corn or bread by-product (BBy) diets fed to
growing steers.
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Figure 4.2 Land required for production of feed for the three weight groups (L = Light, M
=Medium, H = Heavy) of steers fed corn (C) or bread by-product (BBy) finishing diets.
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4.4.2 Impact of bread waste inclusion in feedlot diets on GHG emissions
On-farm emissions

Total on-farm GHG emissions associated with GBBy were 14% lower (696 kg CO2¢e hd-
1) than GC (805 kg CO2¢e hdt; Figure 4.3). The reduction in emissions was primarily associated
with crop production as a result of a 75% reduction in upstream CO2 and 61% reduction in farm
energy COz. Direct and indirect N2O were also reduced by 28% and 27%, respectively. Minimal
differences of less than 2% were observed in enteric and manure CH4 emissions between GBBY

vs GC.

Emission source

B Enteric CHa (kg CO2e) B Manure CHa4 (kg COze)
B Direct N2O (kg CO2e) Indirect N2O (kg COze)
B Farm Energy CO:2 (kg CO2e) B Upstream CO: (kg CO:ze)

900.0
800.0
700.0
600.0
500.0
400.0
300.0
200.0
100.0

0.0

Total GHG emissions
(kg CO,e hd1)

Corn BBy
Diet
Figure 4.3 Total on-farm greenhouse gas (GHG) emissions by source for growing steers fed
corn or bread by-product (BBy) diets.
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The GHG emissions associated with LBBy, MBByY, and HBBy were 1051, 947, and 846
kg COze hd* respectively, compared to 1319, 1173, and 1053 kg CO2e hd! for LC, MC, and
HC, respectively (Figure 4.4). Consequently, GHG emissions were 20% lower for FBBY than
FC. Reduced on-farm emissions were primarily associated with crop production with a 67% and
64% reduction in upstream and farm energy COq, respectively, for FBBy compared to FC.
Furthermore, direct and indirect N2O emissions were reduced by 34% for FBBY as compared to
FC. Only small reductions were observed in enteric (< 1%) and manure CH4 (5%) emissions

from FBBY as compared to FC. In both corn and BBy-based diets, GHG emissions ranked H <

M <L.
Emission source
B Enteric CHa (kg CO2ze) B Manure CHa4 (kg CO:ze)
B Direct N2O (kg CO:ze) Indirect N20O (kg COxze)
B Farm Energy CO: (kg CO-e) B Upstream CO2 (kg CO2e)
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Figure 4.4 Total on-farm greenhouse gas (GHG) emissions by source for three weight classes (L
= Light, M =Medium, H = Heavy) of steers fed corn (C) or bread by-product (BBy) finishing
diets.
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The majority of on-farm GHG emissions were derived from processes associated with
steers, accounting for 78%, 91%, 70%, and 86% of total GHG emissions for GC, GBBYy, FC, and
FBBY, respectively (Figure 4.5). Further, both GC and FC had a higher proportion of GHG
emissions associated with the production of feed crops (22% and 30%, respectively) as compared

to GBBY and FBBY (9% and 14%, respectively).

®m Animal GHG  m Crop GHG
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Growing Finishing

Figure 4.5 Total greenhouse gas (GHG) emissions associated with animal or crop production
processes for growing and finishing beef steers offered corn or bread by-product (BBy) diets.
Off-farm emissions

Greenhouse gas emissions associated with SBM in growing diets were 77% lower for
GBBY (0.96 kg CO2e hdt) as compared to GC (4.20 kg COze hd™). In finishing diets, SBM

emissions were 68% lower for FBBy (L=3.8; M=3.4; H=3.0 kg CO2¢e hd') compared to FC
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(L=11.9; M=10.6; H=9.4 kg COze hd™!). Emissions from the production of soybeans accounted

for 84% of the total emissions from SBM production while processing accounted for 15% and

transport for < 2% (Figure 4.6).
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Growing Finishing

Figure 4.6 Average greenhouse gas (GHG) emissions by source associated with soybean meal
production for inclusion in diets of growing and finishing steers.

Greenhouse gas emissions associated with production and waste management of BBy

were estimated to be 24% less when BBy was redirected from landfill to feed growing steers (kg

COce; Figure 4.7).
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Figure 4.7 Greenhouse gas emissions (GHG) associated with bread by-product (BBY) that is fed
to growing steers in a feedlot or landfilled as waste management strategies (not including
transportation).

Greenhouse gas emissions associated with production and waste management of BBy
were estimated to be 53% less when BBy was redirected from landfill to feed finishing steers (kg
COze; Figure 4.8).
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Figure 4.8 Greenhouse gas emissions (GHG) associated with bread by-product (BBY) that is fed

to finishing steers in a feedlot or landfilled as waste management strategies (not including
transportation).
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4.4.3 Impact of bread waste inclusion in feedlot diets on ammonia emissions
Nitrogen excretion

Nitrogen excretion from GBBY (0.176 kg hd* d*) was 3% lower than GC (0.181 kg hd*
d1). Nitrogen excretion from LBBY (0.167 kg hd* d-!) was 5% lower compared to LC (0.175 kg
hd d-%), while both MBBY (0.170 kg hd* d-!) and HBByY (0.174 kg hd d!) had reductions of
4% compared to MC (0.177 kg hd* d*) and HC (0.182 kg hd-* d'). The proportion of excreted N

was 84% - 86% for growing and finishing steers (all treatments) fed both diets (Figure 4.9).
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Figure 4.9 Nitrogen retention and excretion for growing (G) and finishing steers (L=Light
weight; M=Medium weight; H=Heavy weight) fed corn (C) or bread by-product (BBy) diets.

Ammonia emissions
Ammonia emission intensity associated with GBBy (10.5 kg NHs hd*) was 4% lower
than GC (10.8 kg NHs hd™*; Figure 4.10). Emissions associated with housing accounted for 88%

of NHs emissions from growing steers during the feeding period with manure storage and land
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application both accounting for 6% of emissions. Estimated NH3 emission intensities were 1.3,
1.0, and 1.5% lower for FBBY (L=15.5; M=14.5; and H=13.2 kg NH3s hd!) compared to FC
(L=15.7; M=14.7; and H=13.4 kg NH3 hd). Housing accounted for 83% of NHz emissions in L
steers and 86% in both M and H steers. Manure storage and land application accounted for 8%
and 9% of NHs emissions in L steers, respectively and 7% each for both M and H steers (Figure

4.10).

Emission source
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Figure 4.10 Ammonia (NH3) emissions by source for growing (G) and finishing steers (L=Light
weight; M=Medium weight; H=Heavy weight) fed corn (C) or bread by-product (BBY) diets.
When observing NHz emissions on a kg NH3 hd d-* basis, there was a 3% reduction in
NH3 emissions with GBBY as compared to GC, while there was a 4% reduction on a kg NHs hd-

L d* basis with FBBy compared to FC (Figure 4.11). Light steers fed the BBy-based diet had the
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lowest emissions (0.117 kg NH3 hd* d1), while HC had the highest (0.126 kg NHz hd d%)
emissions of the finishing diet. Ammonia emissions from housing (kg NHs hd* d-!) L steers were
8% and 10% lower than M and H steers, respectively. Regardless of diet, kg NHs emissions hd*
associated with H steers were less than M steers, which were less than L steers. However, when
calculated on a kg NHs hd-! d! basis, emissions from L steers were less than M steers, which

were less than H steers.
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Figure 4.11 Ammonia (NH3) emission intensity by source for growing (G) and finishing steers
(L=Light weight; M=Medium weight; H=Heavy weight) fed corn (C) or bread by-product (BBy)
diets.
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4.4.4 Impact of bread waste inclusion in feedlot diets on water use

More than 99% of water use for all steers was attributed to crop production (Figure 4.12).
However, crop water requirements were 36% lower for GBBY compared to GC (Figure 4.13).
Similarly, crop water use associated with FBBy was 62% lower compared to FC. Water
requirements for the corn grain in GBBY and FBBY diets were 92% and 78% lower, respectively
as compared to the conventional corn diets. Water requirements for soybean production declined
in both growing (77%) and finishing diets (68%) in the BBy diet as compared to the corn diet.
The water requirements for corn silage for GBBy and FBBY were 8% and 6% lower,
respectively, compared to the corn diets. Further, the water requirements for hay were 8% and
37% lower for GBBY and FBBY, respectively as compared to the corn diets.
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Figure 4.12 Water use associated with crop production and drinking water for growing (G) and

finishing steers (L=Light weight; M=Medium weight; H=Heavy weight) fed corn (C) or bread
by-product (BBY) diets.
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The majority of water required for crop production in growing steer diets was associated
with the production of alfalfa hay for GC (55%) and GBBY (80%) diets. However, in finishing
diets, corn accounted for the greatest proportion of water use for FC (56%) and FBBY (32%).

Within diets, water requirements for H steers were lower than M steers, which were lower than L

steers.
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Figure 4.13 Total water use by feed crop for growing (G) and finishing steers (L=Light weight;
M=Medium weight; H=Heavy weight) fed corn (C) or bread by-product (BBy) diets.

Water consumption was 9% less for GBBY than GC (Figure 4.14). Including BBy in
growing steer diets also resulted in a 37% reduction in water use intensity (WUI) on a LW basis.
Furthermore, animal water intake was 15% lower for HBBy and MBBY as compared to their
corn-fed counterparts. However, there was only a 12% reduction when LBBY were compared to

those fed corn. Compared to steers fed corn diets, water use intensity for FBBy was 61% lower
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on a LW basis and 21%, 19%, and 18% lower on boneless beef basis for LBBy, MBBY, and
HBBY, respectively.
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Figure 4.14 Animal water intake and water use intensities (WUI) for growing (G) and finishing

steers (L=Light weight; M=Medium weight; H=Heavy weight) fed corn (C) or bread by-product
(BBYy) diets.
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4.5 DISCUSSION

Land use requirements

The observed 45% (Figure 4.1) and 63% (Figure 4.2) decrease in land requirements
associated with GBBy and FBBY, compared to GC and FC, respectively, can primarily be
attributed to substitution of BBy for corn grain as an energy source in these diets. In addition,
BBy has a higher CP content than corn (16% vs. 8-10% CP DM; Lardy, 2018; Guiroy et al.,
2000), reducing the amount of SBM that was needed in the diet to meet CP requirements.

Although the proportion of corn silage and alfalfa hay were the same in the corn and BBy
growing diets (Table 4.2), land use was reduced by 9% and 8%, respectively, for GBBY as
compared to GC. Lower land use was a reflection of the lower DMI (9.3 kg d!) of steers fed
GBBY as compared to GC (10.1 kg d1), reducing demand for both feeds. The lower DMI, with
no difference in ADG (1.5 vs. 1.4 kg d?), resulted in an improvement in the feed:gain ratio.
Similarly, FBBy had a lower DMI compared to FC (10.17 vs 11.39 kg d!) across all weight
classes, with a lower proportion of Timothy hay in the BBy-based diet (Table 4.5), leading to a
36% decrease in the land required to produce Timothy hay. The relatively small reduction (6%)
in the land required to produce corn silage for the FBBY can be attributed to a lower DMI.
Although not statistically significant, FBBy had a lower ADG (1.54 vs. 1.59 kg d!) compared to
FC resulting in 3-4 more days on feed for the steers to reach the target weight of 553 kg, but the
feed:gain ratio of FBBY steers remained lower than FC steers (6.64 vs 7.22; P = < 0.01).

Observed differences in feed:gain ratios may be attributed to different degrees of
processing and carbohydrate type. The corn in both growing and finishing diets were minimally

processed (dry rolled and whole shelled, respectively), compared to the BBy which contained
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processed starch due to the milling of the wheat and baking of the bread. Guiroy et al. (2000)
attributed the improved feed:gain ratio to 90% B carbohydrate fraction (rumen escaped starch)
of BBy compared to 63% observed in the corn. Starch digested in the small intestine rather than
in the rumen produces less CH4 and direct absorption of glucose can more energetically
favorable for the host (Owens and Soderlund, 2006). While starch in dry rolled and whole corn
grain is more likely to pass through the rumen undigested compared to a steam flaked or high-
moisture corn, it is poorly digested within the small intestine, reducing the energy available for
growth (Owens and Soderlund, 2006). Alternatively, BBy may have been more digestible than
the corn fed in both growing and finishing diets due to the extensive nature of its processing.
Another explanation for improved feed efficiency could be due to a more optimal metabolizable
glucose (MG) to metabolizable protein (MP) ratio. Sun et al. (2018) found that a diet containing
a MG/MP ratio of 1.13 resulted in improved growth and dietary protein and energy utilization in
dairy heifers.

The lower feed:gain ratios in steers fed BBy led to a reduction in demand for all feed
ingredients and therefore land requirements, an outcome also reported for finishing steers
(Milton and Brandt, 1994) and fattening pigs (Sirtori et al., 2007). Substitution of FLW for main
dietary ingredients has also resulted in a reduction in land use in other studies. For example,
Quintero-Herrara et al. (2021) observed that substituting broccoli stems for corn silage in the diet
of dairy cattle at a rate of 11% DM decreased land use intensity by 0.002 m?a kg* fat-and-
protein corrected milk (FPCM). Further, dairy cows fed 7.1 kg fresh citrus waste hd* d* in place
of proportions of corn and rye silages, grass hay, and ground corn of the control diet spared 0.09

ha hd! (Baker et al., 2024).
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On-farm greenhouse gas emissions and emission intensity

The overall reductions in on-farm GHG emissions (kg CO2e kg hd!) for both GBBy
(14%; Figure 4.3) and FBBY (20%); Figure 4.4) can mainly be attributed to the need to grow less
corn. As a result, differences in farm energy and upstream CO2 emissions were greatest between
the two diets for both growing (61% and 75%, respectively) and finishing (64% and 67%,
respectively) steers. Farm energy CO2 emissions are primarily associated (>99%; Woods et al.,
2010) with the burning of fuel in farm machinery during planting and harvesting, while upstream
CO2 emissions are associated with the production of synthetic fertilizer. The observed reduction
in direct N2O emissions from GBBY (28%) and FBBY (34%) reflect lower fertilizer use, as well
as fewer crop residues available for decomposition. Consequently, indirect N2O losses through
volatilization, leaching, and run-off were reduced by 27% and 34% in growing and all finishing
steers, respectively fed BBy compared to corn diets. The larger magnitude of the overall
reduction in emissions between GC and GBBY compared to FC and FBBY reflects the greater
inclusion rate of corn in the finishing (63% DM) as compared to the growing diet (40% DM).
Minimal differences in enteric and manure CH4 emissions were expected as the diets had similar
nutrient profiles, including dietary NDF within both the growing and finishing experiments.
Diets that contain more forage and higher NDF content lead to higher CH4 emissions on an
intensity basis (Santander et al., 2023).

Reduced GHG emissions associated with substituting FLW in diets of livestock have
been previously reported. When broccoli stems were substituted for maize silage in the diet of
dairy cattle at a rate of 11% DM, GHG emission intensity was reduced by 118 g COze kg*
FPCM (Quintero-Herrera et al., 2021). Reductions of 4% in CH4 and 18% in N20 emissions (kg

COz2e), occurred when fruit and vegetable waste were substituted for concentrate at 10% DM in
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the diets of sheep fed a mixed hay and concentrate diet (70:30; Sahoo et al., 2021). These authors
speculated that the fruit and vegetable wastes used in their study were potential sources of
phytochemicals with anti-methanogenic properties, leading to a decrease in CH4 emissions. A
reduction in GHG emissions (387,360 kg CO2e) associated with feeding fresh citrus waste to
cattle as compared to a conventional control diet (corn and rye silages, grass hay, and corn grain)

has also been reported (Baker et al., 2024).

Off-farm greenhouse gas emissions

As a result of the higher CP of BBy (15.9% DM in growing steers; 16% in finishing
steers) compared to corn (10% DM), there was a 75% and 65% decrease, in the inclusion of
SBM in GBBY and FBBY diets, respectively (Figure 4.6). Greenhouse gas emissions associated
with SBM production and processing were 77% and 68% lower for GBBy and FBBY,
respectively, as compared to the corn diets. Although the majority (84%) of the emissions
associated with SBM arose from the cultivation of soybeans, 15% of GHG emissions were from
the process of oil extraction, which were reduced when the demand for SBM was lower. As
transportation accounted for less than 2% of GHG emissions from SBM, they did not differ
between the two diets. As noted by Desjardins et al. (2020), the carbon footprint associated with
the cultivation of soybeans in Manitoba (0.08 kg COze kg'* DM) is significantly lower than the
Canadian average (0.52 kg CO2e kg* DM). This difference can be attributed to higher adoption
rates of practices that support carbon sequestration in the Prairie Provinces, a climate that leads
to lower N20 emissions (drier), and large fields that allow for more efficient use of farm
machinery and lower fossil fuel consumption (Desjardins et al, 2020). Therefore, higher

emissions may be observed in other regions of the country.
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By diverting BBy from landfill to the diets of feedlot steers, GHG emissions from
growing and finishing steer production systems were reduced by 24% and 53%, respectively
(Figures 4.7 and 4.8). The magnitude of difference between growing and finishing steers fed
BBY can be attributed to the differences in proportion of BBy included in the diet, 40% DM and
55% DM, respectively. In this study, feedlot and bakery were in close proximity to each other
(<5 km) resulting in minimal transportation emissions. The Impact Calculator developed by

ReFED (https://insights-engine.refed.org/impact-calculator) suggests that a 45% reduction may

be realized by diverting bread and bakery waste from landfill to animal feed when considering
GHG emissions from livestock production systems.

The carbon footprint estimated for bread in this study (0.56 kg COze kg* DM) is similar
to that reported by for bread production in Sweden (0.48 kg CO2e kg* DM; Eriksson et al.,
2015). These same authors observed that the global warming potential (GWP) of bread waste
from supermarkets decreased from 1.9 kg COze kg f to -0.13 kg CO2e kg* when it was used as
feed as opposed to landfilled. They also found that when including farm to retail emissions in
their calculations, waste management had a substantial influence over the life cycle emissions of
bread due to the relatively low carbon footprint associated with its production and high amount
of waste (10% of supermarket waste included in the study). Diverting BBy to landfill as opposed

to feeding it to cattle results in a substantial increase in GHG emissions.

Nitrogen excretion
Although the CP content of the growing diet containing BBy was slightly higher (14.1%
CP) than the diet containing corn (13.8% CP), there was a 3% reduction in N excretion from

GBBY compared to GC (Figure 4.9). The observed differences in N excretion can be attributed to

63


https://insights-engine.refed.org/impact-calculator

an 8% lower DM coupled with a 5% higher ADG for GBBY compared to GC. This resulted in
an improved feed:gain ratio (6.17 vs. 7.05), with greater N retention (14.6% vs 13.6%). A similar
trend was observed in finishing steers, where despite receiving isonitrogenous diets (12.7% CP),
compared to steers fed the corn diet, N excretion rates were 4.6%, 4.0%, and 4.4% lower for
LBBy, MBBY, HBBY, respectively. The DMI of FBBy was 11% lower than FC, however the
ADG of FBBy was 3% higher, improving the feed:gain ratio (6.64 vs 7.22) and retaining more
N. The highest N retention was observed in LBBY (17%) with the lowest in HC (15%). The
percentage of retained N in both growing and finishing steers in these studies was within the 10-
20% range reported for typical beef cattle feedlot diets (Hristov et al., 2011). Average N excreted
among all growing and finishing steers was 85% of the total N intake, which is similar (84%) to
that reported for beef cattle in Alberta (Chai et al., 2014). Total N intake that was lost as NHs-N
was 50% for GB and 51% for GC. Finishing steers were estimated to lose 46% (L), 48% (M),
and 49% (H) of dietary N as NH3-N. These numbers were similar to those reported by Legesse et

al. (45%; 2018b) with regard to the amount of N intake that is lost as NHs-N in feedlot diets.

NHs emissions and emission intensity

The 8 to 10 % reduction in NH3 emission intensity (kg NHs hd* d*; Figure 4.11) in L
steers fed both diets as compared to M and H steers, respectively, can be attributed to the feeding
period which extended into the fall to enable these steers to reach the target weight of 553 kg.
This lowered the average temperature of the feeding period for L steers to 14.4°C as compared to
16.2 C for both M and H groups, lowering NH3 volatilization as reported by Koenig and McGinn
(2016). Based on emission factors developed by Sheppard and Bittman (2012), NHs emission

rates increase by 1.5-fold for every 10°C above 15°C (Legesse et al. 2018b). To the author’s
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knowledge, there is no published literature that has included NHs emissions associated with the
feeding of FLW. However, small reductions in NHs emissions were observed when cull potatoes
were included in cattle diets at inclusion rates of 15% and 30% DM compared to traditional corn

or barley grain diets (Mengistu, unpublished).

Water requirements

Crop production accounted for more than 99% of total water use in all management
scenarios (Figure 4.12), agreeing with findings of Legesse et al. (2018a). The 36% reduction in
crop water use in GBBY compared to GC resulted from a 92% and 77% reduction in the water
needed for corn grain and soybean production, respectively (Figure 4.13). Furthermore, as GBBy
resulted in lower DMI, the demand for corn silage and alfalfa hay were also reduced, further
lowering the water demand for crop production. Similar trends were observed for FBBy, with a
62% reduction in total water use and 78% and 68% reductions in water use for corn grain, and
soybeans, respectively. Water use for Timothy hay was also reduced (37%) for FBBY as its
inclusion in the diet decreased from 9% to 6% with the addition of BBy to the diet. Further,
lower DMI for FBBY resulted in lower demand for corn silage, although there was a slightly
higher proportion of corn silage in the diet compared to FC. The magnitude of difference in total
water use between growing and finishing steers can be attributed to larger proportions of corn
silage and hay included in the growing diets which were not substituted with BBy.

The 9% reduction in water intake of GBBY compared to GC can be attributed to the
lower DMI of GBBY as all other factors that influence water consumption (maximum
temperature, precipitation and dietary salt) remained constant between the two diets (Figure

4.14). Water consumption is positively correlated with DMI (Brew et al., 2011), therefore steers
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with a lower DMI are expected to consume less water. The reduction in DMI and feed demand
resulted in a 37% reduction in water use intensity (L kg LW) associated with GBBY as
compared to GC. Similarly, the 14% average reduction in water intake of FBBy compared to FC
can also be attributed to reduced DMI. The 61% decrease in WUI (L kg™t LW) for FBBy
compared to FC was mainly attributed to lower water demand for corn production. This
difference became less pronounced (21%, 19%, and 18% for L, M, and H, respectively) after
water associated with processing was considered as the amount of water associated with crop
production became a smaller proportion of total water requirements. Furthermore, the wheat
required to produce BBy included in growing and finishing diets required 4 million and 25
million litres of water, respectively, that otherwise would have been wasted if BBy was
landfilled (data not shown).

Baker et al. (2024) demonstrated that feeding fresh citrus waste to cattle, as compared to
a diet containing corn and rye silages, grass hay, and corn grain, spared 83,040 m? of water that
otherwise would have been used to produce feed crops. Often FLW is higher in water content
than conventional feedstuffs (Dou et al., 2018) and its inclusion in the diet of livestock has been
observed to reduce water intake. When sheep were fed a diet including 10% DM of fruit waste or
vegetable waste, water intake was reduced by 22% and 14%, respectively (Sahoo et al., 2021).
This reduction was due to the higher moisture content from the fruit (130% increase) and

vegetable waste (119% increase) as compared to a control diet of hay and concentrate (70:30).
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4.6 CONCLUSIONS

The results from this study suggest that utilizing BBy in feedlot diets can reduce the
environmental impact of feedlot cattle by decreasing the demand for land and water as well as
reducing GHG and NHs emissions as compared to a traditional corn diet. Growing steers fed
BBy compared to corn had a 45%, 14%, 4%, and 37% reduction in land use (ha hd!), GHG
emissions (kg COze kg hd1), NH3 emissions (g NHz kg LW), and water use (L kgt LW),
respectively. Finishing steers fed the BBy also had a 63%, 19%, 1%, and 61% in land use (ha hd-
1), GHG emissions (kg COze kg hdt), NHs emissions (g NHs kg LW), and water use (L kg™
LW), respectively, as compared to those fed corn.

The observed improvements in these sustainability metrics can primarily attributed to the
land and water that were not required for feed production, as well as the GHG emissions
prevented from the production of conventional feed. Additionally, GHG emissions that would
have been emitted from decaying BBy in landfill were avoided. Furthermore, the BBy feeding
trials examined in this study demonstrate that BBy diets improved feed:gain, resulting in a lower
demand for all ingredients.

Therefore, it is evident that utilizing BBy in beef cattle diets not only contributes to a
reduction in the diversion of FLW to landfill and landfill-associated GHG emissions, but also
supports a circular food economy by retaining BBy within the food production chain. Finally, by
exploring the use of food waste as animal feed, this study suggests the potential for broader
application of FLW within the livestock industry as a mitigation strategy for the food waste

crisis.
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5 GENERAL DISCUSSION

The Government of Canada announced its Strengthened Climate Plan which by 2030,
includes a target of achieving GHG emission 30% lower than those reported in 2005 (ECCC,
2020b). The FAO (2017) has further suggested that integration of livestock into the circular food
economy, by increasing the amount of human inedible by-products or waste products in animal
diets, is a solution to climate change. Thus, incorporating food waste into livestock diets presents
an opportunity to aid in addressing national and global sustainability challenges. Although
feeding food waste to livestock has occurred for centuries, there has been a relatively recent
resurgence in interest to improve the efficiency of food systems and mitigate their environmental
burden. While published literature regarding the environmental impact of these practices is
sparse, it is necessary to encourage widespread adoption of sustainable practices. Therefore, the
aim of this study was to contribute to the limited body of literature investigating the
environmental impacts of feeding FLW to livestock, with a focus on feedlot cattle.

Although there were notable reductions in GHG emissions from both growing and finishing
steers fed diets containing BBy, the largest proportion of GHG emissions associated with feedlot
cattle arose from enteric and manure CH4 emissions, which differed little between BBy and corn
diets. This suggests that feeding BBy will not be an appropriate strategy to mitigate animal
derived CH4. However, other FLW commodities have been reported to contain anti-
methanogenic properties. Fruit waste comprised of papaya, pineapple and oranges included in
the diet of sheep at 10% of diet DM, reduced enteric CHs emissions by 22% compared to a
hay:concentrate (70:30) control diet (Sahoo et al., 2021). Additionally, these same authors

observed a 13% reduction in CH4 when vegetable waste comprised of okra, spinach, cauliflower,
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and cabbage was included in the diet at 10% diet DM. Furthermore, compared to a diet
consisting of alfalfa and concentrate, substituting 35% of a cereal-based concentrate with tomato
or cucumber waste in the diet of dairy goats reduced enteric CH4 emissions by 39% and 29%,
respectively (Romero-Huelva et al., 2012).

Crop by-products have been used in livestock diets for millennia. However, there is debate
whether GHG emissions associated with the production of by-products and waste products
should be allocated to the livestock consuming these feed by-products. For some crops like
soybeans, the proportion of by-product (SBM) is greater on a mass basis than the primary
product (oil) and therefore the system relies on there being a market for SBM to be economically
viable. Wang et al. (2024) argued that the crop by-products used in their study (cotton seed and
soybean hulls) should not have the GHG emissions associated with their production allocated to
livestock as their primary purpose is for human consumption. Likewise, as food is produced for
humans, GHG emissions from food waste should not be re-allocated to livestock as it is an
effective waste management strategy that promotes circularity. Regardless, as estimated in this
study and supported by ReFED (2023), GHG emissions from discarded food are larger when it is
sent to landfill than when it is fed to livestock. Similarly, as the primary source of BBy is not
produced for feed, the resources (land, water, and fertilizer) expended for wheat production and
baking of bread should not be allocated to beef production.

Although feeding FLW to livestock has both performance and environmental advantages,
there are multiple challenges. The Canadian Food Inspection Agency (CFIA) regulates all
manufactured animal feed, sold and imported in Canada. Currently the Canadian Feed
Ingredients Table (CFIA, 2024a) includes 8 recycled food products, 4 of which (bakery waste,

potato waste, snack food waste, dairy food by-product) specify that they must be dried and/or
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ground. Furthermore, the rapid spoilage of FLW (owing to its high moisture content) requires
that it be fed or preserved within a few days after being received by producers. Although there
are many methods to dry food waste (Nath et al., 2023), the process produces more GHG
emissions from energy use or as a result of the manufacturing of desiccants and increases cost,
potentially reducing the economic viability of using FLW. The low cost of food by-products and
waste is one of the reasons producers are amenable to including it in livestock diets. Distance
from FLW sources to livestock operations is also expected to influence feasibility with longer
distances increasing transportation costs and the opportunity for spoilage. In order for large
feedlots to feed FLW, sufficient amounts must be available on a consistent basis with a
consistent nutrient profile. The BBy fed in this study had a consistent nutrient profile when it
was received from the same source (Dvorak et al., 2001; Guiroy et al., 2000). However, when the
source of by-products change, complete chemical analysis is required to formulate these
ingredients into balanced diets. This also highlights the challenges of utilizing mixed (multi-
ingredient) food waste from grocery stores or the service sector on a large-scale. Another
challenge when utilizing FLW from retail is the presence of plastic packaging. In order to avoid
feeding plastic to livestock, plastic packaging must be removed which could be time and labour
intensive if not mechanized. Furthermore, if plastic is not effectively removed before feeding,
consumption of plastic by livestock could result in gastro-intestinal illness, injury or sudden
death (Nongcula et al., 2017).

Ensiling may offer a strategy to preserve FLW, thereby extending the shelf life and
preventing the growth of potentially harmful molds and mycotoxins. Several studies have
demonstrated that food waste can be ensiled to produce silage with desirable nutrient and

fermentation profiles (Froetschel et al., 2014; Garcia Rodriguez et al., 2024). Froetschel et al.
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(2014) observed that energy (approximately 85% TDN) of ensiled FLW was the least variable
nutritive component when comparing FLW across lots, suggesting that FLW may be used as a
substitute for other high energy feeds. Ensiling allows for producers to receive large batches of
FLW from the same source, reducing seasonal variability without the need to feed it immediately
to avoid spoilage. Combining high moisture commodities (fruits and vegetables) with drier
commodities (BBy) can produce a silage with a higher DM (Garcia Rodriguez et al., 2024),
thereby avoiding nutrient losses and soil contamination as a result of effluent (Froetschel et al.,
2014; Garcia Rodriguez et al., 2024). Further investigation is required to expand our knowledge
of nutritional quality and sensory characteristics of ensiled FLW. Sensory issues such as texture,
odour, and taste of some FLW may negatively affect palatability and DMI and have often been
overlooked (Favreau- Peigné et al., 2013) due to the sparsity of information (Boumans et al.,
2022).

The magnitude of the environmental impact associated with diverting FLW from landfill may
differ based on the environmental metrics considered (Vandermeersch et al., 2014). While
Eriksson et al. (2015) found that bread waste had a lower GWP when diverted from landfill to
anaerobic digestion compared to when it was used as animal feed, Vandermeersch et al. (2014)
observed that diverting food waste to animal feed resulted in a land sparing effect that was not
observed with anaerobic digestion. However, both studies agreed that regional differences exist
when examining the environmental impacts of food waste valorization. Additionally, Eriksson et
al. (2015) stated that reducing the use of landfill as a waste management strategy would have the
greatest potential for mitigating GHG emissions from retail food waste. A ban on sending

organic wastes to landfills, as is the case in Sweden, would quickly encourage processors and
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retailers to develop alternative strategies, such as composting or partnering with livestock

producers, to mitigate landfill emissions from food waste.
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6 GENERAL CONCLUSION

In this study, including BBy into the diets of feedlot steers was observed to reduce land and
water use as well as GHG and NHs emissions as compared to a conventional corn diet. However,
despite substantial environmental benefits, utilizing FLW in livestock diets will only occur if it
proves to be economically viable. Improving economic viability is possible if processors and
retailers are incentivized to invest in green management strategies, such as diverting FLW from
landfills to livestock operations. Furthermore, offering additional incentives to livestock
producers beyond low opportunity cost feed through subsidized transport and/or storage
infrastructure may expedite the adoption FLW as feed.

Several other challenges must be addressed to effectively use FLW as livestock feed. One
significant issue is the heterogeneity of the nutrient profile, especially when multi-commodity
waste from the retail sector is used. This variability complicates the formulation of balanced
diets for livestock. Additionally, FLW, particularly fruits and vegetables, has a high moisture
content, leading to rapid spoilage and increased transport costs. Moreover, regulatory challenges
add another layer of complexity. While ensuring that FLW is safe for animal consumption is of
upmost importance, regulatory approval that requires robust testing as well as sorting and
processing can be costly and time consuming, further delaying the adoption of feeding FLW.
These factors present logistical and economic hurdles that must be overcome to make FLW a
viable feed option.

In conclusion, Canadian and US livestock producers are globally recognized for their high
standards of animal care, and the quality and efficiency of their milk, meat, and egg production.

Livestock producers have shown interest, ingenuity, and investment in replacing traditional feeds
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with by-products. By incorporating FLW into livestock diets, producers are addressing global
challenges, while simultaneously improving the sustainability of animal-based production
systems and enhancing food security. However, in order to optimize the opportunities associated
with FLW in the diet of livestock, further collaboration between researchers, producers,

regulators and policymakers is essential.
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