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ABSTRACT

The objective of this research was to examine the use of productivity enhancing technologies (PETs) and
post-weaning management on the environmental impacts of beef steers in western Canada. The PETs
considered included ionophores and hormone implants administered to steers raised in one of the three
management systems: i) direct finishing (Heavy), ii) backgrounded in pens prior to finishing (Medium), and
backgrounded in pens and on pasture prior to finishing (Light). Environmental parameters (greenhouse gas
emissions (GHG), ammonia (NHs) emissions, land requirements and water use) were modeled using a whole-
farm perspective to better understand the environmental footprint of the Canadian beef industry. Use of PETs
led to a 10-13% reduction in GHG emissions (CO.e kg boneless beef?), a 10-32% decrease in NHz emissions
(kg NHs kg boneless beef?), required 9-22% less land (ha kg boneless beef?) and used 12-25% less water (m*
kg boneless beef!) compared to natural steers. Direct finishing compared to backgrounded, and 2-stage
backgrounded steers reduced GHG emissions by 32% and 39% kg CO.e kg boneless beef?!, NHz emissions by
36% and 52% kg NH3 kg boneless beef?, land requirements by 25% and 73% ha kg boneless beef! and water
use by 18% and 51% m?3 kg boneless beef?, respectively. Varying post-weaning strategies allows producers to
value-add (additional weight through backgrounding) and maximize the use of available feed, including
grazing of grasslands. The full environmental impacts of removal of PETs from Canadian beef production
must consider a whole-systems approach including economic viability, ecosystem services, as well as

consumer demand and social acceptance.
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1.0 GENERAL INTRODUCTION

An increase in global human population from 7.3 billion to 9.6 billion in the next 30-years will result in a 33%
increase in protein demand (Henchion et al., 2017). By 2030, the Organisation for Economic Co-operation and
Development (OECD; 2022) predicts a 14% increase in protein consumption per capita compared to that predicted
for 2018 and 2020. Paired with this increase in demand are increasing global pressures on the livestock industry to
produce more beef with lower resource use and an overall reduced environmental impact (Henchion et al. 2022).
Additionally, several studies suggest the carbon emissions associated with beef production (kg CO; equivalents
(CO2e) per kg of product) exceeds other animal-based protein sources such as chicken, pork, lamb, eggs, and milk
(Dyer et al., 2010; Lesschen et al., 2011; Browne et al., 2011, Alemu et al., 2017). To meet the demand to reduce
the environmental footprint of beef, the Canadian Roundtable for Sustainable Beef has set ambitious goals through
Canada’s National Beef Strategy to reduce greenhouse gas (GHG) emissions by 30%, food loss and waste by 50%
and sequester an additional 3.4 million tonnes of carbon by 2030. Assessments of the current environmental
footprint of the Canadian beef industry suggest that it contributed 12.0 kg carbon dioxide equivalents (CO2¢) kg
LW (Legesse et al. 2015), 18.4 kg NHzanimal - (Legesse et al. 2018b), required 104 m*kg LW of land and

required 7,989 L kg LWt of water at the time of slaughter (Legesse et al. 2018a).

Between 1981 and 2011, the industry was successful in reducing greenhouse gas (GHG) and ammonia
emissions, and water use by 15%, 20%, and 17%, respectively (Legesse et al., 2015, 2018a, 2018b). These
improvements in the environmental footprint of Canadian beef were achieved as a result of improved on farm
management associated with reproductive and feed efficiency, increased weaning and carcass weight, and
advances in animal and forage genetics (Brameld and Parr 2016; Alemu et al, 2017; Balafoutis et al. 2017).
However, to meet the sustainability goals set by the industry, producers must continue to have access to existing
mitigation strategies, including the use of productivity enhancing technologies (PETSs) to improve the production

efficiency of cattle (Ribeiro et al. 2020).
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Productivity enhancing technologies are products, such as implants, B-adrenergic agonists (B-AAS),
ionophores, melengestrol acetate and feed grade antibiotics that are used to increase average daily gain (ADG) and
reduce days on feed (Ribeiro et al. 2020, Smith et al. 2022). In addition, several studies, including those conducted
in Canada (Basarab et al., 2012; Aboagye et al., 2022; Boonstra et al., 2023) have demonstrated that use of these
products also leads to a reduction in GHG and ammonia emissions, in addition to land and water use. Despite these
positive benefits, the use of PETS is being increasingly scrutinized by consumers. Survey data indicated that North
American consumers had a willingness to pay a premium for “natural” products, including beef produced without
the use of PETs (Syrengelas et al., 2018). In Canada, this topic has received considerable interest. For example, the
Canadian Centre for Food Integrity reported that in 2017 and 2019, 2.5 million and 950 thousand Canadians,
respectively, engaged in discussion on agriculture and climate change, and the use of hormones in livestock

production systems (Canadian Centre for Food Integrity 2019).

In addition to increased domestic demand for PET-free beef, there is also interest in this type of production
system internationally. The 2017 Canada-European Union Comprehensive Economic Trade Agreement (CETA;
AAFC 2018) was intended to increase tariff-free access of Canadian frozen and fresh beef from 20,000 tonnes in

2018 to 50,000 tonnes over 6 years (Global Affairs Canada, 2020).

While producers are cognisant and responsive to consumer demands, the environmental impact resulting
from the complete removal of PETs from the Canadian beef industry for all types of production systems must be
examined, including those with a backgrounding phase either in confinement or on pasture. There is also increased
producer interest in non-conventional post-weaning management practices such as backgrounding of both calves
and yearlings on pasture. These strategies provide an economic opportunity for cow-calf producers to retain
ownership of their cattle for backgrounding or for custom grazing operations to purchase weaned cattle prior to
finishing in a feedlot. Research conducted to date has focused primarily on confined backgrounding and feedlot
production systems (Basarab et al., 2012; Abogaye et al., 2022; Boonstra et al., 2023; Capper and Hayes 2012;
Cooprider et al. 2011; Stackhouse et al. 2012; Stackhouse-Lawson et al. 2013; Webb 2018), which has left a gap

regarding the use of PETs in less intensive pasture-based backgrounding systems. Understanding the
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environmental impacts of PETs in all management scenarios, including forage-based post-weaning systems, is

essential to identify potential opportunities to further improve the sustainability of the Canadian beef sector.
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2.0 LITERATURE REVIEW

2.1 Overview of the Canadian Beef Industry

The Canadian beef industry produces, on average, 1.55 million tonnes of beef annually, of which more
than 400,000 tonnes valued at $3.1 billion was exported to 62 countries in 2020 (AAFC, 2023). In 2022 Canada
produced 2% of net global beef and veal and was the 8" largest exporter of beef worldwide (Canfax Research
Services, 2023). Beef production is also a significant contributor to the Canadian economy, with 63.4% of
Canadians consuming beef daily (OECD 2023), it is the second largest farm income source at 15% of total farm
cash receipts (Kulshreshtha et al. 2021). Canada has approximately 60,000 beef farmers who contribute $21.8
billion to the gross domestic product (GDP; Kulshreshtha et al. 2021). For every dollar of income received by
farm/ranch owners/employees, $6.22 is created elsewhere in the economy. Furthermore, for every job in the beef

sector, another 3.9 jobs are created elsewhere in the Canadian workforce (Kulshreshtha et al. 2021).

Beef production in Canada is primarily compromised of three phases: i) cow-calf, ii) backgrounding and
iii) finishing.
i) Cow-calf: This system is comprised of a breeding herd (cows, heifers and bulls) that produces
an annual calf crop. There are two types of cow-calf operations: purebred and commercial.
Purebred operations produce bulls (and heifers) to provide genetics to other purebred breeders
or to commercial operators. Purebred cows and heifers are bred naturally or by artificial
insemination (Al) to accelerate genetic improvements, to capitalize on the use of sexed-semen,
and to generate more predictable calving dates with a condensed calving season. Most
purebred breeders calve between January and February. Commercial operations use primarily
crossbred cattle to take advantage of hybrid vigour. Commercial cow calf operations in
Canada use bulls to breed naturally in early summer and calve between March and June.
Calves will stay with the dam for 6-8 months and will typically be weaned between September

and November at weights ranging from 230 kg to 400 kg. Breeding and calving dates are
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i)

dependent on region and operation preference. Cow-calf operations are primarily forage-
based, grazing through late spring and summer with some operations extending grazing into
late fall and winter.

Backgrounding: This management system occurs between weaning and the feeding of high-
energy diets. The goal is to maximize the use of forages to encourage slower growth
prioritizing muscle and frame development over fattening. Calves suited for backgrounding
include those that are typically under 8 months of age and require extra time to facilitate bone
and muscle growth and are offered low-grain, high-forage diets including hay, silage, and
pasture with an average daily gain (ADG) of approximately1 kg hd d. Backgrounding
calves can either be sourced from the cow-calf operation where they were born, purchased
directly from another cattle operation or auction marts. These calves can be fed in a drylot, on
pasture or using a combination of both to variable end weights depending on feed availability
and operational goals.

Finishing: These operations are focused on feeding high-energy diets to promote the
deposition of fat until a “finishing” weight is achieved at which point animals will be shipped
for slaughter. These diets are primarily grain-based total mixed rations (TMR) and consist
primarily of barley in western Canada and corn in eastern Canada with cereal silage (i.e.,
barley, wheat, corn, triticale) and feed additives to formulate a balanced diet with an ADG of

1.5 kg hd d™.

2.2 Performance Enhancing Technologies

Performance enhancing technologies (PETS) including in-feed additives and hormone implants are used in the
cattle industry to improve feed intake, feed efficiency and ADG (Ribeiro et al. 2021; Smith 2022). These products,
which include B-adrenergic agonists, ionophores, and hormones in the form of implants and in-feed additives, have
been used for over 50 years to improve feed efficiency and capture indirect benefits through a reduction in negative

environmental impacts (Legesse et al. 2018a; Legesse et al. 2018b; Legesse et al. 2015; Johnson et al., 2013).
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Alternatively, natural beef is produced in the absence pf products designed to promote growth. As of 2023, there is

no regulation or accepted standard definition of what constitutes “natural” beef in Canada (Ribeiro et al. 2020).

2.2.1 p-adrenergic agonists

B-adrenergic agonists are fed during the last 20 to 40 days prior to slaughter and function to decrease fat
deposition while increasing ADG, gain to feed ratio and hot carcass weight compared to cattle not fed f-AAs
(Ribeiro et al. 2021; Montgomery et al. 2009; Nichols et al. 2005;). These compounds are repartitioning agents
that dramatically increase protein synthesis while reducing adipose tissue deposition and protein degradation by
regulating cell metabolism (Pfau et al. 2023; Harsh et al. 2021). Specifically, skeletal muscle mass of animals fed
B-AAs increases as these compounds are bound to beta-adrenergic receptors (B-AR) resulting in the inhibition of
protein turnover and promotion of protein synthesis (Johnson et al., 2014). Additionally, supplementation of B-AAs
to animals increases blood flow to muscle providing cells with greater access to nutrients and improving growth
(Mersmann et al. 1998). Johnson et al. (2014) reported that feeding B-AAs to cattle resulted in a 11-39% increase
in the cross-sectional area of the longissimus muscle (LM) and an 8-40% increase in skeletal muscles compared to
cattle not fed B-AAs. Feeding L-644,969, a B2-AA, resulted in a 27% decrease in protein degradation compared to

untreated steers (Johnson et al. 2014; Wheeler and Koohmaraie, 1992).

While information on B-AR for bovine species is relatively limited, there have been 3 subtypes found in: B1-
AR, B2-AR and Bs-AR (Johnson et al. 2014). These subtypes are associated with specific muscles and tissues and
B-AAs only have an effect on tissues in which a specific f-AR is located. For bovine skeletal muscle, over 99% of
the B-AR subtype consists of 3, with 90% of the B-AR subtype in bovine adipose tissues being B. (Sillence and

Matthews, 1994).

The magnitude of response associated with 3-AAs is dependent on several factors which include, the
abundance of B-AR and the distribution of the varying subtypes, dose, and length of exposure. Studies show that
more mature and heavier cattle will respond better to f-AAs compared to younger, lighter calves, with prolonged
exposure resulting in desensitization of B-ARs (Johnson et al. 2014; Hausdorff et al. 1990). This desensitization
can be avoided by continuously increasing the dose throughout the finishing period. However, chronic exposure
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will eventually result in B-AR internalization from the cell surface resulting in a reduced abundance of $-AR

MRNA (Hausdorff et al., 1990).

Despite the positive benefits regarding growth, use of B-AAs have been seen to negatively impact meat
tenderness in cattle and other ruminants (Miller et al., 1988; Schiavetta et al., 1990). Growth improvements arising
from reduction in protein degradation which ultimately reduces the rate of post-mortem proteolysis in the muscle,
are the driving factors adversely impacting meat tenderness (Koohmaraie, 2002). The issue of decreased meat
tenderness has been shown to be related to dose. Schroder et al. (2003) noted that heifers and steers fed 200 mg hd-
1 d-! of ractopamine had no impact on meat tenderness compared to a control group while heifers fed 300 mg hd*

d* had increased shear force compared to control heifers and those fed 200 mg hd* d*.

2.2.2 lonophores

lonophores were historically used in the beef industry as a coccidiostat but are also used to improve growth
efficiency by i) increasing efficiency of energy metabolism by ruminal bacteria, ii) improving nitrogen metabolism
by ruminal bacteria and iii) reducing the incidence of digestive disorders derived from abnormal rumen
fermentation (Bergen and Bates, 1984). While antibiotics, ionophores are classified as category 1V — low
importance antibiotics, which means there is little use in human medicine, and a low risk of them promoting
resistance to important antimicrobials (Cameron and McAllister 2016; Health Canada, 2009). lonophores are fat-
soluble and promote the transport of nutrients across the lining of the gut, thereby increasing the permeability of
the gut wall, improving feed efficiency and growth compared to non-treated animals (Russell and Strobel, 1989;
Pressman 1976). Use of these in-feed antibiotics has also been shown to reduce digestive disorders such as bloat,
sub-acute acidosis and bovine emphysema (Callaway et al. 2003). lonophores change the microbiome in the
rumen, favouring Gram-negative bacteria which shifts the VFA production from acetate which results in the
formation of hydrogen, to propionate which utilized hydrogen and thereby lowers methane emissions (Callaway et
al., 2003). Given these attributes, ionophores have also been shown to reduce mortality and morbidity in feedlot

cattle.
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In North America, there are four licensed ionophores approved for commercial use: monensin, lasalocid,
laidomycin propionate and salinomycin (National Academies of Sciences, Engineering, and Medicine, 2016).
Lasalocid is marketed as Bovatec by Zoetis and monensin as Rumensin by Elanco Animal Health are licensed for
use in Canada. These products have been adopted by the finishing industry, accounting for 85% of antibiotic use in
feedlots to mitigate risk of acidosis associated with feeding cattle high-energy, gain-based diets (Brault et al.,
2019). Feedlot adoption of ionophores can also be attributed to their ability to enhance growth efficiency (6.4%),
reduce dry matter intake (DMI) (3%), increase ADG (2.5%), function as a coccidiostat, and reduce enteric methane
(CH4) emissions (Callaway et al., 2003; Duffield et al., 2012). lonophores have been shown to reduce CHs
emissions by 27% of gross energy intake (GEI) after initial supplementation and 30% after 2 weeks (Guan et al.
2006). However, these authors reported adaptation after 4 to 6 weeks to ionophores even when 2 difference
ionophores were used in rotation. Consequently, it appears that if they occur, monensin-related reductions in

methane emissions are only short-term.

2.2.3 Steroid implants

Natural steroids are compounds such as testosterone, estradiol and progesterone which are found naturally
in beef cattle of both sexes. However, synthetic hormones in the form of implants are also used in cattle to promote
growth (Ribeiro et al. 2020; Duckett and Pratt, 2014). In Canada, it is estimated that 80% of cattle in feedlots and
54% of backgrounded cattle are implanted to improve ADG, decrease the cost of production, and cost to
consumers (Hiroven et al. 2020; Sheppard et al., 2015; Parr et al. 2011). According to industry data (Beef Cattle
Research Council, 2019) 26.5% of producers in western Canada implant pre-weaned calves. However, the use of
implants in pre-weaned calves is much lower in Ontario (2.4%) and Atlantic Canada (0.24%). Recent Canadian
data has demonstrated that implanting steers significantly increases (P = < 0.001) DMI, final body weight (BW),
hot carcass weight (HCW), ADG (21.8%) and the gain to feed ratio (G:F; 17.5%) as compared to non-implanted
steers (Ribeiro et al., 2020). Previous North American data also documented an 8 -28%, 6% and 5-20% increase in
ADG, DMI and G:F, respectively, of implanted as compared to non-implanted cattle (Basarab et al. 2012;
Wileman et al. 2009). In addition, anabolic steroids do not require any withdrawal period as the timing of

implantation is such that almost all of the hormones are released from the implant prior to slaughter.
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Despite the merit and wide adoption of implants, they may result in reduced fat cover (5%), marbling (5%)
and grade (Johnson et al. 2013; Duckett and Pratt 2014). These negative carcass outcomes are of specific concern
when using implants containing trenbolone acetate (TBA) which are analogues of testosterone that produce
anabolic activity that is 10 to 50 times that of naturally occurring testosterone (Willemart and Bouffault 1983). To
minimize these negative carcass effects without losing the benefits, the most common types of implants used in the

beef industry are those with a combination of TBA and estradiol (E2) (Johnson et al 2013).

2.3 Consumer Influence on Beef Production

Consumer preferences with regard to beef include taste, how it was produced and the cost in addition to
sustainable practices, food security, healthiness, animal welfare, traceability, and transparency (Grebitus et al.,
2015; Hocquette et. al., 2014). In a recent survey, 58%, 54%, and 41% of consumers articulated their concerns
regarding health, cost of food and the affordability of healthy food, respectively (Canadian Centre for Food

Integrity (CCFI) 2023).

For example, 58% of North Americans self reported that they would prefer beef raised without hormones and
antibiotics (Nielsen Global Health and Ingredient-Sentiment Survey (2016). However, this does not reflect their
buying habits. In addition to domestic interest in PET-free beef, international markets, including the EU in the
form of the Comprehensive Economic and Trade Agreement (CETA), can offer incentive to producers to reduce
PET use by offering potential premiums. Previous literature has demonstrated that PETs are safe (You and Lee
2023; Cameron and McAllister 2016; Jeong et al. 2010; Preston 1997; Smith 1998), contribute to environmental
sustainability (Boonstra et al 2023; Aboagye et al. 2022; Aboagye et al. 2021), and reduce the cost to producers
and consumers (Hiroven et al. 2020; Rogers et al. 2015; Capper and Hayes, 2012; Parr et al. 2011). However, their
use in beef production continues to be scrutinized (Nielsen Global Health and Ingredient Sentiment Survey 2016;

CAPI 2023).

2.4 Beef production and the environment
Today’s industry stakeholders, consumers and thus beef producers are motivated to reduce the environmental
impacts of the global, including the Canadian, food system (Layman 2018). The environmental concerns are
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largely centered around GHG emissions, especially CHa, and their role in climate change, nutrient leaching

(nitrogen (N) and phosphorus), ammonia (NHs) emissions as well as the water and land use.

2.4.1 Greenhouse gas emissions
The three gases primarily responsible for GHG emissions in terms of beef production are Carbon dioxide

(CO,), CH4 and nitrous oxide (N20).
Carbon dioxide

Carbon dioxide (COy) is cycled through the naturally occurring carbon cycle, with CO; capture facilitated
by green vegetation through photosynthesis, which can serve as temporary or long-term carbon storage. Carbon
dioxide is returned to the atmosphere by metabolic processes during cell metabolism by animals and plants as well
as the decomposition of organic matter (Friedlingstein et al. 2006). Additionally, the burning of fossil fuels are a
significant source of anthropogenic CO, emissions which elevate atmospheric CO; levels and promote climate

change (Solomon et al. 2009).

Fossil fuel emissions occur on beef operations during activities that require the use of equipment such as,
feeding, pen cleaning, building fence, seeding, harvest and manufacturing of crop inputs like fertilizer and
herbicides. While this is a relatively low source of emissions on beef farms (5%; Beauchemin et al. 2010), CO,
emissions account for 80% of all Canadian GHG emissions are derived from burning fossil fuels (Environment and
Climate Change Canada 2023). Emissions associated with CO; due to fossil fuel burning would be greatly reduced
if energy were sourced through renewable means that do not release CO- such as solar, wind, hydro and nuclear

power (Khan et al. 2021; Muellner et al. 2021).
Methane

The primary GHG concerning the carbon footprint of beef production systems is enteric CH. derived from
microbial fermentation of feed in the rumen. Manure is also a source of CHsemissions as a result of manure
decomposition in storage, on pasture and after land application. Methane is of key concern in terms of climate

change as it has a global warming potential (GWP®) that is 28 times that of CO, (IPPC 2021). Until recently,
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GWP has been the standard to compare GHGs in carbon dioxide equivalence (COe). However, this metric does
not account for differing GHG persistence, specifically between CHsand CO,. The recent development of GWP*
considers the half-life of atmospheric CH4 which is 9.1 years, compared to CO2 which can persist for thousands of

years (Allen 2016; IPCC 2021; Lynch et al. 2020).
Nitrous oxide

Nitrous oxide (N20) is a potent GHG (GWP = 265-298 CO.¢e) with an atmospheric life of 114 years and is
derived from manure and urine on cattle operations (Waldrip et al. 2020). These emissions, which occur directly
from storage of manure and deposition in pastures and indirectly from nitrogen volatilisation and leaching are
highly influenced by cattle density, manure mass, manure pack density, temperature and moisture (Redding et al.
2015). Further, crude protein (CP) content of the diet determines the amount of N that is excreted and thus the
potential N,O emissions (Dijkstra et al., 2011). The production of crops for feed also contribute to N>O emissions
through the application of N-based fertilizers onto crop land (Venterea et al. 2012). While high inputs of fertilizer
and protein-rich feeds can increase productivity, most of the N fed will not be retained by meat or milk and will be
excreted at a relatively equal rate in urine and feces (Kebreab et al., 2002; Calsamigilia et al., 2010). While N,O
emissions are a natural component of the N cycle, agriculture N,O emissions along with fuel combustion, chemical
manufacturing and treatment of wastewater are also anthropogenic sources of this ozone depleting GHG (US EPA,
2015). That being said, N2O emissions derived from beef production in Canada have decreased by 19% over the
past 3 decades via increased on-farm efficiencies and adoption of best management practices (BMP; Legesse et al.,

2015).

2.4.1.1 The carbon footprint of Canadian beef

Agriculture was Canada’s 5™ largest contributor of GHG emissions in 2021 (by sector) accounting for 10% of
Canadian GHG emissions. These emissions are mostly associated with emissions from agricultural soils and
enteric fermentation (82%), in addition to manure management (13%), and the burning of crop residue (0.1%;
Environment and Climate Change Canada, 2023). Beef production accounted for 34% of total agricultural

emissions and approximately 3% of total Canadian emissions (Environmental and Climate Change Canada, 2023).
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Several studies have been conducted to capture the emissions associated directly with Canadian beef
production using life cycle assessments (LCA). An LCA study examining a 120-hd cow-calf herd over an 8-year
period including finishing calves, including bulls, replacement heifers and the associated cropland, inputs and
pasture required to sustain the simulated herd was used to estimate the GHG emissions from western Canadian
beef operations (Beauchemin et al. 2010). These authors reported an emission intensity of 22 kg COe kg carcass
weight* with the majority of emissions attributed to the cow-calf herd (61%). Breeding stock, backgrounders and
finishers accounted for 19%, 8%, and 12% of total emissions, respectively. Enteric methane accounted for 63% of
total GHG emissions. The majority of enteric CH4 emissions were associated with cows (79%) with the remaining
21% attributed to bulls (3%), calves (2%), backgrounders (7%), and finishers (9%).

Similarly, Legesse et al. (2015) used the methods and algorithms of the Holos model to evaluate the GHG
emissions associate with Canadian cattle production in 2011 compared to 1981. Over the course of 3 decades, total
emissions have increase by 28%. However, when analyzed on an intensity basis, emissions decreased from 15.6 kg
COze kg LW in 1981 to 12.7 kg CO.e kg LW in 2011 resulting in a 15% decrease. These results were linked to
increased efficiencies in reproduction, increased weaning and carcass weights, as well as increased crop yields.

Alemu et al. (2017a) examined GHG emissions associated with the cow-calf sector, analyzing 295 farms
across Canada reflecting differences in regional conditions and management practices on Canadian operations. On
average, beef farms had an emission intensity of 23.9 kg CO, kg LW ranging from 16.3 to 37.8 kg CO, kg LW
with the largest emissions arising from enteric fermentation (65%) and manure storage (23%). These authors
reported that improving reproductive, nutrition, and grazing has the potential to reduce emission intensity by up to

31%.

Although the beef industry produces GHGs, the grasslands, grazed by beef cattle contain large stocks of carbon
and serve as a carbon sink (Council of Canadian Academies 2022). It has been previously estimated that Canadian
cattle producers were responsible for preserving 1.5 billion tonnes of carbon (Canadian Round Table for
Sustainable Beef 2016; Gerber et al., 2013). Of these 1.5 billion tonnes, 964 million tonnes existed in natural
pastureland and the other 589 million tonnes in cropland, tame pasture, hay, and other land used by the beef

industry (Gerber et al., 2013). The Canadian Roundtable for Sustainable beef is in the process of publishing
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updated information associated with the carbon footprint of Canadian beef cattle production. When carbon
sequestration was considered, the GHG footprint of the Canadian beef industry decreased by 8-10.5% (kg CO-¢
year?) and when considered globally, reduced emissions by 20% (kg COe year?; Smith et al. 2014; Gerber et al.,

2013).

Overall, North America is highly efficient in their beef production and a low GHG producer on an intensity
basis compared to all other global regions. Specifically, North American beef production on average produces 110
kg CO2e kg protein™ compared to other beef production regions including South America (365 kg CO-e kg protein-
1), Oceania (158 kg CO-e kg protein™), and Western Europe (152 kg CO.¢ kg protein't) which produce 232%,

44%, and 38% more, respectively than Canadian beef on an intensity basis (CAPI 2023).

2.4.1.1.1 Estimating on-farm GHG emissions using the Holos model

Holos (V2.1, Research; www.agrc.gc.ca/holos-ghg), an empirical model based on IPCC

(Intergovernmental Panel on Climate Change) Tier 2 methodology (IPCC 2006) that was developed by Agriculture
and Agri-Food Canada and modified for Canadian conditions to allow environmental modeling using a whole-farm
approach (AAFC, 2018). Holos outputs are on an annual timestamp, predicting monthly GHG emissions associated
with livestock production, cropping systems, as well as land use change and management (Aboagye et al. 2022).
The model estimates CH4emissions from enteric fermentation and manure, N>O emissions from N leaching, N
runoff from agricultural soils, and re-deposition of volatilized ammonia, CO, emissions from on-farm fuel
combustion, and the manufacturing of crop inputs such as fertilizer and pesticides are also considered (Boonstra et
al. 2023). Therefore, Holos, is a valuable tool to estimate the total and source of GHG emissions from Canadian
beef production systems but can also be used to evaluate the change in emissions associated with different

management practices (Boonstra et al. 2023; Aboagye et al. 2022; Guyader et al. 2017).

2.4.2 Ammonia emissions

Agriculture and agricultural activities have been cited as the main source of NHs pollution (Behera et al. 2013).
Sources of agricultural based emissions are associated with NHs volatilization as a result of nitrogen (N) fertilizer
application and the excretion of manure and urine in livestock housing as well as during the storage, and spreading
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of manure (Kupper et al. 2015; Hristov et al. 2011). These emissions have negative environmental consequences,
including air and water pollution, eutrophication, soil acidity and secondary aerosol formation which can have
health implications for both humans and livestock (Hristov et al. 2011; Parker, 2011). While a colourless gas, the

pungent smell associated with NHs is cause for public concern when farms are located close to residential areas.

The process of ammonia volatilization is highly complex and poorly understood, though it is influenced by a
multitude of factors including the quantity and quality of N in the feed, rumen N utilization, pH, temperature, and
wind speed (Hristov et al. 2011; Sommer and Hatchings 1995). Ammonia emissions are primarily associated with
the interaction of nitrogenous compounds (urea and ureases) found in the manure and feces of livestock (Neumeier
and Mitloehner, 2013; Cole et al., 2009). The primary source of NHjs is urea in urine, which is directly related to
the concentration of N in the feed, with an increase in urea output proportional to an increase of N content in the

feed (Hristov et al. 2011).

The complexity of quantifying NH; emissions is increased in grazing cattle as the body of research focused in
NHs is limited, with large variations in emissions due to limitations in available measurement strategies which
include chamber and wind tunnels which are limited in their ability to predict NHs emissions in extensive systems
(Voglmeier et al. 2018). Nonetheless, grazing has been reported to produce 8 times lower NH3; emissions compared
to indoor and confined feeding systems as urine directly infiltrates into the soil prior to the hydrolysis of urea and
release of NHs (Voglmeier et al. 2018). For example, NHs emissions from feedlot pen surfaces were 3.6 to 88 ug
m=3 s (Hristov et al. 2011), while emissions of 4 to 15 ug m™ have been reported for pasture (Voglmeier et al.

2018).

A Canadian study conducted by Legesse et al. (2018b) evaluated the differences in NHs; emission intensity
from Canadian beef production between 1981 and 2011. These authors reported higher NHs emissions in 2011
compared to 1981 (18.4 and 16.0 kg NH; animal™ year?, respectively), however, there was 20% decrease in
emission intensity over this same time period (from 0.17 to 0.14 kg NHs kg beeft). For both years, 22% of total N
intake was lost as ammoniacal nitrogen (NH3z-N) with an N excretion rate of 89% and 90% for 2011 and 1981,
respectively. Sources of manure emissions included grazing (12%), confinement (40%), storage (28%), and land
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spreading (21%). Mature cows were the main source of NHs emissions accounting for almost half, followed by
backgrounding (24%) and finishing cattle (28%). The remainder of NHs; emissions were attributed to calves, bulls,
and replacement heifers (Legesse et al. 2018b). These authors attributed the differences in NHs emissions intensity

over three decades to improved reproduction efficiency, increased ADG and carcass weight.

2.4.3 Water usage

One of the most concerning consequences of global population growth is the depletion of fresh water sources
due to pollution and climate change (Arto et al. 2016). With these increasing concerns, water usage by ruminants
and other livestock is under public scrutiny. Agriculture’s water footprint can be classified into 3 categories i)
green water (rainwater and evapotranspiration from soils), ii) blue water (i.e., surface and ground water used for
irrigation) and iii) grey water (water used by individuals, industry, agriculture etc. that has high concentrations of
contaminates; Mekonnen and Hoekstra 2011). For beef production, water use is either attributed directly to animal
consumption (directly via drinking or through the water portion consumed in feed) or what is required to produce
crops for feed. While drinking water is essential for beef production in addition to animal health and welfare, it
typically accounts for less than 1% of the water footprint of beef (Boonstra et al. 2023; Aboagye et al. 2022;

Legesse et al, 2018a; Blimmel et al., 2014; Gerbens-Leenes et al., 2013).

Previously literature evaluated the water use of multiple livestock production systems on a global scale which
included indirect water required to produce crops for feed, water that was drank by livestock, water that was
consumed in feed and the water required to clean and maintain livestock facilities (grey water; Mekonnen and
Hoekstra, 2011). These authors determined beef ultimately had the highest water footprint of the 8 livestock
production systems analyzed (7477m3ton or 1889 m®hd?) at an average finishing weight of 253 kg. The global
average for beef water use intensity was found to be 15400 m® ton™ carcass yield? of which green, blue, and grey
water accounted for 94%, 4% and 3%, respectively. As with other studies analyzing water use, these authors found
the largest share of water use intensity was attributed to the production of crops, as a result of the use of green
water (Mekonnen Hoekstra 2011) with the water footprint being lower for crops that promoted higher feed

conversion rates (i.e., barley vs. tame pasture), that enabled cattle to reach finishing weight faster.
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Legesse et al. (2018a) evaluated the water footprint between 1981 and 2011. Of total water use, the breeding
herd which include bulls, cows, replacement heifers and calves, accounted for 66% and 64% of water use in 1981
and 2011, respectively. This included the majority of water intake from drinking and feed with 70% attributed to
consumption by the breeding herd. Legesse et al (2018a) also found that type of crop had an impact on the water
use intensity on a DM basis, with barley grain (1093 L kg DM™) requiring more water than forages including
native pasture (535 L kg DM™), tame pasture (468 L kg DM™) or grass hay (548 L kg DM). However, as barley is
typically higher yielding and forage accounted for a larger portion of the diet in Canadian beef systems, pasture
had the highest rate of water use (Legesse et al. 2018a). Overall, between 2011 and 1981 total water use, and water
use steer* was 30% and 14% higher, respectively. Nonetheless, the amount of beef produced had significantly
increased which resulted in a 17% decrease in water use on an intensity basis (L kg boneless beef?) in 2011

compared to 1981 (Legesse et al. 2018a).

2.5 Environmental impacts of removal of productivity enhancing technologies from Canadian beef systems
As previously described, increasing production efficiency via nutrition, reproduction and genetics has

mitigated the environmental impacts of Canadian beef production over time (Legesse et al. 2015, 2018a, 2018b;
Neumeier and Mitloehner 2013). More specifically, improvements in production efficiency achieved through the
use of PETSs have also led to demonstrated improvements in environmental sustainability. Using an LCA approach,
several studies found that cattle treated with PETS, including steroid implants and feed additives like ionophores
and B-AAs had a 1.1-28% decrease in GHG emissions (Boonstra et al. 2023, Aboagye et al 2021, 2022; Capper et
al. 2021; Webb 2018), 9.9-19.5% reduction in land use (Boonstra et al. 2023; Aboagye et al. 2022), reduced NH3
emissions by 7-18% (Boonstra et al. 2023; Aboagye et al. 2021; Capper at al. 2021), and water use by 10-19%
(Boonstra et al. 2023; Aboagye et al. 2022; Capper et al. 2021) compared to cattle raised in absence of PETS.
Additionally, the use of PETSs resulted in a 6-18% decrease in N excretion (Boonstra et al. 2023; Aboagye et al.
2022; Capper et al. 2021) and a 4-16% reduction in CH4 emissions (Boonstra et al. 2023; Aboagye et al. 2022;
Stackhouse-Lawson et al. 2012). Lower environmental impacts are related to the dilution of maintenance
requirements facilitated by PETs (Capper 2012) in which increased efficiency leads to an increase in output (i.e.,

kg boneless beef or kg LW) with a reduced environmental footprint.
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2.6 Conclusion

Producers and consumers share the same goal, access to healthy, affordable food that is environmentally
sustainable and harvested humanely. While international and domestic consumer demands are valid, and niche
markets can provide valuable opportunities for beef producers, assessing the environmental benefits of employing
these technologies is essential to inform consumers via science-based conclusions to promote informed food
choices and ensure consumer trust. The research conducted in Canada in this area has focused on systems which
are characterized by confined backgrounding and finishing systems but has not included those systems in which
cattle are backgrounded on pasture, leaving a gap in knowledge regarding the environmental benefits the PETs

may confer in more extensive production systems.
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3 HYPOTHESIS AND OBJECTIVES

3.1 Hypothesis

The use of productivity enhancing technologies (PETs) will result in a reduction of the environmental
footprint of steers directly finished, backgrounded before finishing and after two-phase backgrounding in
confinement followed by pasture prior to finishing due to increased growth efficiency associated with the use of
ionophores and implants. Increasing the length of time between weaning and slaughter via post-weaning
management strategy will increase the environmental footprint as compared to direct finishing due to an increase in
days on feed (DOF) and resources required to reach finish weight. Environmental indices to determine the
environmental footprint include: i) greenhouse gas emissions (carbon dioxide (CO;), methane (CH.) and nitrous

oxide (N20)), ii) land use, iii) water use and iv) ammonia emissions (NHs).

3.2 Objectives

The objective of this research was to model and compare the environmental impacts (GHG and NHs
emissions, land, and water use) off a multi-year study using three feeding management strategies: i) steers directly
finished, ii) backgrounded before finishing and iii) two-phase backgrounding which included confined and pasture-
based backgrounding prior to finishing, with and without PETSs. Input data included diet and pasture quality, dry
matter intake (DMI), average daily gain (ADG), body weight (BW), dry matter intake (DMI), hot carcass weight

(HCW), dressing percent (DP), carcass grade, climatic information, and regionally-specific crop yields.
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4 MANUSCRIPT

ENVIRONMENTAL IMPACTS ASSOCIATED WITH THE REMOVAL OF PRODUCTIVITY ENHANCING

TECHNOLOGIES FROM THREE DIFFERENT BEEF STEER POST-WEANING FEED MANAGEMENT

STRATEGIES IN SASKATCHEWAN: A CASE STUDY
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4.1 ABSTRACT

Environmental impacts of post-weaning strategies to raise beef steers with (CON) or without (NAT)
productivity enhancing technologies (PETSs) were evaluated using a whole-farm system approach to estimate
greenhouse gas (GHG) emissions via Holos, as well as ammonia (NH3) emissions, land requirements and water use
via spreadsheet models adapted to reflect the Canadian production environment. Post-weaning strategy was
assigned by weaning weight (WW) and included direct finishing for Heavy steers (WW= 295 kg + 11kg), confined
backgrounding before finishing for Medium steers (WW= 250 kg + 11 kg) and 2-stage backgrounding (confined
feeding and summer grazing period) before finishing for Light (WW= 205 kg + 11 kg) steers. Model inputs were
sourced from a replicated production study (n=2 trials) comparing the performance of steers assigned to six
management strategies (n=40 hd treatment™ trial): i) Heavy conventional (HCON); ii) Heavy natural (HNAT); iii)
Medium conventional (MCON); iv) Medium natural (MNAT); v) Light conventional (LCON); and vi) Light
natural (LNAT). Medium and Light steers were backgrounded in confinement for an average of 98-d + 8-d and
195.5-d £ 7.5-d, respectively. In addition to being backgrounded in confinement, Light steers were also grazed for
an average of 67.5-d + 12.5-d, with duration in each year dependant on pasture forage availability. Cattle in all
treatments were finished to a target final weight of 646 kg. Conventional steers had 10-13% lower GHG emissions
(kg COz¢e kg boneless beef?), 10-32% lower NH3z emissions (kg NHs kg boneless beeft), 9-22% lower land
requirements (ha kg boneless beef?), and 12-25% lower water use (m? kg boneless beef!) compared to NAT steers.
Comparatively, conventional direct finishing (HCON) had lower GHG (32% and 39% kg CO.e kg boneless beef?)
and NHs (36% and 52% kg NH3 kg boneless beef?) emissions, land requirements (25% and 73% ha kg boneless
beef?) and water use (18% and 51% m? kg boneless beef!) compared to MCON and LCON, respectively. Use of
PETSs, regardless of post-weaning management system, yielded lower environmental impacts than natural beef
production systems. Additionally, based on estimated environmental indices, higher efficiency programs yielded
the lowest environmental impact. However, sustainability metrics including habitat preservation and biodiversity
were not included in the analysis. This research adds to the growing body of knowledge that use of PETs are a
valuable tool to improve the environmental sustainability of beef production during confined backgrounding and

finishing, and provides novel information regarding use in extensive backgrounding systems.
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4.2 INTRODUCTION

Global protein demand is predicted to rise 14% by 2030 and 33% by 2050 as a consequence of increasing
global population and incomes (OECD 2021; Henchion et al. 2017). Although this presents opportunities for
Canadian beef production as the world’s 8" largest exporter of beef and veal products (Canfax Research Services
2023), increased production must be achieved with an increased emphasis on food security while ensuring
sustainability (Le Mouél and Forslund 2017). The latter is particularly important for the beef sector as several
studies have reported a higher carbon footprint for beef compared to other animal-based protein sources including
chicken, pork, lamb, eggs, and milk (Dyer et al., 2010; Lesschen et al., 2011; Browne et al., 2011). In response, the
Canadian beef industry has set ambitious goals through Canada’s National Beef Strategy to reduce GHG emissions
by 30%, reduce food loss and waste by 50% and maintain the 14 million ha of native grasslands currently under the

care of beef producers by 2030 (CRSB 2016).

Productivity enhancing technologies (PETSs) including steroid implants, p-adrenergic agonists (B-AAs) and
ionophores are widely employed in the confined feeding (backgrounding and finishing) sector in North America to
improve feed and growth efficiency (Ribeiro et al. 2020; Smith 2022). Several studies have associated the use of
these products to a reduction in GHG (1.1-28%; Boonstra et al. 2023; Aboagye et al. 2021, 2022; Capper et al.
2021; Webb 2018) and NHs (7-18%; Boonstra et al. 2023; Aboagye et al. 2022; Capper et al. 2021) emissions, as
well as land (9.9-19.5% Boonstra et al. 2023; Aboagye et al. 2022) and water use (10-19%; Boonstra et al. 2023;
Aboagye et al. 2022; Capper et al. 2021). However, little work has examined the link of the increased efficiencies

and reduced environmental impacts of pasture-based backgrounding programs.

Diversifying calf management strategies, including the use of backgrounding in confinement and on
pasture, are designed to achieve a slower rate of gain to build muscle and bone structure in lighter weight calves.
Additionally, niche markets offer producers the opportunity to receive premiums by employing specific programs
or management strategies, including the removal of PETs (Zimmerman et al. 2012; Seeger et al. 2011). Natural or

free-from programs have been developed in response to consumer demand. Approximately 58% of North
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Americans have indicated they prefer beef that has not been raised with antibiotics or hormones (Nielsen Global
Health and Ingredient-Sentiment Survey 2016). Further, international trade agreements including the Canada-
European Union Comprehensive Trade Agreement (CETA; AAFC 2018), were implemented to increase export
opportunities to the European Union (EU). However, it is essential to understand the impacts of the removal of
PETs on beef production in Canada to ensure that all stakeholders have access to the data required to make

informed food choices and identify opportunities to reduce environmental impacts through increased efficiencies.

The purpose of this study was to understand the impact of PET removal on GHG and NHz emissions in
addition to land and water use in steers raised in three post-weaning management systems including direct
finishing, confined backgrounding prior to finishing and confined and pasture-based backgrounding prior to
finishing. The use of PETSs to reduce the environmental footprint of steers managed in a pasture-based

backgrounding system has not previously been analyzed in western Canada.
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4. 3 MATERIALS AND METHODS

4.3.1 Trial design

Description of experimental sites and climate

Animal performance and cropping system data used in the present study were collected from a replicated
backgrounding and finishing study conducted by the University of Saskatchewan from November 28, 2017, to
December 12, 2018 (Year 1) and December 11, 2018, to January 21, 2020 (Year 2; Smith 2022). Three sites were
used for the backgrounding, grazing, and finishing phases of the study. Backgrounding and grazing phases were
conducted at the Lanigan Livestock and Forage Centre of Excellence (LFCE) site (lat 51°51°N, long 105°02"W)
for Year 1 and 2. In Year 1, receiving and finishing phases were conducted at the University of Saskatchewan Beef
Research and Teaching unit (BCTRU) in Saskatoon (lat 52°09°N, long 106°37' W) and the LFCE BCTRU site in

Clavet (lat 51°56°N, long 106°22' W) in Year 2.

Ecodistricts for the three sites were identified as follows: Lanigan - 745 (Quill Lake Plain), Saskatoon —
772 (Saskatoon Plain) and Clavet — 773 (Elstow Plains). The Saskatoon Plains and Elstow Plains ecodistricts were
characterized by dark brown chernozem soils, 3B hardiness and was located in the moist mixed grasslands
ecozone, while Quill Lake possessed black chernozem, 3A hardiness and was located in the aspen parkland
ecozone (Saskatchewan Crop Planning Guide, 2017 and 2018; Saskatchewan Conservation Data Centre, 2023).
Weather inputs, which included 30-year average (1990-2020) monthly temperature and precipitation (Table 4.1)
from May to October (crop growing season) were obtained from Environment and Climate Change Canada (2020).
More specifically, data was obtained from Saskatoon SRC (1990-2007) and Saskatoon RSC (2009-2020) Stations
for ecodistricts 772 and 773 as these two stations were centrally positioned between the Saskatoon and Clavet
locations. The 30-year average data did not include 2008 as Saskatoon SRC was only operational until 2007, being
replaced by RCS in 2009. Data from the Watrous Station (1993-2020) was used to estimate temperature and

precipitation for ecodistrict 745 (Lanigan, SK site).

38



Table 4.1 Long-term average (1990 to 2020) temperature and growing season
(May to October) precipitation for Lanigan, SK and Saskatoon/Clavet, SK
(Environment and Climate Change Canada 2020)

Mean growing season

Mean temperature (°C) precipitation (mm)

Month Lanigan® Saskatoon/Clavet? | Lanigan®  Saskatoon/Clavet?
January -15.3 -14.7 - -
February -13.9 -11.9 - -
March -6.2 -5.7 - -
April 3.0 3.6 - -
May 10.3 11.2 43.7 45.9
June 15.3 16.0 71.7 81.6
July 17.7 18.6 745 56.3
August 16.9 17.6 42.6 37.2
September 11.7 12.4 41.8 30.2
October 3.6 4.1 28.9 21.3
November -5.8 -5.5 - -
December -12.7 -12.6 - -
Total - - 303.2 272.5

2 Saskatoon weather stations (SRC and RSC)
bWatrous weather station

Description of steer production systems

As described by Smith (2022), 240 weaned Angus-cross steers that had not previously received hormonal
implants were purchased and sorted into three groups by body weight: i) Heavy (n = 80; 295 kg + 11 kg); ii)
Medium (n = 80; 250 kg + 11 kg), and iii) Light (n = 80; 205 kg + 11kg; Table 4.2). The steers from all three
weight groups were randomly assigned to a conventional (CON) or natural (NAT) production system (Table 4.3),
resulting in six treatments (=40 treatment?): i) Heavy weight steers finished conventionally (HCON); ii) Heavy
weight steers finished naturally (HNAT); iii) Medium weight steers backgrounded and finished conventionally
(MCON); iv) Medium weight steers backgrounded and finished naturally (MNAT); v) Light weight steers
backgrounded, grazed, and finished conventionally (LCON) and vi) Light weight steers backgrounded, grazed, and
finished naturally (LNAT). Backgrounding occurred in confinement and on pasture for Light steers. To
differentiate these two feeding phases, the summer grazing period will henceforth be referred to as ‘grazing” while

backgrounding in confinement will be referred to as ‘backgrounding’.

39



Table 4.2 Weight of cattle assigned to Heavy,
Medium and Light treatments during the feeding
period (Smith 2022)

Treatments
Heavy Medium Light

Weaning weight

(kg) 295 250 205
vAv\e/?gHti ?th)art 346 300 256
end weight (<) TEE
\I/:vigiigsrt:tiréﬁge)nd 646 646 646

Heavy steers were not backgrounded to reflect a direct
finishing system which is most common in Canadian
feedlots.

Steer management

Upon arrival, all steers received Bovishield Gold (infectious bovine rhinotracheitis, bovine viral diarrhea
Type 1 and 2, parainfluenza type 3, bovine respiratory syncytial virus, Mannheimia haemolytica; Zoetis, Kirkland,
QC) and Ultrabac 7/Somnubac (Clostridium chauvoei, Cl. septicum, CI. nowyi, Cl. sordellii, Cl. perfringens types C
and D, and Haemophilus somnus; Merck Animal Health, Kirkland, QC) and a topical antiparasitic product
(Solmectin; Solvet, AB; Table 4.3). In addition, conventional steers were treated with Draxxin (Zoetis, Kirkland,
QC) and implanted with Ralgro (36 mg zeranol; Merck Animal Health Ltd., Kirkland, QC). Steers in the natural

treatments were not given any product until the finishing period where they again received Solmectin.
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Table 4.3 Management of steers assigned to the natural (NAT) and conventional (CONV)
treatments during the backgrounding, grazing and finished phases?

Phase Treatment
CON NAT
Receiving Solmectin® Solmectin
Bovishield Gold One- Bovishield Gold One-
Shot® Shot
Ultrabac 7/Somnubac® Ultrabac 7/Somnubac
Draxxin® .
Ralgrof _
Backgrounding Ralgro

Monensin (33 ppm)?
Tylosin (11ppm)?

Grazing Revalor-G" .
Finishing Solmectin Solmectin
Revalor-S! -

Monensin (33 ppm)?
Tylosin (11 ppm)?®

aTable modified from Smith (2022)

Solmectin-Solvet, Calgary, AB, Canada

°Bovishield Gold One-Shot-Zoetis, Kirkland, QC, Canada

dUltrabac 7/Somnubac-Merck Animal Health, Kirkland, QC, Canada

¢Draxxin-Zoetis, Kirkland, QC, Canada

'Ralgro-36 mg zeranol; Merck Animal Health Ltd., Kirkland, QC, Canada

9Contained in the CON pellet processed at CO-OP Feed (Saskatoon, SK).

"Revalor-G-Merck Animal Health, Kirkland, QC, Canada

'Revalor-S-120 mg trenbolone acetate, 24 mg estradiol, Merck Animal Health, Kirkland, QC,
Canada

Feeding strategy

Weaned steers were fed a total mixed ration (TMR) of grass hay (27.2% DM), barley silage (21.6% DM),
barley grain (39.3 DM), canola meal (6.5% DM). Steers in the CON treatments received a pelleted supplement

containing 11 mg/kg Tylosin; and 33 mg/kg Monensin (5.4% DM) while those in the NAT treatment received the
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same pellet without either of the medicated ingredients (5.4% DM) for a 40-d receiving period. Thereafter, Heavy
steers were offered a finishing diet consisting of barley silage, dry-rolled barley grain and canola meal (Table 4.4)
for 162-d to 219-d and 148-d to 191-d, in Year 1 and 2, respectively. Medium steers were offered a backgrounding
diet consisting of barley greenfeed, barley grain, canola meal and a CON or NAT pellet (Table 4.4) in the drylot
for 106-d and 90-d in Year 1 and 2 respectively, before transitioning to the finishing diet. Light steers were
backgrounded in a drylot for 188-d and 203-d in Years 1 and 2, respectively, followed by an 80-d and 55-d
summer grazing period in year 1 and year 2 respectively, and finished thereafter. Steers in the LCON and LNAT
treatments were rotationally grazed on pastures comprised of the following three forage mixes: i) crested
wheatgrass-smooth brome mix consisting of 75% crested wheatgrass (Agropyron cristatum L.), 15% smooth
brome (Bromus inermis L.), and 15% other species, ii) meadow bromegrass-cicer milkvetch mix consisting of
45% meadow brome grass (Bromus riparius Rehm.) , 23% cicer milkvetch (Astragalus cicer L.), and 32% smooth

bromegrass-alfalfa (Medicago sativa L.) iii) annual spring seeded Hazlet fall rye (Secale cereale L.).
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Table 4.4. Backgrounding and finishing inclusion rates
(%DM ) for Year 1 and Year 2 for all feeding management

strategies?

Inclusion rate, % DM

Backgrounding

diet Finishing diet
Item Medium/Light Heavy Medium Light
Barley greenfeed
Year 1 59.4 - - -
Year 2 64.4 - - -
Barley
silage
Year 1 - 6.8 6.4 6.8
Year 2 - 7.2 6.3 6.8
Barley
grain
Year 1 29.9 84.4 84.9 84.1
Year 2 25.7 85.3 84.9 86
Canola
meal
Year 1 5.3 35 3.51 3.9
Year 2 4.3 2.3 3.46 2.2
Pellet
Year 1 5.4 5.2 5.21 5.1
Year 2 5.5 5.2 5.3 4.9
aSmith (2022)

All diets offered during confinement were formulated to meet or exceed the nutrient requirements of
growing and finishing cattle (NASEM 2016) with a targeted finish weight of 646 kg (Table 4.5). During
backgrounding and finishing phases, diets were prepared as a TMR. “Slick bunk” management was used during
confined feeding periods to limit feed remaining in the bunk and encouraging DMI. During backgrounding and

finishing all pens were bedded with straw.

Feed samples were collected every 14 days, compiled monthly for grain and forage samples, by load for
pellet and canola meal, and analysed as described by Smith (2022). Crude protein (CP; kg kg* diet dry matter
(DM) and total digestible nutrients (TDN; %) values were pooled by phase (Table 4.5). Dry matter intake was
calculated as the difference between feed offered and refused. As fed weights were recorded daily and refusals

were collected every 14 days.
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Table 4.5 Crude protein (CP) and total digestible nutrient (TDN) concentration of
backgrounding, grazing, and finishing diets delivered to steers during Year 1 and

Year 22
CP, % DM TDN, % DM

Item Heavy Medium Light Heavy Medium Light
Backgrounding diet

Year 1 - 13.0 13.0 - 65.7 65.7

Year 2 - 12.3 12.3 - 63.9 63.9
Pasture composition

Year 1 - - 13.9 - - 60.1

Year 2 - - 121 - - 62.0
Finishing diet

Year 1 12.1 12.2 14.3 79.4 79.3 78.9

Year 2 12.7 134 14.1 80.5 80.1 78.8
aSmith (2022)

Body weight of each steer was measured on two consecutive days at the beginning, end, and at two-week

intervals of each feeding phase. Average daily gain (ADG) was estimated monthly within each feeding phase.

Upon reaching finished weight, steers were slaughtered and processed at Cargill in High River, AB.
Carcass characteristics including hot carcass weight (HCW), and dressing percentage (DP) were obtained post-
slaughter (Table 4.6). Slaughter weight was used to estimate boneless beef (kg) as described in equation 1

(Agriculture Marketing Guide 2021).

Boneless Beef = DP * Slaughter Weight *0.73 (8]

Where:
Boneless beef = the lean meat component from a beef carcass, kg;
DP = average dressing percentage, %;

0.73 = conversion rate from slaughter weight to boneless beef (Agriculture Marketing Guide 2021).
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Table 4.6 Carcass outcomes including finished body weight (BW), hot carcass weight (HCW)
dressing percentage (DP), and boneless beef of Heavy (H), Medium (M) and Light (L) steers
raised with (CON) or without (NAT) productivity enhancing technologies

Treatment
Parameter Year HCON HNAT MCON MNAT LCON LNAT

61.1 58.7 58.3 59 57.3 59.1
244.5 245.0 246.3 242.5 2448  251.6
251.4 243.5 240.6 248.3 238.1 2453

Boneless beef, kg

Finished BW, kg 1 646.3 652.1 651.4 639.7 6740 6727
2 638.2 646.3 640.4 656.0 655.9  654.6
HCW, kg 1 366.5 367.3 369.2 363.5 366.9  377.2
2 376.9 365.1 360.7 372.2 357.0  367.7
DP, % 1 59.1 58.7 58.5 59.4 56.7 58.5
2
1
2

Land use requirements

Land use requirements (ha treatment?) were calculated by using inclusion rate of ingredients (DM %), dry
matter intake (DMI), number of days on feed (DOF), number of steers, as well as feeding and storage losses (Eq 2;

Rotz and Much 1994).

L _ (DMIX%);/IDOFXi)X(1+Wf) (2)
y

Where:

L = Land requirement for specified feed ingredient (ha)

DMI = Average dry matter intake for the treatment (kg/day)

n = number of steers in the treatment group

DOF = number of days the steers in each treatment were on feed
i = Inclusion rate of feed ingredient in the diet (%)

DM = Dry matter of the feed ingredient (%)

wf = Waste factor of ingredient (%)

y = Yield of the feed ingredient (kg/ha)
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Dry matter intake for tame pasture was estimated by assuming steers consumed 2.5% of their body weight
in DM and multiplied by DOF to determine intake per head during the grazing period (National Academies of
Sciences, Engineering and Medicine 2016). Utilization percentage was estimated by multiplying DMI hd™* by 40 to
account for all animals and dividing by measured pasture yields (Smith 2022). To determine the land area used to
produce canola meal, it was assumed it accounted for 55% of the seed DM after processing (Canola Council of

Canada 2020).
Cropping system inputs and yields

Canola and barley grain were assumed to be grown locally within the LFCE Clavet with low-till
management. Inputs, seeding rate and yield were obtained from the 2017 and 2018 Saskatchewan Crop Guides for
Dark Brown soil zones, while barley silage, barley greenfeed and tame pasture were all grown at the LFCE

Lanigan with known inputs, seeding rates and yields (Table 4.7).

Inputs of nitrogen (N) included synthetic N fertilizer (anhydrous and granular), N deposited by grazing
steers and above- and below ground residue decomposition. Rate of synthetic N fertilizer application and total land
it was applied to was provided by the growers for silage, greenfeed and Hazlet fall rye (56 kg N/ha; Smith 2022),
while barley grain and canola were estimated by land requirements and fertilizer application recommendations
provided by the Saskatchewan Crop Report for the area, soil type and year (Government of Saskatchewan 2017;
Government of Saskatchewan 2018). Annual phosphorus (P) fertilizer application rates for canola and barley grain
were obtained from the Saskatchewan Ministry of Agriculture Crop Planning Guide (2017; 2018), when grown in

dark brown soil zones and averaged for both years. No irrigation was considered for the feed crops.
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Table 4.7 Average yield, dry matter (DM, %), harvest and storage losses, and fertilizer inputs associated with production of the feed ingredients included in
backgrounding, grazing, and finishing diets during Year 1 and 2

Land applied
Feeding and storage Land applied nitrogen phosphorus

Feed ingredients Yield (kg ha! as fed) DM (%)? loss (%)° (kg N ha) (kg P.Os ha!)
Barley greenfeed 6747.12 80.8 20.0 93.42 24.32
Barley silage 14044.5% 35.5 5.0 0.5% 0.02
Barley grain 3604.0° 90.0 0.0 77.4° 33.6¢
Canola meal® 1888.4¢ 89.5 0.0 98.6° 53.8¢
Tame pasture 2499.42 - 0.0 0.0? 0.0?

2 Obtained from Smith (2022)

bRotz and Muck (1994)

¢ Saskatchewan Crop Planting Guides (2017; 2018)

d Canola meal was assumed to account for 55% of the canola yield after processing (Canola Council of Canada 2020).
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4.3.2 Estimating greenhouse gas emissions

The Holos model (V3.0.5, Research; www.agr.gc.ca/holos-ghg), developed by Agriculture and Agrifood

Canada, was used to estimate greenhouse gas (GHG) emissions from weaning to finishing including all processes
involved in growing feed and feeding steers in each of the six treatment groups (Little et al., 2008; Krobel et al.,
2012). Holos is an empirical model based on IPCC Tier Il methodology (Intergovernmental Panel on Climate
Change, IPCC, 2006) and modified for Canadian conditions (Alemu et al., 2017a). Holos has been used in previous
studies to estimate whole-farm GHG emissions of Canadian cattle operations (Alemu et al. 2017b; Beauchemin et
al. 2010; Guyader et al. 2017; Little et al. 2017). Recently, Holos has been used to estimate and compare the GHG
emissions associated with commercial Canadian beef production systems finished with and without PETs

(Aboagye et al. 2022; Boonstra et al., 2023).

The GHG emissions estimated in Holos included: i) methane (CH4) from enteric fermentation and manure
decomposition; ii) direct nitrous oxide (N2O) emissions from soils associated with cropping and pasture; iii) carbon
dioxide (CO) from on-farm energy consumption and manufacturing of fertilizer and herbicide iv) CO>
sequestration or storage from perennial pastures and iv) indirect N,O emissions from N leaching, runoff, and re-
deposition of volatilized ammonia. Emissions contributed by transportation of animals, feed, supplements, PET
products or other goods required for the production of beef steers, as well as processing and manufacturing were

not included in the scope of this analysis.

Methane emissions from enteric fermentation were estimated using a CH4 conversion factor of the diet,
total digestible nutrients (TDN) and crude protein (CP) content in the diet. Manure CH4 emissions were estimated
from the type of manure handling practices utilized on farm and the associated conversion factor (MCF). Manure
was managed using deep bedding during backgrounding and finishing (MCF = 0.17) and directly deposited on

pasture with no storage or intervention during grazing (MCF = 0.01).

Total N inputs which included crop residues, manure application, manure deposited on pasture and above-
and below-ground residues were used to estimate direct NoO emissions which resulted from nitrification and
denitrification of agricultural N using a Canadian specific algorithm (Rochette et al., 2018). Growing season,
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precipitation, and potential evapotranspiration, soil variables including soil type and texture, tillage management,
and geography were adjusted within the model. Average temperature and soil N,O conversion were included as
monthly variables to compile the annual soil N2O emissions allocated to each month (%). Direct N2O emissions
(manure storage and deposition) were estimated using the emissions factor (EF; kg N-O-N (kgN)™*) which
coincided with the manure handling system. Factors contributing to indirect N2O included N leaching and

volatilization fractions, were estimated using the EF of 0.0075 and 0.01, respectively.

The primary sources of on-farm CO- emissions were fossil fuel consumption and energy required to
produce crops including machinery use and animal feeding. Secondary sources of CO, emissions were from
manufacturing of crop inputs (e.g., fertilizer and herbicides). In addition to estimating CO- emissions, Holos also
estimated CO; stocking exchange associated with management practices that induce changes in carbon storage
including tilling, grazing management and crop species. Soil carbon storage or sequestration associated with the
perennial pasture was estimated during the pasture-based backgrounding period. Seeded or tame grasslands were
assumed to be converted from annual crop land with carbon storage from existing stands estimated based on time

since management change, the carbon change rate for the seeded perennials, ecodistrict and total area.

Total emissions were estimated for each feeding period (backgrounding, grazing, and finishing) and
summed in CO; equivalents (CO; eq) is based on methodology described by the Intergovernmental Panel on
Climate Change (IPCC; 2006) Guidelines for National Greenhouse Gas Inventories (IPCC, 2006). This approach
was utilized by multiplying the global warming potential (GWP®) of the gas by the total emissions of the
individual GHG using CO;as a base unit to evaluate the emission intensity of a particular activity (e.g., livestock
production). The GWP of the above described GHGs were: CO,: 1, CHa: 28, and N2O: 265 to 298 (IPPC, 2021).
System boundary and scope used values of 23 and 296 for CH. and N,O, respectively in the Holos model Version
3.0.6. Emission intensities were expressed as kg total LW at time of slaughter (kg CO2e, kg LW-?), per kg HCW

(kg CO2e, kg of HCW-?), and per kg of boneless beef (kg COze, kg of boneless beef?).
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4.3.3 Estimating ammonia emissions

N intake and total ammoniacal nitrogen excretion

Excreted total ammoniacal N (TAN) was assumed to be contributed by NHs, urea within urine and other
sources of hydrolysable N associated with steer production, as described by Legesse et al. (2018a). The difference
between daily N intake and daily N retention was calculated to estimate the quantity of N excreted by steers on a
daily basis (Nexcretion rate). Daily N intake (IPCC, 2006); Eq 3) was estimated using protein intake (PI), gross energy

intake (GE), and the net energy required for maintenance (NEmaintenance)-

N intake = PI/ 6.25 (IPCC, 2006; 3)
Where:
N intake = Daily N intake, kg N hd* d;
Pl = protein intake, kg hd* d* (Eq. 4);

6.25 = the coefficient to convert from dietary protein to dietary N.

Pl = (GE/ 18.45) x CP (IPCC, 2006; 4)
Where:
GE = gross energy intake, MJ hd* d* (Eq. 5);
18.45 = the conversion factor for gross energy kgt DM, MJ kg'*;

CP = crude protein of feed, kg kg™
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Where:

Where:

GE = [(NEmaintenance + NEactivity) / REM) + (NEgain / REG)] /(DE / 100) (IPCC, 2006, 5)

NEmaintenance = the net energy required for maintenance, MJ hd* d* (Eq. 6);

NE-civity = the net energy required for feeding, MJ hd* d*. Confined-backgrounding and finishing NEacivity
was assumed to be negligible as a result of limited space during those feeding periods however, grazing
steers on pasture had a Nactivity OF 0.17 (IPCC, 2006);

REM = the ratio of net energy available in the diet for maintenance to the digestible energy consumed, MJ
hd*d? (Eq. 7);

NEgain = the net energy for gain, MJ hd* d* (Eq. 8);

REG = the ratio of net energy available to steers in the diet for gain to the digestible energy consumed, MJ
hd* d* (Eq. 9);

DE = the digestible energy of feed, % TDN.

NEmaintenance = Cf adjusted X B\/\/averageo'75 (IPCC, 2006; 6)

Cf agjusted = the temperature adjusted baseline maintenance coefficient (IPCC, 2006);

BWoverage = average body weight, kg.
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REM = 1.123 - (4.092x10° x DE) + (1.126x10° x DE?) - (25.4/ DE)  (IPCC, 2006; 7)

NEgain = 22.02 % (BWaverage / (Ca % BWiinar))*" x ADGH* (IPCC, 2006; 8)
Where:
Cq = the coefficient related to cattle description (IPCC, 2006);
BWrina = final body weight, kg;

ADG = average daily gain, kg d.

REG = 1.164 - (5.160x10 x DE) + (1.308x10° x DE?) - (37.4/DE)  (IPCC 2006; 9)

The daily N retention included the protein fraction which was retained for growth (PRgain) described by Eq.

10.
PRgain = ADG x ((268 - (29.4 x (RE / ADG)) / 1000) (NRC, 2000; 10)
Where:
PRgain = Protein retained for growth, kg hd* d*;
RE = retained energy, Mcal hd* d* (NASEM 2016; Eq. 11).
RE = 0.0635 x EBW®" x EBG*%’ (12)
Where:

EBW = empty body weight, kg hd* (NASEM 2016; Eq. (12);

EBG = empty body gain, kg hd* d** (NASEM 2016; Eq. (13).

EBW= BWayerage % 0.891 (12)

EBG = ADG x 0.956 (13)
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Eq. 14 and Eq. 15 were used to estimate N excreted through urine (TANexcreed), With the remaining N

assumed to be excreted in the feces (FecalNexcreted), respectively (Dammgen and Hutchings 2008).

TANexcreted, = Nexcretion rate X FraCtionUrinary-N (14)
Where:
TANGesxcreted = the N excreted from the urine, kg TAN hd* d*;

Fractionyrinary-n = the fraction of N excreted from the urine.

FecalNexcreted = Nexcretion rate X (1 - FraCtionUrinary-N) (15)
Where:

FecalNexreted = the excreted N from the feces, kg fecal N hd* d.

Quantification of NHs emissions based on source
Animal housing

Emissions associated with grazing steers while on pasture were estimated for the LNAT and LCON steers

using Eq. 16. Pasture-free-grazing refers to the period of time when steers were grazing on pasture.
NH3 emissions, g = TANexcreteaX EFPasture- free-grazing adjusted X 17/14 (16)
Where:
NHs emissions, g = NH3z emissions from grazing steers on pasture, kg NHz hd?® d*

EFpasture-free-grazing adjusted = the temperature-adjusted emission factor associated with steers grazing on

pasture

17/14 = the coefficient for the conversion of ammoniacal nitrogen (NHs-N) to NHs.
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EFpasture-free-grazing adjusted = Pasture-free-grazing adjustment X EFpasture-free-grazing (17)
Where:

Pasture-free-grazing adjustment = the adjusted temperature when cattle were housed on pasture, kg (NHs-

N) kg™ (Eq. 18)
EF pasture-free-grazing = 0.1, kg (NH3-N) kg'l
Pasture-free-grazing adjustment = 1.04 1avwerage enperanre. ) + 1 (04115 (18)

Steers were housed in confinement during the backgrounding and finishing phases. Emissions from

housing in confinement during these times were estimated using Eq. 19.

NH3 emissions, h = TANexcreted™ EFFeedlot adjusted X 17/14 (19)
Where:
NHs emissions,h = NH3z emissions from confined animal housing, kg NH3 hd* d*
EFreediot adjusted = the temperature-adjusted emission factor for confined feeding housing
17/14 = the coefficient to convert NHz-N to NHa.
EFFeediot adjusted = feedlot adjustment x EFfeedot (20)
Where:

Feedlot adjustment = the adjusted temperature when steers were housed in confinement, kg (NHs-N) kg

(Eqg. 21)
EFteediot = 0.9, kg (NHs-N) kg"1

Feedlot adjustment = 1,04 Lo enperanre. ) - 1 04115 (21)
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Periodic TAN excreted (Mg TAN hd™* period?) and periodic NH3 emissions (Mg NH; hd* period?) from
steers fed in confinement (PTANexcreted, h, 8aNd PNHazemissions, n respectively) and grazing steers (PTANexcreted, g, and

PNHeaemissions, g respectively) were estimated by multiplying by the days in the feeding period.
Manure storage

Manure from grazing steers was deposited and remained on pasture, therefore the emissions from manure
storage during the grazing period was assumed to be zero. However, during backgrounding and finishing, steers
housing and periodic TAN associated with moving manure to a storage system (PTANstorage) Was estimated by
calculating the difference between periodic NH; volatilization and the periodic TAN excreted. Housing, in this
study, does not refer to steers being housed indoors, but rather the emissions from steers in confined feedlot pens
during backgrounding and finishing. NH3; emissions attributed to wasted feed or bedding were assumed to be

negligible and were not considered in the analysis (Legesse et al. 2018b).
PTANstorage = PTANexcretedh — (PNHaemissionn % 14/17) (22)
Where:
PTAN;torage, = the periodic TAN from stored manure, mg TAN hd™* feeding period?;

PTANexcreted, h = the periodic TAN from manure excreted by housed (confinement or pasture) steers (Mg

TAN hd* feeding period?);

PNHaemission, s = the periodic emission rate of NHs, temperature adjusted from housed (confinement or

pasture) steers (Mg NH; hd™ feeding period™);
14/17 = conversion of NH3-N to NHs,

NHs volatilization from stored manure was estimated using total ammoniacal nitrogen and specific EF. Eq.
23 defines the variation in TAN during the time manure was being stored. Further, by subtracting nitrified N, TAN

during storage and TAN that was mineralized from organic N were complied.

PTANstorageZ = PTANstorage x (1‘Fimmob)(1‘Fnitrify) + (PONstorage X Fminneralize) (23)
55



Where:

PTANGstworage2 = the adjusted TAN during manure storage used to calculate NHz emissions hd* during

manure storage, Mg TAN hd feeding period;
Fimmob = the fraction of TAN immobilized to organic N during manure storage;
Fuiwrity = the fraction of TAN which was nitrified during manure storage;

PON:storage = the periodic organic N mass flow of excreted fecal N from the confined housing to manure

storage per steer, Mg organic N hd feeding period;
Fminneratize = the fraction of organic N that was mineralized as TAN during manure storage.

The estimation assumed no TAN immobilization during the storage of manure (Fimmo» = 0) for
backgrounding and finishing steers, the nitrified TAN fraction from stockpiled manure was 0.14 (C= 0.14; Chai et
al., 2014) and the organic N fraction mineralized as TAN was 0.28 (Fminneralize = 0.28). For grazing steers, it was
assumed that there was no TAN immobilization (Fimmob = 0), no nitrified TAN (Fniwiry = 0) and no mineralization of

the organic N fraction (Fminneralize = 0) as manure was nit stored on pasture.
Manure land application

The manure associated with grazing steers was directly applied to the untilled pastureland during grazing.
Although, the leaching and run-off fraction was assumed to be 0 for deep bedding manure N2O-Nieaching rate was

calculated (Holos Manual Table 14; eq. 24) to estimate the indirect N.O emission from manure on pasture.
Fracieacnh = 0.3247* ;;E —0.0247 (Holos Manual Table 14; 24)

Where:

Fracieach = Fraction of N lost by leaching and runoff (kg N) with a range from 0.05 — 0.3. Values lower than
0.05 were assumed to be 0.05 and values higher than 0.3 were assumed to be 0.3.
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P = Growing season precipitation by ecodistrict (May-October)
PE = Growing season potential evapotranspiration by ecodistrict (May-October)

P and PE were obtained using previously described weather data (Environment and Climate Change

Canada, 2020).

Based on observations of management practices on Canadian beef operations and methodology from
previous literature (Legesse et al., 2018b), it was assumed that of the manure, 57% was spread on tilled land while
43% was spread on untilled land. Further, NH; emissions from land applied manure were estimated using the
combined average temperatures from April to May and September to November to account for the spreading of
manure in the spring or fall (Shappard, 2015). Available TAN and EF from manure application, type of land,
tillage intensity, and month of application, were used to estimate the quantity of volatized NHs. The monthly TAN
associated with the transfer of manure from storage to land application was estimated using quantity of land where

manure was applied and the remaining NH; following storage (Eq. 25).
PTANIand,tiIIage = Ftill/untill X (PTANstorageZ - MNHSemissions,s X 14/17 (25)
Where:

PTAN and,tilage = the periodic TAN from manure application to tilled or untilled land during a specific

timespan, Mg NHs hd* month;
MNHosemissions.s = NH3 emission rate during manure stockpiling, Mg NHs hd* month;

Frunit = the manure fraction that was applied on tilled or untilled land.

4.3.4 Estimating water use

Drinking water and processing
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The daily water intake estimation considered animal category, average BW (Smith, 2022) and ambient

temperature during each feeding phase (Environment and Climate Change Canada, 2020) as described by Legesse

et al. (2018a; Eq 26).

Total drinking water use = WUcoeff X Nd X Nhd

Where:

(26)

WU coeff = the water use coefficient (litres hd-1d-1; National Academies of Sciences, Engineering, and

Medicine, 2016);

n¢ = the number of days in the feeding phase;

nhd = the number of steers (hd treatment: yr+).

Water consumption by steers was assumed to not change at temperatures of < 4.4 °C and were assumed to

increase with an ambient temperature > 4.4°C (Table 4.8). Previous studies (Beaulieu, 2007; Legesse et al., 2018a)

have deemed the water use requirement associated with cleaning cattle and facilities were negligible when

determining the water footprint of beef production systems and therefore it was not considered in this study.

Table 4.8 Estimated total daily water intake (liters hd* d!) of growing and finishing steers?

Temperature, °C

Weight, kg 44 100 144 211 266 322
Growing steers

182 151 163 189 220 254 36.0
273 20.1 220 250 295 337 481
364 230 257 299 348 40.1 56.8
Finishing steers

273 227 246 280 329 379 541
364 276 299 344 405 46.6 659
454 329 356 409 477 549 78.0

National Academic of Sciences, Engineering, and Medicine (2016)

The value of 16.5 L kg boneless beef! was used to estimate the water requirement of at processing and was

based on average water use efficiency at processing facilities in western Canada of (Legesse et al. (2018a)
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Estimating water use: Crop production

Water use derived from the production of feed and tame pasture were estimated using water demand of
specific crops and the consumption (kg DM) of each feed ingredient (Legesse et al. (2018a). Crop yields specific to
feed ingredients were used to estimate the total volume of water evapotranspired required to produce one kg of

crop (L kg* DM).

Potential (PETw) and actual evapotranspiration (AET) data were estimated using the National Drought
Model and precipitation data from Environment and Climate Change Canada for the following weather stations:
Saskatoon SRC (1990-2007) and Saskatoon RSC (2009-2020) and Watrous (1993 — 2020; Figure 4.2; Environment

and Climate Change Canada, 2020). Crop and tame pasture water demand were calculated as follows (Eq. 28):
Crop water demand = PET, x K¢ (28)
Where:
PET. = potential evapotranspiration;

K. = the respective crop coefficient (ASCE 1996)

Water that originated from precipitation and the exchange of water between soil, land surface and the

atmosphere (IPCC 2006) is described as green water and was estimated by Eq. 29
Green water = AET x K¢ (29)
Where:
AET = actual evapotranspiration, estimated using data from the National Drought model (NDM);

K. = the respective crop coefficient (ASCE 1996).
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Crop coefficients (Kc) describe the influence of plant species on the evapotranspiration as it deviates from
the reference crop in term of crop characteristics, crop development, canopy cover, height, density, and
management during the growing season to estimate crop water demand (Pokorny 2019). Previous literature (Allen
et al., 2007, 1998; ASCE, 1996) was used to acquire crop coefficients (Kc) and used to develop a K. curve for each
crop, including tame pasture (Figure 4.1). K. curves considered the length of time between germination and harvest
along with developmental stage (Kc init, K¢ mig, and K¢ eng). Growing season was assumed to occur from May to
October. Developmental stages specific to each crop (Allen et al., 2007, 1998) were based on location and
associated growing conditions and management practices to attribute each growing stage with the appropriate K.
Four stages of development (Allen et al., 1998) specific for each crop were assumed, in order of occurrence,
as follows: i) initial development (Linit), corresponding to Kcinit, ii) rapid development (Ldev) Which K¢
corresponded to the rate from Kcinit to Kc mig, 1ii) maturity (Lmid), in correspondence to Kc mid, and iv) late-
season period (Liae) Which K¢ corresponded to the rate of Kcmiato Kcend. Planting date (Huffman et al., 2015)
was also considered when developing the K curves to signify the initiation of the growing season. These
values were sourced from Saskatchewan Crop Planning Guides (2017 and 2018) for barley grain, and canola
production and from on-site data for barley silage and greenfeed. Growing season length specific to each annual
crop (d) was calculated as the sum of the lengths of all crop development stages (Linit, Ldev, Lmid, Liate). Crop
specific developmental stages for canola were not defined by Allen et al. (2007 and 1998) and were assumed using

the descriptions of developmental stages (Allen et al. 1998; Britton 2019).
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Figure 4.1 Crop coefficient (K¢) curves for A) barley grain B) barley silage C) tame pasture D) canola meal, and E)

barley greenfeed.
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The growing season crop evapotranspiration (ET¢; Eq 31) is described as the amount of water required

by the crop during the course of the growing season to develop and reach maturity by the date of harvest.

ETc = Crop water demand x yield (30)
Where:

Yield = the amount of crop produced (kg DM ha?).
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Figure 4.2 Average annual potential evapotranspiration (PET, mm) and actual
evapotranspiration (AET, mm) over 10 years (2009 to 2019) measured at the
Saskatoon RSC weather station, Saskatoon, SK (A) and the Watrous Weather
station in Watrous Saskatchewan, AK (B).
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4.4 RESULTS

4.4.1 Impacts of PET removal on days on feed (DOF)

Average days on feed (DOF) to reach the targeted finish weight of 646 kg ranged from 155-339-d for
conventional steers and 205-398-d for natural steers (Table 4.9). Steers in the LNAT treatment had the highest
DOF in both years while HCON had the lowest. Steers in HCON, MCON and LCON treatments required 24%,
25% and 15% fewer days to reach the targeted finishing weight, respectively as compared to the natural treatment
for each of the feeding strategies. Overall, the average reduction in DOF across all treatments as a result of PET

treatment was 22%.

When examined by feeding phase, DOF were lowest for the Heavy, intermediate for Medium and highest
for Light steers for both CON and NAT steers. Grazing days were lower in Year 2 compared to Year 1 due to
decreased forage production as a result of drought. Therefore, Light steers were backgrounded approximately one

month longer in Year 1 compared to Year 2.

Table 4.9 Days on feed by feeding phase in Year 1 and Year 2 for steers
managed in six management scenarios (HCON = Heavy conventional;
HNAT =Heavy natural; MCON = Medium conventional; MNAT = Medium
natural; LCON = Light conventional; LNAT = Light natural)

HCON HNAT MCON MNAT LCON LNAT

Days

Backgrounding?

Year 1 106 106 188 188

Year 2 90 90 203 203
Grazing

Year 1 80 80

Year 2 55 55
Finishing

Year 1 162 219 116 173 74 124

Year 2 148 191 105 190 78 146
Total

Year 1 162 219 222 279 342 392

Year 2 148 191 195 280 336 404
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Average
Total

aBackgrounding in confinement

155 205 208.5 279.5 339 398

4.4.2 Impact of management strategy and feeding phase on GHG emissions

Average total GHG emissions (n= 2 trials) during the feeding period ranged from 1,648.0 to 3,993.8 kg
COse hd* for CON steers and 1,854.2 to 4,270.0 kg CO.e hd* for NAT steers (Figure 4.3). Therefore, HCON,
MCON, and LCON treatments had 11.2%, 10.0% and 9.8% lower GHG emissions, respectively, compared to NAT
steers raised with the same feeding management strategy. The highest emissions were from the LCON and LNAT
treatments. When carbon sequestration associated with the grazing phase was considered GHG emissions
decreased from 3,993.8 to 2,551.3 and 4,270.0 to 2,829.5, kg CO.eq hd*for LCON and LNAT, respectively.
Nonetheless, emissions for the Light group remained higher than their Heavy and Medium counterparts for both

the conventional and natural management strategies.

When examined by feeding phase, backgrounding accounted for 44%, 35%, 44% and 37% of GHG
emissions while finishing accounted for 56%, 65%, 30% and 39% of GHG emissions for MCON, MNAT, LCON,
and LNAT treatments respectively. Grazing accounted for 25% and 24% of total emissions for LCON and LNAT,
respectively. More specifically, GHG emissions for MCON and LCON were both 13% higher than MNAT and
LNAT steers during backgrounding . In addition, LCON steers had 1% higher emissions than LNAT steers during
grazing (1,009.6 vs 1,017.5 kg CO,eq hd™?). Conversely, during finishing, HCON, MCON, and LCON had 11%,

10% and 28% lower emissions than steers in the respective NAT treatments (Figure 4.3).
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Figure 4.3 Total mean greenhouse gas emissions (CO,e hd; n=2 trials) for each phase of production
(backgrounding, finishing, and grazing) and carbon sequestration during the grazing phase for steers managed in
six management scenarios (HCON = Heavy conventional; HNAT =Heavy natural; MCON = Medium
conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural).

4.4.2.2 GHG emissions by source

As a proportion of all GHG emissions over the feeding period, enteric CH, was the largest source of
emissions regardless of feeding strategy, followed by direct N2O, manure CH4 and energy CO,. Further, HCON,
MCON and LCON steers had lower CH,4 (9%, 5%, 3%), manure CH,4 (8%, 6%, 4%), direct N,O (13%, 16%, 10%),
indirect N,O (13%, 16%, 11%) and CO; (19%, 24%, 12%) emissions, respectively, as compared to NAT steers

with the same feeding strategy (Figure 4.4).

For LCON and LNAT treatments, the grazing period accounted for 22% of total enteric CH4 emissions
(both treatments), 2% of manure CH. (both treatments), 37% and 33% of direct N,O, 31% and 27% of indirect N,O
and 47% and 41% of CO; emissions, respectively. Backgrounding accounted for 47% of enteric CH4 and 52% of

manure CH, emissions with LCON having the highest proportion of CH, emissions at 51% for enteric and 63% for
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manure. The majority of CO, emissions for MCON and MNAT were from backgrounding (74% and 80%
respectively). Backgrounding and finishing each accounted for 50% of total enteric CH4 emissions for MCON and

58% and 42% respectively, for MNAT.

GHG source

m Enteric CH4 ™ Manure CH4 m Direct N20 Indirect N20  mEnergy CO2  m Sequestration
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-2000.0 ;
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Figure 4.4 Total mean greenhouse gas emissions by type (kg CO.eq hd*; n=2 trials) for six management scenarios
(HCON = Heavy conventional, HNAT = Heavy natural; MCON = Medium conventional; MNAT = Medium
natural; LCON = Light conventional; and LNAT = Light natural).

Emissions associated with crops were lower for CON steers compared to NAT steers raised on the same
diet. Further, emissions were influenced by the level and type of dietary ingredients with barley grain having the
highest emissions for steers in the Heavy and Medium treatments (HCON 87%; HNAT 88%; MCON 79%; MNAT
81%). However, barley grain only accounted for 36% and 43% of emissions in the Light treatments while pasture

accounted for 50% and 44%.
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Figure 4.5 Total mean GHG emissions (kg CO2eq hd?; n =2 trials) associated with production of feed ingredients
for the diets of six management scenarios (HCON = Heavy conventional; HNAT =Heavy natural; MCON =
Medium conventional; MNAT= Medium natural; LCON = Light conventional; LNAT = light natural)

In summary, GHG emissions from the steers accounted for 71 to 77% of emissions across all feeding
strategies (Figure 4.6). Further, HNAT, MNAT and LNAT treatments had a higher proportion of emissions
associated with the production of feed crops (29%, 26% and 28%, respectively) compared to the HCON, MCON,

and LCON (27%, 23% and 27%, respectively).
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Figure 4.6 Total mean GHG emissions (kg CO2eq hd; n = 2 trials) excluding carbon sequestration from crops or
steer sources for six management scenarios (HCON = Heavy conventional; HNAT = Heavy natural; MCON =
Medium conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

When expressed on an intensity basis, emissions for NAT steers were higher than CON steers across all
feeding strategies, regardless of the unit of expression. Steers in HCON had 10%, 13% and 13% lower emissions
compared to HNAT when expressed as kg COzeq kg LW, kg CO2eq kg HCW or kg COeq kg boneless beef?,
respectively (Figure 4.7). Similarly, steers in MCON had 10% lower CO.eq kg LW-tand 9% lower GHG emissions
than MNAT for other intensity metrics (kg CO-eq kg HCW! and kg CO.eq kg boneless beef?). Steers in LCON

had 10% lower GHG emissions per kg CO-eq kg LW- and 7% less kg CO2eq kg HCW* and per kg CO.eq kg

boneless beef.
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Figure 4.7 Greenhouse gas emissions expressed on an intensity basis (kg CO-e kg™ live weight, HCW, and
boneless beef head™) for six management scenarios (HCON = Heavy conventional; HNAT =Heavy natural;
MCON = Medium conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

4.4.3 Impacts of PET removal on land requirements

Land requirements ranged from 0.46 to 1.6 ha head* for CON and 0.57 to 1.7 ha head™ for NAT (Figure
4.8). When compared to the NAT treatments with the same feeding strategy, LCON, MCON and HCON required
20%, 22% and 9% less land, to produce the feed consumed by the steers from weaning to finish. Further, LNAT
had the highest land requirement during the feeding period while HCON required the least. HCON, MCON, and
LCON required 19%, 17% and 35% less land for barley silage, 20%, 28% and 26% less land for barley grain and
20%, 19% and 11% less land for canola meal compared to NAT steers raised with the same feeding strategy. In

addition, MNAT and LNAT steers required 7% and 8% less barley greenfeed, than the CON steers of the same

feeding strategy.
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Figure 4.8 Total land required (ha hd*; n=2 trials) for production of feed ingredients for six management scenarios
(HCON = Heavy conventional; HNAT =Heavy natural; MCON = Medium conventional; MNAT = Medium
natural; LCON = Light conventional; LNAT = Light natural)

During backgrounding, MCON and LCON required 7% and 8% more land than MNAT and LNAT,
respectively (Figure 4.9). During finishing HCON, MCON and LCON required 20%, 32% and 34% less than

HNAT, MNAT, and LNAT, respectively. During grazing, both LCON and LNAT steers required 0.9 ha hd.

70



Feeding Phase

N

m Backgrounding m Grazing ® Finishing

HCON HNAT MCON MNAT LCON LNAT
Management scenario

= = =
EN o [ed]

=
o

Land requirement (ha hd1)
o o o o
N N » oo [l

o

Figure 4.9 Average total land required (ha head; n=2 trials) by feeding phase for six management scenarios
(HCON = Heavy conventional; HNAT =Heavy natural; MCON = Medium conventional; MNAT= Medium
natural; LCON = Light conventional; LNAT = Light natural)

Expressed on an intensity basis, HCON, MCON and LCON required 19%, 22% and 9% less land (ha kg
liveweight; Figure 4.10.) compared to the respective NAT treatment. Land requirements expressed on an intensity

basis were lowest for Heavy steers, intermediate for Medium steers and highest for Light steers across all intensity

metrics in both NAT and CON systems.
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Figure 4.10 Average land requirement (ha kg* live weight, HCW, and boneless beef head™; n=2 trials) for six
management scenarios (HCON - Heavy conventional; HNAT =Heavy natural; MCON = Medium conventional,
MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

4.4.4 Impacts of PET removal on ammonia emissions

4.4.4.1 Nitrogen Excretion

Average N excretion during backgrounding and finishing phases (n=2 trials) was 21%, 25% and 35%,
lower for HCON, MCON, and LCON compared to the respective NAT treatment (Figure 4.11). Similarly,
proportion of N lost as a percentage of consumed (Figure 4.12) was also lower for CON vs. NAT steers. In
addition, N excretion was lowest for Heavy, intermediate for Medium and highest for Light steers for both CON

and NAT steers during the backgrounding and finishing phases. Nitrogen excretion during the grazing period was

not reported as intake was not measured.
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Figure 4.11 Average total N excretion (Mg N hd*) during finishing and backgrounding (n = 2 trials) for six
management scenarios (HCON = Heavy conventional; HNAT =Heavy natural; MCON = Medium conventional;
MNAT= Medium natural; LCON = Light conventional; LNAT = Light natural).
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Figure 4.12 Proportion of N intake excreted by steers (n = 2 trials) for six management scenarios (HCON = Heavy
conventional; HNAT =Heavy natural; MCON = Medium conventional; MNAT = Medium natural; LCON = Light
conventional; LNAT = Light natural) during finishing and backgrounding phases.
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4.4.4.2 Ammonia emissions

On average, 33-39% of N intake was lost as NH3-N for conventional steers and 35-37% for natural steers;
with a more NHs loss during the finishing phase (100% Heavy steers, 29% MCON; 37% MNAT; 23% LCON;
25% LNAT) as compared to the backgrounding phase (0% Heavy steers; 9% MCON; 6% MNAT; 16% LCON;

12% LNAT).

Conventional treatments had 25%, 32% and 13% lower ammonia (NH3z hd™) emissions for Heavy, Medium
and Light steers compared to the respective NAT steers (Figure 4.13). Overall, finishing accounted for the majority
of ammonia emissions (Heavy steers, 100%; MCON, 77%; MNAT, 85%; LCON, 58%; LNAT, 67%). During
finishing, HNAT, MNAT, and LNAT steers had higher NH3 emissions (4.2, 9.3, and 4.6 kg NH; hd?*) than CON
steers of the same feeding strategy. Backgrounding accounted for 23%, 15%, 39%, and 32% of emissions for
MCON, MNAT, LCON and LNAT steers, respectively, with MNAT and LNAT having lower emissions (0.2 and
0.6 kg NHz hd, respectively), than CON steers. Grazing accounted for 4% and 2% of NH3 emissions for LCON

and LNAT steers, respectively, with LNAT having lower emissions (0.3 kg NH3 hd1) than LCON.
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Figure 4.13 Total average ammonia emissions (kg NHz hd?) from steers during backgrounding, grazing, and
finishing (n=2 trials) for six management scenarios (HCON = Heavy conventional; HNAT =Heavy natural; MCON
= Medium conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

The greatest proportion of NH; emissions (kg NH® hd™) were associated with confined feeding emissions

(54.7% HCON, 57.8% HNAT, 63.1% MCON, 69.7% MNAT, 63.8% LCON and, 59.27% LNAT; Figure 4.14).

Lowest emissions (kg NH* hd!) were associated with grazing for Light steers (0.06% LCON and 0.01% LNAT).
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Figure 4.14 Average ammonia emissions (kg NH3z hd?; n=2 trials) by source for six management scenarios (HCON
= Heavy conventional; HNAT = Heavy natural; MCON = Medium conventional; MNAT = Medium natural,
LCON = Light conventional; LNAT = Light natural)

4.4.4.3 Ammonia emissions on an intensity basis

On an intensity basis, HCON steers had 24% and 27% lower emissions when expressed as kg NHs kg
liveweight and kg NHz kg HCW-Y/kg boneless beef compared to HNAT steers (Figure 4.15). Similarly, MCON
had 32% lower emissions (kg NHzthan MNAT kg liveweight?, kg HCW-! and kg boneless beef!) compared to
MNAT. Finally, LCON produced 13% and 10% lower emission (kg NH; kg liveweight™ and less kg NHs kg HCW-

! kg boneless beef!) compared to LNAT.
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Figure 4.15 Average ammonia emissions on an intensity basis (kg NHs kg liveweight™, kg HCW and kg boneless
beef?; n=2 trials) for six management scenarios (HCON - Heavy conventional; HNAT =Heavy natural; MCON =
Medium conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

4.4.5 Impacts of PET removal on water use

Feed production accounted for more than 99% of total water use for all treatments (Table 4.10). Further,
HCON, MCON, and LCON used 19%, 24% and 11% less water than the natural treatment of the same feeding
strategy. Drinking water (m® hd*) was also 25%, 31% and 18% lower in HCON, MCON and LCON, respectively,
compared to the NAT treatments with the same feeding strategy. There was a less than 1% difference for water use

associated with processing between CON and NAT steers of the same feeding strategy (Table 4.11).
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Table 4.10 Proportion of water use (L; n=2 trials) required by steers for
drinking, feed production, and processing for 6 management scenarios (HCON -
Heavy conventional; HNAT =Heavy natural; MCON = Medium conventional,
MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

HCON HNAT MCON MNAT LCON LNAT

Drinking water 05% 05% 0.5% 0.5% 04% 0.4%
Crop production 99.1% 99.1% 99.2% 99.2% 99.4% 99.4%
Beef processing 04% 04% 0.4% 03% 02% 0.2%

Of the water used for feed production (Table 4.11), barley grain accounted for 88%, 88%, 73%, 77%, 43%
and 52% of the total water use for HCON, HNAT, MCON, MNAT, LCON, LNAT, respectively. Water
requirements for LCON and LNAT on pasture accounted for 34% and 27% of total water use. Barley greenfeed
was not included in the diet of the Heavy steers but accounted for 12%, 8%, 13%, and 10% of the total water
required to produce feed crops for MCON, MNAT, LCON, and LNAT, respectively. Barley silage accounted for
3% of water required for crop production for both HCON and HNAT, 2% for both MCON and MNAT, 1% for
LCON and 2% for LNAT steers. Canola meal accounted for 9% of the water required for feed crops for both

HCON and HNAT, 13% for MCON, 12% for MNAT, and 9% for both LCON and LNAT steers, respectively.

More specifically, water use for barley grain was 19%, 28% and 26% less for HCON, MCON, and LCON
compared to NAT treatments (Table 4.11). Water for barley silage was 19%, 26% and 35% less for HCON,
MCON and LCON compared to NAT steers. Water for canola meal was 20%, 19% and 11% less for HCON,
MCON and LCON compared to NAT steers. Water for greenfeed was 7% and 8% less for MNAT and LNAT than

MCON and LCON. Further, LNAT treatments used 10% less water on pasture than LCON.
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4.4.5.1 Total water use

Conventional steers had 20%, 24%, and 12% lower water requirements, resulting in a difference
of 260.7 m® hd*,413.5 m® hd*and 295.7 m® hd* for Heavy, Medium, and Light steers compared to their
respective NAT treatments. Total water use was lowest for Heavy steers, intermediate for Medium steers

and highest for Light steers for both CON and NAT treatments.

Table 4.11 Mean total water use (m® hd?, n=2 trials) including drinking, feed production, and
processing, required by steers for six management scenarios (HCON - Heavy conventional;
HNAT =Heavy natural; MCON = Medium conventional; MNAT = Medium natural; LCON =
Light conventional; LNAT = Light natural)

Water use, Management scenario?
m?® hd* HCON HNAT MCON MNAT LCON LNAT

Crop Production
Green water

Barley grain 942.7 1,171.0 972.1 1342.8 977.8 1,321.3
Barley Silage 33.2 41.2 26.7 36.0 254 38.8
Barley greenfeed 153.6 143.8 285.6 264.1
Canola meal 91.9 114.7 1,75.2 215.8 213.1 238.5
Pasture 762.3 695.3
Total green water 1,067.7 1,326.8 1,327.7 1,7383  2,264.2 2,558.0
Beef Processing 4.6 4.7 4.7 4.7 4.8 4.8
Total water use 1,077.4 1,338.2 1,3388 1,7522  2,277.6 2,573.3

During backgrounding, MCON and LCON steers required 7% and 8% more water per head than
MNAT and LNAT while LCON required 10% more water per head during grazing than LNAT. During
finishing HCON, MCON and LCON required 20%, 32% and 34% less water than HNAT, MNAT and

LNAT steers, respectively (Figure 4.16).
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Figure 4.16 Water use (m® hd 1) by steers during backgrounding, finishing, and grazing (n = 2 trials) for
six management scenarios (HCON - Heavy conventional; HNAT =Heavy natural; MCON = Medium
conventional; MNAT = Medium natural; LCON = Light conventional; LNAT = Light natural)

On an intensity basis (m® H,O kg boneless beef!), HCON, MCON and LCON had a 19%, 25%
and 12% lower water use intensity than HNAT, MNAT, and LNAT, respectively (Figure 4.17). When
compared by feeding management strategy, HCON required 18% and 51% less water than MCON and
LCON, respectively with MCON steers requiring 39% less water than the LCON steers. Similarly, HNAT
required 25% and 46% less water than MNAT and LNAT steers respectively, with MNAT steers

requiring 28% less water than LNAT steers.
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Figure 4.17 Average water use intensity (m? kg live weight?, kg HCW, and kg boneless beef?; n=2
trials), for steers raised in six different management scenarios (HCON - Heavy conventional; HNAT
=Heavy natural; MCON = Medium conventional; MNAT = Medium natural; LCON = Light
conventional; LNAT = Light natural)
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4.5 DISCUSSION

Days on feed

The observed 15-25% reduction in DOF from CON vs NAT steers can be attributed to an
increase in ADG in the former (Smith 2022) as a result of the use of PETs. Further, HCON had 26% and
54% fewer DOF compared to MCON and LCON steers, respectively with MCON having 30% fewer than
LCON. Similarly, HNAT had 27% and 48% fewer DOF compared to MNAT and LNAT, respectively

with MNAT having 30% fewer than LNAT steers.

The reduction in DOF is attributed to HCON steers having higher ADG (1.93 kg d*) compared to
MCON (1.90 kg d*) and LCON (1.24 kg d*) as well as heavier weaning and trial start weights.
Therefore, Heavy steers reached the target weight of 646 kg in an average of 155 days compared to 208.5
and 339 days for the later two treatments. Similarly, steers in the HNAT had higher ADG (1.62 kg d?)
compared to MNAT (1.51 kg d?) and LNAT (0.99 kg d*) and therefore reached the target weight of 646
kg in an average of 205 days compared to 279.5 and 398 days for the later two treatments. Increased
ADG for steers in the Heavy treatment can be attributed to the increased energy density of the diet (>
85% barley grain; average TDN = 79.95%) throughout the finishing period compared to the lower energy
diets associated with the Medium and Light treatments which included lower energy feeds during
backgrounding (average TDN= 64.8%) and grazing (average TDN= 61.0%), for 41% and 75% of the
feeding period, respectively (Table 4.5). Improved production efficiency leading to reduced DOF
because of PET use in steers compared to natural steers has been reported elsewhere (Capper et al. 2012;

Cooprider et al. 2011).
Total greenhouse gas emissions and emission intensity

Overall, GHG emissions (kg CO-e kg LW*) were 9.8% to 11.2% lower for CON compared to
NAT which translated to a 7.1-13% reduction in overall GHG emission intensity (kg COe kg boneless

beef?). The observed reduction in emissions and emission intensity can be directly attributed to the
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reduction in DOF associated with use of PETs in the CON compared to NAT steers produced using the
same feeding strategy. However, higher rates of GHG emission associated with MCON and LCON steers
during the backgrounding and grazing phases were due to heavier body weights and therefore higher DMI
in CON steers compared to NAT steers. Use of PET’s resulted in an overall reduction in GHG emissions
regardless of feeding management strategy as all CON treatments (Heavy, Medium, and Light) had lower

DOF compared to their respective NAT treatment.

The reduction in emission intensity estimated in the present study are comparable to those
reported elsewhere in western Canada (4.9-5.1% Basarab et al. 2012; 15.8% Aboagye et al., 2022; 3-7%
Boonstra et al., 2023), Brazil (1.1-28% Capper et al., 2021), and the United States (31.4% Cooprider et al.
2011; 6.6-8% Stackhouse et al. 2012; 22% Stackhouse-Lawson et al. 2013; 1.1-7.7% Webb, 2018).
Differences in the magnitude of reduction of emissions associated with PET use between studies can be
assumed to be related to diet, DOF, class of cattle, cattle breed, weaning and final weights and the
delivery method, timing, and length of time of PET treatment. For example, steers in the study by
Boonstra et al. (2023) received three TBA/estradiol implants with or without the addition of ractopamine.
However, in the present study, Heavy and Medium steers received two TBA/estradiol implants during
finishing, while Light steers received one. During the backgrounding phase, Medium and Light steers
received 2 and 3, zeranol implants respectively. In addition, Light cattle received one TBA/estradiol
implant while grazing. A portion of the lower GHG emissions from PET-treated steers observed in
Boonstra et al. (2023) may be attributed to the fact that the PET-free steers still received ionophores in
their diet. In contrast, NAT steers in the current study did not receive any PETs. Boonstra et al. (2023) is
used throughout the discussion as a comparison to our study as it is a recent western Canadian study using

similar metrics.

Aboagye et al. (2022) reported a 15.8% decrease in GHG emissions in steers which received a
120 mg TBA and 24 mg estradiol implant, as well as tylosin and monensin compared to those who did

not receive any PETs. Other differences from the present study include higher initial weights and lower
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targeted finish weights, as well as increased DOF for HCON (162 to 148) compared to the finishing
period reported by Aboagye et al. (2022; 66 to 99). Further, Aboagye et al. (2022) only examined

environmental impacts during the finishing phase while the present study examined weaning to slaughter.

Few studies have examined the impacts of GHG emissions of implanted cattle backgrounded on
pasture. Capper et al. (2021) estimated a 9.4% reduction in GHG emissions in implanted cattle raised in a
Brazilian production system which relied heavily on extensive grazing. These authors used an excel-based
LCA model as previously described by Capper (2012), and Capper and Cady (2020). However, unlike our
study system boundaries of these studies included cow-calf production and finishing of bulls and heifers
(no steers), as well as transport emissions from farm to slaughter. Other differences include total DOF

which was over two years vs an average of 339-d for LCON.

Greenhouse gas emissions by source

Regardless of feeding strategy, enteric CH, emissions accounted for the highest portion of total
emissions (Heavy = 44.3%; Medium = 47.6%; Light = 47.1%; Figure 4.4) with a reduction of 3% to 9%
when comparing CON and NAT steers. Manure CHya, direct N,O and indirect N>O were the remaining
emissions from each of the production systems. These values are comparable to Boonstra et al. (2023)
who reported 44.9% of emissions were associated with enteric CH,, and with TBA implants resulting in a
4% reduction in enteric CH, emissions in steers that were backgrounded and finished as compared to non-

implanted cattle.

High-energy diets also resulted in a lower proportion of enteric CH, emissions with HCON steers
having 62% of total animal associated emissions (kg CO.e) attributed to CH4 compared to MCON and
LCON which had 63% and 66% attributed to enteric CHa, respectively. Similarly, during backgrounding
enteric CH, accounted for 66% of animal associated emissions for MCON and LCON, and 74% of animal

associated emissions during grazing. This trend was also apparent in Boonstra et al. (2023) in which
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enteric CH4 accounted for a lower proportion (75%) of emissions during finishing compared to

backgrounding (84%).

Methane from manure, direct N2O, indirect NoO and CO,, were reduced by PETs by 4-6%, 10-
16%, 11-16%, and 12- 24%, respectively) compared to NAT steers. Boonstra et al. (2023) reported a
comparable reduction in emissions with PETs by source of 3-7% for enteric CH4 but a slightly lower
reduction in emissions of 6-7%, 6-7%, and 9% for direct N»O, indirect N,O and CO,. These differences
may be attributable to regional variation in temperature and precipitation (Central Saskatchewan vs.

Lethbridge, AB) as well as diet and other management factors that influenced DOF.

GHG emissions from feed production

Production and delivery of feedstuffs resulted in 27-29% of total GHG emissions, with the
quantity produced for each ingredient determined by its inclusion rate in the diet (Vergé et al. 2008;
Figure 4.6). As expected, barley grain had the highest proportion of emissions (62% to 73% of crop
emissions) for Heavy and Medium steers during the backgrounding and finishing phases. Pasture
accounted for the highest proportion of feed emissions (38% to 43%) for Light steers when carbon
sequestration was not considered due to the large land base required to grow forages that had a

comparatively lower yield to other feed ingredients (Table 4.7).

Overall, there was 12-25% lower emissions associated with feed from CON compared to NAT
steers. Additionally, Heavy treatments had reduced emissions associated with feed compared to the
Medium and Light treatments as a result of higher energy diets (H avg TDN= 79.9%; M avg TDN=

72.1%; L avg TDN= 68.4%; Table 4.5) leading to reduced DOF.

Aboagye et al. (2022) and Boonstra et al. (2023) also reported a reduction in emissions associated
with crops as less feed was required as a result of the use of PETSs in steers. However, Boonstra et al.
(2023) reported a higher proportion of crop emissions compared to the present study (42% of total

emissions) which could be attributed to differences in cop management including yield, fertilizer rates,
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herbicide application and rates of inclusion of feedstuffs in the diets (corn vs. barley and silage vs.
greenfeed/silage) in the different regions (Lethbridge, AB vs. Clavet, SK). In our study, as well as those
cited above, increased feed efficiency and ADG leads to a reduction in emissions associated with crop
production as less feed was required to bring PET-treated steers to finishing weight regardless of the post-

weaning management strategy.

Improvements to carbon sequestration estimation in Holos 4 vs. 3

Carbon sequestration was estimated in the Holos model (V3.0.6.) which resulted in negative
emissions during the grazing period. It is important to note that carbon sequestration in this version of the
Holos model is estimated using the same methodology used previously by the National Inventory Report:
Greenhouse Gas Sources and Sinks (NIR; ECCC 2020) based on the Century model described by Patron
et al. (1987;1988). It is a single-year soil carbon model which employs annual soil organic carbon (SOC)
change factors to estimate the change of SOC with changing management practices including tillage to
no-till or shifting from annual crop production to perennial pasture stands. Alternatively, the most recent
version of Holos (V4) utilizes two multi-year soil carbon models: i) IPCC Tier 2 model (current
methodology of the NIR; ECCC 2023) and ii) the Introductory Carbon Balance Model (ICBM; Andrén
and Katterer 1997). These models allow for the annual estimations of soil carbon based on carbon inputs
and outputs. An annual timestep estimating over multiple years including soil dynamics is used for both
crops and perennial land use systems including a polygon scale in response to the change of management
practices including annual crop residue and manure inputs, inclusion of a cover crop rotation, tillage
practices, and climatic conditions among other factors to estimate past, present and future carbon

sequestration changes.

Land requirements

Annual variation in feed ingredient yield and land required for the production of feed was

minimized by averaging crop yields and fertilization rates (2017 to 2019), temperature (1990 to 2020) and
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precipitation (1990 to 2020) over multiple years. The observed decrease in land requirements for growing
feed for the steers during each of the three feeding phases (finishing << backgrounding < grazing)
occurred as a result of a decrease in DOF in CON vs NAT steers. It is important to note than during
backgrounding and grazing, CON steers required slightly more land than NAT steers (Figure 4.9) due to
increased ADG, BW and DMI (Smith 2022) associated with the use of PETs. Similarly, although the
same quantity of land was allocated to LCON and LNAT steers during grazing, Smith (2022) reported

that PET-treated steers had higher ADG.

Improved efficiencies as a result of the use of PETs resulted in a land use reduction of 9-22% (ha
kg boneless beef?) for CON compared to NAT steers. Boonstra et al. (2023) reported a 9.9-10.5%
decrease in land required for steers treated with PETs. In addition, Aboagye et al. (2022) reported a

19.5% increase in the land required to raise cattle without PETS.
Nitrogen excretion

The observed reduction (0.007 - 0.012 Mg N hd?; 21%-25%; Figure. 4.11) in total mean N
excretion between CON and NAT steers was associated with increased nitrogen use efficiency linked to
improved feed efficiency and ADG with use of PETS, resulting in fewer DOF (Stackhouse et al., 2012
and Capper et al., 2012). The finishing phase had a higher rate of N excretion (0.037 to 0.024 Mg N hd?)
than backgrounding (0.010 to 0.020 Mg N hd™*) for both Medium and Light steers despite MCON (110.5-
d vs 98-d) and MNAT (181.5-d vs. 98-d) having more DOF during backgrounding. On average, the
finishing phase had high dietary CP compared to backgrounding (13.1% vs 12.6%, respectively; Table
4.5). Additionally, Light steers had more average DOF during backgrounding (195.5-d) than finishing
(LCON= 76-d, LNAT=135-d). While Heavy and Medium steers are consistent with the established trend
of increasing DOF increased the environmental footprint, MNAT had a higher N excretion rate than

LCON and LNAT (28.0 kg NHz hd* vs. 24.3 and 27.9, respectively).
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The observed reduction of N excretion from CON compared to NAT is higher than that reported
by Boonstra (2022) who reported a 6% reduction (2.88-2.81 Mg N and 2.99-3.05 Mg N for steers treated
with TBA and RAC, respectively). However, the overall excretion rate was comparable to our study

(92.2-93.2% vs. 87-90% respectively).
Total NHzemissions and NHs emission intensity

A decrease in total NHz emissions of 25%, 32% and 13% for HCON, MCON and LCON,
respectively (Figure 4.13) and emissions intensity (27%, 32% and 10%, for HCON, MCON and LCON;
Figure 4.15) as a result of the use of PETSs is supported by other literature. Aboagye et al. (2022) reported
an11% decrease in emissions from implanted steers compared to non-implanted steers when adjusted for
weight. Further, Capper et al. (2021) reported a 17.7% reduction in GHG emissions in Brazilian cattle as
a result of the use of PETSs in a pasture-based system. Boonstra et al. (2023) reported much lower
differences in NH3z emissions (7.4% to 7.6%) between PET treated and natural steers, as result which may
be attributed to differences in DOF, as well as differences in the types of PETs employed and climatic

conditions.
NH3 emissions by source and phase

Confined emissions were the largest source of NH3 emissions for all treatments (6.8 to 19.5 kg
NHs hd*; Figure 4.14). Second highest NHz emissions were from stored manure for all Medium and
Light steers (3.5 to 5.3 kg NHs hd™?), land for the Heavy steers (3.2 to 3.7 kg NH3 hd*) while third highest
was stored manure for Heavy steers (2.4 to 3.2 kg NH; hd"1) and land for the Medium and Light steers
(3.4 t0 5.8 kg NH3 hd*). HCON represented the lowest rate of emissions from all sources compared to the
other CON treatments, due to increased efficiency from a higher energy diet resulting in fewer DOF while
LCON represented the highest rates of NHz emissions from all sources, compared to the other CON steers
due to the inverse. Grazing resulted in the lowest NH3 emissions attributed to the fewest DOF and direct

application of manure to the land as opposed to it being stored. Boonstra (2022) also reported the highest
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proportion of emissions (66% * 1%) in confinement as compared to stored and land applied manure NH;
emissions. Differences in proportion of emissions by source between Boonstra (2022) and our study can
be attributed to higher dietary CP content during backgrounding (13.2%) compared to our study (12.6%)

and climate.

It is important to note that the magnitude of difference in emissions from steers in the MNAT
treatment was proportionally larger than of the other two treatments. A possible explanation for this
difference may be associated with the time of finishing which occurred from March to September (spring
and summer) compared to other treatments in which finishing occurred during fall/winter to early spring.
Therefore, the MNAT treatment had a 30-y average ambient temperature of 10.5 °C during the finishing
period as compared to the other treatments which had 30-y average ambient temperatures range of -5°C to
7°C. Increased temperatures promote ammonia volatilization (Wang et al. 2023; Sommer and Hatchings
1995) and stockpiling-adjusted emissions factors consider temperature as described by Sheppard and
Bittman (2012). In this model NHs emissions increase 1.5-fold for every 10°C increase above the
reference temperature of 15°C and decrease by an equal amount for every 10°C below the 15°C reference
temperature (Legesse et al. 2018b). There is potential concern, that higher ambient temperatures as a

result of climate change will lead to higher NH3 emissions.
Water requirements

Feed production was the primary use of water accounting for 99.1% to 99.4% of total water use.
This aligns with previous literature examining PET use (99.3% Boonstra et al., 2023; 99% reported by
Legesse et al. 2018a). Average steer water intake ranged from 0.5% to 0.4% of total water use across
management scenarios which is consistent with previous literature (0.4% and <1%; Boonstra et al. 2023
and Legesse et al. 2018a, respectively). Water required for meat processing (4.6 to 4.8 m3 hd) was also

comparable to Boonstra et al. (2023) and Legesse et al. (2018a).
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A reduction in total water use (m® water hd*) between CON and NAT treatments can be
attributed to lower DOF for CON due to increased feed efficiency as compared to NAT. Similar
reductions have been observed by Aboagye et al. (2022; 19.4%) as well as Capper et al. (2021; 15%) and
Boonstra et al. (2023; 10%; 183 m® hd* t0184.7 m* hd). However, total water use for Heavy treatments
and MCON though comparable by management were lower than use reported by Boonstra et al. (2023;
2,090.1 m® hd* and 2,596.7 m® hd* vs. 1,077.4 m® hd* and 1,338.7 m® hd™?, respectively) as blue water

associated with irrigation was considered by the Boonstra et al. (2023) and not in the current study.

During confined and pasture-based backgrounding, MCON and LCON steers required more
water than MNAT and LNAT as a result of heavier weights and therefore an increase in DMI and
drinking water requirement (Table 4.8; NASEM 2016). However, when adjusted for BW (data not
shown), MCON and LCON consumed less water compared to the NAT steers of the same feeding
strategy, as was the case for Light steers during the grazing period. This same phenomenon was observed
by Capper et al (2021) for pastured bulls and Boonstra et al. (2023) for steers during the backgrounding

phase.

On an intensity basis, HCON, MCON and MCON had a water use intensity of 3.8 m®H,0 kg
boneless beef 1, 4.7 m®H,0 kg boneless beef 1, and a 7.7 m3H,0 kg boneless beef 1, representing a 19%,
25%, and 12% reduction compared to their respective NAT treatments (Figure 4.17). This is comparable
to Boonstra et al. (2023) who reported a 5.9 m®H,0 kg boneless beef - for both STBA and SRAC
treatments resulting in a 11% to 12% decrease in water use m®H,0O kg boneless beef -* compared to the
weight-adjusted control steers. Other Canadian studies (Aboagye et al. 2022) found weight adjusted steers
to have a 19.4% increase in water usage (m®H,0 kg boneless beef ). These same authors reported
implanted steers had a water use intensity of 6.42 m®H,0 kg boneless beef * which is comparable to the
less efficient MNAT treatment in the present study which is expected as the previously mentioned authors

considered blue water associated with irrigation while the present study did not.
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4.6 CONCLUSIONS

The results from this study confirm that utilization of PETs in Canadian beef production systems
(including direct finishing, backgrounding prior to finishing and backgrounding, summer grazed and
finished cattle) resulted in lower land use, GHG and NHs emissions, and water use on an intensity basis,
compared to NAT treatments. Further, this study adds to previously published results which demonstrate
a lower environmental footprint when using PET’s due to increased ADG resulting in reduced DOF to
reach a target end weight. Average environmental and crop data over a 30-year period was used to ensure
that short-term variation in temperature and precipitation would not impact outcomes. In addition, the
study design which included 80-hd per each of six treatments over two replicate years, resulting in 960

observations provides further confidence regarding the observed outcomes.

Although LNAT and LCON had greater GHG and ammonia emissions, as well as land and water
use compared to Medium and Heavy treatments, important sustainability metrics including biodiversity
and other ecosystem services associated with grazing yearling steers were not included in our evaluation.
Carbon sequestration data was estimated using Holos v3. While this measurement provides an estimate to
compare systems, it is likely that the extent of carbon storage was underestimated as carbon sequestration
is difficult to predict and conservative estimates were employed. However, Holos v4 has a more refined
equations to estimate carbon sequestration, though it was not available when this project was conducted.
Other ecosystem services associated with the preservation of grassland ecosystems were not included in
the analysis as these metrics are yet to be quantified and reliably measured. However, there is optimism as
this type of work is being done by research institutions and NGOs including Ducks Unlimited Canada and

the Nature Conservancy of Canada, among others.

Lastly, while there are higher adoption rates of PET use in feedlot and backgrounding systems
compared to cow-calf and other extensive systems, this project is the first in Canada to report a reduced

environmental footprint can be achieved on pasture-based systems through the use of PETSs.

91



5 GENERAL DISCUSSION

This study adds to an existing body of literature which demonstrates that that the use of PETSs in post-
weaned steers can reduce the environmental impacts (GHG and NHs; emissions, land, and water use) of
beef production compared to NAT steers. This study is unique in that it is the first to examine the value of
using PETSs in multiple post-weaning feeding strategies including a two-phase backgrounding system with

a grazing phase prior to entering the feedlot.

The observed decrease in the estimated environmental impacts in CON compared to NAT cattle can
be attributed to an increased ADG resulting in a decrease in DOF. As a result, on an intensity basis,
HCON consistently had the lowest environmental impacts compared to MCON and LCON as these steers
had either a one or two backgrounding phases respectively, in which they were fed lower energy diets that
resulted in a longer feeding period. Therefore, PETs and directly finishing of cattle are strategies to
reduce the environmental impact of beef production in Canada. The data demonstrated that the Light
management scenario consistently had the highest environmental footprint in terms of GHG and ammonia
emissions, as well as land and water use. However, pastureland used for grazing stored large quantities of
carbon with the potential for additional carbon sequestration in the systems used to produced both LCON
and LNAT steers. These results must be interpreted with caution as the carbon module in Holos v3, used
to estimated GHG emissions in this study, is basic compared to the new Holos v4 and therefore has
limitations. Nonetheless, although some aspects of the forage-based diets resulted in a greater
environmental impact than direct grain-fed cattle, grasslands also supply additional ecosystem goods and
services including supporting biodiversity by providing habitat for Canadian wildlife and many species

at-risk and the perseverance of the quality of ground and surface water.

Gaps in Knowledge
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Although we possess the capacity to measure and estimate several sustainability metrics including
GHG and NHs emissions, land use, and water use, we are only learning to accurately assess the impact of
other metrics including habitat preservation, biodiversity, connectivity of landscapes, carbon
sequestration and circularity within agriculture systems, which are not considered in the current study.
Recent studies have made attempts to quantity these parameters (Pogue et al. 2018, 2020) and
conservation groups acknowledge the success of agricultural land conservation programs in preserving
the habitats of species at risk (Reiter et al 2022). For example, Abel Moneim et al. (2022) recently
demonstrated that conversion of grasslands to annual cropland restricted ecological flow. Their work
emphasizes the importance of grasslands in maintaining landscape connectivity in Alberta, thereby

sustaining biodiversity and gene flow for Alberta’s wildlife species.

There are concerns regarding the potential loss of PETs and negative impacts that this could have
on Canadian cattle production including soil erosion, run-off, and air pollution. However, tracing
metabolites and waste from feedlots that may flow with run-off and impact living organisms in adjacent
ecosystems is complex. However, emerging studies are beginning to assess if PETs have other ecosystem
impacts when they are employed in intensive feedlot systems. Recent studies (Challis et al. 2021) found
that feeding ractopamine (RAC) to cattle over 42 days resulted in detectable levels of this B-AA within
manure on the pen floor after 13 days. The pen floors even at that time were contaminated at levels well
beyond what has been shown to physiologically impact certain fish species native to the area (Challis et
al. 2021). However, the extent to which RAC flows from the feedlot to surrounding waterways still needs

to be determined.

Identifying strategies to mitigate the environmental impacts of beef production systems must
consider the whole system including geographical location, feed availability and economically viability
(Capper et al., 2021). Use of PETs offer a low-cost strategy to reduce the environmental footprint of

cattle, which requires limited management and is of limited risk to environmental health and food safety
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(Capper et al., 2021). Additionally, the use of PETs has been shown to reduce the cost of beef for

consumers from US$ 15.50 to 13.80/kg (Hiroven et al. 2020).

Banning the use of PETs to Canadian producers could impact Canada’s position as one of the
lowest emitters of GHGs per kg beef on a global scale with North American beef producing 110 kg CO.e
kg protein, which is on average 43% less than other developed regions (CAPI 2023). Further, removal of
PETs would lead to increased competition for land to produce livestock, feed, and human food. With the
margins for cow-calf producers constantly thinning, the economic viability of the Canadian beef industry
could be threatened without access to technologies that increase growth efficiency, reduce days on feed

and reduce resource inputs.

Although the natural cattle market exists, its demand is largely saturated at the domestic level and
the auditing procedures required for its exports can cause contracting delays that lead to over-finishing,
more DOF and reduced meat quality (Personal communication: Brenna Grant, Canfax Research Services,
Lyle Adams, Alberta Cattle Feeders’ Associate and 6A Cattle Company Ltd, Dr. Ron Stevenson Metzger
Veterinary Services and Copper Creek Ranch). Additionally, whether producers are seeing the proposed
premiums associated with the natural market is questionable (Personal correspondence: Shannon Argent,

VBP+ and Brenna Grant, Canfax Research Services).

A survey conducted by Nielsen Global Health and Ingredient-Sentiment Survey (2016) which
spanned 69 countries and 30,000 consumers reported that the majority of respondents from North
America (58%) would choose beef products that are free from hormones and antibiotics. While online
surveys are not always a reflection on in-store purchasing behaviour (Tait et al. 2018) restaurants that sell
beef and beef products, including A&W, have used this perceived preference as a marketing tool. It has
been demonstrated that the information consumers are exposed to will influence whether or not they will

consume beef products (Katare et al. 2022).
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The international demand for “free-from” beef resulted in barriers to export of Canadian beef to
EU countries. In order to enter this market, the CETA agreement was negotiated and signed to allow free-
trade of beef products between Canada and the EU provided cattle were raised by standards set by the EU
which includes abstaining from the use of PETs. Although the CETA agreement was expected to generate
millions of dollars in trade and export to support the Canadian natural cattle market, trade/management
barriers still exist to enter the European market and producers are yet to see the benefit from CETA
(Arnason, 2020). According to Statistics Canada, the Canadian beef industry currently uses less than 5%
of the quota allocated under CETA. In 2022, exports to the EU and UK accounted for less than 1% of
total beef export volume (1,158 tonnes) with no Canadian beef export to the UK in 2022 or in the first
four months of 2023. Despite this, the EU represents 11% (16,452 tonnes) of Canada’s total beef import
volume in 2022 (AAFC, 2023). The price of beef imported from the EU as of June of 2023 was $6.25/kg
compared to Canada’s export price of $18.94/kg, suggesting Canada is exporting higher valued products
to the EU and UK and importing lower-value products from these same countries. In the first 6 months of

2023, imports from the EU was down 7% by volume compared to 2022 which was valued at $92 million.

Encouraging science-based discussion and engagement with producers and consumers

Further investment in extension and knowledge transfer is necessary to support producers in the
adoption of the use of PETs beyond the feedlot and pre-weaning. Many provinces (i.e., Alberta and
Ontario) have cut back or decreased funding for extension which has created a gap in extension of best
management practices to producers. This valuable source of information is particularly important for cow-
calf producers who unlike large scale-feedlots, do not rely heavily on nutrition or consulting companies
for management advice. Furthermore, providing information regarding types of implants available,
administration techniques, as well as economic and environmental outcomes will ensure that they are able

to make informed decisions regarding adoption of PET’s.

Further, this study has provided data to inform consumers to better understand the environmental

implications of their food choices. It is apparent that developing effective and creative solutions to
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encourage dialogue between consumers and producers regarding shared values is essential to improve

environmental sustainability and promote science-driven decision-making regarding food choices.

6 GENERAL CONCLUSIONS

Study conclusions:

Data presented in this study support the hypothesis that the use of productivity enhancing
technologies (PETS) post-weaning reduces environmental impacts associated with backgrounding
of steers on pasture or in confinement as well as during finishing.

Across all three management strategies, PETs resulted in a 7-13% decrease in GHG emissions
(kg COzeq kg boneless beef?), a 13-32% reduction in ammonia emissions (NHs; kg NHs kg
boneless beef?), a 9-22% reduction in land requirement (ha kg boneless beef!), a 11-24%
reduction in water use (m® H,O kg boneless beef!) and on average, reduced DOF by 22%.

This study adds to existing North American literature that demonstrates that the removal of PETs
from beef production has negative environmental consequences.

To the authors knowledge, this was the first study in Canada to use production data to model the
environmental impacts of beef calves raised with or without PETs in which a grazing period was
included as part of a backgrounding/yearling grasser finishing program. Further research
regarding the environmental benefits (biodiversity, carbon sequestration, and habitat

preservation) associated with the use of PETs during the grazing period is necessary.

Future considerations:

Further understanding the environmental and efficiency benefits of utilizing PETSs in forage-based

systems including cow-calf and pre-weaned calves are needed.

96



Further work understanding the demand for naturally-raised cattle in international and domestic
markets as well as the cost-benefits to producers is an important next step.

Finding strategies and forums to better engage with consumers including students who are the
next generation of decision-makers is essential. Further support to organizations including Ag in
the Classroom, and venues including the Farm and Food Discovery Centre and Discover the Farm

could encourage knowledge sharing regarding the role of beef in our food system.

97



7 REFERENCES

Aboagye, I.A., Cordeiro, M.R.C., McAllister, T.A., May, M.L., Hannon, S.J., Booker, C.W., Parr,
S.L., Schunicht, O.C., Burciaga-Robles, L.O., Grimson, T.M., Boonstra, E., Mengistu, G.F.,
Fulawka, D.L., and Ominski, K.H. 2022. Environmental performance of commercial beef production
systems utilizing conventional productivity-enhancing technologies.

Transl. Anim. Sci. 6: 1-15 https://doi.org/10.1093/tas/txac074.

Aboagye, I.A., Cordeiro, M.R.C., McAllister, T.A., and Ominski, K.H. 2021. Productivity-Enhancing
Technologies. Can Consumer Choices Affect the Environmental Footprint of Beef? Sustainability. 13:
4283. doi:10.3390/su13084283.

Agriculture and Agri-food Canada (AAFC). 2018. [Online] Available:
http://www.agr.gc.ca/eng/news/scientific-achievements-in-agriculture/holos-software-educates-on-
effects-of-new-farming-practices/?id=1532707220945 . Last modified November 27™ 2018.

Agriculture and Agri-food Canada (AAFC). 2019. [Online] Available:
https://www.canada.ca/en/environment-climate-change/corporate/international -affairs/partnerships-
countries-regions/europe/canada-europe-trade-climate.html.

Agriculture and Agri-Food Canada (AAFC). 2023. Red meat exports by country — year to date
cumulative [Online] Available: https://agriculture.canada.ca/en/sector/animal-industry/red-meat-and-
livestock-market-information/trade/red-meat-exports-country [17 Oct. 2023].

Agriculture Marketing Guide. 2021. Understanding dressing percentage of slaughter cattle.
Government of Alberta, Canada. [Online] Available: https://www.alberta.ca/understanding-dressing-
percentage-of-slaughter-.

Alemu, AW., Amiro, B.D., Bittman, S., MacDonald, D., and Ominski, K.H. 2017a. Greenhouse gas
emission of Canadian cow-calf operations: A whole-farm assessment of 295 farms. Agric. Sys. 151: 73-
83.

Alemu, A.W., Janzen, H., Little, S., Hao, X., Thompson, D.J., Baron, V., lwaasa, A., Beauchemin,
K.A., and Krobel, R. 2017b. Assessment of grazing management on farm greenhouse gases intensity of
beef production systems in the Canadian Prairies using life cycle assessment. Agric. Sys. 158: 1-13.

Allen, G. 2016. Rebalancing the global methane budget. Nature. 538: 46-48.

Allen, M.R., Shine, K.P., Fugllestvedt, J.S., Millar, R.J., Cain, M., Frame, D.J., and Macey, A.H.
2018. A solution to the misrepresentations of CO»-equivalent emissions of short-lived climate pollutants
under ambitious mitigation. Clim. and Atmos. Sci. 1: 16 ; doi:10.1038/s41612-018-0026-8.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration: Guidelines for
Computing Crop Water Requirements. Food and Agriculture Organization of the United Nations.
[Online] Available: https://www.fao.org/3/x0490e/x0490e0b.htm.

Allen, R.G., Wright, J.L., Pruitt, W.O., Pereira, L.S., Jensen, M.E., 2007. Chapter 8. Water
requirements. Design and Operation of Farm Irrigation Systems, 2nd edition American Society of
Agricultural and Biological Engineers, St. Joseph, MI:pp. 208-288 https:// doi.org/10.13031/2013.23691.

Andrén, O., Katterer, T., 1997. ICBM: The Introductory Carbon Balance Model for exploration of soil
carbon balances. Ecol. Appl. 74: 1226-1236.

98


https://doi.org/10.1093/tas/txac074
http://www.agr.gc.ca/eng/news/scientific-achievements-in-agriculture/holos-software-educates-on-effects-of-new-farming-practices/?id=1532707220945
http://www.agr.gc.ca/eng/news/scientific-achievements-in-agriculture/holos-software-educates-on-effects-of-new-farming-practices/?id=1532707220945
https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/partnerships-countries-regions/europe/canada-europe-trade-climate.html
https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/partnerships-countries-regions/europe/canada-europe-trade-climate.html
https://agriculture.canada.ca/en/sector/animal-industry/red-meat-and-livestock-market-information/trade/red-meat-exports-country
https://agriculture.canada.ca/en/sector/animal-industry/red-meat-and-livestock-market-information/trade/red-meat-exports-country
https://www.alberta.ca/understanding-dressing-percentage-of-slaughter-
https://www.alberta.ca/understanding-dressing-percentage-of-slaughter-
https://www.fao.org/3/x0490e/x0490e0b.htm

Arnason, Robert 2020. EU access for Canadian red meat remains elusive. The Western Producer.
[Online] Available: https://www.producer.com/news/eu-access-for-canadian-red-meat-remains-elusive/
[Accessed: Sep. 1 2021].

Arto, 1., Andreoni, V., and Rueda-Cantuche, J.M. 2016. Global use of water resources: A
multiregional analysis of water use, water footprint and water trade balance. Water Resour. Econ. 15: 1—
14. doi:10.1016/j.wre.2016.04.002.

ASCE. 1996. Hydrology Handbook. American Society of Civil Engineers. Task Committee on
Hydrology Handbook. Handbook. New York, USA.

Balafouts, A., Beck, B., Fountas, S., Vangeyte, J., Van der Wal, T., Soto, I., Gomez-Barbero, M.,
Barnes, A., and Eory, V. 2017. Precision Agriculture Technologies Positively Contributing to GHG
Emissions Mitigation, Farm Productivity and Economics. Sustainability. 9: 1339
https://doi.org/10.3390/su9081339.

Basarab, J., Baron, V., Lopez-Campos, O., Aalhus, J., Haugen-Kozyra, K., and Okine, E. 2012.
Greenhouse gas emissions from calf- and yearling-red beef production systems with and without the use
of growth promotants. Animal. 2: 195-220.

Beauchemin, K.A., Janzen, H.H., Little, S.M., McAllister, T.A., and McGinn, S.M. 2010. Life cycle
assessment of greenhouse gas emissions from beef production in western Canada: A case study. Agric.
Syst. 103: 371-379.

Beauchemin, K.A., Ungerfeld, E.M., Abdalla, A.L., Alvarez, C., Arndt, C., Becquet, P., Bencharr,
C., Berndt, A., Mauricio, R.M., McAllister, T.M., Oyhantcabal, W., Salami, S.A., Shalloo, L., Sun,
Y., Tricarico, J., Uwizeye, A., De Camillis, C., Bernoux, M., Robinson, T., and Kebreab, E. 2022.
Invited review: Current enteric methane mitigation options. J. Dairy Sci. 105: 9297-9326.

Beaulieu, M.S., 2007. Estimation of water use in Canadian agriculture in 2001. Agriculture and Rural
Working Paper Series. Statistics Canada, Agriculture Division, Ottawa, Canada.

Beef Cattle Research Council. 2019. Adoption rates of recommended practices by cow-calf operators in
Canada. Available online:

[https://mww.beefresearch.ca/content/uploads/2022/04/Adoption_Rates_of Recommended_Practices_by
_Cow-Calf_Operators_in_Canada_- March_2019 Final.pdf].

Behera, S.N., Sharma, M., Anegja, V.P., Balasubramanian, R. 2013. Ammonia in the atmosphere: a
review on emission sources, atmospheric chemistry and deposition on terrestrial bodies. Environ. Sci.
Pollut. Res. Int. 20: 8092-80131. doi: https://doi.org/10.1007/s11356-013-2051-9.

Bergen, W.G., and Bates, D.G. 1984. lonophores: Their effect on production efficiency and mode of
action. J. Anim. Sci. 58: 1465-1483.

Blom, E.J., Gentry, W.W., Pritchard, R.H., and Hales, K.E. 2022. Effects of backgrounding-phase
rate of gain on performance and carcass characteristics of feedlot steers. Appl. Anim. Sci. 38: 279-284.

Blimmel, M., Haileslassie, A., Samireddypalle, A., Vadez, V., and Notenbaert, A. 2014. Livestock
water productivity: feed resourcing, feeding and coupled feed-water resource data bases. Anim. Prod. Sci.
54: 1584-1593.

Boonstra, E. 2022. Growth enhancing technologies: A strategy to reduce the environmental footprint of
Canadian beef production. Masters of Science Thesis. University of Manitoba.

99


https://doi.org/10.3390/su9081339
https://doi.org/10.1007/s11356-013-2051-9

Boonstra, E., Aboagye, I.A., McAllister, T.A., Legesse, G., Mengistu, G.F., Fulawka, D.L., Cordeiro,
M.R.C., Ribeiro, G.O., McGeough, E., and Ominski, K.H. 2023. Modelling environmental impacts
associated with the removal of productivity-enhancing technologies from Canadian feedlots: a case study.
C. J. Anim. Sci. 103: 249-261 https://doi.org/10.1139/cjas-2022-0132.

Brameld, J.M., and Parr, T. 2016. Improving efficiency in meat production. Proc. Nutr. Soc. 75: 242-
246. doi: 10.1017/S0029665116000161.

Brault, S., Hannon, S., Gow, S., Warr, B., Withell, J., Song, J., Williams, C., Otto, S., Booker, C.,
and Morely, P. 2019. Antimicrobial use on 36 beef feedlots in Western Canada: 2008-2012. Front. Vet.
Sci. 6: 329.

Browne, N.A., Eckard, R.J., Behrendt, R., and Kingwell, R.S. 2011. A comparative analysis of on-
farm greenhouse gas emissions from agricultural enterprises in south eastern Australia. Anim. Feed Sci.
Technol. 166-167: 641-652.

Callaway, T.R., Edrington, T.S., Rychlik, J.L., Genovese, K.J., Poole, T.L., Jung, Y.S., Bischoff,
K.M., Anderson, R.C., and Nisbet, D.J. 2003. lonophores: Their use as ruminant growth promotants
and impact on food safety. Curr. Issues Intest. Microbiol. 4: 43-51.

Cameron, A., and McAllister, T.A. Antimicrobial usage and resistance in beef production. 2016. J
Anim. Sci. Biotechnol. 7: 68 https://doi.org/10.1186/s40104-016-0127-3.

Canadian Agri-Food Policy Institute (CAPI). 2023. Forces impacting animal agriculture in Canada: a
synthesis. 960 Carling Avenue, CEF Building 60 Ottawa, ON K1A 0C6 [Nov. 2023].

Canola Council of Canada. 2020. [Online] Available: https://www.canolacouncil.org/about-canola/.

Canadian Centre for Food Integrity. 2019. Public Opinion: a study of Canadian conversations online
on food and farming. Canadian Centre for Food Integrity Public Trust Research. [Online] Available:
https://lwww.foodintegrity.ca/wp-content/uploads/2019/03/Canadian-Conversations-Research-Report.pdf
[Accessed: 23 Oct. 23 2020].

Canadian Centre for Food Integrity. 2023. Public Trust Research Report [Online] Available:
https://www.foodintegrity.ca/download-2023-research-report/.

Canadian Food Inspection Agency (CFIA). 2019. Testing Procedures - Annex R: The Canadian
Program for Certifying Freedom from Growth Enhancing Products (GEPs) for the Export of Beef to the
European Union (EU) - Food - Canadian Food Inspection Agency. Modified: March 25" 2019.

Canfax Research Services. 2023. Statistical briefer. [Online] Available:
https://www.canfax.ca/media/attachments/2023/06/22/statbrf-june-2023.pdf [Accessed: 3 Dec. 2023].

Canadian Roundtable for Sustainable Beef (CRSB). 2016. Canadian Beef Goals 2030. [Online]
Available: https://crsb.ca/benchmarks/goals-progress/ [Accessed: 3 Jan. 2024].

Capper, J.L. 2012. Is the grass always greener? Comparing the environmental impact of conventional,
natural and grass-fed beef production systems. Animals. 2: 127-143.

Capper, J.L., and Cady, R.A. 2020. The effects of improved performance in the U.S. dairy cattle
industry on environmental impacts between 2007 and 2017. J. Anim. Sci. 98: skz291. doi:
https://doi.org/10.1093/jas/skz291.

Capper, J.L. and Hayes, D.J. 2012. The environmental and economic impact of removing growth-
enhancing technologies from U.S. beef production. J. Anim. Sci. 90: 3527-3537.

100


https://doi.org/10.1139/cjas-2022-0132
https://doi.org/10.1186/s40104-016-0127-3
https://www.canolacouncil.org/about-canola/
https://www.foodintegrity.ca/download-2023-research-report/
https://www.inspection.gc.ca/food/exporting-food/requirements-library/eu-meat-and-poultry-products/annex-r/eng/1462942544704/1462942667141?chap=4
https://www.inspection.gc.ca/food/exporting-food/requirements-library/eu-meat-and-poultry-products/annex-r/eng/1462942544704/1462942667141?chap=4
https://www.inspection.gc.ca/food/exporting-food/requirements-library/eu-meat-and-poultry-products/annex-r/eng/1462942544704/1462942667141?chap=4
https://www.canfax.ca/media/attachments/2023/06/22/statbrf-june-2023.pdf
https://crsb.ca/benchmarks/goals-progress/
https://doi.org/10.1093/jas/skz291

Capper, J.L., De Carvalho, T.B., Hankcock, A. S., Sa Filho, O. G., Odeyemi, I., and Bartram, D.J.
2021. Modelling the effects of steroid implant use on the environmental and economic sustainability of
Brazilian beef production. Transl. Anim. Sci. 5: 144 https://doi.org/10.1093/tas/txab144.

Calsamiglia, S., Ferret, A., Reynolds, C.K., Kristensen, N.B. and van Vuuren, A.M. 2010. Strategies
for optimizing nitrogen use by ruminants. Animal. 4: 1184-1196.

Chai, L., Krobel, R., Janzen, H.H., Beauchemin, K.A.,McGinn, S.M., Bittman, S., Atia, A., Edeogu,
I., MacDonald, D., and Dong, R. 2014. A regional mass balance model based on total ammoniacal
nitrogen for estimating ammonia emissions from beef cattle in Alberta Canada. Atmos. Environ. 92: 292—
302. doi:10.1016/j.atmosenv.2014.04.037.

Challis, J.K., Sura, S., Cantin, J., Curtis, A\W., Shade, K.M., McAllister, T.A., Jones, P.D., Giesy,
J.P., and Larney, F.J. 2021. Ractopamine and Other Growth-Promoting Compounds in Beef Cattle
Operations: Fate and Transport in Feedlot Pens and Adjacent Environments. Environ. Sci. Technol. 55:
1730-1739. doi:10.1021/acs.est.0c06450.

Cole, N.A., Todd, R.W. 2009. Nitrogen and phosphorus balance of beef cattle feedyards. In: Proceedings
of the Texas Animal Manure Management Issues Conference, September 29-30, 2009, Round Rock,
Texas. p. 17-24.

Cooprider, K.L., Mitloehner, F.M., Famula, T.R., Kebreab, E., Zhao, Y., and Van Eenennaam,
A.L. 2011. Feedlot efficiency implications on greenhouse gas emissions and sustainabilityl. J. Anim. Sci.
89: 2643-56. doi:http://dx.doi.org.uml.idm.oclc.org/10.2527/jas.2010-3539.

Council of Canadian Academies. 2022. Nature-Based Climate Solutions, Ottawa (ON): The Expert
Panel on Canada’s Carbon Sink Potential https://cca-reports.ca/wp-content/uploads/2021/03/Carbon-
Sinks EN CH-4 Aagriculture-Grasslands.pdf.

Dammgen, U., and Hutchings, N.J. 2008. Emissions of gaseous nitrogen species frommanure
management: a new approach. Environ. Pollut. 154: 488-497. doi:10.1016/j.envpol.2007. 03.017.
PMID:17562350.

Dijkstra, J., Oenema, O. and Bannik, A. 2011. Dietary strategies to reducing N excretion from cattle:
implications for methane emissions. Curr. Opin. in Environ. Sustain. 3: 414-422.

Dubey, P.K., Singh, G.S., Abhilash, P.C. 2020. Building Resilience in a Changing Climate. In:
Adaptive Agricultural Practices. SpringerBreifs in Environ. Sci. https://doi.org/10.1007/978-3-030-
15519-3.

Duckett, S.K., and Pratt, S.L. 2014. MEAT SCIENCE AND MUSCLE BIOLOGY SYMPOSIUM-
Anabolic implants and meat quality. J. Anim. Sci. 92: 3-9.
doi:http://dx.doi.org.uml.idm.oclc.org/10.2527/jas.2013-7088.

Duffield, T.F., Merrill, J.K., and Bagg, R.N. 2012. Meta-analysis of the effects of monensin in beef
cattle on feed efficiency, body weight gain, and dry matter intake. J. Anim. Sci. 90: 4583-4592.

Dyer, J.A., Vergé, X.P.C., Desjardins, R.L., and Worth, D. 2010. The protein-based GHG emission
intensity for livestock products in Canada. Environ. Sci. Pol. 34: 618-629.

Environment and Climate Change Canada. 2020. Monthly Climate Summaries. Database. [Online]
Available: https://climate.weather.gc.ca/prods_servs/cdn_climate_summary_e.html. [17 Nov. 2023].

Environment and Climate Change Canada, 2020. National Inventory Report 1990-2018: Greenhouse
Gas Sources and Sinks in Canada. Canada’s Submission to the United Nations Framework Convention on
Climate Change. Environment and Climate Change Canada, Gatineau, QC, Canada.

101


https://doi.org/10.1093/tas/txab144
https://cca-reports.ca/wp-content/uploads/2021/03/Carbon-Sinks_EN_CH-4_Agriculture-Grasslands.pdf
https://cca-reports.ca/wp-content/uploads/2021/03/Carbon-Sinks_EN_CH-4_Agriculture-Grasslands.pdf
https://doi.org/10.1007/978-3-030-15519-3
https://doi.org/10.1007/978-3-030-15519-3
http://dx.doi.org.uml.idm.oclc.org/10.2527/jas.2013-7088
https://climate.weather.gc.ca/prods_servs/cdn_climate_summary_e.html

Environment and Climate Change Canada. 2023. National Inventory Report 1990-2021: Greenhouse
Gas Sources and Sinks in Canada. https://www.canada.ca/en/environment-climate-
change/services/climate-change/greenhouse-gas-emissions/inventory.html.

FAO. 2014. Agriculture, Forestry and Other Land Use Emissions by Sources and Removals by Sinks
(PDF). (89 pp, 3.5 MB) Climate, Energy and Tenure Division, FAO. [Online] Available:
http://www.fao.org/docrep/019/i3671e/i3671e.pdf.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., Brovkin, V., Cadule, P., Doney, S.,
Eby, M., Fung, I, Bala, G., John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W.,
Lindsay, K., Matthews, H.D., Raddatz, T., Rayner, P., Reick, C., Roeckner, E., Schnitzler, K.-G.,
Schnur, R., Strassmann, K., Weaver, A.J., Yoshikawa, C., and Zeng, N. 2006. Climate—Carbon Cycle
Feedback Analysis: Results from the C4MIP Model Intercomparison. J. Climate. 19: 3337-3353 doi:
https://doi.org/10.1175/JCL13800.1.

Gerbens-Leenes, P.W., Mekonnen, M.M., and Hoekstra, A.Y. 2013. The water footprint of poultry,
pork and beef: A comparative study in different countries and production systems. Water Resour. Ind. 1-
2: 25-36.

Gerber, P., Steinfeld, H., Henderson, H., Mottet, A., Opio, C., Dijkman, J., Falcucci, A. and
Tempio, G. 2013. Tackling climate change through livestock- A global assessment of emissions and
mitigation opportunities. Rome: Food and Agriculture Organization of the United Nations (FAO), Rome.

Global Affairs Canada. 2020. Opportunities and Benefits of CETA for Canada’s Agriculture and Agri-
Food Exporters. Government of Canada: Accessed April 6%, 2020 https://www.international.gc.ca/trade-
commerce/trade-agreements-accords-commerciaux/agr-acc/ceta-aecg/business-entreprise/sectors-
secteurs/agri.aspx?lang=eng.

Godde, C.M., de Boer, I. J. M., zu Ermgassen, E., Herrero, M., van Middelaar, C.E., Muller, A.,
R60s, E., Schader, C., Smith, P., van Zanten, H. H. E., and Garnett, T. 2020. Soil carbon
sequestration in grazing systems: managing expectations. Clim. Change. 161: 285-391.

Grebitus, C., Steiner, B., and Veeman, M. 2015. The roles of human values and generalized trust on
stated preference when food is labeled with environmental footprints: Insights from Germany. 52: 84-91.

Guan, H., Wittenberg, K.M., Ominski, K.H., and Krause, D.O. 2006. Efficacy of ionophores in cattle
diets for mitigation of enteric methane. J. Anim. Sci. 84: 1896-1906.

Guyader, J., S.M. Little, R. Krébel, C. Benchaar, K.A. Beauchemin. 2017. Comparison of greenhouse
gas emissions from corn- and barley-based dairy production systems in Eastern Canada. Agric. Sys. 152:
38-46.

Harsh, B., Klatt, B., Volk, M., Green-Miller, A., and McCann, J. 2021. Effects of ractopamine
hydrochloride on nutrient digestibility and nitrogen excretion of finishing beef cattle. Transl. Anim. Sci.
5: txab036 doi: 10.1093/tas/txab036

Hausdorff, W.P., Caron, M.G., and Lefkowitz, R.J. 1990. Turning off the signal: desensitization of f3-
adrenergic receptor function. The FASEB J. 4: 2881-2889.

Health Canada. 2009. Categorization of Antimicrobial Drugs Based on Importance in Human Medicine.
Government of Canada. [Online] Available: https://www.canada.ca/en/health-canada/services/drugs-
health-products/veterinary-drugs/antimicrobial-resistance/categorization-antimicrobial-drugs-based-
importance-human-medicine.html.

Henchion, M.M., De Backer, C.J.S., Hudders, L., and O’Reilly, S. 2022. Chapter 30 — Ethical and
sustainable aspect of meat production; consumer perceptions and system credibility. New Aspects of

102


https://www.canada.ca/en/environment-climate-change/services/climate-change/greenhouse-gas-emissions/inventory.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/greenhouse-gas-emissions/inventory.html
http://www.fao.org/docrep/019/i3671e/i3671e.pdf
https://doi.org/10.1175/JCLI3800.1
https://www.international.gc.ca/trade-commerce/trade-agreements-accords-commerciaux/agr-acc/ceta-aecg/business-entreprise/sectors-secteurs/agri.aspx?lang=eng
https://www.international.gc.ca/trade-commerce/trade-agreements-accords-commerciaux/agr-acc/ceta-aecg/business-entreprise/sectors-secteurs/agri.aspx?lang=eng
https://www.international.gc.ca/trade-commerce/trade-agreements-accords-commerciaux/agr-acc/ceta-aecg/business-entreprise/sectors-secteurs/agri.aspx?lang=eng
https://doi.org/10.1093/tas/txab036
https://www.canada.ca/en/health-canada/services/drugs-health-products/veterinary-drugs/antimicrobial-resistance/categorization-antimicrobial-drugs-based-importance-human-medicine.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/veterinary-drugs/antimicrobial-resistance/categorization-antimicrobial-drugs-based-importance-human-medicine.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/veterinary-drugs/antimicrobial-resistance/categorization-antimicrobial-drugs-based-importance-human-medicine.html

Meat Quality (Second Edition), Woodhead Publishing. p 829-851. doi: https://doi.org/10.1016/B978-0-
323-85879-3.00001-5.

Henchion, M., Hayes, M., Mullen, A.M., Fenelon, M., and Tiwari, B. 2017. Future protein supply and
demand: strategies and factors influencing a sustainable equilibrium. Food._6: 53.

Henry, R.J. 2020. Innovations in plant genetics adapting agriculture to climate change. Curr. Opin. Plant
Biol. 56: 168-173.

Hirvonen, K.; Bai, Y.; Headey, D.; Masters, W.A. 2020. Affordability of the EAT—Lancet reference
diet: A global analysis. Lancet Glob. Health. 8: e59-e66.

Hocquette, J.F., Botreau, R., Legrand, 1., Polkinghorne, R., Pethick, D.W., Lherm, M., Picard, B.,
Doreau, M., and Terlouw, E.M.C. 2014. Win-win strategies for high beef quality, consumer
satisfaction, and farm efficiency, low environmental impacts and improved animal welfare. Anim. Prod.
Sci. 54: 1537-1548.

Howarth, R.W. 2019. Ideas and perspectives: is shale gas a major driver of recent increase in global
atmospheric methane? Biogeosciences. 16: 3033-3046 https://doi.org/10.5194/bg-16-3033-20109.

Hristov, A.N., Hanigan, M., Cole, A., Todd, R., McAllister, T.A., Ndegwa, P.M., and Rotz, A. 2011.
Review: Ammonia emissions from dairy farms and beef feedlots. Can. J. Anim. Sci. 91: 1-35.
d0i:10.4141/CJAS10034.

Huffman, T., Liu, J., Green, M., Coote, D., Li, Z., Liu, H., Liu, T., Zhang, X., Du, Y. 2015.
Improving and evaluating the soil cover indicator for agricultural land in Canada. Ecol. Indic. 48: 272—
281. https://doi.org/10.1016/j.ecolind.2014.07.008.

Intergovernmental Panel on Climate Change (IPPC). 2006. IPCC Guidelines for National Greenhouse
Gas Inventories. Intergovernmental Panel on Climate Change, NGGIP Publications, IGES, Japan.

Intergovernmental Panel on Climate Change (IPCC) 2021. Climate Change 2021: The Physical
Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.
Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press. In Press.

Jeong, S., Kang, D., Lim, M., Kang, C.S., and Sung, H.J. 2010. Risk Assessment of Growth Hormones
and Antimicrobial Residues in Meat. Toxicol. Res. 26: 301-313.
https://doi.org/10.5487%2FTR.2010.26.4.301.

Johnson, B.J., Ribeiro, F.R.B., and Beckett, J.L. 2013. Application of growth technologies in
enhancing food security and sustainability. Anim. Front. 3: 8-13.

Johnson, B. J., Smith, S.B., and Chung, K.Y. 2014. Historical overview of the effect of B-adrenergic
agonists on beef cattle production. Asian australas J. Anim. Sci. 27: 757-766.

Katare, B., Yim, H., Byrne, A., Wang, H.H., and Wetzstein, M. 2022. Consumer willingness to pay
for environmentally sustainable meat and a plant-based meat substitute. Appl. Econ. Perspect. Policy. 45:
145-163.

Kebreab, E., France, J., Mills, J.A.N., Allison, R. and Dijkstra, J. 2002. A dynamic model of N
metabolism in the lactating dairy cow and an assessment of impact on the environment. J. Anim. Sci. 80:
248-259.

103


https://doi.org/10.1016/B978-0-323-85879-3.00001-5
https://doi.org/10.1016/B978-0-323-85879-3.00001-5
https://doi.org/10.5194/bg-16-3033-2019
https://doi.org/10.1016/j.ecolind.2014.07.008
https://doi.org/10.5487%2FTR.2010.26.4.301

Khan, S. A. R. et al. 2021. Technological innovation and environmental taxes toward a carbon-free
economy: An empirical study in the context of COP-21. Journal of environmental management. [Online]
298113418-113418.

Koohmaraie, M.M., Kent, P., Shackelford, S.D., Veiseth, E., and Wheeler, T.L. 2002. Meat
tenderness and muscle growth: is there any relationship? Meat Sci. 62: 345-352.

Krobel, R., Janzen, H.H., Beauchemin, K.A., Bonesmo, H., Little, S.M., and McAllister, T.A. 2012.
A proposed approach to estimate and reduce the environmental impact from whole farms. Acta
Agriculture Scandinavia, Section A — Animal Science. 62: 225-232. doi :
https://doi.org/10.1080/09064702.2013.770912.

Kulshreshtha, S., Nagy, C., and Grant, B. 2021. Economic Footprint / Impacts of Cattle Sector in
Canada — A Regional Analysis. J. Agric. Crop Res. 3: 115.
https://www.yumedtext.com/files/publish/published-pdf--6-JASCR-115.pdf.

Kupper, T., Bonjour, C., and Menzi, H. 2015. Evolution of farm and manure management and their
influence on ammonia emissions from agriculture in Switzerland between 1990 and 2010. Atmos.
Environ. 103: 215-22.

https://ui.adsabs.harvard.edu/link gateway/2015AtmEN.103..215K/d0i:10.1016/j.atmosenv.2014.12.024.

Landers, T.F., Cohen, B., Wittum, T.E., and Larson, E.L. 2012. A review of antibiotic use in food
animals: perspective, policy, and potential. Public Health Rep. 127: 4-22.

Lawrence, J.D., and Ibarburu, M.A. 2007. Economic analysis of pharmaceutical technologies in
modern beef production. Proceedings of the NCCC-134 Conference on Applied Commodity Price
Analysis, Forecasting, and Market Risk Management. Chicago, IL.
[http://imwww.farmdoc.uiuc.edu/ncccl34].

Layman, D.K. 2018. Assessing the role of cattle in sustainable food systems. Nutr. Today. 53: 160-165

Legesse, G., Kroebel, R., Alemu, A., Ominski, K. and McGeough, E.J. 2015. Greenhouse gas
emissions of Canadian beef production in 1981 as compared with 2011. J. Anim. Prod. Sc. 56: 153-168
https://doi.org/10.1071/AN15386.

Legesse, G., Cordeiro, M.R.C., Ominski, K.H., Beauchemin, K.A., Kroebel, R., McGeough, E.J.,
Pogue, S., and McAllister, T.A. 2018a. Water use intensity of Canadian beef production in 1981 as
compared to 2011. Sci. Total Environ. 619-620: 1030-1039. doi:10.1016/j.scitotenv.2017.11.194.

Legesse, G., Kroebel, R., Alemu, A.W., Ominski, K.H., McGeough, E.J., Beauchemin, K.A., Chai,
L., Bittman, S., and McAllister, T.A. 2018b. Effect of changes in management practices and animal
performance on ammonia emissions from Canadian beef production in 1981 as compared with 2011. Can.
J. Anim. Sci. 98: 833-844. doi:10.1139/cjas-2017-0184.

Le Mouél, C., and A. Forslund. 2017. How can we feed the world in 2050? A review of the responses
from global scenario studies. Eur. Rev. Agric. Econ. 44: 541-591. doi:10.1093/erae/jbx006.

Lesschen, J.P., van den Berg, M., Westhoek, H.J., Witzke, H.P. and Oenema, O. 2011. Greenhouse
gas emission profiles of European livestock sectors. Anim. Feed Sci. and Technol. 166-167: 16-28

Little, S.M., Benchaar, C., Janzen, H.H., Krébel, R., McGeough, E.J., and Beauchemin, K.A. 2017.
Demonstrating the Effect of Forage Source on the Carbon Footprint of a Canadian Dairy Farm Using
Whole-Systems Analysis and the Holos Model: Alfalfa Silage vs. Corn Silage. Climate. 5: 87.
Multidisciplinary Digital Publishing Institute. doi:10.3390/cli5040087.

104


https://doi.org/10.1080/09064702.2013.770912
https://www.yumedtext.com/files/publish/published-pdf--6-JASCR-115.pdf
https://ui.adsabs.harvard.edu/link_gateway/2015AtmEn.103..215K/doi:10.1016/j.atmosenv.2014.12.024
https://doi.org/10.1071/AN15386

Little, S.M., Lindeman, J., Maclean, K., and Janzen, H.H. 2008. Holos - A tool to estimate and reduce
GHGs from farms. Methodology and algorithms for Version 1.1.x. Manual, Agriculture & Agri-Food
Canada, Ottawa, Ontario

Lynch, J., Cain, M., Pierrehumbert, R., and Allen, M. 2020. Demonstrating GWP*: a means of
reporting warming-equivalent emissions that captures the contrasting impacts of short- and long-lived
climate pollutants. Environ. Res. Lett. 15: 044023. doi: 10.1088/1748-9326/ab6d7e.

Mekonnen, M.M. and Hoekstra, A.Y. 2011. The green, blue and grey water footprint of farm animals
and animal products. Volume 2: Appendices. Value ofWater Research Report. UNESCO-IHE Institute
for Water Education, The Neatherlands. [Online] Available:
https://scholar.google.com/scholar_lookup?title=The%20green%2C%20blue%20and%20grey%20water
%20footprint%200f%20farm%20animals%20and%20animal%20products&author=M.M.%20Mekonnen
&publication_year=2010 [2020 Oct. 24].

Merck Animal Health (n.d.). Ralgro. [Online] Available: http://ralgro.com/implants/quick-facts.php
[2019 May 14].

Mersmann, H.J. 1998. Overview of the effects of 3-adrenergic receptor agonists on animal growth
including mechanisms of action. J. Anim. Sci. 76: 160-172.

Miller, M.F., Garcia, D.K., Coleman, M.E., Ekeren, P.A., Lunt, D.K., Wagner, K.A., Prochnor, M.,
Welsh, T.H. Jr., and Smith, S.B. 1988. Adipose tissue, longissimus muscle and anterior pituitary growth
and function in clenbuterol-fed heifers. J. Anim. Sci. 66: 12-20.

Montgomery, J., Krehbiel, C., Cranston, J., Yates, D., Hutcheson, J., Nichols, W., Streeter, M.,
Swingle, R. and Montgomery, T. 2009. Effects of dietary zilpaterol hydrochloride on feedlot
performance and carcass characteristics of beef steers fed with and without monensin and tylosin. J.
Anim. Sci. 87: 1013-1023.

Muellner, N., Arnold, N., Gufler, K., Kromp, W., Renneberg, W., and Liebert, W. 2021. Nuclear
energy - The solution to climate change? Energy Policy. 155: 112363.
https://doi.org/10.1016/j.enpol.2021.112363.

National Academies of Sciences, Engineering, and Medicine (NASEM). 2016. Nutrient Requirements
of Beef Cattle: Eighth Revised Edition Committee on Nutrient Requirements of Beef Cattle. The National
Academies Press, Washington, DC https://doi.org/10.17226/ 19014.

Neumeier, C.J., and Mitloehner, F.M. 2013. Cattle biotechnologies reduce environmental impact and
help feed a growing planet. Anim. Front. 3: 36-41.

Nielsen Global Health and Ingredient-Sentiment Survey. 2016. What’s in our food and on our mind?
Ingredient and din-ing-out trends around the world. https://nutrimento.pt/activeapp/wp-
content/uploads/2016/09/global-ingredient-and-out-of-home-dining-trends-aug-2016.pdf [Accessed
November 21, 2023].

Nichols, W., Brister, D., Burdette, B., Hutcheson, J., Nordstrom, S., Reinhardt, C., Shelton, T., and
Newcomb, H. 2005. Revalor Implant Strategies. Revalor-S Tech. Bull. 12.

Organization for Economic Co-operation and Development. 2022. OECD-FAO Agricultural Outlook
2022-2031, OECD Publishing, Paris, https://doi.org/10.1787/f1b0b29c-en.

Ominski, K., Gunte, K., Wittenberg, K., Legesse, G., Mengistu, G., and McAllister, T. 2021. The
role of livestock in sustainable food production systems in Canada. Can. J. Anim. Sci. 101: 591-601.

105


https://doi.org/10.1016/j.enpol.2021.112363
https://doi.org/10.1787/f1b0b29c-en

Paisley, S.I., Horn, G.W., Ackerman, C.J., Gardner, B.A., and Secrist, D.S. 1999. Effects of implants
on daily gains of steers wintered on dormant native tallgrass prairie, subsequent performance, and carcass
characteristics. J. Anim Sci. 77: 291-9. doi: 10.2527/1999.772291x. PMID: 10100656.

Parker, D. B., Rhoades, M.B., Cole, N.A., and Sambana, V.P. 2011. Effect of Urease inhibitor
application rate and rainfall on ammonia emissions from beef manure. ASABE. 55: 211-218.

Parr, S.L., Chung, K.Y., Galyean, M.L., Hutcheson, J.P., DiLorenzo, N., Hales, K.E., May, M.L.,
Quinn, M.J., Smith, D.R., and Johnson, B.J. 2011. Performance of finishing beef steers in response to
anabolic implant and zilpaterol hydrochloride supplementation. J. Anim. Sci. 89: 560-570
https://doi.org/10.2527/jas.2010-3101.

Parton, W.J., Schimel, D.S., Cole, C.V., Ojima, D.S., 1987. Analysis of factors controlling soil organic
matter levels in Great Plains grasslands. Soil Sci. Soc. Am. J. 51: 1173-1179.

Parton, W.J., Stewart, J.W.B., Cole, C.V., 1988. Dynamics of C, N, P and S in grassland soils: a model.
Biogeochemistry 5: 109-131.

Pfau, A.P., Shepherd, E.A., Martin, M.G., Ascolese, S., Mason, K.M., Egert-McLean, A.M., Voy,
B.H., and Myer, P.R. 2023. Beta-Adrenergic Agonists, Dietary Protein, and Rumen Bacterial
Community Interactions in Beef Cattle: A Review. Vet. Sci. 10: 579.

Piesse, J., and Thirtle, C. 2010. Agricultural R&D, technology and productivity. Phil. Trans. R. Soc. B
365: 3035-3047 https://doi.org/10.1098/rstb.2010.0140.

Pokorny, J. 2019. Evapotranspiration. Encyclopedia of Ecology, Second Edition. P. 292-303
https://doi.org/10.1016/B978-0-12-409548-9.11182-0.

Pogue, S., Krobel, R., Janzen, H., Alemu, A., Beauchemin, K., Little, S., Iravani, M., Souza, D.M.,
and Mcallister, T. 2020. A social-ecological systems approach for the assessment of ecosystem services
from beef production in the Canadian prairie. Ecosyst. Serv. 45: 101172
doi:10.1016/j.ecoser.2020.101172.

Pogue, S.J., Krobel, R., Janzen, H.H., Beauchemin, K.A., Legesse, G., de Souza, D.M., Iravani, M.,
Selin, C., Byrne, and J., McAllister, T.A. 2018. Beef production and ecosystem services in Canada’s
Prairie provinces: A review. Ag. Sys. 166: 152-172.

Pressman, B.C. 1976. Biological applications of ionophores. Annu. Rev. Biochem. 45: 501-530.

Preston, R. 1997. Rationale for the Safety of Implants. Proceedings: Impact of Implants on Performance
and Carcass Value of Beef Cattle. Oklahoma State University, P-957. Pg 199.

Redding, M.R., Phillips, J.D.F., Lewis, R., Naylor, T., Kearton, T., Hill., C.J., and Weidermann, S.
2015. Field Measurement of Beef Pen Manure Methane and Nitrous Oxide Reveals a Surprise for
Inventory Calculations. J. of Environ. Quality 44: 720-728.

Reiter, D., Pittman, J., Ayambire, R., Brown, C., Colla, S., Loewen, T., McCune, J., Olive, A., and
Parrott, L. 2022. Lessons learnt from multiple private land conservation programs in Canada to inform
species at risk conservation. Canadian Geographies 66: 669-682. doi: https://doi.org/10.1111/cag.12770.

Ribeiro, G. O,, Terry, S., Huinerberg, M., Ominski, K., Larney, F.J., and McAllister, T.A. 2021.
Effect of trenbolone acetate, melengestrol acetate, and ractopamine hydrochloride on the growth
performance of beef cattle. Can. J. Anim. Sci. https://doi.org/10.1139/cjas-2020-0159.

Ribeiro, G. O., May, M. L., Parr, S. L., Schunicht, O. S., Burciaga-Robles, L. O., Hannon, S. J.,
Grimson, T. M., Booker, C. W., McAllister, T. A. 2020. Impact of conventional and non-conventional

106


https://doi.org/10.2527/jas.2010-3101
https://doi.org/10.1098/rstb.2010.0140
https://doi.org/10.1016/B978-0-12-409548-9.11182-0
https://doi.org/10.1111/cag.12770
https://doi.org/10.1139/cjas-2020-0159

growth-enhancing technologies for finishing feedlot beef steers. Appl. Anim. Sci. 36: 524-536.
https://doi.org/10.15232/aas.2019-01962.

Rochette, P., Liang, C., Pelster, D., Bergeron, O., Lemke, R., Kroebel, R., MacDonald, D., Yan, W.,
and Flemming, C. 2018. Soil nitrous oxide emissions from agricultural soils in Canada: Exploring
relationships with soil, crop and climatic variables. Agric. Ecosys. & Environ. 254: 69-81. doi:
https://doi.org/10.1016/j.agee.2017.10.021.

Rotz, C.A., and Muck, R.E. 1994. Changes in Forage Quality During Harvest and Storage. Pages 828—
868 in Forage Quality, Evaluation, and Utilization. John Wiley & Sons, Ltd.
doi:10.2134/1994 foragequality.c20.

Rogers, G., King, M.E., Hill, K, Wittum, T.E. & Odde, K. 2015. The effect of growth-promoting
implant status on the sale price of beef calves sold through a livestock video auction service from 2010
through 2013. Prof. Anim. Sci. 31: 443-447. 10.15232/pas.2015-01396.

Russell, J.B., and Strobel, H.J. 1989. Effect of ionophores on ruminal fermentation. Appl. Environ.
Microbiol. 55: 1-6.

Saskatchewan Conservation Data Centre. 2023. Saskatchewan’s Ecoregions. [Online] Available:
http://biodiversity.sk.ca/eco.htm. [13 Jul. 2023].

Saskatchewan Ministry of Agriculture. 2017. Crop Planning Guide. [Online] Available:
saskatchewan.ca/agriculture.

Saskatchewan Ministry of Agriculture. 2018. Crop Planning Guide. [Online] Available:
saskatchewan.ca/agriculture.

Schiavetta, A.M., Miller, M.F., Lunt, D.K., Davis, S.K., and Smith, S.B. 1990. Adipose tissue
cellularity and muscle growth in young steers fed the beta-adrenergic agonist clenbuterol for 50 days after
78 days of withdrawal. J. Anim. Sci. 68: 3614-3623.

Schroeder, A.L., Polser, D.M., Laudert, S.B., and Vogel, G.J. 2003. The effect of Optaflexx on growth
performance and carcass traits of steers and heifers. Optaflexx™ Exchange No. 1-3.

Seeger, J.T., King, M.E., Grotelueschen, D.M., Rogers, G.M., and Stokka, G.S. 2011. Effect of
management, marketing, and certified health programs on the sale price of beef calves sold through a
livestock video auction service from 1995 through 2009. J. Am. Vet. Med. Assoc. 239: 451-466.
doi:10.2460/javma.239.4.451.

Sheppard, S.C., Bittman, S., Donohoe, G., Flaten D., Wittenberg, K.M., Small, J.A., Berthiaume,
R., McAllister, T.A., Beauchemin, K.A., McKinnon, J., Amiro, B.D., MacDonald, D., Mattos, F.,
and Ominski, K.H. 2015. Beef cattle husbandry practices across ecoregions of Canada in 2011. Can. J.
Anim. Sci. 95: 305-321.

Sillence, M., and Matthews, M. 1994. Classical and atypical binding sites for -adrenoceptor ligands
and activation of adenylyl cyclase in bovine skeletal muscle and adipose tissue membranes. Br. J.
Pharmacol. 111: 866-872.

Smith, D.J. 1998. The pharmacokinetics, metabolism and tissue residues of beta-adrenergic agonists in
livestock. J. Anim. Sci. 76: 173-194.

Smith, P., Bustamante, M., Ahammad, H., Clark, H., Dong, H., Elsiddig, E.A., Haberl, H., Harper,
R., House, J., Jafari, M., Masera, O., Mbow, C., Ravindranath, N.H., Rice, C.W., Robledo Abad,

C., Romanovskaya, A., Sperling, F., and Tubiello, F. 2014. Agriculture, Forestry and Other Land Use
(AFOLU). In: Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group 1l

107


https://doi.org/10.15232/aas.2019-01962
https://doi.org/10.1016/j.agee.2017.10.021
http://biodiversity.sk.ca/eco.htm

to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Edenhofer, O., R.
Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P.
Eickemeier, B. Kriemann, J. Savolainen, S. Schlémer, C. von Stechow, T. Zwickel and J.C. Minx (eds.)].
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Smith, J.S. 2022. Performance and economic comparison of conventional and non-conventional post-
weaning calf management systems. Masters of Science Theis. University of Saskatchewan.

Solomon, S., Plattner, G., Knutti, R., and Friedlingstein, P. 2009. Irreversible climate change due to
carbon dioxide emissions. PNAS. 106: 1704-1709.

Sommer, S.G., and Hutchings, N. 1995. Techniques and strategies for the reduction of ammonia
emissions from agriculture. Wat. Air and Soil Poll. 85: 237-248.

Springer, J.D., Biermacher, J.T., Childs, M.D., Alkire, D.O., and Grooms, B. 2009. Attributes
preferred and premiums offered for naturally produced beef cattle. Selected Paper prepared for
presentation at the Southern Agricultural Economics Association Annual Meeting Atlanta, Georgia,
January 31-February 3, 2009.

Srivastav, A.L., Dhyani, R., Ranjan, M. et al. 2021. Climate-resilient strategies for sustainable
management of water resources and agriculture. Environ Sci. Pollut. Res. 28: 41576-41595.

Stackhouse, K.R., Rotz, C.A., Oltjen, J.W., and Mitloehner, F.M. 2012. Growth-promoting
technologies decrease the carbon footprint, ammonia emissions, and costs of California beef production
systems. J. Anim. Sci. 90: 4656-4665. doi:10.2527/jas.2011-4654.

Stackhouse-Lawson, K.R., Calvo, M.S., Place, S.E., Armitage, T.L., Pan, Y., Zhao, Y., and
Mitloehner, F.M. 2013. Growth promoting technologies reduce greenhouse gas, alcohol, and ammonia
emissions from feedlot cattle. J. Anim. Sci. 91: 5438-5447

Syrengelas, K., Delong, K., Grebitus, C., and Nayga, R. Jr. 2018. Is the natural label misleading?
Examining consumer preferences for natural beef. Appl. Econ. Perspect. Policy 40: 445-460.

Tait, P.R., Rutherford, P., Driver, T., Li, X., Saunders, C.M., Dalziel, P.C., and Guenther, M. 2018.
Consumer insights and willingness to pay for attributes: New Zealand beef products in California, USA.
Report, Lincoln University. AERU. [Online] Available: https://hdl.handle.net/10182/10037 [23 Oct.
2020].

US EPA, O. 2015. December 23. Overview of Greenhouse Gases. Overview and Factsheets. [Online]
Available: https://www.epa.gov/ghgemissions/overview-greenhouse-gases [28 May 2019].

Venterea, R.T., Halvorson, A., Kitchen, N., Liebig, M.A., Cavigelli, M.A., Del Grosso, S.J.,
Motavalli, P.P., Nelson, K.A., Spokas, K.A., Singh, B.P., Stewart, C.E., Ranaivoson, A., Strock, J.,
and Collins, H. 2012. Challenges and opportunities for mitigating nitrous oxide emissions from fertilized
cropping systems. Front. Ecol. Environ. 10: 562-570. https://doi.org/10.1890/120062.

Verge, X.P.C., Dyer, J.A., Desjardins, R.L., and Worth, D. 2008. Greenhouse gas emissions from the
Canadian beef industry. Agric. Syst. 98: 126-134.

Voglmeier, K., Jocher, M., Hani, C., and Ammann, C. 2018. Ammonia emission measurements of an
intensively grazed pasture. European Geosciences Union. 15: 4593-4608. https://doi.org/10.5194/bg-15-
4593-2018.

Waldrip, H.M., Parker, D.B., Miller, S., Miller, D.N., Casey, K.D., Todd., R.W., Min, B.R., Spiehs,
M.J., and Woodbury, B. 2020. Nitrous Oxide from Beef Cattle Manure: Effects of Temperature, Water

108


https://doi.org/10.1890/120062
https://doi.org/10.5194/bg-15-4593-2018
https://doi.org/10.5194/bg-15-4593-2018

Addition and Manure Properties on Denitrification and Nitrification. Atmosphere 11: 1056
https://doi.org/10.3390/atmos11101056.

Wang, X., Zhu, H., Ya., B., Chen, L., Shutes, B., Wang, M., Lyu, J., and Zhang, F. 2023. Ammonia
volatilization, greenhouse gas emissions and microbiological mechanisms following the application of
nitrogen fertilizers in a saline-alkali paddy ecosystem. Geoderma 433: 116460
https://doi.org/10.1016/j.geoderma.2023.116460.

Webb, M. 2018. Influence of Production System on Animal Performance, Carcass Characteristics, Meat
Quality, Environmental Impacts, Production Economics, and Consumer Preference for Beef. Electronic
Theses and Dissertations. [Online] Available: https://openprairie.sdstate.edu/etd/2422.

Wheeler, T.L., and Koohmaraie, M. 1992. Effects of the f-adrenergic agonist L644,969 on muscle
protein turnover, endogenous proteinase activities, and meat tenderness in steers. J. Anim. Sc. 70: 3035-
3043.

Wileman, B.W., Thomson, D.U., Reinhardt, C.D., and Renter, D.G. 2009. Analysis of modern
technologies commonly used in beef cattle production: Conventional beef production versus non-
conventional production using meta-analysis. J. Anim. Sci. 87: 3418-3426.

Willemart, J.P., and Bouffault, J.C. 1983. A RAL as an anabolic in cattle. Vet. Res. Commun. 7: 35-
44,

You, S., and Lee, C. 2023. Dietary Exposure and Risk Assessment of Beta-Agonist Residues in
Commercial Beef and Pork in Taiwan. Foods. 12: 4052. https://doi.org/10.3390/foods12224052.

Zimmerman, L.C., Schroeder, T.C., Dhuyvetter, K.C., Olson, K.C., Stokka, G.L., Seeger, J.T., and
Grotelueschen, D.M. 2012. The effect of value-added management on calf prices at superior livestock
auction video markets. J. Agric. Resour. Econ. 37: 128-143.

109


https://doi.org/10.3390/atmos11101056
https://doi.org/10.1016/j.geoderma.2023.116460
https://openprairie.sdstate.edu/etd/2422
https://doi.org/10.3390/foods12224052

