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Abstract: This paper reconciled the soil ecology benefits of forages and ruminants with reducing
GHG emissions from beef. A scenario analysis compared four integrated systems for beef, pork
and broilers. Slaughter cattle diets were either business as usual (BAU) or grass fed (GF), and the
combined red meat consumption could not exceed the recommendation for human health. The four
consumption scenarios included (PS1) equal beef and pork with BAU beef, (PS2) equal beef and
pork with GF beef, (PS3) more pork and less beef with GF beef and (PS4) more pork and less beef
with BAU beef. Broiler consumption was increased to force all four scenarios to provide the same
amount of protein. All four scenarios required similar feed grain areas (2.5 to 3 Mha). At 2.3, 4.4, 2.2
and 1.2 Mha for PS1, PS2, PS3 and PS4, respectively, the areas in harvestable forage showed much
greater variation. From high to low GHG emissions, the ranking of scenarios was PS2, PS1, PS3 and
PS4. Although allowing for avoidance of soil organic matter loss changed this ranking, the carbon
footprint of beef production was still double or more that of pork in all four PS. To reconcile the
agro-ecological benefits of beef with reducing GHG emissions, PS3 may be better than PS4. Along
with eating more pork and broilers, and less red meat overall, consumers can choose GF beef as an
occasional alternative.

Keywords: regenerative grazing; land use; protein; carbon footprints; feed conversion ratios; red
meat; beef; pork; broilers; greenhouse gas

1. Introduction

Defining the role that livestock should play in producing the food needed for a world
populated by 11 billion people is one of the great challenges facing humanity in the 21st
century [1–3]. While some experts argue that ruminants are essential for sustainable land
use, others insist that reducing enteric methane emissions is a critical step towards fighting
climate change. The goal of this paper was to determine whether these two land use
approaches can be reconciled for the beef industry. Because of the imperative of food
production [4], particularly protein [1], understanding agricultural land use change is
as important to this reconciliation as the carbon footprint of the sector. This paper will
assess the potential land use changes that might accompany the shifts in the Canadian beef
industry that many experts are calling for, along with the carbon footprints of these two
production systems.

Reducing agricultural greenhouse gas (GHG) emissions must be part of any serious
plan to combat climate change [3,5–7]. Agriculture contributes about half of the global
nitrous oxide and methane emissions [8]. The GHG emissions from the ruminant livestock
industries rival the fossil CO2 emissions from transportation [9,10]. Many agricultural soils,
which cover 35% to 40% of the Earth’s ice-free land area [4,11], have lost between one third
and three quarters of their organic carbon [12,13]. Food production (from field to plate)
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accounts for a quarter of the global CO2 emissions [14]. The expanding need for land to
support livestock, and the associated impacts on water, biodiversity and GHG emissions,
combined with climate change, has been called a “perfect storm” [2].

Human demand for animal protein is expected to increase over the next few decades
due to population growth and rising per capita consumption [1,15]. A handful of countries,
including Canada, are eating too much meat at the expense of the rest of the world [14,16]
and meat production in North America has become highly intensive [17]. The impacts of
Canada’s food consumption habits are 4.5 times as high as Canada’s rightful share of the
planetary climate boundary for food [14]. Of 20 countries compared, Hood [14] ranked
Canada as the seventh poorest performer on this scale.

1.1. Combatting Climate Change through Reduced Methane Emissions

Many experts have taken the position that livestock, particularly ruminants, contribute
disproportionally to global warming compared to other food sources [18–20]. Beef has
been identified as a major source of GHG [7,17] and reductions in ruminant populations
could make a substantial contribution to reducing climate change [1,20,21]. Eating less
red meat could reduce GHG emissions more than abandoning our cars [9]. Because about
a third of all crops are grown for livestock feed, much of the GHG emissions from crop
production are actually driven by livestock [11]. In Canada almost half of the total crop
land was determined to be in the livestock crop complex [22].

Although consumption is driving these GHG emissions [1], it is difficult for consumers
to understand how their eating habits can affect the climate [5,17]. Nevertheless, part of
the solution to the carbon footprint of our food system would be to reduce the demand for
animal products [11,21]. The livestock reductionists have recently been gifted a supporting
argument from the medical community, with many from that community calling for
reduced red meat consumption to improve public health [23–25]. The commodity that
is subject to both imperatives, being both a ruminant and red meat, is beef [23], which
accounts for 60% of the GHG emissions from Canadian livestock [26]. Therefore, if red
meat consumption in Canada was substantially reduced, both the environment and the
health of Canadians could see substantial improvements [27,28].

1.2. Combatting Climate Change through Regenerative Agriculture

Organic agriculture, including livestock production, could help to minimize climate
change [2,8,29]. Much of the solution involves treating the soil as a carbon sink [6,30,31].
Regenerative agriculture is a farm management style that does not just sustain the land; it
improves it for future generations [32,33]. The principles of regenerative agriculture include
minimizing soil disturbance and chemical inputs, maximizing biodiversity and keeping
the soil covered [7,32]. Among other agro-ecological benefits, regenerative agriculture
increases soil structure, soil biodiversity [34] and organic matter [32], which promote
carbon sequestration [12,31,35].

Kenyon [36] defined perennial forage management practices that emphasize long term
over short term production as regenerative grazing. These practices can reduce the carbon
footprint of agriculture [32,33,37]. As well as maintaining soil organic carbon [13,31,37],
incorporating forages and ruminants into agroecosystems can improve soil ecological
functions [7,34,38]. The grass-fed movement insists that ruminants are essential to a healthy
ecosystem [39]. Some believe that grazing practices can stimulate grass root growth to store
enough soil organic carbon to offset the methane emissions of the grazing animals [11].
Although such practices can include rotational grazing [1,3], there is concern as to whether
the rotational approach to grazing is always more effective than, or as ecologically beneficial
as, simply maintaining sustainable stocking rates [21,40].

For cattle on pasture, all of their manure is deposited directly on the land for which the
methane emissions are negligible compared to cattle in confined paddocks or feedlots [41].
Although manure can still be spread mechanically as fertilizer on hay fields, this consumes
some fossil fuel and requires storage prior to spreading, which leads to manure methane
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emissions [42]. However, these additional GHG emissions were taken into account by
Vergé et al. [41,43]. Both pasture and hay fields require less chemical fertilizer, another
GHG source, than annual grain crops [32]. Regardless, ruminants are still the only way to
convert cellulose into usable protein for humans [42,44].

1.3. Potential Limits of Regenerative Agriculture

Advocates of regenerative agriculture as a tool to control climate change must also
be mindful of some of its limitations. For example, because soils are carbon sinks, they
eventually become saturated [30], whereas GHG emissions are annual fluxes, which makes
the two difficult to compare [38,43]. Additionally, removing CO2 from the atmosphere
can take years, or even decades, whereas reducing annual GHG emission takes effect
immediately [11], thus addressing the urgency of the climate crisis. Natural ecosystems
should not be converted to agricultural land solely for sequestering carbon [11].

GHG emission intensities associated with grazing cattle are higher than from the
feedlot system because of the larger slaughter animals in feedlots and their shorter lives [39],
as well as their low roughage diets [6,45–47] and shelter from weather stress [46,48].
Pastureland can also be damaged by over-stocking [49]. Due to the emphasis on long term
agroecosystem health and less intensive meat production, beef produced by regenerative
grazing will provide a smaller portion of Canada’s domestic supply of carcass protein [36].
Hence, unless farmers can diversify their income sources, regenerative agriculture may
require that they charge a higher price for their meat products to realize a viable living [32].
From a global perspective, such diversification will likely make complete (animal quality)
protein less available to the human food chain [13], unless alternative sources are identified.

2. Materials and Methods

Although the arguments made for regenerative agriculture and reduced red meat
consumption are largely contradictory, they are both compelling. This divergence moti-
vated the goal of this paper: to determine whether these two positions can be reconciled
for the Canadian beef industry. Regenerative agriculture for the beef industry means
regenerative grazing. For the purpose of this analysis, all rearing of cattle on perennial
forage is considered regenerative compared to using annual crops as cattle feed, even if
that perennial forage is mechanically harvested. Although the diet for most beef cattle in
Canada is predominantly forage, most Canadian slaughter cattle are finished for market in
feedlots on a high feed grain diet [41]. With the need to keep soil covered year-round [7,32],
the first step in the transition to regenerative grazing must involve less dependence on feed
grains. In temperate climates like Canada, where grazing is seasonal, grass forage must
be stored for winter feed as hay [50]. Therefore, reducing feed grain dependence to avoid
soil carbon loss to the atmosphere [31] would require an increase in harvestable perennial
(grass) forage.

Along with 2.0 Mha of feed grains and 6.1 Mha of harvestable forage, the 2001 Cana-
dian beef crop complex included 4.3 Mha of seeded pasture [41]. The main role of pasture-
land, including both seeded pasture and rangeland, is to maintain the breeding cows and
young calves [24,51]. Although rangeland has only marginal grazing value in Canada [51],
up to 11 Mha of rangeland [51,52] are available to maintain the breeding herd. However,
the feed value of both pastureland areas is difficult to quantify [41,43]. Rangeland, in
particular, is also (by definition) land that cannot support annual crops [53]. Nevertheless,
a big enough increase in the harvested forage needed for slaughter cattle could either
increase the stocking rates on seeded pasture or lead to greater dependence on rangeland
to maintain the breeding cows and calves. Either of these outcomes would impede the
basic principles of regenerative grazing [36,49,54].

Given how much Canada is exceeding its share of the planetary climate boundary for
food [14], the scope of this examination will be limited to Canada. Since all livestock indus-
tries exist to supply the complete protein necessary for the human diet [55,56], livestock
production will likely continue for the foreseeable future. Therefore, the only protein alter-
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natives considered here will be from livestock. Because of the impact of beef on Canada’s
GHG emissions [26,43] and its role in providing protein to the human food chain [56,57],
the GHG-protein indicator [18] will be an important metric in this analysis, and recent
findings from that indicator [23,24,27] will be taken as a starting point. However, land use
will be the major determinant in reaching this reconciliation goal.

Table 1 provides a roadmap through this analysis using the tables and figures as
landmarks. The first five stages (left side) identify the major contributions from previous
work to this analysis. Stages 2 to 4 introduce the components of the scenario analysis model.
By separating beef into two separate commodities based on diet, Stage 5 is the starting
point of the calculations specific to this paper. Although Stage 6 did not contribute directly
to the goal of this analysis, the validation of area differences between the two beef diet
scenarios was crucial to Stage 7, which then set up Stage 8 to introduce and quantify the
potential role of avoided soil carbon loss in the scenario analysis.

Table 1. Sequence of analytical stages to seek reconciliation of regenerative grazing with reducing livestock GHG emissions
in Canada based on reduced red meat consumption and maintaining a constant protein supply to Canadian consumers.

Stages Referenced to Previous Work Stages Completed in This Analysis

# Stage Function Variables

{1} The GHG emissions (from literature)
Protein beef

pork
broilers

{2} Protein intake and Red Meat (from literature)
RM beef

pork

NPI RM + broilers # Stage Function Variables

{3} Boundary conditions (Figure 1) {6} GF area validation (Table 3; Figure 3)
Upper RM FCR LW{beef}
Lower NPI feed for beef

{4} Scenario analysis (Figure 2) {7} Compare PS areas (Figure 4)
Beef diet BAU:GF PS areas All feed grains
BW ratios beef:pork Harvestable forage

{5} GHG emission intensities (Table 2) {8} Soil Organic Carbon (∆SOC) (Figure 5)
CO2e per: Protein Rank PS by: GHG - ∆SOC

LW Areas

GHG Greenhouse gas PS Production scenario(s)
NPI National protein intake FCR Feed conversion ratio
RM Red meat BAU Business as usual
BW Boneless weight GF Grass fed
LW Live weight for beef ∆SOC Soil organic carbon change

2.1. The GHG-Protein Indicator

Much of the work in Canada towards minimizing the carbon footprint of Canadian
agriculture has focused on comparing the GHG emission budgets of Canadian livestock
industries, namely beef, pork, dairy, poultry and sheep [41,58–61] based on livestock feed
intake data [62]. Dyer et al. [18] compared the GHG emission budgets of beef, pork,
dairy and poultry on the basis of protein. The GHG-protein indicator was used by three
other research teams to report the GHG–protein ratios for livestock on an international
scale [63–65]. The broadest ranges were in beef, mainly because they reflect many different
beef production systems adapted to a diversity of environments [42]. However, the dif-
ferences in these ratios among beef, pork and poultry were similar to those reported by
Dyer et al. [18]. Nijdam et al. [65] separated beef industries into intensive and extensive
systems, with extensive systems having roughly 20% higher GHG–protein ratios than the
intensive systems.
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2.1.1. Canadian Applications of the GHG-Protein Indicator

Between 2012 and 2018, the GHG-protein indicator saw a number of other appli-
cations in Canada, including: redistribution of beef and pork populations to quantify
different payback periods for soil carbon [43]; as a basis for displacing some beef cattle with
sheep [61]; to assess co-grazing sheep and beef in Western Canadian rangeland [51]; and
to compare two ruminants (beef and dairy) to two non-ruminants (pork and poultry) on
an east-west basis [66]. In order to assess the impact of Canola meal as ruminant livestock
feed, Dyer et al. [67] assumed a fixed quantity of protein production for two scenarios for
feeding Canola meal to sheep and beef cattle. The GHG-protein indicator was used to
compare pulse and livestock (both ruminants and non-ruminants) as protein sources [68].
Both the direct and reciprocal forms of the GHG-protein indicator were used to compare
GHG emissions from ruminant and non-ruminant livestock on eco-district and provincial
scales [69]. Desjardins et al. [70] presented a graphical summary of livestock differences,
recently updated by Dyer and Desjardins [27], of the GHG emissions per kg of the protein
from six livestock commodities.

2.1.2. National Protein Intake and Red Meat

With the attention drawn to diversifying protein sources by the 2019 Canada Food
Guide, Dyer et al. [23,24] applied the GHG-protein indicator to the medical concern for
excessive red meat (RM) consumption [25]. The medical recommendation to eat less RM to
reduce heart- and cancer-related health risks was used by Dyer et al. [23] as a proxy for
qualitative guidance from the 2019 Food Guide [71]. The medical recommendations were
integrated with several possible responses by livestock producers in a scenario analysis.
Dyer et al. [24] highlighted the potential role of Canadian consumers in influencing crop
and livestock management and land use decisions. Both of these papers applied the same
protein supply boundary condition form of the indicator first used by Dyer et al. [67].

The algorithm used by Dyer et al. [23,24] selected beef and pork to represent Canadian
RM, while increasing the consumption of broilers (to represent non-RM protein) in order
to maintain the national protein intake (NPI). Hence, the GHG emission calculations had
an upper boundary condition of recommended RM consumption and a lower boundary
condition defined by maintaining NPI as the total protein from the beef, pork and broilers
consumed in Canada in 2017. Most previous uses of this indicator applied the GHG protein
ratio as part of a suite of performance indicators. However, by expanding broilers to
maintain NPI, this algorithm treated protein as an objective function. Figure 1 (modified
from Dyer and Desjardins [27]) shows how the two boundary conditions set the limits of
the GHG emission calculations from the three commodities.

Figure 1. Schematic diagram of the boundary conditions applied to beef, pork and broiler consump-
tion (C) expressed as boneless weight (BW) of RM, in the livestock production scenarios used to
assess the carbon footprints of the Canadian livestock industry.

The smaller box in Figure 1 shows (somewhat counter-intuitively) the upper bound-
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ary condition that forces beef and pork consumption to stay at or below the medically
recommended RM. The larger box in Figure 1 shows the lower boundary condition for
keeping total protein at or above NPI. The upward pointing arrows represent the required
expansion of broiler consumption to satisfy the objective function. Protein from all three
commodities (gray) is expressed as the boneless weight equivalent of RM. Both boundary
conditions apply to two pairs of simulations (a and b). The downward arrow from RM(C)
to the RM boundary condition (small box) was the average of the three medically based
reduction scenarios for the consumption (C) of RM [23].

2.1.3. Livestock Production Scenarios Based on Maintaining NPI

The NPI objective function was used to generate the four production scenarios (PS)
shown in Figure 2. Dyer et al. [23] created PS1, PS2 and PS3 from two beef–pork ratios and
the two diet options for finishing slaughter cattle, whereas the fourth production scenario
was not added until the follow up analysis [24]. Instead of three medical scenarios for
reduced RM consumption, the follow up analysis used just the average medical scenario
which reduced RM consumption by 25% BW. The first pair of PS (Pn(a)) assumed a 50:50 BW
split between beef and pork in the RM allowed in the medical scenario, while the second
pair (Pn(b)) assumed a 25:75 beef–pork BW split. The two diet options were embedded
within each beef-pork pair.

Figure 2. Two-by-two decision matrix for describing four livestock production scenarios (PS) for
beef, pork and broilers.

The two diets for market beef cattle are represented by the two columns in Figure 2.
The business as usual (BAU) diet involves no change in the most commonly used diet
to finish beef for market in Canada, which is primarily the feedlot diet. Beef cattle that
are prepared for market primarily on harvestable forage are referred to as grass fed (GF)
beef. The BAU diet had a larger portion of feed grains than the GF diet [41,72]. Whereas
statistical data were available for the BAU diet [62], the GF diet is a hypothetical system
for which Dyer et al. [23] had to derive representative quantities. The two rows of Figure 2
represent the two beef:pork BW ratios. PS1 and PS2 are shown in Row 1, and PS4 and PS3
are shown in Row 2. Dyer et al. [23] defined a baseline scenario for the four PS based on
the BAU beef, pork and broilers consumed by Canadians in 2017 to which the medical
reduction scenario was applied. This baseline scenario for C and the four PS all shared the
same protein (NPI) boundary condition (Figure 1).

2.1.4. GHG Emission Intensity Indicators

Table 2 shows the protein-based GHG emission intensities for the two methods of
finishing slaughter cattle and the two non-ruminants. The protein-based intensities, Row
1, were back-calculated from output generated by Dyer et al. [23] and 2017 domestic
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carcass production and consumption statistics for Canada [73]. The intensities are also
shown on the basis of LW in Row 2. Three of the four LW-based intensities in Row 2 were
provided by Vergé et al. [41,59,60], while the fourth intensity (for GF beef) was derived by
Dyer et al. [23] from unpublished output from Vergé et al. [49].

Table 2. GHG emission intensities based on protein and LW 1.

Beef Non-Ruminants

BAU 2 GF 3 Pork Broiler

tCO2e/t Protein 125.9 152.0 22.0 14.3
tCO2e/t LW 10.5 12.6 2.2 1.4

1, LW = live weight of slaughter cattle; 2, BAU = business as usual for finishing slaughter cattle; 3, GF = grass fed
slaughter cattle.

The scope of these GHG emission intensities was from field to farm gate [43]. Trans-
port, processing and preparation were not considered. The drivers of these GHG estimates
were livestock population statistics, diet and age-gender-related LW records and average
crop yields [23,43,62]. GHG emissions include methane (enteric and manure), nitrous oxide
(manure and commercial fertilizer) and fossil CO2 from farm inputs and fieldwork energy
use, whereas soil carbon storage was not included in the emission intensities in Table 2.

2.2. Validation of Area Estimates for GF Beef

The credibility of this analysis relies on the validity of the area estimates needed for
the harvestable forage that supports GF beef in Canada. Since GF beef represents assumed
scenarios [23], it was not possible to collect statistical data for the area used to grow forage
for this hypothetical beef production. Instead, Dyer et al. [24] interpolated these areas
from data for replacement heifers generated by Vergé et al. [41,43] which had not been
published prior to the RM scenario analysis [23,24]. Based on these unpublished estimates,
Dyer et al. [22] showed that only about 15% of the area that supports replacement heifers
in Western Canada was used to grow feed grains. Because of the big implications of the
BAU-GF area differences [24,27], it was recognized that these area estimates required an
independent evaluation from unrelated sources.

The parameter used for this evaluation was the feed conversion ratio (FCR), which
was calculated separately for BAU and GF beef. FCR was defined by Shahbandeh [73] as
the weight (kg) of feed needed to increase LW by one kg. Byrne [74] indicated that FCR
should run between 4.5 and 7.5 for beef. Daily feed intake by cattle should be 4% of their
body weight [54], of which they burn 50% for respiration [74]. When the product of these
two feed intake guidelines were expressed on a yearly basis, they gave another estimate of
FCR of 7.3. Another FCR recommendation for cattle was 8.0 [73].

The FCR from these three sources [54,73,74] were treated as independent values
against which FCR estimates could be compared. The exact process by which reference
FCR values were calculated was not disclosed by either Byrne [74] or Shahbandeh [73].
Therefore, two different FCR calculation processes were used, both of which were adapted
to the inputs available for this analysis. The first was a grain equivalency—net LW growth
and meat yield approach, while the second was a bulk feed—whole herd approach. These
two FCR calculations along with the three independent FCR values [54,73,74] are shown in
Figure 3.

In both processes feed supply was calculated from the products of the crop yields
for feed grains and harvestable grass forage from Dyer et al. [24] shown in Table 3. To be
consistent with the inputs to the scenario analysis [23], 2006 yields, were used. These yields
were 2.85 and 4.10 t/ha for barley (the main feed grain used in the Canadian beef industry)
and grass forage, respectively [51]. The LW that Dyer et al. [23] used for C was 1.54 Mt,
based on 2017 Canadian consumption survey data [57]. The LW in Table 3 for PS1 and PS2
were also provided by Dyer et al. [23]. For PS3 and PS4 the LW was the result of reducing
the beef:pork BW ratio [23,24].
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Figure 3. Bar graph of feed conversion ratio (FCR) estimates from Eqs 1 and 2, and from three independent sources: FCR-1
= Byrne (2018), FCR-2 = NRCS-USDA (2009), FCR-3 = Shahbandeh (2020).

Table 3. Estimation of feed production, feed conversion ratio (FCR) and beef GHG emissions from
crop yields, and 2017 areas and live weights (LW) in Canada.

Grain Forage Beef Cattle Feed Beef FCR GHG

Scenarios 1 Mha Mha Mt(grain) Mt(hay) Mt(LW) Ave 2 MtCO2e

C 1.03 3.14 2.9 12.9 1.54 4.7 16.1
PS1 0.76 2.32 2.2 9.5 1.14 4.7 11.9
PS2 0.41 4.36 1.2 17.9 1.14 7.3 14.3
PS3 0.20 2.18 0.6 8.9 0.57 7.3 7.2
PS4 0.38 1.16 1.1 4.7 0.57 4.7 5.9

1, C = consumption; PSn = production scenario n, for n = 1 to 4; 2, Ave = average of FCRsc and FCRwh.

2.2.1. FCR Based on Slaughter Cattle

The LW used in the first FCR calculation was equated to meat yield, or the beef cattle
destined for slaughter (sc) and consumed by Canadians presented in Table 3. Additional
allowance in LW growth was made for breeding cows which make up 39% of the Canadian
beef population [49,72]. Half of the feed intake for beef cattle is metabolized for respiration
instead of for the growth of their own bodies as replacement heifers [74]. So, to be consistent
with accounting for LW growth, this LW increment for the beef cows was reduced by half.
Consequently, the LW used in the first FCR calculation was increased by 20%. However,
this LW increment did not change the LW of the slaughter cattle available for market.

To nullify feed quality differences, an adjustment was made for grain equivalency
from the difference in the dietary energy between grass forage and feed grains. As a rule of
thumb, 1.8 kg of average quality hay can replace approximately one kg of barley on the
basis of nutrient energy required for cattle [51,75,76]. Using inputs of area (A) for both feed
grain (g) and harvestable forage (f ) for either BAU or GF beef, and the respective g and
f crop yields (Y), and dividing by each of the LW for slaughter cattle (Table 3), corrected
for the growth of the breeding cows, the FCRsc for both BAU and GF beef was calculated
as follows.

FCRsc = (Ag × Yg + Af × Yf/1.8)/(LW × 1.2) (1)

2.2.2. FCR Based on the Whole Herd

For the second FCR calculation, the LW shown in Table 3 were inflated from the
LW of slaughter cattle to the LW of the whole herd (wh). Ignoring the calf portion of the
Canadian beef cattle population, slaughter cattle accounted for 39% of the adult cattle in
2001 [41]. The feed quantities used in this FCR calculation were produced from Ag and Af
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converted to feed by the respective yield (Yg and Yf ). Hence, the feed quality difference
was ignored, and grass forage and feed grains were combined as one bulk quantity of feed
in this calculation. Using the respective BAU and GF for harvestable forage and feed grains
from Table 3, FCRwh was calculated for both BAU and GF beef as follows.

FCRwh = (Ag × Yg + Af × Yf)/(LW/0.39) (2)

2.3. Assessing Area Impacts on Regenerative Grazing

The areas required for C and each PS are shown as a bar chart in Figure 4. From
the perspective of climate change, the importance of regenerative grazing is its ability to
sequester carbon in soils under year-round grass cover [31,34]. Given the permanency
of seeded pasture, its ability to sequester additional CO2 or its risk of losing soil carbon
are negligible compared to the area in harvestable forage [30,77]. Therefore, reconciling
regenerative grazing with reduced RM consumption in Canada depends on how much
area is devoted to harvestable forage (white bars). Due to harvestable forage being the
main interest in this analysis, Figure 4 shows the feed grain areas integrated as a single
quantity (black bars) for all three livestock types.

Figure 4. Areas in feed grains (grain) and harvestable forages (forage) required to produce the beef,
pork and broilers consumed in Canada in 2017 and under four production scenarios (PS1 to PS4) for
reduced RM consumption.

2.4. Soil Organic Carbon as a GHG Emission Offset

A decrease in soil organic carbon (∆SOC) due to perennial to annual land use change
could raise agricultural GHG emissions by 2.1 tCO2/ha/year over 20 years [78]. If a change
in this land use from harvestable forage to annual crops was avoided, a reduction of its
carbon footprint could be credited to the beef industry [31]. Hence, the final test in this
analysis was to apply this ∆SOC per ha rate to the harvestable forage area for each PS in
Table 3. Figure 5 partitioned the beef GHG emissions in Table 3 into a portion that could
be nullified by ∆SOC (gray) and net beef GHG emissions (white), or the residuals from
the GHG emissions shown in Table 3. Figure 5 also compares the GHG emitted by beef
with the GHG emissions from pork production (black). For this test the LW of pork was
assumed to equal the LW of the beef in Table 3, converted to GHG emissions using the
pork GHG/LW coefficient from Table 2.
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Figure 5. Comparison of changes in soil organic carbon (∆SOC) and net beef GHG emissions
(Beef(net)) with GHG emissions from pork production (Pork) for four production scenarios (PS)
based on reduced red meat consumption in 2017.

3. Results
3.1. FCR Estimates for Validating Areas for GF Beef

The land areas shown in the first two columns of Table 3 were provided by Dyer et al. [24].
For the BAU scenarios (C, PS1 and PS4) the harvestable forage areas were three times the
feed grain areas that support beef production. For the two GF scenarios (PS2 and PS3) the
harvestable forage areas were 10.6 times the feed grain areas for beef. These ratios suggest that
GF beef production uses 3.5 times as much area in harvestable forage as BAU beef production,
relative to their respective feed grain areas. The land used for seeded pasture was excluded
because this land use was not interchangeable with growing feed grains [77]. These FCR
comparisons were not affected by this exclusion because this land use mainly supports the
breeding cows which were assumed to be the same for both the BAU and GF beef production
systems. Converting the areas to feed production raised the two harvestable forages to feed
grain ratios (Columns 3 and 4) to 4.4 and 15.3 for the BAU and GF scenarios, respectively, due
to the differences in yield.

In Figure 3, the GF beef estimate from FCRwh was 11% lower than the FCR derived
from NRCS-USDA [54] (FCR-2), whereas the estimate by FCRsc for GF beef was 12% higher
than FCR-2, but exceeded the FCR from Shahbandeh, [73] (FCR-3) by only 2%. FCR-3
exceeded the FCRwh estimate for GF beef by 19%. For BAU beef, FCRsc exceeded the lower
FCR value from Byrne [74] (FCR-1) by 21%, whereas the lower FCR-1 value exceeded the
GF estimate from FCRwh by 12%.

The FRC averages from Equations (1) and (2) (Table 3) generated only two unique
FCR values for all PS and C, which are shown by two right-pointing arrows in Figure 3.
The top arrow, which shows the average GF estimate (white sections), intersects FCR-1 just
below the higher FCR from Byrne [74], while the bottom arrow, which shows the average
BAU estimate (black sections), intersects FCR-1 just above the lower Byrne [74] FCR. At
7.3, the FCRsc and FCRwh average for GF beef equaled the NRCS-USDA [54] FCR and was
comfortably below the FCR from Shahbandeh [73] and was just barely below the highest
FCR from Byrne [74]. At 4.7, the average FCR for BAU beef was only 5% above the lower
FCR from Byrne [74].

The range in FCR from Byrne [74] (FRC-1) provided the most useful comparison.
FCRsc and FCRwh both had similar and overlapping ranges with FRC-1 (Figure 3). The
high side of the range reported by Byrne [74] exceeded the low side from Byrne [74] by
67%. For FRCsc (Equation (1)), the GF estimate exceeded the BAU estimate by only 49%.
The GF to BAU difference given by FCRwh (Equation (2)), was 63%, for an average GF to
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BAU difference of 55%. Hence, the combined GF to BAU range from the FCRsc and FCRwh
was less than the FCR range (FCR-1) reported by Byrne [74].

3.2. GHG-Protein Ratios for GF Beef

Even though the range of GHG to protein ratios for beef from Nijdam et al. [65] were
too wide for quantitative verification, they provided a relative comparison. Much of this
range can be explained by which country produced the beef [42]. The 20% difference
between the BAU and GF beef GHG–protein ratios in Line 1 of Table 2 reflects the 20%
difference between intensive and extensive beef systems shown by Nijdam et al. [65]. The
magnitudes by which the beef GHG–protein ratios exceed the GHG-protein ratios for pigs
and poultry in the Nijdam et al. [65] analysis, and pork and chicken in the de Vries and
de Boer [63] analysis, both showed similar magnitudes by which both the beef GHG to
protein ratios in Table 2 exceeded the GHG–protein ratios for pork and broilers.

When the LW for PS1, PS2 and PS3 in Table 3 are multiplied by the LW based GHG
emission intensities for BAU and GF beef from Table 2 (Row 2) the results equal the GHG
emissions shown by Dyer et al. [23] for these three PS. With the LW for PS3 and PS4 being
half the LW for PS2 and PS1, respectively, the derivation of the GHG emissions from beef
for PS4 from Tables 1 and 2 also agree with the beef GHG emissions for PS4 reported by
Dyer et al. [24]. These GHG estimates are shown in Column 7 of Table 3.

3.3. Harvestable Forage Area Changes among Scenarios

Due to the grain areas in Figure 4 (black bars) containing the feed needed for the two
non-ruminants, as well as beef, these grain areas are both less variable across the PS and are
a larger portion of the total crop areas in each PS than are the grain areas in Table 3. While
the range in feed grain areas among PS1, PS3 and PS4 in Figure 4 was only 6% of their
average area, the feed grain for PS2 was 11% below this average. PS2 required 1.7 Mha
more land in total than PS1 and 1.9 Mha more than PS3 (Figure 4), which represent 32%
and 38% margins in total land use by PS2 over PS1 and PS3, respectively.

Figure 4 showed greater variation among the harvestable forage areas (white bars)
than among the feed grain areas. The harvestable forage areas for GF beef (PS2 and PS3)
received special attention in this analysis. PS2 used 40% more land for harvestable forage
production than was used by C, even though PS2 produced 26% less LW beef than C
(Table 3). PS2 had twice as much land in harvestable forage as PS3 and 1.9 times as much
land in harvestable forage as PS1. PS3 used almost twice as much harvestable forage as
PS4, but slightly less harvestable forage area than PS1. Compared to C, PS3 used almost as
much area (92%) for feed grain, but almost a third (31%) less harvestable forage area.

3.4. The Role of Seeded Pasture

With the reduction of the beef crop complex areas to just the areas that supported
Canadian-consumed beef, and after projecting forward from 2001 to 2017, as was done by
Dyer et al. [23,24], seeded pasture accounted for 2.2 Mha in C, instead of 4.3 Mha. With the
same scaling down from C to the four PS, it could have some impact on the interpretation
of Figure 4. For PS1 and PS2 seeded pasture would drop to 1.6 Mha. Since the area in
seeded pasture (natural grassland excluded) is defined by the needs of the beef breeding
herd, it will not be affected by the BAU-GF diet difference (columns of Figure 2) which only
applies to the slaughter cattle. However, this need for seeded pasture would be reduced to
half by the change in the beef:pork ratio (rows of Figure 2). Hence, seeded pasture would
drop to 0.8 Mha for PS3 and PS4.

If the scaled down seeded pasture areas were added to C and the four PS in Figure 4,
the gaps between PS2 and both PS3 and PS4 would widen, while for PS2 and C the gap
would narrow. The gaps between C and both PS3 and PS4 would also widen. However, it
can be argued that, because seeded pasture areas were not interchangeable with annual
crops in this analysis, and because C and the four PS all produced the same amount of
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protein, the seeded pasture area required for C would also be available to all four PS and
would therefore have no direct impact on the differences shown in Figure 4.

3.5. Soil Organic Carbon under Harvestable Forage

In Figure 5 the two beef scenarios with the greatest proportional offset by ∆SOC were
PS2 and PS3, for which the net beef GHG emissions were reduced from almost six times to
just twice the respective GHG emissions from pork production. For PS1 and PS4 net beef
GHG emissions were still almost three times the pork GHG emissions, down from just less
than five times pork. Hence, ∆SOC did not offset enough ruminant methane emissions
to justify GF beef as a protein source compared to pork. However, the ∆SOC changed the
GHG-based ranking of the four PS. PS1 replaced PS2 as the highest GHG emissions after
the ∆SOC offset, whereas PS3 replaced PS4 as the lowest. The largest ∆SOC offset was to
PS2, while the smallest was to PS4.

4. Discussion

The findings of this analysis resulted from a mix of methodologies. Much of it entailed
meta-analysis as it relied heavily on seeking a consensus on regenerative agriculture and on
previous carbon foot printing of Canadian livestock. It would be inaccurate to describe this
early Canadian work as LCA, even though it employed many LCA processes, because it
did not account for impacts outside the farm gate. While the use of RM and NPI boundary
conditions in Figure 1 suggest a simplified form of linear programming, this phase of the
analysis was also a meta-analysis, since the results from the algorithm in Figure 1 were
drawn from two previous papers [23,24]. However, as illustrated in Figure 2, these two
papers are best described simply as scenario analysis. The last three stages of the analysis
interpreted the land use changes associated with the four scenarios. These stages included
verifying the GF forage areas through FCR (Figure 3), area-based PS comparisons (Figure 4)
and expressing harvestable forage areas as avoided GHG emissions (Figure 5), can only
be described as quantitative scenario analysis. Since these are the stages specific to this
analysis, scenario analysis is the best way to describe this methodology.

4.1. FCR as a Performance Measure for Harvestable Forage Areas

For the average of the two FCR estimates for BAU beef (4.7) to be so close to the
lower FCR value from Byrne [74] is a source of confidence in the combined FRC estimates
from Equations (1) and (2), but not surprising since the area and yield inputs for the
BAU estimates were derived from actual statistical data. As well, neither of the BAU
estimates were very different than the lowest FCR from Byrne [74]. Since the crop areas
for both GF scenarios were interpolated from unpublished simulation results [43], this
agreement suggests that at least the average of the two FCR calculations for GF beef (7.3)
was also valid.

More important was that the BAU to GF ranges of the FCR estimates and their av-
erages in Figure 3 were all slightly less than the range reported by Byrne [74]. Several
factors contribute to GF and BAU differences in FCR. The first is the lower LW productiv-
ity to be expected from GF beef than BAU beef [36]. GF slaughter cattle often have less
shelter from extreme temperature stresses [45,47], consume lower energy feed [62] and
live longer [39,79] than feedlot cattle, and walk and respire more during their lives. The
productivity of the beef feedlot industry in Canada is also inflated by the culled dairy calves
sent to feedlots [43], for which their pre-feedlot life cycle stages are charged to the dairy in-
dustry [41,72]. Since these effects appear to have been captured by the BAU-GF differences
in FCR in Figure 3, without over-estimating the FCR range [74], the BAU-GF differences in
areas in Figure 4 also appear to be valid. The FCR comparisons in Figure 3 (along with the
explainable differences) made a credible case that the GF harvestable forage area estimates
(Figure 4) that underpinned the two GF-based PS were valid.
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4.2. Reliability of the Area and GHG Emission Estimates for GF Beef

Since the FCR estimates for BAU and GF beef used the same LW, the areas for har-
vestable forage (Table 3) used in the scenario analysis [23,24] were acceptably accurate
and were reassuring for achieving the goals of this analysis. However, an independent
source was not available for validating the GHG emissions from the GF beef. However,
it is widely acknowledged that GF beef will emit more GHG, mainly enteric methane
than the same LW of beef raised in feedlots [45–47,80] and that cattle diets determine the
intensity of the enteric methane emissions [81,82]. Additionally, the GHG–protein ratios
for extensive to intensive beef production systems from de Vries and de Boer [63] and
Nijdam et al. [65] supports the difference between the GHG emissions estimates for BAU
and GF beef reported in this analysis.

4.3. Impact of Harvestable Forage for GF Beef on Land Use

When the PS were ranked by their GHG emissions (Table 3), PS2 was the highest,
while PS3 was the second lowest of the four scenarios. Not only is PS2 a greater source of
GHG emissions, it requires much more cropland to grow harvestable forage than do the
other three PS. Figure 4 demonstrates that, as concluded by Dyer et al. [24], the difference
in soil carbon sequestration potentially associated with PS2 cannot be charged against the
other three scenarios simply because that land was not required in those three scenarios,
and could have been returned to natural habitat. Additionally, if the 1.7 Mha of surplus
land in PS2 over PS1 (Figure 4) was previously natural grassland, converting it to either
improved grazing land or hay, with a stated aim of sequestering carbon, would be contrary
to the Project Drawdown [11] guidance. Over dependence on harvestable forage, such as
in PS2, could also necessitate harvesting hay from seeded pasture, which could lead to
both seeded pasture and some rangeland being over grazed by the breeding cows.

PS3, on the other hand, required slightly less land to be brought under harvestable
forage, and less total cropland, than PS1, as well as emitting less GHG than either PS1 or
PS2. While PS3 used more land and emitted more GHG than PS4, it could facilitate the
benefits of regenerative grazing that PS4 would fail to provide. From these scenarios it
does not appear to make sense to either maintain or expand beef production while also
converting grain-fed beef to grass-fed beef (as in PS2), even when soil carbon is considered.
However, converting more land to GF beef may be sustainable if this conversion is linked
with a lower per ha expectation for protein production from GF beef [36], as in PS3.

In contrast, it cannot be overlooked that PS4 releases land from harvestable forage.
Ideally this land could be retired from agricultural use, thus invoking all the ecological
benefits of natural habitat [11]. This land could be left as harvestable forage or pasture,
resulting in yet more beef production, which would essentially turn a PS4 into a scenario
much more like PS3. Seeding this land to annual crops, the option that the avoided ∆SOC
strategy is meant to prevent [31], could have several feedback impacts. If the crops seeded
are feed grains, the ruminant/non-ruminant balance would shift towards the latter. This
would lower the carbon footprint of the Canadian livestock industry, but could compromise
the move towards less RM [23], depending on how much of the feed grains were fed to
pork instead of broilers. Seeding to crops for human consumption could alleviate pressure
on world food supply [1,4] if the produce was made available to international famine relief
agencies. In that role, it could, arguably, displace the need to cultivate land that is less
suitable for grain crops elsewhere in the world. Alternatively, if the annual crop produced
a commodity not essential to human survival, it is equally arguable that the land freed
under PS4 would represent a lost opportunity to reduce the carbon footprint of agriculture
even more than what was possible under PS4. However, the speculative nature of all of
these options illustrates the merits of the closed system model described in Figures 1 and 2.

4.4. Implications of the Protein Boundary Condition for the PS Analysis

In Figure 4, PS3 and PS4 used less land for both grains and harvestable forages than
both PS1 and PS2 because of the greater efficiency of the two non-ruminants compared
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to beef cattle, which is consistent with the differences in FCR (Figure 3) and the lower
reproductive efficiency of beef cattle [18]. These land use differences could not have been
quantified without the boundary condition form of the GHG-protein indicator. In setting
protein supply as an objective function (boundary condition), this carcass producing
industry became the closed system described in Figure 1. Hence, these findings are
theoretical because the actual on-farm livestock production decisions would be driven
by market preferences, rather than from optimizing access to protein in the Canadian
food basket.

The protein boundary condition also made the comparison of all the area totals in
Figure 4 possible, because all of these areas equated to the same protein quantity. Thus,
Figure 4 was implicitly an area-protein indicator with greater importance than the GHG-
protein indicator for this analysis. By asking the question of how much animal carcass
do we need in our food basket, these two indicators have the potential to change the
debate on the role of livestock production in the human food chain of the 21st century.
Focusing on just these two indicators as the only two metrics for this analysis, however,
must not overshadow the non-climate related environmental benefits and potential impacts
by regenerative grazing.

Because the areas shown in Figure 4 were derived from Canadian protein consumption
data, rather than total livestock production statistics, they appear small in comparison
to the land base that supports the entire Canadian beef industry [31,41]. However, this
scenario analysis can still provide useful insight for the entire Canadian livestock industry
if Figure 4 is treated as a sample of that industry.

4.5. Impact of Soil Organic Carbon

With all four net beef GHG emissions well above the respective pork GHG emissions
(Figure 5), the test for ∆SOC clearly demonstrated that ∆SOC cannot out-weigh the ad-
vantage of pork over beef for combatting climate change. In addition, the very generous
allowance in this test for avoided GHG emissions represents the most optimistic case for GF
beef as a tool to combat climate change. Firstly, this test was based solely on pork, for which
the protein per GHG emission intensity is 2.3 times as high as that for broilers [18], whereas
Dyer et al. [23] used a combination of these two commodities to represent non-ruminants.
Hence all of the net beef to pork ratios reported for Figure 5 would be much greater if pork
were replaced by a mix of the two non-ruminants.

This allowance also ignored that the land credited with ∆SOC avoidance in PS2
exceeded the harvestable forage land in PS1 by 89% and in C by 39%, which brings
additional land into the closed land use system described in Figure 1. In addition, when beef
consumption was cut in half in PS3 and PS4, feed grain areas (Figure 4) showed no increase
compared to either C or PS1. This suggests that, at least for the closed system defined
by this scenario analysis, there was no conversion of area in perennial forage to annual
feed grain, and no ∆SOC to be avoided, which reflects the inefficiency of cattle, compared
to non-ruminants as a protein source. However, showing that the two GF scenarios (PS2
and PS3) received the most reduction from the hypothetical ∆SOC demonstrated that
maintaining perennial crops to mitigate climate change [31] was more feasible for GF than
BAU beef.

4.6. Limitations of the Study

There are several limitations about this study to be noted. The first was that the
system boundary of the GHG emission intensities was the farm gate. The second was that
it treated Canada as one geographic region, whereas Canadian livestock are dispersed
over many distinct climatic and geographic regions. The third limitation was that the
GHG emission intensities in Table 2 were derived from 2001 and projected forward to
2017, during which time livestock production methods have evolved. The fourth limitation
stems from the model in Figure 1 being a closed system. For example, limiting beef
consumption and choosing GF beef might not limit the industry’s activity. These consumer
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responses may cause producers to turn to more exports. In reality, however, producers
can always be expected to maximize exports, regardless of domestic consumption because
Canada has no quota on beef production. So, exports may not be very sensitive to domestic
consumption. In addition, increasing the supply of beef on the international market could
actually suppress production in other countries where, in some cases, the land base is much
more vulnerable to free roaming cattle.

5. Conclusions

This paper added value to the understanding of Canada’s carcass production indus-
tries and reduced a complex and contradictory set of choices to a two-by-two decision
process (Figure 2). The results from this study should provide a way forward for reconciling
regenerative grazing (as defined in this study) with reducing livestock GHG emissions in
Canada. The optimum beef management strategy for this reconciliation appears to be to
reduce the share of beef in the Canadian food basket along with the modest remaining
share allotted to beef being GF beef.

Whereas Dyer et al. [24] concluded that PS4 was the optimum protein production
scenario for Canada, this analysis recognized that PS3 reduced GHG emissions without
significantly increasing harvestable forage areas. The possibility that PS3 could have
the lowest GHG emissions after the ∆SOC offset (Figure 5) added weight to PS3 being
a better option for reconciling with regenerative agriculture than PS4. This approach
treats GF beef, not just as a protein source, but also as a tool for restoring and protecting
the agricultural land base, while offering some economic payback to the beef producers.
However, Figure 5 did not overturn the conclusion that non-ruminants are more compatible
with reducing climate change than beef, even with the generous allowance for avoided
∆SOC under harvestable forage. Implicit in this reconciliation is that, while allowing more
GHG emissions to achieve greater carcass production is not sustainable, a limited increase
in GHG emissions (over PS4) for the sake of all the benefits credited to regenerative grazing
could be an acceptable trade-off, depending on the geographic setting.

In favoring PS4, Dyer et al. [24] provided clear options for consumers to influence the
agricultural carbon footprint: consume less RM and favor non-ruminant over ruminant
protein sources. Whether the consumer has a role in reconciling regenerative grazing with
reduced GHG emissions is not so clear. Choosing non-ruminants over ruminants and
reducing RM consumption would still be effective (for example in avoiding PS2), but how
do consumers collectively achieve PS3? Simplistically, buying more pork and broilers
instead of beef can be coupled with only buying GF beef as an occasional alternative. One
answer may be to buy local when shopping for beef to allow shoppers to better judge
for themselves the desired conditions of production, such as that it must actually be GF
beef. For those living in a high-rise in the center of a big city, however, this option may not
always be available.

But for assessing whether the regenerative grazing concept is being used primarily as
a tool to restore the land, stocking rates must be sustainably low [49] and beef should not be
the only produce and income source from that farm. Beef farmers have to be partners in this
shift in consumer habits. Rather than trying to charge a premium for their produce, they
need to embrace ruminants as the only way to turn grass into protein [44], that the lower
production costs of farming grass instead of annual crops will at least partly compensate
for the lower productivity of GF beef [36] and that improved soil performance stemming
from regenerative grazing [34] may lead to a more stable farm income in the long term.
Barring these criteria being met, PS4 is still the best fall back choice for consumers.
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