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ABSTRACT

Global livestock production is a major driver of climate change. Lumping beef and pork together as red meat masks
important differences in their carbon footprints, land uses, and social status. These two red meat choices in Canada were
compared by using a meta-model of the Unified Livestock Industry and Crop Emissions Estimation System (ULICEES).
ULICEES calculated fossil CO2, NoO and CH4 emissions for beef, dairy, pork, poultry, and sheep production in Canada,
based on both the livestock and their supporting land base in 2001. The dynamic drivers of the meta-model were crop yields,
breeding female populations, tillage practices, nitrogen fertilizer use, and the crop complex of each livestock industry.
When the potential carbon sequestration in the land growing harvested perennial forage is credited to beef production,
the CO4e emissions offset does not reduce the carbon footprint of beef enough to match the lower carbon footprint of
pork. Most of the land required to grow hay for beef would not be needed to feed a protein-equivalent pig population. In a
hypothetical conversion of all beef production to pork production for 2021, 4.5 Mha of land under perennial forage was
freed and 10.0 MtCOqe per year was mitigated when that area was re-cultivated for annual crops—a GHG mitigation equal
to 12% of the GHG emissions budget of Canadian agriculture. Leaving that area under a perennial ground cover mitigated
19.8 MtCOqe per year, the equivalent of 23% of the sector’s GHG emissions budget.
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1. Introduction

There is wide acceptance that global livestock pro-
duction is exceeding planetary boundaries!'®!, and that
consumption of animal products is accelerating climate
change!”-81. During the past decade, attention has shifted to-
wards keeping food production within planetary boundaries
and reducing over-consumption!'=61. This worldview treats
climate change as just one of many environmental degra-
dation challenges along with nitrate leaching, biodiversity
loss, and other issues. However, in 2018, the UN Secretary-
General identified climate change as the defining issue of our
time and added that the time to address this threat was very
short®]. Following this guidance, the scope of this analysis
was limited to just the livestock-climate interface.

The 2023 United Nations Climate Change 28th Con-
ference of the Parties (COP28) called upon all governments
to develop effective Greenhouse Gas (GHG) mitigation mea-
sures for the agriculture sector!'%l, The World Bank proposed
cutting or redirecting subsidies that go to meat and dairy in-
dustries!"!]. Denmark is planning to impose a tax on farmers
based on the carbon footprint of livestock production!!?],
Implementing these measures will require clear and accu-
rate assessments of the GHG emissions from livestock ['> 4],
These assessments must also take soil carbon sequestration
into account!'3-171,

The Canadian livestock sector, to which almost $2 bil-
lion CAD was allocated by the Canadian government in
2021 M1 must achieve substantial GHG emission reductions.
The three most consumed carcass products in Canada are
chicken (broilers), beef and pork['®]. Beef and pork both
used far more Canadian farmland in 2017 than was used
for broiler production'®!. Canada is the 11th largest beef
producer and the sixth largest pork producer in the world,
with substantial contributions to the GDP!?l, These two
industries contributed 30% and 7%, respectively, of the 84
MtCOse emitted by the Canadian agriculture sector(?%], In
many media reports and policy discussions regarding en-

8.11,21-24] 'beef and pork are typically

vironmental impacts!
lumped together as red meats, or simply “meats” (only ex-
cluding dairy and poultry). Although this lack of distinction
is less frequent in the scientific literature, it is essential that
scientific publications provide an easily interpreted illustra-
tion of the beef-pork carbon footprint difference. But this

grouping masks important differences in these two commodi-

25,261 Chicken has a substantially lower carbon footprint

11, 26,27

ties!
than either of these two red meats! 1. The carbon foot-
print of the animal quality protein derived from pulse crops
is even lower than that of chicken %),

A widely accepted view of the Canadian beef industry
is that, unlike pig farming, it sequesters atmospheric car-
bon '3, In reality, neither animal actually sequesters carbon;
their respective populations are the result of how farmers use
their land. Growing perennial forage avoids soil-exposing
tillage and allows atmospheric carbon to be sequestered ¢l
Most of the land needed to support beef cattle is used to grow
perennial forage, which only ruminants can digest. Thus,
cattle provide an economic incentive to maintain perennial
ground cover. When the land is tilled for feed grains, that
soil is exposed in the spring and fall, and some of its carbon
is oxidised *°!.

Estimates of the carbon footprints of beef and pork can
vary considerably, largely depending on whether and how
Soil Organic Carbon (SOC) and land use are taken into ac-
count. This paper will compare the carbon footprints of beef
and pork and clarify the differences that will most affect GHG
mitigation policy and consumer choices. While this analysis
was focused on production rather than consumers!?’!, shift-
ing production from high to low carbon footprint livestock
products will depend on consumer acceptance. Therefore,
the social and historical factors that could impede such con-
sumer acceptance and meaningful GHG emission reductions
will also be assessed. Although for some consumers humane
treatment of farm animals is important, because animal wel-
fare cannot be quantified in terms comparable to carbon

footprint calculations, it was excluded from this analysis.

2. Background

2.1. Preliminary Canadian Livestock Carbon
Footprint Estimates

The GHG emission budgets for dairy, beef, pork, poul-
try and sheep in Canada were estimated by Vergé et al.[3934],
An important common element of these assessments was
to link the GHG emissions by these commodities to their
supporting land bases through their Livestock Crop Com-
plexes (LCC), defined as the land required to grow the feed
for a given livestock population[*>]. In a summary of the first

four commodity assessments, Dyer et al.[>’] showed that the
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highest GHG emissions came from beef, whereas the two
non-ruminants had the lowest of the four GHG emissions.
The carbon footprint of pork was intermediate between those

26,361 However, in 2001 two

of cattle and poultry products!
thirds of Canada’s livestock GHG emissions came from the
western Canadian beef industry 371

Dyer and Desjardins ¥ compared protein-based GHG
emission intensities from five international reviews >3 of
beef, pork, and chicken. The emission rates for intensively
produced beef were roughly three to four times higher than
that of pork, and the GHG emission intensity of chicken
was slightly more than half that of pork. In spite of the
ranges associated with each of these other sources, these
inter-livestock type comparisons were similar to the live-
stock differences reported by Dyer and Desjardins 4. The
GHG emissions difference between beef and pork was reaf-
firmed by Vergé et al.[*”), who used a soil carbon payback
approach to link the respective LCC land use with soil carbon.
The payback period, however, is a qualitative and abstract
concept that does not use the same dimensions to equate
SOC to other terms in GHG emission budget calculations.
Nevertheless, the payback period illustrates that SOC is a
carbon sink and not necessarily a CO, emission term.

Many previous livestock-GHG analyses were not use-
ful for the comparison of livestock types because the GHG
emission intensities of these industries were not all based

[38] " As the only common de-

on the same production unit
nominator to all livestock food commodities, animal quality
protein is the best measure of the food value gained from
livestock?%!. The GHG-protein ratio[*! also equated the
carbon footprint of livestock products to the animal quality
protein that can be derived from edible pulses?®!. Pulse pro-
teins could dramatically reduce GHG emissions[” 3281, But
for a society accustomed to red meat as their main protein
source, a significant consumer shift towards plant proteins
is unlikely in the near future.

More recently, a tri-variable scenario analysis was un-
dertaken in Canada of the carbon footprint of Canadian car-

[19,25,38,44] 'The three scenarios included (1)

cass production
reducing the intake of red meat for the health benefits of
Canadians, (2) the balance between the weights of domestic
beef and pork coming into the Canadian food market and
(3) the balance between feed grains and perennial forage in

the diet of beef cattle. The scope was limited to the supply

of animal quality protein to Canadian consumers and it was
assumed that broiler production could be increased to main-
tain a fixed supply of protein to Canadian consumers. While
these scenarios yielded many valuable insights about the
carbon footprint of the Canadian livestock industry, the com-
plexity of this interacting set of scenarios made it difficult to
extract clear policy options or guidance to consumers. More
importantly, it was difficult to determine the implications for
Land Use Change (LUC) and the role of SOC %! in livestock
carbon footprints.

In a later stage of this scenario analysis, Dyer and Des-
jardins[** equated beef GHG emissions to SOC when com-
paring four beef-pork scenarios. But these scenarios all in-
volved beef-pork-broiler combinations rather than the two
red meat animals: beef and pork. While it quantified the
land uses for each scenario, it failed to link these land uses
directly to the two main types of livestock. From a policy
perspective, this analysis required each of the four scenarios
to be deciphered into the optimum pig and beef cow popu-
lations. Regardless, Dyer and Desjardins 4 concluded that
the carbon footprint of pork is lower than that of beef.

A follow-up video slideshow highlighted the combined
carbon sequestration-rewilding opportunity that a LUC from
beef to pork would offer*). Nevertheless, the complexity
of the previous tri-variable scenario analysis suggests that,
in order to realize the changes in the policy and consumer
preferences needed to bring about meaningful GHG reduc-
tions, the focus should shift to just the beef-pork differences.
Moreover, the carbon footprint advantage of pork over beef
should be translated into a more convincing argument for
policymakers and consumers. The success of that argument
will depend on how robust the beef/pork GHG ratio is over

time and how much farmland is involved.

2.2. Historical Perspective on Pigs and Cattle

A consumer shift from beef to pork must also overcome
the reluctance of consumers to eat pork. Although less ob-
vious than the carbon footprint, modern consumer trends
can be influenced by biblical texts and historic social val-
ues, either subliminally or by faith. However, these factors
are not quantifiable, and their origins had to be extracted
from early human history. This extraction process relied on
several informal sources, including video documentaries, to

determine whether the historical reasons for the beef over
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pork preference are still valid today.
2.2.1. Cattle

Taurine cattle, including most European and North
American breeds, were domesticated in the Near East from
wild aurochs about 10.5 thousand years ago[*®47). The tra-
ditional benefits of cattle to humans include meat, milk and
as draught animals[**]. The global spread of cattle herd-
ing, as with all forms of pastoralism, stems from the ability
of ruminants to convert grassland (cellulose) into human
food 31 This ability to exploit a perennial ground cover
avoids periods of bare soil which allow SOC to be lost[?1,
Soil cover is the justification for grazing cattle to maintain
and sequester soil carbon as a way to mitigate agricultural
GHG emissions ! 37],

A case for the potential role of grazing beef cattle in
restoring grassland SOC was promoted in a documentary

video, “Guardians of the Grasslands”[®!l.

However, too
much focus on grazing can draw attention away from two as-
pects of beef production. Over-stocking can compromise the
ecological benefits of grazing*> >3], In the Canadian beef
industry the grass-fed cattle from ranches are fattened for
market in high-density feedlots on high energy feed grains 31,
Plus, the breeding cows not being finished for market need
supplemental winter feed®*. Hence, rangeland grazing is
only one stage in the life cycle of beef. Also, at one calf
per year, cattle reproduction is an inefficient protein source

compared to pigs and chickens!?6].
2.2.2. Pigs

Domestic pigs include two major forms; one from Eu-
rope (Sus scrofa) and one from Asia (Sus indicus)). Pigs
were domesticated in the Near East over 10 thousand years
ago and introduced to Europe 6.5 thousand years ago*°l. In
spite of the Near Eastern pigs coming into Europe”), the Eu-
ropean pig is more closely related to European wild boar than

56-58] This is believed to be because

to the Near East pigs!
early pigs that were allowed to forage unfenced interbred
with wild boars 1. The pigs domesticated in China 10 thou-
sand years ago do not have the same wild boar influence6%].

Pigs digest their food differently than cattle and other
ruminants [®!. Because they are monogastric (only one stom-
ach chamber), they cannot use enteric bacteria to convert cel-

[62

lulose into food energy [®?]. Therefore as non-ruminants, their

diet depends on grains, pulses and other foods that could po-

tentially feed humans!®3]. Unlike cattle, one healthy sow can
give birth to 10 new pigs with just a four month gestation pe-
riod 3. Consequently, a sow can produce more than 20 pigs
per year 2], However, feral pigs can pose several health and
environmental risks (heightened by their wild boar ancestry),
including rooting up both crops and wild plant communities,
and eating carrion or other parasite-carrying materials[®*).
Additionally, their high fecundity means that feral pig pop-
ulations can and do become uncontrollable[® ¢3!, Unlike
ruminants, therefore, pigs are unsuitable for free-range hus-

bandry and play no role in pastoralism %%,

2.2.3. Social and Consumer Preferences

From July 2023 to June 2024, the average Canadian
price of slaughter calves was two to three times higher than
marketable pigs on a per-unit-of-live-weight basis[®’l. This
price difference reflects the difference in social status be-
tween pork and beef. Pork production is also concentrated in
a very small number of farms compared to beef feedlots 8],
which can intensify manure handling problems and nitrate
leaching into groundwater, and cause local complaints about
the bad smell. Pork has a stigma of being unclean and a
source of disease, including (among others) Trichinosis and

1631, Several major religions (the best known being

swine flu
Judaism) require that meat only come from animals that chew
their cud®%; meaning ruminants. This religious taboo did
not start with Judaism 31, There was a gradual decline in the
popularity of pork that started in the Bronze Age when Mid-
dle Eastern people began to urbanize[®3. Even in Israel there
were regional differences in pork consumption patterns (],
which casts further doubt on the biblical origin of the pork
taboo. The lower social status of pork, however, was not a
factor in Chinal®l,

With modern pig farms, the pork taboo is no longer jus-
tified 5% ©1. In confined housing, where the pig diets are lim-
ited to feed crops (and occasionally table scraps), Trichinosis
is not a significant risk!”"), and the parasite risk is eliminated
with proper cooking!”!. Although the fear of Trichinosis is
often seen as biblical wisdom, this link was only found in the
19th Century, long after the origin of the pork taboo 1. Pigs
do not transfer swine flu to people; the converse is report-
edly far more likely[’?). In contrast, Anthrax, which cattle
carry, does not attract the same public attention®”. Some
pig behavior patterns, such as eating filth and wallowing

in mud and excrement (a heat-coping behavior since pigs
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do not sweat), are only seen when pigs are concentrated in
unregulated and squalid city environments*’l. Neither be-
havior is seen when pigs are given enough space and proper
manure management!’3]. Since the health of pigs on the farm
directly translates into enhanced production!’#!, modern pork
producers have an incentive to ensure that their pigs are kept
clean and healthy.

The pork taboo only partly explains the lower socio-
economic status. Because pigs reproduce quickly and require
little or no land?®!, pigs became associated with the poor and
landless 3% 631, Unlike the larger domesticated animals, pigs
provided no wealth-generating by-products, such as leather,
wool or draft power, leaving the rich little economic moti-
vation for owning them 7. Although the smaller and more
efficient chickens could out-compete pigs as a household-
based protein source!’, pigs retained a place in Europe as

the commoners’ meat [3% 651,

3. Materials and Method
3.1. The GHG Emissions Model

This analysis used a purpose-built model based on the
Unified Livestock Industry and Crop Emissions Estimation
System (ULICEES). This model calculates the emissions
of CHy, N5O, and fossil CO5 from livestock production
in Canadal®”l, ULICEES was an assemblage of individual
GHG emission studies of the four dominant livestock indus-

tries in Canada, that is dairy, beef, pork and poultry 30 33]

, as
well as sheep 341,

ULICEES has been successfully applied to a wide range
of land use and animal husbandry issues because it included
detailed information on life cycles and livestock feed 76l
However, sources for the required life cycle data were lim-
ited to agricultural census records which have not been gath-
ered since 2001, and livestock diet data which were only
available from one survey!”” 8], These limitations restricted
ULICEES application to 2001 37 and partially to 200671,
To overcome this temporal restriction, two slightly different
ULICEES meta-models were created. Both meta-models
indexed the two sets of census year results to the breeding
female population of each livestock type for other years us-
ing the more commonly available annual livestock survey
datal™. In the first meta-model, Dyer et al.[”®! indexed the

ULICEES output to the other years. In the second meta-

15

model, Dyer et al.[>! indexed the previously published live-
stock GHG emission budget estimates from Vergé et al. 30341
for 2006 to the other years.

The earlier meta-model from Dyer et al. 76! was adapted
for this analysis since it incorporated some upgrades to
the original ULICEES model.

specific GHG emission estimates!

Compared to the type-
31.32] referenced by Dyer et
al.l"%, the GHG emission estimates from this analysis under-
estimated the GHG emissions from beef and over-estimated
the GHG emissions from pork for 2001; resulting in a small
narrowing of the beef-pork GHG emission difference. All
versions of ULICEES recognize livestock as major sources
of CHy, N2O and fossil CO3. Manure storage is an impor-
tant source of CH, from all livestock types. Methane is a
critical term for comparing livestock GHG emission budgets
because enteric CH, is only emitted by ruminants. Manure
storage and chemical fertilizer are both sources of NoO emis-
sions. Fossil CO5 emission estimates were derived from a
sub-model for both on- and off-farm energy use 80831,

SOC, a critically important addition to this ULICEES
meta-model, was expressed on an annual basis as 2.1 tCO5
ha—! over 20 years!'% 44 Soil is a carbon sink when land
is converted from annual crops to perennial forage, whereas
LUC from perennial to annual soil cover makes SOC a source
of CO5. SOC is a term in the beef GHG emission budget
but not the pork GHG budget. Hence, SOC change (A) and
enteric methane are the distinguishing differences between
the beef and pork GHG emission calculations.

The CO; equivalent (CO2e) emissions budget for beef
is:

CO2¢ beer = CH4 manure + CH4 enteric T N2O manure + N2O

fertilizer T CO2 fossil — Ayear SOC (1)

The CO4e emissions budget for pork is:

CO2¢e pork = CH4 manure T N2O manure + N2O fertitizer +
CO2 fossil (@)

The CO2e GWP factors used in this analysis were 25
times that of CO5 for CH4 and 298 times that of CO5 for NoO
over 100 years!®#. The GHG emissions budgets described by
Equations (1) and (2) also describe the GHG emissions bud-
gets that were calculated in the original ULICEES model 37).

Except for enteric methane, all other terms in the two
GHG emissions budgets (Equations (1) and (2)) depend on
the land base that supports the livestock production. Vergé et
al.3% defined the land base needed to support dairy cows as
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the Dairy Crop Complex. This concept was later broadened
into the LCC that was used in all of the subsequent Canadian
livestock GHG emissions budget models referenced in this
paper3% 371 For each livestock type (1), the basic LCC Area
(A) calculation from Population (P), diet (V) and the Yield
(Y) of each feed crop (c) in ULICEES is as follows:
Al,c =Py x Vl,c/Yc (3)
With livestock diet data only available from one

77781 the meta-model was not sensitive to temporal

yearl
shifts in diet. All crop yields were indexed to their respective
2001 quantities from annual crop survey data. This meant
that the dynamic drivers of Equation (3) were crop yields and
population. Although not directly connected to Equation (3),
changing tillage practices have caused a trend in the fossil
CO,, emissions from farm field work %, As well, a dramatic
increase in nitrogen fertilizer use in Canada®>! has been driv-
ing increased NoO emissions and the indirect energy use for
nitrogen fertilizer manufacture and supply. Furthermore, the
rates of fertilizer increase are crop-specific!®l, is an impor-
tant factor in differentiating the GHG emission rates from
pork and beef over time.

3.2. Comparing Beef and Pork Carbon Foot-
prints

The input terms required for the beef-pork carbon foot-
print comparison (Table 1) were generated by the ULICEES
meta-model. The years of inputs listed in Table 1 represent
the seven census years from the 1990-2022 time series gen-
erated by the meta-model. The areas in Table 1 are the crop
complexes for beef and pork production (Equation (3)), for
which the beef crop complex has been disaggregated into
feed grains and harvestable perennial forage. The GHG emis-
sions from beef and pork were generated from Equations
(1) and (2), respectively. Dyer et al.[>% 7] calculated protein
as a fraction of the live weight of market animals for 2001.
The meta-model indexed this 2001 protein estimate to other
years by the year to 2001 breeding female population ratios.
The two protein quantities shown in Table 1 for 2001 were

taken from Dyer et al.[26: 761,

3.3. Comparing 2001 and 2021

Figures 1 and 2 compare the land use and carbon foot-
prints of beef and pork for 2001 and 2021, respectively.

These two figures consist of two indicators that use pro-
tein production per year as the common denominator. Since
both indicators are based on intensities, rather than total im-
pact, they are both expressed as per fon of protein (ptp). For
simplicity only two land uses are considered: feed grains
and harvestable hay. As was done by Dyer et al.['>2%] both

figures treated Canada as one agricultural region.

: tGHG/t protein
35 ha/t protein 100
20 — 920
Bgrain 80
25 70 BNt GHG
B forage
20 60
50 BCo2-50C

13 40
10 _— 30
20
10
0 0

a Beel Pork b

Beef Pork

Figure 1. Comparison of the (a) required areas and (b) GHG emis-
sions in the Canadian beef and pork industries on a unit of protein
basis for 2001.

The indicator used in Figures 1a and 2a is ha of crop-
land ptp. Permanent pasture land was excluded from this
comparison because that land is not usable for annual feed
grains'®71, and would not normally be cultivated. Since the
pig diet only includes grain (no roughage), the land in per-
manent pasture (most of which is considered rangeland in
Canada) is not interchangeable with the pork crop complex.
The areas of perennial forage for beef in Figures 1a and 2a
are shown in green. The areas in feed grain for both beef and
pork are both shown in gold, with the bar showing the total
area supporting beef cattle having both a gold and a green
portion for grain and forage, respectively.

35 ha/'t protein o0 tGHG/t protein
30 _ 80

] Berain 70
25 F— 0 BNet GHG
20 50

BC02-S0C
15 40
30 ]
10
T— 20
5 D Y
0 e 0

a Beef Pork b Pork

Beef

Figure 2. Comparison of the (a) required areas and (b) GHG emis-
sions in the Canadian beef and pork industries on a unit of protein
basis for 2021.

Figures 1b and 2b compared the respective annual
tCOqe emissions ptp for these two livestock types. The
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Table 1. GHG emissions and protein production from the Canadian beef and pork industries, and the areas that support those two

industries during the census years from 1991 to 2021.

Beef Pork
GHG Protein Grain Forage GHG Protein Grain
Years MtCO2e Mt Mha Mha MtCO2e Mt Mha
1991 21.5 0.20 1.8 43 5.5 0.21 2.0
1996 27.1 0.25 2.1 5.3 5.7 0.22 2.0
2001 28.6 0.25 2.4 5.6 7.4 0.28 2.8
2006 30.7 0.28 2.2 6.3 7.2 0.31 2.8
2011 24.4 0.22 1.7 4.8 5.9 0.23 2.2
2016 20.7 0.21 1.4 4.6 6.3 0.24 1.8
2021 21.0 0.21 1.5 4.67 6.9 0.25 2.0
Average 24.9 0.23 1.9 5.1 6.4 0.25 2.2

weight of GHG emissions for pork is shown in red, whereas
the total weight of GHG emissions from beef is shown red
and green. The red portion of the beef GHG emission bars in
Figures 1b and 2b represent the remaining GHG emissions
after an allowance for carbon sequestration. They are, there-
fore, the Net GHG emission weights from beef cattle. The
soil carbon stored in the land planted to perennial forage is
credited to the beef industry to offset GHG emissions from
that industry. The sequestered carbon, expressed as CO5 per
year, and designated as CO2-SOC, is shown in green.

The left-facing brackets in Figures 1 and 2 show the
meaningful differences between pig and beef cattle produc-
tion. These brackets represent the possible reductions in area
and GHG emissions ptp for a complete (hypothetical) replace-
ment of beef production with pork production in Canada. For
Figures 1a and 2a, the meaningful differences are between
the total area for beef and the grain growing area for pork.
The bracketed areas in Figures 1a and 2a are both in the
green portions of the beef area bars. The beef (bf) to pork
(pk) difference (A) in area ptp was calculated as:

A Area/Protein = ((Area grain, b + Area forage)/Protein ) —
“
The left-bracketed differences in Figures 1b and 2b

are between the Net GHG emissions from beef and the pork

(Area p/Protein ;)

GHG emissions (both in red). However, the actual calcu-
lation of the bracketed GHG emissions is more accurately
illustrated by including the calculation of the Net beef GHG
from All beef (all bf) and forage. The beef to pork difference
in GHG emissions ptp was calculated as:
A GHG/Protein = ((GHG 115 — GHGorage )/Protein 4¢) —
(GHG ,/Protein ) 5)

17

The analysis presented by Figures 1 and 2 was ex-
tended to all seven of the census years shown in Table 1.
This temporal extension of the beef-pork carbon footprint
comparison to other census years (Table 2) will reveal any
trends in the terms used in Figures 1 and 2 and assess the

robustness of the findings in those two figures.

4. Results

4.1. GHG Emissions Model Output

In Table 1 there were very little year to year variations
in any of the columns. The relative standard deviations over
seven years ranged from 12% to 20%. The term with the
greatest beef to pork difference was GHG emissions. The
average total GHG emissions from beef (not including SOC)
was 4.1 times the average GHG emissions from pork. The
two highest deviations were for the two grain areas (beef
and pork). On average the beef grain areas were 16% lower
than the pork areas, and the pork area exceeded beef grain
area in all years. The average ratio of forage to grain areas
supporting the beef industry was 2.7. On average the amount
of pork protein was 7% higher than the beef protein, but the
beef industry produced less protein than pork in all years.

Figure 3 shows the respective breeding populations
for beef and pork, the main driver of the meta-model. For
consistency with other applications of this meta-model, the
data for the selected census years were taken from annual
survey records %891 But since the survey records for pigs
did not start until 2008, sow populations for 1991, 1996,

2001 and 2006 were taken from census records 3% %!, The
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two populations have very similar distribution shapes over
time, although on average beef cows outnumber sows by
over three to one. Both populations peaked in 2006 before
stabilizing in 2016 and 2021. The typical live weight of
beef cows is roughly 2.5 times the typical live weight of
sows[®!l. In 2021, even though smaller, 1.2 million sows
produced 0.25 Mt of protein, while 3.7 million beef cows
only produced 0.23 Mt of protein (Table 1).

M head of livestock in Canada

:‘ﬂ |H ‘H 'H

1991 1996 2001 2006

mCows

OSows

i

2011 2016 2021

.

w

[

Figure 3. Breeding female populations for pigs (Sows) and beef
cattle (Cows) for seven census years in Canada.

4.2. Protein-Based Intensity of Land Use and
GHG Emissions

For 2001, Figure 1a shows that the grain area for beef
(gold) was slightly less than half as much as the area of har-
vested forage (green). It also shows that pork required only
a little more area of feed grain than beef for the same amount
of protein. The bracketed area in 2001 was 21 ha ptp. Figure
1b shows that in 2001 the beef area credited with carbon se-
questration (CO2-SOC) accounted for only half of the total
COse emission intensity of Canadian beef. The Net COse
ptp (after subtracting CO2-SOC from beef GHG emission in-
tensity) was two and a half times the GHG emission intensity
of pork. The bracketed emission difference in Figure 1b was
40 tCO4 ptp, representing a two thirds reduction from the
Net GHG emissions ptp produced by Canadian beef cattle
after subtracting CO2-SOC. The pork GHG ptp (red) was
23.3% of the beef GHG ptp before subtracting CO2-SOC.
The total beef (red and green) and pork (red) GHG emissions
for 2001 (Figure 1b) were very close to the 2001 results for
these two livestock types from Dyer et al. 2],

By 2021, the areas for both grain terms in Figure 2a
had decreased from 2001, whereas the area for forage did
not change. The difference in grain areas increased, with the

area for pork 9% higher than for the beef grain area (gold).

The grain area for beef (gold) was only a third as much as
the area of harvested forage (green). The bracketed area in
2021 remained at 21 ha ptp. The Net GHG emission intensity
from beef was 6 MtCOxqe ptp higher in Figure 2b than in
Figure 1b. But the GHG emission intensity was unchanged
for CO2-SOC and decreased very little for pork in Figure 2b.
Consequently, the contribution of carbon sequestration to
the beef GHG emission intensity showed no change between
2001 and 2021, whereas the Net COse rose to almost three
times the GHG emission intensity of pork. The bracketed
emission difference increased from 40 tCO- ptp in 2001 to
47 tCOq ptp in 2021, and represented a 65% reduction in
the Net GHG emissions from the 2021 Canadian beef cattle,
whereas the pork GHG ptp was 22% of beef GHG ptp before
subtracting CO2-SOC.

4.3. Meta-Model Assessment over Seven Cen-
sus Years

To extend the intensity based analysis used in Figures 1
and 2 to all seven years, all results in Table 2 were expressed
as ptp per year. The terms of the extended analysis shown
in Table 2 are the same as those used in Figures 1 and 2.
Although the weights of pork protein and beef protein shown
in Table 1 were slightly different, because the analysis was
based on intensity indicators, the area and GHG emission
results shown for these two livestock types in Table 2 were
dimensionally compatible.

The average total land use by the Canadian beef indus-
try was 30 ha ptp, whereas the average land use for Canadian
pork production was only 9 ha ptp, leaving the average beef-
pork area difference (left-bracketed in Figures 1a and 2a) at
21 ha ptp. The average Net beef GHG emissions minus the
average pork GHG emissions (left-bracketed in Figures 1b
and 2b) was 41 tCOqe ptp. The average Net beef GHG emis-
sion intensity, after subtracting 46 tCO5 ptp (for CO,-SOC),
was 86 tCOaqe ptp.

On average, beef production required just over a third
as much (37%) area for grain as it did for harvestable forage,
and the average beef grain area was 90% as much as the
area required by the pork industry. The average pork grain
area was 30% of the average of all areas (grain plus forage)
required for beef. Pork GHG emission intensities were on
average 38% of Net beef GHG and 23% of beef GHG be-
fore subtracting CO2-SOC. The difference in GHG emission
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Table 2. Areas in Canada that supported Canadian beef and pork production, the GHG emissions from these two livestock production
systems, and the area and GHG emission differences between beef and pork. All terms are shown on a unit of protein basis for census

years from 1991 to 2021.

o 0 ®

2016 22 8 37

45

24 21 59 14

Area (Sub-Figures a) GHG (Sub-Figures b) A Area A GHG
ha/t protein tCO,/t ha/t protein tCO,/t
protein protein
Beef Grain Forage Pork Grain Net Beef C0,-S0C Pork All Beef" Pork All Beef Net Becfl
Year goldz greenz goldz red’ greenz red’ - pork - beef grain - pork - pork
1991 9 21 10 42 45 25 21 1 62 17
1996 8 22 9 45 45 24 21 1 66 21
2001 10 22 10 48 46 24 21 0 70 24
2006 22 9 45 47 22 21 1 70 24
2011 22 9 48 47 23 21 2 72 25
1
1

2021 7 22 8 39

46

25 21 59 13

1, The two difference terms in italics reflect the left-bracketed portions of the barcharts of Figures 1 and 2.
2, The colours (in italics) reflect the corresponding terms shown in the barcharts of Figures 1 and 2.

intensity between the Net beef and pork (left-bracketed in
Figures 1b and 2b was 62% of the average Net beef GHG
emission intensity.

Although some modest trends were noted in Table 1,
Table 2 shows that the year to year differences were small
compared to the differences among the columns. This station-
arity reflects the small number of temporal inputs available
to drive the meta-model, particularly the limited data on live-
stock diets. The beef grain and pork areas had very slight
downward trends, and beef forage areas had no trend. This
was because for harvested perennial forage the crop com-
plex calculation was overridden by the area statistics, which
slightly favours the beef industry. The pork GHG emissions
ptp were less than half the Net GHG emissions ptp from
beef in all seven census years. The small, but consistent,
difference in area required by pork over the beef grain area
was never enough to nullify more than a small fraction of the
land in forage, leaving a large CO2-SOC term in Figures 1b
and 2b.

To determine a theoretical maximum mitigation poten-
tial, a scenario involving a conversion from beef production
(excluding grass fed-beef) to pork production was assumed
for 2021. The outcomes of this test depended on how the
residual 4.5 Mha of forage land made free by the theoretical
beef to pork shift in 2021 (the bracketed area in Figure 2a)
would be used. Two different quantities of GHG emissions
can be mitigated, depending on whether or not the freed land
was re-cultivated. These two 2021 GHG emission quantities
were estimated by multiplying the 2021 estimates from the
two A GHG columns in Table 2 by the 2021 beef protein
weight in Table 1. If that area was re-cultivated for annual
crops (beef protein x (GHGNet beef — pork)), then only 10.0

MtCOxqe could be mitigated per year. If that area was left
under a perennial ground cover (beef protein x (GHGA!//
beef — pork)), then 19.8 MtCOqe could be mitigated per year,
equivalent to 23% of the GHG emissions budget of Canadian
agriculture®®. But even the 10.0 MtCOse is 60% greater
than the 2021 carbon footprint of the Canadian pork indus-
try (Table 1), and equivalent to 12% of the sector’s GHG

emissions budget!?’].

5. Discussion

The two columns in Table 2 (headings in italics) that
correspond to the left bracketed terms in Figures 1 and 2
provide the most important validation of the two figures. The
limited temporal variations in Table 2 indicate that the cal-
culations presented in Figures 1 and 2 were consistent over
time. These figures revealed that, even when beef is credited
with the carbon sequestration under hay, pork consistently
emitted much less GHG for an equivalent weight of protein
than did beef. Although the pork grain area always exceeded
the beef grain area in Table 2, the land used by pork always
left most of the land that would be used to grow perennial
forage free for another use if beef production ceased.

The slight increase in the carbon footprint advantage
of pork over beef from Figure 1b to Figure 2b and the mod-
est upward trend in beef GHG emission intensity (Table 2)
is consistent with the general increase in nitrogen fertilizer
sales in Canada between 2001 and 2021 (Statistics Canada,
2023). Between 2001 and 2021 increases in the nitrogen fer-
tilizer application rates on the two main feed grains, Barley
and Grain corn, were much less than the rates of increase

for Spring wheat and Canola®), two of Canada’s main com-

19



Journal of Environmental & Earth Sciences | Volume 07 | Issue 04 | April 2025

mercial export crops. Whereas nitrogen application rates for

3] increased

Barley, the main beef (and western) feed grain!
modestly, nitrogen fertilizer use on Grain corn, the main pork
(and eastern) feed grain[*'1, showed almost no increase be-
tween 2001 and 202181, Consequently, the carbon footprint
of pigs got almost no upward pressure from nitrogen fertil-
izer, while beef GHG emissions, accounted for the increased
difference between Figure 1b and 2b.

The test for a complete 2021 conversion from beef
to pork production generated two very different potential
GHG mitigation amounts, depending on whether the land
freed by the conversion was cultivated or left under perennial
foliage. But the newly freed land can create a number of
downstream impacts and benefits, depending on the chosen
land use. Quantifying the carbon footprints of these new
land uses would depend on the crops grown, and/or the mix
of livestock to be supported by the feed produced. However,
the use of this freed land did not involve any beef-pork in-
teractions that would impact the findings from Figure 2 or
Table 2. Since these hypothetical options were outside the
goal of this analysis, no estimates of the range of their GHG
emission budgets are provided. Nevertheless, they warrant
a qualitative discussion. The four options for using the 4.5
Mha of freed land include:

(a) continuing to grow perennial forage to raise addi-
tional grass-fed beef,

(b) growing more feed grains to raise other livestock,

(c) growing edible crops such as pulses or wheat,

(d) rewilding to restore biodiversity and natural habitat.

Options a and b would produce additional protein over
the new protein coming from the expanded pork production.
Earlier results from ULICEES-based assessments indicate
that using that land for feed grains (Option b) would give
lower GHG emissions than using it for forage for grass-fed
cattle (Option a), particularly if those grains were fed to

non-ruminants 1% 76!

. Ideally, the additional protein from
Options a and b would offset the need to produce the same
amount of protein somewhere else, whereas Option ¢ would
offset the need to produce the same edible crops somewhere
else. Option ¢ will have greater importance when Canada is
called upon to assist international food aid programs driven
by climate change-related famines or disasters®?!. Ignoring
the enteric methane from the grass-fed cattle, Options b and

¢ would have higher carbon footprints due to the additional

N fertilizer®" and field operations®!! required by annual
crops.

Options a and d would both benefit SOC, but Option
d would sacrifice additional meat production for increased
biodiversity, particularly if regenerative grazing was imple-
mented®3!. Option d could go further by rewilding with na-
tive ungulates®#l. However, returning areas of tame pasture
or hay to native grassland habitat involves significant eco-
logical challenges to achieve the same biodiversity benefits
as undisturbed rangeland*!1. Nevertheless, many developed
nations do not have the vast areas of undisturbed rangeland
still viable in Canada. For those nations, Option d could be a
welcome opportunity to recreate their own grassland habitat.

None of the calculations in this analysis involved range-
land. Instead, it was treated as a constant term since carbon
sequestration is driven by LUC, rather than by land uses
that are unlikely to change. Rangeland, therefore is less im-
portant for sequestering carbon than for keeping SOC from
being lost. This SOC stability requires regulated stocking

52,53] But Canada’s rangeland is a natural

rates on rangeland |
ecosystem that must be protected, along with its biodiversity
and SOCPU. If rangeland cattle are marketed as grass-fed
beef(*4, there is still a role for rangeland to play in the Cana-
dian livestock industry. However, grass-fed beef lacks the
tenderness that most consumers want, and these cattle take
longer to grow, which lowers marketable carcass weight
yields and raises the price for consumers >, Growing more
slowly on the high roughage diet, grass-fed beef have to be
kept alive longer, thus emitting more enteric methane over
their lives.

The need for winter feed for grass-fed cattle in
Canadal®¥ comes at a time when most Prairie rangeland
is dormant. ULICEES includes the winter feed needed for
the breeding rangeland cattle as a part of the crop complex
of the whole beef industry*”). For example, the diet of re-
placement heifers quantified by ULICEES [*'-37] provided
a winter feed proxy for grass-fed, rangeland cattle[!”). But
with these cattle decoupled from the beef crop complex, the
additional feed would have to be harvested elsewhere, and
hence, grass-fed beef production on rangeland is not a closed
system. Since this analysis did not include rangeland cattle,
sourcing winter feed for these grass-fed cattle was beyond
the scope of this analysis.

The left-bracketed GHG emissions in Figure 2b inte-
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grated over beef protein, as in the above beef-pork conversion
scenario, represent a potential reduction of 10.0 MtCOxqe.
Just two-thirds of this reduction could nullify the 6.3 MtCOse
(Table 1) from the Canadian pork industry in 2021, eliminat-
ing the carbon footprint of the protein provided by that indus-
try. The left-bracketed GHG emissions in Figures 1b and
2b are the result of both fecundity and enteric methane from
ruminants. Fecundity, the effective reproductive rates!26],
clearly favour pigs over beef cattle. This higher reproductive
efficiency was demonstrated in Figure 3, where the much
smaller population of sows could produce as much protein
as the beef industry, with no significant enteric methane
emissions.

The underpinning assumption of this analysis was that
livestock production systems can be compared on the basis of
protein equivalence. For just comparing mammalian carcass
products, using live weights as a proxy for protein would
lead to conclusions very similar to this analysis 4. But the
wider applicability of the GHG-protein ratio 38! makes it a
better indicator for comparing the carbon footprints of car-
cass and non-carcass livestock products, as well as pulse
proteins. Nevertheless, this assumption treats protein sup-
ply as a closed system![?3]. In most developed nations, af-
fluent consumers eat red meat for pleasure as much as to
maintain their protein requirement!'”). However, such over-
consumption ignores planetary boundaries!'~®1. Agriculture
and food policies must embrace an upper limit on animal pro-
tein consumption for both human health and the planet (7> 2%,
Fecundity and feed efficiency also explain why less land is
needed to raise pigs than beef cattle. The hay needed by
cattle requires much more land than does the grain needed
for pig feed, partly because much of that hay is required
to maintain the breeding cows. In addition to the hay they
consume, feedlot-finished beef cattle require almost as much

feed grain as pigs for the same protein production.

6. Conclusions

Using the paired area-GHG emission bar charts to de-
fine the carbon footprint differences between the beef and
pork industries provides a convincing argument for support-
ing the Canadian pork industry. This was achieved by bring-
ing together LUC, SOC and the respective annual GHG emis-

sion budgets of beef and pork into one composite graphic

21

illustration. The link between the two area sub-figures and
the two GHG emission sub-figures required the LCC. This
message is strengthened by the consistently lower carbon
footprint of pork production over the three decades (Table
2). Some caution is warranted with these results since only
one livestock diet survey was available. For more precise
future LCC calculations, another Canada-wide livestock diet
survey should be undertaken. With the appropriate land use
decisions, pig farms have a role to play in sequestering car-
bon, although not as direct as the role that beef production
plays. Moreover, this analysis demonstrates the weakness
of policy decisions that lump beef and pork together as red
meat.

The analysis drew two important conclusions about the
carbon-sequestering role of pigs. First, when the potential
carbon sequestration in the land growing harvestable forage
is credited to the beef industry, that CO5e emissions offset
does not reduce the carbon footprint of beef enough to match
the lower carbon footprint of pork. The first conclusion was
not new, but it corroborates the same conclusion reached
by Dyer and Desjardins™# and verified its long term per-
sistence. The second conclusion was that most of the land
required to grow hay and tame pasture for beef is not needed
to feed the protein-equivalent pig population, which reduced
the impact of SOC as a COse emissions offset. The second
conclusion required a direct beef-pork comparison which
the multi-species scenarios used by Dyer and Desjardins 44!
could not provide. The beef to pork conversion scenario
suggests that how the freed up land is used could have as
high a carbon footprint impact as the initial GHG emission
reductions.

The conclusions from this analysis do not apply to
rangeland cattle sold directly as grass-fed beef; a use of
marginal land that, if properly managed, could be sustain-
able[*], the winter feed requirement notwithstanding. There-
fore, for the consumer, an overall move from beef to pork
with the occasional consumption of grass-fed beef provides
the red meat option with the lowest carbon footprint[43.
From a policy perspective, diverting feed grains to pigs and
leaving cattle that can convert cellulose to protein to graze
will lead to a lower carbon footprint for the Canadian live-
stock industry. For affluent Canadian consumers not ready to
fully embrace plant proteins, or tired of chicken as their only

meat option, this beef to pork transition is the easiest way
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to reduce their protein carbon footprint while still enjoying
some red meat.

The carbon footprint advantage that pigs have over beef
cattle suggests that creating incentives to encourage more
pork production could be an effective livestock GHG miti-
gation policy. Consumer education of this carbon footprint
advantage could be equally effective and would avoid the
appearance of government favoring one group of produc-
ers over another. The 2021 beef industry promotion video,

“Guardians of the Grasslands”[!

1, which portrays beef cows
wandering over a pristine landscape, has accumulated over
100 thousand views. A similar promotion video is needed
to show how effectively feeding grains to pigs instead of
beef cows can reduce the carbon footprint of red meat con-
sumption. Such promotion is unlikely to overcome consumer
reluctance on its own, however, unless it also shows that the
low social status and taboos of eating pork are historical arti-
facts that are no longer part of modern pork production 31,
But given the anecdotal nature of Section 2.2, a customer
behavior analysis of Canadian meat consumers should ac-
company such promotion. This integrated message would
help to motivate more consumers to choose pork over beef.
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