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Abstract: The environmental impact of livestock production has become an important and controversial global issue, pri-
marily due to reported impacts on global warming. This concern applies to all meat animals, but especially beef cattle due to
their emission of enteric methane. Livestock production contributes to global warming, but the importance of its contribution
may be overstated. Its effect on climate is primarily throughmethane production, which does not have a long-term effect on the
atmosphere. Global livestock numbers and emissions from their manure are increasing, so there is a short-term effect through
increased rate of emission. Other effects of meat production may be of more concern for long-term sustainability. Through a
full life cycle ofmeat, the dominant impact is loss and waste, which adversely effects all measures of sustainability. An impor-
tant environmental concern is reactive nitrogen losses, among which ammonia emission from manure is of most concern.
Global estimates suggest that 63% of all ammonia emissions come from agriculture, with 44% of the total from livestock
manure. Ammonia emissions have adverse effects related to acidification of ecosystems, eutrophication of surface waters,
and human toxicity through formation of small particulate matter in the air we breathe. Water consumption is another impor-
tant concern. Global estimates suggest that agriculture uses about 70%of freshwater withdrawals, with 20% used for livestock
feed production. Although livestock production is not a large energy consumer, fossil fuels are a limited resource, and con-
servation is important. Many technologies and strategies exist for mitigating environmental impacts of livestock production,
but finding economical solutions is challenging. Mitigation must start with the reduction of consumer waste. Other livestock
impacts are best reduced using intensive practices to produce animals in less time and with fewer resources. Diets that accu-
rately meet animal nutrient needs are an important mitigation option for efficient and sustainable meat production.
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Introduction

The global demand for livestock products is increas-
ing (OECD/FAO, 2018). This is due to both increas-
ing population and the need for high-quality protein in
human diets, particularly in developing countries. As
economies have developed, the purchase of animal
products has increased (WHO, 2020). As the demand
has increased, concern over environmental impacts of
livestock production has also increased (Steinfeld
et al., 2006). These environmental impacts vary

widely depending upon climate and production prac-
tices used.

Most of the environmental concern for livestock
products has focused on greenhouse gas (GHG) emis-
sions. This began with the publication of the report
“Livestock’s long shadow,”which concluded that live-
stock production contributed more GHG emissions
globally then all of transportation (Steinfeld et al.,
2006). There was a flaw in their comparison that was
later corrected (Gerber et al., 2013); nevertheless, this
brought much public attention to livestock agriculture,
and this attention continues. Discussion on this topic
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has led to claims that livestock production is unsustain-
able. This implies that livestock agriculture does not have
a role in meeting the future food needs of our world.

So what is sustainability? The general definition is
something like “Meeting our present needs without
compromising the ability of future generations to meet
their needs” (Basiago, 1995). When we get more spe-
cific, there are probably as many definitions as there are
people defining sustainability, and the definition tends
to focus on the interests of the definer. If we want to
make claims about sustainability, then there is the need
to develop measures and to quantify those measures.
This type of quantification becomes difficult. Sus-
tainability is much more than GHG emissions and their
effects on climate. Sustainability generally includes
environmental, economic, and social issues (Basiago,
1995). Within the environmental category, a much
broader view must include the use of limited resources
and all emissions affecting our environment. Quan-
tifying and integrating all of the important aspects of
sustainability for a product or service is essentially im-
possible. At best, we can work with a few of the more
important aspects to get an indication of sustainability.

The objective of this paper is to review current
work related to quantifying the environmental sustain-
ability of global livestock production, determine
important concerns, and discuss strategies for mitigat-
ing those concerns. This paper focuses on environmen-
tal issues of sustainability. Economic and social issues
are equally important, but they vary greatly across
regions, cultures, and economies, making them more
difficult for global quantification and assessment.

Assessment of Environmental
Sustainability

Assessment of environmental sustainability must
consider many factors, including use of limited resour-
ces and various emissions and losses to the environ-
ment. Importance of these various factors varies
across regions. Fossil energy use and GHG emissions
are important on a global scale, but issues such as water
use and nutrient losses from production systems are
more important at a local level or within specific
regions (Rotz and Veith, 2013). Water consumption
may be very important in dry regions but not so impor-
tant in regions with abundant precipitation. Likewise,
runoff of nutrients such as nitrogen and phosphorus
may be very important in watersheds with high precipi-
tation but not so important in dry climates. This diver-
sity in importance adds complexity to the assessment of

sustainability. A given practice considered sustainable
in one region may not be in another.

To assess sustainability, we need to quantify and
integrate the important factors to be considered. A
common approach is use of emission factors. Using
empirical data, a factor is developed to represent a spe-
cific emission or other impact from a given source. This
approach has been widely applied to GHG emissions.
The Intergovernmental Panel on Climate Change
(IPCC, 2006) has outlined factors used to estimate
GHG emissions from important sources in agricultural
production, including those from livestock. They have
a 3-tiered approach in which tier 1 is the simplest, using
general factors such as emissions per animal of a given
species. Tier 2 provides more detail with emission fac-
tors related to diet, climate, and management strategy.
These factors have been widely applied to the analysis
of livestock production systems (e.g., Pelletier et al.,
2010; MacLeod et al., 2013).

Integrating the data from multiple sources can
become cumbersome. To ease the process, software tools
have been developed to assimilate all important factors
for a comprehensive and rapid assessment (e.g., Holos;
AAFC, 2020). These or similar factors are also used to
estimate national (USEPA, 2020b) and global (FAO,
2020) GHG emissions. Tier 3 of the IPCC’s (2006)
approach is less common and requiresmore sophisticated
tools to predict emissions. This approach uses complex
models, such as process-level simulation, to quantify
emissions and resources used. An example is the
Integrated Farm System Model, used to study environ-
mental and economic impacts of beef cattle and dairy
production systems (USDA-ARS, 2020).

To obtain a comprehensive environmental assess-
ment of foods, use of life cycle assessment (LCA) has
become common practice (Mogensen et al., 2009).
This provides a broader assessment over a partial or full
life cycle of a product or service. For livestock produc-
tion, a common partial LCA is to consider all factors up
to the farm gate, i.e., everything involved in producing
livestock up to the point of leaving the farm, ranch, or
feedlot. A full life cycle includes farm-gate values
plus those for transportation, harvest, processing,
retail, consumer, and waste. GHG emissions or global
warming potential is normally considered in an
LCA, but many other metrics may also be considered.
Common metrics include eutrophication potential,
acidification potential, ozone depletion potential,
photochemical ozone creation potential, water con-
sumption, energy use, solid waste production, and land
use (Saling et al., 2002; Mogensen et al., 2009).
Software tools are available for obtaining inventory
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data (e.g., Ecoinvent Centre, 2020) and conducting
LCA (e.g., openLCA, 2020; Simapro, 2020) to sim-
plify and expedite analyses.

LCA is an environmental accounting procedure in
which emission and other inventory data are gathered
from various sources and integrated to estimate various
metrics. As such, results of an LCA are heavily influ-
enced by the quality of inventory data used and
assumptions of the person or team preparing the assess-
ment. Standards (ISO, 2006) and recommended guide-
lines (FAO, 2016, 2018) are available and normally
used, but considerable variation still occurs across stud-
ies. As such, caution is needed in comparing results for
different products or the same product done through
different studies. The best comparisons are made using
the same procedure or software and inventory database
across comparisons. Perhaps the best use of LCA is to
compare a product to itself, such as studying changes or
improvements over time.When evaluating over time, it
is important that changes in the inventory data re-
present real changes and not just a different database.

LCA may be linked to other tools, such as process-
based simulation, to obtain more specific representa-
tion of inventory data (Kim et al., 2019). By simulating
alternatives in production, predicted inventory data can
vary with changes in management and technologies
used to produce the livestock. This is particularly use-
ful in comparing alternative production systems in
which process simulation can more accurately predict
the many changes and interactions among components
as influenced by changes in production practices.

All metrics considered in an assessment must be
expressed based on a common unit referred to as the
functional unit. For the full life cycle of meat, the func-
tional unit is normally mass of consumed meat. For a
partial LCA to the farm gate, the functional unit may
be live weight (LW) or projected carcass weight
(CW) of animals leaving the producing operation.
Use of this functional unit provides a basis for compar-
ing systems producing the same product. It may also be
useful in comparing the production of similar products
such as beef and pork. Although attempts are often
made (Mogensen et al., 2009; Hsu et al., 2018), this
type of functional unit cannot be used to compare dif-
ferent foods due to the considerable variability in
nutrient content or nutritional value of foods. Mass
of protein has been used as a functional unit, but this
also does not fully capture nutritional value. To assess
and compare sustainability of foods, a functional unit is
needed that adequately integrates all important nutri-
tional aspects of food to a common unit. Efforts such
as this are being made (Saarinen et al., 2017; Weidema

and Stylianou, 2019), but appropriate representation of
important nutritional aspects across all foods is difficult
at best. Until such a scientific basis is developed and
standardized, comparing the sustainability of different
foods is not possible.

Carbon footprint

Because so much attention has been given to GHG
emissions, this topic will be discussed in detail. A total
of all GHG emissions related to production and use of a
product or service is often referred to as carbon foot-
print. Important GHG in livestock production aremeth-
ane, nitrous oxide, and carbon dioxide (CO2). A
relatively simple method is normally used for integrat-
ing the effects of various GHG emissions on global
warming. A global warming potential for each gas is
assigned a value based upon its radiative forcing
(heat-trapping ability) and lifetime in the atmosphere
compared with CO2. Values commonly used are that
1 kg of methane in the atmosphere has a warming
potential equivalent to 28 kg of CO2 considering a
100-y time horizon, and nitrous oxide has a warming
potential equivalent to 268 kg of CO2 (Myhre et al.,
2013). A sum of the 3 gases converted to CO2 equiv-
alents (CO2e) provides a footprint for a production sys-
tem, region, nation, etc., or the total can be expressed as
an intensity, i.e., emission per functional unit.

A number of studies have determined farm-gate
carbon footprints of livestock production. Through a
summary of reported studies on cattle production,
Rotz et al. (2013, 2019) found a range of 10–15 kg
CO2e/kg LW or 16–24 kg CO2e/kg CW. In a national
assessment of beef cattle produced in the United States,
an average intensity of 21.3 kg CO2e/kg CWwas deter-
mined (Rotz et al., 2019). An assessment of pork pro-
duction conducted by Thoma et al. (2011) determined a
farm-gate emission intensity of 3.8 kg CO2e/kg CW. In
comparison to previous studies for pork, primarily in
Europe, they found intensities ranging from 2.6 to
5.6 kg CO2e/kg CW. In a more recent assessment
(Putman et al., 2018), this group determined a farm-
gate intensity of about 4.1 kg CO2e/kg CW (3 kg
CO2e/kg LW) for US pork production. For chicken
production, Skunca et al. (2018) summarized a number
of assessments for various production systems in sev-
eral countries. Farm-gate intensities varied from 1.4 to
6.8 kg CO2e/kg LW with an average around 2.6 kg
CO2e/kg LW. Slaughter-gate values ranged from 2.2
to 8.5 kg CO2e/kg CW.

These data come from many different studies that
used different approaches, system boundaries, and
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inventory data, and this variation inhibits precise com-
parison. A summary of the available data does indicate,
though, that GHG emission intensity of chicken pro-
duction may be a little less than that of swine
(MacLeod et al., 2013) and both are much less than that
of beef cattle. A major difference among these species
is methane produced by enteric fermentation in the
rumen of cattle.

Fewer studies have determined full life cycle
carbon footprints of livestock. In an assessment of beef
production and consumption in the US, Asem-Hiablie
et al. (2018) determined a footprint of 48 kg CO2e/kg of
consumedmeat. In the study of Thoma et al. (2011), the
full life cycle intensity of pork was 10 kg CO2e/kg of
consumedmeat. This again indicates about a 5-fold dif-
ference between the carbon footprint of beef and pork.
A similar assessment through consumption including
consumer waste was not found for chicken. Skunca
et al. (2018) provided a full chain assessment up to
product delivery to the consumer with a value of
3.6 kg CO2e/kg of product.

This illustrates that the global warming assessment
procedure outlined by the IPCC (2006; Myhre et al.,
2013) produces relatively large footprints for meat
coming from ruminant livestock. To fully understand
livestock’s impact on global warming, a more proc-
ess-oriented evaluation should be considered. The life-
time of methane in the atmosphere is relatively short
compared with CO2, so methane has a very high warm-
ing potential for a relatively short period. Methane

oxidizes in the atmosphere by hydroxyl radicals
through a chain of reactions (Wuebbles and Hayhoe,
2002;Myhre et al., 2013). Through this oxidation proc-
ess, methane in the atmosphere has a half-life of 7 y.
Thus, most of the methane is removed from the atmos-
phere within 10–12 y of its release with a small amount
absorbed in soil (Lynch, 2019a). Through these proc-
esses, all carbon released as methane is transformed
back to CO2, and perhaps a small amount of other com-
pounds, completing a natural cycle (Figure 1). Through
photosynthesis, CO2 is extracted from the atmosphere
and fixed as carbohydrates in plant material. Cattle
consume these carbohydrates, which are in part decom-
posed in the animal whereby some of the carbon is
transformed to CO2 andmethane gases that are respired
back to the atmosphere. Other carbon is excreted in
manure, where decomposition creates further methane
emissions. This methane is then oxidized, primarily
in the troposphere, transforming the carbon back
to CO2.

If we compare the emissions from cattle to those
emitted by vehicles through the combustion of fossil
fuels, both affect the heat-trapping ability of the atmos-
phere. However, there is a major difference between
these 2 sources of GHG. When fossil fuels are burned,
carbon stored in the earth since prehistoric times is con-
verted to CO2 and released to the atmosphere. For
every liter of fuel consumed, about 2.4 kg of CO2

are created and released (USEPA, 2020a). Some of
this CO2 is absorbed by oceans and soil, but this gas

Figure 1. Methane produced by cattle and other livestock is part of a natural cycle in which the methane is oxidized in the atmosphere transforming the
carbon back to carbon dioxide, the form that was originally used to fix carbohydrates in the growing feed crops.
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is being released more rapidly than it can be absorbed.
For this reason, we are observing a relatively rapid
increase in atmospheric CO2 concentration, and this
effect on the atmosphere will be with us for thousands
of years (NASA, 2019). Whereas cattle are part
of a natural cycle with short-term impact, burning of
fossil fuels has a more permanent impact (Myhre et al.,
2013).

Given that methane produced by livestock and
their manure is oxidized and returns to CO2, they do
not have a long-term effect on global warming unless
the rate ofmethane production is increasing. Thus, live-
stock’s effect on global warming is primarily related to
the number of animal units maintained. In the US,
Canada, much of Europe, and other developed coun-
tries, cattle numbers have decreased over the past
40–50 years as production systems have become more
intensive (FAO, 2020). By producing animals in less
time, fewer resources are used, and fewer emissions
occur during their life cycle (Stackhouse-Lawson et al.,
2012b). Therefore, for these regions of the world, cat-
tle’s effect on global warming and climate change is
less than commonly promoted. Nevertheless, global
numbers of all livestock and manure produced are
increasing, which is contributing to an increasing rate
of methane emission.

Because of this short-term effect, other methods
are being considered to better represent methane’s
effect on global warming (Allen et al., 2018; Lynch,
2019b). If we can assume that enteric methane emis-
sions have little effect in regions where cattle numbers
are not increasing, the carbon footprint for those pro-
duction systems is reduced considerably. Using data
from the national assessment of beef cattle production
in the US (Rotz et al., 2019), removing enteric emis-
sions reduces the carbon footprint by about 60%, giv-
ing an intensity of 8.5 kg CO2e/kg CW. For the full life
cycle of consumed beef, the reduction is 47% for an
intensity of 25 kg CO2e/kg of consumed meat. Thus,
removing the effect of enteric fermentation of cattle
brings the carbon footprint of beef closer to that of
pork, but it appears to remain a little greater. An advan-
tage for pork production is the much greater number of
offspring produced per sow, so the environmental
impact of maintaining breeding stock is greater for
cattle. Since a cow and a portion of a bull must be main-
tained for a full year to produce a calf, maintenance of
the breeding stock can contribute 69%–80% of the total
GHG emissions in beef cattle production (Beauchemin
et al., 2010; Stackhouse-Lawson et al., 2012a).

Methane concentration in the atmosphere is
increasing, with a 10% increase over the past 30 y

(NOAA, 2020). Many sources are contributing to this
increase. A major source is the increased use of natural
gas—i.e., methane—and other fossil fuels. Methane
leakage in the extraction and handling of fossil fuels
is being recognized as a greater source than previously
thought (Barkley et al., 2019). Other sources include
landfills, forest fires, wet lands, and patty rice fields
(USEPA, 2020b). On a global basis, cattle numbers
are increasing so they are contributing to the short-term
increase as well. Estimates of total cattle on the planet
show a 38% increase over the past 50 y (FAO, 2020),
which indicates a similar potential increase in the rate
of emissions.

Comprehensive LCA

As stated earlier, an assessment of environmental
sustainability must include many metrics in addition
to global warming. In a full cradle-to-grave LCA of
beef, Asem-Hiablie et al. (2018) reported values for
11 environmental metrics (Figure 2). This assessment
included all aspects of beef through consumption and
the handling of waste. For most metrics, the large
majority was in cattle production (Figure 2). Some
exceptions were ozone depletion level and solid waste,
for which a larger portion came from the restaurant
sector. Within cattle production, the majority of most
metrics was in producing feed and maintaining the
cow-calf phase of production. Feedlot finishing opera-
tions had an important role in abiotic depletion poten-
tial and acidification potential. Abiotic depletion was
primarily due to the use of zinc (a limited resource)
as a feed supplement in finishing rations. Acidifica-
tion was primarily due to ammonia emissions from cat-
tle manure and secondarily from fossil fuel combustion
in producing electricity and other resources used on
feedlots.

For pork production, a couple of studies have
reported just a few environmental metrics, and each
study has used different metrics and functional units.
Putman et al. (2018) reported farm-gate values for water
use, land use, and energy use along with global warm-
ing potential. Over the 55-y period from 1960 to 2015,
they reported rather small decreases in the intensities of
water use, energy use, and global warming potential.
They found a large decrease in land use due primarily
to increased feed crop yields over that period. Winkler
et al. (2016) studied acidification potential and eutro-
phication potential of pork along with global warming
potential in Austria. In a full LCA, they found that 95%
of eutrophication potential and 98% of acidification
potential occurred up to the farm gate.
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For chicken meat production, López-Andrés et al.
(2018) conducted a comprehensive “cradle to
slaughterhouse gate” LCA for production in Mexico
that included 15 environmental metrics. They found
that the greatest impact of most metrics was from
chicken farms where the main factors responsible were
feed production (use of chemicals and energy) and on-
farm emissions from organic waste decomposition. A
similar slaughter-gate assessment was done for chicken
meat production in Iran that included 10 environmental
metrics (Kalhor et al., 2016). They also found that the
large majority (60%–97%) of each metric was related
to farm production.

When comprehensive assessments such as these
are conducted, there is still a need to integrate this
information to indicate an overall impact. These assess-
ments are usually done to compare production strate-
gies or to follow the impact over time. With multiple
metrics and those metrics having varied importance,
an obvious conclusion about the change in environ-
mental sustainability is difficult to determine. One
approach is to assign a relative importance factor to
each metric such that the total of all factors is 1.0.
Multiplying the relative change between systems
for each metric by this relative factor and totaling
across all metrics gives a relative change. This
approach has been applied to beef, in an extension of
the work reported by Asem-Hiablie et al. (2018).
Importance factors were established through a survey
of consumers and other stakeholders rating the impor-
tance of various environmental concerns. With this

ranking, environmental sustainability of beef improved
7% over a 6-y period from 2005 to 2011 (unpub-
lished data).

The result of this type of integrated analysis is
heavily influenced by the assumed importance factors.
Therefore, the quality of such an assessment is depen-
dent upon how well the factors represent the relative
importance of the variousmetrics assessed. This impor-
tance may vary among studies due to influences of
climate, management practices, and social concerns
across regions and countries. Some metrics and their
related environmental concerns are global issues such
as ozone layer depletion potential and global warming
potential. The importance of most metrics, though, are
on a regional scale. Metrics like acidification potential
and eutrophication potential primarily affect the sur-
rounding air shed and watershed. Most air emissions
such as ammonia and volatile organic compounds do
not drift long distances from the source, so they pri-
marily affect ecology in the surrounding area (Ferm,
1998). Likewise, emissions to water affect local water-
shed and potentially downstream discharges with little
direct impact on a global scale (Boardman et al., 2019).
Therefore, for example, in regions with a warm, dry
climate, air emissions and water consumption are likely
more important than emissions to water. Heavily
populated areas may have different environmental
concerns than rural areas. Thus, developing universal
importance factors does not seem appropriate; they
must represent the area, region, or country of the
assessment.

Figure 2. Percentage contribution of the various phases of beef production and consumption to each environmental impact (Asem-Hablie et al., 2018).
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Important Environmental Concerns

LCA and its application to the sustainability of
livestock production is a relatively young science.
Assessment methods and standards are rapidly devel-
oping, but concerns over methodology and appropriate
assumptions remain (IPCC, 2006; FAO, 2016, 2018).
Although we are developing standards and methods
that give exact numbers, proper interpretation and
application of that information remains difficult.
Current data available give us only a clue to the real
threats to long-term sustainability of livestock
production.

Global warming potential

Global warming potential is an important issue, but
it may not be as important as often perceived or pro-
moted, particularly for ruminant livestock. The recent
estimate for global GHG emission is 49 Gt CO2e
(IPCC, 2014). The FAO (2020) estimates recent global
emissions from agriculture to be 5.4 Gt CO2e with 3.9
Gt CO2e from livestock and their manure. This implies
that about 11% of the global emission is related to agri-
culture with 7.9% from livestock and their manure.
Recent estimates for GHG emissions from the US indi-
cate that 9.3% is related to agriculture with 3.9% from
livestock and their manure (USEPA, 2020b). This
compares to 27% for direct emissions from transporta-
tion and 76% from the combustion of all fossil fuels.

A farm-gate LCA of beef cattle production in the
US has shown that beef production’s global warming
potential represents less than 4% of the total estimated
GHG emissions from the country (Rotz et al., 2019).
This type of assessment is more comprehensive than
other assessments by including all resource inputs
and emissions both directly and indirectly related to
cattle production. Our discussion earlier on methane
emissions not having a long-term impact on global
warming can have a rather large effect on this number.
Since cattle numbers in the US have been declining for
many years, the real impact on global warming may be
less. Since the majority of the carbon footprint of US
beef comes from enteric fermentation (Asem-Hiablie
et al., 2018; Rotz et al., 2019), removing that GHG
source reduces global warming potential by about
50%. This cannot be applied globally though, where
cattle numbers have increased over the past 50 y
(FAO, 2020). The effect of livestock on global warm-
ing cannot be ignored, but a proper perspective must be
maintained relative to other important environmental
concerns and GHG sources.

Reactive nitrogen

An important threat to the long-term sustainability
of livestock production is reactive nitrogen losses to the
environment. Feed production for all forms of livestock
is dependent upon use of inorganic fertilizer and nitro-
gen-fixing legumes to maximize yields and protein
contents. As these feeds are consumed, most of the
nitrogen is excreted and rapidly transformed to reactive
forms in the manure (Rotz et al., 2014). Amajor form is
ammonium, which readily transforms to ammonia.
Ammonia is highly volatile, so much can be lost during
manure handling. For example, about half of the nitro-
gen consumed as dietary protein can be lost through
ammonia volatilization from a beef cattle feedlot
(Hristov et al., 2011; Todd et al., 2011). Losses are nor-
mally less from other housing facilities, but greater loss
can then occur during manure storage and field appli-
cation (Rotz, 2004; Rotz et al., 2014).

Ammonia emissions can cause several environ-
mental concerns (NRC, 2003; Paulot et al., 2014).
Within poorly ventilated structures, high concentra-
tions can occur causing health and welfare concerns
for animals and workers. When emitted to ambient
air, ammonia can transform to other nitrogen forms that
deposit locally or longer distances from the source.
Increased levels of nitrogen deposition can alter sensi-
tive ecosystems. The greatest concern, though, is for
the formation of small particles in the atmosphere,
which is a human health concern. These small partic-
ulates also contribute to smog formation and its effect
on visibility in some regions. For these reasons, ammo-
nia is designated as a criteria air pollutant by the US
Environmental Protection Agency (USEPA, 2019).

National estimates for the US indicate that about
80% of the ammonia emitted within the country comes
from agriculture, with 58% coming from livestock
manure (USEPA, 2019). A national assessment of
US beef cattle production (Rotz et al., 2019) indicates
that life cycle ammonia emissions from beef produc-
tion represent about 34% of the estimated total emis-
sion from the country (USEPA, 2019). International
estimates show about 31% of ammonia emissions com-
ing from livestock manure (EDGAR, 2020). Paulot
et al. (2014) estimate that 63% of global ammonia
emission comes from agriculture, with 44% from live-
stock manure. Although there is much uncertainty in
these numbers, they strongly indicate that livestock
production is the major contributor to this criteria air
pollutant. Nitrate losses to groundwater and runoff in
feed production are of further concern. Their effects
on water quality are at a local or regional scale, and
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no data are available to estimate their regional,
national, or global impact.

Reactive nitrogen loss is a concern in the produc-
tion of all livestock species. Although emissions vary
as influenced by housing facilities and manure han-
dling practices, from 30% to 60% of the nitrogen
excreted is lost during the recycling of manure nitrogen
through feed production (Rotz, 2004). In LCA, these
emissions affect acidification potential, eutrophication
potential, human toxicity, and over-fertilization of eco-
systems sensitive to nitrogen levels. Reducing nitrogen
losses and recycling more through crop production
may provide economic benefit to the producer through
reduced inorganic fertilizer use, but added production
costs to implement these strategies normally outweigh
the small benefit received.

Water

Another threat to long-term sustainability of live-
stock production is water consumption, primarily in
feed production. Within the US, the US Geological
Survey estimates that 42% of freshwater is used to irri-
gate crops, which includes livestock feed production
(Dieter et al., 2018). Less than 1% is used in animal
consumption, cooling, and other direct uses in animal
production. Global estimates suggest agriculture uses
about 70% of freshwater withdrawals, with about
20% used for livestock feed production (FAO, 2018).

In sustainability assessments, water use is defined
by 3 categories: blue, green, and grey water (Doreau
et al., 2012). Blue water is freshwater obtained from
surface and groundwater sources. Green water includes
all moisture lost from plants through evapotranspira-
tion. Grey water is the amount of water needed to dilute
the concentration of pollutants to a level safe for other
uses. Of the 3 types, blue water competes most directly
with other water needs, so it is often used in sustainabil-
ity assessments. In livestock production, green water
includes all water used to produce feed (precipitation
and irrigation), and this is much greater than that of
blue water (irrigation only). Assessments have used
different categories of water use, which has contributed
to large variation in reported values for water consump-
tion in livestock production. When comparing water
footprints, it is important to know the water type
considered. In an international study of water use for
livestock production, Gerbens-Leenes et al. (2013)
concluded that beef had greater total water use inten-
sities than pork, with chicken having the least. When
considering just blue or grey water intensities, similar
values were found across the 3 meat products. Greater

green water use in cattle production was due to a
smaller feed conversion efficiency relative to the other
species (Gerbens-Leenes et al., 2013).

A national assessment indicates that about 6% of
the freshwater consumption in the US is related to beef
cattle production, with about 97% of this total con-
sumption used to irrigate feed crops (Rotz et al.,
2019). Most of the cattle in the US are produced in
the drier, western region of the country where produc-
tion often relies upon irrigated crops and sometimes
irrigated pasture. The overall demand for water is
increasing in many of these areas, and in some areas,
the supply is decreasing. In the eastern portion of the
US, water is much more available and less of a con-
straint on sustainability. Water quality and the eutro-
phication potential of production practices are of
greater concern in this region, increasing the impor-
tance of grey water assessment. Similar conclusions
can be drawn for pork and poultry depending upon
precipitation patterns in regions where the feed is
produced.

Fossil fuels

Use of fossil fuels is a concern for long-term sus-
tainability of any product or service. Energy consump-
tion in agriculture is generally not a major concern
compared with other uses. In the US, less than 2% of
total energy consumption is used in agriculture (Hitaj
and Suttles, 2016). About 30% of global energy con-
sumption is estimated to be used in the full agri-food
chain with about 9% used on farms (FAO, 2012).
Although values specific to livestock production were
not found, less than half of that used in on-farm agri-
cultural production would be associated with produc-
ing livestock and their feed.

Fossil energy use is often acknowledged as a major
concern in livestock production, particularly for the
transport of animals among production sectors. In a
national assessment of US beef cattle production, the
total energy used in cattle production was less than
1% of that estimated for the whole country, and the
total energy used in transporting animals was less than
3% of that consumed in cattle production (Rotz et al.,
2019). Most of the energy consumed in livestock pro-
duction is used to produce resource inputs such as elec-
tricity and fertilizer (Hitaj and Suttles, 2016; Rotz
et al., 2019).

Waste

In a full LCA of meat, and likely most any other
food, the major contributor to increased intensity of
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environmental impact is waste, primarily with the con-
sumer. A study in the European Union estimates that
about 65% of the loss in the food chain occurs around
food service and household use (Stenmarck et al.,
2016). A recent study indicates the average family in
the US wastes about a third of the food purchased
(Yu and Jaenicke, 2020). Waste can include physical
waste that normally ends in waste treatment or that
from consuming more than is needed. The analysis
by Yu and Jaenicke essentially includes both of these
forms by comparing food energy purchased by the con-
sumer to that required.

In quantifying losses in the food chain, the FAO
(2011) has defined food losses as what occurs during
production, processing, and distribution and food
waste as what occurs in retail and with the consumer.
Throughout all regions of the world, about a third of the
food is lost or wasted. For meats, the total of losses and
waste is about 20% in all regions. In Europe, North
America, and Oceania, about half occurs with the con-
sumer, whereas in Africa, Southern Asia, and Latin
America, greater loss occurs in production and distribu-
tion and less waste occurs with the consumer. This indi-
cates similar totals for most regions of the world;
however, in developing regions, greater loss may occur
in processing and preservation than in consumer waste.
In developed regions, the consumer is the major source
of loss and waste.

Not only do loss and waste affect the waste stream
created, but this also increases the intensity of all met-
rics considered in a LCA. For example, considering
20% waste, a kilogram of meat purchased by the con-
sumer with a carbon footprint of 20 kg CO2e/kg has a
footprint of 25 kg CO2e/kg of consumed meat. This not
only affects global warming potential but also has this
same effect on all environmental, economic, and social
metrics that can be considered. In light of this compre-
hensive effect, no other specific source has near this
impact. This implies that the greatest impact on the sus-
tainability of livestock products, as well as other foods,
is from loss and waste.

Mitigation Strategies

Strategies to improve the sustainability of livestock
products must start with the reduction of loss and
waste. There is essentially nothing else that can be done
to our livestock systems to obtain more benefit for the
environment and society. As we look toward feeding
an increasing global population with best use of resour-
ces and least impact on the environment, this is where

improvement is needed most. Responsibility for reduc-
ing waste primarily rests with the consumer. Since this
is a very large group with complete freedom in making
decisions on food use, change is difficult to implement.
This must be done through education of the public
about effects of waste on long-term sustainability of
food systems.

Looking beyond food waste, mitigation strategies
are often associated with a specific emission (quantifi-
able metric) and its source. For example, strategies
often focus on reducing global warming potential,
and changesmay have little effect on other metrics such
as acidification or eutrophication potentials. Often
though, mitigation of one metric may affect and even
exacerbate another. A full LCA with sound scientific
inventory must be used to weigh the costs and benefits
of any strategy. A comprehensive assessment is needed
to ensure that the benefits received outweigh potential
adverse effects on other metrics.

For all livestock species, an important mitigation
option is to use more intensive production practices
to produce finished animals in a shorter period
(Leinonen et al., 2012; Stackhouse-Lawson et al.,
2012b; Heller, 2017). Many environmental impacts
of animals are directly related to their life span. The ani-
mal is consuming resources and producing emissions
every day over their life cycle. Thus, strategies that fin-
ish animals in a shorter period can potentially reduce
the environmental intensities of most metrics. Given
the growing demand for meat with limited resources
and increasing environmental consequences, there is
the need for developing and using more intensive pro-
duction systems worldwide (Herrero et al., 2013).
Strategies to increase the rate of gain are of most benefit
as long as those alternative practices do not use sub-
stances or treatments that have adverse effects on ani-
mal and human health, among other potential concerns.
Harvest of animals at an optimal age is also important
for meat quality. This supports the need for comprehen-
sive LCA to properly evaluate and compare production
options.

Intensification should begin through improved
feeding practices. For ruminants, feeding higher-
quality forage can improve feed intake and animal rate
of gain. Forage with lower fiber content or greater
fiber digestibility improves intake and the nutrition
obtained. Forages with greater energy content increases
energy intake providing more energy for growth.
Substantial increases in growth rate can be obtained
by supplementing forage with grain and other concen-
trate feeds to increase the energy content of diets. For
all livestock, meeting nutrient needs through balanced
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diets normally provides optimal growth and resource
use with a minimum environmental impact per unit
of meat produced. This is best done by feeding animals
total mixed rations in confined housing facilities where
diets can be controlled. Legesse et al. (2015) found a
significant reduction in GHG intensity from Canadian
beef production between 1981 and 2011 as a result of
increased average daily gain and slaughter weight,
improved reproductive efficiency, reduced time to
slaughter, increased crop yields, and a shift toward
high-grain diets that enabled cattle to be marketed at
an earlier age.

Use of growth-promoting technologies and their
effect on sustainability can be controversial, but studies
support that their use reduces the intensity of resource
use, emissions, and other environmental concerns. For
beef cattle production in the US, the combined use of
ionophore, implant (estrogen/trenbolone acetate-
based), and ß2-adrenergic agonist (zilpaterol) treat-
ments was found to reduce GHG emission intensity
by 9% with a 13% decrease in ammonia emission over
the full life cycle of cattle (Stackhouse-Lawson et al.,
2012b). These reductions occurred through an increase
in rate of gain resulting in greater finish weight and less
time on feed. Feed protein utilization was also
improved, which further reduced nitrogen excretion
and ammonia emission.

In beef production, an important mitigation strat-
egy can be the use of culled dairy animals, particularly
male calves (Stackhouse-Lawson et al., 2012a). In tra-
ditional beef cattle production, a major portion of re-
source use and emissions to the environment occur
in maintaining breeding stock. Calves received from
the dairy sector come into beef production with a rel-
atively low environmental footprint because mainte-
nance of their breeding stock is mostly associated
with dairy production. The carbon footprint of
Holstein beef was found to be about half that of tradi-
tional beef breeds (Stackhouse-Lawson et al., 2012a),
but not all environmental metrics had this benefit.
Holstein calves were maintained on feedlots through-
out their life cycle, which created greater ammonia
emissions. In a national assessment of US beef produc-
tion, use of culled animals from the dairy industry
reduced national intensities of GHG emission, fossil
energy use, and reactive nitrogen loss by 9%, 4%,
and 4%, respectively (Rotz et al., 2019).

Global warming potential

Most evaluations of mitigation strategies in live-
stock production have focused on global warming

potential. Through a comprehensive literature review,
Hristov et al. (2013) compared a wide range of
potential strategies for reducing GHG emissions from
livestock production. These included qualitative
assessments of feeding, manure handling, and animal
management practices. They concluded that improving
forage quality and the overall efficiency of dietary
nutrient use can reduce emissions. Feed supplements
may also be used to reduce enteric methane production
in ruminants, but long-term studies are needed to con-
firm performance and feasibility. Of themany additives
investigated, one of the more promising is 3-nitrooxy-
propanol, shown to decrease entericmethane up to 30%
without negative effects on feed intake or animal pro-
duction (Hristov et al., 2015; Jayanegara et al., 2018).

Many manure handling strategies can be used in
livestock production, and the methods used vary across
the species of cattle, swine, and poultry (Rotz, 2004;
Montes et al., 2013). For GHG emissions, the major
sources are the housing facility and manure storage,
but field application of manure also affects nitrous
oxide emissions from field crops. Therefore, mitigation
from manure sources requires elimination or reduction
of manure storage in the housing facility and emission
reduction in subsequent storage and handling.

Housing facilities and mitigation options vary con-
siderably across livestock species. Cattle spend most of
their life cycle on pasture or rangeland, where mitiga-
tion is difficult. Under these aerobic conditions, little
methane is produced from excreted manure (Rotz et al.,
2019). The major GHG emission from pasture is
nitrous oxide, for which improved management may
provide small reductions (Rotz, 2004). Use of urease
and nitrification inhibitors has provided substantial
reductions in nitrogen losses and increased forage pro-
duction in pastures (Zaman et al., 2009), but practical
application of these treatments remains a challenge.
Cattle are often finished on open lots. The aerobic con-
ditions on lots again lead to low methane production,
but nitrification and denitrification processes produce
nitrous oxide (Rotz and Thoma, 2017). As with pas-
ture, few options exist for reducing this GHG source.
However, GHG emissions from pasture and open lot
manure are relatively small compared with enteric
emissions (Rotz et al., 2019), so reducing these emis-
sions has not received priority.

For swine, poultry, and sometimes cattle produc-
tion, barns or enclosed housing is used. When manure
is removed from the facility daily or at some other
short-time interval, little GHG emission occurs.
Methanogenic, nitrification, and denitrification proc-
esses in manure occur through time under the right
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anaerobic, aerobic, or fluctuating conditions. By short-
ening the time for these conditions to occur, emissions
are suppressed. Manure stored long term within the
facility leads to greater GHG emission. A slatted floor
with under-floor storage is a common practice for
swine and sometimes cattle production. Use of this
design increases housing emissions compared with
systems using daily manure removal (Montes et al.,
2013). Compared with daily removal and long-term
outdoor liquid storage, the total system emission
may be similar or less with the slatted floor system.
Poultry facilities include high-rise, deep litter, cage
and belt, and aviary systems. Rapid removal of manure
using the cage and belt system provides a strategy for
reducing gaseous emissions, but rapid disposal or
proper storage is needed to avoid greater loss in manure
handling (Malomo et al., 2018).

Intensive production systems for swine and poultry
normally require long-term storage of manure. Storage
facilities are often tanks or earthen basins for liquid
handling. Dry or solid manure such as that from open
lots of cattle and bedded pack or deep litter facilities
for cattle, pigs, or chickens can be stored in stacks.
Methane and nitrous oxide gases are formed and
released during long-term storage of the manure.
Aerating the stacks to improve composting can reduce
methane emissions, but this processing increases
ammonia and nitrous oxide emissions (Montes
et al., 2013).

A mitigation option for slurry or liquid storage is to
use a cover or enclosed tank to reduce the escape of
gases formed. Bottom filling of a slurry storage tank
can allow a crust to form on the surface, which reduces
methane emissions by up to 40% (IPCC, 2006), but
nitrous oxide formation and emission may occur in
the crust, offsetting some of the benefit of reduced
methane loss (Chianese et al., 2009). Within an
enclosed storage facility, some ventilation is required
to release the gases formed, particularly methane. A
flare can be used to combust the escaping methane
to reduce global warming potential. To obtain further
benefit, anaerobic digestion can be used to greatly
increase methane production for use as a natural gas
replacement or for generating electricity. Use of
anaerobic digestion systems can provide substantial
benefit as a mitigation strategy, but care must be taken
to minimize methane leakage (Montes et al., 2013).
With large amounts of methane being produced
through digestion of the manure, leaks can cause the
system to become a net emitter, increasing global
warming potential.

Reactive nitrogen

As pointed out earlier, reactive nitrogen losses may
be a greater threat to the long-term sustainability of
livestock production than GHG emissions. The major
nitrogen emission of concern is ammonia, with emis-
sions affecting acidification potential, eutrophication
potential, human toxicity, and other potential impacts.
Ammonia emissions occur throughout all stages of
manure handling (Rotz et al., 2014) leading to a wide
range of potential mitigation practices. Mitigation can
occur through alternative feeding, housing, andmanure
handling practices (Rotz, 2004; Ndegwa et al., 2008).

Strategies and technologies are available to reduce
emissions, but economically feasible solutions are
often difficult to find. This is particularly true for cattle
production in which animals spend most or all of their
lives on pasture, rangeland, and open lots. Under these
conditions, capture of the nitrogen being lost through
volatilization, leaching, denitrification, and runoff is
essentially impossible. Producing cattle using housing
facilities where nutrient losses can be controlled or cap-
tured is often not feasible while maintaining reasonable
production costs and value for the meat sold. In pork
and poultry production in which animals are normally
produced within enclosed facilities, more options are
available for mitigating and capturing nitrogen losses
(Rotz, 2004; Ndegwa et al., 2008).

Often the most economical method for reducing
reactive nitrogen losses is through more efficient feed-
ing of protein (Nahm, 2007; Sajeev et al., 2018).
Meeting protein requirements while feeding the least
amount of total protein leads to less nitrogen excretion.
With less excretion, less loss will occur from all manure
sources and through all pathways (Rotz, 2004; Ndegwa
et al., 2008). For grazing cattle, protein intake may not
be controllable, particularly on high-quality pastures
where consumption of high-protein forage leads to
greater excretion. Much of this nitrogen is excreted
on small urine spots where the nitrogen deposited is
much greater than that taken up by the growing forage
(Rotz, 2004). This excess can lead to greater losses
through leaching and denitrification processes. Use
of lower-quality pastures or rangeland with the right
amount and form of protein supplement may help mit-
igate reactive nitrogen losses in some regions.

Poultry and swine production has an advantage
over cattle for optimal nitrogen intake. By designing
rations for optimal protein intake through the use of
individual amino acids, animal needs can be more
accurately met (Nahm, 2007; Madrid et al., 2012).
This technology is widely used in intensive pork and
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chicken production, but it has limited value in beef pro-
duction. Meeting specific amino acid needs of rumi-
nant livestock is more difficult, particularly for
grazing animals. For animals fed in confinement, more
optimal feeding of protein can be maintained through
feeding in groups established by age, weight, and
breed. Rations can then be designed to better meet
the needs of the group, and more optimal diets will
reduce nitrogen excretion and the losses that follow.
Byproduct feeds are often fed for more efficient use
of available resources and to reduce waste streams.
Feeding products with high concentrations of protein
(such as distiller’s grain) to meet energy requirements
can lead to overfeeding of protein, greater nitrogen
excretion, and thus greater ammonia emission (Todd
et al., 2011). This creates a tradeoff between different
environmental impacts whereby one benefits while
another suffers. Decisions toward sustainability must
be made considering the importance of local, regional,
and global needs.

Following excretion, many strategies and technol-
ogies have been considered to reduce ammonia emis-
sions in manure storage and handling (Ndegwa et al.,
2008; Groenestein et al., 2011). Potential practices
include changes in housing design, manure treatments,
covered storages, and alternatives in field application.
Various floor designs have been tested for fecal and
urine separation to reduce hydrolysis or the conversion
of urea to volatile nitrogen forms. Manure treatments
include acidification of manure to reduce conversion
of ammonium to ammonia, urease inhibitors to slow
hydrolysis, and ammonium binding agents and treat-
ments to convert manure nitrogen to more stable forms.
Use of covers or enclosures for manure storage can
reduce emissions during long-term storage. When
manure is applied to fields to recycle nutrients in feed
production, ammonia emissions can be greatly reduced
through immediate incorporation or subsurface injec-
tion, which traps the nitrogen in the soil where it is con-
verted to more stable forms such as nitrate. Subsurface
injection also reduces nitrogen and phosphorus runoff,
providing further benefit by reducing eutrophication
potential (Rotz et al., 2011).

When steps are taken to reduce nitrogen losses, a
full systems perspective must be followed. Reducing
ammonia volatilization in a housing facility is of
limited value if that ammonia is lost through poor man-
agement in manure storage and field application.
Combining fecal and urine separation in the housing
facility, covered manure storage, and subsurface appli-
cation can greatly reduce ammonia emissions (Rotz
et al., 2006). The saved nitrogen must then be applied

to cropland at the right time and at the right rate to
maximize crop uptake or that nitrogen will just be lost
through nitrification, denitrification, leaching, and run-
off processes. Only by addressing mitigation from all
sources can reactive nitrogen losses be minimized.

Water

Because the large majority of water consumed in
livestock production is used to irrigate feed crops, mit-
igating or reducing consumption must focus on more
efficient irrigation practices. Recommended improve-
ments may vary between developed and developing
countries. In the developing region of South Asia,
low irrigation water use efficiency and the resulting
overuse of water for crop production is noted as a lead-
ing cause of water scarcity (Mitra et al., 2017). Flood
irrigation is commonly used in these regions. Low effi-
ciency results from the use of water-intensive cropping
systems, use of un-optimized irrigation supply systems,
and uneven water distribution within fields. Under
these conditions, large opportunities are available for
improving water use efficiency, but this improvement
must be weighed against greater energy and other re-
source inputs required to implement more efficient
technology.

In developed regions such as North America and
Australia, improvement in water use efficiency is a
continuing goal. Improvements have been made
through more timely and uniform placement of water
through sprinkler irrigation systems, and technologies
are being developed for further improvement
(Greenwood et al., 2010; Koech and Langat, 2018).
Remote sensors and wireless communication can be
used to monitor soil moisture throughout a field for
more timely application. Variable rate application
can then be used to apply water more efficiently tomeet
crop needs. In-field monitoring may also be combined
with process-level soil, crop, and weather modeling to
project crop needs for more timely and appropriate
amounts of application.

Another approach to improving water use effi-
ciency is to develop or use crops that are less sensitive
to soil moisture availability (Doreau et al., 2012).
Maize harvested as either grain or whole-plant silage
has become an important crop for livestock production
in many regions of the world, and maize production
requires relatively large amounts of water. Use of a
shorter season variety may be beneficial to better align
with seasonal moisture availability, but any sacrifice in
yield must be considered. A potential loss in yield will
require greater land use and other resources to produce
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the same amount of feed. Alternative crops can be an
option, but yield is again an important consideration.
As an example, sorghum is a crop known to be more
tolerant to moisture stress then maize, and it also pro-
vides both forage and grain feeds suitable for livestock.
Under dry land production, sorghum grain yields, on
average, are about half that of maize (NASS, 2020).
Silage yields may be similar or reduced depending
upon available soil moisture.

Another possible option for the future is breeding
or genetic modification of a crop such as maize to be
more efficient in water use (Hatfield and Dold,
2019). Many confounding factors affect evapotranspi-
ration of a crop, which makes genetic improvements
challenging. Increases in yield obtained through plant
breeding have generally increased water use efficiency
as greater yield is obtained with less or no increase in
evapotranspiration (Hatfield and Dold, 2019). This
implies water use efficiency can continue to improve
as crop productivity is improved.

A practical solution to reduce blue water consump-
tion is to grow feed crops in regions where precipitation
is adequate to maintain production without irrigation.
Tradeoffs must be considered, though, for optimal
use of land and transportation resources. To maintain
or improve environmental sustainability, manure
nutrients from livestock should be recycled through
crop production for feed. Due to the difficulty and
cost in transporting manure, this requires an integrated
crop and livestock system in which animals and feed
are produced together at or near the same location.
Demand for land inmore temperate regionsmay reduce
the feasibility of expansion of integrated crop live-
stock systems. Meeting the growing demand for
food requires development of more efficient produc-
tion systems that improve the productivity of marginal
land.

Fossil fuels

Although livestock production does not appear to
be a major consumer of fossil fuels relative to other
uses, practices to reduce consumption should always
be considered. Since most of the use is in the produc-
tion of resources used to produce livestock, mitigation
must focus on reducing the use of these resources. A
major input is electricity, for which the use of new
technologies in lighting and other improvements in
efficiency are providing reductions in use. Use of fluo-
rescent and light-emitting diode lighting can provide up
to an 80% reduction in electricity use compared with
traditional incandescent lighting, but dust and humidity

conditions must be considered for their use in livestock
facilities (Harmon and Petersen, 2011).

Fertilizer production is another important con-
sumer of fossil energy. An important first step in reduc-
ing fertilizer use is to utilize manure nutrients, reducing
the need for inorganic fertilizers (FAO, 2012). Use of
manure must be combinedwith improvedmanureman-
agement strategies and technologies to reduce losses
and retain nutrients for timely application to meet crop
needs (Montes et al., 2013). As discussed earlier, use of
anaerobic digestion systems to produce biofuels can
offset energy inputs while retaining most nutrients
for use in feed production. This technology can be
applied from very small-scale systems in developing
countries to very large systems used in industrial-scale
livestock production (FAO, 2012). When inorganic
fertilizers are used, precision application methods pro-
vide more efficient use, saving energy and reducing
GHG emissions (Balafoutis et al., 2017).

Grain crops such as maize provide a major feed
source for livestock production. These annual crops
require greater energy use in crop establishment.
Reducing the number of tillage operations through con-
servation and no-till practices reduces on-farm fuel use
but may increase the use of pesticides and the energy
used to create these chemicals (Musser et al., 2006).
Use of natural drying in the field can reduce energy
used in post-harvest drying and preservation. Effi-
cient use of irrigation not only reduces water consump-
tion but also reduces the energy required for pumping
and distributing water.

New technologies show promise for further reduc-
ing energy use in the future. Feed production requires
various machinery operations, in which use of GPS
guidance and autosteering systems can reduce fuel con-
sumption (Bora et al., 2012). Truck and all-terrain
vehicle use in monitoring cattle on large ranches is a
direct user of fossil fuels. Use of unmanned aircraft
(drones) to monitor animals and grazing conditions
may provide a method for reducing this source of
energy use. Wireless sensor networks also provide
an opportunity for monitoring crop-growing conditions
and tracking the location and health of cattle (Jawad
et al., 2017). These technologies not only save energy
and labor but also provide more accurate and timely
data for improving management (Berckmans, 2017).

Conclusions

Sustainability assessments of livestock production
require a comprehensive analysis that considers all
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important components and their interactions across all
important measures of sustainability. LCA tools are
used for these evaluations, but variations in system
boundaries, assumed inventory data, and functional
units make comparisons across studies difficult.
GHG emissions from livestock production is of con-
cern, but because of the relatively short time methane
remains in the atmosphere, livestock’s long-term influ-
ence on climate change may be overemphasized as a
sustainability concern. The greatest threat to the sus-
tainability of livestock products—and essentially all
foods—is loss andwaste, for which all measures of sus-
tainability expressed per unit consumed are increased.
Specific to livestock, an important threat to long-term
sustainability is ammonia emission from manure along
with other reactive nitrogen emissions during feed pro-
duction. Livestock are estimated to contribute over
40% of global ammonia emissions; these emissions
affect smog and small particulate formation and have
related effects of toxicity to human health, eutrophica-
tion of surface waters, and acidification of sensitive
ecosystems. Freshwater consumption is another impor-
tant consideration for livestock sustainability, with an
estimated 20% of global consumption used to produce
livestock feed. Diminishing supply and increasing
demand for freshwater may constrain livestock produc-
tion in some regions of the world. Management
strategies and technologies are available or under
development that mitigate the environmental impacts
of livestock production, but finding economical solu-
tions that maintain product value is challenging.
Environmental concerns vary across local, regional,
and global interests, preventing general formation
and recommendation of sustainable production
practices.
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