
Meat and Muscle Biology™

Environmental Sustainability of Livestock Systems

Sara E. Place*

AgNext and Department of Animal Sciences, Colorado State University, Fort Collins, CO 80523, USA
*Corresponding author. Email: sara.place@colostate.edu (Sara E. Place)

Abstract: Sustainability of livestock systems encompasses social, economic, and environmental concerns. Environmental
sustainability issues surrounding livestock production include greenhouse gas emissions, land use, water use, and water
quality. Mitigating negative environmental contributions and enhancing positive contributions from livestock production is
critical for the long-term viability of the industry. While livestock production can impact the environment, livestock can in
turn be affected by environmental conditions. Climate change poses unique challenges for livestock production in the future
via impacts on feed availability, quality, and potential for increased thermal stress on livestock themselves. In aggregate,
livestock production must adapt to both societal expectations and climatic conditions in the future, which will require both
technical solutions and viable socioeconomic drivers to encourage implementation of solutions.
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Introduction

Sustainability can be defined as meeting the needs of
the present, without sacrificing the ability of future gen-
erations to meet their own needs (Brundtland, 1987).
Sustainability encompasses social, economic, and envi-
ronmental considerations; however, environmental
issues, such as climate change, often dominate conver-
sations about the sustainability of animal-sourced
foods. Livestock production is facing increasing scru-
tiny and pressure to mitigate its environmental impacts,
as evidenced by changes in policies and investor pres-
sures (Ridoutt, 2024). This paper will provide a brief
overview of the key environmental impacts of livestock
production and the impacts of climate change on live-
stock systems.

Greenhouse Gas Emissions

Greenhouse gas emissions from livestock produc-
tion include methane, nitrous oxide, and carbon diox-
ide. Each of the gases have different potentials to trap

heat, or radiative forcings, which are often expressed as
100-year global warming potentials (GWP100) where
each gas’s warming effect is compared to the impact of
carbon dioxide over 100 years.With this system,meth-
ane emissions from biogenic sources, such as enteric
fermentation or manure management, have a global
warming potential of 27.3. Nitrous oxide has a
GWP100 value of 273 (Intergovernmental Panel on
Climate Change, 2023). These values are multiplied
by the mass of each respective gas to calculate carbon
dioxide equivalent (CO2e) emissions. A caveat to the
GWP100 values is that, for short-lived greenhouse
gases such as methane, which has an atmospheric
half-life of 10–12 years, the GWP100 can overestimate
the warming impacts of long-term stable emissions
(Allen et al., 2016). Conversely, GWP100 can under-
estimate near term warming impacts, particularly in
scenarios when emissions are growing (Place et al.,
2022). Reducing methane emissions can lower the
warming impacts of the livestock industries faster than
the mitigation of other greenhouse gas emissions.

In addition to the different warming potentials of
gases, another consideration for the overall climate
warming impacts of livestock production is the system
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boundaries of the production system being assessed. One
can think about classifying emissions either from a direct
perspective (e.g., the emissions that directly come from
the animal or its manure) or a life cycle perspective (e.g.,
including emissions from feed production, other inputs
such as fertilizer, and energy use on farm). Building upon
this classification of emissions, most processors and
retailers are working within a greenhouse gas emissions
system put forward by the GHG (Greenhouse Gas)
Protocol, which refers to emissions as Scope 1, Scope
2, and Scope 3 emissions (EPA, 2024b). Scope 1 emis-
sions are emissions controlled by the entity or company,
for example, the emissions that would occur directly
from ameat packer’s own operations. Scope 2 emissions
are those from purchased energy inputs, such as emis-
sions associated with the production of electricity used
by a meat packer. Scope 3 emissions are those associated
with all inputs and processes required for the operation of
the entity or company. In the case of a meat packer, this
would include the emissions from packaging materials,
employee travel, and most importantly, all emissions
associated with the raising of cattle, hogs, poultry, etc.
Scope 3 emissions tend to be the largest contributor to
a company’s emissions, and one company’s Scope 1
emissions are another’s Scope 3. For example, the emis-
sions directly occurring from a feedyard (i.e., the feed-
yard’s Scope 1) would be the input emissions for a
meat processing company (i.e., the processor’s Scope
3). This framing of emissions is important to understand
as companies with livestock in their supply chains have
made public commitments to reduce their Scope 3 emis-
sions, even though many of those suppliers are unaware
they are included in those commitments.

Considering the life cycle perspective for livestock
production, the profile of greenhouse gas emissions
varies by species and production system. For ruminant
meat production, methane emissions are the dominant
source of emissions, particularly methane from enteric
fermentation processes (Rotz et al., 2019; FAO, 2023).
For monogastric species, feed production makes a
larger contribution to the overall greenhouse gas emis-
sions footprint. Within monogastric species, manure
methane emissions contributions can vary. Methane
emissions require anaerobic conditions to exist. As
swine systems in the United States have become more
concentrated and the need for manure storage has
increased, in part due to regulations to protect water
quality, methane emissions from swine production
has grown since 1990 (EPA, 2024a). For poultry sys-
tems, most litter is handled aerobically as a solid; thus,
minimal methane emissions arise from poultry manure
(Thoma and Putman, 2021).

With the variation in emissions profiles, due to
biological differences and differences in production sys-
tems, mitigation profiles vary bymeat type. For ruminant
meat production, enteric methane is the largest opportu-
nity for mitigation, followed by feed production emis-
sions. For monogastrics, reducing feed production
emissions is a key opportunity, as is manure methane
from swine systems. For livestock producers, feed pro-
duction emissions are often outside of their direct control
as they are purchasing feeds. From an emissions intensity
perspective, or CO2e emissions per kg of product,
improving feed conversion can lower feed emissions
(Herrero et al., 2013).

Enteric methane emissions are the dominant single
source of emissions from the entire livestock industry.
Currently, the US beef industry lowers these emissions
via reducing forage to concentrate ratios in finishing
cattle. Feeding supplemental fat, grain processing,
and ionophores can also lower enteric methane emis-
sions (Leytem et al., 2024). In the future, there is poten-
tial for chemical inhibitors for rumen methane
production once they achieve regulatory approval in
the US (e.g., 3-nitrooxypropanol).

Land Use

Another key environmental consideration for live-
stock environmental sustainability is land use. Land
use is often a key area of critique for animal-sourced
foods as compared to plant-sourced foods, meaning
that in general land requirements per kg of food are
often greater for meat as compared to plant-based alter-
natives. This is particularly true for ruminant meats
(beef, lamb, goat meat). However, land use is complex
to assess for 3 key reasons: multifunctional use, quality
of use, and fungibility.

Multifunctional use refers to uses of land for multi-
ple food or commodity purposes or use of land for
multiple ecosystem services, or benefits humans can
receive from nature (Maczko et al., 2011). For exam-
ple, winter wheat grazing systems in the southern
Great Plains of the US allow for the production of
wheat for human use and live weight gain in cattle from
the same acreage. These types of integrated crop-
livestock systems allow for multiple income and
human useable product streams, and can at times have
benefits for nutrient cycling (Sulc and Franzluebbers,
2014). Additionally, lands can provide other ecosystem
services, especially grazinglands. For example, native
grasslands used in cattle production in the Northern
Great Plains provide wildlife habitat, soil carbon
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storage, and water infiltration and storage services in
addition to beef production (Havstad et al., 2007).

Quality of use refers to the broader long-term sus-
tainability considerations for land use for food produc-
tion. For example, energy production per acre is likely
much higher for a corn-soy rotation under a conven-
tional tillage as compared to a forage system with graz-
ing (Cassidy et al., 2013). However, rates of erosion are
likely much higher for the conventional tillage system
than permanent forages. For example, average annual
rates of sheet and rill erosion on cultivated cropland
in Iowa was estimated as 5.79 tons/acre in 2017, com-
pared to a rate of 1.10 per acre for pastureland in the
state (USDA, 2020). Thus, reducing land use per unit
of food may not at times lead to agricultural systems
with the greatest long-term viability with regard to
underlying natural resource bases.

Fungibility refers to whether lands can be used for
different purposes with equal value. For example,
many grazing lands are often on rangelands that are
too arid, rocky, or steep for cultivation, or may experi-
ence higher rates of erosion. Thus, while land use may
be greater per kg for product for animal-sourced foods,
some of this land is not available for plant-sourced food
production. Land use questions are complex, and land
use changes can be driven by climate changes, policy,
and economic conditions.

Water Use

Water is essential for life. Water use by agriculture
is a central environmental sustainability concern, and
more localized than greenhouse gas emissions. For
example, in the US, water use is primarily a concern
in the western portions of the country (e.g., Colorado
River Basin, Ogallala aquifer), while in the eastern
US water quality issues are often more of a primary
concern than water use. Agriculture is the primary user
of water, and for livestock systems, most water use is
associated with feed production. For example, 87.5%
of water used from US beef production from cradle
to grave can be attributed to irrigation of the crops used
to feed cattle (Putman et al., 2023). As with greenhouse
gas emissions, water use can be classified in different
ways. Blue water use refers to surface and groundwater
use, such as irrigation water or water used as drinking
water for livestock. Green water use is precipitation and
evapotranspiration water, which is more difficult to in-
fluence via human activities but is the largest category
of water use. Graywater refers to the water use required
to offset pollution (Mekonnen and Hoekstra, 2011).

In the United States, many water conservation
efforts are widespread, and improvements in irrigation
efficiency have occurred (USDA, 2023). However,
there are certain aquifers that are experiencing signifi-
cant declines in water availability in the US (USGS,
2018). Total water demand may not decline signifi-
cantly in response to improvements in water use effi-
ciency; indeed, in some cases it may still increase
due to expansion in total acres irrigated. Managing
the water cycle and absolute use holistically is required.

Climate Impacts on Livestock

Another influence onwater availability and quality is
the climate. Climate change will increase the incidence
of drought and high precipitation events. For example,
increases in temperature in western Colorado and eastern
Utah have decreased snowpacks and increased rates
of spring snow melt and evaporation, leading to
decreases in water availability (White et al., 2023).
Many parts of the southwestern US have already experi-
enced average temperature changes of 2°C, which is the
global threshold of temperature change in the Paris
Climate Agreement (Vose et al., 2017). In addition to
limitations of water availability driven by climate
change, more frequent extreme precipitation events are
expected, which may increase soil erosion and nutrient
runoff (Gowda et al., 2018).

Wildfire area burned in the US and Canada has also
been increasing in the past few decades, due in part to
climate changes and to human management (Ostoja
et al., 2023). These fires can directly affect livestock
operations via burning of grasslands and operations
housing livestock; however, fires can have wider-
reaching effects beyond the immediate burn area. For
example, research has demonstrated that wildfire par-
ticulates can have negative implications not only on
human health but also on livestock health (Pace et al.,
2023).

In some regions of the US, increased temperatures
and CO2 concentrations may lead to increases in crop
yields (Kukal and Irmak, 2018); however, for certain
forage crops, quality may decline (Augustine et al.,
2018). These impacts on forage quality could be consid-
ered indirect effects on livestock production, which may
also include decreased water availability and increased
disease and parasite risks. Direct impacts of climate
change on livestock production include heat stress,
which can cause negative effects on animal productivity
and increased mortality (Cheng et al., 2022). Increased
extreme precipitation events may lead to more flooding,
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which can negatively impact livestock productivity and
potentially introduce pathogens and heavy metals to
livestock operations, creating risks for livestock and
consumer health (Crist et al., 2020). Additionally, heat
stress and extreme precipitation events can stress social
systems that support agriculture and individual farm
workers. Adapting to climate change and creating resil-
iency that can withstand extreme weather events will be
critical for the long-term sustainability of livestock
systems.

Conclusion

Livestock production interacts with the environment
and canmake both positive and negative contributions to
environmental quality. Climate change may impact live-
stock production directly and indirectly in the future,
potentially stressing the ability of the livestock system
to meet societal demands for more environmentally
responsible production and increased productivity.
Ultimately, sustainability is complex, requiring a balance
of multiple domains of consideration (social, economic,
environmental) and value judgements about what is best
in each of those domains. Tradeoffs are inevitable in sus-
tainability; however, progress is also possible. The live-
stock sector in the US and globally has in aggregate
produced more human nutrition per unit of land and
reduced greenhouse gas emissions per meal produced.
While past progress is encouraging, investment in holis-
tic and targeted strategies to improve the sustainability of
livestock production are required. Further research is
essential to investigate both technical solutions and
broader systems approaches that critically evaluate both
current production systems and the socioeconomic
incentive structures required to move towards more sus-
tainable livestock production.
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