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Herbivore-carnivore interactions are fundamental to grassland ecosystem functionality

and to the human cultures that have long depended on these ecosystems for their

nutrition. However, a large literature has developed during the past century indicating

that animal agriculture is responsible for numerous negative environmental impacts.

In this paper, I review literature on some of the environmental impacts of two

different livestock management approaches, industrial-conventional (IC) management

and regenerative-multi-paddock (RM) management. I consider the null hypothesis that

the environmental impacts of ruminant livestock production are independent of the

approach used to manage animals and grazing lands. It evident in the literature that

managed grazing ecosystems are complex, and for certain system attributes, such as

forage quality and plant community structure, the better management system is difficult

to discern. In other areas definitive differences in impacts appear clearly management

dependent. For instance, the soils of RM grasslands exhibit higher microbial biomass and

diversity, and higher fungal: bacterial ratios than IC soils. Several impacts associated with

livestock production appear to have less to do with grazing, per se, and more to do with

support factors, such as feed production and manure management. The compilation

of data from numerous sources suggests that RM management may reduce blue

withdrawals and GHG emissions by >50%, relative to IC management. Accumulating

data also suggest that a significant portion of anthropogenic CO2-eq emissions can

be removed from the atmosphere and stored in the soil by applying RM management

practices. Finally, it is suggested that while research design may affect the outcomes of

some studies, the quality and quantity of the sciencemay not resolve many discrepancies

in the data. It is suggested that the viability and sustainability of animal agriculture may

depend upon broadening the goals of practitioners to include both food production and

the restoration and protection of agricultural ecosystem services.

Keywords: meat production, regenerative agriculture, multi-paddock livestock management, industrial

agriculture, conventional livestock management, livestock impacts

INTRODUCTION

Research conducted over nearly a century identifies clear connections between animal agriculture
and environmental disruption. Livestock grazing has long been associated with biodiversity loss in
plant and wildlife communities, the dispersal of invasive species, degradation of soil structure, and
desertification (Daubenmire, 1940; Savory, 1983; Allen et al., 1991; Savory and Butterworth, 1999;
Drewry, 2006; Harrison and Bardgett, 2010; Wirsenius et al., 2010; Alkemade et al., 2013). Cattle
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grazing and livestock feed production are responsible for >65%
of the deforestation that has taken place in Brazil and other
tropical and subtropical regions (Vale et al., 2019). Animal
agriculture is an important source of ammonia, greenhouse gas
emissions (GHG) [Parris, 2011; USEPA (U.S. Environmental
Protection Agency), 2017; Food Agriculture Organization,
2019] and blue water withdrawals [USGS (U.S. Geological
Service), 2005; Rotz et al., 2019]. Runoff from livestock and
feed production operations are significant non-point aquatic
contamination sources [Agouridis et al., 2005; USEPA (U.S.
Environmental Protection Agency), 2017].

These obviously negative impacts contrast markedly with
the natural historical record documenting the roles of herd
forming ungulates in maintaining the functionality of grass-
and rangeland ecosystems and the human cultures that have
depended on these systems for hundreds of millennia (Oksanen
et al., 1981; Frank et al., 1998; Baltica and Boskovica, 2015).
Large ungulates are keystone species in wild grassland ecosystems
globally, supporting higher trophic transfer efficiencies than
herbivores in most other kinds of terrestrial ecosystems (Stuart-
Hill and Mentis, 1982; Frank et al., 1998). An estimated
168 million ruminants, including 50–60 million bison roamed
the grasslands of pre-Colombian North America, supporting
enormous soil fertility, and biodiversity in the plant communities
they grazed (Frank et al., 1998; Skarpe and Hester, 2010).
Greenhouse gas production, particularly methane production,
by these ungulates was equivalent to that produced by modern
livestock [Smith et al., 2016; USEPA (U.S. Environmental
Protection Agency), 2020]. Massive ungulate herds also grazed
and in some cases continue to graze the grasslands of Eurasia
and Africa (Janis, 2010) and although the carbon and nitrogenous
gas produced by these mammals once raised GHG levels in the
atmosphere, they are not known to have significantly altered
global climate (Smith et al., 2016). These wild, herd-forming
ungulates did, however, represent critical nutritional and cultural
resources to pre-agricultural human societies.

One must ask why large ruminants that have so profoundly
contributed to the fertility and well-being of terrestrial
ecosystems and the humans who inhabited them, have today
become anathema to human and environmental health.
Certainly, domestication has not changed the anatomies or
physiologies of herbivores in meaningful ways. It is unlikely,
then, that the negative impacts of animal agriculture are due to
the species being produced. It seems more likely that livestock
management practices determine impacts. It should, therefore,
be possible to mitigate at least some impacts of animal agriculture
by modifying production practices.

In this paper I address the null hypothesis that the
environmental impacts of animal agriculture, particularly those
associated with the production of ruminant species, are
independent of management. I used data from the technical
literature and popular media in this investigation. The focus of
the paper is on livestock management practices in industrialized
countries, including but not limited to the United States, the
United Kingdom, Canada, Australia and the European Union, as
well as certain developing countries, such as Brazil. Comparisons
were made between two very different management models. One

of these is generally associated with the industrial model of
agriculture and based on pasture management practices that will
be referred to as “conventional grazing.” The other is consistent
with the regenerative model of agriculture and a set of livestock
management practices collectively referred to as “multi-paddock
grazing” (MP). Throughout this paper I will use the abbreviation
IC to refer to the industrial-conventional management collective
and RM to refer to the regenerative-multi-paddock management
collective. In many cases I will refer to a system by its collective
management approach, i.e., IC or RM. However, there are times,
particularly in the experimental literature, when the collective
management approach is not specified but the grazing practice
(e.g., conventional or MP) is. Furthermore, there are times when
data from several grazing operations or experimental systems
are considered together without specification of an overall or
collective strategy. In these cases, I will confine my description to
the grazing practice (conventional or MP) rather than collective
approach (IC or RM). It is recognized that animal agriculture
exists along a continuum of practices with many operations
combining elements of both industrial and regenerative practice.

To be clear, a variety of “traditional” practices (as
distinguished from conventional practices) are used to manage
livestock on pastures and rangelands in both the developed
and developing world. These vary along a continuum from
relatively unmanaged seasonal grazing (e.g., traditional Scottish
and Icelandic sheep farming) to carefully managed seasonal
livestock migrations (e.g., African Maasai cattle herders; French
mountain shepherds, see Meuret and Provenza, 2014). In this
paper, I will not dwell on the many, often ancient, practices used
by traditional herding cultures, particularly in the developing
world. Many of these are under stress from anthropogenic
(e.g., Mongolian herders) and environmental forces (e.g., Saami
reindeer herders of Scandinavia; Changpa nomads of the
Kashmiri high-ice deserts). They should become the focus of
further research, as they contribute to both fertility and stress
in agricultural landscapes. The focus of this paper, however, is
on comparing conventional grazing within the context of the
industrial agricultural model, and multi-paddock grazing as
incorporated into the regenerative agricultural model.

INDUSTRIAL AGRICULTURE AND
CONVENTIONAL LIVESTOCK
PRODUCTION

Modern industrial agriculture originated in Europe and the
United States during the mid-eighteenth century in parallel with
the Industrial Revolution. All efforts in agriculture were focused
on boosting production and efficiency to meet the growing
demand for food created by the massive demographic shift
from the countryside to emerging urban manufacturing centers
(Pollard, 1981; Wiesner et al., 2015). After the first and second
World Wars mechanization and the development of synthetic
fertilizers approximately doubled crop production. Synthetic
pesticides (e.g., DDT) permitted the creation of large-scale crop
monocultures year after year (Kleppel, 2014; Bellis, 2018). During
the second half of the twentieth century the Green Revolution
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brought selectively bred plant varieties, especially cereal grains,
to the developing world (Borlaug, 1970, 2002), but possibly at an
unsustainable cost in terms of fossil fuels use, synthetic fertilizer
applications, and blue water withdrawals (Brown, 1970; Cribb,
2010; Shiva, 2016). Today, as genomics, artificial intelligence
and other information technologies surge, a new revolution in
industrial agriculture is underway. Its success will be measured
by the role it plays in feeding an exploding human population in
the face of climate change and resource decline.

Optimization of production is the focus of modern industrial
animal agriculture. This is often accomplished by finishing
livestock in confined animal feeding operations (CAFOs). While
increasingly limited in Europe (Imhoff, 2010), CAFOs are widely
used in the US. Typically, beef cattle are moved from grazing
lands to the CAFO at ∼6-months of age and are ready for
slaughter 3–5 months later. Dairy cattle and swine may be
confined during much or all of their lives. The CAFO maintains
livestock at high densities. Energy rich rations consisting of silage
and/or pelletized grains, are typical feeds. Growth stimulants,
including hormones, as well as certain antibiotics delivered at
sub-medicinal levels that stimulate citric acid cycle activity, are
widely used in the US (less so, outside of the US) to increase
the rate of weight gain (Pollan, 2006; Kleppel, 2014). The US
Food and Drug Administration [FDA (U.S. Food and Drug
Administration), 2013; FDA (U.S. Food Drug Administration),
2019] has tightened control over (but not banned) the use of
antibiotics in animal feeds due to their role in the production
of antibiotic resistant, pathogenic bacteria [Feingold et al., 2012;
FDA (U.S. Food and Drug Administration), 2013; FDA (U.S.
Food Drug Administration), 2019]. Although beyond the scope
of this paper, CAFO practices, which reduce finishing times by
30–50% relative to finishing on pasture, have been criticized
as inhumane and unsafe (Schlosser, 2001; Pollan, 2006; Ebner,
2017). Nonetheless, the industrial model of livestock production
is the globally dominant meat production system, accounting
for more than 80% of the meat produced in the United States
(Schlosser, 2001; Ikerd, 2008).

Conventional livestock management which, in this paper,
refers to the on-farm portion of livestock production, prior to
movement to the CAFO, dovetails with the industrial model
in its focus on specialization and monoculture, in its extensive
use of chemical and other inputs and its reliance on grain-
based or grain supplemented nutrition for ruminants, even when
animals are on pasture. Stock densities on pasture tend to be
relatively low and stock rotation (i.e., movement to fresh pasture)
tends to be relatively infrequent (weeks to seasons) if it occurs
at all. Overgrazing is common in conventional grazing systems
and may be compensated for by supplementing with hay, silage
and/or pelletized grain.

REGENERATIVE AGRICULTURE AND
MULTI-PADDOCK GRAZING

Regenerative agriculture focuses at least as strongly on the
restoration and management of soil health and agro-ecosystem
functionality as on production (Doran et al., 2002). Doran (2002)

defines soil health as “. . . the capacity of a living soil to function
within natural or managed ecosystem boundaries, to sustain plant
and animal productivity, maintain or enhance water and air
quality, and promote plant and animal health.”

Regenerative agriculture has its roots in the early to mid-
twentieth century, beginning with the work of Howard (1940,
1947), Balfour (1943) and the emergent organic and (what
became) the holistic management and sustainable agriculture
movements of the 1960s and beyond. The regenerative approach
is a response to evidence that soil health, functionality and
quality have been lost or have deteriorated to the extent that
much of the earth’s arable soils are incapable of producing
nutrient dense food and have lost the capacity to support essential
ecosystem services (Pimentel et al., 1987; Crosson et al., 1995;
Lal, 2001, 2019; Pimentel and Burgess, 2013; Montgomery, 2017).
As such, regenerative operations frequently employ organic or
“nature-based” practices (Brown, 2018) with the co-equal goals
of producing nutrient dense food while restoring and managing
environmental quality (Bouma, 2002; Jackson, 2002).

Pasture-based livestock production is key to regenerative
farming and ranching. Pasture-based producers feed ruminant
livestock primarily on forages, hay, and/or haylage. Omnivorous,
non-ruminant livestock, such as swine and poultry, usually
receive some grain-based feed supplements. Stock densities of
ruminants in this system are usually 2–4 times higher than
in conventional grazing systems and rotation to fresh pasture
generally occurs every 0.5–3 days (Flack, 2016). A rotational
cycle through a subdivided pasture system, or multi-paddock
system, should require at least 30 days, but rotational cycles
of 60 to >100 days are not uncommon (Gerrish, 2004).
Rotational cycles can be adjusted to accomplish ancillary goals,
such as invasive plant management, or to respond to changing
vegetation, weather patterns (e.g., drought) or other variables (see
Kleppel et al., 2011; Girard Cartier and Kleppel, 2015; Bishopp,
2020). Several workers have described these methods in detail,
using such terms as holistic planned grazing, management-
intensive grazing and intensive rotational grazing (Savory, 1983;
Savory and Butterworth, 1999, 2016; Gerrish, 2004; Flack, 2016;
Salatin, 2019). Collectively, they are referred to as multi-paddock
(MP), or adaptive multi-paddock (AMP) livestock management
(Teague et al., 2011; Rowntree et al., 2019). Multi-paddock
management attempts to mimic the evolved herding behaviors of
wild, ungulates (Voisin, 1959; Acocks, 1966a,b). Protagonists of
multi-paddock management claim that this approach enhances
soil fertility and health, reduces overgrazing, and reduces disease
and morbidity within the herd. In this paper, I will examine some
of these claims.

Wild Ungulates and the Multi-Paddock
Approach to Grazing
About 40% the Earth’s land area is suitable for agriculture
and about one-third of that can support large scale crop
production (Revelle, 1976). The remainder will only support
animal agriculture. Whether produced conventionally or by RM
practices, most domesticated ruminants forage on pasture or
rangeland during at least a portion of their lives. The way land is
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used, and the amount of land used for grazing differ with practice,
as do the responses of the soil, vegetation and water supplies to
the stocking rates and activities of the animals.

Observations of wild, herd forming ungulates inform RM
practice. Studies in the African Serengeti and Yellowstone
National Park, Wyoming, USA have demonstrated that grazers,
particularly large herd-forming ungulates, migrate across
landscapes in response to stimuli associated with the seasonal
growing cycle of the plant community (McNaughton, 1985;
Frank et al., 1998). “Green waves” of primary production
during the rainy season in the Serengeti and the vernal thaw
in Yellowstone, trigger these migrations. Herd trajectories
are refined by gradients in macro-nutrient and mineral
concentrations in the forage (McNaughton, 1990). Plant
communities in the Serengeti are, not surprisingly, dominated
by grazing-tolerant species (McNaughton, 1984; Archibald,
2008), which tend to grow close to the ground and to be
shorter in height than the same species in un-grazed grasslands.
Nonetheless, compensatory biomass production in grazed plant
communities tends to be higher than in grasslands from which
large grazers have been excluded (McNaughton, 1984, 1986).
Furthermore, studies in both wild and agricultural landscapes
suggest that plant community species richness tends to be higher
in ecosystems grazed by herd-forming ungulates (unencumbered
by human artifacts) than in un-grazed systems, exclosures, or
un-grazed sections within a particular landscape (Frank, 2005;
Marion et al., 2010; Girard Cartier, 2017).

The capacity of soil-plant-herbivore interactions to translate
from wild to agricultural ecosystems predicts the nature and
extent of impacts that livestock may have on soil, forage, and
aquatic resources. These, I suggest, will be determined by the way
the livestock is managed within the grazing ecosystem.

ENVIRONMENTAL IMPACTS OF ANIMAL
AGRICULTURE

This paper compares IC and RM practice in four categories
of environmental impacts associated with livestock agriculture.
These are: (i) impacts to plant communities and soil health;
(ii) impacts to water and soil-water interactions; (iii) impacts
from agricultural ammonia (NH3) emissions; and (iv) impacts
associated with climate change.

Impacts to Plant Communities and Soil
Health
That livestock activities, including grazing, egestion and
excretion, and trampling affect the structure and functioning
of grassland ecosystems has led some workers to suggest that
grazing and animal agriculture are ecologically destructive
(Belsky, 1987; Mligo, 2015). Logic, however, causes one to
question that notion, and numerous studies, both empirical
and model-based, have demonstrated that a multiplicity of
geophysical, biological, behavioral, and natural historical
factors, functioning over seasonal to evolutionary timescales
influence the ways that wild and domesticated grazers affect
grassland ecosystems (McNaughton, 1985; Milchunas et al., 1988;

Milchunas and Lauenroth, 1993; Cingolani et al., 2005; Patra
et al., 2005; Villalba and Provenza, 2009; Hilario et al., 2017).
Plant community biomass and composition, as well as plant
physiology are influenced by the timing and intensity of grazing
(Hayes and Holl, 2003; Frank, 2005). For example, Daubenmire
(1940), studying the effects of domesticated livestock grazing
on plant communities in the bunchgrass prairie of Washington
state, USA, reported that heavy grazing resulted in severe
defoliation and changes in dominance patterns and other
structural variables in the prairie grass community. Furthermore,
he noted that heavy grazing sometimes created areas of bare
ground and altered patch structure. The effects of cattle grazing
on the bunchgrass prairie community varied with the temporal
onset of grazing and its persistence.

Interestingly, the factors that determine grazing intensity
are often vaguely described in the literature and vary from
one study to the next. Research published more than a half
century ago, however, provides guidance on what determines
grazing intensity. Voisin (1959) noticed that wild ungulates
move continuously across a landscape. More recently, Owen-
Smith et al. (2010) suggested that herd movements tend to be
continuous over a hierarchy of spatial scales. Conventionally
managed livestock, however, may remain in a single pasture
for an entire grazing season over multiple years. Acocks
(1966a; 1966b, cf. Hoffman, 2003) observed that wild, herd
forming ungulates aggregate at relatively high densities. For
example, Venter et al. (2017) reported wildebeest herds of
>20 tons ha−1 (>100 head ha−1) in a 24 km2 region of
the Serengeti. Conversely, domesticated livestock are often
stocked at much lower densities [e.g., 1.2–2.5 tons ha−1; UMass
(Sustainable UMass), 2020] on pasture and rangeland, and
moved infrequently, if at all. At low stocking rates livestock
graze selectively, ultimately overgrazing patches and creating
bare ground that becomes susceptible to drying, capping and
erosion (Savory and Butterworth, 1999). Soil structural integrity
deteriorates rapidly under these conditions, and the capacity
of the soil to retain water and carbon is lost (Savory and
Butterworth, 1999, 2016; Gerrish, 2004; Lal, 2004, 2015). Even in
pastures composed of monocultures or only a few plant species,
continuous or near-continuous grazing will produce these same
outcomes (Massy, 2018).

Following on the observations of Acocks and Voisin, workers
hypothesized that by mimicking the aggregation and movement
patterns of wild ungulates, livestock could be managed without
damaging grassland ecosystems (Goodloe, 1969; Savory, 1978,
1983; Savory and Parsons, 1980; Savory and Butterworth, 1999,
2016; Teague et al., 2009). Among the principal findings of
researchers and practitioners of MP management are that
frequent rotation and relatively long periods of pasture rest
are key to pastoral ecosystem functionality and livestock health
(Gerrish, 2004; Flack, 2016; Savory and Butterworth, 2016). In
a typical multi-paddock operation, the vegetation in a single
paddock experiences intense grazing pressure for a short period
of time. This is followed by a period of pasture rest that varies
with vegetation growth rates, such that over the course of the
season the grassland is only lightly impacted. Some pastoralists
have suggested that the rest period afforded to a grassland, more
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than the stocking rate (which can vary widely, e.g., from 5 to 125
tons ha−1), may be critical to determining the impacts of grazers
in a landscape (Salatin, 2019). Badgery (2017) compared the
effects of high rotation frequencies and long periods of pasture
rest (57 d, 114 d, or flexible rest period) on forage biomass
and beef cattle production with conventional (continuous)
grazing. While the effects varied with plant species composition,
overall plant biomass and ground cover were significantly higher
in the multi-paddock than the conventionally grazed system.
Production was statistically similar in both experimental grazing
systems. Teague et al. (2013) have been critical of such studies,
pointing to the difficulties of designing experiments in which one
attempts to hold a suite of secondary variables constant while the
single variable of interest (e.g., rest period) is manipulated.

Several studies suggest that livestock managed according to
the multi-paddock model can increase plant species richness
and the functionality of grassland ecosystems (Booysen and De,
1969; Howell, 2008; Brown, 2018). Teague et al. (2011) observed
higher production of seral grasses, and lower incidences of
bare ground in pastures in north central Texas that used AMP
practices relative to conventionally grazed pastures. Similarly,
Girard Cartier and Kleppel (2017), Teague and Barnes (2017),
and Kleppel (2019) observed higher plant biodiversity, forage
biomass or both in pastures in upstate New York and north
central Texas managed by MP and RM practices relative to
pastures managed conventionally. Cassidy and Kleppel (2017)
reported that Savannah sparrow (Passerunculus sandwichensis)
and Bobolink (Dolichonyx oryzivorus) abundances were 2–3
times higher in pastures managed by MP and RM practices than
in conventionally managed pastures.

Not all comparisons of MP and conventional grazing support
these observations. In fact, there is a lack of consensus on
the benefits of MP and RM management to plant community
structure or function relative to IC and conventional grazing
practice (Gosnell et al., 2020 and references therein). Teague
et al. (2013) suggested possible explanations for contradictory
results, but disagreements remain about the efficacy of multi-
paddock techniques relative to conventionally managed grazing
(e.g., Barnes andDenny, 1991;McCollum et al., 1999; Briske et al.,
2008; Hawkins et al., 2017; and others). These discrepancies may
be due, in part, to differences in the ways managers respond to
environmental variability (Voisin, 1959).

The effects of grazers on soil structure and composition
vary with the timing of deployment, rotation frequency, and
species, breeds, and stocking rates. For example, grazing
during dry or wet periods can have significant effects on
soil structure, which will vary depending upon soil type,
slope and landscape roughness, and the nature of vegetative
cover. Verchot et al. (2002) observed that nitrogen (N)
mineralization and immobilization proceeded at rates nearly
an order of magnitude higher in the wet bottomlands of
Yellowstone National Park (YNP) than in dry uplands areas,
independent of whether the landscape was grazed or not grazed
by wild ungulates. Conversely, Frank et al. (2000) reported
significant differences in soil N-dynamics in grazed and un-
grazed portions of the northern winter range of YNP. In
livestock grazing systems, relationships among variables may be

management-dependent. Girard Cartier (2017), working with
sheep, reported differences in soil N-dynamics in bottomland
and upland sites in upstate New York, USA that were associated
with both landscape attributes and management practices (MP
vs. continuous grazing).

The intimate coupling that exists between the soil microbial
community, the plant community, and the activities of ruminants
is critical to the functioning of both wild grassland and pastoral
ecosystems (Bardgett et al., 1997, 2001; Oates et al., 2018).
Grazing has a strong influence on this functionality and on
the way livestock management can influence the structure and
stability of both forage and soil microbial communities. For
example, heavy grazing often results in severe defoliation and
the production of highly labile root exudates that favor the
growth of bacteria in the rhizosphere. Conversely, light grazing
results in production of less labile root exudates that support the
growth of fungal species (Bardgett and Leemans, 1995; Bardgett
et al., 1998). One would expect, therefore, that fungal:bacterial
(F:B) ratios would be higher in MP soils than conventionally
managed soils, if indeed, MP management represents a form
of “light” grazing. This is important because, as a rule, higher
F:B ratios reflect greater soil organic matter (SOM) stability and
greater water holding capacity. Furthermore, diversity is key
to the stability of soil microbial communities and therefore to
the interdependent functioning of the soil-forage-grazer system.
Few studies, however, have compared soil microbial community
structures and compositions in differently managed grasslands.
Teague et al. (2011) in north central Texas, and Kleppel
(2019) in upstate New York independently observed higher F:B
ratios and greater microbial diversity in the soils of pastures
managed by MP practices than by conventional practices. Multi-
variate analyses (Kleppel, 2019) revealed that different variables
may drive changes in microbial biomass in soils of differently
managed pastures, even when the pastures are near each other.
These findings support the hypothesis that grazing management
practices can influence the structure and functioning of the soil
microbiome and thereby the structure of the soil itself.

Impacts to Water and Soil-Water
Interactions
Water Pollution and Soil Degradation
It is not news that agriculture contributes significantly to water
pollution. Runoff linked to the management of livestock and
manure, as well as feed production are key contributors to
that signal (Parris, 2011). The impacts of animal agriculture
vary with regional differences in soil type, topography, weather,
climate, and vegetation. The effects of RM and IC practices
on water quality differ over a variety of scales. On Texas
ranches, switching from multi-paddock to heavy continuous
grazing practices resulted in increased runoff and losses of
sediment, inorganic nitrogen, and phosphorus on the order of
140–160% (Park et al., 2017). Switching from continuous to MP
grazing practices resulted in comparable decreases in erosion and
nutrient leaching.

While ultimately, soil type and water delivery rate are the
overarching determinants of infiltration rate, livestock, and
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pasture management practices can alter this process (Laycock
and Conrad, 1967; Savory and Butterworth, 1999; Franzluebbers
et al., 2012). However, comparisons between the effects of
livestock management practices on water infiltration and soil
compaction (i.e., bulk density) are inconsistent. Abdel-Magid
et al. (1987) observed no effect of rotational frequency or stock
density on bulk density, but infiltration declined at higher stock
densities in sandy loam soils of the high-plains grasslands near
Cheyenne, Wyoming, USA. Thurow et al. (1986) reported that in
semi-arid Texas grasslands, infiltration rates, and bulk densities
were less severely impacted by multi-paddock grazing than by
continuous grazing, thoughWarren et al. (1986a) noted that both
stock density and vegetation type may affect soil compaction
and infiltration. Warren et al. (1986b) also reported that water
infiltration into soils devoid of vegetation decreased significantly
under intensive rotations with impacts increasing as a function
of simulated rainfall. Teague et al. (2020) expressed concern
about the artificiality of the design of these experiments. Kleppel
(2019) studying grasslands grazed by large and small ruminants,
as well as un-grazed hayfields, observed no effect of management
practice (MP v. conventional v. hayfields) on soil moisture or
infiltration rates, but found significantly less compaction (lower
bulk densities) of MP soils than of conventionally grazed or
hayfield soils in the silty-clay loams (principally Angola, Burdette,
and Tuller-Green) and hilly landscapes of upstate New York.

Blue Water Withdrawals
Agriculture is water intensive. Between 30 and 40% of blue
water withdrawals in the United States and ∼60–70% of blue
water withdrawals worldwide are associated with agricultural
activities (USGS (U.S. Geological Service), 2005; Schlosser et al.,
2014). In the US, only about 7.5% of agricultural water use is
directed toward livestock production and only 3% is consumed
as drinking water by cattle (Rotz et al., 2019). Approximately
90% of all blue water withdrawals for agriculture are used
for irrigation (91.7 TL) [USDA/ERS (U.S. Department of
Agriculture/ Economic Research Service), 2019a]. About 60%
of that is for production of livestock feed crops: corn (25%),
forage (18%) and soybeans (14%) [USDA/ERS (U.S. Department
of Agriculture/ Economic Research Service), 2019b].

Rotz et al. (2019) conducted an extensive and elegant
analysis of the environmental footprint of beef production
in the United States. The authors used an Integrated Farm
System Model (IFSM; Rotz et al., 2016) to estimate energy use,
greenhouse gas (GHG) emissions, reactive N releases and blue
water withdrawals for production of both traditional beef breeds
and culled dairy cattle. They reported a farm-to-gate blue water
consumption of 23.2 TL for the US herd, or 2,095 L/kg of carcass
weight (CW). Only 0.7 TL nationally, or 62.9 L/kg CW of total
blue water withdrawal accrues from drinking and 6–11% of the
water consumed by a steer is returned to the hydrological cycle
by excretion (as urine and dung) and respiration (Nader et al.,
1998). The fate of excreted water depends on practice. In pasture-
based practice, water in urine and dung is returned to the soil
where it may serve as a vehicle facilitating microbial contact for
nutrient regeneration. In a CAFO, urine and dung are treated as

TABLE 1 | Farm-to-gate blue water requirements for traditional beef cattle breeds

produced by industrial-conventional (IC) and regenerative-multi-paddock (RM)

management.

Industrial-conventionala Regenerative-multi-paddockb

Liters kg−1 CW Liters kg−1 CW

Drinking 62.9 Drinking 62.9

Feed production 2032.1 Feed production – min 201.2

Total requirement 2095.1 Feed production – max 955.1

Total requirement – min 264.1

Total requirement – max 1018.0

aData from Rotz et al. (2019).
bTo estimate minimum (min) and maximum (max) feed production requirements, i.e., use

factors relating to production of grain feeds, as well as synthetic chemical inputs were

removed from the use factor list (Rotz et al., 2019, their table, p. 3) to create a list of RM

use factors. Then, the minimum water requirement for RM feed production= (Σ minimum

values for RM use factors/Σ minimum values for all use factors) × Feed production water

requirement (2032.1 L kg−1CW). Themaximumwater requirement for RM feed production

was estimated by replacing minimum use factors by maximum use factors.

contaminants and may be composted in sumps or other waste
management systems.

Rotz et al. (2019) did not distinguish between IC and RM
blue water withdrawals. However, using their Table 1 (p. 3),
which provides blue water use factors for feed production, it was
possible to separate factors associated with IC and RM operations
(Table 1 in this paper). I used Rotz et al.’s blue water withdrawal
estimates for IC practice, but because minimum and maximum
values were provided for some feed production use factors, I
preserved the range of estimates of water withdrawals associated
with feed production in RM operations. The relative difference
between blue water use for feed production by the two practices
is substantial. IC practices require 53.1–90.1% more water than
RM practices due to the lower dependence of RM practice on
grain-based feeds. For a pasture-based RM operation between
251.2 and 955.1 liters of water will be used to produce the forage
and hay-based products needed to generate one kg of red meat,
reducing the blue water requirement from 2,095.0 L kg−1 CW to
between 264.1 and 1,018.0 L kg−1 CW.

Impacts From Agricultural Ammonia (NH3)
Emissions
Ammonia emissions contribute to eutrophication and
acidification in aquatic ecosystems, vegetation damage and
alteration of plant community composition in terrestrial
ecosystems, and human morbidity (Kelly et al., 2005).
Agriculture is a significant ammonia source. For instance,
∼80–94% of all NH3 emissions in Europe and the United States
are thought to be contributed by agricultural activities (Webb
et al., 2005; Herbert et al., 2020). Agricultural emissions in
the United Kingdom were estimated to be 228 kt-N at the
turn of the twenty-first century (Pain et al., 1998; Sutton et al.,
2000). Animal agricultural emissions [1.67 mtons y−1 in the
US (USEPA (U.S. Environmental Protection Agency), 2016)]
are generated by animal housing and confinement practices,
manure storage and slurry spreading, inorganic fertilizer use,
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and grazing. Together, housing and confinement practices,
manure spreading, and fertilizer use account for about 75% of all
emissions. The ammonia contribution associated with grazing is
relatively minor, about 12% (Misselbrook, 2015).

I am not aware of studies comparing the magnitudes of
ammonia emissions and impacts on farms employing RM
practices with those produced by IC operations. It seems
reasonable, however, to hypothesize that IC agriculture creates a
substantially larger ammonia footprint than RM agriculture due
to intensive confinement and other practices. Further research in
this area seems warranted.

Impacts Associated With Climate Change
Agriculture is a significant source of greenhouse gas (GHG)
emissions. Three factors determine the net agricultural
contribution: (i) CO2-eq emitted; (ii) CO2-eq removed and
(iii) CO2-eq stored in the soil.

CO2-eq Emitted
Farming, forestry, and land use change associated with
agriculture contribute 24–31% of the 50.9 GT of annual
global GHG emissions (IPCC, 2014). Nearly half of this is
the result of rainforest destruction, much of it for livestock
grazing and feed-grain production (IPCC, 2018). In aggregate,
livestock production represents 14.5% (7.1 GT) of total GHG
emissions globally (Olivier and Peters, 2018; Food Agriculture
Organization, 2020). Feed production (including the soils used
to grow feed crops), i.e., the cultivation of grains used for
livestock feeds, usually in large monocultures produced with the
use of synthetic fertilizers and pesticides, is the largest GHG
contributor within animal agriculture. Feed production accounts
for ∼45% (3.2 GT) of total GHG emissions within the category.
This is followed by enteric (principally methane) production
(39%), manure management (10%), and transportation and
processing (6%).

In 2017, agriculture contributed∼9.1% of the 6.5 GT of CO2-
eq emitted in the United States [USEPA (U.S. Environmental
Protection Agency), 2016]. Crop production (including that
required for livestock feeds) contributed about 58% (3.77 GT)
of total US agricultural GHG emissions. Livestock production
contributed 42% (2.73 GT). Rotz et al. (2019) provide a
breakdown of the source-terms: Enteric GHG production,
principally as methane, contributes 56% of livestock-based CO2-
eq; pasture, range and crop lands emit 24% of all CO2-eq (mostly
as N2O). Manure contributes slightly <20% of CO2-eq-−10% as
CH4 and <10% as N20. Fertilizer, electricity, fuel production and
other upstream sources contribute 13% and fuel combustion and
lime decomposition contribute 4%.

The values presented above on do not distinguish among
livestock management practices and would therefore be assumed
to be skewed toward emissions arising from conventional grazing
and IC practices that dominate animal agriculture. Given the
growing interest in regenerative agriculture, however, it seems
reasonable to attempt a comparison of GHG emissions from RM
and IC livestock production practices (Table 2). By obviating the
GHG emissions associated with feed-grain production, emissions
are reduced by ∼59%. While enteric methane production by

TABLE 2 | Greenhouse gas emissions (as GT CO2-eq y−1) associated with

livestock production by industrial-conventional (IC) and

regenerative-multi-paddock (RM) practices.

GHG from management approach

IC RM

CO2-eq (GT y−1) CO2-eq (GT y−1)

Feed production 3.2 1.3a

Enteric processing 2.8 2.7b

Manure management 0.7 0.3c

Transportation and energy 0.4 0.3d

Total 7.1 4.6

Data for (globally dominant) IC practice are from Food Agriculture Organization (2019).

Estimates for RM management reflect recalculation of emissions from each category

based on studies comparing IC and RM (or organic) practices.
aReflects removal of grain production and production of synthetic inputs derived from the

use factors of Rotz et al. (2019).
bReflects a 20% increase in GHG emissions assuming a grass-based, rather than a grass-

grain based diet, and a 22% decrease in GHG emissions from multi-paddock rotational

practices (DeRamus et al., 2003).
cBased on the mean difference (56.3%) in CH4 and N2O emissions associated

with manure management and distribution practices on conventional and regenerative

(organic) farms. Sources: Chadwick (2011), Sneath et al. (2006), Weiske et al. (2006),

and Yamulki (2006).
dReflects a 28% reduction in GHG emissions by using RM (organic) practices (Pimentel

et al., 2006).

“grass-fed” cattle will be as much as 20% higher than by grain-
fed animals, the use of frequent pasture rotations reduces enteric
methane production by, on average, 22% (DeRamus et al., 2003).
Although manure management practices vary widely in both IC
and RM systems, a review of several sources (see notes below
Table 2) suggests an average estimated difference of 56.3% (±
standard deviation = 45.2) between IC and RM operations.
Transportation and energy inputs (oil and fuel) were estimated to
be 28% lower for RM animal agriculture than for IC agriculture
(Pimentel et al., 2006). Applying these changes, RMmanagement
appears capable of reducing annual global GHG emissions
from livestock production by ∼35.2%, to 4.6 GT CO2-eq y−1.
Estimates by Havlik et al. (2014) suggest that changes from
conventional to RM practices would lower GHG emissions by
about 3.2 GT CO2-eq y

−1, consistent with the estimate presented
in Table 2. The effect of forage quality on GHG emissions is
not captured in Table 2, but improvements in forage quality
would be expected to lower enteric methane production further
(Beauchemin et al., 2008; Herrero et al., 2013).

CO2-eq Removed
Grasslands play a critical role in photosynthetic carbon
sequestration (Derner and Schuman, 2007; Sacks et al., 2014).
Net terrestrial primary productivity (NPP), on the order of 56.4–
62.1 GT yr−1, constitutes just over half of the annual global
production (Foley, 1994; Field et al., 1998). Tropical rainforests
(17.8 GT yr−1) and savannahs + perennial grasslands (19.2 GT
yr−1) account for 60–65 percent of the total.

Stanley et al. (2018) used a life cycle assessment (LCA)
to investigate the path of carbon through multi-paddock and
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conventional beef cattle finishing systems in the American
mid-west. Their study revealed significantly higher net GHG
production by MP than by conventional practices, due to a
>2.5-fold higher enteric GHG emission rate from MP systems
than from conventional, grain-based systems. Furthermore,
over the life cycle of production, GHG emissions from MP
systems were 1.6 times higher than that from conventional
management when carbon flux into the soil (i.e., sequestration)
was not considered. However, when sequestration was included
in the assessment, the MP model significantly out-performed
the conventional model, removing more than twice the CO2-
eq of conventional beef production. LCA studies by Pelletier
et al. (2010) and Lupo et al. (2013) support these observations,
suggesting a 24–30% reduction in net GHG production as a
function of sequestration from grass-fed beef production. These
observations are consistent with an LCA analysis by Wang et al.
(2015) for beef production in Texas, and they track well with
empirical observations (Teague et al., 2011; Dowhower et al.,
2019; Rowntree et al., 2019). The importance of C-sequestration
by grasslands is clearly critical to the efficacy of agriculture as a
vehicle for GHG removal. As such, MP practices may prove to be
a valuable tool for climate changemitigation. As Lal (2019) states,

“The technical potential of carbon sequestration in world soils may

be 2 billion to 3 billion mt per year for the next 50 years. The

potential of carbon sequestration in soils and vegetation together

is equivalent to a draw-down of about 50 parts per million of

atmospheric CO2 by 2100.”

CO2-eq Stored in the Soil
Grassland and agricultural soils, which cover 53.6% of the earth’s
land area, store between 52 and 55% of the net terrestrial
primary production (Sacks et al., 2014). Turnover of above-
ground primary production by aerobic decomposition occurs
on timescales of seasons. Herbivorous conversion of plant
biomass to dung and urine increases turnover efficiency by
21% (Yoshitake et al., 2014), and facilitates development of soil
microbial community structure, which in turn promotes the
stabilization and storage of carbon in the soil (Merrill et al.,
1994; Bardgett et al., 1998). Patchy deposition of dung, as occurs
when livestock densities are low, is obviated by MP practices
that manage at higher stock densities and rotation frequencies
(Gerrish, 2004; Flack, 2016).

Integration of livestock and crop production may offer
additional opportunities tomitigate GHG emissions (LiuH. et al.,
2015; Lal, 2020). Conservation agriculture (CA), described by
Lal (2004, 2015, 2019), focuses on increasing carbon storage
in the soil during crop production. CA practice involves a
commitment to minimal disruption of the soil surface (e.g.,
low-till or no-till planting), and to ensuring that the soil is
always covered with forage, cover crops, or harvest tailings. CA
also encourages diversification of vegetation and crop rotation
(Farooq and Siddique, 2014). One can speculate that when
overlaid on the CA framework, the integration of high frequency
rotations of densely stocked ruminants through a rotational cycle
that includes harvested crop fields, followed by prolonged rest,
would enhance carbon sequestration and storage in croplands

FIGURE 1 | Soil organic matter (SOM; %) at Brown Ranch, near Bismarck,

North Dakota, USA, 1993–2013 (source of data: Brown, 2016).

while improving fertility. In a case study described in the popular
media, Brown (2016, 2018) tracked the deposition of carbon
into the soil of his 2000 ha ranch near Bismarck, North Dakota,
USA over 23 years. The ranch is managed by integrating RM
livestock practices with the principles of conservation agriculture
to produce beef cattle, sheep, chickens and a variety of crops.
During the course of Brown’s analysis, soil organic matter on his
ranch increased more than 5-fold, from 1.7 to 11.0% (Figure 1).

To summarize, it would appear that MP and RM practices
are capable of making significant contributions to climate
change mitigation. GHG emissions can be reduced by more
than 30%, C-sequestration can be increased by 24–30% (and
possibly considerably more), and the time required to convert
photosynthetically fixed carbon, i.e., plant biomass, into stable
carbon in the soil can be reduced by 21% through grazing,
relative to the time required for oxidative turnover. By applying
the reduction in GHG emissions via C-sequestration to the
estimated emissions from RM practices in Table 2, the net GHG
contribution by animal agriculture would be 3.2–3.5 GT CO2-
eq y−1 or, conservatively, 45.1–49.3% (i.e., removal of more than
half) of current emissions.

These estimates support the conclusion that agriculture has a
critical role to play in the removal of carbon from the atmosphere
and in the stabilization and storage of carbon in the soil (Food
Agriculture Organization, 2019).

Sacks et al. (2014) go further, suggesting that well-managed
grazing in arid and semi-arid regions, where severe soil
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degradation and desertification have occurred, can play a pivotal
role in carbon sequestration and climate change mitigation:

This approach. . .Holistic Planned Grazing, the effectiveness of

which has been demonstrated on over millions of hectares on

four continents. . . has the potential to remove excess atmospheric

carbon resulting from anthropogenic soil loss over the past 10,000

years and. . . all industrial-era greenhouse gas emissions. This

sequestration potential. . . could, in theory, return 10 or more

gigatons of. . . atmospheric carbon to the terrestrial sink annually

and lower greenhouse gas concentrations to pre-industrial levels in

a matter of decades. . . ”

Clearly, the possibility of a pasture-based approach to planetary
carbon management is worthy of further consideration.

DISCUSSION

From this brief review, it is evident that significant differences
exist between the impacts of IC and RM management with
respect to key ecosystem attributes. Though the issue is far
from resolved, RM practices appear in many respects to be
environmentally benign relative to their IC counterparts. The
environmental impacts considered here, and the differences
between the management practices that create them may not be
the direct result of livestock activities on pasture or rangeland.
Often, they are due to differences in the resource intensities (e.g.,
water or fossil fuels) required to support IC or RMmanagement.

Papers published between the 1980s and the present have
repeatedly questioned the efficacy of various forms of MP
management, particularly Savory and Butterworth’s (1999, 2016)
holistic approach (e.g., Holechek et al., 2000; Briske et al., 2008;
Hawkins et al., 2017; and others). Some of the hypotheses
and observations promoted by Savory, such as the ability of
holistic management to mitigate desertification and climate
change (Savory, 2013) have been particularly contentious (Briske
et al., 2013). However, Teague et al. (2009, 2013), Wang et al.
(2016), and others (e.g., see Teague, 2014) have pointed to the
technical and scaling issues that may influence the interpretation
of the reductionist approaches typical of traditional experimental
comparisons of livestock performance and their environmental
consequences under IC management. It has also been suggested
that contradictory results may accrue, at least in part, from
perceptual differences in the management and operational goals
of RM and IC management by both researchers and graziers
(Briske et al., 2011). The contentiousness of the debate may
contribute to its apparent un-resolvability (Collins, 1981). Briske
et al. (2011) suggest moving beyond the debate over whether one
management approach is better than the other. They suggest that
the focus should be on finding adaptive approaches to livestock
production and pasture/rangeland management that respond to
the realities of meat production. Sherren and Kent (2019) decry
the “linear” (i.e., reductionist) thinking that dominates the issue.
The capacity of scientists to deal effectively with complex systems
has long been problematic (Capra, 2005). Grazing ecosystems
and the outcomes of herbivore-plant-soil interactions, while
seemingly simple, are actually functionally complex (Liu J. et al.,

2015). Sherren and Kent (2019) and Wynne (1992) point out
that frequently researchers exclude or simply miss the realities
of livestock management as experienced by graziers. Briske
et al. (2011) and Gosnell et al. (2020) suggest incorporating
multi-dimensional, socio-ecological perspectives into efforts to
understand livestock management dynamics and its outcomes.

Traditionally, livestock farming, and ranching have had an
overriding purpose: production (Toombs and Roberts, 2009).
The determination of how to produce the greatest weight gain in
the shortest amount of time is of interest to all farmers, ranchers,
and students of animal science. Comparisons of livestock weight
gain in MP and conventional grazing systems have not been
consistent, and more than likely depend upon interactions
among stocking rates, forage compositions and any number of
highly variable environmental forcing functions as well as the
spatial scales at which observations are made (Derner and Hart,
2007; also see Teague et al., 2013 for more detailed treatment of
this subject).

Notwithstanding the importance of production, the slow but
persistent emergence of the organic, sustainable, and regenerative
farming movements have made environmental stewardship an
additional, and even principal goal of animal agriculture. The
practitioner’s approach toward livestock management broadens
when the focus of one’s work includes land stewardship. Livestock
is no longer the sole product. In fact, livestock becomes a tool
to be used in the regenerative process. The convergent goals—
production and stewardship—are not necessarily complementary
and achieving one goal may impede achievement of the
other, at least temporarily. For example, cattle produced by
RM management often require 3–6 months longer to finish
than grain-supplemented, pastured, or feedlot-finished cattle.
However, RM practice may provide positive outcomes by
improving soil health and forage quality, and by mitigating a
substantial portion of total global GHG emissions.

It is common knowledge among both farmers and researchers
that soil loss and grassland degradation are at near crisis
stage (Pimentel, 1997, 2006; Montgomery, 2017; Brown, 2018;
J. Kempf, pers. comm. 2017). It is not simply appropriate,
but necessary, to the future of agriculture, that some of our
attention be focused on soil and ecosystem regeneration. When
one manages for soil health, water quality, GHG mitigation,
biodiversity, and the restoration of other essential ecosystem
services, as well as for livestock production, even the most
fundamental management decisions will likely differ from those
made when production is the only focus of one’s practice.
Consistent with the advice of Briske et al. (2011) and Gosnell et al.
(2020), we must recognize that complex issues have only partial
solutions in science, and that fuller and more satisfying solutions
accrue by integrating scientific and practical knowledge (Sherren
and Kent, 2019).

CONCLUSION

It is worth remembering that agriculture provides 98% of the
food that humans consume, and that meat is critical to the global
food supply (White and Hall, 2017). Two thirds of the land on
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which food is produced can only be used for meat production. If
nothing else, this review has supported the concern of many that
agriculture is the cause of significant environmental pollution,
ecosystem stress, habitat destruction and the loss of ecosystem
services. This must change; meat production must and can
become a vehicle for creating protein sufficiency, environment
integrity and the restoration of ecosystem services, globally. It is
the very definition of a non-sequitur that: while food is a critical
part of our life support system, to produce food we must destroy
our life support system.

The results of the present analysis suggest that producing
livestock need not destroy our life support system. RM practices,
with their focus on the restoration and enhancement of
ecosystems and the critical services they provide, appear to have
the potential to make meat production a more environmentally
benign process. Clearly, much is unknown. Data gaps remain;
improvements in practice are needed and, in some cases,
forthcoming. Supply chain models to ensure the economic
viability of RM livestock production at scale are, at best, in
the early stages of development. Adoption by farmers and
ranchers remains limited, and policies and educational programs
that encourage greater participation in RM practice are often
lacking or poorly advertised (Francis et al., 1986). Efforts to
discourage regenerative meat production by special interests and
naivete within certain sectors of the research community have
slowed development of sustainable meat production practices
(e.g., Willett et al., 2019). Yet, given that meat consumption is
increasing worldwide (NAS, 2015), adoption of environmentally
regenerative meat production practices seems crucial.

Although enough food is currently produced to provide
a calorically sufficient daily ration to every human being on
earth, we are rapidly approaching carrying capacity (Cribb,
2010; Tilman et al., 2011). Within the next 30 years, as the
human population approaches 10 billion, as the climate becomes
increasingly hostile, as water, soil, biodiversity, and other
resources disappear, it will become increasingly difficult to feed
ourselves (Larson et al., 1983; Pimentel et al., 1992; IPCC, 2019).
Although regenerative production will not slow population
growth and will never, in and of itself, provide the solution to
world hunger, agriculture, including animal agriculture, can play
an important role in GHG mitigation, soil-health restoration,
and water and biodiversity conservation (Lal, 2004; Herrero and
Thornton, 2013; Sacks et al., 2014; Cassidy and Kleppel, 2017;
Montgomery, 2017; Stanley et al., 2018). The effectiveness of
agriculture as a tool, not only for feeding ourselves but for
meeting the challenges posed by human population growth, and
in the process providing a sustainable income to farmers and

ranchers has been suggested by research and demonstrated in
practice (Food Agriculture Organization, 2013; Kleppel, 2014;
Teague and Barnes, 2017; Brown, 2018; Massy, 2018; Amadu
et al., 2020). Livestock production represents a tool, not only for
providing calories and protein to our species over the next half
century, but for ensuring the livability of our planet to humans
and myriad other species well into the future.

AUTHOR’S NOTE

Ungulates are key to human nutrition and the functioning
of Earth’s ecosystems. Nonetheless, animal agriculture is a
significant contributor to grassland degradation and soil
destruction, water pollution and depletion, and global
greenhouse gas emissions. It seems a non-sequitur that the
production of food, part of our life support system, should
be linked to degradation of the environment (i.e., our life
support system). I reviewed the literature on two approaches
to livestock management, one based on industrial agriculture,
the other on regenerative agriculture, to ascertain whether one
system is environmentally benign relative to the other. There
is a lack of consensus on which approach is less destructive
of plant communities or soil structure, though regenerative
management appears to support larger, more diverse soil
microbial communities. Furthermore, regenerative animal
agriculture appears less likely to contribute to water pollution, to
have lower water withdrawal requirements, and to be associated
with lower greenhouse gas emissions and higher greenhouse
gas removal rates than industrial management. By broadening
the focus of animal agriculture to include both production and
stewardship we can feed our species while reducing damage to
the environment.
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