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ABSTRACT: To ensure long-term sustainability
and ecological resilience of agroecosystems, agri-
cultural production should be guided by policies
to ensure regenerative cropping and grazing man-
agement protocols. Changing current unsustaina-
ble high-input agricultural practices to low-input
practices that regenerate ecosystem function will
be necessary for sustainable, resilient agroeco-
systems. Effective soil management provides the
greatest potential for achieving sustainable use of
agricultural land with rapidly changing, uncertain
and variable climate. With appropriate manage-
ment of grazing enterprises, soil function can be
regenerated to improve essential ecosystem ser-
vices and farm profitability. Affected ecosystem
services include carbon sequestration, water infil-
tration, soil fertility, nutrient cycling, soil forma-
tion, biodiversity, wildlife habitat, and increased
ecosystem stability and resilience. Collectively,
conservation agriculture managed regeneratively

supports ecologically healthy, resilient agroeco-
systems and enhances watershed function. To
accomplish this, it is important for scientists to
partner with farmers who have improved the
environment and excel financially to convert
experimental results into sound environmen-
tal, social, and economic benefits regionally and
globally. Benefits include addressing questions at
commercial scale; integrating component science
into whole-system responses; identifying emer-
gent properties and unintended consequences;
incorporating pro-active management to achieve
desired goals under changing circumstances; and
including the potential of the human element to
achieve superior economic and environmental
goals. Developing and implementing regenera-
tive management protocols that include ruminant
grazing animals will be necessary to ensure long-
term sustainability and ecological resilience of
agroecosystems.
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INTRODUCTION

Although ruminants, and cattle in particular,
have been accused of a litany of damaging impacts
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on the global environment and human well-being,
on deeper investigation ruminants provide a num-
ber of important benefits for humans and the envir-
onment (CAST, 1999; Janzen, 2010; Ottoboni and
Ottoboni, 2013; Teague et al., 2016). Grazingland
ecosystems occupy approximately one third of the
earth’s land area and many are degrading primar-
ily due to inappropriate land use practices (MEA,
2005; Delgado et al., 2011). At least 1 billion
rural and urban people depend on these ecosys-
tems for their livelihoods, often through livestock
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production, or for ecosystem services that affect
human well-being (Ragab and Prudhomme, 2002).
Such ecosystem services include maintaining stable
and productive soils; minimizing soil erosion; deliv-
ering clean water; sustaining plants; and animals
and other organisms that support livelihoods as
well as human aesthetic and cultural values (Daily,
1997; Grice and Hodgkinson, 2002).

This paper outlines our research team’s frame-
work to improve the understanding of how to man-
age grazing ecosystem resources more sustainably
by improving soil health as a foundation to improv-
ing profitability. This framework entails combining
small-scale reductionist research with complemen-
tary whole-system research and working in collab-
oration with farmers who excel in improving the
environment to obtain superior economic returns.
Bridging the gap between single-discipline, reduc-
tionist research, and effective resource management
that capitalizes on the potential of forage-based
livestock elements in agroecosystems can mitigate
and adapt to the most pressing problems threat-
ening agricultural sustainability. This approach
can address questions at a commercial scale and
integrate component science into whole-system
responses to identify emergent properties that may
result in synergistic positive outcomes and help
avoid unintended consequences.

BACKGROUND

Although many U.S. rangeland soils are under-
going major loss of soil carbon (C), largely due to
our current ranching methods (Jandl et al., 2014),
evidence indicates that by using adaptive, goal-di-
rected grazing methods managed specifically to
reverse degradation, managers could also increase
the quality of grasslands, improve economic sus-
tainability, and promote resilience to climate change
(Teague and Barnes, 2017). Grazing ecosystems
around the globe coevolved with grazing ruminants
(Frank et al., 2002), and although many of these
ecosystems have been converted to crop production,
rangeland portions of the global landscape not
suitable for producing human-utilizable feedstuffs
are the largest portion of the earth’s surface (MEA,
2005; Mottet et al., 2017). These extensive ecosys-
tems can only be used by humans for food and fiber
production if domestic or wild grazing herbivores
consume the plant resources. Consequently, where
climatic, edaphic, or topographic limitations pre-
clude cropping, ruminant livestock are the founda-
tion of many livestock-based cultures (Herrero and
Thornton, 2013; Mottet et al., 2017).
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With appropriate regenerative crop and graz-
ing management, ruminants facilitate provision of
essential ecosystem services, increase soil carbon
(C) sequestration, reduce environmental damage,
and reduce overall greenhouse gas (GHG) emis-
sions (Janzen, 2010; Teague et al., 2016). They can
also improve human health and well-being (CAST,
1999; Ottoboni and Ottoboni, 2013; Mottet et al.,
2017) by providing the following benefits: grazing
converts plants inedible by humans into high-qual-
ity food that supplies essential macro- and micro-nu-
trients; food products from grazing animals have
higher-quality protein than those from plants;
ruminants often provide a cheap source of healthy
protein and fat for humans; increase bio-availabil-
ity of essential minerals; degrade anti-quality plant
components such as phytates; food from grazing
ruminants uses less concentrates than other live-
stock-based human food; produce vitamin B , and
other vitamins; and protein food from grass has the
best omega 3 to 6 ratio. Although some view live-
stock as poor converters of feed into human food
products that compete with humans for food it has
been estimated that 8§6% of feed consumed by live-
stock globally is composed of materials that are not
eaten by humans (Mottet et al., 2017).

Provision of all these positive outcomes is con-
tingent on appropriate management. However, much
current management is producing many unintended
consequences, such as soil loss and degrade soil
function, that need to be remedied for humans to live
more sustainably (Janzen, 2010; Teague et al., 2016).
Modern technology, knowledge, and organization
have allowed us to greatly increase agricultural pro-
ductivity, but much management has been designed
to optimize short-term benefits from the production
of food, fiber, and fuel. We have compromised the
ecological integrity of global ecosystems and caused
negative impacts on our social environment by not
accounting for environmental and social costs.

The delivery of improved ecosystem services
requires policies and management protocols for
agricultural production that should 1) support eco-
logically healthy and resilient arable and pastoral
ecosystems; 2) address environmental, social, cul-
tural, and economic complexity; 3) avoid unin-
tended consequences of production practices; and
4) mitigate anthropogenic GHG emissions. Failure
to address unintended consequences in agricul-
ture has contributed to serious ecological prob-
lems, most notably: soil carbon (C) loss; soil loss
via erosion; the impairment of watershed function;
widespread pollution; negatively impacted many
beneficial microbes and insects; and decreased
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biodiversity and wildlife habitat (MEA, 2005;
Janzen, 2010; Liebig et al., 2010; Delgado et al.,
2011; Teague et al., 2016; Montgomery, 2017).

IMPACTS OF CURRENT GRAZING ON
ECOSYSTEM FUNCTION

Grazing by livestock and wildlife is the primary
use of grazing ecosystems, provide many ecosystem
services that are essential for rural and urban pop-
ulations, including the significant influence man-
agement has on watershed and ecosystem function
(Schlesinger et al., 1990; Wilcox, 2010). The primary
cause of ecosystem degradation in these ecosystems
is continuous year-round grazing which is commonly
exacerbated by stocking at levels that exceed carrying
capacity, but also have too few or no grazing animals
(Frank et al., 2002; MEA, 2005; Teague et al., 2013).

It is widely believed that stocking at levels
higher than current grazing capacity is the key
management factor to be adjusted to sustain long-
term profits while maintaining ecosystem function
(Huffaker and Cooper, 1995; Kobayashiet al., 2007,
Ritten et al., 2010). However, appropriate stock-
ing rate alone does not avoid rangeland degrad-
ation (Miiller et al., 2007, 2014; Teague et al., 2013;
Diaz Solis et al., 2015; Jakoby et al., 2015; Savory
and Butterfield, 2016), and it is also important to
time grazing and distribution of grazing effectively
because livestock in large paddocks exhibit repeti-
tive use of preferred plants and patches. This leads
to overgrazing of preferred plants and patches and
is a major cause of unwanted changes in range-
land ecosystems (Norton, 1998, 2003; Barnes
et al., 2008; Teague et al., 2013). This repeated con-
sumption of preferred plants and patches results
in uneven impact, such that even at low stocking
rates, localized degraded patches persist over time
and progressively expand, degrading the landscape
(Fuls, 1992; O’Connor, 1992; Bullock et al., 1994;
Bailey et al., 1998; Teague et al., 2004).

Poor grazing practices lead to soil compaction
and reduced infiltration rates, exacerbating the most
limiting factor in most grazing ecosystems, which is
plant-available soil water (Thurow, 1991). Runoff
increases soil loss and facilitates nutrient movement
by surface runoff, which can lead to the eutrophica-
tion and impairment of freshwater sources (Sharpley
et al., 1994; Gillingham and Thorrold, 2000; Sauer
et al., 2000; Stout et al., 2000a; Burkart and Stoner,
2002; Babiker et al., 2004; James et al., 2007; Webber
etal.,2010; Vadasetal.,2014). Soil erosion and nutri-
ent losses are generally considerably less under rota-
tional and adaptive multi-paddock (AMP) grazing
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than from continuously grazed pastures (Ritter,
1988; Mathews et al., 1994; Sovell et al., 2000; Stout
etal., 2000b; Webber et al., 2010; Teague et al., 2011;
Weltz et al., 2011). It is extremely important that
managers adopt grazing management practices that
maintain or restore soil and ecosystem function and
resilience that is required for sustainable use in the
long term (Havstad et al., 2007; Teague et al., 2013).

RESTORING SOIL HEALTH IS A
FUNDAMENTAL BASE FOR SUSTAINABLE
AGRICULTURE

The biggest limiting factor in grazing land eco-
systems is not the amount of rainfall, but the amount
of rainfall infiltrating the soil and how long it remains
there (Thurow, 1991). But this is not the only impor-
tant ecosystem function. Ensuring optimal ecosys-
tem function requires efficient solar energy capture;
effective water infiltration and retention; soil organic
matter accumulation and retention; efficient nutri-
ent cycling; and ecosystem biodiversity to facilitate
these functions (Teague et al., 2013). Soil health is
fundamental for ecosystem function because 90% of
soil function is mediated by microbes, with a mutual
dependency among microbes, plants, and animals.
Plants enable microbial life and benefit from nutri-
ent release through the synergistic interdependence
among archaea, bacteria, fungi, and other microbial
and eukaryotic species. How we manage plants in
grazing or cropping ecosystems is critical to main-
taining or regenerating full ecosystem function. The
major portion of energy required to facilitate ecosys-
tem functions comes from plants capturing energy
in the process of photosynthesis and conversion into
carbohydrates that provide the energy for commu-
nity function.

The functions provided by the synergistic net-
works of soil organisms include improving soil
aggregation; aeration and water-holding capacity
(Altieri, 1999); stabilizing soil (Van der Heijden
et al., 2008); improving nutrient acquisition and
retention (Green et al., 2008; Khidir et al., 2008);
cycling nutrients to improve nutrient availability
(Rodriguez and Fraga, 1999; Barrow et al., 2008);
enhancing tolerance to biotic and abiotic stress
(De Vries et al., 2012); and buffering the impact of
environmental factors on plants (Van der Heijden
et al., 2008). Arbuscular mycorrhizal fungi (AMF)
are keystone species in terrestrial ecosystems,
particularly grasslands, as they maintain plant
diversity, mediate interactions among plants and
other microbes, and positively impact plant pho-
tosynthesis (Averill et al., 2014). Plants increase
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photosynthesis in symbiosis with AMF and leg-
umes for a dual association with rhizobia and AMF
that enhances photosynthesis by 50% on average
(Kaschuk et al., 2009). AMF contribute directly
to soil OM and through secretion of soil glyco-
proteins, increase water-stable soil aggregates that
enhance soil water infiltration, and aeration vital to
ecosystem function (Rillig, 2004).

Management decisions have important conse-
quences for how grasslands function in supporting
profitable operations and in sequestering carbon
and providing ecosystem services. Notable exam-
ples of management approaches that have resulted
in the restoration of degraded grasslands are
available especially where ranches are managed to
achieve resource conservation goals (Teague et al.,
2016; Teague and Barnes, 2017). Improved man-
agement, such as AMP, has been shown to reverse
the causal mechanisms of degradation by decreas-
ing bare ground, restoring productive plant com-
munities, increasing water infiltration rates and soil
water storage capacity, increasing fungal to bac-
terial ratios, and increasing soil carbon (Delgado
et al., 2011; Teague et al., 2011, 2013).

Positive shifts in soil microbial and biological
community composition, carbon cycling, and
nitrogen cycling following improved management
are strongly related to the restoration of soil car-
bon and fertility in grasslands (Altieri, 1999; Van
der Heijden et al., 2008; Nielsen et al., 2011; De
Vries et al., 2012). It is also possible to adjust graz-
ing and associated farm management to optimize
the benefits provided by other key organisms such
as dung beetles and earthworms that have a strong
influence on ecological function (Herrick and Lal,
1995; Richardson and Richardson, 2000; Bardgett
(2005); Blouin et al., 2013).

In grazing ecosystems, use of regenerative
high density (AMP) grazing management has been
demonstrated globally to be capable of reversing
degradation processes associated with the wide-
spread practice of continuous grazing at high stock-
ing rates (Gerrish, 2004; Teague et al., 2011, 2013;
Jakoby et al., 2014, 2015; Savory and Butterfield,
2016). AMP grazing has been successfully applied
in areas with annual rainfall ranging from 250 to
1,500 mm to achieve effective resource regenera-
tion and provision of ecosystem services. These
positive outcomes include: increased primary and
secondary productivity, restoration of preferred
herbaceous species that were harmed by previous
grazing practices, and increased soil organic car-
bon, soil fertility, water-holding capacity and eco-
nomic profitability for ranchers (Teague et al., 2011;
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Teague and Barnes, 2017; Jakoby et al., 2014,
2015). Where regenerative AMP grazing has been
practised in semi-arid and arid lands for some time,
plant productivity and biodiversity have been ele-
vated, plant and litter cover have increased over the
landscape, and nitrogen-fixing native leguminous
plant species and pollinators have increased. This
has resulted in re-perennialization of ephemeral
streams and watershed function (National Research
Council, 2002).

Based on data presented by Teague et al. (2011)
of “across the fence” comparisons in southern
tallgrass prairie in Texas, where AMP grazing was
applied to areas previously degraded through pro-
longed continuous grazing, we calculated an aver-
age of 3.0 t C/ha/yr additional soil organic carbon
in the top 90 cm of soil over a decade in AMP
grazing relative to commonly practiced heavy con-
tinuous grazing (Wang et al., 2016). Following this
published work, we have collected proof-of-con-
cept sampling in the United States and Canada
to determine if similar results would be observed.
With AMP grazing, relative to commonly practiced
heavy continuous grazing, we measured higher C
levels of 7.0 t C/hal/yr over 5 yr in Mississippi; 2.5
t C/ha/yr over 20 yr in North Dakota and Canada;
and 0.5 t C/ha/yr in 20 yr in New Mexico, respec-
tively (S. Apfelbaum, unpublished data; Applied
Ecological Services, https://appliedeco.com, 2016).

Dr Allen Williams (unpublished data;
Livestock Management Consultants, LLC, https://
joyce-farms.com, 2016), in his North America-
wide, grass-fed consulting business, has collected
data for 5 yr on soil OM and soil microbial biomass
changes on selected clients’ properties that is pre-
sented in Figs 1 and 2, respectively. Starting values
of soil OM among the locations were very different

Soil Organic Matter (%)

Year

Figure 1. Increases in soil OM (%) following implementation of
AMP grazing (A. Williams, unpublished data, Livestock Management
Consultants, LLC, https://joyce-farms.com/).
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Figure 2. Increases in soil microbial biomass (ng/g of soil) follow-
ing implementation of AMP grazing (A. Williams, unpublished data,
Livestock Management Consultants, LLC, https://joyce-farms.com/).
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Figure 3. Soil infiltration following implementation of AMP
grazing vs. that on neighbor ranches using the common practice of
heavy continuous grazing (HCG) in the Northern Great Plains of
North America (S. Apfelbaum, unpublished data, Applied Ecological
Services, https://appliedeco.com).

but the rate of gain of OM was remarkably similar
among locations (Fig. 1). Similarly, the increase in
soil microbiology activity has increased markedly
(mean = +500% increase), indicating a very large
increase in microbial function capable of driving
substantial increases in ecosystem function (Fig. 2).
These responses have contributed to large increases
in infiltration on AMP managed ranches as shown
in Fig. 3. Only sites that had initial high infiltration
values, such as the Cross site (Fig. 3), or were very
dry sites, such as the Holtman site (Fig. 3) prior to
changing to AMP grazing, did not have appreciable
increases in infiltration.

IMPROVED GRAZING IMPACTS ON
WATERSHED FUNCTIONING

Improved grazing management has a substan-
tial positive impact on watershed function. In add-
ition to the published results from field research
reported above, numerous papers reporting the
impacts of different grazing management on water-
shed function have indicated that AMP manage-
ment resulted in soil and plant conditions that
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improved hydrological function at both the ranch
and watershed scale compared to continuous graz-
ing (Gilley et al., 1996; Sanjari et al., 2009; Schwarte
et al., 2011). At the ranch scale, Park et al. (2017a)
showed that with heavy continuous grazing, annual
surface runoff was the major contributor to stream
flow, whereas with AMP grazing (at the same
stocking level as heavy continuous grazing), water
leaving the soil profile as base flow was the major
source of streamflow. At the water catchment scale,
heavy continuous grazing, relative to AMP grazing,
increased surface runoff by 47%, decreased infiltra-
tion by 5%, and decreased streamflow by 29.5%. It
was estimated that these improvements in water-
shed function with AMP grazing would reduce the
risk of flooding downstream from 8.3 m?¥s under
the baseline continuous grazing scenario relative
to 6.2 m¥/s (Park et al., 2017a). The same authors
(Park et al., 2017b) also showed that, at the water-
shed scale, changing grazing management from the
baseline heavy continuous grazing to AMP reduced
the average annual surface runoff, sediment, nitro-
gen, and phosphorus loads at the watershed outlet
by 39, 34, 33, and 31%, respectively.

MANAGING GRAZING TO RESTORE
ECOLOGICAL FUNCTION AND FARM
LIVELIHOODS

In many countries, leading conservation
farmers have used AMP grazing to achieve supe-
rior soil health, vegetation, livestock production
and economic results (Teague et al., 2013; Savory
and Butterfield, 2016; Teague and Barnes, 2017).
Similar positive resource and economic results
have been obtained by scientists who have studied
the subject when research 1) was conducted at the
scale of ranching operations; 2) was managed pro-
actively as growing conditions changed to achieve
desired ecosystem and production goals; 3) meas-
ured parameters indicating change in ecosystem
function and not just production parameters; and
4) when treatments had been applied for sufficient
time for management of the alternate grazing treat-
ments to produce measurable differences resulting
from the additive effects of positive impacts and
many changes in factors like weather that influence
responses over many years.

In contrast, most, but not all grazing studies
in the scientific literature have concluded that rota-
tional grazing is no better than light continuous
grazing (Gammon and Roberts, 1978; Gammon,
1984; Briske et al., 2008, 2011). However, these sub-
optimal results are based on a sub-set of rotational


https://joyce-farms.com/
https://appliedeco.com

1524

grazing management studies that were generally
designed and conducted in reductionist ways that
were not managed to provide best outcomes for
each treatment as outlined in the following para-
graph. These studies were conducted in ways not
likely to have been applied by successful exponents
of AMP grazing, and thus they did not reflect
the successes achieved with AMP on commercial
ranches (Teague et al., 2013; Savory and Butterfield,
2016). The design and management of experiments
profoundly impacts the results obtained, with
favorable outcomes achieved by managing for spe-
cific goals (Teague et al., 2013). The potential of
multi-paddock grazing can be optimized if studies
are managed to achieve the best possible results
based on protocols that have been demonstrated by
successful farmers to provide superior resource and
economic results (Teague and Barnes, 2017).

The best examples of benefits from improving
grazing management have been produced by farm-
ers managing to specifically enhance soil health
and ecosystem function. This is the foundation to
improving profitability, and these leading farmers
have achieved substantial improvements in ecosys-
tem function; plant species composition and pro-
ductivity; soil carbon and fertility; water infiltration
and water-holding capacity; biodiversity; wildlife
habitats; and profitability (Teague et al., 2013;
Teague and Barnes, 2017). Their method is to use
multiple paddocks per herd with short grazing peri-
ods and long recovery periods, adaptively changed
when residual biomass, animal numbers and other
management elements such as growing conditions
change within and between years. It is becoming
increasingly clear that the key to sustainable use
and recovery from degradation involves using well-
planned and adaptively managed multi-paddock
grazing management protocols, and adjusting stock
numbers to match forage biomass to achieve desired
resource and financial goals while avoiding unin-
tended consequences such as soil loss and decline
in function, and reduced plant biomass and species
composition (Earl and Jones, 1996; Tainton et al.,
1999; Jacobo et al., 2006; Provenza, 2008; Barnes
and Hild, 2013; Ferguson et al., 2013; Teague et al.,
2013, 2015; Jakoby et al., 2014, 2015; Martin et al.,
2014; Miiller et al., 2014; Diaz Solis et al., 2015;
Savory and Butterfield, 2016; Wang et al., 2016).

Research that has been conducted following
protocols that have provided desired resource and
economic improvements by conservation farm-
ers have substantiated farm-based results. Using
a spatial simulation model, Jakoby et al. (2014)
determined that appropriate grazing with a large
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number of paddocks per herd that included short
grazing periods and adequate recovery facilitated
resource improvement and gave the best economic
results. However, economic risk was decreased only
when management adjustments accounted for pad-
dock forage quality and seasonality over the mod-
eled landscape (Jakoby et al., 2015). Similarly, the
model of Teague et al. (2015) showed that too long
a period of grazing or recovery resulted in poorer
animal performance or plant recovery, with nega-
tive economic consequences, as acknowledged by
experienced consultants working with farmers (W.
Davis, personal communication, Davis Consulting,
https://waltdavisranch.com/; D. Pratt, personal
communication, Ranch Management Consultants,
https://www.ranchmanagement.com/).

Modeling of adaptive stocking with many pad-
docks per herd was shown by Jakoby et al. (2015)
to be less sensitive to overstocking than constant
stocking, and that advantages of AMP compared
to continuous grazing are less important at low
stocking rates, but become increasingly important
as stock numbers increase, improving net economic
returns. Modeling by Wang et al. (2016) concluded
that, at the scale of commercial ranches, AMP
grazing with short periods of grazing and suffi-
cient periods of postgrazing recovery improved
grass composition and productivity, as well as
livestock DM consumption relative to continuous
grazing, especially with heavier stocking rates and
lower initial standing crop and forage composition.
However, the advantages of AMP grazing are less
evident with favorable rainfall conditions, light
stocking, low concentrations of undesirable plants,
and inadequate recovery periods. With their spatial
model, Jakoby et al. (2015) identified several via-
ble low-risk management choices are possible with
continuous grazing or few paddocks per herd, but
they require relatively low stocking rates that result
in low productivity and economic returns. In con-
trast, under both low- and high-risk management
strategies, multi-paddock grazing using large pad-
dock number and a reasonably high stocking rate
with short graze periods and long rest periods
maintained or improved resource condition, gave
superior economic outcomes, lowered income vari-
ability, and provided a greater likelihood of attain-
ing a minimum income goal.

IMPROVING GRAZING TO DECREASE THE
CARBON FOOTPRINT OF AGRICULTURE

One of the major concerns in grazingland eco-
systems is the substantial amount of GHGs emitted
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by ruminant livestock (Capper, 2012; Capper and
Bauman, 2013; Eshel et al., 2014; Ripple et al.,
2014). Although many scientists have concluded
that ruminant production systems are a particularly
large source of GHG emissions, others have shown
it is possible to convert many ruminant-based pro-
duction chains into net C sinks by changing man-
agement (Wang et al., 2014, 2015; Rowntree et al.,
2016; Teague et al., 2016). Previous assessments of
capacity for CH, uptake in grazed rangeland eco-
systems have not considered improved livestock
management practices and thus underestimated
potential for CH, uptake. Optimal fertilization,
appropriate adaptive stocking, moderate grazing
with adequate recovery, and intensification of live-
stock grazing management significantly contribute
to mitigation potential (Delgado et al., 2011; Wang
et al., 2014; Rowntree et al., 2016).

As soils can be a significant sink of carbon
depending on management practices (Conant
et al., 2001; Liebig et al., 2010; Teague et al., 2011;
Machmuller et al., 2015), soil carbon (C) dynamics
are an important component of calculating accur-
ate beef life-cycle assessments (LCA; Wang et al.,
2015; Teague et al., 2016; Rowntree et al., 2016).
However, changes in C have usually been unac-
counted for in LCAs (Stackhouse-Lawson et al.,
2012; Capper and Bauman, 2013; Eshel et al., 2014;
Ripple et al., 2014), even though it has been shown
to have a large impact on net GHG footprints when
explicitly included in calculations of net carbon
footprints of alternate combinations of agricultural
management options (Liebig et al., 2010; Pelletier
et al., 2010; Lupo et al., 2013; Wang et al., 2015;
Rowntree et al., 2016). When conducting LCA
assessments on emissions from ruminants in a food
production chain, it is fundamentally important to
include all elements in the chain influencing the net
carbon footprint in the whole system under review
(Teague et al., 2016). This includes accounting
for the beneficial ecosystem services such as those
from carbon sequestered in grazing ecosystems that
well-managed grazing systems can provide (e.g.,
Teague et al., 2011; Machmuller et al., 2015).

Under appropriate management, a grass-fed
ruminant model can not only provide for the feed
requirements of the livestock but also be ecologic-
ally beneficial and regenerative. Ruminants grazing
perennial grasslands that do not receive any inputs
that can reduce soil carbon levels and sequestra-
tion, such as inadequate ground cover, inorganic
amendments, pesticides, or medications that dimin-
ish soil ecological function have a more negative
carbon footprint (Teague et al., 2016). Liebig et al.
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(2010) shown that cattle on continuously grazed
native rangeland in the Northern Great Plains of
the United States had a net margin of C seques-
tered over emissions of 0.607 mg CO,_ /halyr
for moderate stocking, and 0.134 mg COzequiV/ha/
yr for heavy stocking (using Natural Resource
Conservation Service protocols). Where the graz-
ing management has resulted in improved ecosys-
tem function and productivity, as reported above,
the margin of increased C sequestered over rumi-
nant emissions is considerably greater. In southern
tallgrass prairie in Texas Wang et al. (2015) report
net C sink of 2.0 mg C/ha/yr when converting from
heavily stocked continuous grazing to AMP graz-
ing at the same stocking rate, and net sink of 1.7 mg
C/hal/yr following conversion from heavy to light
stocking with continuous, season-long grazing.
Similarly, Rowntree et al. (2016) working with beef
cattle on cultivated perennial pastures in Michigan,
report soil C gains of 3 mg C/ha/yr with AMP graz-
ing under rainfed or irrigated conditions. For a net
zero GHG footprint, sensitivity analyses indicated
that soil in the rainfed and irrigated AMP grazing
systems would need to sequester 1 and 2 mg C/ha/
yr, respectively.

Most cattle in North America are finished in
feedlots on grain-based feeds and proponents of
this finishing method claim that this results in lower
GHG emissions per kilogram beef produced and a
lower carbon footprint because it reduces the over-
all production time to slaughter and enteric fer-
mentation during this time, relative to grass-based
finishing (Capper, 2012; Stackhouse-Lawson et al.,
2012; Capper and Bauman, 2013; Eshel et al., 2014;
Ripple et al., 2014). However, these authors do not
consider the full food-chain carbon footprint of
grain-based finishing as it does not account for the
full GHG emissions associated with the produc-
tion of grain-based feeds, inorganic fertilizer and
other elements adding to the C footprint, and soil
erosion (Teague et al., 2016). Ruminant dams and
their offspring spend most of their lives on peren-
nial grass during which the C sequestered by the
grassland they graze exceeds their emissions (Wang
et al., 2015; Rowntree et al., 2016). This needs to
be considered when calculating the complete car-
bon footprint through any food-chain option being
considered.

In developed countries that routinely finish
ruminants on grains, another factor decreasing the
C footprint of any production chain is that any
crop-based finishing of ruminants that is based
on regenerative cropping practices with a nega-
tive GHG footprint (C sink) also diminishes the
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carbon footprint considerably (Gattinger et al.,
2012; Aguilera et al., 2013). Such modification of
agroecosystem production systems and conversion
to regenerative cropping and AMP-based grass-fin-
ished livestock would also provide other important
ecological benefits (DeRamus et al., 2003) as out-
lined earlier in this document. In addition, supplies
of human food products would be increased by
70% if crop production currently used for animal
feed and other uses such as biofuels were instead
used for human food products, providing sufficient
resources for billions of people (West et al., 2014).

The limited availability of experimental data
on soil C and GHG dynamics in grazing and crop-
ping agroecosystems has been an obstacle in filling
this critical gap in data needed to conduct more
accurate LCA in grazing ecosystems and ruminant
production systems. These include the background
environmental consumption of CH, by methano-
trophs, such as in-and-near termite mounds (Jamali
et al., 2011), and the larger scale atmospheric pho-
tooxidation of CH, in the presence of water vapor
(Cox et al., 1976).

WORKING WITH OUTSTANDING
FARMERS

Working in collaboration with farmers who
have simultaneously improved the biophysical con-
ditions of their environments in different ecological
and cultural settings while achieving superior eco-
nomic returns is fundamentally important (Van der
Ploeg et al., 2006). Not only have they developed
improved management protocols but they have
determined how to cash-flow the transition, and
learnt how to avoid unintended consequences, while
transitioning from low to high soil health. Effective
farm management to achieve best outcomes in the
farm business requires goal-directed adaptive flexi-
bility combined with understanding farm landscape
responses to alternative management actions and
their interactions with biophysical processes that
evolve over time. Small-scale, component research
using reductionist protocols rarely incorporates any
adaptive management-related factors, thus limiting
the discovery of positive or negative interacting
effects. Research that has been conducted for short
periods at small scale, in isolation of interacting
elements, and with variability purposely reduced,
provides no guarantee that they would deliver this
promise in a commercial setting or avoid unin-
tended consequences. Consequently, the effective
study of farm management cannot be determined
using classical, replicated experiments that reduce
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variability and scale of enquiry to understand
limited situations but need to be augmented by
goal-oriented, management-scale applied research
and linked simulation model investigations.

Scientific research protocols and routines, and
lack of systems training preclude most research
scientists from being able to fully understand,
represent, or manage research projects to achieve
the best possible outcomes of innovative manage-
ment options (van der Ploeg et al., 2006). In con-
trast, farmers are less constrained by convention
and are more likely to test different combinations
of practices and approaches within realistic whole-
ranch systems (Teague et al., 2011; Teague and
Barnes, 2017). Working collaboratively with finan-
cially successful conservation farmers can facilitate
studying biological and economic interactions that
can be optimized through change to achieve syner-
gisms at this higher level of integration. Working
with leading farmers can facilitate development of
more sustainable future agricultural practices (van
der Ploeg et al., 2006). Benefits include 1) address-
ing questions at commercial scale; 2) integrating
component science into whole-system responses;
3) identifying emergent properties and unintended
consequences; 4) incorporating pro-active man-
agement to achieve desired goals under changing
circumstances; 5) enhancing the potential of the
human element to achieve superior economic and
environmental goals; and 6) extend the usefulness
of information developed in research to the people
managing the land.

SUMMARY AND CONCLUSIONS

Effective soil management provides the greatest
potential for achieving sustainable use of agricul-
tural land with rapidly changing, uncertain, and
variable climate. With appropriate management
of grazing and cropping enterprises, soil func-
tion can be regenerated to improve essential eco-
system services and support local populations,
simultaneously reducing the use of costly and
potentially damaging purchased inputs. Affected
ecosystem services include capture of solar energy,
soil water infiltration, soil stabilization, nutrient
cycling, nutrient retention, soil formation, carbon
sequestration, biodiversity, and wildlife habitat.
Permanent cover of forage plants is highly effect-
ive in reducing soil erosion and increasing soil infil-
tration. Ruminants consuming only grazed forages
under appropriate management results in consid-
erably more carbon sequestration than emissions.
Incorporating forages with ruminants to manage
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regeneration of ecological function in agroecosys-
tems can elevate soil C and improve soil ecological
function. Minimizing the damage of poor grazing
management, tillage, and inorganic fertilizers and
biocides can enhance biodiversity and wildlife hab-
itat if incorporated within goal-oriented planning
and monitoring protocols (Savory and Butterfield,
2016).

To ensure long-term sustainability and eco-
logical resilience of agroecosystems, agricultural
production should be guided by policies that ensure
regenerative cropping and grazing management
protocols. Changing current unsustainable high-in-
put agricultural practices to low-input regenerative
practices enhances soil and ecosystem function and
resilience, improving long-term sustainability and
social resilience. A primary challenge is increasing
the scale of adoption of land management prac-
tices that have been documented to affect soil health
positively. In areas where no cropping is possible,
grazing of ruminants in a manner that enhances
soil health will reduce the C footprint of agricul-
ture much more than reducing domesticated rumi-
nant numbers to reduce enteric GHG emissions,
while providing highly nutritious food that has sus-
tained pastoral livelihoods and cultures for centu-
ries. Ruminant livestock are an important tool for
achieving sustainable agriculture and with appro-
priate grazing management. They can increase C
sequestered in the soil to more than offset ruminant
GHG emissions while they support and improve
other essential ecosystem services for local popula-
tions such as increase water infiltration, reduce soil
erosion, improve nutrient cycling, soil formation,
carbon sequestration, biodiversity, and wildlife
habitat.

Research conducted on managed landscape
shows that ecologically managed AMP grazing
strategies incorporating short, high-impact grazing
with long recovery periods can regenerate ecosys-
tem function on commercial-scale agroecological
landscapes. These include 1) build soil carbon con-
centrations and soil microbial function; 2) enhance
water infiltration and retention; 3) control erosion
more effectively; 4) build soil fertility; 5) enhance
watershed hydrological function; 6) improve live-
stock production and economic returns and the
resource base; 7) enhance wildlife and biodiversity;
and 8) increase soil function as a net GHG sink.

Collectively, conservation agriculture aimed at
regenerating soil health and ecosystem function
supports ecologically healthy resilient agroeco-
systems, improves net profitability, and enhances
watershed function. To accomplish this, it is
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important for scientists to collaborate with envir-
onmentally progressive managers who have excelled
financially by improving their resource base, iden-
tify the processes associated with improvement,
and convert experimental results into sound envir-
onmental, social, and economic benefits regionally
and globally.
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