
at SciVerse ScienceDirect

Journal of Environmental Management 128 (2013) 699e717
Contents lists available
Journal of Environmental Management

journal homepage: www.elsevier .com/locate/ jenvman
Review
Multi-paddock grazing on rangelands: Why the perceptual dichotomy
between research results and rancher experience?

Richard Teague a,b,*, Fred Provenza c, Urs Kreuter a, Tim Steffens d, Matt Barnes e

a Ecosystem Science and Management, Texas A&M University, College Station, TX 77843, USA
b Texas A&M AgriLife Research, Texas A&M University System, Vernon, TX 76384, USA
cWildland Resources, Utah State University, Logan, UT 84322-5230, USA
dUSDA-Natural Resources Conservation Service, Springfield, CO 81073, USA
e Shining Horizons Land Management, LLC, San Luis, CO 81152, USA
a r t i c l e i n f o

Article history:
Received 27 April 2012
Received in revised form
15 May 2013
Accepted 23 May 2013
Available online 11 July 2013

Keywords:
Adaptive management
Grazing systems
Grazed ecosystems
Rangeland restoration
Socio-ecological resilience
Science and management
* Corresponding author. Texas A&M AgriLife Res
Vernon, TX 76384, USA. Tel.: þ1 940 552 9941; fax: þ

E-mail addresses: r-teague@tamu.edu, rick.teague2

0301-4797/$ e see front matter � 2013 Elsevier Ltd.
http://dx.doi.org/10.1016/j.jenvman.2013.05.064
a b s t r a c t

Maintaining or enhancing the productive capacity and resilience of rangeland ecosystems is critical for
the continued support of people who depend on them for their livelihoods, especially in the face of
climatic change. This is also necessary for the continued delivery of ecosystem services derived from
rangelands for the broader benefit of societies around the world. Multi-paddock grazing management
has been recommended since the mid-20th century as an important tool to adaptively manage range-
lands ecosystems to sustain productivity and improve animal management. Moreover, there is much
anecdotal evidence from producers that, if applied appropriately, multi-paddock grazing can improve
forage and livestock production. By contrast, recent reviews of published rangeland-based grazing sys-
tems studies have concluded that, in general, field trials show no superiority of vegetation or animal
production in multi-paddock grazing relative to continuous yearlong stocking of single-paddock live-
stock production systems. Our goal is to provide a framework for rangeland management decisions that
support the productivity and resiliency of rangelands and then to identify why different perceptions exist
among rangeland managers who have effectively used multi-paddock grazing systems and research
scientists who have studied them. First, we discuss the ecology of grazed ecosystems under free-ranging
herbivores and under single-paddock fenced conditions. Second, we identify five principles underpin-
ning the adaptive management actions used by successful grazing managers and the ecological, physi-
ological, and behavioral framework they use to achieve desired conservation, production, and financial
goals. Third, we examine adaptive management principles needed to successfully manage rangelands
subjected to varying environmental conditions. Fourth, we describe the differences between the inter-
pretation of results of grazing systems research reported in the scientific literature and the results re-
ported by successful grazing managers; we highlight the shortcomings of most of the previously
conducted grazing systems research for providing information relevant for rangeland managers who aim
to achieve desired environmental and economic goals. Finally, we outline knowledge gaps and present
testable hypotheses to broaden our understanding of how planned multi-paddock grazing management
can be used at the ranching enterprise scale to facilitate the adaptive management of rangelands under
dynamic environmental conditions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Rangelands are diverse ecosystems and landforms that cover
about half of the world’s terrestrial area, excluding Antarctica
and Greenland, and that are unsuited for intensive agriculture or
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forestry because of climatic, edaphic or topographic limitations
(Holechek et al., 2004). People in many rural and urban populations
depend on them for their livelihoods, often through livestock
production, and for the ecosystem services that affect human well
being. Such services include the maintenance of stable and pro-
ductive soils, the delivery of clean water, the sustenance of plants,
animals and other organisms that support human livelihoods, and
other characteristics that support aesthetic and cultural values
(Daily, 1997; Grice and Hodgkinson, 2002).
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Healthy rangelands are more productive, stable and resilient
than those in poorer condition and they provide greater earnings
and more abundant ecosystem services (Heitschmidt and Taylor,
1991; Oesterheld et al., 1992; Milchunas and Lauenroth, 1993;
Wessels et al., 2007; Teague et al., 2009a, 2011). Therefore, to
support their sustainability, anyone who manages rangelands
should aim to enhance the health and socio-ecological resilience of
these ecosystems (Walker et al., 2002). This requires adopting long-
term planning horizons, conserving primary resources, choosing
appropriate management goals, and continually adapting to dy-
namic ecological, social, and economic conditions.

Changes in environmental conditions often happen so gradually
that most people are unaware of them until some threshold con-
dition has been exceeded (Senge, 1994). Unless sufficiently sensi-
tive indicators of change are continually monitored, landowners
who focus on short-term profit maximization may not realize that
the ecosystems upon which their production systems depend are
being systematically degraded (Kothmann et al., 1971; Whitson
et al., 1982; Knight et al., 1990; Teague et al., 2009a). As a result,
maximizing livestock production from rangelands is inevitably an
unsustainable goal both ecologically and economically (Workman,
1986). To remain economically viable, managers must maintain or
improve the biophysical functions and processes necessary for
sustaining ecosystem health and resilience, including soil organic
matter accumulation, solar energy capture, water infiltration, and
nutrient cycling while also maintaining ecosystem biodiversity. In
the long term, this strategy provides the greatest cumulative pro-
duction potential and economic profits without decreasing delivery
of ecosystem services for society.

Ranchers with secure land tenure generally have a vested interest
in managing their resources for sustained high yields and profit-
ability. Achieving this goal requires ranchers to integrate knowledge
from biological, economic and management disciplines and to
continually adjust management actions in response to changing
environmental and socio-economic conditions. In response, people
have developed numerous grazing strategies for sustaining and
improving rangeland health. However, applying any of them suc-
cessfully requires the use of adaptivemanagement based on relevant
scientific information and, equally importantly, local knowledge and
experience to respond to ever-changing circumstances (Walters,
1986; Holling and Meffe, 1996; Walker et al., 2002). The benefits of
multi-paddock grazing for maintaining productivity and profitability
and for adaptivemanagement responses to changing conditions have
been evident to ranchers for many years in many countries (Tainton
et al., 1999; Teague et al., 2009b). However, recent reviews of pub-
lished rangeland grazing studies suggest that multi-paddock rota-
tional grazing improves neither vegetation nor animal production
relative to single-paddock continuous stocking (Briske et al., 2008).

The goal of our paper is to provide a framework for rangeland
management decisions to enhance ecosystem resilience and de-
livery of ecosystem services and to develop testable hypotheses
that explain the differences in perspectives of ranchers’ observa-
tions and scientific research results. In presenting the framework
and hypotheses, we distinguish between principles and processes
of adaptation and their local manifestations for plants, herbivores,
and people. Many publications report the manifestations of
particular responses unique to local conditions for plants, herbi-
vores and researchers, and do not focus on principles and pro-
cesses, which are required to increase broader understanding of
responses to management actions. While principles and processes
apply generally across time and space, the application of treatments
varies from time-to-time and place-to-place, which makes their
responses unique in space and time.

The reason for developing and implementing grazing manage-
ment strategies as alternatives to continuous grazing is to prevent
the degradation of rangeland ecosystems and to enhance ecological
functions that increase primary and secondary production, and to
provide other ecosystem services. Short-term field studies of grazing
management have generally incorporated a minimal number of
grazing system variables, notably plant and animal production, to
obtain publishable results. In most cases, they have not investigated
grazing management impacts on other system elements nor the
interaction of these components. In addition, the spatial and tem-
poral scales of such research are generally smaller and shorter,
respectively, than those faced by ranchers. Therefore, the results of
these grazing systems studies must be interpreted carefully to
determine their value and applicability at a ranch-operation scale.
When applied rigidly at these larger scales, they have often led to
different and unsatisfactory outcomes. Accordingly, we concentrate
our inquiry on determining the management principles, processes
and approaches needed to maintain or improve the ecological
function and biological resources upon which productivity is based,
rather than on examining what management results in the highest
productivity without examining long-term consequences on
ecosystem function (see Van der Ploeg et al., 2006 for a discussion of
these ideas regarding a grassland experiment).

The manuscript is based on five focal areas of inquiry. First, we
outline the ecology of grazed ecosystems under free-ranging and
single-paddock herbivory conditions. Second, we identify five prin-
ciples underpinning the actions used by successful grazingmanagers
and the ecological, physiological, and behavioral framework they use
to achieve desired conservation, production, and financial goals.
Third, we examine the adaptive management principles needed
for sustainability in variable environments. While understanding
ecological processes is critically important, such knowledge is
insufficient for sustainable outcomes; to respond to ever-changing
ecological, social, and economic conditions, people must combine
knowledge of plant and animal ecology, physiology, and behavior
with adaptive, goal-oriented decision-making. Fourth, we describe
differences between the interpretation of results of grazing systems
research reported in the scientific literature and the knowledge
gained by successful grazing managers. In association with this we
outline the shortcomings of grazing system research for providing
information relevant for rangeland managers to meet their desired
environmental and economic goals. Finally, we outline knowledge
gaps and associated research needed to provide a clearer under-
standing of how grazing management can achieve desired socio-
ecological goals. To facilitate future research, we develop testable
hypotheses to explainwhy recent reviews of research have arrived at
conclusions that differ from those obtained by many successful
conservation award-winning ranchers. Given that the scientific
procedure involves formulating testable hypotheses that aim to
explain observations (Popper, 1959; Kuhn, 1970), we present well-
founded observations from numerous sources to formulate testable
hypotheses.

2. Ecology of grazed ecosystems

2.1. Grazing effects under free-ranging herbivory

From the late Mesozoic Era, grazing by large ungulates has been
an integral part of most ecosystems. The co-evolution of plants and
herbivores under changing environmental conditions has resulted
in highly resilient grazed ecosystems that support more animal
biomass and sustain considerably higher levels of herbivory than
other terrestrial habitats (Stuart Hill and Mentis, 1982; Frank et al.,
1998). Grazing, fire and fluctuating climatic regimes create the
dynamic resilience of organisms that respond constantly to bio-
physical events. As a consequence, most ecosystems never reach a
steady-state or climax seral stage (Pielou, 1991). Rather, periodic
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disturbances rejuvenate and transform landscapes including soil
nutrients and structure, plant species composition, structure and
biodiversity (Vogl, 1974; Rice and Parenti, 1978; Pickett and White,
1985; Hulbert, 1969, 1988).

The key elements characterizing grazed ecosystems are spatial
and temporal variation in plant diversity, forage supply, and
dominance by large migratory herds of herbivores. Vegetation
heterogeneity is determined by spatial variation in topography and
soils and temporal variation in precipitation (McNaughton et al.,
1989; Frank et al., 1998). These vagaries cause grazers to move
regularly for several reasons: satiation of water and nutrient re-
quirements including both primary and secondary compounds,
fouling sites with urine and feces, social organization, and the in-
fluences of fire, predation, herding and hunting (Provenza, 2003a,
2003b; Bailey and Provenza, 2008). Although grazing pressure
can be intense at some sites, concentrated grazing seldom lasts long
when the movement of herbivores is not restricted; instead grazed
plants are typically afforded time for inter-defoliation recovery
when herds move to new feeding grounds (Frank et al., 1998).
Nomadic pastoralists who mimic the grazing patterns of uncon-
strained herbivores appear to have less detrimental effects on
grasslands compared to sites where defoliation frequencies are
increased when grazing animals are restricted to a single fenced
paddock (Meuret, 2010).

Grazers and browsers affectmany ecosystem processes. Through
urination and defecation they can increase nutrient concentrations
(Holland et al., 1992), and enhance mineral availability for soil mi-
crobes and plant roots. This positively influences plant nutrition,
especially nitrogen, thereby increasing photosynthesis (Hamilton
and Frank, 2001) and ultimately increasing plant production
compared to ungrazed areas (Bryant et al., 1991; Frank et al., 1998).
In addition, by creating concentrations of plant organic matter,
nutrients and soil moisture, herbivores generate conditions that are
more conducive for growth than for the development of chemical
defences by plants, thereby enhancing the palatability of plants
(Bryant et al., 1991; Coley et al., 1985; Provenza et al., 2003b). Such
effects of grazers on carbon and nitrogen distribution are as
important in determining landscape-scale ecological processes as
topography, catenal position, and soil type (Frank and Groffman,
1998). However, the potentially positive feedbacks of grazers on
ecosystems are mediated by low moisture or extreme temperature
conditions that limit plant growth (Wallace et al.,1984; Coughenour
et al., 1985; Louda et al., 1990).

2.2. Grazing effects under single-paddock fenced conditions

Unfortunately, the replacement of free-ranging wild herbivores
with livestock managed by humans has frequently led to severe
degradation of rangelands. Domesticated livestock have become
sedentary as humans restricted their movements across land-
scapes, suppressed periodic fire, and eliminated large predators
(Milchunas and Lauenroth, 1993). This has led to the removal of
periodic animal use and positive impacts of animals on plants fol-
lowed by the key revitalizing element of periodic rest from defo-
liation for plants and to decreased nutritional quality and health for
herbivores (Provenza, 2008). In many instances, pressure on grazed
plants has been further elevated through the use of supplementary
feed to retain high animal numbers during less productive periods
(Oesterheld et al., 1992).

Animals do not graze uniformly over the landscape but repeat-
edly consume preferred plants and patches of vegetation. This
selectivity is affected most by vegetative heterogeneity at the land-
scape level and to a lesser degree by plant heterogeneity at the
feeding-station scale and by distance of forage resources fromwater
(Stuth, 1991; WallisDeVries et al., 1999). Overgrazing occurs when
individual plants are subjected to multiple, severe defoliations
without sufficient physiological recovery time (Briske, 1991; Roshier
and Nicol, 1998). In turn, excessive herbivory removes threshold
amounts of biomass and litter, causing soil exposure and degradation
in heavily used areas (Thurow, 1991; Fuls, 1992; O’Connor, 1992;
Derner et al., 1994; Ash and Stafford-Smith, 1996; Teague et al.,
2004, 2011). The spatial arrangement and scale of vegetative
patchiness are major determinants of patterns of grazing and site
selection when livestock are stocked continuously in a given area.
Grazing patterns are further influenced by topographic variation, the
distribution of water, mineral licks and cover, and both intra- and
inter-specific social interactions among herbivores (Coughenour,
1991; Provenza, 2003b). These factors combine to increase vegeta-
tive heterogeneity as the size of the grazing paddock increases
(Stuth, 1991; Illius and O’Connor, 1999; WallisDeVries et al., 1999),
which typically causes heavy, repeated impacts on preferred areas
while other parts of the paddock receive light or no utilization
(Coughenour,1991; Fuls,1992; Kellner and Bosch,1992; Teague et al.,
2004).

Droughts, which are common in many rangeland ecosystems,
exacerbate the effects of chronic defoliation (McIvor, 2007) causing
preferred plants to perish and enabling less desirable plants, which
are more highly physically and chemically defended species of
grass, forbs and shrubs, to expand (Bryant et al., 1983; Briske, 1991;
Herms and Mattson, 1992). These degradation effects compound
over time, decreasing the delivery of the ecosystem services that
may be difficult or impossible to restore (Coughenour, 1991; Fuls,
1992; Kellner and Bosch, 1992; Teague et al., 2004).

Historically, high stocking rates have been identified as the
leading cause of rangeland degradation (Heitschmidt and Taylor,
1991). Reducing stocking rates to low levels to reduce degradation
often exacerbates uneven grazing impact because the most desirable
areas and plants within them continue to be more frequently and
intensively grazed while less desired areas and plants are frequented
less often (Ash and Stafford-Smith, 1996; Earl and Jones, 1996;
Teague et al., 2004, 2011). Therefore, while stocking according to
forage supply is a crucial first step in sustainable rangeland man-
agement for livestock production, it must be applied in conjunction
with other practices that increase animal distribution and move-
ment, and that include periodic growing season recovery and short
grazing periods to mitigate the damaging effects of repeated selec-
tive grazing (Morris and Tainton,1991; O’Connor,1992; Norton,1998,
2003; Provenza, 2008; Teague et al., 2004, 2011).
3. Principles of successful grazing management

Ranching in rangeland ecosystems is characterized by ever-
changing and unpredictable environmental conditions and cir-
cumstances due to low, variable and spatially and temporally het-
erogeneous precipitation and plant productivity, and to fluctuating
economic conditions driven by market price fluctuations and
shifting social values. Successful rangeland managers enhance the
health of the ecosystems upon which they depend, their profit-
ability and their life quality, while also providing ecosystems ser-
vices desired by society, by using soil, water and plant resources
efficiently and sustainably (Walters, 1986; Holling and Meffe, 1996;
Walker et al., 2002). To do so, they combine scientific principles and
local knowledge to adaptively manage animals to influence four
ecosystem processes: efficient conversion of solar energy by plants;
interception and retention of precipitation in the soil; optimal
cycling of nutrients; and promotion of high ecosystem biodiversity
with more complex mixtures and combinations of desirable plant
species (Stinner et al., 1997; Reed et al., 1999; Savory and
Butterfield, 1999; Sayre, 2001; Gerrish, 2004; Barnes et al., 2008;
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Diaz-Solis et al., 2009; Teague et al., 2009b). To accomplish this,
successful managers apply the following five principles:

1. Provide sufficient forage for animals to select a diet of adequate
quantity and quality;

2. Manage grazing so animals eat a wide variety of plants and
decrease impacts on desirable plants;

3. Leave enough leaf biomass on defoliated plants to facilitate
interception and infiltration of precipitation and to maintain
sufficient photosynthetic capacity for rapid plant recovery;

4. Allow adequate post-grazing recovery to maintain plant vigor
and desired plant composition; and

5. Plan and create the means to control grazing pressure in time
and space to facilitate the previous 4 principles.

These five management principles are implemented using an
ecological, physiological, and behavioral framework to achieve the
desired conservation, production, andfinancial goals. This framework
comprises four operating actions including: 1) providing adequate
plant recovery; 2) modifying livestock distribution; 3) regulating
grazing intensity; and 4) modifying livestock nutrition and feeding
behavior. The linkages of the five management principles with the
four operating actions are depicted in Fig. 1 and each action category
of emphasis is discussed in the following subsections:

3.1. Provide adequate post-grazing plant recovery

Long-term ranch-based research and theoretical analyses indi-
cate that reducing livestock numbers when forage availability de-
clines is insufficient to maintain rangeland health and productivity
(Müller et al., 2007; Teague et al., 2004, 2011). Adequate post-
grazing recovery during the growing season is also necessary to
conserve rangelands and enhance their productivity. This requires
excluding grazing animals from previously grazed areas for enough
time to allow plants to regrow before they are again defoliated.

Post-defoliation plant recovery occurs, however, only if mois-
ture and temperature regimes are suitable for plant growth during
the grazing deferment period (Wallace et al., 1984; Coughenour
et al., 1985; Louda et al., 1990). Suitable recovery periods are spe-
cies- and even plant-specific (Caldwell, 1984). Recovery is slower or
minimal during droughts; thus, drier rangeland ecosystems are
affected more and require longer recovery periods (Heitschmidt
and Taylor, 1991), often a year or more (Trlica et al., 1977; Cook
and Stoddart, 1963). The length of time necessary for plant
Fig. 1. Linkages between five principles of successful grazing management
recovery during the growing season after moderate defoliation
varies from approximately 30 days in mesic ecosystems to four or
more months in xeric rangelands (Reece et al., 1996; Hendrickson
et al., 2000). Many of the world’s ecosystems, particularly in xeric
areas, have been substantially degraded due to insufficient post-
grazing recovery time (Tainton et al., 1999; Müller et al., 2007).
Moreover, where such degradation has occurred, the recovery of
plants after even moderate defoliation will be considerably slower
than in healthy rangelands (Reece et al., 1996; Caldwell, 1984).

To overcome the effects of defoliation of preferred plants
growing in preferred areas, periodic, adequate post-grazing re-
covery is critical to maintain or improve plant productivity, vigor,
and diversity. That means moving livestock among separated lo-
cations (demarcated by paddocks or shepherding) within the
grazing area inways that enable light tomoderate use of a variety of
different plant species and sufficient plant recovery times within
and between years.
3.2. Modifying livestock distribution

Using multiple paddocks per herd enables a manager to effec-
tively increase the surface area utilized by grazing animals; sub-
dividing a grazing unit into smaller paddocks facilitates placing
livestock in parts of the landscape that they may have previously
neglected or under-utilized. This creates a de facto increase in
available forage that livestock actually seek, encounter and
consume compared to that prior to subdivision (Teague et al.,
2004). Even under continuous stocking more rangeland vegeta-
tionwill be used by livestock that are restricted to smaller paddocks
because landscape heterogeneity and forage patchiness increase as
the size of grazing unit increases and stock density decreases (Senft
et al., 1985; Hart et al., 1993a,b).

Because livestock develop preferences for some parts of the
landscape over others (Senft, 1989; Provenza, 2003b), de facto
stocking rates vary from high to low across a landscape that is, on
average, stocked “modestly”. The use of more numerous, smaller
paddocks tends to spread out forage demandmore equitably across
the landscape by increasing the proportion of the landscape used
by livestock, increasing the grazing pressure on previously unused
or lightly used areas and decreasing the grazing pressure on
preferred areas. The overall effect is to increase the livestock car-
rying capacity for the landscape.
and four operational action categories used to apply these principles.
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3.3. Regulating grazing intensity

Multi-paddock grazing can prevent or reverse rangeland degra-
dation caused by area and patch-selective overgrazing that develops
within single paddocks that are stocked continuously (Teague et al.,
2004, 2011). While this applies to all grazed rangelands, livestock
managersmust be sensitive to the relative ability of plants to recover
from grazing due to their unique co-evolutionary histories with
herbivores, to differences in degree of defoliation among contem-
poraries, and to current environmental conditions (Caldwell et al.,
1981; Milchunas and Lauenroth, 1993; Adler et al., 2004, 2005; De
Bello et al., 2005). When plants must be grazed during the
growing season, they persist best when defoliated moderately and
when ample soil moisture and moderate air temperatures exist for
regrowth following defoliation (Caldwell et al., 1981).

Using multiple paddocks per herd allows a manager to regulate
the length of a grazing period and hence the average intensity of
defoliation as well as the length of time before each paddock is
grazed again (Teague et al., 2004; Barnes et al., 2008). When
grazing period decreases proportionally more than stock density
increases, the average defoliation intensity of preferred plants and
the opportunity for repeated use of previously heavily used areas
tend to decrease if graze periods are short enough (Steffens et al.,
2009). When coupled with longer recovery between graze pe-
riods, shorter graze periods enable rapid perennial plant recovery
and increase the possibility for germination and establishment of
desirable species. The degree of control over timing of occupancy of
a grazed area, and the potential for forage and animal production
benefits, are both a function of the number of paddocks for an in-
dividual grazing rotation cycle (Norton, 1998; Teague et al., 2004)
and the length of the grazing period in each paddock. Together they
determine forage demand relative to forage available during the
grazing period (Steffens et al., 2009).

Regulating the intensity of grazing is a major factor determining
plant vigor and productivity. Maximum forage growth rate occurs
when environmental conditions are optimum and plants are
vegetative and have adequate (intermediate) leaf biomass (photo-
synthetic capacity) to regrow quickly following grazing; leaf
growth rate is low when leaf biomass is low or when plants reach
the reproductive phase (Booysen, 1966; Booysen and Tainton, 1978;
Maeda and Yonetani, 1978). Season-long continuous stocking over
thewholemanagement unit results in over- and under-used plants,
both of which exhibit low photosynthetic capacity and growth
rates. By contrast, when quality differences between plants are
relatively low, intensive multi-paddock grazing can enhance the
photosynthetic capacity and growth rates of grazed plants for
longer periods during the growing season and over a larger pro-
portion of the grazing area by increasing the proportion of plants
that are maintained in a vegetative, leafy state, assuming environ-
mental conditions are optimum for growth (Teague et al., 2011).
When these differences are high, increasing paddock numbers to
provide extended post-defoliation recovery times provides away to
allow heavily defoliated very high quality plants to physiologically
recover more fully between defoliations and, thereby, to better
maintain their competitive position in the plant community.

In moremesic rangelands, such as tallgrass prairies where water
and nutrients are less limiting for regrowth, well-managed multi-
ple-paddock grazing can increase plant and animal production by
maintaining plants in a vegetative state for a longer time (Gerrish,
2004; Teague et al., 2011). In such ecosystems, periods of growth
are frequent and long enough that it is feasible to maintain large
portions of the plants in the grazing unit in a leafy, non-
reproductive phase using moderate levels of defoliation with
grazing periods of 1e3 days followed by recovery periods as short
as 45e90 days. Critically, achieving this outcome in highly variable
environments means management must be flexible (Diaz-Solis
et al., 2009).

In more xeric ecosystems that experience erratic precipitation
and short and intermittent periods of plant growth, such as annual
grasslands in California and perennial rangelands around the world
where plant recovery is inherently slower, different grazing stra-
tegies are needed compared to those most suited for mesic areas
(Tainton et al., 1999). Short and sporadic precipitation events favor
plants that respond quickly, both in initiating and slowing growth
in response to pulses of moisture. In xeric environments, the ben-
efits of shorter grazing periods combined with longer growing
season recovery periods are relatively small compared to more
mesic areas. To maintain or improve range condition in drier
environments, and those with a slower response to herbivory,
managers should apply moderate use during the growing season
along with long growing season recovery periods. Maintaining
adequate vegetative cover and minimizing the adverse effects of
bare ground on plants are paramount to retaining plant produc-
tivity and preventing soil erosion and deterioration (Thurow, 1991;
Teague et al., 2011).

3.4. Modifying nutrition and feeding behavior

The nutritional regime of herbivores on rangelands is often
highly variable. Animals cannot necessarily meet their nutritional
needs during high demand periods, including conception, late
pregnancy and lactation, especially if the processes of maintenance
and reproduction are out of synchrony with seasonal vegetation
growth and production (Provenza, 2008). Multi-paddock manage-
ment can positively influence both forage productivity and quality
and managers can plan stock movements to place animals in pad-
docks with the best chance of meeting higher nutritional re-
quirements (Tainton et al., 1999). However, wet and dry rangelands
require different management strategies to achieve this objective
because forage quantity and quality and animal nutrition chal-
lenges are not the same.

Plant production is lower in drier than inwetter ecosystems, but
the quality of forage declines more precipitously with plant
maturity in wetter ecosystems. In more humid and sub-tropical
rangelands, forage matures more quickly and taller grass species
lignify as they mature. Animal performance increases as grazing
period decreases if ample quantity and quality of green leaf is
available. Conversely, animal performance decreases as the length
of rest period increases beyond the time it takes grazed plants to
recover as plants mature. Nutrient intake becomes more sensitive
to grazing period length as paddock numbers increase because
higher quality forage disappears more quickly with higher paddock
numbers per herd (Steffens et al., 2009). Higher forage production
also occurs at moderate utilization under short grazing periods
(Gerrish, 2004). For optimum nutrient intake, rest periods should,
therefore, be long enough for plant recovery but not so long that
plants mature; the quality of grasses and forbs decreases markedly
with maturity while shrubs maintain quality, especially protein,
and can provide a complementary forage source when grasses
mature (Provenza et al., 2003b). Grazing periods should be short
and defoliation should be moderate to accomplish these goals but
managers should also be flexible when determining grazing period
and intensity as circumstances change (Voisin, 1959; Booysen,
1966; Booysen and Tainton, 1978; Teague et al., 2011).

Grazing management influences diet selection and animals
optimize food intake based on how they have learned to use various
combinations of plants and locations in a pasture (Provenza et al.,
2003a; Provenza, 2003b). Under continuous, low density grazing
livestock often learn to eat only a small subset of themore palatable
foods that provide adequate nutrition, even though adequate



R. Teague et al. / Journal of Environmental Management 128 (2013) 699e717704
quality may be available for them to use a greater proportion of the
plants to meet dietary requirements if mixed over a short period of
time (Steffens et al., 2009). Animals grazed in this way are unlikely
to learn about the possible benefits of mixing different foods,
especially those high in secondary compounds. Over time, such
selective foraging will change the mix of plants on offer in a self-
reinforcing cycle that further reduces opportunities to learn, and
it will gradually degrade soils, plants, animal performance and
landscapes (Provenza, 2008).

One of the primary advantages of high stock density, often
overlooked in grazing studies, is to allow animals adequate op-
portunity to learn to select a high quality diet from a mixed sward
or a landscape with diverse topographic, edaphic, and vegetation
features. When they are introduced to multi-paddock grazing, they
will rapidly deplete those preferred plants and can be encouraged
to take a higher proportion of other plants (Provenza et al., 2003a).
In the process, they learn to “mix the best with the rest” as opposed
to “eat the best and leave the rest”, thereby spreading the grazing
pressure to less palatable plants (Villalba et al., 2004; Shaw et al.,
2006). That involves learning about complementarities among
primary and secondary compounds in different plants (Villalba
et al., 2011; Lyman et al., 2012; Owens et al., 2012). This process
is accelerated if grazing periods are short and stock densities are
high. Thus, the combination of more paddocks with high stock
density for short periods can encourage livestock to eat a wider
variety of plants and avoid regrazing only the most palatable plants
(O’Connor, 1992; Provenza, 2003a, 2003b).

There are other ways for animals to learn to use new foods in
combination with familiar foods as well. For instance, herders in
France set up training paddocks for naïve animals and they move
their livestock among different vegetation types in certain se-
quences to take advantage of synergisms that increase ingestion of
certain foods after other specific forages have been consumed,
thereby stimulating appetite and intake of a variety of forages,
many of which animals ordinarily would not eat (Provenza, 2008;
Meuret, 2010).

Although animals accustomed to selectively grazing plants un-
der low-density, continuous stocking can perform poorly when
beginning to graze under high-density grazing, as they learn to
“mix the best with the rest” they acclimate to the newmanagement
within 3 years and resume previous performance levels as we
discuss in the following sections and the same is true for learning to
use new habitats, for instance uplands as opposed to riparian areas
(Provenza et al., 2003a). Increasing the number of paddocks to
shorten periods of occupation reduces the negative effects on ani-
mal performance, and depending on how they are used, they can
also serve as training pastures (Meuret, 2010).

4. Adaptive management in variable environments

Management is relatively easy when resources for plant growth
are abundant and predictable and when forage quality is reason-
ably high and consistent. Rangelands, by contrast, are difficult to
manage because decisions must accommodate substantial change
and uncertainty including inter- and intra-seasonal climatic varia-
tions with periodic droughts, low and variable forage quality, and
variation in social preferences and economic factors that affect
profitability (Tainton et al., 1999; Sayre, 2001). Tomanage resources
sustainably in such variable and uncertain environments necessi-
tates adaptive management that draws on both scientifically
established principles and local knowledge. Adaptive management
includes visioning to determine long-term goals, developing and
implementing a plan of action to attain those goals, monitoring and
analyzing the effects of the management actions, and continually
adjusting to move in the direction of the stated goals (Savory and
Butterfield, 1999). A fundamental principle of adaptive manage-
ment is that, due to incomplete knowledge and invariably changing
conditions, management decisions are imperfect and must be
continually modified as conditions change and new knowledge is
gained. Management must be flexible if the desired results are to be
attained. Multiple paddocks provide the flexibility to facilitate
adaptive management of grazing resources in heterogeneous and
dynamic rangeland ecosystems (Norton, 1998).

In the following sub-sections we address the need for man-
agement flexibility in the context of climatic variability, periodic
fire, and extensive versus intensive grazing management philoso-
phies that promote the use of many or few paddocks. While we
focus on fenced paddocks, at the outset we also emphasize that
installing permanent fencing is not necessary for implementing
alternatives to multi-paddock or high-density grazing strategies
because the movement of animals can also be achieved effectively
through the use of temporary electric fencing, herding (Bradford,
1998; Coughenour, 1991; Butler, 2000; Bailey et al., 2008 Meuret,
2010), prescribed burning (Archibald et al., 2005; Fuhlendorf
et al., 2006), strategic supplementation (Bailey and Welling,
2007), control of water points, and other modifications of animal
behavior (Provenza, 2003a,b; Launchbaugh and Howery, 2005).
Any of these methods can be used to continually move grazing
pressure across landscapes, thereby minimizing negative effects of
plant and area selection, and enhancing biodiversity.

4.1. Strategic adaptive grazing management

Management protocols have been developed for few or many
paddocks per herd in climatically variable rangelands. In more arid
rangelands, the use of multiple paddocks to restrict grazing in one
quarter to one half of the management unit during the growing
season provides recovery for preferred plants. This approach also
creates a forage reserve that may be carried over to the next year if
it is not needed to offset forage shortages during a dry period or it
may be used, for instance, to implement prescribed burning to
suppress invading woody plants. Timing movement of animals to
rested paddocks should coincide with peak nutritional re-
quirements of the herd to ensure high animal performance. Such
simple management strategies help ranchers maintain or improve
the resource base while stabilizing animal numbers and cash flow
(Danckwerts, 1984; Müller et al., 2007; Van de Pol and Jordaan,
2008). A low-intensity system with 2e4 paddocks per herd may
provide adequate growing season recovery in each paddock every
2e4 years, but may require lower stocking rates to simultaneously
achieve proper forage utilization and maintain individual livestock
performance. For greater forage and animal production, a manager
can implement more management-intensive grazing with 16 or
more paddocks per herd (Norton, 1998; Savory and Butterfield,
1999; Beukes et al., 2002; Gerrish, 2004; Teague et al., 2011).

In more mesic rangelands, multi-paddock management pro-
vides added flexibility to facilitate effective decision-making in
both wet and dry seasons. To achieve moderate defoliation in
above-average rainfall years, animals are moved through paddocks
that have not been assigned a rest period (Teague et al., 2011).
When the first paddock grazed that season has had sufficient time
for defoliated plants to fully recover, the herd is moved back to it
regardless of the location of the herd in the grazing cycle. This
approach leaves adequate residual plant biomass in grazed pad-
docks to maintain high growth rates for plants and high forage
quality for animals. It also results in the last paddocks of the grazing
sequence receiving little or no grazing in wet years, which allows
palatable plants to grow and reproduce and the ungrazed area to be
used as a forage buffer and a wildlife refuge, thereby creating di-
versity across landscapes. However, in mesic rangelands, inter-
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annual biomass carryover following wet seasons may be substan-
tial. Excessive senescent standing crop can reduce nutrient cycling,
light penetration, photosynthesis, and primary productivity, that
produce undesirable changes in plant species composition, and
diminish diet quality for grazing animals (Pieper, 1994; Olff and
Ritchie, 1998). In multi-paddock systems, such senescent biomass
can become litter that is incorporated into the soil during the
dormant season through trampling by grazing animals that are
concentrated in smaller areas due to the use of many paddocks per
herd (Teague et al., 2011), burned to manage woody vegetation,
or used as forage by animals during periods of lower nutrient
requirements.

The same principles of moderate defoliation and recovery before
regrazing also apply in dry years in mesic rangeland. However,
because plant growth is slower, more paddocks will be grazed
before plants in the first-grazed paddock have had time to regrow
sufficiently (Tainton et al., 1999). In very dry years, that can be
achieved only by utilizing areas scheduled for rest, which serve as a
forage buffer during drought. If dry conditions persist, stocking
rates must be reduced so that forage demand does not exceed
supply. An underestimated value of multi-paddock grazing is that
forage within a smaller paddock will be depleted more rapidly and
thus noticeably than in a similarly stocked continuously grazed
system, providing the manager a more immediate cue to preemp-
tively adjust livestock numbers (Diaz-Solis et al., 2009).

4.2. Extensive versus intensive grazing management approaches

Due to substantial variability and uncertainty, rangelands are
risky environments inwhich to conduct business. Keeping risk at an
acceptable level is critical for most ranchers but they differ widely
in their aversion to risk, resistance to change, and managerial
capability (Teague et al., 2009b). Not all ranchers are comfortable
with implementing intensive multi-paddock grazing strategies.
Thus there is a need for a broad suite of strategies, each of which
differ in grazing management complexity to provide suitable
choices for diverse ranchers to obtain satisfactory productivity and
to sustain or improve rangeland resources (Teague et al., 2009b).

For those wishing to use simpler less intensive management,
strategies with less than 5 paddocks per herd can allow sufficient
growing season rest at relatively low stocking rates (Teague et al.,
2009b). For example, systems such as the 2 to 3 paddock
Controlled-Fodder-Flow strategy (Van de Pol and Jordaan, 2008)
and Merrill 4-paddock 3-herd system (Heitschmidt and Taylor,
1991; Taylor et al., 1993) can produce satisfactory results with
less intensive management. Two or 4 paddocks per herd enable
periodic full growing season recovery with or without multi-
paddock grazing (Danckwerts, 1984; Tainton et al., 1999; Müller
et al., 2007). However, while such systems do not require inten-
sive management, they have minimal potential for inhibiting se-
lective grazing by livestock not conditioned to “mix the best with
the rest,” for providing meaningful post-grazing recovery, or for
improving livestock distribution over the landscape (Teague et al.,
2009b). When rangelands are in good condition these negative
aspects may be difficult to notice in the short term but where they
have been degraded, the desirable plants and vegetation patches
will be low in vigor and abundance. The extended periods of
grazing with fewer paddocks will maintain heavy negative pressure
on these more valuable plants and they will require much longer
periods of recovery if they are to maintain or increase plant vigor,
abundance and productivity.

Intensive rotation through many paddocks per herd facilitates
better planning and incurs lower ecological risk although man-
agement activities and decisions may be more intensive; hence the
emphasis on “management” in “management-intensive” grazing
(Gerrish, 2004; Howell, 2008; Teague et al., 2009b). More careful
management to reduce animal numbers during periods of low
plant productivity is facilitated, because forage shortfalls can be
detected more quickly thus enabling a manager to avoid degrading
the resource base and incurring economic losses (Diaz-Solis et al.,
2009). Managers who use multiple paddocks per herd often
experience less risk and usually have excess forage due to a com-
bination of better grazing distribution over the landscape, shorter
grazing periods, longer recovery periods and a greater proportion
of the year when growth and recovery can occur on any particular
area without the risk of repeated defoliation (Norton, 1998; Teague
et al., 2009b). Moreover, management can be tailored to account for
the relative defoliation responses of specific plant species to co-
occurring species. Shorter defoliation periods reduce repeat defo-
liation impacts on desirable plants thereby supporting a competi-
tive advantage for the more desirable species (Tainton et al., 1999).

4.3. Impacts of high density grazing

Rancher experience and scientific experiments indicate that the
impacts of high stock densities on plants under intensive multi-
paddock grazing can benefit plants due to the combination of
three factors: animals include more species in their diets, preferred
species experience fewer repeat defoliations, and post-grazing re-
covery periods are extended (Norton, 1998, 2003; Beukes et al.,
2002; Teague et al., 2011). Because grazing impacts are spread
over a larger portion of the ranch as the number of paddocks in the
grazing sequence increases, the need for a long recovery period
declines. If selectivity is reduced and more species experience a
similar degree of defoliation, palatable species experience less of a
competitive disadvantage relative to less preferred species during
the regrowth period (Teague and Dowhower, 2001). Animal im-
pacts at high stock densities can also alter the chemical charac-
teristics of palatable and unpalatable species (Provenza et al.,
2003a, 2003b). Palatable plants persist in grazed vegetation
because they invest in fast-growing photosynthetic tissue rather
than in energy-demanding physical and chemical defenses to resist
herbivory (Bryant et al., 1983, 1991; Coley et al., 1985; Herms and
Mattson, 1992).

Ranchers have used high intensity grazing successfully for de-
cades in numerous countries and many regularly win prestigious
conservation awards (Teague et al., 2009b). In addition, Norton
(1998) listed 9 examples of grazing trials from Canada, United
States, Zimbabwe, Australia and New Zealand that ran from 5 to 35
years. These trials reported no adverse ecological effects of either
continuous or multi-paddock grazing treatments, probably as a
direct result of using small paddocks in both cases, even though
experimental stocking rates were maintained at 40e200% above
those recommended for commercial properties. Norton (1998)
hypothesizes that when small paddocks are used to contain graz-
ing animals, forage availability is not limited by poor animal dis-
tribution that occurs in muchmore extensive, continuously stocked
areas. This hypothesis is consistent with the published research
relating to the process of uneven utilization in landscapes (Teague
et al., 2004, 2010a,b, 2011).

When managed adaptively to conserve and restore resources
and to provide ecosystem services, multi-paddock grazing can
provide superior results relative to continuous stocking (Earl and
Jones, 1996; Biondini and Manske, 1996; Jacobo et al., 2006;
Sanjari et al., 2008; Teague et al., 2010a,b, 2011). In this context,
multi-paddock grazing can increase perennial basal area as well as
litter cover (Teague et al., 2004, 2010a,b, 2011), which, in turn en-
hances soil organic matter and soil-water content (Naeth et al.,
1991; Snyman and du Preez, 2005; Weber and Gokhale, 2011).
Over a 9 year period, the health of soil and plants in north Texas
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tallgrass prairie improved when ranchers used multi-paddock
grazing with high stock densities for short durations, compared
with light continuous or heavy continuous stocking on neighboring
ranches (Teague et al., 2011). With multi-paddock grazing, the
resultant vegetationwas dominated by desirable high-seral grasses
instead of the less desirable short grasses and forbs that occurred
under both light and heavy continuous stocking. The dominance of
high-seral grasses under multi-paddock grazing enhances hydro-
logical functions (Pluhar et al., 1987; Thurow, 1991; Teague et al.,
2011), which was demonstrated by the higher fungal to bacterial
ratio with multi-paddock grazing, which indicates superior water
holding capacity and nutrient availability. In addition, the amount
of bare ground was less and soil aggregate stability was higher in
areas subjected tomulti-paddock grazing than in areas with heavy-
continuous grazing at the same stocking rate, while soil organic
matter and cation exchange capacity were higher with multi-
paddock grazing than with light- or heavy-continuous stocking
(Teague et al., 2011). Thus, higher stocking rates with management-
intensive multi-paddock grazing can result in less impact on soil
physical properties than continuous stocking at the same high
stocking rate (Thurow, 1991). In contrast, increased stocking rates
without intensified management can adversely affect soil proper-
ties and infiltration rates (Warren et al., 1986; Gerrish, 2004).

Although multi-paddock grazing can decrease landscape het-
erogeneity (Toombs and Roberts, 2009), the opposite result is also
possible depending on management goals, operational execution,
and the temporal and spatial scales that are evaluated. Smaller
paddocks can improve distribution of animals across a landscape,
which can increase or decrease diversity, depending on how ani-
mals were previously distributed. Increasing spatial and temporal
heterogeneity of disturbance in grasslands is important for
increasing biodiversity at higher trophic levels (Fuhlendorf et al.,
2006; Isacch and Cardoni, 2011). Depending on management
goals for vegetation structure and species diversity, the greater
control with smaller paddocks allows managers more flexibility of
animal placement and movement to create desired compositional
and structural diversity of vegetation. This can be achieved by
regrazing some paddocks sooner, or by allowing more regrowth
and more structural similarity within a paddock. Thus small pad-
docks can be used to enhance patchiness with different vegetation
structure in different paddocks if so desired. The manager can
decide how to juxtapose these components to achieve specific
plant, livestock and wildlife goals. Likewise, depending on place-
ment of fences and diversity of topography, aspect, soils, and plant
communities within paddocks, grazing can be more or less uniform
within a paddock for a given graze period.

4.4. Limitations of multi-paddock grazing

A drawback of using multi-paddock grazing is that the intensity
of management increases as the number of paddocks per herd in-
creases. More intensive management requires higher levels of
commitment, organizational skill, and knowledge, which may not
always be readily available. However, this is not a reason to avoid
grazing strategically, as strategies employing few paddocks per
herd are easy to implement and can produce good animal perfor-
mance, modest vegetation recovery, good wildlife habitat, and
maintain the provision of ecosystem services. While less intensive
management does little to ameliorate the extent of selective graz-
ing or to improve distribution over the landscape, the less sophis-
ticated management and effort needed to implement them must
also be weighed against the higher infrastructural costs and greater
management skills associated with potentially more effective and
sustainable multi-paddock grazing management. Relative to
continuous stocking, success has been achieved with both low and
high levels of management intensity with multi-paddock man-
agement, or in the absence of fencing, by providing regular,
adequate growing season recovery sequentially to the area under
management. As no two ranch properties or managers are the
same, every manager must choose the combination of investments,
management strategies and tools that are most suited to their
financial capacity, personality and social and biophysical environ-
ments where they live.

5. Limitations of experimental evidence

To be scientifically sound and meaningful for managers, a pri-
mary goal of any grazing experiment and the execution of any
grazing treatment should be to enhance soil, vegetation, animal,
and human performance over many years. Without this emphasis,
and if the experimental design and implementation favors one
outcome, it is inaccurate to claim that a given grazing treatment
produced no better or inferior results than another treatment.
When researchers conduct grazing trials, they become “managers”
of the land on which the trials are placed, and by participating
(through the questions they ask, the way they design and imple-
ment their experiments and the way they interpret the results)
they influence the outcomes of their studies. There is no such thing
as an “unbiased observer” in rangeland science or practice
(Provenza, 2000; Van der Ploeg et al., 2006), and as researchers
know from field studies that last more than 1 year, no two years, or
months from year to year, are ever alike.

To be relevant to managers, research should provide funda-
mental information about principles and processes needed by
ranch managers to achieve desired outcomes on the unique land-
scapes they manage (Provenza, 2000). Unless research results can
be applied in the management of landscapes within a systems
framework, they will likely be irrelevant or misleading for those
managing commercial operations for long-term conservation and
economic objectives at larger spatial and temporal scales
(Provenza, 1991; Van der Ploeg et al., 2006). Rangeland managers
operate at larger scales, so scientific studies of ecological processes
should address landscape-scale and long-term consequences of
alternative land management practices within a systems and
adaptive management framework or specifically address how dif-
ferences in spatial and temporal scales may affect the implications
and implementation of their results for managers. Questions rele-
vant to managers include: (1) What are the relative advantages of
alternative management options; (2) What conditions are neces-
sary for the greatest likelihood of successful application of the best
management option; (3) How should the preferred option be
implemented to make it most effective ecologically, economically
and socially; and (4) What biophysical thresholds and indicators
can provide guidance for adjusting to changing conditions or
unanticipated outcomes?

We use the five management principles underpinning success-
ful grazing management outlined in section 2 to evaluate how both
the successes and failures observed in scientifically controlled ex-
periments corroborate those guiding principles. We do this to un-
derstand how researchers have reached different conclusions about
multi-paddock grazing than those reached by many successful
ranchers who have used this grazing approach to achieve desired
production and conservation goals.

5.1. Focus, implementation and scale of previous research

The manner in which researchers have implemented multi-
paddock grazing treatments has rarely taken into account
commonly recognized principles to maintain the health and vigor
of plants and the nutrient intake by animals. Many studies have
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been conducted without stating in the methods how the research
was conducted to achieve specific, desirable ecological or produc-
tion goals and have ignored relevant ecological or practical
knowledge, such as providing adequate recovery following grazing
or adjusting stock numbers in times of drought, when choosing and
implementing grazing treatments (e.g., Hart et al., 1993a,b; Derner
and Hart, 2007a,b). As noted below these are accepted “best
management practices” for managing to sustain resources and
productive potential (Tainton et al., 1999). In cases where plant
physiological needs were met through adequate recovery periods
between defoliations, plant species composition shifted toward
more productive and palatable species in some multi-paddock
grazing cases, even when utilization levels were extremely high
(e.g., Reardon and Merrill, 1976; HILF treatment of Taylor et al.,
1993; Jacobo et al., 2006). Furthermore, when sufficient forage
was available during each grazing period, animal performance was
equal to or superior in multi-paddock grazing compared to
continuous stocking (e.g., Reardon and Merrill, 1976; Denny and
Barnes, 1977; Barnes and Denny, 1991; Biondini and Manske, 1996).

In grazing research, stocking rate and grazing treatment effects
often have been confounded. For example Briske et al. (2008)
summarizes results of 11 studies that compared the effects of
continuous stocking at moderate stocking rates with multi-
paddock grazing at much heavier stocking rates, as much as 1.5e
2 times greater. Stocking rate, in any given circumstance, has
greater effects on animal and vegetation responses than grazing
system (Heitschmidt and Taylor, 1991; Manley et al., 1997; Gillen
et al., 1998; McCollum et al., 1999). Nevertheless, in these 11
studies, plant productivity was generally equal to that of contin-
uous stocking at lower stocking rates, indicating the benefits of
physiological recovery following grazing especially when defolia-
tion levels are more severe. In addition, in 3 of the 5 studies with
different stocking rates among treatments where animal perfor-
mance was measured, the performance of animals that were
rotationally grazed was similar to that of the animals that were
continuously grazed and stocked less heavily and animal produc-
tion per hectare was higher in 4 of the 5 rotational grazing treat-
ments. The relatively short duration of most grazing studies
(Table 1) hides the fact that well managed ranches that improve
species composition and soil health becomemuchmore productive
over longer periods of time (Teague et al., 2011).

Confounding of different stocking rates between grazing stra-
tegies is exacerbated by variable weather in semi-arid ecosystems.
Accepted good management practices during droughts commonly
include reducing stock numbers early to minimize deleterious ef-
fects on vegetation, animal condition, and profitability (Diaz-Solis
et al., 2009; Teague et al., 2009a,b). These management actions
aim to mimic natural ecological responses in which animal pop-
ulations decline during drought and then gradually increase as
drought dissipates. Grazing experiments have rarely adjusted ani-
mal numbers in a similar way. If they did, the higher stocking rate
treatments would be consistent with accepted good grazing prac-
tices and would likely not have incurred detrimental effects
(Teague et al., 2011). As Briske et al. (2011) point out, management
that adapts to changing conditions on the ground can be applied to
either multi-paddock or continuous stocking and will outperform a
lack of management using any grazing system. Unfortunately,
research experiments have almost never been managed adaptively
when addressing multi-paddock grazing questions, so it should
come as no surprise that no differences among treatments were
measured in the majority of instances.

Timely monitoring of and adaptation to changing conditions are
fundamental for effectively managing ranching enterprises to
achieve production and conservation goals (Danckwerts et al.,
1993; Walker et al., 2002). However, the statistically “correct”
design of grazing experiments and the implementation of such
experiments have seldom incorporated treatment flexibility to
adapt to ever-changing environmental and market conditions and,
therefore, results do not reflect adaptive management at the ranch-
scale (see for example fixed stocking management adopted by
Heitschmidt et al., 1987a,b; Cassels et al., 1995; Gillen et al., 1998;
McCollum et al., 1999). Therefore, most grazing experiments are
merely unique inflections in time and space of biophysical pro-
cesses that link soils, plants, herbivores and people, not general-
izations that can be extrapolated across management systems and
landscapes. If the same treatments were applied while managing
for the best ecological, social and economic outcomes, it is likely the
results would have differed as illustrated in several studies (Earl
and Jones, 1996; Beukes and Cowling, 2003; Jacobo et al., 2006;
Sanjari et al., 2008; Teague et al., 2011).

5.2. Underestimating the impact of selective grazing

Plant and patch selective over-grazing and resource deteriora-
tion have profound consequences for interpreting experimental
results and for managing rangeland sustainably (Teague et al.,
2004, 2011). Experimental paddocks in many grazing trials have
been less than 25 ha and often less than 5 ha in size (Norton, 1998),
and the size of paddocks in the research reviewed by Briske et al.
(2008) were generally a small fraction of paddocks on commer-
cial ranches (Table 1). The smaller experimental paddocks tend to
diminish internal forage heterogeneity and, therefore, produce
more uniform distribution of grazing pressure than in larger pad-
docks, thereby misrepresenting the way in which grazing animals
at low stock densities use larger landscapes that are characteristic
of continuous stocking (Barnes et al., 2008). As a result they ignore
the documented heterogeneous patterns of forage selection and
the associated vegetation impacts that occur in large paddocks
where trans-generational foraging habits tend to lead to repeated
preferential selection of specific microhabitats and plants species
(Bissonette, 1997; Norton, 1998, 2003; Provenza, 2003b; Teague
et al., 2004; Bailey and Provenza, 2008).

Gammon and Roberts (1978) and O’Reagain and Turner (1992)
reported that defoliation is not always controlled more effectively
and that forage quality and quantity are not consistently and sub-
stantially higher in multi-paddock than continuous stocking sys-
tems. However, based onpublished landscape research (Coughenour,
1991; Stuth, 1991; Fuls, 1992; Kellner and Bosch, 1992; Illius and
O’Connor, 1999; WallisDeVries et al., 1999; Teague et al., 2004),
these interpretations may have been different if pasture size had
been equivalent to commercial-size pastures rather than a few
hectares (Gammon and Roberts, 1978) or less than a hectare
(O’Reagain and Turner, 1992). Similarly, other work reported no
differences in performance of animals or vegetation between
continuous stocking and a treatment including grazing deferment
(Derner and Hart, 2007a,b; Hart et al., 1988). It is probable that their
small-scale continuously grazed paddocks (24 ha) were more uni-
formly defoliated than would have been the case in commercial
paddocks. A later publication (Hart et al., 1993a,b) illustrated that
although grazing impacts in the 24 ha continuously stocked pad-
docks were not different from the rotationally grazed paddocks of
the same size, they produced very different impacts compared with
the continuously stocked paddock of 207 ha.

Notably, of the publications on rotational vs. continuous grazing
reported by Briske et al. (2008), only 14% incorporated continuously
stocked paddocks that were of similar size to those found in com-
mercial ranches. The others were generally less than 1e10% of the
size of commercial ranches (Table 1). Therefore, they are unlikely to
accurately reflect the patch and area-selective grazing that causes
the long-term deterioration within the large paddocks



Table 1
Experiments cited by Briske et al. (2008) to illustrate the extent that the methods used in each experiment limit their relevance to management at commercial ranch scale in
each ecosystem.

Study Location Ecosystem Grazing system Study
length
(yrs)

# of
paddocks

Size of
paddocks
RG (CG) (ha)

CG paddock
size as % of
commercial
CG paddocks

Recovery
period
(days)

Graze
period
(days)

Adaptive
or fixed
managementa

(A) Stocking rate equal for rotational and continuous stocking
McCollum et al., 1999 Oklahoma Tallgrass prairie SDG 5 8 1.8e3.3 (26) <10 32e38 3e6 F
Gillen et al., 1998 Oklahoma Tallgrass prairie SDG 5 8 1.8e3.3 (26) <10 30e35 2e5 F
Cassels et al., 1995 Oklahoma Tallgrass prairie SDG 5 8 1.8e3.3 (26) <10 21e49 3e7 F
Owensby et al., 1973 Kansas Tallgrass prairie Def-Rot 17 26 24 (24) <10 60 300 F
Wood and Blackburn 1984 S. mixed prairie HILF þ Def-Rot 5 4 120 (240) 100 119 17 F
Kothmann et al., 1971 Texas S. mixed prairie Merrill 8 4 33 (240) 100 120 365 F
Merrill 1954 Texas S. mixed prairie Merrill 4 4 24 (24) <10 120 365 F
Fisher and Marion 1951 Texas S. mixed prairie Rotation 8 5 4 (4) <2 60 30 F
McIlvain and Savage 1951 Oklahoma S. mixed prairie Rotation 9 3 6.7e10 (20) <5 60 30 F
Derner and Hart 2007a Wyoming N. mixed prairie SDG 25 8 1e2 (81) <15 16e49 2e7 F
Manley et al., 1997 Wyoming N. mixed prairie SDGþ(Def-rot) 13 4e8 1e3 (81) <15 21e49

(120)b
3e7 (365)b F

Biondini and Manske 1996 N. Dakota N. mixed prairie SDG 6 6 32 (32) <10 45 15e30 F
Hart et al., 1993a Wyoming N. mixed prairie SDG 5 8 24 (207) <30 21e49 3e7 F
Hepworth et al., 1991 Wyoming N. mixed prairie SDG þ Def-rot 4 4e8 1e3 (24) <1 21e49 3e7 F
Hart et al., 1988 Wyoming N. mixed prairie SDG þ Def-rot 6 4e8 1e3 (81) <15 21e49 3e7 F
Rogler 1951 N. Dakota N. mixed prairie Def-rot 25 3 9.4 (28) <5 120 365 F
Derner and Hart 2007b Colorado Shortgrass prairie SDG 9 7 65 e e e F
Smoliak 1960 Alberta Shortgrass prairie Def-rot 9 2 61 (120) <20 n n F
Hubbard 1951 Alberta Shortgrass prairie Def-rot 6 3 27e40 <10 n n F
Laycock and Conrad 1981 Utah Sage grassland Rest-Rotation 7 3 447e777 50e100 365 45 F
Hyder and Sawyer 1951 Oregon Sage grassland Rotation 11 3 850 100 n n F
Holechek et al., 1987 Oregon Mountain range Rest-rot þ

Def-rot
5 2 57e67 <10 n 90e365 F

Martin and Severson 1988 Idaho Grass-shrub range I herd-3
pasture

13 3 308e1979 50e100 120e365 n A

Martin and Ward 1976 Arizona Desert grassland Alt. year rest 7 24 0.004 <<1 120e240 n F
Ratliff 1986 California Annual grassland Rotation 8 3 30 (91) <25 n n F
Heady 1961 California Annual grassland Def-rot 5 3 5.4 <1 n n F
Barnes and Denny 1991 Zimbabwe Midgrass veld SDG 6 4e8 <4 <1 30 (35) 10 (5) F
Fourie and Engels 1986 South Africa Shortgrass veld SDG 4 6 30 (60) <20 35 7 F
Fourie and Engels 1985 South Africa Shortgrass veld SDG 4 6 30 (60) <20 35 7 F
Kreuter et al., 1984 South Africa Tallgrass veld SDG 8 6 0.6e1.2

(2.6e7.7)
<5 35 7 F

(B) Higher stocking rate for rotational grazing
Jacobo et al., 2000 Argentina Mesic C3 grassland SDG 3 10e12 45 50e100 25e90 3e15 A
Heitschmidt et al., 1987a,b Texas S. mixed prairie SDG 4 16 33 (240) 100 30e65 2e4 A
Heitschmidt et al., 1982a Texas S. mixed prairie SDG 2 10 4 (240) 100 35e42 3e7 F
Heitschmidt et al., 1982b Texas S. mixed prairie Merrill 4 16 120 (240) 100 120 365 F
Reardon and Merrill 1976 Texas S. mixed prairie Def-rot 20 4 24 (32) <20 120 365 F
Pitts and Bryant 1987 Texas Shortgrass prairie SDG 4 16 3 (32) <10 30e60 2e7 F
Hirschfeld et al., 1996 N. Dakota N. mixed prairie SDG 2 8 16.25 (65) <10 21e49 3e7 F
Kirby et al., 1986 N. Dakota N. mixed prairie SDG 2 8 16(130) <5 35 5 F
Volesky et al., 1990 S. Dakota N. mixed prairie SDG 2 16 2.2 <1 15e45 1e3 F
White et al., 1991 New Mexico Blue grama SDG 6 9 45e210 (567) 100 n n F
Anderson 1988 New Mexico Tobosa grassland SDG 2 10 3.5 (33) <5 19e40 1e9 F

HILF¼High intensity, low frequency grazing; Merrill¼Merrill 4-pasture, 3 herd grazing; SDG¼ Short duration grazing; Def-rot¼ Deferred rotation grazing; n¼ not available.
a Adaptive management ¼ adjusting stock numbers or recovery periods according to prevailing weather conditions to achieve sustainable use of resources.
b Parentheses refer to the treatment in parentheses (column 4).
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characteristic of continuous stocking in commercial ranch land-
scapes. Indeed, rather than representing continuous stocking at the
ranch scale, small experimental paddocks more accurately repre-
sent individual paddocks of multi-paddock systems managed to
reduce plant and grazing heterogeneity (albeit without rest from
grazing).

Two small-plot studies of intensive grazing effects under rota-
tional grazing (Warren et al., 1986; Savadogo et al., 2007) illustrate
how studies on small-plots can produce results that, if imple-
mented, would lead to poor animal performance and considerable
damage to vegetation and soil in a ranch setting (Teague et al.,
2010a,b). In the study by Warren et al. (1986), livestock did not
even graze but were driven around at high densities in a small,
barren pen to supposedly simulate the impact of high stock density.
But this was done in a manner that closely resembles the overnight
confinement of animals, such as overnight confinement to protect
livestock from predators or to facilitate dehorning and castration.
Such studies do not impact the land the way livestock do when
managed by conservation-oriented ranchers and so have little
relevance for ranchers managing to maintain resource and eco-
nomic viability.

As an alternative to the preceding approaches, researchers can
measure the impact of multi-paddock and continuous stocking on
commercial ranches where the rangeland has beenmanagedwith a
consistent strategy for many years. In the studies of Teague et al.
(2011) in relatively mesic tallgrass prairie, multi-paddock grazing
was applied for at least 9 years by defoliating moderately for short
periods during the growing season, leaving relatively high biomass
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residues when livestock exited the paddocks, and adjusting the
post-grazing recovery time for variations in growing conditions in
order to allow sufficient plant regrowth before grazing resumed.
Under this management animals moved in a controlled manner
among paddocks, grazed for a few days only and the grazed plants
recovered quickly and provided protective ground cover at all
times. This allowed the most productive, high seral bunch grasses
to maximize solar energy capture and to dominate the vegetation
while a high rate of nutrient cycling was maintained. This adaptive
grazing strategy also produced better soil, vegetation, and livestock
performance than light or heavy continuous stocking management.
In this investigation, the multi-paddock grazing was adaptively
managed in accordance with prevailing conditions to achieve the
best vegetation and animal responses by managers aiming to
conserve resources. This was also the casewith adaptivelymanaged
ranch-scale multi-paddock management in other ecosystems,
including the arid Nama Karroo of South Africa (Beukes and
Cowling (2003), semi-arid midgrass prairie of Texas (Teague et al.,
2004, 2010a,b), semi-arid grassland in Australia (Earl and Jones,
1996; Sanjari et al., 2008) and relatively mesic pampas grassland
in Argentina (Jacobo et al., 2006).

In summary, the results of the numerous small-scale experi-
mental studies evaluated by Briske et al. (2008) (Table 1) bear little
resemblance to the outcomes of ranch-scale management reported
above. Most grazing trials have not represented operational scale
soileplanteanimal interactions and the resulting effects of defoli-
ation. Moreover, the management of small-plot, inflexible grazing
studies have deviated significantly from how conservation-
oriented ranchers manage multi-paddock grazing. Small-scale
grazing experiments are unlikely to be relevant for ranchers
attempting to maintain resource and economic sustainability, un-
less relevant temporal and spatial scales of heterogeneity, as well as
the ability to adaptively respond to sporadic, event-driven soil and
plant community changes are considered as part of the study and
the interpretation of the results.

5.3. Treatment lags and parameter measurements

Outcomes of most business management actions are delayed in
time and vary over the landscape (Senge,1994), and that is certainly
the case for grazing management on rangelands. When changing
from continuous stocking at low stocking rates to multi-paddock
grazing at the same or higher stocking rates, many ecosystem
variables are affected simultaneously including soils, vegetation,
and herbivores. These effects occur at different temporal and spatial
scales and it usually takes 2e3 years after consistent and sub-
stantial management changes for the system to adapt to the new
conditions (Provenza, 2003a, 2008; Pinchak et al., 2010), and de-
cades for changes to be measurable at the landscape level (Burke
et al., 1998). It is thus alarming to examine the number of grazing
studies cited by Briske et al. (2008) that have not even been con-
ducted for 4 years (Table 1). Rangelands are inherently variable
climatically and spatially so to conduct grazing management ex-
periments for less than 5 years in mesic or 10 years in drier ran-
gelands ignores how ecosystems function and respond to climate
and other perturbations as discussed by Burke et al. (1998). In
essence, systems are continually responding to change, but those
changes are discontinuous.

This is well illustrated by a relatively long-term cow-calf
stocking rate experiment on rangeland conducted in north Texas
mixed grass prairie over 20 years under continuous stocking.
Heavily stocked treatments produced more saleable product per
hectare but had greater annual fluctuations of production than
moderately stocked treatments (Kothmann et al., 1971; Knight
et al., 1990). For the first 10 years of the study heavy stocking
produced higher net income per hectare than moderate stocking,
but in the final 5 years of the study income stability was greater and
supplementary feed inputs were lower on the moderately stocked
treatment (Whitson et al., 1982). The reduced income stability was
due primarily to a progressive decline in range condition with
heavy stocking which resulted in changes in species domination
from mid grasses to less productive short grasses (Heitschmidt
et al., 1982b).

Animals accustomed to low-density continuous stocking can be
trained to increase harvest speed and efficiency, but this takes 2e3
years and some individuals never adjust (Provenza, 2003a, 2008).
When managed well, multi-paddock grazing programs improve
after the livestock adaptation phase (Reardon and Merrill, 1976;
Taylor et al., 1980, 1993; Provenza, 2003a; Pinchak et al., 2010).
Grazing trials that run for short periods, or with new animals each
year, likely capture the period of system adaptation only and un-
derestimate the potential long-term benefits of multi-paddock
grazing. For example Teague et al. (2004), working in southern
mixed prairie in north Texas over a period of 5 years, recorded
improvements in basal area, litter cover and amount of bare
ground with multi-paddock grazing management relative to
continuous stocking during wet years. In dry years, the improve-
ments in these parameters declined but at a faster rate with
continuous stocking. These impacts compound over time, such
that in another study over 10 years multi-paddock grazing resul-
ted in less bare ground, better species composition, higher pri-
mary productivity, soil carbon and soil water holding capacity
relative to continuous stocking (Teague et al., 2011). Unless such
time lags are addressed, grazing research results lead to spurious
conclusions that have little relevance to long-term commercial
ranch management.

In addition to treatment time-lags, it is difficult to determine
treatment differences in rangeland ecosystems due to the slow and
erratic response times triggered by reactions to stochastic events
such as short-term weather and longer-term climatic fluctuations
that interact with management actions (Walker, 1988; Danckwerts
et al., 1993; Watson et al., 1996; Teague et al., 2004, 2010a).
Nonetheless, these effects are critical to identifying grazing stra-
tegies that are sustainable (adaptable) and those that are not
(inflexible). Adapting to climate-related effects on rangelands will
become increasingly important in the face of projected climate
changes. Nevertheless, Walker (1988) and Watson et al. (1996)
emphasized that, although climate is the most important driver
in rangeland ecosystems, adaptive management is critical to
achieving sustainable use. Over-emphasizing climatic or other
episodic drivers may erroneously de-emphasize the importance of
management, which can take advantage of such events within a
relatively stable plant community.

Finally, key parameters must be measured inways that are most
likely to detect differences if they occur. Under continuous stocking,
heavily grazed herbaceous patches are impacted negatively
compared to under-utilized patches (Bakker et al., 1983; Fuls, 1992;
Kellner and Bosch, 1992). Thus, when assessing changes in grazing
management, sampling across the continuum from over-utilized
and under-utilized patches might mask actual differences. Conse-
quently, in a landscape scale grazing study undertaken by Teague
et al. (2004), sampling was stratified on adjacent over-utilized
and under-utilized herbaceous patches separately rather than
measuring across the continuum, as is the usual custom, to record
changes at the pattern and scale they were hypothesized to occur.
Had sampling been across and through different patches and a
mean value calculated for the whole area under consideration, they
would not have found differences where they existed (a type 2
error). Such considerations have not been included in other studies
on grazing distribution.
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5.4. Taking soil differences into account

Almost without exception soil differences between continu-
ously stocked andmulti-paddock grazing treatments have not been
adequately reported or taken into account. Yet, the low productivity
of rangelands means that management areas are large and conse-
quently edaphic and topographic variability is also high. Substan-
tially different primary and secondary productivity occur on
different soils, so soil differences need to be taken into account
when selecting sites for experiments and in analysing and report-
ing the results from any experiment (see also Van der Ploeg et al.,
2006).

A case in point is the experiment examining the productivity
and impacts of 3 grazing management treatments reported by
Heitschmidt et al. (1985, 1990). They found significant differences
among grazing treatments but the differences in soils among
treatments were not taken into account. In a further analysis of this
experiment using the SPUR rangeland simulation model, Teague
and Foy (2004) found that the model predicted that differences in
both primary and secondary productivity due to soil and slope
composition in each treatment area were similar to the differences
measured in the field, but ascribed to grazing treatment effects.
Thus, the model simulated key parameters well enough to provide
credible evidence that differences previously ascribed to grazing
treatment were probably due to the differences in the soils and
slopes rather than to grazing treatments. By not taking soil differ-
ences into account, it is likely that this experiment drew incorrect
conclusions from this field experiment, as also discussed by van der
Ploeg et al. (2006) for a grassland experiment.

Different soils also produce plants with substantially different
kinds and concentrations of primary and secondary compounds
(Bryant et al., 1983). From the standpoint of science or manage-
ment, how pastures are subdivided is critical for maximizing op-
portunities for animals to mix their diets in ways that enhance
nutrition and production. If a person fences for uniformity, and only
moves animals occasionally, that can decrease nutrient intake and
animal performance. On the other hand, fencing for uniformity, in
combination with the daily moves becoming more common
nowadays, can enable animals to meet nutritional needs. In
Namibia, Botswana, and South Africa, many pastoralists are now
fencing for heterogeneity, as opposed to homogeneity, due to the
poor performance of livestock grazing in the latter relative to the
former (Riaan Dames, personal communication).

5.5. Inadequate recovery time in experiments

The time plants require to recover after defoliation is strongly
related to the intensity of defoliation during the grazing period
(Trlica et al., 1977; Mencke and Trlica, 1981, 1983), the prior history
of defoliation (Taylor et al., 1993), the stage of plant growth
(Mullahey et al., 1990, 1991; Cullan et al., 1999), and the post-
defoliation growing conditions (Thurow et al., 1988). Longer re-
covery periods that allow plants to re-establish a full complement
of leaves tend to increase the proportion of taller, higher producing
grasses (Trlica et al., 1977; Briske, 1991; Teague et al., 2011), and
Sanjari et al. (2008) found that smaller paddock sizes along with
longer recovery periods after grazing were major contributors to
both physical and chemical recovery of the soil under time-
controlled multi-paddock compared to continuous grazing.

In these studies, the optimum post-grazing recovery periods
ranged from 84 to 126 days in areas with mean annual rainfall of
around 600mm tomore than 2 years following heavy defoliation in
areas with more xeric conditions such as western Colorado. In
studies conducted in Sonora, Texas with mean annual rainfall of
570 mm, grazing treatments with longer recovery periods resulted
in positive responses in midgrass abundance and productivity, even
though the stocking rates applied during the grazing period and the
resulting forage utilization were much higher than in the alterna-
tive treatments (Thurow et al., 1988; Taylor et al., 1980, 1993). By
contrast, in wetter and tropical climates, rapid maturation and
lignification of forages during extended growth periods may
necessitate much shorter recovery periods, perhaps as little as 30
days, for sufficient recovery of edible plant material (Tainton et al.,
1999).

In more arid environments, such as New Mexico, soil moisture
greater than 30% at 100e300 mm soil depth required for rapid
growth was experienced on only 28 non-continuous days in a 214-
day growing season (Torell et al., 2008). In such instances, most of
one or more growing seasons may be needed to achieve sufficient
recovery between defoliations to sustain the resource. Cook and
Stoddart (1963) found that in the northern Utah deserts, grazing
plants was not sustainable with any growing season defoliation,
regardless of intensity, and that only moderate dormant season
defoliation was sustainable. Howell (2008) outlines how manage-
ment has successfully accommodated such requirements near Van
Horn, Texas (mean annual precipitation 300mm) by stocking in the
non-growing season only according to the forage available at the
end of the short growing season and spreading grazing pressure
over the whole ranch using many strategically placed smaller
paddock subdivisions.

Advocates of multi-paddock grazing have long contended that
timing of grazing and recovery periods based on plant growth rates
are of central importance to their success (Booysen, 1969; Booysen
and Tainton, 1978; Venter and Drewes, 1969; Savory, 1983;
McCosker, 1994; Norton, 1998, 2003; Gerrish, 2004; Howell, 2008).
The benefits of multi-paddock grazing treatments in field trials may
have failed to manifest themselves owing to insufficient recovery
during periods of slow or no plant growth (Savory and Butterfield,
1999), or owing to calendar-based, multiple-cycle rotations with
insufficient recovery periods (e.g., Kirby et al., 1986; Gillen et al.,
1998; Burboa-Cabrera et al., 2003; Derner and Hart, 2007a,b; Hart
et al., 1988) even when the rotation was flexible (e.g., Bryant et al.,
1989; Walker et al., 1989). Therefore, recommendations based on
the assertion that there were no benefits from periodic recovery in
such trials also must be questioned because the benefits occur only
when environmental conditions are adequate for plant regrowth
(e.g., Mullahey et al., 1990, 1991; Reece et al., 1996; Cullan et al.,
1999).

The length of recovery periods used in multi-paddock experi-
ments cited by Briske et al. (2008) are generally shorter than
desirable (Table 1). In more mesic tallgrass prairie, recovery periods
of 30e49 days are reported, but desirable results have been ach-
ieved at longer periods of 45e90 days (Teague et al., 2011). Simi-
larly, in mixed prairie, recovery periods have been 16e49 days with
Short Duration Grazing experiments (Table 1) whereas 50e120
dayswould usually be required (Thurow et al., 1988;Mullahey et al.,
1990, 1991; Cullan et al., 1999), and even longer if defoliation had
been heavy or the vegetation was in poor condition. Experiments
involving deferred- or rest-rotations with 2e5 paddocks usually
have periods of grazing from 30 to 365 days (Table 1) so periods of
recovery less than 100 days can hardly be considered adequate
considering the length of time preferred plants and areas have been
exposed to grazing in mixed prairie. In drier rangelands, as noted
above, moderate or light grazing needs to be followed by a full
growing season’s recovery.

Although Briske et al. (2008) did not discuss species composi-
tion differences, they found only 1 out of 26 studies that reported
continuous stocking produced superior species composition and
productivity relative to rotational grazing. This is remarkable
because in 8 of the studies, stocking rates in the rotational grazing
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treatments were higher than in the continuous stocking treatment,
and many studies did not provide adequate recovery periods
following grazing. Even in the many studies that did not provide
adequate recovery, the rate of plant community degradation was
slowed by rotational grazing management. For example, in the
research conducted by Thurow et al. (1988) at Sonora in Texas
(mean annual rainfall 570 mm), multi-paddock camps decreased
the rate of rangeland degradation compared to similarly stocked,
continuously grazed paddocks, even with sub-optimal growing
season recovery periods of as little as 50 days.

In summary, contrary to the conclusion of Briske et al. (2008),
the evidence we provide above indicates that most researcher-
designed and implemented rotational grazing treatments or “sys-
tems” differed little from, and thus are no better than, continuous
stocking for improving plant community diversity, stability and
productivity. However, when the interval between defoliations was
increased using rotational grazing, beneficial effects were noted in
plant community responses.

5.6. The roles of reductionist and systems approaches

Through the application of rigorous scientific methodology and
reductionist research approaches, much knowledge has been
gained about soils, water, plants, and herbivores and the interaction
of these in biophysical processes that influence the health and
resilience of rangeland ecosystems. However, the effective study of
grazing management at the whole-ranch or landscape scale re-
quires not only comparison of alternative management actions but
also evaluation of the ways in which these actions and biophysical
processes interact and evolve over time. The temporal and spatial
variation inherent in biophysical processes and their interaction
with management decisions precludes direct comparisons of
grazing “systems” in classical, replicated grazing experiments, as
noted by van der Ploeg et al. (2006), Briske et al. (2008), and Teague
et al. (2011). All the biophysical variables in the various processes
are in a state of constant flux that is influenced by history, pre-
vailing conditions and chance and, therefore, their manifestations
are unique in time and space as they are modified by ever-changing
contexts and conditions (Provenza, 2000). Leading farmers and
ranchers achieve superior results by the way they allocate re-
sources, use different techniques, apply novel concepts and adap-
tively change these elements to achieve outcomes that exceed the
sum of parts involved. This is the “art of farming”, long acknowl-
edged as the producer of superior results. Reductionist science is
wholly inadequate for improving understanding of management as
it simplifies and isolates inputs and treatments so as to preclude the
discovery of emergent properties that are the signature achieve-
ment of leading managers as discussed in detail by the Dutch sci-
entists van der Ploeg et al. (2006).

To be effective managers, ranchers must work within the
dynamic constraints of biophysical processes that affect their
landscapes. Optimally, this combines knowledge of the processes
with the flexibility to respond to ever-changing environmental
conditions. Therefore, “unbiased” studies of grazing management
represent unique responses in space and time of more general
processes regarding the interactive and adaptive behaviors of wa-
ter, soil, plants, herbivores, and people within particular ecological,
economic and social contexts. Science can illuminate fundamental
principles and processes, but their manifestations represent unique
case studies. Due to the necessity to replicate treatments with
comparable measurable attributes in conventional scientific
methodology, it is futile to attempt to compare various grazing
“systems” using such methodology (Van der Ploeg et al., 2006).
Indeed, scientists are not impartial observers. Rather, by interacting
with a grazing management system, scientists become managers
through the ways they design and implement their studies. In that
sense, each study, replicated or not, is merely a case study. While,
small plot research can be useful for parameterizing factors that
occur at small sales, such as competitive relationships among
plants or the length of time plants require to recover from defoli-
ation under different circumstances (e.g., Mullahey et al., 1990,
1991; Reece et al., 1996; Cullan et al., 1999), the results of such
research must be placed in appropriate temporal and spatial con-
texts for managers of landscapes and their implications should not
be overextended.

Burke et al. (1998) argue that it is unreasonable to expect
meaningful results from research conducted for less than 10-year
periods as changes occur relatively slowly in more arid rangeland
ecosystems. Moreover, given the dynamics of landscapes, it is
reasonable to ask if soils, plants, and herbivores ever reach any sort
of equilibrium (Pielou, 1991; Provenza, 2003b, 2008). If not, then
on-going adaptation to ever-changing environments is the only
option for “sustaining landscapes.” Such challenges and opportu-
nities are best addressed bymonitoring biological processes related
to soils, plants, herbivores, and people on ranches managed suc-
cessfully for many years. Working with these ranchers and using
systems-level simulation modeling has much potential to advance
our understanding of what management is required to achieve
desired goals. This dual approach can simultaneously evaluate
ecological and managerial responses to changing conditions. It also
allows researchers to evaluate entire ranch enterprises across
different rangeland ecosystems within the constraints of respective
grazing regimes, including the capacity of ranchers to adaptively
manage for the best possible outcomes (Briske et al., 2011; Teague
et al., 2011). Numerous ranchers world-wide have successfully
managed their land for years, with some having operated suc-
cessfully for over three decades, using various levels of sophisti-
cation (Earl and Jones, 1996; Jacobo et al., 2006; Teague et al., 2011).
Data gathered from ranches with different histories of grazing
management over decadal periods provide an essential adjunct to a
systems modeling approach to grazing systems evaluations. This
allows closer examination of a wider range of hypotheses to better
understand the consequences of adopting alternative management
strategies and practices.

Simulation modeling is an underutilized tool. Developing
enhanced understanding of complex systems requires theory, and
theory often requires models to test understanding (Starfield and
Bleloch, 1985; Woodward, 2005). Simulation modeling at the sys-
tems level can complement both small-plot and ranch-based field
research as treatments can be explored without the variability,
space, time and cost limitations of traditional grazing research.
Thus a systems simulation modeling approach could facilitate the
development of a sound theoretical base for understanding bio-
physical processes and management hypotheses at the landscape
scale and testing them against observed results, essential elements
that have been lacking. So far, grazing systems modeling efforts
have included attempts to better understand the outcomes of
field experiments (Teague and Foy, 2004), spatial scale (Witten
et al., 2005), relevance of adequate recovery in rangelands (Hui
and Chen, 2006; Müller et al., 2007), stock number management
strategies (Hahn et al., 1999; Cingolani et al., 2002; Diaz-Solis et al.,
2003, 2009), and ecological economics (Beukes et al., 2002; Teague
et al., 2008, 2009b).

The recent development of a number of computer-based tools
provides another means to achieve more complete analyses of the
impacts of different management and facilitate systems level
investigation at the scale that rangeland ecosystems are managed.
These technologies include geographic information systems,
remote sensing, and global positioning system receivers to monitor
livestock movements. Such technologies will assist in evaluating
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the impacts of different management strategies at the landscape
and water-catchment scales over long periods to develop a better
understanding of impacts. An example is the ability to conduct
retrospective analyses of ranch landscapes under different man-
agement using the Landsat satellite data collected for 40 years
(Wessels et al., 2007; Washington-Allen et al., 2010). These tech-
nologies provide ameans of testing hypotheses we outline below to
explain different results obtained by researchers working at small
scales and ranchers working at landscape scales.

6. New theories and testable hypotheses

Although many disciplines have historically operated on the
tenets of a single major paradigm, considering and comparingmore
than one paradigm often generates more complete knowledge than
is possible with only one (Burrell and Morgan, 1979; Frost, 1980;
Provenza, 2000). Different paradigms are based on fundamentally
different assumptions and produce markedly different ways of
approaching and building a theoretical foundation for any disci-
pline (Gioia and Pitre,1990). Moreover, according to the principle of
consilience, the methods and assumptions of any field of study
should be consistent with the known and accepted facts in other
disciplines (Wilson, 1998; Gowdy and Carbonell, 1999). Accounting
for different theoretical assumptions within a broader systems
approach to research provides a more comprehensive under-
standing of the local responses of biophysical processes that affect
managed ecosystems and their constantly changing manifestations
(Van der Ploeg et al., 2006).

Numerous instances from research that we have cited together
with substantial anecdotal evidence from ranchers around the
world (Savory and Butterfield, 1999; Tainton et al., 1999; Howell,
2008) justify the modification and further testing of the hypothe-
sis expressed by Briske et al. (2008) that there is no compelling
evidence to demonstrate that rotational grazing enhances plant
and animal production compared to continuous stocking on ran-
gelands. We propose the following alternative testable hypothesis:
at a ranch management scale, planned multi-paddock grazing,
when managed to give best vegetation and animal performance,
has the potential to produce superior conservation and restoration
outcomes for rangeland resources, to provide superior ecosystem
services for society, and to yield greater ranch profitability and
greater socio-ecological resilience in the long run compared to
season-long continuous stocking.

To evaluate this hypothesis and the observations we have
documented, the following specific hypotheses need to be tested
using spatially explicit simulation models over decadal timeframes
and, to the fullest extent possible, verified with field investigations
using case study comparisons at the landscape (ranch) scale. We
specifically refer to comparisons between continuous, season-long
grazing (CG) and multi-paddock grazing (MPG) that are adaptively
managed to provide the best herbaceous vegetation and animal
performance:

1. Due to selective use of plants and areas, continuous grazing by
livestock for decades on a large single ranch paddock will in-
crease bare ground and unpalatable plants. This will occur on
preferred areas at light stocking rates and will degrade more
and be more widespread as stocking rate increases. Periods of
drought will cause heavily grazed plants and patches to have
high mortality. Livestock performance will be high initially but
will decrease as the amount of bare ground and proportion of
unpalatable plants increases.

2. Plant species composition due to selective grazing will vary
significantly according to the size of the grazed paddocks. In
small paddocks, grazing will be more even, drought effects will
be less severe and there will be reduced differences in species
diversity between CG and MPG.

3. MPG that provides short periods of defoliation by grazers fol-
lowed by adequate periods of recovery from grazing will allow
heavily grazed plants to recover and survive droughts. Forage
production and standing crop and animal condition (plant and
animal buffers) will be greater and drought-related plant and
livestock mortality will be less than with CG. Adaptively
managed MPG will spread grazing pressure over a larger
portion of the ranch and provide improved diet quality for
livestock, which will increase livestock production and primary
production.

4. In relatively mesic rangelands, MPG will benefit vegetation
most with moderate use and long periods of growing season
recovery, while animal performance will benefit most from
shorter periods of moderate grazing during the growing sea-
son, and maintaining plants in a vegetative state.

5. In drier rangelands the benefits of shorter grazing periods with
MPG are relatively small compared to the advantage of longer
growing season recovery periods.

6. Plants growing in arid ecosystems may require no growing
season defoliation and limited dormant season defoliation.

7. During average or above-average precipitation years, a full
growing season of post-grazing recovery rotated annually
throughout the paddocks in a management area will increase
the proportion of desirable relative to undesirable forage spe-
cies. This, in the long-term, will maintain or increase primary
and secondary production, biodiversity and ecosystem services
(Frank et al., 1998).

8. In transitions from CG with large paddocks to MPG with small
paddocks, production per head and per hectare will increase
with increasing numbers of paddocks because the extent to
which MPG can ameliorate stocking rate effects on animal
performance and vegetation condition is positively related to
the number of paddocks in the grazing system (Norton, 1998).
7. Conclusions and recommendations

The benefits of effective multi-paddock grazing management, as
well as the results of poor grazing management, have been
observed and reported for many years and in many countries.
Ironically, despite the observed and reported benefit to species
composition and vegetation cover with planned grazing and
adequate recovery, recent reviews of rangeland grazing studies
suggest that multi-paddock grazing improves neither vegetation
nor animal production relative to continuous stocking (Briske et al.,
2008). Our paper developed hypotheses to explain why such
different perceptions exist between many researchers and the
experience of grazing managers around the world who have used
multi-paddock grazing adaptively to achieve desired production,
conservation and financial goals and enhance ecosystem resilience
and delivery of ecosystem services. We have presented detailed
comparisons of research methods and the practical experience of
successful practitioners of multi-paddock grazing management to
provide three overarching reasons for the existence of such
different perceptions. To facilitate testing the validity of our ob-
servations, we outlined testable hypotheses to explain why much
recent research has arrived at conclusions that differ from those
obtained by ranchers who have used multi-paddock grazing to
achieve conservation and economic goals.

First we postulate that the application of experimental treat-
ments in controlled grazing experiments has, in general, not taken
into account commonly recognized principles to maintain health
and vigor of plants and nutrient intake of animals. In addition, the
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spatial limitations, short-term nature, and inflexible grazing
treatments imposed in most experiments have prevented re-
searchers from adequately accounting for the spatial heterogeneity
of vegetation, temporal shifts in weather, plant composition, time
lags in learning necessary for animals to perform to their potential
with changes in management, and stocking rate adjustments that
characterize most rangeland production systems. Such experi-
mental limitations have frequently led to results that imply multi-
paddock grazing treatments are no better than, or inferior to, lightly
or moderately stocked continuous grazing treatments, when in
each case the reaction of organisms of interest are at the mercy of
these factors without management to adjust to these factors.

By contrast, many ranchers have achieved excellent animal
production and soil and vegetation improvements using multi-
paddock grazing and find that the flexibility and timeliness of
feedback inherent in MPG facilitate improved management
compared to CG. They have done so by pro-actively responding to
changing environmental circumstances through the use of adaptive
management practices including regular resource monitoring and
timely adjustments in livestock placement and numbers. In com-
plex ever-evolving ecosystems, components emerge, change, and
then disappear and managers cope and then capitalize on changes
they help to initiate. We typically long for a standard recipe to
ensure that we sustain the status quo, despite knowing that we are
awash with variability in social and biophysical environments
whose changes are largely out of our control. Instead, good man-
agement of complex systems requires flexibility, and less of an
attempt to control than an attempt to understand and respond
appropriately and continuously to changes as they arise. In the
context of productive landscapes, successes should be judged at the
system level and based on whether it can support those who
depend on it.

A second and related reason most grazing trials have not
corroborated successful ranch-scale multi-paddock grazing expe-
riences is that they have not adequately addressed animaleplant
interactions at appropriate scales. Without management inter-
vention, plant- and area-selective grazing increases with increasing
paddock size and time. In general, small-scale and short-term
grazing trials have not accounted for the uneven distribution of
livestock in large continuously grazed paddocks which leads to
localized pasture degradation over time. Neither has it accounted
for the more even distribution of livestock in small continuously
grazed research paddocks that leads to more even utilization. Nor
have they generally adaptively managed recovery time to provide
consistently adequate physiological recovery for defoliated plants.
Either way, the conclusions are affected by the design and imple-
mentation of the study.

Associated with this oversight has been the assumption that
forage availability and utilization are spatially homogeneous, which
has been widely refuted by a large body of published research.
Herbivores have entirely different impacts on large landscapes over
long periods of time when continuously stocked than implied in
the small temporal and spatial scale studies reviewed by Briske
et al. (2008). While published research may accurately present
the results of experiments, unless the results can be applied in the
management of landscapes within a systems framework, they will
likely be irrelevant and possibly misleading for those managing
commercial operations for long-term conservation objectives
(Provenza, 1991, 2003a). This is particularly the case if they have
been conducted for short periods, on areas that are substantially
smaller and more homogeneous than the size of continuously
stocked paddocks on commercial ranches, and not adaptively
managed in response to changing circumstances. In addition, many
literature reviews are narrowly focused and draw categorical con-
clusions about grazing treatment effects without carefully
evaluating the methodology and context of each grazing trial (e.g.,
Holechek et al., 1999, 2000, 2003; Briske et al., 2008; see also Van
der Ploeg et al., 2006). Further, concentrating only on differences
in productivity without meaningfully taking into account negative
impacts on the environment can lead to extrapolations that are
misleading. Such conclusions tend to cloud rather than enhance
knowledge about sustainable grazing management and do not
provide guidance relevant for practical grazing management
applications.

A third reason for contradictory experimental and operational
results is that most researchers have not designed their experi-
ments to answer fundamentally important practical questions such
as: 1) How good is a given management option ecologically,
economically, and socially; 2) Within what context is it most likely
to be successful; and 3) How can the results be contextualized to
make them work as well as possible? For research results to be
relevant, each experiment must be examined to determine how it
was conducted and if the objective(s) allow the results to be
extrapolated to ranch situations. When researchers conduct graz-
ing trials, they too are “managers” of a piece of ground, and by
participating through the questions they ask, the ways they design
and implement the experiments, and ultimately interpret the re-
sults, they influence the outcomes of their studies. Unless grazing
treatments are applied in a way that tries to produce the best
possible integration of ecological, economic, and social contexts
and conditions, researchers cannot accurately determine whether
or not multi-paddock grazing can produce better results relative
to continuous stocking treatments managed to provide the best
results.

Successful ranchers modify their management as ecological,
economic, and social conditions change to achieve the best possible
outcomes in dynamic biophysical and economic environments. To
attain the goal of sustainability on rangelands, thinking in terms of
grazing systems is unimportant compared to understanding and
applying management principles that support the proper func-
tioning of ecological, economic, and social processes. To do so,
managers achieve management goals through scientific under-
standing of processes combined with practical local experience.

To conduct research relevant at the operational scale, re-
searchers have much to learn from working with successful con-
servation oriented ranch managers, as illustrated in comparisons of
continuous and multi-paddock grazing on commercial ranches.
Using this approach, many of the constraints that have character-
ized previous grazing systems research can be avoided. Specifically,
monitoring ranches that have successfully operated multi-paddock
grazing management, in some cases for decades, may be the best
way for rangeland scientists to appreciate the on-going dynamics
as rangeland ecosystems respond to changes in grazing manage-
ment. In addition, combining on-ranch research with simulation
modeling can provide information relevant to managers.
Computer-based tools such as geographic information systems,
remote sensing and global positioning system receivers comple-
ment and facilitate research at the landscape scale. These ap-
proaches are well suited to evaluating both the managerial and
ecological components of grazing systems and can facilitate
developing a sound theoretical base for understanding the ecology
and management of grazed ecosystems.

Science can help us understand biological processes, including
the interrelationships among biophysical processes that link soils,
plants, herbivores, and people (Provenza, 2000). Science can help
us appreciate theworkings of the processes of nature, which enable
creatures to adapt, but there is no absolute truth in science. All
concepts and theories are limited and approximate. Science is a
quest for understanding, an attempt to account for observable
phenomena. Moreover, nature does not show us any “isolated
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building blocks” but rather appears as a web of relations among
various parts of the whole and that always includes the human
observer and participant. While other disciplines have come to
accept this phenomenon, we still cling to the notion of scientists as
impartial observers who do not influence the outcomes of their
experiments.

Grazing studies have focused least on the most important
feature of the management system, the human element. Under-
standing biophysical processes is of little value in the absence of
flexibility needed to manipulate those processes toward desired
human goals in uncertain environments. What matters most to
achieve sustainable outcomes on grazed rangelands is continually
obtaining feedback through monitoring and adjusting herbivore
numbers and movements to ensure the health of herbivores, plants,
soils and ultimately people. Achieving sustainability on rangelands
depends upon animals frequently moving across landscapes,
whether driven by their nutrient needs, predators, herders, fire, or
fenced paddocks (Provenza, 2003a, 2003b). Intelligent, goal-
directed management is required to achieve sustainable goals. To
understand how to do so, we must understand biophysical pro-
cesses and how the best managers manipulate and adjust them
(Provenza, 2003a).
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