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ABSTRACT: The objective of this paper is to examine
the sustainability of rangeland agriculture (i.e., man-
aged grazing) on a world-wide basis, with a focus on
North America. Sustainability is addressed on three
fronts: 1) ecological, 2) economic, and 3) social accep-
tance. Based on previous and on-going research, we
suggest that employment of science-based rangeland
grazing management strategies and tactics can ensure
ecological sustainability. The formidable challenge in
employing such technology centers around the need to
balance efficiency of solar energy capture and subse-
quent harvest efficiencies across an array of highly spa-
tially and temporally variable vegetation growing con-
ditions using animals that graze selectively. Failure
to meet this fundamental challenge often accelerates
rangeland desertification processes, and in some in-
stances, enhances rate and extent of the invasion of
noxious weeds. We also suggest that the fundamental
reason that ecologically sound grazing management
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Introduction

The long-term sustainability of agriculture is a sub-
ject of great interest and lively debate in many seg-
ments of the world. This debate goes on in part because
sustainable agriculture is often viewed more as a man-
agement philosophy rather than a method of operation
(MacRae et al., 1993), and as such, acceptance or rejec-
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technologies are often not employed in the management
of grazed ecological systems is because social values
drive management decisions more so than ecological
science issues. This is true in both well-developed socie-
ties with substantial economic resources and in less-
developed societies with few economic resources. How-
ever, the social issues driving management are often
entirely different, ranging from multiple-use issues in
developed countries to human day-to-day survival is-
sues in poorly developed countries. We conclude that
the long-term sustainability of rangeland agriculture
in 1) developed societies depends on the ability of range-
land agriculturalists to continually respond in a dy-
namic, positive, proactive manner to ever-changing so-
cial values and 2) less-developed societies on their abil-
ity to address the ecological and social consequences
arising from unsustainable human populations before
the adoption of science-based sustainable rangeland
management technologies.

tion of any definition is linked to one’s value system
(Clark and Weise, 1993). Still, most agriculturalists
agree that the concept of sustainable agriculture is
of paramount importance to the sustainability of our
biosphere and its ever-increasing human population.

The objective of this paper is to examine the funda-
mental role that livestock grazing plays in the devel-
opment of sustainable agriculture systems. Our focus
is on the sustainability of rangeland agriculture (i.e.,
grazing) as it relates to ecological processes, economic
viability, and social acceptance. We address these
three components because they generally encompass
the broadly accepted components defining sustainable
agriculture. For example, the Food and Agricultural
Organization (FAO, 1991) defines sustainable agricul-
ture as the management and conservation of the re-
source base and the orientation of technological and
institutional changes in such a manner as to ensure
the attainment and continued satisfaction of human
needs for present and future generations. Such sus-
tainable development is environmentally nondegrad-
ing, technically appropriate, economically viable, and
socially acceptable. This definition follows closely the
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definition of others, including the legal definition as
incorporated into the 1990 Farm Bill (U.S. Congress,
1990). It also reflects the essence of Aldo Leopold’s
writings of 65 yr ago (Leopold, 1938), when he sug-
gested that the challenge to humans is to live on a
piece of land without spoiling it.

Ecological Sustainability

Agriculture as an Ecological Process

Agriculture is formally defined as the science, art,
or practice of cultivating the soil, producing crops, and
raising livestock and in varying degrees the prepara-
tion and marketing of the resulting products, or in lay
terms as the production of food and fiber. But from
an ecological perspective, agriculture can be defined
or viewed as the business of managing resources to
capture solar energy and transfer it to people for their
use (Heitschmidt et al., 1996). As such, agricultural
production is an integrated measure of the amount of
solar energy captured and the efficiency whereby that
energy is transferred across trophic levels within vari-
ous agricultural food chains.

Based on this fundamental ecological understand-
ing, we can broadly redefine sustainable agriculture
as ecologically sound agriculture or more narrowly
define it as eternal agriculture, that is, agriculture
that can be practiced for eternity. It follows then that
eternal agriculture must be fully natural in that no
finite, exogenous inputs (e.g., fossil fuels) are neces-
sary for it to function. It is from this definition that
we propose that grazing of indigenous rangelands is
one of the most sustainable forms of agriculture
known. This is because no other form of agriculture
is less dependent on external, finite resources, such
as fossil fuels, and/or external, potentially environ-
mentally disruptive resources, such as fertilizers or
pesticides, than grazing of native grasslands.

Fundamental Impacts of Rangeland
Agriculture on Ecological Processes

Assessing the sustainability of rangeland agricul-
ture requires a fundamental understanding of its po-
tential impacts on critical ecological processes (Hobbs,
1996). The four most direct avenues of impact are 1)
defoliation of plants, 2) treading, 3) fecal and urine
depositions, and 4) atmospheric gas exchanges.

Response of individual plants to defoliation varies
depending upon a wide array of biotic (e.g., plant mor-
phological and physiological traits, phenological
growth stage) and abiotic (e.g., availability of water
and nutrients, temperature) factors. Regardless of the
modifying effects of these factors, repeated intensive
defoliations generally reduce plant growth and pro-
ductivity, whereas light-to-moderate levels only mar-
ginally suppress growth with occasional instances of
growth enhancement noted (Briske and Richards,

1995). As such, selective defoliation processes alter
competitive relationships and can cause shifts in plant
species composition toward less productive and less
desirable mixes (Dyksterhuis, 1949; Ellison, 1960;
Friedel, 1991; Pieper, 1994).

Trampling and treading of vegetation and soil sur-
faces generally increases surface water runoff and
sediment production as a result of decreasing vegeta-
tion cover and increasing soil bulk densities (Black-
burn, 1984). These effects, in turn, cause soil organic
matter content, aggregate stability, and water infil-
tration rates to decline (Thurow, 1991).

Defecation and urination on soil surfaces and in situ
vegetation alter nutrient cycles over both time and
space (Pieper, 1977; Floate, 1981). This is because of
the direct addition of nutrients (Woodmansee, 1978;
Heady and Childs, 1994) and their subsequent effects
on soil biotic and vegetation growth patterns (Schimel
et al., 1986; Detling, 1988; Jaramillo and Detling,
1992a,b).

Increased awareness of the potpourri of abiotic and
biotic factors affecting the gaseous composition of the
earth’s atmosphere has resulted in increasing interest
in the regulatory role animals, particularly rumi-
nants, might play. The potential impacts are substan-
tial considering that it is estimated that domestic live-
stock may contribute up to 15% of the world’s methane
(CH4) output (Crutzen et al., 1986). McCauley et al.
(1997) reported methane production rates for 356-kg
steers grazing summer pastures in Canada averaged
0.69 L�kg BW−1�d−1 over a 140-d grazing season. Work
by Pol-van Dasselaar et al. (1998, 1999) has shown
that pastures in the Netherlands serve as sinks for
methane at the rate of about 1.1 kg�ha−1�yr−1. Con-
verting liters to kilograms (i.e., 0.7168 g/L) reveals 1
ha of pasture in the Netherlands could consume about
625 d of methane emissions by 356-kg steers grazing
summer pasture in Canada! Although we recognize
combining these two data sets provides very limited
insight into the grazing/atmospheric gas interface, it
does serve to emphasize the very dynamics of that
interface. Moreover, the ecological significance of this
interface is difficult to assess without knowledge of
the historical contributions of ruminants to CH4 and
other gaseous compounds. Still, it is a potentially im-
portant avenue of grazing impact on ecological
systems.

Although the above effects are singular in context,
the effects of rangeland agriculture on rangeland eco-
systems represent an integrated measure of the four
avenues of impact and there is an abundance of scien-
tific literature documenting these effects. Specifically,
these studies show that 1) rangeland agriculture al-
ters both the structure and function of ecological sys-
tems (Sims and Singh, 1978a,b,c), including rates of
energy flow and nutrient cycling (Briske and Heitsch-
midt, 1991); 2) defoliation intensity has greater im-
pact than trampling and treading (Curll and Wilkins,
1983); and 3) that impacts vary depending upon the
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evolutionary history of the rangeland of interest. For
example, historical monitoring of the impacts of large
ungulates on the structure and function of rangelands
in regions with long evolutionary grazing histories,
such as the grasslands of the Great Plains of North
America (Lauenroth et al., 1994), suggests grazing at
moderate intensities is ecologically fully sustainable
(Milchunas et. al., 1988; Milchunas and Lauenroth,
1993). However, the response in regions with limited
evolutionary grazing histories, such as the Desert
Southwest and Great Basin regions of the United
States, are quite different. Still, there is considerable
evidence that indicates well-managed, light-to-moder-
ate grazing intensities are ecologically sustainable
(Laycock, 1994; Pieper, 1994) although alternative in-
terpretations of the published literature exist
(Fleischner, 1994; Heitschmidt et al., 2001).

Management Challenges

Obviously, ecological sustainability is closely linked
to the abilities of rangeland agriculturalists to man-
age the impacts of grazing animals on rangeland re-
sources. These challenges are of considerable magni-
tude in extensive rangeland environments because
limited economic returns prohibit employing high-
cost, ecologically ameliorating management tactics.
For example, in intensively managed grazing environ-
ments, such as tame or planted pasture systems, such
exogenous energy inputs as insecticides, herbicides,
fertilizers, and water can be used to affect fundamen-
tal ecological processes. But under extensive range-
land conditions, management is largely limited to how
grazing animals are managed over both time and
space.

The concept of proper grazing is a product of exten-
sive rangeland management strategies. Proper graz-
ing is defined as the act of continuously obtaining
proper use, with proper use being defined as a degree
of utilization of current year’s growth which, if contin-
ued, will achieve management objectives and main-
tain or improve the long-term productivity of the site
(SRM, 1989). In other words, proper grazing is sus-
tainable grazing.

Driving proper grazing are three, over-whelming,
broad-based challenges. The first challenge is the need
to balance efficiency of solar energy capture (i.e., for-
age production) and subsequent harvest efficiency
(i.e., consumption by the grazing animal). This concept
has been clearly demonstrated by Parsons et al. (1983)
and discussed in detail by Briske and Heitschmidt
(1991). Results from this experiment clearly reveal
that as harvest efficiency increases beyond some opti-
mum, forage production declines (Figure 1).

The second challenge stems from the inherent range
in abiotic growing conditions over both time and space
(Friedel et al., 1990; Stafford Smith and Morton,
1990). For example, seasonal and annual droughts are
common in rangeland environments, which ensures

Figure 1. Energy capture and flow (kg carbon�ha−1�

d−1) within (a) leniently and (b) severely grazed perennial
ryegrass pasture (data taken from Briske and Heitsch-
midt, 1991, after Parsons et al., 1983).

primary productivity will vary considerably over both
time and space. Likewise, primary productivity capac-
ity will vary spatially because of inherent differences
in soil quality and topography among spatially distrib-
uted ecological sites.

The third challenge is managing the impacts of se-
lective grazing. This challenge is particularly robust
in rangeland agriculture environments because of the
short-term interaction effects of selective grazing on
both herbage production and harvest efficiencies and
the long-term effects on potential herbage production
arising from alterations in plant species composition.
In the short term, selective grazing ensures rates of
growth will vary among plants and plant species be-
cause of variations in frequency and severity of defoli-
ation. In the long term, differences in frequency and
severity of defoliation alter competitive interactions,
which in turn impact rate, direction, and magnitude
of ecological succession in species-rich rangeland envi-
ronments (Archer and Smeins, 1991).

In light of these three challenges, managers have
implemented a number of tactics to ensure rangelands
are properly grazed over both time and area. The most
obvious of these tactics are proper stocking rates, stra-
tegic herding, fencing, water development, and the
use of various grazing systems (Vallentine, 1990;
Heady and Childs, 1994). But there are a great many
other livestock management tactics that can affect
ecological sustainability across a landscape. For ex-
ample, location of supplemental feeds/feeding grounds
(Bailey and Welling, 1999), early life experiences
(Provenza and Balph, 1988), and kinds and breeds of
animals (Winder et al., 1996; Simm et al., 1996; Bailey
et al., 2001) can all affect the intensity of utilization of
various ecological sites, communities, and individual
plants within a landscape. And because landscape
composition relative to ecological sites, communities,
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and individual plants varies, grazing impacts vary
across a landscape in direct proportion to grazing in-
tensities. Animal management tactics can also affect
such specific variables as gaseous emissions, such as
methane. For example, Moe and Tyrrell (1979) have
shown differing sources of carbohydrates alter quan-
tity and mix of gaseous emissions, whereas Martin
and Seeland (1999) have shown similar results when
a production system was changed from dual purpose
to separate milk and meat systems.

The resulting effect is that averages, such as aver-
age forage production, average diet quality, and aver-
age weaning weight, are often of only limited value
to managers. Rather, the challenge lies in capturing
opportunities and avoiding pitfalls arising from devia-
tions from the average (Danckwerts and King, 1984;
Fouche et al., 1985; Foran and Stafford Smith, 1991;
Dankwerts and Tainton, 1993; Pickup and Stafford
Smith, 1993; Heitschmidt and Walker, 1996) because
management for the average will often result in fi-
nancial ruin.

Ecological Threats to Sustaining Rangelands

There are three major threats to the ecological sus-
tainability of rangelands and rangeland agriculture.
One threat is the unabated invasion and spread of
noxious plants that alter the ecological integrity of
rangeland ecosystems. Infestations by a wide array of
noxious plants continue to diminish the functionality
of rangelands. For example, about 750 invader plant
species have either been intentionally or accidentally
introduced into the northwest United States over the
past 100 yr (Rice, 2003). Two of the most notorious
rangeland species are Russian knapweed (Centaurea
scabiosa L.) and leafy spurge (Euphorbia esula L.),
both of which have increased over the past 75 yr, from
minimal infestations to current occupations of about
560,000 (Whitson, 1999) and 1.1 m ha (Lajeunesse et
al., 1999) of western and north central U.S. lands,
respectively. Combating this threat is difficult as both
environmental concerns and treatment costs limit
management options.

A second major threat is the continued conversion
of rangelands to other uses, such as cropland and
homesteads in the form of ranchettes and housing
subdivisions. For example, the U.S. Natural Resource
Conservation Service reported a 3% decline in pri-
vately owned rangelands from 1982 to 1997 (Mitchell,
2000), with greatest loss being conversion to cropland
(USDA Forest Service, 2001). But the impacts of such
losses on the ecological sustainability of rangeland
agriculture extend beyond the direct impacts of losses
in grazing capacity. This is because the spatial pattern
of varying types and/or land uses can affect the ability
of keystone plants and animals to maintain viable
populations. As such, limiting fragmentation is im-
portant, at least in some instances, to sustaining
rangeland ecosystems (De Prietri, 1995; de Soyza et

al., 2000; Flather and Seig, 2000; Washington-Allen,
2003).

The third major threat is loss of rangelands via de-
sertification processes, of which soil erosion is key
(Figure 2). Although deserts are classified as range-
lands, their level of productivity is considerably less
than that for more traditional grassland-dominated
rangelands. Thus, management practices, such as im-
proper grazing, and natural phenomena, such as shifts
in climate, can enhance rate and extent of desertifica-
tion of rangelands (Thurow, 1991).

Economic Sustainability

Economics is defined as a social science concerned
with the description and analysis of the production,
distribution, and consumption of goods and services.
However, in its simplest form, economics can be
viewed as measures of human beliefs that form value
systems, which in turn drive economic choices. People,
businesses, and governments buy and sell goods and
services based upon their beliefs as to the value of
available goods and services. That is why economics
is deemed a social science and why it is so closely tied
to social acceptance. That is also the reason why it
is difficult to independently address the roles that
economic sustainability and social acceptance play in
sustaining any enterprise.

Despite surveys that show ranchers tend to value
their lifestyle over economic well-being (Torell et al.,
2001), their economic sustainability is ultimately de-
pendent upon profit margins if their livelihood is de-
pendent strictly upon the ranching enterprise. Poten-
tial threats to profit margins may be either from re-
duced income or increased costs or both. Potential
threats to loss of income include loss of productive
capacity and reduced selling prices. Examples of po-
tential forces that might reduce productivity capacity
would include recurring drought and/or deleterious
invasion of noxious weeds. Drought, almost without
exception, reduces ranch income with impacts great-
est at high grazing intensities (Hart et al., 1988; Val-
entine, 1990; Conner, 1991). Likewise, it is well known
that invasive weeds continue to spread (Figure 3) and
that their economic impacts can be devastating. For
example, it is estimated that the annual economic im-
pact on the Montana economy of just three species of
knapweed is $42 million (Hirsch and Leitch, 1996).
These costs are in terms of both loss of income, because
of reduced productivity, and increased management
costs.

Although there is an array of factors that can cause
selling prices to decline, most are related to fundamen-
tal supply and demand relationships. It is reasonable
to assume that the production of rangeland agricul-
tural products is probably near maximum, at least in
North America, as essentially all available rangeland
is currently stocked to capacity. On the other hand,
worldwide demand for red meat is increasing dramati-
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Figure 2. Conceptual pathway of rangeland desertification process (from Thurow, 1991).

cally, as Rosegrant et al. (1995) estimated demand
would increase 100% by 2020. Thus, the potential for
the price of red meat to increase in the future is sub-
stantial.

In addition to the increased management costs asso-
ciated with the management of invasive weeds, there
is an array of other forces that may increase produc-
tion costs dramatically in the future. One potential
factor is ever-increasing land purchase prices. Range-
land purchase prices continue to increase and, in

many instances, beyond the economic potential of
agriculture production. But in a free-enterprise sys-
tem, such increases simply reflect what the market
will bear and intrusive controls of those prices would
be unwelcome. An additional threat is substantial in-
creases in fossil fuel costs. As Heitschmidt et al. (1996)
have shown, most U.S. beef cattle production systems
are highly dependent on fossil fuel, and as such, sub-
stantial increases in fossil fuel prices will severely
cripple profit margins unless product selling prices
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Figure 3. Number of counties in Oregon, Washington,
Idaho, Montana, and Wyoming reporting presence of
eight invasive weeds from 1923 to 2003. Total number of
counties in five states is 198.

rise at a similar rate. Still, rangeland agriculture per
se will continue because its existence is not dependent
upon fossil fuels as is evident in other parts of the
world besides North America. The incorporation of
fossil fuel-dependent technologies into North Ameri-
can rangeland agriculture production systems is a lux-
ury that stems from relatively cheap fossil fuel, but
it is not a requirement for rangeland agriculture to
function.

Economic Sustainability/Social
Acceptance Interface

Obviously, there is a close linkage between economic
sustainability and social acceptance in that both are

value driven. Values are a reflection of beliefs, and
unfortunately, there is no requirement that beliefs be
based on either sound knowledge or absolute truths.
Thus, social acceptance or rejection of any social pro-
cess, event, or phenomenon is based upon perceived
truths, all of which are subject to emotional and politi-
cal manipulation. We forward these ideas because it
is imperative that rangeland agriculturalists under-
stand that economic sustainability and social accep-
tance are both closely tied to social perceptions and
beliefs, whereas ecological sustainability is dependent
on the biological and physical laws of nature. If a
resource management scheme does not ensure ecologi-
cal sustainability, its long-term economic sustainabil-
ity is questionable. That is so because economic viabil-
ity at any instant is strictly dependent upon current
social perceptions and values, whereas long-term sus-
tainability is dependent upon absolute truths. And
because humans lack perfect ecological knowledge, a
portion of our natural resource management strate-
gies and tactics have failed and will probably continue
to fail although they are at some point considered
economically sustainable.

There are several closely related social acceptance
threats to rangeland agriculture. One of considerable
concern is the perception that rangeland agriculture
is environmentally inappropriate. This is somewhat
surprising when one considers that grazing is the old-
est and most natural form of agriculture known. That
does not mean, however, that all past, current, or fu-
ture rangeland agriculture management schemes are
deemed ecologically sustainable and therefore, so-
cially acceptable. Still, there is considerable debate
among knowledgeable scientists as to the ecological
sustainability of rangeland agriculture in the arid
western United States (Fleishner, 1994; Laycock,
1994; Pieper, 1994; Donahue, 1999). In a review of
this debate, Heitschmidt et al. (2001) concluded that
creditable scientific support can be generated for a
wide array of land uses, including conflicting uses,
because author interpretations (including ours) of
similar scientific information can vary depending
upon personal experiences and values. This, in turn,
means society’s information base may be filled with
conflicting information that makes good land manage-
ment decisions more difficult.

The perception that rangeland agriculture is envi-
ronmentally inappropriate appears to be a driving
force behind society’s changing value system as it re-
lates to alternative uses of rangeland resources.
Greater social value is being placed on nonlivestock-
oriented products, such as water, recreation, biodiver-
sity, and ecosystem integrity. For example, a recent
Shields et al. (2002) survey of over 80 focus groups
and 7,000 individual citizens showed there is wide
public support for adopting management tactics and
strategies for U.S. forests and grasslands that 1) en-
hance the ecological health, 2) preserve the opportu-
nity for wilderness experiences, 3) incorporate sound
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science in development of management plans, and 4)
favor less consumptive uses over more consumptive
uses. Alternatively, the survey results showed only
limited support for 1) increasing motorized recre-
ational opportunities, 2) providing resources to depen-
dent communities and traditional cultural uses, and
3) continuation of subsidies for development and leas-
ing of public lands. In addition, livestock grazing of
public rangelands continues to be closely scrutinized
with strong advocacy for its removal (Wuerthner and
Matteson, 2002). These calls for action to remove live-
stock grazing from public lands seem to disregard any
and all reports that proper livestock grazing may be
a greater positive force in maintaining the integrity
of rangeland ecosystems than either ranchettes or pre-
serves (Maestas et al., 2002). Still, it is imperative that
rangeland agriculturalists understand that societal
values are not necessarily based on knowledge and
truth, but rather on perceptions. Thus, failure to ad-
just to changing societal values in a timely manner
may place many rangeland agricultural enterprises
at grave risk.

An International Perspective

Although the focus of this paper has been on the
sustainability of rangeland agriculture in North
America, the concepts presented are equally applica-
ble to other continents and countries, and social and
ecological systems. For example, the avenues of im-
pact of rangeland agriculture on ecological systems
(e.g., defoliation, treading) are constant regardless of
the ecological system of interest. Granted, relative
impacts will vary among ecological systems depending
on such factors as evolutionary history, soil type, cli-
mate, and grazing animal, but avenues of impact will
remain the same. But because of differences in social
values and understandings, animal management tac-
tics and strategies do vary among social entities,
thereby creating the perception that the ecological im-
pacts of grazing vary. Consider, for example, that in
a certain setting animals are quite concentrated, with
one of the resulting impacts being nutrient overload-
ing of soils and water (de Hann, 2003; Orskov, 2003).
Although one might initially surmise that this phe-
nomenon is because of a fundamental change in the
functional aspect of grazing, the truth is that the nu-
trient overloading resulted from the concentrated de-
position of animal feces and urine, a fundamental eco-
logical impact stemming from all animal production
systems. Regardless of setting, social values are often
the underlying variable either hindering or driving
the development of sustainable rangeland agriculture
systems. For example, in countries with substantial
economic resources, exogenous energy can be pur-
chased to support agriculture production systems, in-
cluding animal agriculture (Heitschmidt et al., 1996),
thereby providing the perception that such systems
are fully sustainable. But in reality their long-term

sustainability is dependent, at least in part, on the
continued availability of affordable exogenous sources
of energy. This is because observed levels of productiv-
ity are closely linked to the amount of fossil fuels used
in the production process (Pimentel, 1984). And al-
though it may be argued that there is substantial risk
in assuming that affordable exogenous sources of en-
ergy will always be available, social levels of concern
appear to be negligible as evidenced by the ever-in-
creasing use of fossil fuels in agricultural produc-
tion systems.

Social issues tend to also drive the management
of rangeland agricultural systems in societies with
limited economic resources, particularly in those in-
stances where the human ecological carrying capacity
has been surpassed (i.e., overpopulation). In such situ-
ations, management strategies and tactics required
for day-to-day survival severely limit the development
and adoption of strategies and tactics necessary to
ensure long-term ecological sustainability. The funda-
mental challenge in these situations centers on the
alteration of social values that encourage rampant
expansion of human populations.

Implications

Properly managed grazing is ecologically sustain-
able. But because long-term sustainability is linked
closely to social values, the greatest challenges to the
development and implementation of fully sustainable
rangeland agriculture systems are social rather than
ecological. As such, rangeland agriculture in the
United States and other economically developed coun-
tries will continue to be threatened if rangeland agri-
culturalists do not respond to changing social values
in a positive, proactive, and understanding manner.
This is in contrast to those regions of the world where
economic development is severely limited and current
human population is at or in excess of ecological car-
rying capacity. In those situations, we suggest that it
is folly to attempt to develop sustainable agriculture
systems, including rangeland agriculture systems, be-
fore addressing and rectifying the ecological and social
challenges arising from unsustainable human popu-
lations.
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