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Climate-change adaptation on rangelands:
linking regional exposure with diverse adaptive

capacity
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The ecological consequences of climate change are predicted to vary greatly throughout US rangelands.
Projections show warming and drying in the southern Great Plains and the Southwest, warmer and drier sum-
mers with reduced winter snowpack in the Northwest, and warmer and wetter conditions in the northern Great
Plains. Primarily through their combined effects on soil water availability, these climatic changes will modify
plant production and community composition, which will, in turn, affect the livelihoods of humans who rely
upon livestock grazing. The ability of rangeland managers to assess risk and prepare for climate change varies
greatly and reflects their different adaptive capacities. Geographically specific exposure to climate change and a
diverse adaptive capacity to counteract these changes will require development of varied adaptation strategies
that can accommodate the various needs and abilities of livestock managers.
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Increasing atmospheric greenhouse-gas (GHG) concen-
trations have elevated global temperature by 1°C since
industrialization (ca 1750) and are anticipated to result in
an additional 1°C rise by mid-century, regardless of pro-
jected rates of GHG emissions (NRC 2010; IPCC 2013).
Warming will be accompanied by modified amounts and
patterns of precipitation, and a greater frequency and
intensity of extreme weather events. At the ecosystem
scale, the indirect effects of climate change — such as
increased wildfire incidence and modified distributions
and densities of native and invasive species, including
insects and disease-causing organisms — and the direct

In a nutshell:

e Climate change will affect millions of people whose liveli-
hoods are linked to livestock grazing on US rangelands

e Livestock grazing will be directly influenced by changes in
the amount, nutrient content, and seasonal availability of
plant production, as well as by the adverse effects of heat,
water limitation, and pathogen loads on animal performance

e Geographically specific ecological consequences and diverse
adaptive capacity among managers represent underappreciated
and interacting components of climate-change adaptation

e Adaptation planning must recognize and accommodate both
geographic specificity and varied adaptive capacity to pro-
mote effective climate-change adaptation
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effects of climate change are anticipated to be similar in
magnitude (NRC 2010). Collectively, the consequences of
climate change, interacting with large-scale shifts in
human land use, will likely modify ecosystem processes and
the livelihoods that they support (Polley et al. 2013).
Rangelands comprise approximately 30-40% of global
terrestrial area and deliver diverse ecosystem services; this
land’s predominant use, livestock grazing, contributes to
the livelihoods of millions of humans (Sayre et al. 2013).
These livelihoods are vulnerable to climate change from
both an ecological and a socioeconomic perspective
(Reynolds et al. 2007). Rangelands represent ecologically
diverse arid and semiarid systems characterized by low
plant productivity and high precipitation variability,
including frequent drought. Rangeland managers often
have limited financial and social capital, modest infra-
structure, and few options to diversify livelihoods beyond
livestock grazing, and are isolated from major urban cen-
ters and governing institutions (Sayre et al. 2013). The
vulnerability of rangeland-based livelihoods to climate
change provides a strong justification for the acceleration
of planning and implementation of adaptation strategies.
Climate change is projected to have geographically
diverse consequences on US rangelands (Polley et al. 2013).
Consequently, geographically specific adaptation strategies
will be required to contend with localized challenges and
opportunities. The heterogeneity among individuals and
groups — both within and among geographic regions —
regarding the recognition, capacity, and motivation to
implement various adaptation strategies represents a second
critical component of climate-change adaptation
(Williamson et al. 2012; Joyce et al. 2013). We contend that
the interaction between the geographic specificity of cli-
mate change and the heterogeneity in the adaptive capacity
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Figure 1. Climate-change projections for US rangelands illustrat-
ing the unique exposures to and potential consequences for
livestock production in four geographic regions. Projections were
generated from recent simulations of CMIP5 (courtesy of ]
Eischeid) and data were obtained from Taylor et al. (2012) and
Baker and Huang (2014). Regional designations follow those of
USGCRP (2009), except that the Great Plains have been divided
into two separate regions, the northern and southern Great Plains,
to emphasize the large differences in climate projections.

of managers — that is, their ability to respond to, create, and
shape change in a system — represents an underappreciated
barrier to the development and implementation of adapta-
tion strategies. Thus, public programs, strategies, and incen-
tives to implement climate-adaptation measures will be far
more effective if they are tailored to select categories of
individuals or social groups that are experiencing geograph-
ically specific climatic consequences. The objectives of this
paper are to: (1) review the geographic specificity of climate
change in four regions of the western US, (2) identify essen-
tial components of adaptive capacity that are relevant to
rangeland managers, (3) evaluate acknowledged adaptation
strategies and barriers to their implementation, and (4)
highlight the geographic specificity of climate change and
heterogeneous adaptive capacity among managers as inter-
acting components of adaptation planning and implemen-
tation. Although we focus on rangelands, this conceptual
framework could be applicable to other natural-resource
systems, including agriculture and forestry.

B Subcontinental climate projections and
consequences

The ecological consequences of climate change are antic-
ipated to vary greatly among geographic regions based
upon current environmental conditions and unique

interactions among climate-change drivers (Figure 1;
Polley et al. 2013). Ecosystem processes and the services
that they provide will be modified by climate change and
its primary drivers — elevated atmospheric carbon dioxide
(CO,) concentrations, warming, and modified precipita-
tion regimes — on soil water availability (Knapp et al.
2008). Consensus projections from climate-change mod-
els for the middle of the 21st century indicate that the US
southern Great Plains, the US Southwest, and northern
Mexico will become warmer and drier, while the US
Northwest will become warmer and drier during summer
and will experience reduced snowpack in winter; at the
same time, the US northern Great Plains and southern
Canada will become warmer and wetter, especially during
the winter (Meehl et al. 2007; IPCC 2013). These projec-
tions are only approximations because reliable estimates
of future climates, especially for precipitation, are not yet
possible at regional scales (IPCC 2013). For example,
results from the recent Coupled Model Intercomparison
Project Phase 5 (CMIP5) are consistent with previous
temperature projections for the southwestern US (Taylor
et al. 2012; Baker and Huang 2014; ] Eischeid pers comm)
but forecasted less variance for annual rainfall than previ-
ous simulations. Nevertheless, vulnerability assessments
and adaptation strategies must recognize and address geo-
graphically specific exposures to effectively offset cli-
mate-change impacts (Joyce et al. 2013).

Southwest

In this region, warming and reduced precipitation will syn-
ergistically decrease soil water availability, thereby dimin-
ishing both the amount and nutrient content of plant pro-
duction and altering plant community composition (Figure
1; Polley et al. 2013). Declines in water availability
decrease plant growth and shorten the growing season,
thus reducing available livestock forage. Collectively,
changes in precipitation and temperature regimes may
alter plant species composition and plant phenology to
modify the seasonal availability of high-quality forage
(Walther 2003; Craine et al. 2009). The digestibility and
nutritive value of plant tissues are diminished by the higher
carbon-to-nitrogen (C:N) ratio that accompanies plant
growth under elevated atmospheric CO, conditions, and
by the accelerated leaf senescence induced by water stress
(Morgan et al. 2004). Reduced nutrient intake, higher tem-
peratures, and more frequent heat stress are likely to
further reduce livestock production and adversely affect
people whose livelihoods are dependent on it (CCSP
2008; Howden et al. 2008). More frequent and severe
droughts are anticipated to modify plant species composi-
tion and cover directly by contributing to episodic plant
die-offs and indirectly through increasing the frequency of
fire events. In the Mojave Desert and Great Basin over the
past 20 years, increased fire frequency has converted some
desert shrublands and shrub steppe communities to annual

grasslands (CCSP 2008; Balch et al. 2013).
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Southern Great Plains

Warming and drying, especially in Texas, are anticipated to
reduce both plant production and nutritive content in
ways similar to those described for the Southwest. These
climatic changes are likely to negatively affect livelihoods
by reducing stocking rates and total livestock production,
and potentially by increasing production costs associated
with the purchase of supplemental feed (Figure 1; Polley et
al. 2013). Warmer temperatures may improve winter sur-
vival and increase abundance of ectoparasites, including
lone star ticks (Amblyomma americanum) and horn flies
(Haematobia irritans), that will further suppress livestock
performance. Warming and drying are expected to modify
vegetation composition and land-surface cover, including
an increase in the density and cover of woody plants.
Growth of both eastern redcedar (Juniperus virginiana) and
post oak (Quercus stellata) were reduced by experimental
intensification of summer drought conditions, but growth
of eastern redcedar increased in response to warming, while
that of post oak did not (Volder et al. 2013). This suggests
that encroachment by Juniperus spp is likely to accelerate
with continued climate change and will further reduce the
extent and production of grasslands. Woodland encroach-
ment has already forced the reassessment of fire regimes
and implementation of prescribed-burning programs
within this region (Twidwell et al. 2013).

Northern Great Plains

Warming and increased precipitation, coupled with ele-
vated atmospheric CO, concentrations, are expected to
increase plant production by alleviating temperature and
water limitations on plant growth and extending the grow-
ing season (Figure 1; Polley et al. 2013). Such an outcome
would presumably improve the efficiency of livestock pro-
duction by reducing the period of winter feeding and allow-
ing for increased stocking rates (CCSP 2008). However, it
is uncertain to what extent elevated atmospheric CO, will
reduce forage quality, and thus livestock production and
profitability, by increasing plant C:N ratios. Nitrogen con-
centrations of live plant tissues less than 1.5% are likely to
reduce animal growth and reproduction, while values of
approximately 1% will be sufficient to meet maintenance
requirements of mature animals. The adverse effects of low
nutritive forage can be offset by dietary N supplements, but
this will increase both operating costs and labor require-
ments (Schauer et al. 2005).

In addition, these climatic shifts are projected to modify
plant community composition by facilitating recruitment
and growth of invasive herbaceous plants — including leafy
spurge (Euphorbia esula) and diffuse knapweed (Centaurea
diffusa), as well as several species of sub-shrubs — and alter
the distributional ranges of other invasive species (Morgan
etal. 2007). Spotted knapweed (Centaurea biebersteinii) may
shift toward higher elevations, while leafy spurge may
extend its range northward into southern Canada (Bradley

Figure 2. Elevated CO, promotes the invasion of Wyoming
mixed-grass prairie by Dalmatian toadflax (Linaria dalmatica),
whereas warming has little effect.

and Wilcove 2009). We anticipate that increased abun-
dance and expanded ranges of exotic invasive species are
more likely to adversely affect livestock production than
such changes in native species, because exotics are often
unpalatable and occasionally toxic to livestock (Figure 2).

Northwest

Warming is projected to decrease soil water availability,
especially during late summer, and to reduce plant produc-
tion in this region (Figure 1; Polley et al. 2013). Earlier
snowmelt, which now occurs 10-15 days earlier than it
did 50 years ago, and reduced stream flow are expected to
reduce primary production and modify plant species com-
position in riparian systems (CCSP 2008). Benefits to
livestock production provided by milder, wetter winters
may partially offset the negative effects of longer and drier
summers, but supplemental feeding may be required if the
summer dry period is prolonged. Warming and associated
range expansion of invasive annual grasses are likely to
produce larger and more frequent fires that function as
amplifying feedbacks, promoting further invasion of the
exotic annual grasses cheatgrass (Bromus tectorum),
medusahead (Taeniatherum caput-medusae), and red brome
(Bromus madritensis rubens), especially at higher elevations
and in northern portions of their current ranges (Smith et
al. 2000; Ziska et al. 2005). Yellow starthistle (Centaurea
solstitialis) is expected to become more prolific but to
expand its range only marginally (Bradley and Wilcove
2009). The lower palatability and nutrient content of
these invasive species will negatively affect livestock pro-
duction by reducing forage intake and increasing foraging
time of livestock (Polley et al. 2013).

B Adaptive capacity

Rangeland managers have historically developed consid-
erable adaptive capacity to contend with economic, envi-
ronmental, and ecosystem variability. However, climate
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Panel 1. An assessment of heterogeneous adaptive capacity among 100 rangeland livestock managers

Adaptive capacity is necessary to convert nat- 2 o ) -

i i X Low capacity in High capacity in 3 or
ural and social resources into useful adaptation 20 +— all dimensions High capacity in all 4 dimensions
strategies, and is considered to include four 18 +— 2 dimensions —_—
dimensions: capacity to manage risk and uncer- 16 — Higih lcad?ac""' in 1

X K i __ only 1 dimension
tainty; capacity to plan, learn, and reorganize; [ 1

emotional and financial flexibility to incorpo-

rate the costs of change; and interest in adapt-
ing to change.

These four dimensions were used to assess
the adaptive capacity of 100 livestock managers
in northern Australia to address climatic vari-
ability (Figure 3; Marshall and Smajgl 2013). In

Proportion of ranchers (n = 100)
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face-to-face interviews, managers were asked a
series of questions and were then categorized
as possessing low or high capacity for each of
the four dimensions. The skill sets of individual
managers could include high capacity in all,
some, or none of the four dimensions.Variation

Figure 3. Proportion of ranchers with high (uppercase) or low (lowercase)
adaptive capacity as described by four dimensions: (A, a) capacity to manage
risk and uncertainty; (B, b) capacity to plan, learn, and reorganize; (C, c)
emotional and financial flexibility to incorporate the costs of change; and (D, d)
interest in adapting to change. Modified from Marshall and Smajgl (2013).

in adaptive capacity of the 100 managers repre-
sented all 16 combinations of the four dimen-

information networks.

sions. Managers perceived their ability to address climate risk positively; for example, Marshall and Smajgl (2013) noted that 90% of
managers believed that they were “more likely to survive drought compared to other cattle producers”.With respect to capacity to
plan, managers appeared to develop plans for risks such as drought based on their own skills and knowledge. Responses varied from
“just hope for the best if there is a drought” (21%) to they were “good at doing what [they] do and trust [their] own decision”
(90%).Their emotional flexibility was generally greater than their financial flexibility. The managers expressed an interest in climate-
change adaptation but no interest in the strategies. While 83% were interested in how they could better prepare for drought, less
than 60% were prepared to learn new skills outside of the industry or attend a workshop on how to better manage for drought.
Any single initiative to address adaptation to climate change is unlikely to meet the needs of all managers. For instance, some man-
agers could benefit by improving their ability to manage risk, whereas others would benefit more by developing other skills and

change is projected to increase the frequency and extremes
of climatic fluctuations beyond those previously experi-
enced, which will require even greater adaptive capacity to
minimize failure and abandonment of production enter-
prises. Adaptive capacity — which encompasses the ability
to recognize and manage risk, plan and implement adapta-
tion strategies, display financial and emotional flexibility
(described in the section below), and even exhibit aware-
ness of climate change and the need for adaptation — has
been demonstrated to vary greatly among managers (Panel
1 and Figure 3; Marshall and Smajgl 2013). We reference
the Australian survey conducted by Marshall and Smajgl
(2013) because it is the most comprehensive assessment of
heterogeneous adaptive capacity among livestock man-
agers. The attributes discussed in that survey are often used
to characterize adaptive capacity, and thus we consider the
survey results to be broadly applicable to US rangelands
and rangeland managers as well. The adaptive capacity of
managers, and consequently of livestock operations, will
establish the foundation upon which adaptation strategies
for climate change are conceptualized, evaluated, and
implemented (Fazey et al. 2010). Yet many important
regional adaptations will far exceed the financial and tech-
nical capacity of individual operations and may require

public investment (Mendelsohn 2000; IPCC 2014).

Risk management

Managing risks associated with change and uncertainty
is fundamental to adaptive capacity and adaptation
(Marshall and Stokes 2014). Rangeland livestock man-
agers are continually confronted by risks associated
with the unpredictability of markets and weather
(Torell et al. 2010). Drought management planning can
help ranchers minimize reactionary approaches to
drought that may result in a loss of productivity and
financial assets. Evidence of heterogeneous adaptive
capacity is seen in the implementation of current
drought management planning. For example, of Utah
cattle ranchers surveyed after the 1999 to 2004
drought, only 14% were self-described as adequately
prepared. However, drought preparedness increased to
29% of ranchers in 2009, but most remained ill-pre-
pared (Coppock 2011). Sixty percent of Wyoming
ranchers incorporated some type of drought manage-
ment planning, and multiple adaptation strategies were
adopted with increasing duration of drought (Kachergis
et al. 2013). Similarly, nearly 50% of the ranchers sur-
veyed in Australia were unprepared to manage risk and
uncertainty associated with periodic drought (Panel 1;

Marshall and Smajgl 2013).
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Planning and learning for enterprise reorganization

The capacity to plan, learn, and reorganize enterprise
structure is dependent upon creativity, experiential and
scientific knowledge, awareness of opportunities, and the
skill to capitalize on those opportunities (Stafford Smith
et al. 2007; Joyce et al. 2013; Marshall and Stokes 2014).
Livestock managers recognize that social capital, in the
form of learning networks and environmental awareness,
is a more important component of climate-change adap-
tation than technical information and solutions
(Marshall 2010). Ranchers who exhibit foresight and
have access to conservation information are most likely
to participate in conservation programs (Lubell et al.
2013). Consequently, livestock managers will require a
variety of adaptation strategies to accommodate the het-
erogeneous adaptive capacity within this agricultural sec-
tor (Panel 1 and Figure 3; Marshall and Smajgl 2013).
Production efficiencies, market pressures, and climate
change have led to the restructuring and physical reloca-
tion of livestock production systems in parts of the US
(Joyce et al. 2013; Mu et al. 2013). Managers in the hotter
areas of Texas, for instance, have increased the propor-
tion of Brahman and Brangus (crosses between Brahman
and Angus breeds) cattle in their herds (Zhang et al.
2013). This strategy of crossing the two cattle breeds
combines consumer preference for Angus beef with the
heat and insect tolerance of Brahmans, an adaptation
that may become more widely implemented as projec-
tions of a warmer and drier climate are realized in Texas

and the Southwest US (Hoffmann 2010; Mu et al. 2013).

Emotional and financial flexibility

Emotional and financial flexibility of livestock managers
are strong indicators of their ability to cope with change.
Managers with limited social and natural-resource flexibil-
ity are especially vulnerable to weather variation (Marshall
2011) and potentially to climate change. Limited emo-
tional flexibility is indicative of a strong attachment to
livestock production as a livelihood and a reluctance to
search for employment elsewhere or to diversify livelihoods
(Marshall and Smajgl 2013). Often, these managers are
older, are highly independent, and lack transferable skills.
Financial flexibility, as indicated by income and size of pro-
duction enterprises, has been shown to influence the
acceptance and implementation of innovative adapta-
tions. Managers with larger properties are more likely to
implement a greater number of drought management adap-
tations to increase enterprise flexibility and lessen the
adverse consequences of drought (Kachergis et al. 2013).

Climate-change awareness

Managers’ perceptions of climate change will affect their
willingness to develop and adopt various adaptations.
Suboptimal investments in adaptive capacity, known as

“adaptation deficits”, have been associated with insuffi-
cient awareness of climate-change issues, climate-change
denial, and distorted perceptions of risk and current pre-
paredness (Williamson et al. 2012). Knowledge and per-
ceptions of climate change were influenced by partisan
affiliation, political ideology, and gender. Female man-
agers were more likely to hold more scientifically accurate
knowledge about climate change than their male coun-
terparts, regardless of political affiliation (Liu et al. 2014).

B Adaptation strategies

Many adaptation strategies specific to rangeland live-
stock production — involving conservative stocking rates,
robust drought contingency planning, a shift in livestock
breeds or species, management of invasive plants and ani-
mal parasites, modified operational structure, and geo-
graphic relocation of production enterprises — have been
identified (Joyce et al. 2013). These strategies vary greatly
in the extent of modification, timing of implementation,
specificity of impact, potential for success, and, as noted
previously, the likelihood of adoption as influenced by
varying adaptive capacity among managers.

Drought contingency planning for livestock production
systems includes low to moderate grazing intensities, main-
taining reserve forage supplies, flexible management of herd
size and composition, and procedures for timely destocking
when necessary (Joyce et al. 2013). In areas of highly vari-
able forage production, maintaining grazing flexibility by
shifting from cow—calf enterprises to enterprises using year-
ling cattle may be critical for economic success; this degree
of grazing flexibility, however, incurs additional costs and
financial risks that may prove challenging for risk-averse
managers (Torell et al. 2010). A switch to alternative live-
stock species represents another viable adaptation. As com-
pared with cattle, smaller ruminant livestock — sheep and
goats — are more heat tolerant, require less water, can con-
sume a greater diversity of plant species, and may be better
suited to future climates, especially in the southern regions
(Polley et al. 2013). Nevertheless, the availability of market
infrastructure and rancher perceptions about and abilities to
manage smaller ruminant livestock may necessitate assis-
tance with market development, as well as training and
incentives for managers.

B Matching adaptation with adaptive capacity and
geographic exposure

The sensitivity of a region to climate change will be
determined not only by ecological responses but also by
the potential adaptive capacity of managers. For example,
in the Southwest, the percentage of all agricultural enter-
prises with sales less than $10000 is higher than in the
northern Great Plains (NASS 2012a), implying that
managers in the former region may have fewer resources
to implement novel, and potentially expensive, adapta-
tions. The percentage of principal enterprise managers
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who are > 65 years of age is higher across the Southwest
and southern Great Plains than in the northern Great
Plains and the Northwest (NASS 2012b), suggesting that
managers in the former regions may demonstrate greater
attachment to place and less willingness to diversify or
relocate enterprises. These social characteristics may
indicate a lower adaptive capacity, leading to higher rates
of enterprise failure. A large number of such failures
could irreversibly modify the infrastructure of the
regional livestock industry, if the size of regional livestock
herds falls below a threshold of economic viability.
Recent drought in the southern Great Plains and the
consequential closure of cattle feedlots and beef process-
ing plants in the region represent such a case, which will
further constrain livestock marketing opportunities for
the remaining managers (Johnston 2014).

Adaptations will be required to minimize climate-
change impacts and to exploit opportunities associated
with more favorable climatic conditions (Table 1).
Adaptations to exploit opportunities in the northern
Great Plains will involve development of facilities to sup-
port greater livestock numbers, and maintenance of suffi-
cient marketing and pricing strategies. The percentage of
agricultural enterprises that reported farming as their pri-
mary occupation is highest in the northern Great Plains,
and average annual enterprise sales in the region are well
above $10 000 (NASS 2012a, c¢). This suggests that suffi-
cient financial capital is available for managers to capital-
ize on opportunities associated with greater livestock pro-

duction, but information addressing enterprise expansion
and marketing strategies may be required. Novel agricul-
tural opportunities associated with climate change will
likely result in competition for land, water, energy, and
labor resources among crop and livestock production sys-
tems, which will require assessment of land-use trade-offs.

Current federal programs, such as the Environmental
Quality Incentives Program (EQIP), offer technical assis-
tance opportunities for various conservation measures to
address local and regional environmental concerns
(Reimer and Prokopy 2014). However, these programs do
not contain a sufficient variety of options to account for
the diverse adaptive capacity of managers. The interac-
tion of heterogeneous adaptive capacity among managers
and geographically specific ecological consequences of
climate change will be particularly challenging for social
organizations that offer assistance based on the “average”
enterprise structure or “average” adaptive capacity of
managers (Figure 4). Multiple approaches will be required
to combine scientific and experiential knowledge,
develop partnerships for co-production of new manage-
ment-relevant knowledge, and incentivize the implemen-
tation of adaptation strategies that cater to the needs and
abilities of diverse managers and associated stakeholder
groups (Dilling and Lemos 2011; Bierbaum et al. 2013).
Some of these strategies are currently in place, but others
are required in the form of social organizations capable of
providing risk-management programs and financing for
technology and equipment to implement capital-inten-

sive adaptations (IPCC 2014).

Table 1. Two distinct categories of adaptation strategies to contend with

the consequences of climate change on US rangelands

Bl When incremental adaptation fails

Minimize adversity

D Bailey

Optimize opportunity

Northern Great Plains rangelands

Severity of exposure to climate change,
enterprise sensitivity, and available
adaptive capacity may interact in some
instances to produce conditions where
incremental adaptation is insufficient to
sustain current livelihoods (Joyce et al.
2013). In these cases, production enter-
prises and even entire human—ecologi-
cal systems may have to be reorganized
to create alternative livelihoods based
on different combinations of ecosystem
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Increase awareness of climatic variability
and potential extremes

Increase awareness of opportunities
presented by climate change

services (Kates et al. 2012). For example,
enterprise managers may find that it is

not economical to compensate for cli-

Develop management skills and flexibility
to cope with climate extremes

Develop infrastructure to support
greater livestock numbers

Shift livestock breeds or species to
manage heat stress and parasites

Evaluate market availability and price
stability

Use novel and invasive plant species for
forage, biofuels, and carbon sequestration

Manage potential increases in invasive
plants, and animal parasites and diseases

Seek markets for alternative ecosystem
services

Assess land-use trade-offs with crops,
biofuels, energy extraction, and
biodiversity conservation

mate-induced declines in livestock pro-
duction resulting from more frequent
and intense drought, accelerated woody
plant encroachment, and invasion of
exotic herbaceous species (Polley et al.
2013). Alternative livelihoods to live-
stock grazing, including ecotourism,
watershed management, and alternative
energy sources, may be more compatible
with the ecological and social condi-
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tions of some regions in the future.
Development of frameworks and poli-
cies that identify and guide implemen-
tation of transformational change is a
critical but largely overlooked chal-
lenge.

H Conclusion

Livelihoods linked to livestock grazing in
the western US are especially vulnerable
to climate change. Vulnerability is a
function of exposure to unique intensities
and combinations of climate-change dri-
vers, along with the diverse adaptive
capacity of managers to contend with
these consequences. The geographic
specificity of ecological consequences
and the heterogeneous adaptive capacity
among enterprise managers represent
underappreciated and interacting compo-
nents of climate-change adaptation.
Categories of adaptation strategies will be
required to minimize the adverse conse-
quences of climate change in the
Southwest US and in Texas, and to capi-
talize on potential climate-induced

opportunities in the northern Great Plains of the US. This
establishes a robust justification for the development of an
array of flexible and cost-effective adaptation strategies to
contend with these diverse ecological consequences, while
accounting for the varied adaptive capacity of managers to
adopt and implement them. Although a few of these strate-
gies are currently in place, others are not, and their devel-
opment may require some degree of public involvement
given the enormity of the challenge. The widespread occur-
rence of adaptation deficits in the face of current climatic
variability foreshadows major challenges that will be
encountered in the development and implementation of
adaptation strategies that will be needed to cope with

increasing climatic variability.
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