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Rangelands comprise 40% of the conterminous United States and they
supply essential ecosystem services to society. A scenario assessment
was conducted to determine how accelerating biophysical and societal
drivers may modify their future availability. Four scenarios emerged:
two may maintain rural communities by sustaining the prevailing
ecosystem service of beef cattle production, and two may transform
rural communities through expansion of renewable energy technologies
and infusion of external capital from amenity land sales. Collaborative
organizations representing diverse societal sectors may most effectively
identify and manage trade-offs among ecosystem service availability, and
equitably prioritize food and energy security, environmental quality and

culturalidentity.

Rangelandsrepresent ecosystems that support native and naturalized
vegetation, including grasslands, shrub-steppe, shrublands, woodlands
and savannahs that are adaptively managed as social-ecological sys-
tems to benefit human well-being'. Rangelands comprise 40% of the
conterminous US land area, primarily in the 17 western states, and are
heldinboth public and private ownership”. These vast heterogeneous
landscapes provide diverse ecosystem services—benefits that society
receive from nature—that are categorized as provisioning, support-
ing, regulating and cultural®. Beef cattle production is currently the
dominant provisioning service supporting the national and global
demand for beef products. Accelerating changes in both biophysical
and societal drivers are impacting both supply and demand for these
services*. Here we use a‘scenario assessment’ protocol to ascertain how
these drivers may influence the supply of ecosystem services derived
from rangelands throughout this century.

Scenario assessment provides a means to envision plausible
futures under conditions of high uncertainty and low controllabil-
ity over long planning horizons>®. The process consists of a series
of ‘what if” questions that focus on critical concerns, system drivers
and potential tipping points that may shape the future trajectory of
social-ecological systems. Outcomes are primarily qualitative and
expressed asalimited number of storylines designed to engage diverse
stakeholders and inform science and policy. Scenario assessments
typically involve four steps: (1) identification of a focal question(s),
(2) determination of critical system drivers and uncertainties,
(3) development of several plausible futures, and (4) analysis of
potentialimplications and interventions to avoid, mitigate or promote
specific scenarios®.

Theimpetus for this scenario assessment emerged froma collabo-
rative effortamong 80 academics to publish an edited volume entitled
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Rangeland Systems: Processes, Management and Challenges'. The criti-
cal contribution of ecosystem services provided by rangelands and
the ability to maintain their supply to meet future demands emerged
as central themes of that volume. Two change drivers anticipated to
have the greatestimpact on the supply of rangeland ecosystem services
were: (1) the biophysical consequences of climate change and increas-
ing climate variability, and (2) societal priorities shifting from provi-
sioning towards cultural ecosystem services. These drivers represent
the foundation on which 14 academic, agency and non-governmental
scientists, with diverse disciplinary expertise and extensive knowledge
of US rangelands, developed this scenario assessment.

The focal question for this scenario assessment is ‘how will bio-
physical and societal changes modify the supply of key ecosystem
services from US rangelands throughout the twenty-first century?’.
These scenarios, either independently or in combination, will impact
food and energy security, environmental quality, culturalidentity and
livelihoods. Consequently, greater awareness of plausible scenario tra-
jectories, and associated trade-offs and tipping points among various
categories of rangeland ecosystem services isrequired to proactively
develop adaptation and mitigation strategies and identify potential
opportunities. Although our assessment is focused on the United
States, these change drivers, scenarios and implications are relevant
to global rangelands and food security.

Primary change drivers

The dominant biophysical and societal drivers anticipated to have
greatestimpactonthe supply of rangeland ecosystem services through-
outthe century are summarized below.

Dominant biophysical driver

Atmospheric warmingin the United States is projected to increase by
1.4 °Cand 1.6-4.1°Cby the mid- and late twenty-first century, respec-
tively’. Precipitation willincrease in the northernregion, but decrease
inthe southernand southwesternregions. The West will become more
arid and the East willbecome less arid with a crossover point at approxi-
mately 100° N longitude®. A trend of increasing aridity throughout the
West is substantiated by decreasing rates of evapotranspirationsince
2000 (ref. 9) (Fig.1). Precipitation variability in the West is projected
to continue to increase along with the frequency and magnitude of
extreme climate events, especially droughts and deluges®. Notably,
greater frequency and duration of severe, multiyear droughts are pre-
dicted for the Southern Great Plains and the Southwest™.

Climate change has adversely impacted biodiversity, wildlife
habitat and other critical ecosystem services throughout the West,
especiallyinriparian corridors". Climate change will adversely impact
livestock grazing, a primary rangeland use, via effects on forage qual-
ity and quantity, ectoparasite abundance and thermal stress on ani-
mals™. Climate warming will further decrease snowpack extent and
persistence, stream flows, and water storage in lakes and reservoirs,
which will exacerbate current water shortages primarily in summer
when both environmental and anthropogenic demands are highest’.
The frequency, intensity and extent of forest™ and rangeland wild-
fires will continue to increase in the West'. Climate-induced expan-
sion of non-native annual grasses throughout the West will provide
fine fuel loads to further increase rangeland wildfires that suppress
fire-sensitive native species®.

Dominantsocietal driver

Societal demand for rangeland ecosystem services has been shifting
from provisioning (for example, forage and beef cattle production)
to cultural and amenity services (for example, recreation, ecotour-
ism, suburban and exurban development, and hobby ranching) in
recentdecades™*. Thisis a consequence of both demographic growth
and migration'®". Initially defined as a willingness of new ranch own-
ers to exchange lifestyle benefits for marginal economic returns’®,

amenity services have expanded toreflect awidespread prioritization
ofrecreation, exurbanresidential development, and conservation and
speculative investment. More recently, the potential value of regulat-
ing (for example, soil carbon sequestration) and supporting services
(for example, biodiversity and natural resource conservation) have
gained increasing recognition, for example, the Ecosystem Services
Market Consortium (https://ecosystemservicesmarket.org).

Declining profitability of rangeland livestock production has
produced a large and growing ‘rent gap’—the difference between
current and potential income—especially in peri-urban and
high-amenity areas. The median income of livestock-producing
households in the United States in 2020 was negative (https:/www.
ers.usda.gov/topics/farm-economy/farm-household-well-being/
farm-household-income-estimates/). However, the market value of
ranch properties continues torise, far exceeding the net present value
of revenue generated by livestock production®. These trends gained
momentuminthe 1990s. For example, approximately 40% of all ranch
salesin10 countiesinthe Greater Yellowstone Ecosystembetween 1990
and 2001 were to amenity buyers'. Current trends in landownership
and land concentration may combine to create vast private estates in
regions of high conservation and amenity value™. The concentration
of landownership also represents a concentration of power within
an increasingly small, elite group to dictate land use and ultimately
conservation futures®.

Development of plausible futures

Our collective assessment of the two critical system drivers generated
four plausible future scenarios: (1) grass-finished beef, (2) modern
pastoralism, (3) diversified ecosystem services and (4) amenity ranch-
ing (Fig. 2). These scenarios, which emerged from a series of informal
email and virtual meetings among the authors, depict the potential
consequences of biophysical and societal changes and their interac-
tions, on both the magnitude and categories of ecosystem services
supplied by US rangelands. We recognize that these scenarios may be
expressed in various combinations in response to the heterogeneous
manifestation of both the biophysical and social drivers, and that their
consequences may vary temporally among social-ecological regions.
However, here they are presented independently for brevity and clarity.

Grass-finished beef scenario

The predominant practice of grain-finished beef production will
become unsustainable as climate change substantially reduces crop
yields andincreases grain prices, resulting in intensified competition
between food and feed for limited water and land resources. Envi-
ronmental quality, animal welfare and antimicrobial resistance will
continue to challenge the viability of grain-finished beef cattle produc-
tion”. However, a high demand and market value for locally sourced
beef, and the vitalimportance of rangeland beef production to human
food security will supporteconomically viable and ecologically sustain-
able grass-finished beef production.

Beef cattle production is financially the largest agricultural sec-
tor in the United States with receipts of US$63.1 billion, and it is the
dominant rangeland provisioning service supplying 93.8 million
cattle, 40.7 million beef cows and 12.3 million tons of beefin 2020
(https://www.ers.usda.gov/topics/animal-products/cattle-beef/
statistics-information/). Approximately 60% of the United States cow
herd occursonrangelandsin 10 states, 8 of whichare in the Great Plains
where the vast majority of land is privately owned (https://quickstats.
nass.usda.gov/results/6ED88A30-0BCC-37D0-A6D3-5BOBE7A680CD).
Rangeland beef production s critical to food security because it con-
verts high cellulose plant biomass, whichisinedible to humans, intoa
highly desirable, protein-rich food source®.

The vast majority (95%) of beef cattlein the United States are cur-
rently finished on cornand corn by-products in confined feeding facili-
ties before harvest to increase the efficiency, consistency and quality
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Fig.1|Change in evapotranspiration in the western United States. Relative
change (%) of seasonal (April and May; mm) evapotranspiration anomalies
between 2000 and 2020 illustrates a trend of increasing aridity in the western
United States. Evapotranspiration anomalies for both years are expressed as

apercentage of total seasonal evapotranspiration compared with the mean
seasonal evapotranspiration for 2001-2015 (ref. 9). Data from the US Geological
Survey (https://earlywarning.usgs.gov/ssebop/modis/8-day).

of beef production®. Use of concentrated feeds with greater digest-
ibility than rangeland forage has reduced methane emissions, and, in
combination withimproved animal breeding, has accelerated animal
growth rates to shorten the time from birth to harvest. This increase
in production efficiency has reduced both the land area required and
greenhouse gas (GHG) emissions per kilogram of beef*?°,

Cornyields are projected to decrease >50% in the Corn Belt by
2050 in response to increasing maximum July and minimum August
temperatures, coupled with more variable rainfall”. Yield decreases
are anticipated to initially occur in the southern region of the Corn
Belt where it will adversely impact the economic viability of corn pro-
duction?. A substantial decrease in corn production and an associ-
ated increase in its market price may reduce the economic viability
of corn-finished beef production. Corn may potentially be replaced
by other crops, including wheat, barley and grain sorghum, that are
more climatically suited to the region?. These grain crops may provide
alternative sources of cattle feed and they can be grown with fewer
agricultural inputs than corn.

Ashift from grain- to grass-finished beef does not completely miti-
gate the ecological footprint of beef production because the majority
(70%) of resource use and GHG emissions occur in the cow-calf phase
on grazing lands, including rangelands and other forage production
systems”. GHG emissions, primarily as methane, are estimated to be
40% higher per kilogram of beef and 8% higher per unit land area for

grass-thangrain-finished beef*°. Conservative stocking rates can lower
enteric methane emissions by allowing cattle to select higher-quality
diets, but high forage quality is not available on semiarid rangelands
throughout the year®. Interventions such as diet reformulation, feed
additives and animal breeding are being investigated to reduce enteric
methane emission in cattle’>. However, their potential for commercial
application, economicimplications for beef producers and consumer
acceptance have yet to be determined.

Grass-finished beef production has been estimated to yield only
27-50% of grain-finished beef production, because of a reduction in
production efficiency associated with lower feed quality and extended
time from birth to harvest”**. However, environmental benefits would
emerge from a decrease in the use of corn as a cattle feed, including
less fertilizer use and eutrophication®, reduced water use for irriga-
tion** and less soil erosion in the US Corn Belt®. Grass-finished beef
production couldincrease carbon sequestration through restoration
of marginal cropland to perennial grasslands®** and reduce rangeland
conversion to cropland, which contributes to the loss of soil carbon
andbiodiversity, including valuable wildlife habitat®®*. In addition, it
would provide alternative options for the use of arable lands currently
incorn production®.

The large ecological footprint of beef production has increased
societal pressures to use and verify implementation of sustainable
production practices*°. Numerous multinational food companies have
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Provisioning services

Grass-finished beef

Climate change-induced decreases in grain

production and growing food security and environmental
concerns limit grain use as cattle feed; beef cattle are
primarily grass-finished on rangelands.

Modern pastoralism

Production cooperatives, grass banking and
commons-based land management provide regional
flexibility and mobility to sustain cattle production
with accelerating climate change.

<
<

Amenity services

High land values and low profit margins
for beef production shift land ownership
and uses towards cultural services,
investment opportunities and
conservation priorities.

Current climate

Diverse services
System transformation contributes to
the emergence of small, diversified
enterprises and portfolios that
promote flexibility and meet local
societal demands.

ajewl)d aining

Amenity services

Fig. 2| Plausible future scenarios for US rangeland. Four scenarios depicting how climate change and a societal shift towards cultural (amenity) ecosystem services
may modify the supply of ecosystem services from US rangelands in the twenty-first century.

implemented sustainability programmes, including net-zero com-
mitments inclusive of their supply chains, including upstream to the
ranching community. Imposition of top-down sustainability require-
ments made without beef producerinput and financial commitments
tosupporttheseinitiatives may further threaten the economic viability
of beef producers and their local communities.

This scenario represents a return to extensive beef cattle pro-
duction—a priority provisioning service—and a potential increase in
both supporting and regulating ecosystem services by conserving
and restoring rangelands. However, it would resultinalarge reduction
in both the efficiency and the amount of beef production. Societal
acceptance of higher beef costs and the willingness to consume less
beef or shift dietary preferences to alternative meat products will be
amajor consideration®>”. Reduced beef production and higher beef
pricesinthe United States, in the absence of a corresponding decrease
in demand, may contribute to the expansion of beef production in
developing countries that would exacerbate biodiversity loss and
increase global GHG emissions*..

Modern pastoralism scenario
Conventional adaptation strategies and enterprise diversificationat the
ranch scale will prove to be insufficient to maintain economically viable
beef cattle production with climate change and variability; however,
novel regional-scale adaptive strategies will emerge through innova-
tionsin management and governance that resemble traits associated
with nomadic pastoralism—flexibility, mobility and reciprocity**.
The adaptive capacity of many beef producers—their ability to
recognize, respond and manage system change—is currently insuf-
ficient to contend with climate variability at the scale of individual
ranches****, Inaction is a common response to drought and climate
variability for avariety of reasons, including advanced landowner age,

insufficient financial resources and inadequate technical knowledge.
Beef producers place great value on their judgement and experience,
and many consider their peers an important source of information
regarding ranch management*‘. However, this may prove insufficient or
even maladaptive when confronted with climate variability beyond their
collective experience (Fig. 1). Consequently, projected climate change
and variability may exceed the adaptive capacity needed to ensure
economic viability and ecological sustainability’”. Adaptation strategies
are specifically needed to minimize the devastating economicimpacts
of destocking-restocking cycles and to minimize the potential for
rangeland overgrazing associated with periods of economic hardship.
The goal of modern pastoralism is to sustain beef cattle produc-
tionby opportunistically matching variable rangeland forage produc-
tion to livestock demands across regional landscapes. This strategy
buffers local communities of beef producers and consumers from
exogenous change drivers through institutional innovations, includ-
ing production cooperatives, and more collective or ‘commons based’
land-management systems. The resulting ‘collective benefits’—benefits
thatindividual ranchers cannot obtain—are likely to increase as climate
variability further challenges the sustainability of rangeland beef pro-
duction*’. For example, Australians use ‘agistment’ to match the spatial
scale of rainfall and forage production with that of livestock distribu-
tion®. This processis based on agreements among ranchers whose for-
age production differs widely in specific years owing to the high degree
of spatial variation of precipitation. Large-scale cattle transport in
California underscores the feasibility of this scenario*®. Approximately
50% of the state’s calf crop (500,000 animals) is annually relocated to
grazing lands and feed yards out of state within a 12-week period.
Spatial limitations of individual ranch size impose an additional
constraint on adaptive capacity for most beef producers. Greater land
access and cattle mobility can be achieved through consolidation of

Nature Sustainability


http://www.nature.com/natsustain

Perspective

https://doi.org/10.1038/s41893-023-01194-6

properties’®* or development of regional cooperatives to enhance

economies of scale. This will require that the place-based knowledge
and management capacities of multiple producers be coordinated
across existing property boundaries at regional scales. Innovative
mid-term weather forecasts and forage projections, improved beef
cattle inventories and market projections, coupled with increased
efficiencies ininformation sharing and transportation logistics, would
provide the integration needed throughout the beef supply chain for
the transition to modern pastoralism.

Provisioning services of forage and beef production remain a high
priority in this scenario, but withgreater management complexity and
costs necessitated by increasing climate variability. Projections for
increasing climate warming and variability, coupled with the limited
adaptive capacity of many beef cattle producers, suggest that transfor-
mational adaptation may be required to sustain economically viable
rangeland beef production. Transformational adaptation may focus
on comprehensive, regional adaptation planning led by coalitions
of local-to-regional-scale private actors and groups, with support
from the beefindustry and state and national agencies*. Management
plans and policies for state and public land-grazing leases will need
to engender flexibility and coordination across landownership and
jurisdictional boundaries. The Outcome-based Grazing Authorization
programme initiated by the Bureau of Land Management to develop
more effective grazing regulations through enhanced collaborative
management withits partners is anexample of this trend (https://www.
partnersinthesage.com/outcome-based-grazing).

Diversified ecosystem services scenario

Transformation of social-ecological systems in response to the com-
bined impactof climate and societal drivers will resultin the emergence
of diversified enterprises that develop and capitalize on climate change
mitigation, renewable energy production, niche markets and other
emerging opportunities on rangelands. The diverse portfolio of eco-
systemservices provided by these varied enterprises willemerge as an
adaptive response to future change and accommodate local societal
demands and priorities.

The prevailing industrial agricultural model has traditionally
focused on optimal, cost-effective production of select provisioning
services and economies of scale. The interactions between climate
change and variability, and shifting societal demands are anticipated to
disrupt theindustrial model and incentivize production of alternative
ecosystemservices. Arable lands that no longer support economically
viable crop production will become suitable for multiple competing
uses, including grass-finished beef production, natural climate solu-
tions to sequester soil carbon, renewable energy generation, amenity
services and biodiversity conservation.

The vast area of US rangelands contains a large soil carbon pool
thatis vital to climate change mitigation. This has stimulated interest
in‘carbon ranching’ where landowners are compensated for additional
carbon sequestration resulting from modified land management via
established carbon markets®**%, Voluntary markets for soil carbon
sequestration-based credits or offsets for GHG emissions arein various
stages of development for croplands as well as rangelands, for example,
Climate Action Reserve (https://www.climateactionreserve.org/how/
protocols/ncs/grassland/). However, they have previously met with
limited success because of substantial challenges onboth the demand
and the supply sides*. Consequently, the future success of voluntary
agricultural carbon markets in the US remains uncertain, but they may
be influenced by emerging governmental programmes to support
climate-smart commodities (https://www.usda.gov/climate-solutions/
climate-smart-commodities).

Optimismregarding ‘carbon ranching’ has been tempered based
onunrealistic experimental assessments, biased sampling procedures
and limited recognition of climate change impacts on future carbon
sequestration potential*’, The ability of grazing management to modify

soil carbonis highly context specific because rangelands span multiple
biomes and climates, various natural disturbance regimes and lega-
cies of diverse land-use practices®. A global meta-analysis of arid and
semiarid rangelands found that low grazing intensities were associated
with smallincreases in soil carbon, whereas high grazing intensities
were associated with small decreases™.

This suggests that the most effective contribution of rangelands
to climate change mitigation may be achieved by conservation of exist-
ingsoil carbon pools, and restoration of depleted soil carbon poolsin
marginal croplands following conversion to perennial grasslands®®.
Woody plant encroachment has a much greater potential to increase
soil carbonthan does grazing managementin semiarid and sub-humid
regions, but it may decrease soil carbon in arid regions®. However,
woody plantencroachmentinvolves substantial trade-offs with other
ecosystem services supplied by grasslands (for example, forage and
cattle production, hydrology and biodiversity) that may negate any
potential benefits of increased carbon sequestration®,

Rangelands are well suited for wind and solar energy generation,
and they can effectively accommodate the large land footprint and
limited water requirements of these technologies™. Crude oil produc-
tionisanticipated to plateauin the Southwest, Great Plains and Rocky
Mountain regions by 2050, while energy derived from wind and solar
sources are projected to double between 2020 and 2050 (https:/www.
nrel.gov/docs/fy200sti/75284.pdf). The expansion of renewable energy
is driven by societal demand for low-carbon electricity, government
incentives, cost competitiveness with natural gas and coal, and minimal
water requirements’”.

Existing wind facilities are concentrated in the Great
Plains region (https://www.eia.gov/energyexplained/wind/
where-wind-power-is-harnessed.php), whereas solar facilities are
more widely distributed (https://www.eia.gov/energyexplained/solar/
where-solar-is-found.php). The direct land area per megawatt of elec-
tricity produced by anindustrial wind turbine is smaller than for solar
photovoltaic farms, but the larger, contemporary wind turbines require
greater spacing which has reduced their capacity density (MW ha™)*.
Utility-scale solar farms vary considerably in size (1-500+ MW capacity)
and distribution, but rangelands of southern Great Plains and
far-westernregions have large concentrations (https://www.nrel.gov/
docs/fy200sti/75284.pdf).

Renewable energy technologies are asource of low-carbon power
that may reduce reliance on fossil fuel-based technologies that emit
GHGs. However, renewable energy technologies also have substantial
environmental and societal downsides. Wind and solar energy genera-
tion has a large land footprint per megawatt of electricity compared
withnon-renewable energy, although this may be partially mitigated by
multiple land-use opportunities and strategic siting*>**. For example,
agrivoltaics may benefit the food-energy-water nexus by co-locating
solar panels and agriculture to improve microclimatic conditions
and increase delivery of ecosystem services*. However, the negative
impacts of land conversion, fragmentation and infrastructure devel-
opment may adversely affect terrestrial and avian wildlife movement,
behaviour and persistence®’.

This scenario represents amajor transformationin the categories
of ecosystem services supplied by rangelands in response to climate
change and the pressing need to reduce GHG emissions. Rangeland
livelihoods will be derived from a varied portfolio of ecosystem
services supplied by diversified enterprises that provide sufficient
flexibility to accommodate subsequent socioeconomic changes.
However, the potential for economically viable carbon markets and
cost-effective wind and solar energy generation may dominate this
scenario because of increasing societal demand for climate change
mitigation. Cost-effective advances in renewable energy technolo-
gies that increase energy generation per unit land area may incen-
tivize landowners to diversify income streams and invigorate rural
economies.
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Amenity ranching scenario

Increasingland values and low profit margins for beef cattle producers
will continue to shift rangeland use and ownership from family-owned
ranches towards individuals and non-ranch corporations with suf-
ficient financial capital to prioritize amenity services and long-term
asset appreciation. Cultural ecosystem services, including recreation,
ecotourism, hobby ranching and native habitat restoration, willgrowin
importance, reflecting shifting societal values and new owners seeking
toreconnect to the land.

The gap between agricultural incomes and amenity land values
continues to widen and further incentivize shifts in landownership
and use”. Low profit margins, the high median age of beef producers
and decreasing intergenerational transfer within family ranches will
continue to promote land sales'>*, A portion of these acquisitions
will be driven by speculation and resultin consolidation with existing
ranches; others will be associated with amenity buyers, especially in
regions with high aesthetic and cultural values'®. This will accelerate
the shift fromland use focused on provisioning services to more mul-
tifunctional rural lands, a trend that has been occurring for the past
several decades in developed countries’.

Increasing amenity landownership will introduce both potential
benefitsand challenges for rural communities. Conservation priorities
shared by local ranchers and amenity owners may create collaborative
partnerships that effectively address emergent challenges posed by
accelerating biophysical and socioeconomic drivers”. Although, spe-
cific motivations among amenity owners may vary widely'®, potential
opportunities for enhanced rangeland sustainably include adoption
of novel management and restoration programmes, improved prop-
erty caretaking and creative leasing arrangements, with opportu-
nities for local employment and philanthropic investment in local
communities™®.

The challenges associated with amenity ownership vary widely
and some may be highly consequential. Increased land and real-estate
values may financially disadvantage local landowners and exclude
ownership by new, less wealthy individuals'". Livestock-related agri-
businesses (for example, farm and feed stores, and veterinarians) may
be adversely impacted, depending on the extent to which amenity
owners continue cattle production, with implications for local job
markets and community organizations (for example, medical facilities,
churches and schools). Amenity owners oftenlease land to local ranch-
ers to continue livestock production, which secures an agricultural
tax exemption for the amenity owner, even as their primary economic
motivation lies in other services or asset appreciation'. Local com-
munity dynamics may be disrupted because amenity owners often
have limited appreciation for the ranching culture, weak ties to local
communities, and increase the potential for rapid property turnover.
Conservation outcomes may be compromised by well-intended, but
ill-advised activities that contribute to habitat fragmentation, intro-
duction of exotic species, expanded coverage of invasive plants and
dewatering of streams'”’%,

An accelerating demand for amenity services may create con-
sequential changes in land use, governance, infrastructure and the
dynamics of rural communities, including the potential for socioeco-
nomicinequality and exploitation”. In regions with high amenity value,
multigenerational family ranches may be displaced, and properties
may be purchased by amenity buyers to create conservation estates®.
Amenity uses of private rangelands may affect adjacent public range-
lands by reducing demand for grazing leases and federal land revenues,
creating opportunities to provide alternative ecosystemservices, and
modifying political support for federal land management agencies®
(Box 1). The continued decline of infrastructure, markets and human
relationships and lifestyles within ranching communities may accel-
erate the transition to a ‘New West’ characterized by a service-based,
amenity-oriented economy™”.

BOX1

Rangeland governance in the
western United States

Rangeland governance is especially complex in the western

United States because it involves diverse landownership, including

private, federal, state, tribal, municipal and non-governmental

organizations'. Consequently, management and governance

are challenged by varied statutory and jurisdictional mandates,

stakeholder interests and management objectives. These

landownership patterns are further complicated by unique
ecological attributes that influence the supply of ecosystem
services.

e Private rangelands often occur at lower elevations, have greater
access to surface water and have twice the forage production
compared with public rangelands®®. However, distinct
landownership does not preclude the occurrence of critical
ecological and socioeconomic interactions among private and
public lands.

Many ranches in the western United States are dependent

on public rangelands, made available via long-term leases,

as an important source of summer forage on high-elevation

rangelands'.

Greater restrictions on livestock grazing on public lands, with the

intent of increasing alternative categories of ecosystem services

to achieve ‘multiple use’ mandates, may create unintended
consequences for the sustainable supply of ecosystem services
on private lands®*. For example, the loss of summer grazing

on public land may reduce herd size, intensify rangeland use

and incentivize land conversion to forage crops or exurban

development on nearby private lands.

e The capacity to anticipate and manage adverse outcomes of
social-ecological systems involving multiple landownership
and jurisdictions will require greater development of hybrid
governance systems. Collaborative adaptive management
and community-based conservation are two relatively recent
trends in rangeland governance that have emerged as a means
to resolve tensions between more centralized (federal) and
decentralized (local private) forms of governance'”.

b v« private tand acreage — High

@  Low<«— Productivity — High

Ownership
@8 Public
Private

° 0 Tribal 2

Productivity
(kgCm”yr')
]

1,000 km

Complex rangeland ownership and governance. a,b, Spatial
distribution of annual biomass production (a) and private, public
and tribal landownership in the western United States (b). Figure
reproduced with permission from ref. 63, Wiley.

Scenario implications

Our scenario assessment highlights the diversity and importance of
ecosystemservices supplied by USrangelands and the potential trajec-
tories of their future delivery. The grass-finished beef and modern pas-
toralism scenarios emphasize the conventional provisioning services
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of forage and beef production, but with highly modified production
strategies necessitated by increasing climate change and variability.
The diversified ecosystem services scenario expands the portfolio of
provisioning, and potentially regulating and supporting, services with
greatest priority on soil carbon sequestration and renewable energy
generation. The amenity ranching scenario describes an increasing
transition from provisioning to cultural services in response to an
accelerating increase in amenity land values relative to agricultural
revenues.

The spatial and temporal expression of these four scenarios will
varyamongrangeland regionsinresponse to the heterogeneity of both
biophysical and social drivers. For example, the grass-finished beef
and modern pastoralism scenarios may be more prevalentin the Great
Plains region where extensive forage resources support 50% of total US
beef production (https://quickstats.nass.usda.gov/results/6ED88A30-
0OBCC-37D0-A6D3-5BOBE7A680CD). The diverse ecosystem services
scenario may initially develop in the areas where regulatory and power
grid interconnection barriers and land costs to developers are the
lowest, and in the Southwest where the adverse impacts of climate
change and the potential for solar energy generation will be greatest.
The amenity ranching scenario will be interspersed throughout US
rangelands in locations where amenity values far exceed revenues
derived fromagricultural production. Rural communities, economies
and lifestyles will be variously modified inthis scenario, especially when
ranch subdivision occurs in high-amenity-value areas and near urban
centres. Accordingly, these scenario trajectories are anticipated to
co-occur at various locations and times to produce varied and complex
outcomes. Interactions among the grass-finished beef and modern
pastoralism, and diverse ecosystem services and amenity ranching
scenarios may be most likely to co-occur, but all possible interactions
canbeenvisioned.

The grass-finished beef and modern pastoralism scenarios may
sustain existing rural communities by continuing to produce beef
productsto supply societal demand. However, the production capac-
ity, economic viability and associated market price of beef represent
major uncertainties for these scenarios. Anincrease in demand-side
challenges associated with human diets and health, animal welfare,
antimicrobial resistance, and genetic modification and biotechnol-
ogy, in addition to previously stated environmental concerns, may
contribute to a decline in beef consumption in the United States
and other affluent nations®. By contrast, the diversified ecosystem
services and amenity ranching scenarios may transform rural com-
munities and economies through the expansion of renewable energy
generation, a growing service industry and the infusion of external
capital from amenity landowners. The expansion of wind and solar
energy generation may present landowners with alternative sources
ofincome, and communities with energy independence and diversi-
fied employment opportunities. The consequences of the amenity
ranchingscenario onrural communities are difficult to assess because
the proportion of positive and negative outcomes will vary with the
commitment of amenity owners to continued livestock production
and the sustainability of local communities. This scenario is antici-
pated to have the greatest potential to transform the rural West by
shiftinglandownership, replacing family-owned ranches and disrupt-
ing existing ranch culture.

Scenario assessments frequently include intervention strate-
gies designed to promote or avert various outcomes based on their
perceived impact onsociety®. However, in this case, appropriateinter-
ventions are difficult to envision given the potentially substantial, but
uncertain, impacts of the biophysical and societal drivers contributing
to the scenario trajectories. In addition, the relative consequences of
these four scenarios are difficult to assess, because future societal
demand for ecosystem services and societal willingness to reprioritize
those demands are both ill-defined. Furthermore, the existence of
tipping points has the potential to abruptly alter scenario trajectories

BOX2

Tipping points may accelerate
scenario trajectories

Tipping points occur when small quantitative changes initiate

a nonlinear process of transformation that leads to a qualitatively
different state of the system, which is often irreversible™.

An alternative system state often necessitates a transition to
alternative ecosystem services and livelihoods. Triggers describe
distinct events that initiate critical system change and include
both biophysical and social processes and their interactions.

The following tipping points and triggers would substantially
accelerate the trajectories of the four identified scenarios.

Tipping point. Family-owned beef cattle ranches diminish to the point
they no longer support infrastructure, markets and desired lifestyles
necessary to maintain the culture of rural ranching communities. The
loss of cultural identity further incentivizes ranch sales for alternative
land uses, especially amenity services, biodiversity conservation and
renewable energy generation'*?®,

Potential triggers. High investment value of rangelands, low
profit margins of cattle ranches, insufficient intergenerational
ranch transfer, and increased frequency and severity of climate
extremes.

Tipping point. Rapid expansion of renewable energy development
transforms local and regional communities through economic growth,
expanding income streams to landowners, diversified employment
opportunities and demographic influx (https://cleanpower.org/facts/
state-fact-sheets/).

Potential triggers. Technological advances, power grid improve-
ments, and reduced permitting and siting barriers to renewable
energy deployment, increasing priority to mitigate GHG emis-
sions, greater power demand through electrification; and decom-
missioning of ageing energy infrastructure, especially coal-fired
facilities.

Tipping point. Greater demand for human food security necessitates
major modifications to agricultural programmes and policies that
prioritize food production over that of livestock feed. New incentive
structures will generate rapid, large-scale changes in arable land use
to increase sustainable food production®.

Potential triggers. Crop yields insufficient to meet increasing demand,
increased frequency/severity of drought, social or political disruption,
armed conflict, and disease/pathogen outbreaks affecting humans,
livestock or crops.

Tipping point. Continued or worsening megadrought in the West
will adversely impact the supply of all rangeland ecosystem ser-
vices, which will produce cascading effects throughout the national
economy. Megadrought expansion into the Great Plains will adversely
affect both crop and beef cattle production to negatively affect rural
communities and national food security®°.

Potential triggers. Increasing frequency and intensity of climate
anomalies accentuated by insufficient adaptation planning, adaptive
capacity and governance to mitigate impacts.

in unanticipated ways (Box 2). Tipping points occur when small
quantitative changes initiate nonlinear processes that lead to major
system change®.
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The potential consequences of these scenarios, either indepen-
dently or in combination, will affect food and energy security, envi-
ronmental quality, cultural identity and livelihoods. Technological
solutions alone may beinsufficient to chartasustainable path forwards
and will require substantial shifts in societal priorities and values®.
Consequently, transformational change of social-ecological systems,
as opposed to small and incremental change within systems, may be
required to sustainably accommodate large changesin the availability
of ecosystem services®*2,

‘Transformative science with society’ represents an approach
that employs collaborative partnerships to address power inequi-
ties, ethical concerns and different ways of knowing to deliberately
transform social-ecological systems®. Collaborative rangeland part-
nerships will need to engage diverse social organizations, including
private, state, federal agencies and Tribal Nations, and non-government
organizations, to effectively guide this transformation. The evolving
consequences of these scenario trajectories may create ‘windows of
opportunity’ for system transformation by necessitating extensive
socialinnovation, and development of new narratives of human-nature
relationships and innovative leadership®®®*,

Development of region-specific scenarios, involving sustained
commitment and communication among diverse stakeholders and
societal interests, may be an effective strategy to facilitate pro-
gress towards planned transformation of social-ecological systems.
Forward-thinking research and policy analyses will be needed to
support development of consequential regional scenarios. Increased
recognition and inventory of the diverse societal benefits provided
by rangeland ecosystem services is a critical prerequisite. Greater
awareness of the impact of increasing biophysical and societal
change on the supply of ecosystem services is needed to minimize
unanticipated, disruptive outcomes and to support development
of proactive mitigation and allocation strategies. The scope and
complexity of this challenge will require accelerated development
of collaborative, adaptive social organizations to identify, assess,
and manage trade-offs among ecosystem services, and to equita-
bly prioritize food and energy security, environmental quality and
cultural identity.
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