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Rangelands around the globe are experiencing management challenges associated with existing and
emerging stressors, including more frequent and severe fires, woody species expansion, annual grass in-
vasion, heavy, repeated growing season grazing, and climate change. Disturbance is an essential part of
rangeland systems. Yet climate change is likely to affect rangelands most directly by increasing the like-
lihood, severity, and extent of long term, negative impacts from disturbance. We conducted a synthesis
of key vulnerabilities to climate change for Northwest US rangelands. These rangelands are projected to
become warmer and drier this century, with episodes of more extreme droughts and higher likelihood of
more severe fires affecting larger areas. Many of the vulnerabilities identified in our synthesis, such as in-
creased frequency of fire and invasive grass proliferation, can have lasting effects, leading to “undesirable
transformations” (substantial and persistent changes in vegetation composition and reductions in ecosys-
tem services). For example, larger, more severe fires have led to the rapid loss of critical Greater sage-
grouse habitat and diminished forage production capacity for livestock in some areas, lowering provision-
ing of ecosystem services, increasing fire management costs, and impacting rural livelihoods. Rangeland
managers need guidance connecting climate change projections to on-the-ground management actions.
We conclude from our synthesis of climate change vulnerabilities that supporting rangeland recovery is
an important climate adaptation approach on Northwest rangelands. Proactive climate adaptation strate-
gies (e.g., supporting soil health and vegetation) and example practices (e.g., establishing climate-adapted
perennial plant species) are presented according to key action areas: prepare for, respond to, and recover
from disturbance. Identifying specific adaptation needs at more local scales, like the management unit
level, may be further refined through proactive planning and experimentation in collaborative settings
that allow for resource pooling and foster learning.
Published by Elsevier Inc. on behalf of The Society for Range Management.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction vide the foundation for many livestock operations, pastoralists, and
other ecosystem services (Reid et al. 2014; Hoover et al. 2020;
Maestre et al. 2022). These large expanses of land can comprise
hundreds to thousands of hectares in which land managers typ-
ically use extensive (e.g., livestock grazing and prescribed fire)

rather than intensive (e.g., seeding, irrigation, and soil amend-

Rangelands are complex social and ecological landscapes (Bruno
et al. 2020) that support wildlife, livestock, and humans and pro-
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ments) management practices (ESA 2023). Globally, rangelands are
facing many common management challenges due to shifting dis-
turbance regimes, including woody and invasive plant expansion,
increased fire severity, and legacy effects of heavy grazing (Archer
et al. 1995; Belnap et al. 2012; Timm Hoffman et al. 2019; Godde
et al. 2020; Hoover et al. 2020). Climate change is increasing tem-
peratures globally and changing the quantity and timing of avail-
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Figure 1. Northwest rangelands extent and precipitation. Rangelands comprise 21.9 million hectares in the Northwest USA (Reeves and Mitchell 2011; USDA 2018) and the
majority (90%) receive 584 mm or less (area in dark orange and brown) of average annual precipitation (30 year normal; PRISM 2022). Small rangeland areas not meeting
the designation of “dry domain” according to Baileys Ecoregions (Bailey 2016) were determined to be outside the study area and therefore were excluded from the map.
Semiarid climates have been defined as having less than 500 mm and at least 250 mm of average annual precipitation (Huang et al. 2016). Average annual precipitation is
one of several measures in the literature that have been used to differentiate between climate zones (Huang et al. 2016).

able water on rangelands (Mirzabaev et al. 2022), thus affecting
the sustainability of wildlife, vegetation, and human communities.

Northwest US rangelands (including portions of Idaho, Oregon,
and Washington; Fig. 1), like many rangeland areas around the
world, have been challenged by multiple factors that have reduced
their sustainability and have left them more vulnerable to future
climate change effects. Some of these factors include invasive an-
nual grasses and pinyon-juniper (Pinus-Juniperus spp.) expansion
(Davies et al. 2011, 2021b; Morford et al. 2022), loss of active burn-
ing by indigenous peoples (McAdoo et al. 2013; Dalton and Fleish-
man 2021; Hessburg et al. 2021; STACCWG 2021), historical heavy,
repeated growing season grazing (Davies et al. 2009; Davies and
Boyd 2020), and increased drought incidence and severity, includ-
ing snow drought (May et al. 2018; Dalton and Fleishman 2021).
On rangelands, these factors lengthen fire seasons, increase fire
size and frequency (Chambers et al. 2017b; May et al. 2018), and
are associated with several large fires this century in the North-
west (DOI-BLM 2016; Davies et al. 2017; May et al. 2018; Vose
et al. 2019). Such factors are causing some areas of Northwest
rangelands to experience rapid loss of critical habitat for wildlife
species (Krosby et al. 2020; WGA 2022), including core habitat
for Greater sage-grouse (Centrocercus urophasianus; DOI-BLM 2016;
Pilliod et al. 2021; Germino et al. 2022), designated as a near-
threatened species globally (BirdLife International 2016).

While many of these challenges are not exclusive to the North-
west, vital management solutions may come from examining the
Northwest area’s vulnerabilities to climate change effects. These
systems are reliant upon public and private interconnected pas-

tures and wet meadows, semiarid shrublands and grasslands, and
forested grazing lands. These lands are essential to sustaining fish-
eries and recreation (Charnley et al. 2018; Kantor et al. 2019), sub-
sistence harvesting and gathering, cultural traditions, rural com-
munities, and wildlife. These lands are also important for live-
stock production, with about 19 million hectares (77% of which are
estimated to be publicly owned) providing forage for beef cattle
(Maher et al. 2020). Climate change has the potential to increase
resource scarcity (e.g., forage and water) in these systems, making
it more difficult to balance social and ecological needs.

Past syntheses on the topic of climate change and US range-
lands have focused on other regions (Joyce et al. 2013; Polley et al.
2013; McCollum et al. 2017; Balachowski et al. 2018) or empha-
sized intensive agriculture and private producer impacts (Yorgey
et al. 2017; Neibergs et al. 2018) over those of broader public and
private rangeland ecosystems and related services. With climate
change, existing management challenges on Northwest rangelands
(e.g., invasive grasses and fire) are anticipated to intensify over
broad areas (Chambers and Pellant 2008; Creutzburg et al. 2015;
Halofsky et al. 2018a), necessitating additional and larger-scale col-
laborative adaptation efforts. Fortunately, economic, cultural, and
environmental interest in Northwest rangelands creates signifi-
cant opportunity for collaborative solutions to address these man-
agement challenges. For instance, recovery efforts from the 2015
Soda Fire in parts of southern Idaho and eastern Oregon have
demonstrated successful interagency, state, and private coordina-
tion and collaboration (Meredith and Brunson 2021; Meredith et al.
2021; Germino et al. 2022). Public-private partnerships have also
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supported active investment in restoration and future sustainabil-
ity of Northwest rangelands (Charnley et al. 2018; Smith et al.
2022).

Northwest rangelands are vulnerable to climate change ef-
fects (Cartwright et al. 2020; Dalton and Fleishman 2021) and
are affected by past management legacies that influence distur-
bance regimes and management options (Galbraith and Anderson
1971; Davies et al. 2009, 2018a; Boyd 2022). This suite of chal-
lenges creates an urgent need to effectively implement collabora-
tive, climate-change-informed solutions. The purpose of this pa-
per is to inform this need through providing: 1) a synthesis of
the scientific literature on climate change vulnerabilities on North-
west rangelands, and 2) examples of climate adaptation manage-
ment strategies that can address these vulnerabilities in proactive
and collaborative ways on private and public rangelands. To this
end, geographically relevant climate change assessments and pa-
pers cited therein were reviewed; we also reviewed the current lit-
erature on rangeland management, including grazing management,
restoration practices, and related challenges in the Northwest. Ul-
timately, this paper aims to integrate information across several
areas of science and management to offer actionable adaptation
strategies for Northwest rangeland managers in a changing climate.

Northwest Rangelands in a Changing Climate
Geographic focus

Northwest US rangelands include areas primarily east of the
Cascade Mountain range in Oregon (~9.5 million hectares) and
Washington (~3.4 million hectares) and much of Idaho (~8.9 mil-
lion hectares) in the United States (Reeves and Mitchell 2011; Fig.
1). These vast arid to semiarid cold deserts, edged by forests, are
characterized by highly variable precipitation, which falls primarily
as snow in the winter (Chambers and Pellant 2008). Ninety per-
cent of Northwest rangelands receive an estimated 584 mm of av-
erage precipitation (30 year normal) or less each year (Reeves and
Mitchell 2011; PRISM Climate Group 2022); half of that 90% (~10
million hectares) receives less than 306 mm of precipitation per
year. Common vegetation on these rangelands includes salt desert
shrub, sagebrush (Artemisia) steppe, sagebrush semiarid desert, and
pinyon and juniper woodlands (Chambers and Pellant 2008).

Rangeland recovery

Rangeland ecosystems support a multitude of ecosystem ser-
vices (Havstad et al. 2007; Maher et al. 2021) and characteristically
fluctuate between different plant communities through disturbance
(e.g., fire, drought, herbivory, wind; Pellant et al. 2020). These fluc-
tuations are typically referred to as community transitions. Dis-
turbance processes, such as fire, may promote diversity and pro-
vide many other benefits as well. However, rangelands also rely
upon postdisturbance recovery (i.e., historically typical timeframes
for recovery prior to the next disturbance) of plant communities
and soils to support ecosystems and their provision of services.
Plant communities can undergo substantial and persistent changes
in vegetation composition as the result of changed disturbance fre-
quencies and intensities outside of those in which the plants and
plant communities have evolved (Mclver et al. 2010; Rau et al.
2011; Dettweiler-Robinson et al. 2013a; Joyce et al. 2013; Hoover
et al. 2020). “Undesirable transformation” is a term used herein to
describe substantial and persistent changes in vegetation with sig-
nificantly reduced ecosystem services, as can occur with exotic, in-
vasive annual grasses. Disturbance history, together with ecological
site characteristics, strongly influence rangeland recovery from dis-
turbance by affecting surface water and soil retention, plant cover,
and biological soil crusts (hereafter termed biocrusts; Belnap and

Eldridge 2001; Booth and Tueller 2003; Miller et al. 2013; Edwards
et al. 2019) and may also inform predictions of vulnerability to
climate change effects. Although rangeland assessment and recov-
ery strategies exist (Booth and Tueller 2003; Sheley et al. 2010;
Weber and Gokhale 2011; Herrick et al. 2012; Pellant et al. 2020,
Meehan et al. 2021), many factors are impeding recovery efforts on
Northwest rangelands (Pilliod et al. 2021). While Northwest range-
land ecosystems have evolved under specific disturbance frequen-
cies and intensities, in many areas, these regimes are understood
to have changed since European arrival (Boyd 2022). Increases in
fuel load quantity and fuel connectivity, driven largely by invasive
species, have led to more frequent and larger fires, thus impair-
ing mutualistic relationships between native plants (bunchgrasses
and shrubs) and biocrusts, as well as other recovery mechanisms
(Belnap and Eldridge 2001; Dettweiler-Robinson et al. 2013a). Cli-
mate change introduces potential additional changes in frequency
and intensity of disturbance and added stress (Root et al. 2023).
Understanding climate change effects as they relate to stress and
disturbance on rangelands helps to identify climate change vulner-
abilities and create effective adaptation strategies and practices.

Climate change vulnerabilities

Temperature and precipitation

Annual temperature and aridity have increased in the last cen-
tury and are projected to continue to increase as the climate
changes, though the rate and magnitude of change depend upon
future greenhouse gas emissions (Halofsky and Peterson 2017; May
et al. 2018; Snyder et al., 2019). Midcentury climate projections for
the Northwest show an increase in annual average temperature of
2.6°C under a higher emissions scenario, representative concentra-
tion pathway 8.5 (RCP 8.5; Edwards et al. 2019), and summers are
projected to become warmer and drier this century (Polley et al.
2013; Briske et al. 2015; Palmquist et al. 2016 - RCP 8.5; Vose
et al., 2019 - RCP 8.5). Between 1895 and 2011, the Great Basin and
Columbia Plateau ecoregions saw temperature increases ranging
from 0.7°C to 1.4°C, with a greater increase in the southern Great
Basin than in the northern portion (Snyder et al. 2019). Changes
in temperatures in these areas have increased more in the winter
and at night, and resulted in fewer cold snaps, more frost-free days
and nights, and more heatwaves (Snyder et al. 2019). Temperature
increases can cause heat stress on plants, wildlife, and livestock,
and influence plant phenology. Both earlier green-up and senes-
cence are already being observed or are projected for important
grass forage species (Brown et al. 2022; Zimmer et al. 2022).

Climate change also affects the timing and quantity of avail-
able water on rangelands. Recent increases in temperature have
reduced average annual snowpack (Mote et al. 2018; Snyder et al.
2019; Fig. 2) and led to earlier snowmelt (Mote et al. 2019). De-
clines in snowpack and earlier snowmelt mean more runoff in
spring and less water in summer for livestock watering systems, ir-
rigation, and stream flows. Earlier snowmelt leads to lower stream
flows in the summer, which can stress livestock and reduce the
survival of wildlife and coldwater fish populations (Mote et al.
2018; Halofsky et al. 2020).

While climate projections for the Northwest indicate a slight
increase in average annual precipitation, along with more intense
rain events, intensifying droughts and longer periods of dryness in
the summer months are also projected (May et al. 2018; Edwards
et al. 2019; Dalton and Fleishman 2021). These factors, together
with annual variation in the El Nifio-Southern Oscillation and
decadal variation in the Pacific Decadal Oscillation cycles, are an-
ticipated to increase incidences of extreme wet and dry periods
(Dalton and Fleishman 2021). Increased variability in meteorologi-
cal conditions may make livestock management more difficult than
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Figure 2. Trends in April snowpack in Idaho, Oregon, and Washington, 1955-2020, data source: https://www.epa.gov/climate-indicators/climate-change-indicators-snowpack,

map created by Janelle Christensen, USDA Northwest Climate Hub.

directional change because the former is, by definition, less pre-
dictable, and therefore more difficult to plan for.

Higher average and extreme temperatures as well as changes
in snowmelt and precipitation timing can directly impact livestock
production (Yorgey et al. 2017; Gowda et al. 2018; Vose et al.
2019) and wildlife (Charnley et al. 2018; Rangwala et al. 2021).
For example, drought can require sudden destocking or hay feed-
ing (Coppock 2011). Under climate change, increasing heat loads
can also increase water demand from livestock while, concurrently,
surface water sources become increasingly scarce (Reeves et al.
2017). Also, heat stress can lead to reduced body condition and
decreased fertility in livestock (Reeves et al. 2017; Neibergs et al.
2018).

Water and soils

In Northwest rangelands, climate change is likely to impact
the availability of water needed for native perennial plant sur-
vival and recovery (Hernandez et al. 2017). Semiarid rangelands are
particularly sensitive to changes in temperature and precipitation
(Mirzabaev et al. 2022), as water is a limiting resource. Soil mois-
ture is driven by soil type interacting with precipitation and tem-
perature (Bradley et al. 2016). Potential evapotranspiration is pro-
jected to increase globally, and soil moisture declines are projected
to continue (Mirzabaev et al. 2022; Stevenson et al. 2022). Changes
in the timing of precipitation and snow melt may reduce soil wa-
ter availability during the summer months, particularly in ripar-
ian areas (Dwire et al. 2018). Increased conifer expansion, such as
western juniper (Juniperus occidentalis spp. occidentalis Hook.), can
also reduce available water for vegetation (Kormos et al. 2017; Ray
et al. 2019).

The ability for soils to retain water is also likely to be af-
fected. Climate change, precipitation and temperature impacts on
biocrusts may be similar to those observed from physical distur-
bance (Ferrenberg et al. 2015; Edwards et al. 2019). Further, severe
fires are known to have long-term negative impacts on biocrusts
and soil (Edwards et al. 2019; O’Connor and Germino 2021),
as does conifer expansion (Pierson et al. 2007; Chambers et al.

2017a) and annual grass invasion (Ponzetti et al. 2007; Dettweiler-
Robinson et al. 2013b). Loss of biocrusts can increase soil ero-
sion, decrease infiltration, and increase evaporation (Dettweiler-
Robinson et al. 2013a; Ellsworth et al. 2024). Furthermore, climate
change projections of more intense rainfall may lead to increases
in postfire soil loss (Edwards et al. 2019). In combination, these
factors can make rangelands in the Northwest more susceptible to
drought.

Vegetation change and loss

Native vegetation is important for ecosystem services (wildlife
habitat, livestock forage production, etc.) and is vulnerable to cli-
mate change effects. Climate change in the Northwest is expected
to reduce the ability of native plants to compete with invasive
plant species. Drought impacts can shorten the growing season and
decrease rangeland productivity (Izaurralde et al. 2011; Polley et al.
2013; May et al. 2018; Balachowski et al. 2018). Changes in snow-
pack, precipitation timing, and historical fire regimes affect native
plant recovery (Bates et al. 2006; Zeppel et al. 2014; Chambers,
2015; Boyd 2022). These changes in stress and disturbance will
create unprecedented opportunities for the expansion of invasive
plant species. Restoration success following severe and large fires
is reduced due to low competitive capabilities of native grass and
forb seedlings (Chambers et al. 2017b), especially in the context
of more frequent, extensive droughts. Native plant vulnerability to
fire and invasion varies with site climatic characteristics (tempera-
ture and moisture; Chambers et al. 2019; Boyd 2022), proximity to
vectors of invasive plant spread and ignition sources (Fusco et al.
2022), abundance of native perennial grass species and biocrusts
(Sheley et al. 2010; Chambers et al. 2014b; Pellant et al. 2020;
Davies et al. 2021b), plant dispersal mechanisms (Davies and She-
ley 2007), and functionality of ecological processes (James et al.
2010; Leffler and Sheley 2012).

Climate change is likely to provide more favorable condi-
tions for grasses and woody species that do well with warmer,
drier climates and more frequent fire (Izaurralde et al. 2011;
Creutzburg et al. 2015; Ruppert et al. 2015; Bradley et al. 2016;
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Fryer 2017; Innes 2022; Snyder et al. 2019; Chambers et al. 2019;
Smith et al. 2021). Invasive annual grass species outcompete na-
tive grasses given frequent fire activity and dry summers (Davies
and Nafus 2013; Snyder et al. 2019; Boyd 2022), conditions which
are more typically found at low to mid-elevations. Cheatgrass (Bro-
mus tectorum L.) is the most common invasive annual grass in the
Northwest, and its spread is likely facilitated by increased spring
moisture followed by low summer moisture (Bradley et al. 2016).
Cheatgrass has an additional competitive advantage over native
grasses during summer droughts because of its spring peak pro-
duction (Bradley and Mustard 2005; Bradley et al. 2016).

In addition to cheatgrass, there are several plant species that
may affect native vegetation due to changes in climate. Vente-
nata (Ventenata dubia (Leers) Coss; Kerns et al. 2020; Ridder et al.
2022) is currently invading Northwest ecosystems and creates
fuel for fires, increasing grass-fire cycles (Fryer 2017; Innes 2022;
Dalton and Fleishman 2021). Future changes in climate may make
climates more suitable for Ventenata expansion (Adhikari et al.
2022). Medusahead (Taeniatherum caput-medusae (L.) Nevski) is an
invasive annual grass expanding in the Great Basin region (Nafus
and Davies 2014; Davies and Boyd, 2018; Snyder et al. 2019). The
success of this grass, as well as Ventenata, may be at least partly
due to a warming climate (Snyder et al. 2019). Tamarisk (Tamarix
spp.) is another invasive plant that is predicted to expand in the
Northwest by the end of this century, significantly altering the
composition and structure of many riparian corridors (Halofsky
and Peterson 2017; Kerns et al. 2009). Additionally, significant ex-
pansions and density increases in conifers this century have been
projected (Creutzburg et al. 2015; Halofsky et al. 2019). These ex-
pansions typically affect mid- to high-elevation areas and lengthen
fire return intervals, leading to more severe fires that can promote
establishment of invasive grasses (Chambers et al. 2017b; Davies
et al. 2021b; Pilliod et al. 2021).

Fire

Climate change is expected to increase fire frequency and sever-
ity over large areas in the Northwest. Recent extreme fire years
in the Northwest have been associated with high summer tem-
perature and precipitation anomalies (Mote et al. 2019), and these
anomalies are anticipated to become more frequent with climate
change. Median burn size on rangelands in the Northwest has been
projected to increase two to three times for a 1°C increase in tem-
perature (Ojima et al. 2014; Littell et al. 2018). Ocean-atmospheric
oscillation cycles, together with climate change factors, may also
increase the likelihood of more extreme wet years followed by
more extreme dry years (Dalton and Fleishman 2021). This phe-
nomenon may be particularly important for the likelihood of fire
on rangelands (Smith et al. 2023). Fires can be driven by fine fu-
els that accumulate in wet conditions in the 1 to 3 years prior
to fire onset (Chambers et al. 2014b; Bradley et al. 2016; Pilliod
et al. 2017; Snyder et al. 2019; Smith et al. 2023). Drought inci-
dences this century have supported increased fire activity (Dalton
and Fleishman 2021; Mirzabaev et al. 2022; Stevenson et al. 2022).
Increasing drought and altered fire regimes make postfire vegeta-
tion and biocrust recovery difficult, thus further perpetuating de-
clines in rangeland ecosystem goods and services (Sankey et al.
2013; Shriver et al. 2018; Davies et al. 2021b; O’Connor and Ger-
mino 2021; Pilliod et al. 2021).

Climate change effects are likely to increase the range and
abundance of invasive annual grasses and exacerbate grass fire
cycles in the Northwest. Large, severe fires on rangelands are
typically attributed to fuel accumulations (Davies et al. 2021b).
These fires can initiate repeated burns that perpetuate disturbance
(Davies et al. 2021b) and facilitate the decline of native peren-
nial grasses and shrubs and continued spread of invasive annual
grasses (Chambers et al. 2014a; Davies et al. 2021b). Evidence from

1990 to 2020 shows that invasive annual grasses are occurring at
higher elevations in the Northern Basin and Range and the Snake
River Plains areas, with the greatest elevations being reached on
south-facing slopes (Smith et al. 2021). Cheatgrass in particular
is known for high variability in production that follows closely
with variability in precipitation, filling vegetation interspaces to in-
crease fuel continuity, and senescing (browning down and becom-
ing flammable) earlier in the season, thus perpetuating and bene-
fiting from fire cycles (Davies and Nafus 2013).

Climate change impacts on woodlands or forested areas can
also have important effects on adjacent or intermixed Northwest
rangelands areas (Haugo et al. 2019). In forested systems, the fre-
quency and extent of fires are projected to increase under a warm-
ing climate (Halofsky et al. 2020). Historically, warm and dry con-
ditions corresponded with larger fires in Northwest forests, and
fire area burned is expected to increase with warmer and drier
conditions in the future (Halofsky et al. 2020). Vast forested ar-
eas in eastern Oregon, eastern Washington, and central Idaho have
also been affected by mountain pine beetle (Dendroctonus pon-
derosae Hopkins; May et al. 2018). Trees stressed by drought are
more susceptible to insect attack, and thus insect-driven mortal-
ity will likely continue to affect large areas of forest and their fuel
characteristics in the future. Such shifts in forested disturbance
regimes can result in a higher probability of fire and spread of
undesirable plants on rangelands intermixed with or adjacent to
forests.

Impacts from interacting stressors in social and ecological landscapes

Recent extreme droughts in the Northwest shed light on exist-
ing vulnerabilities in these social and ecological landscapes (Mote
et al. 2016, 2018; May et al. 2018; Vose et al. 2019, Dalton
and Fleishman 2021). Shorter-term impacts from the 2014-2015
drought included reduced irrigation water, increased heat stress
for livestock, reduced forage quantity and quality, increased fish
mortality due to low flows in streams and rivers, and drought-
related wildfires affecting hundreds of thousands of hectares (DOI-
BLM 2016; May et al. 2018; Vose et al. 2019). Similar impacts were
reported in 2021 following the driest March to May since 1924 (the
second driest on record) and above-normal temperatures (NIDIS
2021; Bumbaco et al. 2022). The majority of livestock pastures and
rangelands were also reported to be in poor to very poor condition
(~91% in Washington) by the end of the summer in 2021 due to
dry conditions (NASS 2021; NDMC 2021a).

Dry summer months like those that occurred during the 2014-
2015 drought may occur more often by mid-century (Marlier et al.
2017; Dalton et al. 2017; Dalton and Fleishman 2021), increas-
ing the importance of better understanding the long-term conse-
quences of these interacting effects. Periods of reduced forage can
result in competition between wildlife and livestock and increase
the potential for longer term impacts, such as reduced long-term
forage production potential, in some areas (Stewart et al. 2002;
Coe et al. 2004; Kohl et al. 2023). This can also have potential
consequences for riparian areas and adjacent streams, as drought
and heat can drive cattle, feral horses, and wildlife to streams dur-
ing summer when stream flows are at their lowest (Bailey, 2004;
Roever et al. 2015; Boyd et al. 2017a; Charnley et al. 2018; Roper
and Saunders 2021).

Climate change may compress grazing seasons (Neibergs et al.
2018), as drought occurs more often or worsens, which may af-
fect rural livelihoods and result in additional interacting stressors
(Scheffer et al., 2015). Temperature changes, drought, and domi-
nance of invasive annual grasses all result in earlier summer forage
senescence, which is projected to increase, as is earlier phenology
(Zimmer et al. 2022). Yet, for livestock producers, especially those
grazing public lands, changing the beginning of the grazing season



404 A.T. Maher, H.R. Prendeville and J.E. Halofsky et al./Rangeland Ecology & Management 98 (2025) 399-413

Many factors
affecting recovery
from disturbance

Climate change

Incomplete
recovery increases
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Ecosystem
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Figure 3. Incomplete recovery of Northwest rangelands from disturbances such as drought and fire can occur due to invasive annual grasses, past and current management,
climate change, or other factors. This can make rangeland ecosystem services progressively more vulnerable to these disturbances. This can lead to persistent degradation
(e.g., undesirable transformation to invasive annual grass monocultures). For example, (a) diverse and productive rangelands that provide many ecosystem services may
experience (b) increasing bare ground in the interspaces between shrubs following one or multiple disturbances, leading to (c) opportunities for undesirable vegetation, such
as cheatgrass, to proliferate. Photos left-hand side: fire in sagebrush by Kirk Davies (top left), rangeland management youth training day in southern Idaho by Charity Parks
USDA Forest Service (middle left), and photos on the right-hand side: diverse sagebrush ecosystem (top right), annual grass invaded sagebrush ecosystem (middle right),

annual grass monoculture (bottom right), by Kirk Davies.

may be undesirable or difficult due to factors such as soil mois-
ture that determine sustainable livestock turn-out dates or time-
consuming administrative adjustments (Charnley et al. 2018). De-
stocking earlier in the season can help to counteract effects from
drought (Thurow and Taylor 1999; Holechek et al. 2011) and fire
(Wright et al. 1979; DOI-BLM 2007; Meredith and Brunson 2021)
but can also have extreme, long-lasting financial impacts for live-
stock producers (Torell et al. 2010; Maher et al. 2013; Torell et al.
2014; Neibergs et al. 2018; Maher 2019; Runge et al. 2019). In ad-
dition to short-term concerns about rural livelihoods, these finan-
cial impacts may lead producers to substitute private land when
forage is limited on public lands, adding grazing stress to private
lands. For example, producers have been known to graze their cat-
tle on private lands when public land grazing is unavailable fol-
lowing large fires, and this has precluded important rehabilitation
opportunities on private land (Meredith and Brunson 2021). Such
factors can reduce the viability of ranching and increase the likeli-
hood of rangeland conversion to croplands or other forms of land
conversion and fragmentation (Runge et al. 2019).

Feedbacks on rangelands

Climate change effects on Northwest rangelands, such as those
from periods of extended dryness or increased fire activity, will
likely compound over time. Degraded rangelands, specifically those
with compacted soil with less organic matter and structure, re-
tain less water and experience vegetation changes (e.g., Rau et al.
2011; Nagy et al. 2021). These rangelands can be slower to recover
from stress and disturbance and therefore more vulnerable to sub-
sequent climate change effects.

As degradation and vulnerability to climate change increase,
so will the likelihood of “undesirable transformation” to altered

or new plant communities with persistent reductions in ecosys-
tem services (Fig. 3). As more droughts and fires occur with cli-
mate change, shallow-rooted vegetation systems that are less able
to maintain stable, productive vegetation communities are more
likely to prevail (Ruppert et al. 2015; Boyd 2022). Some areas
of Northwest rangelands may therefore change rapidly from di-
verse systems that support multiple uses to monocultures of inva-
sive annual grasses and/or more barren landscapes. Such systems
provide poor-quality habitat and highly variable forage, impacting
wildlife and rural livelihoods. An important role for management
in a changing climate is to reduce the likelihood of this undesir-
able transformation by using effective climate adaptation strategies
that support rangeland recovery.

Climate adaptation strategies and practices

Incorporating climate change projections and information about
related vulnerabilities into land management within Northwest
rangelands can increase management effectiveness; management
that is based on this information is referred to herein as “proac-
tive.” Supporting rangeland recovery with proactive strategies and
practices is an important climate adaptation approach on North-
west rangelands. The following proactive strategies (e.g., improve
hydrological function) and practices were developed from the sci-
entific literature and taken or adapted from the Climate Change
Adaptation Library (Table 1; AP 2022). This adaptation library is
the product of science-management partnerships in the Northwest
(and across the western United States) that were focused on cli-
mate change vulnerabilities and adaptation (Halofsky et al. 2018c).
We divide proactive climate adaptation strategies and practices fur-
ther into action areas: preparing for (before), responding to (dur-
ing), and recovering from (after) disturbance.
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Table 1

Facilitating rangeland recovery with proactive strategies and practices is an impor-
tant climate adaptation approach on Northwest rangelands. These strategies (un-
derlined) and related practice examples are presented according to action area (ital-
ics): prepare for, respond to, and recover from disturbance. The adaptation informa-
tion comes from the scientific literature and the Climate Change Adaptation library
(AP 2022). The library was developed primarily through workshops held with sci-
entists, agency land managers, landowners, and others to explicitly create climate
change vulnerability assessments and adaptation actions. This information was then
reviewed by technical experts for scientific credibility through the peer review pro-
cess (Halofsky et al. 2018b, 2018c).

Approach: Ensure that rangelands recover from disturbance
Example strategies and practices

Prepare for disturbance
Rangeland assessment

o Determine plant community composition and changes
over time (trends)
e Monitor drought and disturbances

Improve hydrologic function

e Maintain or restore natural flow regime to buffer

against future changes

Protect wetlands and spring-fed streams that maintain

higher summer flows

Address water loss at water diversions and ditches

o Control pinyon-juniper expansion to minimize water
demand and maintain sagebrush

Support soil health and vegetation

e Maintain soil organic matter and perennial plant vigor

and diversity, e.g., plant diverse, climate-adapted

perennial species

Consider opportunities for changing grazing

distribution, timing, intensity, and duration to sustain

appropriate quantities of leaf litter and promote root

regrowth

Identify locations where late-season grazing has

minimal effects

Facilitate grazing rest for rangeland recovery, e.g.,

develop forage reserve systems

o Co-manage wildlife and domestic ungulates with
wildlife specialists to sustain vegetation communities

Address the chronic problems of increased fire risk

o Plan and prepare for greater burn area

Identify and actively manage areas at risk for severe
fire

Consider fuel treatment needs and practices, especially
after high fine-fuel production years

Implement invasive annual grass management,
including early detection and rapid response

Respond to disturbance
Adjust grazing management, provide immediate fire response

e Monitor within season while using local knowledge
and frequently updated decision-support tools to
determine when to move livestock from pasture to
pasture or to previously established forage reserves

e Hold regular agency-producer meetings

o Coordinate with Rangeland Fire Protection Associations
and other community partners

Recover from disturbance
Immediately take stock of disturbance effects and employ technologies to
establish climate-adapted perennial vegetation

o Identify disturbance impacts and implement
appropriate actions such as: delayed grazing; planting
diverse, climate-adapted perennial species; and
applying treatments to control invasives

e Assess drought and fire response to understand what
went well and what could have gone better

o Use combined re-vegetation methods, multiple years of
planting, and the latest technologies to improve
establishment

Prepare for disturbance

Rangeland Assessment

Monitoring existing and developing fire and water issues is fa-
cilitated by rangeland health indicators, for example, the Interpret-
ing Indicators of Rangeland Health protocol (Pellant et al. 2020)
and the Threat-Based Land Management approach (Johnson et al.
2019). These frameworks are designed specifically for rangeland as-
sessment. Both short-term (e.g., stubble height, foliar cover) and
long-term indicators (e.g., perennial grass basal cover and den-
sity) on rangelands are important to understanding changes in
plant communities (Herrick et al. 2012). Moreover, they can fa-
cilitate creation of proactive management planning (e.g., identify
locations where late-season grazing has minimal effects) and it-
erative decision-making strategies that aim to reduce uncertainty
in management outcomes over time. Developing additional cli-
mate change-informed indicators may also be important (e.g., soil
moisture, fuel loads, snow cover and residence time, and shifts
in green-up and senescence timing). In addition to on-the-ground
monitoring, on-line decision-support tools (e.g., the Rangeland
Analysis Platform) can be used to identify vegetation cover and
production changes over time (Jones et al. 2018, 2021; Allred et al.
2021; RAP 2022; Smith et al. 2023).

Improve hydrologic function

Practices that improve hydrologic functioning can be critical for
minimizing climate change effects on water availability. Identified
practices include reconnecting floodplains with streams, as well
as restoring riparian areas and American beaver (Castor canaden-
sis) populations (Halofsky et al. 2018a). Practices that restore nat-
ural stream flows, protect spring-fed streams and wetlands, and/or
address water management and soil loss can minimize the im-
pacts from reduced snowpacks and earlier snow melt (Halofsky
and Peterson 2017; Halofsky et al. 2019). Controlling conifer ex-
pansion also supports grasses through minimizing water demand
and protecting against soil erosion and issues with water infiltra-
tion (Pierson et al. 2007; Kormos et al. 2017; Halofsky et al. 2018a;
Ray et al. 2019).

Support soil health and perennial vegetation

Supporting existing perennial plant vigor and planting climate-
adapted, perennial plant species can be important climate adap-
tation practices (Halofsky and Peterson 2017; Halofsky et al.
2018a; Ellsworth et al. 2024)." In contrast to deep-rooted peren-
nial grasses, annual grasses can make rangelands more vulner-
able to climate change effects. For example, cheatgrass invasion
can deplete water early in the growing season that is needed by
perennials during the summertime (Melgoza et al. 1990). However,
established perennial bunchgrasses can have extensive root sys-
tems and access to water lower in the soil than annual grasses,
thereby promoting resistance to invasion (Germino et al. 2022)
and better sustaining forage production and wildlife habitat dur-
ing drought (Ruppert et al. 2015). Accounting for locally adapted,
intraspecific variation when planting can improve establishment
rates (Baughman et al. 2019). Making efforts prior to the next
drought or fire may help limit postdisturbance competition with
invasive plants.

Investing in flexible grazing management systems over some
more conventional grazing systems can help to minimize climate
effects on existing vegetation and soils (Charnley et al. 2018;
Neibergs et al. 2018; Peterson and Halofsky 2018). Grazing can be
used to sustain the appropriate amount of leaf litter, soil organic

T At smaller scales, soil amendments may be practical and effective but such
methods on expansive rangelands are infeasible and likely to be ineffective or even
counterproductive in the presence of invasive annual grasses.
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matter, and ground cover (Davies et al., 2014; Neibergs et al. 2018;
Vose et al. 2019). This is typically done by modifying the distri-
bution, timing, intensity, and duration of grazing (Neibergs et al.
2018) and may require fencing, virtual fencing, range riding, or
other means of controlling livestock movement. To gain or main-
tain access to forage, grazing systems may require investing in up-
land water systems (e.g., stock wells) to improve animal distribu-
tion and/or forage reserve networks for livestock (White and Con-
ley 2007; Kachergis et al. 2014; Charnley et al. 2018; Neibergs et al.
2018; Maher 2019). The United States Department of Agriculture
Natural Resources Conservation Service Environmental Quality In-
centives Program provides technical assistance on privately owned
lands and may ameliorate the costs for these investments (Maher
et al. 2023). Beef cattle stocker/yearling production options can
also increase flexibility and minimize costly forage demand and
supply mismatches for cow-calf operations, though it may increase
other costs or risks to production (Torell et al. 2010; Ruff et al.
2016; Reeves et al. 2022; Cummings et al. 2023). Finally, planning
for potential overlap in resource demands of wild, feral, and do-
mestic species in time and space during droughts creates grazing
and wildlife management systems that are better adapted to cli-
mate change (Stewart et al. 2002; Coe et al. 2004; Roever et al.
2015; Halofsky and Peterson 2017; Roper and Saunders 2021; Kohl
et al. 2023).

Address the chronic problem of increased fire risk

Preparing for more frequent fire while limiting the spread of in-
vasive plant species can be supported through actions taken prior
to disturbance events (Davies et al. 2021b; Boyd 2022). Informa-
tion about the likelihood of postfire recovery potential helps to
identify vulnerable plant communities. Postfire recovery potential
varies with prefire community composition, site climatic charac-
teristics, and elevation (Pyke et al. 2013; Chambers et al. 2019;
Cartwright et al. 2020; Davies et al. 2021b). Effective fire manage-
ment in a changing climate includes planning and preparing for
greater burn area (Halofsky and Peterson 2017), identifying and
actively managing areas at risk for severe fire (Halofsky and Pe-
terson 2017; Halofsky et al. 2018a; Halofsky et al. 2019), weed
management, and creating vegetation mosaics that help limit fire
size (Halofsky et al. 2018a). For example, perennial grasses under
shrubs can be more vulnerable to fire effects than those in inter-
spaces (Boyd et al. 2015), suggesting a need for structural diversity
in plant communities in a changing climate. Planning treatments
across large areas can help to identify defendable fuel breaks, more
comprehensive fuel reduction strategies, and opportunities to min-
imize treatment-related habitat fragmentation impacts (Pyke et al.
2010; Maestas et al. 2016; Shinneman et al. 2018; Shinneman et al.
2019). Fire breaks serve to disrupt fuel continuity, accumulation,
and volatility, thus reducing fire intensity and rate of spread while
also providing refugia for suppression resources in fast-moving
fires (Wollstein et al. 2022). Online wildfire prediction tools like
the Great Basin Rangeland Fire Map (RAP 2022; Smith et al. 2023)
can inform strategic fuels reduction approaches.

Invasive plant management can reduce the likelihood of per-
petuating the grass-fire feedback loop and maximize postdistur-
bance rangeland recovery potential. Minimizing potential vectors
for invasive grass and forb species seed spread and ignition sources
help to reduce establishment of invasive annual grasses (Chuong
et al. 2016; Fusco et al. 2022). Early detection and rapid response
is a popular method for many emerging invasive plant species
threats (Chambers et al. 2017a; Halofsky et al. 2018b). Using bio-
logical controls, herbicides, mechanical treatments, education, and
targeted grazing are all important practices to consider for manag-
ing existing invasive plants (Halofsky et al. 2018a, 2018b; Lake and
Minteer 2018). Ecologically Based Invasive Plant Management pro-

vides a step-by-step framework for management of invasive plants
on rangelands (Leffler and Sheley 2012; Halofsky et al. 2018b).

The use of prescribed and managed fire may be particularly
complex in the presence of invasive annual grass species (Pyke
et al. 2010; Miller et al. 2013) and to accommodate wildlife habitat
needs (Boyd et al. 2017b). Management in these cases may require
prescribed fire surrogates (mimicking changes associated with fire;
Miller et al. 2013) and/or pre- or post-fire herbicide application
(Halofsky and Peterson 2016; Mealor, 2016; Halofsky and Peter-
son 2017). A combination of fire and cutting treatments may be
most effective for conifers, as prescribed fire can have greater than
two times the treatment life of mechanical treatments only (Boyd
et al. 2017b; Davies et al. 2019). Informed timing (e.g., burning dur-
ing dormant season versus later in summer) can also improve na-
tive plant response to avoid flushes of invasives after treatment
(see Pyke et al. 2010; Miller et al. 2013 for guidance). However,
managers may need to watch for changes in dormant season tim-
ing that may be occurring with climate change (Munson and Long
2017).

Respond to disturbance

Adjust Grazing Management and Provide Immediate Fire Response
Responding effectively to disturbance includes monitoring veg-
etation characteristics (e.g., forage and fuel production), using fre-
quently updated decision-support tools, and accessing fire re-
sponse resources. Short-term indicators, such as stubble height or
utilization levels, can inform timely response throughout the year
(Herrick et al. 2012). Livestock grazing management adjustments
during the grazing season are commonly practiced and important,
but additional and/or significant adjustment may be needed dur-
ing drought, fire, flood, or other disturbances. Online decision-
support tools that are updated frequently (weekly or biweekly)
and/or provide predictions, for example the US Drought Moni-
tor (NDMC 2021b), Phenomap (Schrader-Patton et al. 2024), Fuel-
cast (Jones et al., 2021; Reeves et al. 2021), the Wallowa County
Livestock Early Warning System, and the Rangeland Analysis Plat-
form: Production Explorer feature, can further inform grazing and
wildlife management in these situations. Some of these tools also
provide near-term forecasts of forage production. Regular agency-
producer meetings that use these tools and communicate addi-
tional observations during drought may support timely commu-
nication and grazing adjustment needs. If forage reserve systems
have been previously established, they may be an important op-
tion during this time (Maher 2019). Additionally, coordination with
community-based organizations such as Rangeland Fire Protection
Associations during fires can help to provide improved wildfire re-
sponse and minimize immediate impacts (Wollstein et al. 2022).

Recover from disturbance

Immediately Take Stock of Disturbance Effects and Employ
Technologies to Establish Climate-Adapted Perennial Vegetation
Postdisturbance recovery needs include taking stock of distur-
bance impacts and establishing climate-adapted perennial vegeta-
tion. Postdisturbance recovery efforts may be needed over mul-
tiple years to promote vegetation recovery. Monitoring of post-
disturbance effects can help inform appropriate actions, including
rest from grazing and restoration practices. As drought and fire in-
crease with climate change, longer or more frequent grazing rest
may be needed to support vegetation and soil recovery. To meet
resting needs, livestock may need to be moved to other pastures
within the same private grazing system or public allotment, from
the public allotment to the base (private) property, or to public
or private forage areas specifically reserved for these occasions.
Within-pasture postdisturbance adjustment of livestock movement
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patterns through the use of virtual or temporary fencing may also
be an important option in lieu of complete destocking (Boyd et al.
2022). This may also be a good time to reflect on the effective-
ness of the disturbance response and the adequacy of recovery re-
sources such as forage reserves.

Revegetation can be important after large fires or extensive
drought that results in low perennial plant survival. As with
preparing for disturbance, using a diverse mix of drought- and
locally adapted species and genotypes can increase and sustain
recovery success (Chambers et al. 2017b; Halofsky et al. 2018a,
2018b, 2018c; Baughman et al. 2019). Several years of seeding and
combined re-vegetation methods may be needed to improve es-
tablishment success after fire, especially if drought persists (Davies
et al. 2018b; Shriver et al. 2018, 2019). Decision-support tools are
available that may improve postfire restoration success, for exam-
ple the Short-term Ecological Drought Forecaster (USGS 2022) and
the Climate Smart Restoration Tool (St. Clair et al. 2022). Urgent
application of post-disturbance invasive plant management can be
critical to support native plant and soil recovery (Halofsky et al.
2018a). New technologies are being developed to improve effi-
cacy, including using pre-emergent herbicide together with acti-
vated carbon seed pelleting or coating to protect plantings from
herbicide damage while allowing for control of exotic annuals im-
mediately after fire (Madsen et al. 2014; Davies et al. 2017; Davies
2018; Clenet et al. 2019, 2020; Holfus et al. 2021).

Climate adaptation in practice

Incorporating climate change information into management has
its benefits and challenges. The vulnerabilities and related adapta-
tion strategies and actions identified herein can help guide man-
agement. Being informed about the effects of management ac-
tions today on future outcomes has the potential to limit unin-
tended management outcomes (Albers, 1996; Albers and Goldbach,
2000; Marcot 2020). In the context of climate change, new condi-
tions will occur that differ from past experiences, so ecosystems
may respond differently to the same management than they did
in the past. Land managers may therefore benefit from reconsid-
ering their perception of risk considering climate change informa-
tion. Specifically, considering future projections may lead to man-
agement actions that are better adapted to climate change.

Rangeland managers work across vast areas with finite re-
sources to address many management needs, including preparing
for, responding to, and recovering from disturbances. There are im-
portant trade-offs to consider when investing in one management
need over another. Furthermore, uncertainty inherent in both cli-
mate change projections and management effectiveness can make
it difficult for managers to incorporate climate change informa-
tion into management (Heal and Kristrom 2002; Pindyck 2007;
Kundzewicz et al. 2018; Maas et al. 2020; Rangwala et al. 2021;
Wardropper et al. 2021). For example, there can be substantial spa-
tial and temporal variation in climate effects, and therefore esti-
mates at only large scales can make it difficult to plan at the local
level (Polley et al. 2013; Svejcar et al. 2016; Dierauer et al. 2019;
Cartwright et al. 2020).

Collaborative efforts within the larger rangeland management
community can help to achieve some of the benefits and to over-
come some of the challenges associated with climate adapta-
tion. Land managers partnering with scientists can help with sci-
ence translation, planning, and data analysis (e.g., downscaling) as
needed for improved decision making (Allen et al., 2011; Littell
et al. 2012; Joyce and Millar 2014; Marcot 2020; Rangwala et al.
2021). For example, there are ongoing science-management part-
nership efforts working to identify climate vulnerabilities at more
local scales (Rangwala et al. 2021), including place-based climate
change vulnerability assessments (Halofsky et al. 2018c).

Within the context of the science-management partnership for
climate adaptation, managers can play an integral role, includ-
ing pooling resources, information gathering/sharing, and prac-
tice implementation. Intensifying invasive annual grasses and wild-
fire management challenges increase the benefits of engaging in
larger-scale, collaborative adaptation efforts. There is also a grow-
ing recognition of the contribution that local, indigenous, inter-
generational, and/or professional knowledge contributes to scien-
tific knowledge and natural resource management (Knapp and
Fernandez-Gimenez 2009a, 2009b; Littell et al. 2012; Marcot 2020;
Reid et al. 2021; STACCWG 2021; Smith et al. 2022). On range-
lands, some scientists have begun to work with managers, livestock
producers, and/or indigenous peoples in more collaborative ways
to address complex management challenges (Wilmer et al. 2018;
Steen-Adams et al. 2019). In addition to providing intergenerational
and practical knowledge, livestock producers can be important in-
vestors in rangelands (Briske et al. 2015; Collins 2019), provide a
set of boots and eyes on the ground for management as issues like
wildfire and invasive annual grasses unfold (WGA 2022), and may
play an important role as “ecosystem engineers” in reducing fuel
as a proactive strategy (Boyd et al. 2014; Bailey et al. 2019; Davies
et al. 2021a, 2021b). Providing opportunities for managers to en-
gage in such partnerships may therefore be an essential part of
proactive climate adaptation on Northwest rangelands.

Multipartner land management studies that incorporate climate
projections into planning and use timely observations to adjust
management can grow the information base for climate adapta-
tion in a management setting. For example, case studies of col-
laborative efforts can provide information about practice efficacy,
benefits and costs of climate adaptation practices, and resource
pooling opportunities (Charnley et al. 2018; Reeves et al. 2022),
while identifying methods to increase the pace of learning (Wilmer
et al. 2018; Derner et al. 2021). Collaborative experimentation and
case study opportunities include virtual fencing for riparian and/or
burned areas (Boyd et al. 2022), fine-fuel management (Davies
et al. 2021b), improved seed planting methods (Davies et al. 2018b;
Phillips et al. 2021), prefire and postfire invasive grass management
(Mealor 2016), validating climate change-informed indicators, and
development of water sources for wildlife and livestock (Charnley
et al. 2018). In addition to learning, collaborative approaches in
general have been found to foster planning, trust, and resource
sharing which may alleviate many of the barriers to implement-
ing effective climate adaptation (Timberlake and Schultz 2017;
Charnley et al. 2018; Fernandez-Giménez et al. 2019; Mclver and
Becker 2021; Reid et al. 2021; Timberlake et al. 2021). Ranchers, for
example, may behave more proactively upon learning of positive
management outcomes from short-term adaptations (Saliman and
Petersen-Rockney 2022). Science-management partnerships may
facilitate such observations, e.g., through lending data collection
and analysis expertise.

Two recent efforts to address drought concerns serve as con-
crete examples of proactive management projects made possi-
ble through collaboration. The first effort is the creation of co-
produced (federal agency and livestock producer) drought plans
for Southwest National Forests; this was a long-term project orga-
nized by researchers from the University of Arizona to inform in-
vestment in and implementation of strategic grazing, while retain-
ing management flexibility (Hawkes et al. 2018; Vose et al. 2019).
This effort was separate from formal public agency management
plans and theoretically, such drought plans are a guidance tool that
can be updated more frequently if needed. Collaborators for this
project included Tonto National Forest staff, livestock grazing per-
mittees, US Forest Service leadership, and Gila County Cattle Grow-
ers Association. Planning collaboratively, iteratively, and multiple
years ahead is critical to supporting climate adaptation approaches
related to flexible grazing methods because of the level of invest-
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ment, uncertainty, and cooperation needed (Charnley et al. 2018;
Hawkes et al. 2018; Neibergs et al. 2018); this type of planning is
also important for completing necessary procedures to get actions
approved (e.g., 3-5 years to complete the National Environmen-
tal Policy Act process for developing water sources; Hawkes et al.
2018). Such co-produced plans may also provide important oppor-
tunities to use local and intergenerational knowledge and decision-
support tools (Haigh et al. 2021), such as those using geospatial
data (Hudson et al. 2021).

The second example is a riparian restoration project guided in
part by the Blue Mountains Working Group in the Blue Mountains
Ecoregion of eastern Oregon. Partnerships established specifically
for that project have successfully implemented collaborative ap-
proaches to overcome several barriers to management innovation
in public-lands grazing in riparian systems (Charnley et al. 2018).
Among other beneficial outcomes, Bonneville Power Administra-
tion, the US Forest Service, livestock producers, and other partners
worked together to share investment costs of new pasture fenc-
ing, riparian research exclosures, and upland water sources to sup-
port and evaluate sustainable livestock grazing in a riparian system
that serves as habitat for fish listed under the Endangered Species
Act (Charnley et al. 2018). These examples demonstrate the impor-
tance of leveraging the broader rangeland community to achieve
proactive climate adaptation. However, the interest in collaborative
projects such as these ebbs and flows. It can be much more diffi-
cult to sustain momentum with collaborative efforts if people be-
lieve that extreme disturbance and/or stressors are unlikely to oc-
cur again (Maas et al. 2020; WGA 2022), hence there is a vital need
to continually incorporate climate change information into collab-
orative approaches and education programs.

Conclusions

Climate change is expected to have significant impacts this cen-
tury on rangelands and the goods and services they provide. These
impacts will be realized primarily through increased likelihood,
severity, and extent of disturbances that affect rangeland recovery.
With climate change, larger areas will be affected by disturbance,
recovery times will be longer, and investment costs in recovery
will be higher, all of which may lead to more degraded lands. Be-
cause of the multitude of factors affecting Northwest rangelands,
including climate change, we cannot know with certainty to what
extent management actions can reverse plant community change
nor where such tactics make sense in a changing climate. A better
understanding of the value of management that avoids undesirable
transformation may be critical to decision-making moving forward.

In natural resource systems, our understanding of climate
change vulnerabilities, resilience management, and restoration is
changing. Management direction is moving from a focus on re-
turning to historical conditions to managing according to a cli-
mate change-informed future so that these lands have a higher
likelihood of rebounding from extreme and prolonged disturbances
(Davies et al. 2009, 2021b; Falk and Millar 2016; Fisichelli et al.
2016; Seidl et al. 2016; Urgenson 2017; Timberlake et al. 2018;
Keane and Loehman 2019; Schuurman et al. 2020; Williams et al.
2021). This change points to a cultural shift to more proactive
management options that guide and protect ecosystems through
these changes. This shift also indicates an unprecedented need
for collaborative goal setting and implementation at federal, state,
tribal, private landowner, and community levels. However, as cli-
mate changes continue and more deleterious impacts occur, the
opportunities for more proactive climate adaptation will diminish
(Joyce et al. 2013). Awareness of climate projections and vegetation
disturbance response helps land managers more accurately weigh
the costs and benefits of engaging in climate adaptation activities
and may lead to more proactive approaches (Maher 2019; Saliman

and Petersen-Rockney 2022). Given these rapid changes and un-
certainties, now is the time to take action to leverage available op-
portunities and reduce impacts from climate change on Northwest
rangelands. Practices such as planting climate-adapted and diverse
species mixes, creating habitat mosaics, and other methods to pro-
mote biodiversity and recovery are not new to landscape or range-
land ecology. However, the large-scale collaborative, proactive ef-
fort that is needed today is new for some. Such orchestrated ap-
proaches are more important now than ever before to the future
sustainability of Northwest rangelands.
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