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Climate change is already resulting in changes in cold desert ecosystems, lending urgency to the need to under-
stand climate change effects and develop effective adaptation strategies. In this review, we synthesize informa-
tion on changes in climate and hydrologic processes during the past century for the Great Basin and Columbia
Plateau and discuss future projections for the 21st century. We develop midcentury projections of temperature
and climate for the Great Basin and Columbia Plateau at timescales relevant to managers (2020−2050) and dis-
cuss concepts and strategies for adapting to the projected changes. For the instrumented record in theGreat Basin
and Columbia Plateau (1985−2011), a temperature increase of 0.7−1.4°C has been documented, but changes in
precipitation have been relatively minor with no clear trends. Climate projections for 2020−2050 indicate that
temperatureswill continue to increase, especially inwinter and during the night. Precipitation ismore difficult to
project, and estimates range froman11%decrease to 25% increase depending on location. Recent records indicate
that theGreat Basin andColumbia Plateau are becomingmore arid, a trend that is projected to continue. Droughts
are likely to becomemore frequent and last longer, invasive annual grasses are likely to continue to expand, and
the duration and severity of wildfire seasons are likely to increase. Climate projections can help in developing
adaptive management strategies for actual or expected changes in climate. Strategies include reducing the
risks of nonnative invasive plant spread andwildfires that result in undesirable transitions, planning for drought,
and where necessary, facilitating the transition of populations, communities, and ecosystems to new climatic
conditions. A proactive approach to planning for and adapting to climate change is needed, and publicly available
Internet-based resources on climate data and planning strategies are available to help meet that need.

Published by Elsevier Inc. on behalf of The Society for Range Management.
Introduction

Climate of the cold desert ecosystems of the Great Basin and Colum-
bia Plateau (Fig. 1) is characterized by a combination of coldwinters, hot
and dry summers, and low and highly variable precipitation. In these re-
gions, water is the primary resource limiting plant growth (DeLucia and
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Schlesinger, 1991; Donovan and Ehleringer, 1994). The geographically
expansive regions of the Great Basin and Columbia Plateau span a
wide range of elevations (generally 600−3 100 m) and therefore en-
compass large temperature and precipitation gradients. Variable cli-
mate conditions result in a host of different vegetation associations
(Thompson et al., 2007), but the prevalence of various species of sage-
brush (Artemisia spp.) is a common feature (Grayson, 2011). Most pre-
cipitation arrives in winter when temperatures limit plant and
microbial physiological activity (Newman et al., 2006; Lauenroth and
Bradford, 2009). The proportion of total precipitation delivered as
snow is variable and averages approximately 75% across these regions
(Klos et al., 2014) and roughly 20−40% in big sagebrush (Artemisia
tridentata, Nutt.)−dominated ecosystems (Schlaepfer et al., 2012a).
Water from snowmelt in the spring or rain that falls when temperatures
are too cold for plant growth is typically stored deepwithin the soil pro-
file. This deep soil moisture favors deeply rooted shrubs such as
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Figure 1. Map of the Columbia Plateau and Great Basin ecoregions in context of the
western United States.
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sagebrush (Schlaepfer et al., 2012a). The combination of soil tempera-
ture, soil moisture, soil texture, and soil depth determines which sage-
brush species is dominant (Miller et al., 2011) and the composition of
other plant species in cold desert ecosystems (West, 1983).

The earth’s climate is changing globally due to increased emissions
of greenhouse gases (carbon dioxide [CO2] and other trace gases),
which have altered the earth’s energy balance and will continue to do
so into the future (IPCC, 2013). The implications of these climatic
changes for cold desert ecosystems depend on the interaction of tem-
perature and precipitation, subsequent effects on the hydrologic cycle,
and how they translate into responses of aquatic and terrestrial ecosys-
tems. For vegetation communities, the outcomes will be largely deter-
mined by supply and demand for water, which will be affected by
warming temperatures. The supply is driven bymeteorological patterns
that determine the spatial availability of soil water and timing of plant-
available soil water (Loik et al., 2004). Soil water availability for plants is
also affected by soil texture, rooting patterns, and plant community
composition (Palmquist et al., 2016a). The atmospheric demand is a
consequence of water vapor pressure and temperature; as air tempera-
turewarms, the atmosphere can holdmorewater. Droughtmay occur if
supply of water is limited and atmospheric demand for water is greater
due to increased temperatures. Drought severity is a measure of tem-
perature, precipitation, and available water content relative to climatic
norms for a given location (Lake, 2011). Droughts both reduce the sup-
ply of, and increase the demand for, water. For aquatic communities,
consequences are determined by changes in output from seeps and
springs, streamflow, and lake levels (Lake, 2011; Vose et al., 2016).

The highly variable topography in the Columbia Plateau and espe-
cially Great Basin could result in variable rates of change in a warming
environment. For example, a study using gridded climate data exam-
ined the velocity of climate change, which is simply the amount of alti-
tude or latitude that must be traveled to maintain a constant
temperature, and found that flat terrains produce fast velocities while
mountainous regions produce slow velocities (Loarie et al., 2009). Cli-
mate velocities are expected to drive responses in the Great Basin in
particular as this region is characterized by well-defined basin and
range topography with mountain ranges interspersed by relatively
wide valley basins (Grayson, 2011). In order for plant species to survive,
they must either have large thermal tolerances or be able to migrate to
locations with suitable climates. Thus, mountain ranges could provide
suitable habitat for species migration if species are able to disperse
upslope, while species currently in wide, flat basins may be more at
risk if they lack the necessary thermal tolerances (e.g., Warren et al.,
2014). The highest elevations of the Great Basin ranges currently pro-
vide islands of habitat for a small number of species adapted to colder
and moister conditions (Quinn and Harrison, 1988). Climate warming
appears to be resulting in increased species richness on mountaintops
worldwide, and the combination of higher temperatures and greater
competition is increasing the vulnerability of the original inhabitants
(Steinbauer et al., 2018).

Cold desert shrublands are already of considerable concern due to
ongoing conversion to invasive annual grasslands (e.g., cheatgrass
[Bromus tectorum L.]) at low to mid elevations and expansion of piñon
(Pinus spp.) and juniper (Juniperus spp.) woodlands at mid to higher
elevations. The shift to annual grasslands is projected to increase as
climate suitability for invasive annual grasses increases with climate
change and the perpetuation of altered fire regimes (Bradley and
Mustard, 2005; Balch et al., 2013; Boyte et al., 2016). Many woody spe-
cies including sagebrush, piñon, and juniper are predicted to move
northwards and upwards in elevation (Rehfeldt et al., 2006, 2012;
Bradley, 2010; Schlaepfer et al., 2012a, 2012b; Homer et al., 2015; Still
and Richardson, 2015).

Herein, we begin by reviewing existing literature on documented
changes in climate and the hydrologic cycle that have occurred in the
past century and synthesizing future projections for the 21st century.
We focus specifically on the findings and interpretations for manage-
ment of ecosystems in the Great Basin and Columbia Plateau. These re-
gions have often been combined with the Colorado Plateau of the
Intermountain West, Southern deserts, and the forests of the Pacific
Northwest, but they are notably different from these other regions,
which historically have been warmer, received much more precipita-
tion as rainfall, or are more strongly influenced by summer monsoon
rainfall. The Great Basin and Columbia Plateau are unique in that the
majority of precipitation has historically been received in winter when
cold temperatures limit plant transpiration and evaporation, thus
largely decoupling precipitation inputs from potential evapotranspira-
tion. To generate our own midcentury projections for Great Basin and
Columbia Plateau at timescales relevant to managers (2020−2050),
we use down-scaledGlobal Climate Changemodels (GCMs).Wediscuss
consequences of these projected changes for drought, biological inva-
sions, and wildfire in the Great Basin and Columbia Plateau.

Observed Climate Changes in Past Century

It is important to recognize that changes in precipitation and tem-
perature during the past century have not occurred at a steady rate
(Dalton, 2013; IPCC, 2013). As inmany other areas, seasonal and annual
variability in temperature and precipitation within the Great Basin and
Columbia Plateau has increased (Dalton, 2013; Pendergrass et al., 2017;
Swain et al., 2018). Naturally occurring atmospheric and oceanic cycles,
such as the El Niño Southern Oscillation (ENSO), continue to influence
the variability of precipitation and temperature (IPCC, 2013; Black
et al., 2018). El Niño periods are typically warmer and drier in the
northern and central Great Basin and warmer and wetter in the
southern Great Basin. La Niña periods typically have the opposite effect
in the region.

Air Temperature, Precipitation, Snowpack, and Streamflow

Time series and trends for air temperature, precipitation, snowpack,
and streamflow from the published literature are available, but it is im-
portant to recognize that the time series presented are not always for
the same number of years or time periods. Therefore, the interpretation
of the means and trends can be affected by the timing and extent of the
time series (Easterling andWehner, 2009), particularly if the time series
is short and influenced by the natural variability described earlier.

Image of Figure�1
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Nonetheless, this information is essential for understanding current
trends and developing climate adaptation strategies.

Temperatures are increasing across the Great Basin and Columbia
Plateau both annually and in all seasons (Kunkel et al., 2013a, 2013b;
USGCRP, 2017). Between 1895 and 2011, temperatures increased by
an estimated 0.7°C−1.4°C (1.2°F−2.5°F), with a greater increase in
the southern than the northern Great Basin (Kunkel et al., 2013a,
2013b). Temperatures increased more at night than during the day
and more in winter than in summer (Mote et al., 2005; Abatzoglou
and Kolden, 2013; Kunkel et al., 2013a, 2013b; Tang and Arnone,
2013; USGCRP, 2017). These temperature changes have led to fewer
cold snaps and more heatwaves, fewer frosty days and nights, less
snow, and earlier snowmelt (Mote et al., 2005; Kunkel et al., 2013a,
2013b; Tang and Arnone, 2013; USGCRP, 2017). Although precipitation
has increased in some areas over the past century (Wagner, 2003), the
changes have been minor with no consistent spatial trends (Kunkel
et al., 2013a, 2013b). Small increases in precipitation have occurred in
parts of the Great Basin (Wagner, 2003; Abatzoglou et al., 2014;
USGCRP, 2017), but the increases in evapotranspiration due to higher
temperatures more than offset these small observed increases in
precipitation in the overall water budget (Cook et al., 2004; Dai, 2013;
Jeong et al., 2014; Finch et al., 2016). Dai (2013) using the Palmer
Drought Severity Index from the period 1900−2000 demonstrated a
trend of increasing aridity in the western United States.

Snowpack has declined in the western United States, including the
Great Basin and Columbia Plateau, during the past 61 yr (Knowles,
2015; Mote et al., 2005, 2018). Snowpack is measured as snow-water
equivalent (SWE), which is the vertical column of liquid water
contained within the snowpack. Mote et al. (2018) evaluated observed
trends 1 April SWE for the period from 1955 to 2016 and showed de-
clines in SWE of ≤70% in northern Nevada and eastern Oregon, which
were notably some of the largest negative trends in the western
United States. These changes in SWE appeared to be largely driven by
increasing temperature for the interior west and not changes in total
precipitation (Mote et al., 2018). Peak SWE shifted 15 d earlier from
1982 to 2007 at weather stations that contribute to the Great Salt Lake
Basin (Bedford and Douglass, 2008). The combination of these changes
in temperature and precipitation mean that the Great Basin and
Columbia Plateau are effectively becoming warmer and drier during
summer (Cook et al., 2004; Palmquist et al., 2016b). There is, however,
heterogeneity in snowpack accumulation and subsequent melting in
the western United States. An analysis of Snow Telemetry stations
(SNOTEL) in the western United States found that part of this variation
can be explained by differences in relative humidity caused by
cloudiness (Harpold and Brooks, 2018).

Early and midwinter snow loss episodes due to warm temperatures
occur more frequently in more humid areas, such as the Pacific North-
west (Oregon, Washington, and Idaho), than in less humid areas and
these episodes are increasing in frequency. In spring, warming temper-
atures mean an earlier start to snowmelt across the cold desert, but
there are important differences in melt rates. In less humid climates
with frequent, clear skies at night, such as the interior Great Basin and
Southwest, there is greater outgoing long wave radiation and cooling
at night, which, in combination with lower sun angles earlier in the
year, results in a slower melt rate. In contrast, more humid areas with
frequent cloudy skies, such as eastern Oregon and the Columbia Plateau,
experience a faster melt rate due to the trapping of long wave radiation
bywater vapor at night andwarmer nighttime temperatures. These dif-
ferences in the frequency of winter snow loss episodes and in spring
snowmelt rates mean that more humid areas face increased risks of
winter flooding and reduced snowpack in spring, while less humid
areas face increased snow water loss from sublimation in winter and
evapotranspiration in spring. Both scenarios lead to less available
water later in the year (Harpold and Brooks, 2018).

In addition to declines in snowpack SWE and changes in the persis-
tence and melt rates of snowpack, the fraction of wintertime
(November−March) precipitation that falls as snow versus rain
(i.e., snow fraction ratio) is declining (Safeeq et al., 2016) in thewestern
United States. This means less precipitation falls as snow and more as
rain. The current range in snow fraction is between 20% and 70% in
theGreat Basinwith small areas of 100%. TheColumbia Plateau is similar
but with more of the total area in the 10−30% range for the snow frac-
tion (Safeeq et al., 2016). Therewas an overall downward trend in snow
fraction of 1.9% per decade from 1916 to 2003 across most of the Great
Basin (Safeeq et al., 2016). Decreases in snow fractions may have a vari-
ety of potential outcomes depending on temperature and timing of pre-
cipitation. Rain that falls on snow, such as during the large atmospheric
river events observed in 2017 (Gershunov et al., 2017), can rapidlymelt
snow and cause flashy watershed responses and flooding in lower ele-
vations, thus reducing the water available to recharge soil moisture at
mid to high elevations. This sometimes leads to major erosional events
in downstream areas (Rieman et al., 2001). Shifts from snow to rain
when soils are frozen could also lead to flashier hydrologic responses
and less recharge of deep soil water storage. Shifts from snow to rain
when temperatures are cold enough to limit water losses from plant
transpiration, but the infiltration capacity of soils is not exceeded (e.g.
soils are not frozen), may have minimal impact on deep soil water stor-
age or increase deep soil water storage in the spring (Palmquist et al.,
2016b). However, if rainfall replaces snow and temperatures are in-
creased enough to thaw soils and stimulate plant growth and physiolog-
ical activity earlier in the year, this will result in less deep soil water
recharge and potential changes in plant community composition
(Huxman et al., 2005).

Mountain snowpack and snowmelt−derived water supply are a
critical resource in the western United States for agriculture, industry,
and urban uses. Streamflow integrates precipitation and temperature
patterns over large drainage areas. Even without changes in precipita-
tion amount and intensity, temperature increases alone can shift the
timing of streamflow to earlier in the winter and spring, leading to
lower flows during hot summer months when demand for water is
high (Barnett et al., 2005). Across the western United States, wide-
spread trends toward snowmelt and peak streamflows occurring 1−4
wk earlier have been documented from 1948 to 2002 (Stewart et al.,
2005). These timing trends are strongest for the Pacific Northwest and
Sierra Nevada, where peak flows have shifted 10−30 d earlier. Also,
April to July flows are decreasing in the Sierra Nevada and eastern Ore-
gon (Stewart et al., 2005). In terms of mean annual runoff, few locations
show significant trends in median or mean flows (Westerling et al.,
2006; Barnett et al., 2008), but there are consistent, significant de-
creases in streamflow in the lowest quartile ofwater years for the Pacific
Northwest, which includes the Columbia Plateau and northern Great
Basin. The driest 25% of years are exhibiting progressively lower
streamflow for a majority of gaging stations in the Pacific Northwest
and the change is substantial, ranging between −29% and −50%
(Luce and Holden, 2009). Although low-elevation precipitation gages
have not shown declines in precipitation since 1950, there is substantial
evidence that declines in streamflow are due to reductions in precipita-
tion at higher elevations, where far fewer measurement stations exist
(Luce et al., 2013). Previous hypotheses attributed the decrease in
streamflow in dry years to increased temperature, due to the lack of
high-elevation precipitation data. However, Luce et al. (2013) found
that the amount of observed temperature changewas insufficient to ex-
plain the entire magnitude of the decrease and that changes in
streamflow were likely attributable to decreases in lower-troposphere
westerlies during the winter. This reduction in westerlies effectively
blocks orographic lifting and thereby reduces winter precipitation at
higher elevations. This decline in westerlies exceeded the range of var-
iation explained by ENSO and points to other effects of a changing
climate.

A few locations have increased mean annual streamflow. For exam-
ple, annual streamflow in the Humboldt River, Nevada and Boise River,
Idaho increased 16% and 12%, respectively, and peak annual flows
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occurred 10−15 d earlier during the past century (Wagner, 2003; Luce
and Holden, 2009). In contrast, streamflow data from the Donner und
Blitzen River located in Oregon show no clear change in mean annual
discharge through time, but interannual variability has apparently in-
creased, with potential impacts to native fish and wildlife species
(Schultz et al., 2017), as well as water availability for irrigation. In
2015, N 75% of the potentially occupied stream network in the
Willow-Whitehorse watershed in Oregon was unsuitable for trout due
to warming or drying of stream channels (Schultz et al., 2017). Another
study using data from the Pacific Northwest, Nevada, and California
found that over the past 60 yr there was increased synchrony between
stream temperature maxima and stream flow minima, suggesting that
multiple stressors are affecting aquatic species (Arismendi et al.,
2013). Reynolds Creek ExperimentalWatershed is an intensively instru-
mented watershed in southern Idaho representative of these cold de-
serts. Examination of 45 yr of data from high, mid-, and low elevation
found increased temperatures, reduced snow fractions, and decreased
SWE. No changes in annual streamflow have been observed, but earlier
runoff at all elevations is occurring (Nayak et al., 2010). The high eleva-
tion had the greatest shifts in temperature and streamflow timing,
while mid- and low elevations had greater decreases in snow fractions
and SWE (Nayak et al., 2010).

Climate Projections for 21st Century

Abundant evidence exists for a warming climate in the past century,
and climate science is providing critical information on what the future
may hold (Folland et al., 2001; Kunkel et al., 2013a, 2013b; USGCRP,
2017). Climate scientists use Global Circulation Models (GCMs) to
explore potential changes in temperature and precipitation (climate
projections) using future scenarios of likely greenhouse gas concentra-
tions in the atmosphere along with information on the earth’s
atmosphere, land surfaces and oceans (Flato et al., 2013). Climate is a
long-term statistical representation of weather fluctuations, providing
metrics of typical conditions against which short-term temperature
and/or precipitation conditions can be compared (Flato et al., 2013).
Climate scientists work continuously to improve GCMs, but uncer-
tainties still remain about future greenhouse gas concentrations. These
uncertainties arise in part from assumptions about human behavior
(e.g., greenhouse gas emissions from burning of fossil fuels, population
growth, economic activity) and just how the atmosphere, land surface,
and oceans interact (IPCC, 2014). The magnitude and rate of change in
temperature or precipitation differ from one GCM to another, and this
variation among GCMs provides perspective on the uncertainty in
long-term climate trajectories (Flato et al., 2013; USGCRP, 2017). As a
whole, GCMs project continued temperature increases and additional
changes in precipitation throughout the remainder of the century for
the Great Basin and Columbia Plateau (Kunkel et al., 2013a, 2013b;
Chambers et al., 2017; USGCRP, 2017).

2020−2050 Climate Projections

To produce specific climate projections for the Great Basin and Co-
lumbia Plateau, we analyzed near-future conditions (2020−2050)
based on downscaled output from 11 GCMs and two representative
concentration pathways (RCPs), which characterize two scenarios of in-
creasing greenhouse gas emissions. We used RCP4.5, which assumes
emissions peak around 2040 then decline, and RCP8.5, where emissions
continue to rise throughout the 21st century, representing a “business
as usual” trajectory. We examined climate projections within the fol-
lowing EPA level III ecoregions: Central Basin and Range, Northern
Basin and Range, Snake River Plain, and Columbia Plateau (see Fig. 1).
Mapped results of these projections (Figs. 2 and 4) show the average
conditions for 1980−2010 and 2020−2050 with the colors indicating
how the area differs from the average for the entire region. These maps
provide a spatial perspective on the geographical patterns of current
and projected future climate and can help resource managers examine
locations of potential interest. Additional details on the data sources
and analysis methods for these climate projections can be found in
Chambers et al. (2017).

The projected increase in mean annual temperature, averaged
across GCMs, from 1980 - 2010 to 2020 - 2050 is ~1.6°C for RCP4.5
and ~1.9°C for RCP8.5 (see Fig. 2). Themagnitude of the temperature in-
crease varies by ±0.5°C across the ecoregions examined, with some-
what greater increases in the northern areas under both RCPs (see
Fig. 2). Increases in mean July maximum temperatures are expected to
be slightly greater (~2.0°C for RCP4.5 and ~2.5°C for RCP 8.5) than in-
creases in mean January minimum temperature (~1.8°C for RCP4.5
and ~2.0°C for RCP8.5), averaged across all GCMs (Fig. 3). However,
the projected increases in January temperature aremore geographically
variable across the ecoregions examined, as well as more variable
among GCMs, indicating higher uncertainty in changes to winter low
temperatures than summerhigh temperatures (see Fig. 3). Precipitation
estimates are generally more uncertain than temperature. While the
change in mean annual precipitation from 1980 - 2010 - 2020 to
2050, averaged across GCMs, suggests an increase of ~6−8%, the
GCMs range from a ~12% decrease to a 25% increase (Fig. 4). The ecolog-
ical impacts of a potential increase in precipitation need to be balanced
against the concurrent increases in atmospheric demand for moisture
associated with rising temperatures (see Fig. 2; Palmquist et al.,
2016b). Furthermore, the annual coefficient of variation in precipitation
is generally high in dryland regions (Reynolds et al., 2007), so evenwith
increased precipitation, there will be many dry years. In addition,
Pendergrass et al. (2017) found that precipitation variability will likely
increase at time scales ranging from daily to decadally, although less
so in summer. This kind of change in precipitation is within the range
of modeled snow scenarios for 2099 generated by the Coupled Model
Inter-comparison Projects for the southwestern Great Basin (CMIP3
and CMIP5; Maurer et al., 2007; Loik et al., 2015). Even with a 25% in-
crease, mean annual precipitation is not projected to increase N

400mmfor the region as awhole (see Fig. 4A). Changes in precipitation,
while still ranging from negative to positive when grouped by season,
show the projected increase to be more likely in winter and summer
seasons, with less projected change in fall and spring (Fig. 5). While
the largest increases in precipitation are projected for the southern
part of the ecoregions examined, most of the area within these
ecoregions is expected to experience minimal change in precipitation
(b 4%).

Projections from the Literature

Projected increases in temperature are expected to cause a dramatic
increase (64%) in the area of the Great Basin and Columbia Plateau that
has a rain-dominated winter precipitation regime by the mid-21st cen-
tury (Klos et al., 2014). Across the western United States, a 60% reduc-
tion in snowpack (i.e., precipitation as snow) is projected to occur
within the next 30 yr (Fyfe et al., 2017). In response to these changes,
the area dominated by seasonally persistent snowpack will likely con-
tinue to shrink and the area dominated by transient snow events will
likely grow, resulting in reduced snow-to-rain ratios (Safeeq et al.,
2016). At elevations of 2 000 to 2 500 m a 15% reduction in snow frac-
tion is projected by 2040 in the Great Basin and Pacific Northwest
(Safeeq et al., 2016). For comparison, Mote et al. (2018) found that an
average reduction of 21% in 1 April SWE (equivalent to 36 km3 of
water) has already occurred in the western United States. This loss of
SWE exceeds the water storage capacity of Lake Mead, the West’s larg-
est reservoir (32 km3 of water). The change from snow to rain in con-
junction with higher temperatures is likely to accelerate current
trends and decrease the depth of soil water recharge, produce earlier
starts of the growing season, and shorten the duration of soil water
availability, resulting in hotter summers with longer periods of dry-
soil conditions (Palmquist et al., 2016a, 2016b; Gergel et al., 2017).



Figure 2. Climate change projections formean annual temperaturewithin the Central Basin and Range, Northern Basin and Range, Snake River Plain, and the Columbia Plateau ecoregions.
A, Boxplots ofmean annual temperature under historical (1980−2010) and future (minimum,mean, andmaximumvalues for 2020−2050 from11GCMsunder twoRCPs).B, Boxplots of
change in mean annual temperature between 1980 and 2010 and 2020 and 2050. Variability within boxes in A and B is variation among all 10 × 10 km grid cells within the ecoregions
examined.Maps ofmean annual temperature for 1980−2010 (C), 2020−2050 under RCP 4.5 (D), 2020−2050 under RCP8.5 (E), change from 1980−2010 to 2020−2050 under RCP4.5
(F), and change under RCP8.5 (G).
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Projected changes in streamflow include increased winter streamflow,
reduced and earlier spring peaks, and reduced summer and fall stream
flows (Wagner, 2003; Barnett et al., 2005; Mote et al., 2018), as well
as increased stream temperatures (Schultz et al., 2017). A projected
midcentury 3°C change in temperature scenario using an integrated
groundwater and surface water model for a watershed in the Great
Basin produced earlier snowmelt and an earlier peak in streamflow
and decreased streamflow during the summer and decreased

Image of Figure�2


Figure 3. Projected change in mean January minimum and maximum July temperatures.
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groundwater recharge (Carroll et al., 2017). There are few studies on the
impacts of changes from snow to rain on ecological patterns and pro-
cesses; the effects of changing snow to rain on Great Basin and Columbia
Plateau organisms and ecosystem processes merit additional
investigation.

The most recent climate models have improved ability to model
winter precipitation, but improvements in predictions of summer
precipitation remain limited due to the inability of climate models to
represent the mesoscale convective storms that dominate at that time
of year (USGCRP, 2017). A number of studies indicate an increase in
extreme precipitation events, more so in the northern part of the cold
desert in winter due to a projected increase in the incidence of atmo-
spheric rivers (e.g., Abatzoglou and Kolden, 2011; Collins et al., 2013;
Huang and Ullrich, 2017; Kunkel et al., 2013a, 2013b; Prein et al.,
2016; USGCRP, 2017). Warming temperatures will likely lead to more
thunderstorms in summer (Prein et al., 2017) with individual cells
that are smaller and produce more intense rainfall (Wasko et al.,
2016). These increases in precipitation intensity could result in more
runoff, increased flash flood risks to lives and property, and greater ero-
sion where precipitation intensity exceeds soil infiltration rates
(USGCRP, 2017). When atmospheric instability is coupled with low
water vapor pressure during summer, “dry lightning” can occur in
which little rain reaches the ground despite frequent cloud-to-ground
discharges. Such events can increase risk of wildland fire ignition
(Abatzoglou et al., 2016).

Consequences of Climate Change for Major Ecosystem Threats

Drought

Droughts are a shortage of precipitation that can influence the
hydrologic cycle, which in turn influences agriculture and natural
ecosystems (Van Loon et al., 2016; Vose et al., 2016). Crausbay et al.
(2017) defined ecological drought “as a disturbance that pushes
coupled human-natural systems beyond their adaptive capacity and
triggers important socio-ecological feedbacks.” They envisioned the ef-
fects of drought as proceeding in stages, from impacts only on ecological
or human systems to transformational effects on both, with feedbacks
possible between them. Many climate projections depict what appear
to be incremental changes in temperature and precipitation, but rapid
and dramatic shifts are also possible. For example, there are concerns
about increasing prevalence of droughts in the west as climates warm
(Dai, 2013; Diffenbaugh et al., 2015) and conditions become more var-
iable (Black et al., 2018; Swain et al., 2018). TheGreat Basin is character-
ized by aridity, but the projected increases in temperature, which are
relatively consistent among climate models, will likely create longer,
hotter summers with more lengthy droughts.

Biological Invasions

Invasive species are widely distributed across the Great Basin and
Columbia Plateau. Among these species, invasive annual grasses and
the development of invasive annual grass/fire cycles are a primary con-
cern (Chambers et al., 2009, 2014). The climatic regime of the Great
Basin and Columbia Plateau is ideally suited to the life histories and eco-
physiological traits of invasive annual grasses. The most widespread
species, cheatgrass (Bromus tectorum), is a winter annual that germi-
nates in fall through springwhen native perennials are largely dormant.
It has the capacity to grow rapidly, produce large numbers of seeds, and
complete its life cycle before the summer dry period (James et al., 2011).
Cheatgrass establishment and growth is limited by low soil water avail-
ability in winter and spring at lower elevations (Meyer et al., 2001) and
low temperatures and deep snow at high elevations (Griffith and Loik,
2010; Bykova and Sage, 2012; Zelikova et al., 2013). Consequently, in
cold desert ecosystems cheatgrass tends to be most abundant at lower
to midelevations and rare to nonexistent at higher elevations with
cool and especially cold soils (Chambers et al., 2007, 2014; Leger et al.,
2009). Increases in temperature coupled with high phenotypic plastic-
ity and genetic variation (Hufft and Zelikova, 2016) may be resulting
in progressive increases in cheatgrass cover at higher elevations
(Concilio and Loik, 2013). Another invasive annual grass, red brome
(Bromus rubens) currently occurs at low levels of abundance at lower el-
evations onwarmer and drier soils acrossmuch of theGreat Basin (Salo,
2005). In a warming climate, cheatgrass may expand into higher eleva-
tions and contract at lower elevations, where conditions become too hot
and dry (Bradley et al., 2016). However, red brome may spread into
those areas where cheatgrass declines (Bradley et al., 2016).

Numerous studies have shown that the seasonality of precipitiation
affects germination, establishment, and growth of cheatgrass (see review
in Bradley et al., 2016). Decreases in summer precipitation or prolonged
summer droughts across the IntermountainWest could enable increases
in cheatgrass in areas that currently have higher summer preciptiation
and little to no cheatgrass (Bradley et al., 2016). Also, in a future climate
withwarmer andwetter conditions in the northern Great Basin, an over-
all increase in cheatgrass cover of 14% could occur by 2050, with the
greatest increases occurring at elevations between 1 750 and 2 000 m
(Boyte et al., 2016). In this scenario, October, April, and May precipi-
tation would likely have the largest effects on cheatgrass cover
(Boyte et al., 2016). Less is known about the climate suitability of
other invasive annual grasses, such as medusahead (Taeniatherum

Image of Figure�3


Figure 4. Climate change projections formean annual precipitationwithin the Central Basin and Range, Northern Basin and Range, Snake River Plain and the Columbia Plateau ecoregions.
A, Boxplots of mean annual precipitation under historical (1980−2010) and future (minimum, mean, andmaximum values for 2020−2050 from 11 GCMs under two RCPs). B, Boxplots
of change in mean annual precipitation between 1980−2010 and 2020−2050. Variability within boxes in A and B is variation among all 10 × 10 km grid cells within the ecoregions
examined. Maps of mean annual precipitation for 1980−2010 (C), 2020−2050 under RCP 4.5 (D), 2020−2050 under RCP8.5 (E), change from 1980−2010 to 2020−2050 under
RCP4.5 (F), and change under RCP8.5 (G).
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caput-medusae) and ventenata (Ventenata dubia), but these species
are expanding in the Great Basin and are likely being affected by cli-
mate warming (Northam and Callihan, 1994; Davies and Johnson,
2008). Careful monitoring of changes in the distributions and
abundances of invasive annual grasses and other invasive species,
along with continued evaluations of the relationships among these
changes and future climate, will be necessary to adapt invasive spe-
cies management strategies as the climate warms.

Image of Figure�4


Figure 5. Seasonal projections for changes in precipitation.
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Wildfire

The link between increases in air temperature and greater fire size,
longer fire seasons, and the duration of extreme fire weather is well
established for forested ecosystems (e.g., Westerling et al., 2014). The
Great Basin is experiencing similar changes in temperature, and most
likely fire seasons and fire weather. Dennison et al. (2014) did not find
a statistically significant change in thenumber of largefires per year, an-
nual burned area, and 90th percentile large fire size between 1984 and
2014 for the Snake River Plain/Columbia Plateau and Basin and Range
ecoregions but did find a trend toward increasing annual area burned
and 90th percentile fire size. Also, Balch et al. (2013) found that more
fires started in cheatgrass-dominated areas than in other vegetation
types in the cold desert and that cheatgrass was associated with in-
creased fire frequency and size. A recent analysis of fire patterns in
piñon and juniper land cover types in the semiarid western United
States indicates that the fire season started earlier and ended later
over the 30-yr study period from 1984 to 2014 in the Basin and Range
ecoregions (Board et al., 2018).

The cold desert is warm and dry enough to allow large fires every
summer but does not always have enough fuel to burn (fuel-limited),
whereas forests have enough fuel every summer but may not be
warm or dry enough (energy-limited) to burn (Littell et al., 2009;
Abatzoglou and Kolden, 2013; Westerling et al., 2014). Warmer and
drier areas dominated by sagebrush and bunchgrasses often require ≥
1 yr with above-normal precipitation to create enough fuel for large
wildfires (Crimmins and Comrie, 2004; Littell et al., 2009; Westerling
et al., 2014). Pilliod et al. (2017) used a 26-yr dataset for the northern
Great Basin to model the effects of weather, fine fuels, and fire in the
Great Basin. They found that above-average annual precipitation in
the 3 yr before a fire was influential in explaining increased cheatgrass
cover, particularly if ≥ 2 yrwerewet. Non-native forbs and native herba-
ceous cover also increased in wet years, but only if the 2 prior yr were
dry. Increased winter precipitation in the prior 2 yr and the
previous summer resulted in increased litter accumulation. Interest-
ingly, the area burned in a given year was largely determined by the
cover of non-native forbs and native grasses, not the current year’s
cover of cheatgrass. The cheatgrass cover affected fire through its effect
on litter accumulation in prior years. These findings illustrate that mul-
tiyear weather patterns need to be considered to improve themodeling
of annual fire risk (Pilliod et al., 2017). Nonnative invasive annual
grasses can promote fire by altering the fuel bed (Brooks et al., 2004;
Brooks, 2008), and fire appears to promote further cheatgrass invasion
by altering resource availability of both water and nitrogen (Chambers
et al., 2007; Rau et al., 2014; Roundy et al., 2014). Expansive portions of
the sagebrush ecosystem are now dominated by cheatgrass, and
cheatgrass-dominated landscapes have burned two to four times as fre-
quently as native Great Basin vegetation types since 1980 (Balch et al.,
2013). These trends are likely to increase with continued increases in
air temperature and further increases in invasive annual grasses that
are more successful in warmer and drier climates and after disturbance
(Haubensak et al., 2009).

Management Strategies

Landmanagers will need to consider a number of adaptive manage-
ment strategies in the face of climate change. Adaptation is the process
of adjusting to actual or expected changes in climate; adaptation seeks
to moderate or avoid harm or to exploit beneficial opportunities (IPCC,
2014). Adaptation can be incremental,where the objective is tomaintain
the integrity of a systemor process at a given scale or location. However,
as the climate warms, ecosystemsmay not persist in their current loca-
tions. Thus, adaptation can also be transformational,where actions focus
on changing the fundamental attributes of a system in response to cli-
mate and its effects (IPCC, 2014).

Managingnatural resourceswithin the context of climate adaptation
requires the flexibility tomodifymanagement actions as environmental
conditions change. A conceptual approach for addressing adaptation in
use by USFWS (2010) and USFS (2011) focuses on climate resistance,
resilience, and response strategies (Millar et al., 2007). Resistance strat-
egies aim to increase the capacity of ecosystems tomaintain their funda-
mental structure, processes, and functioning in the face of climate-
related stressors such as drought, wildfire, insects, and disease in the
short term. Resilience strategies seek to minimize the severity of climate
change impacts by reducing vulnerability and increasing the capacity of
ecosystem elements to adapt to climate change and its effects. Response
strategies seek to facilitate large-scale ecological transitions in response
to changing environmental conditions. A given strategy may fall into
one of these categories or more than one category.

Managers can use climate change projections to determine themost
appropriate climate adaptation strategies. If continued changes in cli-
mate are expected (i.e., increases in temperature and shifts in precipita-
tion timing and amount) and the associated effects are relatively small
within the next decade or two, current management practices can be
adapted to maintain resistance while also building resilience. In some
cases, this may consist of simply doing more of the same. Actions that
sustain fundamental ecological conditions and processes and reduce
non-climate stressors, such as managing livestock and wild horse and
burro populations to maintain soil and hydrologic functioning,
streambank and floodplain stability, and the capacity of native plant
species to effectively competewith invasive plants, also help build resil-
ience to changing climate into the system. Examples of other ongoing
actions that are also adaptive to climate change are reducing fuel
loads and fuel continuity; suppressing wildfires under more severe
burning conditions, particularly in fuel beds either dominated by inva-
sive annual grasses or at high risk of invasion; strategic placement of

Image of Figure�5
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fuel breaks; limiting human activities that aid the spread of invasive
plants; using Early Detection and Rapid Response strategies to prevent
the spread of invasive plants; and reducing conifer expansion (Millar
et al., 2007; Chambers et al., 2014, 2017; Maestas et al., 2016; USDI,
2016). Formal drought management plans, especially integrated plans
that cover both base properties and leased pastures or allotments, can
identify actions that reduce stress on native and desired plants, sustain
fundamental ecological processes, maintain or enhance key structural
or functional plant groups, and better manage stream flows and water
temperatures to support native fish and other aquatic organisms during
drought (Derner and Augustine, 2016; McEvoy et al., 2018).

If we expect changes in climate and the interactions of those changes
with other threats to be large (e.g., rapidwarming events, uncertainty of
snowpack, extreme drought) in the next few decades, thenmore proac-
tive strategies to facilitate plant and human community adjustments
and species persistence may be warranted. In this case, continuing to
do more of the same may not result in desired outcomes. Managers
may consider changing what they do (change the activity), where
they do it (change the location), or both (transformational). If plant
phenological changes play out as expected (Reynolds et al., 1999;
Wolkovich and Cleland, 2014; Tang et al., 2015), then the timing of cer-
tain management actionsmay bemore effective if they also change. Be-
yond suppressingwildfires and constructing fuel breaks, managers may
need to use prescribed fire to create fuel mosaics, thereby altering po-
tential fire effects and promoting successional processes. Measures
adopted during drought periodsmay need to become standard practice,
such as changing grazing seasons, changing the type of animal grazed,
altering the number of animals grazed to account for permanent
changes in ecosystem productivity, and greater emphasis on targeted
grazing to manage invasive plants and fine fuel loadings (Reeves et al.,
2014; Svejcar et al., 2014; Finch et al., 2016; Holthuijzen and Veblen,
2016; Palmquist et al., 2016b). Managers will need to include bet-
hedging strategies, such as including genetically diverse seeds and
other plant materials from across a greater geographic range that
Table 1
Internet resources for land managers.

Historical climate data
• Western Regional Climate Center (https://wrcc.dri.edu)—data from the National Weath
such as the Drought Monitor, Great Basin Weather and Climate Dashboard, near real-tim

• Climate Data Online (https://www.ncdc.noaa.gov/cdo-web/)—observation data from we
• WestMap (https://cefa.dri.edu/Westmap/)—monthly temperature and precipitation dat
modeled using PRISM (Parameter-elevation Relationships on Independent Slopes Mode

Drought information
• National Integrated Drought Information System (https://www.drought.gov/drought/w
soil moisture, vegetation condition, agricultural impacts, and water supply. Also include

• Westwide Drought Tracker (https://wrcc.dri.edu/wwdt/current.php?folder=spi3&regio
Indices, Standardized Precipitation Index, snow water equivalent, and soil moisture. Ma

Planning resources
• Sagebrush Climate Console (http://climateconsole.org/sagebrush)—provides recent clim
forecasts by climate division; and indicators for how sensitive the selected area is to cha

• Great Basin Weather Applications for Rangeland Restoration (http://greatbasinweather
select conditions intended to increase restoration success and control invasive annual g

• National Drought Mitigation Center (http://drought.unl.edu/)—includes links to state dr
drought, including one specific to ranches.

• Northwest Climate Toolbox (https://climatetoolbox.org/)—contains a number of tools fo
projections for streamflow, and historical climate variability.

• Seedlot Selection Tool (https://seedlotselectiontool.org/sst/)—although designed for tre
select the seed source location and find areas with similar climate where that seedlot is
planting location and finding areas with similar climate.

• The Landscape Toolbox (http://www.LandscapeToolbox.org) is a coordinated system of
monitoring data into management decision making.

• Land Resources Planning Toolbox: http://www.fao.org/land-water/land/land-governanc
source for a range of stakeholders, directly or indirectly involved in land use planning. T
are used to implement land resources planning.

Citizen science opportunities
• Community Cooperative Rain, Hail, and Snow network (https://www.cocorahs.org/) or
• Weather Underground (https://www.wunderground.com/)—Buy and install a commerc
stations can link directly to the Weather Underground through an Internet hub.

• National Phenology Network (https://www.usanpn.org/)—This project provides opport
green-up, flowering, bird migration and so forth using Nature’s Notebook
considers both the current climate and the near-future climate (next
20−30 yr); favoring existing genotypes that are better adapted to fu-
ture conditions; and increasing the diversity of nursery stock to provide
those species and genotypes more likely to succeed (Millar et al., 2007;
Bucharova, 2017; Chambers et al., in press). The timing of actions such
as prescribed burning and seedingmay need to shift to improve success
rates and avoid unintended consequences. Assistedmigration of species
not typically found in an area, species that have no pathway to migrate
on their own, such as fish and highly specialized plants, or of species
with dispersal rates slower than climate velocity, may be needed to
maintain general ecological functions or preserve desired species or ge-
notypes (Millar et al., 2007; Loarie et al., 2009; Pilliod et al., 2015). These
types of transformational actions involve social and economic consider-
ations, as well as ecological considerations, and will require consensus
building (Kates et al., 2012; Crausbay et al., 2017).

One concern in practicing climate adaptation is the uncertainty in-
volved in translating climate information into on-the-ground responses.
This uncertainty is driven by assumptions in the climate models, down-
scaling procedures, and emissions scenarios; howwe expect changes in
climate to influence ecological characteristics of local systems (e.g., soil
moisture, stream flows, and probability of wildfire); how these influ-
ence ecological processes; and how different species will respond.
Nonetheless, climate change projections provide a valuable tool to iden-
tify 1) places on the landscape where current desired objectives are un-
likely to be attained in the future; 2) places where projected climate
changes are unlikely to have significant effects (climate refugia); and
3) places where we can effectively employ climate adaptation measures
to realize desired outcomes (Chambers et al., in press; Millar et al., 2007,
2012). Since the uncertainty in climate projections increases with the
length of the projection, managers should search for strategies that are
robust to several possibilities (Millar et al., 2007, 2012; Palmquist et al.,
2016b). Monitoring provides critical information on changes in species
and ecosystems resulting from climate change, allowing managers to
take advantage of opportunities to facilitate transitions to systems that
er Service cooperative stations and links to a number of drought-monitoring sites
e stream data, and the National Drought and Mitigation Center.
ather stations.
a by state, county, hydrologic unit, or user-selected pixels or polygons. Data are
l).

hat-nidis)—different drought indicators and drought outlooks and forecasts including
s links to drought planning tools.
n=ww)—Maps of drought status using different indices such as Palmer Drought
ps are available by the continental US or by regions and on different time scales.

ate data and climate projections by county, ecoregion, or watershed; 30-day
nging climate to enhance vegetation management success.
applications.org/)—still in development, this site will provide tools to help managers
rasses.
ought plans, links to several drought indicators, and several guides for planning for

r examining past and future climate, including seasonal forecast maps and graphs,

es, if managers know the approximate location of the source of a seedlot, they can
likely to do well. Manager can locate potential seed source areas by selecting the

tools and methods for implementing land health monitoring and integrating

e/land-resources-planning-toolbox/en/ The LRP Toolbox is a freely accessible online
he Toolbox contains a comprehensive number of existing tools and approaches that

CoCoRaHS. A volunteer network that collects precipitation information.
ially available weather station and register it with the Weather Underground. Many

unities for adults and children to track and report phenological events such as

https://cefa.dri.edu/Westmap
https://cefa.dri.edu/Westmap
https://cefa.dri.edu/Westmap
https://wrcc.dri.edu/wwdt/current.php?folder=spi3&region=ww
https://wrcc.dri.edu/wwdt/current.php?folder=spi3&region=ww
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
http://www.fao.org/land-water/land/land-governance/land-resources-planning-toolbox/en
https://www.usanpn.org
https://www.usanpn.org
https://www.usanpn.org
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are both better adapted in the long term and continue to provide desired
ecosystem services (Millar et al., 2007). Monitoring at the edges of spe-
cies ranges is particularly important for detecting range shifts in both na-
tive and invasive species and to determine when including plant
materials from neighboring climate types is essential. Monitoring
changes in snowpack cover and duration at the lower end can identify
areas where additional measures may be needed to better retain what
snow falls, leverage topographic features that retain soilmoisture longer,
and reduce other stressors that can result in ecosystem changes
(Bainbridge, 2012; Loik et al., 2015; Finch et al., 2016).

Climate change is likely to produce surprises in how ecosystems re-
spond. New plant communities are likely to arise, abrupt changes in
ecological processes may occur (Millar et al., 2007), and disruptions in
human economies are probable (Craine et al., 2010; Evans et al., 2010;
Crausbay et al., 2017). We suggest that any process that considers or in-
cludes climate adaptation is beneficial andmore likely to reduce ecolog-
ical and economic disruptions. The projections that conditions will
continue to getwarmer anddrier in the cold deserts have high certainty,
and we can use that information to plan for the future.
Where to Find Information

Fortunately, there are a growing number of resources available to
managers to apply for the purpose of climate adaptation. Table 1 pro-
vides a list of various resources available to managers to understand re-
centweather and climate patterns, track drought, and assist in planning
strategies. These resources include where to find information about the
historical and current climate and seasonal weather conditions, re-
sources for climate change-related planning, and how to provide infor-
mation that scientists can use to refine climate and climate impacts
models, as well as detect where and at what rate changes in climate
and phenology are occurring. The generally sparse populations and
lack of large towns and cities mean that climate and climate-related im-
pact information for much of the Great Basin and Columbia Plateau are
lacking. As a result, climate change projections and downscaling that
use historical weather and climate information have a built-in bias or
lack of specificity for this area. Participating in citizen science projects
thatwill increase this sort of information for the Great Basin and Colum-
bia Plateau should eventually result in improved projections and esti-
mates of impacts.
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