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CHAPTER 6

BIOGEOGRAPHIC AND CLIMATIC CONTEXT

The biogeography of the Interior West region (Idaho,
Montana, Wyoming, Nevada, Utah, Colorado, Arizona,
New Mexico) is diverse, with terrestrial ecosystems
varying greatly both from north to south and from

high elevation to low elevation. Subalpine forests

are dominated by species adapted to cold, snowy
environments at high elevation: subalpine fir (Abies
lasiocarpa), Engelmann spruce (Picea engelmannii),
Rocky Mountain bristlecone pine (Pinus aristata),

limber pine (Pinus flexilis), and whitebark pine (Pinus
albicaulis). Mixed-conifer forests are the most common
forest vegetation throughout the region, in which
Douglas-fir (Pseudotsuga menziesii) and ponderosa pine
(Pinus ponderosa) are often the dominant overstory
species, with variable species composition and density
in the understory. Ponderosa pine is found in nearly pure
stands in many low-elevation, dry sites.

Woodlands dominated by various species of juniper
(Juniperus spp.), pinyon pine (Pinus edulis, P.
monophylla), and Gambel oak (Quercus gambelii) are
common in drier portions of the southern half of the
region, typically at lower elevations than mixed-conifer or
ponderosa pine forests. A diversity of shrublands is found
below woodlands and mixed-conifer forest in most of the
region; several sagebrush species (Artemisia spp.) are
dominant, along with mountain mahogany (Cercocarpus
spp.) and antelope bitterbrush (Purshia tridentata).
Perennial grasslands, often including nonnative annual
grasses, are widespread at the lowest elevations in dry
locations, intergrading with shrublands and woodlands.
Riparian systems comprise a small but important
component in all vegetation types and are often hotspots
of biodiversity in arid to semiarid environments.

The topography and climate of the Interior West are
highly varied; the region is home to some of the driest,
hottest, and coldest locations in the conterminous
United States. The Interior West is characterized by
numerous mountain ranges, high-elevation basins and
valleys, and low-elevation mesas and canyons, and
climate is influenced by this complex terrain. Moisture
comes predominantly from the Pacific Ocean, resulting
in orographic precipitation in the mountains. Central
Idaho and the Greater Yellowstone Area are some

of the coldest portions of the region, and climate in
these areas is strongly influenced by mountains and
interactions among topography, elevation, and aspect.
The southern portion of the region is the hottest and
driest in the United States.

Drought is a familiar phenomenon throughout the Interior
West, as evidenced by significant periods of drought in
the 1930s to early 1940s (Dust Bowl), 1950s, mid-1960s,
late 1970s, and 1990s (Weiss et al. 2009). Drought

was also widespread in 2002-2007 and 2012-2015.
Severity is generally greater in the southern portion of the
region, for which arid climate is normal. The paleo record
indicates that droughts in earlier centuries were more
frequent and longer, in some cases lasting for multiple
decades (Allen et al. 2013, Cook et al. 2014, DeRose et
al. 2015, Meko et al. 1995).

Average annual temperatures in the region have

risen by 1.6 °F (Vose et al. 2017) since the beginning
of the 20th century. In most areas, warming has

been greatest and most widespread in winter. In
some cases, temperature increase has accelerated
during recent centuries; for example, average annual
temperatures in Colorado have increased 2 °F since
1977 (Lukas et al. 2014). Across the United States,
the rate of increase in average annual temperature has
been greater over the last several decades, and several
of the warmest years on record have occurred since
2010 (Vose et al. 2017). Precipitation trends have been
highly variable across the region, with some areas
increasing and some decreasing (at both annual and
seasonal time scales).

Global climate models project increases in mean annual
temperature of 2—-6 °F by mid-century (2036-2065)

and 4-10 °F by late century (2070-2099) compared to
1976-2005 (Mote et al. 2014, Wuebbles et al. 2017).
Warming is expected to occur during all seasons. Most
models project the largest temperature increases

in summer, ranging from 3.4 °F to 9.4 °F (under the
Representative Concentration Pathway 8.5 scenario). All
models suggest that heat extremes will increase.

Changes in precipitation are more uncertain. Annual
average precipitation is projected to increase by

about 3 percent, with general climate model (GCM)
projections ranging from -4.7 percent to +13.5 percent
(Mote et al. 2014, Wuebbles et al. 2017). Most models
project decreases in summer precipitation, but model
projections for precipitation vary for the other seasons,
with some models projecting increases and others
decreases. However, GCMs agree that extreme
precipitation events will likely increase in the future.

Warming temperatures, regardless of precipitation
changes, will affect hydrological processes in the
Interior West, including the amount, timing, and type
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Figure 6.1—Estimated April 1 snow-water equivalent (SWE)
sensitivity (percentage change) for a 5.5 °F increase in winter
average temperature at each snowpack telemetry station. From
Muir et al. (2018), modified from Luce et al. (2014a).

of precipitation, as well as timing and rate of snowmelt
(Luce et al. 2012, 2013; Mote et al. 2018; Safeeq et al.
2013), which will affect snowpack volumes (Hamlet

et al. 2005), streamflows (Hidalgo et al. 2009), and
stream temperatures (lsaak et al. 2012, Luce et al.
2014b). In response to warming, shifts are already
occurring from snowmelt-dominant to mixed rain-and-
snow watersheds, and from mixed rain-and-snow to
rain-dominant watersheds (Mote et al. 2018). These
shifts are resulting in earlier and reduced spring peak
flow, increased winter flow, and reduced late-summer
flow (Raymondi et al. 2014). With future increases

in temperature and altered hydrological dynamics,
evapotranspiration is likely to increase, and soil moisture
availability is likely to decrease during the summer,
leading to more frequent, more intense, and longer
droughts (Gershunov et al. 2013) (fig. 6.1).

SOCIAL AND REGULATORY CONTEXT

\Water has enormous social, economic, and biological
importance in the Interior West because most of the
region is semiarid, and even under “average” weather
conditions water is in short supply for much of the
year. Surface water and groundwater contribute to
municipal water supplies for major metropolitan areas,

hydropower, habitat for fish and other aquatic species,
and recreation (Warziniack et al. 2018a, 2018b). In
some parts of the region, water (typically supplied
from snowmelt and groundwater) is used for irrigation
of a wide range of perennial (e.g., tree fruits) and
annual (e.g., potatoes, hay) crops. Water supply in the
southern part of the region is a concern in years when
precipitation is average and becomes more acute during
drought years. Water for agriculture and municipal

use during drought periods is often supplemented by
additional pumping of groundwater, in some cases
depleting sources that are already declining.

Streams and riparian areas contribute greatly to aquatic
and terrestrial biodiversity, especially in semiarid to
arid landscapes. Water provides critical habitat for
salmon and trout species throughout the northern

and central portions of the region, and for fragmented
fish populations (often threatened or endangered)
associated with ephemeral aquatic habitat in desert
ecosystems. Several salmon stocks are listed as
threatened or endangered, and nearly all populations
are much lower than they were prior to 1900; dams are
a major impediment to recovery of many populations,
especially on the Columbia and Snake Rivers and their
tributaries. High temperatures and drought reduce
habitat quality for cold-water fish species across all
spatial and temporal scales, facilitating expansion

of nonnative fish species that tolerate higher water
temperature (Isaak et al. 2012). Declines in native fish
and other traditional food sources will have detrimental
effects on economic and cultural values for Native
Americans and other rural residents in the region.

Grazing by domestic livestock is an important enterprise
in rangelands in the Interior West (Reeves et al. 2018).
These rangelands also provide habitat for elk (Cervus
elaphus), mule deer (Odocoileus hemionus), pronghorn
(Antilocapra americana), and many other animal species.
Grazing occurs on both public and private lands, requiring
frequent (and sometimes contentious) interactions
between public land managers and ranchers focused

on sustainable management of rangelands, especially
during drought (Hawkes et al. 2018). Management of
greater sage-grouse (Centrocercus urophasianus) habitat
is a major conservation issue in sagebrush-steppe
throughout the Interior West, further complicating these
interactions in terms of public policy, grazing access on
public lands, and local decision making.

Although timber production is still an important
component of some local economies in the Interior
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West, it has declined significantly since the 1990s
(Halofsky et al. 2017). Changing social perspectives
on resource management priorities, accompanied

by a shift in timber production to locations that are
more productive and have lower labor costs (e.g., the
Southern United States), resulted in the closure of
many timber mills. In response to social demands, most
forest management in the Interior West now focuses
on restoring native vegetation, creating mature forest
structure, and improving wildlife habitat and various
aspects of biological diversity.

Recreationists participate in a wide range of outdoor
activities throughout the Interior West, including hiking,
camping, sightseeing, skiing, hunting, fishing, and
water-based activities. These recreational activities
generate far more economic activity than traditional
resource sectors such as timber, representing the

New West in which human values and experiences
represent an area of increasing demand (Halofsky et al.
2017). However, recreational activities can also generate
significant demands for access to infrastructure and
facilities, which in some cases can damage resources.
Most recreation activities are affected in some way by a
warmer climate and drought, some positively and some
negatively (Hand and Lawson 2018, Hand et al. 2018).

Natural resources, social issues, human values, and
ecosystem services are interwoven with the economy,
lifeways, and culture of Native Americans. This has
always been true for salmon and other “first foods” that
have been used by Native Americans for millennia, and
Federal land managers are becoming more aware of the
need to involve Tribal partners in developing conservation
plans. As a result, Tribes are increasingly influential in
decision making and planning on lands where their
interests may be affected. Including Tribes as partners
when developing conservation plans and projects is now
a common element of Federal land management.

Water availability is expected to decrease in the future
because of shortages arising from decreased water
supplies and increased water demand. Ninety percent
of water consumption in the Western United States

is used for irrigated agriculture, so competition with
usage by municipalities, industry, and natural resources
(e.g., fish habitat) can become intense during droughts
(Warziniack et al. 2018a, 2018b). As a result, it will be
necessary to minimize vulnerability of water-related
infrastructure and water-dependent resources on public
lands and to maximize efficiency of water uses where
possible (Furniss et al. 2018). An integrated perspective

on physical, biological, social, and economic processes
and values will be necessary to ensure long-term
sustainability of water and other resources.

ASSESSING THE EFFECTS OF DROUGHT

As noted above and in chapter 2, GCMs project that
temperature will increase significantly in future decades,
and the magnitude of temperature changes will likely
decrease summer water availability, regardless of
precipitation trends. Although we have considerable
confidence in long-term projections (decades) of
decreasing water availability and increasing frequency
and magnitude of droughts, the actual occurrence of
drought will be difficult to forecast at short time scales
(months to years).

Water is the most widely valued resource provided by
public lands. During times of drought, decisions about
allocation of limited water often involve tradeoffs among
fish habitat, municipal and agricultural use, hydroelectric
power, recreational use, and livestock grazing. Drought
affects not only the quantity of water available but also
water quality (higher temperature, turbidity) (Goode et
al. 2012). Along with limited water availability, higher
water temperature increases the likelihood of algal
blooms that degrade aquatic habitat and can be harmful
to people, pets, and livestock (Hand and Lawson 2018,
Paerl and Huisman 2008). Droughts that cause low
summer streamflows and high water temperature

can have multiple consequences to cold-water fish
populations, including significant mortality (Matthews
and Marsh-Matthews 2003).

Surficial geology and soils determine both drainage
properties and the severity of drought effects across
mountainous landscapes in the Interior West. For
example, in areas with highly permeable subsurface
rocks and well-drained soils, water rapidly infiltrates
down hundreds of feet, reducing both water storage for
human uses and water availability for vegetation (Konrad
2006). Projected declines in snowpack and earlier
snowmelt (chapter 2) will reduce the magnitude and
duration of both surface and subsurface water (Luce
2018, Muir et al. 2018) (fig. 6.2), especially during years
with low snowpack. Warmer winters will lead to earlier
peak flows and lower, warmer base flows (Kormos et
al. 2016, Mote et al. 2018), as well as very low summer
flows in some streams (Luce 2018) (fig. 6.3).
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Figure 6.2—Projected changes in mean annual flow for municipal water systems in Nevada, Utah, and southern Idaho.
Projections are based on streamflows generated from the Variable Infiltration Capacity (VIC) model (Liang et al. 1994)
using an ensemble of Coupled Model Intercomparison Project Phase 3 models under the A1B emission scenario (similar
to the RCP 6.0 emission scenario) (see Muir et al. [2018] for details on methods). The center of each circle is the central
location of each drinking water system relative to intake locations. Mean summer flow (compared to historical flow)
across this geographic area is -21 percent for 2040 and -26 percent for 2080. From Warziniack et al. (2018a).
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Figure 6.3—Percentage change in mean summer flow
projections for drainage areas in Nevada, Utah, and southern
Idaho between a historical period (1970-1999) and the 2040s.
Projected streamflows were generated from the Variable
Infiltration Capacity (VIC) model (Liang et al. 1994) using an
ensemble of Coupled Model Intercomparison Project Phase 3
models under the A1B emission scenario (similar to the RCP
6.0 emission scenario) for the 2040s, following the methods of
Wenger et al. (2010).
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Drought-related water limitations will likely decrease
growth in most tree species in most locations in

the Interior West, especially in low- to mid-elevation
coniferous forests. Species such as Douglas-fir and
ponderosa pine, which are important ecologically and
economically, are expected to have lower growth
throughout the region (Behrens et al. 2018, Keane et
al. 2018, Restaino et al. 2016), even though they are
considered relatively drought-tolerant. Some species in
high-elevation coniferous forests may have higher growth
during drought years because less snowpack means a
longer growing season in areas where water limitations
are uncommon (Peterson and Peterson 2001).

Drought-related tree mortality has been rare at

large spatial scales in the Interior West, with the
exception of two-needle pinyon (Pinus edulis), which
experienced significant mortality at low-elevation
locations in northern New Mexico after a 10-year
drought in the early 2000s (Breshears et al. 2005).
More tree mortality can be expected, especially

in dense stands at the lower elevations where
drought exacerbates water deficit. Dry soils and
topographic positions that do not retain soil moisture
are vulnerable, especially where they affect the
establishment of seedlings which are near the ground
and have small root mass (Joslin et al. 2000). Carbon
storage in vegetation and soils will become more
difficult to manage as wood growth decreases and
disturbances increase, and early-seral forest structure
may become more prevalent across the landscape
(Kashian et al. 2006).

Dense forests are particularly susceptible to bark beetle
attack. Although beetles typically focus on weak trees,
they can also spread to nearby vigorous trees when
beetle populations are high (Fettig et al. 2007, Lieutier
2004). Lodgepole pine (Pinus contorta var. latifolia) in
particular has experienced significant mortality from
mountain pine beetles (Dendroctonus ponderosae),

at least partly accelerated by drought periods, as part
of a much larger pattern of beetle-caused mortality in
the Western United States and British Columbia (Hicke
et al. 2016) (fig. 6.4). Drought frequency and duration
also affect the extent and severity of wildfires because
drought causes both fine surface fuels and live fuels to
dry earlier and stay dry longer, increasing fire hazard and
likely the duration of the fire season (McKenzie et al.
2004, Peterson et al. 2011).
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Figure 6.4—Tree mortality caused by bark beetles, 1997-2012,
indicating the pervasiveness of bark beetle damage throughout
the Interior West. Colors show area and percentage of tree
mortality. From Hicke et al. (2016).

Drought reduces growth in rangelands during the
growing season, especially if large numbers of invasive
annual grasses are present (Fehmi and Kong 2012,
Finch et al. 2016, Hanberry et al. this volume, Runyon et
al. 2012). Drought conditions favor the spread of annual
grasses (especially cheatgrass [Bromus tectoruml)
(Kindschy 1994, Tausch et al. 1994), which further
limits the extent and productivity of native plant species
(fig. 6.5). Excessive grazing by livestock and native
ungulates during drought decreases aboveground and
belowground biomass, creating growing space for
invasive plant species (Biondini et al. 1998, Fuhlendorf
et al. 2001). Although grazing typically occurs on
perennial grasses, shrubs are also vulnerable to
browsing when grasses are unproductive or dormant. In
the summer, when conditions are hottest and grasses
in the adjoining uplands are dormant, livestock are more
likely to graze riparian areas (Padgett et al. 2018).

As drought intensity increases, rangeland productivity
decreases (Hanberry et al. this volume, Padgett et
al. 2018, Reeves et al. 2018), although the extent
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Figure 6.5—Cheatgrass is common in grasslands throughout
the Interior West. (Photo by Cassondra Skinner, USDA Natural
Resources Conservation Service PLANTS Database)

of decrease depends on dominant vegetation (e.g.,
sagebrush versus mountain meadows) and soils. In
semiarid locations, annual grasses tend to increase

fire frequency and spread (Balch et al. 2013), favoring
further spread of annual grasses and less cover of native
shrubs, grasses, and forbs (Link 2006, Melgoza and
Nowak 1991). Although the quantity of fuel controls fire
intensity, drought can extend the duration of conditions
under which fuels will readily burn (Brown et al. 2005).

Socioeconomic Effects

More frequent, more intense, and longer drought will
reduce surface water supply more often, leading to
significant impacts on social and economic sectors
that demand continuous, reliable water (Vose et al.
2016; Warziniack et al. 2018a, 2018b). In some cases,
water is already allocated near or beyond the limit of
its average availability, so access to water becomes
even more limited during drought years, with tradeoffs
occurring among sectors (e.g., among agriculture,
hydroelectric power generation, and fish habitat).
Recent projections of the effects of a warmer climate
indicate that municipal watersheds will increasingly
face water shortages in future decades (Warziniack et
al. 2018a, 2018b), with periodic drought accentuating
those shortages. Water supply in mountainous regions
is often limited by reservoir capacity, and this can be
depleted during years when snowpack is low and water
demands are high (Harpold et al. 2017).

Any given drought period can affect multiple resource
sectors (Halofsky et al. 2017). As noted, low water supply
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Figure 6.6 —Projected effects of climate-altered snowpack

on downhill skiing visits. The Rocky Mountain portion of the
Interior West currently has by far the highest number of skiers of
any region. By the end of the 21st century, visits are expected to
decline by 50 percent for a constant population (closed circles),
but only by 17 percent if the population increases according to
recent demographic projections (open circles). From Wobus et
al. (2017).

can cause stress and economic losses in agriculture and
rural communities. “Snow droughts” can lead to low
flows in rivers and streams (Harpold et al. 2017), reducing
recreational opportunities for rafting and fishing (Hand
and Lawson 2018, Hunt et al. 2016) and in some cases
causing fish mortality. Snow droughts also affect winter
recreation, with potential financial losses for downhill
skiing operations and associated support businesses
(Hand et al. 2018, Wobus et al. 2017) (fig. 6.6). Following
widespread drought in 2017, wildfires burned 4.4 million
acres in the eight Interior West States, incurring over $1
billion in suppression costs (National Interagency Fire
Center data: https://www.nifc.gov), causing economic
damage in many communities, reducing access to public
lands, reducing forage for grazing, and in some locations,
degrading air quality for several weeks.

MANAGING FOR DROUGHT, EXTREME
EVENTS, AND DISTURBANCES

The 2016 Federal Action Plan of the National Drought
Resilience Partnership (White House 2016) describes
ways in which Federal departments and agencies can
work with State, regional, Tribal, and local partners

to respond to drought and increase long-term drought
resilience. Drought-related guidance (in the form of
guidebooks and manuals) (e.g., Hawkes et al. 2018)

is rare in the Forest Service, U.S. Department of
Agriculture (USFS) and other Federal agencies, although
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some USFS Regions have issued guidance to national
forests during severe drought periods. The Bureau

of Land Management (BLM) has used instruction
memoranda to issue guidance on drought response.

Existing frameworks and tools used by the USFS and
BLM can be used to address drought in the future
(Vose et al. 2016). For example, many of the National
Best Management Practices (BMPs) for water quality
management on National Forest System lands (USDA
FS 2012) can help mitigate drought. These BMPs
address program activities such as water use, aquatic
ecosystems, rangelands, and recreation. Specific
drought references in the BMPs include designing
projects to account for water availability, addressing
drought-related shoreline degradation, and responding
to water availability in range permit activities.

The USFS Watershed Condition Framework (Potyondy
and Geier 2011) and regional aquatic restoration
strategies guide forest watershed and aquatic
restoration programs, and restoration activities can help
increase ecosystem resilience to drought. Incorporating
drought in restoration planning could help to further
improve drought resilience in the future. For example,
two strategies to help decrease future drought-related
mortality are to plant drought-tolerant vegetation in
restoration treatments and reduce forest stand density
(Sohn et al. 2016).

All national forests in the USFS Northern and
Intermountain Regions have completed climate change
vulnerability assessments, including adaptation options
(Halofsky et al. 2018a, 2018b). These assessments
cover a significant portion of the Interior West. They
incorporate potential effects of increased temperatures
on water resources, fish and aquatic systems,
vegetation, wildlife, recreation, infrastructure, cultural
resources, and ecosystem services, thus providing
insight on potential effects of drought. Climate change
adaptation options in the assessments similarly provide
information that will help facilitate drought planning
and prioritize responses. Disaster management tools
and systems are in place in Federal agencies (e.g.,
Incident Command System, Burned Area Emergency
Response), and these could be applied to drought
response and used as a template for drought planning.

Lower snowpack and increased drought severity in
a warmer climate will lead to lower streamflows and

reduced soil moisture, especially in arid to semiarid
landscapes in the Interior West (Luce et al. 2012,
2013; Mote et al. 2018; Safeeq et al. 2013). Inevitably,
water supplies for agriculture, cities and towns, aquatic
systems, and other uses will decrease during periods
of drought (Prestemon et al. 2016; Warziniack et al.
2018a, 2018b). At a series of workshops during 2016—
2017, resource managers throughout the Interior West
discussed the potential effects of drought on natural
resources and developed options to build resilience in
ecosystems and organizations, thus reducing vulnerability
to drought. Management options discussed below
(tables 6.1-6.4) are drawn from the output of these
workshops (USDA FS 2017a, 2017b, 2017c, 2017d).

Water resources—\/Vater conservation practices

will help sustain water supplies, especially during

the summer when water availability is already low.
Water systems will be more resilient to drought if

they use water-smart technology and anticipate future
storage needs (Luce 2018) (table 6.1). In some cases,
water diversion structures may need to be improved
to minimize impacts on groundwater-dependent
ecosystems. Reconnecting floodplains and side channels
will help restore hydrological function, retain water for
longer periods (including recharging groundwater), and
restore functional riparian systems (fig. 6.7).

Riparian and wetland restoration can be prioritized for
both hydrological and ecological values, assisted by
geospatial analysis to identify where restoration will
be feasible and have maximum benefit. Two ways

to improve functionality of riparian systems are to

(1) reduce gullying and (2) reconnect channels and
facilitate maintenance and establishment of American
beaver (Castor canadensis) populations to increase
water storage (Pollock et al. 2014). In addition, stand
density management and hazardous fuel reduction

in dry forests will help reduce the severity of future
wildfires (Luce et al. 2012).

Federal land management agencies currently

have limited capacity to respond to frequent,
severe droughts. This limitation can be improved
by incorporating drought in all relevant aspects of
planning and management (see Conclusions chapter
in this volume). Doing so includes specific actions,
such as increasing instream flows through altered
water rights and incentives, and developing or
revising standards and practices to protect stream
corridors and other water features. Education on
drought awareness can be institutionalized both
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Table 6.1—Drought vulnerabilities and management options for water resources in the Interior West

WATER RESOURCES
VULNERABILITY TO DROUGHT DROUGHT MANAGEMENT OPTIONS
Drought will reduce the availability of water for a e |ncrease water conservation; prioritize maintenance and reconstruction.
variety of uses during the summer. o Make water systems more resilient to drought (e.g., use water-smart technology) and prepare

for future storage needs.

e |mprove existing water diversion structures or design new structures to divert only the water
needed while retaining water in groundwater-dependent ecosystems.

e Reconnect floodplains and side channels, and maintain and restore functioning riparian corridors
(e.g., reestablish riparian vegetation).

e Recharge groundwater by using restoration techniques for rewetting floodplains (e.g., reconnect
channels with floodplains).

Drought will reduce the functionality of hydrological e Prioritize and target riparian and wetland restoration to provide shade over water and reduce
systems and associated riparian systems. quick flow from roads; use geospatial tools to identify restoration priorities.

e Continue to manage landscapes to reduce fire severity and promote fire-adapted native
vegetation.

e Control water pollution.

* Manage American beaver activity to increase water storage.

e |dentify a target for a healthy riparian system and start managing for that target.

¢ Reduce gullying and reconnect channels to maintain functionality of riparian areas.

Federal land management agencies have limited e |ncorporate drought planning in management considerations, decisions, and analyses.

capacity to respond to frequent, severe droughts. e Increase instream flows through change in water rights and incentives (e.g., reduce water
allotments when water supply is low, and provide rewards to users for reducing consumption).

e Develop or improve standards/guidelines, mitigation measures, and best management practices
to protect stream corridors and more isolated water features.

e Increase drought awareness with agency leadership and the public.

¢ Build and maintain constructive relationships with State agencies and other organizations, and
engage in collective problem solving to manage a wide range of hydrological conditions.

Figure 6.7—Riparian restoration on Susie Creek, NV, has greatly increased retention of water during summer,
improving habitat for both vegetation and wildlife. (Photo courtesy of USDI Bureau of Land Management)
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internally and externally, while collaborating with
other agencies and organizations to address water
resource issues of common interest.

Fish and aquatic systems—Drought years are typically
associated with low snowpack, often resulting in high
winter streamflows and low summer streamflows,
creating stress for a wide range of fish species and
other aquatic organisms. Most options for improving
resilience in aquatic systems focus on retaining
adequate amounts of cool water and riparian vegetation
(Isaak et al. 2018, Young et al. 2018) (table 6.2). For
example, reconnecting floodplains and side channels
helps maintain and restore functional riparian corridors.
Connectivity among fish habitats will be critical, aided
by modifying infrastructure (e.g., aquatic organism
passages) and removing barriers to fish movement.
Stream temperature models (e.g., NorWeST stream
temperature database, https://www.fs.fed.us/rm/
boise/AWAE/projects/NorWeST.html) will be especially

helpful to guide future management actions so that
refugia for cold-water fish can be identified (Isaak et

al. 2015). In arid locations, identifying refugia will be
especially critical for desert fish species, whose habitat
is often highly dispersed (Carveth et al. 2006).

Increased drought frequency will reduce water retention
in high-elevation and riparian systems. Therefore, to
increase resilience across large landscapes in the long
term, it will be necessary to restore and maintain healthy
stream, riparian, and aquatic ecosystems. Restoration
will be especially important in places that are likely to

be refugia during future droughts (e.g., high-elevation
streams and locations with cold-water upwelling),
accompanied by restoration of native species in viable
habitats (Isaak et al. 2015). As noted earlier, populations
of American beavers will help increase water storage,
including cool water. Drought is expected to increase
the occurrence of wildfire, especially crown fires in
areas with high fuel loadings. Fuel reduction treatments,

Table 6.2—Drought vulnerabilities and management options for fish and aquatic habitat in the Interior West

FISH AND AQUATIC HABITAT

VULNERABILITY TO DROUGHT

DROUGHT MANAGEMENT OPTIONS

During drought years, winter streamflows will
generally increase and summer streamflows will
decrease, creating stress for fish and other aquatic
organisms.

¢ Reconnect floodplains and side channels, and maintain and restore functioning riparian corridors
(e.g., reestablish riparian vegetation).

e Increase fish habitat connectivity by modifying infrastructure (e.g., aquatic organism passages).

e Use stream temperature models (e.g., NorWeST stream temperature database) to guide future
management actions.

e Remove barriers to fish movement where appropriate and for bull trout ( Salvelinus confluentus)
in particular (e.g., modify infrastructure to increase habitat connectivity).

e Create refugia habitats (e.g., hatcheries and ponds) during fire or drought evacuations to hold
high-value species.

Increased frequency and magnitude of droughts will e Restore and maintain healthy stream, riparian, and aquatic ecosystems that will be more
reduce water retention in high-elevation and riparian resilient to drought cycles.

systems, especially when accompanied by wildfire, oC I Lo . . .
; : . . onduct riparian and stream restoration in places that are likely to be refugia during future
thus reducing habit quality for many organisms. droughts (e.g., high-elevation streams and locations with cold-water upwelling).

e Prioritize native species restoration in habitats that will persist through drought periods.
e Reintroduce American beaver where appropriate to increase water storage.
e Use prescribed burning in dry forests in order to reduce high-intensity wildfire.

Drought will make it more difficult to maintain the e Use land management plan revisions as opportunities to encourage riparian vegetation
functionality of riparian systems and infrastructure. treatments across the landscape to restore desired functions and processes.

¢ Maintain the function of the transportation system without damaging riparian and aquatic
ecosystems (e.g., develop engineered solutions for high-priority roads in floodplains).

* Develop partnerships with departments of transportation, counties, and other organizations to
mitigate negative impacts of the transportation system on water resources.

¢ Coordinate with range managers to better manage riparian areas, focusing on how cattle move
across the landscape.
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including prescribed burning in dry forests, can reduce

the likelihood of high-intensity wildfires (Luce et al. 2012).

Drought will make it more difficult to maintain the
functionality of riparian systems and infrastructure,
such as roads. Federal land managers can use land
management plan revisions as opportunities to
encourage riparian vegetation treatments across the
landscape to restore desired functions and processes.
It is especially important to maintain the function of
transportation systems without damaging riparian and
aquatic ecosystems (e.g., develop engineered solutions
for high-priority roads in floodplains). Partnerships with
other agencies and organizations will help mitigate
negative impacts of roads on water resources, while
facilitating access to public lands.

Forest ecosystems—If drought becomes more
frequent or of longer duration, tree regeneration
may decrease or be more variable in drier locations.

Strategic planting can ensure adequate tree
establishment, especially where large-scale mortality
has occurred and natural regeneration is low (table
6.3). Where site conditions and management
objectives allow, forest managers can diversify
planting with drought-tolerant species and genotypes
(Kilkenny et al. 2013). This will require managing seed
inventories to maintain genetic diversity, as well as
producing sufficient nursery stock to meet demands.
In some cases, planting densities can be increased to
compensate for potential seedling mortality.

Drought will cause a general loss of tree vigor, growth,
and productivity in most locations. In some cases, these
stresses will lead to more tree mortality, both directly
and because of increased frequency of disturbances.
Drought-stressed trees may also have weaker defenses
to bark beetle attack, and drought can increase the
likelihood that attacks by different beetle species will
erupt simultaneously (Raffa et al. 2005). To reduce

Table 6.3—Drought vulnerabilities and management options for forest vegetation in the Interior West

FOREST VEGETATION

VULNERABILITY TO DROUGHT

DROUGHT MANAGEMENT OPTIONS

Tree regeneration may be lower or more variable ¢ Use planting to ensure adequate tree establishment. Focus on areas of large-scale mortality

if drought is frequent or protracted.
shading.

that are not regenerating naturally. Plant seedlings in suitable microsites and provide artificial

e Diversify stands and landscapes where site conditions and management objectives allow; focus
on drought-tolerant species and genotypes.

e Manage seed inventories to maintain genetic diversity; update and maintain seed procurement
inventories to increase genetic diversity. Collect seeds from multiple trees of the same species
in seed transfer zones. Increase planting densities to compensate for potentially higher seedling
mortality.

Drought will cause tree vigor to decrease and tree e Promote tree size and age diversity within stands and across landscapes to increase resilience

mortality to incrgase, both directly and because of to drought, insect outbreaks, and fire.

more frequent disturbances. e Use thinning and prescribed fire in dry forests to reduce stand densities by removing smaller
trees. Prioritize thinning in fire-prone areas within the wildland-urban interface where feasible.

* Use prescribed burning and managed wildfire to reduce surface fuels and manage for diversity
of ages, structure, and species.

Local survival of viable populations of some tree e |dentify sites where special species can be protected; designate refugia where appropriate.

Zﬁgcéi?ar?ii\r/] %? (tjf;(r)iathetned by increasing frequency o |ncrease resilience of sensitive species, such as whitebark pine, by protecting them from high-
gt severity fire (e.g., through prescribed fire and removal of competing species such as subalpine fir
and Engelmann spruce).

¢ Enhance opportunities for self-migration (e.g., establish seedlings in sites more resistant to
drought); favor seed production and dispersal in current habitat and receptive seedbeds in
nearby habitats.

Drought will create additional stress for management e Increase resources to implement landscape treatments; look for cost-sharing opportunities with
organizations, requiring new approaches and greater other agencies and organizations.

flexibility. * Create a regional rapid-response fire and vegetation management team by formalizing multi-
agency cooperation and sharing resources and responsibilities.
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stand densities, thinning and prescribed fire can be
implemented in dry forests, thereby removing smaller
trees, promoting diversity of tree size and age and
increasing vigor of residual trees within stands and
across landscapes (Clark et al. 2016, Sohn et al. 2016)
(fig. 6.8). Prescribed burning and managed wildfire

can further reduce surface fuels and create diversity

in stand ages, structure, and species (Johnson et al.
2007, Keeley et al. 2009, Peterson et al. 2011). Although
silvicultural manipulations may increase the defensive
capacity of a tree by ameliorating the effects of drought,
they may be ineffective at reducing large-scale mortality
in association with drought and bark beetle outbreaks
(Fettig et al. 2007).

Viable populations of some tree species may be
threatened by increasing frequency and duration of
drought. Thus, it will be critical to identify sites where
special species can be protected, maintaining habitat
connectivity if possible. To ensure resilience, sensitive
species (e.g., whitebark pine) may need to be protected
from high-severity fire (e.g., through prescribed fire

and removal of competing species) (Keane et al.

2017). Habitat connectivity will facilitate self-migration
by favoring seed production and dispersal in current
sites as well as suitable nearby regeneration sites. All
responses to drought will benefit from collaboration and
increased flexibility among management organizations
to encourage treatments across large landscapes.

Rangelands—Drought will decrease vegetation
productivity in many arid to semiarid locations,
necessitating altered grazing practices for domestic
livestock (Finch et al. 2016). One commonly used
option to deal with drought is to alternate periods of
disturbance (grazing) and rest (table 6.4). Monitoring
tools, such as the Evaporative Demand Drought Index
(EDDI) and U.S. Drought Portal (National Integrated
Drought Information System) (USDA FS 2017b),

can help inform decisions about grazing. Grazing
management tools, such as PastureMap (PastureMap
n.d.), The Grazing Manager (Ishmael 2013), and
Grazekeeper (Ellis 2015), can inform specific decisions
about herd composition, stocking rate, and timing.
Grazing can also be targeted to control cheatgrass
infestations (e.g., by grazing in early spring or late
autumn) (Foster et al. 2015).

The long-term effects of drought on water availability
can be addressed by reintroducing American beavers
into areas where they are not presently thriving in order
to retain more water in meadows and riparian areas
(Pollock et al. 2014). Integrated pest management
and early detection/rapid response strategies can be
used to control invasive species, along with educating
the public and agency personnel about invasive
species. Resilience of vegetative cover to drought can
be improved by managing the amount, timing, and
distribution of ungulate (native animals plus livestock)

Figure 6.8—Reducing stem density (from left to right), shown here in a ponderosa pine stand in the Colorado Front Range, reduces
both competition among trees and the propagation of wildfires into the canopy, thus increasing the resilience of dry conifer forests
to drought. (Photo courtesy of U.S. Air Force)
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Table 6.4—Drought vulnerabilities and management options for rangelands in the Interior West

RANGELANDS

VULNERABILITY TO DROUGHT

DROUGHT MANAGEMENT OPTIONS

Drought will decrease vegetation productivity, thus e Use grazing methods that alternate periods of stress (grazing) and rest (reduced grazing).

affecting grazing practices. .

Use drought-monitoring tools (e.g., Evaporative Demand Drought Index, U.S. Drought Portal)

to provide information that will inform decisions about herd composition and numbers so that
stocking rates match forage production.

¢ Implement targeted grazing methods (e.g., use livestock to eat weeds) after disturbance events
such as fire to restore vegetation cover.

Drought reduces water availability during the ¢ Increase watershed health and function by reintroducing American beavers into areas where they

summer, which affects vegetation composition and
productivity and favors invasive species.

are not presently thriving as a way to retain more water in meadows and riparian areas.
e Increase efforts to control invasive species through integrated pest management, targeted

livestock grazing, and early detection/rapid response strategies.

e Fducate the public and agency personnel about invasive species, and co-monitor and manage
with permittees to encourage collaborative learning.

 Increase or maintain vegetative cover to be more resilient to drought by managing the amount,
timing, and distribution of ungulate herbivory. Implement woody plant management to promote
herbaceous groundcover.

Drought affects the ability of Federal land managers @ Establish an integrated monitoring plan that includes livestock management, drought, and

to manage rangelands in a sustainable manner. climate.

e Design permits based on future drought considerations rather than historical ranch production.

¢ (Consolidate monitoring data into a geospatial database across resources to help preserve
knowledge and to aid resource managers in multiple disciplines.

Drought causes stress in the organizations and social ® Maintain collaboration with private landowners; include partners and stakeholders in decision

systems that administer access to public rangelands. making.

* Use conservation easements to avoid loss of open space if forage production on Federal lands
cannot support livestock grazing. Create community-scale social networks to pool resources and
exchange technology, labor, equipment, forage, and ideas.

e Develop Coordinated Resource Management Plans with the USDA Natural Resources
Conservation Service across all Federal, State, and private lands.

herbivory, and by promoting herbaceous groundcover
through removal of encroaching woody plants
(Hanberry et al. this volume).

In anticipation of future droughts and a warmer climate,
it will be beneficial to establish monitoring plans that
include livestock management, drought, and climate.
Grazing permits can be based on drought considerations
rather than just historical ranch production. Strong
collaboration with private landowners and shared
ownership of drought impacts across stakeholders

will help to facilitate effective options for managing
rangelands (e.g., Coordinated Resource Management
Plans with the U.S. Department of Agriculture (USDA)
Natural Resources Conservation Service). Conservation
easements can be used to avoid loss of open space

if forage production on Federal lands cannot support
livestock grazing (USDA FS 2017c). Pooling resources
and sharing technology, labor, and equipment will
maximize favorable outcomes for all parties. Finch et al.
(2016) discussed additional options to adapt to drought
in rangelands.
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CONCLUSIONS

High temperatures, low snowpack, and low water
availability in summer will affect both people and
ecosystems in the Interior West more frequently in

the future. Planning for and adapting to the likelihood

of increasing frequency and duration of droughts are
needed to minimize negative effects on species,
ecosystems, and ecosystem services, and to facilitate
a transition to different climatic conditions in the

future. The diversity of the Interior West's climate,
biogeography, and socioeconomics means that drought
occurrence and effects will vary greatly from north to
south and from year to year. Drought management
options discussed here (tables 6.1-6.4) are a sample of
potential responses and will need to be implemented

in the context of local physical, biological, and social
environments.

Generally, the first, best, and often least costly means
of increasing resilience to drought are to reduce existing
stressors and improve the current condition (“health”)
of ecosystems (Halofsky et al. 2017). Pre-emptive
actions that create benefits for multiple resources are
valuable, especially actions that increase the quantity
and duration of water availability (Halofsky 2018). For
example, reconnecting floodplains with side channels
and restoring populations of American beaver both
contribute to retaining water during the summer. This
benefits water supply for agriculture and municipal
watersheds, maintains productivity of riparian areas,
and maintains high-quality fish habitat. In dry forests,
the effects of past fire exclusion can be addressed by
reducing stand densities and hazardous fuels to increase
resilience to both drought and fire (Peterson et al. 2011).
In rangelands, management responses to altered fire
regimes, overgrazing, and invasive species will help
maintain productivity and benefit livestock grazing,
native ungulates, and many other species (Padgett et al.
2018, Reeves et al. 2018).

The organizational capacity of Federal agencies to
respond effectively and quickly is the key to successful
management of current and future drought conditions.
Best management practices for water and climate
change vulnerability assessments provide scientific
information as the basis for decision making, as well

as potential options to implement. Optimal responses
can be developed by integrating existing policies and
practices with new information and by timely reporting of
current conditions. Coordination by Federal agencies with
other agencies and stakeholders is needed for effective

management of drought effects across large landscapes.
If drought-informed thinking is institutionalized as part of
agency operations, then planning and management will
be more effective, and crisis management in response to
drought can be avoided.

LITERATURE CITED

Allen, E.F.; Rittenour, T.M.; DeRose, R.J. [et al.]. 2013. A tree-ring
based reconstruction of Logan River streamflow in northern Utah.
Water Resources Research. 49: 1-10.

Balch, J.K.; Bradley, B.A.; D’Antonio, C.M.; Gomez-Dans, J.
2013. Introduced annual grass increases regional fire activity
across the arid western USA (1980-2009). Global Change
Biology. 19: 173-183.

Behrens, P.N.; Keane, R.E.; Peterson, D.L. [et al.]. 2018. Effects of
climate change on vegetation. In: Halofsky, J.E.; Peterson, D.L.;
Ho, J.J. [et al.], eds. Vulnerability and adaptation to climate change
in the Intermountain region. Gen. Tech. Rep. RMRS-375. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 112-164.

Biondini, M.E.; Patton, B.D.; Nyren, P.E. 1998. Grazing intensity and
ecosystem processes in a northern mixed-grass prairie. Ecological
Applications. 8: 469-479.

Breshears, D.D.; Cobb, N.S.; Rich, P.M. [et al.]. 2005. Regional
vegetation die-off in response to global-change-type
drought. Proceedings of the National Academy of Sciences.
102: 15,144-15,148.

Brown, K.J.; Clark, J.S.; Grimm, E.C. [et al.]. 2005. Fire cycles in
North American interior grasslands and their relation to prairie
drought. Proceedings of the National Academy of Sciences.
102: 8865-8870.

Carveth, C.J.; Widmer, A.M.; Bonar, S.A. 2006. Comparison of
upper thermal tolerances of native and nonnative fish species
in Arizona. Transactions of the American Fisheries Society.
135: 1433-1440.

Clark, J.S.; Iverson, L.; Woodall, C.W. 2016. Impacts of increasing
drought on forest dynamics, structure, diversity, and management.
In: Vose, J.M.; Clark, J.S.; Luce, C.H.; Patel-Weynand, T., eds.
Effects of drought on forests and rangelands in the United States:
a comprehensive science synthesis. Gen. Tech. Rep. WO-93b.
Washington, DC: U.S. Department of Agriculture, Forest Service,
Washington Office: 59-96.

Cook, B.l.; Smerdon, J.E.; Seager, R.; Coats, S. 2014. Global
warming and 21st century drying. Climate Dynamics. 43:
2607-2627.

DeRose, R.J.; Bekker, J.F.; Wang, S.-Y. [et al.]. 2015. A millennium-
length reconstruction of Bear River stream flow, Utah. Journal of
Hydrology. 529: 524-534.

Ellis, C. 2015. Online tool makes grazing record-keeping more
productive. Noble Research Institute. https://www.noble.org/
news/publications/ag-news-and-views/2015/july/online-tool-
makes-grazing-record-keeping-more-productive. [Date accessed:
September 10, 2018].

Fehmi, J.S.; Kong, T.M. 2012. Effects of soil type, rainfall, straw
mulch, and fertilizer on semi-arid vegetation establishment, growth
and diversity. Ecological Engineering. 44: 70-77.


https://www.noble.org

CHAPTER 6

Fettig, C.J.; Klepzig, K.D.; Billings, R.F. [et al.]. 2007. The
effectiveness of vegetation management practices for prevention
and control of bark beetle infestations in coniferous forests of
the Western and Southern United States. Forest Ecology and
Management. 238: 24-53.

Finch, D.M.; Pendleton, R.L.; Reeves, M.C. [et al.]. 2016. Rangeland
drought: effects, restoration, and adaptation. In: Vose, J.M.; Clark,
J.S.; Luce, C.H.; Patel-Weynand, T., eds. Effects of drought on
forests and rangelands in the United States: a comprehensive
science synthesis. Gen. Tech. Rep. WO-93b. Washington, DC:
U.S. Department of Agriculture, Forest Service, Washington
Office: 1565-194.

Foster, S.; Schmelzer, L.; Wilker, J. [et al.]. 2015. Reducing
cheatgrass fuel loads using fall cattle grazing. Spec. Pub. 15-03.
Reno, NV: University of Nevada Cooperative Extension.

Fuhlendorf, S.D.; Briske, D.D.; Smeins, F.E. 2001. Herbaceous
vegetation change in variable rangeland environments: the relative
contribution of grazing and climatic variability. Applied Vegetation
Science. 4: 177-188.

Furniss, M.J.; Little, N.J.; Peterson, D.L. 2018. Effects of climate
change on infrastructure. In: Halofsky, J.E.; Peterson, D.L.; Ho,
J.J. [et al.], eds. Vulnerability and adaptation to climate change
in the Intermountain region. Gen. Tech. Rep. RMRS-375. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 339-362.

Gershunov, A.; Rajagopalan, B.; Overpeck, J. [et al.]. 2013. Future
climate: projected extremes. In: Garfin, G.; Jardine, A.; Meredith,
R., eds. Assessment of climate change in the southwest United
States. Washington, DC: Island Press: 126-147.

Goode, J.R.; Luce, C.H.; Buffington, J.M. 2012. Enhanced sediment
delivery in a changing climate in semi-arid mountain basins:
implications for water resource management and aquatic habitat in
the northern Rocky Mountains. Geomorphology. 139: 1-15.

Halofsky, J.E. 2018. Adapting to the effects of climate change. In:
Halofsky, J.E.; Peterson, D.L.; Ho, J.J. [et al.], eds. Vulnerability and
adaptation to climate change in the Intermountain region. Gen. Tech.
Rep. RMRS-375. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station: 404-513.

Halofsky, J.E.; Peterson, D.L.; Dante-Wood, S.K. [et al.], eds.
2018a. Vulnerability and adaptation to climate change in the
Northern Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station. 273 p.

Halofsky, J.E.; Peterson, D.L.; Ho, J.J. [et al.], eds. 2018b.
Vulnerability and adaptation to climate change in the Intermountain
region. Gen. Tech. Rep. RMRS-375. Fort Collins, CO: U.S.
Department of Agriculture, Forest Service, Rocky Mountain
Research Station. 197 p.

Halofsky, J.E.; Warziniack, T.W.; Peterson, D.L.; Ho, J.J. 2017.
Understanding and managing the effects of climate change on
ecosystem services in the Rocky Mountains. Mountain Research
and Development. 37: 340-352.

Hamlet, A.F.; Mote, P.W.; Clark, M.P.; Lettenmaier, D.P. 2005.
Effects of temperature and precipitation variability on snowpack
trends in the Western United States. Journal of Climate. 18:
4545-4561.

Hanberry, B.; Reeves, M.C.; Brischke, A. [et al.]. 2019. Managing
effects of drought in the Great Plains. In: Vose, J.M.; Peterson,
D.L., Luce, C.H.; Patel-Weynand, T., eds. Managing the effects of
drought in forest and rangeland ecosystems of the United States.
Gen. Tech. Rep. SRS-242. U.S. Department of Agriculture, Forest
Service, Southern Research Station: 141-164. Chapter 7.

Hand, M.S.; Lawson, M. 2018. Effects of climate change on
recreation in the Northern Rockies region. In: Halofsky, J.E.;
Peterson, D.L.; Dante-Wood, S.K. [et al.], eds. 2018. Vulnerability
and adaptation to climate change in the Northern Rocky
Mountains. Gen. Tech. Rep. RMRS-374. Fort Collins, CO: U.S.
Department of Agriculture, Forest Service, Rocky Mountain
Research Station: 398-433.

Hand, M.S.; Smith, J.W.; Peterson, D.L. [et al.]. 2018. Effects of
climate change on outdoor recreation. In: Halofsky, J.E.; Peterson,
D.L.; Ho, J.J. [et al.], eds. Vulnerability and adaptation to climate
change in the Intermountain region. Gen. Tech. Rep. RMRS-375.
Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station: 316-338.

Harpold, A.A.; Dettinger, M.; Rajagopal, S. 2017. Defining
snow drought and why it matters. EOS-Earth & Space Science
News. 98. https://doi.org/10.1029/2017EO0068775.

Hawkes, K.L.; McLaran, M.P.; Brugger, J. 2018. Guide to co-
developing drought preparation plans for livestock grazing on
Southwest national forests. Pub. az1764. Tucson, AZ: University of
Arizona Cooperative Extension. 80 p.

Hicke, J.A.; Meddens, A.J.H.; Kolden, C.A. 2016. Recent tree
mortality in the Western United States from bark beetles and
forest fires. Forest Science. 62: 141-153.

Hidalgo, H.G.; Das, T.; Dettinger, M.D. [et al.]. 2009. Detection and
attribution of streamflow timing changes to climate change in the
Western United States. Journal of Climate. 22: 3838-3855.

Hunt, L.M.; Fenichel, E.P.; Fulton, D.C. [et al.]. 2016. Identifying
alternate pathways for climate change to impact inland recreational
fishers. Fisheries. 41: 362-372.

Isaak, D.J.; Wollrab, S.; Horan, D.; Chandler, G. 2012. Climate
change effects on stream and river temperatures across the
northwest U.S. from 1980-2009 and implications for salmonid
fishes. Climatic Change. 113: 499-524.

Isaak, D.J.; Young, M.K.; Nagel, D. [et al.]. 2015. The cold-water
climate shield: delineating refugia to preserve salmonid fishes
through the 21st century. Global Change Biology. 21: 2540-2553.

Isaak, D.J.; Young, M.K;; Tait, C. 2018. Effects of climate change on
native fish and other aquatic species. In: Halofsky, J.E.; Peterson,
D.L.; Ho, J.J. [et al.], eds. Vulnerability and adaptation to climate
change in the Intermountain region. Gen. Tech. Rep. RMRS-375.
Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station: 89-111.

Ishmael, W. 2013. Computer-based program helps grazing
management. Beef Magazine. https://www.beefmagazine.
com/grazing-systems/computer-based-program-helps-grazing-
management. [Date accessed: September 10, 2018].

Johnson, M.C.; Peterson, D.L.; Raymond, C.L. 2007. Guide to fuel
treatments in dry forests of the Western United States: assessing
forest structure and fire hazard. Gen. Tech. Rep. PNW-686.
Portland, OR: U.S. Department of Agriculture, Forest Service,
Pacific Northwest Research Station. 322 p.

Joslin, J.D.; Wolfe, M.H.; Hanson, P.J. 2000. Effects of altered
water regimes on forest root systems. New Phytologist.
147: 117-129.

Kashian, D.M.; Romme, W.H.; Tinker, D.B. [et al.]. 2006. Carbon
storage on landscapes with stand-replacing fires. BioScience. 56:
598-606.

Keane, R.E.; Holsinger, L.M.; Mahalovich, M.F.; Tomback, D.F.
2017. Evaluating future success of whitebark pine ecosystem
restoration under climate change using simulation modeling.
Restoration Ecology. 25: 220-233.


http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2000.00692.x/full
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-8137.2000.00692.x/full
https://academic.oup.com/bioscience/article/56/7/598/234370
https://academic.oup.com/bioscience/article/56/7/598/234370
https://www.beefmagazine
https://doi.org/10.1029/2017EO068775

CHAPTER 6

Keane, R.E.; Mahalovich, M.F.; Bollenbacher, B.L. [et al.]. 2018.
Effects of climate change on forest vegetation in the Northern
Rockies region. In: Halofsky, J.E.; Peterson, D.L.; Dante-Wood,
S.K. [et al.], eds. Vulnerability and adaptation to climate change in
the Northern Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 128-273.

Keeley, J.E.; Aplet, G.; Christensen, N.L. [et al.]. 2009. Ecological
foundations for fire management in North America. Gen. Tech.
Rep. PNW-779. Portland, OR: U.S. Department of Agriculture,
Forest Service, Pacific Northwest Research Station. 92 p.

Kilkenny, F.; St. Clair, B.; Horning, M. 2013. Climate change and
the future of seed zones. In: Haase, D.L.; Pinto, J.R.; Wilkinson,
K.M., tech. coords. National proceedings: forest and conservation
nursery associations—2012. Proc. RMRS-69. Fort Collins, CO:
U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station: 87-89.

Kindschy, R.R. 1994. Pristine vegetation of the Jordan Crater
kipukas: 1978-91. In: Monsen, S.B.; Kitchen, S.G., eds.
Proceedings, ecology and management of annual rangelands. Gen.
Tech. Rep. INT-313. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Research Station: 85-88.

Konrad, C.P. 2006. Location and timing of river-aquifer exchanges in
six tributaries to the Columbia River in the Pacific Northwest of the
United States. Journal of Hydrology. 329: 444-470.

Kormos, P.R.; Luce, C.H.; Wenger, S.J.; Berghuijs, W.R. 2016.
Trends and sensitivities of low streamflow extremes to discharge
timing and magnitude in Pacific Northwest mountain streams.
Water Resources Research. 52: 4990-5007.

Liang, X.; Lettenmaier, D.P.; Wood, E.F.; Burges, S.J. 1994.
A simple hydrologically based model of land surface water
and energy fluxes for general circulation models. Journal of
Geophysical Research. 99: 14,415-14,428.

Lieutier, F. 2004. Mechanisms of resistance in conifers and bark
beetle attack. In: Wagner, M.R.; Clancy, K.M.; Lieutier, F.; Paine,
T.D., eds. Mechanisms and deployment of resistance in trees in
insects. Boston: Kluwer Academic: 31-78.

Link, S.0. 2006. Bromus tectorum cover mapping and fire risk.
International Journal of Wildland Fire. 15: 113-119.

Luce, C.H. 2018. Effects of climate change on snowpack, glaciers,
and water resources in the Northern Rockies region. In: Halofsky,
J.E.; Peterson, D.L.; Dante-Wood, S.K. [et al.], eds. 2018.
Vulnerability and adaptation to climate change in the Northern
Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort Collins, CO:
U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station: 48-86.

Luce, C.H.; Abatzoglou, J.T.; Holden, Z.A. 2013. The missing
mountain water: slower westerlies decrease orographic
enhancement in the Pacific Northwest USA. Science.
342:1360-1364.

Luce, C.; Morgan, P.; Dwire, K. [et al.]. 2012. Climate change,
forests, fire, water, and fish: building resilient landscapes, streams,
and managers. Gen. Tech. Rep. RMRS-290. Fort Collins, CO:

U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station. 207 p.

Luce, C.H.; Lopez-Burgos, V.; Holden, Z. 2014a. Sensitivity of
snowpack storage to precipitation and temperature using spatial
and temporal analog models. Water Resources Research.

50: 9447-9462.

Luce, C.; Staab, B.; Kramer, M. [et al.]. 2014b. Sensitivity of
summer stream temperatures to climate variability in the Pacific
Northwest. Water Resources Research. 50: 3428-3443.

Lukas, J.; Barsuali, J.; Doesken, N. [et al.]. 2014. Climate change
in Colorado: a synthesis to support water resources management
and adaptation. Boulder, CO: University of Colorado. 114 p.

Matthews, W.J.; Marsh-Matthews, E. 2003. Effects of drought
on fish across axes of space, time and ecological complexity.
Freshwater Biology. 48: 1232-1253.

McKenzie, D.; Gedalof, Z.; Peterson, D.L.; Mote, P. 2004. Climatic
change, wildfire, and conservation. Conservation Biology.
18: 890-902.

Meko, D.; Stockton, C.W.; Boggess, W.R. 1995. The tree-ring
record of severe sustained drought. Journal of the American Water
Resources Association. 31: 789-801.

Melgoza, G.; Nowak, R.S. 1991. Competition between cheatgrass
and two native species after fire: implications from observations
and measurements of root distribution. Journal of Range
Management. 44: 27-33.

Mote, P.; Snover, A.K.; Capalbo, S.D. [et al.]. 2014. Northwest.
In: Melillo, J.M.; Richmond, T.C.; Yohe, G.W., eds. Climate
change impacts in the United States: the third National Climate
Assessment. Washington, DC: U.S. Global Change Research
Program: 495-521.

Mote, P.W.; Li, S.; Lettenmaier, D.P. [et al.]. 2018. Dramatic
declines in snowpack in the Western United States. Climate and
Atmospheric Science. 1: 2. doi:10.1038/s41612-018-0012-1.

Muir, M.J.; Luce, C.H.; Gurrieri, J.T. [et al.]. 2018. Effects of climate
change on hydrology, water resources, and soil. In: Halofsky, J.E.;
Peterson, D.L.; Ho, J.J. [et al.], eds. Vulnerability and adaptation
to climate change in the Intermountain region. Gen. Tech. Rep.
RMRS-375. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station: 60-88.

Padgett, W.G.; Reeves, M.C.; Kitchen, S.G. [et al.]. 2018. Effects
of climate change on nonforest vegetation. In Halofsky, J.E.;
Peterson, D.L.; Ho, J.J. [et al.], eds. Vulnerability and adaptation
to climate change in the Intermountain region. Gen. Tech. Rep.
RMRS-375. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station: 165-197.

Paerl, H.W.; Huisman, J. 2008. Blooms like it hot. Science.
320: 57-58.

PastureMap. [N.d.]. Ranch management software. https://
pasturemap.com. [Date accessed: September 10, 2018].

Peterson, D.L.; Halofsky, J.; Johnson, M.C. 2011. Managing
and adapting to changing fire regimes in a warmer climate. In:
McKenzie, D.; Miller, C.; Falk, D., eds. The landscape ecology of
fire. New York: Springer: 249-267.

Peterson, D.W.; Peterson, D.L. 2001. Mountain hemlock growth
responds to climatic variability at annual and decadal scales.
Ecology. 82: 3330-3345.

Pollock, M.M.; Beechie, T.J.; Wheaton, J.M. [et al.]. 2014. Using
beaver dams to restore incised stream ecosystems. Bioscience.
64:279-290.

Potyondy, J.P.; Geier, T.W. 2011. \Watershed condition classification
technical guide. FS-978. Washington, DC: U.S. Department of
Agriculture, Forest Service. 41 p.

Prestemon, J.P.; Kruger, L.; Abt, K.L. [et al.]. 2016. Economics
and societal considerations of drought. In: Vose, J.; Clark, J.;
Luce, C.; Patel-Weynand, T., eds. Effects of drought on forests
and rangelands in the United States: a comprehensive science
synthesis. Gen. Tech. Rep. WO-93b. Washington, DC: U.S.
Department of Agriculture, Forest Service, Washington Office:
253-281.


https://pasturemap.com

CHAPTER 6

Raffa, K.F.; Aukema, B.H.; Erbilgin, N. [et al.]. 2005. Interactions
among conifer terpenoids and bark beetles across multiple levels
of scale: an attempt to understand links between population
patterns and physiological processes. Recent Advances in
Phytochemistry. 39: 79-118.

Raymondi, R.R.; Cuhaciyan, J.E.; Glick, P. [et al.]. 2014.
Water resources: implications of changes in temperature and
precipitation. In: Dalton, M.M.; Mote, PW.; Snover, A., eds.
Climate change in the Northwest: implications for our landscapes,
waters, and communities. Washington, DC: Island Press: 41-66.

Reeves, M.C.; Manning, M.E.; DiBenedetto, J.P. [et al.]. 2018.
Effects of climate change on rangeland vegetation in the northern
Rockies region. In: Halofsky, J.E.; Peterson, D.L.; Dante-Wood,
S.K., eds. 2018. Vulnerability and adaptation to climate change in
the Northern Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 275-298.

Restaino, C.M.; Peterson, D.L.; Littell, J.S. 2016. Increased water
deficit decreases Douglas-fir growth throughout Western U.S.
forests. Proceedings of the National Academy of Sciences.

113: 9557-9562.

Runyon, J.B.; Butler, J.L.; Friggens, M.M. 2012. Invasive species
and climate change. In: Finch, D.M., ed. Climate change in
grasslands, shrublands, and deserts of the interior American West:
a review and needs assessment. Gen. Tech. Rep. RMRS-285. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 97-115.

Safeeq, M.; Grant, G.E.; Lewis, S.L.; Tague, C.L. 2013. Coupling
snowpack and groundwater dynamics to interpret historical
streamflow trends in the Western United States. Hydrological
Processes. 27: 655-668.

Sohn, J.A.; Saha, S.; Bauhus, J. 2016. Potential of forest thinning
to mitigate drought stress: a meta-analysis. Forest Ecology and
Management. 380: 261-273.

Tausch, R.J.; Svejcar, T.; Burkhardt, J.W. 1994. Patterns of
annual grass dominance on Anaho Island: implications for Great
Basin vegetation management. In: Monsen, S.B.; Kitchen, S.G.,
comps. Symposium on ecology, management, and restoration
of Intermountain annual rangelands. Gen. Tech. Rep. INT-313.
Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Research Station: 120-125.

U.S. Department of Agriculture, Forest Service [USDA FS].
2012. National best management practices for water quality
management on National Forest System lands. Vol. 1: National
Core BMP Technical Guide. FS-990a. Washington, DC: U.S.
Department of Agriculture, Forest Service. 165 p.

U.S. Department of Agriculture, Forest Service [USDA FS]. 2017a.
Drought impacts in the Northern Region. Washington, DC: U.S.
Department of Agriculture, Forest Service, Office of Sustainability
and Climate. 8 p.

U.S. Department of Agriculture, Forest Service [USDA FS]. 2017b.
Drought impacts in the Rocky Mountain Region. Washington,
DC: U.S. Department of Agriculture, Forest Service, Office of
Sustainability and Climate. 10 p.

U.S. Department of Agriculture, Forest Service [USDA FS].
2017¢. Drought impacts in the Southwestern Region. Washington,
DC: U.S. Department of Agriculture, Forest Service, Office of
Sustainability and Climate. 9 p.

U.S. Department of Agriculture, Forest Service [USDA FS]. 2017d.
Responding to ecological drought in the Intermountain Region.
Washington, DC: U.S. Department of Agriculture, Forest Service,
Office of Sustainability and Climate. 7 p.

Vose, J.M.; Miniat, C.F.; Luce, C.H. 2016. Ecohydrological
implications of drought. In: Vose, J.M.; Clark, J.S.; Luce, C.H.;
Patel-Weynand, T., eds. Effects of drought on forests and
rangelands in the United States: a comprehensive science
synthesis. Gen. Tech. Rep. WO-93b. Washington, DC: U.S.
Department of Agriculture, Forest Service, Washington Office:
231-251.

Vose, R.S.; Easterling, D.R.; Kunkel, A.N. [et al.]. 2017.
Temperature changes in the United States. In: Wuebbles, D.J.;
Fahey, D.W.; Hibbard, K.A. [et al.], eds. Climate Science Special
Report: Fourth National Climate Assessment, vol. 1. Washington,
DC: U.S. Global Change Research Program: 185-206.

Warziniack, T.W.; EImer, M.J.; Miller, C.J. [et al.]. 2018a. Effects
of climate change on ecosystem services. In: Halofsky, J.E.;
Peterson, D.L.; Ho, J.J. [et al.], eds. Vulnerability and adaptation
to climate change in the Intermountain region. Gen. Tech. Rep.
RMRS-375. Fort Collins, CO: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station: 376-403.

Warziniack, T.W.; Lawson, M.; Dante-Wood, S.K. 2018b. Effects
of climate change on ecosystem services in the Northern Rockies
region. In: Halofsky, J.E.; Peterson, D.L.; Dante-Wood, S.K. [et
al.], eds. 2018. Vulnerability and adaptation to climate change in
the Northern Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 434-461.

Weiss, J.L.; Castro, C.L.; Overpeck, J.T. 2009. Distinguishing
pronounced droughts in the Southwestern United States:
seasonality and effects of warmer temperatures. Journal of
Climate. 22: 5918-5932.

Wenger, S.J.; Luce, C.H.; Hamlet, AF. [et al.]. 2010. Macroscale
hydrologic modeling of ecologically relevant flow metrics. Water
Resources Research. 46: W09513.

White House. 2016. Long-term drought resilience: Federal action plan.
Washington, DC: National Drought Resilience Partnership. 18 p.

Wobus, C.; Small, E.E.; Hosterman, H. [et al.]. 2017. Projected
climate change impacts on skiing and snowmobiling: a case study
of the United States. Global Environmental Change. 45: 1-14.

Wuebbles, D.J.; Fahey, D.W.; Hibbard, K.A. [et al.]. 2017. Climate
Science Special Report: Fourth National Climate Assessment, vol.
1. Washington, DC: U.S. Global Change Research Program. 26 p.

Young, M.K;; Isaak, D.J.; Spaulding, S. 2018. Climate vulnerability
of native cold-water salmonids in the Northern Rockies region.
In: Halofsky, J.E.; Peterson, D.L.; Dante-Wood, S.K. [et al.],
eds. 2018. Vulnerability and adaptation to climate change in the
Northern Rocky Mountains. Gen. Tech. Rep. RMRS-374. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station: 87-127.





