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Executive Summary

Climate change is one of the most pressing challenges on natural and cultural resource
management and conservation practice. Resource managers and conservation planners are
addressing these challenges by revising current plans and practices with increased attention on
potential climate impacts to natural resources, communities, and socioeconomic values to
better meet long-term goals. However, decision-making is complicated by uncertainty in terms
of which adaptation actions are best suited for different implementation conditions and
supported by scientific evidence (Sutherland et al. 2004; Cook et al. 2009; Eriksen et al. 2011;
Bayliss et al. 2012; Cross et al. 2012). The purpose of this and other EcoAdapt adaptation
science assessments is to evaluate the body of scientific knowledge supporting specific climate
adaptation actions to determine the conditions under which particular actions may be most
effective for achieving management goals.

The Northwest United States is vulnerable to climatic stressors, including warming air
temperatures and variable precipitation patterns that will likely result in significantly altered
snowpack, stream flows, and water availability (Snover et al. 2013; Mote et al. 2014). These
factors will combine to affect ecological drought conditions throughout the Northwest Climate
Adaptation Science Center (NWCASC) region. Ecological drought is a deficit in naturally available
water supplies that creates multiple stresses across ecosystems (Crausbay et al. 2017). Increases
in the frequency and severity of ecological droughts under changing climate conditions may
drive ecosystems beyond thresholds of vulnerability (e.g., transition from mesic to xeric [moist
to dry] habitats). Consequently, natural and managed systems may shift into alternative stable
states or transform into a new system, requiring reconsideration and possible modifications to
current management practices. Section 1 of this report presents an overview of ecological
drought impacts in the Northwest region.

Section 2 describes ecological drought adaptation options available to and in use by resource
managers as well as potential future options for management. Hundreds of regionally relevant
ecological drought adaptation strategies and actions were identified by reviewing the options
generated and prioritized by managers during regional adaptation workshops (e.g., Nez Perce-
Clearwater National Forests, North Cascadia Adaptation Partnership) and other adaptation
planning efforts (e.g., Lummi Nation Climate Change Mitigation and Adaptation Plan, Northern
Institute of Applied Climate Science Climate Change Response Framework). This list underwent
a second screening and editing process to remove duplicates and combine similar actions,
resulting in a pared down list of 72 actions.

Documenting the ecological and socioeconomic conditions under which specific ecological
drought management strategies and actions (e.g., planting drought-resistant trees) are most
suited will help identify when and how traditional responses to ecological drought may need to
be modified to respond to changing climatic conditions. We reviewed the scientific and gray
literature (e.g., agency reports, project websites, tools) to identify available evidence behind
the factors that contribute to the success and longevity of these adaptation actions. Section 3



presents the findings of this literature review and synthesis by different adaptation goals and
strategies, including:
e Goal: Retain ecologically available water in the natural system

©)

Restore habitats by maintaining native vegetation cover and removing invasive
species

Restore and reconnect floodplains to allow for groundwater recharge

Enhance natural water storage (e.g., beaver dams/dam analogs, snow fencing,
large woody debris, green infrastructure, rock structures)

Maintain and enhance infiltration, water storage capacity, and/or health of soils
(e.g., fuel treatments, biochar application, restricting access to minimize soil
compaction)

e Goal: Facilitate species persistence under drought conditions

©)
@)

o

Consider species type, timing, and location in management activities

Create or enhance water supply (e.g., wildlife water developments, constructed
wetlands, forest canopy manipulation, snow fencing and harvesting)

Protect vulnerable species through assisted migration and improved habitat
connectivity

Identify and protect drought refugia

e Goal: Reduce stress on ecosystems and species

@)
©)

o

Reduce tree density and fuel loads through thinning and prescribed burns

Use exclosures and fences to protect groundwater-dependent habitats and
associated species

Use livestock rotation and diversification to reduce pressure on vegetation and
soils

Enhance ecologically available water supply via environmental watering
Reduce water withdrawals

Promote water conservation through collaborative agreements (e.g., water
banking, water trading)

e Goal: Increase understanding of ecological drought

o

Improve understanding of ecological drought impacts and adaptation options
through synthesis, research, monitoring, and evaluation

When selecting adaptation actions for implementation, managers should consider both
effectiveness (action reduces vulnerability) and feasibility (action capable of being
implemented). Implementation feasibility considers technical (e.g., financial, staff, data) and
socio-political (e.g., social, political, institutional, legal) barriers. To complement the literature
review, we classified each adaptation action according to its implementation feasibility and
effectiveness in reducing ecological drought vulnerabilities to support informed decision-
making. Rankings are based on evidence from the literature and/or expert opinion (e.g., natural
resource managers provided rankings during workshops that were a part of other adaptation
planning projects). Section 4 presents these evaluations in a table to help managers prioritize
actions for implementation, better target management efforts toward specific challenges,
and/or evaluate whether to proceed with implementation.



Knowing which adaptation actions can be best implemented at different scales and in various
ecosystems will help resource managers to identify and leverage funding opportunities, create
new or enhance existing partnerships, and communicate and coordinate with other agencies
and organizations to prioritize on-the-ground ecological drought responses. This project directly
supports the expressed goal of the Northwest Climate Adaptation Science Center to provide
scientific research and synthesis to support natural resource management in a changing
climate.

1. An Overview of Ecological Drought in the Northwest

Defining ecological drought

Ecological drought is an “episodic deficit in
water availability that drives ecosystems
beyond thresholds of vulnerability, impacts
ecosystem services, and triggers feedbacks in Hydrological: low water supplies in rivers and
natural and/or human systems” (Crausbay et reservoirs following meteorological drought

al. 2017). Historically, drought analyses have Agricultural: water shortage causing damage to
focused more narrowly on drought impacts agricultural crops and food supply

to human communities (e.g., water supply, Ecological: water shortage causing damage to
agriculture), either minimally or failing to habitats, species, and ecosystem services
consider ecological impacts (Crausbay et al.
2017; McEvoy et al. 2018). Comparatively,
ecological drought holistically examines how
natural processes and human actions
interact to affect water available to
ecological systems, as well as ecological responses to water scarcity, over longer time frames
and larger spatial scales (Crausbay et al. 2017).

Types of Drought
Meteorological: period of dry weather

Socioeconomic: water shortage affecting the
supply and demand of goods, such as water and
food.

Source: Crausbay et al. 2017; Zaniolo et al. 2018

The water available to ecological systems in a given location is influenced by several natural and
human-caused factors (Crausbay et al. 2017):

e Local and sub-regional meteorological conditions (e.g., local weather conditions): Local
meteorological conditions are controlled by atmosphere-ocean-land interactions, such
as sea surface temperatures, the El Nifio Southern Oscillation, and land-atmosphere
feedbacks (Cook et al. 2016). A dry weather pattern and the associated lack of rainfall is
termed “meteorological drought” (National Oceanic and Atmospheric Administration
2018).

e local and regional landscape characteristics: Landscape characteristics such as
topography and soil types influence rainfall, water storage, and water movement across
the landscape (Crausbay et al. 2017). For example, topography is particularly important
in the Northwest United States, where longitudinal mountain ranges drive significant
differences in annual rainfall from west to east (NWCASC 2017).

e Human-caused climate change: Increasing air temperatures associated with global
climate change elevate evaporative demand and drive changes in precipitation form



from snow to rain, affecting water delivery and residence time (e.g., as snowpack) in
natural systems (Trenberth et al. 2014). As a result, climate change is contributing to
more frequent, longer, and severe droughts and increases the likelihood of multidecadal
mega-droughts (Cook et al. 2016).

e Human landscape and hydrological modifications: Human modifications of the
landscape and hydrological network (e.g., reservoirs, irrigation) alter water movement
and storage (Van Loon et al. 2016).

The sensitivity of ecological systems to water scarcity, and their capacity to accommodate or
adapt to drought conditions, is similarly influenced by both natural and human-caused factors
(Glick et al. 2011; Crausbay et al. 2017). Most ecosystems and species have evolved with some
exposure to drought, which has contributed to the evolution of drought adaptations (Halofsky
et al. 2018b). For example, in response to low water availability, individual species may
temporarily migrate to areas with more abundant water, and ecosystems may exhibit
temporary shifts in community productivity, composition, structure, and distribution (Halofsky
et al. 2018b). Sensitivity and responses can vary within similar species and ecosystems
depending on genetics, life history, phenotypic and behavioral plasticity, location, and other
factors (Glick et al. 2011; Crausbay et al. 2017). However, human landscape alterations and
management decisions can also alter the inherent sensitivity and response to drought
conditions by natural landscapes and native species (Glick et al. 2011; McEvoy et al. 2018). For
example, habitat loss and fragmentation can affect the ability of individual species to
temporarily or permanently disperse to more mesic microhabitats (e.g., climatic refugia;
McGuire et al. 2016). Similarly, high basal stand density (which is currently common in many
managed forest stands) can increase tree competition for soil moisture, effectively enhancing
individual tree sensitivity to drought-induced moisture stress (Bradford & Bell 2017).

Ecological drought occurs when water scarcity exceeds ecological tolerance thresholds.
Ecological drought can lead to a range of impacts in ecological communities and affect the
provisioning of ecosystem services, which can lead to additional impacts and responses in
human systems. Ecological and socioecological drought repercussions vary in scope, severity,
and permanence. For example, impacts may occur predominately in natural systems, in human
uses of natural systems (e.g., ecosystem services), or both. Impacts may be relatively minimal
and/or short-lived (e.g., seasonal rangeland productivity loss) or be quite severe and long-
lasting (e.g., vegetation type conversion and subsequent loss of original ecosystem service
suite) (Crausbay et al. 2017).

Ecological drought impacts in the Northwest

The Northwest United States exhibits significant climatic variability depending on location.
Numerous mountain ranges running north to south intercept eastward maritime air flow,
resulting in large latitudinal climatic gradients from the moist, temperate Oregon and
Washington coasts to the arid, dry interior areas of eastern Washington and Oregon, Idaho, and
western Montana. Local weather patterns further interact with diverse topography of mountain
ranges, river basins, and plains to create a diversity of regional habitat types, ranging from
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dense temperate rainforest to arid coniferous forest to arid grasslands and high desert
shrubland. The diversity of habitat types and historic climates mean that the Northwest will
likely exhibit variable responses to increasing frequency and severity of ecological drought
(NWCASC 2017). Moisture-limited habitats are acutely vulnerable to ecological drought; these
include, for example, low-elevation areas in the Klamath, Siskyou, Blue, and Wallowa
mountains as well as the Columbia Highlands, northern Rocky Mountains, and eastern foothills
of the Cascade Mountains (Chmura et al. 2011). Areas such as the Olympic Mountains and mid-
elevations of the Cascades, which are not currently moisture limited, may still be vulnerable to
drought as a result of the combined effects of rainfall, snowmelt, surface runoff, subsurface
flow, and evapotranspiration (Chmura et al. 2011). General ecological drought impacts are
summarized by major ecosystem type (Table 1).

Table 1. Potential impacts of ecological drought on ecosystems and ecosystem services.

FORESTS AND
WOODLANDS

- Altered tree growth and productivity

o Lower-elevation forests and woodlands, especially dry forest types, are likely

to experience growth and productivity declines (e.g., Douglas fir
[Pseudotsuga menziesii] growth likely to decline on east and west sides of
Cascades)
o Higher-elevation forests may experience increased productivity as less
snowpack will facilitate longer growing seasons
- Impaired regeneration and recruitment via reduced seedling establishment and
survival, particularly at lower elevations
- Decreased moisture leading to increased fuel flammability and tree mortality
- Increased wildfire frequency, size, and severity, and longer fire season, affecting
stand age, structure, composition, and increasing risk of vegetation type
conversion
- Increased vulnerability to disease and insect outbreaks
- Increased invasive and non-native species abundance
- Local shifts in species composition (e.g., declines in drought-intolerant species),
particularly at lower elevations and/or ecotones
- Regional shifts in habitat distribution (e.g., upwards in elevation)
- Potential vegetation type conversions when paired with increasing fire
disturbance (e.g., from mesic forests to dry forest types, or from dry forests to
woodland, shrubland, or grassland)

Sources: Rahel & Olden 2008; Klos et al. 2009; Latta et al. 2010; Littell et al. 2010;
Millar & Stephenson 2015; Sun et al. 2015; Abatzoglou & Williams 2016; Harvey et
al. 2016; Vose et al. 2016a; Restaino et al. 2016; Halofsky & Peterson 2017; USDA
Forest Service 2017a, 2017b; Halofsky et al. 2018a, 2018b; Hudec et al. 2018;
Southwest Oregon Adaptation Partnership 2018; USDA Forest Service 2018a; Davis
et al. 2019
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SHRUBLANDS,
GRASSLANDS,
AND

RANGELANDS

- Impaired recruitment by reducing seedling germination and survival

- Shifts in habitat distribution: some potential expansions with the decline of
woodland and forested vegetation types, but also some habitat losses in driest
areas (e.g., low elevations)

- Reduced productivity and biodiversity

- Shifts in species composition toward more dry-adapted species, including dry-
adapted invasive species, particularly at lower elevations

- Potential grassland habitat expansion with the decline of forest and woodland
vegetation types

- Increased survival of non-native annual grasses, which may lead to increased fire
frequency and extent

Sources: Schlaepfer et al. 2014; Yung et al. 2015; Vose et al. 2016a; Halofsky &
Peterson 2017; USDA Forest Service 2017a, 2017b; Halofsky et al. 2018a, 2018b;
USDA Forest Service 2018a

ALPINE AND - Altered plant growth, recruitment, and phenology
SUBALPINE - Potential alpine habitat contraction if lower elevation forests move upward
HABITATS - Reduced seedling germination and survival, particularly at lower-elevation limits
- Reduced tree growth, particularly at lower-elevation limits
Sources: Albright & Peterson 2013; Halofsky & Peterson 2017; Halofsky et al. 2018b;
Hudec et al. 2018; Southwest Oregon Adaptation Partnership 2018
WETLANDS, - Accelerated habitat drying, particularly for precipitation-dependent systems
MARSHES, - Habitat contraction away from drying edges and/or complete summer drying
AND BOGS - Hydroperiod shifts from permanent to ephemeral ponds and reducing wet
periods in ephemeral ponds
- Enhanced mortality of wet-adapted plant species
- Shifts in species composition toward more xeric and drought-tolerant species
- Tree encroachment into wetlands and wet meadows
Sources: Poff et al. 2002; Rogers et al. 2006; Halofsky & Peterson 2017; Raymond et
al. 2017; Halofsky et al. 2018b; Hudec et al. 2018
RIVERS, - Reduced streamflows, particularly summer baseflows: flow reductions will be
STREAMS, most acute in snowmelt-dependent streams relative to groundwater-controlled
AND streams
RIPARIAN - Lower streamflows will likely reduce stream connectivity and/or habitat
HABITATS suitability (e.g., dissolved oxygen, water temperature) for aquatic organisms,

potentially reducing fitness and elevating mortality

- Changes in the amount and timing of precipitation may affect water levels and
flow regimes of coastal rain-dominated rivers as they receive most or all of their
precipitation during the winter and experience steep recession rates during the
summer dry period

- Reduced riparian vegetation germination, driving altered species composition

- Reduced riparian tree and shrub growth and productivity

- Reduced riparian width in response to declining summer baseflows; wider valley
bottoms may be most susceptible to streamside drying
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- Increased fire frequency

Sources: Luce & Holden 2009; Safeeq et al. 2014; Sawaske & Freyberg 2014; Power
et al. 2016; Vose et al. 2016b; Halofsky & Peterson 2017; Klein et al. 2017; Li et al.
2017; USDA Forest Service 2017a; Halofsky et al. 2018b; Hudec et al. 2018;
Southwest Oregon Adaptation Partnership 2018

ESTUARIES - Reduced freshwater inputs, resulting in higher salinities, warmer water
AND COASTAL temperatures, and lower dissolved oxygen levels
WETLANDS - Reduced plant biomass

- Potential changes in the extent of saltwater intrusion

- Drying and compaction of coastal soils

- Drought may expose estuarine vegetation to salinity extremes and potential
vegetation type shifts

- Drought may exacerbate saltwater intrusion by allowing saline water further
inland; hotter, drier, and more saline conditions may compromise dune
vegetation and cause instability

Sources: Poff et al. 2002; Desantis et al. 2007; Greaver & Sternberg 2010; Nolan et al.
2016; Buffington et al. 2018; Conrads et al. 2018

FISH AND - Dewatering of channels and lower flows, which may expose fish eggs, larvae, and
WILDLIFE juveniles to lethal water temperatures, dissolved oxygen levels, or desiccation

- Limited migration and dispersal opportunities for anadromous fish

- Changes in behavioral traits (e.g., movement, diet)

- Increased physiological stress, such as altered survival and growth rates

- Altered species interactions (e.g., competition, predation)

- Reduced diversity and abundance in hyporheic zones of streams

- Changes in trophic structure and food resources

Sources: Lake 2003; Marques et al. 2007; Rahel & Olden 2008; National Marine
Fisheries Service 2015, 2016; Klein et al. 2017; Prugh et al. 2018; Aspin et al. 2019

ECOSYSTEM - Altered recreational and cultural opportunities (e.g., fishing, hunting, swimming,

SERVICES skiing, snowshoeing, wildlife viewing)

- Reduced water supply and quality

- Reduced property values and aesthetic qualities

- Reduced habitat extent and forage

- Reduced livestock carrying capacity due to increased plant mortality, reduced
vegetation cover, and increased soil erosion

Sources: National Marine Fisheries Service 2015, 2016; USDA Forest Service 20173,
2017b; USDA Forest Service 2018a; Raheem et al. 2019

2. Ecological Drought Adaptation

Documenting the ecological and socioeconomic conditions under which specific ecological
drought management strategies and actions (e.g., planting drought-resistant trees) are most
suited will help identify when and how traditional responses to ecological drought may need to
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be modified to respond to changing climatic conditions. We reviewed the scientific and gray
literature (e.g., agency reports, project websites, tools) to identify evidence behind the factors
that contribute to the success and longevity of ecological drought adaptation actions, and
documented on-the-ground examples of climate-informed ecological drought management in
action. The scientific and gray literature relevant to the topic of ecological drought spans a
number of disciplines and fields, from resource management and engineering to agriculture
and wildlife, and we looked for supporting evidence from the Northwest as well as relevant
studies from outside the project geography. Synthesizing what has worked and how and what
has not worked and why can help identify potential modifications to current practices and
facilitate understanding of consequences of management decisions. Similar adaptation science
assessments have been conducted on wildfire (Gregg et al. 2016) and sea level rise (Gregg et al.
2018) in the Northwest.

We identified over 260 regionally relevant ecological drought adaptation strategies and actions
by reviewing the literature and options generated and prioritized by managers during regional
adaptation workshops (e.g., Nez Perce-Clearwater National Forests, North Cascadia Adaptation
Partnership) and other adaptation planning efforts (e.g., Lummi Nation Climate Change
Mitigation and Adaptation Plan, Stillaguamish Tribe of Indians Natural Resources Climate
Change Adaptation Plan, Northern Institute of Applied Climate Science Climate Change
Response Framework). These adaptation strategies and actions include those already being
implemented throughout the Northwest as well as potential future options for management.
Evidence from the literature behind these actions were categorized according to their
sectoral/ecosystem relevance (e.g., forests, shrublands, agricultural/rangelands, wildlife, fish),
co-benefits and conflicts with other actions and resources, and effectiveness in reducing
drought vulnerabilities. Literature was primarily identified using Google Scholar, TreeSearch,
and TACCIMO (Template for Assessing Climate Change Impacts and Management Options). In
total, we located and reviewed 498 documents of relevance from 1957-2019 (Figure 1).
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Many of these actions are already in use by managers across the Northwest to meet different
management goals and objectives. However, these actions, whether anticipatory or responsive,
can also be leveraged to enhance overall resilience to ecological drought. Additionally,
managers may choose to alter the implementation of existing management actions to adapt to
changing conditions, or develop novel approaches to respond to the challenges of ecological
drought (Figure 2).

Continue Existing Alter Implementation of Develop and Implement
Management Action Existing Management Action Novel Actions

Illustration: Tera Johnson

Figure 2. Example continuum of climate-informed management options for forests.

Where a manager’s choices land on the continuum is frequently determined by management
values and culture, risk tolerance, and regulatory restrictions. Spreading risk across different
adaptation approaches may help managers maximize the outcomes of their investments (Aplet
& McKinley 2017). For example, decision-makers may opt to manage resources for persistence
in a changing climate by resisting climate change impacts or promoting resilience, or facilitate a
transition to some future altered state (Millar et al. 2007). Similarly, Aplet & Cole (2010)
present three options for managing for change in an uncertain future —resist change (e.g.,
active restoration to retain historical ecosystem function and processes), accept change (e.g.,
observe ecosystem shifts without manipulation), and guide change (e.g., active facilitation and
transformation of systems). We use the following classification for adaptation strategies and
actions (Kershner & Gregg 2013):

e Resistance. These strategies help to limit the effects of climate change on a resource
and/or bolster a resource’s ability to retain fundamental processes and functions by
maintaining relatively limited changes over time. Near-term approach

e Resilience. These strategies help a resource withstand the impacts of climate change by
absorbing the effects of or recovering from changes in order to enable a return to prior
conditions. Near- to mid-term approach
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e Response. These strategies intentionally accommodate change and/or enable resources
to transition to changing and new conditions through adaptive responses. Long-term

approach
e Knowledge. These strategies are aimed at gathering more information about climatic

changes, impacts, or the effectiveness of management actions in addressing climate
change. Near- to long-term approach

e Collaboration. These strategies may help coordinate efforts and/or capacity across
landscapes and agencies. Near- to long-term approach

The overarching goals of ecological drought adaptation are to retain ecologically available
water in the system (e.g., creating or maintaining ecosystem water supply and limiting or
preventing withdrawal of water), reduce the sensitivity of ecosystems to water deficits (e.g.,
reducing stress on habitats and species, facilitating species persistence under drought
conditions), and respond to post-drought conditions (e.g., promptly revegetating disturbed
sites, managing altered streamflows). Additional strategies and actions fall under a broader
category of co-benefits—those that are taken for some other primary purpose but have
ancillary benefits towards limiting ecological drought effects—as well as those geared towards
facilitating research to better inform management. For the purposes of this report, we have
simplified the list of relevant ecological drought adaptation strategies and actions (Table 2).1

Table 2. Ecological drought adaptation goals, strategies, and actions.

Adaptation Adaptation Adaptation Strategies (and Actions)

Approach Goal
Reduce stress | Reduce water withdrawals
on ecosystems | Use exclosures and fences to protect groundwater-
and species dependent habitats and associated species

Resistance Enhance ecologically available water supply via
environmental watering
Reduce tree density and fuel loads through thinning and
prescribed burns

Retain Restore habitats by maintaining native vegetation cover
ecologically and removing invasive species

available water | Enhance natural water storage (e.g., beaver dams/dam
in the natural analogs, large woody debris, green infrastructure, rock
system structures)

Resilience Maintain and enhance infiltration, water storage
capacity, and/or health of soils (e.g., fuel treatments,
biochar application, restricting access to minimize soil
compaction)

Restore and reconnect floodplains to allow for
groundwater recharge

1 For complete list of ecological drought adaptation strategies and actions sourced from the scientific and gray literature, please

see page 46.
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:g:‘:;gt"? n ggz:otatlon Adaptation Strategies (and Actions)
Reduce stress | Use livestock rotation and diversification to reduce
on ecosystems | pressure on vegetation and soils
and species
Facilitate Consider species type, timing, and location in
species and management activities
habitat Create or enhance water supply (e.g., wildlife water
persistence developments, constructed wetlands, canopy
under drought | manipulation, snow fencing and harvesting)
conditions
Facilitate Identify and protect drought refugia
species and Actively plant and store seed from drought-tolerant
habitat species and individuals

Response persistence Protect vulnerable species through assisted migration
under drought | and improved habitat connectivity
conditions
Increase Improve understanding of ecological drought impacts
understanding | and adaptation options through synthesis, research,
Knowledge \ o .

of ecological monitoring, and evaluation
drought
Reduce stress | Promote water conservation through collaborative

Collaboration | on ecosystems | agreements (e.g., water banking, water trading, voluntary
and species reductions)

3. Literature Findings

Goal: Retain ecologically available water in the natural system
Restore habitats by maintaining native vegetation cover and removing invasive species

Increasing native cover and habitat heterogeneity and decreasing the presence of invasive
species is linked to increased ecosystem health for forests and rivers and streams (Palmer et al.
2009; van Kleunen et al. 2010). In general, invasive plant species consume more water than
native plants as invasives typically exhibit faster growth rates (van Kleunen et al. 2010) and
higher rate of leaf-level water use (Leishman et al. 2007; Cavaleri & Sack 2010). For example,
the invasive salt cedar (Tamarix spp.) consumes 10-20 times the amount of water used by
native species (McCormick et al. 2010), and is better able to tolerate water stress than the
native plants it replaces (Kerns et al. 2009). While this aggressive invasive is already found in
parts of the Pacific Northwest, a recent study found that over 20% of land east of the Cascade
Mountains will support suitable habitat by the end of the century (Kerns et al. 2009). Harms &
Hiebert (2006) found that cutting and burning (both followed by herbicide application) reduced
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tamarisk cover by up to 95%, although Gonzalez et al. (2017) found that these same treatments
have been linked to invasions of exotic forbs in the Southwest post-tamarisk removal.
Biocontrol agents (e.g., central Asian salt cedar leaf beetle, Diorhabda elongata) have been
successfully used to facilitate tamarisk defoliation along 1,000 km of riparian habitat along the
Colorado River (Hultine et al. 2010), although the impact of Diorhabda spp. on Tamarix and
riparian plant communities across large landscapes is uncertain (Hultine et al. 2015; Gonzalez et
al. 2017). Active revegetation of native riparian species (e.g., seeding, transplanting) in sites
proximal to perennial water sources with coarser soils post-tamarisk removal was linked to
increased native cover at 28 restoration sites in Arizona, Nevada, and New Mexico (Bay & Sher
2008).

Western juniper (Juniperus occidentalis) is also known to be a high water-use species (Deboodt
et al. 2008) that is drought-tolerant. Fire suppression has enabled western juniper dominance
and expansion in the Northwest over the last century, and management efforts to reduce
densities have yielded several projects designed to intentionally convert juniper to grass- or
sagebrush-dominated communities. Kuhn et al. (2007) evaluated the effects of western juniper
removal on water yields within the water-stressed Klamath River Basin, and found limited
evidence that juniper removal would lead to a substantial increase in water yield basinwide;
however, the authors note that more field research on managing juniper for local-level effects
on surface flows and soil moisture is needed. Juniper removal has been linked to higher soil
moisture levels compared with sites still dominated by the trees in Oregon (Mollnau et al. 2014)
and the Great Basin (Roundy et al. 2014). However, this removal has also increased site
susceptibility to invasion by exotic annual grasses, such as cheatgrass (Bromus tectorum),
Japanese brome (Bromus japonicus), and medusahead wildrye (Taeniatherum caput-medusae)
(Davies et al. 2019). While juniper is known to be a drought-tolerant species, intense drought
conditions have caused substantial juniper mortality in the Southwest (Clifford et al. 2011),
central Oregon (Soulé & Knapp 2007), and southern Utah (Stapleton 2019).

Restore and reconnect floodplains to allow for groundwater recharge

Maintaining existing and reconnecting and restoring floodplains increases water retention and
storage potential. Floodplains provide pervious space for groundwater recharge but have lost
their ability to store water where floodplains are disconnected from rivers by engineered
structures such as levees, dams, and channel straightening (Fleckenstein et al. 2004; Opperman
et al. 2010; Opperman et al. 2011; Loos & Shader 2016). Restoring floodplain connectivity can
increase water storage capacity (Opperman et al. 2009; Isaak et al. 2017). By increasing water
supply storage, floodplain reconnection also increases flexibility in reservoir management
(Opperman et al. 2009). Hunt et al. (2018) determined that the 2012 restoration of 0.1 km? of
meadow floodplain significantly increased baseflow and groundwater storage in the Sierra
Nevada Mountains. After restoration, summer baseflows increased 5-12 times over pre-
restoration volumes between 2012-2015, and groundwater levels rose at four out of five sites
near the stream channel.
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Enhance natural water storage (e.g., beaver dams/dam analogs, snow fencing, large woody
debris, green infrastructure, rock structures)

Retaining water in ecosystems through natural water storage is key to avoiding the effects of
ecological drought (Crausbay et al. 2017), therefore strategic measures to improve the ability of
natural systems to capture and store water will reduce drought vulnerability (Holmes 2016).
Natural water storage systems such as floodplains, riparian areas, and wetlands absorb water
and promote groundwater recharge and release (Holmes et al. 2017). Techniques used to
facilitate natural water retention include beaver dams/dam analogs, snow fencing, large woody
debris, green infrastructure, and rock structures (e.g., one-rock dams, media luna structures).

Beaver dams/beaver dam analogs

One nature-based approach to retaining natural water storage is creating and maintaining
beaver dams and beaver dam analogs (BDAs). Both tactics impound water and retain sediment,
promoting higher water tables and groundwater recharge (Westbrook et al. 2006; Hood &
Bayle 2008; Pollock et al. 2015), and increase water storage in surrounding soils (Wild 2011).
They are increasingly being used to achieve wetland, stream, and floodplain restoration goals
(Dwire et al. 2018). For example, the presence of active beaver lodges significantly increased
open water areas in shallow boreal wetlands despite variations in temperature, precipitation,
and drought (Hood & Bayley 2008). Beaver dams and ponds enhanced the depth, extent, and
duration of inundation during floods, and elevated the water table along the riparian corridor
of the Colorado River during both high-flow and low-flow periods, indicating that beaver can
support wetland formation and persistence (Westbrook et al. 2006). The dams attenuated
water supply declines during drier periods as both surface runoff and alluvial groundwater
seepage; the seepage, caused by overbank flooding across the floodplain, raised water tables
up to 600 m downstream of one dam’s location (Westbrook et al. 2006). Using beaver dams to
capture sediment and rebuild streambeds in Oregon increased the area within 0.5 m elevation
of the stream by five times, allowing for the reestablishment of riparian vegetation, and
creating pockets of cool water behind the dams (Pollock et al. 2007). In Alaska, beaver
damming of floodplain spring brooks produced larger coho and Chinook juvenile salmon and
more total biomass than beaver-free spring brooks, although the latter had greater survival and
densities, demonstrating that the presence of beavers increases habitat variability and a range
of potential growth conditions (Malison et al. 2015). The Methow Beaver Project has relocated
beaver populations to riparian areas where their dams have created over 260 hectares of
wetland habitat (Holmes 2016).

For areas lacking beaver or with low beaver population numbers, there is increasing
management interest in mimicking beaver dams through man-made structures—BDAs—to
achieve similar ecological and societal benefits and/or to facilitate beaver population
recolonization (Pollock et al. 2014). The addition of BDAs increased the number of natural
beaver dams in Bridge Creek, Oregon, which were associated with increased juvenile steelhead
habitat, increased water residence time, groundwater levels, and summer flow, decreased
water temperature in some areas and lower daily temperature fluctuations, increased habitat
complexity, and a 175% increase in juvenile production, without impacting upstream migration
(Bouwes et al. 2016). Because BDAs modify upstream and downstream landscapes, long-term
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maintenance is required to maintain ecosystem function and service benefits (Pollock et al.
2015).

BDAs are being used in the Scott River Basin of Northern California to improve instream habitat
for endangered coho salmon by raising groundwater levels and surface water flows, and
reducing channel incision (Charnley 2018). Since 2014, over ten BDAs have been installed and
beavers have begun to take over and make improvements to many of the structures. As part of
this project, managers are monitoring the effects of BDAs on species by tracking surface water
elevation, groundwater levels and recharge, and fish movement and passage. To date, the
following observations have been made: higher surface water levels above the BDAs, increased
groundwater levels near BDAs, salmon using habitat upstream of the BDAs at all life stages,
restored perennial streamflow above and below BDAs, and cooler water temperatures in ponds
created by BDAs (Yokel et al. 2018 in Charnley 2018).

Large woody debris

Maintaining or adding large woody debris (LWD) in streams slows water flows, raises water
tables, and improves channel complexity (Gippel 1995; Gippel et al. 1996), which facilitates
overbank flooding and alluvial groundwater infiltration (Wohl 2014). Placing LWD in low-
velocity zones along river channel margins or inside of meanders maximizes increases in water
levels (Gippel et al. 1996). The effect of LWD varies depending on the size of the debris relative
to the size of the water body. Its accumulation affects the abundance and distribution of fish by
providing mesohabitats such as pools and riffles (Crook & Robertson 1999) and its presence
creates variety in flow velocity and water depth (Sundbaum & Naslund 1998). Greater amounts
of LWD are linked to higher frequency and depth of pools (Beechie & Sibley 1997). The addition
of LWD to two streams in coastal Oregon increased overwinter survival of juvenile coho salmon
and downstream migrant numbers the following spring, demonstrating that the treatment
increased winter habitat (Solazzi et al. 2000).

Green infrastructure

In human communities, green infrastructure approaches—rain gardens, bioswales, grass
buffers—can promote groundwater infiltration and recharge and reduce water demand (Gregg
et al. 2018). For example, grass buffer strips have been observed to retain more moisture in soil
compared to areas without buffers (Cardinali et al. 2014) by decreasing flow and velocity and
lengthening water residence time (Evans et al. 1996; Ducros & Joyce 2003). Avellaneda et al.
(2017) modeled the hydrologic performance of green infrastructure in Ohio and found that rain
gardens, bioretention cells, and rain barrels reduced surface runoff (9%) and increased soil
infiltration (7.6%). An ancillary benefit of these green infrastructure techniques is effective
pollutant removal and water quality control (Akram et al. 2015; Jiang et al. 2015).

Rock structures

Bill Zeedyk pioneered the use of rock structure techniques, such as one-rock dams and media
lunas, derived from Zuni practices to restore hydrologic processes and increase soil moisture
(Zeedyk 2009). For example, one-rock dams slow water flows and retain soil, enhancing natural
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water storage and promoting vegetation growth (Montano Allred 2009), while media luna
structures evenly spread sheet flow, reduce erosion, and allow for soil infiltration (Maestas et
al. 2018). Wilson & Norman (2018) evaluated the effectiveness of rock structures in restoring
vegetation productivity and biodiversity in the arid Cienega San Bernardino wetland in
southeastern Arizona and northern Sonora, Mexico over a 33 year period. Vegetation recovery,
signified by increased greenness and soil moisture, was positively correlated with restoration
sites equipped with these erosion control structures, including up to 5 km downstream and 1
km upstream of the sites. Nichols et al. (2012) also evaluated soil moisture response to rock
structures over a three-month period in 2006 in a degraded semiarid grassland in southeastern
Arizona. The authors found that both loose rock and wire-bound structures increased soil
moisture by increasing the residence time of ponded water, but note that results may vary
elsewhere depending on site and species characteristics. Similar results have been documented
in Arizona’s Santa Rita Mountains (Nichols et al. 2016) and Chiricahua Mountains (Norman et al.
2016), and New Mexico’s Valles Caldera National Preserve (New Mexico Environment
Department 2017) and Torreon Wash watershed (Matherne et al. 2018).

Maintain and enhance infiltration, water storage capacity, and/or health of soils (e.g., fuel
treatments, biochar application, restricting access to minimize soil compaction)

The ability of soil to retain water depends on several interacting factors including organic
matter content, soil texture and depth, and biological activity (Bot & Benites 2005). Maintaining
organic carbon in soils improves water retention and water use efficiency, and therefore
recovery potential from the effects of ecological drought (Lal 2016; USDA Forest Service 2017b).
Some options for improving soil health include fuels treatments, the use of biochar, and
restricting access to minimize soil compaction.

Masticated materials from fuels treatments can be used as mulch and layered to help reduce
soil water evaporation, increase water availability for deeply rooted trees, and enhance
seedling survival (Grant et al. 2013), and cool soils (Owen et al. 2009). Higher soil moisture was
detected in masticated sites compared to untreated sites in pinyon-juniper (Owen et al. 2009;
Rhoades et al. 2012) and ponderosa pine (Pinus ponderosa) forests (Rhoades et al. 2012).
Mulching may be particularly feasible and effective as a post-burn treatment within high-valued
forests (Grant et al. 2013) and to retain snowpack in alpine and subalpine habitats (Osterhuber
et al. 2007).

Interest in applying biochar to soils as a means to both improve soil health and sequester
carbon is increasing. Among other benefits, biochar can increase soil water retention (Lehmann
et al. 2003; Kammann et al. 2011; Sharma et al. 2018) as it is highly porous and capable of
storing water unavailable to plants (Abel et al. 2013). The application of biochar has been linked
to enhanced growth and nutrient uptake of drought-stressed plants via improved soil water
holding capacity and soil structure (Ali et al. 2017). The addition of biochar may also increase
the resistance and resilience of soil microbial habitats to drought (Liang et al. 2014).

The optimal capture and storage of water in soils is determined by infiltration, permeability,
and water-holding capacity. Activities such as recreation, forest operations, and grazing can

21



cause soil compaction, restricting the movement and storage of water. For example, Lei (2004)
found that repeated recreational activities, such as human trampling and biking, significantly
increased soil compaction in a blackbrush (Coleogyne ramosissima) shrubland in Nevada’s
Spring Mountains. Cole (1987) conducted a three-year experimental project across five forest
communities and one grassland in Montana to evaluate the effect of trampling on soil health,
vegetation cover loss, and species loss, noting that restricting the timing of access may not yield
large benefits as maximum impact of trampling occurs rapidly and rotating use between sites
may only limit impacts in low-use areas.

Goal: Facilitate species persistence under drought conditions
Consider species type, timing, and location in management activities
Restoration of habitat structure, function, and processes continues to be one of the best ways
to address both climate and non-climate stressors. However, it is not enough to engage in
restoration activities as we have done in the past and, in fact, “restoring” ecosystems to some
former state will likely make them ill-equipped to deal with the challenges of climate change.
Although habitat restoration activities generally enhance resilience by recovering critical
ecosystem functions and services degraded by human activities and natural processes (e.g.,
storms) (EImquvist et al. 2003; Gregg et al. 2011, 2017), these activities also need to be reflective
of projected climate change impacts (Harris et al. 2006; Choi 2007). For example, planting
drought-tolerant native species in areas projected to get drier is a more climate-informed
strategy than planting the species that have historically been there under wetter conditions.
This paradigm shift in natural resource management includes intentionally considering climate
change in the determination of when, where, and how to best implement habitat restoration
and protection. For example, climate-driven phenological shifts may cause temporal and spatial
mismatches between plants and pollinators (Burkle et al. 2013), and management approaches
may therefore need to be adjusted. Increasing the pace and scale of restoration efforts is
critical to effectively preparing for, responding to, and recovering from climate change.

Habitat protection efforts should consider representation (or diversity) and redundancy (or
multiples) of ecosystems across the landscape to reduce the risk of habitat loss from climate
change impacts (Biringer 2003; Joyce et al. 2008) as well as biological and genetic diversity,
habitat connectivity, and refugia. Promoting biological and genetic diversity in habitat
restoration and protection efforts maximizes the ability of species to survive in different
climates and environments (Chmura et al. 2011).

Species diversity

Scientists and managers are considering the ability of particular species and genotypes to
survive under changing climate conditions, including drought. For example, Petrie et al. (2017)
modeled ponderosa pine regeneration potential under warmer and drier conditions. The model
indicated a projected increase by 50% + 106% across the West by 2020—-2059 due to more seed
production and germination. By 2060, regeneration potential is projected to decline by 50% +
62% due to decreased seedling production and survival, particularly in the Pacific Northwest. In
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general, species diversity is expected to yield increased resilience to climate change (Heller et
al. 2015; Pires et al. 2018). Highlights from the literature include:

Managing for species diversity, particularly favoring communities that may be better
adapted to future conditions (e.g., more drought-adapted species or those known to
have broad tolerance ranges), may reduce stand vulnerability to drought and insect
outbreaks (Vose et al. 2016a).

Greater diversity of plant life on rangelands has been linked to improved adaptive
capacity to drought (Howery 1999).

Promoting higher species richness may ameliorate the effects of drought and reduce
mortality rates (Klos et al. 2009; Richardson et al. 2010).

Mixed species forests with high genetic diversity and high percentage of broadleaf
species may reduce drought risk in temperate forests in Europe (Spiecker 2003).
Pretzsch et al. (2013) determined that species mixing of beech (Fagus sylvatica) and oak
(Quercus petraea) have potentially higher tolerance of and resilience to drought than
monocultured stands.

Increasing genetic and species diversity in riparian habitats can provide shade and water
storage to support resilience to climate change (Halofsky et al. 2016).

Species diversity increased biomass yield regardless of management intensity (e.g.,
mowing, grazing) and generally reduced grassland vulnerability to drought (Vogel et al.
2012).

Seed collection and storage from different populations across a broad geographic range
may conserve genetic diversity (Williams & Dumroese 2013).

Considering species from a range of climatic and altitudinal gradients broadens the
source of seeds and seedlings that may be better adapted to drier conditions
(Bernazzani et al. 2012).

Restoring plant communities through high-density seeding using species-rich seed
mixtures increased the success of restoration efforts, enhanced cover of native forbs,
and reduced cover of invasive species in a large Nebraska grassland; however, there was
little evidence that these treatments influenced drought resistance, recovery, or
resilience (Carter & Blair 2012).

Plant diversity can increase resistance to extreme events (e.g., wet or dry, moderate or
extreme, brief or extended) by stabilizing biomass production, particularly during
moderate and extreme climate events in grassland ecosystems (Isbell et al. 2015).

Three studies that directly tested how species diversity may influence drought resistance and
recovery are Mariotte et al. (2013), Grossiord et al. (2014), and Kreyling et al. (2017). Mariotte
et al. (2013) tested the hypothesis that more diverse communities are more likely to be
resistant to drought, and found that the presence of a single species enhanced overall
community resistance in a grassland community in the Swiss Jura Mountains. Resistance was
calculated as the ratio of regrowth biomass during drought to pre-drought biomass. The study
tested the effects of drought combined with the removal of subordinate species—smaller
species that grow under dominant canopy that are found frequently but with low relative cover
(e.g., Trifolium pretense, Achillea millefolium, Leontodon sp., Veronica chamaedrys)—and found
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a tenfold decline in resistance, indicating that the presence of subordinate species can facilitate
regrowth of dominant neighbors. Grossiord et al. (2014) evaluated the relationship between
tree species diversity and forest habitat resistance and resilience to drought in 160 forest
stands from monocultures to mixed forests across five major forest types in Europe (e.g.,
Mediterranean, hemi-boreal, temperate beech, mountainous beech, thermophilous
deciduous). The authors found that higher species diversity did not uniformly improve drought
resistance across all forest types, noting that diversity may enable drought resistance only in
drought-prone sites, and that local climatic conditions and individual species traits may be more
critical to appropriately creating drought-resilient forests. Finally, Kreyling et al. (2017)
conducted a biodiversity and drought manipulation experiment to evaluate drought resistance
and recovery of aboveground biomass production across five grassland sites in Europe. The
study found that species richness did not affect resistance but did improve the recovery of
biomass production affected by drought in low-productive, slow-growing plant communities.

In general, managers are advised to consider diversity in life stages, traits, and processes in
species collection (Chmura et al. 2011). Age structures of plant communities may confer
resilience in forests where more mature trees may be less vulnerable to drought but more
vulnerable to pests (Millar et al. 2007). Maintaining a mix of older and younger trees as well as
diverse sizes may reduce habitat loss from drought, pests, and diseases (Bernazzani et al. 2012;
Baker & Williams 2015). Maintaining species with diverse phenologies so that the timing of life
cycle events (e.g., germination, migration) are staggered may improve resilience to climate-
driven changes (Schwartz 1999 in Bernazzani et al. 2012).

Drought-informed species selection may include prioritizing phenotypic traits that may confer
resilience, including water use efficiency, root development, and rapid seedling emergence
(Vose et al. 2016a). Plants may exhibit traits associated with drought escape (e.g., early
flowering and reproduction), avoidance (e.g., high water use efficiency, high root-to-shoot
ratios), and/or tolerance (e.g., root growth, osmotic adjustment, accumulation of sugars)
(Kooyers 2015). For example, Laughlin et al. (2017) compared efforts to enhance resilience in
southwestern U.S. mixed-conifer forests to wildfire and drought based on different phenotypic
trait combinations of thick bark, dense wood, and leaf nitrogen concentration. The authors
developed a model to identify and select species based on traits that enable high survival rates
in a changing climate. For example, drought resistance may be enhanced by restoring species
with dense wood and low to moderate leaf nitrogen concentrations as these species may be
able to resist cavitation and tolerate moisture stress. Another computer model—the Restoring
Ecosystem Services Tool (REST)—was designed to assist managers in species selection for
restoration based on functional traits that best match specific management objectives, such as
drought tolerance, successional facilitation, and carbon storage (Rayome et al. 2019).

Investigating drought tolerance

The wide-ranging current and potential future impacts of ecological drought in the Northwest
have led to an increase in research efforts aiming to better understand drought tolerance of
vegetation present in the region. One major branch of research includes investigating how
genetic variation influences drought tolerance across the range of a given species. Researchers
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are using genecological studies and common garden experiments to investigate how drought-
tolerance traits vary among different populations of the same species across latitudinal,
longitudinal, and elevation gradients, as well as how different genotypes interact with
environmental conditions to affect drought resilience (Bansal et al. 2015b, 2016; Prendeville et
al. 2016; Merz et al. 2017).

The most robust drought tolerance investigations to date in the Northwest are for coast
Douglas-fir (P. menziesii var. menziesii). Common garden experiments have shown that while
coast Douglas-fir trees from different source populations all exhibit some ability to adapt to
drought conditions (e.g., by lowering minimum transpiration), populations differ in their degree
of drought tolerance (Bansal et al. 2015b). Specifically, populations from climates with cool
winters and arid summers exhibit the greatest drought tolerance (Bansal et al. 2015b), and in
general, populations from cool locations (e.g., more northerly latitudes and higher elevations)
exhibit both high drought tolerance (Bansal et al. 2015b) and cold-hardiness (Bansal et al.
2015a). Researchers hypothesize that cellular and tissue adaptations evolved in response to
winter desiccation stress in cooler environments help trees from these populations better deal
with summer drought stress, meaning drought impacts may be less severe at higher elevations
and more northerly locations than previously believed (Bansal et al. 2015b). In addition to
winter temperature, summer precipitation has also played an important role in the evolution of
stress tolerance between different populations, demonstrating how multiple environmental
drivers can apply selection pressure that influences future climate resilience (Bansal et al.
2015a, 2015b, 2016). Compared to populations from cooler locations, populations from warmer
and drier climates exhibited superior drought tolerance only under the warmest and driest
experimental conditions (Bansal et al. 2015b), but these drought adaptations resulted in trade-
offs with cold-hardiness (Bansal et al. 2016). These findings indicate that while populations on
the trailing edge of current coast Douglas-fir species distribution may be more resilient to
increasing drought stress than previously believed (Bansal et al. 2015b), individuals sourced
from these populations could experience some cold damage if transplanted to cooler
environments (Bansal et al. 2016).

Similar common garden and genecology experiments are currently underway for bluebunch
wheatgrass (Pseudoroegneria spicata), a native perennial bunchgrass species commonly used in
restoration activities across the Intermountain West (Prendeville et al. 2016, 2017; USDA Forest
Service 2018b). Bluebunch wheatgrass populations are known to genetically differ in several
traits that affect adaptation to temperature and precipitation (St. Clair et al. 2013). Current
experiments are examining how seeds from different areas respond to environmental
conditions across a range of regional climates (e.g., hot/dry conditions on the Columbia Plateau
vs. cool/wet conditions in Blue Mountains vs. cool/dry conditions east of the Blue Mountains)
(Prendeville et al. 2016). This research intends to identify traits and climatic factors that affect
establishment, growth, and reproduction, and how responses vary between different
bluebunch wheatgrass populations, which can ultimately be used to make climate-informed
restoration decisions, as well as to inform assisted migration efforts (Prendeville et al. 2016).
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There have also been preliminary investigations into the drought tolerance of Garry oak (Q.
garryana) seedlings in Washington State. Researchers have found that seedlings sourced from
different sites exhibit variable responses to imposed drought stress. However, because the
genetic relatedness of Garry oaks from different sites is unknown, researchers have not yet
been able to determine whether differences in drought response are due to genetic variation
between seedlings or plastic responses by individual trees to environmental stress (Merz et al.
2017).

Mclaughlin & Zavaleta (2012) and Mclaughlin et al. (2014) evaluated the tolerances of valley
oak (Q. lobata) and blue oak (Q. douglasii) in California to drought conditions. Oak distribution
is closely linked to precipitation amount and timing, which affects seedling recruitment, growth,
and germination of oak species. Drought conditions are likely to increase adult tree mortality
and may decrease seedling recruitment outside of cool, wet microenvironments, potentially
leading to range contractions (Mclaughlin et al. 2014). Saplings are acutely sensitive to drought
and their narrower window of suitable climatic conditions (e.g., more sensitive to warmer
temperatures and moisture stress) may prevent their regeneration in areas projected to remain
suitable for adults (Mclaughlin & Zavaleta 2012).

Information generated from genetic studies may help inform a variety of future adaptation
efforts, such as climate-informed stock selection for restoration (Bansal et al. 2015b;
Prendeville et al. 2016; Merz et al. 2017) or timber stand replanting efforts (Watts 2015), as
well as assisted migration (Bansal et al. 2015a, 2015b, 2016; Prendeville et al. 2016). Better
understanding of genetic variation in drought tolerance can also provide finer-scale pictures of
vulnerability; for example, research on coast Douglas-fir has shown that populations at both the
leading and trailing edges of current species distribution are more drought-resilient than
previously believed, indicating that range shifts may occur at a slower rate than initially
projected (Bansal et al. 2015b).

Location and timing

Limited studies discussed changing the location and timing of seeding and planting. In terms of
location, Poulos et al. (2007) found a close association between the drought response and
elevational distribution of two oak species (Q. laceyi and Q. sideroxyla) in the Sierra del
Carmen, Coahuila, Mexico. While both species exhibit drought tolerance, Q. laceyi is found at
hotter, drier sites at lower elevations while Q. sideroxyla avoids drought stress at higher
elevations. Likewise, Leverkus et al. (2015) found that oak seedlings planted at higher elevation
sites in Spain’s Sierra Nevada had increased survival due to reduced drought stress in cooler
conditions. On moisture-limited sites, tree shelters may be used to improve seedling survival
potential (Taylor et al. 2009 jin Vose et al. 2016b). Managers may also need to alter the timing
of planting to ensure optimal growing conditions for species. This includes adjusting the
prioritization of management and restoration activities so as to first repair the most vulnerable
habitats (Palmer et al. 2009) and to not disturb vulnerable areas during drought (Vose et al.
2016b).
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Create or enhance water supply

Wildlife water developments

Wildlife water developments help to ameliorate the loss of naturally-occurring water sources
for the benefit of wildlife, game species, and livestock. Examples of wildlife water
developments include natural rock basins (tinajas), artificial catchments (e.g., guzzlers, earthen
reservoirs), developed springs, and wells (Rosenstock et al. 1999; Krausman et al. 2006). These
structures reduce the distance animals need to travel for water access (Bailey 2005) and their
distribution can influence species’ ranges (Bailey 2005; Whiting et al. 2009). For example, mule
deer (Odocoileus hemionus) in Arizona were able to use previously unsuitable habitat after the
construction of water developments (Rosenstock et al. 1999). Bleich et al. (2010) evaluated the
effect of wildlife water developments on habitat quality for mountain sheep (Ovis canadensis)
in three mountain ranges in the Sonoran Desert, and determined that additional surface water
provisioning could increase the availability of high-quality habitat. Mountain sheep populations
may therefore be able to persist in arid and low-elevation sites that are most vulnerable to
drought.

Water developments are also used to benefit livestock during drought, particularly constructed
ponds developed from groundwater sources (Wallander et al. 2013), and concentrate livestock
and grazing pressure within specific areas (Bailey 2005). For example, cattle altered their
grazing patterns when a solitary water development was constructed within a pasture in
eastern Oregon (Ganskopp 2001 in Bailey 2005), and when water was pumped into a tank
further away from a stream in northeastern Oregon (Porath et al. 2002 in Bailey 2005).

In some areas, wildlife water developments are fenced to exclude feral species and livestock;
however, these exclosures also limit use by wild ungulates such as pronghorn (Antilocapra
americana) and mule deer, and Larsen et al. (2011) recommend avoiding their use where
possible. Additional concerns about these developments include potential increased
competition between wild and domestic animals, direct mortality of animals that become
trapped, and reduced flushing resulting in degraded water quality, although these negative
effects are poorly studied and understood (Rosenstock et al. 1999; Whiting et al. 2009; Simpson
et al. 2011). In addition, these structures require capital investment and long-term
maintenance (Bailey 2005; Krausman et al. 2006).

Constructed wetlands

Constructed or artificial wetlands are typically created to treat wastewater and improve water
quality (Greenway 2005; Vymazal 2010), however animals such as birds and amphibians also
use these wetlands as opportunistic habitat (Gelt 1997; Levy 2015). Studies from North Carolina
(Petranka et al. 2007) and Oregon (Pearl & Bowerman 2006) demonstrate that amphibians can
quickly colonize constructed waterbodies and support population persistence, particularly
during periods of environmental stress. Artificial habitats have also been constructed to
support threatened fish populations in the Murray-Darling Basin of Australia, particularly within
heavily modified, water-limited reaches (Hammer et al. 2013).
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Forest canopy manipulation, snow fencing and harvesting

Snowpack is an important natural water storage reservoir, supplying water for streamflow, soil
moisture, and groundwater recharge, and snow droughts can have severe ecological
consequences (Dierauer et al. 2019). Measures to reduce snowmelt rates or increase snow
accumulation on the ground or in forested watersheds include forest canopy manipulation as
well as snow fencing and harvesting.

Forest canopy structure controls snow accumulation by intercepting snowfall and attenuating
wind speeds (Woods et al. 2006; Vose et al. 2016b; Roth & Nolin 2017). If the snowfall
sublimates—or converts from solid to gas (or ice to water vapor)—before falling to the ground,
less water is available in the snowpack (Montesi et al. 2004). Fire management activities may
increase or decrease snow accumulation. For example, fire suppression increases or maintains
canopy cover, which can reduce snow accumulation on the ground (Matheussen et al. 2000 in
Woods et al. 2006), while thinning treatments have been linked to enhanced snow
accumulation in snow-dominated coniferous forests in the West (Meiman 1987 in Vose et al.
2016b). Woods et al. (2006) examined the hydrologic effects of thinning on lodgepole pine (P.
contorta) stands in Montana and found that the spatial arrangement of trees also affects snow
accumulation. The study used two treatments replicating the effects of wildfires and the
removal of ~50% of the stand basal area; the first treatment mimicked a low-intensity mixed-
severity wildfire wherein many trees survived in an even distribution, while the second
treatment replicated a stand-replacing wildfire where trees were killed in large swaths while
others remained unburned in distinct groups. Snow accumulation rates increased in the first
treatment but no significant change was observed in the second treatment, likely due to
differences in canopy interception and sublimation. Creating forest openings in the Rocky
Mountains increased snow accumulation and reduced snowmelt rates by over two weeks
(Troendle 1983).

Snow fences are structures that force drifting snow to accumulate in a specific area. These
barriers can be structural (e.g., horizontal or vertical slats) or natural (e.g., grasses, shrubs,
trees) (USDA National Agroforestry Center 2011). Snow fences keep snowdrifts from
accumulating on roadways while collecting snow to improve localized water sources and to
recharge soil water content (Jairell & Schmidt 1991). Vegetation barriers can enhance snow
retention, increase soil moisture, and extend water yield availability; sudangrass (Sorghum x
drummondii), sorghum (Sorghum bicolor), and tall wheatgrass (Thinopyron ponticum) have all
been used to trap snow (Renton et al. 2015). Snow fencing and harvesting can maintain soil
moisture and high live fuel moisture, which may reduce wildfire risk (Grant et al. 2013).

Studies have linked snow fencing to increased soil moisture in Wyoming sagebrush
communities and enhanced water supply for lakes in Alaska. David (2013) assessed how snow
fencing could increase soil moisture and improve native species re-establishment at the Jonah
Natural Gas Field in southwest Wyoming. Efforts to restore sagebrush (Artemisia tridentata)
were significantly improved with the use of the Hollow Frame Fence System (HFFS) to
accumulate snow and increase soil moisture. Within the fenced area, significant increases in
snowpack density, spring soil moisture, and Artemisia establishment were observed. The HFFS
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maximizes snow capture, minimizes sublimation, and evenly distributes subsequent moisture
supply across the fenced area. Sturges (1992) evaluated the effects of snow fencing on a
sagebrush rangeland watershed in south central Wyoming and determined that snow water
storage and snowmelt runoff increased by 78% and 129%, respectively. Snowmelt also
increased soil infiltration and groundwater recharge. Finally, Stuefer & Kane (2016) examined
the use of snow fencing to augment water supply for lakes on Alaska’s Coastal Plain. A fence
was placed adjacent to an experimental lake for two winter seasons (2009-2010 and 2010-
2011) and the snowdrift provided meltwater, resulting in an increase of 21-29% of lake water
volume, which offset summer evaporation losses.

Protect vulnerable species through assisted migration and improved habitat connectivity
Warming air temperatures and changes in precipitation are already driving species outside of
their historic ranges (Parmesan & Yohe 2003; Pounds & Puschendorf 2004; Rosenzweig et al.
2007; Crimmins et al. 2011; Monleon & Lintz 2015). Assisted migration—also known as assisted
translocation—is a tool to facilitate the intentional movement of an organism from its historic
range to more favorable climatic habitat conditions (Mueller & Hellmann 2008; Ricciardi &
Simberloff 2009; Camacho 2010; Vitt et al. 2010; Chmura et al. 2011; Lawler & Olden 2011).
Assisted migration allows for the movement of species with slow dispersal rates (e.g., snails,
some plants) or those unable to move on their own with no suitable bridge or migration
corridor to other potentially favorable habitats (e.g., species on remote islands or isolated
lakes). Improving habitat connectivity to facilitate species movement across landscapes in
response to climate change is also an important adaptation strategy (Littlefield et al. 2017),
particularly for fish species (Lyon et al. 2010). For example, removing barriers to fish passage in
streams or creating fish-friendly water crossing structures allows fish to move out of drought-
stressed areas (Palmer et al. 2009; Beechie et al. 2013; Wilhere et al. 2017).

Assisted migration

Several papers discuss efforts to translocate species out of drought-stressed areas. With
respect to plant species, current seed transfer guidelines lack climatically-informed temporal
and spatial considerations to assist decision makers (Chmura et al. 2011; Williams & Dumroese
2013; Vose et al. 2016a). One terrestrial example from Gray et al. (2011) notes three conditions
for assisted migration in aspen reforestation programs: (1) evidence of a species-specific
adaptational lag (characterized by a mismatch in rapid environmental change and slow
evolutionary response), (2) observed biological impacts on forest health and productivity, and
(3) robust bioclimate envelope projections to support translocation decisions. One of the
authors’ key recommendations is for aspen reforestation efforts to focus on drought-tolerant
species and genotypes in a changing climate. McLane & Aitken (2012) successfully tested the
ability of whitebark pine (P. albicaulis) to establish outside of its current range by planting seeds
from seven Oregon and Washington populations in eight different locations in northwestern
British Columbia. Isaac-Renton et al. (2018) evaluated the drought tolerance of lodgepole pine,
by comparing the results of an extensive provenance trial and transplant experiment in western
Canada with tree-ring analyses to evaluate genetic responses between different populations to
extreme events, including a 2002 drought. The study found that northern populations of
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lodgepole pine are highly vulnerable to water stress due to thin xylem cell walls and the
inability to modify stomatal behavior in response to drought, both of which increase the risk of
cavitation, while southern edge populations demonstrated the highest drought tolerance and
could be good candidates for northward transplanting.

A nationwide series of experiments are currently underway to evaluate adaptation options
(resistance, resilience, and response treatments) across different forest types—the Adaptive
Silviculture for Climate Change project (https://www.adaptivesilviculture.org). One such site is
the western larch (Larix occidentalis)-dominated forests located at the Flathead National
Forest/Coram Experimental Forest in northwestern Montana. The response treatment that will
be tested at this site aims to create forest stands that are more tolerant of a warmer, drier
future climate by introducing ponderosa pine, which is currently found at warmer, drier
locations at different elevations than the experimental sites and is more drought-tolerant
(Crotteau et al. 2019). The treatment plan involves active management via thinning and cutting
to reduce risks associated with wildfire and blister rust, while adopting an adaptive
management approach to make adjustments as the climate changes. These adjustments may
include introducing additional species or actively facilitating a transition to a hardwood forest
or woodland if western larch can no longer survive.

The majority of assisted migration examples can be found with respect to aquatic habitats
under drought stress. Fish rescue and reintroduction programs have been conducted to varying
degrees of success and some general principles are accepted; for example, translocation of fish
species are most effective if done during wet periods (Crook et al. 2010). Two well-known
examples evaluating the assisted migration of freshwater fish in response to drought come
from the southern Murray-Darling Basin in Australia. Three translocations have been
undertaken for southern pygmy perch (Nannoperca australis), hardyhead (Craterocephalus
fluviatilis), and river blackfish (Gadopsis marmoratus) (Hammer et al. 2013). Pygmy perch were
transferred from a shallow pool to a deeper pool upstream, however, subsequent monitoring
indicates that the species has been extirpated from the site. Hardyhead were translocated to a
managed wetland with high initial success in terms of recruitment and survival, although the
site was subsequently inundated during a flood. The third translocation of river blackfish was
deemed to be successful as the donor pool site dried while the translocation site five kilometers
upstream retained water. The limited effectiveness of these translocations was likely due to a
combination of the rapid onset and scale of critical water shortages in the region as well as a
lack of prior planning.

Hammer et al. (2015) also reviewed efforts to recover the southern-purple spotted gudgeon
(Mogurnda adspersa) in the Murray-Darling Basin. The species was considered to be completely
extirpated until 2002, when a single remnant population was discovered in a small wetland.
Soon after, the wetland habitat completely dried as a result of extensive drought, flow
regulations, and water diversions. In response, a fish rescue operation captured 50 individuals
before the habitat completely dried out with the intention of reintroduction to the river after
the drought. A long-term captive breeding program was required to rescue the fish from
extinction due to the multi-year drought and subsequent desiccation and limited recovery of
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aquatic plants. In general, captive breeding and reintroduction should be viewed as a last resort
as on-site restoration and other improvements better protect intrinsic functional and
evolutionary links between species and habitat (Frankham et al. 2010 in Hammer et al. 2013).
The reintroduction plan prioritizes sites that maintain natural freshwater flows during long-
term low-flow periods and sites that will likely respond positively to environmental watering
efforts as required (Hammer et al. 2012).

Since 2014, the California Department of Fish and Wildlife (CDFW) has engaged in fish rescue
and reintroduction efforts to protect native populations from drought (CDFW 2019). For
example, endangered coho salmon (Oncorhynchus kisutch) populations in California are at
increased risk of extirpation due to severe drought. Fish rescue was first proposed in 2012 to
save the population from Redwood Creek and efforts began in August 2014 to capture, rear,
and release juvenile fish. Juvenile coho were captured, genetically analyzed, and reared at the
Don Clausen Fish Hatchery on Lake Sonoma, and between 2016 and 2018, the hatchery-reared
adult coho salmon were released back into Redwood Creek to spawn. Success of this and other
fish rescue efforts in response to drought are being monitored by CDFW staff.

Other monitoring efforts have demonstrated less success for fish translocations in California.
Arriaza et al. (2017) evaluated size-conditional smolting and marine survival of the Carmel River
steelhead (Oncorhynchus mykiss) population, which has been under intensive restoration for
over 20 years. The authors determined that translocations likely reduced smolt success and had
minor effects on juvenile growth rates, and that recovery efforts would be more effective by
focusing on conditions to improve growth in the river (e.g., riparian restoration to lower water
temperatures and slow flows) rather than in captivity.

The legal feasibility of assisted migration depends upon the interaction of three factors—
species type, responsible party, and land ownership of current and future species locations. For
example, the introduction of non-native species such as cows and sheep are allowed on Bureau
of Land Management lands for grazing, while the introduction of non-native plants on these
same lands is more closely regulated and native species are preferred (Camacho 2010).

Risks associated with assisted migration include potentially high administrative costs,
translocation failure, harm to biodiversity and ecosystem health at new sites (e.g., Pueraria
lobata [kudzu vine] was introduced as an ornamental plant and to support erosion control in
the Southeast United States but crowded out native species [Everest et al. 1999]; hybridization
of non-native and native species and the introduction of diseases and parasites [Hoegh-
Guldberg et al. 2008; Ricciardi & Simberloff 2009]), and species extirpation (Williams &
Dumroese 2013). These risks tend to increase with distance of transfer (Mueller & Hellmann
2008).

Habitat connectivity

Two studies discussed habitat connectivity and species persistence in the context of drought.
Epps et al. (2006) evaluated how elevation, habitat connectivity, and climate change influence
genetic diversity of desert bighorn sheep (Ovis canadensis nelsoni). Lower-elevation
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populations were found to have lower genetic diversity and were also subject to higher
temperatures, lower precipitation, and fewer stable spring sources when compared with
higher-elevation populations, and decreased population connectivity was linked to lower
genetic diversity. Therefore, genetically diverse populations of desert bighorn sheep in high-
elevation habitats with high connectivity may represent genetic refugia during droughts.
Measures to restore connectivity include translocations and installment of wildlife corridors
across highways.

O’Farrill et al. (2014) evaluated how climate-driven changes in water availability affect habitat
connectivity for three large endangered species in the Greater Calakmul Region of the Yucatan
Peninsula, Mexico. The three species assessed include Baird’s tapir (Tapirus bairdii), white-
lipped peccary (Tayassu pecari), and jaguar (Panthera once), all of which rely on freshwater
from waterholes and seasonal streams. The authors compared the effects of 10 drought
scenarios on waterhole connectivity for each species inside and outside of the Calakmul
Biosphere Reserve, and found that drought significantly affected spatial distribution and
connectivity of waterholes and therefore potential suitable habitat for all three species. The
study determined that maintaining a network of small waterholes inside and adjacent to the
reserve will best support species under water stress.

Identify and protect drought refugia

Identifying and protecting climate refugia—areas likely to maintain more stable climatic
conditions over time—supports species persistence in a changing world. Temperature and
moisture are two factors that dictate the spatial and temporal distribution of climate change
refugia (Morelli et al. 2016). Refuge types depend on the habitat and species in question; for
example, in aquatic systems, pools, waterholes, ephemeral and permanent streams, logs,
riffles, and riparian vegetation all can sustain moisture or water levels to combat the effects of
drought on aquatic species (Bond et al. 2008).

Cartwright (2018) evaluated how specific landscape topography and soil features can create
refugia in lodgepole and whitebark pine (P. albicaulis) forests. Topographically shaded slopes,
thinner stands, areas of low bulk-density soils, valley bottoms, and riparian areas were
associated with higher and longer soil moisture retention rates compared with other sites.
Mackey et al. (2012) mapped vegetated areas that likely functioned as drought and fire refugia
between 2000-2010 in Australia, finding that areas with topographic sheltering and shading
and reliable surface or subsurface water flow created or maintained moister conditions. Mesic
areas within dry forest habitats, such as gullies, serve as drought and fire refugia for stressed
species (Mac Nally et al. 2000). Elevated water supply alone is not sufficient to identify drought
refugia as hydrologic characteristics of mesic sites must also meet biological requirements; for
example, how much water, the timing of availability, and its form dictate where a given species
can persist (Mclaughlin et al. 2017). Managers should also consider balancing other effects of
climate change, including thermal stress, wildfire, and floods (Mackey et al. 2012; Mac Nally et
al. 2010; Mclaughlin et al. 2017).
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Intact floodplains may act as drought refugia as they typically feature cool, mesic microclimates
with stable water availability from groundwater sources and flooding. Selwood et al. (2015)
evaluated how floodplains may serve as refugia by assessing the effects of a multi-year drought
on terrestrial birds in floodplains and adjacent areas in Australia. The authors found that fewer
species declined in floodplains (19%) than non-floodplains (29%) with specific species—white-
naped honeyeater (Melithreptus lunatus), grey currawong (Strepera versicolor) and golden
whistler (Pachycephala pectoralis)—using floodplain forests as refugia over the course of the
13-year drought.

Hyporheic zones—saturated areas of streambeds and banks where surface water and
groundwater mix—are habitat for microbes, invertebrates, and fish (Woessner 2017) and may
also be drought refugia for macroinvertebrates (Wood et al. 2010). Wood et al. (2010) found
that during a severe drought on the Little Stour River in the United Kingdom, benthic fauna
used the hyporheic zone as a refugium from the combined effects of low flows, increased water
temperatures, and decreased dissolved oxygen levels. Similar studies have resulted in
conflicting findings about the use of hyporheic zones as refugia; for example, no evidence was
found on benthic taxa use of the hyporheic zone under low-flow conditions in South Carolina,
California, and the Sonoran Desert (Stubbington 2012). However, this lack of consistency may
be due to different flow characteristics (e.g., intermittent vs. perennial, floods vs. droughts) and
physical characteristics of the substrates (e.g., volume of fine sediment) in the streams within
different study areas. Sedell et al. (1990) also discuss the role of hyporheic zones as drought
and thermal refugia, noting that diapausing stonefly nymphs have been observed as deep as 25
cm in the substrate of a dry streambed.

Sedell et al. (1990) recommend identifying and conserving refugia in river systems based on a
hierarchical geomorphic and spatial system. For example, refugia at smaller scales (e.g., side
channels) may be less resistant to disturbance than refugia at larger scales (e.g., wide floodplain
areas, oxbow lakes), which may be more resistant and resilient to disturbances. However,
small-scale refugia such as deep pools have been observed to allow fish to persist during
drought conditions in an intermittent stream in lowa (Pauloumpis 1958 in Sedell et al. 1990).

The lack of geospatial data on certain refugia, such as springs, may limit conservation measures.
Cartwright & Johnson (2018) used remote sensing and climate data to identify and assess the
potential of different types of springs to act as drought refugia. Springs are sources of habitat,
surface water for wildlife, and soil moisture, and can vary widely in terms of hydrology and
chemistry within a watershed. This study assessed surface-moisture zones associated with
springs in a montane sage-steppe habitat, and found that the most resilient sites featured cool
temperatures and topographic shading and sheltering common among higher elevation, north-
and northeast-facing slopes. Additional resilient surface-moisture zones were identified
immediately below snowbanks that provide stable recharge for high-elevation springs.

Man-made water bodies—drainage ditches, irrigation pipes, canals, and wastewater treatment

and decommissioned industrial ponds—could be particularly beneficial as refugia if natural
water systems are insufficient to support fish and wildlife. For example, fish in the Rio Grande
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Basin have been observed using irrigation canals as drought and thermal refugia when adjacent
rivers are drying and warm; these canals also serve as corridors through which fish and
amphibians can migrate, including both native and non-native species (Cowley et al. 2007). In
evaluating the potential of man-made water storage bodies to serve as refugia, Halliday et al.
(2015) point to three main criteria: the water regime; water quality; and species’ habitat
requirements. With respect to the water regime, man-made water storage sites are relatively
permanent and stable compared to natural systems that are more susceptible to drying. Water
guality in some man-made sites (e.g., wastewater treatment ponds) may limit the ability of
species to utilize these areas as habitat. In a comparison of man-made and natural water
bodies, few differences were identified in the potential ability of both areas to support fish,
frogs, and zooplankton during drought and other disturbances, however, habitat enhancement
via increased vegetation and substrate diversity would be beneficial (Halliday et al. 2015). In
addition, the utility of these sites may be constrained by natural dispersal corridors and human
interventions and translocations may be necessary.

Goal: Reduce stress on ecosystems and species

Reduce tree density and fuel loads through thinning and prescribed burns

Water shortages are driving increased moisture stress, tree mortality, and fuel flammability in
forests (Gregg et al. 2016; Littell et al. 2016). Thinning and prescribed fire are common tools
used to reduce tree stand densities and fuel loads in forests. Thinning increases tree vigor by
strategically reducing competition and therefore increasing resistance and resilience to
moisture stress and infection by pests and pathogens (Bréda & Badeau 2008; Klos et al. 2009;
Swanston and Janowiak 2012; Scott et al. 2013; Kershner et al. 2015; Halofsky et al. 2016;
Bradford & Bell 2017; Gleason et al. 2017). Halofsky et al. (2016) note that managers can alter
thinning treatments to be more effective by focusing on areas where summer drought impacts
will be most prominent, in high-value habitats (e.g., riparian zones), and in high-risk locations
(e.g., Wildland Urban Interface).

Prescribed fire reduces the risk of catastrophic or stand-replacing fire by targeting and reducing
surface and ladder fuels, allows for the re-introduction of natural fire regimes, and prepares the
landscape for the re-establishment of fire-tolerant native species that may be better adapted to
shifting fire regimes (Spies et al. 2010; Gregg et al. 2016). However, extended droughts can
reduce opportunities to use prescribed fire as particularly dry conditions can make fires difficult
to control. In general, more heterogeneous forests are typically more resilient to drought,
wildfire, and disease (Ahlqvist & Shortridge 2010; Spies et al. 2010; Peterson et al. 2011; Scott
et al. 2013; Kane et al. 2017; USDA Forest Service 2017b).

In general, reducing stand density can limit drought stress, fire risk, and susceptibility to disease
and insect outbreaks (Chmura et al. 2011), although there are some inconsistent findings in the
literature regarding the effects of thinning and prescribed fire on individual tree health and
mortality, stand health and competition for water, soil moisture and water yield, and
understory vegetation.
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Effects

Effects

on individual tree health and mortality

Thinned trees typically require less water and may therefore be less vulnerable to water
stress (Ruzicka et al. 2017).

Zausen et al. (2005) studied the long-term effects of thinning and combined thinning
and prescribed fire treatments on ponderosa pine tree and stand susceptibility to water
stress and bark beetles. Thinning in particular was effective in increasing resistance and
reducing tree mortality to drought and beetles by increasing individual tree growth and
resin production, increasing leaf nitrogen concentration and photosynthetic capacity,
and reducing tree water stress.

Thinning may increase leaf-to-sapwood area ratios, which can cause increased individual
tree water demand (Kolb et al. 2007; Carnwath et al. 2012).

Neither growth nor drought vulnerability were significantly affected by repeated burns
in forests dominated by red pine (P. resinosa) in northern Minnesota (Bottero et al.
2017).

on stand health and competition
Reducing the density of fire-suppressed stands may also reduce the risk of drought-
induced mortality (Young et al. 2017).
Prescribed fire reduced tree mortality and stand density and increased resistance to
drought in a comparison of burned and unburned low-elevation mixed-conifer forests in
Yosemite, Kings Canyon, and Sequoia National Parks (van Mantgem et al. 2016).
Basal area reduction via thinning and other forest management activities may be
particularly useful over the near-term in limiting drought-induced mortality (Bradford &
Bell 2017). By maintaining basal area at low rates (20% of current area), managers may
be able to prevent projected mortality increases of:

e 70-86% by 2050s and 31-54% by 2080s of Douglas-fir;

e 42-70% by 2050s and 25-51% by 2080s of ponderosa pine; and

e 30-55% by 2050s and 16—34% by 2080s of pinyon pine.
Thinning generally increased drought resistance and resilience, resulting in larger trees,
in a long-term experiment in Minnesota’s red pine forests; however, over the long-term,
lower-density stands with large trees exhibited reduced drought tolerance due to higher
water demands (D’Amato et al. 2013).
Thinning supports drought resistance and resilience by increasing growing space for
trees (Larson et al. 2012), including larger root systems (Andre 1957; Kohler et al. 2010),
which allow for greater access to groundwater (Dawson 1996; Wang et al. 2018).
Thinning reduced competition for moisture but did not sufficiently reduce tree mortality
in mixed-conifer and ponderosa pine forests in northern Arizona during a severe 10-year
drought (Ganey & Vojta 2011).
Thinning and prescribed fire have reduced competition in overcrowded ponderosa pine
forests (Gitlin et al. 2006).
Thinning to limit crown competition can also reduce canopy interception, which
increases the amount of precipitation that is capable of reaching the forest floor
(Aussenac 2000).
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Effects

Thinning and prescribed burns to reduce stand density and competition may promote
drought resistance in ponderosa pine and Douglas-fir forests, although success appears
to be dependent on treatment intensity, drought persistence, tree characteristics, and
species (Vernon 2017). For example, basal area was only reduced by 34% and some
competitors were left to maintain species diversity in the Whiskeytown National
Recreation Area of northern California. Overall growth responses to treatments were
not strongly significant, but may have been more so if thinning treatment intensity had
been more intensive. As drought conditions persisted, resistance appeared to decline in
both treated and untreated stands. The study also determined that lower drought
resistance was more common amongst larger trees, trees experiencing higher
competition, and Douglas-fir species.

Many thinning projects conducted to resist moderate- to high-severity wildfires have
reduced the abundance of small trees and diverse tree species (Baker & Williams 2015).
Ensuring the maintenance of both abundance and diversity of trees with small trees
dominant may best support dry-forest drought resilience in the western United States
rather than just retaining larger, more mature trees (Baker & Williams 2015). For
example, Carnwath et al. (2012) concluded that thinning small-diameter trees that grow
beneath the dominant canopy increased stand vulnerability to drought by removing the
most resilient canopy class.

on soil moisture and water yield

Thinning can increase soil moisture per tree or per leaf area (Adams et al. 2012).
Thinning of ponderosa pines in the Coconino National Forest increased soil water
content from May to August and improved the condition of remaining trees by
increasing canopy growth and nutrient uptake (Stone et al. 1999).

Thinning increased soil moisture levels in balsam fir (Abies balsamea) stands in Canada
(Thibodeau et al. 2000).

Removing pinyon and juniper trees encroaching on sagebrush habitats in the Great
Basin with prescribed fire or mechanical thinning was successful in lowering fuel loads,
and increased the availability of soil moisture up to four years post-treatment (Roundy
et al. 2014).

In a comparison of prescribed burns and thinning treatments over 30+ years for western
juniper control across 77 sagebrush steppe habitats in Idaho, Oregon, and northern
California, Davies et al. (2019) found that prescribed burning was more effective at
controlling juniper encroachment and encouraging sagebrush dominance over the long
term than thinning, but results in more immediate loss of sagebrush and sage-grouse
habitat. Both prescribed burning and thinning are effective at increasing soil nutrient
and water availability, although this may lead to invasion of exotic annual grasses, such
as cheatgrass (Bromus tectorum), Japanese brome (Bromus japonicus), and medusahead
wildrye (Taeniatherum caput-medusae).

Clark et al. (2018) evaluated data from a prescribed fire conducted in 2002 in the
Reynolds Creek Experimental Watershed in southwestern Idaho, and found that
vegetation type, tree height, percent bare ground, and fire type were the most

36



significant factors influencing western juniper mortality from fire and could reliably be
used when planning fire prescriptions.

Prescribed burning had no significant effect on soil moisture in a comparison of soil
greenhouse gas exchange between burned and unburned plots in a southeastern
Australia eucalypt forest (Zhao et al. 2015).

Prescribed burns generate soil heat, which can reduce water infiltration and may create
hydrophobic soils; managers are advised to burn when soil volumetric moisture content
is >20% to limit heat penetration (Busse et al. 2014).

Thinning of at least 15-30% of the forest canopy is required to see any measurable
effect on peak flows and water yields (Troendle & Leaf 1980 and Bosch & Hewlett 1982
in MacDonald & Stednick 2003). Thinning of 25-30% of the forest canopy may also
slightly increase snowmelt peak flows and water yields in alpine and subalpine areas
(MacDonald & Stednick 2003).

Burning treatments decreased soil moisture and total combined above-ground biomass
for trees and shrubs but increased herbaceous cover and production in Wyoming
sagebrush habitat (Davies et al. 2007).

Burning increased soil moisture and native perennial biomass and seed production at
low-elevation sites in the Great Basin, limiting Bromus invasions (Chambers et al. 2007).

Effects on understory vegetation

Regeneration treatments may indirectly increase stand vulnerability to drought by
increasing evaporative losses and understory competition for soil moisture (Nilsen et al.
2001 in Vose et al. 2016a).

Thinning to reduce overstory density increased cover and diversity of understory species
in a study of the relationship between thinning and food availability for wildlife in
Douglas-fir forests in western Oregon (Neill & Puettmann 2013). These understory
species were also found to be drought-, fire-, and heat-tolerant, indicating that some
wildlife habitat services can be maintained under changing climate conditions.

Declines in understory vegetation cover and diversity were observed post-thinning of
Douglas-fir and ponderosa pine forest stands in British Columbia (Page et al. 2005).
Drought conditions likely contributed to the observed declines by preventing the re-
establishment and recovery of understory vegetation. The authors conclude that two or
more full growing seasons are needed to recover undergrowth cover and biomass
following drought, and recommend limiting fuels treatments during drought years or
conducting treatments on snow-covered soils.

Thinning and burning increased species richness in understory vegetation in a study of
restoration treatments in central Washington dry conifer forests (Dodson et al. 2008).

Maintaining organic debris

Maintaining organic debris on forest floors, such as tree limbs and trunks, snags, and leaves,
limits soil moisture loss and soil erosion, promotes nutrient cycling, and provides food and
habitat for wildlife (Schnepf et al. 2009). A study in a temperate Australian woodland found that
coarse woody debris supports understory plant growth and survival by promoting higher
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moisture content; larger diameter woody debris had a greater effect on maintaining moisture
content and protecting understory vegetation from the effects of drought (Goldin &
Brookhouse 2015). Woody debris may also act as seedbed substrate in forests that have
shallow soils with limited water-holding capacity. In a study of subalpine Norway spruce (Picea
abies), woody debris water stores were able to provide sufficient moisture for seedling
recruitment (Pichlerova et al. 2013).

Use exclosures and fences to protect groundwater-dependent habitats and associated species
Wildlife exclosures and livestock fences can be used to protect highly sensitive groundwater-
dependent habitats (USDA Forest Service 2017b). Groundwater-dependent habitats, such as
seeps, springs, and riparian areas, support functional hydrologic regimes (Dwire et al. 2018) and
high biodiversity (Gibert et al. 2009), including rare species (Frost et al. 2004), mosses and
invertebrates (Virtanen et al. 2009), and springsnails (Frest & Johannes 1999), and provide cool
water for spawning and rearing of salmon (Ziemer & Lisle 1998). These habitats are highly
sensitive to ecological drought as well as browsing and grazing intensity (Jackson & Allen-Diaz
2006). Wildlife exclosures and livestock fencing reduce access to groundwater-dependent
habitats and help reduce damage in and adjacent to water sources (Renton et al. 2015; Dwire
et al. 2018).

Areas with livestock exclosures may be able to capture and store more water than grazed sites.
Kauffman et al. (2004) compared the effects of livestock exclosures on dry (grass and forb-
dominated) and wet (sedge-dominated) meadow communities along the Middle Fork John Day
River in Oregon. In exclosed sites, total belowground biomass, soil pore space, and mean
infiltration rates were higher in both dry and wet meadows. The study determined that if
livestock were excluded from the entire area, the surface 10 cm of soils in the meadows could
store 16.6 x 10° L more of water.

Fencing can reduce grazing and browsing pressure on drought-stressed species. In the Book
Cliffs area of Utah, aspen forests (Populus tremuloides) exhibit low resilience to moisture stress
and other environmental changes, which are exacerbated by elk and livestock browsing
intensity (Rogers & Mittanck 2014). Fencing has been effective in reducing browsing impacts in
smaller aspen stands, riparian habitats, and recreational locations in the region, but fencing
across larger areas is less feasible and cost-prohibitive. In these cases, allowances for increased
hunting opportunities and/or the reintroduction of predators (e.g., wolves) may be more
feasible than widespread fencing.

Studies show that exclosures and fences are effective in increasing species survival. Wetland
species abundance was higher in riparian areas with livestock exclosures than those where
cattle were allowed to graze in a comparison of 14 sites on Forest Service and Bureau of Land
Management lands in Idaho and Oregon (Coles-Ritchie et al. 2007). Grazing exclosures yielded
higher recruitment, survival, and population growth rate of the Columbia spotted frog (Rana
luteiventris) near stock ponds created to ameliorate drought-induced population declines in the
Northern Great Basin (Pilliod & Scherer 2015).
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Use livestock rotation and diversification to reduce pressure on vegetation and soils
Livestock rotation and diversification help to spread risk within drought-affected areas. For
example, livestock congregating near water sources trample and overgraze streambanks,
causing damage to around 80% of stream and riparian habitats in the Western United States
(Belsky et al. 1999). Overgrazing of vegetation can reduce soil water infiltration (Trimble &
Mendel 1995), and plant cover and root growth (Finch et al. 2016).

Livestock rotational systems, including flexible stocking methods, facilitate reductions in grazing
pressure (Wallander et al. 2013; Renton et al. 2015), which can expedite post-drought
vegetation recovery (Finch et al. 2016). For example, under moderate grazing intensity,
rangelands may experience limited loss of root growth and may continue to use soil moisture at
levels as low as 1-2%, but under heavy grazing, vegetation can experience permanent wilting
even with moderate soil moisture loss (levels at 6—8%) (Howery 1999). Livestock rotation during
post-drought recovery is also important; pastures may need to be completely rested for several
seasons and grazing may need to be delayed until after herbaceous forage plants have
produced mature seed (Howery 1999). Economic losses may be offset by opening up rested
pastures for hunting or wildlife viewing recreational opportunities (Fox 2008). Emerging tools,
such as Grass-Cast, can support flexible stocking decisions on rangelands by integrating climate
projections into forage productivity outlooks to better match forage supply with animal
demand before, during, and after periods of drought (Peck et al. 2019).

Grassbanking is increasingly used to reduce grazing pressure on rangelands in the western
United States. These cooperative conservation agreements incentivize ranchers to rest areas of
pasture on their property in exchange for grazing access on other properties (Gripne 2005). The
practice was created by the Arizona-New Mexico collaborative Malpai Borderlands Group to
support ranchers suffering from drought in the 1990s. In addition to temporary reductions in
grazing pressure, grassbanks have been used to preserve space for other conservation benefits,
including wildlife habitat and conservation easements prohibitive of development (Gripne
2005; White & Conley 2007).

Shifting the breed, class, or species of livestock on rangelands may ameliorate the effects of
drought while maximizing production capacity under drought conditions. For example, Bos
indicus cattle are more tolerant of heat than Bos taurus cattle, while sheep and goats are more
heat tolerant and require less water than cattle (Joyce et al. 2013). Drought can also reduce
forage nutritional quality (Wallander et al. 2013); bison, sheep, and goats are less selective in
foraging than cattle (Fox 2008; Joyce et al. 2013).

Enhance ecologically available water supply via environmental watering

Managing environmental flows includes the allocation, timing, and quality of flows needed to
preserve freshwater ecosystems (Richter et al. 2003; Almazan-Gémez et al. 2018).
Environmental flow management is undertaken to reestablish higher minimum flows, stable
daily flows, high-flow characteristics, and multiple environmental flow components (Higgins &
Konrad 2012). Environmental watering is the active delivery or use of water to achieve
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ecological objectives, such as conservation of biodiversity and restoration of ecological
processes and functions (Beesley et al. 2014; Bond 2016).

Environmental flows include those waters “remaining in rivers after extraction for human use,”
however, most of these flows are currently insufficient to sustain ecological benefits (Kingsford
2011). Recovery of these flow regimes requires coordination with the very operations that
restrict them in the first place (e.g., dams) (Palmer et al. 2009). For example, dams can be
modified to accommodate fish passage and mimic natural flow regimes to support the
restoration of downstream floodplain habitats (Richter & Thomas 2007). Potential
complications associated with engineered environmental flows include reduced access to
critical habitats for fish species, water quality degradation, and loss of flow diversity (Bond et al.
2014).

Environmental watering has been used to maintain post-restoration sites in highly valued and
rare habitats (Hanson & Weltzin 2000) and to improve seedling survival post-fire in a semi-arid
montane watershed in Spain (via fog water capture and redistribution; Estreal et al. 2009 in
Grant et al. 2013). Core examples from the literature on environmental watering come from
aquatic environments. The delivery of environmental water helped to maintain core refuge
habitat for several species stressed by low-flow conditions in the Murray-Darling Basin
(Hammer et al. 2013). For example, environmental watering was instrumental in maintaining
water depth and dissolved oxygen levels in a stream refuge pool in Rodwell Creek. In 2005, the
largest ever environmental water delivery in Australia was made to the Barmah-Millewa Forest,
a river red gum (Eucalyptus camaldulensis) forest featuring a variety of ephemeral and
permanent aquatic habitats (King et al. 2010). The decline of native fish species abundance and
distribution in the region has been attributed to drought and flow alterations. To maintain the
ecological integrity of the area, managers use environmental flows and environmental water
allocations to supplement water supply. Overall, the 2005 environmental watering event
yielded enhanced native fish spawning and recruitment, enhanced growth and health of native
vegetation, and successful breeding of several waterbird and frog species. However, there were
several unintended and undesirable effects, including improved dispersal of invasive fish
species and the spread of the exotic weed arrowhead (Sagittaria graminea).

Key considerations for environmental watering include where the water is sourced from, as
well as when and how it is delivered, although the relative importance differs among species
(Beesley et al. 2014). In one study, fish abundance was highest when watering was sourced
from natural rivers and lowest when sourced from artificial irrigation channels (Beesley et al.
2014). Fish recruitment and abundance may be optimized if natural water sources are used and
delivered during target species’ spawning periods.

Reduce water withdrawals

Limiting water withdrawals can reduce the effects of drought on wildlife and habitats (Bond et
al. 2008; Petes et al. 2012; Vose et al. 2016b). For example, water withdrawals, combined with
severe drought conditions, decreased freshwater input to Florida’s Apalachicola Bay, which
raised salinity levels and significantly increased disease-related mortality of oysters (Petes et al.

40



2012). Water withdrawals have significantly contributed to the desiccation and salinization of
Lake Abert, Oregon, designated as critical habitat under the Western Hemisphere Shorebird
Reserve Network, resulting in limited shorebird use and reduced brine shrimp and alkali fly
populations (Moore 2016). Without these withdrawals, the lake would have maintained water
volume and optimal salinity limits. In Québec’s Yamaska River, Trudel et al. (2016) evaluated
vulnerability to low flows associated with climate change as well as water withdrawals. The
project established five low-flow alert levels for decision makers (e.g., watchfulness, target low
flow, alert, reinforced alert, and crisis) and created water use and withdrawal restriction criteria
based on the alert level (e.g., 5-10% reduction per level). In the Gulf Coast region, striped bass
(Morone saxatilis) populations have sharply declined due to a combination of drought and
groundwater withdrawals that have limited their access to cool-water springs (Baker & Jennings
2005). While natural resource managers from state and federal agencies attempt to
reintroduce striped bass to local rivers, limiting groundwater withdrawals, particularly during
drought periods, has been identified as a key strategy to retain cool-water springs.

Promote water conservation through collaborative agreements (e.g., water banking, water
trading)

Water conservation measures play critical roles in preparing for and recovering from the
ecological effects of drought. Water banking is the practice of allocating water for current use
or storing it for later use (Green & O’Connor 2001). Water trading is the process of buying,
leasing, and selling water rights, which are the rights a particular user has to access and use
water from a source (e.g., river, stream, groundwater) (Arnold 2009; Benson 2012). Improving
irrigation efficiency may limit water loss at diversions and ditches, maximize water absorption
by plants and soil, and restore flows to benefit wildlife (Howell 2003); however, this may lead to
increased water consumption, ultimately exacerbating water shortages (Scott et al. 2014;
Grafton et al. 2018; Linstead 2018).

Climate change, coupled with increasing population growth and subsequent water demand,
requires the reevaluation of how water use and management mechanisms operate. Water
banking for environmental purposes has occurred in Idaho, Montana, Oregon, and Washington
(Montilla-Lépez et al. 2016). In Idaho, the state government developed a bank to acquire water
rights—both temporary and permanent—from parts of the Upper Snake, Payette, Boise, and
Lembhi rivers to address ecological impacts from hydroelectric activity in the Columbia Basin.
The Montana and Oregon Water Trusts uses water banking to restore water flows of each
state’s rivers. The Washington Water Trust aims to restore natural water flows to the Yakima
and Dungeness rivers by purchasing temporary water rights in drought years as well as
permanent rights. For example, the Washington Water Trust bought water rights on First Creek
in the upper Yakima River Basin to increase the amount of water available for steelhead in First
and Swauk creeks (PRISM 2019).

Water rights have been critical to the effective management of drought in the Bear River
Migratory Bird Refuge (BRMBR), located at the delta between the Bear River and the Great Salt
Lake in Utah. The Bear River is heavily regulated, flowing through Idaho, Utah, and Wyoming
and subject to multiple uses and rights along its course (Downard et al. 2014). The BRMBR have

41



a portfolio of over 25 junior water rights to maintain wetlands and species, but the majority of
its water supply comes from the Bear River, and as such, the complex depends on whatever
water is left after senior water rights have been accommodated upstream during the height of
the irrigation season. Managers have developed management plans and designed
infrastructure to maintain wetlands during periods of drought and flooding. The plan
establishes management alternatives and objectives for each refuge wetland unit to maintain
water depth and distribution to accommodate variations in water flows and minimize
consecutive drought years. Managers collaborate with nearby water users, including canal and
hydroelectric dam companies, to assess how development and water uses may affect the basin,
and participate in water rights allocations meetings. Canals and dikes divert and impound water
from the Bear River to supplement refuge supply, and managers use water control structures to
supply water to wetlands in winter and spring and aim to maintain these water levels for as
long as possible through the fall (Downard & Endter-Wada 2013; Downard et al. 2014).

There are several examples from the literature of how collaborative agreements have been
used to engage in water conservation. Ranchers in Montana’s Blackfoot and Big Hole Valleys
have engaged in drought management collaboratives at the local level that have conserved
water during drought years, improved irrigation and well systems, and restored critical riparian
habitats (Yung et al. 2015). The Blackfoot Drought Response Plan aims to balance multiple
water uses through a “shared sacrifice” framework wherein a consensus-driven, voluntary
approach to managing low flows across the basin is prioritized (Smith 2012). Water users can
pool their water rights and use water banking to maintain instream flows during periods of
drought.

In the Big Hole Valley, the native Arctic grayling (Thymallus arcticus arcticus) has declined due
to a combination of low flows and high water temperatures driven by decreasing precipitation
and growing irrigation demands (Smith 2012). The Big Hole Watershed Committee (BHWC)
facilitated conversations between ranchers, farmers, municipalities, anglers, and conservation
practitioners to develop a drought management plan in 1997 that balances multiple needs. The
plan provides guidance on voluntary measures to prepare for and recover from drought,
including limiting fishing and water extraction, as well as triggers for river use restrictions
enforced by Montana Fish, Wildlife, and Parks should drought conditions become severe (e.g.,
flows at or below 20 cfs or daily maximum water temperatures at or above 73°F over some
period of time for three consecutive days [BHWC 2017]).

McEvoy et al. (2018) evaluated the degree to which drought management plans from the Big
Hole, Blackfoot, Boulder-Jefferson, Gallatin, Madison, Ruby, and Beaverhead-Red Rock
watersheds address non-human water needs. The authors note that the majority of plans
consider the ecological impacts of drought as triggered by water temperatures and streamflow
variation; focusing on streamflows encourages managers to prioritize reactive measures rather
than developing long-term, proactive strategies.
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Goal: Increase understanding of ecological drought

Improve understanding of ecological drought impacts and adaptation options through
synthesis, research, monitoring, and evaluation

There is evidence supporting the use of several drought adaptation strategies and actions in use
by managers and recommended in adaptation guidance documents. However, there are still
knowledge gaps and areas for future research to support more climate-informed drought
management. This includes more targeted research on drought interactions with habitats and
species as well as increased monitoring and evaluation to detect the effectiveness of specific
actions under different conditions. Some specific examples of future research needs identified
in the reviewed literature include:

Evaluation of the ecohydrological variables that influence how drought affects forest
species (Littell et al. 2016);

Identification of genetic provenances that thrive in warmer and drier climates
(Spittlehouse 2003);

Improved long-term monitoring to detect climate change-driven drought-induced
vegetation shifts and the effects of drought-induced mortality (and the role of non-
drought co-drivers of mortality) on vegetation dynamics (Martinez-Vilalta & Lloret
2016);

Studies to identify which fuels treatments most effectively reduce intraspecific tree
density and basal area and increase diversity in tree size and age to better survive
drought and insects (Kane et al. 2014);

Tests of the application of ecologically-informed indices such as the Normalized
Ecosystem Drought Index (NEDI) (Chang et al. 2016) and the Drought Effect of Habitat
Loss on Invertebrates (DEHLI) (Chadd et al. 2017). The DEHLI, for example, quantifies the
effects of drought on riverine species through stages of channel drying, ecological
thresholds and relative tolerance to the potential loss of habitat at each stage, and
subsequent recovery. For example, Stage 1 includes species that require fast-flowing,
cool, well-oxygenated water while at Stage 5 free surface water is lost leaving behind
only moist sediment or complete desiccation;

Investigation of the effects of drought on forest regeneration (Klos et al. 2009);
Identification of the genetic variation and adaptation potential of non-commercial and
non-threatened vegetation species (Chmura et al. 2011);

Identification of how factors affecting forest growth may vary depending on the
relationships between competitive intensity and climate (e.g., cold, arid) (Gleason et al.
2017);

Improved understanding of how belowground processes interact with drought (e.g.,
root dynamics, soil water access) (Vose et al. 2016b); and

Developing drought indicators for coastal managers (Nolan et al. 2016).
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4. Ecological Drought Adaptation Decision Support Table

In an initial search, we identified over 260 ecological drought adaptation strategies and actions
by reviewing the literature and options generated and prioritized by managers during regional
adaptation workshops and other adaptation planning efforts. This list underwent a second
screening and editing process to remove duplicates and combine similar actions; this pared
down list includes 72 actions. These actions are sourced directly or modified from the
Adaptation Partners’ Climate Change Adaptation Library for the Western United States?;
Northern Institute of Applied Climate Science Adaptation Workbook3; Stillaguamish Tribe of
Indians Natural Resources Climate Change Adaptation Plan*; Puyallup Tribe of Indians Climate
Change Impact Assessment and Adaptation Options®; Climate Adaptation Plan for the
Territories of the Yakama Nation®; Jamestown S’Klallam Tribe: Climate Vulnerability Assessment
and Adaptation Plan’; Lummi Nation Climate Change Mitigation and Adaptation Plan®; EPA
Climate Change Adaptation Resource Center (ARC-X)®; Climate Change Adaptation Planning for
Resources of Nez Perce-Clearwater National Forests!?; Southern California Climate Adaptation
Project!!; and the Hawaiian Islands Climate Synthesis Project.!?

To complement the literature review, we classified the full list of identified ecological drought
adaptation actions according to adaptation approach, adaptation strategy, implementation
feasibility, and effectiveness in reducing ecological drought vulnerabilities. When selecting
adaptation actions for implementation, managers should consider both effectiveness (action
reduces vulnerability) and feasibility (action capable of being implemented). Implementation
feasibility considers technical (e.g., financial, staff, data) and socio-political (e.g., social, political,
institutional, legal) barriers. An adaptation action with high effectiveness is very likely to reduce
associated vulnerabilities and may benefit additional management goals or resources whereas
an action with low effectiveness is unlikely to reduce vulnerability and may have negative
impacts on other resources. An adaptation action with high feasibility has no obvious barriers
and a high likelihood of implementation whereas an action with low feasibility has obvious
and/or significant barriers to implementation that may be difficult to overcome. The
implementation feasibility and effectiveness of each action are ranked from Low to High (Figure
3; Table 3).

2 http://adaptationpartners.org/library.php

3 https://adaptationworkbook.org/niacs-strategies

4 https://cig.uw.edu/wp-content/uploads/sites/2/2014/11/SNRD-Adaptation-Plan.pdf

5 http://www.puyallup-tribe.com/tempFiles/PuyallupClimateChangelmpactAssessment 2016 FINAL pages.pdf
6 http://www.critfc.org/wp-content/uploads/2016/05/Yakama-Nation-Climate-Adaptation-Plan-.pdf

7 http://www.jamestowntribe.org/programs/nrs/nrs_climchg.htm

8 http://Innr.lummi-nsn.gov/LummiWebsite/userfiles/360 Climate%20Change%20Assessment%20FINAL.pdf

9 https://www.epa.gov/arc-x

10 https://www.cakex.org/documents/climate-change-adaptation-strategies-resources-nez-perce-clearwater-national-forests
11 http://ecoadapt.org/programs/adaptation-consultations/socal-asproducts

12 http://ecoadapt.org/programs/awareness-to-action/hawaiianislands/products
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Feasibility of Implementing the Action Action Effectiveness at Reducing
e High: There are no obvious barriers and it has a Vulnerabilities
high likelihood of being implemented e High: Action is very likely to reduce
e Moderate: It may be possible to implement the vulnerability and may benefit additional goals
action, although there may be challenges or or habitats
barriers e Moderate: Action has moderate potential to
e Low:There are obvious and/or significant reduce vulnerability, with some limits to
barriers to implementation that may be difficult effectiveness
to overcome e Low: Action is unlikely to reduce vulnerability

Figure 3. Description of action feasibility and effectiveness rankings.

Effectiveness rankings are based on evidence in the scientific literature. Feasibility rankings are
based on expert opinion (e.g., natural resource managers provided rankings during workshops
that were a part of other adaptation planning projects, such as Climate Change Adaptation
Planning for Resources of Nez Perce-Clearwater National Forests, Northern Rockies Adaptation
Partnership, Southern California Climate Adaptation Project, Hawaiian Islands Climate Synthesis
Project, and scientist-manager expert panels on prescribed fire and sea level rise in the
Northwest). The table also provides notes on any known caveats or limitations to feasibility and
effectiveness.

This table can help managers prioritize actions for implementation (e.g., actions with high
feasibility and high effectiveness), better target management efforts toward specific challenges
(e.g., actions with low or moderate feasibility but high effectiveness), and/or evaluate whether
to proceed with implementation (e.g., actions with high feasibility but low effectiveness). For
the latter two purposes, managers may consider the following questions:

e Low or Moderate Feasibility/High Effectiveness Actions: What steps can be taken to
increase the likelihood of this action being implemented in the future?
o Example: Would improving public outreach and education or enhancing
public/private collaboration facilitate increased management access and activity
on private lands (e.g., to remove invasive species)?

¢ High Feasibility/Low or Moderate Effectiveness Actions: Does this action still make
sense given projected climate changes and impacts?
o Example: If conditions are projected to become drier, should groundwater
pumping still continue to support lowland wetland hydrology?

Alternatively, there may be some actions that do not directly reduce vulnerability but could
provide important information, tools, or support to address vulnerability down the line. For
example, actions aimed at increasing knowledge through monitoring or modeling could provide
key information for future restoration activities (e.g., creating detailed species genetic profiles
to select genetically and ecologically suitable plant species for future conditions). Managers
may want to weigh the costs and benefits of implementing actions with the timeframe required
to reduce vulnerability directly. Additionally, actions focused on coordination and collaboration
may not directly address vulnerabilities, but these remain important steps toward better
planning and management.
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Table 3. Ecological drought adaptation actions classified according to adaptation approach, adaptation strategy, implementation
feasibility, and effectiveness in reducing ecological drought vulnerabilities.
Implementation feasibility considers technical (e.g., financial, staff, data) and socio-political (e.g., social, political, institutional, legal)
barriers. Both implementation feasibility and effectiveness are ranked from Low to High. Feasibility rankings were provided by natural
resource managers (e.g., during workshops that were a part of other adaptation planning projects). Effectiveness rankings are based on
information in the scientific literature. Any caveats or limitations to feasibility and effectiveness are listed in the Notes column.
Effectiveness rankings for italicized adaptation actions are based on expert opinion, as no supporting literature could be found. Action
relevance to habitats is indicated in parentheses: Forest (FO), Grassland/Shrubland (G/S), Freshwater (FW), Marine/Coastal (M/C).

prescribed and wildland fire, regeneration harvest, thinning) (FO)

Adaptation
Strategy Associated Actions Feasibility | Effectiveness Notes
RESISTANCE APPROACHES

Consider alternative water supplies (e.g., importing water from other Low-Mod High

areas) for federal lands to retain instream flows, particularly during the

dry season (FW, M/C)
Enhanc.e Install berms or dikes to divert surface water to water-stressed lowland Mod Mod-High Feasibility: social barriers
ecologically j
available areas (FW) likely greater 'Fhan
water supply _ : : . . technical barriers
via Maintain water in wetlands using float valves, diversion valves, and hose Mod Mod

. pumps (FW, M/C)

environmental — - - - -
watering Ménagt.e water levels to .mamtfaun hydrologic function a.nd su.p.ply proper Mod-High High

soil moisture to vegetation adjacent to the stream during critical periods

(e.g., by manipulating existing dams and water control structures or

through restoration of natural dynamic water fluctuations) (FW)

Design burn prescriptions that consider soil moisture requirements (FO, Mod High Feasibility: political and
Reduce tree G/S) social barriers (e.g.,
density and wariness of fire; air
fuel loads quality concerns); funding
through skewed toward
thinning and suppression
prescribed Promote age class, species, structural, and/or spatial (e.g., forest gaps) Mod-High High Feasibility: low at the
burns diversity across the landscape using a variety of management tools (e.g., landscape scale, high at

the stand scale
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Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
Reduce density via variable means (e.g., thinning, prescribed fire, wildfire | Mod-High Mod-High Feasibility: low at the
use, girdling, falling and leaving trees), with density and structural goals landscape scale, high at
based on projected future conditions (FO) the stand scale
Use herbicide or mechanical thinning to prevent the encroachment of Mod-High Mod Feasibility: technical
woody competitors and invasive species and conserve soil moisture (FO, barriers (e.g., labor- and
G/S) time-intensive)
Effectiveness: limited by
treatment frequency and
scale
Reduce water | Reduce water withdrawals to retain instream flows, particularly during the Low High Feasibility: political and
withdrawals dry season and/or critical low flow periods (FW) social barriers
Use Use exclosures and fences to protect groundwater-dependent habitats Mod High Feasibility: social and
exclosures and associated species (FW) financial barriers
and fences to
protect water
resources
RESILIENCE APPROACHES
Consider using genetically improved (e.g., insect- or disease-resistant) Mod-High High Feasibility: social barriers
seedling stock to increase resilience to disturbance such as drought (FO,
G/S)
Plant larger vegetation (e.g., saplings) to help ensure establishment and High Mod Effectiveness: saplings of
. survival, particularly in disturbed sites where dry conditions are expected some species are acutely
Consider .
species type, (FO) - : : : sen5|'t|?/.e to .dr<.)ught
timing, and Favor or establish more drought- and heat-tolerant species on narrow High Mod-High Feasibility: limited by
o ridge tops, south-facing slopes with shallow soils, or other sites that are funding and willingness to
location in . .
expected to become warmer and drier (FO, G/S) move toward different
mar@gement species (e.g., perception
activities X
of economic loss;
traditional conifer
management goals)
Protect trees that exhibit adaptation to water stress (e.g., trees with low High Mod-High

leaf area:sapwood ratio) (FO)
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Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
Prioritize removal of stressed, damaged, or unhealthy trees in order to Mod-High Mod-High
promote the survival of those expected to fare better (FO)
Reduce abundance of mesic species on drought-prone sites (e.g., western Mod Mod
hemlock, western red cedar) (FO)
Retain some survivors of a die-back event (e.g., drought-induced mortality, Mod Mod-High
pathogenic blight) when conducting salvage harvests in the affected area
(FO)
Construct artificial wetlands to support threatened fish, wildlife, and birds Mod High
(FW)
Enhance water-retaining areas, such as abutting wetland projects with Mod High
agricultural areas (FW)
Manage gaps and forest openings to increase snow catch accumulation, High High
Create or and use techniques to shade snow such as mulching with wood chips to
enhance extend the retention of snowpack and enhance water availability during
water supply the growing season (FO)
Use wildlife water developments to ameliorate loss of naturally-occurring High Mod-High Feasibility: social/political
water sources for the benefit of wildlife, game species, and livestock (FW) barriers, requires long-
term maintenance
Use snow fences and reflective tarps to retain snowpack and enhance High High Effectiveness: more
water availability during the growing season (FO, G/S, FW) effective at smaller scales
Manage livestock grazing to restore ecological function of riparian High High Feasibility: political and
Use livestock | vegetation and maintain streambank conditions (FW) social barriers; some
rotation and technical barriers (e.g.,
diversification providing offsite water)
to reduce Shift the breed, class, or species of livestock on rangelands to ameliorate Mod Mod
pressure on the effects of drought (FW, FO, G/S)
vegetation Use grassbanking cooperative agreements to ease grazing pressures (G/S, Mod Mod-High Effectiveness: more
and soils FO) effective at smaller scales
Rotate pastures to ease grazing pressure during drought (G/S, FO) Mod Mod-High
Enhance Add wood to streams to enhance natural water storage (FW) Mod-High Mod-High
natural water | Enhance natural water storage through the use of beaver dam analogs Mod-High High Feasibility: likely less on
storage (FW) private lands compared
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Adaptation
Strategy

Associated Actions

Feasibility

Effectiveness

Notes

with public lands,
requires maintenance

Slow water flows and increase soil infiltration with rock structures (e.g., High Mod-High
one-rock dams, media lunas) (FW, G/S)
Reintroduce, enhance, and maintain beaver populations to improve water | Mod-High High Feasibility: likely less on
storage (FW) private lands compared
with public lands; may be
some regulatory
obstacles; to date, not
well tested in Washington
Utilize green infrastructure (e.g., bioswales, permeable pavement) (FW) Mod-High High Feasibility: can require
long-term maintenance
Increase soil organic matter and/or use soil amendments to restore or Mod High Feasibility: more likely if
improve soil quality, water-holding capacity, soil structure, and water tied to existing
infiltration, and to reduce erosion (e.g., biochar) (FO, G/S) management actions
(e.g., riparian
management, salvage
logging)
Maintain and | Maintain soil productivity through appropriate silvicultural practices (e.g., High High
enhance fuels treatments) (FO)
infiltration, Plant deep-rooted perennials to reduce runoff and improve infiltration High Mod-High
water storage | (FO)
capacity, Restrict access and/or alter timing of use (e.g., recreation, forest Mod Low-Mod
and/or health | operations, grazing) to minimize soil compaction and reduce potential
of soils impacts on soil water retention (FO, G/S, FW, M/C)
Retain coarse woody debris in the uplands and riparian areas to maintain | Mod-High High Feasibility: more likely if
moisture, soil quality, and nutrient cycling (FO, FW) tied to existing
management actions
(e.g., riparian
management, salvage
logging)
Restore and Increase aquatic habitat structure, complexity, and connectivity to refugia High High

reconnect
floodplains to

in stream channels, off-channels, channels fed by wetlands, and
floodplains (FW, M/C)
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Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
allow for Reconnect streams to floodplains/alluvial fans to improve hyporheic and Mod-High High Feasibility: technical
groundwater base flow conditions (FW, M/C) barriers (e.g., costly to
recharge implement)
Remove and/or modify roads to control erosion and runoff and restore Mod-High Mod-High Feasibility: some social/
floodplain and hydrological connectivity (FW, M/C) political and financial
barriers
Remove or modify dams (particularly if defunct or those with little Mod High Feasibility: some
hydroelectric or irrigation value), dikes, and levees (FW) social/political and
financial barriers (e.g.,
land-use conflicts,
potential short-term
increases in flood and
erosion risk)
Interplant to supplement natural regeneration and genetic diversity (FO, Mod-High Mod
G/S)
Ee;’g;)rf b Monitor, remove, control, and prevent the spread of non-native species as | Mod-High Mod-High Feasibility: technical
a _' a S .y well as introduction/dispersal vectors (FO, FW, G/S, M/C) barriers (e.g., labor- and
maintaining N N
. time-intensive); generally
hative . difficult to eradicate non-
vegetatlc:jn native species at larger
cover z?m spatial scales
.remo.vmg Effectiveness: limited by
invasive
i treatment frequency and
species
scale
Plant potential microsites with a mix of native species (FO, FW, G/S, M/C) High Mod
RESPONSE APPROACHES
. Collect seed from trees that exhibit adaptation to water stress for future High High
Actively plant .
and store regeneration (FO)
seed from Create novel drought-adapted communities "from scratch" in areas that Mod Mod
have been severely affected by natural or human disturbance (FO, G/S)
drought- - - - - TRTTRTI
tolerant Plant native species that are well-adapted to drought and/or have a High Mod-High Feasibility: limited by

broader moisture tolerance range (FO, FW, G/S, M/C)

mindset/willingness to
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Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
species and move toward different
individuals species (e.g., perception

of economic loss;
traditional conifer
management goals)
Plant stock from seeds collected from healthy trees in warmer or drier High Mod-High
locations in the region (FO)
Seed or plant drought-resistant genotypes of commercial species where High Mod-High
increased drought stress is expected (FO)
Identify and protect a network of sheltered mountain slopes, valleys, or Mod-High Mod-High
. forests with continuous shading canopy (FO)
Identify and - -
rotect Identify, protect, and restore headwaters and source waters (e.g., Mod High
P groundwater recharge areas, seeps and springs, mid- and high-elevation
drought
refusia wetlands) (FW)
8 Minimize or eliminate disturbances in areas that may be buffered from Mod Mod
climate change (FO, FW, G/S, M/C)
Actively assist aquatic species movement/migration in times of drought or Mod High Feasibility: legal and
Protect . .
extreme low flows (FW, M/C) social barriers, dependent
vulnerable .
) on targeted species
iﬁre;:esh Manage for culturally important species in areas where temperature and Mod Mod-High

) & hydrologic conditions may be most suitable in the future (FO, FW, G/S,
assisted M/C)
migration and — - ; ; . - P
) Plant vulnerable species in suitable habitat outside their current range Mod Mod-High Feasibility: legal and
improved . .
habitat (FO, FW, G/S, M/C) social barriers

. Maintain and/or create a network of waterholes to support species under Low High
connectivity

water stress (FO, FW, G/S)
COLLABORATION APPROACHES

Promote Acquire water rights/instream flow rights (FW) Low-Mod High
water Coordinate with downstream partners on water conservation education Mod-High Mod
conservation | (FW)
through Explore opportunities for increasing irrigation and water use (e.g., stock Mod-High Mod-High
collaborative ponds) efficiency, and returning diverted water back into stream channels
agreements during critical low flow periods (FW)
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Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
(e.g., water Explore opportunities for water trading with others (FW) Mod Mod
banking, Implement facility and operational improvements to increase efficiencies Mod High
water trading) | in water diversion, conveyance, and delivery (FW)
Promote conjunctive use of water (surface and ground) and water banking Mod High
(FW)
KNOWLEDGE APPROACHES
Consider information from surveys of warmer basins as indicators of Mod Low-Mod
potential future vulnerability (FW)
Use models to improve seasonal water supply and demand forecasts in Mod Mod-High
order to inform irrigation allocation, drought declaration, and planning
and regulation of instream flows (FW)
Continue to inventory, identify, and prioritize stream reaches, floodplains, High Mod
Improve riparian areas, and wetlands for protectioh.and restoration, taking into
. account areas that may be particularly resilient or vulnerable to drought
understar'1d|ng conditions (FW, M/C)
Zl:jlj;l:cglcal Develop watershed models to describe forestry and climate change (e.g., Mod-High High
) snowpack, precipitation, temperature) interactions in order to identify
impacts and o .
adaptation ways to maximize water retention (FO, FW) . . : :
options Evaluate the long-term adequacy of water delivery infrastructure to High Mod-High
through ensure that chapges in hydrological patterns can be anticipated and
synthesis, managed effectively (FW)
research, Examine how restoration project maintenance may need to be High Mod-High
monitoring, restructured in drought years (FO, FW, G/S, M/C)
and Identify, map, and monitor groundwater and surface water sources and Low-Mod Mod-High Feasibility: technical
evaluation conditions. Incorporate monitoring data into models, along with barriers (e.g., staff,
information on projected climate changes, to forecast future water supply funding, locating
and quality changes and trends (FW) groundwater sources)
Improve the network of real-time water and weather stations, which are Mod Mod-High Feasibility: technical

fundamental for drought forecasting, water supply forecasting and
monitoring, improving hydrologic models, and long-term water resources
planning (FW)

barriers (e.g., staff,
funding)

52



Adaptation

Strategy Associated Actions Feasibility | Effectiveness Notes
Effectiveness: dependent
on number and frequency
of monitoring stations

Monitor food web dynamics and species distributions for changes with Mod Mod
warming and drying (FO, FW, G/S, M/C)
Utilize existing models to better understand potential climate change High Mod

impacts (e.g., forecasted stream temperatures and changing hydrologic
regimes) on fishery resources (FW, M/C)

53



Literature Cited

Abatzoglou JT, Williams AP. 2016. Impact of anthropogenic climate change on wildfire across
western US forests. Proceedings of the National Academy of Sciences 113:11770-11775.

Abel S, Peters A, Trinks S, Schonsky H, Facklam M, Wessolek G. 2013. Impact of biochar and
hydrochar addition on water retention and water repellency of sandy soil. Geoderma
202-203:183-191

Adams HD, Luce CH, Breshears DD, Allen CD, Weiler M, Hale C, Smith AMS, Huxman TE. 2012.
Ecohydrological consequences of drought- and infestation-triggered tree die-off:
Insights and hypotheses. Ecohydrology 5:145-159.

Ahlqvist O, Shortridge A. 2010. Spatial and semantic dimensions of landscape heterogeneity.
Landscape Ecology 25:573-590.

Akram S, Yu B, Ghadiri H. 2015. Modelling flow and sediment trapping upstream and within
grass buffer strips. Hydrological Processes 29(14):3179-3192.

Albright WL, Peterson DL. 2013. Tree growth and climate in the Pacific Northwest, North
America: A broad-scale analysis of changing growth environments. Journal of
Biogeography 40:2119-2133.

Ali S, Rizwan M, Qayyum MF, Ok YS, Ibrahim M, Riaz M, Arif MS, Hafeez F, Al-Wabel M,
Shahzad AN. 2017. Biochar soil amendment on alleviation of drought and salt stress in
plants: a critical review. Environmental Science and Pollution Research 24:12700-12712.

Almazan-Gémez M, Sanchez-Chdliz J, Sarasa C. 2018. Environmental flow management: An
analysis applied to the Ebro River Basin. Journal of Cleaner Production 182:838-851.

Andre JE. 1957. Effect of thinning Douglas fir on soil moisture, temperature, and nitrogen
relations. Master’s Thesis, Oregon State College, Corvallis, OR.

Aplet GH, Cole DN. 2010. The trouble with naturalness: rethinking park and wilderness goals.
Ch. 2 in Cole DN, Yung L (eds.), Beyond Naturalness: Rethinking Park and Wilderness
Stewardship in an Era of Rapid Change. Island Press, Covelo, CA.

Aplet GH, McKinley PS. 2017. A portfolio approach to managing ecological risks of global
change. Ecosystem Health and Sustainability 3(2):e01261. 10.1002/ehs2.1261

Arnold CA. 2009. Water privatization trends in the United States: Human rights, national
security, and public stewardship. William & Mary Environmental Law and Policy Review
33:785-849.

Arriaza JL, Boughton DA, Urquhart K, Mangel M. 2017. Size-conditional smolting and the
response of Carmel River steelhead to two decades of conservation efforts. PLoS ONE
12:e0188971.

Aspin TWH, Khamis K, Matthews TJ, Milner AM, O’Callaghan MJ, Trimmer M, Woodward G,
Ledger ME. 2019. Extreme drought pushes stream invertebrate communities over
functional thresholds. Global Change Biology 25:230-244.

Aussenac G. 2000. Interactions between forest stands and microclimate: ecophysiological
aspects and consequences for silviculture. Annals of Forest Science 57:287-301.

Avellaneda PM, Jefferson AJ, Grieser JM, Bush SA. 2017. Simulation of the cumulative
hydrological response to green infrastructure, Water Resources Research 53:3087—
3101.

54



Bailey DW. 2005. Identification and creation of optimum habitat conditions for livestock.
Rangeland Ecology and Management 58:109-118.

Baker TL, Jennings CA. 2005. Striped bass survival in Lake Blackshear, Georgia during drought
conditions: Implications for restoration efforts in Gulf of Mexico drainages.
Environmental Biology of Fishes 72:73-84

Baker WL, Williams MA. 2015. Bet-hedging dry-forest resilience to climate-change threats in the
western USA based on historical forest structure. Frontiers in Ecology and Evolution 2:1-
7.

Bansal S, Clair JBS, Harrington CA, Gould PJ. 2015a. Impact of climate change on cold hardiness
of Douglas-fir (Pseudotsuga menziesii): Environmental and genetic considerations.
Global Change Biology 21:3814—-3826.

Bansal S, Harrington CA, Clair JBS. 2016. Tolerance to multiple climate stressors: A case study of
Douglas-fir drought and cold hardiness. Ecology and Evolution 6:2074-2083.

Bansal S, Harrington CA, Gould PJ, St. Clair JB. 2015b. Climate-related genetic variation in
drought-resistance of Douglas-fir (Pseudotsuga menziesii). Global Change Biology
21:947-958.

Bay RF, Sher AA. 2008. Success of active revegetation after Tamarix removal in riparian
ecosystems of the Southwestern United States: A quantitative assessment of past
restoration projects. Restoration Ecology 16:113-128.

Bayliss HR, Wilcox A, Stewart GB, Randall NP. 2012. Does research information meet the needs
of stakeholders? Exploring evidence selection in the global management of invasive
species. Evidence and Policy 8:37-56

Beechie T, Imaki H, Greene J, Wade A, Wu H, Pess G, Roni P, Kimball J, Stanford J, Kiffney P,
Mantua N. 2013. Restoring salmon habitat for a changing climate. River Research
and Applications 29:939-960.

Beechie TJ, Sibley TH. 1997. Relationships between channel characteristics, woody debris, and
fish habitat in northwestern Washington streams. Transactions of the American
Fisheries Society 126:217-229.

Beesley L, King AJ, Gawne B, Koehn JD, Price A, Nielsen D, Amtstaetter F, Meredith SN.
2014. Optimizing environmental watering of floodplain wetlands for fish. Freshwater
Biology 59:2024-2037

Belsky AJ, Matzke A, Uselman S. 1999. Survey of livestock influences on stream and riparian
ecosystems in the western United States. Journal of Soil and water Conservation
54:419-431.

Benson RD. 2012. Public funding programs for environmental water acquisitions: Origins,
purposes, and revenue sources. Environmental Law 42:265-311.

Bernazzani P, Bradley B, Opperman J. 2012. Integrating climate change into habitat
conservation plans under the U.S. Endangered Species Act. Environmental Management
49:1103-1114

Big Hole Watershed Committee (BHWC). 2017. Big Hole River Drought Management Plan.
Version 2016. Big Hole Watershed Committee, Divide, Montana. Available at
http://bhwc.org/wp-content/uploads/BHWC-DMP-2017 FINAL-with-Cover.pdf
(Accessed April 2019).

55


http://bhwc.org/wp-content/uploads/BHWC-DMP-2017_FINAL-with-Cover.pdf

Biringer J. 2003. Forest ecosystems threatened by climate change: Promoting long-term forest
resilience. Pages 41-69 in Hansen L, Biringer JL, Hoffman JR (eds). Buying Time: A User’s
Manual for Building Resistance and Resilience to Climate Change in Natural Systems.
World Wildlife Fund Climate Change Program, Berlin, Germany.

Bleich VC, Marshal JP, Andrew NG. 2010. Habitat use by a desert ungulate: Predicting effects of
water availability on mountain sheep. Journal of Arid Environments 74:638—645.

Bond N. 2016. Environmental flows: Environmental watering. In Finlayson CM, Everard M,
Irvine K, Mclnnes RJ, Middleton BA, van Dam AA, Davidson NC (eds). The Wetland
Book. Springer, Dordrecht, Netherlands.

Bond N, Costelloe J, King A, Warfe D, Reich P, Balcombe S. 2014. Ecological risks and
opportunities from engineered artificial flooding as a means of achieving environmental
flow objectives. Frontiers in Ecology and the Environment 12:386—394.

Bond NR, Lake PS, Arthington AH. 2008. The impacts of drought on freshwater ecosystems: An
Australian perspective. Hydrobiologia 600:3—16.

Bot A, Benites J. 2005. The importance of soil organic matter: Key to drought-resistant soil and
sustained food and production. FAO Soils Bulletin 80. Food and Agriculture Organization
of the United Nations, Rome, Italy.

Bottero A, D’Amato AQ, Palik BJ, Kern CC, Bradford JB, Scherer SS. 2017. Influence of repeated
prescribed fire on tree growth and mortality in Pinus resinosa forests, Northern
Minnesota. Forest Science 63:94-100.

Bouwes N, Weber N, Jordan CE, Saunders WC, Tattam IA, Volk C, Wheaton JM, Pollock MM.
2016. Ecosystem experiment reveals benefits of natural and simulated beaver dams to a
threatened population of steelhead (Oncorhynchus myekiss). Scientific Reports 6:28581.

Bradford JB, Bell DM. 2017. A window of opportunity for climate-change adaptation: Easing
tree mortality by reducing forest basal area. Frontiers in Ecology and the Environment
15:11-17.

Bréda N, Badeau V. 2008. Forest tree responses to extreme drought and some biotic
events: Towards a selection according to hazard tolerance? Comptes Rendus Geoscience
340:651-662.

Buffington KJ, Dugger BD, Thorne KM. 2018. Climate-related variation in plant peak biomass
and growth phenology across Pacific Northwest tidal marshes. Estuarine, Coastal and
Shelf Science 202:212-221.

Burkle L, Marlin J, Knight T. 2013. Plant-pollinator interactions over 120 years: Loss of species,
co-occurrence, and function. Science 339:1611-1615.

Busse MD, Hubbert KR, Moghaddas EEY. 2014. Fuel reduction practices and their effects on soil
quality. Gen. Tech. Rep. PSW-GTR-241. U.S. Department of Agriculture, Forest Service,
Pacific Southwest Research Station, Albany, CA. 156 p.

California Department of Fish and Wildlife (CDFW). 2019. Drought Response Projects. Available
at https://www.wildlife.ca.gov/Drought/Projects (Accessed April 2019).

Camacho AE. 2010. Assisted migration: Redefining nature and natural resource law under
climate change. Yale Journal on Regulation 27:171-255.

Cardinali A, Carletti P, Nardi S, Zanin G. 2014. Design of riparian buffer strips affects soil quality
parameters. Applied Soil Ecology 80:67-76

56


https://www.wildlife.ca.gov/Drought/Projects

Carnwath GC, Peterson DW, Nelson CR. 2012. Effect of crown class and habitat type on climate-
growth relationships of ponderosa pine and Douglas-fir. Forest Ecology and
Management 285:44-52.

Carter DL, Blair JM. 2012. High richness and dense seeding enhance grassland restoration
establishment but have little effect on drought response. Ecological Applications
22:1308-1319.

Cartwright J. 2018. Landscape topoedaphic features create refugia from drought and insect
disturbance in a lodgepole and whitebark pine forest. Forests 9:715.

Cartwright J, Johnson HM. 2018. Springs as hydrologic refugia in a changing climate? A remote-
sensing approach. Ecosphere 9:e02155.

Cavaleri MA, Sack L. 2010. Comparative water use of native and invasive plants at multiple
scales: A global meta-analysis. Ecology 91:2705-2715.

Chadd RP, England JA, Constable D, Dunbar MJ, Extence CA, Leeming DJ, Murray-Bligh JA, Wood
PJ. 2017. An index to track the ecological effects of drought development and recovery
on riverine invertebrate communities. Ecological Indicators 82:344-356.

Chambers JC, Roundy BA, Blank RR, Meyer SE, Whittaker A. 2007. What makes Great Basin
sagebrush ecosystems invasible by Bromus tectorum? Ecological Monographs 77:117—-
145.

Chang K-Y, U KTP, Xu L. 2016. A drought indicator based on ecosystem responses to water
availability: The Normalized Ecosystem Drought Index. Report 306. MIT Joint Program
on the Science and Policy of Global Change, Cambridge, MA.

Charnley S. 2018. Beavers, landowners, and watershed restoration: Experimenting with beaver
dam analogues in the Scott River Basin, California. Res. Pap. PNW-RP-613. U.S.
Department of Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
OR. 38 p.

Chmura DJ, Anderson PD, Howe GT, Harrington CA, Halofsky JE, Peterson DL, Shaw DC, St. Clair
B. 2011. Forest responses to climate change in the northwestern United States:
Ecophysiological foundations for adaptive management. Forest Ecology and
Management 261:1121-1142.

Choi YD. 2007. Restoration ecology to the future: A call for a new paradigm. Restoration
Ecology 15:352—-353.

Clark PE, Williams CJ, Pierson FB. 2018. Factors affecting efficacy of prescribed fire for western
juniper control. Rangeland Ecology & Management 71:345-355.

Clifford MJ, Cobb NS, Buenemann M. 2011. Long-term tree cover dynamics in a pinyon-juniper
woodland: climate change-type drought resets successional clock. Ecosystems 14:949—
962.

Cole DN. 1987. Effects of three seasons of experimental trampling on five montane forest
communities and a grassland in Western Montana, USA. Biological Conservation
40(3):219-244.

Coles-Ritchie MC, Roberts DW, Kershner JL, Henderson RC. 2007. Use of a wetland index to
evaluate changes in riparian vegetation after livestock exclusion. Journal of the
American Water Resources Association 43:731-743.

57



Conrads PA, Rodgers KD, Passeri DL, Prinos ST, Smith C, Swarzenski CM, Middleton BA. 2018.
Coastal estuaries and lagoons: The delicate balance at the edge of the sea. Fact Sheet
2018-3022. U.S. Geological Survey, South Atlantic Water Science Center, Columbia, SC.

Cook BI, Cook ER, Smerdon JE, Seager R, Williams AP, Coats S, Stahle DW, Diaz JV. 2016. North
American megadroughts in the Common Era: Reconstructions and simulations. Wiley
Interdisciplinary Reviews: Climate Change 7:411-432.

Cook CN, Hockings M, Carter RW. 2009. Conservation in the dark? The information used to
support management decisions. Frontiers in Ecology and the Environment 8:181-186.

Cowley D, Wissmar C, Sallenave R. 2007. Fish assemblages and seasonal movements of fish in
irrigation canals and river reaches of the middle Rio Grande, New Mexico (USA). Ecology
of Freshwater Fish 16:548-558.

Crausbay SD, Ramirez AR, Carter SL, Cross MS, Hall KR, Bathke DJ, Betancourt JL, Colt S, Cravens
AE, Dalton MS, Dunham JB, Hay LE, Hayes MJ, McEvoy J, McNutt CA, Moritz MA, Nislow
KH, Raheem N, Sanford T. 2017. Defining ecological drought for the twenty-first century.
Bulletin of the American Meteorological Society 98:2543—-2550.

Crimmins SM, Dobrowski SZ, Greenberg JA, Abatzoglou JT, Mynsberge AR. 2011. Changes in
climatic water balance drive downhill shifts in plant species’ optimum elevations.
Science 331:324-327.

Crook DA, Reich P, Bond NR, McMaster D, Koehn JD, Lake PS. 2010. Using biological information
to support proactive strategies for managing freshwater fish during drought. Marine and
Freshwater Research 61:379-387.

Crook DA, Robertson Al. 1999. Relationships between riverine fish and woody debris:
Implications for lowland rivers. Marine and Freshwater Research 50:941-953.

Cross MS, Zavaleta ES, Bachelet D, Brooks ML, Enquist CAF, Fleishman E, Graumlich LJ, Groves
CR, Hannah L, Hansen L, Hayward G, Koopman M, Lawler JJ, Malcolm J, Nordgren J,
Petersen B, Rowland EL, Scott D, Shafer SL, Shaw MR, Tabor GM. 2012. The Adaptation
for Conservation Targets (ACT) Framework: A tool for incorporating climate change into
natural resource management. Environmental Management 50:341-351.

Crotteau JS, Sutherland EK, Jain TB, Wright DK, Jenkins MM, Keyes CR, Nagel LM. 2019.
Initiating climate adaptation in a western larch forest. Forest Science 65(4):528-536.

D’Amato AW, Bradford JB, Fraver S, Palik BJ. 2013. Effects of thinning on drought vulnerability
and climate response in north temperate forest ecosystems. Ecological Applications
23:1735-1742.

David E. 2013. Innovative snow harvesting technology increases vegetation establishment
success in native sagebrush ecosystem restoration. Plant and Soil 373:843-856.

Davies KW, Bates JD, Miller RF. 2007. Short-term effects of burning Wyoming big sagebrush
steppe in southeast Oregon. Rangeland Ecology & Management 60:515-522.

Davies KW, Rios RC, Bates ID, Johnson DD, Kerby J, Boyd CS. 2019. To burn or not to burn:
Comparing reintroducing fire with cutting an encroaching conifer for conservation of an
imperiled shrub-steppe. Ecology and Evolution 9(16):9137-9148.

Davis KT, Dobrowski SZ, Higuera PE, Holden ZA, Veblen TT, Rother MT, Parks SA, Sala A, Maneta
MP. 2019. Wildfires and climate change push low-elevation forests across a critical
climate threshold for tree regeneration. PNAS 116(13):6193-6198.

58



Dawson TE. 1996. Determining water use by trees and forests from isotopic, energy balance
and transpiration analyses: The roles of tree size and hydraulic lift. Tree Physiology
16:263-272.

Deboodt TL, Fisher MP, Buckhouse JC, Swanson J. 2008. Monitoring hydrological changes
related to western juniper removal: A paired watershed approach. The Third
Interagency Conference on Research in the Watersheds, 8-11 September 2008, Estes
Park, CO.

Desantis LRG, Bhotika S, Williams K, Putz FE. 2007. Sea-level rise and drought interactions
accelerate forest decline on the Gulf Coast of Florida, USA. Global Change Biology
13:2349-2360.

Dierauer JR, Allen DM, Whitfield PH. 2019. Snow drought risk and susceptibility in the western
United States and southwestern Canada. Water Resources Research 55:3076-3091.

Dodson EK, Peterson DW, Harrod RJ. 2008. Understory vegetation response to thinning and
burning restoration treatments in dry conifer forests of the eastern Cascades, USA.
Forest Ecology and Management 255:3130-3140.

Downard R, Endter-Wada J. 2013. Keeping wetlands wet in the western United States:
Adaptations to drought in agriculture-dominated human-natural systems. Journal of
Environmental Management 131:394-406.

Downard R, Endter-Wada J, Kettenring KM. 2014. Adaptive wetland management in an
uncertain and changing arid environment. Ecology and Society 19:23.

Ducros CMJ, Joyce CB. 2003. Field-based evaluation tool for riparian buffer zones in agricultural
catchments. Environmental Management 32(2): 252-267.

Dwire KA, Mellmann-Brown S, Gurrieri JT. 2018. Potential effects of climate change on riparian
areas, wetlands, and groundwater-dependent ecosystems in the Blue Mountains,
Oregon, USA. Climate Services 10:44-52.

Elmqvist T, Folke C, Nystrom M, Peterson G, Bengtsson J, Walker B, Norberg J. 2003. Response
diversity, ecosystem change, and resilience. Frontiers in Ecology and the Environment
1:488-494.

Epps CW, Palsboll PJ, Wehausen JD, Roderick GK, McCullough DR. 2006. Elevation and
connectivity define genetic refugia for mountain sheep as climate warms. Molecular
Ecology 15:4295-4302.

Eriksen S, Aldunce P, Bahinipati CS, Martins RD, Molefe JI, Nhemachena C, O’Brien K,
Olorunfemi F, Park J, Sygna L, Ulsrud K. 2011. When not every response to climate
change is a good one: ldentifying principles for sustainable adaptation. Climate and
Development 3:7-20.

Evans R, Gilliam JW, Lilly JP. 1996. Wetlands and Water Quality. North Carolina Cooperative
Extension Service, Publication No. AG 473-7.

Everest JW, Miller JH, Ball DM, Patterson M. 1999. Kudzu in Alabama: History, uses, and control.
Alabama A&M and Auburn Universities, Alabama Cooperative Extension System. ANR-
65.

Fleckenstein J, Anderson M, Fogg G, Mount J. 2004. Managing surface water-groundwater to
restore fall flows in the Cosummes River. Journal of Water Resources Planning and
Management 130:301-310.

59



Finch DM, Pendleton RL, Reeves MC, Ott JE, Kilkenny FF, Butler JL, Ott JP, Pinto JR, Ford JR,
Runyon JB, Rumble MA, Kitchen SG. 2016. Rangeland drought: effects, restoration, and
adaptation. In Vose JM, Clark JS, Luce CH, Patel-Weynand T (eds.). Effects of drought on
forests and rangelands in the United States: a comprehensive science synthesis. General
Technical Report. WO-93b, US Department of Agriculture, Forest Service, Washington,
DC, pp. 155-194.

Fox R. 2008. Climate change induced changes in moisture availability in eastern Wyoming
ranchlands with management recommendations for adaptation. Master’s Thesis. Duke
University, Durham, NC. Available at
https://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/562/MP rsf4 a 2008
05.pdf?sequence=1 (Accessed April 2019).

Frest TJ, Johannes EJ. 1999. Field guide to survey and manage freshwater mollusk species.
Bureau of Land Management, Oregon State Office, Portland, OR.

Frost EJ, Sweeny RJ, Bigg WL. 2004. Distribution and environmental/habitat relations of five
endemic plants associated with serpentine fens in southwestern Oregon and
northwestern California. Final report submitted to the Bureau of Land Management,
Medford Office, and the U.S. Forest Service Rogue River, Siskiyou, and Six Rivers
National Forests. Wildwood Environmental Consulting, Ashland, Oregon.

Ganey JL, Vojta SC. 2011. Tree mortality in drought-stressed mixed-conifer and ponderosa pine
forests, Arizona, USA. Forest Ecology and Management 261:162-168.

Gelt J. 1997. Constructed wetlands: Using human ingenuity, natural processes to treat water,
build habitat. Arroyo 9(4). Water Resources Research Center, Tucson, AZ.

Gibert J, Culver DC, Dole-Olivier M-J, Malard F, Christman MC, Deharveng L. 2009. Assessing
and conserving groundwater biodiversity: Synthesis and perspectives. Freshwater
Biology 54:930-941.

Gippel CJ. 1995. Environmental hydraulics of large woody debris in streams and rivers. Journal
of Environmental Engineering 121:388-395

Gippel CJ, O’Neill IC, Finlayson BL, Schnatz |. 1996. Hydraulic guidelines for the re-introduction
and management of large woody debris in lowland rivers. Regulated Rivers Research
and Management 12:223-236.

Gitlin AR, Sthultz CM, Bowker MA, Stumpf S, Paxton KL, Kennedy K, Muiioz A, Bailey JK,
Whitham TG. 2006. Mortality gradients within and among dominant plant populations
as barometers of ecosystem change during extreme drought. Conservation Biology
20:1477-1486.

Gleason KE, Bradford JB, Bottero A, D’Amato AW, Fraver S, Palik BJ, Battaglia MA, Iverson L,
Kenefic L, Kern CC. 2017. Competition amplifies drought stress in forests across broad
climatic and compositional gradients. Ecosphere 8:e01849.

Glick P, Stein BA, Edelson NA. 2011. Scanning the conservation horizon: A guide to climate
change vulnerability assessment. National Wildlife Federation, Washington, D.C.

Goldin SR, Brookhouse MT. 2015. Effects of coarse woody debris on understorey plants in a
temperate Australian woodland. Applied Vegetation Science 18:134-142.

Gonzdlez E, Sher AA, Anderson RM, Bay RF, Bean DW, Bissonnete GJ, Bourgeois B, Cooper DJ,
Dohrenwend K, Eichhorst KD, El Waer, H, Kennard DK, Harms-Weissinger R, Henry AL,
Makarick LJ, Ostoja SM, Reynolds LV, Robinson WW, Shafroth PB. 2017. Vegetation

60


https://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/562/MP_rsf4_a_200805.pdf?sequence=1
https://dukespace.lib.duke.edu/dspace/bitstream/handle/10161/562/MP_rsf4_a_200805.pdf?sequence=1

response to invasive Tamarix control in southwestern US rivers: a collaborative study
including 416 sites. Ecological Applications 27:1789—-1804.

Grafton RQ, Williams J, Perry CJ, Molle F, Ringler C, Steduto P, Udall B, Wheeler SA, Wang Y,
Garrick D, Allen RG. 2018. The paradox of irrigation efficiency: Higher efficiency rarely
reduces water consumption. Water 361(6404):748-750.

Grant GE, Tague CL, Allen CD. 2013. Watering the forest for the trees: An emerging priority for
managing water in forest landscapes. Frontiers in Ecology and the Environment 11:314-
321.

Gray LK, Gylander T, Mbogga MS, Chen P-Y, Hamann A. 2011. Assisted migration to address
climate change: Recommendations for aspen reforestation in western Canada.
Ecological Applications 21:1591-1603.

Greaver TL, Sternberg LL. 2010. Decreased precipitation exacerbates the effects of sea level on
coastal dune ecosystems in open ocean islands. Global Change Biology 16:1860-1869.

Green GP, O’Connor JP. 2001. Water banking and restoration of endangered species habitat: An
application to the Snake River. Contemporary Economic Policy 19:225-237.

Greenway M. 2005. The role of constructed wetlands in secondary effluent treatment and
water reuse in subtropical and arid Australia. Ecological Engineering 25:501-509.

Gregg RM, Behan J, Gaines LJ, Reynier W, DeCrappeo N, Fiegener R. 2016. Available Science
Assessment Project: Prescribed fire and climate change in Northwest National Forests.
Report to the Department of the Interior’s Northwest Climate Science Center.

Gregg RM, Hansen LJ, Feifel KM, Hitt JL, Kershner JM, Score A, Hoffman JR. 2011. The state of
marine and coastal adaptation in North America: A synthesis of emerging ideas.
EcoAdapt, Bainbridge Island, WA.

Gregg RM, Reynier W, Gaines LJ, Behan J. 2018. Available Science Assessment Process (ASAP):
Sea level rise in the Pacific Northwest and northern California. Report to the Northwest
Climate Adaptation Science Center. EcoAdapt, Bainbridge Island, WA and the Institute
for Natural Resources, Corvallis, OR.

Gregg RM, Reynier W, Score A, Hilberg L. 2017. The state of climate adaptation in water
resources management: Southeastern United States and U.S. Caribbean. EcoAdapt,
Bainbridge Island, WA.

Gripne SL. 2005. Grassbanks: Bartering for conservation. Rangelands 27(1):24-28.

Grossiord C, Granier A, Ratcliffe S, Bouriaud O, Bruelheide H, Checko E, Forrester DI, Dawud SM,
Finer L, Pollastrini M, Scherer-Lorenzen M, Valladares F, Bonal D, Gessler A. 2014. Tree
diversity does not always improve resistance of forest ecosystems to drought. PNAS
111(41)-14812-14815

Halliday BT, Matthews TG, lervasi D, Dodemaide DT, Pickett PJ, Linn MM, Burns A, Bail I, Lester
RE. 2015. Potential for water-resource infrastructure to act as refuge habitat. Ecological
Engineering 84:136-148.

Halofsky JE, Peterson DL. 2017. Climate change vulnerability and adaptation in the Blue
Mountains. Gen. Tech. Rep. PNW-GTR-939. U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station, Portland, OR.

Halofsky JE, Peterson DL, Dante-Wood SK, Hoang L, Ho JJ, Joyce LA. 2018a. Climate change
vulnerability and adaptation in the Northern Rocky Mountains. Gen. Tech. Rep. RMRS-
GTR-374. U.S. Department of Agriculture, Forest Service, Pacific Northwest Research

61



Station, Fort Collins, CO. Available from
https://www.fs.fed.us/rm/pubs_series/rmrs/gtr/rmrs gtr374 1.pdf and
https://www.fs.fed.us/rm/pubs_series/rmrs/gtr/rmrs _gtr374 2.pdf (Accessed April
2019).

Halofsky JE, Peterson DL, Ho JJ. 2018b. Climate change vulnerability and adaptation in south
central Oregon. Gen. Tech. Rep. PNW-GTR-XXX. U.S. Department of Agriculture, Forest
Service, Pacific Northwest Research Station, Portland, OR. Available from
http://adaptationpartners.org/scoap/docs/SCOAP _GTR Final.pdf (Accessed April 2019).

Halofsky JE, Peterson DL, Metlen KL, Myer MG, Sample VA. 2016. Developing and implementing
climate change adaptation options in forest ecosystems: A case study in southwestern
Oregon, USA. Forests 7:268.

Hammer M, Barnes T, Pillar L, Sortino D. 2012. Reintroduction plan for the southern purple-
spotted gudgeon in the southern Murray-Darling Basin. MDBA Publication No 45/12.
Murray-Darling Basin Authority, Canberra, Australia.

Hammer MP, Bice CM, Hall A, Frears A, Watt A, Whiterod NS, Beheregaray LB, Harris JO,
Zampatti BP. 2013. Freshwater fish conservation in the face of critical water shortages in
the southern Murray-Darling Basin, Australia. Marine and Freshwater Research 64:807—
821.

Hammer MP, Goodman TS, Adams M, Faulks LF, Unmack PJ, Whiterod NS, Walker KF. 2015.
Regional extinction, rediscovery and rescue of a freshwater fish from a highly modified
environment: The need for rapid response. Biological Conservation 192:91-100.

Hanson PJ, Weltzin JF. 2000. Drought disturbance from climate change: Response of United
States forests. The Science of the Total Environment 262:205-220.

Harms RS, Hiebert RD. 2006. Vegetation response following invasive tamarisk (Tamarix spp.)
removal and implications for riparian restoration. Restoration Ecology 14(3):461-472.

Harris JA, Hobbs RJ, Higgs E, Aronson J. 2006. Ecological restoration and global climate change.
Restoration Ecology 14:170-176.

Harvey BJ, Donato DC, Turner MG. 2016. High and dry: Post-fire tree seedling establishment in
subalpine forests decreases with post-fire drought and large stand-replacing burn
patches. Global Ecology and Biogeography 25:655-669.

Heller NE, Kreitler J, Ackerly DD, Weiss SB, Recinos A, Branciforte R, Flint LE, Flint AL, Micheli E.
2015. Targeting climate diversity in conservation planning to build resilience to climate
change. Ecosphere 6:1-20.

Higgins JV, Konrad CP. 2012. A review of benefits to people and nature from environmental
flow management. The Nature Conservancy, Washington, D.C.

Hoegh-Guldberg O, Hughes L, MciIntyre S, Lindenmayer DB, Parmesan C, Possingham HP,
Thomas CD. 2008. Ecology: Assisted colonization and rapid climate change. Science
321:345-346.

Holmes DL. 2016. Natural water storage and climate change resiliency in Montana: A geospatial
approach. Master’s Thesis. Montana State University, Bozeman, MT. Available at
https://scholarworks.montana.edu/xmlui/bitstream/handle/1/9887/HolmesD0816.pdf?
sequence=1&isAllowed=y (Accessed April 2019).

Holmes D, McEvoy J, Dixon JL, Payne S. 2017. A geospatial approach for identifying and
exploring potential natural water storage sites. Water 9:1-25.

62


https://www.fs.fed.us/rm/pubs_series/rmrs/gtr/rmrs_gtr374_1.pdf
https://www.fs.fed.us/rm/pubs_series/rmrs/gtr/rmrs_gtr374_2.pdf
http://adaptationpartners.org/scoap/docs/SCOAP_GTR_Final.pdf
https://scholarworks.montana.edu/xmlui/bitstream/handle/1/9887/HolmesD0816.pdf?sequence=1&isAllowed=y
https://scholarworks.montana.edu/xmlui/bitstream/handle/1/9887/HolmesD0816.pdf?sequence=1&isAllowed=y

Hood GA, Bayley SE. 2008. Beaver (Castor canadensis) mitigate the effects of climate on the
area of open water in boreal wetlands in western Canada. Biological Conservation
141:556-567.

Howell TA. 2003. Irrigation efficiency. Encyclopedia of Water Science. Marcel Drekker, Inc, New
York, NY.

Howery L. 1999. Rangeland management before, during, and after drought. The University of
Arizona Cooperative Extension, Tucson, AZ.

Hudec JL, Halofsky JE, Peterson DL, Ho JJ. 2018. Climate change vulnerability and adaptation in
Southwest Washington. DRAFT. Gen. Tech. Rep. PNW-GTR-XXX. U.S. Department of
Agriculture, Forest Service, Pacific Northwest Research Station, Portland, OR. Available
from http://adaptationpartners.org/swap/docs/SWAP_fullDocument.pdf (Accessed
April 2019).

Hultine KR, Belnap J, van Riper Il C, Ehleringer JR, Dennison PE, Lee ME, Nagler PL, Snyder KA,
Uselman SM, West JB. 2010. Tamarisk biocontrol in the western United States:
ecological and societal implications. Frontiers in Ecology and the Environment 8(9):467—
474.

Hunt LJH, Fair J, Odland M. 2018. Meadow restoration increases baseflow and groundwater
storage in the Sierra Nevada Mountains of California. Journal of the American Water
Resources Association 54:1127-1136.

Isaac-Renton M, Montwé D, Hamann A, Spiecker H, Cherubini P, Treydte K. 2018. Northern
forest tree populations are physiologically maladapted to drought. Nature
Communications 9(5254).

Isaak DJ, Ramsey K, Chatel JC, Konnoff DL, Gecy RA, Horan D. 2017. Climate change, fish, and
aquatic habitat in the Blue Mountains. In Halofsky JE, Peterson DL (eds.) Climate change
vulnerability and adaptation in the Blue Mountains. Gen. Tech. Rep. PNW-GTR-939. US
Department of Agriculture, Forest Service, Pacific Northwest Research Station. Portland,
OR. P.91-148

Isbell F, Craven D, Connolly J, Loreau M, Schmid B. 2015. Biodiversity increases the resistance of
ecosystem productivity to climate extremes. Nature 526:574-577.

Jackson RD, Allen-Diaz B. 2006. Spring-fed wetland and riparian plant communities respond
differently to altered grazing intensity. Journal of Applied Ecology 43:485-498.

Jairell RL, Schmidt RA. 1991. Taming blizzards for animal protection, drift control, and stock
water. Range Beef Cow Symposium, University of Nebraska, Lincoln, NE.

Jiang Y, Yuan Y, Piza H. 2015. A review of applicability and effectiveness of low impact
development/green infrastructure practices in arid/semi-arid United States.
Environments 2:221-249.

Joyce LA, Blate GM, Littell JS, McNulty SG, Millar Cl, Moser SC, Neilson RP, O’Halloran K,
Peterson DL. 2008. Chapter 3: National Forests. Pages 3-1 to 3-127 in Julius SH, West JM
(eds). Preliminary Review of Adaptation Options for Climate-Sensitive Ecosystems and
Resources. A Report by the U.S. Climate Change Science Program and the Subcommittee
on Global Change Research. U.S. Environmental Protection Agency, Washington, D.C..

Joyce LA, Briske DD, Brown JR, Polley HW, McCarl BA, Bailey DW. 2013. Climate change and
North American rangelands: Assessment of mitigation and adaptation strategies.
Rangeland and Ecology Management 66:512—528.

63


http://adaptationpartners.org/swap/docs/SWAP_fullDocument.pdf

Kammann C |, Linsel S, Gobling J, Koyro H-W. 2011. Influence of biochar on drought tolerance of
Chenopodium quinoa Willd and on soil-plant relations. Plant Soil 345:195-210.

Kane JM, Kolb TE, Mcmillin JD. 2014. Stand-scale tree mortality factors differ by site and species
following drought in southwestern mixed conifer forests. Forest Ecology and
Management 330:171-182.

Kane JM, Varner JM, Metz MR, van Mantgem PJ. 2017. Characterizing interactions between fire
and other disturbances and their impacts on tree mortality in western US forests. Forest
Ecology and Management 405:188-199.

Kauffman JB, Thorpe AS, Brookshire ENJ. 2004. Livestock exclusion and belowground ecosystem
responses in riparian meadows of Eastern Oregon. Ecological Applications 14:1671—
1679.

Kerns BK, Naylor BJ, Buonopane M, Parks CG, Rogers B. 2009. Modeling tamarisk (Tamarix spp.)
habitat and climate change effects in the northwestern United States. Invasive Plant
Science and Management 2:200-215.

Kershner JM, Gregg RM. 2013. Climate adaptation terminology and definitions. EcoAdapt,
Bainbridge Island, WA.

Kershner JM, Pokallus J, Reynier WA, Gregg RM. 2015. Climate change adaptation strategies for
resources of the Nez Perce-Clearwater National Forests. Bainbridge Island, WA:
EcoAdapt.

King J, Ward KA, O’Connor P, Green D, Tonkin Z, Mahoney J. 2010. Adaptive management of an
environmental watering event to enhance native fish spawning and recruitment.
Freshwater Biology 55:17-31.

Kingsford RT. 2011. Conservation management of rivers and wetlands under climate change: A
synthesis. Marine and Freshwater Research 62:217-222.

Klein RD, McKee T, Nystrom K. 2017. Shrinking streamflows in the Redwood Region. Pages 187—
197 in Standiford RB, Valachovic YS (eds). Coast redwood science symposium - 2016:
Past successes and future direction. Gen. Tech. Rep. PSW-GTR-258. U.S. Department of
Agriculture, Forest Service, Pacific Southwest Research Station, Albany, CA.

Klos RJ, Wang GG, Bauerle WL, Rieck JR. 2009. Drought impact on forest growth and mortality
in the southeast USA: An analysis using Forest Health and Monitoring data. Ecological
Applications 19:699-708.

Kohler M, Sohn J, Nagele G, Bauhus J. 2010. Can drought tolerance of Norway spruce (Picea
abies (L.) Karst.) be increased through thinning? European Journal of Forest Research
129:1109-1118.

Kolb TE, Agee JK, Fulé PZ, McDowell NG, Pearson K, Sala A, Waring RH. 2007. Perpetuating old
ponderosa pine. Forest Ecology and Management 249: 141-157.

Kooyers NJ. 2015. The evolution of drought escape and avoidance in natural herbaceous
populations. Plant Science 234:155-162.

Krausman PR, Rosenstock SS, Cain JW. 2006. Developed waters for wildlife: Science, perception,
values, and controversy. Wildlife Society Bulletin 34:563-569.

Kreyling J, Dengler J, Walter J, Velev N, Ugurlu E, Sopotlieva D, Ransign J, Picon-Cochard C, Nijs |,
Hernandez P, Giiler b, Gillhaussen P, De Boeck HJ, Bloor IMG, Berwaers S, Beierkuhnlein
C, Arfin Khan MAS, Apostolova |, Altan Y, Zeiter M, Wellstein C, Sternberg M, Stampfli A,
Campetella G, Bartha S, Bahn M, Jentsch A. 2017. Species richness effects on grassland

64



recovery from drought depend on community productivity in a multi-site experiment.
Ecology Letters 20:1405-1413.

Kuhn TJ, Tate KW, Cao D, George M. 2007. Juniper removal may not increase overall Klamath
River Basin water yields. California Agriculture 61(4):166-171.

Lake PS. 2003. Ecological effects of perturbation by drought in flowing waters. Freshwater
Biology 48:1161-1172

Lal R. 2016. Soil health and carbon management. Food and Energy Security 5:212-222.

Larsen RT, Bissonette JA, Flinders JT, Robinson AC. 2011. Does small-perimeter fencing inhibit
mule deer or pronghorn use of water developments? The Journal of Wildlife
Management 75:1417-1425.

Larson AJ, Stover KC, Keyes CR. 2012. Effects of restoration thinning on spatial heterogeneity in
mixed-conifer forest. Canadian Journal of Forest Research 42:1505-1517.

Latta G, Temesgen H, Adams D, Barrett T. 2010. Analysis of potential impacts of climate change
on forests of the United States Pacific Northwest. Forest Ecology and Management
259:720-729.

Laughlin DC, Strahan RT, Huffman DW, Sdnchez Meador AJ. 2017. Using trait-based ecology to
restore resilient ecosystems: historical conditions and the future of montane forests in
western North America. Restoration Ecology 25:5135-5146.

Lawler JJ, Olden JD. 2011. Reframing the debate over assisted colonization. Frontiers in Ecology
and the Environment 9:569-574.

Lehmann J, da Silva Jr. JP, Steiner C, Nehls T, Zech W, Glaser B. 2003. Nutrient availability and
leaching in an archaeological Anthrosol and a Ferralsol of the Central Amazon basin:
Fertilizer, manure and charcoal amendments. Plant Soil 249:343-357.

Lei SA. 2004. Soil compaction from human trampling, biking, and off-road motor vehicle activity
in a blackbrush (Coleogyne ramosissima) shrubland. Western North American Naturalist
64(1), Article 15.

Leishman MR, Haslehurst T, Ares A, Baruch Z. 2007. Leaf trait relationships of native and
invasive plants: Community- and global-scale comparisons. New Phytology 176:635—
643.

Leverkus AB, Castro J, Delgado-Capel MJ, Molinas-Gonzalez C, Pulgar M, Marafién-Jiménez S,
Delgado-Huertas A, Querejeta JI. 2015. Restoring for the present or restoring for the
future: Enhanced performance of two sympatric oaks (Quercus ilex and Quercus
pyrenaica) above the current forest limit. Restoration Ecology 23:936—946.

Levy S. 2015. The ecology of artificial wetlands. BioScience 65:346—352.

Li P, Omani N, Chaubey I, Wei X. 2017. Evaluation of drought implications on ecosystem
services: Freshwater provisioning and food provisioning in the Upper Mississippi River
Basin. International Journal of Environmental Research and Public Health 14(5).

Liang C, Zhu X, Fu S, Méndez A, Gascé G, Paz-Ferreiro F. 2014. Biochar alters the resistance and
resilience to drought in a tropical soil. Environmental Research Letters 9:064013.

Linstead C. 2018. The contribution of improvements in irrigation efficiency to environmental
flows. Frontiers in Environmental Science 6(48):1-6.

Littell JS, Oneil EE, McKenzie D, Hicke JA, Lutz JA, Norheim RA, Elsner MM. 2010. Forest
ecosystems, disturbance, and climatic change in Washington State, USA. Climatic
Change 102:129-158.

65



Littell JS, Peterson DL, Riley KL, Liu Y, Luce CH. 2016. A review of the relationships between
drought and forest fire in the United States. Global Change Biology 22:2353—-2369.

Littlefield C, McRae BH, Michalak JL, Lawler JJ, Carroll C. 2017. Connecting today’s climates to
future climate analogs to facilitate movement of species under climate change.
Conservation Biology 31(6):1397-1408.

Loos J, Shader E. 2016. Reconnecting rivers to floodplains: Returning natural functions to
restore rivers and benefit communities. American Rivers, Washington, D.C.

Luce CH, Holden ZA. 2009. Declining annual streamflow distributions in the Pacific Northwest
United States, 1948—-2006. Geophysical Research Letters 36:L16401.

Lyon J, Stuart I, Ramsey D, O’'Mahony J. 2010. The effect of water level on lateral movements of
fish between river and off-channel habitats and implications for management. Marine
and Freshwater Research 61:271-278.

Mac Nally R, Soderquist TR, Tzaros C. 2000. The conservation value of mesic gullies in dry forest
landscapes: avian assemblages in the box-ironbark ecosystem of southern Australia.
Biological Conservation 93:293-302.

MacDonald LH, Stednick JD. 2003. Forests and water: A state-of-the-art report for Colorado.
CWRRI Completion Report No. 196, Colorado State University, Fort Collins, CO. 65 p.

Mackey B, Berry S, Hugh S, Ferrier S, Harwood TD, Williams KJ. 2012. Ecosystem greenspots:
Identifying potential drought, fire, and climate-change micro-refuges. Ecological
Applications 22:1852-1864.

Maestas JD, Conner S, Zeedyk B, Neely B, Rondeau R, Seward N, Chapman T, With L, Murph R.
2018. Hand-built structures for restoring degraded meadows in sagebrush rangelands:
Examples and lessons learned from the Upper Gunnison River Basin, Colorado. Range
Technical Note No. 40. USDA-NRCS, Denver, CO.

Malison RL, Eby LA, Stanford JA. 2015. Juvenile salmonid growth, survival, and production in a
large river floodplain modified by beavers (Castor canadensis). Canadian Journal of
Fisheries and Aquatic Sciences 72:1639-1651.

Mariotte P, Vandenberghe C, Kardol P, Hagedorn F, Buttler A. 2013. Subordinate plant species
enhance community resistance against drought in semi-natural grasslands. Journal of
Ecology 101:763 —-773.

Marques SC, Azeiteiro UM, Martinho F, Pardal MA. 2007. Climate variability and planktonic
communities: The effect of an extreme event (severe drought) in a southern European
estuary. Estuarine, Coastal and Shelf Science 73:725-734.

Martinez-Vilalta J, Lloret F. 2016. Drought-induced vegetation shifts in terrestrial ecosystems:
The key role of regeneration dynamics. Global and Planetary Change 144:94-108.

Matherne AM, Tillery AC, Douglas-Mankin KR. 2018. Effects of hillslope gully stabilization on
erosion and sediment production in the Torreon Wash watershed, New Mexico, 2009-
2012. U.S. Geological Survey Scientific Investigations Report 2018-5026. 35 p.

McCormick FH, Contreras GC, Johnson SL. 2010. Effects of nonindigenous invasive species on
water quality and quantity. Pages 111-120 in Dix ME, Britton K (eds). A dynamic invasive
species research vision: Opportunities and priorities 2009-29. Gen. Tech. Rep. WO-
79/83. U.S. Department of Agriculture, Forest Service, Research and Development.
Washington, D.C.

66



McEvoy J, Bathke DJ, Burkardt N, Cravens AE, Haigh T, Hall KR, Hayes MJ, Jedd T, Podébradska
M, Wickham E. 2018. Ecological drought: Accounting for the non-human impacts of
water shortage in the Upper Missouri Headwaters Basin, Montana, USA. Resources 7:14.

McGuire JL, Lawler JJ, McRae BH, Nufiez TA, Theobald DM. 2016. Achieving climate connectivity
in a fragmented landscape. Proceedings of the National Academy of Sciences 113:7195—
7200.

McLane SC, Aitken SN. 2012. Whitebark pine (Pinus albicaulis) assisted migration potential:
testing establishment north of the species range. Ecological Applications 22(1):142-153.

Mclaughlin BC, Ackerly DD, Klos PZ, Natali J, Dawson TE, Thompson SE. 2017. Hydrologic
refugia, plants, and climate change. Global Change Biology 23:2941-2961.

Mclaughlin BC, Morozumi CN, MacKenzie J, Cole A, Gennet S. 2014. Demography linked to
climate change projections in an ecoregional case study: integrating forecasts and field
data. Ecosphere 5(7):1-16.

Mclaughlin BC, Zavaleta ES. 2012. Predicting species responses to climate change: demography
and climate microrefugia in California valley oak (Quercus lobata). Global Change
Biology 18:2301-2312.

Merz MA, Donahue RA, Poulson ME. 2017. Physiological response of Garry oak (Quercus
garryana) seedlings to drought. Northwest Science 91:140-159.

Millar Cl, Stephenson NL, Stephens SL. 2007. Climate change and forests of the future:
Managing in the face of uncertainty. Ecological Applications 17(8):2145-2151.

Millar Cl, Stephenson NL. 2015. Temperate forest health in an era of emerging
megadisturbance. Science 349:823-826.

Mollnau C, Newton M, Stringham T. 2014. Soil water dynamics and water use in western
juniper (Juniperus occidentalis) woodlands. Journal of Arid Environments 102:117-126.

Monleon VJ, Lintz HE. 2015. Evidence of tree species’ range shifts in a complex landscape. PLoS
ONE 10(1): e0118069.

Montano Allred J. 2009. Evaluating the effectiveness of induced meandering within an incised,
discontinuous gully system post wildfire within the Valle Vidal, Carson National Forest,
New Mexico. University of New Mexico, Albuquerque, New Mexico.
https://digitalrepository.unm.edu/wr sp/122 (Accessed June 2019).

Montesi J, Elder K, Schmidt RA, Davis RE. 2004. Sublimation of intercepted snow within a
subalpine forest canopy at two elevations. Journal of Hydrometeorology 5:763—-773.

Montilla-Lépez NM, Gutiérrez-Martin C, Gdmez-Limdn JA. 2016. Water banks: What have we
learnt from the international experience? Water 8:1-19.

Moore JN. 2016. Recent desiccation of western Great Basin saline lakes: Lessons from Lake
Abert, Oregon, U.S.A. Science of the Total Environment 554-555:142—-154.

Morelli TL, Daly C, Dobrowski SZ, Dulen DM, Ebersole JL, Jackson ST, Lundquist JD, Millar ClI,
Maher SP, Monahan WB, Nydick KR, Redmond KT, Sawyer SC, Stock S, Beissinger SR.
2016. Managing climate change refugia for climate adaptation. PLoS ONE 11:e0159909.

Mote P, Snover AK, Capalbo S, Eigenbrode SD, Glick P, Littell J, Raymondi R, Reeder S. 2014.
Chapter 21: Northwest. Pages 487-513 in Melillo JM, Richmond TC, Yohe GW (eds).
2014. Climate Change Impacts in the United States: The Third National Climate
Assessment. U.S. Global Change Research Program.

67


https://digitalrepository.unm.edu/wr_sp/122

Mueller JM, Hellmann JJ. 2008. An assessment of invasion risk from assisted migration.
Conservation Biology 22:562-567.

National Marine Fisheries Service. 2015. Southern distinct population segment of the North
American green sturgeon (Acipenser medirostris); 5-year review: Summary and
evaluation. National Marine Fisheries Service, West Coast Region, Long Beach, CA.
Available from
http://www.westcoast.fisheries.noaa.gov/publications/protected species/other/green
sturgeon/8.25.2015 southern dps green sturgeon 5 vear review 2015.pdf
(Accessed April 2019).

National Marine Fisheries Service. 2016. Final coastal multispecies recovery plan. National
Marine Fisheries Service, West Coast Region, Santa Rosa, CA. Available from
http://www.westcoast.fisheries.noaa.gov/protected species/salmon_steelhead/recove
ry planning and implementation/index.html (Accessed April 2019).

National Oceanic and Atmospheric Administration. 2018. Definition of drought. Available from
https://www.ncdc.noaa.gov/monitoring-references/dyk/drought-definition (Accessed
April 2019).

Neill AR, Puettmann KJ. 2013. Managing for adaptive capacity: Thinning improves food
availability for wildlife and insect pollinators under climate change conditions. Canadian
Journal of Forest Research 43:428-440.

New Mexico Environment Department. 2017. Innovative restoration of historic wetlands along
Sulphur Creek, Valles Caldera National Preserve. Final Report CD#00F585-01-0.
https://www.env.nm.gov/wp-content/uploads/2018/04/Sulphur-Creek-Wetlands-Final-
Report-12.17-to-Sharon.pdf (Accessed July 2019).

Nichols MH, McReynolds K, Reed C. 2012. Short-term soil moisture response to low-tech
erosion control structures in a semiarid rangeland. Catena 98:104-109.

Nichols MH, Polyakov VO, Nearing MA, Hernandez M. 2016. Semiarid watershed response to
low-tech porous rock check dams. Soil Science 181(7):275-282.

Nolan CB, Tufford DL, Chalcraft DR. 2016. Needs assessment of coastal land managers for
drought onset indicators in the Southeastern United States. Journal of Coastal Research
32:1016-1024.

Norman LM, Brinkerhoff F, Gwilliam E, Guertin DP, Callegary J, Goodrich DC, Nagler PL, Gray F.
2016. Hydrologic response of streams restored with check dams in the Chiricahua
Mountains, Arizona. River Research and Applications 32:519-527.

Northwest Climate Adaptation Science Center (NWCASC). 2017. Ecological drought in the
Northwest United States: Challenges and opportunities for management of diverse
landscapes. Northwest Climate Adaptation Science Center, Portland, OR. Available from
http://ian.umces.edu/pdfs/ian_newsletter 566.pdf (Accessed April 2019).

O’Farrill G, Gauthier Schampaert K, Rayfield B, Bodin O, Calmé S, Sengupta R, Gonzalez A. 2014.
The potential connectivity of waterhole networks and the effectiveness of a protected
area under various drought scenarios. PLoS ONE 9:€95049.

Opperman JJ, Galloway GE, Fargione J, Mount JF, Richter BD, Secchi S. 2009. Sustainable
floodplains through large-scale reconnection to rivers. Science 326:1487-1488.

68


http://www.westcoast.fisheries.noaa.gov/publications/protected_species/other/green_sturgeon/8.25.2015_southern_dps_green_sturgeon_5_year_review_2015.pdf
http://www.westcoast.fisheries.noaa.gov/publications/protected_species/other/green_sturgeon/8.25.2015_southern_dps_green_sturgeon_5_year_review_2015.pdf
http://www.westcoast.fisheries.noaa.gov/protected_species/salmon_steelhead/recovery_planning_and_implementation/index.html
http://www.westcoast.fisheries.noaa.gov/protected_species/salmon_steelhead/recovery_planning_and_implementation/index.html
https://www.ncdc.noaa.gov/monitoring-references/dyk/drought-definition
http://ian.umces.edu/pdfs/ian_newsletter_566.pdf

Opperman JJ, Luster R, McKenney BA, Roberts M, Meadows AW. 2010. Ecologically functional
floodplains: Connectivity, flow regime, and scale. Journal of the American Water
Resources Association 46:211-226.

Opperman JJ, Warner A, Girvetz E, Harrison D, Fry T. 2011. Integrated floodplain-reservoir
management as an ecosystem-based adaptation strategy to climate change. AWRA 2011
Spring Specialty Conference, Baltimore, MD, April 18-20, 2011. American Water
Resources Association, Middleburg, VA.

Osterhuber R, Hogan M, Grismer M, Drake K. 2007. Delaying snowpack ablation. Western Snow
Conference 2007, pp. 133-136.

Owen SM, Sieg CH, Gehring CA, Bowker MA. 2009. Above- and belowground responses to tree
thinning depend on the treatment of tree debris. Forest Ecology and Management
259:71-80.

Page HN, Bork E, Newman R. 2005. Understorey responses to mechanical restoration and
drought within montane forests of British Columbia. Journal of Ecosystems and
Management 6:8-21.

Palmer MA, Lettenmaier DP, Poff NL, Postel SL, Richter B, Warner R. 2009. Climate change and
river ecosystems: Protection and adaptation options. Environmental Management
44:1053-1068.

Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37-42.

Pearl CA, Bowerman J. 2006. Observations of rapid colonization of constructed ponds by
western toads (Bufo boreas) in Oregon, USA. Western North American Naturalist
66:397-401.

Peck D, Derner J, Parton W, Hartman M, Fuchs B. 2019. Flexible stocking with Grass-Cast: A new
grassland productivity forecast to translate climate outlooks for ranchers. Western
Economics Forum 17(1):24-39.

Peterson DL, Halofsky JE, Johnson MC. 2011. Managing and adapting to changing fire regimes in
a warmer climate. Pages 249-267 in McKenzie D, Miller C, Falk D (eds). The Landscape
Ecology of Fire. Springer, New York, NY.

Petes LE, Brown AJ, Knight CR. 2012. Impacts of upstream drought and water withdrawals on
the health and survival of downstream estuarine oyster populations. Ecology and
Evolution 2:1712-1724.

Petranka JW, Harp EM, Holbrook CT, Hamel JA. 2007. Long-term persistence of amphibian
populations in a restored wetland complex. Biological Conservation 138:371-380.

Petrie MD, Bradford JB, Hubbard RM, Lauenroth WK, Andrews CM, Schlaepfer DR. 2017.
Climate change may restrict dryland forest regeneration in the 21st century. Ecology
98:1548-1559.

Pichlerova M, Homoldk M, Pichler V, Kurjak D, Jaloviar P. 2013. Importance of coarse woody
debris (CWD) for moisture control and survival of Norway spruce (Picea abies L. Karst)
seedlings. Polish Journal of Ecology 61:471-476.

Pilliod DS, Scherer RD. 2015. Managing habitat to slow or reverse population declines of the
Columbia spotted frog in the Northern Great Basin. Journal of Wildlife Management
79:579-590.

69



Pires APF, Srivastava DS, Farjalla VF. 2018. Is biodiversity able to buffer ecosystems from
climate change? What we know and what we don’t. BioScience 68:273—-280.

Poff NL, Brinson MM, Day JWJ. 2002. Aquatic ecosystems and global climate change: Potential
impacts on inland freshwater and coastal wetland ecosystems in the United States.
Prepared for the Pew Center on Global Climate Change.

Pollock MM, Beechie TJ, Jordan CE. 2007. Geomorphic changes upstream of beaver dams in
Bridge Creek, an incised stream channel in the interior Columbia River basin, eastern
Oregon. Earth Surface Processes and Landforms 32:1174-1185.

Pollock MM, Beechie TJ, Wheaton JM, Jordan CE, Bouwes N, Weber N, Volk C. 2014. Using
beaver dams to restore incised stream ecosystems. BioScience 64:279-290.

Pollock MM, Lewallen G, Woodruff K, Jordan CE, Castro JM. 2015. The beaver restoration
guidebook: Working with beaver to restore streams, wetlands, and floodplains. Version
1.0. U.S. Fish and Wildlife Service, Portland, OR.

Poulos HM, Goodale UM, Berlyn GP. 2007. Drought response of two Mexican oak species,
Quercus laceyi and Q. Sideroxyla (Fagaceae), in relation to elevational position.
American Journal of Botany 94:809-818.

Pounds JA, Puschendorf R. 2004. Clouded futures. Nature 427:107-109.

Power ME, Kupferberg SJ, Cooper SD, Deas ML, Hamey N, Powell R, Swiers R. 2016. Rivers.
Pages 713-752 in Mooney H, Zavaleta E (eds). Ecosystems of California. University of
California Press, Oakland, CA.

Prendeville HR, Kilkenny FF, St. Clair JB. 2016. Testing the efficacy of seed zones for re-
establishment and adaptation of bluebunch wheatgrass (Pseudoroegneria spicata).
Pages 15-21 in Kilkenny FF, Edwards F, Malcomb A (eds). Great Basin Native Plant
Project: 2015 Progress Report. U.S. Department of Agriculture, Rocky Mountain
Research Station, Boise, ID.

Prendeville HR, St. Clair JB, Kilkenny FF. 2017. Restoration in the Intermountain West: Assessing
seed zone efficacy using two-year-old bluebunch wheatgrass. Ecological Society of
America Annual Meeting, August 6-11, 2017. Portland, OR.

Pretzsch H, Schutze G, Uhl E. 2013. Resistance of European tree species to drought stress in
mixed versus pure forests: Evidence of stress release by inter-specific facilitation. Plant
Biology 15:483-495

PRISM. 2019. Swauk Creek — Permanent flow restoration. Project Snapshot, PRISM Project #16-
1606. Available at
https://secure.rco.wa.gov/prism/search/projectsnapshot.aspx?ProjectNumber=16-1606
(Accessed April 2019).

Prugh LR, Deguines N, Grinath JB, Suding KN, Bean WT, Stafford R, Brashares JS. 2018.
Ecological winners and losers of extreme drought in California. Nature Climate Change
8: 819-824.

Raheem N, Craves AE, Cross MS, Crausbay S, Ramirez A, McEvoy J, Zoanni D, Bathke DJ, Hayes
M, Carter S, Rubenstein M, Schwend A, Hall K, Suberu P. 2019. Planning for ecological
drought: Integrating ecosystem services and vulnerability assessment. WIREs Water
el1352:1-12.

Rahel FJ, Olden JD. 2008. Assessing the effects of climate change on aquatic invasive species.
Conservation Biology 22:521-533.

70


https://secure.rco.wa.gov/prism/search/projectsnapshot.aspx?ProjectNumber=16-1606

Raymond CL, Peterson DL, Rochefort, Regina M. 2017. Climate change vulnerability and
adaptation in the North Cascades Region, Washington. Gen. Tech. Rep. PNW-GTR-892.
U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station,
Portland, OR.

Rayome D, DiManno N, Ostertag R, Cordell S, Fung B, Vizzone A, Pante P, Tate R. 2019.
Restoring Ecosystem Services Tool (REST): a program for selecting species for
restoration projects using a functional-trait approach. Gen. Tech. Rep. PSW-GTR-262.
Albany, CA: U.S. Department of Agriculture, Forest Service, Pacific Southwest Research
Station.

Renton DA, Mushet DM, DeKeyser ES. 2015. Climate change and prairie pothole wetlands -
Mitigating water-level and hydroperiod effects through upland management. Scientific
Investigations Report 2015-5004. U.S. Geological Survey, Reston, VA.

Restaino CM, Peterson DL, Littell J. 2016. Increased water deficit decreases Douglas fir growth
throughout western US forests. Proceedings of the National Academy of Sciences
113:9557-9562.

Rhoades CC, Battaglia MA, Rocca ME, Ryan MG. 2012. Short- and medium-term effects of fuel
reduction mulch treatments on soil nitrogen availability in Colorado conifer forests.
Forest Ecology and Management 276:231-238.

Ricciardi A, Simberloff D. 2009. Assisted colonization is not a viable conservation strategy.
Trends in Ecology and Evolution 24:248-253.

Richardson PJ, Horrocks J, Larson DW. 2010. Drought resistance increases with species richness
in restored populations and communities. Basic and Applied Ecology 11:204-215.

Richter BD, Mathews R, Harrison DL, Wigington R. 2003. Ecologically sustainable water
management: Managing river flows for ecological integrity. Ecological Applications
13:206-224.

Richter BD, Thomas GA. 2007. Restoring environmental flows by modifying dam
operations. Ecology and Society 12:12.

Rogers K, Wilton KM, Saintilan N. 2006. Vegetation change and surface elevation dynamics in
estuarine wetlands of southeast Australia. Estuarine, Coastal and Shelf Science 66:559—
569.

Rogers PC, Mittanck CM. 2014. Herbivory strains resilience in drought-prone aspen landscapes
of the western United States. Journal of Vegetation Science 25:457-469.

Rosenstock SS, Ballard WB, Devos Jr. JC. 1999. Viewpoint: Benefits and impacts of wildlife water
developments. Journal of Rangeland Management 52:302—-311.

Rosenzweig C, Casassa G, Karoly DJ, Imeson A, Liu C, Menzel A, Rawlins S, Root TL, Seguin B,
Tryjanowski P. 2007. Assessment of observed changes and responses in natural and
managed systems. Pages 79—-131 in Parry ML, Canziani OF, Palutifkof JP, van der Linden
PJ, Hanson CE (eds.) Climate change 2007: impacts, adaptation and vulnerability.
Contribution of Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge,
UK.

Roth TR, Nolin AW. 2017. Forest impacts on snow accumulation and ablation across an
elevation gradient in a temperate montane environment. Hydrology and Earth System
Sciences 21:5427-5442.

71



Roundy BA, Young K, Cline N, Hulet A, Miller RF, Tausch RJ, Chambers JC, Rau B. 2014. Pifion-
juniper reduction increases soil water availability of the resource growth pool.
Rangeland Ecology & Management 67:495-505.

Ruzicka KJ, Puettmann KJ, Brooks JR. 2017. Cross-scale interactions affect tree growth and
intrinsic water use efficiency and highlight the importance of spatial context in
managing forests under global change. Journal of Ecology 105:1425-1436.

Safeeq M, Grant GE, Lewis SL, Kramer MG, Staab B. 2014. A hydrogeologic framework for
characterizing summer streamflow sensitivity to climate warming in the Pacific
Northwest, USA. Hydrology and Earth System Sciences 18:1-8.

Sawaske SR, Freyberg DL. 2014. An analysis of trends in baseflow recession and low-flows in
rain-dominated coastal streams of the Pacific coast. Journal of Hydrology 519:599-610.

Schlaepfer DR, Lauenroth WK, Bradford JB. 2014. Natural regeneration processes in big
sagebrush (Artemisia tridentata). Rangeland Ecology & Management 67:344-357.

Schnepf C, Graham RT, Kegley S, Jain TB. 2009. Managing organic debris for forest health:
Reconciling fire hazard, bark beetles, wildlife, and forest nutrition needs. A Pacific
Northwest Extension publication from the University of Idaho, Oregon State University,
and Washington State University. University of Idaho, Boise, ID.

Scott G, Mahalovich MF, Rinehart S, Krueger J. 2013. Reforestation-revegetation climate change
primer: Incorporating climate change impacts into reforestation and revegetation
prescriptions. U.S. Department of Agriculture, Forest Service, Northern Region,
Missoula, MT.

Scott CA, Vicuia S, Blanco-Gutiérrez |, Meza F, Varela-Ortega C. 2014. Irrigation efficiency and
water-policy implications for river basin resilience. Hydrology and Earth System Sciences
18:1339-1348. doi: 10.5194/hess-18-1339-2014

Sedell JR, Reeves GH, Hauer FR, Stanford JA, Hawkins CP. 1990. Role of refugia in recovery from
disturbances: Modern fragmented and disconnected river systems. Environmental
Management 14:711-724.

Selwood KE, Thomson JR, Clarke RH, McGeoch MA, MacNally R. 2015. Resistance and resilience
of terrestrial birds in drying climates: Do floodplains provide drought refugia? Global
Ecology and Biogeography 24:838—-848.

Sharma P, Abrol V, Sharma N, Anand S. 2018. Biochar: A source of C sink and soil health.
International Journal of Current Microbiology and Applied Sciences 7:3622—-3631.

Simpson NO, Stewart KM, Bleich VC. 2011. What have we learned about water developments
for wildlife? Not enough! California Fish and Game 97:190-209.

Smith M. 2012. Rethinking drought: Planning for water scarcity and climate variability in the
Clark Fork Basin of Montana. Master’s Thesis. Graduate Student Theses, Dissertations, &
Professional Papers 837. University of Montana, Missoula, MT. Available from
https://scholarworks.umt.edu/etd/837 (Accessed April 2019).

Snover AK, Mauger GS, Whitely Binder LC, Krosby M, Tohver I. 2013. Climate change impacts
and adaptation in Washington state: Technical summaries for decision makers. State of
Knowledge Report prepared for the Washington State Department of Ecology. Climate
Impacts Group, University of Washington, Seattle, Washington. 130 p.

72


https://scholarworks.umt.edu/etd/837

Solazzi MF, Nickelson TE, Johnson SL, Rodgers JD. 2000. Effects of increasing winter rearing
habitat on abundance of salmonids in two coastal Oregon streams. Canadian Journal of
Fisheries and Aquatic Sciences 57:906-914.

Soulé PT, Knapp PA. 2007. Topoedaphic and morphological complexity of foliar damage and
mortality within western juniper (Juniperus occidentalis var. occidentalis) woodlands
following an extreme meteorological event. Journal of Biogeography 34:1927-1937.

Southwest Oregon Adaptation Partnership. 2018. Southwest Oregon Adaptation Partnership
vulnerability assessment summaries. Southwest Oregon Adaptation Partnership.
Available from
http://adaptationpartners.org/swoap/docs/SWOAPVulnerabilityAssessmentSummary.p
df (Accessed April 2019).

Spiecker H. 2003. Silvicultural management in maintaining biodiversity and resistance of forests
in Europe-temperate zone. Journal of Environmental Management 67:55-65.

Spies TA, Giesen TW, Swanson FJ, Franklin JF, Lach D, Johnson KN. 2010. Climate change
adaptation strategies for federal forests of the Pacific Northwest, USA: Ecological, policy,
and socio-economic perspectives. Landscape Ecology 25:1185-1199.

Spittlehouse DL. 2003. Water availability, climate change and the growth of Douglas-fir in the
Georgia Basin. Canadian Water Resources Journal 28:673-688.

St. Clair JB, Kilkenny FF, Johnson RC, Shaw NL, Weaver G. 2013. Genetic variation in adaptive
traits and seed transfer zones for Pseudoroegneria spicata (bluebunch wheatgrass) in
the northwestern United States. Evolutionary Applications 6:933-948.

Stapleton M. 2019. 2019 Update: Region-wide juniper mortality in southeastern Utah. Utah
State University Forestry Extension, 2/22/2019. https://forestry.usu.edu/news/utah-
forest-newsletter/pinyon-juniper-die-off-update (Accessed June 2019)

Stone JE, Kolb TE, Covington WW. 1999. Effects of restoration thinning on presettlement Pinus
ponderosa in northern Arizona. Restoration Ecology 7:172-182.

Stubbington R. 2012. The hyporheic zone as an invertebrate refuge: a review of variability in
space, time, taxa and behaviour. Marine and Freshwater Research 63(4):293-311

Stuefer SL, Kane DL. 2016. Snow retention for increased water supply of shallow Arctic lakes.
Cold Regions Science and Technology 123:32-43.

Sturges DL. 1992. Streamflow and sediment transport responses to snow fencing a rangeland
watershed. Water Resources Research 28:1347-1356.

Sun S, Sun G, Caldwell P, McNulty S, Cohen E, Xiao J, Zhang Y. 2015. Drought impacts on
ecosystem functions of the U.S. National Forests and Grasslands: Part Il assessment
results and management implications. Forest Ecology and Management 353:269-279.

Sundbaum K, Naslund I. 1998. Effects of woody debris on the growth and behavior of brown
trout in experimental stream channels. Canadian Journal of Zoology 76:56-61.

Sutherland W/, Pullin AS, Dolman PM, Knight TM. 2004. The need for evidence-based
conservation. Trends in Ecology & Evolution 19:305-308.

Swanston C, Janowiak M. 2012. Forest adaptation resources: Climate change tools and
approaches for land managers. Gen. Tech. Rep. NRS-GTR-87. U.S. Department of
Agriculture, Forest Service, Northern Research Station, Newton Square, PA.

73


http://adaptationpartners.org/swoap/docs/SWOAPVulnerabilityAssessmentSummary.pdf
http://adaptationpartners.org/swoap/docs/SWOAPVulnerabilityAssessmentSummary.pdf
https://forestry.usu.edu/news/utah-forest-newsletter/pinyon-juniper-die-off-update
https://forestry.usu.edu/news/utah-forest-newsletter/pinyon-juniper-die-off-update

Thibodeau L, Raymond P, Camiré C, Munson AD. 2000. Impact of precommercial thinning in
balsam fir stands on soil nitrogen dynamics, microbial biomass, decomposition, and
foliar nutrition. Canadian Journal of Forest Research 30:229-238.

Trenberth KE, Dai A, Schrier G van der, Jones PD, Barichivich J, Briffa KR, Sheffield J. 2014.
Global warming and changes in drought. Nature Climate Change 4:17-22.

Trimble SW, Mendel AC. 1995. The cow as a geomorphic agent—a critical review.
Geomorphology 13:233-253.

Troendle CA. 1983. The potential for water yield augmentation from forest management in the
Rocky Mountain Region. Water Resources Bulletin 19:359-373.

Trudel M, Doucet-Généreux P-L, Leconte R, Coté B. 2016. Vulnerability of water demand and
aquatic habitat in the context of climate change and analysis of a no-regrets adaptation
strategy: Study of the Yamaska River Basin, Canada. Journal of Hydrologic Engineering
21. doi: 10.1061/(ASCE)HE.1943-5584.0001298.

USDA Forest Service. 2017a. Drought impacts in the Northern Region. A synopsis of
presentations and work group sessions from the Region 1 Drought Workshop March
2017 Choteau, MT. U.S. Department of Agriculture, Forest Service, Washington, D.C.

USDA Forest Service. 2017b. Responding to ecological drought in the Intermountain Region. A
synopsis of presentations and work group sessions from the Region 4 Drought
Workshop March 2017 Ogden, UT. U.S. Department of Agriculture, Forest Service,
Washington, D.C.

USDA Forest Service. 2018a. Potential drought impacts in the Pacific Northwest. A synopsis of
presentations and work group sessions from the Region 6 Drought Resilience Workshop
April 2017 Portland, OR. U.S. Department of Agriculture, Forest Service, Washington,
D.C.

USDA Forest Service. 2018b. New seed zones for bluebunch wheatgrass tested — Research
Highlights - US Forest Service Research & Development. Available from
https://www.fs.fed.us/research/highlights/highlights display.php?in_high id=807
(Accessed August 2018).

USDA National Agroforesty Center. 2011. Living snow fence: An agroforestry practice. U.S.
Department of Agriculture, Lincoln, NE. Available from
https://www.fs.usda.gov/nac/documents/workingtrees/brochures/livingsnowfenceforw
eb.pdf (Accessed April 2019).

van Kleunen M, Weber E, Fischer M. 2010. A meta-analysis of trait differences between invasive
and non-invasive plant species. Ecology Letters 13:235-245.

Van Loon AF, Gleeson T, Clark J, Van Dijk AlJM, Stahl K, Hannaford J, Di Baldassarre G, Tueling
AJ, Tallaksen LM, Uijlenhoet R, Hannah DM, Sheffield J, Svoboda M, Verbeiren B,
Wagener T, Rangecroft S, Wanders N, Van Lanen HAJ. 2016. Drought in the
Anthropocene. Nature Geoscience 9:89-91.

van Mantgem PJ, Caprio AC, Stephenson NL, Das AJ. 2016. Does prescribed fire promote
resistance to drought in low elevation forests of the Sierra Nevada, California, USA? Fire
Ecology 12:13-25.

Vernon MJ. 2017. In the face of drought: Do fuel treatments promote resistance to multi-year
drought in a mixed-conifer forest of northern California? Master’s Thesis, Humboldt
State University, Arcata, CA.

74


https://www.fs.fed.us/research/highlights/highlights_display.php?in_high_id=807
https://www.fs.usda.gov/nac/documents/workingtrees/brochures/livingsnowfenceforweb.pdf
https://www.fs.usda.gov/nac/documents/workingtrees/brochures/livingsnowfenceforweb.pdf

Virtanen R, llImonen J, Paasivirta L, Muotka T. 2009. Community concordance between
bryophyte and insect assemblages in boreal springs: A broad-scale study in isolated
habitats. Freshwater Biology 54:1651-1662.

Vitt P, Havens K, Kramer AT, Sollenberger D, Yates E. 2010. Assisted migration of plants:
Changes in latitudes, changes in attitudes. Biological Conservation 143:18-27.

Vogel A, Scherer-Lorenzen M, Weigelt A. 2012. Grassland resistance and resilience after
drought depends on management intensity and species richness. PLoS ONE 7:36992.

Vose J, Clark JS, Luce C, Patel-Weynand T. 2016a. Effects of drought on forests and rangelands
in the United States: A comprehensive science synthesis. Gen. Tech. Rep. WO-93b. U.S.
Department of Agriculture, Forest Service, Washington, D.C.

Vose JM, Miniat CF, Luce CH, Asbjornsen H, Caldwell PV, Campbell JL, Grant GE, Isaak DJ,
Loheide SP, Sun G. 2016b. Ecohydrological implications of drought for forests in the
United States. Forest Ecology and Management 380:335-345.

Vymazal J. 2010. Constructed wetlands for wastewater treatment. Water 2:530-549.

Wallander S, Aillery M, Hellerstein D, Hand M. 2013. The role of conservation programs in
drought risk adaptation. ERR-148. U.S. Department of Agriculture, Economic Research
Service, Washington, D.C.

Wang Z, He Q, Hu B, Pang X, Bao W. 2018. Gap thinning improves soil water content, changes
the vertical water distribution, and decreases the fluctuation. Canadian Journal of Forest
Research 48:1042-1048.

Watts A. 2015. Predicting Douglas-fir's response to a warming climate. Science Findings Issue
179. U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station,
Portland, OR.

Westbrook CJ, Cooper DJ, Baker BW. 2006. Beaver dams and overbank floods influence
groundwater-surface water interactions of a Rocky Mountain riparian area. Water
Resources Research 42:\W06404.

White C, Conley C. 2007. Grassbank 2.0: Building on what we have learned from the Valle
Grande Grassbank. Rangelands 29(3):27-30.

Whiting JC, Bowyer RT, Flinders JT. 2009. Annual use of water sources by reintroduced Rocky
Mountain bighorn sheep Ovis canadensis canadensis: Effects of season and drought.
Acta Theriologica 54:127-136.

Wild C. 2011. Beaver as a climate change adaptation tool: Concepts and priority sites in New
Mexico. Seventh Generation Institute, Santa Fe, New Mexico.

Wilhere GF, Atha JB, Quinn T, Tohver |, Helbrecht L. 2017. Incorporating climate change into
culvert design in Washington State, USA. Ecological Engineering 104:67-79.

Williams MI, Dumroese RK. 2013. Preparing for climate change: Forestry and assisted migration.
Journal of Forestry 111:287-297.

Wilson NR, Norman LM. 2018. Analysis of vegetation recovery surrounding a restored wetland
using the normalized difference infrared index (NDII) and normalized difference
vegetation index (NDVI). International Journal of Remote Sensing 39(10):3243-3274.

Woessner WW. 2017. Chapter 8 — Hyporheic zones. Pages 129-157 in Hauer FR, Lamberti G
(eds). Methods in Stream Ecology, Third Edition. Volume 1: Ecosystem Structure.
Academic Press, Cambridge, MA.

75



Wohl E. 2014. A legacy of absence: Wood removal in US rivers. Progress in Physical Geography
38:637-663.

Wood PJ, Boulton AJ, Little S, Stubbington R. 2010. Is the hyporheic zone a refugium for aquatic
macroinvertebrates during severe low flow conditions? Fundamental and Applied
Limnology 176:377—-390.

Woods SW, Ahl R, Sappington J, McCaughey W. 2006. Snow accumulation in thinned lodgepole
pine stands, Montana, USA. Forest Ecology and Management 235:202-211.

Young DJN, Stevens JT, Earles JM, Moore J, Ellis A, Jirka AL, Latimer AM. 2017. Long-term
climate and competition explain forest mortality patterns under extreme drought.
Ecology Letters 20:78-86.

Yung L, Phear N, Dupont A, Montag J, Murphy D. 2015. Drought adaptation and climate change
beliefs among working ranchers in Montana. Weather Climate And Society 7:281-293.

Zaniolo M, Giuliani M, Castelletti A, Pulido-Velazquez M. 2018. Automatic design of basin-
specific drought indexes for highly regulated water systems. Hydrology and Earth
System Sciences 22:2409-2424.

Zausen GL, Kolb TE, Bailey JD, Wagner MR. 2005. Long-term impacts of stand management on
ponderosa pine physiology and bark beetle abundance in northern Arizona: A replicated
landscape study. Forest Ecology and Management 218:291-305.

Zhao Y, Wang YZ, Xu ZH, Fu L. 2015. Impacts of prescribed burning on soil greenhouse gas fluxes
in a suburban native forest of south-eastern Queensland, Australia. Biogeosciences
12:6279-6290.

Zeedyk B. 2009. An introduction to induced meandering: A method for restoring stability to
incised stream channels. A joint publication from Earth Works Institute, The Quivira
Coalition, and Zeedyk Ecological Consulting. Fourth Edition. pp. 1-16. Available from
https://quiviracoalition.org/wp-content/uploads/2018/03/An-Introduction-to-Induced-
Meandering.pdf (Accessed June 2019)

Ziemer RR, Lisle TE. 1998. Hydrology. Pages 43—65 in Kantor S, Naiman R, Bilby RE (eds). River
ecology and management: Lessons from the Pacific coastal ecoregion. Springer-Verlag,
New York, NY.

76


https://quiviracoalition.org/wp-content/uploads/2018/03/An-Introduction-to-Induced-Meandering.pdf
https://quiviracoalition.org/wp-content/uploads/2018/03/An-Introduction-to-Induced-Meandering.pdf

This page left intentionally blank.



Recommended Citation

Gregg RM, Kershner J. 2019. Extremes to Ex-Streams: Ecological Drought Adaptation in a
Changing Climate. EcoAdapt, Bainbridge Island, WA.

For more information about this report, please contact Rachel M. Gregg at
Rachel@EcoAdapt.org.

EcoAdapt, founded by a team of some of the
earliest adaptation thinkers and practitioners in
the field, has one goal - creating a robust future in
the face of climate change. We bring together
diverse players to reshape planning and
management in response to rapid climate change.

P.O. Box 11195
Bainbridge Island, WA 98110

EcoAdapt.org



mailto:Rachel@EcoAdapt.org
http://www.ecoadapt.org

	Acknowledgements
	Executive Summary
	1. An Overview of Ecological Drought in the Northwest
	Defining ecological drought
	Ecological drought impacts in the Northwest
	Table 1. Potential impacts of ecological drought on ecosystems and ecosystem services.


	2. Ecological Drought Adaptation
	Table 2. Ecological drought adaptation goals, strategies, and actions.

	3. Literature Findings
	Goal: Retain ecologically available water in the natural system
	Restore habitats by maintaining native vegetation cover and removing invasive species
	Restore and reconnect floodplains to allow for groundwater recharge
	Enhance natural water storage (e.g., beaver dams/dam analogs, snow fencing, large woody debris, green infrastructure, rock structures)
	Beaver dams/beaver dam analogs
	Large woody debris
	Green infrastructure
	Rock structures

	Maintain and enhance infiltration, water storage capacity, and/or health of soils (e.g., fuel treatments, biochar application, restricting access to minimize soil compaction)

	Goal: Facilitate species persistence under drought conditions
	Consider species type, timing, and location in management activities
	Species diversity
	Investigating drought tolerance
	Location and timing

	Create or enhance water supply
	Wildlife water developments
	Constructed wetlands
	Forest canopy manipulation, snow fencing and harvesting

	Protect vulnerable species through assisted migration and improved habitat connectivity
	Assisted migration
	Habitat connectivity

	Identify and protect drought refugia

	Goal: Reduce stress on ecosystems and species
	Reduce tree density and fuel loads through thinning and prescribed burns
	Effects on individual tree health and mortality
	Effects on stand health and competition
	Effects on soil moisture and water yield
	Effects on understory vegetation
	Maintaining organic debris

	Use exclosures and fences to protect groundwater-dependent habitats and associated species
	Use livestock rotation and diversification to reduce pressure on vegetation and soils
	Enhance ecologically available water supply via environmental watering
	Reduce water withdrawals
	Promote water conservation through collaborative agreements (e.g., water banking, water trading)

	Goal: Increase understanding of ecological drought
	Improve understanding of ecological drought impacts and adaptation options through synthesis, research, monitoring, and evaluation


	4. Ecological Drought Adaptation Decision Support Table
	Table 3. Ecological drought adaptation actions classified according to adaptation approach, adaptation strategy, implementation feasibility, and effectiveness in reducing ecological drought vulnerabilities.

	Literature Cited

